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Abstract

Twenty nine Amaryllidaceae alkaloids and their derivatives belonging to five most common
groups, including lycorine-, lycorenine-, tazettine-, crinine-, and narciclasine-types, were
evaluated for antiproliferative, apoptosis inducing and antiinvasive activities in vitro. The
antiproliferative properties of each test compound are in agreement with those reported in the
literature, while the high potency of amarbellisine is reported for the first time. It was also found
that with the exception of ungeremine, amarbellisine and hippeastrine, the antiproliferative effect
of the potent compounds is apoptosis-mediated. Thus, apoptosis in Jurkat cells was triggered by
narciclasine, narciclasine tetraacetate, C10b-R-hydroxypancratistatin, cis-dihydronarciclasine,
trans-dihydronarciclasine, lycorine, 1-O-acetyllycorine, lycorine-2-one, pseudolycorine, and
haemanthamine. With the exception of narciclasine, lycorine and haemanthamine, the apoptosis
inducing properties of these compounds are reported for the first time. The collagen type |
invasion assay revealed potent antiinvasive properties associated with N-methyllycorine iodide,
hippeastrine, clivimine, buphanamine, and narciclasine tetraacetate, all of which were tested at
non-toxic concentrations. The antiinvasive activity of buphanamine is particularly promising since
this alkaloid is not toxic to cells even at much higher doses. This work has resulted in
identification of several novel leads for anticancer drug design.
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Introduction

Natural products and their derivatives are an important source of new drug leads. Thus, 42%
of all drugs approved from 1983 to 1994 originated from natural products [1]. This trend is
particularly pronounced in the area of cancer therapy, where the fraction of the drugs
derived from natural products amounts to 60%. Among various natural sources that have
been investigated in search of small molecule constituents with potential use in cancer
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treatment, plants of the Amaryllidaceae family have been particularly fruitful [2]. The
anticancer properties of these plants were already known in the fourth century B.C., when
Hippocrates of Cos used oil from the daffodil Narcissus poeticus L. for the treatment of
uterine tumors [3]. The topical anticancer uses of extracts from N. poeticus [4,5] as well as
from Narcissus pseudonarcissus [6—8] were recorded in the first century A.D. by the Roman
natural philosopher Pliny the Elder [9], and the applications of narcissus oil in cancer
management continued in the middle ages in Chinese, North African, Central American and
Arabian medicine [2,10]. Other genera of the Amaryllidaceae family, for example
Hymenocallis caribaea, were also commonly utilized by early European medical
practitioners for inflammatory tumors [11]. In more recent times, more than 100 structurally
diverse alkaloids, possessing a wide spectrum of biological activities have been isolated
from various Amaryllidaceae species [12]. Lycorine (1, Fig. 1), shown to possess antitumor
and antiviral activities, was the first member of this family isolated in 1877 [13]. Other
examples of natural and synthetically derived compounds based on this
pyrrolo[de]phenanthridine scaffold include 1-O-acetyllycorine (2), 1,2-O,0-diacetyllycorine
(3), lycorine-2-one (4), 1,2-0,0-diacetyl-a-dihydrolycorine (5), N-methyllycorine iodide
(6), pseudolycorine (7), galanthine (8), norpluviine (9), amarbellisine (10), lycorene (11),
and ungeremine (12).

Another large alkaloid group from Amaryllidaceae is referred to as lycorenine-type and is
based on [2]benzopyrano[3,4-g]indole skeleton. Examples are hippeastrine (13), nobilisitine
A (14), nobilisitine B (15), clivonine (16), and clivimine (17, see Fig. 2). Fig. 3 shows the
structures of tazettine (18), as an example of the tazettine group, as well as alkaloids
incorporating 5,10b-ethanophenanthridine skeleton known as crinine-type, namely
haemanthamine (19), 11-hydroxyvittatine (20), (+)-8-O-demethylmaritidine (21), ambelline
(22), buphanamine (23), and buphanisine (24).

Finally, narciclasine-type metabolites based on phenanthridone skeleton are commonly
referred to as alkaloids as well, in spite of the non-basic nature of the nitrogen atom (Fig. 4).
Selected members of this group and their synthetic derivatives are narciclasine (25),
narciclasine tetraacetate (26), C10b-R-hydroxypancratistatin (27), cis-dihydronarciclasine
(28), and trans-dihydronarciclasine (29).

Many of the Amaryllidaceae alkaloids have been reported to exhibit antiproliferative
properties and it has been proposed that they exhibit this effect by disrupting eukaryotic
protein biosynthesis [14-16]. Despite the undisputed potential of these plant metabolites to
serve as novel anticancer drug leads, to our knowledge no single compound derived from the
Amaryllidaceae constituents has advanced to human cancer clinical trials so far [17].

It has been reported that the anticancer efficacy of many currently used chemotherapeutic
agents is strongly correlated with their ability to induce apoptosis in cancer cells [18] and,
thus, many primary screens for novel anticancer leads are now based on identification of
compounds possessing apoptosis inducing properties rather than general antiproliferative
activity [19-21]. Therefore, the paucity of literature data on the apoptosis inducing potential
of Amaryllidaceae alkaloids could be one important impediment to their development as
anticancer agents. Furthermore, the severe adverse effects associated with conventional
chemotherapy have led to the exploration of non-toxic methods of combating cancer. Some
examples include the development of inhibitors of angiogenesis [22] and tumor cell invasion
[23]. Both processes rely heavily on the upregulated expression of specific proteins (e.g.
hypoxia-inducible factor in the former case [24] and matrix metalloproteinases in the latter
one [25]) and, therefore, inhibition of ribosomal protein biosynthesis exhibited by many
Amaryllidaceae alkaloids could lead to abrogation of these processes and compromised
tumor survival and/or metastasis. To our knowledge investigations of this type have not
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been described in the literature. We report herein a systematic evaluation of the alkaloids
shown in Fig. 1-4 for antiproliferative, apoptosis inducing and antiinvasive properties.

Materials and methods

Synthetic chemistry

Unless noted otherwise all reagents were purchased from commercial sources and used
without purification. Triethylamine (Et3N) was distilled from calcium hydride.
Tetrahydrofuran was distilled from sodium-benzophenone ketyl solution prior to use. All
reactions were performed under nitrogen atmosphere and monitored by thin layer
chromatography (TLC) on pre-coated (250 um) silica gel 60F,54 glass-backed plates.
Visualization was accomplished with UV light and aqueous ceric ammonium molybdate
solution or potassium permanganate stain followed by charring on a hot-plate. *H and 13C
NMR spectra were recorded on JEOL 300 MHz spectrometer at New Mexico Institute of
Mining and Technology and on Bruker 600 MHz spectrometer at the Instituto di Chimica
Biomolecolare del CNR Pozzuoli Italy. MS analyses were performed at the Mass
Spectrometry Facility, University of New Mexico and at the Instituto di Chimica
Biomolecolare del CNR Pozzuoli Italy. The optical rotations were measured on a JASCO
P1010 digital polarimeter.

Plant material

Bulbs of Sternbergia lutea Ker Gawl and Narcissus pseudonarcissus (variety King Alfred)
were collected near Bari, Italy and New Mexico, USA, respectively. S. lutea was identified
by Prof. O. Arrigoni, Dipartimento di Botanica e Patologia Vegetale, Universita di Bari,
Italy, where a voucher sample was deposited. Bulbs and whole plants of Amaryllis
belladonna L., Clivia nobilis Regel and Pancratium maritimum L. were collected from
flowering plants cultivated in Alexandria, Egypt and sandy hills on the northern coast of
Egypt (Baltim). They were identified by Prof. Alam EI-Din Negm and Prof. Mohammed
Abd El-Maskood, University of Alexandria, and Prof. N. El Hadidy, University of Cairo,
Egypt, respectively. The voucher samples of the three plants were deposited in the
Collection of Department of Pharmacognosy, Faculty of Pharmacy, University of
Alexandria, Egypt.

Alkaloids and their synthetic derivatives

Lycorine (1) and narciclasine (25) were isolated from dried bulbs of S. lutea and N.
pseudonarcissus using the procedures reported by Evidente and co-workers [26] and
Evidente [27], respectively. The purity of the samples was confirmed by TLC, 1H NMR and
optical rotation analyses. Amarbellisine (10), 11-hydroxyvittatine (20), hippeastrine (13),
clivimine (17), 8-demethylmaritidine (21), nobilisitines A (14) and B (15), and ungeremine
(12) were isolated from A. belladonna L., C. nobilis Regel, and P. maritimun L.,
respectively, as previously reported by Evidente and co-workers [28-30] and Abou-Donia
and co-workers [31]. 1-O-acetyllycorine (2), 1,2-O,0-diacetyllycorine (3), 1,2-O,0-diacetyl-
a-dihydrolycorine (5), lycorine-2-one (4), and lycorene (11) were prepared from lycorine
according to the procedures reported by Evidente and co-workers [32,33]. Ambelline (22),
buphanamine (23), buphanisine (24), galanthine (8), haemanthamine (19), N-methyllycorine
iodide (6), and pseudolycorine (7) were generously supplied by Prof. Fales, H. M.
Department of Health, Education and Welfare, Bethesda, MD, USA. Clivonine (16) and
norpluviine (9) were kindly supplied by Prof. Fuganti, C., Instituto di Chimica, Politecnico
di Milano, Italy. Narciclasine tetraacetate (26), C10b-R-hydroxypancratistatin (27), cis-
dihydronarciclasine (28), and trans-dihydronarciclasine (29) were prepared using the
procedures reported by Mondon and Krohn [34] as well as by Pettit and co-workers [35,36].
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The Jurkat cell line (Clone E6-1), a human T cell leukemia was purchased from the
American Type Culture Collection (ATCC #TIB-152, USA) and was cultivated in
RPMI-1640 medium supplemented with 10% (v/v) fetal bovine serum (FBS), 100 mg/L
penicillin G, 100 mg/L streptomycin, 1.0 mM sodium pyruvate (all from Gibco, Invitrogen:
Life Technologies, USA), 1.5 g/L sodium bicarbonate, and 4.5 g/L glucose (Sigma) at 37 °C
in a humidified atmosphere with 10% CO».

Cell lines HeLa (ATCC #CCL-2.2, USA) and Vero (WHO Vero, National Institutes of
Health, USA) were cultivated in Dulbecco’s modified Eagle medium containing 10% fetal
bovine serum (Gibco, Invitrogen: Life Technologies, USA), 100 mg/L penicillin G, 100 mg/
L streptomycin, and 0.05 mg/mL gentamicin (all from Cellgro, Media Tech. Inc.) at 37 °C in
a humidified atmosphere with 5% CO».

Cell viability of HeLa and Vero cells was tested in accordance with Mosmann [37]. Briefly,
mitochondrial dehydrogenase activities were measured by an MTT-reagent (Sigma). Cells
were seeded in microtiter plates at an initial density of 4 x 10% cells in 200 uL culture
medium and treated with the panel of test compounds at 5 and 25 pM for 48 h. In each
experiment, eight wells were used to determine the % cell viability. The experiments were
repeated at least twice for each compound per cell line.

Annexin V/propidium iodide apoptosis assay

3 x 10° Jurkat cells/mL were treated for 24 h with test compounds at 1 and 25 pM. After
centrifugation, at 2200 rpm (400G) the cell pellets were resuspended in 200 pL Annexin-V
FITC (Caltag Laboratories, 40 pL per mL AAB) and propidium iodide (Sigma, 2 pL (1 mg/
mL) per mL AAB) solution in Annexin Binding Buffer (ABB: Heinz-Hepes Buffer (HHB:
30 mM HEPES; 110 mM NacCl; 10 mM KCI; 10 mM glucose; 1 mM MgCly; pH 7.4) plus 5
pL CaCls (1.5 M) per mL HHB) and incubated at 37 °C for 20 min. Values of relative
fluorescence intensity were measured with a Becton Dickinson FACscan flow cytometer and
analyzed by CellQuest software.

Collagen Type | Invasion Assay

Statistics

3. Results

Six-well plates were filled with 1.25 ml neutralized type | collagen (0.09 %, Millipore,
Billerica, MA) and incubated for 1 h at 37 °C to allow gelification. For invasion into
collagen type | gel, HeL a cells were harvested using Moscona buffer and trypsin/EDTA and
seeded on top of collagen type | gels. Cultures were incubated for 24 h at 37 °C in the
presence or absence of test compounds at concentrations, which resulted in less than 20%
antiproliferative effect as determined by a prior MTT assay. Numbers of cells penetrating
into the gel or remaining at the surface were counted using an inverted microscope and
expressed as the invasion index, being the percentage of invading cells over the total number
of cells.

All treatments were matched and carried out at least 2 times. Data were analyzed using
Excel, for determination of mean, SD, and student t-test (95%).

and discussion

Compounds 1-29 were evaluated for their antiproliferative activity against HeLa and Vero
cell lines as well as for their ability to induce apoptosis in Jurkat cells (Table 1).
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Our results indicate that the most potent antiproliferative activities are associated with the
narciclasine group of Amaryllidaceae alkaloids, which is consistent with the previous
literature reports [17,39]. In addition, the powerful induction of apoptosis by narciclasine
(25) is in agreement with the finding of Kiss and co-workers [40], who reported that 25
induced marked apoptosis in human MCF-7 breast and PC-3 prostate carcinoma cells.
Furthermore, trans-dihydronarciclasine (29), whose antiproliferative potency rivals that of
25, is also efficient at inducing apoptosis in Jurkat cells. In contrast, cis-dihydronarciclasine
(28) and C10b-R-hydroxypancratistatin (27) are weaker apoptosis inducers and possess
inferior antiproliferative properties. Interestingly, narciclasine tetraacetate (26) exhibits high
potencies in both assays, although lower than those of narciclasine itself. In all likelihood,
26 serves as a prodrug and intracellular hydrolysis of acetate esters converts it to cytotoxic
25. These observations argue that potent cytotoxicity displayed by the narciclasine-type
alkaloids and their synthetic derivatives is apoptosis-mediated. We expect that these findings
will encourage further efforts to advance narciclasine-type compounds to human clinical
trials [17].

Previous studies indicate that among the lycorine-, lycorenine-, tazettine-, and crinine-type
alkaloids shown in Fig. 1-3, good levels of antiproliferative activity are expected for
lycorine (1) [41,42], pseudolycorine (7) [41], ungeremine (12) [43], hippeastrine (13) [41],
and haemanthamine (19) [41,42]. In addition, apoptosis inducing properties were reported
for 1 [44,45] and 19 [46]. The results in Table 1 suggest that cytotoxic effect of 7 is also
apoptosis-mediated. We also show for the first time that amarbellisine (10) has a
pronounced antiproliferative effect. Interestingly, 10, 12 and 13 exhibit no apoptosis
induction in Jurkat cells at concentrations as high as 25 uM. Further study is required to
clarify whether this is a cell-specific property or if these alkaloids are general growth
inhibitors. Oxidation of the C2-hydroxyl in lycorine gives lycorine-2-one (4), which
possesses diminished, but still significant cytotoxicity. In contrast, acetylation of the C1-
hydroxyl in lycorine results in equally potent 1-O-acetyllycorine (2). This derivative may
also be a prodrug of 1 and its somewhat weaker apoptosis inducing potential in Jurkats cells
may be explained by the 24 h treatment, which may be insufficient for the complete
hydrolytic removal of the acetate ester. This hypothesis is supported by the observation of a
complete lack of activity of 1,2-O,0-diacetyllycorine (3) in the 24 h apoptosis assay,
compared with its reasonable potency in the 48 h MTT tests. In this case the steric
encumbrance associated with the two acetyl groups may lead to their significantly slower
hydrolysis. Finally, 11-hydroxyvittatine (20), a demethylated natural congener of cytotoxic
haemanthamine (19), was reported to have no antiproliferative activity [47]. We also
observed only a modest activity in the MTT assay and no induction of apoptosis as opposed
to 19, demonstrating that the methyl ether is an important part of the cytotoxic
pharmacophore.

Although metastasis is a primary cause of mortality from cancer [48], very few therapies are
available that target cancer cell invasion into surrounding tissue and/or their spreading to
remote locations [23,25]. The process of cancer cell invasion is predominantly controlled by
the interaction of cancer cells and their surrounding extracellular matrix, in which many
enzymes and adhesion proteins play an integral part [49]. Because many Amaryllidaceae
alkaloids exert their biological effects by inhibiting ribosomal protein biosynthesis (vide
supra), these plant metabolites and their derivatives seem ideally suited for affecting the
balance of invasion promoters and suppressors. Yet, we are unaware of biological evaluation
studies of Amaryllidaceae alkaloids with respect to their ability to regulate or inhibit cell
invasion. Therefore, we used a collagen invasion assay [50,51], in which collagen type |
serves as a model for extracellular matrix in vitro. Because invasive cells secrete matrix
metalloproteinases that break collagen type | fibers, this assay adequately models the
modulation of cell invasion by tissue inhibitors in vitro [52]. Furthermore, both cell-matrix
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and cell-cell adhesion molecules, such as integrins [53], E-cadherin [54], N-CAM [55], and
MUC-1 [56] have been demonstrated to regulate invasion into type I collagen.

Before evaluating compounds 1-29 for antiinvasive activity, a non-toxic concentration for
each compound was determined by using a MTT assay on HeL a cells. The optical density
value of 80%, which corresponds to 20% of inhibition of proliferation, was used as a guide.
The results of the collagen type | invasion assay indicate that a number of alkaloids and their
derivatives, each at its non-toxic concentration, suppress invasion of HelLa cells (Fig. 5).
Interestingly, among this small group of compounds there is a representative of each type of
skeleton in Fig. 1-4, namely N-methyllycorine iodide (6, lycorine-type), hippeastrine (13),
clivimine (17, both lycorenine-type), buphanamine (23, crinine-type), and narciclasine
tetraacetate (26, narciclasine-type). This discovery opens the door for systematic structure-
activity relationship studies utilizing each of these skeletons.

Although all these compounds were tested at non-toxic concentrations, the antiinvasive
activity of buphanamine (23) is a particularly encouraging finding since this alkaloid does
not show any toxicity even at much higher concentrations. In contrast, the activity of 6, 13,
17 and 26 should be treated with more caution as the test concentrations for these
compounds are close to their toxic levels. Therefore, more thorough dose-dependent studies
are required to assess their therapeutic indexes. If 17 is hydrolyzed within cells, it should
produce 16 and the claim of the genuine antiinvasive activity of 17 might be questioned.
However, such rapid hydrolysis (24 h treatment time) would be highly unlikely. In addition,
16 displays no antiinvasive properties. This is also consistent with the intriguing inhibitory
effect of narciclasine tetraaacetate (26) and a lack of such in the case of narciclasine (25).
The bona fide inhibitor must be 26 itself or one of the persistent hydrolytic intermediates
containing fewer acetyl groups. Further studies, involving monitoring the intracellular
hydrolysis kinetics, would be required to solve this puzzle. Finally, we believe that the
antiinvasive activity of clivimine and buphanamine represents the first observation of any
biological activity associated with either of these two alkaloids, with the exception of weak
(millimolar) affinity toward the SHT1 serotonin transporter reported for buphanamine [57].

In conclusion, a systematic evaluation of diverse Amaryllidaceae alkaloids and their
synthetic derivatives for antiproliferative, apoptosis inducing and antiinvasive properties
was performed and resulted in a number of interesting findings. In our view two of these are
most significant. First, most compounds that show promising antiproliferative activities are
also good apoptosis inducers. These are narciclasine, narciclasine tetraacetate, C10b-R-
hydroxypancratistatin, cis-dihydronarciclasine, trans-dihydronarciclasine, lycorine, 1-O-
acetyllycorine, lycorine-2-one, pseudolycorine, and haemanthamine. Important exceptions
are ungeremine, amarbellisine and hippeastrine, which may be strictly growth inhibitory.
Second, a number of structurally diverse compounds completely suppress cell invasion in
vitro at non-toxic concentrations. These are N-methyllycorine iodide (lycorine-type),
hippeastrine, clivimine (both lycorenine-type), buphanamine (crinine-type), and narciclasine
tetraacetate (narciclasine-type). The antiinvasive activity of buphanamine is particularly
promising since this alkaloid is not toxic to cells even at much higher concentrations.
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Fig. 1.
Selected lycorine-type alkaloids and their synthetic derivatives
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Selected lycorenine-type alkaloids
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Selected tazettine- and crinine-type alkaloids
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Fig. 5.

Collagen type | invasion assay. Invasion index is expressed as % invading cells into type |
collagen after 24 h of treatment with indicated compounds at hon-toxic concentrations. C =
0.1% DMSO control. Non-toxic concentrations are those that resulted in < 20% of inhibition
of proliferation as determined with a prior MTT assay and they are as follows: 1 1 uM, 2 0.5
UM, 33 UM, 45 UM, 525 uM, 6 5 uM, 7 3 uM, 8 25 puM, 9 25 uM, 10 5 uM, 11 25 pM, 12
5 uM, 13 3 uM, 14 25 pM, 15 25 UM, 16 25 pM, 17 15 uM, 18 25 puM, 19 1 uM, 20 5 pM,
2125 M, 22 25 pM, 23 25 uM, 24 25 pM, 25 0.05 pM, 26 0.1 pM, 27 5 uM, 28 1 pM, 29
0.05 pM.
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