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Abstract—Amyloid-β (Aβ) is the main component of senile plaques, one of the hallmarks of Alzheimer,s dis-
ease. Is been shown that Aβ25–35 decreased neuronal viability while it increased generation of reactive oxy-
gen species (ROS), and albumin (BSA) prevented ROS production and neuronal death in a dose-and time-
dependent manner. One of the major sources of ROS is mitochondrion, and is believed that Mitochondrial
ATP-regulated potassium channels (mitoKATP) protect synapses and neurons against oxidative and meta-
bolic stress by modulating inner membrane potential and ROS production. Here we investigate the possible
participation of MitoKATP channels on toxic effect of Aβ and the protective effect of BSA, by studying the
influence of diazoxide (DIAZ) and tolbutamide (TOLB) on the effect of Aβ25–35 in neuronal morphology,
cell viability and ROS generation in presence and absence of BSA. DIAZ decreased ROS generation induced
by Aβ25–35 in a concentration dependent manner, but increased with the addition of BSA. TOLB increased
Aβ25–35 effect on ROS production in a concentration dependent manner, but only in presence of BSA. Nei-
ther DIAZ nor TOLB rescued neurons from morphological damage and cell death induced by Aβ25–35.
Hence, it could be proposed that MitoKATP channels participate on toxic effects of Aβ25–35, but not in pro-
tective effect of BSA, which seems to go through an extraneuronal mechanism.
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INTRODUCTION
Alzheimer’s disease (AD) is the most prevalent

dementia, especially among the elderly, striking about
60 million people worldwide (Alzheimer’s Associa-
tion, 2012). AD is characterized by severe neurode-
generation and increasing cognitive impairment,
together with the formation of senile plaques com-
posed of amyloid-β-peptides (Aβ) as well as the pres-
ence of neurofibrillary tangles (NFTs) made of highly
phosphorylated tau protein (PHF tau).

Aβ monomers play important functions such as:
(1) inducing an enhanced expression of proteins
related to insulin-like growth factor (IGF) function or
transcription factor (TF) regulation (IGFBP3/5, and
Lim only domain protein 4, respectively); (2) favoring
adult neurogenesis in the subgranular zone of dentate
gyrus; (3) modulating synaptic plasticity, long-term
potentiation (LTP), and memories recording in the

hippocampus; (4) sealing blood vessels to preserve
blood-brain barrier (BBB) integrity; and (5) fine-tun-
ing Ca2+ homeostasis by binding a α-nicotinic acetyl-
choline receptors (α-nAChRs) and enhancing intra-
cellular Ca2+ signals without triggering intercellular
Ca2+ waves in astrocytes. Thus, Aβ monomers assist in
the mutual modulation of neuron-astrocyte signals
promoting long-term potentiation (LTP) and memory
storing [1–7].

However, Aβ peptide is considered a key molecule
in AD pathogenesis, since when Aβ concentration is
not kept at physiological levels, the resulting accumu-
lation of Aβ triggers the assembling of Aβ monomers
into an assortment of toxic Aβ oligomers of growing
sizes eventually forming Aβ fibrils [8–11]. It has been
informed that Aβ1–40 and Aβ1–42 peptides can be
detached by a not enzymatic mechanism, generating
different oligomers that can diffuse from it [12].

The shorter Aβ oligomer with toxic effect is Aβ25–
35, a peptide of 11 amino acids that corresponds to
a fragment of Aβ1–40 and Aβ1–42 and is an inter-
membrane domain of the amyloid-β precursor protein
(APP) [13]. It has been demonstrated that Aβ25–35
administration caused cognitive impairment in rats
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[14, 15], and it has also been founded in AD patients,
probably coming from Aβ1–40 cleavage [16]. Aβ25–
35 has been proposed as the biologically active region
of Aβ, and seems to be responsible for the toxic effect
of Aβ that leads to brain damage [17].

Aβ25–35 retains both its physical and biological
properties of the full-length peptide [18–22]. As an
example, the toxic effect of Aβ25–35 in neurons in
primary culture was investigated and compared with
that induced by Aβ1–40, founding that decreased
neuronal viability induced by both peptides was quite
similar [23]. Because of the former, Aβ25–35 is often
selected as a model for full length Aβ.

AD is considered a multifactorial pathogenesis
[24], but one of the most widely described factors
involved in AD is oxidative stress, defined as an imbal-
ance between reactive oxygen species (ROS) and the
antioxidant defenses [25]. Accordingly with different
authors the mechanism of Aβ25–35 induced cytotox-
icity involve the formation of oxygen radical species
(ROS) [26–31]. An evidence of this is the protective
effect of albumin against toxicity induced by Aβ25–35
in neurons in primary culture, attributed to its bind to
the peptide in an equimolecular way, counteracting
the ROS increase induced by the peptide [23].

Mitochondrial failure plays a key role in the gener-
ation of ROS [32], which leads in oxidative damage to
different cellular compartments [33]. It has been
hypothesized that oligomeric Aβ has the ability to per-
meabilize cellular membranes and lipid bilayers and
thus to be imported in organelles such as mitochon-
drion [34–36]. Increasing evidence indicates that Aβ
accumulation in mitochondrion is detrimental with
Aβ1–42 oligomers susceptible to induce a massive
entry of Ca2+ in neurons leading to mitochondrial
Ca2+ overload [37], and Aβ1–40 and Aβ1–42 acting
directly on mitochondrion by promoting mitochon-
drial dysfunctions and oxidative damages [38]. How-
ever, it is still unclear how Aβ causes mitochondrial
structural and functional abnormalities.

Mitochondrion plays also central roles in meeting
the demands of synapses for ATP and in regulating
calcium homeostasis, therefore mitochondrial dam-
age can cause dysfunction and degeneration of syn-
apses, which would lead to neuronal dead. Potassium
channels similar to those identified at the plasma
membrane, including ATP-regulated potassium chan-
nels (mitoKATP) have already been found in the inner
mitochondrial membrane [39]. It has been proposed
that mitochondrial potassium channels are involved in
mitochondrial volume regulation, cytoprotection,
acidification, apoptosis, calcium homeostasis and in
the control of inner mitochondrial membrane integ-
rity [39, 40].

It is believed that MitoKATP channels are one of
the mitochondrial proteins that serve the function of
protecting synapses and neurons against oxidative and
metabolic stress, as the result of changing ion gradi-
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ents and ATP usage, by modulating inner membrane
potential and ROS production. As a matter of fact, the
oxidation of potassium channels triggered by ROS in
mammalian brain has equally appeared to contribute
to different neuropathies [41]. Specifically, potassium
channel dysfunctions have already been documented
in fibroblasts [42] and platelets [43] from AD patients,
and post mortem studies have also showed alterations
of potassium channel expression in AD brains [44].
Besides, it has also been suggested that the composi-
tion of potassium channels could change after being
treated with Aβ1–42 [45]. Because of the former,
MitoKATP channels may participate in the toxic
effect of Aβ and could represent a neuroprotection
site.

In light of the above, here we investigate the possi-
ble participation of MitoKATP channels on deleteri-
ous effect of Aβ25–35 and the protective effect of
albumin, by studying the influence of an opener and a
blocker of these channels on the toxic effect of the
peptide in presence as well as in absence of albumin.

MATERIALS AND METHODS
Reagents

Dulbecco,s modified Eagle,s medium (DMEM),
penicillin, streptomycin, poly-L-lysine, cytosine
arabinoside, bovine serum albumin (BSA; fatty acid-
free and dialyzed before use) and 3-(4,5-dimetiltiazol-
2-ilo)-2,5-difeniltetrazol (MTT), diazoxide (DIAZ)
and tolbutamide (TOLB) were purchased from
Sigma-Aldrich Chemical Co (Madrid, Spain). Aβ25–
35 was obtained from Bachem (Torrance, California,
USA) and dissolved in deionized water. Fetal calf
serum (FCS) was obtained from Serva Boehringer
Ingelheim (Heidelberg, Germany). 2,7-dichlorodihy-
drofluorescein-diacetate (DCFH-DA) was obtained
from Molecular Probes, Eugene, OR, USA). Standard
analytical grade laboratory reagents were obtained
from Merck (Dramstad, Germany) or Sigma-Aldrich
Chemical Co.

Animals
All experiments were performed according with the

Helsinki Guide for the Care and Use of Laboratory
Animals as adopted in the European Union and
approved by the institutional committee of INCyL.

Albino Wistar rats (Rattus norvegicus), fed ad libi-
tum on a stock laboratory diet (49.8% carbohydrates,
23.5% protein, 3.7% fat, 5.5% minerals and added
vitamins and amino acids; w/w) were used for the
experiments. The animals were maintained on a 12-h
light-dark cycle. Females with a mean weight of 250 g
were caged with males overnight and conception was
considered to occur at 01:00 h; this was verified the
following morning by the presence of spermatozoa in
the vaginal smears. To prepare neurons in primary
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culture, fetuses at 17.5 days of gestation were delivered
by rapid hysterectomy after cervical dislocation of the
mother.

Neuronal Cultures
Cells were cultured essentially as described by Ta-

bernero et al. [46]. Briefly, animals were decapitated
and the brains immediately excised. After removing
the meninges and blood vessels, the forebrain was
placed in Earle’s balanced solution (EBS) containing
20 μg/mL DNase and 0.3% (w/v) BSA. The tissue was
minced, washed, centrifuged at 500g for 2 minutes and
incubated in 0.025% trypsin (type III) and 60 μg/mL
DNase I for 15 min at 37°C. Trypsinization was halted
by the addition of DMEM supplemented with 10%
FCS. The tissue was then dissociated by passing-it
gently 4 to 8 times through a siliconized Pasteur
pipette and the supernatant was recovered. This oper-
ation was repeated and the resulting cell suspension
was centrifuged at 500g for 5 minutes. The cells were
then resuspended in DMEM supplemented with 10%
FCS and counted in with a Neubauer chamber (test
for the exclusion of trypan blue dye was used to indi-
cate cell viability). Once diluted in DMEM supple-
mented with 10% FCS, 50 U/mL penicillin,
37.5 U/mL streptomycin, and 25 mM KCl, cells were
plated on 3.5 cm or 6.0 cm diameter Petri dishes
coated with 10 μg/mL of poly-L-Lysine at a density of
1.5 × 105 cells/cm2. One day after plating, 10 μM cyto-
sine arabinoside was added to avoid glial cell prolifer-
ation.

Neuronal survival
For survival experiments, three days after plating

cultured neurons were maintained in a serum-free
medium (Hank’s medium, pH 7.4), and after the
treatment neuronal survival was determined by the
MTT reduction assay [47]. This assay is based on the
ability of active mitochondrial dehydrogenases to con-
vert MTT (dissolved in PBS, 5 mg/mL) to water insol-
uble purple formazan crystals. MTT was diluted 1 : 10
in DMEM and added to the cells. At the end of the
incubation period (75 min in darkness), the medium
with MTT was replaced by dimethyl sulfoxide
(DMSO) and gently shaken for 10 min in darkness.
Then, 100 μL of lysate was transferred to a 96-well
plate and the absorbance of the dye was measured at a
wavelength of 570 nm. Data are presented as percent-
ages of absorbance compared with control cells. All
experiments were performed at least 6 times with 4
reruns per condition.

Quantification of Reactive Oxygen Species
Production of reactive oxygen species (ROS) was

measured using the f luorogenic DCFH-DA probe.
DCFH-DA is intracellularly deacetylated to 2,7-dichlo-
N

rodihydrofluorescein (DCFH) and then converted to
the f luorescent oxidized compound 2,7-dichlorofluo-
rescein (DCF) by hydrogen peroxide [48]. All experi-
ments were performed at least 6 times with 4 reruns per
condition.

Influence of MitoKATP Channels on the Toxic Effect
of Aβ25–35 and the Protective Effect of Albumin

in Neurons in Primary Culture
Influence of diazoxide and tolbutamide on the toxic

effect of Aβ25–35 and the protective effect of albumin
in neurons in primary culture. Neurons were cultured
in DMEM supplemented with FCS 10% (v/v) for
three days. Then cells were deprived from serum and
maintained in Hank,s medium pH 7.4. Then they were
exposed to 30 μM Aβ25–35 together with DIAZ
(150 μM) or TOLB (150 μM), in presence as well as in
absence of BSA 30 μM for 24 hours.

After the corresponding treatment, phase contrast
photographs were taken and cellular viability and ROS
generation were determined by the MTT reduction
and DCFH-DA methods respectively, as described
above.

Influence of different concentrations of diazoxide
and tolbutamide on the toxic effect of Aβ25–35 and the
protective effect of albumin in neurons in primary cul-
ture. Neurons cultured in DMEM with FCS 10%
(v/v) for three days were deprived from serum and
maintained in Hank,s medium pH 7.4. Then they were
exposed to 30 μM Aβ25–35 simultaneously with dif-
ferent concentration of DIAZ (125, 250, 500 and 750
μM) or TOLB (30, 150, 300 and 450 μM), in presence
as well as in absence of BSA 30 μM for 24 hours.

After the corresponding treatment, phase contrast
photographs were taken and cellular viability and ROS
generation were determined by the MTT reduction
and DCFH-DA methods respectively, as described
above.

Influence of diazoxide, alone or in combination with
tolbutamide, on Aβ25–35 toxicity and the protective
effect of albumin in neurons in primary culture. Neu-
rons were cultured in DMEM with FCS 10% (v/v) for
three days. Then cells were maintained in Hank’s
medium pH 7.4 and were exposed to 30 μM Aβ25–35
together with DIAZ 150 μM alone or in combination
with 150 μM of TOLB, for 24 hours. Described treat-
ments were performed in presence as well as in
absence of BSA 30 μM.

After the corresponding treatment, cellular viabil-
ity and ROS generation were determined by the MTT
reduction and DCFH-DA methods respectively, as
described above.

Influence of different times of treatment with tolbut-
amide on Aβ25–35 toxicity and the protective effect of
albumin in neurons in primary culture. Neurons cul-
tured in DMEM with FCS 10% (v/v) for three days
were deprived from serum and maintained in Hank,s
EUROCHEMICAL JOURNAL  Vol. 14  No. 1  2020
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Fig. 1. Influence of diazoxide on albumin effect on neurons in primary culture with and without amyloid-β 25–35. Neurons were
cultured in DMEM with fetal calf serum 10% (V/V) for three days. Then cells were serum-deprived and 30 μM of amyloid-β 25–
35 (Aβ) was added for 24 hours with and without 30 μM of bovine serum albumin (BSA), both in the presence and absence of 150 μM
of diazoxide (DIAZ). (a) Phase-contrast photographs were taken and labeled according to the culture conditions (bar = 100 μm).
(b) Cellular viability was determined by the MTT reduction method. (c) ROS were quantified using 2,4-dihydro-dichloro-fluorescein.
Results are presented as the mean ± SEM and were expressed as percentages of the respective controls. An ANOVA test was applied,
and an asterisk (*) is used to indicate statistically different groups compared with the control (N ≥ 6, Observationseach experiment = 4,
total degrees of freedom = 42, F = 3.057, p ≤ 0.05, Tukey’s test).
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medium pH 7.4. Then they were exposed to 30 μM
Aβ25–35 with and without BSA 30 μM, in presence as
well as in absence of tolbutamide 150 μM which acted
during 1,2,3 or 6 hours.

After the corresponding time of treatment, cellular
viability was determined by the MTT reduction
method as described above.

RESULTS

Influence of Diazoxide and Tolbutamide on Effect
of Aβ25–35, with and without Albumin,

on Neuronal Morphology

In Fig. 1a but also on Fig. 4a, a severe damage on
neuronal morphology caused by Aβ25–35 can be
appreciated, which was partially reversed by BSA.
Neither DIAZ (Fig. 1a) nor TOLB (Fig. 4a) protected
cells from toxic effect of Aβ25–35. Protective effect of
NEUROCHEMICAL JOURNAL  Vol. 14  No. 1  2020
BSA on neuronal morphology was modified neither
by DIAZ nor by TOLB (Figs. 1a and 4a).

Different concentrations of DIAZ as well as TOLB
were also tested, but no change was observed on effects
of Aβ25–35 on cell morphology, regardless of whether
the BSA is present or not (Figs. 2a and 5a).

Influence of Diazoxide and Tolbutamide on Effect 
of Aβ25–35, with and without Albumin,

on Neuronal Viability

Results are presented on Figs. 1b and 4b, and indi-
cate that Aβ25–35 decreased neuronal viability about
50%. The presence of BSA increased this parameter
about 20%.

The addition of DIAZ itself did not modify cell sur-
vival, but did not rescue neurons from toxic effect of
Aβ25–35 either, even in presence of BSA (Fig. 1b).
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Fig. 2. Influence of increasing concentrations of diazoxide on albumin effect on neurons in primary culture with and without
amyloid-β 25–35. Neurons were cultured in DMEM with 10% of fetal calf serum (V/V) for three days. Then cells were serum-
deprived and 125, 250, 500 and 750 µM of diazoxide (DIAZ) was added for 24 hours with and without 30 µM of amyloid-β 25–
35 (Aβ). (a) Phase-contrast photographs were taken and labeled according to the culture conditions. (b) Cellular viability was
determined by the MTT reduction method. (c) ROS were quantified using 2,4-dihydro-dichloro-fluorescein. Results are pre-
sented as the mean ± SEM and were expressed as percentages of the respective controls. An ANOVA test was applied, and an
asterisk (*) is used to indicate statistically different groups compared with the control (N ≥ 6, Observationseach experiment = 4, total
degrees of freedom = 54, F = 2.836, p ≤ 0.05, Tukey’s test).
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The increase on DIAZ concentration had no effect on

mortality induced by Aβ25–35 (Fig. 2b).

The addition of TOLB had no effect on observed

cell viability when neurons are exposed to Aβ25–35,

regardless if BSA is present or not (Fig. 4b). Enhanc-

ing TOLB concentration did not change the fact that

this drug did not rescue neurons from toxic effect of

Aβ25-35 or did not modify the protective effect of

BSA (Fig. 5b). When different times of treatment were

essayed, TOLB (150 µM) caused a light increase on

cell viability, but did not influence BSA effect on mor-

tality induced by Aβ25–35 (Fig. 6).

Figure 3 shows DIAZ effects when was adminis-

trated together with TOLB, where can be appreciated

that, without BSA, TOLB decreased slightly neuronal

viability respect to those cells added only with DIAZ,

when they received Aβ25–35. In presence of BSA but

in absence of Aβ25–35, TOLB increased neuronal

survival.
N

Influence of Diazoxide and Tolbutamide on Effect
of Aβ25–35, with and without Albumin, on Reactive 

Oxygen Spicies (ROS) Generation

According to Fig. 1c, Aβ25–35 increased ROS
about 80%, which was completely reversed in presence
of BSA. DIAZ diminished slightly ROS respect to the
control (12%) and diminished 30% ROS generation
induced by Aβ25–35, since it felled down from 180%
to 150% respect to the control group. Such ROS level
(150%) is similar to the observed in presence of BSA
when cells were treated with Aβ25–35 and DIAZ.

The described decrease on ROS generation caused
by DIAZ when neurons are exposed to Aβ25–35
(from 180 to 150%) is a concentration dependent
effect, diminishing gradually until the concentration
250 µM was reached. Subsequently ROS levels
remained basically constant even with high concentra-
tions (Fig. 2c).

TOLB itself did not modified ROS generation,
whether or not there Aβ25–35 in the culture medium.
EUROCHEMICAL JOURNAL  Vol. 14  No. 1  2020
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Fig. 3. Influence of diazoxide on amyloid-β 25–35 effect on neurons in primary culture with and without albumin and tolbut-
amide. Neurons were cultured in DMEM with 10% of fetal calf serum (V/V) for three days. Then cells were serum-deprived and
30 µM of amyloid-β 25–35 (Aβ) was added for 24 hours with and without 30 µM of bovine serum albumin (BSA), both in the
presence and absence of 150 µM of diazoxide (DIAZ), in combination or not with 150 µM of tolbutamide (TOLB). (a) Cellular
viability was determined by the MTT reduction method. (b) ROS were quantified using 2,4-dihydro-dichloro-fluorescein. Results
are presented as the mean ± SEM and were expressed as percentages of the respective controls. An ANOVA test was applied, and an
asterisk (*) is used to indicate statistically different groups compared with the control (N ≥ 6, Observationseachexperiment = 4, total
degrees of freedom = 42, F = 3.029, p ≤ 0.05, Tukey’s test).
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However, when BSA was added TOLB increased ROS
generation about 55%, with or without Aβ25–35
(Fig. 4c). The above mentioned increase induced by
TOLB when BSA was added is concentration depen-
dent, and no difference between neurons treated or
not with Aβ25–35 was observed (Fig. 5c).

In absence of BSA, TOLB did not modify DIAZ
effect, since there is no difference between cells which
received TOLB from those that did not. When BSA
was added, TOLB caused an increase on ROS genera-
tion, even in cells which were no exposed to Aβ25–35
(Fig. 3b).

DISCUSSION

Potassium channels are essentials for both, excit-
able and non excitable cells, in the control and regula-
tion of different processes like membrane potential,
cellular volume and secretion of different ions, hor-
mones and neurotransmitters.

In brain mitochondrial membrane MitoKATP
channels are 7 folds higher than in heart or in liver,
indicating its important functions. It has been sug-
gested that the activation of MitoKATP channels can
potentially reduce cell death during hypoxia; however,
the mechanism by which this occurs is still unclear
[49–51]. It is supposed that MitoKATP channels of
neurons are closed in the presence of physiological
NEUROCHEMICAL JOURNAL  Vol. 14  No. 1  2020
levels of intracellular ATP and open when ATP is
depleted during hypoxia or metabolic damage [52].

Is been reported that AD neurons generate free
radicals in mitochondrion, but is not clear yet how Aß
induce ROS production [38]. Particularly, it has been
described that Aβ25–35 can reach mitochondrion
where it may cause the disarrangement of respiratory
machinery. This can be accomplished by the occlusion
of TIM23/TOM40 protein permease system resulting
in the inhibition of protein import to mitochondrion
[53]. In addition, Aβ interaction with the mitochon-
drion permeability transition pore may lead to the
increase mitochondrial permeability and subsequent
apoptosis [54]. Because of the former, MitoKATP
channels may participate on toxic effect of Aβ25–35
on neurons in primary culture attributed to the
increase in ROS levels.

The strategy to demonstrate this hypothesis was the
use of substances which act on MitoKATP channels,
such as DIAZ and TOLB. It is been demonstrated that
DIAZ has a direct effect on mitochondrial membrane

potential, Ca2+ transport, oxygen consumption and
ATP generation in pancreatic β-cells and liver mito-
chondria, and is considered as one of the most potent
openers of MitoKATP channels [55]. On the other
hand, the union of TOLB with sulphonylureas recep-
tor causes the close of MitoKATP channels, with the
subsequent opening of calcium channels. Specifically
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Fig. 4. Influence of tolbutamide on albumin effect on neurons in primary culture with and without amyloid-β 25–35. Neurons
were cultured in DMEM with fetal calf serum 10% (V/V) for three days. Then cells were serum-deprived and 30 µM of amyloid-
β 25–35 (Aβ) was added for 24 hours with and without 30 µM of bovine serum albumin (BSA), both in the presence and absence
of 150 µM of tolbutamide (TOLB). (a) Phase-contrast photographs were taken and labeled according to the culture conditions
(bar = 100 µm). (b) Cellular viability was determined by the MTT reduction method. (c) ROS were quantified using 2,4-dihydro-
dichloro-fluorescein. Results are presented as the mean ± SEM and were expressed as percentages of the respective controls. An
ANOVA test was applied, and an asterisk (*) is used to indicate statistically different groups compared with the control (N ≥ 6,
Observationseach exeperiment = 4, total degrees of freedom = 42, F = 2.973, p ≤ 0.05, Tukey’s test).
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in the brain a receptor for sulphonylureas has been
described, which make brain MitoKATP channels
sensitive to this kind of drugs.

To get started, it must be mentioned that the con-
centrations of Aβ25–35 and BSA employed in this
experiments (30 µM) were selected after previous
studies that showed the maximal toxic effect of Aβ25–
35 as well as the maximal protective effect of BSA in
our experimental conditions with those concentra-
tions [23]. The morphological damage and the neuro-
nal mortality caused by Aβ25–35, as well as the
improvement on both parameters induced by BSA
shown in Fig. 1a and/or Fig. 4a verify the former.

Neither DIAZ (Fig. 1a) nor TOLB (Fig. 4a)
affected neuronal morphology or cellular viability,
which means that those drugs had not toxic effects
themselves. However, neither the toxic effect of
Aβ25–35 nor the protective effect of BSA, were mod-
ified by these drugs either (Figs. 1a, 4a).
N

Opening MitoKATP channels by using DIAZ
reduced ROS levels caused by the treatment with
Aβ25–35, in a concentration dependent manner
(Figs. 1c and 2c). It may be explained considering that
Aß impairs ion-motive ATPase activities, such as
sodium and calcium ATPases, causing membrane
depolarization and calcium influx through activated
NMDA-gated channels [24, 56–58]. Thus, activation
of MitoKATP channels induced by DIAZ would
decrease membrane depolarization and calcium
influx to mitochondrion, thus ROS generation.

On the contrary, when BSA is added an increase in
ROS levels was produced, in a very similar magnitude
to the observed in neurons exposed only to Aβ25–35,
meaning without BSA in the culture medium. It has
been proposed that BSA form an equimolecular com-
plex with Aβ25–35, which prevents the internalization
of the peptide into the neurons, counteracting the
ROS increase caused by the Aβ25–35 [23]. Since
DIAZ bind highly to BSA [59], it may displace Aβ25–35
EUROCHEMICAL JOURNAL  Vol. 14  No. 1  2020
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Fig. 5. Influence of increasing concentrations of tolbutamide on albumin effect on neurons in primary culture with and without
amyloid-β 25–35. Neurons were cultured in DMEM with 10% of fetal calf serum (V/V) for three days. Then cells were serum-
deprived and 30, 150, 300 and 450 µM of tolbutamide (TOLB) was added for 24 hours with and without 30 µM of amyloid-β 25–
35 (Aβ). (a) Phase-contrast photographs were taken and labeled according to the culture conditions (bar = 100 µm). (b) Cellular
viability was determined by the MTT reduction method. (c) ROS were quantified using 2,4-dihydro-dichloro-fluorescein. Results
are presented as the mean ± SEM and were expressed as percentages of the respective controls. An ANOVA test was applied, and an
asterisk (*) is used to indicate statistically different groups compared with the control (N ≥ 6, Observationseach experiment = 4, total
degrees of freedom = 114, F = 2.4967, p ≤ 0.05, Tukey’s test).
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from the complex described above, which would result
in the inability of DIAZ to open Mito KATP channels
(since it is bounded to BSA) but also in free Aβ25–35,
which may exert its toxic effect despite of BSA treat-
ment. That could explain the opposite effects caused
by DIAZ with and without BSA addition.

Besides its effects as MitoKATP opener, DIAZ also
has antioxidant properties [60, 61]. Thus, described
effects of DIAZ could be a consequence not only of its
actions on MitoKATP channels but to its antioxidants
effects. To explore this alternative, TOLB was used
simultaneously with DIAZ. If observed DIAZ effects
are result of its interaction with MitoKATP channels,
it would be expected that DIAZ effects would be
counteracted by TOLB.

According to Fig. 3b, without BSA TOLB did not
reverse DIAZ effect on ROS, even when Aβ25–35 was
added; nevertheless, if there is BSA in the culture
medium, TOLB increased ROS generation. Such
ROS increase would be the result of closing Mito-
NEUROCHEMICAL JOURNAL  Vol. 14  No. 1  2020
KATP channels, which lead to higher intracellular cal-

cium levels. Hence, at least in presence of BSA, TOLB

reversed DIAZ effects, and could be assumed that

described actions of DIAZ are the result of its effects

on MitoKATP channels. However, the different ability

of DIAZ and TOLB to cross the cell membrane

because of its polarity and their different affinity by

BSA must be considered, and did not allow clarify if

DIAZ effects on ROS generation are a consequence of

its antioxidant properties or to its interaction on Mito-

KATP channels when they are supplied together.

It must be realized that TOLB increased ROS in a

concentration dependent manner only when BSA is

added to the culture medium, with or without Aβ25–

35 (Fig. 5c). It is considered as a consequence to the

affinity of TOLB for BSA, so that TOLB can get into

the neurons only if it is carried by BSA, at least enough

concentration to close MitoKATP channels. That

doesn’t seem to be the case with DIAZ, maybe

because it is highly lipophilic.
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Fig. 6. Influence of tolbutamide at different times of treat-
ment on albumin effect on neuronal viability in neurons in
primary culture without amyloid-β 25–35. Neurons were
cultured in DMEM with fetal calf serum 10% (V/V) for
three days. Then cells were serum-deprived and 30 µm of
amyloid-β 25–35 (Aβ) was added for 1, 2, 3 and 6 hours
with and without 30 µm of bovine serum albumin (BSA),
both in the presence and absence of 150 µM of tolbutamide
(TOLB). After the different times of treatment cellular via-
bility was determined by the MTT reduction method.
Results are presented as the mean ± SEM and were
expressed as percentages of the respective controls. An
ANOVA test was applied, and an asterisk (*) is used to
indicate statistically different groups compared with the
control (N ≥ 6, Observationseach experiment = 4, total
degrees of freedom = 144, F = 2.002, p ≤ 0.05, Tukey’s
test).
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The decrease in ROS levels observed in the group

treated with Aβ25–35 when DIAZ was added, as well

as the largest increase in this parameter induced by the

peptide when was administrated together with TOLB

in presence of BSA, suggest the participation of Mito-

KATP channels in the ROS generation induced by

Aβ25–35. However, described changes had any reper-

cussion on neuronal morphology or viability. In other

words, neither the diminished ROS levels caused by

DIAZ rescued neurons form toxic effect of Aβ25–35,

nor the enhanced ROS production induced by TOLB

increased cell mortality. This apparent paradox may

be explained considering that toxicity may be a func-

tion of not only the kinetics of ROS generation but

also the stability of the radical and its efficiency of

transfer to lipids and proteins. These characteristics of

the ROS likely depend on intra and intermolecular

interactions that differ among peptides [62]. For

example, nitrogen- and oxygen-centered radicals are

normally very reactive and biologically toxic; however,

the presence of sterically bulky or resonance-active

ligands adjacent to the radical center converts the rad-

ical into an essentially inert species. Hence, the pres-

ence of a radical center does not imply toxicity inde-

pendent of other chemical considerations. Thus, while

several peptides may generate radicals, the toxicity of

a radicalizing peptide depends on several factors.
N

COLCLUSIONS

MitoKATP channels are proposed to participate in
ROS generation induced by Aβ25–35, although they
do not seem to be the only ROS source responsible of
the toxic effects of the peptide in neurons in primary
culture. However, they do not seem to participate in
the protective effect of BSA, which reinforce the
hypothesis that BSA protection goes through an
extraneuronal mechanism.
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