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SOUHRN

Moznosti soucasné terapie nadorovych onemocnéni jsou Siroké, piesto vSak tato
onemocnéni stale patii mezi nejCastéjsi pri¢iny umrti. Dosavadni poznatky biomedicinského
vyzkumu se ¢im dal tim vice uplatituji v 1€cebné strategii tohoto typu onemocnéni. Pochopeni
molekularnich drah spojenych se vznikem nadorovych bungk, jejich progresi a metastazi vedl
k objevu novych protinadorovych 1€¢iv a rozvoji cilené 1é¢by. Soucasné také poznéni
molekuldrniho mechanismu uc¢inku protinadorovych 1éCiv ziskanych z rostlin ¢i jejich

semisyntetickych derivati umoznuje rozsitit portfolio dosud pouzivanych cytostatik.

Cilem disertacni prace bylo studium cytotoxického a cytostatického uc€inku dosud
neprozkoumanych isochinolinovych alkaloidii montaninového typu in vitro s pouzitim panelu
nadorovych bunéfnych linii a nenddorové bunétné linie lidskych plicnich fibroblasta.
V pocatecni fazi studie byly zdkladni typy montaninovych alkaloidd - montanin a pankracin -
izolovany, dale podrobeny screeningu cytotoxicity s pouzitim panelu deviti naddorovych
bunécnych linii odlisného histotypu a jedné nenadorové bunécné linie plicnich fibroblasti. Byly
stanoveny hodnoty 50 % inhibi¢ni koncentrace ICso. Pankracin, parentni alkaloid celedi
Amaryllidaceae, byl komplexné¢ prostudovan s cilem pochopit molekuldrni mechanismus jeho
ucinku, ptedevsim tedy vliv na viabilitu a proliferaci rezistentni bunécéné linie adenokarcinomu
plic A549 a leukemické linie MOLT-4. Jako soucast detailn¢jSiho studia molekularnich
mechanismi G¢inku byly rovnéz pouzity metody, které pomohly odkryt vliv pankracinu na
bunécny cyklus, vliv na indukci apoptézy a dale metody pouzité k detekci proteinli
molekularnich drah vedouci k antiproliferacnimu a cytotoxickému ucinku. Nejprve byla
zkoumana bunécna proliferace a viabilita nadorovych bunék metodou barveni Trypanovou
modii a detekci proliferace v redlném case syst¢tmem xCELLigence. V1iv na bunéény cyklus
byl stanoven pritokovou cytometrii. Apoptdza byla stanovena pomoci znaceni Annexinem
V/PI a také kvantifikaci aktivity kaspaz (-3/7, -8 a -9). Proteiny i¢astnici se d€jli spojenych se
zastavenim rustu ¢i iniciaci apoptézy byly detekovany elektroforeticky a pomoci metody
Western blot. Pankracin statisticky vyznamné snizil viabilitu a proliferaci leukemické bunécné
linie MOLT-4. Indukce apoptézy v bunikich MOLT-4 po ovlivnéni pankracinem byla
prokdzana statisticky vyznamné vyssi aktivitou kaspaz a rovnéz detekci fosfatidylserinu na
mimobunécéné stran€ cytoplazmatické membrany leukemickych bunék. Dal§im dikazem
indukce programované bunécné smrti vyvolané pankracinem je detekce tumor supresorového

proteinu p53 fosforylovaného na serinu 392, proapoptotické MAP kinazy p38 fosforylované na



threoninu 180 a tyrosinu 182 a upregulace inhibitoru cyklin dependentnich kinaz, proteinu p27.
Pankracin statisticky vyznamné inhiboval proliferaci bunécné linie adenokarcinomu plic A549
a tento efekt pretrvaval po dobu 96 h. Inhibice rlstu rezistentniho adenokarcinomu plic se
projevila v disledku zvySeni akumulace bunék v Gl fazi, tato zastava byla zplsobena
downregulaci tumor supresorového proteinu Rb fosforylovaného na serinu 807 a 811,
upregulaci p27 a downregulaci Akt kinazy fosforylované na threoninu 308. Zavérem lze tedy
uvést, ze redistribuce bunék v bunééném cyklu a indukce programované bunécné smrti jsou

kli¢ové mechanismy plisobeni pankracinu.



SUMMARY

The possibilities of current therapy of cancer diseases are wide, yet these diseases are
still among the most common causes of death. The current findings of biomedical research are
increasingly being applied in the treatment strategy of cancer. Understanding the molecular
pathways associated with cancer cell formation, progression, and metastasis has led to the
discovery of new anticancer drugs and the development of targeted therapies. Simultaneously,
knowledge of the molecular mechanism of action of anticancer drugs derived from plants or
their semisynthetic derivatives makes it possible to expand the portfolio of cytostatics used so

far.

The aim of the dissertation was to study the cytotoxic effect of hitherto unexplored
montanine-type isoquinoline alkaloids in vitro using a panel of cancer cell lines and a non-

cancer cell line of human lung fibroblasts.

In the initial phase of the study, the basic types of montanine alkaloids, montanine and
pancracine, were isolated, further subjected to cytotoxicity screening using a panel of 9 cancer
cell lines of different histotype and one non-cancerous cell line formed by lung fibroblasts.
Mean inhibitory concentrations ICso values were determined. Pancracine, the parent alkaloid of
the Amaryllidaceae family, has been comprehensively studied in order to understand the
molecular mechanism of its action, especially the effect on viability and proliferation of the
resistant lung adenocarcinoma cell line A549 and the leukemic cell line MOLT-4. As part of a
more detailed study of the molecular mechanisms of action, methods have also been used that
have shown its effect on cell cycle, replication, induction of apoptosis, and detection of
molecular pathway proteins leading to antiproliferative and cytotoxic effects. First, cell
proliferation and cancer cell viability were measured by Trypan blue staining assay and
xCELLigence real-time proliferation system. The effect on the cell cycle was determined by
flow cytometry. Apoptosis was determined by Annexin V / PI labelling and quantification of
caspase activity (-3/7, -8 and -9). Proteins involved in growth arrest or apoptosis activation were
detected by electrophoresis and western blotting. Pancracine significantly reduced the viability
and proliferation of the leukemic cell line MOLT-4. The apoptosis-inducing effect of
pancracine in MOLT-4 cells was demonstrated by a significantly higher caspase activity as well
as by the detection of phosphatidylserine on the outer leaflet of the plasma membrane of
leukemia cells. Further evidence of apoptosis is the detection of the p53 tumor suppressor

protein phosphorylated at serine 392, the proapoptotic MAP kinase p38 phosphorylated at
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threonine 180, and tyrosine 182, and the upregulation of the inhibitor of cyclin-dependent
kinases p27. Pancracine significantly inhibited the proliferation of the A549 lung
adenocarcinoma cell line and this effect persisted for 96 h. Growth inhibition of resistant lung
adenocarcinoma was due to increased cell accumulation in the G1 phase, this G1 block was
caused by downregulation of the tumor suppressor protein Rb phosphorylated at serine 807 and

811, upregulation of p27, and downregulation of Akt kinase phosphorylated at threonine 308.

In conclusion, cell cycle perturbation and induction of apoptotic cell death were

considered to be the key mechanisms of pancracine action.
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1 CILE DISERTACNI PRACE

Cilem disertacni prace bylo komplexné prostudovat cytostatickou a cytotoxickou
aktivitu skupiny vybranych montaninovych alkaloidt s pouzitim panelu nadorovych bunécnych
linii odlisného histotypu a nenadorové lidské bunécné linie plicnich fibroblastii. Zarover si tato
prace klade za cil poodhalit molekuldarni mechanismus U¢inku vybraného montaninového

alkaloidu. Konkrétné se vénuje témto dil¢im tkoltim:

. Stanoveni riastového procenta (GP) dosud netestovanych alkaloidi izolovanych
z rostlin Hippeastrum cultivars v panelu 9 bunéénych linii odvozenych z histotypové odlisnych

nadori a u jedné nenadorové linie lidskych plicnich fibroblastt.

. Stanoveni hodnoty inhibi¢ni koncentrace ICso u téch izolovanych alkaloidd,

jejichz jednodavkova koncentrace 10 umol.I"! snizila GP pod 50 %.

. Stanoveni ristového procenta (GP) dosud netestovanych alkaloidli izolovanych
z rostliny Narcissus L. cv. Professor Einstein v panelu 9 bunéénych linii odvozenych z

histotypové odliSnych nadort a u jedné nenadorové linie lidskych plicnich fibroblastt.

. Stanoveni hodnoty inhibi¢ni koncentrace ICso u téch izolovanych alkaloidd,

jejichz jednodavkova koncentrace 10 umol.I"! snizila GP pod 50 %.

. Pomoci vhodné metody wurcit, zda je cytostaticky ucinek vybrané¢ho

montaninového alkaloidu dlouhodoby a davkoveé zavisly.

. Posoudit, zda je cytostaticky a cytotoxicky U€inek alkaloidu spojen s redistribuci

bunécné populace v jednotlivych fazich bunécného cyklu.

. Zhodnotit, zda je cytotoxicky uc¢inek montaninového alkaloidu spojen s aktivaci
programované bunécné smrti a pomoci vybrané metody kvantifikovat pocet apoptotickych

bunék v ¢asné a pozdni fazi apoptdzy.

. Detekovat a kvantifikovat kli¢ové proteiny ucastnici se molekularnich déja v
pozadi cytostatického a cytotoxického uc¢inku montaninového alkaloidu spojenych se zastavou

bunécéného cyklu ¢i indukci apoptozy.
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2 SEZNAM PUBLIKACI A PRiSPF;VEK AUTORA
V JEDNOTLIVYCH PUBLIKACICH

Autorka publikovala celkem sedm plvodnich praci v ¢asopisech s impakt faktorem, z
nichz 2 publikace jsou prvoautorské a pét publikaci spoluautorskych. Déle autorka publikovala
1 ptehledovy prvoautorsky clanek v Casopise simpakt faktorem. Tato disertace je
komentovanym souborem ¢tyt z téchto publikaci vénujicich se problematice montaninovych
alkaloidii. Seznam dalSich publikaci nezahrnutych do disertace je uveden v kapitole 7. Autor¢in

pfinos v jednotlivych publikacich je nésledujici:

2.1 Chemical and Biological Aspects of Montanine-Type Alkaloids Isolated from
Plants of the Amaryllidaceae Family

Koutova, D.; Maafi, N.; Havelek, R.; Opletal, L.; Blunden, G.; Rezacova, M.; Cahlikova, L.
Molecules 2020, 25(10):2337.

1F2020 4,412, Q2 (Chemistry, Multidisciplinary: Molecules) dle AIS

Publikacni ptispévek autorky disertacni préce:

cast biomedicinska

« reSerSe tykajici se pfedevsim protinadorového uc¢inku montaninovych alkaloidi

cast fytochemicka
o reSerSe veénujici se piipravé novych syntetickych derivati s ohledem na jejich
protinadorovy ucinek
Odborny dohled k fytochemické casti a strukturné aktivitnim studiim zajiStovala
prof. Ing. Lucie Cahlikova, Ph.D. z Katedry farmaceutické botaniky Farmaceutické fakulty

Univerzity Karlovy v Hradci Kralové.

2.2 Alkaloid profiling of Hippeastrum cultivars by GC-MS, isolation of Amaryllidaceae
alkaloids and evaluation of their cytotoxicity

Al Shammari, L.; Al Mamun, A.; Koutova, D.; MajoroSova, M.; Hulcova, D.; Safratova, M.;

Breiterova, K.; Matikova, J.; Havelek, R.; Cahlikova, L.
Rec. Nat. Prod. 2020, 14, 154-159.

1F2020 1,735, Q3 (Plant Sciences) dle AIS
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Publikac¢ni ptispévek autorky disertacni prace:

Experimentalni
« Kultivace bunécnych linii
o Screening cytotoxicity izolovanych latek z alkaloidniho extraktu Hippeastrum cultivars
metodou WST-1
« Stanoveni hodnoty 50 % inhibi¢ni koncentrace 1Cso montaninu u deviti nadorovych a
jedné nenadorové bunécné linie
« Statistické vyhodnoceni vysledkt cytotoxicity a hodnot ICs
Publikacni

« Cast tykajici se cytotoxicity alkaloidd nebo jejich derivata

2.3  Amaryllidaceae alkaloids of different structural types from Narcissus L. cv.
Professor Einstein and their cytotoxic activity

Breiterova, K.; Koutova, D.; Marikova, J.; Havelek, R.; Kunes, J.; Majorosova, M.; Opletal, L.;

Hostalkova, A.; Jenco, J.; Rezacova, M.
Plants 2020, 9, 137.

1F2020 3,935, Q1 (Plant Sciences) dle IF
Publikaéni prispévek autorky disertacni prace:

Experimentalni
« Kaultivace bunéénych linii
« Stanoveni cytotoxicity izolovanych alkaloidii ¢eledi Amaryllidaceae metodou WST-1
o Stanoveni hodnoty 50 % inhibicni koncentrace ICso pankracinu u deviti nadorovych a
jedné nenadorové bunééné linie
» Statistické vyhodnoceni vysledki cytotoxicity a hodnot ICso
Publikacni

« Cast tykajici se cytotoxicity alkaloidii nebo jejich derivati
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2.4 Pancracine, a Montanine-Type Amaryllidaceae Alkaloid, Inhibits Proliferation of
A549 Lung Adenocarcinoma Cells and Induces Apoptotic Cell Death in MOLT-4
Leukemic Cells

Koutova, D.; Havelek, R.; Peterova, E.; Muthna, D.; Kralovec, K.; Breiterova, K.; Cahlikova,
L.; Rezatova M.

Int. J. Mol. Sci. 2021, 22(13):7014.
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Ptispévek autorky disertacni prace:

Experimentalni

o Kultivace bunécnych linii

o Piiprava experimentalnich protokoli

o Stanoveni viability a proliferace adherentni bunééné linie adenokarcinomu plic A549 a
leukemické linie MOLT-4 metodou barveni Trypanovou modii

« Stanoveni aktivity kaspaz

o Imunodetekce proteinti Gi€astnicich se molekuldrnich déji v pozadi u€inku pankracinu
véetn¢ denzitometrického stanoveni

» Statistické vyhodnoceni vSech vysledka

Publikacni

» Ptiprava designu studie a sepsani vSech jeho ¢asti
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3 UVOD DO PROBLEMATIKY

vvvvvvvv

umrti. Lécba v souCasné dob¢ zahrnuje chirurgické odstranéni, radioterapii, chemoterapii,
vcéetné hormondlni terapie, neustale se rozvijejici imunoterapii a biologickou lécbu a
samoziejmeé kombinaci zminénych. Hledani novych protinadorovych 1é¢iv v roviné zakladniho
vyzkumu je mozné chemickou de novo syntézou, kombinatorni chemii, purifikaci novych
protinddorovych antibiotik, izolaci a identifikaci novych sloucenin rostlinného ptvodu,
piipadné piipravou semisyntetickych derivati vychazejicich z latek ptirodniho ptivodu (Klener
a Klener 2010). Pochopeni mechanismu tc¢inku téchto latek v roviné zakladniho vyzkumu
vcetné jejich vlivu na bunéény cyklus a apoptozu je predpokladem uspésného terapeutického

zasahu.

3.1 Bunéény cyklus

Bunéény cyklus pfedstavuje sled vzajemné navazujicich a souvisejicich déja, které
vedou od jednoho bunééného déleni k nasledujicimu (Kovar 2000). Plivodné bylo bunééné
déleni rozdéleno do dvou fazi: mitéza (M), tj. proces jadern¢ho d€leni; a interfazi, tedy prechod
mezi dvéma M fazemi. Faze mitdzy zahrnuji profazi, metafazi, anafazi a telofazi. Pozdé&ji se
ukdazalo, Ze 1 relativné klidna interfaze zahrnuje specifické déje, které se vymezily do fazi G1,
S a G2 (Vermeulen et al. 2003). Faze G1 piredstavuje Casovy usek mezi ukonc¢enim ptredchozi
mitdzy a zacatkem replikace DNA, soucasti S faze je tedy syntéza DNA. Ukoncenim S faze
zacina G2 faze, coz je Casovy usek, ve kterém probiha hlavni pfiprava na mitdzu, tedy M fazi
(Kovat 2000). Buiiky v G1 mohou pied zahajenim replikace DNA vstoupit do klidového stavu
zvané¢ho GO. Buiiky v GO pfedstavuji hlavni populaci nerostoucich, neproliferujicich bunék v
lidském téle (Vermeulen et al. 2003). Vzhledem k dilezitosti procest, které jsou soucasti
bunécného cyklu, je v ramci bunééného cyklu nastaven dimyslny systém kontroly. Kontrolni
body bunééného cyklu jsou takové body progrese, kde se na zaklad¢é endogennich i exogennich
signalii rozhoduje o dalsim postupu bunky bunéénym cyklem (Kovat 2000). Hlavni rodiny
regulac¢nich proteint, které hraji klicovou roli v fizeni progrese bunééného cyklu, jsou cykliny,
cyklin dependentni kindzy (Cdk), jejich substratové proteiny, inhibitory Cdk (CKI) a tumor
supresorovy genovy produkt p53 a tumor supresorovy fosforylovany retinoblastomovy protein
pRb (Golias et al. 2004). Tyto rodiny tvoii zakladni regulaéni mechanismus zodpovédny za

katalyzu pirechodu bunécného cyklu a prostup kontrolnimi body (Golias et al. 2004).
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3.2 Zastava v kontrolnim bodé G1/S

U bunék nachdazejicich se v G1/S kontrolnim bod¢ probiha kontrola iniciace replikace
DNA a tato kontrola se provadi v zavérecné ¢asti G1 faze (Kovar 2000). Cyklin dependentni
kinazy (Cdk) a cykliny bunécného cyklu tvoii aktivni komplexy. V této fazi bunécného cyklu
jsou dulezité 2 typy téchto komplexti, konkrétné Cdk4/6 ve vazb¢ s cyklinem D a Cdk2 ve
vazbé s cyklinem E, jez vzajemné spolupracuji na uvolnéni transkripéniho komplexu, ktery
obsahuje Rb protein a transkripéni faktor E2F (Bartek a Lukas 2001). Soucasti tohoto
inhibicniho komplexu je hypofosforylovany Rb protein ve vazbé na E2F-DP1 a
histondeacetylaza HDAC. Fosforylaci Rb proteinu komplexem Cdk4/6-cyklin D a Cdk2-cyklin
E dojde k disociaci HDAC, ¢imz je umoznéna transkripce gent potfebnych pro replikaci DNA.
Ristové faktory tuto kaskadu spusti aktivaci Akt kinazy, kterd fosforyluje transkripéni faktor
FoxO1/3, tim jej inhibuje a zajist'uje tak pieziti a proliferaci bunc¢k. Faktor a podnéti, které
naopak zastavi cely tento proces, je celd fada, naptiklad poskozeni DNA, replikaéni starnuti
nebo snizené koncentrace rustovych faktord. Zvlastni ilohu v tomto procesu zajist'uji inhibitory
Cdk (CKI), rodina specifickych ¢lentt INK4 nebo Kip/Cip, mezi které fadime napiiklad protein
p21 nebo p27 (Bartek a Lukas 2001). Zablokovani replikace DNA na zakladé¢ indukce
inhibitoru p21 realizuje protein p53 v reakci na poSkozeni DNA (Kovai 2000). K aktivaci
inhibitoru p27 dochdzi prostfednictvim inhibi¢niho rastového faktoru transforming growth
factor B (TGFp) a také v dusledku kontaktu bunék. Substratem p27 je Cdk2-cyklin E, ale také
Cdk4/6-cyklin D. ZvySena exprese p27 vede ke G1 bloku. TGFB kromé regulace CKI také
inhibuje transkripci cdc25A, coz je fosfatdza ptimo vyZzadovéana pro aktivaci Cdk. K inhibici
cdc25A dochazi také ubikvitinylaci pomoci ubikvitin ligdzy SCF v reakci na poskozeni DNA
cestou pres Ataxia telangiectasia-mutated (ATM) kindzu, ATM and Rad3-related (ATR) kinazu
a checkpoint kindzy Chk1/2. Aktivace signalni drahy Akt/p27/pRb iniciujici zéstavu v G1/S

kontrolnim bod¢ ilustruje obr. 1.
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Obr. 1. Aktivace signalni drahy Akt/p27/pRb vedouci k zastavé v kontrolnim bodé¢ G1/S,
upraveno podle Bartek a Lukas 2001.

3.3 Zastava v kontrolnim bodé G2/M

G2 kontrolni bod se nachézi na pfechodu G2 faze do mitdzy. Je spojen s aktivaci Cdk2-
cyklin B. Zablokovani vstupu do mitdzy zpiisobuje detekované poskozeni DNA, nedokoncena
replikace DNA a detekované poruchy duplikace centrozomu. Cdk2 je udrZzovana v neaktivnim
stavu pomoci tyrosinkinaz Weel a Mytl. Stopy poskozeni DNA vyvolané naptiklad ionizaCnim
zafenim vedou k aktivaci ATM/ATR kindzy, které spusti dvé paralelni kaskady, jez ve vysledku
vedou k inaktivaci komplexu Cdk2-cyklin B. Prvni kaskada rychle inhibuje progresi do mitdzy
aktivaci Chk1, ktera fosforylaci inaktivuje cdc25, ¢imz se zabrani aktivaci Cdk2 (Rezatova a
Véavrova 2000). Druhd cesta vede pifes tumor supresorovy protein p53, jehoz fosforylace
umozni disociaci z MDM?2 a MDM4 komplexu a to nasledné umozni aktivovat DNA vazebnou
a transkrip¢ni regulacni aktivitu p53. Transkripéni aktivita p5S3 ma dopad na gen 14-3-3, ktery
se vaze na fosforylovany komplex Cdk2-cyklin B a exportuje ho z jadra, dale na gen GADDA4S5,
ktery vaze a disociuje komplex Cdk2-cyklin B a p53 rovnéz zvysSuje transkripcni aktivitu pro
protein p21, ktery je inhibitorem cyklin dependentnich kindz véetné Cdk2 (Al-Ejeh et al. 2010).

Az polovina solidnich nadorti vykazuje strukturdlni defekty p53. Nejcastéjsi funkéni blokadu
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p53 predstavuje zvySeni exprese MDM?2 (Klener a Klener 2013). Schéma vybranych signalnich

drah vedouci k zéstavé v G2/M fazi ilustruje obr. 2.
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Obr. 2. Schéma vybranych signalnich cest vedouci k zastavé v ptechodu z G2 faze do M faze,

upraveno podle Al-Ejeh et al. 2010.

3.4  Typy bunécéné smrti

3.4.1 Apoptoza

Apoptdza neboli programovana bunécna smrt je proces, ktery vede k fizené eliminaci
prestarlych, nefunkénich, nepotfebnych, mutovanych, infikovanych ¢i transformovanych
bunck (Klener a Klener 2013). Jedna se o evolu¢né velmi stary mechanismus a obvykle nevede
k rozvoji zanétlivé reakce. Je jisté, ze jakékoliv omezeni regulacnich zasahtli v procesu apoptdzy
vede k rozvoji riznych patologickych stavii, véetné nddorovych onemocnéni. Bunka umirajici
apoptozou vykazuje charakteristické morfologické zmény, které ji odliSuji od jinych typt
bunécéné smrti. Patii mezi né¢ kondenzace a fragmentace chromatinu v jadie, tvorba vybeézki
cytoplazmatické membrany, celkové zmenSeni a zakulaceni bunky a v pozdnich fazich rozpad

celé bunky do tzv. apoptotickych télisek (Ondrouskova a Vojtések 2014). RozliSujeme dvé
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hlavni apoptotické drahy, receptorovou (vnéjsi, extrinsickd) a mitochondridlni (vnitini,

intrinsicka).

Soucasti obou téchto drah je aktivace cysteinovych protedz tzv. kaspaz a to St€épenim
neaktivnich zymogent, prokaspaz. Proces v obou ptipadech vede ke spusténi efektorovych
kaspdz, které maji za tkol ireverzibilni strukturni zménu bunéénych komponent a fizenou
pfeménu buiilky v apoptoticka téliska (Klener a Klener 2013). Apoptoticka téliska obsahuyji stale
funk¢ni organely, fragmenty kondenzovaného jadra a udrzuji si intaktni cytoplazmatickou
membranu, kterd se od membrany zdravych bunék 1isi pfitomnosti fosfatidylserinu na jeji vnéjsi
stran¢ (Ondrouskové a Vojtések 2014) a tim jsou rozpoznana a fagocytovana makrofagy bez

rozvoje zanétlivé reakce (Klener a Klener 2013).

K aktivaci vn¢j$i drahy dochazi vazbou ligandii smrti (TRAIL, FasL, TNF) na receptory
smrti (DR4/DRS, Fas, TNFR atd.) vytvarejici trimery. Nasledné spusti apoptotickou kaskadu
déja pres adaptorové proteiny, a to aktivaci prokaspazy-8 nebo prokaspazy-10 (Ondrouskova a

Vojtesek 2014).

K iniciaci apoptézy vnitini mitochondridlni cestou dochdzi zejména v ptipadé
neopravitelného poSkozeni DNA. Pokud poskozeni DNA buiika neopravi, je odsouzena k
zahubé. Hlavni roli v tomto procesu pak ma tumor supresorovy transkripéni faktor p53. Mutace
p53 ¢i jiny defekt v ramci kontroly bunécné integrity, ¢i defekt v apoptotické draze mize vést
k ptrezivani bunécnych klonii s mutovanou DNA. Selze-1i apoptotickd kontrola a piekonaji-li
tyto buniky navic jesté imunologicky dohled, dochézi k Sifeni nadorového onemocnéni (Klener
a Klener 2013). Regulaci apoptozy zajistuje rodina Bcl-2 proteind, které jsou ptitomné v
membrané mitochondrii nebo v cytoplazmé. Spole¢nym znakem té€chto proteind je pfitomnost
BH-domén v jejich struktufe (Reza¢ova a Vavrova 2000). Rozlisujeme proapoptotické (Bax,
Bak, Bid, Bim, Puma, Noxa) a antiapoptotické (Bcl-2, Bcl-XL, Mcl-1, Bcl-W, Al) Bcl-2
proteiny. Vzajemny pomeér a interakce proapoptotickych a antiapoptotickych ¢lent rodiny Bcl-
2 rozhoduje o tom, zda bude apoptotickd drdha inhibovéna nebo aktivovana (Ondrouskova a
Vojtések 2014). K vziajemné interakci dochéazi pravé pomoci BH-3 domén, dojde k vytvoreni
dimért a tim se mohou navzijem inaktivovat (Ondrouskova a Vojtések 2014). V procesu
mitochondrialni apoptotické cesty dochazi k uvolnéni cytochromu ¢ z mezimembranového
prostoru mitochondrii, ten se v cytoplazmé spojuje s proteinem Apaf-1 a prokaspazou-9,
vytvoii se apoptozom a dochazi ke Stépeni prokaspdzy-9 na aktivni kaspazu-9. Soucasné
dochdzi k uvolnéni dalSich proteinli z mitochondrii (napf. second mitochondria-derived

aktivator/ direct [AP-binding protein with low pI SMAC/DIABLO ¢i protein pattici do rodiny
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septinit ARTS apod.), které vazou a inaktivuji antiapoptotické proteiny. Kaspaza-9 aktivuje
efektorové kaspazy (kaspazy -3/-7), které v dalSim procesu Stépi proteiny souvisejici s
bunécnou adhezi, regulaci apoptozy, strukturou jadra, bunéénym cyklem a ve vysledku dojde
k bun&cné smrti (Ondrouskova a VojtéSek 2014). Schéma naznacujici signalni kaskadu vedouci

k programované bunécné smrti je zndzornéno na obr. 3.
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Obr. 3. Aktivace vnitini a vnéj$i apoptotické drahy, upraveno podle Hengartner 2000.

kaspaza 3

l

Apoptotické substraty

3.4.2 Autofagie

Autofagie je proces, pii kterém jsou bunééné komponenty (proteiny nebo dokonce celé
organely) sméfovany do lysozomi za ucelem degradace (D Arcy 2019). Lysozomy jsou pak
schopny tyto substraty $tépit, degradované slozky mohou byt bud’ recyklovany za vzniku
novych bunéénych struktur a/nebo organel, nebo alternativné mohou byt déle zpracovany a
pouzity jako zdroj energie. Autofagii mize iniciovat fada stresord, zejména nedostatek zivin
(kaloricka restrikce) nebo muze byt vysledkem signdli pfitomnych béhem bunécné
diferenciace a embryogeneze €i na povrchu posSkozenych organel (D" Arcy 2019). Jedna se tedy

o katabolicky proces a je zachovan u vSech eukaryotickych organismt (Saha et al. 2018). Pro
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autofagii je charakteristicky vysoky narGst poctu autofagickych vakuol v bufice, bez
kondenzace jaderného chromatinu. Jeji role v nddorovych buiikéch je nejasné, v pocatecnich
fazich autofagie spiSe inhibuje rozvoj nadoru tim, ze odstraiiuje poSkozené proteiny a organely,
v pozd¢jsi fazi nejspis pomaha nadorovym bunkdm vyrovnat se napi. s nedostatkem zivin nebo
oxidativnim stresem (Ondrouskovda a Vojtések 2014). Nejlépe prozkoumanou signalni

kaskadou regulujici autofagii je draha PI3K-Akt-mTOR-mTORC1/2 (Klener a Klener 2013).

3.4.3 Nekroza

Na rozdil od apoptdzy je nekroza alternativni nekontrolovanou formou bunééné smrti,
ktera je vyvolana vnéjSim poSkozenim, jako je hypoxie nebo zanét (D" Arcy 2019). Tento proces
Casto zahrnuje zvySeni hladiny riznych prozanétlivych proteina a sloucenin, jako je jaderny
faktor NFkB. Dochdazi k ruptufe bunééné membrany zptsobujici rozliti bunééného obsahu do
okolnich oblasti, coz ma za nasledek rozvoj zanétu a poskozeni tkan€ (D’ Arcy 2019). Na rozdil
od apoptozy je nekroza energeticky nezavislou formou bunééné smrti, kde je buiika tak silné
poskozena nahlym Sokem (zéfeni, teplo, chemikalie, hypoxie atd.), Ze neni schopna fungovat.
Bunka obvykle reaguje otokem, protoze nedokédze udrzet homeostazu s okolnim prostiedim

(D"Arcy 2019).

3.5 Molekularni mechanismy vedouci k aktivaci mitogeny aktivovanych proteinkinaz

V dusledku poskozeni DNA jsou v buiice aktivovany mechanismy vedouci k odstranéni
tohoto poskozeni nebo mechanismy vedouci k preziti a proliferaci buniky, hlavni roli v tomto
procesu hraji mitogenem aktivované proteinkinazy MAPK (Reza¢ova a Vavrova 2000). Dosud
bylo popsano pét zdkladnich MAPK, z nichZ extracelularnimi signaly regulované kinazy ERK1
a ERK2 maji vyznam spiSe v signalizaci vedouci k pteziti buitky. Druhym typem jsou Jun N-
terminalni kinazy, JNK1, JNK2 a JNK3, dale mezi MAP kindzy tfadime p38 kinazy a
ERK3/ERK4 a ERKS. Z téchto kindz jsou vzhledem k indukci signalii vedouci ke smrti buniky
proapoptoticka tiloha (Rezadova a Vavrova 2000). Kinaza p38 se rovnéZ podili na zastavé

bunécéného cyklu (Muthnd et al. 2010).

3.6  Signalni draha fosfatidylinositol-3-kinazy PI3K a kinazy Akt

Signalni drédha zahrnujici fosfatidylinositol-3-kinazu PI3K a kindzu Akt fidi buné¢nou
odpovéd’ jako reakci na poskozeni bunky ¢i v reakci na dostatek rtistovych faktorti a zajistuje

tak rist a preziti bun¢k a dale také metabolickou kontrolu a migraci (Faes a Dormond 2015).
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Tato draha se naptiklad aktivuje béhem G1/S prechodu bunééného cyklu a reguluje nékolik
klicovych regulator bunééného cyklu, v€etné stability proteinti p21, cyklinu D a p27 (Fresno-
Vara et al. 2004). Kli¢ovy mechanismus pro Akt modulaci specifické substratové aktivity, jako
jsou transkrip¢ni faktory B-catenin, p21, p27, MDM2 nebo Forkhead, zahrnuje regulaci jejich
cytoplazmatické nebo jaderné lokalizace fosforylaci. Dochézi k indukci exprese nékolika gent,
jako je napt. gen cyklinu D1, ktery indukuje progresi bunééného cyklu prostiednictvim regulace
hyperfosforylace a inaktivace proteinu Rb. Akt fosforyluje p27 a inhibuje jeho antiproliferacni
ucinky tim, ze jej zadrzuje v cytoplazmé, podobny mechanismus byl popsan 1 pro protein p21

(Fresno-Vara et al. 2004).

Dalsi ¢ast soucasného stavu poznani tykajici se alkaloidi montaninového typu celedi
Amaryllidaceae a jejich potencidlniho protinddorového uc€inku je shrnuta v ptehledové

publikaci, ktera je soucasti spisu a je uvedena v kapitole 4.1.
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4 KOMENTOVANE PUBLIKACE

4.1 Chemical and Biological Aspects of Montanine-Type Alkaloids Isolated from
Plants of the Amaryllidaceae Family

Koutova, D.; Maafi, N.; Havelek, R.; Opletal, L.; Blunden, G.; Rezatova, M.; Cahlikova, L.
Molecules 2020, 25(10):2337.
1F2020 4,412, Q2 (Biochemistry and Molecular Biology)

Cilem této resSerSe bylo shrnout dosavadni poznatky o montaninovych alkaloidech z
pohledu biomedicinského a rovnéz pfinést recentni informace o vysledcich experimentalni
prace zaméiené na zefektivnéni bioaktivity téchto isochinolinovych alkaloida pfipravou novych
semisyntetickych derivati, jelikoz publikace takového rozsahu dosud zvefejnéna nebyla.

Vyzkum 1€kl na bazi rostlin se tyka predev§im vyvoje protinddorovych 1é¢iv z alkaloidt
(Mondal et al. 2019), ackoliv jejich biologické ucinky jsou mnohem S$ir§i a rozmanitéjsi.
Intenzivni vyzkum ptirodnich latek obohatil 1é¢ebnou strategii protinddorové terapie. Alkaloidy
vinblastin, vinkristin a semisyntetické derivaty vinorelbin, vindesin a vinflunin ziskané studiem
obsahovych latek barvinku (Catharanthus roseus, Vinca rosea L.) ptfedstavuji vyznamnou
soucast dnesni palety cytostatik (Klener a Klener 2010). Déle 1ze uvést napiiklad inhibitory
topoizomerazy I inspirované alkaloidem kamptotecinem stromu Campotheca acuminata
(Gordaliza 2007). Rovnéz je nutné zminit taxany, latky izolované z kiiry tisu, jez daly vzniknout
inhibitorim depolymerace mikrotubuli a paletu cytostatik tak dopliuje paklitaxel a docetaxel

(Klener a Klener 2013).

Do dnesniho dne bylo izolovano pies 500 isochinolinovych alkaloidli Amaryllidaceae s
rozdilnou strukturou a biologickou aktivitou (Van Goietsenoven 2010). Ackoliv néktere latky
jako Amaryllidaceae alkaloid pankratistatin (pankratistatinovy strukturni typ) dosahly po sérii
podrobnych studii procesu klinického hodnoceni, vétsina isochinolinovych alkaloidt je, co se
ty€e Grovné inhibicni aktivity vici ristu a viabilité¢ nddorovych bunck, poznanim pouze na
pocatku preklinického vyvoje (Qing et al. 2017). Negativum pro $irsi studium tak predstavuje
absence detailngjSich znalosti o mechanismu plisobeni isochinolinovych alkaloidt, cilové
molekule nebo vlivu struktury na aktivitu, coz potlacuje proces vedouci k efektivnimu vybéru
kandidéatniho 1é¢iva. Isochinolinové alkaloidy montaninového strukturniho typu patiici do

Celedi Amaryllidaceae nejsou zdaleka tak prozkoumany, ackoliv jiz diive byla publikovéna
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prvni data naznacujici cytotoxicitu montaninu, ktery je hlavnim piedstavitelem této skupiny

latek (Silva et al. 2008).

Manthidin, koccinin, manthin a montanin byly prvni alkaloidy montaninového typu
izolované Wildmanem a kol. v roce 1955 z rostliny rodu Haemanthus (Wildman a Kaufman

1955).

Doposud bylo identifikovano c¢trnact alkaloidli izolovanych z riznych rostlin celedi
Amaryllidaceae, zdkladni skelet tohoto strukturniho typu tvofi pentacyklicky 5,11-
methanomorfanthridinovy kruhovy systém (Koutova et al. 2020). Byly zapocaty studie vénujici
se biologické aktivité¢ alkaloidd typu montaninu. Vzhledem k jejich vyznamnym inhibi¢nim
ucinkiim na rst nddorovych bunécnych linii patfi dnes tyto struktury k nejintenzivnéji
zkoumanym (Masi et al. 2019, Al Shammari et al. 2020, Breiterova et al. 2020, Govindaraju et
al. 2018). Bylo také prokazano, Ze nékteré alkaloidy typu montaninu vykazuji anxiolytické,
antidepresivni a antikonvulzivni u¢inky vcetné ucinkii imunomodulacnich (da Silva et al.
2006). Samotny montanin byl studovan také z hlediska inhibice acetylcholinesterazy jako
potencidlni zdroj 1éc¢iva Alzheimerovy choroby, potlaceni revmatickych onemocnéni a
terapeutického vyuziti jeho antibakteridlnich a antimykotickych G¢inki (Farinon et al. 2017,

Pagliosa et al. 2010, Evidente et al. 2004).

Prvnim dikazem, ze alkaloidy montaninového strukturniho typu vykazuji slibné in vitro
cytotoxické Uc€inky vii€i nddorovym liniim, byla studie z roku 2008 popisujici inhibi¢ni efekt
na rust nadorovych bunék po aplikaci montaninu izolovaného z cibuli rostliny Hippeastrum
vittatum (Silva et al. 2008). Od té doby se vyzkum alkaloidii montaninového typu vcetné
izolace, pripravy semisyntetickych derivati a vlivu téchto latek na proliferaci a zivotaschopnost

nadorovych buné¢k rozsifil, stale vSak chybi data naznacujici mechanismus tohoto plisobeni.

Slibné antiproliferativni, cytotoxické a dalSi vyznamné biologické ucinky nékterych
zastupct Amaryllidaceae alkaloidl typu montaninu, zejména montaninu a pankracinu, vedly k
ptipravé a syntéze analogl téchto alkaloidd s cilem potencovat jejich ucinek a zlepsit jejich
vlastnosti. Alkaloidy typu montaninu zaujimaji relativné maly kvantitativni podil z celkového
mnozstvi alkaloidd v rostlinném materidlu, dalo by se fict, Ze jsou spiSe svym obsahovym
zastoupenim v extraktech v minoritnim mnozstvi. Charakter jejich unikatnich strukturalnich
vlastnosti a slibné biologické aktivity prfedurcuji tyto molekuly k syntetickému usili (Guan et

al. 2012, Maatwenko et al. 2008, Ishizaki et al. 1992, Bao et al. 2013, Hong et al. 2008, Jin et
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al. 1997, Pearson et al. 1998, Banwell et al. 2001, Sha et al. 2001, Pandey et al. 2005, Yang et
al. 2017).
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Abstract: Plants of the Amaryllidaceae family are promising therapeutic tools for human diseases
and have been used as alternative medicines. The specific secondary metabolites of this plant
family, called Amaryllidaceae alkaloids (AA), have attracted considerable attention due to their
interesting pharmacological activities. One of them, galantamine, is already used in the therapy
of Alzheimer’s disease as a long acting, selective, reversible inhibitor of acetylcholinesterase. One
group of AA is the montanine-type, such as montanine, pancracine and others, which share a
5,11-methanomorphanthridine core. So far, only 14 montanine-type alkaloids have been isolated.
Compared with other structural-types of AA, montanine-type alkaloids are predominantly present in
plants in low concentrations, but some of them display promising biological properties, especially
in vitro cytotoxic activity against different cancerous cell lines. The present review aims to
summarize comprehensively the research that has been published on the Amaryllidaceae alkaloids
of montanine-type.

Keywords: alkaloids; Amaryllidaceae; biological activity; derivatives; montanine; montanine-type;
pancracine

1. Introduction

Amaryllidaceae is a family of monocotyledonous plants that are widely distributed over the
tropical and warm regions of the world, especially in the southern African region. Species of
some genera are also found in the Mediterranean area and temperate regions of Asia [1,2]. The
Amaryllidaceae is one of the 20 most important alkaloid containing plant families. Up to now, more
than 600 structurally diverse alkaloids have been isolated from plants of this family with a wide
range of interesting biological properties, including antitumor, antifungal, antibacterial, antiviral,
antimalarial, analgesic, and antineurodegenerative activities [3—6].

Plants of the family Amaryllidaceae have a long history of usage as herbal remedies all over the
world to cure different ailments and diseases [3,7-10]. For example, Hymenocallis litorallis has been
used as a centuries-old remedy for cancer in the traditional medicine of the Mayan people of South
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America [9]. A decoction of leaves of Zephyranthes candida has been utilized in South America as a
remedy for diabetes mellitus [10], and the bulbs of Boophone disticha in southern Africa for cancer
remediation by the indigenous Sotho, Xhosa and Zulu people [3,11]. The medicinal properties of these
plants were already known in the fourth century B.C., when Hippocrates of Cos used oil from the
daffodil Narcissus poeticus to treat uterine tumors [12,13]. Interestingly, this plant was also described in
the Bible as a treatment of symptoms related to cancer [13].

Since the isolation of the first alkaloid, lycorine, from N. pseudonarcissus in 1877, Amaryllidaceae
alkaloids (AA) have been attractive sources for chemical investigations, and many of them have
been isolated, screened for different biclogical activities, and synthesized by a number of research
groups. The most-known Amaryllidaceae alkaloid is galantamine, which is used in the form of its
hydrobromide salt for the treatment of mild and severe stages of Alzheimer’s disease [14].

2. Biosynthesis, Phytochemistry and Occurrence of Montanine-Type Alkaloids

Amaryllidaceae alkaloids are synthesized within the norbelladine pathway from the aromatic
amino acids phenylalanine and tyrosine, which are used to produce key intermediates in the
biosynthesis of 4’-O-methylnorbelladine [15]. This key intermediate is formed through the condensation
of 3,4-dihydroxybenzaldehyde (also known as protocatechuic acid; 3,4-DHBA) produced from
L-phenylalanine and tyramine formed from L-tyrosine (Figure 1). As the result of condensation
of intermediates, a Schiff base is generated, which is reduced to norbelladine. The biosynthesis
continues with methylation of norbelladine by 4'-O-methyltransferase to 4’-O-methylnorbelladine,
as a central intermediate for the biosynthesis of most AA (Figure 1) [15-17]. This key intermediate
undergoes three different types of intramolecular oxidative couplings: ortho-para’, para-para’, and
para-ortho’, which lead to the formation of the basic structural types of AA: norbelladine, lycorine,

homolycorine, galantamine, haemanthamine, crinine, narciclassine, tazettine and montanine (Figure 1).

Generally, genes involved in the biosynthesis of AA are poorly studied and transcriptomic studies, as
well as genome sequencing, were only recently initiated for this plant family [16,18-20].

Studies dealing with the biosynthesis of montanine type alkaloids are more or less
controversial [21,22]. In the study reported in 1976, 11-hydroxyvittatine was suggested as the main
precursor for montanine and haemanthamine biosynthesis in Rhodophiala bifida, mentioning the
higher conversion ratio for haemanthamine in comparison with montanine caused by skipping the
rearrangement step in the biogeneration of haemanthamine from 11-hydroxyvittatine. In this study,
the rearrangement of 11-hydroxyvittatine to pancracine, and then 2-O-methylation of pancracine,
was described as a possible pathway for the biosynthesis of montanine in this plant [23]. The
proposed biosynthesis of montanine, and relationships within some AA of the crinine- haemanthamine
and montanine-type described by Feinstein and Wildman, are summarized in Figure 2. A similar
biosynthetic pathway for montanine-type alkaloids has been described, with slight modifications, in
further studies [16,24].

Another biosynthetic pathway for montanine-type AA was described by Jin in 2007, who
proposed the primary biosynthetic pathways of each type of AA [25]. These supposed the formation
of cherylline-type AA by intramolecular addition to the p’-position of the electronic-rich aromatic ring
to the benzylic position of the oxidized quinonoid form. Further addition of the secondary amine to
the intermediate dienone provides montanine-type AA (Figure 3).

28



Molecules 2020, 25, 2337 30f19

L-phenylalanine L-tyrosine

l L
::mmo HZN\/QOH

3.4-DHEA l tyramine

HO.

homolycorine-type
HO NH

4°-O-methylnorbelladine

OH  para-ortho’ ortho-para’

. OH
para-para J
. o]
Q MeO. 2
HO N

MeO

galantamine-type

not fully explained

_,\OH / ©

haemanthamine-type crinine-type

montanine-type

tazettine-type

Figure 1. Biosynthetic pathway of main structural types of Amaryllidaceae alkaloids.

The first AA of montanine-type were isolated by Wildman et al. in 1955 from a Haemanthus
species [26], namely coccinine, manthidine, manthine and montanine (Figure 4). Further congeners
were identified and isolated from plants in the following decades (Table 1). Up to now, fourteen AA
possessing an intriguing pentacyclic 5,11-b-methanomorphanthridine ring system as a core skeleton
have been isolated from different Amaryllidaceae species (Figure 4, Table 1). According to the different
position of the C=C double bond in the E ring of the alkaloid skeletons, they can be divided into
two subgroups (Figure 4). Alkaloids from pancracine to montabuphine belonging to one of the
representative subgroups possess the double bond between C1 and Clla. Most alkaloids within
this subgroup differ from each other only in the configurations and oxygen-containing substitutions
on stereocenters at C2 and C3 in ring E (Figure 4). Nangustine and 4-O-methylnangustine display
different substituents in positions C3 and C4. Pancratinine B and pancratinine C (also known as
squamigine), both isolated from Pancratium canariense [27], are characterized by the presence of a
double bond between C1 and C2 and with a hydroxy group at Cl1a (Figure 4). In 1995, Viladomat et
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al. reported the isolation of montabuphine from bulbs of B. flava, describing the B-orientation for the
methano-bridge for the first time [28]. This isolation has attracted attention, because this suggested that
both enantiomeric forms of the montanine-type framework occur in nature, More recently, obtained
data from the total synthesis of (+)-montabuphine found the previous spectroscopic published data to
be controversial for the presented structure, and its legitimate structure is yet to be revised [29,30]. The
overview of plants from which montanine-type AA have been isolated is summarized in Table 1.

buphanisine
A

vittatine

¥ OMe

montanine pancracine

Figure 2. Proposed biosynthesis of montanine and pancracine, according to Feinstein and Wildman [23].

OH o
p-benzyl position
addition R
— . s

belladine-type

montanine-type

Figure 3. Proposed biosynthetic pathway for montanine-type, according to Jin [25].
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Figure 4. Chemical structures of montanine-type Amaryllidaceae alkaloids.

Table 1. Reported isolation and identification of montanine-type alkaloids in Amaryllidaceae plants.

Alkaloid

Amaryllidaceae Family Plants

References Ref. for Spectroscopic

Data (NMR, MS, UV, IR)

Rhodophiala bifida [16,31,32]

Haemanthus humilis [33]

Haemanthus amarylloides [26]

Haemanthus coccineus [26,34]

Haemanthus imontanus [26,34]

Haemanthus sanguineus [34]

Haemanthus pauculifolius [41]

Montanine Haemanthus deformis [41] [33-40]
Hippeastrum vittatum [35,42]

Hippeastrunt cv. Ferrari [43]
Hippeastrum cv. Double King [43]
Hippeastrunt cv. Pretty Nymph [43]
Hippeastrum cv. Spartacus [43]
Hippeastrum argentinumt [36]
Scadoxus multiflorus [37
Rhodophiala bifida [16,32
Pancratium canariense [27,47]
Pancratium maritimum [44,45]
Narcissus angustifolius subsp. transcarpathicus — [46]

Pancracine Lycoris radiata [48] [36,39,40,44-46]
Hippeastrun cv. Ferrari [43
Hippeastrumt cv.Double King [43]

Hippeastrum cv. Pretty Nymph [43]
Hippeastrum argentinun [36]
Haemanthus humilis [33]
Haemanthus amarylloides [26]

Coccinine Haemanthus coccineus [26] [33,34,3840]
Haemanthus montanus [34] G
Haemanthus sanguineus [34]

Haemanthus deformis [41]
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Table 1. Cont.

Ref. for Spectroscopic

Alkaloid Amaryllidaceae Family Plants References Data (NMR, MS, UV, IR)
Haemanthus amarylloides [26]
Manthine Haemanthus montanus [34] [32,49]
Haemanthus tigrinus [50]
Haemanthus coccineus [26]
Manthidine Haemanthus pauculifolius [41] [40]
Haemanthus deformis [41]
. Brunsvigin radulosa [50]
B , & 5
IEREIE Brunsvigia cooperi [52] [40,42,51]
Pancratinine B Pancratium canariense [27] [27]
. — A
Pancratinine C (reported Pnncmn_um cmm_r{em,e Lﬁl -
also as Squamiging) Pancratium maritimum [45 [27,45]
Lycoris radiata [48]
Nangustine Narcissus angustifolius subsp. transcarpathicus  [46] [46]
3-O-Methylpancracine Lycoris radiata [48] [32,49]
(reported also as
isohaemanthamine)
3-O-Acetylpancracine Rhodophiala bifida [16] [32]
4-O-MethyInangustine Hippeastrumt argentinun [36] [36]
Montabuphine Boophone flava [28] [28-30]
O-Acetylmontanine Rhodophiala bifida [53] [39]

3. Biological Activity of Montanine-Type Amaryllidaceae Alkaloids

Many studies have shown the antiproliferative, cytotoxic, antifungal, antibacterial, antimalarial,
and anticholinesterase effects of AA [54-58]. The galantamine-type alkaloid galantamine is already
used in the therapy of AD. Lycorine, haemanthamine, pancratistatin and narciclasine were found to
display significant antiproliferative, cytotoxic and apoptotic properties across multiple cancer cell lines
in vitro or the suppression of tumor growth in animal models of cancer in vivo [55,59-61]. Asin the case
of the potent pharmacological activities of lycorine-, haemanthamine- and narciclasine-type AA, the
biological activities of montanine-type AA have also been studied, and today these structures belong
to the most intensely investigated, since they have been reported to possess potent growth-inhibitory
effects against diverse cancer cell lines [33,43,62,63]. It has also been shown that some montanine-type
AA display anxiolytic, antidepressive and anticonvulsive activities, as well as immunomodulatory
properties [42]. Moreover, montanine itself has also been studied for its acetylcholinesterase inhibition,
and anti-theumatic, antibacterial and antifungal effects [31,64,65].

3.1. Anticancer Potential of Montanine-Type Amaryllidaceae Alkaloids

The first evidence for montanine-type AA as an interesting group of plant-derived compounds
that display growth inhibition and cytotoxicity to cancer cells in vitro was reported for montanine,
isolated from bulbs of Hippeastrum vittatum in 2008 [35]. Since then, there have been other studies
dealing with a group of montanine-type AA and their effect on proliferation and viability of cancer cells.
Cytotoxicities, expressed as 50% inhibitory concentration (ICsg) values, for the antiproliferative activity
of montanine-type AA in vitro against different cancer and non-cancer cell lines are summarized in
Table 2. Either the 1Cs; or Glsp values quoted in the published works included in this table were
determined using standard colorimetric assays, based on either the reduction of the tetrazolium salt
WST-1 and MTT to formazan by mitochondrial dehydrogenases or an alternative quantitative assay
based on the measurement of cellular protein content, using the protein-binding dye sulforhodamine
B (SRB).
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Table 2. Impact of montanine-type Amaryllidaceae alkaloids (AA) on proliferation of cancer and
non-cancer cells using in vitro assays. Results are expressed as a (ICsq), or b (Glsg) in micromolar (M)

units, unless otherwise stated.

Muntanine. Cell Line As:l[:;,};l?iil‘;faf Nalue B{lC! Typs of HalfwM-aximal References
Type Alkaloid Treatment Inhibitory Concentration
Jurkat WST-1/48 h 104 +£0.14 a [43]
MOLT-4 WST-1/48 h 126 £0.11 a [43]
A549 WST-1/48 h 1.09 + 0.31 a [43]
HT-29 WST-1/48 h 1.35+0.47 a [43]
PANC-1 WST-1/48 h 230+ 045 a [43]
A2780 WST-1/48 h 1.67 +0.29 a [43]
HeLa WST-1/48 h 199 +0.22 a [43]
MCE-7 WST-1/48 h 139 +0.21 a [43]
SAOS-2 WST-1/48 h 1.36 + 0.49 a [43]
MRC-5 WS5T-1/48 h 1.79 + 0.50 a [43]
Montanine A549 MTT/48 h 1904 a [33]
HCT-15 MTT/48 h 68=+05 a [33]
SK-MEL-28 MTT/48 h 232+19 a [33]
MCE-7 MTT/48 h 44+04 a [33]
MDA-MB-231 MTT/48 h 34+09 a 133]
Hs578T MTT/48 h 3.6+1.7 a [33]
HT-29 SRB/not specified 0.71+ 0.1 pg/mL a [35]
H460 SRB/not specified 0.57 + 0.57 pg/mL a [35]
RXF393 SRB/not specified 0.65 + 0.01 pg/mL a [35]
MCF7 SRB/not specified 0.74 £ 0.02 pg/mL a [35]
OVCAR3 SRB/not specified 0.84 £ 0.11 pg/mL a [35]
Jurkat WST-1/48 h 5.07 = 0.31 a [62]
MOLT-4 WST-1/48 h 2.71 £0.25 a [62]
A549 WST-1/48 h 229+ 043 a [62]
HT-29 WST-1/48 h 2.60 +0.51 a [62]
A2780 WST-1/48 h 5.08 + 0.43 El [62]
HeLa WST-1/48 h 5.03 £ 0.36 a [62]
Pancracine MCE-7 WST-1/48 h 2.68 +0.37 a [62]
SAOS-2 WST-1/48 h 220+0.25 a [62]
MRC-5 WST-1/48 h 515+ 0.34 a [62]
A2780 SRB/48 h 83+05 b [47]
SW1573 SRB/48 h 43+07 b [47]
T47-D SRB/48 h 65+25 b [47]
WiDr SRB/48 h 91+1.0 b [47]
A549 MTT/48 h 59+08 a [33]
HCT-15 MTT/48 h 16.8 £ 1.8 a [33]
Coctiin SK-MEL-28 MTT/48 h >50 a [33]
MCEF-7 MTT/48 h 79£09 a [33]
MDA-MB-231 MTT/48 h 13.8 0.8 a [33]
Hs578T MTT/48 h 53+04 a [33]
AB49 MTT/72 h 3 b [63]
SKMEL-28 MTT/72 h 4 b [63]
i U373 MTT/72 h 5 b [63]
Manthine MCE7 MTT/72 h 4 b [63]
Hs683 MTT/72 h 3 b [63]
B16F10 MTT/72h A b [63]

The previously mentioned work of Silva et al. [35] comparing montanine with vittatine reported
the growth inhibitory activity of montanine against five human cell lines, colon adenocarcinoma
HT29, non-small cell lung carcinoma H460, renal cell carcinoma RXF393, breast carcinoma MCF7
and epithelial ovarian cancer OVCAR3, with IC5j values in the low uM range [35]. According to the
study of Al Shammari et al. [43], montanine strongly decreased the growth of 7 different adherent
cancer cell lines of several histotypes by treatment with a single 10 uM dose. Montanine was also
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able to inhibit the cell growth of human leukemic cell lines MOLT-4 and Jurkat with a single dose
of 10 uM, causing growth percentage GP values of 4% and 2%, respectively. All of these cell lines
were tested for determination of ICs values, using 48 hours’ treatment and WST-1 assay. As can
be seen in Table 2, Al Shammari et al. [43] used colon adenocarcinoma HT29 and breast carcinoma
MCEF?7 cell lines and, similar to the study of Silva et al. [35]; values were in the low pM range (in
the study of Silva et al. [35], 0.71 ug/mL corresponds to 4.7 uM for HT-29, and 0.74 ug/mL to 4.9
pM for MCF-7), although the second mentioned study does not specify the time interval over which
montanine had been applied to the determined cell lines. Not only these, but also other adherent
cancer cell lines used in the study (pancreatic carcinoma PANC-1, ovarian carcinoma A2780, cervix
carcinoma Hela, osteosarcoma SAOS-2), were very strongly inhibited by montanine treatment in
low uM concentration. The concentration producing 50% inhibition of proliferation of a cancer cells
model resistant to apoptosis (lung adenocarcinoma A549) is even lower and was 1.09 + 0.31 uM in this
study [43]. Instead of these human adherent cancer cell lines, the IC5 values of leukemic Jurkat and
MOLT4 cell lines were very low, resulting in values of 1.04 + 0.14 pM and 1.26 + 0.11 pM.

Another recent study of Masi et al. [33] confirmed the strong antiproliferative and cytotoxic effect
of montanine on cancer cell death, using a panel of six cancer cell lines, including human breast
carcinoma MCF-7, mammary gland Hs578T, adenocarcinoma MDA-MB-231, human colon carcinoma
HCT-15, human lung carcinoma A549 and human melanoma SK-MEL-28 [33].

The study of Masi et al. [33] was also the first work reporting the cytotoxicity of coccinine, which
was co-isolated with montanine from Haemanthus humilis. The antiproliferative effect of coccinine
reported in this study revealed this montanine-type alkaloid as being the more promising anticancer
agent. However, despite the promising observations on the activity of coccinine during the cell culture
experiments, its overall cytotoxicity was less than that of montanine [33].

Another important montanine-type AA, pancracine, isolated from N. cv. Professor Einstein,
displayed significant cytotoxic effects [62]. The first screening test for cytotoxicity revealed the ability
of 10 uM pancracine treatment to reduce the viability of 9 cancer cell lines, including Jurkat, MOLT-4,
A549, MCF-7, A2780, HT-29, PANC-1, HeLa and SAOS-2. Except for PANC-1, the ICs; values for all
the remaining cell lines were determined; values ranged from 2.20 to 5.15 pM, as described in detail in
Table 2 [62].

Antiproliferative activities were also achieved with pancracine isolated from P. canariense [47].

This structure-activity study was mentioned earlier in the section of derivatives of montanine type AA.

Nevertheless, it is important to highlight the strong growth inhibitory effect of pancracine treatment
observed in a mini-panel of human solid tumors derived from ovarian tissue (A2780), lung (SW1573),
breast (T-47D) and colon (WiDr) [47]. As in the study of Breiterovd et al. [66], A2780 had a similar IC5
value after 48 hours’ treatment.

In vitro growth-inhibitory effects of another montanine type AA, manthine, against cancer cells
resistant to (A549, SK-MEL-28, U373) and sensitive to (MCF-7, Hs683, B16F10) apoptosis suggest
that manthine is capable of overcoming apoptosis resistance [63]. In the same study, manthine also
significantly reduced the proliferation of the GSC22 cancer cell line at a concentration as low as 1 uM
and also inhibited proliferation by 95% at concentrations of 10 and 30 M. Manthine was, surprisingly
enough, more efficient than haemanthamine [63].

From the papers published so far, it appears that montanine, the main representative of
montanine-type AA, is the most effective in reducing the growth of cancer cell lines within this
group of structurally related compounds. On the other hand, the relevance of this conclusion is
uncertain, since only four of these compounds have been tested for cytotoxicity so far. It is evident
from the results described that further efforts should be made to reveal the mechanism of the cytotoxic

effect of these substances and a detailed mode of action can lead to better subsequent in vivo testing.

Since many different types of solid and leukemic cancer cell lines have been used to study cytotoxicity,
it can be concluded that montanine type AA are promising agents in the field of therapy of human
cancer diseases.
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3.2. Other Biological Activities of Montanine-Type Amaryllidaceae Alkaloids

As already mentioned above, montanine-type alkaloids are not abundant in plants, thus only a
few pilot studies have been reported on other biological activities of these compounds.

Montanine and pancracine were screened for their antibacterial activity in two different
studies [65,67]. Montanine was the more active of the two alkaloids against pathogenic Escherichia
coli, Pseudomonas aeruginosa, Staphylococcus aureus and S. epidermis, giving values of 5, 20, 5 and 15 pg
respectively, as minimum quantities required for activity [67]. The antibacterial and antifungal activity
of pancracine has been studied using an agar diffusion technique against a Gram-positive-bacterium
S. aureus, two Gram-negative bacteria E. coli and P. aeroginosea, and Candida albicans [65]. Pancracine
displayed activity against S. aureus and P. aeroginosea and moderate activity against C. albicans, with a
MIC of 188 pg/mL.

The in vitro antiparasitic activity of nangustine and pancracine isolated from N. angustifolits subsp.

transcarpathicus against the protozoans Trypanosoma brucei rhodesiense, T. cruzi, Leishmania donovant
and P. falciparum was reported in 2002 [46]. Pancracine showed a higher activity than nangustine
against all four protozoan parasites tested (Table 3). While nangustine has been classified as inactive,
pancracine showed weak activity against T. brucei rhodesiense and T. cruzi, but no activity against L.
donovani. The 1Csy values of 0.75 and 0.70 ug/mL, respectively, for two strains of Plasmodium falciparum,
represented the weak antimalarial activity of pancracine. No cytotoxic activity was demonstrated for
either alkaloid against L-6 cells (rat skeletal myoblasts) within this study [46].

Table 3. In vitro activity of nangustine and pancracine against parasitic protozoa [46].

Parasite Try-p m‘osoma Trypanos'omu Letshmtml.a Plasmodium falciparum
brucei rhodesiense cruzi donovani
Stage Trypomastigote ~ Trypomastigote Amastigotes Erythrocytic form
Strain STIB 900 Tulahuen C4 MHOM-ET-67/L.82 K1 NF54
1Csp (ng/mL) ICsp (ng/mL) 1Cs50 (ug/mL) 1Csp (ng/mL) 1C5p (ng/mL)
Nangustine 9.6 54.6 >30 214 293
Pancracine 0.7 7.1 >30 0.75 0.70

Montanine has also been studied for its antiarthritic activity in antigen-induced and
collagen-induced arthritis models [31]. The alkaloid significantly attenuated the development of
experimental arthritis in both acute and chronic models [31], dose-dependently, with the lower dose
being more effective in arthritis severity and paw nociception. This finding hypothesized that increased
availability of montanine leads to an acute activation that culminates in mechanisms of desensitization
of the receptor, reducing the activation of receptor cell signaling and, consequently, decreasing the
biological effect seen at lower doses [31]. The obtained results indicated that montanine has a potential
as a drug for autoimmune diseases, such as arthritis.

Two studies concerning the unique insight into biosynthesis regulation of AA montanine in the
R. bifida plant [16] and its anti-rheumatic effect [31] are followed by a patent granted to the scientific
group of prof. Zuanazzi in 2020 [68]. The embodiment of US20200000798A1 patent invention describes
in detail the method of extraction of the alkaloid montanine, which is much faster than the previously
described methods of isolation of alkaloids from R. bifida plant dispensing with numerous changes of
solvent in order to strain the plant. The importance of this alkaloid is then evaluated by in vivo and
in vitro tests as very promising in the treatment of anti-inflammatory diseases such as rheumatoid
arthritis, ulcerative colitis, sepsis, acute pulmonary disease, inflammatory infections; in particular,
inflammatory and fibrosing diseases related to the lungs and kidneys, osteoporosis. These drug
candidate bioactivities were determined through biologically significant effect on the nociception,
migration and proliferation of fibroblasts and lymphocytes and without changing or depressing the
immune system.
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AA are relevant options for the treatment of neurological disorders and neurodegenerative
diseases. Montanine has been characterized behaviorally and toxicologically in a search for therapeutic
applications by da Silva [42]. It has been found that montanine reduces locomotor activity and has
sedative, anxiolytic, anticonvulsant and antidepressant effects in mice. Da Silva et al. suggested
that montanine may act on the benzodiazepine site of the GABA receptor in mouse brain, and thus
the anxiolytic, hypnotic effects of montanine could be caused by its combined action on several
neurotransmitter receptor systems, including GABA receptors [42]. To the best of our knowledge,
there is only one in silico study describing an interaction between montanine and y-amino butyric acid
type-A receptor associated protein (GABARAP), which is the ubiquitin-like modifier implicated in
the intracellular trafficking of the GABA receptor [66] to study alkaloids with potential antiepileptic
activity. On the other hand, a study revealing the mechanism of this action is still missing. Extracts of
three Haemanthus species, H. coccineus, H. montanus and H. sangiuneus, and major alkaloid constituents,
coccinine and montanine, were investigated in vitro for their affinity to the serotonin transporter
protein SERT as potential antidepressants [34]. Both montanine and coccinine exhibited lower SERT
affinity than estimated and did not explain the higher activity observed in the extracts.

Since galantamine, an AA, is used in the therapy of AD, AA and their semisynthetic derivatives
have been intensively studied for their biological activity connected with the potential treatment of this
disease [69-72]. So far, only two montanine-type alkaloids have been investigated for their potential to
inhibit acetylcholinesterase. 4-O-Methylnangustine, isolated from H. argentinum, was not able to inhibit
acetylcholinesterase activity significantly [36]. The effect of montanine on acetylcholinesterase activity
has been studied at concentrations of 1, 500 and 100 uM. Montanine inhibited, in a dose-dependent
manner, more than 50% of the enzyme at 1 mM concentration. With concentrations of 500 and 100 uM,
30-45% inhibition of AChE activity was detected [64]. The ICs value was not determined within the
study, but, from the obtained results, it can be deduced that the ICs; of montanine is higher than 100
puM. Compared with the ICgj value of galantamine (1.7 + 0.1 uM [73]), montanine is recognized as a
weak AChE inhibitor.

4. Preparation of Montanine-Type Alkaloids by Rearrangement of Haemanthamine-Type
Ring System

The unique structural features and promising biological activities associated with
montanine-type AA and their low content in plant material have attracted considerable synthetic

efforts [29,30,39,40,49,74-91]. However, most synthetic approaches involve many steps and low yield.

For example, Hong et al., in 2008, reported the total synthesis of (—=)-manthine involving over 18
steps [49]. Since multigram isolation of haemanthamine from plant material has been developed
and old reports describe a semisynthetic transformation of the haemanthamine-type skeleton to the
montanine-type scaffold [50,92], the preparation of montanine-type AA from the haemanthamine-type
seems to be an elegant route for production of these alkaloids in higher amount compared with their
total synthesis. The possibility of transformation of the haemanthamine ring type to the montanine-type
skeleton through an intramolecular rearrangement was reported for the first time by Inubushi et al. in
1960 [50], within a study to define the absolute configuration of the newly discovered montanine-type
alkaloids. During an experiment designed to find a method for replacing the C11 hydroxyl in
crinine-type alkaloids with hydrogen, haemanthamine and crinamine were reacted with mesylchloride
in pyridine and hydrolyzed by alkalized water. The result was the generation of two new compounds
with a montanine-type scaffold, isomeric, but not identical to montanine and coccinine [50]. Manthine
was also synthesized by the rearrangement of haemanthamine through mesylation and the addition
of sodium methoxide as a nucleophile [50]. In 2009, Cedrén et al. [92] reported an unexpected
rearrangement of the haemanthamine skeleton to a montanine skeleton in the presence of different
halogenating agents like thionyl chloride (SOCl;), thionyl bromide and diethylaminosulfur trifluoride
(DAST). Several experiments were performed to improve the yield. The different ratio of SOCl, and
the presence of base in the reaction mixture have been studied. When 1.5 equiv. of SOCl; and 1.5
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equiv. of pyridine were used, lower yields of products were obtained. The best results were achieved
using a large excess of SOCl,. When 20 equiv. of SOCIl, were used, the yield improved to 71% of the
montanine-type skeleton [92]. In 2018, a series of synthetic analogues of montanine-type alkaloids was
reported by Govindaraju et al. [63] The mechanism of this rearangment has been described recently
in detail, explaining the mesylated hydroxyl group at C-11 as a good leaving group being attacked
intramolecularly by an electron rich aromatic moiety to create a new bond between C-10a and C-11,
leading to the appearance of a 7-membered ring (Figure 5) [50,63].

haemanthamine montanine-type scaffold

Figure 5. Tentative mechanism for haemanthamine-montanine skeletal rearrangement, according to

Govindaraju et al. [63].

5. Preparation and Structure Activity Relationship Studies on Synthetic Analogues of Montanine
Type Alkaloids

The promising antiproliferative properties of some representatives of montanine-type AA,
primarily of montanine and pancracine, initiated the development of synthetic analogues of
these alkaloids.

A series of montanine derivatives has been developed under different reaction conditions
(Scheme 1, Scheme 2). Various C2-substituted derivatives were prepared through the rearrangement of
the haemanthamine ring by using different nucleophiles. Compounds 3, 4 and 5 were prepared by
using ethanol, allyl alcohol and propargyl alcohol respectively in tetrahydrofuran (THF) solution and
treated with NaH. Compound 6 was prepared by substitution of the OH group at C2 using benzylamine.

Compounds 7 and 8 were produced using indole and pyrrole dissolved in THF and alkalized with NaH.

Compound 1 was formed through haemanthamine rearrangement using methansulfonyl chloride
and then utilized in the synthesis of 9, 10, 11 and 12, to investigate the possible effect of different
substitutions in ring B and on nitrogen (Scheme 2). The detailed preparation of these derivatives can
be found in Govindaraju et al. [63] Subsequently, montanine-type derivatives were screened for their
antiproliferative activity on different cancer cell lines [63].

The antiproliferative properties of the synthesized compounds were evaluated in vitro using the
MTT colorimetric assay on a panel of six cancer cell lines (A549, SKMEL-28, U373, MCF7, Hs683,
B16F10); the results are summarized in Table 4. For the study of antiproliferative activity, the most
explored position was C2, as the OH group is accessible for many chemical reactions. In the developed
mini library, it has been demonstrated that the highest anticancer activity belongs to manthine, but a
replacement of the methoxy group at position C2 by an ethoxy group, such as in 3, leads to reduction of
antiproliferative activity, although ether substitutions of a three-membered carbon chain with multiple
unsaturated bonds regain the activity. Although compound 7 showed interesting antiproliferative
activity against different cell lines while containing a large indole substituent at position C2, overall,
a small molecule replacement at C2, like OH, Cl and Br, is preferred for anticancer activity and the
stereochemical configuration of C2 replacement does not seem critical for maintenance of activity, as
demonstrated for derivatives 1, 2, and 13 (Table 4) [63].
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Table 4. Results of in vitro antiproliferative study of derivatives of montanine-type AA and manthine [63].

Gl5p In Vitro Values (uM)

Compenng Resistant to Apoptosis | Sensitive to Apoptosis
A549 SKMEL-28 U373 | MCF7 Hs683 B16F10
1 6 26 51 17 6 7
2 - 8 31 13 4 8
Manthine 3 4 5 4 3 3
3 59 >100 >100 82 >100 40
4 10 14 20 20 7 7
5 23 28 42 28 24 10
6 59 65 72 44 67 10
7 18 9 9 23 24 4
8 86 67 >100 68 95 11
9 >100 >100 >100 >100 >100 >100
10 >100 >100 >100 >100 >100 >100
11 >100 >100 >100 >100 >100 >100
12 78 >100 >100 78 71 39
13 9 18 25 19 5 7
14 >100 >100 >100 >100 >100 72

Scheme 1. Preparation of C2-derived montanine-type derivatives, in order to study antiproliferative
potential. Reagents and conditions for synthesis: (a) MsCl, py, 0 °C, 8 h, then MeOH, NaH (yield 65%);
(b) MsCl, EtsN, CH,Cly, rt, 48 h, (vield 55%) (c) MsCl, py, 0 °C, 8 h, then aq. NaHCOj (yield 74%); (d)
MsCl, py, 0 °C, 8 h, then EtOH, NaH (yield 65%); (e) MsCl, py, 0 °C, 8 h, then CH;=CH-CH;-OH, NaH
(yield 68%) (f) MsCl, py, 0 °C, 8 h, then CH=C-CH,-OH, NaH (yield 50%) (g) MsCl, py, 0 °C, 8 h, then
BnNH,, NaH (yield 67%); (h) MsCl, py, 0 °C, 8 h, then indole, NaH (yield 62%); (j) MsCl, py, 0 °C, 8 h,
then pyrrole, NaH (yield 55%).
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haemanthidine

Scheme 2. Further modifications of montanine derivatives and rearrangement of haemanthidine.
Reagents and conditions for synthesis: (a) m-CPBA, CHyCl, rt, 30 min, (yield 70%); (b) MeCN, rt,
CH=C-CH;-Br, 24 h, (yield 78%) (c) NIS (2.4 eq), In(OTf)3, MeCN, 45 °C, 12 h, (yield 55%); (d) NIS,
In(OTf)3, MeCN, 45 °C, 12 h, (yield 72%); (e) CBry, PhsP, CH,Cly, rt, 4 h, (vield 64%) (f) MsCl (4 eq), py,
0°C, 8 h, then aq. NaHCO; (vield 46%).

Quaternization of the nitrogen produced inactive compounds like 9 and 10, suggesting that
charged derivatives cannot cross the cell membrane. Finally, the substitution pattern on ring B appears
to be critical as derivatization at positions C7 and C10 in compounds 11 and 12 led to the loss of
antiproliferative activity [63]. The rearrangement of haemanthidine to the corresponding montanine
derivative 14 gave a completely inactive substance suggesting that C6 should be free to maintain
antiproliferative activity (Scheme 2; Table 4) [47,63].

Derivatives of montanine-type alkaloids 1, 15, and 16 developed by the rearrangement of
haemanthamine and haemanthidine by Cedron et al. in 2009 (Scheme 3) and pancracine were screened
for their antimalarial potential against the F-32 Tanzanian strains of P. falciparun: [92]. All the derivatives
displayed higher activity (Table 5) than the natural alkaloid pancracine. The results indicated that the
presence of one or more halogens is able to increase antimalarial activity [92].
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haemanthamine

OMe
~OH a

OH
haemanthidine

Scheme 3. Preparation of further derivatives of montanine-type AA by rearrangement from
haemanthamine and haemanthidine. Reagents and conditions for synthesis: (a) DAST, DCM, -78 °C,
24 h, (yield for 15 60%; yield for 16 49%).

Table 5. Results of in vitro assay of derivatives 1, 15, 16 and pancracine against Plasmodium
falciparum F-32.

Compound ICsp (ug/mL)
Pancracine 0.9 + 0.04
1 0.4 +0.02
15 0.6 + 0.04
16 0.7 + 0.04
Chloroquine 0.013

6. Conclusions

This review summarizes the phytochemical and biological investigations of montanine-type
AA. These alkaloids bear a characteristic 5,11-methanomorphanthridine structural core. To date,

only 14 montanine-type AA have been isolated from nature, suggesting that they are quite rare.

Some representatives of these alkaloids have been studied for different biological activities. Because
of their unique architecture and promising antitumor activity, these alkaloids attracted synthetic
effort for total synthesis, and also for the preparation of derivatives using several halogenating
agents to study structure-activity relationships. Interestingly, montanine-type alkaloids can be easily
obtained from alkaloids with a haemanthamine skeleton, which are more common and available from
Amaryllidaceae plants. In the light of the presented overview of scientific data, the montanine-type
AA can be recognized as an interesting source for the development of new drugs for the treatment of
various diseases.
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