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PRECLINICAL STUDIES

N-benzoxazol-2-yl-N'-1-(isoquinolin-3-yl-ethylidene)-
hydrazine, a novel compound with antitumor activity,
induces radicals and dissipation of mitochondrial
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Summary The novel compound N-benzoxazol-2-yl-N'-1-
(isoquinolin-3-yl-ethylidene)-hydrazine (EPH136) has been
shown to exhibit antitumor activity in vitro and in vivo. A
COMPARE analysis showed that the patterns of cellular
effects of EPH136 are not related to any of 175 standard
antitumor agents with a known mechanism of action. In
order to help identify the mechanism of action we
employed a bioinformatics approach called partial least
squares modelling in latent variables in which the expres-
sion levels of ~8,000 genes in each of 56 untreated NCI
panel cell lines were correlated with the respective 1Csy

J. Hofmann (<)) - M. Jenny

Biocenter, Division of Medical Biochemistry,
Innsbruck Medical University,
Fritz-Pregl-Str. 3,

6020 Innsbruck, Austria

e-mail: johann.hofmann@i-med.ac.at

J. Easmon + G. Puerstinger - G. Heinisch
Institute of Pharmacy, University of Innsbruck,
Innsbruck, Austria

A. A. Shtil
N. Blokhin Cancer Center,
Moscow, Russia

M. Hermann

KMT Laboratory, Department of General and Transplant Surgery,
Innsbruck Medical University,

Innsbruck, Austria

D. F. Condorelli * S. Sciré - G. Musumarra
Dipartimento di Scienze Chimiche, Universita di Catania,
Catania, Italy

values of each cell line following treatment with EPH136.
The 60 genes found to be most important for the
antiproliferative effect of EPH136 are involved in nucleo-
side, nucleotide, nucleic acid binding and metabolism,
developmental processes, protein modification and metab-
olism. In addition, using a DNA microarray we measured
the expression of ~5,000 known genes following treatment
of HT-29 colon carcinoma cells with a two-fold ICs,
concentration of EPH136. The genes that were up-regulated
more than two-fold compared to untreated controls belong
to the same classes as found by the bioinformatic approach.
Many of these proteins are regulated by oxidation/reduction
and so we concluded that formation of radicals may be
involved in the mechanism of action. We show here that
EPH136 leads to generation of oxygen radicals, swelling of
mitochondria and dissipation of the mitochondrial mem-
brane potential. The antiproliferative activity of EPH136 was
prevented by the radical scavenger N-acetylcysteine. Cells
with elevated glutathione exhibited resistance to EPH136.
In summary, the mechanism of the novel experimental
anticancer drug EPHI136 is generation of radicals and
dissipation of the mitochondrial membrane potential.

Keywords Bicyclic hydrazone - Gene array -
Bioinformatics - Drug target - Mechanism - Radicals

Introduction

Novel approaches for obtaining antitumor agents comprise
targeting of signal transduction molecules such as bcr/abl
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by Gleevec [1], development of antiangiogenic compounds
[2], valrubicin, a cytoplasmic targeted anthracycline inter-
acting with protein kinase C [3] and application of antisense
oligonucleotides directed against bcl2 [4] or PKCox [5].
Other perspectives include gene therapy or targeted anti-
bodies. We synthesized novel bicyclic hydrazones which
show antitumor activity against solid tumors in vitro and in
vivo. The mechanism of action of these compounds is not
known [6-9]. Several of these novel compounds, among
them N-benzoxazol-2-yl-N'-1-(isoquinolin-3-yl-ethylidene)-
hydrazine (EPH136; Fig. 1), were also screened against the
panel of 60 cell lines at the National Cancer Institute (NCI).
Many thousands of new compounds have been screened in
this panel of cell lines, among them the so-called standard
antitumor agents. The Glsy (ICsg) pattern of each of these
standard agents in all cell lines is well established. These
activity patterns, also called “fingerprints” can be expressed
as “mean graphs”. Similarity in pattern often indicates
similarity in mechanism of action. The COMPARE algo-
rithm can be used to find the mechanism of action of a
“seed” compound with an unknown mechanism of action
by comparison with the pattern of known compounds [10—
12]. A COMPARE analysis showed that the mechanism of
action of EPH136 (NSC 693638) does not match that of the
standard antitumor agents and therefore exhibits a new and
unknown mechanism of action [9].

The NCI database also contains data on the expression
levels of 9,799 ¢cDNAs representing ~8,000 genes in the 60
cell lines (without any treatment). The GIso patterns in
connection with the gene expression data can be used for
bioinformatic approaches to investigate the complex relation-
ships between gene expression and antiproliferative activity.
The data have been used to determine the mechanism of
action of antitumor drugs [13] and also to find genes
involved in the action of antitumor drugs such as RNA/
DNA metabolites [14]. More recently, the multivariate
statistical procedure “partial least squares projections to latent
structures” PLS [15] revealed [16] that the translocating
chain-associating membrane protein (TRAM) is among those
important in determining the sensitivity to the antitumor
drug 17-allylamino,17-demethoxygeldanamycin (17AAG).
Indeed, silencing experiments by RNA interference
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Fig. 1 Structure of N-benzoxazol-2-yl-N'-1-(isoquinolin-3-yl-
ethylidene)-hydrazine (EPH136)
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confirmed that low levels of TRAM expression increased
sensitivity of H226 cells to 17AAG, thus providing
experimental support to bioinformatics “clues” [16]. In the
present work we selected the PLS approach to find out
which genes are important for the antiproliferative activity of
EPHI136 in order to help identify the target of this novel
compound.

Sensitivity to different antitumor drugs is associated with
distinct gene expression profiles [17]. Treatment of cells with
an antitumor drug might lead to the expression of certain
genes, the expression profile of which may be helpful in
elucidating the mechanism of action of the compound. In this
study, we used the microarray technology to monitor the
mRNA expression profile of ~5,000 known genes in HT-29
colon cancer cells after treatment with EPH136. The
bioinformatics approach to genes linked to the antiprolifer-
ative activity of EPH136, and the gene expression profile
following treatment with EPH136 was employed to orient
the search for the mechanism of action of the compound.

Materials and methods
Cell culture

Burkitt’s lymphoma CA46, HT-29 colon carcinoma, A2780
and A2780CP (elevated glutathione) ovarian carcinoma
cells were grown in RPMI 1640 medium containing 10%
(HT-29, A2780, A2780CP) or 15% (CA46) fetal calf
serum, 2 mM glutamine and 50 pg/ml gentamycin.
Inhibition of cell proliferation was determined by incuba-
tion of Burkitt’s lymphoma CA46 cells (10° cells/ml) in
presence or in absence of N-acetylcysteine (NAC). The
cells were incubated with NAC for 45 min. Subsequently,
various concentrations of EPH136 were added. NAC was
dissolved in culture medium (0.5 M), the pH neutralized
with NaOH and added to the cells to obtain a final
concentration of 10 mM. After 72 h the cell number was
determined with an electronic cell counter (Casyl, Schaerfe
System, Reutlingen, Germany). In order to count only
viable cells, a size-gate was set to exclude dead cells.
Determination of Gls, values (Fig. 2) was performed at the
National Cancer Institute, Bethesda, MD.

Cell cycle and apoptosis

Logarithmically growing Burkitt’s lymphoma cells were
treated with concentrations of EPH136 corresponding to the
four-fold ICsq for 24 or 48 h in phosphate buffered saline.
To 2 ml of cells (~10° cells), 100 ul of 250 pg/ml
propidium iodide containing 1% Triton X-100, and 25 pl of
RNase A (10 mg/ml, Sigma Chemicals, Vienna, Austria)
were added and incubated at room temperature for 1 h. Cell
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Fig. 2 Mean graph (log Glso=ICs() of the NCI panel of cell lines
following treatment with EPH136. Columns to the right show cell
lines that are more, columns to the left cell lines that are less affected
than the mean (38.9 nM, indicated as 0). Each logl0 ICs, value is
subtracted from the average. Thus, a bar projecting one unit to the
right denotes that the ICsq for that cell line occurs at a concentration
ten times less than the average concentration required for all the cell
lines employed in the experiment. The following cell lines were used
(order from top to bottom). Leukemia: CCRF-CEM, HL-60(TB), K-
562, MOLT-4, RPMI-8226, SR. Non-small cell lung cancer: A549/
ATCC, EKVX, HOP-62, HOP-92, NCI-H226, NCI-H23, NCI-
H322M, NCI-H460, NCI-H522. Colon: COLO 205, HCC-2998,
HCT-116, HCT-15, HT29, KM12, SW-620. CNS: SF-268 SF-295
SF-539 SNB-19 SNB-75 U251. Melanoma: MALME-3M, M14, SK-
MEL-2, SK-MEL-28, SK-MEL-5, UACC-257, UACC-62. Ovarian
cancer: IGROV1, OVCAR-3, OVCAR-4, OVCAR-5, OVCAR-8, SK-
OV-3. Renal cancer: 786-0, A498, ACHN, CAKI-1, RXF 393,
SN12C, UO-31. Prostate cancer: PC-3, DU-145. Breast cancer:
MCF7, NCI/ADR-RES, MDA-MB-231/ATCC, HS 578T, MDA-
MB-435, MDA-N, BT-549, T-47D

cycle analysis and quantification of apoptotic cells was
performed by a FACscan (Becton Dickinson, Mountain
View, CA) as described [18]. For detection of apoptotic
cells by annexin V the Annexin-V-FLUO Staining Kit

(Roche, Vienna, Austria) was used. Following treatment
with EPHI136 for the times indicated, 10° Burkitt’s
lymphoma CA46 cells were washed in phosphate buffered
saline, resuspended in 100 pl staining solution and
incubated at room temperature for 15 min. Subsequently
0.4 ml of binding buffer were added and samples were
analyzed by a FACscan (Becton Dickinson).

Incorporation of thymidine and cytidine into DNA,
and uridine into RNA

Incorporation of [2-'*Cleytidine into DNA was taken as an
indicator for ribonucleotide reductase, incorporation of
[5-’H]thymidine for DNA synthesis and of [2-'*Cluridine
for RNA synthesis. For cytidine incorporation, 3 ml (1-2.10°
cells/ml) of exponentially growing Burkitt’s lymphoma cells
were incubated (37°C) in medium with various concentra-
tions of EPH136. After 90 min, 0.7 pCi [2-'*Clcytidine
(Moravek Biochemicals, Brea, CA) were added to each
sample and incubated for another 60 min. Subsequently, the
cells were washed twice with ice-cold PBS, resuspended in
1 ml ice-cold trichloroacetic acid (TCA) and transferred to
Eppendorf tubes. Following an incubation period on ice for
20 min, the disrupted cells were centrifuged at 3,000 g for
5 min (4°C). The pellet was resuspended in 800 ul of
80 mM Tris—HCI (pH 8) to which 20 ul DNase-free RNase
(10 mg/ml) was added. Following a 2 h incubation at 37°C,
the solution was cooled on ice, and 200 pl 50% TCA was
added. The suspension was incubated at 4°C overnight.
TCA-precipitable material was obtained by centrifuging at
4,000 g (4°C) for 5 min. The pellet was washed four times
with 1 ml of ice-cold 5% TCA and dissolved in 0.4 ml of
1.25 M sodium hydroxide overnight and counted in 2 ml
scintillation fluid (Ultima Gold, Packard, Meriden, CT, USA)
to evaluate the [2-'*CJcytidine incorporated into DNA. The
ICso was determined by taking the untreated controls as
100%. For determining inhibition of DNA or RNA
synthesis, 2 ml of 5.10°/ml Burkitt’s lymphoma cells were
incubated for 90 min with the indicated concentrations of
EPH136. Subsequently, 1 uCi [*H]thymidine/ml or 0.05 pCi
["*Cluridine/ml (Moravek Biochemicals, Brea, CA, USA),
respectively, were added for 60 min. The cells were washed
twice with ice-cold PBS after which 1 ml of 5% TCA was
added. The TCA-precipitable material was transferred onto
prewashed Whatman GF/C filters and washed four times
with 5% TCA/1% tetrasodium diphosphate. The filters were
counted in 4 ml Ultima Gold (Packard) in a {3-counter
(Packard).

Bioinformatics

The multivariate statistical procedure “partial least squares
projections to latent structures” (PLS [15]) was carried out
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by means of SIMCA software package (SIMCA-P 8.0,
Umetri AB, Umea, Sweden) using an X data matrix
(descriptors) containing 548,744 (9,799%56) elements x;,
where index k& is used for the x variables, i.e. the gene
expression profiles (GC) or molecular targets (MT), index i
for the objects, i.e. the cell lines, and the antitumor
activities of EPH136 in each cell line, expressed as log
Glsog, as the dependent variable (y). The PLS model
describes the X matrix by a principal component-like
model (Eq. 1) and the y values as a predictive relationship
with the X matrix principal components, under the
constraint of maximizing the correlation between y and ¢
(Eq. 2, where b, is a proportionality coefficient for each
dimension a. The number of significant dimension, 4, was
determined by the SIMCA program by using the cross
validation technique [15].

a=A

Xk = X + Z tiaPak + €ik (1)
a=1

YVia = Zbafia + hig (2)

The statistical results obtained by the PLS method are able
to detect what variables in the X block are relevant to
determine the dependent variable (y) by means of the variable
importance for the projection (VIP) values. The VIP values
reflect, in fact, the importance of terms in the model both
with respect to y, i.e. its correlation to the biological
response, and with respect to X. SIMCA computes VIP
values (SIMCA-P 8.0 User Guide and Tutorial, 1999, Umetri
AB, Umea, Sweden) [15] by summing over all model
dimensions the contributions VIN (variable influence).

VIP, =) (VIN);

For a given PLS dimension, a,(VIN)ik is equal to the
squared PLS weight (w,,)* of that term, multiplied by the
percent explained of residual sum of squares by that PLS
dimension. The accumulated (over all PLS dimensions)
value is then divided by the total percent explained of
residual sum of squares by the PLS model and multiplied
by the number of terms in the model.

Analysis of gene expression by gene array

Total RNA of HT-29 colon carcinoma cells treated with
two-fold ICsq (=80 nM) of EPHI136 for 24 h and of
untreated controls was isolated by RNAzol™ B (Tel-Test
Inc., Friendswood, TX, USA) as described by the manufac-
turer. DNA-microarrays (membrane GeneFilters™, GF211,
Research Genetics, Huntsville, AL, USA) containing ~5,000
known genes were employed to determine mRNA levels.
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¢DNA synthesis with oligo-dT, [**P]-dCTP (10 mCi/ml,
ICN, Costa Mesa, CA, USA), prehybridization, hybridiza-
tion and washing was performed according to the manu-
facturer’s instructions. The radioactivity in the membrane
array was detected by a STORM 2000 (Molecular
Dynamics) phosphoimager and analyzed by Pathways™
software (Research Genetics).

Reactive oxygen species (ROS)

Luminol-dependent chemiluminescence indicating ROS
was determined as described by Weiss et al. [19]. Various
concentrations of EPH136 were added to 750 pl phosphate
buffered saline and incubated at room temperature for 2 h.
From a 10 mM stock solution of luminol (5-amino-2,3-
dihydro-1,4-phtalazinedione, Sigma, Munich, Germany) in
dimethylsulfoxide, a 40 uM working solution in phosphate
buffered saline was prepared. 150 pl of the luminol
working solution was added to the 750 pl. Subsequently,
200 pl 1% hydrogen peroxide in phosphate buffered saline
was injected and the hydrogen-peroxide-induced lumines-
cence was measured for 30 s (Luminat LB9501, Berthold,
Bad Wildbad, Germany).

Mitochondrial membrane potential

JC-1 (5,5,6,6'-tetrachloro-1,1',3,3" tetracthylbenzimidazolyl-
carbocyanine iodide/chloride) is a cationic dye that exhibits
potential-dependent accumulation in mitochondria, indicated
by fluorescence emission shift from green (~525 nm) to red
(~590 nm). 2.10° Burkitt’s lymphoma CA46 cells were
seeded in 1 ml (in 24-well plates) and treated for 2, 24 or
48 h with 250 nM EPH136, or 10 min with 100 nM of the
ionophore valinomycin (Sigma) as positive control. A stock
solution of 5 mg/ml JC-1 (Molecular Probes) was dissolved
in DMSO. From this stock solution a concentration of
10 pg/ml in RPMI 1640 medium containing 15% fetal calf
serum at 37°C was prepared. At the end of the incubation
with EPH136 or valinomycin, 1 ml medium containing
10 pg/ml JC-1 was added to 1 ml Burkitt’s lymphoma cells
(final concentration of 5 pg/ml JC-1) and incubated at 37°C
for 10 min. Subsequently the cells were washed three times
with ice-cold phosphate buffered saline containing 0.1%
bovine serum albumin, resuspended in 500 pl phosphate
buffered saline (without bovine serum albumin) and
analyzed by a fluorescence-activated cell sorter (FACscan,
Becton Dickinson) as described by the manufacturer.

Real time live confocal imaging of mitochondria
Two fluorescent dyes, fluorescent wheat germ agglutinin

(WGA, Molecular Probes, Eugene, OR, USA) and
tetramethylrhodamine methyl ester perchlorate (TMRM,
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Sigma-Aldrich) were employed to visualize cell mor-
phology (WGA) and mitochondrial activity (TMRM).
This lipophilic cation accumulates in mitochondria by a
potential driven uptake. To 400 pl CA46 Burkitt’s
lymphoma cells in a 8-well chambered coverglass (Nunc)
WGA to a final concentration of 10 pg/ml and TMRM to
a final concentration of 100 nM were added. Following an
incubation at 37°C in the dark for 15 min, confocal
microscopy was performed with a microlens-enhanced
Nipkow disk-based confocal system UltraVIEW RS
(Perkin Elmer, Wellesey MA, USA) mounted on an
Olympus IX-70 inverse microscope (Olympus, Nagano,
Japan). Images were acquired using the UltraVIEW RS
software (Perkin Elmer).

Results
Effects of EPH136 on proliferation, apoptosis and cell cycle

EPH136 was tested on the NCI panel of cell lines (Fig. 2).
The compound inhibited 5 out of 6 leukemic, seven out of
nine non-small cell lung cancer, six out of seven colon
cancer, and five out of seven renal cancer cell lines at lower
doses than the average. CNS, melanoma, ovarian, prostate
and breast cancer cell lines showed mixed results (Fig. 2).
The average ICso over all cell lines was found to be 38.9
nM. The compound achieved a score of 24 and a net cell
kill in the hollow fiber assay performed at the NCI [9], in
that publication, according to the rules of the journal,
EPH136 is denominated E-13k. A score above 20 or a net
cell kill is considered a positive result and such compounds
are referred for further testing.

Since the mechanism of action of bicyclic hydrazones
might be related to that of semicarbazones which inhibit
ribonucleotide reductase, we compared the induction of
apoptosis and the effect on the cell cycle by EPH136 with
that of the ribonucleotide reductase inhibitor hydroxyurea.
Because it is known that the topoisomerase I inhibitor
camptothecin induces apoptosis we employed this compound
as another control. As shown in Fig. 3A, a four-fold 1Cs
concentration of EPH136 (144 nM) induced less apoptosis
than camptothecin or hydroxyurea. Concentrations up to
1 uM of EPH136 induced apoptosis in approximately 20%
of the cells (data not shown), indicating that apoptosis is not
the leading mechanism of cell death. The compound also did
not induce senescence as determined by [3-galactosidase.
Therefore, necrosis is causing cell death. This could be
observed when Burkitt’s lymphoma cells were counted with
an electronic cell counter with a size-gate showing dead and
disintegrated cells and with propidium iodide without Triton-
X100 (data not shown). We also compared the effects of a
four-fold ICs, concentration of EPH136 (144 nM) on the cell
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Fig. 3 A Induction of apoptosis. Burkitt’s lymphoma cells were
treated with four-fold ICso concentrations of the indicated drugs for 24
or 48 h. The percentage of apoptotic cells was determined by
propidium iodide as described in “Materials and Methods” The mean
(£SD) of three independent experiments, in which two samples were
taken within each experiments, is shown. (Campto Camptothecin; HU
hydroxyurea). B Cell cycle analysis. Burkitt’s lymphoma cells were
treated with four-fold ICs, concentrations of the indicated drugs for
48 h. Cell cycle analysis was performed with propidium iodide as
described in “Materials and Methods”. The percentage of cells in the
different phases of the cell cycle (mean+SD) of three independent

cycle with those of a four-fold concentration of hydroxyurea
(560 uM) and camptothecin (52 nM). Figure 3B shows that
the ribonucleotide reductase inhibitor hydroxyurea led to an
accumulation of cells in the S-phase, whereas a EPH136 did
not induce significant alterations in the cell cycle, as was the
case also with camptothecin.

Inhibition of DNA synthesis, RNA synthesis
and ribonucleotide reductase

Many antitumor agents interact with DNA or nucleotide
synthesis. Therefore, we investigated the effects of EPH136
on DNA and RNA synthesis. In Burkitt’s lymphoma cells
the ICs for inhibition of cell proliferation is 36 nM, that for
inhibition of DNA or RNA synthesis is >5 uM (Fig. 4).
Incorporation of cytidine into DNA as a measure for
deoxycytidine synthesis from cytidine (a measure for in
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Fig. 4 Inhibition of DNA synthesis, RNA synthesis and ribonucle-
otide reductase by EPH136. Incorporation of labeled cytidine,
thymidine and uridine into DNA and RNA, respectively, was
determined in presence of the indicated concentrations of EPH136.
The mean (£SD) of two independent experiments, in which two
samples were taken within each experiment, is shown

vivo inhibition of ribonucleotide reductase) by EPH136
was affected more than that of DNA and RNA synthesis
(Fig. 4). Hydroxyurea, an antitumor drug and inhibitor of
ribonucleotide reductase, inhibits this enzyme with an ICsq
of 37.2 uM and the proliferation of Burkitt’s lymphoma
cells with an ICsq of 140 uM. For hydroxyurea the ratio of
ICso of ribonucleotide reductase/ICs, cell proliferation is
0.26 [8]. For EPH136 the ICs, for cytidine incorporation
into DNA was found to be 216 nM, that for cell
proliferation 36 nM, and thus this ratio was 6. In addition
to the results of the cell cycle experiments (Fig. 3B), this is
an indication that ribonucleotide reductase is not the main
target of EPH136.

The COMPARE algorithm was employed to identify the
mechanism of action of EPH136 by comparison with the
pattern of known compounds. A correlation coefficient of
0.55-0.6 is considered to be the lowest correlation that
suggests a relationship of a seed compound with others
[20]. The COMPARE analysis of the effects of EPH136 as
seed has shown that the highest correlations with standard
agents with known mechanisms of action are 0.425 (OH-
2-formylpyridine TSC, DNA antimetabolite) and 0.39
(Brequinar, DNA/RNA antimetabolite). Because these corre-
lation coefficients with the standard agents are well below
0.55, the mechanism of action of EPH136 must be considered
to be different from those of the 175 standard antitumor drugs.
Therefore, the novel compound and other related compounds
[6-9] exhibit a new and unknown mechanism of action and
we tried to find clues about the target.

Bioinformatic approach

In order to find out which genes are involved in the
inhibition of cell proliferation by EPH136, the multivariate
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statistical procedure PLS included in the SIMCA package
was used. With this bioinformatic approach the expression
of 9,799 variables in each of the untreated cell lines was
related to the response (log Glsg) of each cell line following
treatment with EPH136. The present work considers an X
matrix, where 56 cell lines (i.e. objects) may be represented
as characterized by a multivariate biological fingerprint,
given by the gene expression profiles or by molecular
targets (the “descriptor” variables) and a dependent variable
(y) expressed as log Gls.

The PLS model included 56 cell lines (objects) with
different tissue origins (lung, colon, breast, ovarian,
leukaemia, renal, melanoma, prostate, CNS) taken from
the original NCI 60 cell line panel. Two breast cancer cell
lines (MDA-MB435, MDA-N) and one melanoma line
(LOX IMVI) were excluded on the basis of previously
reported considerations [13, 14, 21], and one renal cancer
cell line (TK-10) was excluded due to the lack of the
dependent variable (y).

The PLS procedure extracted four significant compo-
nents explaining 98.5% y variance, with a satisfactory
predicting ability (0*=0.457). The VIP values of the PLS
model represent a condensed summary of the importance of
the X variables and therefore can be considered as proper
statistical parameter to select the main gene expression
targets involved in cancer chemotherapy for the selected
drug. The coefficients provide a useful indication on the
correlation between molecular target level and biological
response to the drug. The top 60 most important genes as
classified by this procedure are shown in Table 1, together
with their VIP values. It is perhaps worth mentioning here
that approximately one half (29 out of 60) of the top genes
in Table 1 are either unknown or expressed sequence tags
(ESTs). This list of genes provides a bioinformatics clue for
future investigations aimed at a better genome-based
understanding of EPH136 mechanism of action. The
following considerations will therefore regard only the 31
known genes in Table 1. The genes from Table 1 were
grouped with Panther software (http://www.pantherdb.org/
genes/batchldSearch.jsp) according to their involvement in
biological processes. The following groups were found
(proteins are cited more than once if they belong to more
than one group):

Nucleoside, nucleotide, nucleic acid metabolism and
binding: uracil-DNA glycosylase, casein kinase 1 alpha 1,
HGPRT, nuclear receptor subfamily 2, ATP synthase FO
subunit, ELAV.

Developmental processes: myosin, heavy chain, casein
kinase 1 alpha 1, cadherin 8, nuclear receptor subfamily 2,
VEGF, contactin 2, ELAV.

Protein modification and metabolism: protein kinase C
substrate 80 kDa, casein kinase 1 alpha 1, coagulation
factor VIII, mannosidase II alpha, ser/thre kinase 17a,
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Table 1 60 top genes selected
by VIP values in the PLS
model as the most important
for the mechanism of action of
EPH136

NCI Id no. NCI gene (GC) or
molecular target (MT)
identification number (Www.
dtp.nci.nih.gov/mtargets/
mt_search.html)

195
Rank NCI Id no. VIP value Function
1 GC11852 2.68 Unknown
2 GC17995 2.62 EST
3 GC12271 2.52 EST
4 GC10803 2.45 Scrapie responsive protein 1, neuronal development
5 GC17242 243 Unknown
6 GC11892 2.42 Unknown
7 GC18436 241 Neurexin 4, extracellular matrix or cytoskeleton
8 GC11358 2.35 ELAV, mitosis, neuronal differentiation, mitoch. membrane
9 GC16095 2.34 Multimerin, cell adhesion
10 GC16264 2.31 Hypothetical
11 GC12019 2.30 Ser/Thr kinase 17a, initiation of apoptosis
12 GC16550 2.29 Glycogen synthase 1
13 GC17601 2.27 Mannosidase II alpha, N-glycosylation of proteins
14 GC10779 2.26 Hypothetical
15 GC18393 225 EST
16 GC11016 2.25 EST, similar to diacylglycerol kinase gamma
17 GC10706 2.24 EST
18 GC14952 2.20 Uracil DNA glycosylase, DNA repair
19 GC9954 2.20 Ubiquitin-conjugating enzyme E2A
20 GC12978 2.19 Calcium-binding protein 3
21 GC13319 2.18 Isovaleryl-CoA dehydrogenase
22 GC18204 2.18 EST
23 GC11350 2.17 Coagulation factor VIII, extracellular, Ca2 + -dependent
24 GC12017 2.16 Unknown
25 GC10274 2.15 Angio-assoc. migratory protein, overexpressed in colon cancer
26 GC18191 2.15 Unknown
27 GC15269 2.14 Unknown
28 GC16928 2.14 Unknown
29 GC9989 2.13 Histidine triad nucleotide-binding protein, cleaves ADP
30 MT907 2.11 FLTI1, VEGF, PLGF receptor
31 GC15245 2.07 PI3-kinase regulatory subunit, 85 K
32 GC10787 2.06 EST
33 GC17020 2.06 ATP synthase, FO subunit, mitochondrial membrane
34 GC10606 2.06 Unknown
35 GC9748 2.06 Hypothetical
36 GC13238 2.06 EST
37 GC13329 2.05 Faciogenital dysplasia, GDP-GTP exchange factor
38 GC17883 2.05 Interleukin-18-binding protein
39 GC16255 2.04 Hypothetical
40 GC11440 2.04 EST
41 GC15296 2.04 Multiple endocrine neoplasia I, unknown function
42 GC14262 2.03 EST
43 GC17347 2.03 EST
44 GCl13161 2.03 Unknown
45 GC16138 2.02 HGPRT, salvage pathway
46 GC10435 2.02 Unknown, similar to translation initiation factor 1 gamma
47 GC12899 2.01 Unknown
48 GC11190 2.01 EST
49 GC14107 2.01 Unknown
50 GC11077 2.00 EST
51 GC1489%4 2.00 Casein kinase 1 alpha 1
52 GC10930 1.99 Nuclear receptor subfamily 2, DNA-binding
53 GCl12216 1.99 EST
54 GC10076 1.98 Myosin heavy chain, ATPase
55 GC12792 1.98 EST
56 GC10362 1.98 Prostatic-binding protein, interacts with raf-1
57 GC11839 1.97 ICAM 1, rhinovirus receptor, extracellular matrix
58 GC9882 1.97 Protein kinase C substrate 80 kDa
59 GC10663 1.97 Contactin 2
60 GC10960 1.97 Cadherin 8, cell adhesion
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Table 2 Overexpression of genes following treatment of HT-29 cells with two-fold IC50 EPH136 for 24 h, compared to untreated controls

detected by gene array

No. Gene and Function Fold increase
1 GABA A receptor 4.2
2 PI3-kinase, cell proliferation 4.1
3 elF-4E, RNA-binding 35
4 Microsomal HSP 70, ATPase 32
5 Germline oligomeric matrix protein 3

6 MHC protein HLA-H 3
7 Peripheral-type benzodiazepine receptor 2.9
8 Activin A receptor type II, protein kinase 2.9
9 Cytochrome P450 IIE1, drug metabolism 2.8
10 Oxidoreductase WWOX, p53-binding, tumor suppressor, involved in apoptosis 2.8
11 Heterochromatin protein p25, DNA-binding 2.8
12 Cartilage-specific homeodomain protein 1 2.8
13 Melanocyte-specific gene 1 2.6
14 Fetal brain (239FB), neurogenesis 2.6
15 Metallopeptidase 1 2.6
16 HIG-1 2.6
17 Lymphocyte cytosolic protein 1, tumorigenesis in solid tumors 2.6
18 Ras-related small GTP-binding protein 2.6
19 TAR RNA-binding protein, 2.6
20 Bone morphogenetic protein 2, ATP-binding 2.5
21 Serine protease inhibitor 2.5
22 Hin-3/HIVI chimeric promoter 2.4
23 CD72 antigen, B-cell proliferation 2.4
24 Chymotrypsinogen Bl, serine protease 2.4
25 Transcriptional regulator ISGF3 gamma, DNA binding, transcription factor 2.4
26 ATP-binding protein RNF31 2.4
27 X-linked helicase II, DNA-dependent ATPase 2.3
28 Coch-5B2, expressed in the inner ear 23
29 Transcriptional repressor ZEM1 B3, splicing factor 2.3
30 GAP SH3-binding protein, GTPase 23
31 Cystatin B, protease inhibitor 2.3
32 pp21 transcriptional elongation factor 2.3
33 Heterochromatin protein gamma, DNAbinding 2.3
34 Sterol-O-acetyltransferase 2.3
35 CREBS, DNA-binding 23
36 Ribosomal S6 kinase, cell proliferation 2.3
37 SMTA3 protein, ubiquitin-analog 2.3
38 Splicing factor SRp30c, RNA-binding 2.3
39 Thrombomodulin, Ca**-binding 2.3
40 ERKS3, cell proliferation 2.3
41 Cadherin 11, cell—cell interaction 2.2
42 Protein tyrosine phosphatase 2.2
43 PTEN, tumor suppressor 2.2
44 Myosin light chain, regulates ATPase, Ca™ -binding 2.2
45 Autocrine motility factor receptor, migration 22
46 CD68 antigen, membrane protein 2.2
47 Acid finger protein ZNF 173, DNA-binding 2.2
48 TRAF-interacting protein, cell proliferation 2.2
49 RLIP76, GTPase activator, helicase 2.2
50 Core-binding factor beta, DNA-binding 2.1
51 CLK2 CDC-like kinase 2.1
52 Regenerating protein I beta, brain and pancreas regeneration 2.1
53 Actin-related protein Arp3, cell migration 2.1
54 TGF-beta superfamily protein, DNAbinding, tumor suppressor 2.1
55 Autoantigen pericentriol material 1 2.1
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Table 2 (continued)

No. Gene and Function Fold increase
56 O-linked GIcNAc transferase 2.1
57 Zinc finger protein 24 2.1
58 8-Oxoguanine DNA glycosylase hOGGI 2.1
59 C-1, chaperone-binding 2.1
60 Ribophorin I, DNA-binding 2.1
61 STAT5B, DNA-binding 2.1
62 Insulin-like growth factor-binding protein 6, negative control of cell proliferation 2.1
63 Catenin beta 1, DNA-binding, 2.1
64 Integrin alpha V, cell adhesion 2.1
65 CD58 antigen, cell adhesion 2.1
66 Solute carrier family 16, transports lactate and pyruvate 2.1
67 Signal transducting adaptor molecule 2.1
68 Protoporphyrinogen oxidase, contains FAD 2.1
69 Sop2p-like protein, actin-related protein 2.1
70 Capping protein alpha, cell migration 2.1
71 Antisecretory factor-1, protein degradation 2.1
72 Crystallin alpha B, chaperone 2.1
73 RhoE, GTP-binding protein, cell adhesion 2.1
74 Cardiotrophin-1, cardiomyocyte proliferat. 2.1

Fold increase Fold overexpression compared to untreated controls. The numbers within the same overexpression levels are randomly attributed

casein kinase 1 alpha 1, PI3-kinase regulatory subunit 85 K,
SMTA3 protein, ERK3, PTEN, microsomal HSP 70,
crystallin alpha B.

Gene expression by microarray

As another approach to obtain clues about the mechanism
of action of EPH136 we used DNA microarray technology.
Following treatment of HT-29 colon carcinoma cells with
80 nM EPH136 (approximately two-fold ICs,) for 24 h we
measured the expression of ~5,000 known genes in
comparison with untreated controls. Three genes were
found to be down-modulated: v-erbA (viral oncogene,
nuclear receptor), the SW1/SNF-related, matrix-associated,
actin-dependent regulators of chromatin (SMARC), and the
neutral amino acid transporter. The genes which were up-
regulated more than two-fold are shown in Table 2. As
shown below, according to Panther software the overex-
pressed genes belong to similar groups as those which were
calculated to be important for the antiproliferative activity
of EPH136: Nucleoside, nucleotide, nucleic acid metabo-
lism and binding: elF-4E, microsomal HSP70, heterochro-
matin protein p25, cartilage-specific homeoprotein,
melanocyte-specific gene 1, ras-related small GTP-binding
protein, TAR-protein, bone morphogenetic protein, Hin3/
HIV chimeric promoter, transcription regulator ISGF3,
ATP-binding protein RNF31, X-linked helicase, transcrip-
tional repressor ZEM1 B3, GAP SH3-binding protein, pp21
transcriptional elongation factor, heterochromatin protein
gamma, CREBS, splicing factor SRp30c, myosin light

chain, acid finger protein ZNF 173, RLIP76, core-binding
factor beta, TGF-beta superfamily protein, zinc finger
protein 24, 8-oxoguanine DNA glycosylase hOGGI,
ribophorin, STATSB, catenin beta, protoporphyrinogen
oxidase, RhoE.

Developmental processes: myosin light chain, germline
oligomeric matrix protein, cartilage-specific homeoprotein
1, TAR RNA binding protein, bone-morphogenetic protein
2, ribosomal protein S6 kinase, STATSB, cadherin 11.

Protein modification and metabolism: PI3-kinase, elF-4E,
microsomal HSP 70 protein, activin A receptor, type II,
metallopeptidase 1, TAR protein, serine peptidase inhibitor,
chymotrypsinogen B1, cystatin B, ribosomal protein S6
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Fig. 5 Luminescence following treatment with EPH136. Lumines-
cence as measure for ROS was detected as described in “Materials and
Methods”. The means (£SD) of three independent experiments, in
which two samples were taken, are indicated. (PBS Phosphate
buffered saline)
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Table 3 Apoptotic cells and altered mitochondrial membrane potential (MMP)

% of apoptotic cells (Annexin V)

% of apoptotic cells (Propidiumiodide)

% of cells with altered MMP (JC-1)

Control 9.04£3.6
2 h EPH136 9.2+1.7
24 h EPH136 8.7£1.5
48 h EPH136 18.0£6.9
Valinomycin 9.04£3.6

5.6+1.6 8.8+£3.4
5.8+2.1 8.0+£3.0
9.0£6.3 61.0+£37.3
13.0+11.8 75.6+23.5
4.7+£2.5 97.0+£2.8

CAA46 Burkitt’s lymphoma cells were treated with 0.1% DMSO for 48 h (control), with 250 nM of EPH136 for the indicated times, or with 100
nM valinomycin as positive control for 10 min. The means of two independent experiments in which duplicate samples were taken within each

experiments (£SD) are indicated

kinase, SMTA3 protein, ERK3, protein tyrosine phosphatase,
PTEN, acid finger protein ZNF173, autocrine motility factor
receptor, TRAF-interacting protein, CLK2 CDC-like kinase,
O-linked GIcNAc transferase, ribophorin I, crystallin alpha B.

The results shown in Table 2 were obtained following
treatment with a concentration corresponding to the two-
fold ICsq for 24 h. To confirm these results, this experiment
was also performed with a two-fold ICs, concentration of
EPH136 for 12 h and an ICs, concentration for 12 and 24 h.
In these experiments the results shown in Table 2 were
confirmed, although the highest levels of gene expression
were obtained with a two-fold ICsy treatment for 24 h
(shown in Table 1).

The genes found by the bioinformatic and the gene array
approaches, can be grouped into the same classes of genes
although the genes in both approaches are different.
Exceptions are PI3 kinase and elF-4E. These are the genes

Fig. 6 Real time live confocal
imaging of mitochondria.

Red is TMRM showing
mitochondria with an active
potential, green is WGA
showing cell morphology. The
frames show areas typical for
untreated and treated cells.

a Untreated Burkitt’s lymphoma
CAA46 control cells. b Burkitt’s
lymphoma CA46 cells treated
with 100 nM EPH136

for 14 h

@ Springer

with the highest rankings in both approaches (VIP value 2.07
in Table 1, gene 2 in Table 2; VIP value 1.77, not shown in
Table 1, gene 3 in Table 2, respectively). Experiments
demonstrated that EPH136 did not inhibit PI3-kinase or
other members of the PI3-kinase pathway (data not shown)
indicating that it is not the target. It has been reported that
PI3-kinase and elF-4E are involved in the response of cells
to oxidative stress [22,23]. In Tables 1 and 2 a series of
transcription factors, kinases and phosphatases can be
found. Many of these proteins are regulated by oxidation/
reduction [24-28]. Therefore, we investigated whether
EPH136 can induce the formation of ROS.

Formation of ROS

As shown in Fig. 5, the compound led to a dose-dependent
increase of luminol-induced fluorescence, indicating pro-
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Fig. 7 A Inhibition of cell proliferation of Burkitt’s lymphoma cells
by EPH136 and adriamycin in the presence and absence of NAC as
described in “Materials and Methods”. The means (£SD) of two
independent experiments, in which two samples were taken within
each experiment, are shown. B Antiproliferative activity of EPH136 in
parental A2780 and A2780CP cells that exhibit elevated levels of
glutathione. The means (+ SD) of six independent experiments, in
which two samples were taken, are indicated

duction of ROS. It was shown previously that also
thalidomide analogs exhibited antitumor activity via induc-
tion of ROS and this led to dissipation of the mitochondrial
membrane potential [29]. Therefore, we tested the effects of
EPH136 on the mitochondrial membrane potential. As
shown in Table 3 by the fluorescent dye JC-1, EPH136
indeed induced dissipation of the mitochondrial membrane
potential 24 h after treatment. 14 h after treatment with
EPH136, disruption of the mitochondrial network and
swelling of mitochondria was observed in the microscope

(Fig. 6).
Prevention of the antiproliferative activity by antioxidants

If ROS is important for the antiproliferative activity of
EPH136, its removal should prevent antiproliferative
activity. Indeed, the antioxidant NAC prevented EPH136
from exercising inhibition of cell proliferation (Fig. 7A).
These data illustrates that radicals are involved in the
antiproliferative activity of the novel compound. A2780CP

ovarian carcinoma cells are resistant to cis-platin due to
elevated levels of glutathione if compared with parental
A2780 cells [30]. A2780CP cells exhibited also resistance
to EPH136 (Fig. 7B), indicating that the antioxidant activity
of glutathione reduces the activity of EPH136.

Discussion

Bicyclic hydrazones represent a new class of experi-
mental antitumor agents. The mechanism of action of
these compounds was not known [6-9]. EPHI136
inhibited ribonucleotide reductase (Fig. 4), however
the ratio of ICsy of ribonucleotide reductase/ICs, cell
proliferation indicated that it is not the main mechanism
of action. A COMPARE analysis also showed no
correlation with ribonucleotide reductase inhibitors. We
screened the effects of EPH136 on cell cycle kinases,
EGFR, ErbB2, PKB/Akt, IGFR1 and FLT-4 kinase
activities, as well as Na'/K™-ATPase. No effects on these
parameters were found (data not shown). Instead of
further random testing in different systems, we employed
novel approaches for identifying the target of EPH136. In
a bioinformatic approach, using the multivariate statistical
PLS procedure, we identified genes important for the
inhibition of cell proliferation by EPH136. The principle
is based on the correlation of log Glso values with the
expression levels of 9,799 variables (representing approx-
imately 8,000 genes) in the NCI panel of 56 cell lines.
Interestingly, only 679 of the original 9,799 variables
considered in the PLS analysis exhibited VIP values
above 1.5. The top 60 genes found to be important for the
antiproliferative activity of EPH136 (Table 1) are involved
in nucleoside, nucleotide, nucleic acid metabolism and
binding, developmental processes, protein modification
and metabolism.

Following treatment of HT-29 cells EPH136 for 24 h, in
a microarray the genes found to be overexpressed more
than two-fold, belonged to the same groups of genes as
those found by the bioinformatic approach. If the bio-
informatics analysis is extended to include 679 genes with
VIP coefficients in the PLS model above 1.50 (threshold
well above that considered to be important on a safe
statistical basis) [15], it is possible to identify the following
nine genes that are highly induced by EPH136 treatment
(fold-induction above 2) and statistically significant in
influencing the EPH136 response (numbers in parentheses
indicate rank position according to fold-induction in Table 2
and according to the VIP value in Table 1, respectively):
PI3-kinase (no. 2 and 31), eIF-4E (no. 3 and 160), fetal
brain (239FB) protein (no. 14 and 172), TAR protein (no.
19 and 597), Coch-5B2 (no. 28 and 276), splicing factor
SRp30c (no. 38 and 360), protein tyrosine phosphatase (no.
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42 and 649), crystallin alpha B (no. 72 and 553) and RhoE
(no. 73 and 434).

The above correlations may be regarded as satisfactory,
as discrepancies between Tables 1 and 2 are not unexpected
due to the fact that the bioinformatic approach picks
important genes for EPHI136 treatment of 56 cell lines
from different tissue histotypes, while Table 2 reports
experimental data for only one colon cancer cell line (HT-
29). Therefore it is not surprising that top genes selected on
VIP values mediated from 56 cells, which might derive
from a high contribution of other cells and a low
contribution of HT-29, are not in Table 2. Furthermore,
the basic meaning of the two approaches is different.
Experiments that evaluate the effect of EPH136 on global
gene expression profile lead only to genes that are up- or
down-regulated following the drug treatment, while the
bioinformatic approach tends to select genes the basal
expression of which is able to influence the response to the
drug.

As stated in the paragraph above, the genes with the
highest rankings in both approaches are PI3-kinase and elF-
4E. It has to be emphasized that with the first approach the
regulatory and with the second approach the catalytic
subunits of PI3-kinase was found. PI3-kinase is an
attractive target for cancer chemotherapy. This oncogene
is involved in tumor development, apoptosis, and also
related to the resistance to 5-FU, adriamycin and cyclo-
phosphamide by activation of the PKB/akt survival path-
way [17, 31]. It is well known that PI3-kinase and elF-4E
are functionally strictly related. elF-4E binds to the 5'-cap
structure of eukaryotic mRNA and plays a central role in
the control of cell proliferation [32]. A complex is formed
by interactions between elF-4E and other factors such as
elF-4F and elF-4G, which binds to the 5" mRNA cap
structure and permits the recruitment of the eukaryotic
ribosome. elF-4E activity is blocked by interaction with 4E-
binding proteins (4E-BPs) and this interaction is regulated
by phosphorylation: hypo-phosphorylated 4E-BPs strongly
bind elF-4E while hyper-phosphorylated 4E-BPs release
elF-4E. The phosphorylation of 4E-binding protein is
regulated by PI3-kinase, which represents an important
link between PI3-kinase activity and eIF-4E [24, 25].
However, our experiments showed that EPH136 did not
inhibit PI3-kinase or its pathway (data not shown). It has
been reported that PI3-kinase and elF-4E are involved in
the response of the cell to oxidative stress [22, 23]. A
series of transcription factors, kinases and phosphatases are
also regulated by oxidation/reduction [26-28]. It was
shown that PI3-kinase mediated mitochondrial ROS pro-
duction [33], and ROS stimulated PI3-kinase [34]. There-
fore, the appearance of PI-3 kinase and elF-4E in both
approaches can be explained. As shown in Fig. 5, EPH136
exhibited a dose-dependent increase in luminol-dependent
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luminescence, indicating an increase in ROS. The radical
scavenger NAC prevented the antiproliferative activity of
EPH136 (Fig. 7A) and elevated levels of the antioxidant
glutathione reduced its antiproliferative activity (Fig. 7B).
These results illustrate that radical formation is indeed
involved in the mechanism of action of the compound. It
has been shown that adriamycin, a topoisomerase II
inhibitor, also generates ROS [35]. As shown in Fig. 7A,
NAC did not alter the antiproliferative activity of adriamy-
cin. This seems to be an indication that at least in Burkitt’s
lymphoma cells ROS are not involved in the antiprolifer-
ative activity of adriamycin. If radical formation is the main
mechanism of EPH136 and most likely also that of other
bicyclic hydrazones, it would be an intriguing mechanism
for antitumor activity. Malignant cells in general are more
active than normal cells, are under intrinsic oxidative stress,
and thus are more vulnerable to damage by ROS-generating
agents [36]. ROS have been causatively implicated in a
variety of cell death pathways including non-apoptotic
death [30, 37]. This may explain the low level of apoptosis
after treatment with EPH136 (Fig. 3A, Table 3). Also
thalidomide analogs exhibiting selective leukemic-cell
killing due to ROS generation induce necrotic-programmed
cell death [30]. Many tumor cells exhibit relatively low
levels of superoxide dismutase, which leads to high levels
of oxygen radicals [38]. ROS have the ability to stimulate
ceramide synthesis leading to cell death [39]. Therefore, it
was proposed previously that one way of treating cancer
might be the design of drugs to target enzymes that increase
ROS [36]. One such drug is 2-methoxyoestradiol, an
inhibitor of superoxide dismutase which causes accumula-
tion of ROS and kills selectively cancer cells [40]. Aplidin,
a peptide generating ROS also exhibits antitumor activity
[41]. Verrax et al. used a combination of vitamin K3 and
vitamin C to develop an oxidant insult [42]. EPH136 seems
to be another compound with this kind of mechanism of
action. In order to explain the exact mechanism, detailed
investigations into the kind of radicals and their generation
are essential.
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