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Effects of Scrophularia extracts on tumor cell proliferation, death
and intravasation through lymphoendothelial cell barriers
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Abstract. Different studies describe the anti-inflammatory
effects of Scrophularia species, a medicinal plant widely used
in folk medicine since ancient times. As knowledge regarding
the anti-neoplastic properties of this species is rather limited,
we investigated the influence of methanol extracts of different
Scrophularia species on cell proliferation, cell death, and tumour
cell intravasation through the lymph endothelial barrier. HL-60
leukaemia cells were treated with methanol extracts of different
Scrophularia species leading to strong growth inhibition and
high cell death rates. The expression of cell cycle regulators,
oncogenes and cell death inducers was determined by Western
blot analysis. Furthermore the effect of S. lucida was studied in
an NF-kB reporter assay, and in a novel assay measuring ‘circular
chemo-repellent-induced defects’ (CCID) in lymph endothelial
monolayers that were induced by MCF-7 breast cancer spher-
oids. Methanol extracts of Scrophularia species exhibited strong
anti-proliferative properties. S. floribunda extract inhibited
G2/M- and later on S-phase and S. lucida inhibited S-phase and
in both cases this was associated with the down-regulation of
c-Myc expression. Extracts of S. floribunda and S. lucida led to
necrosis and apoptosis, respectively. Furthermore, S. lucida, but
not S. floribunda, effectively attenuated tumour cell intravasation
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through lymph endothelial cell monolayers, which correlated
with the inhibition of NF-«B. S. lucida exhibited promising
anti-neoplastic effects and this was most likely due to the down-
regulation of various cell cycle regulators, proto-oncogenes and
NF-«B and the activation of caspase-3.

Introduction

While only ~1% of the estimated 300,000 different species of
higher plants have a history in food use, up to 10-15% have
extensive documentation for application in traditional medicine
(). Natural products have played a significant role in human
healthcare for thousands of years, especially in the treatment of
infectious diseases (2). Even today, more than 60% of all drugs
used are either natural products or directly derived thereof and
are used to treat even diseases such as cancer. Among these are
very important agents like vinblastine, vincristine, the campto-
thecin derivatives, topotecan and irinotecan, etoposide, derived
from epidopodophyllotoxin, and paclitaxel (3-5).

Ethno-medicine does not only explore written sources i.e.,
traditional Chinese medicine or Ayurveda, but in particular
also gives strong attention to the many kinds of folk medicine
that was practiced in all parts of the world for centuries.

Very rich plant diversity is found in Turkey, because the
Taurus peninsula has seas on three sides and various climatic
zones and topographies. The flora of Turkey is rich in medicinal
and aromatic plants that have been used to treat different diseases
in Turkish and antique folk medicine (6,7). Since ancient times,
different Scrophularia species have been used as remedies for
some medical treatments, including scabies, eczema, psoriasis,
inflammatory diseases and tumours (8). There are more than
220 genera of the Scrophulariaceae family in which the genus
Scrophularia is known for the rich presence of sugar esters and
iridoid glycosides (9,10), and a few publications describe the
anti-inflammatory properties of different Scrophularia species
(11,12). Oleanonic and ursolonic acids extracted from the root of
S. ningpoensis Hemsl were found to be cytotoxic against a series
of human cancer cell lines (MCF7, K562 and A549) (10).
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‘We have investigated the anti-proliferative and pro-apoptotic
potency of the methanol extracts of five different Scrophularia
species (two endemic to Turkey: S. libanotica and S. pinardii)
and elucidated the corresponding pathways of those two species
that showed the strongest anti-neoplastic effect. Furthermore,
we discovered a property in S. lucida, which correlates with
the inhibition of lymph node metastasis of breast cancer cells.

Materials and methods

Plant material. Scrophularia floribunda, S. lucida, S. peregrina,
S. pinardii and S. libanotica subsp. libanotica var. mesogitana
were collected in the south-west of Turkey at a height around
250 m in Aydin and Marmaris, respectively. Flowering times
of these plants were identified from books for specifying the
collection time. Plants were recognized in the field survey by
various plant parts (flower, leaf, stamen, colouring of petals, etc.)
and by comparing with previously prepared herbarium samples.
Taxonomic determinations were made by Dr Ozkan Eren using
the serial ‘Flora of Turkey and the East Aegean Islands’ (Davis,
1965-1988). Voucher specimens (voucher numbers: S. floribunda
AYDN 432; S. lucida AYDN 433), in duplicates were deposited
in the herbarium of the Department of Biology, Adnan Menderes
University.

Sample preparation. Plants were freeze-dried, subsequently
milled and extracted with methanol at the ratio of 1:10. Extraction
was carried out on a shaker at room temperature overnight. After
filtration, methanol was evaporated with a rotary evaporator and
extract weight was determined (Table I). For the experiments,
the extracts were dissolved in ethanol. For the proliferation- and
apoptosis assays the following concentrations as calculated for
dried plant material were used: 500 pg/ml, 1,4 and 10 mg/ml. To
exclude an effect of ethanol on cell proliferation and apoptosis,
controls were treated with same concentrations of ethanol as
used for sample treatment (in general 0.2% EtOH) (13,14).

Detannification. For removal of tannins 5 g of the total
methanol extract of S. floribunda and S. lucida, respectively,
were dissolved in 60 ml of a methanol/water mixture (10:1).
After triple solvent extraction with 60 ml petroleum ether for
withdrawal of chlorophyll, waxes and fats, the methanol fraction
was diluted with 60 ml of water and subsequently this aqueous
solution was extracted three times with 120 ml chloroform. To
gain the detannified extract, the collected chloroform fraction
was washed three times with 360 ml sodium chloride solution
(19%) and after drying with sodium sulphate, the chloroform was
evaporated with a rotary evaporator. S. floribunda and S. lucida
total methanol extract yielded 0.24 and 0.11 g per g, respectively.

Cell culture. HL-60 promyeloic leukaemia cells were purchased
from ATCC. Cells were grown in RPMI-1640 medium supple-
mented with 10% heat inactivated foetal calf serum (FCS),
1% L-glutamine and 1% penicillin/streptomycin. Human
MCEF-7 breast cancer cells were cultivated in MEM medium
supplemented with 10% FCS, 1% penicillin/streptomycin, 1%
NEAA. Telomerase immortalized human lymph endothelial
cells (LECs) were grown in EGM2 MV (Clonetics CC-4147,
Allendale, NJ, USA). For CCID formation assays, LECs were
stained with cytotracker green. HEK293-NF«kB-Luc cells
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were cultivated in high glucose DMEM containing phenol red,
supplemented with 10% FCS, 1% penicillin/streptomycin and
1% L-glutamine. GFP transfect ion of HEK293-NF«B-Luc cells
using Lpofectamine 2000 was carried out in medium without
penicillin/streptomycin.

All cells were grown at 37°C in a humidified atmosphere
containing 5% CO,. If not mentioned otherwise, all media and
supplements were obtained from Invitrogen Life Technologies
(Karlsruhe, Germany).

3-D co-cultivation of MCF-7 cancer cells with LECs. MCF-7
mock cells were transferred to 30 ml MEM medium containing
6 ml of a 1.6% methylcellulose solution (0.3% final concen-
tration; cat. no. M-512, 4000 centipoises; Sigma, Munich,
Germany). Cell suspension (150 ul) was transferred to each
well of a 96-well plate (Greiner Bio-one, Cellstar 650185,
Kremsmiinster, Austria) to allow spheroid formation within the
following two days. Then, MCF-7 spheroids were washed in
PBS and transferred to cytotracker-stained LEC monolayers that
were seeded into 24-well plates (Costar 3524, Sigma) in 2 ml
EGM2 MV medium (15,16).

Circular chemo-repellent induced defect (CCID) assay. MCFE-7
cell spheroids (3,000 cells/spheroid) were transferred to the
24-well plate containing LEC monolayers. After four hours of
incubating the MCF-7 spheroids-LEC monolayer co-cultures,
the CCID sizes in the LEC monolayer underneath the MCF-7
spheroids were photographed using an Axiovert (Zeiss, Jena,
Germany) fluorescence microscope to visualise cytotracker
(green)-stained LECs underneath the spheroids (17). Gap areas
were calculated with the Axiovision Re. 4.5 software (Carl
Zeiss). MCF-7 spheroids were treated with solvent (ethanol)
as negative control. The gap sizes of at least 12 spheroids per
experiment were measured.

Reagents and antibodies. Hoechst 33258 and propidium
iodide were purchased from Sigma. Amersham ECL-plus
Western Blotting Detection System was from GE Healthcare
(Buckinghamshire, UK).

Antibodies: Mouse monoclonal (ascites fluid) anti-acetylated
tubulin clone 6-11B1 cat no. AT6793 and mouse monoclonal
(ascites fluid) anti-B-actin clone AC-15 cat no. A5441 were from
Sigma. Anti a-tubulin (TU-02) cat no. sc-8035, PARP-1 (F-2) cat
no. sc 8007, anti cyclin D1 (M-20) cat no. sc-718, p21 (C-19)cat no.
sc-397,cdc25a (F-6) cat no. sc-7389, cdc25b (C-20) cat no. sc-326,
cdc25c¢ (C-20) cat no. sc-327, c-jun (C-20) cat no. sc-1694 and
jun-B (210) cat no. sc-73 were from Santa Cruz Biotechnologies
Inc. (Santa Cruz, CA, USA) phospho-p44/42 MAPK (Erk1/2)
(Thr**?/Tyr**%) (E10) cat no. 9106, p44/42 MAPK (Erk1/2)
(137F5) cat no. 4695, phospho-p38 MAPK (Thr'*%/Tyr'®?) (12F8)
cat no. 4631, p38 MAPK cat no. 9212, cleaved caspase-3 (Asp'™)
cat no. 9661, phospho-Weel (Ser®#?) (D47G5) cat no. 4910,
Weel cat no. 4936, phospho-chk2 (Thr®) cat no. 2661, chk2
cat no. 2662, myosin light chain 1 cat no. 3672 and phospho-
myosin light chain 2 (Ser'®) cat no. 3671 were purchased from
Cell Signalling (Danvers, MA, USA). Anti-c-myc antibody Ab-2
(9E10.3) was from Neomarkers (Fremont, CA, USA) and rabbit
polyclonal phospho detect anti-H2AX (pSer'*) cat no. dr-1017
from Calbiochem (Merck, Darmstadt, Germany). Anti-mouse
and anti-rabbit IgG were from Dako (Glostrup, Denmark).
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Table I. Extract yields after sample preparation.

Species Wet weight  Dry weight  Extract weight
(& €y (@

S. floribunda 349 87 17

S. lucida 295 87 14

S. peregrine 243 55 11.6

S. pinardii 383 88 17

S. libanotica 280 88 12.5

Proliferation inhibition analysis. HL-60 cells were seeded in
T-25 Nunc tissue culture flasks at a concentration of 1x10%/ml
and incubated with increasing concentrations of plant extracts
(corresponding to 500 pg/ml, 1, 4 and 10 mg/ml of the dried
plant). Cell counts and ICs, values were determined at 24,
48 and 72 h using a Casy TTC cell counter (Roche, Basel,
Switzerland), respectively.

The percent of cell divisions compared to the untreated
control were calculated as follows: [(Coap 4 grug = Caan + drug)/
(Coamn - drug = Coan - arup)] X 100 = % cell division, where Cyyy, , gryq
is the cell number after 72 h of extract treatment, Cyyy, , 4y 18
the cell number after 24 h of extract treatment, Cyy;, g, and
Caun - ang are the cell numbers after 72 and 24 h without extract
treatment (18,19).

Cell death analysis. The Hoechst propidium iodide double
staining was performed according to the method described by
Grusch et al (20,21). HL-60 cells (1x10°) were seeded in T-25
Nunc tissue culture flasks and exposed to 20 ug/ml detannified
extract (corresponding to 0.42 mg/ml of dried S. floribunda and
1.10 mg/ml of dried S. lucida) for 24 and 48 h. Hoechst 33258
and propidium iodide (Sigma) were added directly to the cells at
final concentrations of 5 and 2 pg/ml, respectively. After 60 min
of incubation at 37°C cells were examined on a Zeiss Axiovert
fluorescence microscope (Zeiss) equipped with a DAPI filter.
Cells were photographed and analysed by visual examination
to distinguish between apoptosis and necrosis (22). Cells were
judged according to their morphology and the integrity of their
cell membranes by propidium iodide staining.

FACS analysis. HL-60 cells (1x10° per ml) were seeded in
T-25 Nunc tissue culture flasks and incubated with 20 pg/
ml detannified extract (corresponding to 0.42 mg/ml of dried
S. floribunda and 1.10 mg/ml of dried S. lucida) for 8 and 24 h,
respectively. Then, cells were washed with 5 ml cold PBS,
centrifuged (800 rpm for 5 min), and resuspended and fixed in
3 ml cold ethanol (70%) for 30 min at 4°C. After two further
washing steps with cold PBS, RNAse A and propidium iodide
were added to a final concentration of 50 yg/ml each and incu-
bated at 4°C for 60 min before measurement (23,24). Cells were
analysed on a FACSCalibur flow cytometer (BD Biosciences,
San Jose, CA, USA) and cell cycle distribution was calculated
with ModFit LT software (Verity Software House, Topsham,
ME, USA).

NF-xB luciferase assay. HEK293-NF-xB-Luc cells (10x10°)
(Panomics, Fremont, USA) were seeded in 20 ml full growth

2065

DMEM medium in a 15-cm dish. Next day, cells were trans-
fected with the cDNA of green fluorescence protein (GFP). A
total of 30 ul Lipofectamine 2000 (Invitrogen) and 7.5 ug DNA
were mixed in 2 ml transfection medium and incubated for
20 min at room temperature followed by adding this mixture
to the cells. After incubation for 6 h in a humidified atmo-
sphere containing 5% CO,, 4x10* cells per well were seeded in
serum- and phenol red-free DMEM in a 96-transparent-well
plate. The next day cells were treated with detannified S. lucida
extract (corresponding to 0.5, 2 and 4 mg/ml of the dried plant)
and 15 uM Bay 11-7082 (Sigma Aldrich cat no. B5556) as a
specific inhibitor of NF-kB (control). One hour after treatment
cells were stimulated with 2 ng/ml human recombinant TNF-a.
for additional 4 h. Luminescence of the firefly luciferase and
fluorescence of the GFP were quantified on a GeniusPro plate
reader (Tecan, Grodig, Austria). The luciferase signal derived
from the NF-«B reporter was normalized by the GFP-derived
fluorescence to account for differences in the cell number or
transfection efficiency.

Western blot analyses. HL-60 cells (0.5x10°) were seeded
into T-75 Nunc tissue culture flasks and incubated with 20 ug/
ml detannified extract (corresponding to 0.4 mg/ml of dried
S.floribunda and 1.1 mg/ml of dried S. lucida) for 0.5,2,4,8 and
24 h, respectively. At each time-point 2x10 cells were harvested,
washed twice with cold PBS, centrifuged (175 x g) for 5 min
and lysed in a buffer containing 150 nM NaCl, 50 mM Tris,
1% Triton-X-100, 1 mM phenylmethylsulfonylfluride (PMSF)
and 2.5% PIC (cat no. P8849 Sigma). After centrifugation
(12,000 x g) for 20 min at 4°C the supernatant was stored at -20°C
until further analysis. Equal amounts of protein samples were
separated by polyacrylamide gel electrophoresis and electro-
transferred onto PVDV-membranes (Hybond-P, Amersham) at
4°C overnight. Staining membranes with Ponceau S controlled
equal sample loading. After washing with Tris-buffered saline
(TBS) pH 7.6, membranes were blocked for 1 h in 5% non-fat
dry milk in TBS containing 0.1% Tween-20. Membranes were
incubated with the first antibody (in blocking solution, dilution
1:500-1:1000) by gently rocking overnight at 4°C, washed with
TBS containing 0.1% Tween-20 and further incubated with the
second antibody (peroxidase-conjugated swine anti-rabbit IgG
or rabbit anti-mouse IgG, dilution 1:2000-1:5000 in blocking
solution) for 1 h. Chemiluminescence was developed by the ECL
plus detection kit (GE Healthcare) and detected using a Lumi-
Imager F1 Workstation (Roche, Basel, Switzerland).

Statistical analyses. All experiments were performed in triplicate
and analysed by t-test (GraphPad Prism 5.0 program, GraphPad
(San Diego, CA, USA).

Results

Anti-proliferative activity. The methanol extracts of the tested
Scrophularia species inhibited cell growth of HL-60 promyeloic
leukaemia cells, whereof S. floribunda and S. lucida showed the
strongest inhibition with ICs, values of 0.54 and 0.41 mg/ ml,
respectively (calculated for dried plant material; Table IT and
Fig. 1). Methanol extracts contain tannins, which may have
caused this effect non-specifically. Therefore, the extracts of
those plants exhibiting the strongest activities were purified to
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Table II. IC,, values in HL-60 cells after 72 h of treatment with
the total methanol extracts.

Scrophularia species

Methanol extract ICy, (mg/ml)
S. floribunda 05
S. lucida 04
S. peregrina 3.7
S. pinardii 09
S. libanotica 0.9

remove chlorophyll and fatty ingredients in a first step and then
tannins and other polar substances in a second step. The obtained
detannified extracts (dt) were tested again regarding their anti-
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Figure 1. Proliferation inhibition upon treatment with total methanol extracts
for 72 h. HL-60 cells (1x10° cells/ml) were seeded in T-25 tissue culture flasks
and were incubated with total methanol extracts corresponding to 0.5, 1, 4
and 10 mg/ml of the dried plant. Experiments were performed in triplicate.
To avoid unspecific effects caused by the solvent, ethanol concentration was
the same in all samples (0.2%). Asterisks indicate significance compared to
untreated control (p<0.05) and error bars indicate + SD.

proliferative activity and they still showed approximately the
same strong growth inhibition (IC, values of 0.3 and 0.4 mg/
ml for S. floribunda dt and S. lucida dt, respectively, Fig. 2). To
compare the two Scrophularia species regarding their potency,
20 pg/ml of the detannified extracts (corresponding to 1.1 mg/ml
S. lucida and 0.4 mg/ml S. floribunda, respectively) were used
for all further experiments.

Cell cycle distribution. To investigate the cell cycle distribution,
logarithmically growing HL-60 cells were exposed to 20 xg/ml
detannified methanol extract of S. lucida and S. floribunda for
8 an 24 h, respectively. Both extracts caused a rapid reduction
of G1 cells (Fig. 3). S. floribunda treatment induced a strong
G2/M arrest after 8 h and a significant accumulation of cells
in the S-phase after 24 h. In contrast S. lucida did not elicit a
G2/M arrest, but a strong accumulation in the S-phase after 8 h
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Figure 2. Proliferation inhibition upon treatment with the detannified extracts (corresponding to 0.4, 0.5, 1.0 and 1.1 mg dried plant/ml medium) for 72 h. For
S. floribunda or S. lucida 20 pg dtMeOH extract corresponded to 0.4 or 1.1 mg dried plant weight, respectively. Experiments were performed in triplicate. To
avoid unspecific effects caused by the solvent, ethanol concentration was the same in all samples (0.2%). Asterisks indicate significance compared to untreated

control (p<0.05) and error bars indicate + SD.
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Figure 3. Effects of Scrophularia extracts on cell cycle distribution; HL-60 cells (1x10° per ml) were seeded in T-25 tissue culture flasks and incubated with 20 pg/ml
detannified extract (corresponding to 0.4 mg/ml of dried S. floribunda and 1.1 mg/ml of dried S. lucida) for 8 and 24 h. Experiments were performed in triplicate. To
avoid unspecific effects caused by the solvent, ethanol concentration was the same in all samples (0.2%). Asterisks indicate significance compared to untreated control

(p<0.05) and error bars indicate + SD.

and a distinct sub-G1 peak indicating loss of DNA typical for
apoptosis.

Potential mechanisms arresting cell proliferation. To investigate
the underlying mechanisms responsible for the strong prolifera-
tion inhibition we analysed the expression profiles of different
positive and negative cell cycle regulators (Figs. 4 and 5). S. flori-
bunda clearly increased the p21 level after 4 h, while S. lucida
extract inhibited p21 expression within 4 h. Although p21 is a
prominent transcriptional target of p53 another pathway must
have triggered the p21 increase since HL-60 cells are p53-defi-
cient (25). As also the activation of the MEK-Erk pathway was
shown to up-regulate p21 (26,27), we checked the phosphoryla-
tion status of Erk1/2. S. floribunda showed a slight increase of
the phosphorylation status of Erk1/2 at the 4-h time-point going
along with the p21 up-regulation. In contrast S. lucida strongly
phosphorylated Erk1/2 already after 2 h, followed by a decrease
after 8 h and a drop below control level after 24 h. Therefore, p21
must have been regulated independent of Erk1/2. However, both
extracts lead to Erk phosphorylation for an unusually long time,

which is known in other contexts to be activated only for some
10-20 min (28).

Another prominent inducer of cell cycle arrest and apop-
tosis is cellular stress. p38 MAPK is an important member
in a signalling cascade controlling its responses to cellular
stress. Phosphorylation of p38 at Thr'® and Tyr'®* leads to its
activation and binding to Jnk or Max modulates transcription
(29,30). Both extracts were capable of activating p38 within 2 h
indicating that cellular stress was another important factor that
may have caused growth arrest.

The activation of Chk?2 by S. floribunda (Fig. 5) was in time
with the phosphorylation of Erk1/2 and the induction of p21. The
inhibition of the cell cycle was due to the inactivation of Cdc2,
which was reflected by the increased phosphorylation of Tyr'".
Interestingly, Tyr'>-Cdc2 phosphorylation correlated with over-
expression of Weel, which specifically phosphorylates this site,
but not with Cdc25A and Cdc25C, because these phosphatases
responsible for the de-phosphorylation of Tyr'>-Cdc2 became
up-regulated. This was in sharp contrast to the effects on cell
cycle regulators elicited by S. lucida extract, because Chk2 was
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Figure 4. Western blot analyses of different proteins of the MAPK pathway. HL-60 cells/ml (1x10°) were incubated with 20 pg/ml detannified extract and harvested
after 0.5,2, 4, 8 and 24 h of treatment. Cells were lysed and obtained protein samples applied to SDS-PAGE. Western blot analysis was performed with the indicated
antibodies. Equal sample loading was confirmed by Ponceau S staining and (3-actin analysis.
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Figure 5. Western blot analyses of cell cycle and check-point regulators. HL-60 cells/ml (1x10°) were incubated with 20 pg/ml detannified extract and harvested
after 0.5,2, 4, 8 and 24 h of treatment. Cells were lysed and obtained protein samples applied to SDS-PAGE. Western blot analysis was performed with the indicated
antibodies. Equal sample loading was confirmed by Ponceau S staining and (3-actin analysis.

induced much earlier and this correlated with the degradation  phosphorylation and inactivation of the effector kinase Cdc2, but
of the Cdc25 family, which is in accordance with the reported  the opposite was the case due to inhibition and down-regulation
mechanisms of cell cycle inhibition upon DNA check-point  of Weel. Therefore, the phosphorylation status of Cdc2 primarily
activation (31,32). It was expected that this would result in hyper-  correlates with Weel, but not with Cdc25A and Cdc25C. Also
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Figure 6. Western blot analyses of different oncogenes. HL-60 cells/ml (1x10°) were incubated with 20 ug/ml detannified extract and harvested after 0.5, 2,4, 8
and 24 h of treatment. Cells were lysed and obtained protein samples applied to SDS-PAGE. Western blot analysis was performed with the indicated antibodies.

Equal sample loading was confirmed by Ponceau S staining and (3-actin analysis.
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Figure 7. Induction of cell death of HL-60 cells treated with detannified Scrophularia extracts. HL-60 cells/ml (1x10°) were seeded in 24-well plates and incubated
with 0.5 and 1 mg/ml extract corresponding to dried plant and 20 pg/ml to pure extract (corresponding to 1.1 mg/ml S. lucida and 0.4 mg/ml S. floribunda,
respectively). Then, cells were double stained with Hoechst 33258 and propidium iodide and examined under the microscope with UV light connected to a DAPI
filter. Nuclei with morphological changes which indicated cell death were counted and the percentages of dead cells were calculated. Experiments were performed

in triplicate. Asterisks indicate significance compared to untreated control (p<0.05

Cdc25B became down-regulated by S. lucida but was expressed
unchanged upon treatment with S. floribunda. This evidenced
that S. floribunda and S. lucida contained distinct ‘active prin-
ciples’. Although potential mechanisms as to how the extract of
S. floribunda inhibits cell division could be outlined, it was still
unclear how the extract of S. lucida arrested cell proliferation.

Down-regulation of oncogenes. Hence, we investigated the
expression of proto-oncogenes, which are involved in tumour
cell proliferation. c-Myc, a member of the Myc family of
oncogenes, is essential for promoting cell growth by regulating
the transcription of target genes required for proliferation and
c-Myc was shown to be over-expressed in a wide spectrum of
tumours (33). As an over-expression leads to constitutive signals
that promote proliferation and angiogenesis of the tumour
(34), we checked the expression levels of the c-Myc protein to
investigate whether the two Scrophularia extracts were capable
of down-regulating this oncogene. In fact, treatment of HL-60
cells with the two extracts resulted in c-Myc protein decrease,

) and error bars indicate + SD.

in particular with S. lucida that showed a dramatic down-regu-
lation within 2 h (Fig. 6). Together with Fos family members,
Jun family members form the group of AP-1 proteins which,
after dimerisation, bind to responsive elements in the promoter
regions of different target genes (35). AP-1 heterodimers are
important regulators of genes playing a major role in prolifera-
tion, differentiation, invasion and metastasis (36). Therefore, we
also checked the expression status of c-Jun, JunB and Fos after
incubation with the two Scrophularia extracts. While Fos was
slightly up-regulated by both extracts, and S. floribunda did not
affect Jun and JunB, S. lucida showed a strong down-regulation
of these two oncogenes after 24 h.

Cell death induction. Treatment of HL-60 cells with the detan-
nified S. lucida and S. floribunda extract resulted in high cell
death rates (Fig. 7). While incubation with detannified extract
of S. lucida corresponding to 1 mg/ml of the dried plant induced
up to 70% of apoptosis after 48 h, HL-60 cells treated with
S. floribunda extract showed a para-typical apoptosis phenotype
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Figure 8. Western blot analyses of apoptosis related proteins. HL-60 cells/m1 (1x10°) were incubated with 20 pg/ml detannified extract and harvested after 0.5,2, 4,
8 and 24 h of treatment. Cells were lysed and obtained protein samples applied to SDS-PAGE. Western blot analysis was performed with the indicated antibodies.
Equal sample loading was confirmed by Ponceau S staining and a-tubulin analysis.
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Figure 9. Effect of different Scrophularia extracts on MCF-7 spheroid induced
gap formation in lymph endothelial cell monolayers. Upper panel, MCF-7
tumour cell spheroids; lower panel, same microscopical frame showing LECs
underneath MCF-7 spheroids. The 3D co-cultures were treated either with:
(a) solvent (ethanol) or with dtMeOH extracts of (b) S. lucida or (c) S. floribunda
corresponding to 4 mg dried plant weight/m] medium. When the 3D co-cultures
were treated with S. lucida extract the generated CCIDs in LECs underneath
the MCF-7 spheroids were: (d) on average ~40% smaller than those in controls.
dt, detannified MeOH extract; scale bars, 150 pm.

with almost instantaneous incorporation of propidium iodide
indicating necrosis, which was substantiated in respective
Western blot analyses (see below).

Cell death mechanisms. FACS analyses (Fig. 3) and HOPI
staining (Fig. 7) indicated that S. lucida induced apoptosis but
not necrosis, while the extract of S. floribunda did not show a
sub Gl peak. As both compounds led to cell death, we further
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investigated the two extracts regarding the mechanisms involved.
Caspase-3 plays a critical role in the execution of the apoptotic
program and is one of the key enzymes for the cleavage of the
113 kDa nuclear enzyme poly-(ADP-ribose) polymerase (PARP)
that is cleaved in fragments of 89 and 24 kDa during apoptosis
(37,38).

S. lucida caused the specific cleavage of caspase-3 to the
active 17 kDa and the proteolytic cleavage of the death substrate
PARP into the large 89-kDa fragment demonstrating that
caspase-3 was functional and responsible for the pro-apoptotic
property of S. lucida methanol extract (Fig. 8). In contrast,
S. floribunda did not show caspase-3 activation and signature
type PARP cleavage. Instead of the 8§9-kDa cleavage product we
found a smaller 55-kDa fragment. It was demonstrated that also
necrotic cell death of HL-60 cells goes along with degradation of
PARP, but different from that observed during apoptosis (39,40).
Gobeil et al (41) revealed that necrotic treatment of Jurkat T cells
did not cause caspase-activation and provoked the appearance of
multiple PARP cleavage products mediated by lysosomal prote-
ases. The main fragment was at 55 kDa, which was also found
here after treatment of HL-60 cells with S. floribunda extract
and which correlated with the necrotic phenotype observed by
HO/PI double staining (20,21,42).

To investigate whether genotoxicity of the two extracts was
responsible for cell death, we analysed the phosphorylation
status of the histone H2AX (y-H2AX), because this core histone
variant becomes rapidly phosphorylated in response to DNA
double strand breaks. Interestingly both extracts, S. lucida and
as well S. floribunda, caused severe phosphorylation of H2AX
after 2- and 4-h incubation, respectively.

Tubulin is the major constituent of microtubules, which
facilitates chromosome disjunction during mitosis, and there-
fore, affecting the tubulin structures is incompatible with
functional cell division (43). Alterations of the fine tuned balance
of microtubule polymerisation/de-polymerization, such as by
taxol are reflected by the acetylation status of a-tubulin (44).
Both methanol extracts increased the acetylation of a-tubulin
demonstrating that cytotoxicity can be attributed to tubulin
polymerization.

Inhibition of lymph endothelial gap formation induced by
co-cultivated tumour cell spheroids. Tissue invasion and metas-
tasis is one of the hallmarks of cancer described by Hanahan
and Weinberg (45,46) and for most tumour types patients are not
threatened by the primary tumour but by metastases that destroy
the function of infested organs. We tested the extracts of both
plants in arecently developed three-dimensional cell culture assay
measuring the area of circular chemo-repellent-induced defects
(CCIDs) in the lymph endothelial cell (LEC) barrier (Fig. 9)
which are induced by exudates [i.e., 12(S)-hydoxyeicosatetraenoic
acid] of MCF-7 cancer cell spheroids. CCIDs can be considered
as entry gates for tumour cells and are directly responsible for
lymph node- and distant metastases (15-17). The extract of
S. floribunda did not prevent CCID formation but affected the
viability of LECs and because of the toxic effect of 1 mg/ml
MeOH extract to LECs, the precise effect on CCID formation
could not be evaluated. Both extracts of S. lucida (MeOH and
detannified dtMeOH) significantly inhibited CCID formation
in LECs up to 40%. The total MeOH extract showed extremely
high fluorescence that disappeared after detannification.
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Figure 10. Effect of S. lucida extract on the NF-kB transactivation activity.
HEK?293-NF-kB-Luc cells (10x10°) were transfected with the cDNA of green
fluorescence protein (GFP). After incubation for 6 h, 4x10* cells per well were
seeded in serum- and phenol red-free DMEM in a 96-transparent-well plate.
On the next day cells were treated with detannified S. lucida extract (corre-
sponding to 0.5, 2 and 4 mg dried plant/ml medium), 15 M Bay 11-7082 as
a specific inhibitor of NF-kB, or solvent (ethanol). One hour after treatment
cells were stimulated with 2 ng/ml human recombinant TNF-o. for additional
4 h. Luminescence of the firefly luciferase and fluorescence of the GFP were
quantified on a GeniusPro plate reader. The luciferase signal derived from the
NF-xB reporter was normalized by the GFP-derived fluorescence to account
for differences in cell number or transfection efficiency. Experiments were
performed in triplicate. Asterisks indicate significance compared to untreated
control (p<0.05) and error bars indicate + SD.

NF-kB inhibition by S. lucida extract. Besides exudates like 12-S-
HETE mentioned above, also NF-«B activation was reported to
be associated with tumour cell proliferation, survival, angiogen-
esis and invasion (47.,48). We could show that the inhibition of
NF-«B translocation with Bay11-7082, an irreversible inhibitor
of I-kBa phosphorylation, blocked MCF-7 spheroid-induced
gap formation of LECs in a dose-dependent fashion (16). To
check whether the significant inhibition of CCID formation
in LECs caused by S. lucida extracts may be induced through
inhibition of NF-kB activity, we tested the detannified extract in
an NF-«B luciferase reporter gene assay. Cells were stimulated
with 2 ng/ml TNF-a, and luciferase activity was measured after
incubation with the selective NF-«xB inhibitor Bay11-7082 and
different concentrations of S. lucida (corresponding 0.5, 2 and
4 g/ml of the dried plant) and compared with a TNF-a/ethanol
treated control. As expected, 15 M of Bay11-7082 (as positive
control) inhibited NF-«B activity by nearly 70%. S. lucida also
decreased the expression of the reporter gene dose-dependently
(Fig. 10).

Discussion

Different species of the Scrophularia family are used since
ancient times as remedies for some medical conditions including
inflammatory diseases and tumours (8,10). While most publi-
cations focus on the anti-inflammatory properties (11,12), this
work demonstrates for the first time the anti-proliferative and
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Figure 11. Distinct affection of intracellular signalling and cellular responses upon treatment with the methanol extracts of S. floribunda and S. lucida. The extracts
of the two Scrophularia species induce cellular stress as reflected by the activation of p38 and concomitant down-regulation of c-Myc. Subsequent activation of
H2AX and Chk?2 indicates DNA stress leading to late cell cycle arrest in G2/M upon S. floribunda extract treatment. The duplication of DNA consumes the cellular
energy pool below a certain threshold level, and together with the stress situation this causes necrotic cell death (21). The high toxicity of this extract kills also
LECs and destroys lymph endothelial integrity. In contrast, S. lucida extract causes rapid S-phase arrest thereby preserving the cellular energy pool and conflicting
‘arrest’ signals (pChk?2) and ‘growth’ signals (activaton of Cdc2 through dephosphorylation of Tyr 15) induce apoptosis. S. lucida extract does not affect lymph
endothelial integrity and the inhibition of NF-kB attenuates tumour spheroid-induced CCID formation (16).

pro-apoptotic properties of different Scrophularia species,
and beyond that we show that S. lucida inhibits LEC-CCID
formation by co-cultivated MCF-7 cancer cell spheroids (14,17)
and inhibited NF-«B activity. Recently we were able to demon-
strate that NF-«B activity contributed to LEC-CCID formation
through inhibition of VE-cadherin expression and loss of intra-
specific LEC adhesion (16).

As of the different tested methanol Scrophularia extracts
S. lucida and S. floribunda showed the strongest anti-prolifer-
ative properties, these two extracts were chosen to check the
underlying mechanisms. Treating HL-60 cells with the detanni-
fied S. floribunda extract resulted in a strong G2/M arrest after
8 h. This increase of the cell number in G2/M correlated with
the phosphorylation status of Cdc2, which is indicative for its
inhibition. In contrast, 8-h treatment with S. lucida showed a
strong accumulation in the S-phase and after 24 h there was a
severe G2/M decrease (correlating with Cdc2 activation). The
subsequent increase of the sub-Gl peak suggests that the cells
are directly running into death from G2/M. Interestingly, the
Cdc2 phosphorylation status did not correlate with the expres-
sion levels of Cdc25 phosphatases either after treatment with the
extract of S. floribunda or with that of S. lucida, but it correlated
with the expression of Weel. Therefore, Scrophularia extracts
most likely regulated Cdc2 activity through Weel and not
Cdc25, demonstrating that Weel activity dominates over Cdc25
activity. However, tilting fine tuned Cdc25 activities and expres-
sion may trigger cell cycle arrest and finally apoptosis although
Cdc2 is active.

The accumulation of HL-60 cells in S-phase after 8-h treat-
ment with S. lucida might be caused through degradation of the
c-Myc proto-oncogene. c-Myc is associated with a wide range of
cancers and is an essential regulator of G1/S transition (49,50).
While in normal cells inhibition of c-Myc usually results in a
GO/Gl1 cell cycle arrest (51,52), tumour cells exhibit significant
heterogeneity with regard to the positioning of cell cycle arrest
in response to c-Myc depletion (53). Cannell ef al (54) showed
that in response to DNA damage c-Myc is translationally
repressed by the induction of miR-34c microRNA and that this
induction is induced by p38 MAPK/MK2 signalling resulting in
S-phase arrest. As c-Myc is over-expressed primarily in cancer
cells, its down-regulation may inhibit proliferating cancer cells
specifically (55,56).

Another important property of a good anti-cancer remedy is
its ability to kill cancer cells and beside their anti-proliferative
properties both extracts led to cell death in HL-60 cells. Strong
phosphorylation of the histone H2AX demonstrates that both
extracts are genotoxic. Treatment of HL-60 cells with S. lucida
resulted in high apoptosis rate after 48 h, driven through
caspase-3 activation and subsequent cleavage of PARP into
the active 89-kDa fragment. In contrast, S. floribunda showed
severe necrosis and neither caspase-3 activation nor signature
type cleavage of PARP. The main fragment was at 55 kDa
and is described as necrotic PARP cleavage product (41). This
extremely toxic effect was also observed in the CCID assay,
where S. floribunda killed the LECs already after 4 h. Due to this
generally toxic effect also against normal cells S. floribunda has
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to be dismissed as an anti-cancer remedy. The rather complex
effects of both Scrophularia extracts on signalling pathways and
cell phenomena are summarised in Fig. 11.

As mentioned previously, most reports highlight anti-
inflammatory properties of Scrophularia species. Giner et al
(11) investigated the activity of four glycoterpenoids (two sapo-
nins, verbascosaponin A and verbascosaponin, and two iridoids,
scropolioside A and scrovalentinoside) isolated from S. auricu-
lata ssp. pseudoauriculata in different models of acute and
chronic inflammation and demonstrated the anti-inflammatory
activity in mice against different edema inducers. In another
report (12) five phenylpropanoid glycosides isolated from
the roots of S. scordonia L. have been evaluated as potential
inhibitors of some macrophage functions involved in the inflam-
matory process. They were shown to perform inhibitory effects
on enzymes of the arachidonate cascade (COX-1, COX-2)
and significant reduction of LPS-induced TNF-a production
without relevant effects on the ALOXS pathway. Treating LEC
monolayers with 1 yM synthetic 12(S)-HETE, a metabolite
of arachidonic acid generated by ALOX12/15, caused the
phosphorylation of MLC2 (16) indicating that 12(S)-HETE
induced the motility of LECs thereby provoking an early step of
metastasis (15,17). This observation is also consistent with an
inflammatory process, which is accompanied by the acquisition
of a mobile phenotype of the affected cells reflecting ‘epithe-
lial to mesenchymal transition’ [EMT; (57)]. Interestingly, the
extract of S. lucida activated the mobility marker MLC2 (data
not shown). It was expected that MLC2 would become inhib-
ited, because of the markedly attenuated formation of CCIDs.
Therefore, other activities suppressing LEC migration must
have prevailed over MLC2 activation and the NF-kB inhibitory
property of S. lucida is a likely candidate for this effect. As
Scrophularia species have been used as remedies for different
skin diseases, including scabies, eczema and psoriasis (8) the
partly pro-migratory property inducing MLC2 phosphorylation
could be an explanation for this wound healing effect, which
depends on the plasticity of cells.

Furthermore, an ethanol extract prepared from the aerial
parts of S. striata Boiss significantly and dose-dependently
inhibited matrix metalloproteinase (MMP) activity (58).
According to the critical role of MMPs in tumour invasion,
metastasis and neovascularisation, the inhibition of the degra-
dation of components of the extracellular matrix is a promising
approach for the prevention of cancer progression. In order
to develop distal metastasis a tumour cell has to encompass
different steps: local infiltration into the adjacent tissue, intrava-
sation, survival within the circulatory system, extravasation
and subsequent proliferation leading to colonization (57,59).
Inhibiting the first steps of this multi-step process should be
a major goal of cancer therapy. We could demonstrate that S.
lucida exhibited significant inhibition of CCID formation and
MMP2 and MMP9 play a significant role in this particular
assay (15).

In conclusion, we were able to show that the species
S. lucida, which is a genus widely used as folk remedy, exhibits
strong anti-proliferative and killing effects on cancer cells
and strong anti-invasive properties. The fractionation of the
methanol extract will be a mandatory future approach to iden-
tify the compounds responsible for the anti-proliferative and
anti-metastatic properties.
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