
 

Thesis

Reference

Detection of active compounds against Alzheimer's disease and

phytochemical investigation of "Huperzia selago" (L.) Schrank et

Martius (Lycopodiaceae)

BORLOZ, Aline

Abstract

Le traitement actuel de la maladie d'Alzheimer est principalement basé sur l'utilisation

d'inhibiteurs de l'acétylcholinestérase. Afin de trouver de nouvelles sources d'huperzine A,

une molécule de ce type, une méthode HPLC-UV-MS a été développée. Cette molécule a été

détectée dans Huperzia selago (L.) Schrank et Martius (Lycopodiaceae). D'autres composés

ont également été isolés au cours de ce travail, dont le 12, 16 époxy-6a, 11, 14-trihydroxy-8,

11, 13-abiétatriène-7-one, décrit ici pour la première fois. Une troisième partie de ce travail a

permis de comparer le test de détection des inhibiteurs de l'acétylocholinestérase sur

chromatographie sur couche mince, employé en routine au Laboratoire avec le test de

référence en solution. Des différences importantes ont été mises en évidence. Finalement, la

mise au point d'un test pour la détection des inhibiteurs de la b-sécrétase, une autre enzyme

impliquée dans le développement de la maladie d'Alzheimer, a été initiée.

BORLOZ, Aline. Detection of active compounds against Alzheimer's disease and

phytochemical investigation of "Huperzia selago" (L.) Schrank et Martius

(Lycopodiaceae). Thèse de doctorat : Univ. Genève, 2007, no. Sc. 3847

URN : urn:nbn:ch:unige-24026

Available at:

http://archive-ouverte.unige.ch/unige:2402

Disclaimer: layout of this document may differ from the published version.

[ Downloaded 23/12/2016 at 21:39:36 ]

 1 / 1

http://archive-ouverte.unige.ch/unige:2402


UNIVERSITE DE GENEVE 
Section des sciences pharmaceutiques 
Laboratoire de pharmacognosie et phytochimie 

FACULTE DES SCIENCES 
 
Professeur Kurt Hostettmann 

 

 

DETECTION OF ACTIVE COMPOUNDS AGAINST 
ALZHEIMER’S DISEASE AND PHYTOCHEMICAL 

INVESTIGATION OF HUPERZIA SELAGO (L.) 
SCHRANK ET MARTIUS (LYCOPODIACEAE) 

 

 

THESE 

 

présentée à la Faculté des sciences de l’Université de Genève 

pour obtenir le grade de Docteur ès sciences, mention sciences pharmaceutiques 

 

par 

Aline Borloz 

de 

Ormont-Dessous (VD) 

 

 

 

Thèse N° 3847 

 

 

 

Genève 

Atelier de reproduction Section de Physique 

2007 



 



 

i 

REMERCIEMENTS 

 

Ce travail de thèse a été réalisé entre l’Institut de Pharmacognosie et Phytochimie de 

l’Université de Lausanne (Janvier 2003 – Septembre 2004) et le Laboratoire de 

Pharmacognosie et Phytochimie de l’Université de Genève (Septembre 2004 – Avril 

2007), sous la direction du Professeur Kurt Hostettmann. 

 

Je tiens tout d’abord à remercier mon directeur de thèse, le Professeur Kurt 

Hostettmann pour m’avoir accueillie au sein de son laboratoire et permis d’effectuer mon 

travail de thèse dans des conditions de travail exceptionelles. 

Merci également au Professeur adjoint Jean-Luc Wolfender qui a dû remplacer le Prof. 

Hostettmann au dernier moment lors de ma soutenance. 

 

Je remercie le Professeur Pierre-Alain Carrupt pour avoir accepté de présider le jury ; 

le Professeur Anne-Marie Mariotte, le Docteur Nathalie Favre et le Docteur Christian 

Terreaux pour avoir accepté de faire partie de ce jury et pour avoir fait le déplacement 

lors de la soutenance de thèse. Je remercie encore ce dernier pour m’avoir guidé lors de 

mes premiers pas dans ce travail de recherche. 

 

Un tout grand merci à l’équipe du Laboratoire de chimie thérapeutique, groupe de 

pharmacochimie, de l’Université de Genève pour la collaboration sur les tests 

enzymatiques et surtout à Mme Savianna Di Giovanni pour tout son travail. Merci aussi 

aux Docteurs Marianne Reist et Laura Novaroli Zanolari pour leurs conseils. 

Mes remerciements vont également à tous mes collègues de laboratoire : 

A Jean-Luc, Jean-Robert, Karine, Yves et Emerson pour tous leurs conseils. 

A ManuE, pour son énergie et sa bonne humeur, ainsi que pour sa passion 

communicative pour son travail. 

A Johanne, pour sa motivation qu’elle m’a transmise pendant les 3 ans où nous avons 

partagé le même bureau. 

A Denis, Patrice, Anne-Marie, Milena, Boris, Aly et David et ceux que j’oublie 

certainement, pour leur accueil chaleureux et tous les bons moments partagés. 



 

ii 

A Caro et Anne-Laure, qui ont été présentes tout au long de mes études. 

A Claudia, Aurélie, Fred, Philippe, Daphné, Sandra, Sylvian, Martine, Guibet, Munir, 

Hakim et tous les autres pour l’ambiance de travail. 

Et à Elia et Gaëtan pour leur précieuse aide pour les analyses UPLC, ainsi que pour 

leur soutien et leur sens de l’humour. 

 

A présent, je souhaite à remercier ma famille et mes amis qui m’ont permis d’arriver 

au bout de cette expérience : 

A mes parents, pour m’avoir toujours soutenue et aidée quelque soit mes choix de vie, 

même si cela les contrariait. 

A mes sœurs, mes beaux-frères et mes neveux d’ici et d’ailleurs, pour leur amour et 

leur énergie communicative. 

A la famille Guesry, les deux Pierre pour leur aide et leurs commentaires, toujours 

justifiés même si parfois un peu sarcastiques, à Sophie pour les longues soirées studieuses 

devant la télé qui m’ont permis de souffler un peu pendant la rédaction, et aux deux 

zouzous, Lucas et Erwan, pour leurs sourires et leur pêche. Et bienvenue à Morgane dans 

cette grande tribu. 

A Marianne pour ses conseils en anglais et pour cette amitié longue de 25 ans. 

A mes amis des jeux de rôle, Samuel, Cécile, Jean-Noël, Christian, Sanne, Sarah, 

Numa, José, Laurent, Christophe, Marc, Raphaël et tous les autres qui me soutiennent 

depuis le tout début de mes études. 

Et finalement, à mes amis sportifs, Fred, Pascal, Hervé et Stéphane ainsi qu’à Livia, 

Leïla et Giovanna pour m’avoir aidé à décompresser quand c’était nécessaire. 

 

 



 

iii 

SCIENTIFIC COMMUNICATIONS 

The present work was carried out between the Institute of Pharmacognosy and 
Phytochemistry (IPP) of the University of Lausanne (January 2003 to September 2004) 
and the Laboratory of pharmacognosy and phytochemistry (LPP) of the University of 
Geneva (September 2004 to March 2007), under the guidance of Prof. Dr Kurt 
Hostettmann. Some aspects of this research have been published and presented at 
scientific congresses as poster presentations. 

 
Publications 

 
Hostettmann K., Borloz A., Urbain A., Marston A. (2006). Natural product inhibitors 

of acetylcholinesterase. Curr. Org. Chem., 10, 825-847. 
 

Borloz A., Marston A., Hostettmann K. (2006). The determination of huperzine A in 
European Lycopodiaceae species by HPLC-UV-MS. Phytochem. Anal., 17, 332-336. 

 
Di Giovanni S., Borloz A., Urbain A., Marston A., Hostettmann K., Carrupt P.A., 

Reist M.. Two in vitro screening assays to identify natural or synthetic 
acetylcholinesterase inhibitors: thin layer chromatography versus microplate method. (In 
preparation). 

 
Posters 

 

Borloz A., Marston A., Hostettmann K. (2005). Search for new active compounds 
against Alzheimer’s disease. Phytotherapy: The role of an ancient tradition in modern 
times, Madeira, Portugal, November 1-5, 2005. 

 

Borloz A., Marston A., Hostettmann K. (2006). Determination of huperzine A in 
European Lycopodiaceae and Equisetaceae species by LC/UV/MS. 4th International 
conference on natural products: Natural products: a chance for the future of mankind, 
Leysin, Switzerland, May 28-31, 2006. 

 

Di Giovanni S., Reist M., Borloz A., Urbain A., Marston A., Hostettmann K., Carrupt 
P.A. (2006). Comparison of two in vitro tests for the screening of acetylcholinesterase 
inhibitors. 4th International conference on natural products: Natural products: a chance 
for the future of mankind, Leysin, Switzerland, May 28-31, 2006. 

 

Borloz A., Marston A., Hostettmann K. (2006). Acetylcholinesterase inhibitors from 
Huperzia selago. 54th Annual congress on medicinal plant research, Helsinki, Finland, 
August 29-September 2, 2006 (Planta Med., 11, 1002). 



 

 



 

v 

ABBREVIATIONS AND SYMBOLS 

 

The units used in the present work are in agreement with the International System of Units 
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2D bidimensional (NMR) 
[α]D specific rotation at the wavelength of the sodium D line (589 nm) 
δ chemical shift (NMR) 
λmax wavelength of the absorption maxima 
λemission, λexcitation Emission and excitation wavelengths of fluorescent compounds 
A, B, C symbols used for the isolated compounds 
Aβ β-amyloid  peptide 
AChE acetylcholinesterase 
AChEI acetylcholinesterase inhibitors 
AD Alzheimer’s disease 
amu atomic mass unit 
APCI atmospheric pressure chemical ionization (MS) 
APG Angiosperm Phylogeny Group 
APP β-amyloid precursor protein 
AU absorbance unit 
bs broad singlet (NMR) 
CC column chromatography 
CHCl3 chloroform 
CNS central nervous system 
CPC centrifugal partition chromatography 
d doublet (NMR) 
DAD photodiode array detector (UV) 
DCM dichloromethane 
dd doublet of doublets (NMR) 
DPPH 1,1-diphenyl-2-picrylhydrazyl 
DMSO dimethylsulfoxide 
EI electron impact ionization (MS) 
ESI electrospray ionization (MS) 
EtOAc ethyl acetate 
EtOH ethanol 
FU fluorescence unit 
gDQF-COSY double quantum filtered correlation spectroscopy (NMR) 
gHMBC heteronuclear multiple bond coherence (NMR) 
gHSQC heteronuclear single quantum coherence (NMR) 
gNOESY nuclear overhauser enhancement spectroscopy (NMR) 
H2O water 
HPLC high performance liquid chromatography 
HPLC-UV/DAD HPLC coupled with ultraviolet photodiode array detector 
HPLC-MS HPLC coupled with mass spectrometry 
HR high resolution (MS) 
HupA huperzine A 
IC50 inhibitory concentration of a compound to inhibit 50 % of the enzymatic 

activity 
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i.d. internal diameter 
IT ion trap (MS) 
IU international unit 
J coupling constant (NMR) 
KM Michaelis constant 
LLE liquid-liquid extraction 
LPLC low pressure liquid chromatography 
m multiplet (NMR) 
m/z mass per electronic charge (MS) 
MeCN acetonitrile 
MeOH methanol 
MPLC medium pressure liquid chromatography 
MS mass spectrometry 
MSn multiple stage (n) mass spectrometry 
MTT 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide 
NFT neurofibrillary tangles 
NMDA N-methyl-D-aspartate 
NMR nuclear magnetic resonance 
NOE nuclear overhauser effect 
p (pH, pIC50) negative logarithm (of hydrogen concentration, of IC50 value) 
ppm parts per million (10-6) (NMR) 
r2 coefficient of determination 
Rf retention factor 
RP reverse phase 
s singlet (NMR) 
SDS sodium dodecyl sulfate 
semi-prep semi-preparative HPLC 
SPE solid phase extraction 
spp. species (plural) 
t triplet 
TIC total ionic current (MS) 
TLC thin layer chromatography 
TMS tetramethylsilane (NMR) 
TOF time-of-flight (MS) 
U unit 
UPLC ultra performance liquide chromatography 
UV ultraviolet 
Vmax maximal rate 
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Introduction 

 

La maladie d’Alzheimer (MA) a été décrite pour la première fois en 1906 par le  

Dr Alois Alzheimer (1864-1915) qui lui a donné son nom. Elle touche 24 millions de 

personnes dans le monde entier, et se caractérise avant tout par une détérioration de la 

mémoire à court terme, avant d’atteindre la mémoire à long terme et les autres fonctions 

cognitives 

Deux types de lésions histopathologiques sont observées dans la MA : les plaques 

séniles et la dégénérescence neurofibrillaire. Les plaques séniles (ou plaques amyloïdes) 

sont dues à une accumulation extracellulaire de peptide β-amyloïde. Ce dernier est 

composé de 39 à 43 acides aminés, et est obtenu par le clivage d’une protéine précurseur 

à l’aide de trois enzymes. Il existe deux voies distinctes : la voie α implique d’abord 

l’action de l’α-sécrétase, ce qui empêche la formation du peptide β-amyloïde ; la voie β, 

quant à elle, produit ce peptide par un premier clivage extracellulaire à l’aide de la β-

sécrétase, suivi d’un second dans le domaine transmembranaire par la γ-sécrétase. La 

dégénérescence neurofibrillaire est, pour sa part, constituée de paires de filaments 

hélicoïdaux composés de protéine τ, une protéine impliquée dans l’assemblage et la 

stabilisation des microtubules du cytosquelette. Au cours de la MA, elle subit des 

phénomènes de phosphorylation anormale et d’hyperphosphorylation qui provoque son 

aggrégation, et forme ainsi les dépôts filamenteux. 

Ces deux types de lésions touchent en premier lieu les neurones cholinergiques. Le 

déficit en acétylcholine induit serait la cause des troubles cognitifs observés. Il faut tout 

de même préciser que d’autres systèmes de neurotransmetteurs sont également touchés.  

A ce jour, aucun modèle animal ne permet de mimer toutes les anomalies cognitives, 

comportementales, biochimiques et histopathologiques observées dans la MA. 

 

Bien que la pathogenèse exacte de la MA ne soit pas encore connue, plusieurs 

traitements pharmacologiques sont en cours d’investigation.  
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Les inhibiteurs de l’acétylcholinesterase (AChE), l’enzyme catabolique de 

l’acétylcholine, ont été le premier type de traitement admis sur le marché. La 

physostigmine (isolée des graines de Physostigma venenosum Balf. (Fabaceae)) a d’abord 

été testée. Cependant, sa courte demi-vie et les effets secondaires provoqués ont limité 

son utilisation. Le premier médicament approuvé par la « Food and Drug 

Administration » américaine a été la tacrine en 1993. Elle a cependant été retirée du 

marché depuis lors, en raison de sa courte demi-vie, et surtout de son hépatotoxicité. 

Actuellement, trois inhibiteurs de l’acétylcholinesterase sont commercialisés en Suisse, le 

donépézil (Aricept®), la rivastigmine (Exelon®), dérivée de la physostigmine, et la 

galantamine (Reminyl®), isolée de la perce-neige (Galanthus nivalis L. 

(Amaryllidaceae)). De plus, plusieurs composés sont en cours d’études cliniques. L’un 

d’eux est l’huperzine A (HupA), une substance naturelle isolée d’un lycopode chinois 

(Huperzia serrata (Thunb. ex Murray) Trevis (Lycopodiaceae)). Un certain nombre 

d’inhibiteurs de l’AChE ont encore été identifiés à partir de plantes avec des activités 

variées. Beaucoup sont des alcaloïdes, mais un certain nombre de terpènes 

(principalement isolés à partir de Lamiaceae) ainsi que d’autres classes de composés ont 

également montré une activité. 

La mémantine (Axura®, Ebixa®), un autre médicament actuellement sur le marché 

pour le traitement de la MA, est un antagoniste du récepteur au glutamate N-méthyl-D-

aspartate (NMDA). Une fois activés, ces récepteurs provoquent un influx de calcium de 

longue durée dans les neurones, impliquant une potentialisation à long terme. Ce 

processus cellulaire semble être impliqué dans la mémorisation et l’apprentissage. 

Cependant, dans la MA, un excès de glutamate extracellulaire produit une activation 

excessive du récepteur et la mort neuronale par une accumulation de calcium 

intracellulaire. La mémantine protège les neurones sans empêcher l’activation 

physiologique du récepteur. Ceci est dû au fait qu’elle bloque plus efficacement 

l’ouverture du canal en présence d’un niveau excessif de glutamate. 

Le dernier traitement reconnu contre la MA est un extrait de feuilles de Ginkgo biloba 

L. (Ginkgoaeae), Egb 761. Il est largement utilisé en Europe et aux Etats-Unis pour 

améliorer la cognition et il a récemment été enregistré par le « Centre Belge 

d’Information Pharmacothérapeutique » en complément du traitement de la MA. 
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Toutes les alternatives actuellement disponibles sur le marché n’apportent qu’une 

amélioration passagère des symptômes. Un certain nombre de nouveaux traitements sont 

en cours de développement et ont pour but d’empêcher la formation de la plaque 

amyloïde. Parmi ceux-ci, l’inhibition de la β-sécrétase est une cible potentielle. 

Cependant, l’étendue du site actif de cette enzyme requiert des molécules de grande taille. 

La puissance doit donc être mise en balance avec la capacité des composés à traverser la 

barrière hémato-encéphalique. Plusieurs inhibiteurs ont été décrits mais un seul est 

actuellement en phase I d’essais cliniques. Des inhibiteurs naturels ont également été 

identifiés, dont la punicalagine, isolée de la grenade (Punica granatum L., Punicaceae).  

 

Dans le cadre de ce travail, une méthode de chromatographie liquide à haute 

performance couplée à un détecteur UV et à un spectromètre de masse (HPLC-UV-MS) a 

tout d’abord été développée afin de mettre en évidence l’HupA dans différents extraits 

végétaux. Puis, dans un deuxième temps, une activité inhibitrice de l’acétylcholinestérase 

ayant été détectée dans l’extrait chloroformique d’Huperzia selago (L.) Schrank et 

Martius (Lycopodiaceae), son investigation phytochimique a été entreprise afin 

d’identifier les composés responsables de cette activité. Au Laboratoire de 

pharmacognosie et phytochimie (LPP), ce type de substances est mise en évidence par un 

test bioautographique sur chromatographie sur couche mince (CCM). Afin de vérifier que 

les résultats ainsi obtenus sont fiables, ce test a été comparé avec un test en solution basé 

sur la méthode d’Ellman dans une troisième partie de ce travail. Finalement, afin de 

pouvoir tester les produits naturels sur une autre cible impliquée dans le développement 

de la MA, la mise au point d’un essai permettant de détecter les inhibiteurs de la β-

sécrétase a été initiée. 

 

Résultats 

 

Huperzia serrata (Thunb ex. Murray) Trevis (Lycopodiaceae) est connue en médecine 

chinoise sous le nom de Qiang Cen Ta. Elle est utilisée entre autre pour l’amélioration de 

la mémoire chez les personnes âgées. Dans les années 80, l’huperzine A (HupA) a été 

isolée pour la première fois à partir de cette plante et a montré une activité inhibitrice de 
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l’acétylcholinestérase (AChE) importante. L’inhibition de l’AChE est stéréosélective et le 

(-)-énantiomère existant à l’état naturel est trois fois plus puissant que le composé 

racémique d’abord obtenu par synthèse. L’HupA est rapidement absorbée, se distribue 

largement dans le corps et est éliminée à une vitesse modérée. Elle possède également 

d’autres activités, profitables dans le cadre du traitement de la MA ; elle augmente le 

niveau de noradrénaline et de dopamine dans le cerveau, elle protège les cellules 

neuronales contre le stress oxydatif, et elle agit comme antagoniste non compétitif des 

récepteurs au glutamate NMDA. L’HupA a montré une efficacité sur de nombreux 

modèles animaux ainsi que dans les études cliniques actuellement conduites en Chine et 

ailleurs. Ses effets secondaires semblent être minimes comparés aux autres inhibiteurs de 

l’AChE existants. 

Etant donné les besoins croissants en HupA, une méthode qualitative a été développée. 

La technique d’extraction a tout d’abord été optimisée ; la plante pulvérisée a  été 

humectée par de l’ammoniaque concentré avant l’extraction par le chloroforme. De cette 

façon, les alcaloïdes sont extraits de manière relativement spécifique. La détection de 

l’HupA a d’abord été effectuée par chromatographie sur couche mince (CCM). Un 

système de solvants adapté a été choisi (acétate d’éthyle : méthanol : eau 100 : 13.5 : 10) 

et l’alcaloïde a été mis en évidence par un test bioautographique pour la mise en évidence 

des composés inhibiteurs de l’AChE. La quantité minimale permettant encore de détecter 

visuellement une activité (quantité minimale inhibitrice, QMI) pour la (±)-HupA est de 

0.2 ng. Dans un deuxième temps, une méthode HPLC-UV-MS a été optimisée. Le spectre 

UV de l’huperzine A présente deux maxima, le premier à 230 nm et le second à 308 nm. 

Cette dernière longueur d’onde a été choisie pour mettre en évidence l’alcaloïde dans les 

extraits de plantes de façon à limiter les interférences des autres composés. La limite de 

détection dans ce cas est de 50 ng (rapport signal : bruit 3 : 1). L’ionisation en MS a été 

effectuée en mode positif et différentes sources ont été testées. Les meilleurs résultats ont 

été obtenus par électrospray (ESI). L’HupA a été mise en évidence par analyse de la trace 

à m/z 243.2, et l’identité du composé est confirmée par MS à analyseur à trappe à ions 

(IT) à 2 étapes par observation d’un ion fils à m/z 226.2. La limite de détection est alors 

de 5 ng (rapport signal : bruit 3 : 1). Bien que cette technique soit moins sensible que la 
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détection par bioautographie sur CCM, l’utilisation de l’HPLC-UV/DAD-ESI/IT/MSn 

(n = 2) est nécessaire afin de confirmer l’identité du composé. 

H. serrata appartient à la famille des Lycopodiaceae qui elle-même fait partie du 

groupe des Ptéridophytes. Ce sont des plantes vasculaires qui ne fleurissent pas et sont 

dépourvues de graine, mais se reproduisent et se dispersent uniquement par des spores. 

Trois familles de ce groupe, les Lycopodiaceae, les Equisetaceae et les Selaginellaceae, 

ont été étudiées dans le cadre de ce travail. Les extraits de treize espèces différentes 

appartenant à ces trois familles ont été analysés afin de déterminer la présence d’HupA. 

Les deux méthodes décrites précédemment ont permis sa mise en évidence dans Huperzia 

selago (L.) Schrank et Martius (Lycopodiaceae). 

 

H. selago est une plante terrestre largement distribuée dans les zones montagneuses 

d’Europe, d’Asie, d’Amérique et d’Australie. Le test bioautographique sur CCM pour la 

détection des composés inhibiteurs de l’AChE a montré que l’HupA n’était pas la seule 

substance responsable de l’activité observée dans l’extrait chloroformique des parties 

aériennes de H. selago. L’investigation phytochimique de la plante a dès lors été 

entreprise. La première partie de l’isolement a été guidée par l’activité inhibitrice de 

l’acétylcholinestérase et a aboutit à l’identification de la lycopodine (composé A). La 

QMI de la lycopodine est de 0.01 µg sur CCM, ce qui correspond à une activité 

inhibitrice de l’acétylcholinestérase intermédiaire (galantamine 0.01 µg, (-)-huperzine A 

0.01 ng). Cependant, en solution, elle n’a montré qu’une légère activité. La lycopodine se 

retrouve dans de nombreuses espèces de Lycopodiaceae, entre autre H. serrata, 

Lycopodium clavatum L. ou Lycopodium annotinum L.. La structure de cet alcaloïde, 

ainsi que celles des autres molécules isolées dans ce travail, ont été déterminées à l’aide 

de spectrométrie de résonance magnétique nucléaire (RMN) et de masse. Deux autres 

composés ont également été isolés à partir de cet extrait. Le 16-oxo-21-épiserratriol 

(composé B) est un triterpène de la famille des serratanes, qui est caractérisée par la 

présence de 5 cycles dont un central à sept membres et de 7 groupements méthyles. Les 

carbones C-3 et C-21 présentent fréquemment des fonctions oxygène, hydroxyles dans ce 

cas. La configuration relative a été déterminée à l’aide d’une analyse RMN des 

corrélations homonucléaires 1H-1H NOE, ce qui a permis l’identification du  
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16-oxo-21-épiserratriol. Ce composé a déjà été isolé à partir de Lycopodium cernuum L. 

(Lycopodiaceae). Quant au composé C, il s’agit d’un abiétane diterpène, le 12,16-époxy-

6α,11,14-trihydroxy-8,11,13-abiétatrièn-7-one. Il est décrit ici pour la première fois. Les 

corrélations homonucléaires 1H-1H gDQF-COSY et hétéronucléaires 1H-13C gHMBC ont 

particulièrement aidé à l’identification du composé. Ce type de diterpènes est obtenu par 

la cyclisation en plusieurs étapes du géranylgéranyl diphosphate par l’intermédiaire d’une 

seule enzyme, l’abiétadiène synthase. La jonction entre les cycles A et B est alors trans. 

La configuration relative des carbones asymétriques de la molécule a de nouveau été 

déterminée par l’analyse des corrélations homonucléaires 1H-1H NOE. Les abiétane 

diterpènes sont des constituants des extraits ou des résines de plusieurs conifères 

(Pinaceae, Cupressaceae, Araucariaceae, …), mais ils peuvent également se trouver dans 

certaines familles d’angiospermes (Asteracae, Celastraceae, Lamiaceae, …). Leur 

présence au sein des Lycopodiaceae n’a été reportée qu’une fois chez Huperzia crassa 

(Willd.) Rothm.. 

Les extraits des cinq Lycopodiaceae (Diphasiastrum alpinum (L.) Holub, Lycopodium 

annotinum L., Lycopodium cernuum L., Lycopodium clavatum L., Huperzia selago (L.) 

Schrank et Martius) étudiés dans la première partie du travail ont été analysés par 

chromatographie liquide à ultra performance couplée à un spectromètre de masse à temps 

de vol (UPLC-TOF/MS). Le couplage de ces deux techniques permet d’obtenir des 

chromatogrammes de haute résolution ainsi que les formules brutes pour les différents 

pics observés contenus dans les échantillons. La comparaison des extraits entre eux est 

ainsi facilitée. Avant d’être injectés dans l’appareillage, les échantillons sont traités par 

extraction sur phase solide afin d’éviter de surcharger la colonne. L’ionisation a été 

effectuée en mode positif afin de détecter les alcaloïdes, classe de composés largement 

décrite dans la famille. Le chromatogramme de Lycopodium cernuum L. est très différent 

de celui des autres Lycopodiaceae étudiées. Ceci peut être dû au fait que c’est le seul 

specimen qui n’a pas été récolté en Suisse. Il faut également noter que cette espèce a été 

parfois décrite comme appartenant à un genre encore différent de ceux des autres 

Lycopodiaceae analysées. La plupart des pics se retrouvant dans plusieurs espèces 

semblent être des alcaloïdes, mais étant donné que plus de 200 composés de ce type ont 

été décrits dans cette famille, leur identification ne peut être effectuée sans témoin. 
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Afin de découvrir de nouveaux inhibiteurs de l’AChE, plus performants que ceux 

actuellement sur le marché, différents tests in vitro ont été mis au point. De nombreux 

tests colorimétriques ont été développés sur la base de la méthode d’Ellman. Au cours de 

cette réaction, l’acétylthiocholine est scindée par l’enzyme en thiocholine qui, à son tour, 

réagit avec l’acide 5,5’-dithiobis-(2-nitrobenzoïque), pour donner l’anion 5-thio-2-

nitrobenzoïque jaune. Cette méthode a été adaptée pour des tests en solution 

(microplaques à 96 puits), sur CCM et en HPLC. Afin d’améliorer la détection visuelle 

des composés actifs sur CCM, un autre essai colorimétrique a été développé. Cette 

réaction se base sur le clivage de l’acétate de 1-naphtyl, et la réaction subséquente du  

1-naphtol avec le sel « Fast Blue B » pour former un complexe diazonium violet. Cette 

réaction a également été adaptée pour les essais en solution en microplaques dans la 

deuxième partie de ce travail. 

Le test bioautographique sur CCM utilisant le sel « Fast Blue B » a été comparé avec 

le test en solution basé sur la méthode d’Ellman en collaboration avec Mme Saviana Di 

Giovanni du Laboratoire de chimie thérapeutique, groupe de pharmacochimie, du Prof. 

P.-A. Carrupt de l’Université de Genève, Suisse. Cette comparaison a été conduite à 

l’aide de 139 composés, naturels et synthétiques. La correspondance entre la 

concentration permettant d’inhiber 50 % de l’activité enzymatique (IC50) et le 

pourcentage d’inhibition à une concentration donnée a tout d’abord été établie, afin de 

diminuer le temps nécessaire pour réaliser les mesures. Plusieurs classes d’activité ont 

ensuite été déterminées pour chaque type de valeur. La comparaison entre les essais 

consiste alors principalement à vérifier que les composés sont prédits dans la même 

classe d’activité selon la méthode utilisée. La réaction employée sur CCM a ensuite été 

adaptée en solution. La corrélation entre les deux tests effectués en microplaque à 96 

puits est bonne ; seulement 2.2 % des composés ne sont pas prédits dans la même classe 

d’activité. D’un autre côté, la comparaison entre le test en solution et le test sur CCM 

montre une différence significative. En effet, bien que 89.1 % des composés soient 

prédits dans la bonne classe d’activité, la large dispersion des valeurs au sein d’une classe 

montre qu’aucune relation ne peut être établie entre les deux méthodes. De plus, étant 

donné que seules les molécules les plus actives méritent d’être étudiées de façon 
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approfondie, cependant la moitié des substances identifiées par le test en solution ne le 

sont pas par CCM. Ces différents résultats semblent indiquer un changement 

conformationnel de l’enzyme lorsqu’elle est adsorbée sur la plaque de silice, et que 

l’interaction avec les inhibiteurs en est affectée. 

 

Etant donné que les traitements actuellement disponibles contre la maladie 

d’Alzheimer ne sont que symptomatiques, la recherche de nouveaux composés actifs sur 

d’autres cibles est essentielle. Pour cette raison, le développement d’un test capable de 

détecter des inhibiteurs de la β-sécrétase a été initié au cours d’une quatrième et dernière 

partie de ce travail. La plupart des essais décrits dans ce but sont basés sur le transfert 

résonnant d’énergie de fluorescence. Une espèce fluorescente est greffée à une extrémité 

d’un peptide substrat de l’enzyme et un suppresseur à l’autre extrémité. Le clivage 

enzymatique permet alors une augmentation de la fluorescence. L’utilisation de ces 

substrats est cependant souvent limitée par leur faible solubilité. Les conditions d’analyse 

déterminées en premier lieu ont par la suite été modifiées lors du processus de validation. 

La principale adaptation a été le changement des plaques en polystyrène pour des plaques 

en polypropylène. En effet, un phénomène d’adsorption indésirable du substrat sur les 

parois des puits a été mis en évidence dans le premier cas. Afin de trouver la 

concentration de substrat optimale pour conduire cet essai, la détermination du KM a été 

réalisée. Afin de tenir compte de l’importante auto-fluorescence du substrat, deux 

méthodes ont été testées. La première consistait en une mesure unique après 30 min et 

une correction par la valeur du blanc. La seconde utilisait des droites d’étalonnage pour 

corriger les mesures après 30 min. Cela permettait ainsi de déterminer la quantité de 

produit obtenue lors de la réaction. Cependant, étant donné que la valeur exacte du KM du 

substrat n’est pas connue, la meilleure méthode n’a pas pu être établie, et la validation n’a 

pas été poursuivie. 

Plusieurs extraits de plantes appartenant à différentes familles (Apiaceae, Lamiaceae, 

Lauraceae, Lycopodiaceae, Piperaceae, Zingiberaceae) ont tout de même été testés. 

Certains extraits contenant des coumarines n’ont donné aucun résultat à cause de leur 

importante fluorescence, alors que d’autres ont montré une augmentation des valeurs plus 

importante que celle observée pour le contrôle positif. Etant donné que la possibilité 
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d’une interaction entre le substrat et l’extrait a été testée parallèlement, un processus 

d’activation enzymatique est probable, bien que le mécanisme exact demeure inconnu. 

Parmis les différentes plantes testées, les Piperaceae ont montré une activité intéressante. 

Ce sont des plantes aromatiques qui poussent principalement dans les régions tropicales 

humides du globe. La famille est presque uniquement composée du genre Piper. Le 

poivre, l’une des plus anciennes épices utilisées dans le monde, est constitué des fruits de 

Piper nigrum L. (Piperaceae) qui se présente sous forme d’une liane. Son odeur est 

essentiellement due à la présence d’une huile essentielle riche en terpènes (sabinène, 

limonène, caryophyllène) et en dérivés du phénylpropane (pipéronal, eugénol, safrol). Sa 

saveur piquante est due à des amides, principalement la pipérine. L’extrait 

dichlorométhanique de Piper nigrum L. (Piperaceae) a été choisi pour une investigation 

plus approfondie, et la pipérine a été identifiée comme composé faiblement actif. 

 

Conclusions et perspectives 

 

Une méthode de détection de l’HupA a été mise au point afin de détecter cet alcaloïde 

dans différents extraits végétaux de façon rapide et reproductible. Deux techniques ont 

alors été employées. La méthode la plus sensible s’est révélée être le test 

bioautographique pour la détection des composés inhibiteurs de l’acétylcholinestérase sur 

CCM ; cependant, l’analyse par HPLC-UV-MS est nécessaire pour l’identification 

formelle du composé. Etant donné que l’énantiomère actif de l’HupA, la (-)-HupA, est 

maintenant synthétisable, son obtention à partir de plantes présente un intérêt limité. En 

effet, ce type d’alcaloïdes ne se trouve que dans la famille des Lycopodiaceae, qui est en 

grande majorité caractérisée par une croissance lente et dont la culture est peu connue. 

Dans le cadre de ce travail, la présence d’HupA a été mise en évidence dans un lycopode 

suisse, Huperzia selago (L.) Schrank et Martius (Lycopodiaceae). La détection de 

l’alcaloïde dans l’extrait a principalement permis de le localiser de se concentrer sur 

l’isolement d’autres composés actifs. Actuellement, ce test est donc plus utile dans un 

souci de déréplication, que pour trouver de nouvelles sources de cette molécule. 
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L’isolement bioguidé à partir de l’extrait chloroformique des parties aériennes  

d’H. selago a permis d’identifier un alcaloïde avec une faible activité inhibitrice de 

l’acétylcholinesterase, la lycopodine (composé A). Deux autres composés ont également 

été isolés à partir de cette plante, un triterpène de la famille des serratanes (16-oxo-21-

épiserratriol, composé B) et un diterpène de la famille des abiétanes (12,16-époxy-

6α,11,14-trihydroxy-8,11,13-abietatrièn-7-one, composé C). Cette dernière classe de 

composés a été relativement peu étudiée et n’a été reportée qu’une fois au sein des 

Lycopodiaceae. Cependant, elle peut être intéressante puisque certaines structures 

proches ont déjà montré des activités biologiques. Il serait donc bon de poursuivre 

l’isolement en plus grande quantité sur cet extrait. 

La comparaison des cinq espèces de Lycopodiaceae effectuée par l’UPLC-TOF/MS a 

montré certaines similarités, mais aussi certaines différences entre les échantillons. Afin 

d’entreprendre une étude chimiotaxonomique de cette famille, il serait intéressant de 

pouvoir tester un plus grand nombre d’espèces, réparties dans les différents genres. Il 

faudrait également comparer les profils obtenus par ionisation en modes positif et négatif. 

En effet, bien que les alcaloïdes aient été largement étudiés dans cette famille, d’autres 

composés pourraient également permettre de différencier les genres entre eux. 

 

La comparaison du test bioautographique sur CCM et du test en solution sur 

microplaque pour la détection des inhibiteurs de l’AChE a permis de mettre en évidence 

un certain nombre de composés actifs qui ne sont pas détectés par CCM. Ce test ne 

devrait donc être utilisé que pour le criblage rapide d’un grand nombre d’extraits de 

plantes, ce qui est difficilement réalisable en solution en raison de la quantité limitée de 

solvant organique utilisable pour solubiliser l’extrait dans ces conditions. La CCM peut 

également être utile pour le suivi de l’activité dans le cadre d’un isolement bioguidé. En 

ce qui concerne les composés purs, leur puissance d’inhibition devrait toujours être testée 

en solution, ce qui permet de plus d’obtenir des informations quantitatives comme l’IC50. 

Le test utilisant le réactif d’Ellman présente un certain nombre d’avantage sur celui 

employant le réactif « Fast Blue B ». En outre, cette méthode est largement utilisée et 

l’activité de nombreux composés a été déterminée par ce moyen, la comparaison avec les 

données de la littérature est ainsi plus aisée. 
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Finalement, le développement d’un essai permettant de détecter les inhibiteurs de 

l’enzyme β-sécrétase n’a pas apporté les résultats escomptés. Des problèmes de 

reproductibilité entre les mesures ont été rencontrés, principalement causé par manque de 

stabilité des solutions d’enzyme et de substrat. Pour tenter d’améliorer le test, le KM du 

substrat a été déterminé de trois façons. Cependant, des valeurs différentes ont été 

obtenues, et étant donné qu’aucune donnée n’existe dans la littérature, la méthode 

optimale n’a pu être déterminée. De plus, le substrat employé présentait une fluorescence 

propre importante, ce qui pouvait interférer sur la détection de composés actifs, et son 

coût était élevé. Il aurait donc été intéressant de tester un autre substrat mieux connu, qui 

de plus présenterait une entité fluorescente autre que l’acide [7-méthoxycoumarin-4-yl] 

acétique, afin de diminuer les interférences possibles avec les extraits végétaux testés. 

Finalement, le site actif de la β-sécrétase étant très étendu, la probabilité de trouver des 

inhibiteurs est faible. Cela implique qu’un grand nombre de molécules devrait pouvoir 

être testé et que le coût est un facteur limitant. L’isolement de la pipérine comme 

composé faiblement actif est cependant un résultat intéressant, principalement quant à 

l’utilité potentielle de cet essai. 
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The development of high-throughput screening based on molecular targets has led to a 

demand of large libraries of compounds to meet the enormous capacity of these tools. 

Combinatorial chemistry was first considered as an answer to this demand. However, the 

expected productivity has not been reached and the number of new active substances is 

still declining. A new approach is thus to develop new structures on the basis of natural 

products with an already proven biological activity by using combinatorial synthetic 

techniques (natural product mimic concept). It is also worth noticing that about 50 % of 

the drugs introduced on the market over the last 20 years are derived directly or indirectly 

from small molecules of natural origin [Newman et al., 2003]. 

Alzheimer’s disease is the main cause of dementia with onset in adulthood and affects 

24 million people around the world. Most of the treatments currently available are 

acetylcholinesterase inhibitors. They are the first class of drugs introduced on the market 

for this indication in the 1990s. Natural compounds play a very important role in the 

development of this kind of treatments, from the first one tested for this indication, 

physostigmine, to the new promising huperzine A, without omitting the commercial drug 

galantamine. However, all the compounds currently registered for this use still present 

some side effects; therefore, new active substances are still needed. 

In the first part of the work, huperzine A, identified from Huperzia serrata (Thunb. ex 

Murray) Trevis (Lycopodiaceae), has to be found in other natural sources, given that the 

species is now endangered by the large consumption made of the alkaloid by Western 

countries and local communities alike. The first object of the present study was thus the 

development of an HPLC-UV-MS method in order to detect the compound in other plant 

extracts. 

Secondly, another Huperzia species, Huperzia selago (L.) Schrank et Martius 

(Lycopodiaceae), was chosen for further phytochemical investigation in order to find new 

active compounds for the inhibition of acetylcholinesterase. The choice of this plant was 

made on the basis of the results obtained after screening several Lycopodium s.l.. At the 

same time, the isolation of other compounds, inactive on this target, was performed in 

order to improve the phytochemical knowledge of this plant. Finally, the contents of all 

the species of Lycopodiaceae were compared in the perspective of a chemotaxonomic 

study. 
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In the Laboratory of pharmacognosy and phytochemistry (LPP), the identification of 

acetylcholineserase inhibitors was performed by the means of a bioautographic method 

on thin layer chromatography. In a third part of this study, a comparison between this 

assay and a reference test was undertaken in order to assess the relevance of the results 

obtained. 

Finally, given that the treatments currently available on the market only provide a 

temporary improvement of the symptoms of the disease, new targets are needed. The 

development of an in vitro assay for the detection of inhibitory compounds of β-secretase 

was attempted; several species from various families were thus analysed in order to find 

new active compounds. 
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1. ALZHEIMER’S DISEASE 

1.1. GENERALITIES 

The disease was first described in 1906 at the 37th Conference of German 

psychiatrists by Dr Alois Alzheimer (1864-1915). He identified “a characteristic serious 

disease of the cerebral cortex” which affected a 51 year-old woman, causing progressive 

cognitive impairment, disorientation, hallucinations and finally her death. He found “in 

the centre of an otherwise almost normal cell […] one or several fibrils”. He also 

described the typical plaques observed in Alzheimer’s disease (AD) patients; “numerous 

small miliary foci are found in the superior layers. They are determined by the storage of 

a peculiar material in the cortex”. The disease was named after him [Maurer et al., 1997].  

One century later, AD accounts for about 60 % of all cases of dementia with onset in 

adulthood and affects 24 million people around the world [Reid, 2006]. It is estimated 

that 3 to 5 % of the population over the age of 65 suffer from AD [Coyle, 1987]. The 

incidence increases from 0.4 % in people aged 60 to 64 to 13.5 % for the population older 

than 95 [Fratiglioni et al., 1999]. However, the risk of AD decreases after the age of 90, 

indicating that the disease may not be an inevitable symptom of the ageing process 

[Lautenschlager et al., 1996]. As the average age of the population is increasing, AD is 

becoming more and more common and, given the medical, social, psychological and 

economic effects of the disease, will become a major health problem of this century.  

The most frequent initial symptom of AD is the deterioration of recent memory with 

preservation of long term memory, before a global loss occurs as the disease progresses. 

Impairment of verbal expression is also frequent in the early stages, leading to difficulties 

in reading and writing, or to the use of nonsense words. Other symptoms like the 

incapacity to perform complex routine motor acts also appear, progressing to the 

incapacity to perform even basic activities of daily life like dressing and eating. 

Ultimately, after 5 to 15 years, the disease leads to the death of the patient, usually by 

general infections due to bedsores or by pulmonary complications such as pneumonia and 

embolism [Coyle, 1987]. Psychiatrical symptoms and behavioural disturbances also 
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occur, with manifestations such as depression, personality change, rapid mood swings 

and hallucinations [Burns et al., 2002]. 

The diagnosis of AD is based on careful clinical assessment of the patient and on the 

exclusion of other dementia that may resemble AD. The presence of the disease can be 

probable or possible, while a definitive diagnosis requires postmortem neuropathologic 

exam [Schenk et al., 2004]. 

The majority of AD cases, with low familial risks, are late in onset and are 

characterized as sporadic. However, a small percentage of cases are early in onset and are 

frequently encountered within families, suggesting the implication of genetic factors 

[McMurtray et al., 2006]. Moreover, it is conceivable that the genetic predisposition is 

underestimated due to the death of relatives before they get through the risk period. Three 

mutant genes are implicated in the etiology of early-onset AD; the β-amyloid precursor 

protein (APP) and presinilin-1 and 2 genes, all contributing to the formation of amyloid 

plaques [Lleo et al., 2004]. An association between AD and apolipoprotein E (Apo-E) 

also exists, depending on the structural isoform of this protein [Hatters et al., 2006]. Apo-

E is involved in the distribution of cholesterol among neurons in the central nervous 

system (CNS) and the ε4 allele of this gene is considered as the main risk factor for 

sporadic AD [Scarpini et al., 2003]. Nevertheless, the risk among relatives does not 

depend on a single autosomal dominant inheritance pattern; both genetic and 

environmental factors are involved in the development of the disease [Lautenschlager et 

al., 1996]. 

1.2. NEUROPATHOLOGY OF ALZHEIMER’S DISEASE 

Alzheimer’s disease is histopathologically characterized by the presence of 

extracellular deposits of β-amyloid peptide (Aβ), known as senile or neuritic plaques, 

intraneuronal neurofibrillary tangles (NFT) and marked atrophy in the brain (Figure II-1). 

The density of senile plaques in the cerebral cortex correlates significantly with the 

degree of cognitive impairment seen in patients before death, although abundant amyloid 

deposits can also be present in healthy people. The intracellular neurofibrillary lesions 

correlate better with the presence of dementia. Among the neurotransmitters systems, 

both types of lesions affect especially the cholinergic neurons, involved in the memory 
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process. The hippocampus and the basal forebrain are affected early in the course of AD, 

corresponding to the clinical features of marked impairment of memory and abstract 

reasoning with preservation of vision and movement [Coyle, 1987; Yamada and 

Nabeshima, 2000]. Interestingly, there is a potential link between the two pathological 

hallmarks of AD, senile plaques and NFT. Aβ deposits induce τ phosphorylation 

resulting in tangles formation and then in neuronal death [Hardy and Allsop, 1991]. 

Moreover, overproduced Aβ also decreases τ solubility in some cell lines [Wang Y.P. et 

al., 2006] 

 

Figure II-1 Schematic representation of neurons in normal (left) and AD (right) conditions. 

1.2.1. ββββ-Amyloid peptide and senile plaques 

Senile plaques are one of the pathological hallmarks of AD. They consist of a central 

extracellular core of protein (β-amyloid peptide, Aβ) surrounded by degenerative nerve 

endings. The presence of Aβ aggregates is a constant feature of AD. 

The term amyloid was originally coined by Virchow to describe clumps of debris 

invading different tissues. This definition was later expanded to include the presence of 

typical fibrils. The amyloid formation process is accompanied by a structural transition of 

the aggregated proteins from their normal fold into a predominantly β-sheet secondary 

structure [Morgan et al., 2004]. Different amyloid deposits are found in diseases such as 
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Creutzfeld-Jakob disease, type II diabetes mellitus and dialysis arthropathy [Conway et 

al., 2003]. 

The amyloid peptide that accumulates in senile plaques is a small peptide (39-43 

amino acids in length) issued from a much larger protein, the β-amyloid precursor protein 

(APP). APP is a ubiquitously expressed transmembrane protein with a large extracellular 

region and a small cytoplasmic tail. Three major isoforms of about 700 amino acids exist, 

the 695 one being expressed predominantly in neuronal cells [Yamada and Nabeshima, 

2000]. The gene encoding for APP is located on chromosome 21; alterations of this gene 

lead to an early onset of AD, either by overexpression in trisomy 21 (Down’s syndrome) 

or by mutations linked with familial AD. Down’s patients show many diffuse Aβ plaques 

without NFT, and they invariably develop the full neuropathological lesions of AD by 

their fifties [Hardy and Allsop, 1991]. 

The cleavage of APP is a complex process, including three enzymes, mainly divided 

in two pathways, the α- and β-pathway (Figure II-2). 

 

Figure II-2 APP proteolysis and Aββββ production [Citron, 2002] 

The α-pathway is nonamyloidogenic and involves the cleavage of APP by α-secretase 

at first and thereby precludes the formation of Aβ. The proteolysis of APP by the β-

pathway is amyloidogenic. The production of Aβ is obtained by two consecutive 

enzymatic cleavages. The first one is made by the extracellular β-secretase followed by 

an additional cleavage by γ-secretase in the transmembrane domain of APP [Hoyer, 

2003]. The activity of β-secretase in the brain increases with age [Lleo et al., 2006]. Both 
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extracellular fragments obtained after α- or β-cleavage have been shown to promote 

neuronal cell survival as well as synaptic plasticity and activity, and may also play a role 

in the memory processes, since they show potent memory-enhancing effects [Hoyer, 

2003]. 

Two major species of Aβ are obtained from the β-pathway defined by their C-terminus 

length, Aβ40 (amino acid residues 1-40) and Aβ42 (amino acid residues 1-42). The former 

consists in about 90 % of secreted Aβ, and the latter in only 10 %. Aβ42 is highly 

fibrillogenic, readily aggregates, and deposits early and selectively in amyloid plaques 

[Yamada and Nabeshima, 2000]. The toxicity of Aβ42 is due to an insoluble β-sheet 

instead of α-helix preferential conformation, but it is to notice that Aβ40 can also 

aggregate to form senile plaques, though with a weaker tendency. Since amyloid fibrils 

are protease resistant structures, fibril formation will not be reversed once initiated and 

can act as nucleation site for further aggregation [Squier, 2001]. The alterate ratio 

between Aβ42 and Aβ40 is used as a marker for the familial AD form [Rang et al., 1999]. 

The production of Aβ from APP is considered as an abnormal proteolytic cleavage 

due to mutations in the APP gene or abnormal protease activity. However, it is known 

that Aβ is produced at low level under physiological conditions and is present in the 

cerebrospinal fluid of healthy subjects [Rang et al., 1999]. 

As for the other amyloid pathologies, it is unclear whether the amyloid plaques are the 

causal agent or merely a by-product of neuronal death. There is increasing evidence that 

Aβ is neurotoxic and can also enhance the effect of other neurotoxins. The “amyloid 

cascade hypothesis” assigns that Aβ is the initiating molecule in AD. At the present time, 

senile plaques are considered as sinks of toxic Aβ rather than toxic in themselves, with 

Aβ42 as the toxic species [Hardy, 2006]. Moreover, small amounts of soluble Aβ have 

been shown to compromise cholinergic functions independently from apparent 

neurotoxicity. Therefore, parts of the cholinergic deficits observed in AD can be 

attributed to this phenomenon rather than to cell death [Schliebs, 2005]. 

1.2.2. ττττ protein and neurofibrillary tangles 

Neurofibrillary tangles (NFT) are bundles of abnormal fibres within neuronal cells. 

These fibres are constituted by pairs of filaments wound into helices (paired helical 
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filaments, PHF). PHF are made of τ protein, a normal neuronal microtubule-bound 

protein, involved in microtubules assembly and stabilization. In AD, τ becomes 

hyperphosphorylated as a result of an imbalance between kinase and phosphatase 

activities, which normally tightly regulate its phosphorylation. τ then dissociates itself 

from the microtubules, losing its ability to stabilize them, and self-aggregates to form 

insoluble oligomers which progress to microscopic tangles. The fast axonal transport 

depends on the microtubules and is then impaired by the formation of the fibrils 

[Churcher, 2006; Rang et al., 1999]. Tangles are not specific to AD, since they are also 

found in numerous other neurodegenerative diseases. However, infrequent “tangle poor” 

AD cases also exist [Selkoe, 2001]. 

1.2.3. Cholinergic dysfunction 

The analysis of neurotransmitters content in the cerebral cortex shows a reduction of 

many transmitter substances that parallels neuronal loss. The anatomical basis of the 

cholinergic deficit is the atrophy of subcortical cholinergic neurons, particularly those in 

the basal forebrain (nucleus basalis of Meynert) that provide cholinergic innervation to 

the whole cerebral cortex. The uptake of choline and the synthesis of acetylcholine have 

been found to be reduced in analyses of cortex biopsies [Coyle, 1987]. The activity of 

choline acetyl transferase, the enzyme responsible for the synthesis of acetylcholine, is 

reduced in the cortex and the hippocampus, and the density of nicotinic receptors is also 

decreased in the cortex [Rang et al., 1999]. 

Numerous examples of the involvement of the cholinergic system in AD have been 

described: the administration of anticholinergic drugs induces AD-like behaviour and 

exaggerates the disorders in AD patients, the distribution of cholinergic deficits in AD 

correlates well with regions that are relevant to the observed symptoms, and the 

behavioural disturbances are weakened in AD patients treated with cholinesterase 

inhibitors or cholinergic receptors agonists [Cummings, 2000]. Furthermore, in AD not 

only the destruction of cholinergic neurons is observed, but also that of the cortical and 

hippocampal targets that receive cholinergic input [Hardman et al., 2001]. All these 

observations lead to the “cholinergic hypothesis”, which states that the cognitive 

impairments in AD are mainly due to cholinergic deficit, and that these dysfunctions are 
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partially remediable with the use of cholinergic stimulators [Francis et al., 1999]. 

However, a limitation of this hypothesis is the lack of cholinergic deficit observed in the 

early stages of AD [Lleo et al., 2006]. 

The conceptualization of AD as a “cholinergic deficiency syndrome” in parallel with 

the “dopaminergic deficiency syndrome” involved in Parkinson’s disease provides a 

useful framework, but it is important to understand that the cholinergic deficit is not the 

only one observed in AD. The noradrenergic and serotoninergic systems are also 

involved and the concentration of two neuropeptides (substance P and somatostatine) is 

reduced, though it is not known whether these deficits reflect a degeneration of neurons 

containing the neuropeptides or an alteration in their synthesis or degradation [Coyle, 

1987].  

1.2.4. Oxidative alterations in Alzheimer’s disease 

Oxidative stress is another key player in AD pathology and is considered an early 

pathologic event able to mediate membrane damage, cytoskeletal alterations and cell 

death [Tamagno et al., 2006]. There is increasing evidence that free radical damage to 

brain lipids, carbohydrates, proteins, and DNA is involved in neuronal death and in AD 

[Markesbery and Carney, 1999]. 

Considerable experimental evidence suggests that Aβ is involved in the induction of 

oxidative stress in vitro and in vivo and in the formation of free radical leading to 

neuronal dysfunction and death. It has also been demonstrated that adding Aβ to neuronal 

cells leads to the rapid production of hydrogen peroxide (H2O2) and lipid peroxidation. 

Prefibrillar or oligomeric Aβ forms lead to a much higher generation of H2O2 than the 

fibrillar form, followed by a very significant cell damage and death [Tamagno et al., 

2006]. Some evidence exists that Aβ peptide cytotoxicity is mediated by free radical 

damage. On top of the production of H2O2 generated by Aβ, it has been shown that 

catalase, an enzyme that converts H2O2 to oxygen and water, blocks Aβ toxicity. Cells 

resistant to Aβ toxicity are also highly resistant to H2O2 and particular neuroblastoma 

cells which contain a high level of the antioxidant glutathion are resistant to Aβ, 

glutamate and H2O2. It has also been shown that Aβ peptide produces H2O2 through a 

metal-catalyzed reduction, a process probably mediated by the formation of hydroxyl 
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radicals. In AD, increased levels of brain aluminium and iron, two metals capable of 

stimulating free radical generation, have been reported. Moreover, epidemiological 

studies have suggested a high incidence of AD associated with high environmental 

aluminium, iron and zinc exposure [Miranda et al., 2000]. 

Some recent studies suggest that oxidative stress is involved at an early stage of the 

pathologic cascade, leading to the aggregation of Aβ and τ as a compensatory response. 

Ageing leads to a cumulative burden of oxidative and metabolic stress that may be a 

major factor of senescence. Oxidative damage is more pronounced in AD subjects with 

lesser amounts of Aβ deposition or with shorter disease duration. Furthermore, it 

precedes Aβ deposition in brain tissue from patient with Down syndrome [Nunomura et 

al., 2006]. It has also been observed that pro-oxidant agents can increase the production 

of Aβ by upregulating APP expression [Tamagno et al., 2006].  

After all, it is still controversial whether the most deleterious form of Aβ in the early 

stage of AD is represented by the fibrillar or the non fibrillar form, and the toxic loop 

between Aβ and oxidative stress is likely to play a crucial role mainly in sporadic AD 

[Tamagno et al., 2006]. 

2. PHARMACOLOGICAL TREATMENT OF ALZHEIMER’S 

DISEASE 

Although the exact pathogenesis of AD remains to be found, several pharmacological 

strategies for the treatment of AD are currently under investigation. Three main 

approaches can be defined: the first one is based on epidemiological observations and 

plays on neurotransmitters levels, the second acts on neuroprotection and the third one 

targets specific aspects of AD pathology such as senile plaques [Citron, 2004]. 

Unfortunately, in spite of the recent advances in understanding the mechanism of 

neurodegeneration involved in AD, there are still no effective therapies [Rang et al., 

1999]. Current drugs only produce a temporary enhancement of cognition and they do not 

prevent the progressive loss of neuronal cells [Riederer et al., 2004]. 

It is worth noticing that no animal model available can mimic all the cognitive, 

behavioural, biochemical, and histopathological abnormalities observed in AD. The 
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underlying neurodegenerative process involved in the disease occurs spontaneously only 

in higher primates. However, partial reproduction of AD neuropathology and cognitive 

deficits has been achieved with pharmacological and genetic approaches, but this lack of 

a good animal model makes the testing of potential AD therapy very difficult [Yamada 

and Nabeshima, 2000]. 

2.1. CURRENTLY APPROVED TREATMENTS 

2.1.1. Acetylcholinesterase inhibitors 

A major strategy in the treatment of AD is to try to increase the cholinergic function of 

the brain. The first approach tested in cholinergic therapy was the use of precursors of 

acetylcholine synthesis, such as choline chloride or phosphatidylcholine (lecithin). 

However, randomized trials have failed to demonstrate any clinically significant effects. 

Direct intracerebroventricular injection of cholinergic agonists such as bethanacol 

appears to have some beneficial effects but requires surgical implantation and is too 

intrusive for practical use. A more successful approach has been the use of inhibitors of 

acetylcholinesterase (AChE), the catabolic enzyme for acetylcholine, in order to slow 

down the turn-over of the neurotransmitter in the synapse [Hardman et al., 2001]. 

Acetylcholinesterase inhibitors (AChEI) are used as a first-line treatment for mild to 

moderate AD patients [Scarpini et al., 2003]. 

Physostigmine (eserine) (1) is long known as a rapidly acting, reversible acetyl- and 

butyrylcholinesterase inhibitor, and was the first drug tested for AD treatment. It was 

originally isolated from the seeds of Physostigma venenosum Balf. (Fabaceae), 

traditionally used as a ritual poison in Africa, claimed to determine the guilt or innocence 

of persons accused of a crime [Bruneton, 1999]. This use could be explained by 

differences in absorption that might occur due to psychosomatic influences: the nervosity 

of a guilty suspect might enhance the absorption [Houghton et al., 2006]. Physostigmine 

produces improved responses in animal models of learning, and some studies have 

demonstrated mild transitory improvement in memory following treatment in AD 

patients. However, the use of physostigmine has been limited because of its short half-life 

and its tendency to produce symptoms of systemic cholinergic excess at therapeutic doses 

[Hardman et al., 2001]. Its large distribution throughout the body enabled only small 
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concentrations in the CNS, giving general cholinergic side effects [Houghton et al., 

2006]. 
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AChEI were the first drugs approved by the American Food and Drug Administration 

(FDA) for AD therapy. The first compound introduced on the market was tacrine (2) in 

1993. It is a potent, centrally acting, selective inhibitor, but has to be taken four times a 

day because of its short half-life. Moreover, it produces cholinergic side-effects as well as 

hepatotoxicity, and is therefore no longer commercially available [Rang et al., 1999]. 

To date, three AChEI are available on the Swiss market: donepezil (3) (Aricept®), 

rivastigmine (4) (Exelon®), a physostigmine derivative, and galantamine (5) (Reminyl®), 

first isolated from Galanthus nivalis L. (Amaryllidaceae), commonly known as snowdrop 

(Figure II-3). Donepezil (3) acts centrally, is highly selective for AChE, increases the 

density of nicotinic receptors, and has a long half-life, allowing a once-daily dosing. It 

also seems to moderatly reduce certain behavioural symptoms [Tariot and Federoff, 

2003]. Rivastigmine (4) inhibits butyrylcholinesterase (BuChE), another enzyme 

responsible for the turn-over of acetylcholine, with a similar affinity to AChE, which may 

be an advantage given that the activity of BuChE increases with the progression of AD 

[Scarpini et al., 2003]. Finally, galantamine (5) is a selective central AChEI. It increases 

the density of nicotinic receptors and improves cholinergic neurotransmission by 

allosteric modulation of the nicotinic receptors [Hardman et al., 2001; Wilkinson et al., 

2004]. Donepezil (3) and galantamine (5) are both metabolized by the cytochromes P450 

(CYP), CYP3A4 and CYP2D6, whereas rivastigmine (4) has a non hepatic metabolism. 

The rapid absorption of galantamine (5) and rivastigmine (4) may cause cholinergic side-

effects; to limit their incidence, both drugs should be taken together with food [Lleo et 

al., 2006]. Among these compounds, donepezil (3) appears to be the best tolerated, the 
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other two compounds being of the same effectiveness but less well tolerated [Colombres 

et al., 2004]. However, there is no evidence of the superiority of one agent over another 

with respect to cognitive, behavioural, or functional outcomes [Tariot and Federoff, 

2003]. 
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Figure II-3 Structure of the currently approved AChEI 

The use of AChEI appears to have beneficial impact on both behavioural and 

neuropsychiatric symptoms. It has been reported to reduce caregiver burden and to delay 

nursing home placement [Lleo et al., 2006]. 

Several AChEI are currently in clinical trials. Among them, huperzine A (6), a natural 

compound, was first isolated from the Chinese club moss Huperzia serrata (Thunb. ex 

Murray) Trevis (Lycopodiaceae) (Figure II-4) (see Chapter II.4.2.2). Otherwise, most of 

the inhibitors are derived from the existing compounds (phenserine, a physostigmine 

derivative which also reduces the secretion of Aβ or huprines, tacrine-huperzine A 

hybrids) [Colombres et al., 2004; Greig et al., 2005]. 

A number of AChEI have been isolated from various natural sources. Most of the 

compounds have shown in vitro activity, but only a few have been tested on animal 

models. A great deal of research has been done on the use of alkaloids for the treatment 

of AD. In fact, one of the binding site of AChE must involve the interaction of the 

positively-charged nitrogen even though other binding sites may exist to allow the 

inhibition by non-alkaloid compounds [Houghton et al., 2006]. The active alkaloids have 

been isolated from various families such as Amaryllidaceae (Crinum spp., Galanthus 
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spp., Narcissus spp., etc), Buxaceae (Sarcococca spp. and Buxus spp.), Papaveraceae, 

Apocynaceae, Ranunculaceae, Liliaceae, Lycopodiaceae, etc [Hostettmann et al., 2006]. 

Among the compounds that have been tested on animal models, dehydroevodiamine (7) 

(Figure II-4), isolated from Evodia rutaecarpa Bentham (Rutaceae), has reversed 

scopolamine-induced memory impairment in rats. It is also the case of berberine (8) 

(Figure II-4), isolated from various species of Papaveraceae [Houghton et al., 2006]. 
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Figure II-4 Natural alkaloid AChEI 

At present, attempts have been made to discover new non-alkaloidal AChEI to avoid 

the side effects that have been recorded with alkaloids. Most of the other inhibitors found 

are terpenes, mostly isolated from Lamiaceae (Salvia spp., Mentha spp. etc) [Hostettmann 

et al., 2006]. Synergistic effects between monoterpenes have been shown; the oil or 

extract of two species of Salvia (Salvia lavandulifolia Vahl. and Salvia officinalis L.) has 

shown improvement of cognitive function for animals and for both healthy and early 

stages AD patients. The roots of Withania somnifera (L.) Dunal (Solanaceae) have been 

used for 4000 years in Ayurvedic medicine for the treatment of cognitive decline 

associated with age; the triterpene withaferin A (9) (Figure II-5) has shown promising 

results on animal models. Likewise, cynatroside B (10) (Figure II-5), isolated from 

Cynanchum atratum Bunge (Asclepiadaceae), improves memory impairment in vivo. 

Among the coumarins, scopoletin (11) (Figure II-5), isolated from Vaccinium oldhami 

Miq. (Ericaceae), shows interesting activity when given to rats [Houghton et al., 2006]. 



INTRODUCTION 

21 

Other classes of compounds such as xanthones, flavonoids and quinolone have also 

shown in vitro activity [Hostettmann et al., 2006]. 
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Figure II-5 Natural non-alkaloidal AChEI 

2.1.2. N-methyl-D-aspartate receptor antagonists 

Glutamate is the main excitatory neurotransmitter in the brain. There are several types 

of glutamate receptors, including the N-methyl-D-aspartate (NMDA) receptor. Once 

activated, it generates a long-lasting influx of calcium into the neurons, which is thought 

to be involved in long-term potentiation, a cellular process that underlies learning and 

memory. However, in AD and other neurodegenerative diseases such as Parkinson’s or 

Huntington’s disease, an increase of extracellular glutamate leads to an excessive 

activation of the receptors, therefore to an accumulation of calcium in the cells and finally 

to their death [Scarpini et al., 2003]. Furthermore, in AD, Aβ enhances the toxicity of 

glutamate, while the activation of the NMDA receptors enhances the production of the 

pathologic forms of τ and Aβ [Tariot and Federoff, 2003]. 

NMDA receptors have long been known as a means of protecting the neurons in the 

treatment of AD. However, all the clinical trials with NMDA antagonists have failed 

because of the side effects of the compounds. These are due to their high binding affinity 
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with the receptor and interaction with other neurotransmitters, compromising the normal 

brain functions [Sonkusare et al., 2005]. 

Memantine (12) (Axura®, Ebixa®) is a non-competitive NMDA receptors antagonist 

with moderate affinity. It protects neurons from glutamate-mediated toxicity without 

preventing the physiological activation of the receptors [Scarpini et al., 2003]. If 

memantine does not show the usual side effects expected from this class of drugs, it is 

because of its specific mode of action. In fact, it blocks more efficiently the opening of 

the channel in the presence of excessive levels of glutamate [Chen and Lipton, 2006]. 

Clinical trials have shown functional improvements with significantly slowed rate of 

cognitive and functional decline and a reduction in care dependence [Tariot and Federoff, 

2003]. Memantine is clinically reserved for patients with moderate to severe AD. It seems 

to offer modest symptomatic benefits with limited adverse effects. It is the first drug 

approved by the FDA for this stage of the disease [Vardy et al., 2006]. Moreover, it has a 

relatively long half-life allowing a twice daily administration and is not metabolized by 

the liver. A short-term study suggests that the combination of memantine and donepezil 

may be superior to donepezil alone in patients with mild to moderate AD [Lleo et al., 

2006]. 

NH3
+

CH3H3C

Memantine (12)  

Taking advantage of the preferential binding to open channels of memantine, new 

compounds are currently under investigation. Excessive NMDA receptors activity can be 

down-regulated by nytrosylation; nitromemantines use memantine to aim nitrogen oxide 

(NO) at hyperactivated channels, thus avoiding the typical systemic side-effects of NO. 

This new derivatives seem to be even more efficient for neuroprotection than memantine 

alone [Chen and Lipton, 2006]. 
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2.1.3. Ginkgo biloba L. (Ginkgoaceae) 

Ginkgo biloba L. (Ginkgoaceae) contains two major groups of compounds with 

interesting pharmacological properties; flavonoids (flavonol glycosides, mainly of 

quercetol and kaempferol) and terpenoids (diterpenes, ginkgolides, and sesquiterpenes, 

bilobalide). The extract is known to have numerous properties such as vasoregulatory 

activity, cyclooxygenase (COX) and lipoxygenase inhibition, platelet aggregation 

inhibition, enhancement of the tissue irrigation and activation of the cell metabolism, 

particularly in the cortex [Bruneton, 1999]. 

EGb 761 is a G. biloba leave extract widely used by elderly patients with dementia in 

Europe and the United States to enhance cognition. It has recently been registered by the 

“Centre Belge d’Information Pharmacothérapeutique” as a complement for the treatment 

of Alzheimer’s disease under the name Tavonin® [C.B.I.P., 2006]. In addition to 

antioxidant properties, EGb 761 has been reported to reduce Aβ aggregation. It also 

exerts neuroprotective effects under conditions of hypoxia and ischemia and increases the 

density of hippocampal acetylcholine and serotonin receptors in animal models [Tariot 

and Federoff, 2003]. The extract does not improve memory in healthy people, but a 

placebo-controlled, double-blind, randomized trial has shown a small improvement in 

patients with AD [Lleo et al., 2006]. Another randomized controlled trial shows a higher 

score on cognitive subscale of Alzheimer’s disease assessment scale (ADAS-Cog), a 

measure of cognitive impairment. Additionally, no difference concerning the number or 

the severity of adverse effects between extract or placebo groups has been reported 

[Moreira et al., 2006]. Although the efficacy of the treatment with G. biloba appears very 

small, most formulations are found to be safe [Lleo et al., 2006]. Moreover, a recent 

placebo-controlled, double-blind trial conducted over 24 weeks has shown no difference 

between EGb 761 and donepezil in the treatment of mild to moderate AD [Mazza et al., 

2006]. 
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2.2. NEW APPROACHES TO THE TREATMENT OF ALZHEIMER’S 

DISEASE 

All the alternatives currently available for the treatment of AD provide only temporary 

relief of the symptoms in some patients; therefore the need for new treatment is obvious. 

Thanks to worldwide research, the molecular mechanisms of AD are better understood 

everyday, leading to new theoretical approaches. 

2.2.1. ββββ-Amyloid peptide-based therapeutic strategies 

The establishment of the “amyloid cascade hypothesis” led to several major new 

approaches for AD treatment. They are based either on the formation of the senile 

plaques, by precluding Aβ production or aggregation, or on their clearance, by the mean 

of antibodies (Figure II-6). 

 

Figure II-6 Possible therapeutic approaches along the amyloid cascade [Citron, 2002] 

ββββ-Amyloid peptide vaccination 

The basic premise for this approach is that anti-Aβ antibodies induced by Aβ 

immunization would be able to cross the blood-brain barrier (BBB) in order to clear out 

the senile plaques. The idea is that antibodies would prevent the formation of the 

deposits, and would also help their elimination from the brain. Three hypotheses have 
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been postulated to explain Αβ clearance; firstly by a direct effect leading to the 

dissolution of the fibrils, secondly by antibody-mediated phagocytosis, and thirdly by net 

efflux of Aβ from brain to plasma, due to a shift in the brain-plasma Aβ equilibrium by 

binding of the peptide in the periphery [Weiner and Frenkel, 2006]. 

Numerous vaccination protocols have been elaborated by different research groups 

and tested on transgenic mice models, all leading to the reduction of amyloid burden in 

the brain and to the improvement of behavioural outcomes [Scarpini et al., 2003]. Active 

immunization of transgenic mice with Aβ42 prior to the development of AD or with 

established AD-like pathology allows either the prevention of Aβ deposition or a reduced 

extent and progression of AD pathology. Another study even shows that reduction in Aβ 

deposits was associated with cognitive and behavioural benefits. These results suggested 

that Aβ immunization might slow down and also reverse amyloid deposition in the brain 

[Vardy et al., 2006]. Recently, it has been demonstrated that the clearance of Aβ also 

reduced early-stage τ pathology in transgenic mice developing both senile plaques and 

NFT [Moreira et al., 2006]. Given these encouraging results, human trials were initiated 

on patients with mild to moderate AD. Unfortunately, the first phase IIa of an active 

immunization clinical trial started in 2001 had to be stopped due to post-vaccination 

syndrome; approximately 6 % of the treated group developed symptoms of 

meningoencephalitis [Vardy et al., 2006]. It has been demonstrated that this reaction was 

not related to the anti-Aβ antibody titre but to the involvement of specific inflammatory 

response [Moreira et al., 2006]. However, post-mortem studies in some patients showed 

evidence of reduced Aβ burden in the brain [Vardy et al., 2006]. It has also been 

observed that antibodies did not cross-react with full-length APP or other compounds and 

that patients with the highest antibody titers showed the least cognitive decline, even 

remaining stable for more than a year [Lleo et al., 2006]. 

Passive immunization using antibodies directed against Aβ was also demonstrated to 

be effective against senile plaques. However, cerebral amyloid angiopathy-related 

haemorrhages have been observed in animal studies. At the present time, both active and 

passive immunization are at various stage of phase I and II development [Vardy et al., 

2006]. 
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ββββ-Amyloid peptide antiaggregant therapies 

According to the amyloid hypothesis, soluble Aβ undergoes a conformational change 

that causes the formation of β-sheet structure and then aggregation. Short synthetic 

peptides have been designed with homology to the hydrophobic region of Aβ to disrupt 

the β-sheet stabilisation [Scarpini et al., 2003]. However, the inhibition of the fibril 

formation could lead to an increased accumulation of metastable oligomers that might 

actually worsen the disease. The advantage of this approach is that it targets a purely 

pathological event without interfering with normal metabolic reactions [Selkoe, 2001]. 

Recently, tramiprosate, an amyloid-binding drug, has been shown to be effective in 

vitro and in vivo in decreasing polymerization and is currently under phase III clinical 

trial [Aisen, 2005]. 

Reduction of ββββ-amyloid peptide production 

Two proteases, β- and γ-secretase, are involved in the formation of Aβ, the main 

constituent of the senile plaques; their inhibition should prevent its formation. A third 

way is also available for this aim; by enhancing the activity of α-secretase, the formation 

of Aβ will be precluded by cleaving the peptide in two. It is thus possible either to inhibit 

β- or γ-secretase, or to stimulate α-secretase [Citron, 2004]. 

ββββ-secretase  β-secretase is a membrane-bound aspartyl protease, otherwise 

known as β-site APP cleaving enzyme (BACE-1) or memapsin (membrane aspartyl 

protease of the statin family). Knockout mice deficient in β-secretase did not produce Aβ 

and were found to be fertile and phenotypically normal, with undamaged tissue 

morphology and brain histochemistry [Moreira et al., 2006]. It appears to be an attractive 

therapeutic approach though a variety of other substrates for this enzyme have been 

identified. Moreover, BACE-1 inhibitors need to be specific against other aspartyl 

proteases such as BACE-2, also producing Aβ but expressed in highly vascularised 

tissues, and cathepsin D, a protease involved in hormone and antigen processing 

[Scarpini et al., 2003]. This kind of protease possesses a long substrate binding site, 

meaning that large size inhibitors are needed and the potency must be balanced against 

the ability to cross the BBB. The finding of a good drug candidate is therefore 
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challenging. Furthermore, no linearity exists between the in vivo activity and brain Aβ 

reduction. Various inhibitors have been described, but only one compound entered phase 

I clinical trials [Vardy et al., 2006]. The majority of potent inhibitors are peptide-based 

transition state analogues; for example, hydroxyethylenes, statines or hydroxyethylureas 

added to the amino acid sequence were employed. Less peptidic compounds have been 

designed to overcome the major problems; BBB permeability and oral bioavailability 

[Schmidt et al., 2006]. Some natural compounds have shown an inhibitory activity 

against β-secretase. Catechins isolated from green tea (Camellia sinensis L., Theaceae) 

have presented a concentration necessary to inhibit 50 % of the enzyme (IC50) of the 

micromolar order [Jeon et al., 2003]. Hispidin, isolated from the mushroom Phellinus 

linteus (L. ex. Fr) Quel., has shown a comparable activity [Park et al., 2004]. Other non-

competitive inhibitors of β-secretase have been isolated from great burnet (Sanguisorba 

officinalis L., Rosaceae), namely tellimagrandin II and gallic acid [Lee et al., 2005]. At 

last, ellagic acid and punicalagin, isolated from pomegranate (Punica granatum L., 

Punicaceae), have also shown a non-competitive inhibitory activity. Punicalagin is the 

most potent natural compound against β-secretase activity isolated so far with an IC50 of 

4.1 x 10-7 M [Kwak et al., 2005]. However, as long as the major substrate for β-secretase 

is unknown, the toxicity of the inhibition cannot be ruled out [Citron, 2002]. 

Another possible approach to the inhibition of β-secretase is the generation of 

antibodies aimed against the β-secretase cleavage site of APP, blocking the cleavage of 

the peptide [Vardy et al., 2006]. 

γγγγ-secretase  γ-secretase is a complex enzyme consisting of several subunits, 

with presenilins (PS) as the catalytic site of this complex. Two types of presenilins exist, 

PS1 and PS2, mutations in both genes conduct to early onset AD [Vardy et al., 2006]. 

Several γ-secretase inhibitors have been identified and have been proved to lower Aβ 

production in vitro and in vivo. However, several studies indicate that the C-terminal 

fragment of APP before the γ-secretase cleavage should be even more toxic than Aβ itself 

[Moreira et al., 2006]. Moreover, the C-terminal fragment after γ-secretase cleavage may 

have physiological functions [Cutler and Sramek, 2001]. It also seems that APP is not the 

only substrate for γ-secretase; among those, the transmembrane protein Notch, involved 
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in cellular signaling and cell development. It has been shown that blocking this pathway 

in the embryo is lethal, but γ-secretase inhibitors able to reduce Aβ production without 

affecting Notch signaling have been developed. This selective action is probably 

mediated by an interaction with a membrane-bound protein, nicastrin, which is thought to 

be part of the γ-secretase complex and to modulate the catalytic site [Scarpini et al., 

2003]. For all the γ-secretase inhibitors, a great task will be to determine the therapeutic 

windows between efficacy in decreasing the production of Aβ42 by 10 %, which is 

regarded as the therapeutic goal, and unacceptable toxicity [Schmidt et al., 2006]. Lilly 

(IL, USA) has reported preliminary safety and tolerability data for a γ-secretase inhibitor 

which has now entered phase II clinical trial. Other compounds have also been identified 

to modulate γ-secretase activity in order to decrease the formation of the more 

amyloidogenic Aβ42 form. An isocoumarin has been identified for this use, as well as a 

non steroidal anti-inflammatory drug (NSAID), the enantiomer R-flurbiprofen, which is 

currently under phase III clinical trial and has already shown small cognitive 

improvements in mild AD patients [Vardy et al., 2006]. However, it must be kept in sight 

that Aβ is not the preferred substrate for γ-secretase and that only preliminary results 

have been obtained for clinical studies [Lleo et al., 2006]. 

αααα-secretase  Experiments on transgenic mice have provided proof that  

α-secretase activation can result in reduced Aβ formation. A number of compounds have 

been shown to be able to stimulate this activity; muscarinic agonists, glutamate and 

serotonin agonists, statins, estrogens (hormone replacement therapy - HRT), testosterone 

and protein kinase C activators. Although some of these agents have been subject to 

clinical trial, no evidence exists to support their routine use. It is interesting to notice that 

AChEI may have some effects in stimulating α-secretase cleavage [Vardy et al., 2006]. 

2.2.2. ττττ-based therapeutic strategies 

The increase in τ phosphorylation is linked to the number of NFT. Several molecular 

components may be operating aberrantly to misbalance this process [Cutler and Sramek, 

2001]. Hyperphosphorylation is thought to result from increased kinase activity, possibly 

in combination with reduced phosphatase activity [Vardy et al., 2006]. 
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Several kinases are involved in τ hyperphosphorylation; however, recent evidence 

supports the central role of glycogen synthase kinase 3β (GSK3β) and of cyclin-

dependent kinase 5 (Cdk5). The conversion of Cdk5 to a smaller form correlates with the 

increase of τ phosphorylation. One way for future research is then to identify Cdk5 

inhibitors in order to limit NFT formation in diseased neurons, and thus the progression 

of the disease [Cutler and Sramek, 2001]. 

Lithium, already known as a mood-stabilizing drug, inhibits GSK3β and has been 

shown to reduce Aβ levels and τ phosphorylation in transgenic mice. It is currently being 

assessed in phase II clinical trials on AD patients [Vardy et al., 2006]. 

It is worth noticing that therapeutic agents designed to lower Aβ were recently found 

to modulate τ pathology in transgenic mice models. Other alternatives to the inhibition of 

τ phosphorylation exist such as restoration of the physiological functions of 

hyperphosphorylated τ, prevention of τ aggregation, removal of NFT or stabilization of 

the microtubules [Vardy et al., 2006]. 

2.2.3. Monoamine oxidase inhibitors 

The monoamine oxidase (MAO) is an enzyme involved in oxidative stress 

mechanisms and is responsible for the deamination of neurotransmitters or 

neuromodulators such as noradrenalin, dopamine, serotonin or β-phenylethylamine. Two 

types of MAO exist, MAO-A and MAO-B, differing by their patterns of tissue 

distribution and by their substrate and inhibitor specificity. MAO-A deaminates 

preferentially serotonin and its inhibitors have been proved to be antidepressant, whereas 

MAO-B preferential substrate is β-phenylethylamine and its inhibitors are used in the 

treatment of Parkinson’s disease. MAO-B represents about 80% of the total MAO 

activity in the brain [Riederer et al., 2004]. In AD, noradrenergic and dopaminergic 

neural circuits are often deteriorated, and MAO inhibitors could enhance the level of both 

neurotransmitters [Cutler and Sramek, 2001]. 

The MAO-B inhibitor selegiline has a multi-fold neuroprotective action. It decreases 

the free radical formation due to the metabolisation of the endogenous amines in the 

CNS, it increases the free radical scavenging capacity of the brain, it may prevent the 

activation of environmental pre-toxins, it inhibits the oxidation of low-density lipoprotein 
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both on vascular and neuronal tissues, it reduces the secretion of neurotoxic products, it 

shows neuroprotective activity against neuronal apoptosis in cell culture, and finally it 

inhibits the uptake of the nerve endings [Riederer et al., 2004]. A clinical trial has shown 

that, though selegiline does not seem to improve parameters such as ADAS-Cog, it delays 

the hospitalization, the loss of independence or the death of AD patients [Cutler and 

Sramek, 2001]. Another clinical study has shown a statistically significant effect of 

selegiline on memory and attention; this seems to be due to an improved function of the 

monoaminergic systems involved in the process of neuronal degeneration. Moreover, 

selegiline is associated with improvements of the agitation and depression symptoms also 

observed in AD [Riederer et al., 2004]. However, post-mortem analyses of patients have 

shown that selegiline treatment does not alter the levels of NFT or senile plaques. A 

meta-analysis concluded that the routine use of selegiline for AD therapy may not be 

promote given that there is no evidence of long-term effects of the treatment [Cutler and 

Sramek, 2001]. 

2.2.4. Anti-inflammatory drugs 

Many retrospective epidemiological studies have shown a reduced risk of AD 

associated with the long-term use of NSAID [Scarpini et al., 2003]. The “inflammatory 

hypothesis” suggests that neurodegeneration is secondary to an inflammatory response 

both to senile plaques and to NFT rather than to these characteristics themselves [Moreira 

et al., 2006]. Inflammation is believed to speed up the rate of AD progression through 

two mechanisms: by increasing Aβ deposition, and thus the formation of senile plaques, 

and by enhancing neuronal death. In fact, it is not completely clear whether the 

inflammation contributes to forming plaques and tangles or occurs as a consequence of 

these pathological processes; but in either case, anti-inflammatory agents might be of 

some benefit in AD [Vardy et al., 2006]. Moreover, cyclo-oxygenase (COX) expression 

is increased in the brain of patients with AD; COX-2 expression seems to be especially 

enriched in areas of the brain with a particularly high density of senile plaques [Cutler 

and Sramek, 2001].  

Studies in various animal models indicate that NSAID may attenuate 

neuroinflammation [Vardy et al., 2006]. A recent meta-analysis involving 11 prospective 
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and non-prospective studies demonstrated that NSAID are associated with a decreased 

risk of AD. However, most large, prospective and randomized clinical trials have 

produced negative results; there is therefore some doubt on the “inflammatory 

hypothesis”. Reasons for these findings have been suggested, such as the stage of the 

disease when the therapy was initiated, or the choice of the drug. In addition to the anti-

inflammatory effect, three NSAID (ibuprofen, indomethacin and sulindac) have been 

shown to decrease the production of Aβ42 independently of COX inhibition [Moreira et 

al., 2006]. It is thus possible that this COX-independent mechanism accounts for the 

beneficial effects observed in some studies with NSAID [Vardy et al., 2006]. 

2.2.5. Antioxidant drugs 

Given the possibility that oxidative stress is a primary event in the onset of AD, 

research has focused on how antioxidants in food or supplements can prevent or delay the 

disease [Moreira et al., 2006]. Moreover, Aβ toxicity can be attenuated by antioxidants in 

vitro [Tariot and Federoff, 2003]. The main antioxidant strategy has been treatment with 

α-tocopherol (vitamin E). Low serum concentrations of vitamin E are associated with 

poor memory and its plasma concentration is reduced in AD patients. In vitro, vitamin E 

has been shown to reduce amyloid induced cell death in animal cells [Cutler and Sramek, 

2001]. α-tocopherol treatment (1000 IU/day) has shown a significant delayed 

institutionalization in a double-blind, randomized trial. This study also includes 

selegiline, an MAO inhibitor which has antioxidant properties (see Chapter II.2.2.3), and 

a combination of both therapies. All the alternatives give the same results as with vitamin 

E alone, the combination showing no additional benefit over either alone [Lleo et al., 

2006]. The respective effects of vitamin E and selegiline have been compared in a study 

involving patients with moderate to severe AD. Both drugs were effective in maintaining 

functional status and prolonging survival in the community by about 6 months, although 

no effect on cognition has been observed [Tariot and Federoff, 2003]. However, a recent 

meta-analysis suggests that doses of ≥ 400 IU per day of vitamin E may increase all-

cause mortality; because the benefits of the treatment with α-tocopherol are modest, the 

current recommendation is to discontinue the treatment or to prescribe smaller doses 

[Lleo et al., 2006]. 
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Epidemiological studies, led in order to find possible ways of using vitamin E to 

prevent AD, have given contradictory results. Some of them have shown a delay in the 

onset of AD, whereas other ones have failed to find this link. More particularly, a five-

year randomized trial in which patients with vascular risks received a combination of 

vitamin E, vitamin C and β-caroten or placebo did not detect any difference in the 

frequency of cognitive impairment between groups. In the same way, the efficacy of the 

intake of supplements or dietary vitamin C has not yet been established [Lleo et al., 

2006]. 

Idebenone, a metabolic antioxidant with a structure similar to ubiquinone, has shown 

an improvement in total Alzheimer’s disease assessment scale (ADAS), a parameter used 

for the evaluation of the most important symptoms of Alzheimer’s disease, and in ADAS-

Cog, which represents only the cognitive symptoms. A study has even shown that the 

benefit-risk ratio is favorable when idebenone is compared with tacrine, and is likely to 

be comparable with the one obtained for the other AChEI [Tariot and Federoff, 2003].  

The efficacy of antioxidants is not clear yet, but it is worth pointing out that most 

frequently they have been tested alone, while they seem to be more efficient in 

combinations [Moreira et al., 2006]. 

2.2.6. Cholesterol-lowering drugs 

Some evidence of a link between cholesterol concentration and AD has been 

demonstrated in vivo. Studies on animal models have shown that a cholesterol-rich diet 

increases Aβ immunoreactivity in the brain and that it speeds up amyloid pathology in 

transgenic mice models of AD. However, it is to notice that the doses used for these 

studies are about twice the normal doses in humans, so it is likely that the data presented 

are distorted by effects unrelated to lipid lowering [Moreira et al., 2006]. On the other 

hand, an in vitro study suggested that pharmacological manipulation of intracellular 

cholesterol might influence APP processing, switching from the amyloidogenic to the 

non-amyloidogenic pathway in response to cholesterol reduction [Scarpini et al., 2003]. 

Cholesterol has been reported to negatively regulate the activity of α-secretase, whereas 

that of β- and γ-secretase was upregulated, resulting in an increase of Aβ burden. 
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Moreover, the amount of cholesterol present in the membrane appears to directly affect 

the activity of γ-secretase [Moreira et al., 2006]. 

Several retrospective epidemiological studies have provided evidence that the chronic 

use of statins is associated with a decreased risk of developing AD. However, in a 

randomized controlled trial with pravastatin, no significant effect on cognitive functions 

has been observed after 3 years [Scarpini et al., 2003]. Theoretically, the statins should 

have no protective effect, because the BBB should block the entrance of at least the most 

hydrophilic in the brain. But according to the data obtained so far, no difference exists 

between the activity of hydrophilic and hydrophobic statins. This means that if the 

protective effect can be confirmed, it is likely to be of indirect nature [Moreira et al., 

2006].  

2.2.7. Hormonal replacement therapy 

Estrogen has numerous effects in the brain, including increase of the cerebral blood 

flow, protection against apoptosis, anti-inflammatory actions and antioxidant properties 

[Moreira et al., 2006]. There are two potential benefits of estrogen in delaying AD; 

firstly, it is a free radical scavenger, and is thus able to protect cells against oxidative 

stress, and secondly, it has been shown to enhance neuronal health [Cutler and Sramek, 

2001].  

Many short-term studies suggest that hormonal replacement therapy (HRT) improves 

cognition in AD patients, and some longitudinal studies suggest that it may decrease AD. 

However, more recent trials show that both treated and untreated patients suffer from 

parallel cognitive decline and conclude that estrogen is not an effective treatment for 

women with mild to moderate AD [Cutler and Sramek, 2001; Moreira et al., 2006]. 

It is still to determine whether estrogen is of benefit in preventing or delaying the 

onset of AD. The Women’s Health Initiative Memory Study has performed a 

randomized, double-blind, placebo controlled clinical trial in order to determine the 

possible benefit of estrogen plus progestin therapy to protect the cognitive functions. This 

study leads to the conclusion that hormonal therapy showed no efficiency in women aged 

65 or older, and furthermore that a small increased risk of cognitive decline occurred in 

the treated group [Moreira et al., 2006]. 
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3. BIOASSAYS TO DETECT NEW ACTIVE COMPOUNDS 

AGAINST ALZHEIMER’S DISEASE 

3.1. ENZYME KINETICS 

3.1.1. The basic equations of enzyme kinetics 

A major target in the development of new pharmacological treatments is the inhibition 

of peculiar enzymes. An enzyme is a protein that acts as a biochemical catalyst for 

specific reactions without being altered. Like all catalysts, enzymes enhance the rate of a 

reaction by lowering its activation energy. The binding of the substrate to the enzyme 

stabilizes the transition state of the reaction, thereby reducing the amount of energy 

necessary to complete this step. Different classes of enzymes have been described, 

according to the type of reaction they catalyze. For example, acetylcholinesterase belongs 

to the cholinesterase family, which cleaves ester bonds with a marked affinity for 

quaternary ammonium ions [Bergmeyer, 1984]; on the other hand, the α-, β-, and γ-

secretase are proteases, enzymes allowing the cleavage of peptide bonds [Berg et al., 

2002]. The curve expressing the relationship between the substrate concentration ([S]) 

and the rate of reaction (V) is a rectangular hyperbola for most enzymes. 

Michaelis-Menten kinetics 

To understand how enzymes function, a kinetic description of their activity is needed. 

In 1913, Leonor Michaelis and Maud Menten suggested that an enzyme (E) combines 

with its substrate (S), to form an enzyme-substrate complex (ES), which either dissociates 

back in E and S or reacts to give the product (P), with given rate constants (k): 

k1

k-1

E + S ES E + P
k2

 

From this reaction, Michaelis and Menten derived an equation describing the 

hyperbolic reaction between V and [S]: 
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=        [Eq. II.1] 

With Vmax as the maximum rate of reaction and KM the Michaelis constant. 
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The original Michaelis-Menten equation assumes rapid equilibrium conditions 

between E + S and ES, consequently k-1 >> k2. KM is the dissociation constant for ES in 

E + S; it is expressed as a concentration and is independent of enzyme and substrate 

concentrations: 

1

1

1
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MK

k

k

k

kk −− =
+

=       [Eq. II.2] 

KM is an important characteristic of an enzyme-catalyzed reaction and is significant 

for its biological function. Its value depends on the particular substrate and on 

environmental conditions such as pH or temperature. It corresponds to the substrate 

concentration for which half the active sites are filled and provides thus a measure of [S] 

required for significant catalyze to occur (Figure II-7). 
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Vmax/2
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[S]KM
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Figure II-7 Michaelis-Menten kinetics 

The rate-limiting step is the breakdown of ES in E + P, and k2 is therefore also known 

as kcat. The maximum rate, Vmax, is achieved when the enzyme is entirely in the ES 

complex, i.e. at high substrate concentration, when [S] >> KM (saturation conditions). On 

the contrary, at very low concentrations, the rate is directly proportional to the substrate 

concentration [Berg et al., 2002]. 

It is noticeable that, even if the enzyme kinetic includes one more step than the one 

described before, the hyperbolic relation between V and [S] and Eq. II.1 are still valid. 

KM value still corresponds to the substrate concentration at which the rate of reaction is 

Vmax/2, but its expression varies with each kinetic scheme. 
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3.1.2. Enzymatic inhibition 

Enzymatic reactions can be inhibited by compounds that bind to one or more form of 

the enzyme, thereby preventing the transformation of S into P. Several types of inhibition 

exist depending on the interaction involved. Irreversible inhibitors bind tightly to the 

enzyme, either covalently or not; the dissociation of the complex is therefore very slow. 

On the other hand, reversible inhibition is characterized by a rapid dissociation of the 

enzyme-inhibitor complex. This class can be further divided into competitive, non-

competitive, mixed and uncompetitive inhibition. These terms are recommended by the 

International Union of Biochemistry (IUB) and are based on the effect of inhibitors on 

the Michaelis-Menten parameters, Vmax and KM [Cornish-Bowden et al., 1982]. 

Competitive inhibition 

In competitive inhibition, the compound binds to the active site of the enzyme. 

Interaction can thus happen with substrate or inhibitor but not both. The rate of catalysis 

is diminished by the reduction of the proportion of enzyme molecules bound to the 

substrate. The inhibition can be overcome by increasing the substrate concentration. A 

competitive inhibitor increases the value of KM but has no effect on Vmax [Berg et al., 

2002]. 

Non-competitive inhibition 

Non-competitive inhibitors bind to a different site from the substrate, with an equal 

affinity for the free enzyme as for the enzyme-substrate complex. The apparent Vmax is 

decreased. In pure non-competitive inhibition, the enzyme suffers non-conformational 

changes; the binding of the substrate is therefore not affected and KM is unchanged. This 

type of inhibition cannot be overcome by increasing the substrate concentration [Berg et 

al., 2002]. 

Mixed inhibition 

Contrarily to what is assumed about non-competitive inhibition, the binding of an 

inhibitor often causes structural changes in the enzyme, which in turn affect the 

interaction with the substrate, and thus the efficiency of the catalysis. Consequently, 
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mixed inhibitors change both KM and Vmax value. Generally, they have a different affinity 

for the free enzyme and the ES complex [Berg et al., 2002]. 

Uncompetitive inhibition 

Uncompetitive inhibitors are believed to interact with the ES complex. They affect KM 

and Vmax to the same extent, leaving the Vmax/KM ratio unchanged. It is noteworthy that 

truly uncompetitive inhibitors have no affinity for the free enzyme [Cornish-Bowden et 

al., 1982]. 

3.2. DETECTION OF ACETYLCHOLINESTERASE INHIBITORS 

Most of the existing drugs commercially available for the treatment of AD are 

acetylcholinesterase inhibitors (AChEI), but they still possess some side effects. In order 

to find new inhibitors, it is necessary to have suitable screening tools available. The in 

vitro assays developed for this use need to be simple and quick, so that testing can be 

achieved with the minimum possible effort. Some of these assays have also been 

developed in order to quantify AChE in tissue or to study anticholinergic agents for use 

as pesticides. 

3.2.1. Existing bioassays for the detection of 

acetylcholinesterase inhibitors 

In order to understand the different approaches used, it is worth taking a look at the 

reaction catalyzed by AChE (Figure II-8). 

H3C O
N+

O CH3

CH3

CH3
acetylcholine
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CH3

CH3
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+
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O
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Figure II-8 Reaction catalyzed by AChE 

Assays based on Ellman’s reaction 

A number of colorimetric assays developed so far are based on Ellman’s method 

(Figure II-9). Acetylthiocholine (ATC) is cleaved by AChE to form thiocholine, which in 

turn reacts with 5,5’-dithiobis-(2-nitrobenzoic acid) (DTNB) to give the yellow 5-thio-2-

nitrobenzoate anion [Ellman et al., 1961]. 
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Figure II-9 Ellman’s reaction 

Ellman’s method has been adapted several times for 96-well microplate assays. 

Generally, measurements are performed by following the kinetic of the enzymatic 

reaction, and this parameter has been adapted to the various protocols described. The 

main difference between all these tests is the reaction time. Absorbance at 405 nm has 

been recorded every 13 s, five times before adding the enzyme and eight after, so that the 

correction for spontaneous hydrolysis of the substrate could be made [Ingkaninan et al., 

2000]. The kinetic of the reaction has also been followed with one reading every 5 s for 

2 min after the addition of the enzyme [Ingkaninan et al., 2003]. The wavelength used for 

the assays may slightly differ from one method to another. The increase of absorbance 

has thus been followed at 412 nm during 3 min at room temperature [Brühlmann et al., 

2004]. The reaction could also be started by addition of both reagents; in this case, 

measurements have been performed at 450 nm with one reading every 2 min for 10 min 

[Kim  et al., 2004]. At last, a microassay has been developed using an end-point reading; 

the reaction was started by the addition of the reagents, 7 min after adjunction of the 

enzyme. The measurement was made at 414 nm after a subsequent 10 min [Hammond 

and Forster, 1989]. 

Thin layer chromatography assay The advantage of assays performed on thin 

layer chromatography (TLC) is that they provide cheap and extremely rapid methods to 

screen large numbers of complex samples like plant extracts. Ellman’s reaction has been 

adapted for TLC. After standard development of the plate, a mixture of DTNB and ATC 

was first sprayed until the silica was saturated with the solvent, and then the enzyme 

solution was applied. A yellow coloration developed after about 5 min throughout the 
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plate; inhibitory compounds appear as white spots [Kiely et al., 1991]. However, this 

method is known to give a number of false-positive results. In order to prove that the 

observed spots were effectively due to an inhibition of the enzyme, and not to a chemical 

reaction between DTNB and thiocholine, the TLC layer was first sprayed with a solution 

of DTNB, and then with thiocholine obtained by premix of AChE with ATC. The white 

spots observed were compared to those recorded for the enzyme inhibition [Rhee et al., 

2003a] 

The TLC assay is more sensitive than the microplate assays and is very useful as a 

qualitative method to detect AChEI. Known active compounds can be recognized at an 

early stage, and the solvent used to dissolve the samples before the assay has no influence 

[Rhee et al., 2001]. On the other hand, the microplate assays may give quantitative results 

such as IC50 values. 

High performance liquid chromatography assay Ellman’s method has also 

been adapted for on-line biochemical detection of AChEI after high performance liquid 

chromatography (HPLC). The detection has been performed in parallel with ultraviolet 

(UV) and mass spectrometry (MS) detection; after HPLC, the flow was split between UV 

(94 %), MS (3 %) and biochemical detection (3 %). The last part was carried out by 

adding DTNB and AChE to the flow, and then the substrate ATC. The mixture was then 

passed into a reaction coil for approximately 2 min. As the reagents were mixed 

continuously, 5-thio-2-nitrobenzoate (absorbance at 405 nm) was always detected. The 

presence of an inhibitor in the system was reflected by a negative peak. Though this 

method has provided a good way to quickly identify new AChEI by giving direct UV and 

MS data, it has been limited by the amount of organic solvents that can be used without 

too much effect on the enzyme activity. Methanol has been chosen, as it is relatively well 

tolerated by AChE; up to 40 % of methanol does not affect the reaction, but gradient 

methods are not suitable, as the change in the organic solvent concentration upsets the 

baseline of the biochemical detection. The detection limit for galantamine with this 

method was 0.3 nmol [Ingkaninan et al., 2000]. For comparison, the detection limits in 

the microplate and TLC assays were 0.25 nmol and 0.0375 nmol respectively [Rhee et 

al., 2001]. 
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Assays based on fluorimetric methods 

A number of fluorimetric assays have been developed for measuring AChE activity. 

Fluorimetry is more specific and sensitive than colorimetry; this may be an advantage, 

especially when working with plant extracts that generally contain numerous compounds. 

The substrate may either become fluorescent by itself after cleavage by the enzyme, or 

react with another compound to give fluorescence. In the first case, there are fewer risks 

of false-positive results, which could happen because of interferences from the plant 

extract with the reaction between the product of AChE and the fluorescent dye. Resorufin 

butyrate and indoxyl acetate are two nonfluorescent compounds that, once hydrolyzed by 

cholinesterase, become highly fluorescent (resorufin and 3-hydroxy-indole respectively). 

The rate of hydrolysis of indoxyl acetate is much faster than that of resorufin butyrate; it 

also possesses a greater stability toward spontaneous hydrolysis as well as a greater 

difference between excitation and emission wavelengths, which reduces interferences. On 

the other hand, resorufin has a greater fluorescence, which permits to conduct assays at 

lower substrate concentration. The sensitivity of the assay is about the same with both 

types of substrate [Guilbault and Kramer, 1965]. 

2-naphthyl acetate has also been used for the direct determination of AChE activity, by 

the means of its fluorescent product, 2-naphthol. The concentration of the 

organophosphate pesticide fenitrothion has been determined by this substrate as well as 

by indoxyl acetate [Navas Díaz et al., 1997]. 

However, some reactions have used derivatives to detect enzymatic activity. The 

formation of thiocholine has been monitored by further reaction with the fluorogenic 

compound N-(4-(7 diethylamino-4-methyl-coumarin-3-yl)phenyl)maleimide to yield an 

intensely fluorescent product, providing by the way a very sensitive method [Parvari et 

al., 1983]. 

Another assay has used this reaction; solutions of inhibitor, enzyme, substrate and 

derivitizing agent have been mixed within the channels of a microchip using computer-

controlled electrokinetic transport. The resulting thioether was detected by laser-induced 

fluorescence. Inhibitors produced a negative peak; Gaussian for competitive inhibitors, 

and a broad negative peak for irreversible inhibitors [Hadd et al., 1999]. 
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High performance liquid chromatography assay The substrate 7-acetoxy-1-

methyl quinolinium iodide is hydrolyzed by AChE in the highly fluorescent 7-hydroxy-1-

methyl quinolinium iodide; this reaction has been used in a flow assay. As in the 

spectrophotometric HPLC method, the percentage of organic solvent in the eluent was 

limited by the enzymatic activity. This assay was about 20 times more sensitive than the 

one using UV detection, but the sensitivity was not as good as expected because of the 

low pH and temperature necessary for substrate stability [Rhee et al., 2003b]. The same 

assay has also been coupled to a preparative HPLC, in order to directly isolate AChEI 

from plant extracts [Rhee et al., 2004]. 

Assay based on a radiometric method 

AChE activity and the effect of inhibitors have also been monitored by radiometry. 

The rate of hydrolysis of [14C]acetylcholine into [14C]acetic acid was measured by 

quantification of the acid. This was performed after extraction by reaction with 

[14C]sodium bicarbonate to give [14C]carbon dioxide. The latter was measured using an 

ionization chamber system. The [14C]carbon dioxide produced was proportional to the 

amount of acetylcholine hydrolyzed [Guilarte et al., 1983]. 

Assays based on mass spectrometry detection 

Given the high sensitivity and specificity of mass spectrometry (MS), this method has 

naturally been used for AChEI detection. It quantifies the reaction of AChE with 

acetylcholine by measuring the amount of choline produced and of substrate left. An 

assay has used electrospray MS for the detection of both compounds. After HPLC 

separation, the enzyme was added to the flow, followed by the substrate. IC50 values 

determined by the means of this method are comparable to data reported in literature. 

However, some compounds such as huperzine A, are found to be less active. This has 

been explained by too short a time of residence in the reaction coils, and thus insufficient 

interaction between AChE and the inhibitory compound [de Jong et al., 2006]. 

A matrix assisted laser desorption/ionization (MALDI) time-of-flight (TOF) MS 

method has also been developed to screen AChEI by detecting the native substrate and 

product of the enzyme. A mixture was prepared with AChE, the candidate compound and 

acetylcholine, and was incubated at 30°C for 30 min before the addition of acetonitrile to 
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stop the reaction. It was then deposited onto a matrix made of a layer of carbon nanotubes 

before further MS analysis [Hu et al., 2006]. A matrix-less method of 

desorption/ionization on silicon (DIOS) coupled with a TOF-MS has been compared to 

liquid chromatography/tandem mass spectrometry (LC-MS/MS). The enzymatic reaction 

was run in a buffer medium and incubated at 37°C. The reaction was quenched after 

30 min by the addition of acetonitrile containing choline-d9 as internal standard. The 

solution was then spotted onto the DIOS chip or diluted 10-fold prior to LC-MS/MS. In 

order to find IC50 values, the concentration of choline was plotted against the 

concentration of inhibitor. The DIOS method was quantitative thanks to the presence of 

the internal standard, and the IC50 were comparable to those obtained with LC-MS/MS. 

The latter resulted in a wider linear dynamic range. Both methods can be used for rapid 

and specific quantification of enzyme inhibition activity [Wall  et al., 2004]. 

Assays based on the immobilized enzyme 

Another approach to test AChE activity is to immobilize the enzyme on a solid 

support. The main advantage of this method is to avoid the loss of activity that occurs 

with the enzyme at high dilutions. All the detection methods previously seen and others 

can be performed with the immobilized enzyme; it can also be used after a separation 

method. An assay has been developed using reverse phase liquid chromatography in an 

isocratic system in order to separate the compounds. The reagents (1-naphthyl acetate and 

p-nitrobenzenediazonium fluoroborate or Fast red GG salt) were added to the eluent and 

the activity of AChE immobilized on pore glass in a mini-column was monitored by 

spectrophotometric detection at 500 nm [Leon-Gonzalez and Townshend, 1991]. 

Another stationary phase with immobilized AChE has been prepared in a stainless 

steel column packed with epoxide silica. The activity of the enzyme was first tested; 

acetylthiocholine injected with a mobile phase containing DTNB, and the areas were 

measured by UV detection at 412 nm. Solutions of samples with acetylthiocholine were 

then prepared and injected into the system. The peak areas were compared with those 

obtained in the absence of inhibitor and the percentage of inhibition was calculated. The 

enzyme stability is increased and the automation of the system allows a large number of 

compounds to be analysed continuously [Andrisano et al., 2001].  
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In order to work with human recombinant acetylcholinesterase, the amount of enzyme 

used must be decreased to lower the cost of the method. AChE can be covalently 

immobilized on an ethylendiamine monolithic convective interaction medium previously 

derivatized with glutaraldehyde to provide a monolithic micro-immobilized enzyme 

reactor (IMER). This IMER is suitable for an HPLC system. The detection is then the 

same as described by Andrisano et al. [2001]. This method preserves the activity of a 

small amount of enzyme, allows to perform kinetic studies and can be used for high 

throughput screening of potential drug candidates [Bartolini et al., 2004].  

Both previously described methods have been compared. The Schiff base linkage 

obtained with the IMER gave more stable reactors than with epoxy groups, without any 

significant change in the enzyme behaviour. Both types of matrices showed very short 

conditioning time and fast recovery of the enzyme activity. The monolithic disk seems to 

be the best to fulfill general requirements for a fast and reproducible analysis [Bartolini et 

al., 2005]. 

A flow-injection system using the immobilized enzyme on magnetic particles has also 

been described. A known amount of AChE was incubated with the sample solution, the 

remaining activity was inversely proportional to the amount of inhibitor. Measurements 

were performed either by Ellman’s method or by electrochemical detection with an 

additional enzyme reactor containing immobilized choline oxidase [Kindervater et al., 

1990]. 

Single bead string reactors have been used to immobilize AChE on glass beads. As the 

cleavage of acetylcholine by the enzyme produces acetic acid, the detector was a simple 

pH electrode (Figure II-8). Variations in the enzyme activity were measured from pH 

changes when the substrate (acetylcholine) was injected, before and after the passage of 

the solution containing the inhibitor. A major advantage of this method is that the enzyme 

reactor could be reused after regeneration [Kumaran and Tran-Minh, 1992]. 

AChE has also been immobilized on the gate surface of an ion-sensitive field-effect 

transistor (ISFET). The Michaelis-Menten constant of the immobilized AChE was only 

moderately altered, even if the maximum reaction velocity was reduced by over an order 

of magnitude. The pharmacological properties of the enzyme were conserved. The bath 

application of acetylcholine induced a change in voltage across the ISFET gate and 
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source electrodes. The addition of compounds into the bath allowed the detection of 

AChEI. This assay is also potentially suitable for real-time detection of acetylcholine 

release from cholinergic neurons grown on the gate surface; nevertheless, at the present 

time, the sensitivity and the response time of cultured neurons is still significantly better 

[Hai et al., 2006]. 

Finally, another possible approach has been the immobilization of the enzyme on a 

silicon-based biosensor. This method used biotin-streptavidin mediated filtration capture 

on a nitrocellulose membrane, in conjunction with a silicon-based light addressable 

potentiometric sensor (LAPS). The inhibitory compounds reacted with biotin-labelled 

AChE before adjunction of streptavidin. The enzyme was captured on the biotin-

embedded nitrocellulose membrane by filtration. The immobilized enzyme was inserted 

into the reader compartment of the LAPS that contained acetylcholine solution. The 

sensor monitored enzyme activity as a decrease in pH resulting from the generation of H+ 

during the hydrolysis of acetylcholine (Figure II-8). This is a rapid and easy method to 

determine the presence of inhibitory compounds [Lee et al., 2000]. 

3.2.2. Fast Blue B salt reagent bioassays 

In order to improve the detection of AChEI on the TLC plates, another colorimetric 

bioassay has been developed. It was based on the reaction between 1-naphthol, obtained 

by the cleavage of 1-naphthyl acetate by AChE, and Fast Blue B salt to form a purple dye 

(Figure II-10). The chromatogram was first dipped into the enzyme solution, and 

incubated for 30 min at 37°C and 90 % humidity; then it was immersed in the solution of 

substrate and reagent. White inhibition spots appeared after 3 min on a purple 

background [Weins and Jork, 1996]. This assay has also been performed by spraying the 

reagents on the plate with the same sequence and the same result. The inhibition is easier 

to see with these methods given that the contrast with the background is stronger than 

when using Ellman’s reaction [Marston et al., 2002].  
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Figure II-10 Reaction of AChE with 1-naphthyl acetate and subsequent formation of a purple 
dye 

In order to compare this method with Ellman’s, the reaction was adapted for a 

microplate assay, in the frame of the present work. A mixture of AChE, inhibitor and 1-

naphthyl acetate was incubated for 90 seconds at room temperature. Then, sodium 

dodecyl sulfate (SDS) and Fast Blue B reagent were added. A red coloration immediately 

developed that quickly changed into a fairly stable blue colour, which was measured at 

600 nm. SDS had here a double role, it stopped the esterase activity, and it strongly 

enhanced the colour produced, probably by solubilizing the azo dye. 

3.3. DETECTION OF ββββ-SECRETASE INHIBITORS 

3.3.1. Assays based on fluorescence 

Most of the assays developed to detect β-secretase inhibitors use fluorescence 

resonance transfer energy (FRET). A fluorescent moiety is added at one end of a peptide 

cleaved by the enzyme, and a quencher is placed at the other end. Upon cleavage by the 

protease, the fluorophore is separated from the quenching group, restoring the full 
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fluorescence yield of the donor. On the contrary, in the presence of an inhibitor, the 

substrate is left uncleaved and the fluorescence is attenuated or completely prevented by 

the proximity of the quencher (Figure II-11). 

β-secretase

Peptide substrate

+

Quencher
Fluorescent
compound

β-secretase
+ inhibitors

Fluorescence Quenching

β-secretase

Peptide substrate

+

Quencher
Fluorescent
compound

β-secretase
+ inhibitors

Fluorescence Quenching
 

Figure II-11 Principle of FRET 

Most of the time, the peptide used corresponds to the cleavage site of the APP mutant 

responsible for the Swedish familial form of AD. This form of APP is known as the 

Swedish mutant, and it is generally used for FRET bioassays, as it is the favourite  

β-secretase known natural substrate; by comparison, wild-type APP has a relatively poor 

affinity for the enzyme [Pietrak et al., 2005]. It differs from the native protein by two 

amino acids on the amino-terminal end of the cleavage site; for wild-type APP, the amino 

acid sequence is KMDA and NLDA for the Swedish mutant. The KM value for this 

peptide is 9 µM [Grüninger-Leitch et al., 2002]. Other peptides have also been designed 

and tested, an optimized sequence for cleavage is ISYEV, this substrate being 50-fold 

more sensitive than the commonly employed peptides upon the Swedish mutation 

[Tomasselli et al., 2003]. 

Different fluorescent molecules and quenchers have been added to the peptide. 

Substrates with Lucifer yellow used for the fluorescence have shown a strong excess of 

quenching capacity, leading to an apparently lower reaction rate at higher substrate 

concentration, and underestimation of KM. This component has been corrected. However, 

with either wild-type APP or Swedish mutant, a phenomenon of non-linearity has 

occured, particularly at low substrate concentration. Therefore, the kinetic constants have 

been determined graphically [Grüninger-Leitch et al., 2002]. Different assay kits based 
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on FRET have been commercialized, with various fluorescent and quencher components 

(rhodesine or EDANS/DABCYL for example) [Jeon et al., 2003; Okello et al., 2004]. 

However, FRET presents some disadvantages; the substrates suffer from relatively 

poor solubility, due in part to the hydrophobicity of the fluorophore, their concentrations 

are therefore limited to much less than their KM values, resulting in poor turnover rates 

and signal-to-noise ratio. Besides, the excitation and emission wavelengths of the 

fluorophores are sometimes shared with the tested compounds, interfering with the 

detection. High concentrations of enzyme are thus required to achieve adequate signal-to-

noise ratio and good reproducibility [Pietrak et al., 2005]. Another method, still based on 

FRET, has been developed to enhance the detection of the activity of various proteases, 

including β-secretase. The fluorescent compound at the end of the peptide was replaced 

by biotin in order to link fluorescent polymer-coated microspheres. This polymer had to 

be added to the mixture after the enzymatic reaction, otherwise the cleavage was 

precluded by steric hindrance. The amount of peptide needed to conduct the assay was 

optimized to provide efficient quenching of polymer fluorescence and maximal 

fluorescence recovery in response to enzymatic activity. This assay has been proved to be 

tolerant of organic solvents potentially encountered during high-throughput screening of 

drug candidates, and to be conducted in a short time (30 min) compared to other existing 

methods, as well as with low enzymatic concentration [Kumaraswamy et al., 2004]. 

An assay has been designed using homogene time-resolved fluorescence in order to 

resolve the problems of interference observed with the tested compounds. This technique 

used europium cryptate as fluorescent compound, its advantages were a large stokes shift 

and a long emission lifetime. This allowed to perform time-resolved measurements; data 

were obtained after a delay of 50 µs for 400 µs [Kennedy et al., 2003]. 

A bioassay has been developed using another peptide substrate with a cleavage 

sequence NFEV, which is cleaved more efficiently than the Swedish mutant. This peptide 

was labelled with coumarin. The detection was performed by HPLC coupled with 

fluorimetry after termination of the reaction conducted for 30 min (or more for highly 

potent inhibitors). The inhibition was then determined by comparison between the area of 

the product peak and the sum of the areas of product and substrate peaks [Pietrak et al., 

2005]. 
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3.3.2. Cellular bioassays 

The activity of β-secretase appears to happen mainly on an intracellular site, it is thus 

also necessary to develop methods to evaluate the effects of inhibitors on APP processing 

in cultured cells. Generally, this type of assay has been developed using mostly enzyme-

linked immunosorbent assay (ELISA). A method has used full-length APP modified with 

the NFEV cleavage sequence; antibodies were used for measurements either by Western 

blot and densitometry or by electrochemiluminescence [Pietrak et al., 2005]. Another 

method using the ISYEV substrate has been employed to detect  

β-secretase inhibitors in cultured cells. The detection was made by Western blot, cellular 

extracts obtained from cell lysates were separated by electrophoresis and antibodies were 

used to detect the different areas of the peptide [Tomasselli et al., 2003]. In order to avoid 

the false-positive results that may occur with human cells, yeast cells modified to express 

secretases have been used so that the protein background environment would cause fewer 

interference. The yeast cells were modified to grow only upon inhibition of β-secretase; 

the measures were then conducted by cell density. This type of bioassay allows to 

establish a selection for inhibitory compounds, and thus automatically eliminates general 

cytotoxic compounds [Middendorp et al., 2004]. 

4. PRESENTATION OF THE PLANTS STUDIED 

4.1. PTERIDOPHYTES 

Pteridophytes are vascular plants that neither flower nor produce seeds, but reproduce 

and disperse only via spores. The sap circulates in vessels within the stem [Lauber and 

Wagner, 2001]. They consist of several groups, Lycopodiophyta (club mosses, spike 

mosses, and quillworts), Equisetophyta (horsetails), Psilotophyta (whisk ferns), 

Ophioglossophyta (adder’s tongues and grape ferns), and Pteridophyta (true ferns). 

Several additional groups are now extinct and known only from fossils. 

The normal plant is the diploid structure or sporophyte, with the only haploid structure 

being the gametophyte in season. The same pattern is found in seeds plants, with the 

important exception that Pteridophytes have a free-living gametophyte stage. Two types 
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of gametophyte sexuality exist; dioicous Pteridophytes produce only archegonia or 

antheridia on a single gametophyte body, whereas monoicous Pteridophytes produce both 

antheridia and archegonia in turn on the same gametophyte body.  

4.1.1. Lycopodiaceae 

Botanical description 

Though several classification systems have been described for Lycopodium s.l., the 

taxonomic system of the Lycopodiales is still not fixed. The main trouble encountered is 

that species are often vaguely defined, based on common sense and experience rather 

than definite sets of characters [Øllgaard, 1992]. Moreover, some classifications have 

been proposed based on the gametophytes; unfortunately, only a few species are known 

through this form [Bruce, 1976]. Table II-1 and Table II-2 sum up the main currently 

used systems. The system described by Rothmaler [1944] has been supported by 

distinction of the chromosome numbers of the species, the chemistry of their phenolic 

compounds, lignins, and flavones [Gifford and Foster, 1989]. The various phenolic acids 

contained in Lycopodiales have been used for the botanical classification. The major 

constituant of this type is ferulic acid, with smaller amounts of p-coumarinic, caffeic, 

vanillic and p-hydroxybenzoic acid. Syringic acid has been obtained as a minor 

constituant in some species, although it was not always detected in given species, 

depending on the origin of the samples. This characteristic compound is found in the 

genera Lycopodium and Diphasium, but not in Huperzia and Lepidotis of the 

classification proposed by Rothmaler [1944], which supports this point of view. It is 

important to notice that the ability to synthesize syringyl compounds is a way to 

distinguish angiosperms from ferns and most gymnosperms [Towers and Maass, 1965]. 

The same mode of classification has also been supported by the flavonoid content of the 

various genera. The genus Lycopodium contains chrysoeriol alone or together with 

luteolin; Diphasium contains chrysoeriol and apigenin; Lepidotis contains chrysoeriol, 

apigenin, and luteolin; and finally, Huperzia contains chrysoeriol, apigenin, luteolin, 

selagin and tricin [Voirin and Jay, 1978]. The system proposed by Wilce [1972] is for its 

part based on the morphology of the spores of the various Lycopodium species. On the 

other hand, several classification systems have been proposed by Holub in the course of 
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the years [1964, 1985, 1991]. He has suggested a number of new genera, such as 

Lycopodiella, Austrolycopodium, or Diphasiastrum. He also defined that the current 

knowledge and data about chromosome numbers do not allow a main feature for the 

division of Huperzia s.l.. The system proposed by Ching (1981), mainly used in China 

and other Asian countries, has been supported by chemotaxonomic analysis based on the 

alkaloid content of about 20 Chinese species. The species of the Huperziaceae family 

mainly contain huperzine A, huperzine B, serratine, and serratinine, while species of the 

Lycopodiaceae family contain lyconnotine and annotinine [Ma et al., 1998]. In the Tryon 

and Tryon [1982] system, it is important to notice that Phylloglossum Kunze is found 

only in Australia, Tasmania and New Zealand, with the single species Phylloglossum 

drummondii Kunze. In the present work, the classification proposed by Gifford and 

Foster [1989] has been retained. The botanical names retained for the studied plants have 

been checked in the “Index synonymique de la flore de Suisse et territoires limitrophes 

(ISFS)” [Aeschimann and Heitz, 2005]. 

Lycopodium is mainly a genus of wet forests in tropical mountains. However, its 

ecology is diverse as some species grow in the far North or in alpine regions where frost 

is frequent. In extratropical regions, species grow on rocks and cliffs, in sandy sterile soil, 

in open habitats, among shrubby vegetation, or on the forest floor. It is noteworthy that 

Lycopodium is the most widely distributed genus of Pteridophytes, having an extensive 

range on all continents. It is present from the Arctic Circle to South America, Africa and 

Tasmania as well as in various Atlantic or Pacific islands [Tryon and Tryon, 1982]. 

Lycopodium s.l. and the related Selaginella are the oldest extant terrestrial vascular 

plants. However, these plants are not abundant; they grow very slowly and are only found 

in very specialized habitats. 

Table II-1 Taxonomy of Lycopodiales according to Gifford and Foster [1989] 

Kingdom Plantae (Plants) 

Subkingdom Tracheobionta (Vascular plants) 

Division Lycopodiophyta (Lycopods) 

Class Lycopodiopsida 

Order Lycopodiales 
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Table II-2 Taxonomy of Lycopodium s.l. (club mosses) 

 Family Genus Subgenus or section 
Urostachya Herter 
(branching isotomous, 
strobili not formed) 

- 
Herter 
(1909) 
[Gifford and 
Foster, 
1989] 

Lycopodiaceae 
Rhopalostachya Herter 
(branching anisotomous, 
cones well defined) 

- 

Lycopodium L. (20 species) - 

Diphasium Presl.  
(5 species) 

- 

Inundata (Baker) Rothm. 
Lycopodiaceae 

Lepidotis Mirbel  
(15 species) Campylostachys (K.Müll) Rothm. 

Plananthus (Gray) Rothm. 

Subselago (Pritzel) Rothm. 

Rothmaler 
[1944] 

Urostachyaceae 
(this name has now 
been replaced by 
Huperziaceae) 

Huperzia Bernh  
(150 species) 

Phlegmaria (Baker) Rothm. 

Phylloglossum Kunze - 

Urostachys Pritzel (2 sections) 

Lepidotis (Palisot) Baker  
(3 sections) 

Wilce 
[1972] Lycopodiaceae 

Lycopodium L. 

Lycopodium L. (7 sections) 

Lycopodium L. - 

Lycopodiella Holub - 

Pseudolycopodiella Holub - 

Palhinhaeae Franco et 
Vasc. ex Vasc. et Franco 

- 

Diphasiastrum Holub - 

Lycopodiaceae 

Lycopodiastrum Holub et 
Dixit 

- 

Huperzia Bernh. 
Huperzia Bernh. 

Serratae (Rothm.) Holub 

Phlegmariurus (Herter) Holub 

Huperzoides H.S. Kung et L.B. 
Zhang 

Ching 
(1981) 
[Zhang and 
Zhang, 
2004] 

Huperziaceae (= 
Urostachyaceae) 
(150 species) Phlegmariurus (Herter) 

Holub 
Carinaturus (Herter) H.S. Kung et 
L.B. Zhang 



CHAPTER II 

52 

Table II-2 (continued) Taxonomy of Lycopodium s.l. (club mosses) 

 Family Genus Subgenus or section 

Lycopodium 

Complanata Victorin 

Diphasium (Rothm.) B. Øllg. 
Lycopodium L. 

Magellanica B. Øllg. 

Lycopodiella Holub 

Caroliniana (Bruce) B. Øllg. Lycopodiella Holub 

Campylostachys (K. Müller) B. Øllg. 

Huperzia Bernh. 
The genus Huperzia has been 
separated in 9 groups, named after 
the type species. 

Øllgaard 
[1992] Lycopodiaceae 

Phylloglossum Kunze - 

Cernuistachys (25 species) (spores 
germinate quickly, gametophyte 
superficial, partly green and only partly 
mycorrhizic) 

Lycopodium L. (30 species) (spores 
germinate after a few years, 
gametophyte subterranean, without 
chlorophyll, wholly mycorrhizic and 
fully erect) 

Lycopodium L.  
(400 species) 

Selago J.Hill. (300 species) (spores 
germinate after a few years, 
gametophyte subterranean, without 
chlorophyll, wholly mycorrhizic and 
more or less horizontal) 

Tryon and 
Tryon 
[1982] 

Lycopodiaceae 

Phylloglossum Kunze  
(1 species) 

- 

Huperzia Bernh. (little distinction 
between rhizome and branch system, 
leaves arranged spirally, sporophylls 
in zone of the stem or in pendant 
tassels) 

Lycopodium (branching anisotomous, 
prostrate rhizome, leaves arranged 
spirally, definite strobili) 

Diphasiastrum Holub (branching 
anisotomous, creeping rhizome and 
stems with four rows of leaves) 

Gifford 
and Foster 
[1989] 

Lycopodiaceae Lycopodium L. 

Lycopodiella Holub (considerable 
variations in growth habit, from erect 
much-branched plant to creeping 
rhizome with upright fertile branches 
bearing spirally arranged leaves) 
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The main morphological characters of Lycopodiaceae are the following [Gifford and 

Foster, 1989; Tryon and Tryon, 1982] (Figure II-12): 

• Their stems are protostelic, indurated or not, sometimes brittle or short pubescent, 

usually lacking indument. They bear few, fleshy, dichotomously branched roots. 

• The leaves are simple, 2-20 mm long with one vein. 

• The family is homosporous. The spores do not contain chlorophyll. 

• The sporangia are sessile to short-stalked, single, either near the base of the adaxial 

surface of the leaf or on the stem near the axil; many are disposed in definite 

strobili. 

• The gametophytes are generally superficial, basally tuberous and mycorrhizic with 

more or less erect lobes bearing chlorophyll and non-mycorrhizic. They can also be 

subterranean, without chlorophyll, mycorrhizic and either erect or prostrate-

horizontal. The archegonia are more or less sunken and the antheridia are 

superficial, mostly borne apart from the archegonia. 
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Figure II-12 Lycopodium annotinum L., Lycopodium cernuum L. and Lycopodium clavatum L. 
(Lycopodiaceae) 

Phytochemical aspects 

The main constituants found in Lycopodium s.l. are Lycopodium alkaloids. More than 

200 different alkaloids have been identified from more than 50 species. Their skeletons 

generally comprise 16 carbons, although they sometimes possess 32 carbons or less than 

16 carbons. There are quinolizine, or pyridine and α-pyridone-type alkaloids. Four 
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classes can be distinguished, lycopodine, lycodine, fawcettimine classes and the 

miscellaneous group. The alkaloids representative of these structural classes are 

respectively lycopodine (13), lycodine (14), fawcettimine (15) and phlegmarine (16) 

(Figure II-13) [Ma and Gang, 2004]. 
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Figure II-13 Alkaloids representative of the four structural classes of Lycopodium alkaloids 

The carbon numbering system for these alkaloids is based on Conroy’s biogenetic 

hypothesis. The alkaloids are made up of two 2-propylpiperidine units, joined to give 

phlegmarine. Bond formation between C-4 and C-13 gives the lycodane skeleton; 

however, most examples of this class have ring A oxidized to a pyridine or a pyridone 

ring. The detachment of C-1 from Nα and reattachment to Nβ then gives the lycopodine 

skeleton. Finally, migration of C-4 from C-13 to C-12 gives the fawcettimine skeleton 

[Ma and Gang, 2004]. 

The largest group is the lycopodine, with about 70 alkaloids. This class is 

characterized by four connected six-membered rings, with rings A and C being a 

quinolizidine ring system. About 25 alkaloids are encountered in the lycodine class. All 

the Lycopodium alkaloids known to have AChE inhibition activity have been reported to 

belong to this group, notably huperzine A, huperzine B, N-methyl-huperzine B and 

huperzinine. This class is also characterized by four rings in general, but ring A is open 

and rearranged compared to the lycopodine class to give a pyridine or pyridone ring. The 

fawcettimine class contains about 65 different compounds. The C13-C14 double-bond of 

fawcettidine, being an enamine, is easily hydrated to give a hydroxyl group on C-13 

found in fawcettimine. Equilibrium exists between the carbinolamine form and the keto-

amine form, giving thus two subclasses. Finally, about 40 alkaloids belong to the 

miscellaneous class. This group includes all of the Lycopodium alkaloids that do not 
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belong to one of the first three classes and present quite a diversity of structural patterns 

[Ma and Gang, 2004]. 

Club mosses also contain glycosides of flavonoids, phenolic acids and lipids [Blaschek 

et al., 1998]. 

Economic and medicinal importance 

Club mosses have a long history in Chinese folk medicine. They have been used for 

the treatment of contusions, strains, swellings, schizophrenia, myasthenia gravis and 

organophosphate poisoning. The Lycopodium alkaloids have shown definite effects in the 

treatment of diseases that affect the cardiovascular or neuromuscular systems, or that are 

related to cholinesterase activity. They have also been shown to have positive effects on 

learning and memory. The most potent of these alkaloids is huperzine A (see Chapter 

II.4.2.2). Until recently, club mosses had not yielded to cultivation [Ma and Gang, 2004]. 

The spores from different species of Lycopodium L. are comprised under the drug 

name Lycopodium. The main species is Lycopodium clavatum L., but it sometimes also 

contains Lycopodium complanatum L. or Lycopodium annotinum L.. Nowadays, it is only 

used in traditional medicine. It was still listed in the Pharmacopoeia Helvetica V. By oral 

intake, Lycopodium was believed to treat kidney and bladder pain, colic, diarrhoea and 

rheumatism. It is also applied as a powder on injuries, or on weeping eczema [Blaschek et 

al., 1998]. 

In homeopathy, the remedy Lycopodium contains L. clavatum and is used to treat deep 

progressive chronic diseases, with digestive and liver disorders [Vannier and Poirier, 

1993]. 

4.1.2. Selaginellaceae 

Selaginellaceae is a distinctive family including the single genus Selaginella Beauv. 

This genus is only distantly related to Lycopodiaceae (Table II-3). Heterospory and the 

presence of vessels in some species of the subgenus Selaginella indicate that the family is 

specialized. The vascular system may consist of a single or more protostele. Selaginella is 

a nearly worldwide genus including about 700 species. It is found in America, Africa, 

Europe, east of the Bering Straits and in Kamchatka as well as in Japan, New Guinea and 

Australia. In the Pacific, it is present in the Hawaiian Islands, the Marquesas, and Tahiti 



CHAPTER II 

56 

[Tryon and Tryon, 1982]. The genus is terrestrial, and most abundantly represented in the 

tropics, often being the dominant element on the forest floor. However, some species can 

also grow on damp rocks, in Arctic alpine turf, rocky deserts, scrubland, marshes or 

thickets, and rather dry woods [Gifford and Foster, 1989]. 

Table II-3 Taxonomy of Sellaginellaceae according to Gifford and Foster [1989] 

Kingdom Plantae (Plants) 

Subkingdom Tracheobionta (Vascular plants) 

Division Lycopodiophyta (Lycopods) 

Class Lycopodiopsida 

Order Selaginellales 

Family Selaginellaceae (Spike moss family) 

 

The main morphological characters of Selaginellaceae are the following [Gifford and 

Foster, 1989; Tryon and Tryon, 1982] (Figure II-14): 

• Their stems are slender, branched, mono- or polyprotostelic or siphonostelic, 

indurated or not, and bear few, long roots usually at a branch of the stem. 

• The leaves are simple, ovate, lanceolate, or orbicular with one vein, and measure 

0.5-10 mm. They are helically arranged and of the same size and shape or disposed 

alternately in four ranks, with two large lateral leaves and two smaller median 

leaves. 

• The family is heterosporous. The spores do not contain chlorophyll. The two types 

of sporangia and the subsequent heterospory are distinctive features of the genus. 

• The sporangia are short-stalked, single, near the axil of the leaf. They are disposed 

in a quadrangular or cylindrical strobilus. The megasporangia are generally basal in 

the strobilus, usually with four megaspores, whereas the microsporangia, smaller 

and of a different color, are usually borne above them and have many microspores. 

• The megagametophytes are minute, partly protruding from the megaspore wall. The 

microgametophytes develop wholly within the microspore, the wall ruptures to 

release the spermatozoids. 

• Selaginella varies greatly in size. Some small species have stems about 3 cm long, 

while larger ones have stems from 50 cm to 1 m, or even 5 m long. However, most 

species are small and delicate. 
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Figure II-14 Selaginella kraussiana (Kunze) A. Braun (Selaginellaceae)  
© Friedrich A. Lohmüller, 2005 

Several infrageneric classifications of Selaginella have been proposed. The one 

suggested by Tryon and Tryon [1982] distinguishes two subgenera, Selaginella and 

Stachygynandrum. The first one is characterized by similar leaves and sporophylls. It 

comprises about 50 species. The other one presents dimorphic leaves, at least on the 

branches; the sporophytes are either similar or dimorphic. This subgenus includes 625 

species. 

4.1.3. Equisetaceae 

The Equisetaceae family consists of only one living genus, Equisetum L., also known 

as “horsetails” or “scouring rushes” (Table II-4). It has an extensive fossil record, 

extending from the Jurassic onwards, and some evidence exists that Equisetum itself was 

present in the Carboniferous; it may thus be one of the oldest living genera of the 

vascular plants in the world today. About 15 species have been described. Horsetails are 

distributed worldwide, except for Australia and New Zealand [Gifford and Foster, 1989]. 

They are present in America, Eurasia and Africa, in the Philippine Islands, New Guinea, 

New Caledonia and the Fiji Islands. They grow in a diversity of habitats like thickets, 

bogs, shores of ponds or lakes or dense forests, and often form dense colonies from their 

freely branching underground stems. This corresponds generally to wet or damp habitat 

but some species have adapted to dry or mesophytic conditions, for at least a part of the 

year. Equisetum is found from sea level up to 4200 m, but most frequently between 500 

and 2500 m [Tryon and Tryon, 1982]. 
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Table II-4 Taxonomy of Equisetaceae according to Gifford and Foster [1989] 

Kingdom Plantae (Plants) 

Subkingdom Tracheobionta (Vascular plants) 

Division Equisetophyta (Horsetails) 

Class Equisetopsida 

Order Equisetales 

Family Equisetaceae (Horsetail family) 

 

The main morphological characters of Equisetaceae (or more precisely of the genus 

Equisetum) are the following [Gifford and Foster, 1989; Tryon and Tryon, 1982] (Figure 

II-15): 

• The most conspicuous external morphological feature is the subdivision of the 

shoot axis into definite nodes and internodes. The stems are generally hollow, 

jointed, more or less indurated, with aerial parts usually green and a subterranean 

part with numerous wiry roots. Longitudinal ridges can easily be observed. 

• The primary root is ephemeral; all other roots arise at the node of the stem. 

• The leaves are grouped in whorls, joined in a sheath, each with a single vein. They 

are placed at the nodes and alternate with the branches. 

• The family is homosporous. The spores contain chlorophyll, with a circular 

aperture and four paddle-shaped elaters, which is unique among Pteridophytes. 

Starch is present in moderate amounts in immature spores, and mature ones have a 

special proteinaceous storage unlike other Pteridophytes. The last difference is the 

exceptionally high water content and short viability of the Equisetum spores. 

• The sporanges are thin-walled, borne on stalked, peltates sporiangiophores that 

form terminal cones or strobili. 

• The gametophytes are green, epigeal, branched. The archegonia are often localized 

mostly on the thickened portions and the antheridia on the lobes. 

• Some species are small, especially those of the Arctic or alpine regions, but others, 

like the South American Equisetum giganteum L. may reach 5 m. 
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Figure II-15 Equisetum arvense L. and Equisetum sylvaticum L. (Equisetaceae) 

Two subgenera have been distinguished, Hippochaete (Milde) Baker and Equisetum 

Holub; they are even sometimes recognised both as genera. The first subgenus is 

characterized by aerial stems, mostly evergreen and unbranched, stomata arranged in 

regular, long rows, sunken, and strobili usually apiculate. The second one shows 

deciduous aerial stems generally branched, stomata superficially and irregularly disposed 

in broad bands, and strobili blunt [Tryon and Tryon, 1982]. 

The rough texture of the stem results from the deposition of silica as discrete knobs 

and rosettes on the epidermal surface. The presence of silica is essential for normal 

growth and to maintain the erectness of the plant, therefore compensating the very low 

content of lignin in the cell walls [Gifford and Foster, 1989]. Horsetails also contain 

alkaloids in small amounts, flavonoid glycosides of quercetin, kaempferol and apigenine, 

and saponines [Blaschek et al., 1998]. 

Horsetails have been used during the American colonial period as scouring agents. 

The native populations of America used the stems as an abrasive for polishing bows and 

arrows. They also prepared infusions of certain species for the treatment of diarrhea, lice, 

and as eye wash. The European Pharmacopoeia 5 cites Equiseti herba, which corresponds 

to the sterile aerial stems of Equisetum arvense L. (horsetail). It is traditionnally used for 

its diuretic activity, and as a remineralizing and hemostatic agent [Wichtl and Anton, 

2003]. The stem of some species contains a poisonous substance to which horses are 

especially vulnerable. Moreover, certain species are indicators of the mineral contents of 

the soil, as they accumulate minerals, including gold [Gifford and Foster, 1989].  
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4.2. HUPERZIA SERRATA (THUNB. EX MURRAY) TREVIS 

(LYCOPODIACEAE) 

Huperzia serrata (Thunb. ex Murray) Trevis (syn. Lycopodium serratum Thunb. ex 

Murray) (Lycopodiaceae) (Chinese club moss, Figure II-16) is a terrestrial plant present 

in several Asian countries, such as China, Japan, Korea, India, Russia and so on, but is 

also found in Oceania and Central America. It grows in shaded, damp, mossy, and acidic 

soil under woods, at an altitude lying between 300 and 2700 m. Its stems are erect, 

decumbent at bases. The whole plant generally measures up to 20 x 1.8 cm, and shows 

annual constrictions along the stems. The leaves are generally obovate to oblanceolate, 

and are spread and reflex along the stems. Their margins are coarsely and irregularly 

doubly serrate, entire at bases, tips abruptly acuminate. The gemmae are reniform [Ma et 

al., 2006]. 

 

Figure II-16 Huperzia serrata (Thunb. ex Murray) Trevis (Lycopodiaceae) 
© G.K. Linney, Botany department, University of Hawaii 

4.2.1. An ancient Chinese medicine as a new hope for 

Alzheimer’s disease treatment 

H. serrata has a long history in Chinese traditional medicine. The whole plant is 

known as Qiang Cen Ta and is used for the treatment of contusions, strains, swellings, 

schizophrenia, myasthenia gravis and organophosphate poisoning. It is empoyed in dried 

powdered form, as a decoction or soaked in alcohol; the latter may be either drunk or 

spread over external wounds. Its traditional uses mainly include the treatment of fever 
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and inflammation [Ma et al., 2006]. It has also been reported that, in China, elderly 

people consume the infusion obtained from the leaves of H. serrata to improve their 

memory [Shu, 1998]. 

Several compounds have been isolated from the plant. Two main classes of 

constituents are represented: terpenes (21-episerratenediol, tohogenol, serratriol, 

tohogenine,…) and alkaloids (huperzine A-W, huperserratinine, lycodine, lycopodine, 

serratine, lucidioline, serratanidine,…) [Ma et al., 2006]. 

Huperzine A (HupA) (6) was first isolated from H. serrata in the early 80’s. The 

presence of this compound has also been reported in various species with close 

taxonomic relationship to H. serrata, including Huperzia spp. and Phlegmariurus spp. 

[Ma et al., 2006]. This alkaloid has been found to be a potent AChEI, and numerous 

studies and clinical trials conducted, mainly in China, where HupA is already considered 

as a medicine (see Chapter II.4.2.2). However, in Western countries, HupA has not yet 

been approved by the FDA or another organ of control and is only marketed in the form 

of nutrimental complement. These preparations are often combinations of HupA with 

various protective herbs or compounds, such as Ginkgo biloba L. (Ginkgoaceae), 

phospholipids, and antioxidants. They can be found mostly on the Internet, it is thus 

important to be careful, given that no quality control for these products exists, neither for 

the contents nor for the dosage of HupA or of the other constituents [Yang et al., 2003]. 

Given the large use made of the plant by local communities for medicinal purposes, 

and the increasing interest of Western countries for HupA, a great decline of the species 

is currently observed [Ma et al., 2006]. Until recently, the synthesis of the alkaloid was 

not feasible on an industrial scale, and plants were the only realistic source of HupA. 

Researches have thus been purchased to optimize the content of HupA in H. serrata, and 

to find new natural sources. H. serrata has been shown to contain significantly more 

HupA when it has grown in a humid environment; this also varies significantly by season, 

with the highest level reached in mid fall and the lowest in early spring. Several Huperzia 

and Phlegmarius species (Lycopodiaceae) have been tested and the greatest amounts of 

HupA have been found in Phlegmariurus carinatus (Desv.) Ching [Ma et al., 2005]. 
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4.2.2. Huperzine A 

Pharmacological aspects 

Huperzine A (HupA) (6) is a potent reversible mixed inhibitor of both AChE and 

BuChE, but 1000-fold less active against BuChE (IC50 = 0.082 and 74.43 µM 

respectively). Depending on the method used to determine the activity, HupA is either 

equally or more potent than tacrine, physostigmine, galantamine or donepezil [Tang and 

Han, 1999]. Only the (-)-enantiomer of the compound exists in plants. The inhibition of 

AChE being stereoselective, the natural compound is thus 3 times more potent than the 

racemic mixture obtained by synthesis (IC50 = 0.3 µM) [Hostettmann et al., 2006]. The 

natural isomer is also more selective for BuChE. These differences may be partially 

explained by the lack of hydrogen bond with the enzyme in the case of the (+)-

enantiomer [Wang R. et al., 2006]. HupA appears to bind more tightly and specifically to 

the enzyme than the other AChEI [Tang and Han, 1999]; the complex formed between 

the alkaloid and AChE dissociates at a slower rate, which gives a sustained level of 

acetylcholine [Skolnick, 1997]. Its binding half-life is of 4.8 hours and its effects may 

persist during 8 hours [Duke et al., 2002]. The elimination half-life is approximately 13 

hours in the elderly. HupA is hepatically metabolized by CYP1A2 [Wang R. et al., 2006] 

H
N O

CH3

NH2

H3C

Huperzine A (6)  

HupA is rapidly absorbed, widely distributed throughout the body, and eliminated at a 

moderate rate [Patocka, 1998]. The effect of HupA varies according to the different brain 

regions. A maximal increase of the level of acetylcholine is observed in the frontal and 

parietal cortex, and an intermediate increase in the hippocampus, which correlates well 

with the pattern of cholinergic deficiency observed in AD patients. Its bioavailability is 

higher than that of donepezil and tacrine, and it penetrates the BBB more easily; HupA 

daily dosing by oral administration is thus much lower. Even with repeated doses, no 

tolerance to HupA occurs [Tang and Han, 1999]. 
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HupA has shown additional pharmacological properties. It increases the level of brain 

norepinephrine and dopamine, two neurotransmitters believed to interact with cholinergic 

transmission in the control of cognition, with a more potent effect on dopamine [Tang 

and Han, 1999]. It has also been found to protect neuronal cells against H2O2, Aβ, 

glutamate, and ischemia cytotoxicity, and to reduce the number of apoptotic neurons. All 

of these effects are related to the ability of HupA to reduce oxidative stress, and to 

increase the expression of antioxidant enzymes with the same potency for both 

enantiomeric forms of the alkaloid [Wang and Tang, 2005]. It has also been reported that 

HupA protects against glutamate-induced toxicity; this is due to the inhibitory activity of 

the compound on NMDA receptors. It acts as a non-competitive antagonist without 

stereoselectivity. Furthermore, HupA has been shown to reverse memory impairment 

induced by agonists to the γ-aminobutyric acid (GABA) receptor on animal models with 

an effect suggesting antagonization of this receptor. Deficiency in GABA content is 

observed in AD and interactions exist between GABA and cholinergic neurons in the 

hippocampus. Evidence indicates that HupA enhances the expression and secretion of the 

nerve growth factor (NGF), and thus increases the growth of neuronal cells. Accumulated 

data suggest that the neurite outgrowth may be influenced by AChE through a non-

catalytic mechanism, the effect of HupA on this parameter may therefore be due to an 

interaction with the level of AChE expression [Wang R. et al., 2006]. Given all these 

properties, the therapeutic effect of HupA on AD, but also on vascular dementia, may 

probably be due to a multi-target mechanism [Wang and Tang, 2005]. Another additional 

property of HupA is the inhibition of muscarinic and nicotinic acetylcholine receptors, 

but this is less desirable [Gordon et al., 2001]. 

HupA has been shown to be an effective cognitive enhancer in numerous animal 

species; among other things, it has significantly reversed scopolamine-induced memory 

deficits in monkeys. According to data obtained in vitro, the duration of this improvement 

in learning and memory retention processes is longer than for the other AChEI [Tang and 

Han, 1999]. The improvement is also more pronounced in working memory than in 

reference memory, which correlates well with the symptoms of AD [Wang R. et al., 

2006]. 
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Clinical trials performed in China have shown a significant memory improvement in 

aged subjects and AD patients, without any remarkable side-effects. A double-blind, 

placebo-controlled, 8-weeks study conducted with 103 patients showed better cognitive 

performance and a marked decrease in the oxygen free radicals. The most frequent side-

effects reported are related to the cholinergic properties of HupA, and include nausea, 

gastroenteric symptoms, dizziness, sweating, and a depressed heart rate. No liver or 

kidney toxicity, or teratogenicity have been observed [Tang and Han, 1999]. All these 

side-effects are minimal compared with the other existing AChEI [Wang and Tang, 

2005]. The safety versus efficacy ratio appears to be better for HupA than for the other 

AChEI [Tang and Han, 1999]. The usual oral daily doses used for the studies have been 

of 0.2-0.3 mg, with two uptakes [Wang R. et al., 2006]. 

HupA has also been found to be interesting for the treatment of other disorders than 

AD. Its ability to decrease neuronal cell death induced by a toxic level of glutamate 

makes it a potential drug candidate for reducing neuronal injury from strokes, epilepsy, 

and other diseases [Patocka, 1998]. Moreover, its inhibitory activity against AChE makes 

it a useful and efficient drug against myasthenia gravis [Tang and Han, 1999]. 

AChEI are also employed as an antidote against organophosphate toxicity, to protect 

AChE from the induced phosphonylation. HupA has been tested as a prophylactic drug 

against soman and other kinds of nerve gas poisoning, and has been proved to be 

efficient. Its long-lasting antidotal efficacy and its low toxicity provide a good profile for 

a potential drug candidate against organophosphate toxicity [Patocka, 1998]. HupA is 

known to cross the BBB, unlike the reference compound pyridostigmine, allowing 

protection of the brain AChE. Moreover, the complex formed by HupA and AChE has a 

longer half-life than the other known prophylactic agents; it has thus been proposed as a 

pre-treatment against nerve agent toxicity [Tonduli et al., 2001]. 

Previous detection and quantification methods 

The detection and quantification of HupA is needed for different purposes, and several 

methods have thus been developed. The dosage of the alkaloid may be performed in 

formulated products, in plasma or in plants. However, many unwanted components may 

interfere with the detection of HupA. Various extraction methods have been described, 
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according to the matrix. The analysis of plasma samples required prior elimination of the 

protein, either by denaturation with an agent such as dichloromethane [Ben Hameda et 

al., 2005], or by extraction with a mixture of solvents [Wang et al., 2004; Wei et al., 

2006]. In order to quantify the alkaloid in a complex natural matrix, an exhaustive 

extraction method is needed. Sonication in an acidic medium followed by alkalinisation 

in order to separate specifically the alkaloids allowed a complete extraction of HupA [Ma 

et al., 2005]. 

Numerous HPLC methods have been developed in order to separate efficiently HupA 

from the other components of the samples. Most of the time, the stationary phase has 

been an octadecyl reverse phase (RP C18) column of 250 mm in length and 4 mm of 

internal diameter (i.d.) from different manufacturers. The mobile phase has been 

composed of methanol and ammonium acetate buffer, either in gradient at pH 3.5 [Yang 

et al., 2003] or in isocratic mode at pH 6.0 [Ma et al., 2005; Wei et al., 2006]. For the 

first method, the detection was performed by electrospray ionization (ESI) mass 

spectrometry (MS) in the positive ion mode to demonstrate the specificity of the method, 

and by UV at 308 nm for the quantification. The pH was set to 3.5 because it allowed a 

better ionization for MS detection [Yang et al., 2003]. For the other two methods, UV 

detection was performed at 308 nm for the quantification of HupA with a limit of 

detection (LOD) of 0.2 ng [Ma et al., 2005], or at 313 nm to detect HupA and its pro-

drug ZT-1 with a LOD of 0.02 nmol/L in plasma for both compounds [Wei et al., 2006]. 

In order to diminish the time of analysis, a quantification method was developed using 

LC-MS-MS. The stationary phase was again a RP C18 column, but it measured only 50 

mm in length. The mobile phase consisted of an isocratic mixture of 

acetonitrile:methanol:10 mM ammonium acetate (35:40:25, v/v/v), the run time was thus 

reduced to 2 min. The quantification was performed using ESI in positive mode, and the 

fragment ion m/z 210 was chosen for multiple reactions monitoring acquisition. The LOD 

in plasma was 0.01 ng/mL and the limit of quantification was 0.05 ng/mL [Wang et al., 

2004]. 

At last, a method using capillary electrophoresis has been described. An acetate buffer 

at pH 4.6 was used with a separation voltage of 10 kV, the temperature was set at 25°C. 

The determination of HupA was performed using UV detection at 230 nm. The LOD 
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obtained in aqueous media was 0.226 ng/mL and 0.233 ng/mL in serum [Ben Hameda et 

al., 2005]. 

4.3. HUPERZIA SELAGO (L.) SCHRANK ET MARTIUS 

(LYCOPODIACEAE) 

Huperzia selago (L.) Schrank et Martius (syn. Lycopodium selago L.) 

(Lycopodiaceae) (fir club moss) is a terrestrial plant widely distributed in high mountains 

of frigid, temperate and torrid zones in Europe, Asia, America, and Australia [Ma et al., 

2006]. In Switzerland, H. selago can be found from July to October and is mostly present 

in the Alps and Jura, but rarely on the Plateau (Figure II-17) [Lauber and Wagner, 2001]. 

 

Figure II-17 Repartition in Switzerland of H. selago [Lauber and Wagner, 2001] 

This species is the type species of the genus Huperzia. It is rich in varieties, even 

within the same distribution area [Ma et al., 2006]. The branches may measure from 5 cm 

to 25 cm. The stem is curved, generally branched; the leaves are elliptico-lanceolate, 

dense, acuminate, entire or denticulate. The sporangia are yellow and located at the basis 

of the leaves [Lauber and Wagner, 2001] (Figure II-18).  

 

© Ulf Liedén, Flora Cyberia, 2006 

 

© Dr Gerhard Keuch, 1999 

Figure II-18 Huperzia selago (L.) Schrank et Martius (Lycopodiaceae) 
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Several Lycopodium alkaloids have been isolated from H. selago. They belong to two 

classes, the lycopodine class (acrifoline, annotinine, 12-epilycodoline, lycodoline, 

lycopodine, selagoline, serratidine) and the lycodine class (huperzine A, 6β-

hydroxyhuperzine A, α-obscurine, β-obscurine) [Ma and Gang, 2004]. The alkaloid 

selagine has been isolated from H. selago but it has been shown to be identical to 

huperzine A [Ayer et al., 1989]. The plant contains the various flavonoids distinctive of 

the genus Huperzia, i.e. chrysoeriol, apigenin, luteolin, selagin, and tricin [Voirin and 

Jay, 1978]. It also contains about 9 % of lipids and terpenes [Rozentsvet et al., 2002]. 

In Chinese medicine, the whole plant is used for the treatment of injuries from falls 

and traumatic bleeding by extending sinew, and hemostasia. It is prepared by soaking in 

alcohol, and then spread over the affected areas [Ma et al., 2006]. 

4.4. PIPERACEAE FAMILY 

4.4.1. Botanical description 

Piperaceae (Table II-5) are encountered as grass, small shrubs or trees, sometimes 

climbing or epiphyte. They are aromatic and grow mostly in the wet tropical regions of 

the world (Figure II-19) [Spichiger et al., 2004].  

 

Figure II-19 Worldwide distribution of Piperaceae [Heywood, 1996] 

Some botanists consider that Piperaceae consist only of the genus Piper (about 2000 

species), whereas others also include Ottonia (70 species), Pothomorphe (10 species) and 

Sarcorhachis (4 species). These genera are characterized by differences in the form and 

the position of the inflorescence [Heywood, 1996]. 
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Table II-5 Taxonomy of Piperaceae according to APGII [2003] 

Kingdom Plantae (Plants) 

Subkingdom Tracheobionta (vascular plants) 

Division Magnoliophyta (flowering plants, angiosperms) 

Class Magnoliopsida (dicots, dicotyledons) 

Subclass Magnoliidae 

Order Piperales 

Family Piperaceae 

 

The main morphological characters of Piperaceae are the following [Heywood, 1996; 

Spichiger et al., 2004]: 

• The stem has a sympodial growth, and its nodes are thickened. 

• The leaves are generally alternate, simple, entire and punctuated by glands 

secreting an aromatic oil. They are paralleliveined. The stipules are joined to the 

petiole or missing. 

• The flowers are minute, bisexual or unisexual, placed at the axil of the bract, in a 

raceme or terminal spike, opposite to the leaves. They are achlamydeous, 

hypogynous, maintained by a shield-shapped bract. There are from 1 to 10 stamens, 

but in principle 3 + 3. The ovary is superior, with joined carpels.  

• The fruit is a fleshy drupe or a berry with one seed.  

• The vascularisation of the family is unusual, some closed fasciculus are dispersed 

throughout the stem, rather like the monocotyledons. 

4.4.2. The genus Piper 

All the important Piperaceae species, either economically or for medicinal use, belong 

to the Piper genus. It contains about 1000 species. It is a polymorphous genus, which has 

thus given birth to an infrageneric division. The system accepted nowadays is based on 

the morphological characters of the inflorescence and of the fruit. The plants of this genus 

are grass, small shrubs or trees. Their leaves are alternate, simple, entire and punctuated 

by glands secreting an aromatic oil. The flowers are grouped by 2 to 6. The fruit is a 

fleshy, spherical to egg-shaped berry, placed near the axil of the leaves [Blaschek et al., 

1998]. 
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The genus contains an essential oil, present in the fruits and the leaves, mainly 

consisting of mono- and sesquiterpenes and phenylpropane derivatives. It also contains 

amide, mostly in the fruits. Some species, such as Piper longum L., also contain “true” 

alkaloids, for example cephradions A and B. In Piper cubeba Bojer and similar species, 

lignans have been found (aschantin, cubebin, sesamin, yangambin) [Blaschek et al., 

1998]. 

The most widely known species is Piper nigrum L., the native plant for pepper, a 

popular spice for most of the world population (see Chapter II.4.4.3.). Nevertheless, some 

other species are locally consumed, like Piper longum L., Piper officinarum C. DC., 

Piper retrofactum Vahl, Piper saigonense DC. in India, Piper guineense Schum. & 

Thonn. in Africa, or else Piper aduncum L. in South America [Bruneton, 1999]. 

The roots of Piper methysticum G. Forst. are used to prepare kawa, a Polynesian 

beverage. After mastication, hot water is added on the ground rhizome before drinking. It 

causes a state of wellbeing and makes tiredness more bearable. At higher doses, it can 

cause agitation and aggressiveness [Hostettmann, 1997]. The rhizomes or their essential 

oil are also used as a nervous sedative, a urinary antiseptic, and their alkaloids have an 

antigonorrhoeic effect [Spichiger et al., 2004]. 

Piper betle L. is mixed with Areca catechu L. (Arecaceae) and ashes to give a 

chewing drug used in India, Pakistan and throughout Eastern Asia [Heywood, 1996]. In a 

basic medium, the alkaloids contained in A. catechu are released and produce their 

psychostimulant effect. The leaves of P. nigrum possess an aromatic flavour and an 

anesthetic effect that makes the chewing more pleasant [Hostettmann, 1997]. P. betle is 

also known for its vermifuge action [Spichiger et al., 2004]. 

Some other species are employed for medicinal purposes. The fruit of Piper cubeba 

Bojer, or its essential oil, is used as an antiseptic; this is mostly recognized in 

aromatherapy [Spichiger et al., 2004]. Piper angustifolium Lam. is known as a spice or a 

medicinal plant in South America [Bruneton, 1999]. Various Piper species (Piper longum 

L. and Piper nigrum L.) are frequently used in Ayurvedic medicine; in many cases, they 

seem to improve the bioavailability of the active compound with which they are 

administered [Bruneton, 1999]. 
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4.4.3. Piper nigrum L. 

Piper nigrum L. (Piperaceae), commonly known as pepper, is one of the most ancient 

spices used in the world. It is the fruit of a perennial plant, native of South-West India, 

largely cultivated nowadays in Indonesia, Malaysia, Sri Lanka, but also in South America 

(Brasil). It is a liane with a ligneous voluble stem, fixed on its support by lateral branches. 

The oval leaves are alternate; the flowers are grouped in hanging spikes of 20 to 30 units. 

The fruit is a berry of 4 to 8 mm in diameter, changing from green to red during 

maturation (Figure II-20). Three types of pepper are classically distinguished; green 

pepper is the entire fresh berry gathered when still green and conserved in an acidic 

solution; white pepper is gathered at maturity and cleared of the pericap and the external 

part of the mesocarp after some days in water; black pepper corresponds to the spikes 

gathered as soon as the first berries become red and dried [Bruneton, 1999]. 

 

Figure II-20 Piper nigrum L. (Piperaceae) 
Kohler’s Medicinal-Plants, 1887 

The smell of pepper is due to the presence of an essential oil (10 – 35 mL/kg) rich in 

terpens (sabinene, limonene and caryophyllene) and phenylpropane derivatives 

(piperonal, eugenol and safrol). Its piping hot flavour is caused by amides (5 – 10 %). 

The main constituant is piperine (17), an amide of piperidine and piperic acid. The other 

amides are piperidinic (piperanin, piperittin,etc), pyrrolidinic (piperyllin), or 

isobutylaminic. They are constituted by an acid with a variable length side chain (from 5 

to 11 carbon atoms) [Bruneton, 1999]. It also contains carbohydrates (45 %) and fatty oil 

(10 %) [Blaschek et al., 1998]. 
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Piperine (17)  

The main use of P. nigrum nowadays is for alimentary purposes. It is also known to 

stimulate the central nervous system and digestion [Spichiger et al., 2004]. By external 

application, it is irritating, rubefacient, and bactericide. In the form of a cream, it helps to 

treat neuralgia. In Indian traditional medicine, it is considered as an expectorant drug 

[Blaschek et al., 1998]. 

An extract of P. nigrum has shown an inhibitory activity against AChE in vitro 

[Ingkaninan et al., 2003]. Some amides present insecticidal properties [Su and Horvat, 

1981]. 

Piperin is a central nervous system depressant, and an anticonvulsant (rat). Some 

derivatives from this molecule have been used in China to treat epilepsy [Bruneton, 

1999]. It also possesses an antifungal activity on the aflatoxins from Aspergillus 

parasiticus [Madhyastha and Bhat, 1984], and an antioxydant action in vitro [Mittal and 

Gupta, 2000]. It inhibits the CYP3A4 and the human glycoprotein P, and can improve the 

bioavailability of some antibiotics (β-lactams) [Bhardwaj et al., 2002; Hiwale et al., 

2002]. 
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1. QUALITATIVE DETERMINATION OF HUPERZINE A 

1.1. METHOD DEVELOPMENT 

In order to detect the presence of huperzine A (HupA) (6) in various plant extracts, a 

qualitative method was developed. 

H
N O

CH3

NH2

H3C

Huperzine A (6)

A

 

1.1.1. Extraction procedures 

The analysis of the content of plants species requires at first to optimize the extraction 

of the different constituants. Two different methods were tested and compared. In order 

to increase the efficiency of both techniques, the first stage was the grinding of the dry 

plant material. Thereafter, the first way used two successive solvents, dichloromethane 

(DCM) and methanol (MeOH), 3 times during 24 hours. The second way was more 

specific for alkaloids; the plant powder was moistened with 30% ammonium hydroxyde 

(NH4OH) in order to alkalize it. The alkaloids, and therefore HupA were put in their 

deprotonated form and it was thus possible to extract them with an apolar solvent such as 

chloroform (CHCl3) (see Chapter V.1.1). 

Both methods were compared using Huperzia selago (L.) Schrank et Martius 

(Lycopodiaceae). This plant is known to contain HupA, and is easier to obtain than 

Huperzia serrata (Thunb. ex Murray) Trevis (Lycopodiaceae), from which the substance 

was originally extracted, given that the first one growth in Switzerland, whereas the 

second one is not found in Europa [Blaschek et al., 1998]. The efficiency of the method 

to extract HupA was evaluated with the TLC bioautographic assay. A slight activity was 

detected in the DCM extract, while two active spots were detected for the MeOH extract, 

and even more for the one obtained with CHCl3. The retention factor (Rf) of the spot 

common to the three extracts was about 0.25, which agreed with the one observed for the 

standard compound HupA. For the MeOH and CHCl3 extracts, these spots presented 
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approximately the same intensity (Figure III-1). However, the CHCl3 extract was faster to 

obtain and was thus used for the analysis; but it is worth noting that the method is also 

applicable to methanol extracts, if those are already prepared. 
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Figure III-1 TLC bioautograph showing the inhibitio n of AChE activity of different extracts of 
H. selago  

DCM: dichloromethane extract, MeOH: methanol extract, CHCl3: chloroform extract (10 µg applied); 
HupA: huperzine A (positive control; 0.001 µg applied); solvent system: EtOAc:MeOH:H2O (100:13.5:10); 
support: Merck Silicagel 60 F254 aluminium sheets; detection: 1-naphthyl acetate and Fast Blue B salt after 

incubation with acetylcholinesterase. 

The fact that HupA was also detected in the DCM extract was due to the unusual 

sensitivity of the TLC bioautography with regard to HupA (see Chapter III.1.1.2). 

1.1.2. Chromatography 

Sensitivity 

The sensitivity of the assays used to detect HupA is expressed in two different ways, 

according to the method employed. For the detection of AChEI with the TLC bioassay, 

the minimal inhibitory quantity (MIQ) is used to describe the smallest amount of a 

compound still able to inhibit the enzyme, and thus visually detectable on the plate. On 

the other hand, when detection was performed with ultraviolet (UV) or mass 

spectrometry (MS), it is the limit of detection (LOD) that indicates the sensitivity. It 

measures the smallest amount of a given analyte for which it is possible to assume with a 

certain level of confidence that it is present in a sample. It is usually reached when the 
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signal observed is three times more intense than the background noise; the signal to noise 

ratio equals thus three (signal:noise 3:1). An appropriate number of samples were 

analysed at this limit to confirm the value obtained. 

Thin layer chromatography 

The samples for the TLC analysis were prepared by dissolution of 1 mg of the extracts 

in 1.0 mL of chloroform. A positive control was performed with (±)-HupA, a dilution at 

0.0001 mg/mL in methanol was prepared. In both cases, 10 µL of the solutions were 

applied on the plate. 

First of all, TLC conditions were developed in order to obtain a good separation 

between the different constituents of the extracts. For the separation of alkaloids, basic 

modifiers such as ammonia, diethylamine or triethylamine are generally added to the 

mobile phase in order to reduce tailing due to chemisorption of the compounds on the 

silica [Baerheim Svendsen and Verpoorte, 1983]. However, as the most sensitive way to 

detect HupA on TLC was the bioautographic assay for the detection of AChEI, the use of 

alkali was prohibited to keep the activity of the enzyme. Other chromatographic systems 

have thus been tested; ethyl acetate (EtOAc):methanol (MeOH):water (H2O) 

(100:13.5:10) (v/v/v) was chosen because of an acceptable Rf for HupA (0.25) and a 

limiting tailing effect [Wagner and Bladt, 1996]. The MIQ obtained for (±)-HupA was of 

0.2 ng. 

TLC conditions are detailed in Chapter V.2.1. The stationary phase was a pre-coated 

aluminium sheet with silicagel. The migration with the mobile phase consisting of 

EtOAc:MeOH:H2O (100:13.5:10) was performed for 8 cm at room temperature during 

20 min. The bioautographic assay for the detection of AChEI was used (see Chapter 

V.5.3). 

High performance liquid chromatography 

For the HPLC-UV-MS analysis, 10 mg of the extracts were dissolved in 1.0 mL of 

methanol, and centrifuged in order to eliminate the insoluble fraction before the injection 

of 10 µL of the sample. The standard compound HupA was dissolved in methanol. 

Dilutions were prepared between 0.0001 and 0.01 mg/mL in order to determine the limit 

of detection (LOD). A volume of 10 µL was injected. 
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In order to analyse various CHCl3 plant extracts, an HPLC-UV-MS method was 

developed involving a fast and robust LC chromatographic separation and detection of 

HupA with two different ionization techniques. The chromatographic separation of the 

extracts was restricted by the compatibility with MS ionization. The basic properties of 

alkaloids lead to protonated molecules under acidic or neutral conditions, increasing their 

polarity and decreasing their retention on lipophilic stationary phases. Moreover, charged 

molecules are responsible for hydrogen bondings and ionic interactions with silanol 

groups, leading to additional retention and peak tailing. These phenomena are undesirable 

when separating complex mixtures of compounds such as plant extracts, as this induces a 

loss of resolution. An answer to this problem is to work with a basic solvent system, with 

the addition of triethylamine for example. However, due to their limited stability, 

conventional RP stationary phases are not recommended to be run with mobile phases at 

pH > 8.5 for extended time periods. Another way to overcome the tailing problem is to 

use acidic buffers with ion pair reagents that have high affinities for protonated alkaloids. 

The ion pairs can then act as neutral molecules. This allows to work with alkaloid 

compounds under acidic conditions, and therefore to avoid chemisorption on the acidic 

silanol groups [Verpoorte and Baerheim Svendsen, 1984]. A gradient elution method on 

an octadecylsilyl reversed-phase (RP-C18) column was thus developed in order to 

optimize the separation between HupA and the other compounds present in the samples. 

First of all, the wavelength of detection was determined. The UV spectrum of HupA 

(6) shows two maxima, the first one at 232 nm and the other one at 308 nm (Figure III-2). 

Given that fewer natural products absorb at 308 nm, this wavelength was chosen in order 

to limit interferences caused by other compounds. The LOD for HupA with UV detection 

was 50 ng (signal:noise 3:1). 

As mentioned previously, alkaloids are likely to bind easily with residual silanol 

groups present on the stationary phase, especially when they are in their protonated form. 

Consequently, an RP-C18 phase with minimal residual silanol activity was sought. A 

Waters Symmetry® C18 column seemed to be suitable for this use. In addition to the poor 

fraction of free silanol groups, this type of stationary phase presents a narrow ligand 

surface coverage, which is important for the reproducibility of the analysis. Both 
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characteristics allowed a good peak shape, which was confirmed with the standard 

compound HupA. 

Finally, various mobile phases were tested with a range of pH-modifiers. Given that 

the pKa of HupA (6) is 8.66, the pH needed to work with 99 % of the compound in its 

unprotonated form must be 2 units higher than the pKa, thus > 10.66. However, given the 

stability of the bonded groups of the stationnary phase under basic conditions, this 

solution was not retained. The separation was thus tested with water alone, with 0.2 % 

acetic acid, and with ammonium acetate 10 mM pH 6.0. The chromatograms of the 

standard compound HupA and of H. selago, used as a reference extract, were analysed. 

When water was used without pH-modifier, tailing was present on about all the peaks and 

the resolution was bad. With acetic acid, the resolution for the extract separation was 

better, but the peak of HupA still presented tailing. At last, when ammonium acetate was 

used, the resolution for both HupA (Figure III-2) and the peaks found in the extract was 

good, probably due to the ion-pairing phenomenon. Thereafter, the pH value was 

modified (pH 3.5, 6.0 and 7.8); for each one, a symmetrical peak shape for HupA and a 

good separation in the zone of interest was observed. Logically, the retention times of the 

compound increased with the pH value. Before setting the optimal pH, the MS ionization 

was also optimized.  
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Figure III-2 HPLC-UV analysis of the standard compound huperzine A 
Column: Waters Symmetry® C18 (250x4 mm i.d.; 5 µm) with a pre-column of the same material  

(1.5 x 2.1 mm i.d.; 5 µm); mobile phase: methanol:10 mM ammonium acetate pH 3.5 from 20:80 (v/v) to 
50:50 in 20 min, from 50:50 to 100:0 in 10 min, and finally 100:0 for 10 min; flow rate: 1.0 mL/min; 

injection: 1 µg UV detection: 308 nm; spectrum: UV/vis (DAD) from 190 to 500 nm. 
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1.1.3. Atmospheric pressure ionization 

The ionization of HupA was compared using two different interfaces, atmospheric 

pressure chemical ionization (APCI) and electrospray ionization (ESI). At first, the pH 

was optimized; for this purpose, a 0.01 mg/mL HupA standard solution was injected in 

turn with the three mobile phases (pH 3.5, 6.0, 7.8). The optimum was obtained at pH 

3.5; at this pH, HupA is fully in protonated form. This mobile phase agreed with the one 

used by Yang et al. [2003]. As the optimum pH had thus been set, the gradient could be 

optimized using H. selago extract. At pH 3.5, HupA was detected about 25 % methanol 

in the mobile phase. As the extract was mostly composed of alkaloids and non polar 

compounds, the gradient did not need to start before at 20 % methanol. The increase in 

the organic portion of the organic solvent was relatively slow at first; it went from 20 to 

50 % methanol in 20 min. After that, the percentage of mobile phase increased to 100 % 

in 10 min, before 10 min washing. Under these conditions, the peak of HupA was well 

separated from the other constituents of the extract, and the time of analysis (40 min) was 

not too long (Figure III-6). 

To sum up the conditions determined above, separation was performed on a 

Symmetry® C18 column (250 x 4 mm i.d.; 5 µm; Waters, Milford, MA, USA). The 

mobile phase consisted of a gradient of methanol:10 mM ammonium acetate pH 3.5 from 

20:80 (v/v) to 50:50 in 20 min, and then from 50:50 to 100:0 in 10 min. The total analysis 

time was 40 minutes, including 10 min of column washing. The flow rate was set to 

1.0 mL/min and UV detection at 308 nm. HPLC instrumentation and conditions are 

detailed in Chapter V.2.2. 

The MS parameters were optimized by infusion of a 0.01 mg/mL standard solution. 

For both interfaces tested, the positive ion mode was used; HupA was logically widely 

less detected in the negative ion mode, as it was already in its protonated form after the 

HPLC separation. The [M+H]+ ion was detected by single ion monitoring (SIM) at m/z 

243.2. For APCI, the standard solution was infused at 10 µL/min, and diluted before the 

APCI interface by addition of methanol:10 mM ammonium acetate pH 3.5 25:75 (v/v) at 

a flow rate of 1.0 mL/min from the HPLC system by means of a T junction. Then, the 

various parameters were optimized to obtain the greatest possible peak. The APCI/MS 

conditions obtained are reported in Chapter V.2.3. Concerning the ESI/MS conditions, 
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infusion of the standard solution of HupA was also employed, but this time the flow rate 

was set to 20 µL/min, without dilution before the interface. The parameters established 

by Yang et al. [2003] were first tested. Under these conditions, an optimal detection of 

HupA was performed; they were thus kept unchanged (see Chapter V.2.3). The LOD for 

HupA obtained for both types of ionization was 5 ng (signal:noise 3:1). ESI ionization is 

more suitable for ionic products while APCI is more adapted to the analysis of neutral 

compounds. Moreover, the peak of HupA was better resolved with ESI/MS; this type of 

ionization was thus retained. HPLC-APCI/MS and HPLC-ESI/MS instrumentation and 

conditions are detailed in Chapter V.2.3.  

In order to determine whether other plant components affected the detection, the LOD 

was also determined with an extract co-injected with a known concentration of HupA. 

The TLC bioassay proved that no active compound was present in the chloroform extract 

of Lycopodium clavatum L. (Lycopodiaceae); it was then used for co-injection. The same 

values were obtained under these conditions as with HupA alone. 

Electrospray ionization ion trap multiple stage mass spectrometry (ESI/IT/MSn 

(n = 2)) experiments were performed by programming dependent scan events. The first 

event was a full MS scan (MS1), while during the second event, the main ion recorded 

was isolated and selectively fragmented in the ion trap (MS2). The collision energy was 

set at 15 eV. The mass loss between the molecular ion (m/z 243.2) and the fragment ion 

(m/z 226.2) equals m/z 17 amu (Figure III-3). This value correspond to the loss of a 

hydroxyl group; in this case, most probably to the loss of the oxygen atom coming from 

the carbonyl group, and the aromatisation of the ring A of HupA (6) [de Hoffmann and 

Stroobant, 2002]. 
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Figure III-3 HPLC-ESI/IT/MS n (n = 2) analysis of the standard compound huperzine A 
Column: Waters Symmetry® C18 (250x4 mm i.d.; 5 µm) with a pre-column of the same material  

(1.5 x 2.1 mm i.d.; 5 µm); mobile phase: methanol:10 mM ammonium acetate pH 3.5 from 20:80 (v/v) to 
50:50 in 20 min, from 50:50 to 100:0 in 10 min, and finally 100:0 for 10 min; flow rate: 1.0 mL/min; 

injection: 1 µg; detection: SIM at m/z 243.2; spectra: MS from m/z 100 to 500, MS2 from m/z 100 to 500, 
collision energy: 15 eV. 

It is worth noticing that, even if the TLC bioautographic assay gave a more sensitive 

detection, the confirmation of the presence of HupA by HPLC-UV-MS was required for 

the formal identification of the compound. 

1.2. SCREENING OF VARIOUS PTERIDOPHYTE EXTRACTS 

For this experiment, samples of about 15 different Pteridophyte species 

(Lycopodiaceae, Equisetaceae, and Selaginellaceae) were collected, mainly in the Swiss 

Alps (Wallis) at different altitudes, but also in Mauritius between 1987 and 2006, or 

obtained commercially. The plant extracts were prepared as presented in Chapter V.1.1, 

and the results for the extraction are presented in Table III-1. Various species of 

Pteridophytes were tested for their HupA content, using both methods previously 

described, i.e. the TLC bioautographic assay and the HPLC-UV-MSn (n = 2) detection. 
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Table III-1 Pteridophyte extracts tested for HupA detection 

Family Botanical name Part (dry weight) Extract (we ight) Efficiency 
Diphasiastrum 
alpinum (L.) Holub Aerial parts (10 g) CHCl3 (0.3 g) 3 % 

Lycopodium 
annotinum L. Aerial parts (10 g) CHCl3 (0.7 g) 7 % 

Lycopodium 
cernuum L. 

Stems and leaves 
(10 g) 

CHCl3 (0.4 g) 4 % 

Lycopodium 
clavatum L. Aerial parts (10 g) CHCl3 (0.6 g) 6 % 

Aerial parts (10 g) CHCl3 (0.4 g) 4 % 
DCM (2.3 g) 6 % 

Lycopodiaceae 

Huperzia selago 
(L.) Schrank et 
Martius Aerial parts (40 g) 

MeOH (7.9 g) 20 % 
Equisetum 
arvense L. Aerial parts (10 g) CHCl3 (0.3 g) 3 % 

Equisetum 
hyemale L. Aerial parts (10 g) CHCl3 (0.2 g) 2 % 

Equisetum 
palustre L. Aerial parts (10 g) CHCl3 (0.3 g) 3 % 

Equisetum 
ramosissimum 
Desf. 

Aerial parts (10 g) CHCl3 (0.1 g) 1 % 

Equisetum 
sylvaticum L. Aerial parts (10 g) CHCl3 (0.3 g) 3 % 

Equisetaceae 

Equisetum 
telmateia Ehrh. Aerial parts (10 g) CHCl3 (0.5 g) 5 % 

Selaginella dregei 
(C. Presl.) Hieron Whole plant (-) MeOH (-) - 

Selaginellaceae Selaginella 
kraussiana 
(Kunze) A. Braun 

Aerial parts (-) MeOH (-) - 

1.2.1. TLC detection 

The previously described extracts were all tested on TLC bioautographic assay, after 

migration. Among those, inhibitory activity against AChE was only observed for 

Huperzia selago (L.) Schrank. et Martius (Lycopodiaceae). In this case, several white 

spots, synonym of inhibition, were observed (Figure III-4). The Rf of one of these spots 

was 0.25 and corresponded to the value obtained with the standard compound HupA. The 

ESI/IT/MSn (n = 2) detection was then performed in order to confirm the identity of this 

compound. 
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Figure III-4 TLC bioautograph showing the inhibitio n of AChE activity for some Lycopodiaceae 
species.  

CHCl3 plant extracts (10 µg applied); HupA: huperzine A (positive control; 0.001 µg applied); solvent 
system: EtOAc:MeOH:H2O (100:13.5:10) (v/v/v); support: Merck Silicagel 60 F254 aluminium sheets; 

detection: 1-naphthyl acetate and Fast Blue B salt after incubation with acetylcholinesterase. 

For both other tested families, no inhibition was observed; therefore, it was assumed 

that HupA was absent from these extracts (Figure III-5). 
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Figure III-5 TLC bioautograph showing the inhibitio n of AChE activity for some Equisetaceae 
(a) and Selaginellaceae (b) species.  

CHCl3 plant extracts (a) or MeOH plant extracts (b) (10 µg applied); HupA: huperzine A (positive control; 
0.001 µg applied); solvent system: EtOAc:MeOH:H2O (100:13.5:10) (v/v/v); support: Merck Silicagel 60 

F254 aluminium sheets; detection: 1-naphthyl acetate and Fast Blue B salt after incubation with 
acetylcholinesterase. 
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1.2.2. HPLC-UV-MS2 detection 

The Pteridophyte extracts were diluted at 10 mg/mL in methanol and centrifuged, 

before injection to the HPLC system. The retention time for the standard compound 

HupA under these conditions was 8.77. The detection was performed by UV at 308 nm 

and by SIM at m/z 243.2. Then, the MS2 spectra of the peaks observed by MS were 

checked for the presence of the fragment ion at m/z 226.2. Again, HupA was only 

detected in H. selago (Figure III-6), which confirmed the results obtained by TLC 

bioautography. It is worth noticing that HupA could not be detected on the base peak 

intensity trace, but that its presence was obvious with the single ion monitoring trace at 

m/z 243.2 and was confirmed by the MS2 spectrum of the main peak observed in this 

way. 
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Figure III-6 HPLC-UV-ESI/IT/MS n (n = 2) analysis of the chloroform extract of H. selago 
Column: Waters Symmetry® C18 (250 x 4 mm i.d.; 5 µm) with a pre-column of the same material  

(1.5 x 2.1 mm i.d.; 5 µm); mobile phase: MeOH:10 mM ammonium acetate pH 3.5 from 20:80 (v/v) to 
50:50 in 20 min, from 50:50 to 100:0 in 10 min, and finally 100:0 for 10 min; flow rate: 1.0 mL/min; 
injection: 200 µg; detection: UV at 308 nm (a), MS base peak intensity chromatogram (b), MS SIM 

chromatogram at m/z 243.2 (c); MS2 spectrum from m/z 100 to 500 of the peak at 9.02 min,  
collision energy: 15 eV (d). 
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The results obtained for each Pteridophyte species tested are summarised in  

Table III-2. 

Table III-2 Detection of HupA and other AChEI in some Pteridophyte species 

Plant 
MS peak at  
m/z 243.2 

(retention time) 

MS2 m/z 243.2 →  
m/z 226.2 

AChE inhibitory 
activity 

D. alpinum + (8.48) 
+ (11.16) 

- - 

L. annotinum + (11.15) + - 

L. cernuum - - - 

L. clavatum + (11.16) + - 

H. selago + (8.88) + + 

E. arvense - - - 

E. hyemale - - - 

E. palustre - -  

E. ramosissimum - - - 

E. sylvaticum - -  

E. telmateia - - - 

S. dregei - - - 

S. kraussiana - - - 

 

Two Lycopodiaceae species, L. annotinum and L. clavatum, showed a peak on the 

SIM trace at m/z 243.2, also with a main ion fragment at m/z 226.2. However, in these 

cases, the retention time was higher than the one obtained for the standard compound, 

and the MS2 spectra presented another fragment ion at m/z 149.1, which was less intense 

in the case of HupA. Moreover, no acetylcholinesterase inhibitory activity was detected 

for both extracts, and the UV absorption maxima (240, 290, and 318 nm) differed from 

those of HupA (232, and 308 nm, Figure III-2). However, it was not possible to identify 

this compound without additional data, or comparison with reference products. Among 

the Pteridophytes studied, only one Huperzia species was shown to contain HupA, which 

was in agreement with the observation made by Ma et al. [1998], according to whom 

HupA was only found in Huperzia and Phlegmarius species. 
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2. PHYTOCHEMICAL INVESTIGATION OF HUPERZIA 

SELAGO (L.) SCHRANK ET MARTIUS 

(LYCOPODIACEAE) 

2.1. BIOLOGICAL AND BIOCHEMICAL SCREENING OF 

LYCOPODIACEAE 

The various Lycopodiaceae extracts obtained as described in Chapter III.1.2 were 

submitted to different biological, biochemical and chemical assays in order to determine 

their activities: 

• antifungal activity against Cladosporium cucumerinum and Candida albicans 

[Homans and Fuchs, 1970; Rahalison et al., 1994], 

• free radical scavenging activity with 1,1-diphenyl-2-picrylhydrazyl (DPPH) 

[Cuendet et al., 1997], 

• acetylcholinesterase (AChE) inhibitory activity [Marston et al., 2002]. 

All these assays were performed on TLC plates, allowing thus to test several extracts 

at the same time and to quickly assess the interest of the plants with regard to some 

targets. The activities were visually estimated, and compared between the extracts and 

with pure reference compounds. It is worth noticing that when extracts are tested, the 

results observed depend upon two parameters; the intrinsic activity of the compounds, 

and their relative amount within the extracts. The spots obtained may thus be due either 

to one or more minor compounds highly active or to one or more major compounds 

slightly active. The results of the screening are presented in Table III-3. Given the 

activity previously observed against AChE (see Chapter III.1), only the chloroform 

extracts of the Lycopodiaceae species were examined. 



RESULTS AND DISCUSSION 

89 

Table III-3 Results of the screening of some Lycopodiaceae crude extracts  

Plant Part Extract  Candida 
albicans 

Cladosporium 
cucumerinum 

DPPH AChE 

Diphasiastrum 
alpinum (L.) 
Holub 

Aerial parts CHCl3 - - - - 

Lycopodium 
annotinum L. 

Aerial parts CHCl3 - - - - 

Lycopodium 
cernuum L. 

Aerial parts CHCl3 - + 
(see Figure III-7) 

- - 

Lycopodium 
clavatum L. 

Aerial parts CHCl3 - - - - 

Huperzia 
selago (L.) 
Schrank et 
Martius 

Aerial parts CHCl3 - - - 
+ 

(see Figure 
III-4) 

CHCl3: chloroform extracts; DPPH: free radical scavenging activity against 1,1-diphenyl-2-picrylhydrazyl; 
AChE: acetylcholinesterase inhibitory activity; -: no activity; +: presence of an activity 

 

D. alpinum
L. annotinum

L. cernuum
L. clavatum

H.selago

Cladosporium cucumerinum
EtOAc 100/MeOH 13.5/H2O 10

D. alpinum
L. annotinum

L. cernuum
L. clavatum

H.selago

Cladosporium cucumerinum
EtOAc 100/MeOH 13.5/H2O 10

 

Figure III-7 TLC direct bioautograph showing the antifungal activity against Cladosporium 
cucumerinum of some Lycopodiaceae species.  

CHCl3 plant extracts (100 µg applied); solvent system: EtOAc:MeOH:H2O (100:13.5:10) (v/v/v); support: 
Merck Silicagel 60 F254 aluminium sheets; detection: growth of Cladosporium cucumerinum. 

No free radical scavenging activity was detected within the chloroform extracts of the 

Lycopodiaceae. This type of activity is frequently encountered in polar extracts of aerial 

parts; these extracts often contain several phenolic compounds such as flavonoids, whose 

free radical scavenging properties are well documented [Potterat, 1997]. The extracts 

tested in this study were rather apolar, the chance that they could give positive results was 

thus slighter than when methanolic extracts were investigated. However, even if this was 
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not encountered in the present case, some non polar extracts might also show interesting 

activities. 

Lycopodium cernuum L. inhibited the growth of the fungus Cladosporium 

cucumerinum, but not that of Candida albicans. C. cucumerinum is a microscopic 

phytopathogen for Cucurbitaceae species that seems to be related to respiratory allergies 

in humans, while C. albicans is a yeast present in the human commensal flora that 

becomes pathogenic for immunodeficient people. This activity was not included as part 

of this work, and no further phytochemical investigation was thus undertaken on this 

extract. No other antifungal activity was detected in the tested samples. 

Finally, Huperzia selago (L.) Schrank et Martius showed an interesting inhibitory 

activity against AChE. A very large white inhibtion area was clearly visible on the TLC 

plates. Benefit was thus taken from this activity to perform bioguided fractionation on the 

chloroform extract of this plant. 

2.2. FRACTIONATION AND PURIFICATION OF THE CHLOROFORM 

EXTRACT OF THE AERIAL PARTS 

2.2.1. Preliminary HPLC-UV/DAD analysis 

In order to obtain preliminary information on the chloroform extract of the aerial parts 

of Huperzia selago (L.) Schrank et Martius (Lycopodiaceae), an HPLC-UV/DAD 

analysis was undertaken (Figure III-8). When the UV detection was performed at 254 nm, 

two main peaks were registered. On the other hand, when the wavelength was set to 

308 nm, corresponding to the maximum of absorption of huperzine A (HupA), three main 

peaks were observed. 
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Figure III-8 HPLC-UV/DAD analysis of the chloroform extract of the aerial parts of H. selago 
Column: Waters Symmetry® C18 (250 x 4.6 mm i.d.; 5 µm) with a pre-column of the same material (1.5 x 2.1 mm i.d.; 5 µm); mobile phase: gradient  

MeOH:10 mM ammonium acetate pH 3.5 (20:80 (v/v) to 100:0 in 40 min, then 100:0 for 10 min); flow rate: 1.0 mL/min; injection: 200 µg; 
detection: 254 nm (a) and 308 nm (b); spectra: UV/vis (DAD) from 190 to 500 nm (1-5). 
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Compounds 1 and 2 possessed the same type of spectrum that presented a maximum at 

about 254 nm. A shoulder was observable at about 320 nm on the spectrum of 2. This did 

not provide useful information on the class of compounds to which these products might 

belong, given that a lot of compounds absorb at this wavelength, as said previously. At 

least, this excluded the presence of highly coloured compounds such as xanthones or 

flavonoids. 

Compound 3 was already identified as HupA (see Chapter III.1). It is noteworthy that, 

while it produced a main peak at 308 nm, it was almost undetected at 254 nm. 

Compounds 4 and 5 possessed the same type of spectrum as HupA, they both presented 

maxima at about 230 and 300 nm, with a minimum in the area of 250 nm. This feature 

explained the great variations observed between the chromatographic profiles at both 

wavelengths. This also indicated the probable presence of other Lycopodium alkaloids 

within the extract. 

2.2.2. Bioguided fractionation of the chloroform extract of the 

aerial parts 

The biochemical screening achieved on the Lycopodiaceae species showed that the 

chloroform extract of H. selago presented inhibitory activities against AChE  

(Figure III-9). One of these activities (Rf = 0.25) was due to the presence of HupA, as 

shown before (see Chapter III.1.2). This compound produced a large inhibition trail on 

the TLC plate; however, it seemed that some other spots were observable under the area 

relevant to HupA. 
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Figure III-9 TLC bioautograph showing the inhibitio n of AChE activity of the chloroform 
extract of H. selago  

H. selago: chloroform extract (10 µg applied); HupA: huperzine A (positive control, 0.001 µg applied); 
solvent system: EtOAc:MeOH:H2O (100:13.5:10); support: Merck Silicagel 60 F254 aluminium sheets; 

detection: 1-naphthyl acetate and Fast Blue B salt after incubation with acetylcholinesterase. 

A larger amount of H. selago was extracted in order to allow further investigations 

(see Chapter V.1.2). The chloroform extract of the aerial parts (20 g) was first 

fractionated by liquid-liquid extraction (LLE). The sample was dissolved in a mixture of 

methanol (MeOH) and water (H2O) 80:20 (v/v) and the aqueous phase was acidified with 

HCl to pH 1 in order to deprotonate the alkaloids. The first step of the extraction was 

conducted with hexane; the chlorophyll and the most lipophilic compounds were thus 

separated from the alkaloids. The aqueous phase was then alkalized in order to neutralize 

the alkaloids, and the amount of water was increased to 40% before the extraction with 

chloroform, to limit the mixing between both phases. The inhibitory activity was 

essentially concentrated in the CHCl3 fraction, which was thus first chosen for further 

investigation. The fractionation was mainly followed by the results of the bioautographic 

assay against AChE, even though the very strong activity of HupA might often hide the 

activity of the other compounds (Figure III-10). 
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Figure III-10 TLC bioautograph showing the inhibiti on of AChE activity of the fractions obtained 
after LLE 

H. selago: chloroform extract, hexane: hexane fraction, CHCl3: chloroform fraction, MeOH: residue of 
LLE (10 µg applied); HupA: huperzine A (positive control; 0.1 µg applied); solvent system: 

EtOAc:MeOH:H2O (100:13.5:10); support: Merck Silicagel 60 F254 aluminium sheets; 
 detection: 1-naphthyl acetate and Fast Blue B salt after incubation with acetylcholinesterase. 

The CHCl3 part was then fractionated by centrifugal partition chromatography (CPC) 

with a biphasical solvent system isooctane:tert-butylmethylether (TBME):MeOH:H2O 

(2:6:3:2) (v/v/v/v) (capacity: 940 mL; rotation rate: 800 rpm; flow rate: 3 mL/min; UV 

detection: 254 nm) and nine fractions were obtained (a - i). An activity was observed in 

every fraction; even though it was less intense in fractions a, c, g and i, and seemed to be 

mostly due to the presence of HupA. The other fractions showed more sustained activity. 

Fraction e was chosen for further investigation both because of its activity and of the 

amount of material available (2.2 g). During the CPC development, it can happen that the 

mobile and stationnary phases eluted together. For this reason, both polar and non-polar 

compounds were found within fraction e, and another liquid-liquid extraction was 

performed to separate the two types of compounds. A CPC biphasical system 

CHCl3:MeOH:H2O (5:5:3) (v/v/v) was used for this extraction. A few drops of 

tetrafluoroacetic acid (TFA) were added in order to put the alkaloids in their protonated 

form. As expected, the activity was then mostly concentrated in the aqueous phase. 

This fraction was then further separated by gel filtration chromatography on 

Sephadex® LH-20. The separation was first performed with a mobile phase consisting of 
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MeOH:H2O (50:50) (v/v), and then with MeOH:H2O (80:20) (v/v). Ten fractions (1 - 10) 

were collected. AChE inhibitory activity was again found in every fraction, even though 

it was only due to the presence of a small amount of HupA in fractions 9 and 10. The 

final purification step to obtain compound A was performed by low pressure liquid 

chromatography (LPLC) on fraction 1. 

In parallel, medium pressure liquid chromatography (MPLC) separation was 

performed on the organic phase from the second liquid-liquid extraction to obtain twenty-

seven fractions (1 - 27). At this point, the fractionation was no more guided by the 

activity, as the only one remaining was due to HupA. The main compound of this fraction 

(B) was then purified by semi-preparative HPLC on a radial compression µBondapack® 

column (100 x 25 mm i.d.; 10 µm; Waters, Milford, MA, USA) with isocratic conditions 

MeOH:H2O (63:37) (v/v) (flow rate: 10 mL/min, UV detection: 254 nm). 

In order to isolate other non-active compounds from H. selago, the hexane fraction 

obtained after the first LLE was further separated by column chromatography with a 

stepwise gradient of hexane:EtOAc from 95:5 to 0:100. Twenty-three fractions were 

obtained (1 - 23). A very slight anticholinesterase activity was all the same observed on 

TLC bioautography for the first six fractions, and from fractions 13 to 15. Further 

purification of compound C was then undertaken by LPLC from fraction 9. 

The isolation scheme is presented in Figure III-11. 

Another compound was also isolated by LPLC from fraction 6, but in too small an 

amount to allow its identification. However, the various data obtained made some 

supposition possible. The high resolution electrospray ionization time of flight mass 

spectroscopic (HRESI/TOF/MS) analysis in the positive ion mode suggested a molecular 

formula of C22H29O5 ([M+H] + m/z 373.1996, required m/z 373.2015). A difference of 

C2H4 was observed compared to compound C (see Chapter III.2.3.3). The UV spectrum 

showed a maximum at 268 nm, a shoulder at 306 nm, and a second maximum at 394 nm. 

Finally, the few NMR data obtained were compared with those of the other compounds, 

and some similarities were observed with compound C; it was thus possible that this 

molecule was another abietane diterpene. 
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Figure III-11 Isolation scheme of the chloroform extract of Huperzia selago (L.) Schrank et Martius (Lycopodiaceae) 



  RESULTS AND DISCUSSION 

97 

2.3. STRUCTURE ELUCIDATION OF THE ISOLATED COMPOUNDS 

2.3.1. Compound A 

Compound A appeared as a light brown gum. Its UV spectrum showed two maxima at 

230 and 297 nm, and a minimum at 247 nm. This corresponded to the general appearance 

observed for the UV spectrum of HupA, which should indicate that compound A also 

belongs to the group of Lycopodium alkaloids. 

The HRESI/TOF/MS analysis in the positive ion mode suggested a molecular formula 

of C16H25NO ([M+H]+ m/z 248.2020, required m/z 248.2014), which correlated with the 

hypothesis previously stated of the Lycopodium alkaloid. Moreover, the ionization was 

only feasible in the positive ion mode; no signal was observable when the negative ion 

mode was used. The double bound equivalent (DBE) showed the presence of five 

insaturations. 

After ESI/IT/MSn (n = 2), the main ion remained the molecular ion. This indicated that 

the molecule was relatively stable under these conditions of fractionation (collision 

energy 15 eV) and, given the number of insaturations previously calculated, probably 

mostly composed of cycles. However, a new signal was observed at m/z 230.3, which 

corresponded to the loss of 18 amu (Figure III-12). This was probably due to the loss of a 

water molecule, and thereby the presence of an oxygen atom was stated, which was 

already known by the means of the molecular formula, but this loss seemed to show that 

no oxygen was comprised within a cycle [de Hoffmann and Stroobant, 2002]. Moreover, 

a slight signal was observed at m/z 192.2, corresponding to the neutral loss of C4H8 (four-

carbon bridge) characteristic of the lycopodine type alkaloid [Wu and Gu, 2006]. 
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Figure III-12 MS and MS2 spectra of compound A 
Spectra: MS from m/z 100 to 500, MS2 from m/z 100 to 500; collision energy: 15 eV 

The 1H NMR experience showed no signal above δH 3.83 ppm (1H, m, H-9), which 

indicated that no system of aromatic protons was part of the molecule. The presence of 

only one methyl group was detected through the appearance of a signal at δH 0.94 ppm 

(3H, d, J = 5.86 HZ, H-16).  

The 13C NMR experience pointed out the presence of a carbonyl group within a ketone 

pattern through a signal at δC 209.2 ppm (C-5) (Figure III-13).  

50 45 40 35 30 25 20 15 10 5 0
Chemical shift [ppm]

C
-2

C
-3

C
-1

6

C
-1

1C
-1

0
C

-1
5

C
-7

C
-8

C
-1

4
C

-6
C

-4C
-9

C
-1

2

T
M

S

C
-5

C
-1

3

200 180 160 140 120 100 80 60 40 20 0
Chemical shift [ppm]

M
eO

H

50 45 40 35 30 25 20 15 10 5 0
Chemical shift [ppm]

C
-2

C
-3

C
-1

6

C
-1

1C
-1

0
C

-1
5

C
-7

C
-8

C
-1

4
C

-6
C

-4C
-9

C
-1

2

T
M

S

50 45 40 35 30 25 20 15 10 5 0
Chemical shift [ppm]

C
-2

C
-3

C
-1

6

C
-1

1C
-1

0
C

-1
5

C
-7

C
-8

C
-1

4
C

-6
C

-4C
-9

C
-1

2

T
M

S

C
-5

C
-1

3

200 180 160 140 120 100 80 60 40 20 0
Chemical shift [ppm]

M
eO

H

C
-5

C
-1

3

200 180 160 140 120 100 80 60 40 20 0
Chemical shift [ppm]

M
eO

H

 

Figure III-13 13C NMR of compound A (125 MHz, in CD3OD-d4) 
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The 13C NMR spectrum of compound A was compared with the reference spectrum of 

the synthetic lycopodine [Nakashima et al., 1975], and showed a good correlation. 

Among other things, the carbonyl group and the single methyl group were recognized.  
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Figure III-14 Lycopodine (Compound A) 

Lyopodine has already been isolated from several Lycopodiaceae species, including H. 

selago [Ma and Gang, 2004]. This compound showed an inhibitory activity against AChE 

on the TLC bioautographic assay (see Chapter III.2.4). 
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2.3.2. Compound B 

Compound B appeared as a white amorphous powder. Its UV spectrum showed only 

one maximum at 246 nm, which brought little structural information, except for the 

probable lack of aromatic pattern. Moreover, the high retention time (34.32 min) 

observed on the HPLC-UV/DAD analysis under the conditions described in Chapter 

III.2.2.1 indicated that this compound was rather non-polar. 

The HRESI/TOF/MS analysis in positive ion mode suggested a molecular formula of 

C30H49O4 ([M+H] + m/z 473.3603, required m/z 473.3631). The calculated DBE indicated 

the presence of seven insaturations. 

The 1H NMR experience showed no signal above δH 5.61 ppm (1H, s, H-15). This 

supported the hypothesis previously stated of the lack of aromatic system in the molecule. 

The presence of six methyl groups was detected by signals at δH 0.69 ppm (3H, s, H-28), 

δH 0.76 ppm (3H, s, H-25), δH 0.81 ppm (3H, s, H-26), δH 0.99 ppm (3H, s, H-29), δH 

1.06 ppm (3H, s, H-23), and δH 1.09 ppm (3H, s, H-30) (Figure III-15). The fact that all 

these signals were singlets seemed to indicate that they were all located on quaternary 

carbon atoms. 
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Figure III-15 1H NMR of compound B (500 MHz, in DMSO-d6) 
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Given the small amount of compound available, no 13C-NMR experience could be 

conducted. The chemical shifts of the various carbon atoms were thus deduced from the 

heteronuclear 1H-13C 2D-NMR experiments gHSQC and gHMBC. More particularly, the 

gHMBC experience pointed out the presence of a carbon with a chemical shift at  

δC 201.5 ppm (C-16), indicating the presence of a carbonyl group within a ketone pattern. 

Two signals were also detected by this means, respectively at δC 164.4 ppm (C-14) and 

δC 128.7 ppm (C-15), indicating the presence of a trisubstituted double bond. Finally, the 

presence of two oxygenated methines and of one oxygenated methylene was observed on 

the gHSQC experience, by the correlations between the proton at δH 3.15 ppm (1H, dd, 

J1 = 12.21 Hz, J2 = 5.37 Hz, H-3) and the carbon at δC 79.2 ppm (C-3), between the 

proton at δH 3.10 ppm (1H, s, H-21) and the carbon at δC 74.2 ppm (C-21), and between 

the protons at δH 3.83 ppm (1H, d, J = 10.74 Hz, H-24) and δH 3.23 ppm (1H, s, H-24) 

and the carbon at δC 63.8 ppm (C-24). 

The data obtained so far showed the presence of two double bonds, even though the 

molecule should contain seven insaturations according to the calculated DBE. The 

presence of five cycles was thus probable. 

The number of carbon atoms (C30) given by the molecular formula indicated that 

compound B should belong to the triterpenoid class of compounds. The presence of 

pentacyclic triterpenes in Lycopodium s.l. has already been reported, all possessing a 

serratene skeleton [Kulshreshtha et al., 1972]. This type of compound is characterized by 

the presence of a seven-membered central ring and seven methyl groups. They usually 

present oxygen functionalities at either or both C-3 and C-21. They have also been 

reported from conifers (Pinus L. and Picea A. Dietr., Pinaceae) [Conner et al., 1981]. 

The information previously collected was compared with the data obtained for some 

serratanes already isolated from various Lycopodiaceae species. Given the chemical 

shifts observed for the carbon atoms, the structure of compound B could correspond to 

several products according to the stereochemistry of the two hydroxyl groups located on 

C-3 and C-21 [Tsuda et al., 1975; Zhou et al., 2003]; the NOESY experience was thus 

conducted in order to clarify this point (Figure III-16). 
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Figure III-16 Main homonuclear 1H-1H NOE correlations of compound B 
*: asymmetric carbons; 1H chemical shifts [ppm]; 500 MHz, DMSO-d6  

The correlation observed between H-3 (δH 3.15 ppm) and the H-23 methyl protons (δH 

1.06 ppm) indicated that H-3 was on the same side of the plane drawn by the molecule as 

the methyl group. Given that the absolute configuration of this compound was not 

established, the position of both H-3 and CH3-23 was considered to be α. The hydroxyl 

group on carbon C-3 was thus positioned in β. This was also supported by the value of 

the chemical shift of the C-3 (δC 79.3 ppm), which was in good agreement with literature. 

In fact, when the hydroxyl group was positioned in α, the chemical shift of C-3 was 

found to be lower (δC 68.3 to 70.6 ppm for α against 78.1 and 81.6 ppm for β) [Zhou et 

al., 2003]. 

Generally, the ring junction between cycles D and E is assumed to be trans, as in 

trans-decalin [Li et al., 2006; Tsuda et al., 1975; Zhou et al., 2003]. In this case, this was 

supported by the fact that H-19 (δH 1.77 ppm) strongly correlated with H-17  

(δH 2.45 ppm), and explained the lack of signal observed between H-17 and the H-28 

methyl protons (δH 0.69 ppm). Consequently, the double correlation of H-21 (δH 3.10 

ppm) with H-29 (δH 0.99 ppm) and H-30 (δH 1.09 ppm) required that H-21 was 

positioned in α, and the hydroxyl group therefore in β. Moreover, the signal observed for 

H-21 was a broad singlet (bs), which could only be managed if H-21 was in the equatorial 

position with respect to the dihedral angle formed with both vicinal protons (H-20) 

[Zhang et al., 2002]. Finally, the chemical shift observed for the methine proton  
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δH 2.45 ppm (1H, s, H-17) was in good agreement with the idea of an axial hydroxyl 

group, the chemical shift of this proton being reported to be lower (δH 2.20 ppm) when 

equatorial [Tsuda et al., 1975]. The β-positioning of the hydroxyl group on C-21 was thus 

confirmed. 

Both hydroxyl groups in C-3 and C-21 were thus positioned in β in compound B, and 

it was identified as 16-oxo-21-episerratriol (16-oxoserrat-14-en-3β,21β,24-triol) (Figure 

III-17). All the NMR data available for this compound or its stereoisomers have been 

obtained for the acetylated compounds [Tsuda et al., 1975]. In the present case, the 

acetylation of B was not undertaken because of the too small amount of product 

available. 
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Figure III-17 16-oxo-21-episerratriol (Compound B) 

This compound has already been isolated from the Lycopodiaceae family, more 

precisely from Lycopodium cernuum L. [Tsuda et al., 1975]. However, it is the first time 

that it is described in the genus Huperzia. 
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2.3.3. Compound C 

Compound C appeared as a yellow amorphous powder. Its UV spectrum showed three 

maxima at 244, 304, and 350 nm. The high retention time (38.18 min) observed on the 

HPLC-UV/DAD under the conditions described in Chapter III.2.2.1 indicated that this 

compound was rather non-polar. 

The HRESI/TOF/MS analysis in the negative ion mode suggested a molecular formula 

of C20H25O5 ([M-H] - m/z 345.1682, required m/z 345.1702).  

The 1H NMR experience showed no signal above δH 4.78 ppm (1H, t, H-16), which 

indicated a lack of aromatic proton. The presence of four methyl groups was detected by 

signals at δH 1.22 ppm (3H, s, H-18), δH 1.23 ppm (3H, s, H-19), δH 1.36 ppm (3H, d, J = 

6.84 Hz, H-17), and δH 1.51 ppm (3H, s, H-20). The three singlets observed (δH 1.22, 

1.23, and 1.51 ppm) indicated that these methyl groups were located on quaternary 

carbon atoms. 

Given the small amount of compound available, no 13C NMR experience could be 

conducted. The chemical shifts of the various carbon atoms were thus deduced from the 

heteronuclear 1H-13C 2D-NMR experiments gHSQC and gHMBC. A carbon with a 

chemical shift at δC 204.8 ppm (C-7), observed thanks to the gHMBC, indicated the 

presence of a carbonyl group within a ketone pattern. Three signals also detected by this 

means, respectively at δC 157.6 ppm (C-12), δC 140.3 ppm (C-9) and δC 115.9 ppm  

(C-13), suggested the presence of more than one double bond. Finally, the presence of at 

least two oxygenated functions was observed via the gHSQC experience by the 

correlation between the proton at δH 4.59 ppm (1H, d, J = 13.18 Hz, H-6) and the 

oxygenated methinic carbon at δC 72.2 ppm (C-6), and between the methylene protons  

H-16 (δH 4.78 ppm, 1H, t, J = 9.03 Hz; δH 4.28 ppm, 1H, dd, J1 = 8.79 Hz, J2 = 6.35 Hz) 

and the carbon at δC 80.5 ppm (C-16). At that point, the presence of three oxygen atoms 

was pointed out. 

The analysis of the homonuclear 1H-1H 2D-NMR experiment gDQF-COSY helped to 

elucidate three parts present in the molecule (Figure III-17). The first one  

( ___ ) included correlations between the protons H-16 (δH 4.78 ppm, 1H, t, J = 9.03 Hz; 

δH 4.28 ppm, 1H, dd, J1 = 8.79 Hz, J2 = 6.35 Hz) and the proton at δH 3.68 ppm (1H, m, 
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H-15), and between this proton and the one at δH 1.36 ppm (3H, d, H-17). The second one 

( ···· ) consisted of the correlation observed between the proton at δH 4.59 ppm (1H, d, J = 

13.18 Hz, H-6) and the one at δH 1.78 ppm (1H, d, J = 13.18 Hz, H-5), which was 

consistant with the coupling constant J observed for both doublets. The third part ( --- ) 

included various homonuclear correlations between protons at δH 3.40 ppm (1H, m, H-1), 

δH 1.39 ppm (1H, s, H-1), δH 1.75 ppm (1H, m, H-2), δH 1.50 ppm (1H, m, H-3), and δH 

1.33 ppm (1H, m, H-3). 
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Figure III-17 Homonuclear 1H-1H gDQF-COSY correlations spectrum of compound C 
500 MHz, CD3OD-d4 

The long range heteronuclear 1H-13C 2D-NMR experiment gHMBC corroborated the 

structure of two distinct parts ( --- and ___ ) in compound C, the second and the third parts 

shown in Figure III-17 being finally linked (Figure III-18). 
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Figure III-18 Long range heteronuclear 1H-13C gHMBC correlations spectrum of compound C 
500 MHz, CD3OD-d4 

The two patterns identified so far are presented in Figure III-19, with the main long 

range heteronuclear 1H-13C gHMBC correlations. The first one (a) corresponded to a 

decaline, and the second one to a furane ring (b). 
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Figure III-19 Separated patterns identified in compound C 
decaline (a), furane (b); →: 1H-13C gHMBC correlations; 500 MHz, CD3OD-d4 

According to the molecular formula, those two parts could be connected by a C3H2O2 

fragment. It was thus highly probable that quaternary carbons were positioned between 

the decaline and the furane entities. Given the data obtained so far, the presence of an 

aromatic ring composed of the three ethylenic carbons (C-9, C-12 and C-13), and bearing 

two hydroxyl groups was stated. This hypothesis was confirmed by the DBE calculated. 
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The further analysis of the heteronuclear 1H-13C 2D NMR experiences gHSQC and 

gHMBC led to the identification of an abietane diterpene, 12,16-epoxy-6,11,14-

trihydroxy-8,11,13-abietatrien-7-one. The chemical shifts of the carbon atoms deduced so 

far were compared with literature data, separately for the two patterns, given that this 

molecule had not been recorded [Alder et al., 1984; Matsumoto et al., 1991]. The keton 

occuring on C-7 was stabilized by the formation of a hydrogen bond with the phenol 

group on C-14 [Alder et al., 1984]. The experimental values coincided with the 

theoretical ones. 

Finally, the stereochemistry of the compound was analysed. Like all diterpenes, 

abietanes are issued from the cyclisation of geranylgeranyl diphosphate (GGPP). In the 

case of abietanes, this reaction is catalyzed by only one enzyme, abietadiene synthase, in 

a multistep sequence [Barton et al., 1999]. The junction between cycles A and B obtained 

in this way was thus trans, which could explained the lack of NOE correlations between 

δH 1.78 ppm (1H, d, H-5) and δH 1.51 ppm (3H, s, H-20) (Figure III-20).  
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Figure III-20 Main homonuclear 1H-1H NOE correlations of compound C 
*: asymmetric carbons, 1H chemical shifts [ppm]; 500 MHz, CD3OD-d4  

Given that the absolute configuration of this compound could not be established, the 

position of CH3-20 was assumed to be β. The correlation observed between H-6  

(δH 4.56 ppm) and the H-20 methyl protons (δH 1.51 ppm) indicated that H-6 was on the 

same side of the plane drawn by the molecule than the methyl group CH3-20, and thus 

that the hydroxyl group found on C-6 was α. The methine proton H-6 also correlated with 
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the methyl protons H-19 (δH 1.22 ppm), which were thus positioned β, as stated in the 

literature [Miguel del Corral et al., 1994]. The stereochemistry of the C-15 carbon could 

not be established by the same means. In fact, data from literature obtained for a parent 

compound indicated that the chemical shifts of the nearby atoms did not differ 

significantly whether the group was α or β. The differenciation can only be made by 

physical data such as melting points or specific rotation ([α]D) [Matsumoto et al., 1991]. 

For this purpose, the data from both molecules have to be available, and thus both 

stereoisomers have to be synthesized. Compound C was thus identified as 12,16-epoxy-

6α,11,14-trihydroxy-8,11,13-abietatrien-7-one (Figure III-21). It is worth noticing that 

the structural changes for abietatrienes are mainly related to the presence of oxygen-

bearing functional groups such as hydroxyl, methoxyl, carbonyl, ether bridges, and so on, 

in various positions. The rates of insaturation may also vary. The carbon C-7 and the 

three aromatic methines (C-11, C-12, and C-14) are frequently substituted positions, 

while C-6 is less commonly functionalized [Miguel del Corral et al., 1994]. 
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Figure III-21 12,16-epoxy-6αααα,11,14-trihydroxy-8,11,13-abietatrien-7-one (Compound C) 

Abietane diterpenoids are components of extracts or resins from many conifers 

belonging to the Araucariaceae, Cupressaceae, Pinaceae and Podocarpaceae families. The 

main source is colophony, the residue of the distillation of pine resins (Pinus spp., 

Pinaceae). They also occur in several Angiosperm families such as Asteraceae, 

Celastraceae, Hydrocharitaceae, Lamiaceae, or others. Compounds of this type have 

shown numerous biological properties such as antimicrobial, antiulcer, cardiovascular, 
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allergenic, antiallergic activities, and many uses in cosmetics and dermatologic 

preparations have been reported for some of them [San Feliciano et al., 1993]. Moreover, 

8,11,13-abietatrien-12-ol, isolated from Harpagophytum procumbens DC. (Pedaliaceae), 

has shown in vitro antiplasmodial activity against malaria [Clarkson et al., 2003]. This 

class of compounds has been isolated once from a Lycopodiaceae species, Lycopodium 

crassum Humb. & Bonpl. ex Willd. (syn. Huperzia Crassa (Willd.) Rothm.), with a 

glutamate transporter inhibitory activity [Oshima and Nakamaru, 1998]. 

12,16-epoxy-6α,11,14-trihydroxy-8,11,13-abietatrien-7-one (Compound C) is a new 

compound describes here for the first time. 
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2.4. BIOLOGICAL ACTIVITIES 

Compound A was isolated by bioguided fractionation, according to the results 

obtained by TLC bioautography for acetycholinesterase inhibitors. This compound 

presented a minimal inhibitory quantity (MIQ) of 0.01 µg, which corresponds to an 

intermediate activity (for comparison, the MIQ of (-)-huperzine A is 0.01 ng and that of 

galanthamine is 0.01 µg) (Figure III-22). When the molecular weight was taken into 

account, the MIQ of compound A was of 4.04⋅10-2 nmol, and thus slightly less active than 

galanthamine (2.72⋅10-2 nmol). 
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Figure III-22 TLC bioautograph showing the MIQ against AChE of compound A 
A: compound A (0.001 to 1 µg applied); HupA: huperzine A (positive control; 0.001 µg applied); solvent 

system: EtOAc:MeOH:H2O (100:13.5:10); support: Merck Silicagel 60 F254 aluminium sheets; 
 detection:  1-naphthyl acetate and Fast Blue B salt after incubation with acetylcholinesterase. 

Although this compound has already been isolated from various Lycopodiaceae 

species, this activity has never been described. Furthermore, all the Lycopodium alkaloids 

known for their anticholinesterase activity stemmed from the lycodine class, which was 

not the case here [Ma and Gang, 2004]. The only existing report on an activity of this 

type concerned an extract of Huperzia saururus (Lam.) Trevis (Lycopodiaceae) 

containing lycopodine among other Lycopodium alkaloids [Ortega et al., 2004]. 

The activity of the compound was then determined by the means of an assay 

conducted in solution based on Ellman’s method. The percentage of inhibition induced by 
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the product at a concentration of 10-5 M was measured in a 96-well microtitre plate in 

duplicate (see Chapter V.5.4.1). Lycopodine produced an inhibition of 24.3 +/- 5.6 %. 

Given the limits defined in Chapter III.3 (Table III-8), the compound was not considered 

to be interesting, even though it showed a slight activity. This result corresponded with 

the one obtained for the TLC assay, although in this case compound A was just under the 

limit drawn for the test. The low value obtained by this means might explain the fact that 

this compound has never been considered as an acetylcholinesterase inhibitor. 

2.5. COMPARISON OF FIVE LYCOPODIACEAE SPECIES 

In order to undertake a comparison between the five Lycopodiaceae species studied in 

the first part of this work, ultra performance liquid chromatography (UPLC) separation 

was performed on their chloroform extracts. The term UPLC is related to a working 

pressure comprised between 400 and 1000 bar. The increase of pressure allows to work 

with columns packed with small particles (sub-2 µm), which generate high back pressure. 

This type of chromatographical support can be used to perfom fast analyses, since a good 

efficiency can be maintained with short columns and at high flow rate. When complex 

mixtures have to be analysed, the size of the column can be increased in order to obtain 

high resolution chromatograms. Due to the small peak widths afforded by the UPLC 

system, a detection with a high acquisition rate is required; this can be easily obtained 

with a time-of-flight (TOF) mass spectrometer [Nguyen et al., 2006]. TOF/MS is a very 

sensitive method that ensures two decimal places, and in this way makes it possible to 

obtain the molecular formula, as far as calibration has previously been performed 

[Mamyrin, 2001]. All the extracts were first treated by solid phase extraction (SPE). This 

allowed to remove pigments, mainly chlorophyll, and very apolar compounds, and 

avoided the overloading of the system. At first, the conditions for chromatographic 

separation were optimized on a classical HPLC system (Figure III-23). The extracts 

obtained after SPE were injected at the rate of 100 µg on an XTerra® RP18 (Waters, 

Milford, MA, USA) chromatographic column. This type of column was chosen because it 

presented a selectivity almost comparable with that of ACQUITY UPLC® BEH C18 

phase. The mobile phase used in this case was composed of acetonitrile (MeCN) and 

water (H2O), each enriched with 0.1 % formic acid (FA). It is worth pointing out that 
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acetonitrile was used instead of methanol, because the lower viscosity of the former 

permitted to reach lower pressures. The optimized gradient under HPLC conditions is 

presented in Table III-4. The change of pH-modifier provided a large peak at the 

beginning of the chromatogram, which might be due to alkaloids that were found in their 

protonated form, and then less retained by the stationary phase. These data were then 

adapted for UPLC by the means of an HPLC calculator download computer program 

found on the Laboratory of analytical pharmaceutical chemistry (LCAP) website (on-

line) [LCAP, 2006]. The stepwise gradient used next was slightly adapted from the one 

proposed by the software, mainly by rounding down the flow rate from 429 µL/min to 

400 µL/min. The gradient used for UPLC is presented in Table III-4. 

Table III-4 HPLC and UPLC gradient 

MeCN+0.1 % FA:H 2O+0.1 % FA (v/v) HPLC time [min] UPLC time [min] 

10:90 5.0 2.61 

70:30 20.0 10.42 

95:5 5.0 2.60 

 

Electrospray ionization (ESI) was conducted in the positive ion mode; the conditions 

are presented in Chapter V.2.4. The choice of the ionization mode was determined by the 

fact that all the compounds previousely isolated from H. selago were better detected in 

this mode. Moreover, alkaloids are generally more easily detected by this mode, and 

given that this class of compounds is the most largely investigated within the 

Lycopodiaceae family, it made more sense to try and detect them. 
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Figure III-23 Chromatograms of H. selago chloroform extract obtained by HPLC (a and b), and 
by UPLC (c) 

Column: Waters XTerra® RP18 (150 x 4.6 mm i.d.; 3.5 µm) (a and b) Waters ACQUITY UPLC® BEH C18 
(150 x 2.1 mm i.d.; 1.7 µm) (c); mobile phase: stepwise gradient MeCN+0.1 % FA:H2O+0.1 % FA (10:90 
(v/v) for 5 min, from 10:90 to 70:30 in 20 min, and finally from 70:30 to 95:5 in 5 min) (a and b), (10:90 
(v/v) for 2.61 min, from 10:90 to 70:30 in 10.42 min, and finally from 70:30 to 95:5 in 2.60 min) (c); flow 
rate: 1.0 mL/min (a and b), 400 µL/min (c); injection: 100 µg (a and b), 1.05 µg (c); detection: UV 254 nm 

(a), UV 308 nm (b), ESI/TOF/MS positive ion mode TIC (c). 
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The first noteworthy thing was the considerable gain of time afforded by UPLC. The 

analysis required only 18 min with this system, against 30 min with HPLC for the same 

column length (150 mm). 

The resolution of the peaks was greatly improved by the coupling of UPLC with 

ESI/TOF/MS, compared with HPLC-UV. This method yielded thus a better overview of 

the complexity of the extracts, by revealing the presence of minor compounds. Moreover, 

the loss of resolution observed after the pH-modifier change at the beginning of the 

chromatogram was partially compensated by this means. However, it must be kept in 

mind that the chromatographic trace observed may be very different according to the 

ionization used (ESI or APCI, positive or negative ion mode).  

The high resolution of the separation obtained allows to compare different 

chromatographic profiles. Moreover, the data obtained by TOF analysis give access to the 

molecular formulas of the compounds responsible for the peaks and facilitate the 

comparison between the various peaks obtained. 

The UPLC-ESI/TOF/MS chromatograms of the extracts of the various Lycopodiaceae 

species were thus compared (Figure III-24). The main peaks found are reported in Table 

III-5. 
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Figure III- 24 UPLC traces of some Lycopodiaceae extracts 
Column: Waters ACQUITY UPLC® BEH C18 (150 x 2.1 mm i.d.; 1.7 µm); mobile phase: gradient MeCN+0.1 % FA:H2O+0.1 % FA (10:90 (v/v) for 2.61 min, 
from 10:90 to 70:30 in 10.42 min, and finally from 70:30 to 95:5 in 2.60 min); flow rate: 400 µL/min; injection: 1.05 µg; detection: ESI/TOF/MS positive ion 

mode TIC. 



 

 

Table III-5 Results of the UPLC-ESI/TOF/MS analyses of some Lycopodiaceae extracts 

 
Retention time 

(tR) [min] 
m/z [amu] 

Most probable 
molecular 
formula 

D. alpinum L. annotinum L. cernuum L. clavatum H. selago 

1 1.19 264.1923 C16H25NO2 + (207) + (2966) - + (718) + (< 100) 

2 1.69 266.2089 C16H27NO2 + (2661) + (344) - + (1304) + (827) 

3 2.51 
(huperzine A) 

243.2036 C15H18N2O - - - - + (691) 

4 3.99 
(A) 

248.2036 C16H25NO + (2227) + (3299) - + (6710) + (1784) 

5 5.54 264.1931 C16H25NO2 + (4746) + (2719) - + (4957) + (7433) 

6 5.96 280.1870 C16H25NO3 + (3173) + (191) - + (413) + (1580) 

7 7.83 489.3580 C31H44N4O + (861) + (< 100) + (< 100) + (< 100) + (< 100) 

8 8.84 489.3550 C31H44N4O + (1382) + (< 100) - + (441) - 

9 
12.72 

(B) 
473.4643 C30H49O4 + (< 100) + (< 100) + (< 100) + (< 100) + (< 100) 

10 12.92 518.4158 C35H50N3O + (260) + (702) - + (170) + (169) 

11 
14.50 

(C) 
345.1682 C20H16O5 + (< 100) - - + (< 100) + (< 100) 

12 15.67 474.3738 C33H17NO + (1774) + (548) + (431) + (1423) + (784) 

+: presence of the compound (area of the peaks); -: absence of the compound
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The areas of the peaks were obtained from the single ion monitoring (SIM) trace of the 

observed m/z ratio, in order to limit the interference of other compounds. The analysis of 

these areas allowed to obtain semi-quantitative results. For example, compound 1 was 

found in greater amount in L. annotinum, compound 5 mostly in H. selago, and 

compound 6 in D. alpinum. However, this kind of observation can only be used for the 

comparison of one compound across several extracts, and it is not possible to determine 

the main component of one extract, given that the efficiency of the ionization may vary 

from one product to another. 

The chromatographic profile of Lycopodium cernuum L. differs greatly from that of 

the other Lycopodiaceae analysed. Only a few of the peaks observed in the others species 

were found in this plant. Moreover, fewer peaks were recordable at the very beginning of 

the separation. This difference could probably be due to the geographic origin of the drug 

(Mauritius), or to the fact that it was collected several years before the analysis. However, 

it is interesting to note that this plant was also known as Lycopodiella cernua (L.) Pic. 

Serm., which implies that it corresponds to one more other genus analysed [Gifford and 

Foster, 1989]. On the other hand, even though several peaks were found in most of the 

species analysed, their relative abundance varied greatly between them. As mentioned 

previously, the presence of huperzine A is characteristic of Huperzia and Phlegmariurus 

genera [Ma et al., 1998]. 

The molecular ion observed for four of the peaks (1, 2, 5, 6) gave a molecular formula 

typical of the Lycopodium alkaloids, including 16 carbon atoms, and a variable number of 

nitrogen and oxygen atoms. Given that more than 200 alkaloids have been isolated from 

various Lycopodiaceae species, it was not possible to formally identify the compounds 

responsible for the peaks without analysing the reference substances. For example, more 

than 10 alkaloids could correspond to the molecular formula C16H25NO2 (1, 5) among the 

Lycopodiaceae, while at least 8 compounds have been reported for C16H25NO3 (6) 

[Running, 2006]. Moreover, it is also possible that these formulas correspond to another 

compound not yet recorded or identified. The higher masses observed gave molecular 

formulas with more than 30 carbons, which should correspond to dimers [Ma and Gang, 

2004]. Moreover, for each mass, several results were suggested; only the most probable 

ones are discussed here. 
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The four compounds identified within H. selago - A, B, C and HupA - were injected 

in the same conditions as the extracts in order to localize them, and to check whether they 

were also present in the other analysed species. The retention times for the compounds 

were 3.99, 12.72, 14.50 and 2.51 min, with masses of m/z 248.2036, 473.3643, 347.1682 

and 243.2036 respectively. The absence of HupA, already proven for the other 

Lycopodiaceae (see Chapter III.1.2), was confirmed by this means. At the same time, a 

small peak that seemed to correspond to compound B was found in every analysed 

Lycopodiaceae species. On the other hand, compound C was not detected in L. cernuum 

and L. annotinum, and only small peaks were observed in D. alpinum, L. clavatum, and 

H. selago. Finally, compound A (lycopodine) was detected in all the species analysed, 

except L. cernuum.  

Given that no activity had previously been observed in the other Lycopodiaceae 

species, some additional investigations were undertaken (see Chapter III.2.1). The SPE 

performed before the mass analysis could influence the concentration of A, the 

anticholinesterase activity was thus also checked in the samples injected in ESI/TOF/MS. 

The results obtained were again negative for all the extracts except for that of H. selago. 

It was then wondered whether the activity observed for compound A could be due to a 

strongly active impurity co-isolated in a small amount. In order to optimize the migration 

of the substance, another elution system was used (CHCl3/MeOH/H2O 65:35:5 (v/v/v)). 

Given the difficulty encountered in trying to observe these alkaloids by UV detection or 

by the polyvalent TLC Godin’s reagent, TLC plates were revealed by the means of a 

modified Dragendorff’s reagent, which specifically reacts with this type of compound 

[Wagner et al., 1982]. At the same time, a bioautography was performed in the same 

conditions in order to compare the Rf of the active spot with that observed for 

Dragendorff’s reagent (Figure III-25). The values obtained (Rf = 0.60) confirmed the 

activity of the isolated compound, previously identified as lycopodine (see Chapter 

III.2.3.1).  
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Figure III-25 TLC bioautograph showing the inhibiti on of AChE activity of compound A (a) and 
TLC specific detection of alkaloid compounds (b) 

A: compound A (1 µg applied (a) 10 µg applied (b)); HupA: huperzine A (positive control; 0.001 µg 
applied (a), 10 µg applied (b)); solvent system: CHCl3:MeOH:H2O (65:35:5); support: Merck Silicagel 60 

F254 aluminium sheets; detection:  1-naphthyl acetate and Fast Blue B salt after incubation with 
acetylcholinesterase (a), Dragendorff’s modified reagent (b). 

It was thus stated that another compound co-eluted with compound A in ESI/TOF/MS 

analysis. Moreover, it appeared that the peak observed at 3.99 min presented a shoulder, 

which seemed to indicate the elution of at least two compounds at the same time. It was 

assumed that lycopodine, reported to be present in the other Lycopodiaceae species 

tested, may be present here in too small a quantity for any activity to be seen [Ma and 

Gang, 2004]. 
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3. COMPARISON OF SOLUTION AND TLC BIOASSAYS 

FOR THE DETECTION OF ACETYLCHOLINESTERASE 

INHIBITORS 

This part of the work was performed in collaboration with Mrs Saviana Di Giovanni, 

Laboratoire de chimie thérapeutique, groupe de pharmacochimie (LCT-Pharmacochimie) 

of Prof. P.-A. Carrupt, School of pharmaceutical sciences, University of Geneva, 

Switzerland. 

3.1. GENERAL PROCEDURES 

Two colorimetric reactions have been described for the detection of inhibitory 

compounds of acetylcholinesterase activity. The first assay is based on Ellman’s method, 

and is conducted in solution [Brühlmann et al., 2004], while the second one uses Fast 

Blue B salt as reagent and is performed on TLC plates [Marston et al., 2002]. In order to 

compare both methods, the second reaction was also adapted in solution (see Chapter 

II.3.2.2). A test set consisting of seven reference AChEI (Figure III-26), six natural 

compounds (four coumarins (19), one xanthone (20), and one diterpene (21)) and 126 

synthetic compounds (fifty-five coumarin (19) and chromone (22) derivatives, forty-four 

5H-indeno-[1,2-c]-pyridazin-5-one (indenopyridazine, 23), and twenty-seven aurone (24) 

and azaaurone (25) derivatives) (Figure III-27) was analysed with each method. 

The xanthone derivative (bellidifoline, 20) was isolated from Gentiana campestris L. 

(Gentianaceae) [Urbain et al., 2004], the diterpene derivative (5α,8α-(2-oxokolavenic 

acid), 21) from Detarium microcarpum Guill. & Perr. (Caesalpinaceae) [Cavin et al., 

2006], and the four coumarin derivatives from Peucedanum ostruthium (L.) W. Koch 

(Apiaceae) [Urbain et al., 2005]. The synthesis of the forty-four indenopyridazone and of 

the fifty-five coumarin derivatives was performed in the Dipartimento Farmaco-Chimico, 

Università di Bari, Italy. The twenty-seven aurone and azaaurone derivatives were 

synthesized in the Département de Pharmacochimie Moléculaire, Faculté de Pharmacie 

de Grenoble, France. 
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Figure III-26 Chemical structures of the reference AChEI tested 
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Figure III-27 Chemical structures of compound classes examined 
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For both assays conducted in solution, dimethylsulfoxide (DMSO) was used as co-

solvent for the solubilization of the tested compounds; it was also employed for the 

substrate 1-naphthyl acetate in the case of the assay using Fast Blue B salt. It was decided 

to use this co-solvent because it is usually the solvent of choice to prepare stock solutions 

of molecule libraries for biological and pharmaceutical studies and screenings. At first, 

the influence of DMSO on the enzymatic activity was tested by addition of different 

percentages of co-solvent (0.6 %, 1.6 %, and 2 %) to the reaction mixtures. 

Traditionnally, it is desirable to maintain the amount of DMSO below 2 % when 

performing protein-based and/or cellular assays to avoid interference with the normal 

structure and functional properties of the enzyme [Jagota, 1992]. The kinetic parameters 

KM and Vmax obtained for both substrates were determined by the Michaelis-Menten 

rectangular hyperbola using Prism V4.00 (GraphPad Software Inc.) (see Chapter V.5.4). 

The values obtained were compared with the enzymatic activity of AChE in the absence 

of the co-solvent (Table III-6). 

Table III-6 Kinetic parameters (K M and Vmax) determined with different percentages of DMSO 

Ellman’s reagent Fast Blue B salt reagent 
DMSO [%] 

KM [mM] V max [M·min -1U-1] KM [mM] V max [M·min -1U-1] 

0 0.12 ± 0.01 1.38 ± 0.06 - - 

0.6 0.20 ± 0.03 0.91 ± 0.04 0.23 ± 0.02 0.29 ± 0.01  

1.6 0.25 ± 0.03 0.64 ± 0.03 0.27 ± 0.05 0.27 ± 0.02  

2.0 0.36 ± 0.05 0.15 ± 0.02 0.39 ± 0.06 0.21 ± 0.02  

Means ± standard errors (n = 3) 

 

The increase in KM value and the significant decrease in Vmax value, already observed 

with 0.6 % of co-solvent, showed that DMSO was a mixed inhibitor of both enzymatic 

reactions. A remarkable decrease in the affinity of AChE for each substrate was observed 

through the KM increase. However, these values were in good agreement with those 

reported in literature for acetylthiocholine (0.11 ± 0.01 mM [Selwood et al., 1993]), and 

for 1-naphthyl acetate (0.1 mM [van Asperen, 1962]). It is noteworthy that AChE showed 

the same affinity for both molecules. A substrate concentration close to the apparent KM 

value obtained with each microplate assay was chosen to assess the inhibitory activity of 

compounds for all further experiments. The interference of different amounts of DMSO 
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on the AChE inhibitory activity of compounds had thus to be taken into account. For this 

purpose, the pIC50 values of the seven reference products were determined in the 

presence of different amounts of DMSO (Table III-7). 

Table III-7 Influence of DMSO on pIC50 values of reference compounds 

Ellman’s reagent Fast Blue B salt reagent 
Compounds 

0a) 0.6a) 1.6a) 0.6a) 1.6a) 
Literature 

Propidium 4.64 ± 0.02 4.49 ± 0.06 4.37 ± 0.12 4.75 ± 0.02 4.71 ± 0.15 4.49b) 

Physostigmine 6.11 ± 0.13 5.93 ± 0.09 5.66 ± 0.08 5.93 ± 0.07 5.86 ± 0.03 6.90c) 

Galantamine 6.60 ± 0.03 6.05 ± 0.04 5.94 ± 0.16 5.88 ± 0.07 5.74 ± 0.04 6.44d) 

(±)-Huperzine A 6.71 ± 0.07 6.53 ± 0.10 6.34 ± 0.04  6.42 ± 0.08 6.14 ± 0.05 - 

(-)-Huperzine A 7.19 ± 0.09 6.97 ± 0.08 5.47 ± 0.14 6.60 ± 0.10 5.65 ± 0.09 7.37e) 

Tacrine 7.82 ± 0.13 7.52 ± 0.20 7.35 ± 0.20 7.78 ± 0.05 7.33 ± 0.10 7.30d) 

Donepezil 7.91 ± 0.17 7.61 ± 0.13 7.34 ± 0.02 7.55 ± 0.05 7.45 ± 0.09 7.40 f) 

Means ± standard errors for two separate enzyme preparations; a) DMSO [%]; b) [Bolognesi et al., 2005], 
c) [Ishihara et al., 2000], d) [Guillou et al., 2000], e) [Feng et al., 2005], f) [Martinez et al., 2000] 

 

The difference between the respective inhibitory activities of the seven reference 

products, determined with 0 % and 0.6 % of DMSO with Ellman’s method, was found to 

be very important. Indeed, the P value obtained by the paired two-tailed Student’s t-test 

was < 0.01, and differences are considered significant when P < 0.05. All compounds 

became more active in the absence of the co-solvent, suggesting that DMSO has an effect 

on their inhibitory potencies. This effect became more pronounced with the increase of 

the co-solvent concentration. DMSO was thus assumed to be in competition with the 

substrate for the AChE active site. However, since 1-naphthyl acetate is not soluble in 

water, and given that most of the compounds tested need the use of a co-solvent, a 

minimal concentration of DMSO has to be used. The final concentration was thus set 

to1.6 % for all the assays conducted in solution. It is worth noting that the decrease of 

activity due to the use of DMSO did not affect the predicted activity classes for the seven 

reference inhibitory compounds. 

In order to carry out the comparison between the different measurement methods, an 

activity scale was defined, on the basis of the results obtained (Table III-8). The values of 

pMIQ were obtained on the basis of MIQ expressed in mole [mol], whereas those of 

pIC50 was expressed in molarity [M]. 
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Table III-8 Classes of activity defined for each assay 

Activity pMIQ pIC 50 Percentage (%) of 
inhibition at 10 -5 M 

Inactive or too slightly 
active 

< 10.5 < 5 < 60 

Intermediate activity 5 ≤ pIC50 < 6 60 ≤ % inhibition < 80 

High activity 
≥ 10.5 

≥ 6 ≥ 80 

 

3.2. COMPARISON OF BOTH MICROTITRE PLATE METHODS IN 

SOLUTION 

The pIC50 values of the seven reference compounds (Table III-7) were analysed in 

order to determine whether those obtained with Fast Blue B salt reagent were consistant 

with those issued from Ellman’s method. When the results from the first reaction were 

graphically reported against those from the second one, a good correlation between the 

two microplate assays was observed in presence of 0.6 % as well as 1.6 % of DMSO, 

within the bounds of experimental errors. The equations of the two straights were  

y = 0.938x + 0.37 (r2 = 0.956) and y = 0.899x + 0.67 (r2 = 0.967), respectively. Even 

though the coefficient of determination (r2) was observed to be slightly higher with  

1.6 % DMSO, the analysis of the slope of the linear relationship (0.938 and 0.899, 

respectively) indicated that the correlation between both methods was better with the 

lower percentage of co-solvent. However, the inhibitory activities obtained were in 

agreement with the results reported in literature. The high degree of correlation between 

the two assays and the good precision observed in each indicated little or no difference in 

the accuracy and sensitivity of both. 

In order to rapidly screen the activity of the 139 compounds, a quick method was 

required. The percentages of inhibition at 10-5 M were determined for the seven reference 

inhibitory compounds, and the values obtained were compared with the pIC50. Both types 

of measurements were shown to be well correlated, and all the compounds were predicted 

as highly active (Table III-8). The inhibitory potencies of the 139 compounds were thus 

determined at a concentration of 10-5 M with the two colorimetric methods in solution. A 

good correlation was observed between the values achieved using 96-microtitre plate 

assays with Ellman’s and Fast Blue B salt reagents. With the exception of 2.2 % of the 



  RESULTS AND DISCUSSION 

125 

tested compounds (orange area), detected as active only with the test using Fast Blue B 

salt reagent, the compounds were found in the same area on the activity scale (yellow 

areas) (Figure III-28). 
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Figure III-28 Correlation between percentages of inhibition at 10-5 M determined with the two 
microtitre plate methods 

Data are means (n = 3); percentage of DMSO: 1.6 %; yellow areas: compounds in the same activity class, 
orange areas: compounds active with only one method; ∆: reference AChEI. 

The correlation between the percentages of inhibition at 10-5 M using Ellman’s method 

and using Fast Blue B salt reagent resulted in a linear relationship. Indeed, the majority of 

the compounds tested were predicted in the same activity class. Likewise, the high degree 

of correlation between both methods and the good precision observed indicated little or 

no difference between them. 

The two microtitre plate methods in solution are reliable, convenient, rapid and 

accurate. The general advantages of a test performed in microplates are the easy handling 

of large amounts of samples simultaneously, the possibility of automation and the need of 

little material. However, Ellman’s method presented some additional qualities over that 

using Fast Blue B salt as reagent, and it can be considered the method of choice for 

medium- and high-throughput inhibitors screening. Firstly, the stability of the substrate 

and solutions employed is higher; all the reagents used in Ellman’s method are stable in 

solution, whereas the Fast Blue B salt solution has to be prepared just before use. 

Secondly, acetylthiocholine is soluble in buffer, contrarily to 1-naphthyl acetate, which 

gives a significant reduction of the final amount of DMSO in the reaction mixture. This 



CHAPTER III 

126 

appears to be particularly important given the influence of the co-solvent on the data 

obtained for the seven reference compounds (Table III-7). Thirdly, the formation of the 

product of the enzyme reaction can be monitored in continuous manner with Ellman’s 

method, but the reaction had to be stopped when using Fast Blue B salt, which induced a 

loss of information on the course of the reaction. Finally, the concentration of enzyme 

required is lower. 

3.3. COMPARISON OF INHIBITORY POTENCIES DETERMINED 

WITH MICROTITRE PLATES AND TLC BIOASSAYS 

At first, the comparison between the pIC50 values of the seven reference compounds 

and their pMIQ was undertaken. Some variations were observed between the two 

supports. Propidium was not detected at all with the TLC assay, even at the highest 

quantity tested (1 µg). This is most probably due to a strong interaction between the 

compound and the silica. Moreover, donepezil and tacrine were revealed to be less active 

than (-)-HupA in the TLC assay, even though the opposite was observed with both 

microtitre plate assays. However, although the two tests have a different order of 

magnitude, most of the reference compounds were found to be active, with the exception 

of propidium, as explained previously. 

In contrast, the comparison of pMIQ values with the percentages of inhibition at  

10-5 M of the 139 tested compounds revealed important method-dependent differences in 

the respective inhibitory selectivity of the two tests (Figure III-29). The differences of 

activity observed between the TLC assay and the microtitre plate method turned out to be 

extremely significant, the P value being < 0.0001 (paired two-tailed Student’s t-test). 
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Figure III-29 Comparison of percentages of inhibition at 10-5 M determined with Fast Blue B salt 
method and pMIQ values 

Data are means (n = 3); percentage of DMSO: 1.6 %; yellow areas: compounds in the same activity class,  
x in orange areas: compounds more active with the TLC assay, ○ in red areas: compounds less active with 

the TLC assay; ∆: reference AChEI. 

For a majority of the compounds tested, percentages of inhibition and pMIQ values 

were convergent. 89.1 % of the compounds were predicted in the same activity classes 

(yellow areas). However, it is worth noticing that the distribution of the compounds 

within a class is large. Moreover, 50.0 % of the compounds, showing an intermediate or 

high activity when tested with the microplate method, were identified as inactive or with 

very low activity on TLC (empty circle in the red area). This implied that half of the 

interesting compounds detected with the tests conducted in solution were missed with the 

TLC assay. Finally, only 2.9 % of the compounds were found to be active on TLC while 

considered inactive with the microplate assay (crosses in the orange area). Only an 

approximate relationship was thus found between the two methods. The differences 

observed suggest subtle changes in the tridimensional geometry of the enzyme. In fact, 

the distribution of AChE within the support material of the TLC is an important 

parameter to be taken into account. The results indicated a modified activity in the TLC 

assay that may be attributed to conformational changes of the enzyme when adsorbed 

onto silica plates, and to its fixation in a more or less favorable position. Therefore, the 

accessibility of the enzyme to substrate and inhibitor may be altered. It is clear that these 

are important aspects closely related to the reaction kinetics. 
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In order to interpret the differences between the percentages of inhibition at 10-5 M 

and the pMIQ values obtained, several compounds showing differences in activity (○) 

were selected and their pIC50 values were determined by the means of Ellman’s method. 

As previously reported, the percentages of inhibition were in good agreement with the 

pIC50 values and the compounds were predicted in the correct inhibitory classes. It has to 

be noted that, for all the compounds appearing more active with the TLC assay (x), these 

measurements could not be performed due to their too low activity. The divergences 

observed between the microplate and TLC assays could thus influence the identification 

of hit compounds for the development of new AChE inhibitors. 

The TLC assay was chosen because it gives quick access to information concerning 

the activity of compounds, and also because it is quite simple and rapid; it is still a 

method frequently employed for screening the AChE inhibition of plant extracts. Indeed, 

it is easy to apply them onto the plate, and several samples can be screened at the same 

time. Moreover, the use of DMSO can be avoided, and other volatile solvents represent 

an interesting alternative due to the fact that they do not interfere with the enzymatic 

reaction. Finally, the impact of the coloration observed for vegetal extracts is lower on 

the TLC plates than when the test is conducted in solution. The main limitation of the 

TLC assay is that AChE seems to interact directly with the silica support. 
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4. DETECTION OF ββββ-SECRETASE INHIBITORY 

ACTIVITY 

4.1. METHOD DEVELOPMENT 

4.1.1. General procedures 

The assay used for the detection of β-secretase inhibitors was based on fluorescence 

resonance energy transfer (FRET) (see Chapter II.4.2.2.). Material and specific settings 

are stated in Chapter V.5.5. 

Preparation of standard solutions 

A solution at 2.0 µg/mL of β-secretase was prepared with an ammonium acetate buffer 

(NaOAc) 50 mM at pH = 4.5. Bovine serum albumine (BSA) (0.25 %) was added in 

order to avoid a loss of activity of the enzyme. 

The substrate BAS 131 is a peptide based on the Swedish mutant APP, with [7-

methoxycoumarin-4-yl]acetic acid (MCA) as the fluorescent moiety and  

2,4-dinitrophenyl (DNP) as the quencher.  β-Secretase has more affinity for the cleavage 

site of the Swedish mutant than for that of the native protein. The reaction is thus more 

efficient and the quantity of substrate needed is lower [Pietrak et al., 2005]. A solution at 

40 µg/mL (20 µM) was prepared in HEPES buffer 10 mM, pH = 7.0. The solubility of 

the peptidic substrate in aqueous buffer is very poor; although it is increased by the 

presence of two terminal arginine groups, the addition of 10 % dimethylsulfoxide 

(DMSO) was necessary for the complete solubilization of the compound. 

STA 200 is a peptidic inhibitor with statin as the central figure. The solution at 

10 µg/mL (1.5 µM) was prepared with the same buffer than the substrate. Its solubility 

was even poorer than that of BAS 131, the addition of 10 % DMSO was thus also 

necessary.  
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Conditions of analysis 

The volume per well was set to 200 µL; with 100 µL β-secretase and 50 µL of both 

the substrate, and the sample or inhibitor. The reaction was started by the addition of the 

substrate. The enzyme concentration within the well might be situated between 0.5 and 

2.0 µg/mL. In fact, the enzyme activity may vary according to the batch; a control had to 

be done prior to the experiment, in order to assess the adequacy of the concentration used. 

Generally, the concentration was set to 1.0 µg/mL for BAS 131. 

Several substrate concentrations were tested in order to determine the optimum for 

monitoring the reaction. A kinetic slope was only observed for the BAS 131 solution at 

40 µg/mL (10 µg/mL or 5.0 µM per well). 

The IC50 for the inhibitory compound STA 200 is about 40 nM [Kumaraswamy et al., 

2004]; the concentration used (2.5 µg/mL or 400 nM per well) allowed a complete 

inhibition of the enzymatic activity, so that there was no slope. 

Measurements were performed every 5 min between 20 min and 2 hours. The first 

data were excluded to give the reaction enough time to stabilize. 

As the temperature influences greatly the enzymatic activity, it is important to keep 

this parameter constant. The fluorimeter was thus set to 30°C. 

Microtitre plate choice 

This assay was developed in a 96-well microtitre plate, in order to be able to test a 

great number of compounds with a minimum time and solutions consumption. For 

fluorescence experiments, white or black background plates might be used. The white 

ones are designed to have maximum reflexion and minimum autofluorescence and 

luminescence. They can be used for both fluorescence and luminescence. On the other 

hand, the black ones present minimal noise and interferences when used for fluoresence 

and a diminution of the dispersion of the parasitical light. They are specially designed for 

fluorescence. Several plates were tested in order to obtain a maximum difference between 

the values observed after 2 hours, with and without the enzyme (Figure III-30); this was 

sought to allow a maximum slope for kinetic measurements and thus an easier detection 

of the inhibitory compounds. 
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Figure III-30 Data obtained with the various microtitre plates 
1: Corning® black untreated microplate (3915), 2: Corning® black special optic clear bottom microplate 
(3615), 3: BD Falcon® black enhanced binding microplate (353944), 4: BD Falcon® black microplate 

(353943), 5: FluoroNunc® white microplate (236108);  λemission = 340 ± 15 nm, λexcitation = 400 ± 15 nm; T = 
30°C; sensitivity optimized for each type of plate, limited to 120; end-point measurement at 120 min. 

All the plates tested were manufactured in polystyrene. The best results were obtained 

with the BD Falcon® black enhanced binding plates (353944). The same plates also exist 

without the treatment allowing an enhanced binding of the protein (BD Falcon® black 

assay plates (353943)); however, with this type of plate, only a slight increase of the 

absorbance was observed in the presence of the enzyme. This was probably due to an 

interaction between the plate and the substrate, which prevented the reaction from taking 

place properly. 

The Corning® clear bottom plates are designed to allow the reading of the plate from 

the bottom, the probe is thus closer to the sample and the sensitivity is generally 

increased. In fact, even though the sensitivity needed for the reading was actually lower 

than for the other plates, the reaction seemed to be entirely impeded, perhaps by an 

interaction with the surface of the well. Those plates were thus not suitable for this assay. 

Concerning the FluoroNunc® white plates, to obtain interpretable results, the 

sensitivity of the fluorimeter was increased to the maximum (120). Even so, the 

fluorescence recorded was lower than with the other plates. The difference between the 

blank and the negative control was good, but the background noise was increased with 

the sensitivity of the measurements, this type of plate was thus not chosen for the present 

assay. 
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Measurements 

For each type of plates, a negative control (without inhibitor), a positive control (with 

inhibitor), and a blank control (without inhibitor or enzyme) were performed. The 

measurements were always obtained in duplicate. 

In order to detect β-secretase inhibitors in various plant extracts, solutions at 50 µg/mL 

were prepared. The samples were first dissolved in DMSO, before dilution in HEPES 

buffer. The quantity of DMSO was limited to 5 % in the well, amounting thus to 10 % of 

the final volume of the solution, to help the solubilization of the compounds. When plant 

extracts were tested, the interaction between the substrate and the sample was checked. 

For this purpose, a blank sample was prepared with both solutions but whithout the 

enzyme. The exact content of the wells are summed up in Chapter V.5.5. 

4.1.2. Validation of the method 

The results obtained with the method previously described were poorly reproducible, 

validation was therefore undertaken to solve this problem. At first, the temperature was 

increased to 40°C, which corresponded to about 37°C in the well, and thus reproduced 

the body temperature. 

In order to check the reaction time, the rate of measurements was increased from one 

every 5 min to one every 2 min, to make the interpretation of the curve easier. The results 

obtained with the kinetic mode showed a good linearity over 30 min; but after that, the 

slope of the reaction decreased, which is typical of a saturation kinetic (Figure III-31). 

Therefore, measurements were performed for 30 min, with one every minute to increase 

the amount of data available, and to obtain a more reliable curve. In order to let an 

interval for the stabilization of the reaction, nothing was recorded for the first 5 min. 
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Figure III-31 Typical kinetic curve for the reaction between ββββ-secretase and BAS 131 
λemission = 340 ± 15 nm, λexcitation = 400 ± 15 nm; T = 40°C; sensitivity = 115; measurements every 2 min 

from the addition of the substrate to 120 min (a), from 5 min to 30 min (b); [S] = 18 µM. 

The microplates used so far were manufactured in polystyrene. However, a decrease of 

the fluoresence was observable for the blank control, when the substrate was alone in the 

well; the slope used to characterize the kinetic of the reaction was thus negative. This 

phemomenon could be due to an adsorption of the peptide on the well surface. 

Polypropylene plates were thus tested; the sensitivity was conserved, and there was no 

more fluorescence decrease for the substrate; the slope presented then a very slight 

positive value. 

In principle, the concentration of the substrate ([S]) is about equivalent to the KM of 

the molecule; that way, significant catalyze may occur without reaching a saturation state. 

However, even though the KM was well known for the Swedish mutant APP (9 µM 

[Grüninger-Leitch et al., 2002]), no value was reported for BAS 131. In order to 

determine the correct KM value for this substrate, six various [S] were tested (7.2, 18.0, 

36.0, 72.0, 144.0 and 216.0 µM, corresponding to 1.8, 4.5, 9.0, 18.0, 36.0 and 54.0 µM 

per well). They were comprised between 0.2 and 8-fold the KM value reported for the 

Swedish mutant. The dilutions were prepared so that the level of DMSO present in the 

well remained constant. The slopes obtained by the kinetic measurements, corresponding 

to the rate of reaction (V), were graphically reported against the substrate concentration 

(Figure III-32). The kinetic parameter KM was obtained by curve fitting according to the 

classical Michaelis-Menten equation using Prism V4.00 (GraphPad Software Inc.). The 

KM for BAS 131 obtained by this means was 18.91 µµµµM . 
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Figure III-32 Michaelis-Menten curve for BAS 131 with source data obtained from kinetic 
measurements 

λemission = 340 ± 15 nm, λexcitation = 400 ± 15 nm; T = 40°C; sensitivity = 115; measurements every minute 
from 5 min to 30 min. 

It was observed that the substrate presented an important autofluoresence. Two 

different ways were tested in order to supress the possible influence of this parameter on 

the results. First of all, instead of performing kinetic measurements, end-point data were 

registered 30 min after the addition of the substrate. In this way, the correction of the 

autofluorescence of the substrate was simply made by the substraction of the value of the 

blank control. The KM for BAS 131 obtained by this method was 17.56 µµµµM ; the 

Michaelis-Menten curves was obtained by reporting the rate of reaction (V), obtained by 

dividing the corrected end-point value by the reaction time (30 min), against [S], and is 

presented in Figure III-33. 
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Figure III-33 Michaelis-Menten curve for BAS 131 with source data obtained from end-point 
measurements corrected by subtraction of the blank value 

λemission = 340 ± 15 nm, λexcitation = 400 ± 15 nm; T = 40°C; sensitivity = 115; measurements after 30 min. 
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Another method consists in performing calibration straights with several concentration 

of product ([P]). 7-methoxycoumarin-4-acetic acid is the compound responsible for the 

fluorescence of BAS 131, and was therefore used instead of the peptidic product not 

commercially available. At first, the [P] giving the maximum fluorescence under the 

sensitivity used for the assay (115) was determined. This maximum was reached for a [P] 

of 1.27 µM per well. Six various dilutions between 0 and this maximum were then 

prepared (0.4, 0.8, 1.6, 2.4, 3.2 and 4.0 µM, corresponding to 0.1, 0.2, 0.4, 0.6, 0.8 and 

1.0 µM per well). Thereafter, for each [S] a calibration straight was calculated by 

reporting the fluoresence against the [P] (Figure III-34).  
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Figure III-34 Example of a calibration straight for  [S] = 9 µµµµM with source data 
λemission = 340 ± 15 nm, λexcitation = 400 ± 15 nm; T = 40°C; sensitivity = 115; measurements after 30 min. 

Measurements were performed in duplicate by adding the substrate and the product 

into the well without the enzyme, in order to take into account the influence of the 

substrate autofluorescence on the results obtained for [P]. Measurements were performed 

after 5 min and after 30 min before being compared. After 5 min, the fluorescence values 

were slightly higher than after 30 min. As the readings for the Michaelis-Menten curve 

were performed after 30 min, this time was kept for the calibration straights. The 

equations were of the following form, and are summarized in Table III-9: 

y = ax + b        [Eq. III-2] 

a corresponds to the slope of the straight and b to the intersection between the y-axis 

and the straight. 
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Table III-9 Equations of the calibration straights at various substrate concentrations 

[S] [ µµµµM] Equation (y = ax+b) 

1.8 Fluorescence [mFU] = 13220 [P] [µM] + 2735 

4.5 Fluorescence [mFU] = 14950 [P] [µM] + 4865 

9.0 Fluorescence [mFU] = 14370 [P] [µM] + 8380 

18.0 Fluorescence [mFU] = 15480 [P] [µM] + 14210 

36.0 Fluorescence [mFU] = 15070 [P] [µM] + 20730 

54.0 Fluorescence [mFU] = 14000 [P] [µM] + 23390 

 

The value of the y-intercept (b) increased with the substrate concentration, according 

to the autofluorescence observed for BAS 131. Once the calibration was made, the 

fluorescence values after 30 min were introduced within the equation, given [P], and the 

Michaelis-Menten curve was obtained by reporting the rate of the product formation 

([P]/30 min), against the substrate concentration (Figure III-35). The KM for BAS 131 

obtained by this method was 22.95 µµµµM . 
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Figure III-35 Michaelis-Menten curve for BAS 131 with source data obtained from end-point 
measurements and corrected by calibration straights 

λemission = 340 ± 15 nm, λexcitation = 400 ± 15 nm; T = 40°C; sensitivity = 115; measurements after 30 min; 
the value indicated in italics was eliminated. 

Given that the exact KM value was not known, it was not possible to determine which 

method was the best. The validation procedure was thus interrupted at this point. 
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4.2. SCREENING OF PLANT EXTRACTS 

Before the validation of the assay was undertaken, the various plant extracts have been 

screened for their inhibitory activity against β-secretase. They were prepared as described 

in Chapter V.1.3. The results of the extraction were summarized in Table III-10. 

Table III-10 Plant extracts screened for ββββ-secretase inhibitory activity 

Family Botanical name Part (dry weight) Extract (we ight) Efficiency  

DCM (1.3 g) 2.6 % 
Cuminum cyminum L. Fruits (50 g) 

MeOH (4.2 g) 8.4 % 

DCM (2.0 g) 4.0 % 
Apiaceae 

Levisticum officinale 
Koch 

Roots (50 g) 
MeOH (1.9 g) 3.8 % 

DCM (4.0 g) 8.0 % 
Lamiaceae Rosmarinus officinalis 

L. 
Leaves (50 g) 

MeOH (7.6 g) 15.2 % 

DCM (1.2 g) 2.4 % 
Lauraceae Cinamomum 

zeylanicum Blume 
Bark (50 g) 

MeOH (3.3 g) 6.6 % 

DCM (1.3 g) 1.7 % Diphasiastrum alpinum 
(L.) Holub Aerial parts (76 g) 

MeOH (7.2 g) 9.4 % 

DCM (-) - Lycopodium clavatum 
L. 

Aerial parts (-) 
MeOH (-) - 

DCM (2.5 g) 1.3 % 

Lycopodiaceae 

Huperzia selago (L.) 
Schrank et Martius 

Aerial parts (186 g) 
MeOH (5.3 g) 2.8 % 

DCM (-) - Piper angustifolium 
Lam. 

Leaves (-) 
MeOH (-) - 

Piper dilatatum Rich. Leaves (-) MeOH (-) - 

DCM (-) - 
Leaves (-) 

MeOH (-) - 

DCM (-) - 
Trunk (-) 

MeOH (-) - 

DCM (-) - 

Piper marginatum Jacq 

Roots (-) 
MeOH (-) - 

DCM (3.2 g) 6.4 % Piper nigrum L. Fruits (50 g) 
MeOH (1.1 g) 2.2 % 

DCM (-) - 
Trunk (-) 

MeOH (-) - 

DCM (-) - 

Piperaceae 

Piper reticulatum L. 

Leaves (-) 
MeOH (-) - 
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Table III-10 (continued) Plant extracts screened for ββββ-secretase inhibitory activity 

DCM (2.0 g) 4.0 % Alpinia galanga 
(L.) Willd. 

Rhizome (50 g) 
MeOH (4.6 g) 9.2 % 

DCM (1.2 g) 2.4 % Elettaria 
cardamomum 
(L.) Maton 

Fruits (50 g) 
MeOH (1.8 g) 3.6 % 

DCM (2.6 g) 5.2 % 

Zingiberaceae 

Zingiber 
officinalis 
Roscoe  

Rhizome (50 g) 
MeOH (1.4 g) 2.8 % 

 

All these extracts were first lyophilized in order to remove all possible residues of 

solvent that could remain after the extraction process, thus avoiding the possible 

inactivation of the enzyme. The percentage of inhibition was obtained by dividing the 

slope of the sample by that of the negative control. The results for the various extracts are 

presented in Table III-11. 

Table III-11 Percentages of inhibition of ββββ-secretase of various plant extracts 

Plant Extract Inhibition [%] 

Fruits DCM 4 
C. cyminum 

Fruits MeOH 3 

Roots DCM -2 
L. officinale 

Roots MeOH -2 

Leaves DCM -1 
R. officinale 

Leaves MeOH 5 

Bark DCM 24 
C. zeylanicum 

Bark MeOH -1 

Aerial parts DCM 27 
D. alpinum 

Aerial parts MeOH 57 

Aerial parts DCM 30 
L. clavatum 

Aerial parts MeOH 60 

Aerial parts DCM 26 
H. selago 

Aerial parts MeOH 57 

Leaves DCM 25 
P. angustifolium 

Leaves MeOH 40 

P. dilatum Leaves MeOH 15 

Results obtained with 50 µg/mL of extracts per well; 1: negative values obtained; 2: data not available 
because of the autofluorescence of the extract. 
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Table III-11 (continued) Percentage of inhibition of ββββ-secretase of various plant extracts 

Leaves DCM 30 

Leaves MeOH 55 

Trunk DCM 45 

Trunk MeOH 5 

Roots DCM 10 

P. marginatum 

Roots MeOH 75 

Fruits DCM 67 
P. nigrum 

Fruits MeOH -1 

Trunk DCM 20 

Trunk MeOH 15 

Leaves DCM 30 
P. reticulatum 

Leaves MeOH 20 

Rhizome DCM 33 
A. galanga 

Rhizome MeOH -1 

Fruits DCM -1 
E. cardamomum 

Fruits MeOH -1 

Rhizome DCM 17 
Z. officinale 

Rhizome MeOH -1 

Results obtained with 50 µg/mL of extracts per well; 1: negative values obtained; 2: data not available 
because of the autofluorescence of the extract. 

 

Some extracts presented an increase of the fluorescence more important than the 

negative control. Interaction between the substrate and the extract was excluded as a 

cause, given that this was also tested on the plate with the blank sample, and no increase 

of the slope was then observed. It is thus possible that a mechanism of activation of the 

enzymatic activity was implied, perhaps by preventing a binding of the proteins on the 

wells wall, and thus improving the interaction between the substrate and the enzyme. 

The results obtained from the extracts of Levisticum officinale Koch (Apiaceae) were 

not interpretable because of an important autofluorescence of the extract. This is due to 

the high coumarins content of the drug (coumarine, ombelliferone, bergaptene, psoralene) 

[Blaschek et al., 1998]. These compounds are known to be fluorescent and some of them 

possess the same area of excitation and emission wavelength as BAS 131, which is 
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obvious given that the fluorescent moiety of the substrate was based on a coumarinic 

compound. 

The highest inhibitory potency was observed for the extract of the roots of Piper 

marginatum Jacq. (Piperaceae); however, for reasons of available quantities, it was the 

results concerning the DCM extract of the fruits of Piper nigrum L. (Piperaceae) that 

have been further investigated. The amide piperine (17) showed a slight inhibitory 

activity against β-secretase, the percentage of inhibition at 90 µM was 65 %. 

O

O

N

O

Piperine (17)  

The IC50 of the compound was not determined because of its insufficient solubility in 

the buffer, even with the use of DMSO. This activity was more than 30 times weaker than 

the one observed for the other active natural compounds reported so far (see Chapter 

II.2.2.1), and 3000 times less than the reference inhibitory compound STA 200. 

 



 

 



 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

IV. CONCLUSION 



 

 



  CONCLUSION 

145 

1. QUALITATIVE DETECTION OF HUPERZINE A 

Huperzine A has first been isolated from Huperzia serrata (Thunb. ex Murray) Trevis 

(Lycopodiaceae). The discovery of its acetylcholinesterase inhibitory activity has led to 

an increase of interest towards this compound, but the limited supplies of active product 

soon became a problem. Indeed, the rather slow growth of H. serrata, and the large use 

made of it by both the local communities, as a traditional medicine, and the Western 

countries, in order to obtain huperzine A for commercial use, has endangered the species. 

Moreover, the cultivation of this plant is very limited [Ma et al., 2006]. Until recently, the 

synthesis of the active enantiomer of the compound, (-)-HupA, was not feasible on an 

industrial scale. The need of another, more profitable natural source for its supplies was 

then important.  

The method developed for the detection of the alkaloid in plant extracts allows to 

quickly investigate several drugs. It is applicable for the screening of library samples or 

for the dereplication of extracts prepared for further isolation. The TLC analysis allows a 

more sensitive detection of HupA, but HPLC-UV-MS2 is required for the formal 

identification of the compound. Moreover, the HPLC analyses provide useful 

information, such as UV/visible and MS spectra, that is necessary to perform 

dereplication of the extracts. On the other hand, in the purpose of further isolation, the 

presence of other active compounds can be detected by the TLC bioautographic assay. 

While Huperzia selago (L.) Schrank et Martius (Lycopodiaceae) contains huperzine A 

and presents other active spots on the TLC, the chloroform extracts of the other 

Pteridophyte species tested are devoid of this alkaloid and of any anti-cholinesterase 

activity. 

Nowadays, given that synthesis is available, the search for natural sources of HupA 

presents only a limited interest. Moreover, this type of alkaloid is characteristic of 

Pteridophytes, and more particularly of Lycopodium s.l. [Ma and Gang, 2004]; but these 

plants are generally characterized by a relatively slow growth, and there exists no 

convincing way to cultivate them. The main interest of the method developed consists 

now in the early identification of HupA when bioguided isolation of AChEI is 

undertaken. 
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2. PHYTOCHEMICAL INVESTIGATION OF HUPERZIA 

SELAGO (L.) SCHRANK ET MARTIUS 

(LYCOPODIACEAE) 

Three compounds (A-C) were isolated from the chloroform extract of the aerial parts 

of Huperzia selago (L.) Schrank et Martius (Lycopodiaceae). Among them, one shows an 

inhibitory activity against acetylcholinesterase (A, lycopodine), one is described for the 

first time in the genus Huperzia (B, 16-oxo-21-episerratriol), and one is a new natural 

compound (C, 12,16-epoxy-6α,11,14-trihydroxy-8,11,13-abietatrien-7-one). The 

compounds isolated belong to three distinct classes. Compound A is an alkaloid, 

compound B is a serratane triterpene, and compound C is an abietane diterpene. 

The presence of several molecules belonging to the Lycopodium alkaloids has been 

reported on several occasions, and the review published by Ma et al. [2004] assesses the 

extent of this class of compounds within the Lycopodiaceae family. It is worth noticing 

that the very interesting inhibitory activity against acetylcholinesterase reported for HupA 

has justified a large amount of work on this family. The fact that a new AChEI is 

described in this work, even though with a slight activity, demonstrates that the further 

study of Lycopodium alkaloids should still reveal active compounds. 

Lycopodiaceae have already been reported to contain terpenoids but this type of 

compound has been less thoroughly investigated [Blaschek et al., 1998]. Several 

serratane triterpenoids have already been described within the family. Some of them have 

shown cancer chemopreventive activity [Shi et al., 2005; Tanaka et al., 2004]. On the 

other hand, abietane diterpenoids in Lycopodiaceae have almost never been studied. The 

presence of another compound of this type was shown during the isolation process, even 

though the too small amount available did not allow its complete identification. It can 

thus be wondered whether more parent substances are present in this plant. Given the 

biological activities previously reported for this class of compounds [San Feliciano et al., 

1993], further study, and isolation in larger amounts in order to check the compounds on 

several targets should prove interesting. The dichloromethane and methanol extracts 

should also be analysed. 
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The comparison of the five Lycopodiaceae species using the UPLC-TOF/MS analysis 

showed some similarities, but also some differences between them. It should be 

interesting to analyse several more species from the various genera in both negative and 

positive ion mode ionization in order to study the chemotaxonomy of the family. Some 

studies of this type have already been undertaken by analysing the alkaloids content of 

the plants [Ma et al., 1998], and also that of flavonoids [Voirin and Jay, 1978]. 

3. COMPARISON OF BIOASSAYS FOR THE DETECTION 

OF ACETYLCHOLINESTERASE INHIBITORS 

The TLC bioautographic assay and the two tests conducted in solution, with Ellman’s 

reagent and Fast Blue B salt, for the detection of acetylcholinesterase inhibitors were 

compared. The TLC assay described by Marston et al. [2002] is widely used in the 

Laboratory of pharmacognosy and phytochemistry in order to screen the activity of crude 

extracts, to allow bioguided fractionation and to characterize the potency of pure 

compounds. However, in the last case, the IC50 values are much more frequently used, 

and the validity of the minimal inhibitory quantity (MIQ) has never been assessed. For 

this purpose, both reactions conducted in solution were first compared. The two methods 

were shown to be equivalent, even though Ellman’s method presented some advantages. 

Moreover, the comparison with literature data was easier given that a lot of compounds 

have been characterized by this mean. In the other hand, when performing detection of 

AChEI on TLC plates with Ellman’s method [Kiely et al., 1991], the results were less 

accurate than those obtained with Fast Blue B salt, given that the latter afforded a much 

stronger contrast between the background and the active spots. The comparison between 

TLC and the assays conducted in solution showed great variations in the results obtained. 

Half of the compounds considered as active with the assays in solution appeared as 

inactive when tested on the TLC plates. This could be explained by a change in the three-

dimensional structure of the enzyme; it would thus be interesting to compare these results 

with an assay using the immobilized enzyme, to check whether this type of trouble were 

also encountered. In fact, some of the divergent compounds are currently tested in the 

Dipartimento di Scienze Farmaceutiche, Prof. Vincenza Andrisano, Bologna, Italy. Even 
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though a number of false-negative results have been pointed out by the use of the 

bioautographic method on TLC, this test remains of great help to quickly screen a large 

number of crude plant extracts, and for bioguided fractionation. The need of large 

amounts of organic solvent for the dissolution of the samples means that this kind of 

results is impossible to obtain with the microplate assays. Moreover, the large variety of 

compounds encountered in plant extracts may more easily interfer with the detection of 

active substances. However, it must be kept in mind that some interesting compounds are 

likely to be missed by the TLC test; the results obtained by this means should thus be 

taken cautiously. On the other hand, the microtitre plate assays allow to access 

quantitative data such as IC50, and are therefore more accurate for the analysis of pure 

compounds. Therefore, a systematic testing of newly described natural compounds in 

order to find new AChEI should be worthwhile. 

4. DETECTION OF ββββ-SECRETASE INHIBITORY 

ACTIVITY 

β-Secretase is one of the enzymes responsible for the formation of the senile plaque 

that is one of the characteristics of Alzheimer’s disease. The development of a bioassay 

for the detection of β-secretase inhibitors was an ambitious project that did not achieve 

the hoped-for success. The first reason was the difficulty encountered in the 

reproducibility of the assay, mainly because of the stability of the solution of enzyme and 

substrate, whose high cost limited the preparation of new fresh solution. The second 

obstacle was the lack of experience in the field of protein manipulation and bioassays, 

causing a delayed attempt at validation. When this process was undertaken, several 

problems appeared. Firstly, the KM of the substrate used was unknown; it was thus not 

possible to determine which methods (kinetic, end point, calibration straights) gave the 

best results. Secondly, for this type of validation, the need in enzyme and substrate is 

considerable, which leads to very high costs. Thirdly, the substrate presents an important 

autofluoresence that could interfere with the results. It should thus be profitable to use 

another substrate, better known, in order to develop this microplate bioassay. Moreover, 

the use of a fluorescent moiety different from a coumarin pattern could improve the 
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results obtained, given that this type of compounds is found in various plant extracts. 

However, the decrease in solubility that may occur due to the change of substrate make it 

impossible to work at a value near the KM of the compound; this in turn could lead to a 

diminution of the sensitivity of the assay [Pietrak et al., 2005]. Finally, even if several 

drugs have been discovered within the plant kingdom, the active site of β-secretase is a 

very large pocket and the probability of finding a natural compound fitting to this site is 

low [Vardy et al., 2006]. It is worth noticing that the natural inhibitors discovered so far 

have shown only a slight activity compared to peptidic inhibitors (about 100 times less 

than the reference inhibitory peptide STA 200). Given the weak chances of finding an 

interesting product from vegetal extracts, the cost of the assay are a limiting factor, as a 

great deal of substances should be tested. The combination with structure-activity 

experiments should provide more convincing results. However, the discovery of a 

compound with both an interesting activity and acceptable bioavailability remains a 

challenge. 

The isolation of piperine as a slightly active compound is however an interesting 

result, mainly with regards to the possible usefulness of the test. It can be learned from 

this result that the selection criteria for the active extracts might be more exclusive, for 

example to investigate only those extracts that show more than 90 % of activity at  

10 µg/mL [Jeon et al., 2003]. 
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1. PLANT MATERIAL AND EXTRACTION 

1.1. ANALYSIS OF PTERIDOPHYTES 

All the details concerning the various Pteridophytes species analysed are shown in 

Table V-1. The botanical identification was carried out by Mr E. Anchisi, Jardin Alpin, 

Champex, Wallis, Switzerland. Specimen vouchers are available at the Laboratory of 

pharmacognosy and phytochemistry, University of Geneva, Switzerland. 

The collected plant material was air dried at room temperature, away from direct 

sunlight, and ground in liquid nitrogen (N2) in order to prevent the deterioration of 

thermolabile compounds that may occur during the grinding process. The milling allows 

to maximize the exposition of the plant cells to the solvent, therefore increasing the 

surface of extraction and improving the solubilization of the secondary metabolites. In 

order to determine the best extraction method for huperzine A, three types of extracts 

were prepared for Huperzia selago (L.) Schrank et Martius (Lycopodiaceae); successive 

macerations at room temperature with solvents of increasing polarity, leading to the 

dichloromethane (DCM) and methanol (MeOH) extracts, and a more specific method for 

the extraction of alkaloids using ammonium hydroxyde (NH4OH) and chloroform 

(CHCl3). The lipophilic secondary metabolites were first extracted in DCM, with about 

300 mL per 40 g of dry material, three times during 24 hours, and the compounds of 

medium and high polarity were extracted in MeOH three times with the same proportion 

of solvent and during the same time. A more specific way to extract alkaloids is to work 

under alkaline conditions; the dry material was moistened with a small amount of 

NH4OH (5 mL for 10 g of plant) and the extraction was then performed with about 100 

mL CHCl3 per 10 g of dried material, three times during 24 hours. This method also 

allows to extract the lipophilic compounds, including alkaloids in their neutral form. 

Therafter, all the extracts were treated in the same way. After filtration, the enriched 

solvents were evaporated to dryness by rotary evaporation (Büchi Rotavapor) at 35°C, 

leaving semisolid extracts. These crude extracts were then frozen and placed in vacuum 

in order to remove water by sublimation with a lyophilizator (LSL Secfroid). 
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Table V-1 Origins of the analysed Pteridophytes  

Family Plant Part Extract Origin (Date) 
Altitude 

Diphasiastrum 
alpinum (L.) 
Holub 

Aerial parts CHCl3 

La Breya, Wallis, 
Switzerland 
(09.2004) 
2200 m 

Lycopodium 
annotinum L. Aerial parts CHCl3 

Champex d’en Bas, 
Wallis, Switzerland 
(09.2004) 
1370 m 

Lycopodium 
cernuum L. 

Stems and 
leaves 

CHCl3 
Mauritius (1987) 

Lycopodium 
clavatum L. Aerial parts CHCl3 

Martigny-Croix, 
Wallis, Switzerland 
(11.2005) 
1980 m 

CHCl3 

DCM 

Lycopodiaceae 

Huperzia selago 
(L.) Schrank et 
Martius 

Aerial parts 
MeOH 

La Breya, Wallis, 
Switzerland 
(09.2004) 
2200 m 

Equisetum 
arvense L. - CHCl3 

Dixa (St-Gallen, 
Switzerland) 
(06.1992) 

Equisetum 
hyemale L. Aerial parts CHCl3 

Bovernier, Wallis, 
Switzerland 
(11.2005) 
1000 m 

Equisetum 
palustre L. Aerial parts CHCl3 

Champex-Lac, 
Wallis, Switzerland 
(09.2006) 
1500 m 

Equisetum 
ramosissimum 
Desf. 

Aerial parts CHCl3 

Orsières, Wallis, 
Switzerland 
(11.2005) 
1090 m 

Equisetum 
sylvaticum L. Aerial parts CHCl3 

Champex-Lac, 
Wallis, Switzerland 
(09.2006) 
1500 m 

Equisetaceae 

Equisetum 
telmateia Ehrh. Aerial parts CHCl3 

Vétroz, Wallis, 
Switzerland 
(11.2005) 
530 m 

Selaginella 
dregei (C. Presl.) 
Hieron 

Whole plant MeOH 
Zimbabwe (1998) 

Selaginellaceae 
Selaginella 
kraussiana 
(Kunze) A. Braun 

Aerial parts MeOH 
Malawi (1987) 
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1.2. HUPERZIA SELAGO (L.) SCHRANK ET MARTIUS 

(LYCOPODIACEAE) 

The whole plant of Huperzia selago (L.) Schrank et Martius (Lycopodiaceae) was 

collected in La Breya (2200 m), Wallis, Switzerland, in September 2004. The botanical 

identification was carried out by Mr E. Anchisi, Jardin Alpin, Champex, Wallis, 

Switzerland. A specimen voucher is available at the Laboratory of pharmacognosy and 

phytochemistry, University of Geneva, Switzerland. The collected plant material was air 

dried at room temperature away from direct sunlight, and ground in liquid N2 to prevent 

heating that could alter its components. The pulverized plant (500 g) was moistened with 

15 mL of concentrated NH4OH and extraction was performed with 2.5 L of CHCl3 three 

times during 24 hours at room temperature while subjected to constant agitation. After 

filtration of the extracts, CHCl3 was removed by rotary evaporation (Rotavapor Büchi) in 

vacuum at a maximum temperature of 35°C. The dry weight of the extract obtained was 

39.4 g. 

1.3. PLANTS SCREENED FOR ββββ-SECRETASE INHIBITION 

All the details concerning the various plants tested for the inhibition of β-secretase are 

shown in Table V-2. The botanical identification of D. alpinum and H. selago was carried 

out by Mr E. Anchisi, Jardin Alpin, Champex, Wallis, Switzerland. L. clavatum was 

identified by Dr M. Maillard, P. angustifolium by Mrs P. Orejuela, P. dilatatum by Dr R. 

Calleja, University of Panama’s herbarium, Panama, and the other species of Piperaceae 

by Prof. M. D. Correa. Some of the analysed drugs were obtained commercially. 

Specimen vouchers are available at the Laboratory of pharmacognosy and 

phytochemistry, University of Geneva, Switzerland.  

Table V-2 Origins of plant extracts screened for the inhibition of ββββ-secretase 

Family Plant Part Extract Origin (Date) 
Altitude 

DCM Cuminum 
cyminum L. 

Fruits 
MeOH 

Dixa (St-Gallen, 
Switzerland) 
(03.2004) 

DCM 
Apiaceae 

Levisticum 
officinale Koch 

Roots 
MeOH 

Dixa (St-Gallen, 
Switzerland) 
(03.2004) 
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Table V-2 (continued) Origins of plant extracts screened for the inhibition of ββββ-secretase 

DCM 
Lamiaceae Rosmarinus 

officinalis L. 
Leaves 

MeOH 

Dixa (St-Gallen, 
Switzerland) 
(03.2004) 

DCM 
Lauraceae 

Cinamomum 
zeylanicum 
Blume 

Bark 
MeOH 

Dixa (St-Gallen, 
Switzerland) 
(03.2004) 

DCM Diphasiastrum 
alpinum (L.) 
Holub 

Aerial parts 
MeOH 

La Breya, Wallis, 
Switzerland 
(1998) 
2200 m 

DCM Lycopodium 
clavatum L. 

Aerial parts 
MeOH 

Nyungwe Forest, 
Rwanda (1992) 

DCM 

Lycopodiaceae 

Huperzia selago 
(L.) Schrank et 
Martius 

Aerial parts 
MeOH 

La Breya, Wallis, 
Switzerland 
(1998) 
2200 m 

DCM Piper 
angustifolium 
Lam. 

Leaves 
MeOH 

Peru (1995) 

Piper dilatatum 
Rich. 

Leaves MeOH Rio Diablo, Peru 
(1995) 

DCM 
Leaves 

MeOH 

DCM 
Trunk 

MeOH 

DCM 

Piper 
marginatum Jacq 

Roots 
MeOH 

Rio Diablo, Peru 
(1995) 

DCM 
Piper nigrum L. Fruits 

MeOH 

Dixa (St-Gallen, 
Switzerland) 
(03.2004) 

DCM 
Trunk 

MeOH 

DCM 

Piperaceae 

Piper reticulatum 
L. 

Leaves 
MeOH 

Rio Diablo, Peru 
(1995) 

DCM Alpinia galanga 
(L.) Willd. 

Rhizome 
MeOH 

Dixa (St-Gallen, 
Switzerland) 
(02.2004) 

DCM Elettaria 
cardamomum 
(L.) Maton 

Fruits 
MeOH 

Dixa (St-Gallen, 
Switzerland) 
(02.2004) 

DCM 

Zingiberaceae 

Zingiber 
officinalis 
Roscoe  

Rhizome 
MeOH 

Dixa (St-Gallen, 
Switzerland) 
(03.2004) 
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2. ANALYTICAL CHROMATOGRAPHIC METHODS 

2.1. THIN LAYER CHROMATOGRAPHY 

Thin layer chromatography (TLC) has so far been applied more than any other 

chromatographic technique. This is due to three main reasons; the time required for the 

identification of most characteristic constituents of a drug by TLC is very short, this 

method gives semi-quantitative information on the main constituents of a drug or drug 

preparation, and the chromatographic drug fingerprint provided by TLC is suitable for 

monitoring the identity and purity of drugs, and for detecting adulterations and 

substitutions [Wagner and Bladt, 1996]. 

Because of those advantages, TLC has become widely adopted for rapid and positive 

analyses of drugs and drug preparations. Besides, it is the method of choice for routine 

phytochemical analyses of crude extracts, fractions and pure compounds. It allows 

chemical, biochemical, and biological screenings of extracts and pure compounds, giving 

thus additional information. 

In this study, the following commercially available TLC plates were used: Silicagel 60 

F254 pre-coated TLC aluminium sheets (Merck, Darmstadt, Germany). They were 

treated with a fluorescent compound in order to make the UV detection of compound at 

254 nm easier. A biological test used to detect antifungal compounds on Candida 

albicans was performed on Silicagel 60 F254 pre-coated TLC glass plates (Merck, 

Darmstadt, Germany). The TLC plates were developed in twin trough Camag 

chromatographic tanks saturated with the appropriate eluent. The solvent systems, often 

consisting of a binary or tertiary mixture, were adapted to the specific needs of the 

analysis. They were chosen for their minimal temperature sensitivity and all TLC 

separations were performed between 18 and 24°C. In order to obtain sharply resolved 

zones, the quantity of material applied to the chromatogram was usually 50 to 100 µg of 

extracts and 5 to 10 µg of pure compounds, except for the detection of AChEI where 10 

to 20 µg of extracts and 1 µg or less of pure compounds were spotted (see Chapter 

V.5.3). 
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After migration, the detection of the main compounds of a drug was carried out by the 

observation of the extinction of the fluorescence at 254 nm induced by the added 

compound, and of the appearance of fluoresence at 366 nm. Thereafter, revelation was 

prompted by spraying an appropriate chemical, biochemical or biological reagent; the 

compounds appeared then as spots of striking colours. General TLC conditions for 

extracts and fractions are summarized in Table V-3. 

Table V-3 Standard TLC conditions used for the separation of extracts and fractions 

 Solvent system Proportions 

Alkaloid extracts 
Polar fractions 

Ethyl acetate / Methanol / 
Water 

100 : 13.5 : 10 

Alkaloid extracts 
Non polar fractions 

Hexane / Ethyl acetate 1 : 1 

Compound A Chloroform / Methanol / Water 65 : 35 : 5 

 

2.2. HIGH PERFORMANCE LIQUID CHROMATOGRAPHY COUPLED 

TO ULTRAVIOLET PHOTODIODE ARRAY DETECTION 

High performance liquid chromatography (HPLC) is one of the most appreciated 

techniques in modern phytochemical analysis. The separation of compounds from 

complex mixtures is based, as for the TLC method, on the selective distribution of 

analytes between a liquid mobile phase and a solid stationary phase. The considerable 

advantages of HPLC compared to TLC is the higher resolution of the separation, the 

sensitive decrease of the detection limit, and the possibility of automation of the 

procedure. A conventional HPLC system consists of a pump that delivers the high 

pressure solvent, an injector that can be either manual or automatic (autosampler), a 

column where the separation takes place, a detector and an interface (integrator or 

computer software) to visualize the separation [Harris, 1995; Niessen, 1999]. Currently, 

one of the most widely used detectors coupled to HPLC is the diode array detector 

(DAD). The development of DAD in the early 1980s made a significant change in 

relation to classical UV detectors. In fact, the DAD adds a third dimension (the 

wavelength) besides time and absorption. This allows access to much information, such 

as peak purity and identity [Huber and George, 1993]. 
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In this study, analytical HPLC was used to establish the presence of huperzine A in 

Pteridophytes extracts, to analyse raw extracts and fractions, to guide and optimize the 

separation and isolation processes using medium pressure liquid chromatography 

(MPLC), low pressure liquid chromatography (LPLC) and semi-preparative HPLC, and 

to check the purity of the isolated compounds. 

Two HPLC systems were used for the different analyses; a HP-1100 system (Hewlett 

Packard, Palo Alto, CA, USA) equipped with a binary pump, a photodiode array high 

speed spectrophotometric detector (DAD) and an autosampler, and a HP-1050 series 

system (Hewlett Packard, Palo Alto, CA, USA) including a quaternary pump, a 

photodiode array detector and an autosampler. The various components of these two 

HPLC systems were controlled by Agilent ChemStation 10.02 software. This software 

was also employed for the data processing. The HPLC conditions routinely used are 

reported in Table V-4. In some cases, these conditions were adapted to the specific 

requirements of the analyses. 

Table V-4 General HPLC conditions for the analyses of Pteridophytes extracts and of H. selago 

 Pteridophytes extracts 
analysis 

Analysis of the CHCl 3 
fraction of the 
alkaloid extracts of H. 
selago  

Analysis of the 
hexane fraction of 
the alkaloid extracts 
of H. selago  

Column Symmetry® C18 (4.6 x 250 mm i.d.; 5 µm) Waters (Milford, MA, USA) 

Pre-column Symmetry® C18 (1.5 x 2.1 mm i.d.; 5 µm) Waters (Milford, MA, USA) 

Solvent system MeOH:10 mM ammonium acetate MeOH:H2O 

Gradient 
20:80 to 50:50 in 20 min, 
50:50 to 100:0 in 10 min, 

100:0 for 10 min 

20:80 to 100:0 in 
40 min, 100:0 for 

10 min 

80:20 to 100:0 in 
30 min, 100:0 for 

10 min 
pH 3.5 Neutral 

Flow rate 1.0 mL/min 

Detection (DAD) UV 308 nm 
UV 254 nm et 308 nm 
(scan 190 to 500 nm) 

UV 254 nm 
(scan 190 to 500 nm) 

 

2.3. HIGH PERFORMANCE LIQUID CHROMATOGRAPHY COUPLED 

TO MASS SPECTROMETRY 

The combination of high performance liquid chromatography (HPLC or LC) and mass 

spectrometry (MS) offers the possibility of profiting from the joint of both methods, 
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respectively the high selectivity and separation efficiency of HPLC, and the powerful and 

sensitive detection of MS, with additional structural information for the identification 

[Niessen, 1999]. Nowadays, MS detection is generally used coupled to HPLC and in 

combination with DAD detection, resulting in an extremely powerful analytical tool. The 

large amount of spectral data obtained can make of this tool a hyphenated technique. 

In this study, LC-UV-MS was employed for the qualitative analysis of huperzine A in 

Pteridopytes extracts. Electrospray ionization ion trap multiple stage mass spectrometry 

(ESI/IT/MSn, n = 2) was achieved, in order to increase the specificity of the detection. 

The mass spectrometers were coupled to an HP 1100 HPLC system (Hewlett-Packard, 

Palo Alto, CA, USA) equipped with a binary pump, a UV/DAD detector and an 

autosampler. 

A Finnigan MAT (San Jose, CA, USA) ion trap (IT) mass instrument equipped with a 

Finnigan ESI or atmospheric pressure chemical ionization (APCI) interface was used. 

These analyses were performed in the positive mode, with a scan rate of 3 mscan. For the 

APCI analysis, the capillary temperature was set to 200°C, the vaporiser temperature to 

400°C, the corona needle current to 5.00 µA and the sheath gas (nitrogen, N2) pressure to 

80 arbitrary units. For the ESI analysis, the flow coming from the HPLC was first split; 

0.1 mL/min went to the MS and 0.9 mL/min to waste. The capillary temperature was set 

to 250°C, the sheath gas (N2) pressure to 80 arbitrary units, the source voltage to 4.8 kV, 

and the capillary voltage to 20 V. The MS2 experiments were performed with ESI by 

programming dependent scan events. The first one was a full MS scan Mr (100.0-500.0 

m/z) (MS1), whereas during the second event the main ion recorded was isolated and 

selectively fragmented in the ion trap (MS2). The collision energy was set to 15 eV. 

2.4. ULTRA PERFORMANCE LIQUID CHROMATOGRAPHY 

COUPLED TO MASS SPECTROMETRY  

Ultra performance liquid chromatography (UPLC) has been developed in order to 

decrease both the time of analysis and the column volume. The sytem commercialised by 

Waters (Milford, MA, USA) is able to work up to 1000 bar. Small diameter columns are 

used to limit the frictional heating and the organic solvent consumption. It is worth 
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noticing that this type of support needs small extra-column volumes due to detection, 

tubing, and injection volume. It allows to increase considerably the separation and the 

resolution of the chromatographic peaks compared with a classic HPLC system. Some 

criteria have to be fulfilled for this type of detection; the detection time constant should 

be fast enough because peak widths are very small, the injection cycle time must be fast, 

at least for a time of analysis under 1 or 2 min, and a small gradient delay volume is 

required [Nguyen et al., 2006]. The coupling of this technique with a high resolution 

mass spectrometer, such as a time-of-flight analyser, is ideal to establish a correlation 

between fractions or extracts, or to perform dereplication. 

Before the analysis, the extracts were purified by solid phase extraction (SPE) (see 

Chapter V.3.6). The UPLC system (ACQUITY®, Waters, Milford, MA, USA) was 

composed of the same elements as the HPLC system (see Chapter V.2.2). An amount of 5 

µL of a solution at 20 µg/mL in MeOH:H2O (85:15) (v/v) was injected. The column was 

an ACQUITY UPLC® BEH (150.0 x 1.0 mm i.d.; 1.7 µm). The analyses of the extracts 

were performed by using a gradient of MeCN+0.1 % formic acid:H2O+0.1% formic acid 

(10:90 for 2.61 min, from 10:90 to 70:30 in 10.42 min, then 70:30 to 95:5 in 2.60 min). 

The detection was performed by a time-of-flight (TOF) MS (LCT Premier, Micromass®, 

Waters, Milford, MA, USA). The conditions of analysis were as follow: positive ion 

mode, using an electrospray interface (ESI) that was set with a capillary voltage of 2800 

V and a sample cone at 40 V. The temperature of the desolvation gas (N2) was 250°C, at 

a gas flow rate of 550 L/h. The source temperature was 120°C, and the cone gas flow rate 

was 50.0 L/h. The voltage of the TOF flight tube was set to 7200 V, that of the reflectron 

to 1800 V and the multiple channel plate (MCP) detector to 2650 V. The scan duration 

was 0.25 s with an interscan delay of 0.01 s. The reference mass was given by a solution 

of Leucine-Enkephalin (Sigma, Steinheim, Germany) at 5 µg/mL. This solution was 

infused through to lockmass probe at a flow rate of 20 µL/min with the help of a second 

LC pump (Shimadzu LC-10AD VP, Duisburg, Germany). 
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3. PREPARATIVE CHROMATOGRAPHIC METHODS 

3.1. LIQUID-LIQUID EXTRACTION 

Liquid-liquid extraction (LLE) was the first step of fractionation undertaken in order 

to separate the alkaloids from the chlorophyll and the apolar compounds of the extract. 

The aqueous phase was acidified to pH 1 in order to put all the alkaloids in their 

protonated form and thus to ensure that they remained within the polar phase. Extraction 

was at first performed with an apolar solvent, hexane, eliminating the most apolar 

compounds. The alkaloids were thus restored to their neutral form by alkalinisation of the 

aqueous phase, in order to extract them with the second organic solvent, chloroform 

(CHCl3) [Baerheim Svendsen and Verpoorte, 1983]. This method presents the advantage 

of the simplicity of the material used, and of its rapidity in comparison with column 

chromatography. The disadvantages were the apparition of an emulsion at the interface 

between both phases, which proved difficult to eliminate, and the difficulty of application 

for large amounts of extract. 

The extract (20 g) was dissolved in 640 mL MeOH, and HCl 0.1 M was added to 

800 mL. Hexane (400 mL) was then added in a separate funnel. Both phases were shaked 

together, and the hexane phase was recovered after decantation, and evaporated to 

dryness by rotary evaporation. This step was repeated four times, and all the phases were 

collected together, so that 7.6 g of hexane fraction were obtained. Thereafter, the aqueous 

phase was alkalized to pH 9 by addition of NH4OH 30 %, and diluted with 270 mL of 

water. Extraction was then conducted in the same way by addition of three times 450 mL 

of CHCl3, so that 8.5 g of CHCl3 fraction were obtained. 

3.2. CENTRIFUGAL PARTITION CHROMATOGRAPHY 

Centrifugal partition chromatography (CPC) was performed on the chloroform 

fraction of the chloroform extract of H. selago. It was realized on a LabPrep 1000 

apparatus (AECS QuickPrep, Bridgend, UK) of 940 mL of capacity, and with a rotation 

rate of 800 rpm. The mobile phase was delivered by a Scientific System Inc. LLC 300 

pump with a flow rate of 3 mL/min. The mobile and stationary phases chosen consisted 
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of a quaternary biphasic system isooctane:tertbutylmethylether (TBME):MeOH:H2O 

(2:6:3:2). Depending on the cases, the lower or upper phase of the system is first used as 

a mobile phase; afterwards, during the fractionation, the sense of the rotation is inversed 

and the other phase becomes the eluent. In the present case, the upper phase was first 

used as mobile phase. The separation was monitored at 254 nm by a Knauer UV detector, 

and recorded by a W+W 600 recorder (Tarkan). The fractions were collected by an 

automatic collector Ultrorac 2070 (LKB), and gathered according to the UV trace and 

TLC analysis. 

3.3. COLUMN CHROMATOGRAPHY 

3.3.1. Adsorption chromatography 

Open column chromatography is generally employed for the fractionation of crude 

extracts or complex fractions. In this case, the hexane fraction of the chloroform extract 

was first separated by adsorption chromatography. The size of the column, the 

granulometry of the solid phase, the flow rate of the mobile phase and the size of the 

fractions obtained were adapted to the quantity and the nature of the samples. 

A 50 x 3.6 cm i.d. column filled with silicagel 60 (40-63 µm, Merck, Darmstadt, 

Germany) was used. The choice of the elution conditions, the follow-up of the separation 

and the final gathering of the fractions were performed on the basis of the TLC analyses. 

The sample was introduced in solid form, having first been mixed with 2.5 or 3 times its 

weight of solid phase. A stepwise gradient eluent with hexane:AcOEt from 95:5 (v/v) to 

0:100 was used with a flow rate of about 3 mL/min. The fractions (50 mL) were collected 

manually. 

3.3.2. Exclusion chromatography 

One step of the bioguided fractionation was realized by exclusion chromatography (or 

gel filtration) on a Pharmacia Sephadex® LH-20 phase, using a two-steps gradient. The 

first step consisted of MeOH:H2O (50:50) (v/v) and the second of MeOH:H2O (80:20) 

with a slow flow rate of about 0.5 mL/min. For the same amount of sample, the columns 

used were longer than that employed for adsorption chromatography. In the present case, 

the column size was 35 x 1.7 cm i.d.. Liquid introduction was used after dissolution of 
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the aqueous part of the fraction e obtained from CPC in the smaller volume of solvent 

possible. The follow-up of the separation and the final gathering of the fractions were 

performed on the basis of the TLC analyses. The fractions (10 mL) were collected 

manually. 

3.4. MEDIUM PRESSURE LIQUID CHROMATOGRAPHY 

The principle of medium pressure liquid chromatography (MPLC) is similar to that of 

HPLC (see Chapter V.2.2), but allows the separation of a large amount of complex 

mixtures within a run, while keeping a reasonable resolution. 

The equipment used consisted of a Büchi B-681 chromatography pump, a Knauer K 

2001 UV detector, a Pharmacia LKB Rec 1 recorder and an automatic Büchi B-684 

fraction collector. A LiChrosorb® C18 stationary phase (15-25 µm, Merck, Darmstadt, 

Germany) was used for the separation of the organic part of the fraction e obtained from 

CPC, and was packed in a pressure-resistant column (460 x 18 mm i.d.). The column size 

was chosen according to the amount of sample. Prior to loading, the column was washed 

with methanol and then equilibrated with the initial eluent. A solid introduction of the 

sample was the method chosen. The sample was dissolved in a suitable solvent (CHCl3) 

and about 2 to 3 times its weight of stationary phase was added to this solution. The 

solvent was then removed under reduced pressure using a rotary evaporator. The dry 

powder was loaded into a small introduction cartridge that was connected to the main 

column. The choice of the solvent system was performed by analytical HPLC and 

transposed directly to MPLC. As the pump worked only in isocratic mode, the gradient 

mixture (MeOH:H2O) was adapted step by step, with an increase of 5 % of the organic 

solvent at each step, from 60:40 to 100:0. The maximal pressure was set to 20 bars, the 

flow rate was about 8-10 mL/min and the separation was monitored with a wavelength 

fixed at 254 nm. 

3.5. LOW PRESSURE LIQUID CHROMATOGRAPHY 

Low pressure liquid chromatography (LPLC) was used to purify various enriched 

fractions. The system used was composed of a Duramat® pump with a LKB 2238 
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UVICORD SII UV detector with fixed wavelength (210 or 254 nm) and an LKB 2210 

recorder. The column used was a Lobar® Lichroprep® RP-18 (40-63 µm, 310 x 25 mm 

i.d., Merck, Darmstadt, Germany) with a stepwise gradient eluent MeOH:H2O adapted to 

the compounds to separate. The samples were introduced dissolved in methanol, after the 

elimination of the possible insoluble part by centrifugation. The fractions were collected 

by a Reditrac automatic collector (Pharmacie Biotech). 

3.6. SEMI-PREPARATIVE HIGH PERFORMANCE LIQUID 

CHROMATOGRAPHY 

The term semi-preparative high performance liquid chromatography (semi-prep) is 

conventionally applied to columns with an internal diameter (i.d.) of 8 to 10 mm and 

often packed with 10 µm particles. This technique is useful for the separation of 1 mg to 

100 mg of mixtures, and is thus widely applied for the final isolation steps [Hostettmann 

et al., 1998]. 

In the present work, semi-prep was used in order to purify compound B previously 

isolated by MPLC. The tools consisted of an LC-8A pump, equipped with an SCL-10A 

VP system controller, an SIL 10AP autoinjector, and an SPD-10A VP UV-Vis detector, 

all obtained from Shimadzu (Kyoto, Japan), in combination with a µBondapack C18 

prepacked column in a radial compression PrepLC 25 mm module (RCM) (Waters, 

Milford, MA, USA). The flow rate was set to 10 mL/min and the injected amounts 

ranged from 5.0 to 10.0 mg. 

Optimization of the separation conditions was determined by analytical HPLC using a 

RCM column (8 x 5 mm; Waters, Milford, MA, USA) before transposition to a semi-

preparative scale. 

3.7. SOLID PHASE EXTRACTION 

Solid phase extraction (SPE) is a solid-liquid chromatographic technique using a 

cartridge filled with stationary phase, that allows a preliminary purification of the 

extracts. Elution from the cartridge is performed by vacuum. The advantages of this 

technique are that it is very quick, and also cheap in spite of the unique use made of each 
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cartridge. This method is thus well-adapted to use before analysis by TOF/MS. The use 

of an appropriate solvent allows the removal of very lipophilic compounds, while a 

maximum of secondary metabolites are solubilized. This avoids the introduction of 

compounds that are difficult to remove from the mass analyser. 

In the present work, this technique was systematically used before the analysis by 

UPLC-ESI/TOF/MS. The cartridges Sep-Pack® (Waters Corporation, Milford, MA, 

USA) were first washed with 2 mL of MeOH LC-MS grade (Fischer Scientific, 

Loughborough, Leicestershire, UK), in order to free the chains of the stationary phase. 

The cartridge was then conditioned with 1 mL of a mixture of MeOH:H2O 85:15 (v/v). A 

sample of 5.0 mg of extract, previously solubilized in 0.5 mL of MeOH:H2O 85:15 (v/v), 

was deposited onto the cartridge, by adjusting the flow rate to 1 drop/min. The secondary 

metabolites were eluted with 1 mL of the same solvent system. The filtrate obtained by 

this method was then evaporated to dryness and dissolved again, in order to obtain a 

solution at 20 µg/mL. 

4. PHYSICO-CHEMICAL METHODS 

4.1. OPTICAL ROTATION 

The optical rotation [α]D of the compounds containing one or more asymmetrical 

carbon atoms was determined with a PE-241 MC polarimeter (Perkin-Elmer, Wellesley, 

MA, USA). The rotation α of the polarized light by the products dissolved in ethanol 

(EtOH) was measured in a 10 cm long tank at room temperature. The yellow D line  

(589 nm) of a sodium lamp was used as source of incident light. The specific rotation 

[α]D [°] was thus defined as follows: 

[ ]
lc

1000T
D ⋅

⋅α=α  

With α as the observed rotation [°] (mean on 30 measurements), l cell length [dm], 

and c concentration of the compound [mg/mL]. 

In the description of the physical constants of the compounds (see Chapter V.7), the 

concentration c was expressed in g/mL. 
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4.2. MASS SPECTROMETRY 

Mass spectrometry (MS) is based on the direct measurement of the relation between 

the mass and the elementary, positive or negative, ion charge number (m/z) obtained from 

the analyte. The obtained spectrum represents the relative abundance of the several ionic 

species as a function of m/z [Vollhardt and Schore, 1994]. In this work, MS was used in 

order to determine the molecular weight of the isolated compounds and the fragmentation 

pattern was useful to establish the distribution of substituents. 

Mass spectrum of compound C was run in the electron ionization (EI) mode. The 

analyte vapor is subjected to a bombardment of energetic electrons from a direct 

electrically-heated tungsten or rhenium filament. A radical cation M+· (loss of an 

electron) or anion M-· (capture of an electron) is produced and it is called the molecular 

ion, since its m/z ratio corresponds to the molecular mass Mr of the analyte. The EI mass 

spectrum of compound C was measured on a VG 7070E (VG Analytical Ltd, 

Manchester, UK) in the Laboratoire de Chimie Physique of Prof. Fazil Gülaçar, 

University of Geneva, Switzerland. 

High resolution (HR) mass spectra were recorded for the isolated compounds in order 

to confirm their molecular formula. These analyses were carried out on a TOF/MS (LCT 

Premier, Micromass®, Waters, Milford, MA, USA), in the positive ion mode, using an 

electrospray interface (ESI) that was set with a capillary voltage of 2800 V, and a sample 

cone at 40 V. The temperature of the desolvation gas (N2) was 250°C, at a gas flow rate 

of 550 L/h. The source temperature was 120°C, and the cone gas flow rate was 50.0 L/h. 

The voltage of the TOF flight tube was set to 7200 V, that of the reflectron to 1800 V and 

the multiple channel plate (MCP) detector to 2650 V. The scan duration was 0.25 s with 

an interscan delay of 0.01 s. Detection was performed after a UPLC system (ACQUITY®, 

Waters, Milford, MA, USA). The column was an ACQUITY UPLC® BEH  

(50.0 x 1.0 mm i.d.; 1.7 µm), with a RP-C18 stationary phase. The stepwise gradient used 

was MeCN+0.1% formic acid:H2O+0.1% formic acid from 5:95 (v/v) to 98:2 (v/v) in 

7.02 min. The reference mass was given by a solution of Leucine-Enkephalin (Sigma, 

Steinheim, Germany) at 5 µg/mL. This solution was infused through to lockmass probe at 
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a flow rate of 20 µL/min with the help of a second LC pump (Shimadzu LC-10AD VP, 

Duisburg, Germany). 

4.3. NUCLEAR MAGNETIC RESONANCE SPECTROMETRY 

The nuclear magnetic resonance spectrometry (NMR), chosen as main analytical 

method for the structural elucidation of the isolated compounds, is based on the 

phenomenon that occurs when the nuclei of certain atoms are immersed in a static 

magnetic field and exposed to a second, oscillating, magnetic field. Each element with a 

permanent nuclear magnetic moment, like 1H, 13C, 14N, 17O, 19F, or 31P is able to produce 

a signal. Under appropriate conditions, the analyte can absorb electromagnetic radio-

waves radiations at frequencies depending on its characteristics [Vollhardt and Schore, 

1994]. The nuclei of greatest interest here were mainly protons (1H) and carbons (13C), as 

their resonances are the most important for the identification of natural organic 

molecules.  

The 1H and 13C NMR spectra were recorded on a UNITY Inova 500 impulsion 

spectrometer (Varian, Palo Alto, CA, USA) at 499.87 and 125.70 MHz, respectively. The 

instrument was controlled by a Solaris VNMR software of the same manufacturer, 

installed on a Sun workstation (Santa Clara, CA, USA). On this type of device, all the 

transitions are simultaneousely excited by irradiation with a multifrequency impulsion 

(large band); then the computer transforms the interferogram obtained into a conventional 

spectrum by a mathematical operation (Fourier transformation). The chemical shifts (δ) 

of the signals are characteristic of the nuclear and atomic environment within the 

molecule. All NMR measurements were performed at 30°C in deuterated solvents: 

methanol (CD3OD-d4), chloroform (CDCl3-d) or DMSO (DMSO-d6) (Armar Chemicals, 

Döttingen, Switzerland), depending on the solubility of the compound. The shifts are 

indicated in ppm, with tetramethylsilane (TMS) as an internal standard for 1H spectra, 

and the CD3OD -d4 shift (49.0 ppm), CDCl3-d shift (79.2 ppm) or DMSO-d6 shift (39.7 

ppm) as reference for 13C spectra. 

In order to observe homo- and heteronuclear correlations between the proton and 

carbon atoms of the analyte, complementary bidimentional (2D) experiments were 

performed. These 2D experiments, including gDQF-COSY, gHSQC, gHMBC and 
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gNOESY, were run using standard pulse sequences provided in the original VNMR 

software. 

5. CHEMICAL AND BIOCHEMICAL METHODS 

5.1. REAGENTS FOR TLC DETECTION 

The detection of the various compounds present on the TLC plates was performed by 

various means after development and evaporation of the mobile phase. Visual 

observations were first carried out in daylight in order to detect colored substances, then 

under UV light at 254 nm (fluorescence extinction) and 366 nm (own fluorescence). The 

use of chemical reagents in solution sprayed on the TLC plates complements the visual 

observations. A specific reagent could point out a compound or a class of compounds, 

while a polyvalent reagent is particularly adapted to regroup fractions after preparative or 

semi-preparative separations. 

Two main reagents were used during this work: 

• Godin’s reagent [Godin, 1954]: polyvalent reagent. The plate was first sprayed 

with a solution of equivalent volumes of 1 % vanillin in ethanol and 3 % perchloric acid 

in water. Then, the dried layer was covered with an ethanolic solution of 10 % sulfuric 

acid and heated to about 100°C during 5 min. Different colorations appeared in daylight. 

• Dragendorff’s modified reagent [Wagner et al., 1982]: specific reagent 

(alkaloids). (a) 0.30 g of bismuth subnitrate were dissolved with 1 mL of hydrochloric 

acid (HCl) 25 % in 5 mL water. (b) 3 g of kalium iodide (KI) were dissolved in 5 mL of 

water. Color reagent: 5 mL of (a), 5 mL of (b), 5 mL HCl 12.5 % and 100 mL of water 

were mixed extemporary and then sprayed onto the plate to give orange zones on a 

yellow background. 

5.2. FREE RADICAL SCAVENGING ASSAY WITH DPPH 

Free radicals are produced in the organism due to external factors (UV, ionic radiation, 

antiseptics, medicines, pesticides, solvents, …), but also during biological processes like 

cellular respiration. These are well known to be a major cause of food and material 
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degradation. Oxygen reactive species have been recognized to play an important role in 

several diseases such as cataracts, cognitive disorders, heart diseases and cancers. In this 

context, screening for natural antioxidants in higher plants is of great interest, since these 

could slow down or even prevent such disorders. 

1,1-diphenyl-2-picrylhydrazyle (DPPH) was used to detect an anti-radical scavenging 

activity. This molecule is a stable radical, with purple color when in solution 

(λmax 517 nm) and will discolor when reduced by a free radical scavenger [Cuendet et al., 

1997]. 

The test was performed on TLC plates, where 100 µg of crude extracts or fractions or 

10 µg of pure compounds were spotted. After elution, the plates were dried and sprayed 

with 0.2 % DPPH methanolic solution. After an optimal reaction time of about 30 

minutes, the active compounds clearly appeared as yellow spots on a purple background. 

5.3. ACETYLCHOLINESTERASE INHIBITORS TLC BIOASSAY 

As said previously, the TLC bioautographic assay used to detect anticholinesterase 

agents was performed to determine the presence of HupA (see Chapter III.1) in the 

Pteridophytes extracts, for bioguided isolation of the active compounds (see Chapter 

III.2), and has been compared with Ellman’s method conducted in solution. This test has 

been developed by Marston et al. [2002]. 

AChE from electric eel (1000 U) purchased from Sigma Chemical Co. (St. Louis, MO, 

USA) was dissolved in 150 mL of 0.05 M Tris-hydrochloric acid buffer at pH 7.8. 

Bovine serum albumin (150 mg) (Merck, Darmstadt, Germany) was mixed with this 

solution in order to stabilize the enzyme during the bioassay. The developed and well-

dried TLC plates were sprayed with the solution and incubated in a humid atmosphere at 

37°C for 20 min after being dried again. A freshly prepared mixture of 1 part 1-napthyl 

acetate (Merck, Darmstadt, Germany; 2.5 mg/mL in ethanol) and 4 parts Fast Blue B salt 

(Fluka, Buchs, Switzerland; 2.5 mg/mL in water) was then applied onto the incubated 

plates. A purple coloration appeared on the whole surface after 1 or 2 min, due to the 

formation of an azo dye between Fast Blue B salt and 1-naphthol obtained by hydrolysis 

of 1-naphthyl acetate by AChE. Active compounds (AChE inhibitors) were localized by 

colorless spots. In general, 10 to 20 µg of crude extract and 1 to 0.001 µg of pure 
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compounds were spotted on the layer. (±)-HupA obtained from Sigma (St-Louis, MO, 

USA) was used as positive control, with 0.001 µg spotted on the plate. 

5.4. ACETYLCHOLINESTERASE INHIBITORS MICROTITRE PLATE 

BIOASSAYS 

Both microtitre plate bioassays have been conducted in the Laboratoire de chimie 

thérapeutique, groupe de Pharmacochimie of Prof. Pierre-Alain Carrupt, University of 

Geneva, Switzerland. 

All measurements were performed with a microplate reader (PowerWaveX, BioTek 

Instruments, Winooski, USA), in conventional flat-bottom polypropylene microtitre 

plates (Evergreen Scientific, Los Angeles, USA). 

5.4.1. Assay based on Ellman’s reaction 

The protocol described by Ellman [Ellman et al., 1961] has been adapted to allow 

measurements in 96-well microtitre plates. The wells were filled with 227.3 µL or  

210 µL of Ellman’s reagent (5,5’-dithiobis-(2-nitrobenzoic acid)), 20 µL of a solution of 

acetylcholinesterase (final concentration 0.037 U/mL) in 0.1 M sodium phosphate buffer 

pH 7.4 and 2.7 µL of DMSO or buffer for the controls. The enzymatic reaction was 

initiated by addition of 20 µL of acetylthiocholine iodide (ATCI) solution in 

demineralised water. Six final concentrations (0.056-0.67 mM) of acetylthiocholine were 

examined in order to determine the KM value, which was fixed at 0.25 mM (KM value in 

presence of 1.6 % DMSO). The final assay volume was 270 µL. The plate was shaken for 

2 sec and the increase in absorbance at 412 nm was monitored at 25°C for 180 sec. 

The velocities of hydrolysis were determined by linear regression from the initial part 

of the plot of absorbance versus time. The kinetic parameters KM and Vmax were obtained 

by curve fitting according to the classical Michaelis-Menten equation using Prism V4.00 

(GraphPad Software Inc.). All the determinations were performed in triplicate. 

5.4.2. Assay based on Fast Blue B salt reaction 

The microplate assay has been developed in 96-well microtitre plates. The reaction 

mixture consisted of 235.7 µL or 188.4 µL of 0.1 M sodium phosphate buffer pH 7.4, 
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20 µL of a solution of AChE (final concentration 0.1 U/mL in 0.1 M sodium phosphate 

buffer pH 7.4), 2.7 µL of DMSO or 50 µL of buffer solutions of the test compounds or 

the same volume of DMSO or buffer for the controls, and 1.6 µL of a 1-naphthyl acetate 

solution. The final concentration of the substrate was comprised between 0.06 M and 

1.02 mM for the determination of the KM value, and was of 0.27 mM otherwise (KM 

value in presence of 1.6 % DMSO). The final concentration of DMSO was 0.6 % or 

1.6 %, and the final assay volume was 260 µL. After mixing for 90 sec, and incubation at 

25°C for 90 sec, the reaction was stopped with 20 µL of a 5 % solution of sodium 

dodecyl sulphate (SDS). The colour was developed with 20 µL Fast Blue B salt solution 

in water. Enzymatic activity and inhibition were quantified by determination of the 

absorbance in end point lecture at 600 nm of the resulting purple-coloured diazonium 

dye, which turned to stable blue in presence of SDS. 

The kinetic parameters KM and Vmax were obtained by curve fitting according to the 

classical Michaelis-Menten equation using Prism V4.00 (GraphPad Software Inc.). All 

the determination were performed in triplicate. 

5.5. ββββ-SECRETASE INHIBITORS MICROTITRE PLATE BIOASSAY 

The bioassay used to determine the presence of β-secretase inhibitors was based on the 

fluorescence resonance energy transfer (FRET) principle. In this study, the peptidic 

substrate used was BAS 131; the central peptidic moiety was the cleavage site of the 

Swedish mutant APP, with the fluorescent species [7-methoxycoumarin-4-yl]acetic acid 

(MCA) added on one side and the quencher 2,4-dinitrophenyl (DNP) on the other side 

(MCA-Ser-Glu-Val-Asn-Leu-Asp-Ala-Glu-Phe-Arg-Lys(DNP)-Arg-Arg-NH2 or MCA-

SEVNLDAEFRK(DNP)-RR-NH2). The two terminal arginines were added to increase 

the solubility of the compound. In the presence of the β-secretase enzyme, the substrate 

was cleaved and an increase of the recorded fluoresence could be observed. The addition 

of an inhibitor prevented the enzymatic cleavage and the kinetic of the reaction was thus 

slowed down. A blank control with the substrate alone was performed to correct the 

fluorescence values obtained and a blank substrate, with the substrate and the sample but 

without the enzyme, was prepared in order to assess that the decrease of the slope was not 
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due to a non-specific interaction. The reference inhibitor STA 200 contained a statine 

moiety to allow the inhibition (Lys-Thr-Glu-Glu-Ile-Ser-Glu-Val-Asn-(statine)-Val-Ala-

Glu-Phe-OH or KTEEISEVN-(statine)-VAEF). Both compounds and the enzyme were 

obtained from EGT Chemie (Tägerig, Switzerland). 

The FRET bioassay used to determine the inhibition of β-secretase was performed on 

black enhanced-binding polystyrene 96-well microtitre plates BD Falcon® (BD 

Biosciences, San José, CA, USA). The assay was purchased with an enzyme solution at 

2.0 µg/mL in 50 mM NaOAc pH 4.5 with 0.25 % bovine serum albumine (BSA) in order 

to stabilize the solution, and with a BAS 131 substrate solution at 40 µg/mL in 10 mM 

HEPES pH 7.0 with 10 % DMSO. Solutions of plant extracts at 0.2 mg/mL were 

prepared, first by dissolution in DMSO (10 % of the final volume of the solution) before 

dilution in buffer 10 mM HEPES pH 7.0. A positive control was performed by adding a 

solution of the reference peptidic inhibitor STA 200 at 10 µg/mL in 10 mM HEPES pH 

7.0 with 10 % DMSO instead of the sample. The composition within the different wells is 

described in Table V-5. 

Table V-5 Composition within the wells for the blank, negative and positive controls, blank 
sample and sample 

 Blank 
control 

Negative 
control 

Positive 
control 

Blank 
sample  

Sample 

NaOAc  100 - - 100 - 

HEPES 50 50 - - - 

β-secretase - 100 100 - 100 

BAS 131 50 50 50 50 50 

STA 200 - - 50 - - 

Sample - - - 50 50 

Volumes of the different solutions [µL]; HEPES: 10 mM HEPES buffer pH 7.0 with 10 % DMSO; NaOAc: 
50 mM NaOAc buffer pH 4.5 with 0.25 % BSA; β- secretase: solution of the enzyme at 4 µg/mL in 
NaOAc; BAS 131: solution of the substrate at 40 µg/mL in HEPES; STA 200: solution of inhibitor at 
10 µg/mL in HEPES; sample: solution of extracts at 0.2 mg/mL in HEPES. 

 

The measurements were perfomed in the kinetic mode between 20 min and two hours 

with data obtained every 5 min with a fluorimeter FLX 800 Microplate Fluorescence 

Reader (BioTek Instruments, Inc.). Given that the excitation and emission wavelengths of 
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the substrate were 325 and 390 nm respectively, the filters of the fluorimeter used were 

340 ± 15 nm and 400 ± 15 nm respectively. The sensitivity was set to 115. 

6. BIOLOGICAL METHODS 

6.1. ANTIFUNGAL TEST AGAINST CANDIDA ALBICANS 

Candida albicans (Robin) Berkhout is a yeast present in the gastrointestinal, buccal 

and vaginal human commensal flora, but it can become pathogenic in immunodepressed 

patients. In the last decades, the increasing incidence of systemic candidiasis associated 

with AIDS and arising after treatment by immunosuppressive drugs, and the apparition of 

numerous resistances to the drugs available motivated the search for new agents against 

this pathogen. Since direct bioautography is not possible with yeasts such as C. albicans, 

a simple and rapid agar overlay assay has been developed [Rahalison et al., 1994]. This 

contact bioautography technique relies on the transfer by a diffusion process of the active 

compounds from the stationary phase in the agar layer containing the micro-organism. 

After incubation, the plate was sprayed with 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-

2H-tetrazolium bromide (MTT). The fungus converts the MTT into an MTT formazan 

dye. Inhibition zones are observed as clear spots against a purple background. 

The agar overlay method used was performed as follows; a strain of C. albicans was 

obtained from the Centre Hospitalier Universitaire Vaudois (Dr. Monod, CHUV, 

Lausanne , Switzerland). A colony of this micro-organism was put in 50 mL of  

Sabouraud medium (Sabouraud Dextrose Agar, Biokar Diagnostics, Beauvais, France) 

and kept overnight at room temperature with constant shaking. 1 mL of this solution was 

diluted with 50 mL of the same Sabouraud medium and shaken at room temperature 

during 6 hours to achieve the exponential growth of the micro-organism. 5 mL of this 

solution was introduced in 50 mL parts of malt agar (Biokar Diagnostics; Beauvais, 

France), prepared and maintained at 45°C. These inoculums contained then 

approximately 105 cells/mL and 20 mL were sufficient for a 10 x 20 cm plate. The 

extracts (100 µg) or the pure compounds (10 µg) were applied on a glass-backed silica 

gel TLC plate and developed as described in Chapter V.2.1., before being thoroughly 

dried. Miconazole (10 µg) was used as positive control and chloramphenicol (10 µg) as 
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negative control. The liquid agar medium was spread onto the plate in a layer of about  

1-2 mm thickness that hardened with cooling. The different plates were incubated 

overnight at 30°C in a humid atmosphere, and then homogenously sprayed with the MTT 

solution (Fluka, Buchs, Switzerland; 2.5 mg/mL). The micro-organism metabolized the 

MTT into the purple formazan, and after 4 hours incubation, the inhibition zones were 

visualized as white spots on the purple background. Ethanol 94% was then sprayed onto 

the plates to stop yeast growth. 

6.2. ANTIFUNGAL TEST AGAINST CLADOSPORIUM 

CUCUMERINUM 

Cladosporium cucumerinum is a microscopic phytopathogenic fungus, attacking 

particularly members of the Cucurbitaceae family. The presence of Cladosporium species 

in the environment seems to be related to respiratory allergies in humans [Cruz et al., 

1997]. In addition, other species (C. cladosposioide and C. bantianum) could be 

responsible for cutaneous or central nervous system infections [Elgart, 1996; Salaki et al., 

1984]. 

Testing for antifungal activity was performed by direct bioautography on TLC 

[Homans and Fuchs, 1970]; after elution, the chromatograms were dried and sprayed with 

a conidial suspension of C. cucumerinum (prepared by American Type Culture 

Collection, Rockville, MD, USA) in Sabouraud medium (Sabouraud Maltose Broth, 

Difco Laboratories, Detroit, MI, USA). The plates were then incubated during three days 

at room temperature in a humid atmosphere. The fungal growth was accompanied by the 

production of a greenish pigment: active compounds appeared very clearly as white 

inhibition spots. The spotted amounts were 100 µg for extracts or fractions, and 10 µg for 

pure compounds. Miconazole was used as positive control (10 µg), while 

chloramphenicol was spotted on the TLC plate as negative control (10 µg). 
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7. PHYSICAL CONSTANTS AND SPECTRAL DATA FOR 

THE ISOLATED COMPOUNDS 

 

Compound A Lycopodine 

C16H25NO 

Molecular weight 247.38 Da 

Light brown gum 

[α]D: - 32.8° (EtOH, c 0.58) 

UV λmax (MeOHaq) 230 - 297 nm N O

H3C

H

H1
2

3

4
5

6
7

8

13

15

9

10

11

14
12

16

 

ESI/TOF/MS: [M+H]+ m/z 248.2020 (required 248.2014) 

Position 
13C-NMR [ppm] 

(125 MHz, CD3OD-d4) 

1H-NMR [ppm] 
(500 MHz, CD3OD-d4) 

1 
 
2 
3 
4 
5 
6 
 
7 
8 
 
9 
 

10 
11 
12 
13 
14 
 

15 
16 

48.5 (CH2) 
 

18.4 (CH2) 
18.9 (CH2) 
44.8(CH) 
209.2 (C) 
42.9 (CH2) 

 
37.3 (CH) 
41.0 (CH2) 

 
48.0 (CH2) 

 
24.4 (CH2) 
23.4 (CH2) 
45.7 (CH) 
66.4 (C) 

42.3 (CH2) 
 

26.8 (CH) 
22.5 (CH3) 

a) 3.83 (m);  
b) 3.20 (dd, J1 14.16 Hz, J2 4.88 Hz) 

a) 2.10 (m); b) 1.70 (m) 
a) 1.98 (m); b) 1.89 (m) 

2.91 (m) 
 

a) 2.76 (dd, J1 16.36 Hz, J2 6.10 Hz); 
b) 2.27 (dd, J1 12.94 Hz, J2 3.17 Hz) 

2.31 (m) 
a) 2.76 (m);  

b) 1.19 (dd, J1 12.45 Hz, J2 4.15 Hz) 
a) 3.73 (m);  

b) 3.01 (dd, J1 11.96 Hz, J2 3.17 Hz) 
a) 2.09 (d, J 11.74 Hz); b) 1.95 (m) 

a) 2.07 (m); b) 1.70 (m) 
1.98 (m) 

 
a) 1.79 (m);  

b) 1.40 (dd, J1 12.94 Hz, J2 3.66 Hz) 
1.56 (m) 

0.96 (d, J 5.86 Hz) 
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Compound B 16-oxo-21-episerratriol (16-oxoserrat-14-en-3β,21β,24-triol) 

C30H48O4 

Molecular weight 472.70 Da 

White powder 

[α]D: - 9.2° (EtOH, c 0.18) 

UV λmax (MeOHaq) 246 nm 

HO

CH3 CH3

CH3

CH3

OH

O

CH3

CH3

H

H

OH

H

1
2

3
4 5

24 23

6
7

9

8
27

14

15
16

17

22

21

20

19

29

30

28

18

13

12

11

2625

10

 

ESI/TOF/MS: [M+H]+ m/z 473.3603 (required 473.3631) 

Position 13C-NMR [ppm] 
(125 MHz, DMSO-d6) 

1H-NMR [ppm] 
(500 MHz, DMSO-d6) 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 

38.2 (CH2) 
25.4 (CH2) 
79.2 (CH) 
62.5 (C) 

56.6 (CH) 
19.5 (CH2) 
45.7 (CH2) 
58.9 (C) 

62.8 (CH) 
43.1 (C) 

29.7 (CH2) 
40.8 (CH2) 
58.7 (CH) 
164.4 (C) 

128.7 (CH) 
201.5 (C) 
59.1 (CH) 
44.5 (C) 

31.5 (CH2) 
28.2 (CH2) 
74.2 (CH) 
37.0 (C) 

23.6 (CH3) 
63.8 (CH2) 
16.1 (CH3) 
20.6 (CH3) 
55.3 (CH2) 
15.2 (CH3) 
22.2 (CH3) 
28.9 (CH3) 

1.74 (m) 
1.45 (m) 

3.15 (dd, J1 12.21 Hz, J2 5.37 Hz) 
 
 

1.49 (m) 
1.39 (m) 

 
0.92 (m) 

 
1.25 (s) 

 
2.35 (m) 

 
5.61 (s) 

 
2.45 (s) 

 
1.77 (m) 

 
3.10 (bs) 

 
1.06 (s) 

a) 3.83 (d, J 10.74 Hz); b) 3.28 (s) 
0.76 (s) 
0.81 (s) 

1.89 (d, J 15.14 Hz) 
0.69 (s) 
0.99 (s) 
1.09 (s) 
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Compound C 12,16-epoxy-6α,11,14-trihydroxy-8,11,13-abietatrien-7-one 

C20H26O5 

Molecular weight 346.40 Da 

Yellow powder 

[α]D: + 26.6° (EtOH, c 0.14) 

UV λmax (MeOHaq) 244 - 304 - 350 nm 

O

CH3

H

OH

O

CH3H3C

OH

HO
CH3

H

1

2

3 4
5

6
7

8
9

10

11

12

13

14

15

16

17

18 19

20

 

ESI/TOF/MS: [M+H]+ m/z 345.1682 (required 345.1702) 

EI/MS, m/z (relative intensity): [M]·+ 346 (100), 329 [M-17]+ (21), 261 [M-45]+ (38), 245 [M-101]+ (28), 

233 [M-113]+ (34), 140 [M-206]+ (22) 

Position 13C-NMR [ppm] 
(125 MHz, CD3OD) 

1H-NMR [ppm] 
(500 MHz, CD3OD) 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
 

17 
18 
19 
20 

36.9 (CH2) 
18.9 (CH2) 
42.7 (CH2) 
33.9 (C) 

55.3 (CH) 
72.2 (CH) 
204.8 (C) 

 
140.3 (C) 
41.8 (C) 

 
157.6 (C) 
115.6 (C) 

 
35.5 (CH) 
80.5 (CH2) 

 
17.5 (CH3) 
21.8 (CH3) 
35.9 (CH3) 
18.3 (CH3) 

a) 3.40 (m); b) 1.39 (s) 
1.75 (m) 

a) 1.50 (m); b) 1.33 (m) 
 

1.78 (d, J 13.18 Hz) 
4.59 (d, J 13.18 Hz) 

 
 
 
 
 
 
 
 

3.68 (m) 
a) 4.78 (t, J 9.03 Hz);  

b) 4.28 (dd, J1 8.79 Hz, J2 6.35 Hz) 
1.36 (d, J 6.84 Hz) 

1.23 (s) 
1.22 (s) 
1.51 (s) 
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Alzheimer’s disease is the most frequent cause of senile dementia and affects  

24 million people around the world. The first drugs introduced on the market for its 

treatment have been acetylcholinesterase inhibitors. However, these compounds present 

some side-effects, and the search for new active products is still of current interest. 

Moreover, all the existing alternatives are symptomatic and allow only to delay the 

progression of the disease. The search for other active substances is thus still necessary, 

and natural compounds are an extensive source of new structures. 

Huperzine A is a new natural acetylcholinesterase inhibitor, and is currently in clinical 

trial. In the frame of the present work, an HPLC-UV-MS was developed in order to detect 

this alkaloid in various plant extracts,. It was located in a native Swiss Lycopodiaceae 

species, Huperzia selago (L.) Schrank et Martius. Given that other active products were 

detected in this plant, its phytochemical investigation was undertaken. Three compounds 

were isolated: lycopodine, which showed a slight inhibitory activity against 

acetylcholinesterase, 16-oxo-21-episerratriol, isolated here for the first time from the 

genus Huperzia, and 12,16-epoxy-6α,11,14-trihydroxy-8,11,13-abietatrien-7-one, a new 

molecule described for the first time in this work. Within the Laboratory of 

pharmacognosy and phytochemistry, the identification of acetylcholinesterase inhibitors 

was mainly performed by the means of a bioautographic assay on thin layer 

chromatography. The results obtained in this way were compared to those of a test 

conducted in solution. The significant differences between the two methods showed that 

the inhibitory potency of a compound cannot be determined by the thin layer 

chromatography assay. However, it allows to screen simultaneously several plant 

extracts, and to guide the isolation of active substances. 

Finally, in order to find new targets for the treatment of Alzheimer’s disease, the 

development of a solution assay for the detection of β-secretase inhibitors was initiated. 

In addition, piperine, a slightly active compound, was identified from Piper nigrum L. 

(Piperaceae). 
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La maladie d’Alzheimer est la cause la plus fréquente de démence sénile et touche 24 

millions de personnes dans le monde. Les premiers médicaments admis sur le marché 

pour son traitement ont été des inhibiteurs de l’acétylcholinestérase. Cependant, ces 

composés présentent un certain nombre d’effets secondaires et la recherche de nouveaux 

produits actifs est encore d’actualité. De plus, toutes les alternatives existantes ne sont 

que symptomatiques et ne permettent que de retarder la progression de la maladie. La 

recherche d’autres substances actives est donc nécessaire et les composés naturels sont 

une source étendue de nouvelles structures. 

L’huperzine A est un nouvel inhibiteur naturel de l’acétylcholinestérase en cours 

d’étude clinique ; elle est le principal objet de la première partie de la présente étude. 

Afin de la détecter dans différentes plantes, une méthode HPLC-UV-MS a été développée 

et l’alcaloïde a été localisé dans un lycopode suisse, Huperzia selago (L.) Schrank et 

Martius (Lycopodiaceae). Etant donné que d’autres produits actifs ont été mis en 

évidence dans cette plante, son investigation phytochimique a été entreprise. Trois 

composés ont été isolés : la lycopodine, qui a montré une faible activité inhibitrice de 

l’acétylcholinestérase, le 16-oxo-21-épiserratriol, isolé ici pour la première fois du genre 

Huperzia, et le 12,16-époxy-6α,11,14-trihydroxy-8,11,13-abietatrièn-7-one, un nouveau 

composé décrit pour la première fois dans ce travail. Au sein du Laboratoire de 

pharmacognosie et phytochimie, l’identification d’inhibiteurs de l’acétylcholinestérase 

est principalement effectuée à l’aide d’un test bioautographique sur chromatographie sur 

couche mince. Les résultats obtenus de cette façon ont été comparés avec un test en 

solution. Les grandes différences observées entre ces deux tests ont permis de montrer 

que la puissance inhibitrice d’un composé ne peut être déterminée par la chromatographie 

sur couche mince. Cependant, cet essai permet de cribler plusieurs extraits végétaux 

simultanément et de guider l’isolement de substances actives. 

Finalement, afin de trouver de nouvelles cibles pour le traitement de la maladie 

d’Alzheimer, la mise au point d’un test en solution pour la détection d’inhibiteurs de la β-

sécrétase a été initiée. En outre, la pipérine, un composé faiblement actif, a été identifiée 

à partir de Piper nigrum L. (Piperaceae). 
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