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Abstract

In this study we used new nitrogen compounds obtained by organic synthesis whose
structure predicted an antioxidant potential and then an eventual development as
molecules of pharmacological interest in diseases involving oxidative stress. The
compounds, identified as FMA4, FMAS, FMA7 and FMAS differ in the presence of
hydroxyl groups located in the C-3 and/or C-4 position of a phenolic unit, which is
possibly responsible for their free radicals buffering capacity. Data from the DPPH
discoloration method confirm the high antiradical efficiency of the compounds. The
results obtained with cellular models (L929 and PC12) show that they are not toxic
and really protect from membrane lipid peroxidation induced by the ascorbate-iron
oxidant pair. The level of protection correlates with the drugs lipophilic profile and is
sometimes superior to trolox and equivalent to that observed for a-tocopherol. The
compounds FMA4 and FMA7 presented also a high protection from cell death
evaluated in the presence of a staurosporine apoptotic stimulus. That protection results

in a significant reduction of caspase-3 activity induced by staurosporine which by its
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turn seems to result from a protection observed in the membrane receptor pathway
(caspase-8) together with a protection observed in the mitochondrial pathway
(caspase-9). Taken together the results obtained with the new compounds, with linear
chains, open up perspectives for their use as therapeutical agents, namely as
antioxidants and protectors of apoptotic pathways. On the other hand the slight pro-
oxidant profile obtained with the cyclic structures suggests a different therapeutic

potential that is under current investigation.
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apoptosis.



Introduction

It is nowadays well established that several pathologies, namely at the central nervous
system and/or cardiovascular level are clearly related with oxidative stress (Lovell et al.,
1995; Pereira and Oliveira, 1997; Behl, 1999; Schroeter et al., 2000; Jang and Surh,
2001). The reactive oxygen species (ROS) are directly produced by exposition to
chemicals or ionizing radiation, but also by drug metabolism or simply by normal cell
metabolism, disturbing the cells natural antioxidant defence systems. From this
disturbance results a damage to all of the major classes of biological macromolecules,
including nucleic acids, proteins and lipids (Markesbery, 1997; Miranda et al., 2000;
Nordberg and Arner, 2001). Furthermore, the formation of ROS and the intracellular
alterations resulting from its action depends on the equilibrium state between oxidant and
antioxidant components. So, in the last few years, several research groups have been
focused in the search of substances that potentially can act as free radical scavengers, that
is, that can act beyond the cells’ natural defence systems (Bonnefont et al., 1998; Pereira
et al., 1999; Lebeau et al., 2000; German and Walzem, 2000; du Toit et al., 2001;
Bastianetto and Quirion, 2002).

Our first objective was to make an evaluation of the real antioxidant properties of new
compounds, obtained by organic synthesis. The choice of the compounds prepared was
based both on the knowledge that the hydroxyl groups of the phenol ring are usually
responsible for the antioxidant properties and on the knowledge that nitrogen compounds
(amidines and, in particular, nitrogen heterocycles incorporating an imidazole unit), can

easily interact with active centers in living organisms. The association of these two



moieties in the same molecule was expected to lead to new structures capable of acting as
antioxidants in living systems. The structures, FMA4, FMAS, FMA7 and FMAS are
nitrogen compounds and differ mainly in the presence of hydroxyl groups located in the
C-3 and/or C-4 position of an aromatic substituent. Molecules incorporating conjugated
systems with nitrogen atoms are also known to stabilize free radicals (Wentrup, 1984)
and this combination was also expected to enhance the antioxidant activity of the
phenolic unit. (Areias et al., 2001). We have submitted cells to a deleterious oxidant
stimulus in order to evaluate the level of protection verified in the presence of the
compounds. In addition, the compounds cytotoxicity screening was done.

Apoptosis is an active process of cell death, which occurs during several pathological
situations to which oxidative stress is also associated. It can be induced by two different
pathways: the death-receptor pathway (mediated by caspase-8) and the mitochondrial
pathway (mediated by caspase-9). Both pathways ultimately lead to the activation of
effector caspases, such as caspase-3 (Chandra et al., 2000; Zimmermann et al., 2001;
Cain et al., 2002; Mathiasen and Jaattela, 2002).

Considering the lipophilic profile of our compounds we tried to elucidate the intracellular
biochemical pathways in which they can be active, namely in the reversal of apoptotic
phenomena. Cell apoptosis was induced by the alkaloid staurosporine and the location, in
the apoptotic cascade, in which they can act, was evaluated through the effect on induced
caspases activity.

Finally, taking advantage of synthesis strategies, to manipulate the new structures, we

also intend to obtain an improvement of the antioxidant properties with the cyclization of



the compounds since heterocyclic aromatic systems enhances the free radical stabilization

(Wentrup, 1984).

Materials and methods

Compounds

The new compounds used in this study (Fig. 1) were prepared from the reaction of an
appropriate phenolic aldehyde with a substituted amidine. The experimental procedure
was adapted from previous work (Booth et al., 1999) carried out on a selection of mono-
substituted aldehydes. A detailed procedure is being submitted for publication. The drugs
were divided according to their chemical structure, namely the ones presenting a linear
chain and the ones presenting a cyclic structure. The compounds were provided as a
yellowish powder, were reconstituted in absolute ethanol, aliquoted and maintained
frozen until utilization. Each aliquot was defrosted only once.

Fetal bovine serum (FBS) was from BioChrom KG (Berlin, Germany); horse serum
donor herd was purchased from Gibco (Paisley, UK). 2,2-diphenyl-1-picrylhydrazyl
(DPPH) and 6-hydroxi-2,5,7,8-tetrametilcromano-2-carboxylic acid 97% (trolox) were
purchased from Sigma-Aldrich Chemie (Berlin, Germany). Coomassie Blue was obtained
from Fluka (Buchs, Switzerland). All other reagents, including those for cell culture,

were purchased from Sigma Chemical Company (St Louis, USA).



Biological models

Two different cell models were used: a mice fibroblast cell line, L929 (ECACC),
consisting of undifferentiated and pluripotent cells, used in this study for cytotoxicity
assays since they are a good model for that purpose (Fischer et al., 2003); and a neuronal
cell line, PC12, established from a rat adrenal pheochromocytoma (Greene and Tischler,
1976), which is widely used as a model to study different processes that can be correlated
to what occurs in pathological conditions related with oxidative stress. (Oliveira et al.,
2002; Wang et al., 2003; Piga et al., 2005; Hiroi et al., 2005). Both cell lines were
maintained in a humidified incubator containing 95% air and 5% COs,.

1929 cells were routinely grown in 25 or 75 cm’ tissue culture flasks in DMEM
supplemented with 10% (v/v) heat-inactivated FBS and 1% (v/v) of an
antibiotic/antimycotic solution containing 10000 units of penicillin, 10 mg streptomycin
and 25 pg amphotericin B per ml. For toxicity experiments, cells were trypsinized with a
0.25% trypsine/EDTA solution for 3 minutes and plated at 5x10° cells/ml on 24 well
plates (0.5 ml/well) and left for adhesion during 5 hours.

PC12 cells were cultured in suspension in 75 cm?” flasks, in RPMI-1640 supplemented
with 10% (v/v) heat-inactivated horse serum, 5% (v/v) heat-inactivated FBS and 1% (v/v)
antibiotic/antimycotic solution (as described above). Cells were passed twice a week.
Before each assay the cell aggregates were carefully disrupted by pipetting and the
separated cells plated in poly-D-lysine-coated multiwells, at a density of 1.6x10°

cells/cm®, and left for adhesion overnight.



Determination of the radical scavenging effect - DPPH assay

Free radical scavenging capacity of the compounds was determined using DPPH
discoloration method (Lehuédé et al., 1999). DPPH (2,2-diphenyl-1-picrylhydrazyl) is a
stable radical commonly used for the determination of compounds antiradical activity.
The reduction of this radical by an antioxidant compound results in a decrease in
absorbance and is proportional to the number of electrons absorbed (Bondet et al., 1997),
indicating the antiradical capacity of the substances in study.

A volume of 20 ul of different concentrations of compound was placed in a 96-well plate
and mixed with 180 ul of a 0.002% ethanolic DPPH solution. The absorbance was read at
517 nm along the time, in a Spectra Max 340PC microplate reader, versus a control
containing ethanol instead of the compound in study. The absorbance stabilization time
was determined. All measurements were performed in triplicate. The inhibition of
discoloration was expressed as a percentage, towards the control, and the ICsy were then
obtained from the inhibition curve. Antiradical efficiency (AE) was then determined

according to the formula

AE =1/(ICso x Ticso) (1)

where ICsg is the concentration needed to reduce the DPPH discoloration by 50% and

Ticso i1s the time needed to reach discoloration steady state at ICsy concentration

(Sanchez-Moreno et al., 1998).



Analysis of cell survival

Cell viability in the presence of the compounds was evaluated by the MTT reduction test
and by the lactate dehydrogenase (LDH) release method.

The extent of reduction of MTT was measured spectrophotometrically at 570 nm
according to the method of (Mosmann, 1983). Briefly, 0.5 ml MTT (final concentration
0.5 mg/ml, in Krebs medium, pH = 7.4), prepared just before usage and maintained in the
dark, was added to the L929 cells. The plate, wrapped in aluminium foil, was left
incubating for 2 hours. Hydrogen chloride 0.04 M in isopropanol was then added,
followed by 2 hours more of orbital shaking, in the dark, to dissolve the formazan
crystals. The survival of L929 cells was expressed as the percentage of OD towards
control cells, containing the same amount of the drug solvent, ethanol.

LDH activity was measured spectrophotometrically according to the method described by
Rego and Oliveira, 1995, slightly modified. Briefly, cells were incubated in the presence
of the compounds, in the same conditions as the ones used for the MTT test. A small
volume of medium was collected for determination of extracellular LDH. The cells
attached to the wells were then lysed to obtain the release of intracellular LDH. The
enzyme activity was then assessed at room temperature on a microplate reader (Spectra
Max 340PC), by following, during 3 minutes, the rate of conversion of reduced
nicotinamide adenine dinucleotide (0.28 mM NADH,) to oxidized nicotinamide adenine
dinucleotide (NAD"), at 340 nm. Pyruvate 0.32 mM (in phosphate buffer, pH 7.4) was
used as substrate. The LDH released to the extracellular medium was expressed as a

percentage of the total LDH activity (extracellular + intracellular LDH).



Evaluation of the degree of hydrophobicity of the drugs

The drugs hydrophobicity was determined by measuring the partition coefficients (PC)
and the retardation factors (Rf).

The PC were measured in an n-octanol/HEPES system. The nitrogen compounds were
dissolved in n-octanol at a concentration of 20 uM, and 1 ml of each solution was shaken
with 20 ml HEPES (20 mM, pH 7.4) for about 10 minutes, at room temperature. The two
different phases formed were then separated by centrifugation. After the determination of
the absorbance peaks for each drug (400 nm for FMA4 and FMA7, and 410 nm for

FMAS and FMAR) the PC values were then calculated using the formula:

PC =1log (Co/ Cn) (2)

where Co and Cy are the concentrations of the drugs in n-octanol and in HEPES,
respectively. The Cy values were indirectly determined by calculating the difference
between the initial and the final concentrations of the drug in octanol.

The Rf were determined by thin layer chromatography (TLC) on silica gel plates by using
a solvent system consisting of chloroform:ethyl acetate:acetic acid in a 16:8:1 proportion.
The plates were pre-run with the solvent and allowed to dry before the samples
application. Once the plates dried, a volume of about 2 pl of each drug was applied, and

the samples were then allowed to run again.



Measurement of the extent of lipid peroxidation - TBARS assay

The pair ascorbate/iron was chosen to induce membrane lipid peroxidation.

After removal of the culture medium, the cells were washed in Krebs medium, containing
(in mM): 140 NacCl, 5 KCl, 1.5 CaCl,, 1 MgCl,, 1 NaH,POy, 5.6 glucose, and 20 HEPES,
pH 7.4. Incubation in the same medium, with ascorbate/Fe*” was performed for 60 min,
at 37°C, at a final volume of 4 ml/well. The drugs were pre-incubated for three hours
prior to the addition of the oxidant pair.

Lipid peroxidation was evaluated by measuring Thiobarbituric Acid-Reactive Substances
(TBARS). In practice, TBARS are expressed in terms of malondialdehyde (MDA)
equivalents that react with thiobarbituric acid (TBA) (Hodges et al., 1999).

After the induction of lipid peroxidation, the incubation medium was removed and the
reaction was stopped by placing the cells on ice, and adding 1560 pl of ice-cold 15 mM
Tris, pH 7.4 to each well. The cells were then scrapped and a pool of two wells content,
in the same experimental conditions, was made into a glass assay tube. An aliquot of each
sample was taken for posterior protein determination. To each tube containing 3 ml of the
cell suspension, 6 ml of a TBA-TCA-HCI-BHT reagent, containing 0.375% TBA (w/v),
37.5% trichloroacetic acid (TCA), 0.25 N HCI, and 6.8 mM butylated hydroxitoluene
(BHT), were added. Samples were boiled for 15 minutes, removed to ice for rapid
cooling and centrifuged at 3000 rpm for 15 min in a bench Heraeus labofuge. The
supernatants were collected, and the absorbance was read, at 530 nm (Minotti and Aust,
1987), in a Perkin-Elmer UV/Vis Spectrometer. The amount of TBARS produced was

calculated, using a molar absorption coefficient of 1.56 x 10° M'em™, corrected for the
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total protein content (Sedmak and Grossberg, 1977) and expressed as nmol TBARS/mg
protein.

The antioxidant capacity of the drugs was evaluated determining the percentage of
protection, offered by each drug against the lipid peroxidation induced by the oxidant

pair, by using the normalization proposed by (Singh et al., 1998):

% Protection =1 — [(D-C) / OP] x 100 3)

where D is the amount of TBARS in the presence of the drug, C is the basal lipid
peroxidation (negative control) and OP is the amount of TBARS in the presence of the

oxidant pair.

Determination of caspase activity

The activity of caspases 3, 8 and 9 was assessed by determining the cleavage of the
respective colorimetric substrate. The method used was adapted from the one described
by (Cregan et al., 1999). After 1 or 2 uM STS treatment for 5 hours, the culture medium
was removed and the cells were rinsed twice with PBS and extracted on ice with a lysis
buffer (1 mM Na-EDTA, 1 mM Na-EGTA, 2 mM MgCl,.6 H,O, 25 mM HEPES, pH 7.5
supplemented with 100 uM PMSF and 2 mM DTT). The cell extracts, sonicated for 10
seconds, were centrifuged at 14000 rpm (Sigma 2K15 centrifuge) for 10 min, at 4°C. The
supernatants were removed and assayed for protein content. Aliquots containing 50 pug of

protein were then added to a reaction buffer (10% sucrose, 0.1% CHAPS, 25 mM
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HEPES, pH 7.4) supplemented with 10 mM DTT. The reactions (in a final volume of 500
pl) were initiated after addition of the following colorimetric substrates (100 uM): Ac-
DEVD-pNA, for caspase-3-like protease activity, Ac-IETD-pNA, for caspase-8-like
protease activity, or Ac-LEHD-pNA, for caspase-9-like protease activity. After 2 h
incubation in the dark, at 37 °C, 200ul of the reaction were transferred to a 96-well plate
and the substrates cleavage was measured at 405 nm. Caspases activity, expressed in
nmol substrate cleaved/ mg protein, was then expressed as the increase of OD above the

control (cells incubated in the absence of STS).

Hoechst 33342 and propidium iodide cell staining

Apoptosis and necrosis were distinguished using combined staining of the chromatin dye
Hoechst 33342 and propidium iodide (PI). In brief, 100 pl of PI at 4 pg/ml were added to
cells adhered to coverslides for 5 min. After fixation of the cells with paraformaldehyde
4%, 400 pl of Hoechst at 5 pg/ml were added for 10 min. The nuclei were then observed
by fluorescence microscopy and counted according to nucleus morphology and label. The
percentages of viable, apoptotic and non-viable cells were determined by counting at least

300 cells by experiment.
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Statistical analysis

Data are expressed as the mean + S.E.M., of the indicated number of experiments. The
significance of the differences between the means observed was evaluated using the

unpaired two-tailed Student’s t-test. A difference of p < 0.05 was considered significant.

Results

Determination of the radical scavenging effect —- DPPH assay

It is well established that the antioxidant activity of a drug depends on its ability to
scavenge free radicals (Beckman and Ames, 1998; Behl and Moosmann, 2002). In order
to evaluate the radical scavenging activity of the compounds by themselves, we used the
DPPH discoloration method, which is routinely used, as a first approach (Okawa et al.,

2001; Molyneux, 2004).

The first step was to determine the stabilization time for the discoloration of a DPPH
ethanolic solution. We considered 40 minutes as a relative steady state discoloration time
for all the compounds. With the absorbance results obtained at this time point we
calculated the percentages of inhibition of discoloration for each drug concentration. The
resulting dose-response curves, from which we determined the ICsy values are
represented in Fig. 2. For the antiradical efficiency calculations we considered two
parameters: the 1Csy obtained for each drug (directly taken from Fig. 2) and the time

required by each compound to reach the steady state of DPPH discoloration, at this ICs
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concentration. This time of stabilization at the ICsy concentration was found to be 20
minutes for FMAS5, FMAS8 and trolox, and 40 minutes for FMA4, FMA7 and o-

tocopherol.

The results in Table 1 show that FMAS and FMAS have the highest antiradical efficiency
values, even higher than that obtained for the traditional antioxidants, trolox and a-
tocopherol. FMA4 and FMA7 present lower antiradical efficiency values and therefore

lower antiradical activity.

Effect of the compounds on cells survival

The ICs values determined above were used for the evaluation of the new compounds
cytotoxicity. Considering the eventual metabolization of the compounds in vivo, we
tested them in a concentration five-fold the ICsy. Cellular viability was determined in
L929 fibroblasts used as a model for cell toxicity evaluation (Fischer et al., 2003; Masoud
et al., 2003). Two different methods were used: the MTT reduction test, which reflects
the reducing capacity of the cells and the LDH release test, which is related to the plasma
membrane integrity.

Results presented on Fig. 3 show that none of the compounds affects the cells ability to
reduce MTT, indicating that the enzymatic machinery involved in the metabolic oxi-
reduction processes was not affected by the compounds concentrations tested. In addition,
none of the compounds led to an increase in the extracellular enzyme lactate

dehydrogenase, which is indicative of the integrity of the cells plasma membrane. The
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results of both tests are in accordance, since no statistical differences were observed
between the bars representing both assays, with the same compound
In this way, we can say that the new compounds are not toxic even for a concentration

five-fold greater than the ICsy determined by the DPPH discoloration method.

Analysis of the degree of compounds hydrophobicity

To evaluate if the antioxidant activity of the compounds could be related to their capacity
to enter the lipid bilayer, we determined the degree of hydrophobicity of each drug. Table
2 shows the partition coefficient values for all the drugs tested using an n-octanol/HEPES
system as well as the retardation factors in a TLC system.

According to the results, FMA4 shows a higher affinity for the octanol phase than all the
other drugs (highest PC value) and a less affinity for the silica plate (highest Rf value).
Furthermore, all the other compounds (FMAS, FMA7 and FMAS) present PC values and
Rf values higher than the hydrosoluble form of vitamin E, trolox. Taken together, these
results indicate the following order on the ability to cross the lipid bilayer: FMA4 >
FMA7 > FMAS > FMAS, which correlates well with their molecular structure, that is, the

compounds with only one hydroxyl group have a greater ability to cross the lipid bilayer.

Effect of the compounds on ascorbate/Fe”*-induced lipid peroxidation

Membrane lipid peroxidation can be induced in biological systems by several agents, like
ascorbate/ Fe**, ADP/ Fe*" or H,0,/ Fe** (Markesbery, 1997; Rego et al., 1998; Santos

and Moreno, 2001). We chose the oxidant pair ascorbate/Fe*” which is currently
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described as adequate in similar approaches (Katayama et al., 1989; Rego et al., 1998;
Areias et al., 2001).

Ascorbate acts as a pro-oxidant agent, reducing Fe’" and originating Fe*". This Fe"
originates hydroxyl radicals by the Fenton reaction (Halliwell and Gutteridge, 1999;
Shapiro and Saliou, 2001; Hiroi et al., 2005) susceptible of inducing the oxidative stress
events cascade.

The evaluation of the best pair to induce lipid peroxidation was still done using the 1.929
cell line. Results in the insert of Fig. 4 clearly show that, among the different oxidant
pairs tested, 2 mM ascorbate / 400 uM Fe®", was the one that resulted in higher lipid
peroxidation levels. However no statistical differences were found between the different
conditions tested and the control. On the other hand, the PC12 cell line, currently used in
this type of studies (Kruman et al., 1998; Pereira et al., 1999) seems to be an adequate
model, showing a lipid peroxidation increase of 7.43 times relatively to the control with
the pair 2 mM ascorbate / 100 uM iron (Fig. 4).

Results in Fig. 5 show the oxidation protection induced by the compounds in study.
Because the negative and positive control (cells only, and cells with the oxidant pair)
have different values from experience to experience we decided to calculate the relative
drug protection of lipid peroxidation using the normalisation proposed by Singh et al.,
1998 (see Materials and Methods).

In the presence of the oxidant pair 2 mM ascorbate / 100 uM iron, pre-incubation with
the drugs FMA4, FMAS and FMA7 showed protection on lipid peroxidation, which was
similar or slightly superior to trolox but inferior to a-tocopherol, which were used as

means of comparison. No significant differences were observed between two different
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concentrations of the same compound, except for the cases of a-tocopherol and FMAS.
This compound was indeed the drug presenting the highest protective effect on lipid
peroxidation, namely for a concentration two-fold the 1Csy (69.80 £ 10.95%). This fact,
together with its reduced ability to cross the lipid bilayer (Table 2), suggest an action, for
FMAS, restricted to the membrane surface.

We can say that the new compounds show a very good capacity to revert the damage
caused by the oxidant pair to membrane lipids and that this capacity correlates well with

their molecular structures.

Evaluation of the compounds protective effect on apoptotic pathways

As the new compounds in study revealed to be promising in which respects to their
antioxidant activity we went further on trying to elucidate their potential as protectors of
apoptotic phenomena. It is well known that caspase-3 has a primordial role in triggering
the cascade of events leading to apoptosis, participating in the cleavage or degradation of
various important substrates and eventually in the activation of other caspases
(Zimmermann et al.,, 2001). Staurosporine (STS) is an alkaloid isolated from
Streptomyces sp., which seems to activate common mechanisms of cellular death in all
cells. For this reason it is commonly used as an apoptotic inducer (Kruman et al., 1998)
although the exact pathways of its action are not yet completely clarified.

Caspase-3 activity was induced in PC12 cells, in the conditions optimized by Oliveira et
al., 2003. In this assay we tested only FMA4, FMA7 and FMAS. The relative low

liposolubility of FMAS together with its inability to protect membrane lipid peroxidation
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(Table 2 and Fig. 5) suggested that its action at the level of caspase-3 activation would
not be of great relevance. In the presence of the compounds tested we observed a
reduction of caspase-3 activity induced by 1 uM STS only for FMA4 and FMA7 (Fig.
6A). In the case of FMA4 this reduction was statistically significant for the lowest
concentration tested (19.8 uM). For both FMA4 and FMA7, the decrease in enzyme
activity is slightly higher than that observed for a-tocopherol, which indicates a higher
ability of these compounds to protect the intracellular pathways that trigger apoptosis.
FMAR is the least effective of the new drugs tested, presenting a protective effect similar
to the one induced by a-tocopherol although none of them shows a significant protective
effect. For all cases, there are no differences between the two concentrations tested.

The compounds protective effect observed requires a pre-incubation period with the
drugs, not being observed when the incubation with the drugs and STS was simultaneous
(Fig. 6B). This fact and the lower protective effect of FMAS on the intracellular pathways
related to apoptosis can both be explained by its lower liposolubility.

Caspase-3 is an effector caspase that can be proteolytically activated either by the death
receptor pathway (caspase-8) or by the mitochondrial pathway (caspase-9). Since the new
compounds are able to reduce the caspase-3 activity, it becomes important to know by
which pathway that reduction is achieved, that is, in which apoptotic pathway the
compounds exert a greater protection.

Results on Fig. 7 show that the initiator enzymes activities increased 1.93 £ 0.21, p <0.05
times (caspase-8) and 1.90 £ 0.23, p < 0.05 times (caspase-9) in the presence of STS. The
effect of all of the compounds tested (FMA4, FMA7 and FMAR) is indicative of their

protective action on both apoptotic pathways, since they lead to a decrease of both
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caspase-8 and caspase-9 activities. However, the reduction observed in the presence of
the compounds is not as high as the one evidenced by a-tocopherol, namely for the
caspase-8 activity, in which the colorimetric substrate cleavage is decreased to the basal
level.

The slight protection observed in both caspases (8 and 9) is of the same order of
magnitude, indicating that there is not a preferential pathway leading to the observed
decrease of caspase-3 activity.

The ability of the new compounds to protect cells from the deleterious effects induced by
STS was also analysed by fluorescence microscopy. Cells were incubated for the same
time period and at the same concentration of STS used to assess caspase-3 activity
protection.

Hoechst 33342 freely enters living cells and therefore stains the nuclei of viable cells, as
well as those that died by apoptosis or necrosis. Apoptotic cells can be distinguished from
viable and necrotic cells on the basis of nuclear condensation and fragmentation. On the
other hand, PI only enters in cells with damaged cell membranes. So, viable cells are PI
negative while necrotic cells are PI positive.

After exposition of the cells to 1 uM STS (Fig. 7) we observed a mean of 17.0 + 2.5% of
apoptotic cells and 11.7 £ 2.5% of necrotic cells. However, pre-incubation of the cells
with FMA7 at a concentration equal to the ICsy was responsible for the reduction of
apoptotic cells to 14.3 + 1.2% and necrotic ones to 4.7 + 0.7%. No statistically significant
differences were observed for a concentration two-fold the ICso, since it reduced the
number of apoptotic cells to 12.0 + 1.7% and of necrotic cells to 5.3 + 0.9%. In cells used

as a control, the percentage of apoptotic and necrotic cells was less than 2%. With this
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technique we are observing damages to the nuclei of the cells, which occurs later on the
apoptotic cascade. This fact can explain, in part, the discrepancy on cell protection
obtained by fluorescence microscopy and the one obtained with the caspases activity
assays. Nevertheless, the results altogether clearly indicate compounds protection on cell

death phenomena, including necrotic cell death.

Cyclic compounds

The cyclization of the new structures was expected to generate compounds with higher
antioxidant activity. We tested FMA698 and FMA699 (Fig. 10), the cyclic forms of
FMA4 and FMAY7, respectively, and an increase in antioxidant activity was expected, as a
heterocyclic aromatic system usually enhances the free radical stabilization. Nevertheless,
results on Fig. 10 show that the incubation of the cells with the cyclic compounds in the
presence of the oxidant pair (Fig. 10B) leads to an increase in TBARS levels, instead of
decreasing them, which is indicative of a pro-oxidant effect. Furthermore, TBARS levels
are increased even when the cells were incubated in the presence of the cyclic compounds
alone (Fig. 10A). For a 200 uM concentration, peroxidation levels were raised to
approximately half of the levels induced by the oxidant pair ascorbate-iron. These results
suggest that the cyclic compounds, per si, are capable of removing hydrogen atoms
directly from membrane lipids, thus acting as pro-oxidants. However, the mechanism
involved is probably different, because the peroxidation in the presence of ascorbate
occurs by an indirect way: first of all ascorbate reduces iron and then free radicals are

formed (Shapiro and Saliou, 2001).
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The absence of antioxidant activity in these cyclic compounds was confirmed by the
DPPH discoloration method, as the cyclic compounds were unable to reduce the DPPH

radical up to a concentration of 500 uM (data not shown).

Discussion

The activity of a compound as antioxidant is dependent on its capacity to “scavenge” free

radicals.

DPPH discoloration test provides the primary antioxidant activity of a compound, that is,
its ability to directly scavenge free radicals. The substituents present in the molecule, and
particularly their positions, contribute to the differences seen between compounds
(Yokozawa et al., 1998; Lebeau et al., 2000). Previous studies with flavonoids are
indicative that the presence of two hydroxyl groups in the C3 and C4 positions of their
structures is responsible for an increase in the capacity to reduce the DPPH radical
(Yokozawa et al., 1998; Okawa et al., 2001). So, looking to the molecular structures in
study (Fig. 1), a higher antiradical activity is expected for the compounds FMAS5 and
FMAS. In fact, results in Table 1 confirm that they are the ones with lower 1Csy values
and higher antiradical efficiency, even superior to the two forms of vitamin E tested. On
the other hand, FMA4 and FMA7, which only have one hydroxyl group in the C3
position of the aromatic ring, presented higher ICsy values and also a lower antiradical

efficiency.

When evaluating a compound with therapeutical potential the screening of toxicity has a

special relevance. The results of the two tests employed (MTT reduction and LDH
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release) were in accordance with each other and both showed that the compounds in
study were not toxic even for a concentration five-fold greater than the ICsy determined
by the DPPH discoloration method. This high concentration tested provides us a safety
margin to conclude about the lack of cytotoxicity of these new compounds, even if we
consider no complete metabolization and/or elimination in vivo and a consequent
accumulation, after repeated doses, in blood circulation.

The general antioxidant activity of a compound can be related with different factors,
including its capacity to interact and/or cross the lipid bilayer. On the other hand, the
incorporation of a compound in a lipid bilayer is affected by several factors, namely
electrostatic interactions, hydrogen bond formation with the polar groups of
phospholipids, hydrophobic interactions between the fatty acid chains and also by the
molecular geometry of both phospholipids and compounds (Saija et al., 1995).

As it can be observed (Table 2), the new compounds in study all have a lipophilic profile,
which is very similar to some common natural compounds with antioxidant activity
(Areias et al., 2001). Their ability to cross the biological membranes varies in the same
order, independently of the system used to evaluate their lipophilicity. In this way, FMA4
is the one with higher ability to establish hydrophobic interactions with n-octanol (higher
PC value). On the other hand, it presents a lower ability to establish hydrogen bonds with
silica (higher Rf value). Altogether, we can say that FMA4 is the one that more easily
crosses the lipid bilayer, followed by FMA7, FMAS and FMAS.

Looking at the chemical structures of the compounds (Fig. 1), the higher liposolubility of
FMA4 and FMA7 may be related to the presence of only one hydroxyl group in the C3

position of the aromatic ring. FMAS and FMAS, which have two hydroxyl groups, in C3
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and C4 positions, are less liposoluble. The presence of more hydroxyl groups in a
molecule may, on one hand, increase its antiradical activity but, on the other hand, may
originate more hydrophilic molecules with less ability to cross the lipid bilayer and act at
the intracellular level providing, for example, lower protection on lipid peroxidation.

The evaluation of the protective effect of the compounds on lipid peroxidation is a way to
analyse the compounds secondary antioxidant activity, since it gives their ability to
quelate the metallic ion used (Fe*") to induce peroxidation through Fenton reactions with
free radicals. This fact prevents iron from peroxidating the membrane.

Results in Fig. 5 show a protection of about 45% for the FMA4 and FMA7 compounds,
with no statistically difference between the two concentrations tested. However, the
protection induced by FMAS is different for the two concentrations tested, and for a
concentration twice the ICs, their effect is comparable to that induced by a-tocopherol.
FMAS presented low protection values on lipid peroxidation and was the only compound
(apart from trolox) which revealed to be statistically different from a-tocopherol, which is
indicative of its inability to act at the intracellular level.

Since lipid peroxidation occurs mainly due to the free radicals formed intracellularly
(Spiteller, 2001), the higher the ability of the compounds to cross the lipid bilayer, the
higher will be their capacity to prevent those radicals from inducing the peroxidation of
membrane lipids. Effectively, the protection profile of FMA4 and FMA7 does not
correlate with the antiradical efficiency shown in Table 1. This apparent discrepancy can
be explained by the compounds liposolubility profile, given by their partition coefficients
(Table 2). As previously discussed, although the presence of less hydroxyl groups in

these two compounds confers them a lower antiradical efficiency, it also may turn them
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into more lipophilic compounds, which can explain its higher protective effect on lipid
peroxidation. Taking as comparison the antioxidant activity of trolox and its liposoluble
form a-tocopherol we can conclude that FMA4 and FMA7, which have an intermediate
liposolubility, really present an intermediate protection profile. FMAS presented a high
protection on lipid peroxidation, which could be expected from its high antiradical
efficiency, but not from its liposolubility profile (as it is shown in Table 2, FMAS is more
hydrophobic). The results obtained with this compound suggest an action more restricted
to the membrane surface. Piga et al., 2005 suggested a similar effect for extracellular
GSH, which is hardly incorporated in the membranes.

Apoptosis is an active process of cell death, which occurs during several pathological
situations to which oxidative stress is also associated (Kruman et al., 1998; Chandra et
al., 2000; Ray et al., 2000; Reed, 2001; Jang et al., 2004). Among the different events that
characterize apoptosis such as the decreasing of cellular volume, the chromatin
condensation and the formation of apoptotic bodies, there is the activation of cytoplasmic
caspases which are, by their turn, responsible for the activation of other intracellular
proteins (Chandra et al., 2000). It is well described the relationship between the activation
of caspase-3 and the execution of apoptotic cascade in pathologies such as Alzheimer’s
(Jang et al., 2004), Parkinson’s disease (Viswanath et al., 2001) or cerebral ischemia
(Chen et al., 1998). Moreover, previous studies (Kruman et al., 1998; Krohn et al., 1998),
using PC12 cell line as a biological model, have shown that STS induces intracellular
ROS accumulation. It is also known that staurosporine easily permeates the plasma
membrane, acting inside cells as a potent inhibitor of protein kinase C and other kinases

(Ruegg and Burgess, 1989), initiating, by this way, the intracellular cascade leading to
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cell death. However the intracellular pathways that can be modulated by STS are not yet
completely clarified (Gil et al., 2003) and a recent report indicates that some necrosis can
also occur, in addition to the expected apoptosis (Chen et al., 2005).

We obtained a significant increase in caspase-3 activity with 1 pM staurosporine which
was reverted when cells were pre-incubated with the new compounds in study (Fig. 6).
Besides the compounds lipophilic profile, pre-incubation is required in order to assure
their permeation and a posterior effectiveness in reverting the deleterious effect of the
apoptotic stimulus inside the cells. On the other hand the slight protection observed for
caspase-8 and caspase-9 activation (Fig. 7) are indicative that the compounds do not have
a preferential pathway for acting and are also indicative that the cumulative effect on the
decrease of caspases 8 and 9 results in the clear effect on the effector caspase, caspase-3.
However, the decrease observed in caspase-3 activity can have the contribution of other
mechanisms triggered, for example, by a raise in intracellular calcium, also susceptible to
be induced by staurosporine (Kruman et al., 1998). We intend to further investigate the
role of the new drugs on these mechanisms. Another interesting result was the necrosis
protection effect observed in Fig. 9, with FMA7. This protection profile could be a
benefit for these new drugs, which also need further clarification.

One of the main features of the new compounds in study is the possibility to manipulate
their structures, in order to optimize their potential, namely as antioxidants. The
cyclization of the spacer in the linear structures was expected to increase the protection
from oxidative stress. However the results obtained with the cyclic forms of FMA4 and
FMA7 (FMA698 and FMA699) indicate a pro-oxidant behaviour since an increase in

TBARS levels is observed, even in the absence of the oxidant pair (Fig. 10A and B). This
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pro-oxidant behaviour was corroborated by the absence of antiradical activity, until a 500
UM concentration, evaluated by the DPPH discoloration method. We can conclude that
our cyclic structures have a slight pro-oxidant effect so another therapeutical potential

needs to be further investigated.
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Table 1. Free radical scavenging parameters of the different drugs tested.

TABLE
Different concentrations of each drug were added to the ethanolic solution of DPPH and the discoloration
measured spectrophotometrically, at 517 nm, after 40 min. Results were expressed as the percentage of
DPPH discoloration towards a positive control containing only the DPPH solution. All the drugs present
1Cs¢ values of the micromolar order, which is indicative of their high antiradical activity. The antiradical

efficiency is higher for FMAS and FMAS.

Fig. 1. Schematic structure of the newly synthesized nitrogen compounds. Two phenolic units are linked to
an amidine function (Am) through a linear chain (Linear Spacer) or through a cyclic chain (Cyclic Spacer)
containing one nitrogen in three carbon atoms. The compounds were prepared as described in Materials &

Methods.

Fig. 2. Dose-response curves of the % of inhibition of DPPH discoloration vs drug concentrations. The ICs
values were calculated from the represented curves, as the concentration needed to inhibit, by 50%, the
discoloration of DPPH. Trolox and a-tocopherol wee used as comparison. For each concentration is

represented the £ S.E.M., considering the results obtained in, at least, three different experiments.

Fig. 3. Cellular viability assessed by the MTT reduction test and LDH release method. Trypsinized
fibroblasts were plated to adhere for five hours, at 37°C, after which the drugs were added, in a
concentration five-fold greater than the ICsy previously determined by the DPPH discoloration method.
After overnight incubation with the drugs, MTT reduction or LDH release to the extracelular medium were
evaluated and, in both cases, correlated with a control of cells exposed to 1% ethanol. For each bar is
represented the mean = S.E.M., considering the results obtained in at least three different experiments.
There are no statistical differences between the compounds relatively to the control. There are also no

statistical differences between the two tests used.
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Table 2. Partition coefficient (PC) and Retardation factor (Rf) values for each drug.

TABLE
PC values were measured in an n-octanol/HEPES (20mM, pH 7.4) system, and Rf values were determined
by TLC. FMA4 and FMAT7 present a higher liposolubility than FMAS and FMAS. The results of PC values
presented are the means £ S.E.M. of at least three different experiments. * Trolox and a-tocopherol values

in Nenadis et al., 2003.

Fig. 4. Comparison between 1.929 and PC12 cell lines, in relation to induction of lipid peroxidation. The
oxidant pair used for L929 was 2 mM ascorbate / 400 uM iron (1 hour incubation), while for PC12 it was
used 2mM ascorbate / 100 uM iron (2 hours incubation). MDA production was determined by TBARS
assay, and corrected for the amount of protein used in each case. For each column is represented the mean +
S.E.M., considering the results obtained for at least 3 independent experiments. *** p <0.001, compared to
respective control. Insert: Fibroblasts were incubated in the presence of different oxidant pairs for lh. MDA

production was determined as above.

Fig. 5. Relative drug protection of lipid peroxidation in PC12 cells. The oxidant pair concentration used
was 2 mM ascorbate / 100 uM Fe®*. Cells were pre-incubated with the drugs for 3 hours, prior to the
addition of the oxidant pair, which was left for 2 hours more. For each column is represented the mean *
S.E.M., considering the results obtained for at least 3 different experiments. ©* p < 0.05, " p < 0.001,
compared to the respective concentration of a-tocopherol. * p < 0.05, compared to the lower concentration

of the same compound.

Fig. 6. Evaluation of caspase-3 activity in PC12 cells. Cells were incubated with 1 uM STS, for 5 hours.
A: Cells were incubated simultaneously with the compounds and STS B: Cells pre-incubated in the
presence of the compounds for 3 hours before the addition of STS. For each column is represented the
mean + S.E.M., considering the results obtained in at least 3 different experiments. * p < 0.05, compared

with 1uM STS; ™" p < 0.001, compared to control with cells only.
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Fig. 7. Evaluation of the new drugs protective effect in the apoptotic pathways mediated by caspases 3, 8
and 9 in PC12 cells. Cells were pre-incubated with the compounds for 3 hours. The activities of the
enzymes were induced with 2 uM STS for 5 hours. Results are expressed as the increase in each substrate
cleavage, relatively to the control. For each column is represented the mean + S.E.M., considering the
results obtained in at least 3 different experiments. * p < 0.05, compared with STS-treated cells; * p < 0.05,

I p <0.001, compared to control cells.

Fig. 8. Chromatin condensation analysis in PC12 cell line. FMA7 was added to the cells 3 hours prior to the
addition of STS 1 uM. A, B: control; C, D: 5-hour treatment with STS 1 uM; E, F: FMA7 20.4 uM; G, H:
FMA7 40.8 uM; A, C, E and G: cells stained with Hoechst 33342; B, D, F and H: Hoechst 33342 /
propidium iodide (PI) double staining. The nuclei were counted according to their morphology and specific
label. The filled arrows point out to necrotic cells, while the dashed arrows indicate apoptotic cells. Images

A, B, G and H are magnified 63x, while images C, D, E and F are magnified 160x.

Fig. 9. Graphical representation of Hoechst positive and PI positive cells after exposure to STS and FMA?7.
Experimental conditions are the same as in Fig. 8. For each column is represented the mean + S.E.M.,
considering the cell counting in at least 3 different experiments. * p < 0.05, ** p < 0.01, compared with 1

uM STS; " p < 0.01, compared to respective control.

Fig. 10. Lipid peroxidation levels obtained for the cyclic compounds. PC12 cells were incubated with the
cyclic compounds in the same conditions as the linear chain compounds. A: In the presence of the oxidant
pair 2 mM ascorbate / 100 uM Fe?"; B: in the absence of the oxidant pair. For each column is represented
the mean + S.E.M., considering the results obtained for at least 3 different experiments. * p < 0.05, ** p <

0.01, *** p <0.001, compared to control.
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T [ % Apoptotic cells
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++
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oL

Control  1pWISTS 20400 0.2l
FIvie 7 FIvIt 7

Drug I (M) T rern (i) @ffli‘;:.li:d{t“l}]ﬁ
FIL A4 19.3 40 1.2d
FMIAS 2.5 20 20,00
FhI AT 20.4 40 1.23
FILAZ 39 20 1282
Trolox a0 20 556

e-Tocopherol E ] 40 2.60




Drug P values Ff valunes
FLia4 l.asd+0.13 0.67
FMAS 1.31 £0.13 0.40
FLIAT 1.42 £ 0.03 058
FLAR 0.65 £ 0.03 036
Trolox 0.49 £0.02 (*) -

g-tocopherol

6.76 £ 0.39 (*)
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