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ABSTRACT: The neuroprotective profile of the dibenzothiadiazepine AP tmms T

ITH12410/SC058 (2-chloro-$,6-dihydro-5,6-diacetyldibenzo[b,f]- /‘ \\« §
[1,4,5]thiadiazepine) against several neurotoxicity models related to TSeALW /f =

neurodegenerative diseases is herein described. ITH12410/SC0S8 Oxidative stress »~ R —on .
protected SH-SYSY cells against the loss of cell viability elicited by ]’ /' (\ p,q A i s
amyloid beta peptide and okadaic acid, a selective inhibitor of | ...410/sc0ss — A T
phosphoprotein phosphatase 2A that induces neurofibrillary tangle 7oA 1\"'?" Neuroprotection

formation. Furthermore, ITH12410/SC0S8 is neuroprotective against

several in vitro models of oxidative stress, that is, H,O, exposure or

incubation with rotenone plus oligomycin A in SH-SYSY cells, and oxygen and glucose deprivation followed by reoxygenation in
rat hippocampal slices. By contrast, ITH12410/SC058 was unable to significantly protect SH-SYSY neuroblastoma cells against
the toxicity elicited by Ca®* overload. Our results confirm the hypothesis that the dibenzothiadiazepine ITH12410/SCO0S8
features its neuroprotective actions in a multitarget fashion, and is a promising drug for the treatment of neurodegenerative
diseases.
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It is widely accepted that neurodegenerative diseases involve phenomena.'® In this line, A} neurotoxicity can be caused by a
multifactorial pathogenic mechanisms, whereby a set of dysregulation of cellular Ca?* homeostasis,"' and that
physiological events are leading neurons either cooperatively or antioxidants and free radical suppressors prevent Ca** overload
independently to cell death." Thus, drugs acting on the central induced by AB."* Therefore, following a multitarget approach,
nervous system that have been designed to interact with a we centered our attention in certain families of compounds that
specific biological target have commonly failed in clinical trials. showed interesting pharmacological profiles, for example, some

Because of this failure, a growing tendency to look for single
molecules capable to interact with more than one target has
emerged,” featuring neuroprotective profiles in both in vitro
and in vivo models against toxic stimuli mimicking neuro-
degeneration. These findings have supported the rising of the
multitarget drug therapeutic strategy for neurodegenerative
diseases.* ® Our research group has a long-standing interest in
the search of novel compounds with neuroprotective effects
and therapeutic potential in neurodegenerative diseases like
Alzheimer’s disease (AD).”® The design of such drugs focuses
on the physiopathological events that lead to AD, which include

. 15
amyloid beta (Af) and tau (7) neurotoxicity, failure of compound 2, first synthesized by Corral et al, th.at now we
have named as ITH12410/SCO0S8 [2-chloro-S,6-dihydro-5,6-

N-acylaminophenothiazine derivatives described as neuro-
protective agents against several toxic stimuli such as
mitochondrial free radicals, Ca** overload, Af, and z-hyper-
phosphorylation.? Related to this family, we have described the
synthesis and biological evaluation of dibenzothiadiazepine
derivatives, which showed good neuroprotection profile against
mitochondrial oxidative stress, a good blood-brain barrier
penetration, measured in in vitro PAMPA experiments, capture
of reactive oxygen species (ROS) capacity, and a Ca*" channel
modulating activity,'* among which the most interesting was

cholinergic neurotransmission, mitochondrial dysfunction, and

oxidative imbalance with increased free radical production.9 In diacetyldibenzo[b,f][1,4,5]thiadiazepine; Figure 1].
addition, our research group has studied their relationship with
Ca’ homeostasis, a key factor in cell death or survival Published: July 10, 2014
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Figure 1. Chemical structure of ITH12410/SCO058.

Here we present a thorough study aimed at deepening the
neuroprotective profile of ITH12410/SC0S8 in SH-SYSY
human neuroblastoma cells and in rat hippocampal slices
stressed with different toxic stimuli related to AD. We present
that ITH12410/SCO0S58 behaves as a neuroprotectant, mainly
against oxidative-stress-induced neurodegeneration, able to
counteract Af} and 7 hyperphosphorylation-induced neuronal
death.

We have previously described that ITH12410/SC0S8
protected SH-SYSY cells against cell death induced by the
stressor cocktail rotenone 30 M and oligomycin A 10 uM (R/
O) at concentrations of 0.3—3 uM, measured as lactate
dehydrogenase (LDH) release.'* Subjecting SH-SYSY neuro-
blastoma cells to R/O is described as a good experimental
model of mitochondria-triggered oxidative stress. The cocktail
of R/O blocks the complexes I and V of the electron transport
chain, respectively, which provokes free radical production and
blockade of the ATP synthesis.'® However, cell death
monitored by the method of LDH release only affords
information regarding cell necrosis. We have now assessed
the effect of ITH12410/SCO058 regarding cell viability with the
alternative method of the MTT dye."” Mitochondrial succinate
dehydrogenases from healthy cells reduce MTT to a colored
dye. Apoptotic or necrotic cells cannot carry out this chemical
modification. Thus, we test if our compound would protect
against both apoptotic and necrotic death. In these experi-
ments, SH-SYSY human neuroblastoma cells were treated with
0.1-3 uM ITH12410/SC058 24 h before and during the
additional 24 h incubation period with R/O. Cells exposed to
R/O in the absence of the compound showed a viability of 56%
with respect to control, nonlesioned cells. Figure 2 shows
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Figure 2. Protection by ITH12410/SC058 against the R/O-evoked
toxic stimulus in SH-SYSY neuroblastoma cells. Cell viability was
evaluated by MTT reduction (ordinate); data were normalized (%
control, white column; cells only incubated with cell culture medium).
Data expressed are the mean + SEM of triplicates of five different cell
line batches: ##p < 0.001, comparing control and R/O-damaged cells;
*p < 0.0S, comparing with R/O-damaged cells without drug
incubation.
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pooled results of five different experiments in triplicate.
ITH12410/SC058 exerted a sustained improvement of cell
viability, of around a 25%, between 0.1 and 3 uM, where no
significant differences were observed among all doses used.

In parallel, we assessed the effect of ITH12410/SC058
against an exogenous source of free radicals, by exposing SH-
SYSY cells to 100 uM H,O,. SH-SYSY human neuroblastoma
cells were treated with ITH12410/SC058 at the concentrations
of 0.3, 1, and 3 uM for 24 h before the incubation of cells with
H,0, and maintained during the additional 24 h exposure to
H,0,. Cells exposed to H,0O, in the absence of ITH12410/
SC058 showed a viability of about 70% with respect to control
cells, as measured with the MTT reduction method. Figure 3
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Figure 3. Protection by ITH12410/SCO058 against the H,O,-evoked
toxic stimulus in SH-SYSY neuroblastoma cells. Cell viability was
evaluated by MTT reduction (ordinate); data were normalized (%
control, white column; cells only incubated with cell culture medium).
N-Acetylcysteine at the concentration of 1 mM was used as reference
antioxidant. Data expressed are the mean + SEM of triplicates of six
different cell line batches: ™p < 0.001, comparing control and H,0,-
damaged cells; ***p < 0.001, *p < 0.05, comparing with H,O,-
damaged cells without drug incubation.

shows the pooled results of six different experiments in
triplicate, where ITH12410/SC0S58 protected cells drastically,
and a maximal protection of 92% was reached at 1 uM. In this
model, N-acetylcysteine, used at the concentration of 1 mM,
was included as a reference antioxidant.

The clear neuroprotective properties as antioxidant of
ITH12410/SCO058 in neuroblastoma cells motivated us to
study it in a more complex preparation. Thus, rat hippocampal
slices were subjected to oxygen and glucose deprivation (OGD)
followed by reoxygenation, which is an acute model of lesion
produced by free radical generation during the reoxygenation
period."® The lesion generated in this tissue simulates what can
occur in cerebral ischemia and Alzheimer’s disease patients,
where the hippocampus is profoundly affected, causing cardinal
symptoms of short-term memory loss."” Thus, 15 min of OGD,
followed by 2 h of reoxygenation produced a cell viability
decrease of about 40% respect to control slices. In this model,
ITH12410/SCO058 was tested at concentrations ranging from
0.3 to 10 uM. ITH12410/SC058 was able to increase the
viability of the tissue in a concentration-dependent fashion, and
a maximal protection of 73% was reached at 3 uM. This
protection was lost at higher concentrations (10 M) (Figure
4); what could be due to this high concentration is out of the
therapeutic range of the compound, presumably because it is
gaining affinity toward other biological targets, and these new
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Figure 4. Protection by ITH12410/SCO058 against the cytotoxic effects
of oxygen and glucose deprivation (OGD) plus reoxygenation in rat
hippocampal slices. Tissue viability was evaluated by MTT reduction
(ordinate); data were normalized (% control, white column; cells only
incubated with cell culture medium). Data expressed are the mean +
SEM of quadruplicates of three different rats: **p < 0.001, comparing
control and OGD-lesioned cells; ***p < 0.001, **p < 0.01, comparing
with OGD-damage tissue without drug incubation.

interactions trigger biological responses that are counteracting
the neuroprotective effect observed at lower concentrations.

In summary, these three models of oxidative stress confirm
this compound as an efficient antioxidant, which, at low
micromolar concentrations, could rescue from death the
neurons that become vulnerable due to an oxidative imbalance.
Otherwise, the Ap-elicited neurotoxicity has also been
associated with the genesis of free radical production at the
mitochondrial level. In fact, Af targets the mitochondrial
permeability transition pore (mPTP), causing its opening and
leading to an excessive free radical production.”® Taking into
account such observations, we tested if the antioxidant
properties of ITH12410/SC0S8 could counteract the Ap-
induced neuronal damage. SH-SYSY cells were exposed to
ITH12410/SC0S8 at concentrations of 0.1-3 uM for 24 h
before incubation with Af;_, (30 M) and during its exposure.
Cells treated with Af,_,, in the absence of ITH12410/SCO058
showed a viability of about 78% with respect to control cells.
ITH12410/SC058 protected cells from 0.1 uM, and a
maximum of 95% was reached at 0.3 uM, with respect to
cells only treated with Af (Figure S). Unlike what was observed
in Figures 2 and 3, ITH12410/SC058 tested at the
concentration of 3 uM lost the neuroprotective effect against
Ap. A possibility exists that some other biological targets
overexpressed by the exposure to A would be gaining affinity
for ITH12259/SCO0S8 at this concentration and thus reducing
its protective profile. Melatonin (10 nM), which exhibits
neuroprotective effects in SH-SYSY cells exposed to A
afforded a 72% protection.

The 1—42 peptide is one of the most common forms of AB
in amyloid deposits found in AD patients brain;**>* hence, the
potent neuroprotective action of ITH12410/SC058 against this
Ap form toxicity deserves attention, and it seems that this
action could be due in part to its apparent antioxidant profile.
Nevertheless, the real mechanism of the Af-induced neuro-
toxicity in AD patients remains unclear, and the influence of the
oxidative state imbalance, together with an enhanced Ca®* entry
into excitable cells'" and a sensitization of the mPTP openin
by increased Ca>" concentrations at the mitochondrial matrix”
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Figure S. Protection by ITH12410/SCO058 against Af}; _,-evoked toxic
stimulus in SH-SYSY neuroblastoma cells. Cell viability was evaluated
by MTT reduction (ordinate); data were normalized (% control, white
column; cells only incubated with cell culture medium). Data
expressed are the mean + SEM of triplicates of three different cell
batches: ##p < 0.001, comparing control and Af-damaged cells; ***p
< 0.001, **p < 0.01, *p < 0.0S, comparing with Ap-damaged cells
without drug incubation.

could be implicated. For this reason, we tested if the
ITH12410/SCO058-evoked neuroprotection was also derived
from a down-regulation of the toxic signal exerted by Ca®'
overload. Ca®" overload-induced cell damage was generated by
a mild depolarizing stimulus of 20 mM K' plus 0.3 uM
FPL64176, which augments the opening time of L-type Ca®"
channels.*® SH-SYSY cells were exposed to ITH12410/SC058
at concentrations from 0.3 to 10 uM for 24 h before incubation
with FPL64176 and maintained during the 24-h period of the
toxic exposure. Cells treated with 20 mM K" plus FPL64176 in
the absence of ITH12410/SCO0S8 showed a viability of 65%
with respect to control cells. ITH12410/SC058 protected cells
up to a 20% at 1 uM (Figure 1 in the Supporting Information),
but this protection was not statistically significant with respect
to cells treated with the toxic stimulus in the absence of
ITH12410/SC058. The L-type calcium channel blocker
nimodipine, used as standard, afforded a protection of 32% at
the concentration of 3 M. Although ITH12410/SC058 was
described to block by 20% the cytosolic Ca®* increase
stimulated by high extracellular K* concentration at 3 uM,"*
this activity does not seem to be sufficient to preserve cell
viability of SH-SYSY cells suffering Ca®" overload when this is
elicited by the selective opening of L-type voltage-dependent
Ca’" channels, by applying 20 mM K* plus FPL64176. Indeed,
L-type Ca" channels are the subtype most directly related to
the Ca®* overload-induced cell death scenario.”” Hence, we
propose that the effect of ITHI12410/SC058 on the Ap-
triggered neurotoxicity is mainly due to its antioxidant activity.

On the other hand, hyperphosphorylation of 7 leading to
neurofibrillary tangle (NFT) formation is the other principal
hallmark to explain the neurodegeneration in AD.”® We
therefore studied the effect of ITH12410/SC058 against an
in vitro model of 7 hyperphosphorylation. Taking into account
that the main phosphatase enzyme dephosphorylating 7 is the
phosphoprotein phosphatase 2A (PP2A),* a reliable model of
7 hyperphosphorylation is the administration to neuronal
cultures of its selective inhibitor okadaic acid (OA),*° used in
both in vivo®" and in vitro experiments, such as neuroblastoma
cells.’”** Cells exposed to 30 nM OA in the absence of
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ITH12410/SC058 showed a viability of 58% with respect to
control cells, measured with the MTT reduction method.
Figure 6 shows pooled results of four different experiments in
triplicate.
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Figure 6. Protection by ITH12410/SCO058 against the okadaic acid
(OA)-evoked toxic stimulus in SH-SYSY neuroblastoma cells. Cell
viability was evaluated by the MTT reduction (ordinate); data were
normalized (% control, white column; cells only incubated with cell
culture medium). Data expressed are the mean + SEM of triplicates of
four different cell batches: *p < 0.001, comparing control and OA-
damaged cells; ***p < 0.001, ** p < 0.01, *p < 0.05, comparing with
OA-damaged without drug incubation.

ITH12410/SC0S8 protected cells moderately, and the
maximum protection of 34% was reached at 1 yM. In this
toxicity model, 0.3 yM galantamine, included as reference
compound,® afforded a protection of 60%. Although
ITH12410/SCO058 only exerted a mild neuroprotection against
OA, the fact that the neuroprotective actions of ITH12410/
SCO058 include targeting of the two most highlighted hallmarks
of AD, that is, hyperphosphorylation of 7 and amyloidogenesis,
makes these compounds of special interest for further
preclinical studies on this neurodegenerative disease.

In summary, the compound ITH12410/SC058 presents a
neuroprotective froﬁle that could fit the concept of a
multitarget drug®® because of its ability to participate in the
regulation of various physiological events occurring in AD, that
is, Af, v hyperphosphorylation, and free radicals of mitochon-
drial and exogenous origin. Because ITH12410/SCO0S8 targets
all these models, it seems that this benzothiadiazepine
derivative may behave as an efficacious multitarget neuro-
protective compound. The results of this work make this
compound a promising candidate to further investigate its
preclinical pharmacological properties for the treatment of AD.

B METHODS
MTT Assay. The viability of cells and tissue preparations, defined as

their mitochondrial activity, was assessed by a colorimetric assay with
the dye 3-[4,5-dimethylthiazol-Z-;fl]-Z,S-diphenyltetrazolium bromide
(MTT), as described previously."” SH-SYSY neuroblastoma cells were
seeded into 48-well plates, and the dye MTT was injected to wells (S
mg mL™"). After dye incubation at 37 °C for 2 h in the absence of
light, cells were lysed. Mitochondrial succinate dehydrogenase cleaves
the tetrazolium heterocycle of MTT, producing a precipitated, blue-
colored formazan derivative, which is dissolved by adding 200 uL of
dimethyl sulfoxide, generating a blue solution with an intensity
measurable in a spectrophotometric plate reader at the wavelength of
540 nm (FLUOstar Optima, BMG, Germany). Data are expressed as

773

the percentage of the chemical reduction of the MTT, considering the
value obtained in nondamaged, nonincubated cells in each individual
experiment as 100% of cell viability. In this paper, data are expressed as
the percentage of protection by a certain treatment; as an example,
50% decrease in the reduction of the MTT would mean a 50% cell
death, so counteracting such loss of cell viability by 25% because of
drug incubation, would mean neuroprotection of 50%.

Data Analysis. Data are expressed as the mean + standard error
(SEM). The statistical differences were calculated by one-way ANOVA
followed by Newman-Keuls post hoc test. Statistical differences were
taken as significant when p < 0.05. All statistical analyses were
performed using Prism software (GraphPad) version 5.0 for Mac (OS
X).

B ASSOCIATED CONTENT

© Supporting Information

Cell viability experiments using Ca** overload as cell death
model, reagents used, experimental details for the culture of
SH-SYSY neuroblastoma cells and preparation of rat hippo-
campal slices, and cell incubation with compound solutions.
This material is available free of charge via the Internet at
http://pubs.acs.org.
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okadaic acid; R/O, rotenone plus oligomycin A; ROS, reactive
oxygen species; SEM, standard error of the mean; 7, tau protein
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