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Abstract: The pathological features of Alzheimer's disease mclude deposition of senle plaques in different
brain zones formed by aggregates of fibrillar AP peptide (APP), a neurotoxic metabolic product. In this study
we used the soluble form of fragment 25-35 of APP, that includes methionine 35, side chain of APP, to
mvestigate the role of redox state of Met-35 on the pathogenesis of AD, because this residue in APP is the most
susceptible to oxidation in vivo. The data obtained evidenced that AB(25-33) peptide determines a loss of
PC12 cells viability determining mitochondrial damage with a possible trigger of pro-apoptotic signals. In
particular, the following parameters were examined: cytochrome ¢ release, mitochondrial membrane potential
(AY_) and mitochondrial respiration. In this study, three different peptides have been used: AB(25-35) with
methiomne 35 in the reduced state, oxidized to sulfoxide and/or substituted with norleucine. We cenclude that
alteration in the mitochondrial functionality might be a contributing factor to the pathogenesis of AD and the
amplitude of the effects elicited by AP peptide is modulated by the redox state of methionine.
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INTRODUCTION
Alzheimer's disease 18 a  multifaceted
neurodegenerative  disorder characterized by the

progressive deterioration of cognition and memory in
association with deposit of senile plaques formed by
aggregates of fibrillar APP in several parts of brain™. The
Amyloid-p Peptide (APP) is a product formed m cells
through the proteolytic processing of the amyloid
precursor protein (APP). APP is present in soluble form in
plasma and 1s constitutively expressed in many cells of
normal individuals. Neuronal cell death 1s associated with
the cumulating of amyloid plaques formed by aggregates
of fibrillar AP peptides, due either to excessive production
or reduced clearance of AR

Ap is a 39-42-residue peptide but a smaller 11 -residue
fragment of AP, the AP(25-35) fragment possesses much
of the biological activity of the full-length peptide. The

fibrillar aggregates of fragment of APB(25-35), both in vivo
and in vitro, are highly cytotoxic to neuronal cells™.

One of the best known hypothesis 1s that
AP-dependent-neurotoxicity may be mediated by free
radicals and/or reactive oxygen species (ROS)*. Cne of
the earliest pathological events in AD is oxidative damage
that 1s not limited to the AD lesions but it involves also
the neuronal cytoplasm and mitochondrial enzymes™. It
has been evidenced that Met-35 is the residue in AP most
susceptible to oxidation in wive, producing methionine
sulfoxide i biclogical systems™. Elevated levels of
oxidised APP were found in AD brains™. For these
reasons in this study we used the fragment 25-35 of ARP
that includes methionine 35 at C-terminal of APP to
investigate the role of oxidation state of methionine
35 on the toxic and pro-apoptotic effects m PC 12 cells.
AP(25-35) may exist in two different forms: the
aggregated and soluble ones'™. The first one is net able to
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be internalised within the PC12 cells and its addiction to
neuronal cell cultures produces changes in the activity of
various membrane protems, mncluding ion channels and
receptors, potentially as a result of spontaneous
intercaling into the membrane bilayer™'”. These findings
indicate that this peptide, highly lipophilic, interacts with
the membrane inducing apoptotic effects mdependently
and/or dependently of a receptor mediated pathway. On
the contrary the soluble form is able to cross the plasmatic
membranes triggering cell death pathways!'*'3. Tt has
been also recently demonstrated™ that AP regulates
specific genes that are relevant to the mduction of
apoptotic pathways.

In this study, we have evidenced that PC12 cells
(a line of rat pheochromocytoma) treated with AB(25-35)
show loss of cell viability, probably due to an altered
mitochondrial functionality, as evidenced by the change
membrane potential (AY,) and
respiration. Therefore, 1t has been
evidenced that the amplitude of these effects changes
according to the redox state of Methionine-35!"*"1,

of mitochondrial
mitochondrial

MATERIALS AND METHODS

Preparation of peptides: When this study was conducted,
AP(25-35) peptides with methionine, which is either in the
oxidized and reduced form or substituted with norleucine
(were -S group of methionine 1s replaced by a -CH,) were
used. All peptides were synthesized and purchased from
Peptide Speciality Laboratories GmbH (Heidelberg,
Germany). Peptides were dissolved in dimethylsulfoxide
(DMSO) at a concentration of 25 mM and stored at -80°C.
In previous studies™'? these condition have been shown
to lead to the predominance of the soluble monomeric
form of these peptides. In any case, in order to verify the
non-aggregated form of the peptides, quantitative
measurement of Congo red (from Sigma) binding was
carried out as described by Woed"”. In all control
experiments, the concentration of DMSO (1.e.,< 0.5%) was
the same of the solutions.

Cell culture and AP treatment: The PC12 were
cultured in according to Iuvone et al'?. For determination
of cytotoxicity of AP  peptides, PC12 (rat
pheochromocytoma) were initially plated in 96-well plates
at a density of 10,000 cells/well and maintained 16 h in
complete medium. Cells were then incubated for 24, 36 and
48 h in the absence (controls) or presence of 40 pM
AP(25-35) peptides with methionine in the oxidized and
unoxidized form and with Met—Nle substituted AP
peptides. 10 pM staurosporine was used as positive
control of 100% of cellular death (data not shown).
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Direct toxicity study: Cell viability was determined by
MTS test (Cell Titer 96 Promega Corporation Madison,
USANT. PC12 cells were plated in 96-well plates at a
density of 10,000 cells/well and maintained for 16 h
complete medium. Cells were then incubated in the
absence (control) or presence of 40 UM AP(25-35) with
reduced, oxidized and norleucime-substituted methicnime
35. 10 puM staurosporine was used as positive control of
100% of cellular death (data not shown). After 48 h of
peptide incubation, 20 .M of MTS reagent (2.0 mg mL.™")
was added to each well.

Mitochondria preparation: All experiments
conducted according to the Furopean Communities
Council Directive of 24 November 1986 (86/609/EEC) and
all efforts were made to minimize the number of ammals
used and their suffering.

Non-synaptic brain mitochondria were prepared as
previously reported!.

WEre

Analysis of mitochondrial oxygen consumption:
Mitochondrial respiration were measured using for
complex I, glutamate (1.7 mM) and malate (1.7 mM) and for
complex 1I, succmate (2.5 mM) with NADH
dehydrogenase inhibitor (2 pM rotenone) as previously
reported"”. Oxygen consumption was measured at 37°C
with a Clark-type oxygen electrode (Strathkelvin Instr,
Glasgow, UK) under continuous stirring.

Mitochondrial transmembrane potential determination:
Al was measured by fluorimetry in the presence of
rthodamine 123 (excitation 490 nm/emission 530 nm)
according to Scadute and Grotyohann®”. Fluorescence
measurements  were  conducted mitochondria
suspension previously incubated with peptides under
analysis at a final concentration of 1 mg mL™" for
30 min at 37°C. The concentration of AP{25-35) and
AP(25-35Met35™ was 40 pM. Substrates were added at a
concentration of 2.5 mM for succinate (in the presence of
2 pM rotenone) and of 1.7 mM glutamate plus 1.7 mM of

malate.

o1l

Detection of cytochrome ¢ release: Freshly isolated
mitochondria were incubated in the absence (control)
or presence of AP(25-35) and AP(25-35)Met35™ at
a concentration of 40 uM. Detection of cytochrome
¢ release was performed by Western blotting analysis!"”
utilizing an anti cytoclrome ¢ mAb (clone 7H8.2C1Z;
PharMinger, San Diego, CA, TJSA).

Statistical analysis: Data were analysed for statistical
differences by one-way analysis of variance (ANOVA) as
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well as by the two-tailed Student’s t-test; a p-value of less
than 0.05 was considered significant.

RESULTS

The toxicity of AP(25-35) peptide with reduced
AP(25-35)Met-35, oxidized AP(25-35)Met-35"  and
Norleucine-substituted AP(25-35)Met-35"™ methionine
residue 1n a cell line of neuronal origin, PC12, was
examined. Cell viability was determined by MTS reduction
assay. The AP peptides were prepared in DMSO, as
described in the material and methods section, in order to
avold formation of aggregates m AP(25-35) peptide
samples™'?. The results depicted in Table 1, show that
AP(25-35)Met-35 induces an higher level of cell death
with respect to that evidenced by AP(25-35) Met-35"-
treatrment. AP(25-35) Met-35"" has the lowest toxicity, as
demonstrated by the low level of toxicity degree.
Importantly, neurotoxic effects were already statistically
significant after 24 h incubation.

In order to identify the intracellular target of AP
peptides, we investigated the effects on mitochondna
functionality after exposure of PC12 cells to AP(25-35)
peptides.  Firstly, analysed the mitochondrial
oxygen consumption, using as substrates both succinate
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Fig. 1: Oxygen consumption (expressed as percentage
of control) for isolated rat brain mitochondria
(1 mg mL™") in the presence of 40 pM peptides.
Arrows show addition of substrate. (A)
Representative oxygen electrode traces in the
presence of succinate as substrate plus 2 uM
rotenone. (B) Representative oxygen electrode
traces in the presence of glutamate/malate as
substrate
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Fig. 2: Mitochondrial membrane potential
determination. Where indicated (first arrow)
glutamate/malate were added; second arrow
shows addiction of FCCP (1 pM). The experiment
showed representative separate
measurements. Experimental conditions

reported in Methods

1s of five
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Table 1: MTS assay for effects of 40 UM peptides on PC12 cell viability

Peptides Cell death (% control)

AP(25-35)Met 10,542,106
A(25-35)Met™ 15.0+0,05"
AD(25-35)Met™* 8.0+1.85

All values indicate means+s.d. of five independent exp eriments
Significantly different from control: "= p<0.05; "= p=0.001
Significantly different from other peptides: ™= p<0.05

(Fig. 1A) and glutamate/malate (Fig. 1B). As we can see
the most evident effects are observed in the experiments
performed with glutamate/malate (panel B). In particular,
it should be noted that AP(25-35)Met-33 has a major
effect in comparison with the effects shown by the
oxidized peptide, mducing a respiration inhibition (with
respect to the control) of approximately 20% against 10%
(p=0.05 respect to the control).

When succinate was used as substrate, the results
obtained with AP(25-35)Met-35, AP(25-35)Met-35" and
AP(25-35)Met-35" are comparable.

Another crucial parameter to investigate the
mitochondrial functionality, 1s the Ay, (Mitochondrial
transmembrane potential) which decrement appears to
occur in cells undergoing apoptosis™!. To investigate the
alteration of Ay, during APB(25-35) treatment, the
fluorescent probe rhodamme 123 was used. The addition
of glutamate plus malate to mitochondria suspensions
causes quenching of the probe fluorescence, due to
rhodamine 123 uptake by mitochondria. As shown in
Fig. 2, in mitochondria treated with AP(25-35)Met-35 and
AP(25-35)Met-35%, the reduction rate of the fluorescence
was lower (respectively, 40 and 45%) than that observed
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Fig. 3: Cytochrome ¢ released from brain purified
mitochondria untreated, lane 2; and after
incubation with 40 pM AP(25-35)Met-35, lane 3;
AP(25-35)Met-35%, lane 4; and AP(25-35)Met-
35™ Jane 5. Standard commercial horse heart
cytochrome ¢ in lane 1.

in confrol mitochondria and in those treated with
APB(25-35)Met-35™, indicating that the presence of
Methionine 35, in Af(25-35), induces an higher drop of
the Ay and that the Methionine in reduced state induces
a larger mitochondrial membrane damage. This effect was
not evident in the experiments performed in presence of
succinate as substrate {data not shown).

Transfer of cytochrome ¢ from the mitochondrial
inter-membrane space to the cytosol occurs as an early
event in apoptosis®™. Cytochrome ¢ release from
mitochondria into the cytosol of PC12 cells was
evaluated by SDS-page electrophoresis followed by
immunoblotting of the cytosolic fraction, as described
in materials and methods. As shown in Fig. 3 the release
of the cytochrome ¢ from mitochondria treated with
AP(25-35)Met-35™ was comparable with control, while in
the mitochondria treated with AP(25-35) Met-35™ was
only slightly increased respect to the conftrols. On the
contrary, the amount of cytochrome ¢ released in the
supernatants of the mitochondria incubated with
AP(25-35)Met-35 was significantly higher respect to
that evident in control experiment.

DISCUSSION

It iz well documented that AP plays a central role in
the pathogenesis of AD. The effects of AP seems to be
localized to amino acid residues 25-35 of the full length
peptide®™. AB(25-35) may exist in two different forms: the
aggregated and soluble ones. They are both cytotoxic for
neuronal cells® even if they have different action
mechanism due to their different lipophilic properties. The
aim of this study was to investigate the toxic mechanisms
of the AP(25-35) in ity zoluble form, focusing on the
crucial rol e played by the methionine residue. To this aim,
we have used AR (25-35)Met-35, AB(25-35)Met-35™ and
AP(25-35)Met-35™ where the methionine at C-terminal ig,
respectively in the reduced, oxidated and substituted with
norleucine residue.
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The data presented here show that AB(25-35) induces
cell death in PC12 neuronal cells as confirmed by the MTS
assay. A proposed model of AB(25-35) mediated toxicity
includes methionine 35 side chain of ARP because it has
been clearly evidenced that Met —35 is the residue in AQP
most susceptible to oxidation iz vivo, resulting in the
formation of methionine sulfoxide in biological systems®.
The oxidation of methionine in peptides and proteins
represents an important post-translational modification
under conditions of oxidative stress, aging and during
pathogenesis of Alzheimer's disease™).

Present results on cell viability show that
AP(25-35)Met-35 results more toxic than AP(25-35)
Met-35", AP(25-35)Met-35"" causes no significant effects
on cellular vitality. These findings stress out that the
intensity of effects changes according to the redox state
of methionine 35 and that the substitution of this
aminoacid by structurally similar norleucine, abrogates the
toxic action of AP(25-35).

Because neuronal apoptosis, mitochondrial-mediated,
iz a supposed pathway of neurodegeneration in
Alzheimer's disease, we investigated the role of AB(25-35)
in thiz pathway responsible of activation of neuronal cell
death.

Three pro-apoptotic events, such as mitochondrial
respiration, mitochondrial transmembrane potential (A )
and release of cytochrome ¢ were examined in order to
evaluate the apoptotic nature of AP(25-35) dependent
effects. In mammalian cells, mitochondria functionality is
an important index of physiological cellular state and
mitochondria plays a crucial role in the regulation and
execution of cell death pathways™.

As regards to the mitochondrial respiration we
observed that both the reduced and the oxidized peptide
show an inhibitory effect on the activity of the complex I
of the mitochondrial respiratory chain. In particular
AP(25-35)Met-35 induces an higher inhibitory effect on
the mitochondrial respiration, in comparison with the
effects elicited by the AP(25-35)Met-35%

The study on Ay has further ouflined the higher
toxic effects elicited by AP(25-35)Met-35 peptide with
respect to the oxidized form. It is hypothesizing that Al
alteration may be due to a damage in mitochondrial
membrane associated with changes in the membrane
pore proteins conformation. For example, a reduction in
the mitochondrial membrane potential increases the
probability that a mitochondrial permeability transition
pore will occur in response to a stimulus™.

The correlation between the fu_ alteration and the
apoptotic pathway induction has been confirmed by the
presence of cytochrome ¢ in the cytosolic fraction of AP
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treated PC12 cells. Although the direct relationship
between mitochondrial Ay, alteration and cytochrome ¢
release 18 still controversial, it 15 hypothesizing that this
release in cytoplasm, triggers apoptosis associated
with proteolytic cascade activation. Also in this case,
AP(25-35) Met-35 had the ability to induce an higher level
of cytochrome ¢ release, compared with other two
peptides tested 1n this study.

Although we provide evidence that oxidation of
Met-35 to Met-35" does not affect the internalization
process of the AP(25-35) peptide™, it significantly affects
the amplitude of AP(25-35) induced toxicity within the
cell The differences observed between the neurotoxic
properties of the AP(25-35) and AP(25-35)Met-35%
peptides might result from differences m the ability to
mteract with lipid bilayer of the mitochondnal
membrane®.

In conclusion, on the basis of the results obtamed it
1s suggestive to hypothesise that mitochondrial damage
and the following apoptotic events induced by APP may
be responsible for the initial cellular toxicity that occurs
during the development of Alzheimer’s disease. Because
elevated levels of AP peptides containing the methionine
oxidised to sulfoxide were found in AD brains™, AP
peptides oxidized would prolong or even exacerbate the
extensive cellular damages found in AD brain.
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