
Abstract. Natural polyphenols play an important role in
tumor inhibition. We used a doxorubicin-sensitive acute T-
lymphoblastic leukemia cell line (CCRF-CEM) and its
multidrug-resistant subline (CEM/ADR5000) to evaluate the
activity of 15 plant polyphenols isolated in our laboratory
(hypericin and pseudohypericin, verbascoside, ellagic acid,
casticin, kaempferol-3-O-(2’’,6’’-di-E-p-coumaroyl)-glucopy-
ranoside, kaempferol-3-O-(3,4-diacetyl-2,6-di-E-p-coumaroyl)
-glucopyranoside, tiliroside, salvianolic acid B, oleuropein,
rosmarinic acid, bergenin) or of others from commercial
sources (curcumin, epigallocatechin-3-gallate, silymarin).
Casticin was the most potent compound (IC50 values of
0.28±0.02 μM in CCRF-CEM and 0.44±0.17 μM in
CEM/ADR5000 cells. The IC50 values of the other compounds
tested ranged from 1.52 μM to 164.1 μM. A microarray-based
mRNA expression profiling of CCRF-CEM cells treated with
casticin was performed in order to identify genes with altered
expression following casticin treatment. Networks related to
NF-κB, p38MAPK, histones H3 and H4, and follicle
stimulating hormone were identified. 

Leukemic diseases are a heterogeneous group of malignant
diseases, some of which have a poor prognosis. Natural
compounds are of considerable therapeutic interest for
treatment of these diseases (1). The search for anticancer
agents with improved pharmacological features continues

and the huge structural diversity of natural compounds
derived from plants, marine flora and microorganisms has
resulted in the discovery of lead compounds for semi-
synthetic derivatization and improvement of their therapeutic
potential (2). 

Polyphenols constitute one of the largest and most
ubiquitous group of phytochemicals. They are also present
in large amounts in many vegetables and are thought to
play a major role in health (3). The daily intake of
polyphenols by an average person is estimated to range
between 25 mg and 1 g (4). A lower incidence of cancer
has been associated with the consumption of certain
nutrients and especially of polyphenol-rich diets in certain
populations (5). There is an increasing interest in
polyphenols as chemopreventive agents and in reducing
cancer-associated morbidity and mortality by delaying the
process of carcinogenesis (6).

Polyphenols scavenge reactive oxygen species, thereby
protecting critical cellular targets (i.e. DNA, proteins, and
lipids) from oxidative insult (7). They also interfere with
intracellular signaling pathways regulating proliferation,
induction of apoptosis, and response to oxidative stress (8).
Several polyphenols have been shown to induce cell cycle
arrest and apoptosis in tumor but not normal cells, e.g.
resveratrol, quercetin, curcumin, ellagic acid, and
epigallocatechin gallate (6). Such activity has also been
shown in vivo (9). While the potential of polyphenols has
been shown for some examples, there are still many
polyphenolic structures whose activity needs to be explored.  

Considering the growing interest in this field, a
doxorubicin-sensitive acute T-lymphoblastic leukemia cell line
(CCRF-CEM) and its multidrug-resistant subline (CEM/
ADR5000) were used to evaluate the activity of 15
polyphenolic constituents derived from medicinal plants. In
order to gain insight into possible molecular modes of action,
we performed microarray-based analyses to identify genes that
are differentially regulated in treated cells compared to
untreated controls.  
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Materials and Methods

Polyphenols. The following compounds were isolated from plants
and were fully characterized by nuclear magnetic resonance
spectroscopy (1H NMR) and high pressure liquid chromatography-
array detector-electrospray ionization-mass spectrometry (HPLC-
DAD-ESI-MS) analyses as previously described (10-14): hypericin
and pseudohypericin (Hypericum perforatum), rosmarinic acid and
salvianolic acid B (Salvia miltiorrhiza), bergenin (Ardisia crenata),
kaempferol-3-O-(2’’,6’’-di-E-p-coumaroyl)-β-glucopyranoside,
kaempferol-3-O-(3’’,4’’-diacetyl-2’’,6’’-di-E-p-coumaroyl)-β-
glucopyranoside, tiliroside and ellagic acid (Quercus ilex), oleuropein
(Olea europaea), verbascoside (Lippia alba), and casticin (Vitex
agnus castus) (Table I, Figure 1). Curcumin, epigallocatechin-3-
gallate, and silymarin, were purchased from Extrasynthese (Genay,
France). Vehicle was used as negative control. 

Cell lines. Sensitive CCRF-CEM and multidrug resistant
CEM/ADR5000 cells were obtained from Dr. Axel Sauerbrey
(University of Jena, Department of Pediatrics, Jena, Germany).
CEM/ADR5000 cells specifically overexpress P-glycoprotein
(/ABCB1), but none of the other resistance-related ATP-binding
cassette (ABC) transporters (15, 16). The cross-resistance profile
of CEM/ADR5000 cells to established anticancer drugs and an
assortment of natural products has been previously published (17,
18). CCRF-CEM and CEM/ADR5000 (19) were maintained in
RPMI-1640 (Invitrogen, Carlsbad, CA, USA) supplemented with
10% FBS, antibiotics (1% of a 10,000 U/ml penicillin G and 10
mg/ml streptomycin), in a humidified atmosphere with 5% CO2
at 37˚C.

XTT assay. The cytotoxicity of compounds was determined by means
of Cell Proliferation Kit II (Roche Diagnostics, Mannheim,
Germany). This test is based on the cleavage of the yellow 2,3-bis[2-
methoxy-4-nitro-5-sulfophenyl]-2H-tetrazolium-5-carboxanilide

inner salt (XTT) by ubiquitous dehydrogenases leading to the
formation of an orange formazan dye. The performance of the test
has been described elsewhere (19). All in vitro experiments were
carried out on two microplates with six contiguous wells for each
treatment. All values are expressed as the mean±SD of two
independent experiments, each with six-fold parallel measurements.
Vehicles were used as negative controls.

RNA isolation. Total RNA was isolated from CCRF-CEM cells using
RNeasy Kit (Qiagen, Hamburg, Germany) according to the
manufacturer’s instructions. The RNA quality was analyzed on an
Agilent 2100 Bioanalyzer (Agilent Technologies GmbH, Berlin,
Germany). Only samples with RNA index values greater than 8.5 were
used further. RNA concentrations were determined using NanoDrop
spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA).

Probe labeling and Illumina Sentrix BeadChip array hybridization.
Biotin-labeled cRNA samples from CCRF-CEM cells for
hybridization on Illumina Human Sentrix-8 BeadChip arrays
(Illumina, Inc.) were prepared according to Illumina’s recommended
sample labeling procedure based on the modified Eberwine protocol
(20). Hybridization with containing 19,730 genes per microarray
was performed as previously described (19). 

Scanning and data analysis. Microarray scanning was performed using
a Beadstation array scanner. Data collection was performed individually
for each bead and measurements were discarded as outliers if the
median absolute deviations (MAD) were greater than 2.5. Data analysis
was carried out by normalization of signals using the quantile
normalization algorithm without background subtraction. Differentially
regulated genes were defined by calculating the standard deviation
differences of a given sample in one-by-one comparisons of samples
or groups (19). Genes were further filtered using Chipster software
(http://chipster.csc.fi/) by discarding genes with a p-value lower than
0.05 and having a differential expression more than one-fold the
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Table I. Phytochemical compounds and their plant origins. 

MW Purity Medicinal plant of origin

Commercial compounds:
Curcumin 368 ≥98% Curcuma longa
Epigallocatechin-3-gallate 458 ≥98% Camellia sinensis
Silybin (silymarin) 482 – Silybum marianum

Compounds isolated in-house:
Bergenin 328 ≥98% Ardisia crenata
Casticin 374 ≥98% Vitex agnus castus
Ellagic acid 302 ≥98% Quercus ilex
Hypericin 504 ≥98% Hypericum perforatum
Kaempferol-3-O-(2’’,6’’-di-E-p-coumaroyl)-glucopyranoside 740 ≥98% Quercus ilex
Kaempferol-3-O-(3’’,4’’-diacetyl-2’’,6’’-di-E-p-coumaroyl)-glucopyranoside 824 ≥98% Quercus ilex
Oleuropein 540 ≥98% Olea europaea
Pseudo-hypericin 522 ≥98% Hypericum perforatum
Rosmarinic acid 360 ≥99% Salvia miltiorrhiza
Salvianolic acid B 718 ≥98% Salvia miltiorrhiza
Tiliroside 594 ≥98% Quercus ilex
Verbascoside 624 ≥98% Lippia alba
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Figure 1. Chemical structures of the compounds investigated.



standard deviation. The final set of filtered genes was analyzed using
the Ingenuity Pathway Analysis Software (http://www.ingenuity.com/)
to identify affected networks of genes and pathways.

Results

Cytotoxicity of phytochemicals towards sensitive and
multidrug-resistant leukemia cells. The cytotoxicity of casticin
was determined towards wild-type CCRF-CEM leukemia
cells. For comparison, 14 other phytochemicals were also
tested. The 50% inhibition concentration (IC50) values
calculated from dose-response curves are shown in Table II.
The phytochemicals most active towards CCRF-CEM cells
were casticin, hypericin, and kaempferol-3-O-(3’’,4’’-diacetyl-
2’’,6’’-di-E-p-coumaroyl)-glucopyranoside. These compounds
were tested in a multidrug-resistant subline of CCRF-CEM,
CEM/ADR5000. Of them, casticin had the lowest IC50 value
for both cell lines. CEM/ADR5000 exhibited a low degree of
cross-resistance towards casticin (1.57-fold). No or only weak
cross-resistance was observed towards pseudo-hypericin,
hypericin, oleuropein, verbascoside and kaempferol-3-O-
(3’’,4’’-diacetyl-2’’,6’’-di-E-p-coumaroyl)-β-glucopyranoside
(0.84-to 1.95-fold). CEM/ADR5000 exhibited a higher degree
of cross-resistance towards curcumin (16.98-fold) (Table II).

Differential gene expression in casticin-treated and untreated
cells. The effect of casticin treatment on gene expression was
determined by microarray-based mRNA hybridization.
CCRF-CEM cells were treated with the IC50 dose of casticin
(0.28 μM) for 24 or 72 h or left untreated. A total of 186

genes were found to be up-regulated and 302 genes were
down-regulated upon treatment for 24 h, compared to
untreated cells. After 72 h treatment, 219 genes were found
to be up-regulated and 72 down-regulated. 

In order to further analyze the molecular modes of action
of casticin, we performed a signaling pathway analysis by
means of the Ingenuity Pathway Analysis software. The most
prominent functional groups of genes differentially regulated
upon casticin treatment for 24 h (p<0.05) were those
involved in drug metabolism, lipid metabolism, small
molecule biochemistry, and the cell cycle (Figure 2A).
Treatment of CCRF-CEM cells for 72 h affected genes
involved in the cell cycle, in cellular assembly and
organization, in DNA replication and repair and cell death
(Figure 2B). 

As a next step, we asked whether the genes from these
diverse functional classes act independently or whether they
act together beyond the constraints of canonical pathways
in a concerted manner after casticin challenge. For this
reason, we carried out dynamic network analyses using the
differentially regulated genes. As shown in Figure 3, specific
pathways of interacting genes after casticin treatment were
revealed. A specific molecular network with a connection to
cell death and cellular growth and proliferation was
determined in CCRF-CEM cells treated for 24 h with
casticin (Figure 3A). A comparable molecular network
related to cellular growth and proliferation was identified in
CCRF-CEM cells after 72 h treatment with casticin (Figure
3B). Interestingly, both networks were related to the same
cellular regulators, i.e. NF-κB, p38MAPK, histones H3 and
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Table II. 50% inhibition concentration (IC50) values (expressed as the mean±SD of two independent experiments each with six-fold determination)
and relative resistance to natural compounds in CCRF-CEM cells and multidrug-resistant CEM/ADR5000 cells as determined by the XTT test. The
IC50 values were calculated from dose-response curves using GraphPad Prism 5.0 (GraphPad Software Inc., San Diego, CA). 

Compound CCRF-CEM (IC50) CEM-ADR5000 (IC50) Relative resistance*

Bergenin Inactive Inactive –
Casticin 0.28±0.02 μM 0.44±0.17 μM 1.57
Curcumin 3.74±2.26 μM 63.50 μM 16.98
Ellagic acid 164.10±30.69 μM Inactive –
Epigallocatechin-3-gallate 16.04±1.56 μM Inactive –
Hypericin 1.52±0.23 μM 1.34±0.11 μM 0.88
Kaempferol-3-O-(2’’,6’’-di-E-p-coumaroyl)-glucopyranoside 57.43±22.75 μM 111.92±19.49 μM 1.95
Kaempferol-3-O-(3’’,4’’-diacetyl-2’’,6’’-di-E-p-coumaroyl)-glucopyranoside 2.15±0.37 μM Inactive –
Oleuropein 66.14±15.75 μM 70.05±1.30 μM 1.06
Pseudo-hypericin 12.14±5.10 μM 11.99±4.8 μM 0.99
Rosmarinic acid 80.95±15.97 μM Inactive –
Salvianolic acid B Inactive Inactive –
Silymarin 68.12±16.33 μM Inactive –
Tiliroside Inactive Inactive –
Verbascoside 97.27±3.65 μM 81.90±23.84μM 0.84

*Relative resistance was calculated by dividing the IC50 of CCRF-CEM cells by the IC50 of CEM/ADR5000 cells.



H4, and FSH, indicating important functions for activity of
casticin in CCRF-CEM cells. 

Discussion

In the present study, casticin was the most cytotoxic
polyphenol towards CCRF-CEM leukemia cells among a
group of 15 polyphenols. Casticin is an unusual
polymethoxy-flavonoid bearing a methoxyl moiety at C-3 of
the C-ring, which is an essential structure activity
requirement of flavones for cytotoxicity (21). The presence
of this methoxyl group at C-3 may explain why casticin was
more cytotoxic than the other polyphenols investigated by us. 

Polymethoxyflavones, bearing two or more methoxy
groups on their basic benzo-γ-pyrone skeleton with a
carbonyl group at the C4 position, are found in a limited
number of plant families. Polymethoxyflavones structurally

related to casticin display chemoprotective effects by
inhibiting cancer cell growth, induction of apoptosis, and
blocking metastasis (22). The rate of methylation of
polyphenols in chemoprevention is not fully understood. The
enhanced permeability of cellular membranes to
polymethoxyflavones due to their lipophilic nature may lead
to enhanced cellular absorption and bioactivity. In addition,
methylation may increase the oral bioavailability of these
compounds. In the past, polymethoxyflavones raised only
modest interest for chemoprevention because of their lack of
antioxidant properties, which was suggested as a main
mechanism of action. However, recent findings point to
signal transduction pathways as being the main targets for
flavonoids (23). 

Polyphenols may modulate various targets either by direct
interaction or by modulation of gene expression. To gain
insight into the molecular networks and pathways related to
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Figure 2. mRNA-based microarray analyses of CCRF-CEM cells treated with casticin. Microarray hybridizations were performed using Illumina
Sentrix BeadChip arrays (see Material and Methods). Identification of functional groups of genes regulated upon casticin treatment for 24 h (A) and
72 h (B) in CEM-CCRF cells. Gene expressions of cells treated with 50% inhibition concentration of casticin were compared to those in untreated
cells. The evaluation of differentially expressed genes was performed using the Ingenuity Pathway Analysis software, version 5.5. 



the cytotoxicity of casticin towards cancer cells, we
performed mRNA-based microarray analysis. Upon
treatment of CCRF-CEM cells with casticin, several genes
that form a network related to the transcription factor NF-κB
were differentially expressed. Hence, casticin may act in part
by affecting NF-κB signaling. Casticin has been described to
inhibit NF-κB and many other flavonoids are also well
known NF-κB inhibitors (25, 16). NFκB plays a major role
in regulating immune response, cell proliferation, and
apoptosis. Seven related proteins (NF-κB1 and NF-κB2, each
with two alternatively spliced forms, and REL-A, REL-B
and c-REL) can form dimers, which are able to bind specific
DNA motifs in the promoters of target genes (25, 27, 28).
These heterodimers can activate the transcription of about
200 target genes (29). Inactive NF-κB1 or NF-κB2 proteins
are complexed with IκBα (inhibitory κB) proteins in the
cytosol. Phosphorylation of IκBα by IκBα kinase (IKK)

leads to IκB degradation and translocation of NF-κB1 and
NF-κB2 into the nucleus. Casticin demonstrated anti-
inflammatory effects in vivo (31) confirming the use of
plants from the genus Vitex for the treatment of inflammation
in European, Asian and Chinese traditional medicines. In
addition, casticin inhibited leukemia and breast cancer
growth in vitro (31-33). The results of our microarray
analysis testify to NF-κB as being involved in the underlying
mechanism of casticin against cancer cells. 

p38MAPK is another protein in the network affected by
casticin treatment of CCRF-CEM cells. MAPKs form
signaling cascades regulating important cellular functions such
as cell growth, differentiation and apoptosis (34, 35). They are
activated by stress stimuli including cancer therapy (36). No
effect on p38MAPK signaling by casticin has yet been
described, but p38MAPK inhibition is known for other
polyphenols (37-40). p38MAPK is known to act upstream of
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Figure 3. Continued



NF-κB and to activate NF-κB (41) indicating that the effect of
casticin on both these signaling molecules may contribute to
its cytotoxic properties. Interestingly, another polyphenol,
furosin, has been reported to suppress RANKL-induced
osteoclast differentiation and function through inhibition of
MAPK activation (42). Together with our results concerning
casticin, this may speak for a more general role of polyphenols
affecting RANKL, NF-κB, and MAPK signaling pathways. 

Casticin treatment led to differential expression of a
network of genes with different functions, including histones.
Histones are constituents of nuclear chromatin and organize
DNA condensation during meiotic and mitotic chromosome
formation. The histones H3 and H4, which appeared in our

casticin-specific genetic network are core histones whose
epigenetic modifications (e.g. methylation, acetylation,
phosphorylation SUMOylation, and ubiquitinylation) play a
role in gene regulation (43). While casticin is not yet known
to affect histones, the role of flavonoids in chromatin
remodeling during inflammatory processes is well described
(44-46). Epigenetic modification by flavonoids may
represent an attractive novel treatment strategy for cancer,
and as such deserves further exploration. 

In our microarray-based network, another set of genes
centered on FSH. In both females and males, FSH regulates
the maturation of germ cells, and the development, growth
and pubertal maturation of the organism (47). Interestingly,
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Figure 3. Signaling network of CCRF-CEM leukemia cells treated with casticin (50% inhibition concentration) for 24 h (A) or 72 h (B).



endothelia of tumor blood vessels frequently reveal elevated
FSH receptor levels, and FSH seems to contribute to
neoangiogenesis in tumors by vascular endothelial growth
factor-dependent and independent pathways (48). Hence,
inhibition of FSH signaling may represent a strategy for anti-
angiogenic cancer therapy. Our finding that casticin affected
FSH-associated genes in the signaling network may be taken
as a hint that casticin might inhibit tumor angiogenesis. This
speculation merits further analysis. 

In conclusion, the cytotoxicity of casticin towards
sensitive and multidrug-resistant leukemia cells was
associated with multiple effects on different signal
transduction pathways. A general feature of natural products
is their ability to act on multiple targets and pathways rather
than one single target (49). This plays a major role in
preventing the development of resistance, which has been
an important selection advantage during the evolution of
life. In the case of casticin, this feature might be explained
in future therapy of cancers. 
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