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New bis(acridine-9-carboxylate)-nitro-europium(Ill) dihydrate complex was synthesized and character-
ized. In vivo anti-angiogenic activities of bis(acridine-9-carboxylate)-nitro-europium(IIl) dihydrate com-
plex against Ehrlich ascites carcinoma (EAC) cells are described. The newly synthesized complex resulted
in inhibition of proliferation of EAC cells and ascites formation. The anti-tumor effect was found to be
through anti-angiogenic activity as evident by the reduction of microvessel density in EAC solid tumors.
The anti-angiogenic effect is mediated through down-regulation of VEGF receptor type-2 (Flk-1). The
complex was also found to significantly increase the level of caspase-3 in laboratory animals compared
to the acridine ligand and to the control group. This was also consistent with the DNA fragmentation
detected by capillary electrophoresis that proved the apoptotic effect of the new complex. Our complex
exhibited anti-angiogenic and apoptotic activity in vivo, a thing that makes it a potential effective che-
motherapeutic agent. The interaction of calf thymus DNA (ct-DNA) with bis(acridine-9-carboxylate)-
nitro-europium(IIl) dihydrate complex has been investigated using fluorescence technique. A competitive
experiment of the europium(IIl)-acridine complex with ethidium bromide (EB) to bind DNA revealed that
interaction between the europium(Ill)-acridine and DNA was via intercalation. The interaction of the syn-
thesized complex with tyrosine kinases was also studied using molecular docking simulation to further
substantiate its mode of action.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Angiogenesis is a physiological process that is needed for tumor
growth and metastasis formation. It is an extremely necessary pro-
cess for tumor cells growth as it provides the oxygen and nutrient
required.! Therefore, enormous researches have focused on the
development of angiogenesis inhibitors that target tumor vascula-
ture as anticancer drugs.?™

Apoptosis is an essential cellular process that regulates and
maintains the balance between proliferation, growth arrest and
cell death. Apoptosis differs from necrosis in that it happens in a
controlled and regulated manner. Specific signals trigger the pro-
cess of apoptosis leading to a number of cellular biochemical and
morphological changes. The chemotherapeutic cancer treatment
through induction of apoptosis has now become one of the most
important fields of anticancer research with considerable efforts
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being focusing on finding active selective and less toxic
candidates.>®

Recent preclinical studies showed synergistic action between
apoptosis and anti-angiogenic therapy.”~® Belakavadi and Salimath
8 have also addressed the synergy between apoptosis and anti-
angiogenesis through induction of caspase-3 and down regulation
of VEGF expression, respectively. An improved efficacy in lung can-
cer progression has also been demonstrated through the combina-
tion of antiangiogenic and apoptotic effects.”

In recent years, one of the successful and effective approaches
in the search for new chemotherapeutic agents is the development
of new rare earth metals-based anti-cancer agents. A number of
lanthanide complexes have been synthesized and the evaluation
of their cytotoxic activities have revealed potential promising anti-
tumor agents.'%13

Acridine and its derivatives are planar tricyclic aromatic mole-
cules, with anticancer potential that was first noted in the 1920s.
Since then, a large number of acridines have been tested as antitu-
mor agents.!4'® Moreover, some acridines have been used as
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antibacteria anti-malarial?®® and anti-inflammatory agents.?!
Also, Acridines can be interconverted relatively easily, a property
that helped in the design of several synthetic compounds from
acridine nucleus.?>?3

In this work, a novel Eu(Ill) complex containing 9-acridine car-
boxylate (9-ACA) was synthesized and characterized. The anti-
tumor effect of that complex against Ehrlich ascites tumor (EAC)
cells was tested. The results showed an evidence that Eu(IIl)-com-
plex containing 9-acridine carboxylate induced apoptosis in EAC
cells through caspase-3 activation resulting in DNA fragmentation.
Furthermore, an anti-angiogenic effect of that complex mediated
by down-regulation of VEGF receptor type-2 (Flk-1) and CD31
was also observed. Carboplatin as a reference drug has been used
in the current study. This drug has been proven to be significantly
less in antiangiogenic activity and VEGFR (Flk-1) and CD31 agonist
activity. The fluorescent ethidium bromide measurements were
carried out to investigate the binding mechanism of bis(acridine-
9-carboxylate)-nitro-europium(Ill) dihydrate complex with DNA.
Knowing that FlIk-1 is a tyrosine kinase receptor, molecular docking
simulation was used to study the interaction of the complex with
different tyrosine kinases known to be associated with cancer
pathogenesis to further confirm the antiangiogenic activity of the
complex.

2. Experimental
2.1. Materials and reagents

Eu(NO3)3-5H,0 and 9-acridine carboxylic acid (9-ACA) were
purchased from Sigma and used without further purification. Car-
boplatin was purchased from (MP Biomedicals, LLC, France). GF-1
DNA Extraction Kit was purchased from Vivantis. Primary antibody
Flk-1 was purchased from (Santa Cruz Biotechnology, CA, USA),
anti-CD31 Class II was purchased from (Dako cytomation, Carpin-
teria, USA), caspase-3 antibody was purchased from (Thermo Fish-
er Scientificc, UK). DNA concentrations were determined by
absorption spectroscopy using the molar coefficient of
6600 M~'cm™' at the wavelength of 260 nm. A solution of ct-
DNA in the buffer gave a ratio of UV absorbance of about 1.89 at
260 and 280 nm, indicating that the ct-DNA was sufficiently free
of protein.

2.2. Apparatus

Fluorescence spectra of ethidium bromide displacement were
carried out with Jasco-6300 spectrofluorometer equipped with a
150 W xenon lamp source and quartz cells of 1 cm path length.
The slit widths of excitation and emission wavelength were
5 nm/5 nm. Elemental analysis was carried out by Elementar vario;
thermogravimetric analysis was carried out by (a Shimazdu
TGDTA). 'H and '>C NMR spectra were recorded on a Joel-400
NMR, Mass spectrometry was carried out by Shimazdu Qp-2010
plus mass analyzer, elemental analysis was carried out by elemen-
tar vario, the infrared spectra were obtained in the 4000-400 cm "
region by using Bruker Alpha with KBr discs. Melting point was
determined on a MEL-TEMP II apparatus. Nanodrop spectropho-
tometer model ND 1000 was used for measuring DNA concentra-
tions. Multi-capillary electrophoresis QIAxcel (QIAGEN Germany)
system was used for DNA fragmentation analysis.

2.3. Synthesis and characterization of bis(acridine-9-
carboxylate)-nitro-europium(Ill) dihydrate complex

The 9-acridine carboxylic acid (1.0 mmol, 0.224 g) was dis-
solved in ethanol (20 mL) and triethylamine (1.0 mmol, 0.102 g)
was then added. The solution was stirred for 15 min at room
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Scheme 1. Suggested structure of the Bis(acridine-9-carboxylate)-nitro-euro-
pium(IIl) dihydrate complex.

temperature. Eu(IlI)(NOs3);-5H,0 (0.5 mmol) was dissolved in
20 mL ethanol and then added slowly with vigorous stirring to
the 9-acridine carboxylic acid solution. The precipitate appeared
immediately after mixing the two solutions. Then the mixture
was allowed to stir overnight at room temperature. This product
was collected by filtration, purified by washing several times with
hot ethanol and dried in vacuum over P401,. The structure of Eu(III)
complex as suggested in Scheme 1 was confirmed from analytical
analysis, "H NMR, '3C NMR, IR spectroscopic methods, and thermal
analysis.

2.4. Tumor cell line

Ehrlich ascites carcinoma (EAC) cell line was purchased from
the Tumor Biology Department, National Cancer Institute, Cairo
University (Cairo, Egypt). EAC is a murine spontaneous breast can-
cer from which an ascites variant was obtained. The tumor cell line
was maintained in our laboratory by serial intraperitoneal (ip) pas-
sage in female Swiss albino mice at 7-10 day interval. Tumor cells
were tested for viability and contamination using trypan blue dye
exclusion technique.?*

2.5. In vivo anti-tumor activity

2.5.1. Experimental animals

All animal procedures and experimental protocols were carried
out in accordance with the guide for the care and use of laboratory
animals. Swiss albino mice weighing 20-25 g were obtained from
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the Egyptian organization for biological products and vaccines
(Vacsera, Egypt). They were housed under controlled conditions
(25 £ 1 °C, constant temperature, 55% relative humidity, and 12 h
dark/light cycles), food and water were allowed ad libitum through-
out the study period.

2.5.2. Induction of solid tumors

EAC cells were suspended in normal saline so that each 100 pl
contains 2.5 x 10° cells. Each mouse was inoculated intradermally
(id) at 2 sites bilaterally on the lower ventral side with 100 pl EAC
suspension on each site.?>

2.5.3. Induction of ascites

In a parallel experiment, mice were injected intraperitoneally
(ip) with 100 ul EAC suspension (5 x 10° cells)/mouse to induce
ascites. These mice received the same pharmacological treatment
as explained below.825-28 At the end of the experiment, the ascites
fluids were collected and divided into two portions, the 1st portion
was immediately snap frozen in liquid nitrogen for the DNA extrac-
tion and the other portion was used for the determination of EAC
cell counts.

2.5.4. Pharmacological treatment

The mice were randomly assigned into 3 main groups, 8 mice
each. The first group received vehicle injection (DMSO in PBS)
and served as control. Second and third groups were injected daily
with 5 mg/kg (ip) of 9-acridine carboxylic acid or bis(acridine-9-
carboxylate)-nitro-europium(Ill) dihydrate complex, respectively.
The complex was dissolved in 10% DMSO:PBS v/v the concentra-
tion used is 5 mg/kg and the injected volume was 100 pl. All treat-
ments started 6 days after tumor cells inoculation.6-28 At the end
of the experiment, mice were sacrificed by cervical dislocation
then tumors were excised and fixed in 10% neutral buffered
formalin.

2.5.5. DNA extraction

DNA was purified from Ehrlich ascites carcinoma cells using the
GF-1 DNA extraction kit (Vivantis). DNA fragments were analyzed
in the automatic multi-capillary electrophoresis QIAxcel system.
Isolated DNA was placed in the instrument sample tray, 10 pl of
the DNA samples were automatically injected into the capillary
channel and subjected to electrophoresis according to the protocol
AM320 (applied separation time: 323 s, method separation time:
320s, method injection time: 10 s, method separation voltage:
6.0 kV and method injection voltage: 5.0 kV) of the QIAxcel DNA
Screening Kit.

2.5.6. Inmunohistochemistry

Sections were cut into 4 pul then fixed in a 65 °C oven for 1 h. Tri-
ology (Cell Marque, CA-USA. cat# 920p-06) is a product that com-
bines the three pretreatment steps: deparaffinization, rehydration
and unmasking. Using this product enhances standardization of
the pretreatment procedure, thereby producing more consistent,
more reliable results. Slides were placed in a coplin jar filled with
60 mL of triology working solution and the jar is securely posi-
tioned in the autoclave. The autoclave was adjusted so that tem-
perature reached 120 °C and maintained stable for 15 min after
which pressure was released and the coplin jar was removed to al-
low slides to cool for 30 min. Sections were then washed and im-
mersed in TBS to adjust the pH, this is repeated between each
step of the IHC procedure. Quenching endogenous peroxidase
activity was performed by immersing slides in 3% hydrogen perox-
ide for 10 min. Broad spectrum LAB-SA detection system from
Invitrogen (Cat# 85-9043) was used to visualize any antigen-anti-
body reaction in the tissues. Background staining was blocked by
putting 2-3 drops of 10% goat non immune serum on each slide

and incubating them in a humidity chamber for 10 min. Without
washing, excess serum was drained from each slide and 2-3 drops
of the ready to use primary mouse antibody FIk-1, anti-CD31 Class
Il and anti-caspase-3 were applied, then slides were incubated in
the humidity chamber for 1 h. Henceforward, biotinylated second-
ary antibody was applied on each slide for 20 min followed by
20 min incubation with the enzyme conjugate. DAB chromogen
was prepared and 2-3 drops were applied on each slide for
2 min. DAB was rinsed, after which counterstaining and cover slip-
ping were performed as the final step before slides were examined
under the light microscope.

2.5.7. Tumor mass

All tumors, 2-discs/animal, were punched out, weighed imme-
diately, and the average weight was calculated. All tumors were
then kept in 10% neutral buffered formalin for histological
evaluation.

2.6. Cytotoxicity assay in vitro

Standard MTT assay procedures was used to test the cytotoxic-
ity of the bis(acridine-9-carboxylate)-nitro-europium(Ill) dihy-
drate complex and 9-acridine carboxylic acid ligand.?® Cells were
grown as monolayer in Eagle’s minimum essential medium
(MEM) with 10% inactivated fetal calf serum and 50 pg/mL genta-
micin in 96-well microassay culture plates (10 x 10 cells per well)
and grown for 24 h at 37 °C in a humidified incubator with 5% CO,.
Control wells were prepared by addition of culture medium and
cisplatin were used as negative and positive control, respectively.

The monolayers were then washed with sterile phosphate buf-
fered saline (0.01 M pH 7.2) and simultaneously the cells were
treated with 100 pl from different concentration (1-50 uM) from
the bis(acridine-9-carboxylate)-nitro-europium(Ill)  dihydrate
complex and 9-acridine carboxylic acid ligand in fresh mainte-
nance medium and incubated at 37 °C. Six wells were used for each
concentration of the tested compounds. After 24 h the number of
cells was determined using the MTT assay and read the absorbance
at 590 nm using ELISA reader and the absorbance reading of the
untreated cells were considered as 100% proliferation.

2.7. Quantification of immunohistochemistry

For quantitative analysis, the area percentage of immunoreac-
tive cells was used as a criterion of cellular activity after substract-
ing background noise. Measurement was done using an image
analyzer (Image] programme, 1.41a, NIH, USA). From each slide
of all experimental groups, seven fields were randomly selected;
area percentage of nine random parts within each field was ana-
lyzed and the mean for them was expressed as field area percent.
The average of the seven fields was obtained for each slide.

2.8. Data analysis

Statistics were calculated with graph pad for windows version
5.0, the mean values obtained in the different groups were com-
pared by one way ANOVA followed by Tukey multiple comparison
test. All results were expressed as mean values +SD. A P value
<0.05 was considered statistically significant.

2.9. Molecular modeling

All molecular modeling studies were performed on a
Hewlett-Packard Pentium Dual-Core T4300 2.10 GHz running Win-
dows 7 Ultimate using molecular operating environment (MOE)
2008.10°° molecular modeling software. The studied enzymes and
DNA are all crystal structure determined by X-ray crystallography
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to a high resolution and co-crystallized with inhibitors. The 3D
structure of these enzymes and DNA were downloaded in PDB
format from the Protein Data Bank (PDB) website®! and used in
the docking studies.

The docking studies were performed after deleting the
co-crystallized inhibitors from the active site. Ligands were then
docked within the active site of the crystallized structures using
MOE dock tool in MOE, performed with the default values. The
active site was defined by all the amino acid residues involved in
the interaction with the co-crystallized inhibitors. The output
databases of MOE docking were checked and evaluated visually
for any interactions established between the active site and the
proposed inhibitors. The docking pose of the proposed inhibitors
were also compared to that of the known co-crystallized inhibitors.

3. Result

3.1. Chemistry of bis(acridine-9-carboxylate)-nitro-
europium(Ill) dihydrate complex

The bis(acridine-9-carboxylate)-nitro-europium(Ill) dihydrate
complex was synthesized through the reaction of acridine-9-car-
boxylic acid and europium nitrate penthydrate in the presence of
triethylamine in ethanol at room temperature. The reaction mix-
ture was stirred overnight and the precipitate formed was filtered
and dried over phosphorous pentoxide. The complex is air stable
for extended periods and soluble in DMSO and DMF; insoluble in
alcohol, benzene, water, and diethyl ether. Because of the insolu-
bility of the complex in suitable solvents we were unsuccessful
in growing crystals for single crystal X-ray structural studies. The
molar conductance value is 26 ohm~! mol~! cm? in DMF, showing
that the Eu(Ill) complex is non-electrolytic in DMF. The molar con-
ductance of Eu(NOs); was measured and was found to be
412 ohm~! mol~! cm?. The low molar conductance of the synthe-
sized compound suggested that a complex is formed rather than
a salt. The elemental analysis suggests that the formula of the com-
plex is [Eu (9-ACA),(NOs3)]-2H,0, mp: over 300 °C; elemental anal-
ysis calculated (%): C, 48.28; H, 2.87; N, 4.02; Eu(IIl) 21.8; found: C,
48.54; H, 3.1; N, 4.9; Eu(IIl) 20.04.

3.1.1. Thermal analysis

The thermal decomposition of the [Eu(9-ACA),(NOs)]-2H,0
complex was studied using the thermogravimetric (TG) and differ-
ential thermal analysis (DTA) techniques. The experiment was per-
formed under N, atmosphere with a heating rate of 10 °C/min in
the temperature range of 25-800 °C. The TG curve exhibits many
steps of weight losses. The first mass loss is due to dehydration
with loss of non coordinating water (2H,O0; calculated =5.17%;
found = 5.22%). The appearance of the endothermic peaks on the
DTA curve observed at 48.5 °C could be confirmed as phase transi-
tion. The second weight loss peak occurred at 210 °C combined
with endothermic peak could be due to the removal of nitrate (cal-
culated = 8.91%; found = 8.22%). The third significant weight loss of
65.51% occurred at 491 °C corresponding to the decarboxylation
and decomposition of 9-ACA ligand (calculated: 64.08%;
found = 65.51%). The decomposition of 9-ACA was ac companied
by strong endothermic peak on DTA curve. The remaining weight
of 24.84% corresponds to the final thermal decomposition residue
is Eu,0s.

3.1.2. Infrared spectra

In the IR spectral data ligand of 9-ACA showed that, broad and
weak bands centered at 3445 cm™~! which can be attributed to the
OH group. In addition, the high strong sharp band which observed
at 1651 cm™! could be referred to the C=0 group. The strong band

which appeared at 1606 cm~! was assigned to C=C of aromatic

ring. The Eu(lll) complex exhibited broad weak band centered at
3365 cm™!, which could be assigned as the stretching band for
the water molecules. The strong band which appeared at
1651 cm™! in 9-ACA, which was ascribed to C=0, gave downshift
to 1553 cm™! in the Eu(lll) complex. This emphasizes that the
involvement of the of C=0 group in the chelation process of the
Eu(lll) complex. The complex showed a medium band at
417 cm~! which could be assigned as stretching of the Eu-O
bound. The bands around 1520 and 1300 cm~! which assigned as
stretching vibration of nitrate group were splitted by 240 cm™!
which indicate the bidentate nature of the nitrate group.

3.1.3. Mass spectroscopic studies

The interpretation of the mass experiment results showed the
molecular ion peak (M*) at 694 m/z which correspond to the
molecular weight of the proposed bis(acridine-9-carboxylate)-ni-
tro-europium(Ill) dihydrate complex [Eu(9-ACA)(NOs)]-2H,0.
Other peaks at 658 and 596 m/z are due to M-2H,0, and M-
(NO3 + 2H,0), corresponding to the loss of the two molecules of
water of hydration and nitrate group, respectively. Other fragmen-
tation peaks were corresponding to the acridine-9-carboxylate
which was found not very useful in confirming the structure of
the complex.

3.1.4. 'H and 3C NMR spectra

The 'H NMR spectra of 9-ACA and its bis(acridine-9-carboxyl-
ate)-nitro-europium(Ill) dihydrate were measured and analyzed
to confirm the complex formation. The chemical shifts of the 'H
NMR spectra in DMSO-dg were presented as follows: 9-ACA: 'H
NMR (DMSO-dg): 8.68 (s, 1H, H10), 7.83 (d, J = 8.1, 2H, H1, H9),
7.67 (d, J=8.2, 2H, H4, H6), 7.38 (m, 2H, H2, H8), 7.32 (m, 2H,
H3, H7); Eu-(9-ACA)2 complex: 'H NMR (DMSO-dg): 7.71 (d,
J=17.9, 4H, H1, H9), 7.67 (d, J=8.0, 4H, H4, H6), 7.24 (m, 4H,
H2, H8), 7.21 (m, 4H, H3, H7). 3*C NMR (DMSO-dg: ppm):
163.51 (C=0), 148.64 (N-C), 131.95 (C-C=0), 130.2 (C-Ar),
129.1 (C-Ar), 124.15 (C-Ar), 122.96 (C-Ar), and 121.4 (C-Ar). A
survey of the spectral data reveals slight change in chemical shifts
of the 'H in the Eu(lll) complex spectrum relative to the free li-
gand. The carboxylic proton (8.68 ppm) peak was absent in the
spectrum of the complex due to the deprotonation of the carbox-
ylic group.

3.2. Bis(acridine-9-carboxylate)-nitro-europium(III) dihydrate
complex inhibits tumor proliferation and decreases the ascites
secretion from EAC cells in vivo

To determine the in vivo effect of bis(acridine-9-carboxylate)-
nitro-europium(IIl) dihydrate complex on tumor cell growth, ehr-
lich ascites carcinoma cells (EACs) were treated with bis(acri-
dine-9-carboxylate)-nitro-europium(Ill)  dihydrate  complex,
Carboplatin or acridine-9-carboxylic acid only. As shown in Fig-
ure 1(B), single treatment with bis(acridine-9-carboxylate)-nitro-
europium(IIl) dihydrate complex produced a significant reduction
(P <0.05) in tumor mass on day 14 post-inoculation as compared
to carboplatin, acridine-9-carboxylic acid, and untreated control
animals.

Moreover, reduction of ascites formation by treatment with
bis(acridine-9-carboxylate)-nitro-europium(IIl) dihydrate complex
was confirmed using trypan blue exclusion method.?* As shown in
Figure 1(B), single treatment with bis(acridine-9-carboxylate)-ni-
tro-europium(Ill) dihydrate complex significantly reduced the
number of EAC cells (P <0.05) after 7 days of treatment as com-
pared to the acridine-9-carboxylic acid treated group, carboplatin
as well as untreated control animals.
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Figure 1. (A) Statistical analysis of the [Eu(9-ACA);(NO3)]-2H,0 complex treatment on solid tumor mass. (B) Statistical analysis of the [Eu(9-ACA),(NOs)]-2H,0 complex
treatment on number of Ehrlich ascites carcinoma cells (EACs). Data represent mean + S.E.

3.3. Effect of bis(acridine-9-carboxylate)-nitro-europium(III)
dihydrate complex on tumor angiogenesis

To investigate the effect of the newly synthesized compound on
the tumor angiogenesis, the expression of CD31 and VEGF receptor
type-2 (Flk-1) were evaluated.

CD31, or platelet endothelial cell adhesion molecule-1 (PE-
CAM-1), is found in large quantities on the surface of endothelial
cells (ECs) and is less abundant on platelets and leukocytes. It
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plays a major role in a number of cellular interactions, particu-
larly in adhesion between ECs and polymorphonuclear leuko-
cytes, monocytes, and lymphocytes during inflammation, and
between adjacent ECs during angiogenesis.>>*®> By examining
the immunohistochemical staining for CD31 of tumor sections
from the control and treated groups, a marked decrease of
immunohistochemical staining of the CD31 was observed in
the treated group in comparison to control group as shown in
Figure 2A.
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complex

Figure 2. (A) Effect of treatment of [Eu(9-ACA),(NOs)]-2H,0 complex on CD31 assessed immunohistochemically on day 14 post-inoculation of EAC cells in Swiss albino mice
(A) control; (B) 9-ACA treatment; (C) carboplatin treatment; (D) [Eu(9-ACA),(NOs)]-2H,0 complex treatment. (B) Statistical analysis of the [Eu(9-ACA),(NOs)]-2H,0 complex
treatment on CD31 assessed immunohistochemically on day 14 post-implantation of EAC cells in Swiss albino mice. Data represent mean * S.E.
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Figure 3. (A) Effect of treatment of [Eu(9-ACA),(NO3)]-2H,0 complex on VEGFR assessed immunohistochemically on day 14 post-inoculation of EAC cells in Swiss albino mice
(A) control; (B) 9-ACA treatment; (C) carboplatin treatment; (D) [Eu(9-ACA);(NO3)]-2H,0 complex treatment. (B) Statistical analysis of [Eu(9-ACA),(NO3)]-2H,0 complex
treatment on VEGFR assessed immunohistochemically on day 14 post-inoculation of EAC cells in Swiss albino mice. Data represent mean * S.E.

Bis(acridine-9-carboxylate)-nitro-europium(IIl) dihydrate com-
plex produced a highly significant (P <0.05) reduction in
microvessel density on day 14 compared to carboplatin, acridine-
9-carboxylic acid, and untreated control animals (Fig. 2B)*%33,

VEGF and its receptors, type-1 (Flt-1) and type-2 (Flk-1), have
been implicated as key components in the vascularization of tu-
mors. However, most of the VEGF angiogenic properties are medi-
ated through interaction with VEGF receptor type-2.2°

Sections of tumors from all untreated and treated groups were
stained for VEGF receptor (Flk-1) to study tumor angiogenesis as
shown in Figure 3A, a marked decrease of immunohistochemical
staining of the Flk-1 was observed in the treated group in compar-
ison to carboplatin, acridine-9-carboxylic acid, and untreated con-
trol animals.

Quantitative analysis indicated that, strong cytoplasmic
expression of Flk-1 was observed in all EACs in the control and
acridine-9-carboxylic acid only treated groups. Treatment with
bis(acridine-9-carboxylate)-nitro-europium(Ill) dihydrate complex
showed a highly significant reduction of the expression of
Flk-1(P <0.05) as shown in Figure 3(B).

3.4. Effect of bis(acridine-9-carboxylate)-nitro-europium(III)
dihydrate complex on caspase-3 expression

The caspases are a family of proteins that are one of the main
executors of the apoptotic process. Out of all caspases, the cas-
pase-3 is a frequently activated death protease and is indispensible
for DNA fragmentation, chromatin condensation and the formation
of apoptotic bodies in all the cell types tested.>**> To determine

whether caspase-3 is involved in bis(acridine-9-carboxylate)-ni-
tro-europium(IIl) dihydrate complex-induced apoptosis, caspase-
3 expression was evaluated in all groups immunohistochemically.
The result showed that treatment of EAC cells with bis(acridine-9-
carboxylate)-nitro-europium(Ill) dihydrate complex gradually
increased the caspase-3 expression (Fig. 4A). These results demon-
strate the involvement of caspases-3 bis(acridine-9-carboxylate)-
nitro-europium(Ill) dihydrate complex-induced apoptosis.

Quantitative analysis of intratumoral caspase-3 expression
showed more than tenfold increase in the area percentage of the
group treated with bis(acridine-9-carboxylate)-nitro-europium(III)
dihydrate complex treated in comparison to carboplatin, acridine-
9-carboxylic acid or untreated control animals (P <0.05) as shown
in Figure 4B.

3.5. Bis(acridine-9-carboxylate)-nitro-europium(IIl) dihydrate
complex-induces DNA fragmentation of EAC cells

One of the hallmarks of apoptosis is the cleavage of chromo-
somal DNA into nucleosomal units. The caspases play an impor-
tant role in this process by activating DNases, inhibiting DNA
repair enzymes and breaking down structural proteins in the nu-
cleus.>**> Induction of EAC cell apoptosis by bis(acridine-9-car-
boxylate)-nitro-europium(Ill) dihydrate complex, as shown in
our results in vivo, explains the apoptotic action of bis(acridine-
9-carboxylate)-nitro-europium(Ill) dihydrate complex towards
EAC cells through caspase-3 activation. Bis(acridine-9-carboxyl-
ate)-nitro-europium(Ill) dihydrate complex treatment caused
DNA fragmentations as was evident by the formation of DNA
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Figure 4. (A) Effect of treatment of [Eu(9-ACA),(NOs3)]-2H,0 complex on caspase-3 assessed immunohistochemically on day 14 post-inoculation of EAC cells in Swiss albino
mice (A) control; (B) 9-ACA treatment; (C) carboplatin treatment; (D) [Eu(9-ACA),(NO3)]-2H,0 complex treatment. (B) Statistical analysis of [Eu(Ill)-(9-ACA),] complex
treatment on caspase-3 assessed immunohistochemically on day 14 post-inoculation of EAC cells in Swiss albino mice. Data represent mean + S.E.

Figure 5. Effect of [Eu(9-ACA)>(NO3)]-2H,0 complex on genomic DNA of EAC cells,
Lane 1: DNA of EAC untreated, Lane 2: DNA of EAC treated with [Eu(9-
ACA)»(NO3)].2H,0 complex.

ladder in EAC cells. This indicates the apoptotic role of Eu-com-
plex in EAC cells (Fig. 5).

Figure 6 shows the data of DNA fragments analysis of the ex-
tracted DNA from EAC cells treated by bis(acridine-9-carboxyl-
ate)-nitro-europium(Ill) dihydrate complex for 7 days. Many
peaks appeared and their migration time was compared to those
of the standard DNA ladder marker 15-1000 bp. Peaks having a
size of about 25-131 bp can be regarded as cleaved DNA fragments
of short length while peaks having a size of about 156-800 bp are
corresponding to one to six nucleosomes. Induction of apoptosis
results in the formation of nucleosomes of DNA fragments with re-
peat lengths that may range from 160 to 240 bp.36-38

3.6. Cytotoxicity assay in vitro

The cytotoxicity in vitro assay for bis(acridine-9-carboxylate)-
nitro-europium(IIl) dihydrate complex and acridine-9-carboxylatic
ligand was assessed using the method of MTT reduction. Cisplatin
was used as a positive control. After treatment of MCF-7 cell line
for 24 h with each of complex and ligand in the range of concentra-
tion (1-50 uM). The inhibitory percentage against growth of cancer
cells was determined. The cell viability (%) obtained with continu-
ous exposure for 24 h and the cytotoxicity of complexes was found
to be concentration-dependent. The cell viability decreased with
increasing the concentrations of the complex.

As shown in Table 1 bis(acridine-9-carboxylate)-nitro-euro-
pium(Ill) dihydrate complex inhibited the growth MCF7 cell line
with ICso values of 14.3 £2.2 uM. The complex showed better
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Figure 6. Capillary electropherogram of DNA extracted from EAC cells after treatment with [Eu(9-ACA)(NOs)]-2H,0 complex in vivo.
Table 1

In vitro anticancer screening of the synthesized Bis(acridine-9-carboxylate)-nitro-
europium(IIl) dihydrate complex against human breast cell line (MCF7)

Compound MCF7 ICs¢ (LM)
Cisplatin 12.7+£2.2
9-Acridine carboxylic acid 21.5+3.1
Eu(IIT)-complex 143 +2.6

cytotoxicity compared to the ligand (ICso=21.5+3.1) and closed
cytotoxicity compared to the standard cisplatin (ICso values of
12.7 £2.6 uM).

3.7. DNA binding studies

3.7.1. Fluorescent ethidium bromide displacement assay

The DNA-binding modes of the complex were further moni-
tored by a fluorescent EB displacement assay. It is well known that
EB can emit intense fluorescence in the presence of DNA, due to its
strong intercalation between DNA base pairs. It was previously re-
ported that the enhanced fluorescence can be quenched by the
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Figure 7. Fluorescence spectra of the combination of 5 x 104 EB and 10 umol L~!
DNA in the absence and presence of increasing amounts of Eu(9-ACA)(NO3)]-2H,0
complex. Zex = 340 nm, Zem = 525-650 nm. Arrows show the intensity changes upon
increasing concentration of the complex.
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Figure 8. The Stern-Volmer quenching curves of EB+DNA with (1) [Eu(9-
ACA),(NO3)]-2H,0 complex and (2) with acridine-9-carboxylic acid.

addition of a second molecule.>® The quenching extent of fluores-
cence can be used to determine the extent of binding between
the Eu(Ill)-complex and ds-DNA. As shown in Figure 7 the intensity
of emission band at 601 nm of the EB-DNA system was reduced
with the increasing of the concentration of the Eu(Ill)-complex,
which indicated that the complex could displace EB from the EB-
DNA system.*04!

The quenching plots illustrate that the quenching by the
complexes are in good agreement with the linear Stern-Volmer
equation as displayed in Figure 8. According to the classical
Stern-Volmer equation: Fo/F = 1 + K, [Q], where Fy and F represent
the fluorescence intensities in the absence and presence of the
complex, respectively, Q is the concentration ratio of the complex
to DNA. K, is a linear Stern-Volmer quenching constant. The K,
values for complex and 9-ACA are 1.8 (+0.5) x 10* M~! and 0.8
(+0.4) x 10* M, respectively.

3.8. Molecular docking of bis(acridine-9-carboxylate)-nitro-
europium(Ill) dihydrate complex interaction Telomeric G-
quadruplex DNA interaction

The promising results obtained from the Eu(Ill)-complex inter-
action with DNA stimulated us to further substantiate the results
with molecular modeling studies and working on the only and
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recently metal complex crystal structure bound to human telomer-
ic G-quadruplex DNA in PDB.

The first X-ray crystal structures of nickel(Il) and copper(Il) sal-
phen metal complexes bound to a human telomeric G-quadruplex
DNA has been recently precipitated in PDB (PDB code 3QSF). The
formation of these quadruplexes in telomeres is responsible for
maintaining length of telomeres and is involved in around 85% of
all cancers. This is an active target of anticancer drug
discovery.4>%3

The docking studies revealed that the docking pattern of the
proposed inhibitors is very close to that of the crystallized ligand
suggesting a possible similar mode of action as shown in Figure 9.
The molecule is interposed between the two DNA strands with its
metal ion coordinated to a guanine oxygen and holding the two
acridine rings in an imperfectly-planar conformation that allows
hydrophobic interaction each with one of the two DNA strands.
This pose also suggests a potential similar interaction at other sites
of DNA through a bifunctional mechanism of action.

3.9. Molecular docking of bis(acridine-9-carboxylate)-nitro-
europium(IIl) dihydrate complex interaction with tyrosine
kinases

Several BCR-ABL crystal structure co-crystallized with known
inhibitors were downloaded from PDB and their binding modes
were investigated (PDB codes 3CS9, 31K3, 3K5V, 3QRI, 3QRK). Study
of the 3D structures revealed that all the inhibitors showed a sim-
ilar binding mode with amino acids Glu 286, Thr 315, Met 318, Asp
381 are common residues in ligand binding. Docking of our pro-
posed inhibitor showed that the compound also fitted well in the
enzyme active site and established good interaction with the same
key residues (Fig. 10).

The metal coordinated oxygen and the acridine nitrogen estab-
lish hydrogen bonds with Thr 315 side chain and Met 318 back-
bone, respectively. The other acridine nitrogen also forms
hydrogen bond with Glu 286 side chain and is nearby for potential
interaction with side chain and backbone of Asp 381 (Fig. 10).

Figure 9. (A) Bis(acridine-9-carboxylate)-nitro-europium(Ill) dihydrate complex bind human telomeric G-quadruplex DNA. Distances in A are indicated by green lines for
potential bonding. (B) Bis(acridine-9-carboxylate)-nitro-europium(Ill) dihydrate complex binding to human telomeric G-quadruplex DNA represented as an electrostatic

potential surface.

Figure 10. (A) Bis(acridine-9-carboxylate)-nitro-europium(Ill) dihydrate complex binds the active site of human BCR-ABL kinase. Distances in A are indicated by green lines
for potential hydrogen or coordination bonding. Backbones are represented as red lines. (B) Bis(acridine-9-carboxylate)-nitro-europium(IIl) dihydrate complex binding to the
active site of human BCR-ABL kinase. Represented as an electrostatic potential surface.
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Figure 11. (A) Bis(acridine-9-carboxylate)-nitro-europium(IIl) dihydrate complex binds the active site of human c-kit kinase. Distances in A are indicated by green lines for
potential hydrogen or coordination bonding. Backbones are represented as red lines. (B) Bis(acridine-9-carboxylate)-nitro-europium(Ill) dihydrate complex binding to the

active site human c-kit kinase. Represented as an electrostatic potential surface.

Figure 12. (A) Bis(acridine-9-carboxylate)-nitro-europium(Ill) dihydrate complex binds the active site of human EGFR kinase. Distances in A are indicated by green lines for
potential hydrogen or coordination bonding. Backbones are represented as red lines. (B) Bis(acridine-9-carboxylate)-nitro-europium(IIl) dihydrate complex binding to the

active site of human EGFR kinase. Represented as an electrostatic potential surface.

Other residues involved in ligand binding at the active site include
Val 258, lys 285, Val 289, Met 290, Phe 317, Phe 359, Phe 362.

The crystal structures for the c-kit enzyme found in the PDB in-
clude kit kinase in complex with sunitinib (PDB code 3GOE, 3GOF).
The structures revealed Glu 671, Cys 673 as key residues in ligand
binding. The enzyme active site accommodates the proposed
inhibitor which establishes good interaction with the key residues
in the binding pocket (Fig. 11). The acridine nitrogen forms hydro-
gen bond with Cys 673 backbone and side chain SH and Glu 671
backbone while the metal coordinated oxygen establishes hydro-
gen bond with Thr 670 side chain. The inhibitor is also held tightly
in the active site through establishing hydrophobic interactions
with Trp 557, Val 654, Cys 809, Asp 810.

Searching for the crystal structure of the EGFR kinase in the PDB
revealed the 3D structure of the enzyme co-crystallised with dif-
ferent inhibitors (PDB codes 1XKK, 2ITW, 2ITY, 2JIU, 2]JIV, 2RGP,
3BEL, 3IKA, 3LZB, 3P0Z). The 3D structures revealed a key residue,
Met 793, involved in binding all the inhibitors. The proposed inhib-
itor docked well in the EGFR kinase active site with a docking pat-
tern that allowed possible interaction with Met 793. The metal and
the metal coordinated oxygen are present at a distance from Met
793 backbone oxygen that could allow coordination bond and
hydrogen bond formation, respectively, as shown in Figure 12.

Other residues holding the inhibitor tightly in the active site
through hydrophobic interactions include Lys 721, Lys 745, Met
769, Arg 776, Asp 800, Leu 844, Thr 854. The surface of the BCR-
ABL, c-kit kinase and EGFR kinase binding sites accommodate the
compound without any steric collision (Fig. 10B, Fig. 11B and Fig
12B).

4. Discussion

The aim of this study was to determine if bis(acridine-9-carbox-
ylate)-nitro-europium(Ill) dihydrate, a new synthesized lantha-
num complex, possesses anti-angiogenic and apoptotic activity
against an animal model of carcinogenesis.

First, new bis(acridine-9-carboxylate)-nitro-europium(IIl) dihy-
drate complex [Eu(9-ACA),(NOs)]-2H,0 was synthesized and char-
acterized. Bis(acridine-9-carboxylate)-nitro-europium(IIl) dehydrate
complex was synthesized by mixing ethanol solutions of acridine-
9-carboxylic acid and the corresponding Eu(Ill) salt, in amounts
equal to a ligand/metal molar ratio of 2:1. The new bis(acridine-9-
carboxylate)-nitro-europium(IIl) dihydrate complex was character-
ized by different physicochemical methods: elemental analyses, 'H
NMR, 1*C NMR, FT-IR, Mass and TGA-DTA measurements. On the ba-
sis of the elemental analysis, thermal decomposition, IR, 'H NMR, '3C
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NMR and mass spectra, the suggested structure of the complex is
consistent with that shown in Scheme 1.

Our next step was to determine if our compounds have an effect
on Ehrlich ascites carcinoma (EAC) in vivo. This is the first report to
show that bis(acridine-9-carboxylate)-nitro-europium(Ill) dihy-
drate complex has antitumor activity as was evident by significant
reduction of both the size of solid tumor and ascites formation in
the current model. Treatment with acridine-9-carboxylic ligand
showed a minimal effect on the growth of Ehrlich ascites carci-
noma. The mechanism by which bis(acridine-9-carboxylate)-ni-
tro-europium(Ill) dihydrate complex induces antitumor effect
involved antiangiogenic activity. Tumor angiogenesis is the prolif-
eration of a network of blood vessels that penetrates into cancer-
ous growth. Angiogenesis is integral to tumor and metastasis.
VEGF is a key player in angiogenesis and is over expressed in a
number of cancers including cancer of colon, breast, lung and pan-
creas.**4> Therefore, agents that inhibit VEGF expression may have
a great role in the treatment of cancer as the loss of VEGF expres-
sion in a tumor causes a dramatic decrease in vascular density and
vascular permeability and increase tumor cell apoptosis.”®

The antiangiogenic effect of bis(acridine-9-carboxylate)-nitro-
europium(IIl) dihydrate was investigated in EAC in vivo in several
ways. First, CD31, one of the most commonly used endothelial cell
markers that highlight tumor blood vessels and reflect degree of
angiogenesis was evaluated.>!? Our results revealed that tumors
from animals treated with bis(acridine-9-carboxylate)-nitro-euro-
pium(Ill) dehydrate complex exhibited reduction of microvessel
density. Second, immunohistochemical analysis showed that
bis(acridine-9-carboxylate)-nitro-europium(Ill) dihydrate complex
down-regulates the expression of Flk-1, which is closely linked
with angiogenesis.

In addition to these results, we found that bis(acridine-9-car-
boxylate)-nitro-europium(Ill) dihydrate complex induced DNA
apoptosis in EAC cells. The study of apoptosis of cancer cell has
been a hotspot in the cancer therapy for a long time. Cell apoptosis
is characterized by endogenous proteases activation, nuclear chro-
matin condensation, cytoplasmic shrinking, dilated endoplasmic
reticulum, and membrane blebbing.*®*” The fragmentation of
DNA into nucleosomal units is caused by CAD enzyme, or caspase
activated DNase. Normally CAD exists as an inactive complex with
ICAD (inactive caspase activated DNase). During apoptosis, ICAD is
cleaved by caspases, to release CAD followed by rapid fragmenta-
tion of the nuclear DNA. Therefore, most dramatic biochemical fea-
ture of apoptosis, is DNA fragmentation occurs as a result of
cleavage of the cell’s DNA at intervals of 160-240 base pairs (bp)
which are the size of oligonucleosomes.>~3’

Therefore, peaks with size 156-800 pb can be regarded as typ-
ical apoptotic DNA fragments, suggesting that the cells underwent
apoptosis after been treated with bis(acridine-9-carboxylate)-ni-
tro-europium(IIll) dihydrate complex for 7 days.

The effect of bis(acridine-9-carboxylate)-nitro-europium(III)
dihydrate complex on Caspase-3 induction has also been studied
to further interpretate the different possible mechanisms by which
the compound can induce apoptosis and killing of the cancer cells.
Caspases are currently considered as the central executioners of
many, if not all, apoptotic pathways. It has been recently shown
that drug-induced cytotoxicity involves proteases of the caspase
family, because specific inhibitors of caspases prevented cell death
after treatment with different anticancer agents.*®~>! The broad
caspase inhibitor benzyloxycarbonyl-Val-Ala-Asp-fluoromethylke-
tone prevented apoptosis and caspase activation in response to
CD95 and drug treatment.”! Caspase-3 is a member of the cysteine
protease family, which plays a crucial role in apoptotic pathways
by cleaving a variety of key cellular proteins. Caspase-3 can be acti-
vated by diverse death-inducing signals, including the chemother-
apeutic agents.>?

The activation of caspases has been mainly studied upon trig-
gering of death receptors, such as CD95. Because apoptosis induced
by anticancer drugs has been proposed to involve CD95/CD95 li-
gand interaction, we investigated the effect of bis(acridine-9-car-
boxylate)-nitro-europium(Ill) dihydrate complex on caspase-3
activation. The results of the immunohistochemistry caspase
induction assay revealed that bis(acridine-9-carboxylate)-nitro-
europium(Ill) dihydrate complex was much superior in caspase-3
induction compared to untreated cancer cell lines and cells treated
with acridine. The concentration mean for caspase-3 expression
was 44.9, 4.7 and 6.5 in case of bis(acridine-9-carboxylate)-nitro-
europium(Ill) dihydrate complex treated cells, untreated cells
and acridine treated cells, respectively.

In the described in vivo study, we have used carboplatin as a
reference drug. This drug has been proven to be significantly less
in antiangiogenic activity and VEGFR and CD31agonist activity
Compared to our complex. However carboplatin was superior in
reducing both tumor mass and tumor volume. Carboplatin and cis-
platin were previously studied in a similar research study carried
by members of the group and the results obtained were consistent
with what we already had in these previous work.

Carboplatin was selected as a reference as it is one of the well-
known metal containing standard anticancer agents.

The results of the in vitro assay demonstrated the cytotoxic ef-
fect of the synthesized complex and supported the results of the
in vivo studies. The in vitro cytotoxicity assay showed a superior
MCF cell growth inhibition compared to the acridine carboxylic
acid and a relatively similar inhibition compared to the standard
cisplatin.

The data obtained from ethidium bromide displacement sug-
gest that the binding ability of complex with DNA is stronger than
that of 9-ACA ligand. It indicates that complex could bond to DNA
more easily than 9-ACA. The results indicate that the Eu-complex
could intercalate DNA and squeeze EB from DNA double helix more
easily.>3>>

The promising results obtained from the Eu(Ill)-complex inter-
action with DNA stimulated us to further substantiate the results
with molecular modeling studies and working on the only and re-
cently metal complex crystal structure bound to human telomeric
G-quadruplex DNA in PDB.

The results revealed good interaction of the complex with the
crystallized DNA structure making the complex a new potential
DNA chemotherapeutic intercalator.

Computer-assisted molecular docking was also employed to
further explain and study the types of interactions that bis(acri-
dine-9-carboxylate)-nitro-europium(Ill)dihydrate complex could
establish with tyrosine kinase (TK). The new proposed drug blocks
tyrosine kinase receptors namely VEGF-receptors, and therefore in-
hibit tyrosine kinase mediated angiogenesis. The biological results
for VEGF-receptors inhibition are described above. In addition,
they might also inhibit other tyrosine kinases within tumor cells
which are linked to tumor cell growth and proliferation such as
cKit and ABL. This means that this drug may block tumor cell
growth directly, as well as by inhibiting angiogenesis.

TKs were implicated as oncogenes in animal tumors induced by
retroviruses. The success of imatinib mesylate, an inhibitor of the
BCR-ABL TK in chronic myeloid leukemia (CML) resulted in TKs
now regarded as excellent targets for cancer chemotherapy. Three
TKs was be considered in our molecular modeling studies to sub-
stantiate the activity of our proposed anticancer drug as possible
inhibitor of tyrosine kinase. BCR-ABL, which has been implicated
as the direct cause of CML>®, c-KIT which has been involved in gas-
trointestinal stromal tumors and other solid tumors such as some
testicular seminomas and small-cell lung cancer®”8, and EGFR
which is overexpressed, mutated, or both in many solid tumors
such as non-small-cell lung cancer and adenocarcinomas.>®
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The complex fitted well in the active site of the studied tyrosine
kinases and establish different types of interaction including
hydrogen and hydrophobic bonding suggesting that the compound
is a potential inhibitor for the studied tyrosine kinases and con-
firming the results of the VEGFR tyrosine kinase inhibition study
and subsequent antiangiogenic activity.

These results suggest that the bis(acridine-9-carboxylate)-ni-
tro-europium(IIl) dihydrate complex could perform its antitumor
activity through a dual mechanism of action; a DNA interchelation
activity and a tyrosine kinase-mediated antiangiogenic activity.

For all of the above, our results showed that bis(acridine-9-car-
boxylate)-nitro-europium(Ill) dihydrate complex is a promising
antitumor agent with a good apoptotic and anti-angiogenic
activity.

5. Conclusion

Tumor angiogenesis is a promising target of cancer therapy.
Based on this target, new organometallic complex bis(acridine-9-
carboxylate)-nitro-europium(Ill) dihydrate complex was synthe-
sized and characterized. In vivo anti-angiogenic and apoptotic
potencies of bis(acridine-9-carboxylate)-nitro-europium(IIl) dihy-
drate complex against Ehrlich ascites carcinoma (EAC) cells were
also demonstrated which makes the complex a promising chemo-
therapeutic agent based on the fact of synergy between apoptosis
and anti-angiogenesis .

Antitumor activity indicated that bis(acridine-9-carboxylate)-
nitro-europium(IIl) dihydrate complex showed potent antitumor
activity against EAC cells by significant reduction of the tumor
mass and volume in comparison to the 9-ACA treated and un-trea-
ted control groups.

In addition, our novel complex proved to exert an anti-angio-
genic effect as shown by the reduction of microvessel density
through, at least in part, the inhibition of VEGFR type-2. Also the
apoptotic study exhibits that the new complex can effectively in-
duce the apoptosis of EAC cells by up-regulation of Caspase-3
and formation of internucleosomal DNA ladder.

Combination of antiangiogenic with chemotherapeutic drugs
especially DNA binding agents has higher efficiency in cancer treat-
ment.%° The results of biological activity of our compound showed
a good antiangiogenic activity as clear from effect of bis(acridine-
9-carboxylate)-nitro-europium(Ill) dihydrate complex on tumor
angiogenesis and a good DNA binding activity through intercala-
tion as showed in the fluorescent ethidium bromide displacement
assay.

It is now obvious from what has been already discussed that the
bis(acridine-9-carboxylate)-nitro-europium(IIl) dihydrate complex
is superior to carboplatin in having a synergestic dual mechanism
of action, through its tyrosine kinase mediated anti-angiogenesis
and DNA and caspase3 mediated apoptosis and therefore is a po-
tential powerful chemotherapeutic alternative.

In conclusion, the preliminary in vivo activity of the new com-
plex showed that bis(acridine-9-carboxylate)-nitro-europium(III)
dihydrate complex is a promising antitumor agent with a good
antiangiogenic and apoptotic activity.
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