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Abstract Myrtucommulone (MC) is a unique, nonpre-

nylated acylphloroglucinol contained in the leaves of myrtle

(Myrtus communis). Here, we addressed the potential of MC

to induce apoptosis of cancer cells. MC potently induced

cell death of different cancer cell lines (EC50 3–8 lM) with

characteristics of apoptosis, visualized by the activation of

caspase-3, -8 and -9, cleavage of poly(ADP-ribose)poly-

merase (PARP), release of nucleosomes into the cytosol,

and DNA fragmentation. MC was much less cytotoxic for

non-transformed human peripheral blood mononuclear cells

(PBMC) or foreskin fibroblasts (EC50 cell death = 20–

50 lM), and MC up to 30 lM hardly caused processing of

PARP, caspase-3, -8 and -9 in human PBMC. MC-induced

apoptosis was mediated by the intrinsic rather than the

extrinsic death pathway. Thus, MC caused loss of the

mitochondrial membrane potential in MM6 cells and

evoked release of cytochrome c from mitochondria. Inter-

estingly, Jurkat cells deficient in caspase-9 were resistant to

MC-induced cell death and no processing of PARP or

caspase-8 was evident. In cell lines deficient in either CD95

(Fas, APO-1) signalling, FADD or caspase-8, MC was still

able to potently induce cell death and PARP cleavage.

Conclusively, MC induces apoptosis in cancer cell lines,

with marginal cytotoxicity for non-transformed cells, via

the mitochondrial cytochrome c/Apaf-1/caspase-9 pathway.
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Abbreviations

CHX Cycloheximide

FADD Fas-associated death domain

IBP-C Isobutyrophenone core

5-LO 5-Lipoxygenase

MC Myrtucommulone

DWm Mitochondrial membrane potential

MM6 Mono Mac 6

PARP Poly(ADP-ribose)polymerase

PBMC Peripheral blood mononuclear cells

S-MC Semi-myrtucommulone

TNF Tumour necrosis factor

Introduction

Apoptosis is a natural process by which cells undergo cell

death to control cell number and proliferation as part of
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normal development [1]. Deregulation of apoptosis may

disrupt the delicate balance between cell proliferation and

cell death, and is therefore considered a hallmark of most

or even all types of cancer [2, 3]. In fact, in many types of

cancer, the expression of anti-apoptotic proteins is up-

regulated or pro-apoptotic proteins have inactivating

mutations which leads to an uncontrolled growth of the

tumour. Accordingly, drugs that induce apoptotic cell death

might be effective against many cancers [3, 4]. It is of

interest that natural compounds play a dominant role in

cancer chemotherapeutics with about 74% of anticancer

compounds being either natural products, or natural prod-

uct-derived [5].

At least two major pathways of apoptotic cell death can

be distinguished: the extrinsic pathway that signals through

so-called death receptors, and the intrinsic pathway

involving mitochondria [6]. The first is triggered through

the death receptors including CD95 (Fas, APO-1), tumour

necrosis factor (TNF) receptor-1, TRAIL receptor-1 and -2,

ultimately leading to the recruitment of the adaptor protein

FADD and subsequent activation of caspase-8 which in

turn activates caspase-3. The intrinsic pathway is charac-

terized by a loss of mitochondrial membrane potential

(DWm) and the release of cytochrome c from mitochondria

that interacts with the adaptor protein Apaf-1 recruiting

caspase-9 which then activates caspase-3 [7]. Hence, both

pathways converge to a final common route inducing the

activation of downstream effector caspases that cleave

regulatory and structural proteins, culminating in the death

of the cell [8]. The components of these apoptotic path-

ways as well as regulatory proteins (e.g. Bcl-2 family

members, or inhibitor of apoptosis proteins (IAPs) that

inhibit caspases) may represent potential cancer drug tar-

gets [3]. Indeed, many anti-cancer agents used in clinical

therapy intervene with apoptotic signalling, either with the

intrinsic or the extrinsic pathway [9].

Myrtle (Myrtus communis L., Myrtaceae) is a shrubby

plant, widely distributed in the Mediterranean area and is

used as a culinary spice and as a folk medicine. It is one of the

oldest medical plants applied as antiseptic and anti-inflam-

matory agent. Nevertheless, only a small number of studies

have been performed that addressed the pharmacological

effects of the plant or its specific ingredients. For example,

myrtle extracts have been reported to be efficient as anti-

bacterial [10], antihyperglycemic [11, 12] and analgetic [13]

applicants, however, there is yet no clinical use of the plant or

its characteristic ingredients for treating any disease.

In its leaves, myrtle contains myrtucommulone (MC)

and semi-myrtucommulone (S-MC), unique, nonprenylated

acylphloroglucinols (Fig. 1a) that may act as antioxidants

[14] and possess antibacterial activities [15]. Recently, we

showed that MC potently suppresses eicosanoid biosyn-

thesis by direct targeting cyclooxygenase-1 and

5-lipoxygenase (5-LO), and blocks the release of human

leukocyte elastase and the formation of reactive oxygen

species associated with inhibition of agonist-induced Ca2+

mobilisation [16]. No other biological or pharmacological

actions of MC have been reported thus far. In this study we

show for the first time that MC induces apoptotic cell death

in different cancer cells with low cytotoxicity in non-

transformed cells, suggesting a potential for its use as

anti-cancer drug.

Materials and methods

Materials

MC and S-MC were isolated from myrtle leaves as

described previously [15]. The isobutyrophenone core

(IBP-C) was synthesized from S-MC. The compounds

were dissolved in dimethyl sulfoxide (DMSO) and kept in

the dark at –20�C, and freezing/thawing cycles were kept

to a minimum. Antibodies against caspase-3 (Cat. No.

9662, detecting the full length protein and a 17 kDa frag-

ment), caspase-8 (Cat. No. 9746, detecting full length

protein as well as 43- and 41-kDa fragments), caspase-9

(Cat. No. 9502, detecting full length protein as well as 17-,

35-, and 37-kDa fragments), poly(ADP-ribose)polymerase

(PARP) and cytochrome c were from New England Biolabs

(Beverly, MA). Staurosporine was from Calbiochem (La

Jolla, CA), FasL was from MBL (Naka-ku Nagoya, Japan).

All other chemicals were obtained from Sigma (Deis-

enhofen, Germany), unless stated otherwise.

Cells and cell culture

Jurkat-A3 cells, caspase-8-deficient Jurkat cells, and FADD-

deficient Jurkat cells were provided by Dr. John Blenis,

Boston, MA; caspase-9-deficient Jurkat cells and caspase-9-

deficient Jurkat cells re-transfected with caspase-9 have

been described previously [17]; PC-3 (androgen-indepen-

dent prostate carcinoma), LNCaP (androgen-dependent

prostate carcinoma), H9 (cutaneous T-cell lymphoma),

DLD-1 (colorectal adenocarcinoma), HL-60 (acute promy-

elocytic leukaemia), Jurkat (acute T-cell leukaemia) and

Jurkat DD3 (mutated in CD95), were obtained from the

American Type Culture Collection (ATCC). KFR (rhabdo-

myosarcoma) and UKF-NB-3 (neuroblastoma) cells had

been established from patients as described previously

[18, 19]. Mono Mac 6 (MM6, acute monocytic leukaemia)

cells were kindly provided by Dr. H.W. Ziegler-Heitbrock,

Leicester, UK.

Human peripheral blood mononuclear cells (PBMC)

were freshly isolated from leukocyte concentrates of
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human healthy donors obtained from the Blood Center at

Tuebingen University Hospital. In brief, venous blood was

taken from healthy adult volunteers and subjected to

centrifugation at 4,000g for 20 min at 20�C for prepara-

tion of leukocyte concentrates. PBMC were promptly

isolated by dextran sedimentation and centrifugation on

Nycoprep cushions (PAA Laboratories, Linz, Austria).

After washing in PBS pH 7.4, PBMC were resuspended in

RPMI 1640 medium with supplements. Human foreskin

fibroblasts were isolated as described previously [20]. All

cells were cultured in respective media supplemented with

10% fetal calf serum (FCS, Roche Molecular Biochemi-

cals, Mannheim, Germany), 100 lg/ml streptomycin, and

100 units/ml penicillin and grown at 37�C in a 5% CO2

atmosphere. For harvesting, cells were centrifuged (200g,

10 min, rt) and finally resuspended as indicated,

respectively.

Determination of cell growth and cell death by trypan

blue exclusion

Cells were seeded at 0.2 · 106 cells per ml growth medium

and treated with various compounds or vehicle (DMSO) for

the indicated times. Cells were harvested, washed with PBS

and counted under a light microscope using the ‘‘Bürker’’

hemocytometer after mixing with trypan blue (1:1, vol/vol).

As trypan blue is a cell impermeable dye staining chro-

matin, dead cells appeared blue under the microscope.

Determination of cell viability by MTT assay

Cell viability was assessed using the MTT assay [21] as

described before [22]. In brief, cell lines were incubated at

37�C and 5% CO2 atmosphere with the indicated additives

Fig. 1 Effects of

myrtucommulone on the cell

viability of HL-60 and MM6

cells, and of normal human

PBMC. (a) Chemical structure

of MC, S-MC, and IBP-C. (b)
Concentration-response curves

of MC-induced cell death. HL-

60, MM6 and human PBMC

were seeded in standard growth

medium containing 10% FCS at

0.2 · 106/ml and incubated with

MC at the indicated

concentrations or vehicle

(DMSO, control) for 24 h. Cell

numbers and cell viability was

assessed by light microscopy

and trypan blue exclusion (right

panel) or by MTT assay (left

panel). (c) Effects of MC, S-

MC, IBP-C (30 lM, each), and

daunorubicin (DR, 1 lM) on

cell viability. HL-60 or MM6

cells were seeded as above and

incubated with the compounds

or vehicle (DMSO, control) for

24 h and cell numbers and cell

viability was assessed. Data are

given as mean + S.E., n = 4.

*P \ 0.05; **P \ 0.01
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for 5 days. PBMC were treated for 40 h and in some

experiments, MM6 cells were treated only for 24 h. DMSO

was used as solvent never exceeding 0.5% (vol/vol). Then,

MTT reagent was added for 4 h. Thereafter, 100 ll SDS

solution (20% SDS in a 1:1 (vol by vol) dimethylform-

amide/water solution) was added for 4 h. Plates were read

on a multiwell scanning spectrophotometer (Victor3 plate

reader, PerkinElmer, Rodgau-Juegesheim, Germany) at a

wavelength of 620 nm and a reference wavelength of

690 nm. Induction of cell death was determined as the

relative reduction of the optical density.

SDS-PAGE and Western blot

Cells (4 · 106) were resuspended in 50 ll PBS, mixed

with the same volume of 2 · SDS/PAGE sample loading

buffer (20 mM Tris–HCl, pH 8, 2 mM EDTA, 5% (m/

vol) SDS, 10% (vol/vol) b-mercaptoethanol), and boiled

for 5 min at 95�C. Aliquots (20 ll) corresponding to

equivalents of 0.8 · 106 cells were mixed with 4 ll

glycerol/0.1% bromophenol blue (1:1, vol/vol) and pro-

teins were separated by SDS-PAGE. After electroblotting

to nitrocellulose membrane (GE Healthcare, Munich,

Germany) and blocking with 5% non-fat dry milk for 1 h

at room temperature, membranes were washed and incu-

bated with primary antibodies overnight at 4�C. The

membranes were washed and incubated with 1:1000

dilution of alkaline phosphatase-conjugated IgG for 3 h at

room temperature. After washing, proteins were visual-

ized with nitro blue tetrazolium and 5-bromo-4-chloro-3-

indolylphosphate.

Nucleosome formation

Cells were treated with the test compounds or vehicle

(DMSO) for 24 h as described above. 0.2–0.5 · 106 cells

were then evaluated for the release of histone/DNA com-

plexes using a Cell Death Detection ELISA Kit (Roche

Molecular Biochemicals, Mannheim, Germany). The

principle of this test is the detection of mono- and oligo-

nucleosomes in the cytoplasmic fractions using monoclo-

nal anti-histone and peroxidase-coupled anti-DNA

antibodies. The amount of nucleosomes is quantified by

photometrical determination at 405 nm with 2,20-azino-

di-(3-ethylbenzthiazoline sulfonate) as a substrate of the

peroxidase activity retained in the immunocomplexes. The

assay was performed according to the manufacturer’s

instructions. Data are expressed as apoptotic enrichment

factor using the following formula: absorbance [10–3] of

the sample (dying/dead cells)/absorbance [10–3] of the

corresponding control (viable cells).

DNA gel electrophoresis (DNA ladder)

Apoptotic DNA fragments were isolated from HL-60 cells

(1 · 107) treated with 1 ml DNAzol (Molecular Research

Center, Cincinnati, OH). The DNA was precipitated with

100% ethanol, washed twice with 95% ethanol, resus-

pended in 200 ll water and mixed with gel loading buffer

(30% glycerol/0.25% xylencyanol FF/0.25% bromophenol

blue), and separated on a 2% agarose gel containing 0.01%

ethidiumbromide together with 100 bp DNA marker.

Flow cytometry analysis of fragmented DNA from

apoptotic nuclei

The leakage of fragmented DNA from apoptotic nuclei was

measured by the method of Nicoletti et al. [23]. Briefly,

apoptotic nuclei were prepared by lysing cells in a hypo-

tonic buffer (1% sodium citrate, 0.1% Triton X-100, 50 lg/

ml propidium iodide) and subsequently analyzed by flow

cytometry. Nuclei to the left of the 2N peak containing

hypodiploid DNA were considered as apoptotic. All flow

cytometry analyses were performed on a FACScalibur

apparatus (Becton Dickinson, Heidelberg, Germany) using

CellQuest analysis software.

Flow cytometry assay of mitochondrial membrane

potential (DWm)

Cells (106 per ml) were incubated in culture medium with the

indicated test compounds for 24 h, solvent (DMSO) was

used as negative control. Cells were harvested, washed twice

and resuspended in 1 ml PBS. JC-1 (1 lg/ml) was added and

after 15 min at 37�C, cells were washed three times and

resuspended in 1 ml PBS. Aliquots of 0.5 ml were analysed

by flow cytometry, where JC-1 was excited at 488 nm.

Orange fluorescence was detected through FL2 (575 nm)

and green fluorescence through FL1 (530 nm). A log FL1 (x-

axis) versus log FL2 (y-axis) dot blot was created. The per-

centage of cells that lost DWm versus cells possessing DWm

was calculated using the cellQuest software.

Cytochrome c release

Cells were seeded at 4 · 106/ml culture medium and incu-

bated with the test compounds or vehicle (DMSO). After

24 h cells were harvested, washed once in PBS and 107 cells

were resuspended in 200 ll PBS. In order to permeabilize

the plasma membrane, 20.3 lM digitonin was added and

immediately vortexed for 10 s, incubated for another 30 s at

RT and centrifuged at 20,000g at 4�C for 1 min. The
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supernatants (cytosolic fractions) were transferred to new

tubes and mixed 1:1 (vol/vol) with 5% trichloroacetic acid.

Precipitation of cytosolic proteins was performed at 4�C

overnight. Proteins were pelleted by centrifugation at

20,000g at 4�C for 30 min and resuspended in 25 ll PBS.

Aliquots of 5 ll were used for determination of protein

concentration using Roti-Nanoquant (Roth, Karlsruhe,

Germany). Equal amounts of protein were mixed 1:1 (vol/

vol) with 2 · SDS/PAGE sample loading buffer and ana-

lyzed for cytochrome c by SDS-PAGE and Western Blot

using an anti-cytochrome c-antibody.

Statistical analysis

Statistical evaluation of the data was performed by one-way

ANOVAs for independent or correlated samples followed

by Tukey HSD post-hoc tests. Where appropriate, Student́s

t test for paired and correlated samples was applied. A P

value of\0.05 (*) or\0.01 (**) was considered significant.

Results

Myrtucommulone reduces cell viability of cancer cell

lines

Eight different types of human or rat cancer cell lines

were utilized for determination of the effects of MC on

cell viability, assessed by the MTT assay. The EC50

values of MC for reduction of viable cells of each cell

type are summarized in Table 1. MC consistently reduced

cell viability within 5 days in all cancer cell lines inves-

tigated. The EC50 values ranged between approx. 3.1 and

8.9 lM, with HL-60 and MM6 cells being the most

sensitive cell lines. Of interest, non-transformed human

foreskin fibroblasts (after 5 days) or isolated human

PBMC (after 40 h) were hardly sensitive towards MC and

the EC50 values were determined above 20 or 50 lM MC,

respectively.

Table 1 Reduction of cell viability of various cancer cell lines by

myrtucommulone

Cell line Origin/type Cell death, EC50 (lM)

PC-3 Androgen-independent

prostate carcinoma

3.93 ± 0.54

LNCaP Androgen-dependent prostate

carcinoma

8.86 ± 1.19

KFR Rhabdomyosarcoma 7.07 ± 1.05

HL-60 Acute promyelocytic leukaemia 3.26 ± 0.51

MM6 Acute monocytic leukaemia 3.11 ± 0.66

H9 Cutaneous T-cell lymphoma 3.56 ± 0.50

DLD-1 Colorectal adenocarcinoma 8.75 ± 1.02

JURKAT Acute T-cell leukaemia 4.01 ± 0.52

HFF Human foreskin fibroblasts [20

PBMC Human peripheral blood

mononuclear cells

[50

Cells were grown in the presence of increasing concentrations of MC

(0.1–30 lM). After 5 days, cell viability was determined using the

MTT assay as described in the Methods section. The EC50 values for

MC to induce cell death are given as mean + S.E., n = 4

Fig. 2 Mytrucommulone induces processing of PARP, caspase-3, -8,

and -9 in cancer cell lines. Cells were seeded in standard growth

medium at 0.2 · 106/ml and incubated with the test compounds at the

indicated concentrations or vehicle (DMSO) for 24 h. Cells were then

harvested, total cell lysates were prepared and analyzed for processing

of PARP (89 kDa), caspase-3, -8, and -9 after separation using SDS-

PAGE by Western blotting. Arrows indicate the inactive full-length

form of the caspases and/or the active caspase fragments, respec-

tively. Comparable results were obtained in at least two additional

experiments. (a) Effects of MC, S-MC and the IBP-C (30 lM, each)

in HL-60 cells. (b) Concentration-response for MC in MM6. (c)

Analysis of caspase-3, -8, and -9 as well as cleavage of PARP in

human PBMC
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Myrtucommulone, but not semi-myrtucommulone

or the isobutyrophenone core of MC induces cell death

in leukaemic HL-60 and MM6 cells

Since the leukaemic cell lines were rather sensitive towards

MC, HL-60 and MM6 cells were selected for further

determinations. Freshly isolated human PBMC from heal-

thy donors were used in order to analyse the effects of MC

on primary non-transformed cells. In agreement with the

data obtained after 5 days, MC concentration-dependently

reduced the number of viable MM6 and HL-60 cells

capable to exclude trypan blue as assessed by light

microscopy (EC50 values of approx. 8 lM, Fig. 1b, right

panel), and decreased cell viability (analysed by MTT

assay, EC50 values of approx. 3–7 lM, Fig. 1b, left panel)

within 24 h of treatment. Of interest, for primary human

PBMC, MC was significantly less efficient in both exper-

imental settings with EC50 values [60 lM. Next, the

effects of S-MC and the IBP-C on cell viability were

analyzed and compared to the efficiency of MC. The well-

recognized anti-tumour agent daunorubicin [24] was uti-

lized as reference compound. Cells were treated with the

test compounds for 24 h and numbers of viable cells were

analyzed by trypan blue staining and light microscopy. In

contrast to MC or daunorubicin (1 lM), the structural

analogues S-MC and IBP-C (30 lM, each) were not or at

least hardly effective (Fig. 1c). Similarly, S-MC or IBP-C

(30 lM, each) failed to induce cell death of MM6 after

24 h as detected by MTT assay (not shown).

Myrtucommulone induces cleavage of poly(ADP-

ribose)polymerase (PARP) and activation of caspase-3,

-8, and -9 in cancer cell lines

Next, the influence of MC on certain caspases, including

caspase-3, -8, and -9, important mediators of apoptotic cell

death [8], was determined. Furthermore, cleavage of the

116 kDa nuclear PARP, which is one of the main targets of

caspase-3, undergoing cleavage to an 89 kDa fragment

during apoptosis [25], was investigated. HL-60 and MM6

cells were incubated with 30 lM of IBP-C, S-MC and MC,

and after 24 h, cells were harvested and analyzed for PARP

cleavage and caspase processing.

Fig. 3 Time course of myrtucommulone-induced apoptosis. HL-60

or MM6 cells were seeded in standard growth medium at 0.2 · 106/

ml and incubated with 10 lM MC, 1 lM daunorubicin (DR) or

vehicle (DMSO). (a) The numbers of viable HL-60 cells were

determined after the indicated times. Data are given as mean + S.E.,

n = 4. (b) HL-60 cells were harvested after the indicated times and

analyzed for processing of PARP (89 kDa), caspase-3, -8, and -9 as

described in legend to Fig. 2. (c) MM6 cells were incubated with MC

(10 lM), leukotriene B4 (LTB4, 1 lM) and 5(S)-hydroxyeicosatetra-

enoic acid (5(S)-HETE, 1 lM) as indicated. After 24 h cells were

harvested and processing of PARP and caspase-3 was assessed.

Comparable results for all experiments given were obtained in at least

two additional experiments

Fig. 4 Effect of myrtucommulone on the release of mono- and

oligonucleosomes, DNA fragmentation and leakage of DNA frag-

ments from apoptotic nuclei. (a) Nucleosome release. HL-60 cells

were seeded in standard growth medium and incubated with 30 lM

MC, S-MC and IBP-C, respectively, or with 1 lM daunorubicin

(DR). After 24 h, cells (0.5 · 106) were evaluated for nucleosome

formation using the Cell Death Detection ELISA. The amount of

nucleosomes was photometrically quantified; data, expressed as

apoptotic enrichment factor, are given as mean of three independent

experiments + S.E. (b) Concentration-response study of MC on

nucleosome release. HL-60 cells were seeded in growth medium at

0.2 · 106/ml and incubated with MC at the indicated concentrations.

After 24 h, cells were evaluated for nucleosome formation as

described above. Data are given as mean + S.E. *P \ 0.05;

**P \ 0.01. (c) Analysis of fragmented DNA from apoptotic nuclei.

MM6 cells or human PBMC were treated with MC at the indicated

concentrations or with 1 lM staurosporine (control) for 24 h.

Apoptotic nuclei were prepared and subsequently analyzed by flow

cytometry. Apoptotic nuclei to the left of the 2N peak contain

hypodiploid DNA. Data are given as mean + S.E. *P \ 0.05;

**P \ 0.01; ***P \ 0.001. (d) DNA fragmentation. HL-60 cells

were seeded in growth medium at 0.2 · 106/ml and incubated with

10 lM MC, 10 lM CHX or DMSO (vehicle). After 24 h, DNA was

extracted and separated on a 2% agarose gel. Similar results were

obtained in two additional experiments

c
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Using a cleavage-specific PARP antibody, a marked

generation of the 89 kDa PARP fragment was observed

after treatment of HL-60 (Fig. 2a) and MM6 cells (Fig. 2b)

with MC. In parallel, the amounts of the full-length form of

caspase-3, -8, and -9 were reduced, accompanied by the

appearance of the typical processed caspase (active) frag-

ments. Neither IBP-C nor S-MC led to PARP cleavage or

caspase activation at concentrations up to 30 lM (Fig. 2a).
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Concentration-response studies in MM6 (Fig. 2b) and

HL-60 cells (data not shown) indicated that 3–10 lM MC

were sufficient to induce substantial processing of PARP,

caspase-3, -8, and -9, comparable to the effect by 1 lM

daunorubicin. Importantly, MC (up to 30 lM) caused only

moderate processing of PARP, caspase-3, -8 and -9 in

PBMC, while DR (3 lM) was efficient (Fig. 2c).

Next, the time-course of MC-induced caspase activation

and PARP cleavage was assessed. The numbers of viable

HL-60 cells slightly decreased within the first 6 h after cell

splitting, regardless of the treatment (Fig. 3a). However,

after 12 h, untreated HL-60 cells started to proliferate,

whereas MC (and daunorubicin) reduced proliferation

which was accompanied by PARP cleavage and processing

of caspase-3, -8, and -9 (Fig. 3b). No activation of caspases

or cleavage of PARP was evident within the first 6–12 h of

treatment with MC. Similarly, an onset of PARP and cas-

pase processing after 12 h was found for MM6 cells (not

shown).

5-LO products stimulate proliferation and survival of

various cancer cells, whereas inhibitors of the 5-LO path-

way induce apoptotic cell death [26]. Since MC potently

inhibits 5-LO [16] it appeared reasonable that MC could

induce apoptosis by suppression of 5-LO. However, neither

the MC-induced reduction of the numbers of viable cells

nor the cleavage of PARP or caspase-3 was reversed by the

5-LO products 5(S)-hydroxyeicosatetraenoic acid or leu-

kotriene B4 (Fig. 3c).

Induction of nucleosome release and degradation

of DNA by myrtucommulone

Apoptotic cell death is characterized by the release of his-

tone-bound DNA fragments into the cytoplasm and the

generation of a typical DNA ladder. Thus, the release of

mono- and oligonucleosomes in the cytoplasm of HL-60

cells treated with MC was determined. As shown in Fig. 4a,

MC, but not S-MC or the IBP-C, potently induced the

formation of nucleosomes comparable to daunorubicin

within 24 h, and this effect of MC was concentration-

dependent (Fig. 4b). Furthermore, the leakage of frag-

mented DNA from apoptotic nuclei was measured

according to Nicoletti et al. [23]. In MM6 cells, MC caused

a concentration-dependent induction of apoptotic nuclei

(starting at 3 lM of MC) appearing as a broad hypodiploid

DNA peak that is discriminable from the narrow peak of

MM6 cells with intact diploid DNA content (Fig. 4c). In

contrast, in PBMC such a broad hypodiploid DNA peak first

occurred at 60 lM MC, but not at lower MC concentrations.

Next, HL-60 cells were evaluated for degraded DNA by

gel electrophoresis. A typical apoptotic DNA ladder could

be detected in samples containing genomic DNA from cells

treated with 10 lM MC or 10 lM cycloheximide (CHX,

positive control) (Fig. 4d), but not in samples containing

vehicle (DMSO)-treated cells. Together, these data support

the concept that MC induces apoptosis in cancer cells.

Myrtucommulone causes loss of the mitochondrial

membrane potential (DWm) and release of cytochrome c

from mitochondria

Induction of apoptosis via the intrinsic pathway, induced

for example by genotoxic stress, is often characterized by a

loss of the DWm and the release of cytochrome c from

mitochondria that in turn activates caspase-9 [27]. The

DWm of MM6 cells and for comparison of PBMC was

detected by the fluorescent dye JC-1 using flow cytometry

analysis. As shown in Fig. 5a, treatment of MM6 cells with

MC caused a concentration-dependent loss of the DWm

with an EC50 of approx. 5 lM, whereas in PBMC (that are

much less sensitive to MC-induced cell death) only a

moderate reduction of the DWm was observed at the highest

concentration (30 lM) tested. Carbonyl cyanide 4-(triflu-

oromethoxy) phenylhydrazone (FCCP), a protonophore

and uncoupler of oxidative phosphorylation in mitochon-

dria was used as positive control. The effects of MC on

cytochrome c release from mitochondria of MM6 (and HL-

60) as well as of PBMC were investigated. No release of

cytochrome c was detected for vehicle (DMSO)-treated

cells or cells stimulated with 3 lM MC for 24 h, however,

treatment of cells with 10 or 30 lM MC induced a sub-

stantial cytochrome c release in both cell types (Fig. 5b).

Significant cytochrome c release was observed when CHX

was used in MM6 cells, whereas only a moderate effect

was obtained in HL-60 cells (Fig. 5b).

Induction of cell death by myrtucommulone requires

caspase-9, but not death receptors, FADD, or caspase-8

Using various cell lines with deficiencies of key regulators

of apoptosis, we aimed to assess if components of the

extrinsic pathway of apoptotic cell death, involving death

receptors (CD95, TNF receptor-1, TRAIL receptor-1 and

-2), FADD and caspase-8, mediates MC-induced cell

death. To investigate the role of death receptors, we first

took advantage of the neuroblastoma cell line UKF-NB-3

which are resistant to typical death receptor stimuli

[19, 22]. MC potently reduced viability (MTT assay) of

UKF-NB-3 cells, whereas TNF, CD95 ligand, TRAIL

failed in this respect (Fig. 6a). For control, TNF, CD95

ligand, TRAIL, and MC caused cell death of T-lympho-

cytic Jurkat cells. Similarly, as assessed by trypan blue

staining, MC caused cell death in Jurkat cells deficient in
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FADD, and in the Jurkat cell line DD3, which is deficient in

CD95-mediated signalling [28] implying that death recep-

tor/FADD signalling is dispensable for MC-reduced cell

viability (Fig. 6b). Moreover, Jurkat cells lacking caspase-8

were susceptible to MC. Of interest, however, Jurkat cells

deficient in caspase-9 were partially resistant to the effects

of MC on cell viability, and PARP cleavage was not

apparent. Re-transfection of caspase-9–/– cells with cas-

pase-9 recovered the ability of MC to reduce cell viability.

It should be noted that the reduced numbers of caspase-9–/–

Jurkat cells by MC (depicted from Fig. 6b) is not due to

reduced cell viability, confirmed by analysis of apoptotic

nuclei, but probably due to reduced cell proliferation. Thus,

in caspase-9–/– Jurkat cells treated with 30 lM MC, no

increase in the numbers of apoptotic nuclei was detectable,

while in caspase-9-retransfected cells MC caused a clear

leakage of fragmented DNA (Fig. 6c). In parallel, MC

induced PARP cleavage in those cell lines which were

susceptible to MC, but PARP was not processed in caspase-

9-deficient Jurkat cells in which MC failed to reduce cell

viability (Fig. 6b). Moreover, in caspase-9–/– Jurkat cells,

caspase-8 was not processed in response to MC, while FasL

caused caspase-8 cleavage (Fig. 6d).

Discussion

Despite the increasing understanding of the biological

processes of cancer development, there is still a strong

need for novel and effective pharmacological strategies for

intervention with this disease. Pharmacological agents that

induce apoptosis might be effective against many cancers

Fig. 5 Myrtucommulone induces loss of the mitochondrial mem-

brane potential (DWm) and causes cytochrome c release in cancer cell

lines. (a) Loss of DWm. MM6 cells or freshly isolated PBMC were

incubated with MC at the indicated concentrations for 24 h. Then, the

DWm was analysed in both cell types by FACS using the dye JC-1 as

described in Materials and Methods. Results are shown as the

distribution of cells that lost DWm (area R3) versus cells possessing

DWm (area R2) (lower panel) and as the percentage of the loss of DWm

of treated cells compared to vehicle (DMSO)-treated control cells

(100%, upper panel). Respective plots are representative for at least 4

determinations and data are given as mean + S.E., = 4. (b) Release of

cytochrome c. HL-60 or MM6 cells were incubated with the indicated

concentrations of MC, 50 lM CHX or vehicle (DMSO, control) for

24 h. Cells were harvested and permeabilized with digitonin as

described and cytochrome c released into the cytosol was analyzed by

Western blotting. Comparable results were obtained in at least three

additional experiments
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by inducing death in cancer cells [3]. One common and

effective strategy for developing novel chemotherapeutics

is the evaluation of natural compounds. In fact, a great

number of clinically active drugs that are used in cancer

therapy are either natural products or are based on natural

products. Established plant-derived therapeutics include

vinblastine, vincristine, etoposide, teniposide, paclitaxel,

doxetaxel, and camptothecin (reviewed in [29, 30]).

We show here for the first time that the naturally

occurring MC, contained exclusively in the leaves of the

herb myrtle (Myrtus communis L.), induces apoptosis in

various cancer cell lines of human or rat, but lacks sub-

stantial cytotoxicity for normal non-malignant human cells

such as foreskin fibroblasts or PBMC. This feature implies

a promising potential of MC as chemotherapeutic for

cancer treatment with a low risk of side effects, usually

related to the unspecific cytotoxicity of many conventional

cancer therapeutics. MC decreased cell viability after five

days exposure, as assessed by MTT assay in eight of eight

cancer cell lines tested. Moreover, MC caused cell death in

the leukaemic HL-60 and MM6 cell line, as assessed by

light microscopy and trypan blue exclusion within 24 h

after exposure, but not before 12 h. Cell death may occur

by many ways such as necrosis, autophagy, mitotic catas-

trophe, senescence and apoptosis [31]. For MC-induced

cell death, apoptosis seems to be way of how cancer cells

die. This is supported by the following findings: first, MC

caused cleavage of PARP, an established marker of apop-

tosis, and induced activation of caspase-3, -8, and -9 that

typically mediate and execute apoptotic cell death. Second,

MC led to release of (mono- or oligo-)nucleosomes into the

cytoplasm, caused DNA laddering as well as leakage of

degradated DNA from apoptotic nuclei, well-recognized

processes typically occurring during apoptosis [32]. Third,

MC caused a loss of the DWm and evoked the release of

cytochrome c into the cytoplasm, a characteristic for

numerous stimuli that cause apoptosis via the intrinsic

pathway involving mitochondria [7]. Note that in contrast

to cancer cells, MC up to 30 lM failed to cause substantial

PARP-cleavage, processing of caspase-3, -8 and -9,

induction of apoptotic nuclei, and loss of the DWm in pri-

mary non-transformed PBMC, correlating to the moderate

susceptibility of these cells to MC-induced cell death.

Finally, MC failed to evoke apoptosis in a Jurkat variant

lacking caspase-9, implying that a select apoptotic signal-

ling pathway involving caspase-9 is required to evoke cell

death by MC. Since neither the IBP-C nor S-MC showed

comparable apoptotic effects in our assays, we conclude

that defined structural requirements may be responsible for

MC-induced apoptosis induction, rather than unspecific

actions of the acylphloroglucinol backbone.

Though the nature of the target of MC that initializes

apoptosis is unknown, our data suggest that MC signals via

the intrinsic pathway, rather than via a death-receptor/

FADD/caspase-8-mediated signalling route. Thus, MC

induced a loss of DWm, release of cytochrome c, and

required caspase-9 for induction of cell death and PARP

cleavage. These events typically signal within the intrinsic

pathway [7] acting on downstream effector caspases

including caspase-3, -6, and -7. Although MC failed to

cause PARP cleavage and to induce cell death in caspase-9

deficient Jurkat cells, it clearly reduced cell numbers,

implying that MC either interferes with proliferation or

induces alternate forms of cell death in a caspase-9 inde-

pendent manner.

MC also clearly caused processing of caspase-8 that

usually occurs in response to ligation of death receptors

such as CD95 or the TNFa receptor involving FADD [6].

Since active caspase-8 is capable of inducing the release of

cytochrome c from mitochondria involving cleavage of Bid

to t-Bid [33], MC could also affect mitochondria via such a

route. However, MC potently induced cell death and

PARP-cleavage in Jurkat cells deficient in either CD95,

FADD or caspase-8 that are critical elements of the

extrinsic pathway. Also, MC was highly effective against

UKF-NB-3 neuroblastoma cells that are resistant to typical

death receptor ligands like TNFa, CD95 ligand or TRAIL,

again pointing to the intrinsic pathway as relevant route.

Fig. 6 Induction of apoptosis by MC in cell lines defective in select

apoptotic signalling pathways or molecules. (a) Cell viability in

response to ligands of death receptors. UKF-NB-3 (death receptor-

resistant) or Jurkat cells were treated with either TNFa, TRAIL,

CD95 ligand (100 ng/ml, each) or MC (30 lM). After 5 days, cell

viability was assessed by MTT assay as described. Data are given as

mean + S.E., n = 3. **P \ 0.01. (b) Reduction of cell viability and

PARP cleavage by MC in select Jurkat cell lines. Normal Jurkat cells

or Jurkat cell lines deficient in either CD95 signalling (DD3), FADD,

caspase-8, caspase-9 or caspase-9 and then retransfected with

caspase-9 were incubated with 3, 10, and 30 lM MC, or vehicle

(DMSO). Cells were harvested after 48 h and cell viability was

determined light microscopy and trypan blue staining as described in

the Methods section. In the absence of test compound (vehicle-

treated), the numbers of viable cells for each cell line increased within

48 h from 0.2 · 106/ml to 0.70 · 106/ml for normal Jurkat,

0.89 · 106/ml for DD3, 0.92 · 106/ml for FADD–/–, 0.58 · 106/ml

for casp-8–/–, 0.49 · 106/ml for casp-9–/–, and 0.81 · 106/ml for casp-

9–/– retransfected, respectively. For analysis of PARP cleavage, cells

were harvested after 16 h, total cell lysates were prepared and

analyzed for processing of PARP (89 kDa) using Western blotting.

Comparable results were obtained in at least three additional

experiments. (c) Analysis of fragmented DNA from apoptotic nuclei.

Jurkat cells (casp-9–/- or casp-9–/- retransfected with casp-9) were

treated with MC at the indicated concentrations, or with 1 lM

staurosporine or 100 ng/ml FasL (controls, each) for 24 h. Apoptotic

nuclei were prepared and subsequently analyzed by flow cytometry.

Apoptotic nuclei to the left of the 2N peak contain hypodiploid DNA.

Data are given as mean + S.E., n = 4; **P \ 0.01; ***P \ 0.001. (d)

Processing of caspase-8. Jurkat cells deficient in caspase-9 were

treated with the indicated agents for 16 h and were then analyzed for

cleavage of caspase-8 by WB. b-actin was used as control to

normalize protein levels. Similar results were obtained in two

additional experiments

b
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Finally, in caspase-9-deficient cells, MC failed in caspase-8

activation, though FasL (acting via the extrinsic pathway)

was effective. Together, the intrinsic pathway involving

mitochondrial events and caspase-9 virtually contributes to

MC-evoked cell death, whereas the extrinsic pathway

involving death receptors, FADD and caspase-8 seems less

important.

MC is a direct and potent inhibitor of 5-LO suppressing

the formation of leukotrienes and 5(S)-hydroxyeicosatet-

raenoic acid [16], mediators that depending on the cell type

stimulate cell growth and activate typical survival path-

ways (e.g. Akt and extracellular signal-regulated kinases).

Pharmacological or genetic inhibition of the 5-LO pathway

attenuated proliferation, induced apoptosis of cancer cells

in vitro and in vivo (for review see [26]), and reduced

mitochondrial uncoupling and cytochrome c release [34].

Although supplementation of 5-LO products was sufficient

to prevent 5-LO inhibitor-induced apoptosis [35–37],

addition of leukotriene B4 or 5(S)-hydroxyeicosatetraenoic

acid did not affect the actions of MC. Accordingly, inhi-

bition of 5-LO product formation as a molecular mode of

action underlying the MC-induced apoptosis can be rather

excluded.

Certainly, the elucidation of the pathways and the

respective targets of MC involved in apoptosis are of

interest. Possible upstream routes and central candidates

for mitochondria-mediated apoptosis that are targeted by

typical cancer agents include the pro-apoptotic protein p53

and Bcl-2 family of proteins. p53 plays a major role in

cellular response to DNA damage, and when activated

leads to cell cycle arrest and DNA repair or to apoptosis

[38]. p53 protects cells against cancer and many apoptosis

inducing chemotherapeutics depend on functional p53 [39],

and most human cancers have either mutations or defects in

the p53 pathway [40]. HL-60, PC3 and Jurkat cells that are

deficient in functional p53 [41, 42] were highly susceptible

for MC, suggesting that MC induces apoptosis in a p53-

independent manner. The BH3-only proteins act as senti-

nels for cell stress, damage or infection thereby initiating

mitochondrial outer membrane permeabilisation by oligo-

merisation of Bax and/or Bak in the mitochondrial outer

membrane forming channels that permit cytochrome c to

escape from the mitochondria [7]. Since the BH3-only

proteins target pro-apoptotic as well as anti-apoptotic Bcl-2

proteins [43], an orchestrated interplay of these proteins is

of importance for normal cell proliferation and cell death,

whereas an influence on a select BH3-only protein may

cause an imbalance of these processes. MC may also

govern the function of a pro-apoptotic Bcl-2 member or, on

the other hand, may suppress an anti-apoptotic family

member. Alternatively, MC may directly act on the mito-

chondria, hence decreasing the loss of DWm and/or

allowing cytochrome c to escape from this organelle.

Current experiments in our lab address the proximal sig-

nalling steps in MC-induced loss of DWm and cytochrome c

release.

Conclusion

The natural ingredient MC from myrtle acts as a strong

inducer of apoptosis selectively for cancer cells with lower

cytotoxicity for normal non-transformed cells. Obviously,

mitochondrial events are determinants in MC-induced cell

death and caspase-9 is a critical element in the transduction

of the apoptotic signal, whereas the extrinsic pathway

involving death receptors, FADD and caspase-8 are less

important. As mentioned before, very little is known in

scientific research about the properties of myrtle extracts

and only a few studies have addressed the pharmacological

actions of myrtle-specific ingredients. Therefore, it will

be an exciting challenge to further characterize the phar-

macology of myrtle and in particular the pharmacological

actions of MC with respect to apoptotic cell death.
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