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The induction of apoptosis by 66 alkaloids of the quinoline, quinolizidine, pyrrolizidine,
isoquinoline, indole, terpene, tropane, steroid, purine, and piperidine type, of 9 cardiac glyco-
sides, 11 non-protein amino acids and 10 further secondary metabolites was assayed in HL-
60 cell cultures and measured by quantification of the subdiploid DNA content by flow
cytometry, detection of DNA fragmentation by gel electrophoresis, and cell morphology.
Several alkaloids of the isoquinoline, quinoline, and indole type were active, whereas quinol-
izidine, tropane, pyrrolizidine, terpene and piperdine alkaloids were mostly inactive. The
proapoptotic alkaloids can be characterized by their property to inhibit protein biosynthesis
and their intercalation into DNA at the same time, or by their inhibition of microtubule
formation. All cardiac glycosides, which are both membrane detergents and Na+,K+-ATPase
inhibitors, are potent apoptosis inducers. Also proapoptotic were a few non-protein amino
acids, podophyllotoxin and the flavonoid quercetin.
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Introduction

Nature provides a wide variety of secondary
metabolites, which are mainly produced by plants,
but also by marine animals and microorganisms.
They generally serve as chemical defence substan-
ces against herbivores and, to a lesser degree,
against microbes, viruses, and competing plants
(Harborne, 1993; Rosenthal and Janzen, 1991; Sei-
gler, 1998; Roberts and Wink, 1998; Wink, 1993,
1999a, b).

In order to function as effective defence com-
pounds the structures of alkaloids and other sec-
ondary metabolites have been shaped during evo-
lution so that they can interfere with a multitude
of molecular targets in animals or microbes. These
targets include, among others, DNA (intercalation,
alkylation), RNA and related enzymes, protein
biosynthesis, biomembranes, cytoskeleton pro-
teins, neuroreceptors, transporter, ion channels,
metabolic enzymes, and signal transduction (re-
views: Wink, 1993, 2000, 2007; Wink and Schim-
mer, 1999; Chen et al., 2005).

It has been already observed for some time that
several alkaloids, of which more than 20,000 have
been described today, have cytotoxic properties
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(review: Wink, 1993, 2000). In a recent compara-
tive study, a number of alkaloids and other second-
ary metabolites have been identified which inhibit
the growth of blood stream forms of Trypanosoma
brucei and T. congolense and human promyelo-
cytic leukaemia cells (HL-60) (Merschjohann
et al., 2001). The HL-60 cell line provides a valid
model system for testing antileukaemic or general
antitumour compounds.

In most of the studies no distinction has been
made between necrotic and apoptotic cell death.
Necrosis is a “passive” death resulting in cellular
lysis, but apoptosis is a form of physiological cell
death that is controlled by intrinsic cellular mecha-
nisms. It can be initiated by many factors, e. g. sev-
eral signalling pathways or chemicals (Kerr et al.,
1972; Nagata, 2000; Meier et al., 2000; Debatin,
2004).

However, a number of investigations have al-
ready shown, that alkaloids and other secondary
metabolites can indeed induce apoptosis in animal
cells (review: Wink, 2007). The induction of apop-
tosis is considered as a new approach to treat
tumour cells, and several antitumour compounds,
such as Vinca alkaloids, taxol, camptothecin, and
podophyllotoxin, have these properties. Other
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apoptotic alkaloids found already include cepha-
ranthine, tetrandrine, noscapine, harmine, homo-
harringtonine, harringtonine, solamargine, usam-
barensine, stauroporine, berberine, sanguinarine,
and emetine (Ye et al., 1998; Kuo et al., 1995; Li
et al., 1994; Meijermann et al., 1999; Bicknell et al.,
1994; Dassonneville et al., 1999; Weerasinghe et al.,
2001; Chen et al., 2005; Wink, 2007). Apoptotic
properties have also been detected for some fla-
vonoids and isoflavones, such as apigenin and ge-
nistein (Alhasan et al., 1999; Zheng et al., 2005),
cardiac glycosides (McConkey et al., 2000), hyper-
forin (Hostanska et al., 2003), lectins (Hostanska
et al., 1997), curcumin (Pan et al., 2001), ajoene
(Dirsch et al., 1998), podophyllotoxin (Tseng et al.,
2002), a number of sesquiterpene lactones (Dirsch
et al., 2001), and antibiotics (daunorubicin, bleo-
mycin, mitomycin).

Since alkaloids and cardiac glycosides are both
important for plant defence and several of them
are being used in medicine, it is important to know
whether the induction of apoptosis is a widely dis-
tributed property of secondary metabolites or
whether it is restricted to compounds with defined
interactions with particular molecular targets, such
as DNA intercalation or inhibition of protein bio-
synthesis (Meijermann et al., 1999; Bicknell et al.,
1994; Kochi and Collier, 1993; Wink, 1993, 2000,
2007; Chen et al., 2005).

In this communication we report whether a se-
ries of 66 alkaloids representing major alkaloidal
groups, 9 cardiac glycosides, 11 non-protein amino
acids, and 10 further metabolites (antibiotics, poly-
phenols) can induce apoptosis in HL-60 cells,
which are widely used in apoptosis research. The
alkaloids employed have already been analyzed
for their interaction with other molecular targets
(DNA, protein biosynthesis, neurotransmission)
(Schmeller et al., 1994, 1995, 1997a; Wink et al.,
1998; Wink, 2000). Apoptosis was assessed by
morphological analysis of cells as well as charac-
terization and quantification of DNA fragmenta-
tion by flow cytometry and gel electrophoresis.

Materials and Methods

Cell line and culture conditions

The human promyelotic leukaemia HL-60 cell
line (DSMZ GmbH, Braunschweig, Germany)
was maintained in RPMI 1640 medium without
phenol red and l-glutamine (Gibco BRL, Life
Technologies GmbH, Karlsruhe, Germany). The

medium was supplemented with 10% inactivated
foetal calf serum (Seromed“, Biochrom KG, Ber-
lin, Germany), 100 units/ml penicillin, 100 μg/ml
streptomycin (BioWhittaker, Walkersville, MD,
USA) and 1% l-glutamine.

Suspension-cultured cells were grown in 25 cm2

or 75 cm2 culture flasks (Cellstar, Greiner Labor-
technik GmbH, Frickenhausen, Germany), incu-
bated at 37 ∞C with 5% CO2 and diluted every 2Ð
3 d to a final concentration of ca. 1 ¥ 105 cells/ml.
Cell counts were performed with a Neubauer-
count chamber, and general viability was assessed
by Trypan blue exclusion.

Tested substances

The origin of the tested compounds has been
documented in Schmeller et al. (1995, 1997a), Mi-
nas (1999), Wink et al. (1998), and Merschjohann
et al. (2001). Compounds were dissolved in aqua
bidest, DMSO or ethanol to final concentrations
of 10Ð1 to 10Ð3 m. After a 1:10-dilution with RPMI
medium the mixture was sterilized by filtration
(0.2 μm diameter). Further 1:10-dilutions were
made with sterile medium containing 10% of the
solvent agent to ensure an equal amount of the
solvent in the tests, about 1%.

Induction of apoptosis

For experiments cells were seeded into 24-well
plates (Gibco BRL), each well was filled with 1 ml
cell culture medium. The cell number used in each
experiment depended on the incubation time.
With a 24 h incubation time HL-60 cells were
seeded into the wells with a concentration of
5 ¥ 105 cells/ml. Compounds were given to the
cells in various concentrations, from 25 to 5 μl/
well. Untreated cultures and cultures treated with
medium containing 10% solvent were used for
control measurements.

Analysis of cell death

Apoptosis was examined by cell morphology
(fluorescence microscopy), DNA gel electropho-
resis, but mainly by flow cytometry. Also the activ-
ity of caspase 3 (including the caspase 3 inhibitor
z-VAD-fmk) and membrane potential were deter-
mined using actinomycin D, CCCP, staurosporin,
and valinomycin as positive controls.

Fluorescence microscopy: Cells from each well
(1 ml) were harvested after treatment with alka-
loids, centrifuged (10 min at 4 ∞C, 400 ¥ g), washed
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with HEPES [4-(2-hydroxyethyl)-1-piperazineet-
hanesulfonic acid] buffer (0.1 m, pH 7.4), centri-
fuged again, and resuspended in 500 μl HEPES
buffer, 500 μl fixing solution (4% paraformalde-
hyde and 0.4% glutardialdehyde in 0.1 m HEPES,
pH 7.4) and 1 μg/ml Hoe33342 (Sigma-Aldrich).
Incubation was for 30 min in the dark. Fixed and
stained cells were mounted on pre-treated (with
poly-l-lysine hydrobromide; Sigma-Aldrich) glass
slides with Mowiol“ 40Ð88 (Aldrich-Chemie, Stein-
heim, Germany) and DABCO (1,4-diazabicyclo-
[2.2.2]octane, 25 mg/ml Mowiol; Merck-Schu-
chardt, Hohenbrunn, Germany). They were inves-
tigated with a fluorescence microscope (Zeiss Ax-
ioskop, Zeiss, Oberkochen, Germany) and the
filter block 02 (Zeiss), using a tenfold ocular and
a 100¥ objective (Plan-Neofluar, Zeiss) with im-
mersion oil (518 C, Zeiss). Pictures were taken
with a microscope camera by Zeiss (MC 100 Spot),
using a Kodak Elite Chrome slide film with ISO
400/27∞.

Agarose gel electrophoresis and DNA fragmen-
tation: 3 ml of treated or untreated cells were har-
vested from the 24-well plates, centrifuged at 4 ∞C
and 800 ¥ g for 10 min, and incubated with 1 ml
lysis buffer (NaCl 100 mm, Tris 10 mm, EDTA
25 mm, SDS 0.5%) and proteinase K (Carl Roth
GmbH and Co., Karlsruhe, Germany; 0.2 mg/ml)
for 1 h at 50 ∞C. After application of 2 μl RNAse
(Roth; 10 mg/ml RNAse buffer, Tris [tris(hydroxy-
methyl)-aminomethane]/HCl 10 mm, NaCl 15 mm,
pH 7.5, boiled for 15 min) and incubation for an-
other hour at 50 ∞C, samples were divided into two
fractions of 500 μl each and extracted twice with
the equivalent volume of phenol/chloroform/
isoamylalcohol (25 : 24 :1). DNA was precipitated
from 400 μl of the supernatant by addition of
800 μl ice-cold ethanol and 40 μl 3 m Na-acetate,
pH 5, over night at Ð20 ∞C. DNA was precipitated
by centrifugation at 4 ∞C and 12,000 rpm for
20 min, then washed with 500 μl 70% ethanol and
dried afterwards. The DNA was resuspended in
aqua bidest and stored at Ð20 ∞C. DNA content
of the samples was determined with a spectropho-
tometer (Beckmann DU 640, Beckmann Instru-
ments Inc., Fullerton, CA, USA) at a wavelength
of 260 nm.

A 2% agarose gel was prepared: 2% agarose
(Qualex Gold Agarose, Hybaid GmbH, Heidel-
berg, Germany) was dissolved in TAE buffer (Tris
acetate 0.04 m, EDTA 1 mm, pH 8, acetic acid

1.15%, pH 8.5), containing 0.5 μg/ml ethidium bro-
mide.

Gel pockets were loaded with at least 2 μg
DNA, and the gel ran with 90 V for ca. 1.5 h. Gels
were documented with UV-light and a camera-
printer-system (LTF-Labortechnik, Wasserburg,
Germany).

Flow cytometry analysis: 1 ml treated or un-
treated cell culture was harvested from the 24-well
plates and centrifuged for 10 min at 4 ∞C and
400 ¥ g. After a washing step with 1 ml HBSS
(Hank’s balanced salt solution without Mg2+/Ca2+;
Gibco BRL) cells were incubated with 900 μl
HBSS and 300 μl PC buffer (Na2HPO4 0.2 m, citric
acid 0.1 m, pH 7.8) for 5 min, then centrifuged as
described above. Cells were fixed with 1 ml ice-
cold 70% ethanol and incubated at Ð20 ∞C for at
least 2 h.

Apoptotic cells were detected using propidium
iodide (PI) staining (Nicoletti et al., 1991). Cells in
70% ethanol were centrifuged for 10 min at 4 ∞C
and 400 ¥ g, washed once with 1 ml HBSS, and in-
cubated with 200 μl PI staining solution (contain-
ing 0.05 mg PI/ml HBSS and 0.5 mg RNAse/ml
HBSS) for at least 30 min before measurement
with the FACScan analyzer. Experiments were
performed in triplicate and repeated at least
three times.

Data analysis

A total of 10,000 cells per sample was analyzed
by FACScan and Cell Quest software (Becton
Dickinson, Heidelberg, Germany) and with
WinMDI software (version 2.7, Microsoft Corp.).

Results and Discussion

Apoptosis was identified by fragmentation of
HL-60 DNA; a quantitative documentation of the
DNA content in apoptotic cells induced by varying
amounts of emetine (as an example of an active
alkaloid) is shown in Fig. 1. The effect is dose-de-
pendent; first effects are seen with 0.25 μm eme-
tine and a 100% induction is achieved with 2.5 nm
(Fig. 1). Variation of incubation time indicated
that a complete induction of apoptosis is reached
for all concentrations after 40 h of incubation.

About 66 alkaloids of the quinoline, quinolizi-
dine, pyrrolizidine, isoquinoline, indole, terpene,
tropane, steroid, purine, and piperidine type were
assayed in concentrations ranging from 1 nm to
1 mm in HL-60 cell cultures. As can be seen from
Table I, only a selected number of alkaloids are
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Fig. 1. Illustration of FACScan data analysis of HL-60 cells treated with emetine for 24 h. (a) Control; (b) 2.5 ¥ 10Ð4 m;
(c) 7.5 ¥ 10Ð6 m; (d) 2.5 ¥ 10Ð6 m; (e) 2.5 ¥ 10Ð7 m.

cytotoxic and can induce apoptosis. Active alka-
loids (ordered with decreasing induction capacity)
were vincristine, vinblastine, homoharringtonine,
emetine, cephaeline, colchicine, chelerythrine, san-
guinarine, chelidonine, ellipticine, noscapine, proto-
pine, ajmalicine, ergotamine, berberine, harmine,
cinchonidine, quinine, arecoline, and piperine.
Other alkaloids of the quinolizidine, pyrrolizidine,
tropane, purine, isoquinoline, indole, terpene and
piperidine type (Table I) did not induce apoptosis
in our experiments.

What are then the biochemical characteristics of
apoptosis-inducing alkaloids? Several potential in-
teractions of alkaloids with molecular targets have
already been analyzed in a comparative study
(Schmeller et al., 1994, 1995, 1997a, b; Wink et al.,
1998; Wink, 2000). Nearly all alkaloids studied in-
terfere with neuroreceptors and signal transduc-
tion, whereas a smaller number intercalates DNA,

inhibits DNA-related enzymes, protein biosynthe-
sis, disturbs membrane integrity or interacts with
microtubules (Table I).

DNA intercalation, modulation of DNA-related
enzymes (e.g., DNA topoisomerase I and II; tel-
omerase), inhibition of protein biosynthesis have
already been discussed as activities, which can in-
duce apoptosis for the alkaloids emetine, berber-
ine, camptothecine, chelerythrine, and sanguinar-
ine (Kuo et al., 1995; Dassonneville et al., 1999).
These activities can lead to a cell-cycle arrest, as
does the inhibition of tubulin polymerization to
mitotic spindles and the perturbation of kineto-
chore-microtubule attachment by the Vinca alka-
loids taxol, chelidonine, podophyllotoxin, and nos-
capine. Other mechanisms could include inhibition
of protein kinase C or kinases, which phosphoryl-
ate p53 (Ye et al., 1998; Chen et al., 2005; Wink,
2007).
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Table I. Induction of apoptosis by alkaloids, cardiac glycosides, non-protein amino acids and other metabolites in
comparison with their interactions with other molecular targets (according to Wink et al., 1998; Wink, 1999b, 2000,
2007).

Substance Apoptosis Apoptosis Other targets or activitiesb

ED50 (MACa)
[mol/l] [mol/l]

Isoquinoline alkaloids
α-Allocryptopine Ð Ð neuroreceptors, PDE inhibitor
Apomorphine Ð Ð neuroreceptors, PDE inhibitor, PK inhibitor
Berberine n.d. 10Ð4 DNA intercalation, neuroreceptors, enzyme inhibitor
Boldine Ð Ð DNA intercalation, neuroreceptors, enzyme inhibitor
Chelerythrine n.d. 10Ð6 enzyme inhibitor
Chelidonine n.d. 5 ¥ 10Ð6 DNA intercalation, neuroreceptors, enzyme inhibitor
Cephaeline n.d. 10Ð7 DNA intercalation, protein biosynthesis inhibitor
Colchicine n.d. 10Ð7 inhibition of microtuble formation, neuroreceptors, enzyme

inhibitor
Coralyne Ð Ð DNA intercalation, enzyme inhibitor
Emetine 4.7 ¥ 10Ð6 5 ¥ 10Ð7 DNA intercalation, protein biosynthesis inhibitor, enzyme

inhibitor, neuroreceptors
Homoharringtonine 0.6 ¥ 10Ð6 0.5 ¥ 10Ð6 protein biosynthesis inhibitor
Laudanosine Ð Ð neuroreceptors
Noscapine 10Ð4 5 ¥ 10Ð5 inhibition of microtuble formation, neuroreceptors
Papaverine Ð Ð neuroreceptors, PDE inhibitor, PK inhibitor
Protopine n.d. 5 ¥ 10Ð5 neuroreceptors, enzyme inhibitor
Salsoline Ð Ð neuroreceptors, enzyme inhibitor
Sanguinarine n.d. 5 ¥ 10Ð6 DNA intercalation, neuroreceptors, enzyme inhibitor

Indole alkaloids
Ajmalicine n.d. 5 ¥ 10Ð5 DNA intercalation, neuroreceptors
Ajmaline Ð Ð DNA intercalation, ion channel inihibitor
Brucine Ð Ð neuroreceptors
Ellipticine n.d. 5 ¥ 10Ð6 DNA intercalation, enzyme inhibitor
Ergotamine n.d. 5 ¥ 10Ð5 neuroreceptors, enzyme inhibitor
Gramine Ð Ð neuroreceptors, inihibitor of respiratory chain
Harmaline Ð Ð DNA intercalation, neuroreceptors, enzyme inhibitor
Harman Ð Ð DNA intercalation, neuroreceptors, enzyme inhibitor
Harmine Ð 10Ð4 DNA intercalation, neuroreceptors, enzyme inhibitor
Norharman Ð Ð DNA intercalation, neuroreceptors, enzyme inhibitor
Physostigmine Ð Ð neuroreceptors, enzyme inhibitor
Staurosporine 4 ¥ 10Ð7 5 ¥ 10Ð8 kinase inhibitor
Strychnine Ð Ð ion channels, neuroreceptors
Vinblastine 10Ð8 5 ¥ 10Ð9 inhibition of microtuble formation, DNA intercalation, neu-

roreceptors, enzyme inhibitor
Vincamine Ð Ð ion channel inhibitor
Vincristine 10Ð8 5 ¥ 10Ð9 inhibition of microtuble formation, DNA intercalation, neu-

roreceptors, enzyme inhibitor
Yohimbine Ð Ð ion channel inhibitor, neuroreceptors

Quinoline alkaloids
Quinidine Ð Ð DNA intercalation, neuroreceptors, enzyme inhibitor, ion

channel inhibitor
Quinine 9 ¥ 10Ð4 5 ¥ 10Ð4 DNA intercalation, neuroreceptors, enzyme inhibitor
Cinchonidine 10Ð3 10Ð4 DNA intercalation, neuroreceptors, enzyme inhibitor
Cinchonine Ð Ð DNA intercalation, neuroreceptors, enzyme inhibitor

Purine alkaloids
Caffeine Ð Ð neuroreceptors, enzyme inhibitor
Theobromine Ð Ð neuroreceptors, enzyme inhibitor
Theophylline Ð Ð neuroreceptors, enzyme inhibitor

Piperidine alkaloids
Arecoline n.d. 5 ¥ 10Ð4 neuroreceptors, DNA strand breaks
Coniine Ð Ð neuroreceptors
Lobeline Ð Ð DNA intercalation, neuroreceptors
Piperine n.d. 10Ð4 neuroreceptors, enzyme inhibitor
Pseudopelletierine Ð Ð neuroreceptors
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Table I (continued).

Substance Apoptosis Apoptosis Other targets or activities
ED50 (MACa)
[mol/l] [mol/l]

Pyrrolizidine alkaloids
Echimidine Ð Ð neuroreceptors, DNA alkylation (after enzymatic activation)
Heliosupine N-oxide Ð Ð neuroreceptors, DNA alkylation (after enzymatic activation)
Heliotrine Ð Ð neuroreceptors, DNA alkylation (after enzymatic activation)
Retronecine Ð Ð neuroreceptors, DNA alkylation (after enzymatic activation)
Riddeline Ð Ð neuroreceptors, DNA alkylation (after enzymatic activation)
Senecionine Ð Ð neuroreceptors, DNA alkylation (after enzymatic activation)
Seneciphylline Ð Ð neuroreceptors, DNA alkylation (after enzymatic activation)

Quinolizidine alkaloids
Cytisine Ð Ð neuroreceptors
Lupanine Ð Ð neuroreceptors, ion channel inhibition
Sparteine Ð Ð neuroreceptors, ion channel inhibition

Tropane alkaloids
Hyoscyamine Ð Ð neuroreceptors
Scopolamine Ð Ð neuroreceptors

Terpene alkaloids
Aconitine Ð Ð neuroreceptors, ion channel inhibition

Steroid alkaloids
α-Chaconine Ð Ð enzyme inhibitor, membrane permeability
α-Solanine Ð Ð enzyme inhibitor, membrane permeability
Tomatine Ð Ð enzyme inhibitor, membrane permeability
Veratridine Ð Ð ion channel activator

Miscellaneous alkaloids
Capsaicine Ð Ð ion channel inhibition, enzyme inhibitor
Ephedrine Ð Ð neuroreceptors
Nicotine Ð Ð neuroreceptors, electron chain

Cardiac glycosides
Convallatoxin 5 ¥ 10Ð8 10Ð8 Na+,K+-ATPase inhibitor
Digitoxigenin 5 ¥ 10Ð7 5 ¥ 10Ð7 Na+,K+-ATPase inhibitor
Digitoxin 5 ¥ 10Ð8 5 ¥ 10Ð8 Na+,K+-ATPase inhibitor
Digoxigenin 1.5 ¥ 10Ð6 10Ð6 Na+,K+-ATPase inhibitor
Digoxin 10Ð7 10Ð7 Na+,K+-ATPase inhibitor, inhibition of protein synthesis
Oleandrin 5 ¥ 10Ð8 5 ¥ 10Ð8 Na+,K+-ATPase inhibitor, NFκB inhibition
Ouabagenin 1.6 ¥ 10Ð6 10Ð6 Na+,K+-ATPase inhibitor
Ouabain 2 ¥ 10Ð7 10Ð7 Na+,K+-ATPase inhibitor
Proscillaridin 1.3 ¥ 10Ð8 10Ð8 Na+,K+-ATPase inhibitor

Non-protein amino acids
Albizziin Ð Ð asparagine mimic
Aminoethylcysteine 2.7 ¥ 10Ð4 5 ¥ 10Ð5 lysine mimic
�-Aminoproprionitril Ð Ð collagen modification
Azaserine Ð 5 ¥ 10Ð6

Azetidine carboxylic acid Ð Ð proline mimic
Canaline Ð Ð ornithine mimic
Canavanine Ð Ð arginine mimic
�-Cyanoalanine Ð Ð NMDA agonist
3,4-DH-proline Ð 10Ð4 proline mimic
Mimosine Ð 5 ¥ 10Ð4 tyrosine mimic
Quisqualic acid Ð Ð NMDA agonist

Antibiotics
Cycloheximide 6 ¥ 10Ð5 10Ð5 eukaryotic protein biosynthesis inhibitor
Daunomycin 2.4 ¥ 10Ð7 10Ð6 DNA intercalator; enzyme inhibitor
Kanamycin Ð Ð prokaryotic protein biosynthesis inhibitor
Penicillin G Ð Ð prokaryotic protein biosynthesis inhibitor
Tetracyclin Ð Ð prokaryotic protein biosynthesis inhibitor
Valinomycin Ð 10Ð8 ion channel formation
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Table I (continued).

Substance Apoptosis Apoptosis Other targets or activities
ED50 (MACa)
[mol/l] [mol/l]

Other secondary metabolites
Asaron Ð Ð DNA alkylation after activation
Cynarin Ð Ð enzyme inhibitor
Podophyllotoxin 4 ¥ 10Ð8 10Ð8 inhibition of microtuble formation; DNA Top II inhibitor
Quercetin 5 ¥ 10Ð5 10Ð5 enzyme inhibitor

a MAC, minimal apoptotic activity. b PDE, phosphodiesterase; PK, protein kinase.
Ð, No apoptosis; n.d., not determined.

Inhibition of protein biosynthesis alone appears
to be not sufficient for apoptosis induction, as
shown by the cyclic depsipeptide didemnin B
(Beidler et al., 1999). Emetine, a typical protein
biosynthesis inhibitor, is a significant DNA-inter-
calating agent at the same time (Wink et al., 1998).
We suggest that the high induction capacity of
emetine is due to both, inhibition of protein bio-
synthesis and DNA intercalation which cause
frame-shift mutations and inhibition of several
DNA-related enzymes (Wink et al., 1998; Wink
and Schimmer, 1999; Möller and Wink, 2007). The
quinoline alkaloids also intercalate DNA to a simi-
lar degree as emetine; but they are much weaker
protein biosynthesis inhibitors. It is thus plausible
that they induce apoptosis at mm concentration
only. In consequence, the combination of DNA in-
tercalation and potent inhibition of protein bio-
synthesis appears to be one characteristic of pow-
erful apoptosis-inducing alkaloids, such as emetine
and cephaeline.

All nine cardiac glycosides, both of cardenolide
and bufadienolide type, are potent inducers of
apoptosis with IC50 values in the range of 10Ð
100 nm (Table I). The cardiac glycosides are strong
inhibitors of membrane Na+,K+-ATPase that gen-
erate the ion gradients necessary for several trans-
port mechanisms and neuronal signal transmis-
sion. One of the consequences is an increase in
cellular Ca2+ concentration. In addition, they are
amphiphilic compounds with detergent properties
(Seigler, 1998; Wink, 1999a, b). Apparently, the
combination of both activities produce cytotoxic
effects and can induce apoptosis, as shown already
for some cardenolides in an earlier paper
(McConkey et al., 2000).

Only few of the 11 non-protein amino acids
were cytotoxic and induced apoptosis; among
them were aminoethylcysteine, azaserine, mimo-
sine, and quisqualic acid. Non-protein amino acids

are mimics of proteinogenic amino acids and can
thus interfere with their uptake and metabolism.
If incorporated into proteins, they will regularly
change protein conformation and are therefore of-
ten toxic. It is thus surprising that only 4 out of 11
compounds were active in our study.

Among the phenolics, podophyllotoxin, and
quercetin were active. The positive activity of the
flavonoid quercetin is in agreement with apoptotic
properties of apigenin and genistein (Zheng et al.,
2005; Alhasan et al., 1999). Among antibiotics,
only those that are cytotoxic to eukaryotic cells,
such as cycloheximide, daunomycin and valinomy-
cin, have apoptotic properties whereas those, that
are specific for prokaryotes, were not.

In conclusion, secondary metabolites, which in-
hibit protein biosynthesis and are DNA-intercalat-
ing compounds at the same time, or metabolites,
which inhibit microtubule formation and attach-
ment, appear to be potent apoptosis inducers
(Wink, 2007). Energy metabolism, membrane in-
tegrity and ion gradients are apparently also tar-
gets for apoptotic compounds. Some of the sec-
ondary metabolites, which were active in this
study, are used as chemotherapeutic agents for the
treatment of cancer or parasitic infections. Thus,
screening for natural products with apoptotic
properties is an interesting strategy to identify new
chemotherapeutic agents.

Acknowledgements

We thank Klaus Hexel and the people from the
Tumor Immunology Department at the Deutsches
Krebsforschungszentrum (DKFZ), Heidelberg for
their generous support to use their FACScan and
the Deutsche Forschungsgemeinschaft for a fel-
lowship (to V. R.) (Graduiertenkolleg 388: Bio-
technologie). Thanks are also due to Dr. Dietmar
Steverding and his laboratory.



V. Rosenkranz and M. Wink · Induction of Apoptosis by Secondary Metabolites 465

Alhasan S. A., Pietrasczkiwicz H., Alonso M. D., Ensley
J., and Sarkar F. H. (1999), Genistein-induced cell cy-
cle arrest and apoptosis in head and neck squamous
cell carcinoma cell line. Nutr. & Canc. 34, 12Ð19.

Beidler D. R., Ahuja O., Wicha M. S., and Toogood P. L.
(1999), Inhibition of protein synthesis by didemnin B
is not sufficient to induce apoptosis in human mam-
mary carcinoma cells. Biochem. Pharmacol. 58, 1067Ð
1074.

Bicknell G. R., Snowden R. T., and Cohen G. M. (1994),
Formation of high molecular mass DNA fragments is
a marker of apoptosis in human leukaemia cell line,
U937. J. Cell Sci. 107, 2483Ð2489.

Chen Q., Chao R., Chen H., Hou X., Yan H., Zhou S.,
Peng W., and Xu A. (2005), Antitumour and neuro-
toxic effects of novel harmine derivatives and struc-
ture-activity relationship analysis. Int. J. Canc. 114,
675Ð682.

Dassonneville L., Bonjean K., De Pauw-Gillet M.-C.,
Colson P., Houssier C., Quetin-Leclercq J., Angenot
L., and Bailly C. (1999), Stimulation of topoisomerase
II-mediated DNA cleavage by three DNA-intercalat-
ing plant alkaloids: Cryptolepine, matadine, and ser-
pentine. Biochemistry 38, 7719Ð7726.

Debatin K. M. (2004), Apoptosis pathway in cancer and
cancer therapy. Cancer Immun. Immunother. 53,
153Ð159.

Dirsch V. M., Gerbes A. L., and Vollmer A. M. (1998),
Ajoene, a compound of garlic, induces apoptosis in
human promyeloleukemic cells, accompanied by gen-
eration of reactive oxygen species and activation of
nuclear factor κB. Mol. Pharmacol. 53, 402Ð407.

Dirsch V. M., Stuppner H., and Vollmer A. M. (2001),
Helenalin triggers a CD95 death receptor-independ-
ent apoptosis that is not affected by overexpression of
Bcl-xL or Bcl-2. Cancer Res. 61, 5817Ð5823.

Harborne J. B. (1993), Introduction to Ecological Bio-
chemistry. Academic Press, London.

Hostanska K., Hajto T., Weber K., Fischer J., Lentzen
H., Sutterling B., and Saller R. (1997), A plant lectin
derived from Viscum album induces cytokine gene ex-
pression and protein production in cultures of human
peripheral blood mononuclear cells. Nat. Immunity
15, 295Ð311.

Hostanska K., Reichling J., Bommer S., Weber M., and
Saller R. (2003), Hyperforin a constituent of St John’s
wort (Hypericum perforatum L.) extract induces
apoptosis by triggering activation of caspases and with
hypericin synergistically exerts cytotoxicity towards
human malignant cell lines. Eur. J. Pharmaceut. Bio-
pharm. 56, 121Ð132.

Kerr J. F., Wyllie A. H., and Currie A. R. (1972), Apop-
tosis: a basic biological phenomenon with wide-ran-
ging implications in tissue kinetics. Brit. J. Cancer 26,
239Ð257.

Kochi S. K. and Collier R. J. (1993), DNA fragmentation
and cytolysis in U937 cells treated with diphtheria
toxin and other inhibitors of protein synthesis. Exp.
Cell Res. 208, 296Ð302.

Kumar S. (ed.) (1998), Apoptosis: Biology and Mecha-
nisms. Springer-Verlag, Berlin, Heidelberg.

Kuo C. L., Chou C. C., and Yung B. Y.-M. (1995), Ber-
berine complexes with DNA in the berberine- in-

duced apoptosis in human leukaemia HL-60 cells.
Cancer Lett. 93, 193Ð200.

Li L., Xia L. J., Jiang C., and Han R. (1994), Induction
of apoptosis by harringtonine and homoharringtonine
in HL-60 cells. Yaoxue Xuebao 29, 667Ð672.

McConkey D. J., Lin Y., Nutt L. K., Ozel H. Z., and
Newman R. A. (2000), Cardiac glycosides stimulate
Ca2+ increases and apoptosis in androgen-independ-
ent, metastatic human prostate adenocarcinoma cells.
Canc. Res. 60, 3807Ð3812.

Meier P., Finch A., and Evan G. (2000), Apoptosis in
development. Nature 407, 796Ð801.

Meijermann A., Blom W. M., de Bont H. J. G. M., Mul-
der G. J., and Nagelkerke J. F. (1999), Induction of
apoptosis and changes in nuclear G-actin are medi-
ated by different pathways: the effect of inhibitors of
protein and RNA synthesis in isolated rat hepato-
cytes. Toxicol. Appl. Pharmacol. 156, 46Ð55.

Merschjohann K., Sporer F., Steverding D., and Wink M.
(2001), In vitro effect of alkaloids on bloodstream
forms of Trypanosoma brucei and T. congolense.
Planta Med. 67, 623Ð627.

Minas S. (1999), Interaktionen von Alkaloiden mit Do-
pamin-, GABA- und Glutamat-Rezeptoren. PhD the-
sis, Institut für Pharmazeutische Biologie, Ruprecht-
Karls-Universität, Heidelberg.

Möller M. and Wink M. (2007), Molecular mechanisms
of apoptosis induction by the alkaloid emetine in hu-
man tumor cell lines Planta Med. (in press).

Nagata S. (2000), Apoptotic DNA fragmentation. Exp.
Cell Res. 256, 12Ð18.

Nicoletti I., Migliorati G., Pagliacci M. C., Grignani F.,
and Riccardi C. (1991), A rapid and simple method
for measuring thymocyte apoptosis by propidium io-
dide staining and flow cytometry. J. Immunol. Meth.
139, 271Ð279.

Pan M. H., Chang W. L., Lin Shiau S. Y., Ho C. T., and
Lin J. K. (2001), Induction of apoptosis by garcinol
and curcumin through cytochrome c release and acti-
vation of caspases in human leukemia HL-60 cells. J.
Agric. Food Chem. 49, 1464Ð1474.

Roberts M. F. and Wink M. (eds.) (1998), Alkaloids:
Biochemistry, Ecology, and Medical Applications. Ple-
num Press, New York, London.

Rosenthal G. A. and Janzen D. (1991): Herbivores: Their
Interactions with Secondary Plant Metabolites. Vol. 1,
The Chemical Participants. Vol. 2, Ecological and
Evolutionary Processes. Academic Press, San Diego.

Schmeller T., Sauerwein M., Sporer F., and Wink M.
(1994), Binding of quinolizidine alkaloids to nicotinic
and muscarinic receptors. J. Nat. Prod. 57, 1316Ð1319.

Schmeller T., Sporer F., Sauerwein M., and Wink M.
(1995), Binding of tropane alkaloids to nicotinic and
muscarinic receptors. Pharmazie 50, 493Ð495.

Schmeller T., El-Shazly A., and Wink M. (1997a), Alle-
lochemical activities of pyrrolizidine alkaloids: Inter-
actions with neuroreceptors and acetylcholine related
enzymes. J. Chem. Ecol. 23, 399Ð416.

Schmeller T., Latz-Brüning B., and Wink M. (1997b),
Biochemical activities of berberine, palmatine and
sanguinarine mediating chemical defence against mi-
croorganisms and herbivores. Phytochemistry 44,
257Ð266.



466 V. Rosenkranz and M. Wink · Induction of Apoptosis by Secondary Metabolites

Seigler D. (1998), Plant Secondary Metabolism. Kluwer
Academic Publ., Boston.

Tseng C. J., Wang Y. J., Liang Y. C., Jeng J. H., Lee W. S.,
Lin J. K., Chen C. H., Liu I. C., and Ho Y. S. (2002),
Microtubule damaging agents induce apoptosis in
HL60 and G2/M cell cycle arrest in HT29 cells. Toxi-
cology 175, 123Ð142.

Weerasinghe P., Hallock S., Tang S. C., and Liepins A.
(2001), Sanguinarine induces bimodal cell death in
K562 but not in high Bcl-2 expressing JM1 cells. Path.
Res. Pract. 197, 717Ð726.

Wink M. (1993), Allelochemical properties and the
raison d’être of alkaloids. In: The Alkaloids, Vol. 43
(Cordell G. A., ed.). Academic Press, Orlando, Flor-
ida, pp. 1Ð118.

Wink M. (1999a), Biochemistry of Plant Secondary Me-
tabolism. Annual Plant Reviews, Vol. 2. Sheffield Ac-
ademic Press, Sheffield.

Wink M. (1999b), Function of Plant Secondary Metabo-
lites and their Exploitation in Biotechnology. Annual
Plant Reviews, Vol. 3. Sheffield Academic Press, Shef-
field.

Wink M. (2000), Interference of alkaloids with neurore-
ceptors and ion channels. In: Bioactive Natural Pro-

Nachdruck Ð auch auszugsweise Ð nur mit schriftlicher Genehmigung des Verlages gestattet
Satz und Druck: AZ Druck und Datentechnik GmbH, Kempten

ducts, Vol. 11 (Atta-ur-Rahmann, ed.). Elsevier, Am-
sterdam, New York, pp. 3Ð129.

Wink M. (2007), Molecular modes of action of cytotoxic
alkaloids Ð From DNA intercalation, spindle poison-
ing, topoisomerase inhibition to apoptosis and multi-
ple drug resistance. In: The Alkaloids (G. Cordell,
ed.). Academic Press, Elsevier, Amsterdam (in press).

Wink M. and Schimmer O. (1999), Modes of action of
defensive secondary metabolites. In: Function of Plant
Secondary Metabolites and their Exploitation in Bio-
technology, Vol. 3 (Wink M., ed.). Sheffield Academic
Press, Sheffield, pp. 17Ð133.

Wink M., Schmeller T., and Latz-Brüning B. (1998),
Modes of action of allelochemical alkaloids: Interac-
tion with neuroreceptors, DNA and other molecular
targets. J. Chem. Ecol. 24, 1881Ð1937.

Ye K., Ke Y., Keshava N., Shanks J., and Kapp J. (1998),
Opium alkaloid noscapine is an antitumor agent that
arrests metaphase and induces apoptosis in dividing
cells. Proc. Natl. Acad. Sci. USA. 95, 1601Ð1606.

Zheng P. W., Chiang L. C., and Lin C. C. (2005), Apige-
nin induces apoptosis through p53-dependant path-
way in human cervical carcinoma cells. Life Sci. 76,
1367Ð1379.




