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ABSTRACT

The onset of Alzheimer disease (AD) is influenced by several risk factors comprising diabetes. Within this context, antidiabetic
drugs, including metformin, are investigated for their effect on AD. We report that in the C57B6/J mice, metformin is
delivered to the brain where activates AMP-activated kinase (AMPK), its molecular target. This drug affects the levels of -
secretase (BACE1) and B-amyloid precursor protein (APP), promoting processing and aggregation of B-amyloid (AB), mainly in
the cortex region. Moreover, metformin induces mitochondrial dysfunction and cell death by affecting the level and
conformation of Translocase of the Outer Membrane 40 (TOM40), voltage-dependent anion-selective channels 1 (VDAC1) and
hexokinase | (HKI), proteins involved in mitochondrial transport of molecules, including AB. By using biophysical techniques
we found that metformin is able to directly interact with A influencing its aggregation kinetics and features. These findings
indicate that metformin induces different adverse effects, leading to an overall increase of the risk of AD onset.

INTRODUCTION

According to Rotterdam Study, individuals with
metabolic pathologies such as Type2 diabetes (T2DM)
or Obesity have almost a two-fold greatest risk of
developing Alzheimer's disease (AD) [1]. AD is the
most common cause of dementia in the elderly and it is
associated with a progressive impairment of cognitive
function, orientation, and difficulties with problem-
solving or language. Thus, in patients with AD,
gradually, over the time, more parts of the brain are
damaged developing progressive symptoms, leading to
death. Thirty-five millions of persons in the world are
now considered to be affected by AD and this number is
expected to double in the next few decades [2]. Even if

the etiological defects in AD are not well known,
prevalent ideas implicate build-up of soluble B-amyloid
(AP) oligomers or insoluble plaques or neurofibrillary
tangles [3,4]. AP is a 39-43 amino acid peptide formed
from the cleavage of amyloid precursor protein (APP), a
transmembrane glycoprotein. Neurofibrillary tangles
are, instead, produced by hyperphosphorylation of Tau,
a protein associated with microtubules in neurons [5].
Aging is the primary risk factor for the development of
AD and many other pathological conditions occurring
in older people, including T2DM. Change in cognitive
function and increase of neurodegeneration markers
were found both in patients with T2DM and/or obesity
[6] and in insulin-resistant obese mice [7], suggesting
the existence of a common molecular mechanism. Some
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studies have identified in insulin resistance condition
the link among the pathophysiology of metabolic
disorders and the brain alteration [8—10]. Insulin has a
significant role in modulation of synaptic plasticity and
learning memory and a high number of Insulin Receptor
(IR) are present in brain [9,11]. Modification in the
insulin concentration and IR number have been reported
in AD cell model [12] and AD brain, leading to the
result that AD can be considered as a brain diabetes or
“Type 3 Diabetes” [13]. On the basis of this association
between metabolic disorders and impaired cognition it
should be relevant to investigate whether a potential risk
or benefit could occur by using antidiabetic treatments
on brain health [14,15].

Evidences on the association between antidiabetic
medication and the risk of AD are conflicting and not
well documented [16]. One of the few classes of
therapeutics, efficient in lowering glucose production
are the biguanides, which include molecules as
phenformin (2-N-phenethylcarbamimidoyl guanidine)
and metformin (1,2-dimethylbiguanide hydrochloride).
In particular, the last is the most frequently prescribed
drug for T2DM or other metabolic diseases. On the
basis of its physicochemical structure and properties,
metformin is a small amphoteric molecule (129 Da)
with pKa values of 2.8 and 11.5. These characteristics
are associated to high water solubility and low lipid
solubility. Studies both in vitro and in vivo, indicate that
metformin increases the production of Ap [17],
suggesting that its long-term administration may
promote AD onset. On the contrary, a neuropathological
study has reported that people treated both with insulin
and oral antidiabetic drugs had developed a
significantly lower amyloid plaque density [18]. A
recent population-based case-control study examined
the relationship between T2DM and administration of
different antidiabetic drugs and risk of AD
development. The authors conclude that long-term users
of metformin may have a somewhat higher risk of AD
onset and development [19]. However, poor information
is available about the molecular mechanism activated
by metformin. Some reports indicate that it is able to
stimulate AMP activated protein kinase (AMPK), an
enzyme activated when cellular energy levels are altered
[20]. Recently, in vitro and ex vivo studies have
demonstrated that metformin favors APP and presenilin
increase and induces AP production and aggregation
[21]. Furthermore, metformin acts as a pro-oxidant
molecule inducing oxidative stress and mitochondrial
dysfunction that, in turn, activates Nf-xB, a
transcription factor involved in regulation of APP and
presenilin gene expression. Lastly, these molecular
mechanisms are counteracted by insulin co-
administration [21].

Functional and structural mitochondrial defects
contribute to the pathogenesis of aged-related diseases.
Metformin  affects mitochondria by  inducing
depolarization of the mitochondrial phospholipidic
membrane [21,22] and inhibiting the mitochondrial
complex I of the respiratory chain [23,24]. Moreover,
the use of metformin changes the expression of several
proteins involved in metabolic processes, the regulation
of apoptosis and the structural preservation of brain
mitochondria [25]. Impairing of exchange of molecule
between cytoplasm and mitochondria is one of the cause
of mitochondrial dysfunction. The Translocase of the
Outer Membrane (TOM) complex, of which TOM40 is
the key subunit, is the main gateway for the import of
most mitochondrial proteins synthesized in the
cytoplasm. The complex 1is relevant also for
mitochondrial biogenesis and its damage triggers
mitochondrial dysfunction [26]. Furthermore, opening
and closure of the mitochondrial permeability transition
(MPT) pore, in which voltage-dependent anion-
selective channels 1 (VDACI1), also known as
mitochondrial porin, is one of the main proteins, is
impaired in patients with neurodegenerative diseases
[27]. Moreover, VADCI interacts with hexokinase I
(HKI) and this binding protects against cell death [28].
Thus, the correct mitochondrial transport of ions,
metabolites and molecules affects cell survival and
death mechanisms.

From a molecular point of view, the overproduction and
aberrant self-assembly of the amyloid B peptide (AP)
into fibrillar aggregates constitute the first step of the
so-called amyloid cascade hypothesis, thought to trigger
AD [29]. These extremely toxic oligomers [30,31] have
high hydrophobicity, are small [32] and constitute a
heterogeneous group characterized by several highly
dynamic  different  assemblies  with  multiple
conformational states. Although the mechanism of
cytotoxicity is not yet fully understood, it has been
ascertained that amyloid oligomers are the most toxic
species [30,31]; in fact, they directly interact with and
affect cell plasma membranes by forming pores and
consequently disrupting several cellular processes.
Amyloid fibrils have also been recently demonstrated to
modify the membrane integrity. In fact, they interacting
with lipid bilayers are destabilized and disassembled in
the pre-fibrillar toxic forms, inducing cell dysfunction,
although to a lesser extent [31,33-35].

From a molecular point of view, the self-assembly of
AP peptides in well-ordered fibrils constituting the
senile plaques found in AD brains, is a complex process
composed by several steps. It is characterized by
multiple transitional aggregation species as initial seeds,
soluble small oligomers, protofibrils and insoluble
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amyloid fibrils, with a p-sheet conformation. The
kinetics of amyloid formation is best described by a
sigmoid curve and can be schematically described in
three stages [36,37]:

1) the slow lag nucleation phase, in which monomers
gradually undergo a secondary structure conformational
change from random coil to B-sheet and associate to
form oligomeric nuclei/protofibrils;

2) the fast exponential elongation phase, in which the
soluble species are progressively arranged at the ends of
preformed B-sheet rich structures in a thermo-
dynamically favorable process.

The initial oligomeric nuclei rapidly grow by further
addition of monomers forming larger fibrils;

3) the saturation phase, in which the fibrils are
completely formed and associate each other giving rise
to stable mature fibers.

In this study we assessed the molecular effects of
metformin in specific brain area of mice. Difference in
AP deposits, expression of AD markers and proteins
involved in mitochondrial dysfunction were found
between cortex and hippocampus regions of quite
young mice. Furthermore, the direct interaction between
metformin and AP aggregate formation was determined
by in vitro biophysical study.

RESULTS

Metformin is a fluorescent molecule able to reach
the brain

Absorption or fluorescence phenomena of ultraviolet or
visible lights by a molecule depend on electron
transitions between molecular orbital energy levels. Due
to the presence of two double conjugated bonds the
possibility of fluorescence phenomenon in metformin has
been investigated. The emission spectrum obtained by
fluorescence measurements indicates that metformin,
once excited at 395 or 488 nm, has the emission peaks at
475 and 520 nm, respectively (data not shown). This
property allows analyzing the presence of metformin into
the brain of mice after its dispersion in drinking water.
Metformin was administered to C57B6/] mice and after
seven days the mice were sacrificed and the brains
analyzed by using an imaging instrument. A strong signal
was detected in the treated mice whereas no signal was
found in the control, thus indicating that metformin has
reached the brain (Fig. 1a,b). The delivery of metformin
to the brain was confirmed by the increased levels of
phosphorylated AMP-activated kinase (AMPK), one of
the main molecular target of metformin (Fig. 1c,d). Thus,
metformin crosses the blood brain barrier (BBB) and has
an impact on the brain biochemical pathways.

Chronic metformin treatment stimulates APP
processing mainly in brain cortex region

To ascertain the possibility that metformin is a risk
factor for AD onset, especially in long term
administration, C57B6/] mice were treated with
metformin for seven days or three months. After these
treatments proteins extracted from cortex and
hippocampus, two-brain area mainly damaged in AD,
were submitted to Western blot. Changes in the levels
of BACE], an enzyme required for APP processing to
produce AP, its pathogenic cleavage product, and the
same APP were measured. Activation of AMPK was
evaluated for confirming the biochemical activity of
metformin in the brain (Fig. 2). An increase of the
levels of BACE1 and APP expression was detected in
the cortex after seven days of treatment (Fig. 2a). In
contrast, an increase of BACEI, and a decrease of APP
were found after chronic treatment in the cortex,
suggesting that an enhanced processing may be
occurred (Fig. 2c). Furthermore, after both treatments,
no significant differences in BACEl1 and APP
expression in the hippocampus were detected (Fig. 2b,
d). To wvalidate the hypothesis that the decreased
presence of APP in the cortex was a consequence of the
B-secretase increased activity, a quantitative real-time
PCR (qRT-PCR) experiment was performed. No
significant change was observed in APP transcript,
strongly signifying that the produced protein was
quickly processed (Fig. 2e).

Metformin induces accumulation of AP aggregates
mainly in brain cortex region

Since the obtained results after three months of
treatment suggested an augmented processing of APP
mainly in the cortex, we explored the possibility that an
increase of AP production could have enhanced its
aggregation and deposition in the extracellular area. By
immunofluorescence analysis, using coronary brain
sections, in which cerebral cortex and hippocampus
were visible, and anti-APP antibody we observed a
diffuse staining around the nuclei of the control and a
punctate staining around the cells of treated cortex,
suggesting presence of aggregates due to increased
processing (Fig. 3a). However, this result was
confirmed by staining with Thioflavin T (Fig. 3b), a dye
used to reveal the presence of B-sheet protein aggregates
because of the increase of its fluorescence emission
intensity upon binding to the linear array of B-strand
aggregates [38,39]. In particular, we observed
aggregates with a dimension ranging below 1 pm
mainly in the cortex (Fig. 3b). In contrast, no significant
immunoreactivity, or presence of AP aggregates, was
detectable in hippocampus (Fig. 3a, b).
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Figure 1. Metformin reaches the brain and activate AMPK. (a) and (b) Mice were untreated or treated with
metformin for seven days and the fluorescence in the brain was quantified by bioimaging. Fluorescence values are referred
to the control. (c) Western blot of proteins extracted from brains of metformin untreated (C) or treated mice (Met) and
incubated with phospho-AMPK (p-AMPK) and B-Actin (loading control) antibodies. (d) Quantification of immunoreactivity
using densitometric analysis. Representative images from 2 animals for condition are shown. n=5 per group.

Metformin induces mitochondrial dysfunction by
impairing MPT pores and membrane channels

Specific mitochondrial proteins involved in distinctive
structures regulate cross talk and transport of proteins
and metabolites between cytoplasm and mitochondria.
We addressed the question if metformin treatment
might contribute to the alteration of the components of
mitochondrial machinery. After three months of
treatment changes in levels of expression were analyzed
for some proteins involved in mitochondrial transport of
different molecules and markers of mitochondrial
dysfunction such as TOM40, VDACI and HKIL
Western blot of proteins extracted from both cortex and
hippocampus of mice treated with metformin and
controls were incubated with antibodies against
TOM40, VDACI1 and HKI. In agreement with previous
data, Western blot analysis showed changes in the
levels of expression of the analyzed proteins only in the
cortex region. An increase of TOM40 was detected
indicating an impairing of MPT pores (Fig. 4a). Further,

an increase of total VDACI levels were observed in
cortex where, in particular, we found together with
VDAC1 monomers some dimers and trimers,
suggesting that a fraction of the VDACI in the
membrane is organized in oligomers (Fig. 4c).
Moreover, the lower band, indicated by the red arrow in
Figure 4C, represents a monomeric species whose
electrophoretic =~ mobility is modified by the
intramolecular crosslinking of the VDAC1 N-terminal
domain. A decrease of HKI amount was also detected
suggesting that probably a detachment from VDACI
was occurred (Fig. 4e). TOM40, VDAC1 and HKI
levels were not significantly affected in the
hippocampus brain area (Fig. 4b, d, ).

Metformin induces neuronal apoptosis

To assess whether, after chronic metformin treatment,
apoptotic cell death occurred in vivo, presence of
fragmented DNA was examined in cortex and hippo-
campus brain sections by the terminal deoxynucleotidyl

WWWw.aging-us.com

AGING (Albany NY)



transferase-mediated, dUTP, nick end labeling (TUNEL) metformin treated mice were markedly higher in cortical

method. TUNEL-positive cells in brain sections of region than in hippocampal region or control (Fig. 5a, b).
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Figure 2. AD biomarkers are differently activated by metformin treatment in brain regions. Western blot of protein extracted
from brain lysates of mice cortex (a) and hippocampus (b) after seven days of metformin treatment and incubated with anti-phospho-
AMPK (p-AMPK), APP, BACE and B-Actin (loading control) antibodies. Western blot of protein extracted from brain lysates of mice cortex
(c) and hippocampus (d) after chronic metformin treatment and incubated with anti-phospho-AMPK (p-AMPK), APP, BACE1 and B-Actin
(loading control) antibodies. Quantification of immunoreactivity was performed using densitometric analysis. (e) Effect of chronic
metformin treatment on APP transcript levels determined by quantitative real-time PCR in cortex and hippocampus regions. n=5 per group.

AGING (Albany NY)

Www.aging-us.com 1722



Hippocampus

[-¥
-"
<
=]
-
B Cortex
=
; Control

Hippocampus

Control

Figure 3. Metformin induces accumulation of AB aggregates. (a) Immunofluorescence of cerebral cortex and
hippocampus sections of metformin treated mice stained using anti-APP. Nuclei were stained with Hoechst 33258 and
merged images with anti-APP staining are shown. (b) ThT staining of AR aggregates on coronary sections. High
magnification of the squared areas is shown. Yellow arrows in the zoomed images indicate diffuse or punctate anti-
APP staining. 20X original magnification. Scale bars = 50 um and 5 um in the zoomed images. n=5 per group.

Metformin directly interacts with Ap peptide
influencing its aggregation Kinetics in vitro

In order to assess whether metformin is also able to
directly interact with AP peptide influencing its
aggregation process we performed the fibrillogenesis
kinetics by ThT assay. Figure 6 shows the time course
of the ThT signal during the fibrillation kinetics of 50
uM AP incubated at 37°C in the absence and in the
presence of 2mM metformin. The kinetics followed the
typical nucleation-polymerization process, described by
the sigmoidal profile [36]. In the presence of metformin,
the lag phase increased and the amount of final fibrils is

reduced in comparison with control. Metformin addition
seemed to reduce the effective AP concentration leading
to initial nuclei, thus interfering with lag-phase.

This result was confirmed by circular dichroism (CD)
experiments. CD spectra are sensitive to the secondary
structure variation accompanying amyloid cross-f-
structure formation during fibrillogenesis. In the initial
phase of the aggregation process, the A CD spectrum
presents a single minimum that, typical of a random coil
structure, is around 200 nm. The minimum shifts
towards higher wavelength during amyloid formation.
Our results have shown that the presence of 2mM of
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metformin delayed the B-sheet structure formation of a
50 uM AP1-40 solution. In fact, while the control
sample reached the end point of the aggregation
reaction (Fig. 7a) after 0.5 h, no significant changes
were observed in the presence of the drug in the same
time interval indicating that the peptide retained its
disordered structure (Fig. 7b), in fully agreement with
the fluorescence data. Always in accordance with ThT
assay, after 2 h both the samples completed their
conversion.

The reduced amount of AB1-40 fibrils detected by ThT
assay in the presence of metformin was confirmed by
AFM measurements. In Figure 8a-d the morphology of
the aggregates formed at the end of the kinetics in the
absence and in the presence of metformin are reported.
Amyloid fibrils result reduced in number and length
when metformin is added in solution. Moreover,
prefibrillar oligomeric aggregates are observed at the end
of the kinetics of the peptide incubated with the drug.
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The characterization of the action of metformin on the
aggregation process of AB1-40 peptide was followed by
Dynamic Light Scattering (DLS) experiments. Although
not specifically focused on chemico-physical features
characterizing amyloid formation, like conversion to
cross-p-structure, the addition of DLS to other
biophysical techniques provides important quantitative
information on the hydrodynamic size variation
occurring during an aggregation process. In this sense, it
represents a suitable technique to monitor the influence
of an exogenous molecule on the protein assembly, and,
therefore, it is often used for testing drugs for
therapeutic purposes. Moreover, light scattering
technique does not need the use of extrinsic probes,
whose evaluation of their potential influence on the
process under study requires high carefulness [40].
Figures 8e and f show the hydrodynamic diameter DH
distribution functions of a sample of AP1-40 peptide
undergone to the amyloid formation protocol (37°C and
200 rpm under stirring) with and without metformin,
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Figure 4. Metformin after chronic administration, changes TOMA40 expression levels and induces VDAC1
oligomerization, and affects Hexokinase I (HKI) in the cortex region. We stern blot of protein extracted from brain lysates
of mice cortex (a, ¢, ) and hippocampus (b, d, f) after chronic metformin treatment and incubated with anti- TOM40, VDAC1,
Hexokinase | (HKI), and B-Actin (loading control) antibodies. Quantitative analysis of total VDAC1, HKI and TOMA40 levels relative to
B-actin was performed using densitometric analysis. The blue arrow indicates a VDAC1 dimers and the red arrow indicates VDAC1
monomers with modified electrophoretic mobility. n=5 per group.
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respectively after 0.5 h from the beginning of the distributions are revealed by DLS analysis: one centered

process and at the end of the experiment observation (2 at around 300 nm and the other one corresponding to
h). The increase in ThT assay (Fig. 6) and variation in larger species of the order of microns. At the same time,
CD spectra (Fig. 7) reveal that, at that time, in the in the presence of metformin this higher size species is
absence of metformin a significant amyloid cross-f3- not formed and only the appearance of species at around
structure has already formed. Correspondently, two size 300 nm occurs.
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Figure 5. Metformin induces apoptosis mainly in neurons of cortex region. TUNEL assay was performed on the
paraffin sections of cortex and hippocampus obtained from mice untreated or treated with metformin to detect apoptotic
nuclei (brown). (a) Representative cortex and hippocampus brain sections stained with TUNEL in control and metformin treated
mice. High magnification of the squared areas is shown. (b) The histogram indicates the percentage of positive cells both in
cortex and hippocampus regions normalized to the control. 10X original magnification. Scale bars = 100 um. n=5 per group.
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Figure 6. Metformin increases the lag-phase duration and reduces
the final amount of amyloid fibrils. Aggregation kinetics of 50 uM AB;.40
was followed in the absence (empty circles) and in the presence (black
circles) of 2mM metformin by ThT assay. The dye concentration was 12uM.

www.aging-us.com 1725 AGING (Albany NY)



[6] x 10°° deg cm? dmol!

Wavelength (nm)

200 220 240

200 220 240

Wavelength (nm)

Figure 7. Metformin delays the conversion of AB;.;o from disordered coil to B-sheet structure. Far-
UV CD spectra of 50 UM AB,.49 at tO (solid lines), t=0.5 h (dashed lines) and t=2h (dot dashed lines) at 37 °C in
the absence (a) and in the presence (b) of 2mM metformin. The signals from the buffer and metformin in buffer
have been subtracted from the spectra in (a) and (b), respectively.

The size distribution for samples collected at the end of
aggregation Kkinetics reveals for the AP1-40 sample
grown in the absence of metformin, a marked shift
towards higher values in comparison to the initial time,
probably corresponding to mature fibril formation. In
contrast, only a little increase in the average
hydrodynamic diameter (from 300 to 600 nm) in the
correspondent sample incubated with the drug is
detectable. The overall results from biophysical
techniques converge in indicating that the metformin
delays amyloid aggregation of AB1-40 peptide, reduces
the amount of mature fibrils formed and, more
important, stabilizes prefibrillar oligomeric species.

DISCUSSION

We analyzed both biological and biophysical aspects to
understand the molecular mechanisms induced by
metformin and leading to neurodegeneration in mouse
brain. Fluorescence measurements of ex vivo mouse
brain performed by using the intrinsic fluorescence
signal of the metformin gave us the direct confirmation
that the drug had reached the central organ by crossing
the BBB. For mouse treatment, an experimental dose,
deduced by those utilized in other works, which uses the
same C57B6/J strain, was employed [17,21]. In
particular, Chen et al. administrating 2mg/ml, and using
liquid chromatography-mass spectrometry, measured
that metformin reaches a concentration of about 2 pM
and 1 uM in the plasma and in the brain, respectively,
well below the 10-40 uM achieved in human plasma

[20]. Moreover, since the drug is eliminated via renal
secretion in few hours, the mice were treated for three
months to determine the incidence of long-term
administration on the risk of AD developing. Activation
of AMPK was considered as a marker of metformin-
induced biochemical answer in brain, even if we cannot
exclude that the response to metformin could not be
limited only to its activation, but mediated by additional
mechanisms depending directly or not by AMPK.
Furthermore, these data are supported by the finding
that metformin uptake in the brain can be mediated by
the organic cation transporter 3 (OCT3), a member of
the SLC22A family, which in turn modulates the
pharmacologic action of metformin on AMPK [41].
After metformin chronic treatment BACE1 and APP,
the enzyme-substrate required for AP production, are
differently modulated, mainly in the cortex where an
enhanced APP processing was assumed. This result
coincides with the discovery that metformin increases
AP generation in cultured neurons due to induction of
BACE expression [17]. Modulation of BACE
transcription has been reported to depend on the
pathway involving activated AMPK, being antagonized
by the AMPK inhibitor compound C [17]. It has been
postulated that metformin modulates BACE1 and APP
transcription activating a signal including AMPK and
leading to increase AP production [17]. More recently it
has been demonstrated that metformin induces up-
regulation of APP and PSNI through a mechanism
involving oxidative stress, mitochondrial dysfunction
and Nf-xB activation [21]. Further support to these
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findings was given by immunofluorescence analysis in
the mouse brain regions that are vulnerable in AD
pathogenesis. The inspection showed a large number of
AP aggregates in the cerebral cortex, whereas no
significant AP deposits were detected in the
hippocampus. In particular, in the cortex we found a
quite different distribution of APP in control and
metformin treated mice, confirming that an increased
processing leading to AP oligomerization or aggregate
formation were occurred.

However, this result was in agreement with the
evolution of the temporal-spatial accumulation of AP
described in AD [42]. In line with these results, increase
of typical AD biomarkers and AP aggregates in the
cortex area and no in the hippocampus, denotes that we
have focalized a molecular moment comparable to an
early neurodegenerative stage. However, we can
hypothesize that the different effects of metformin in
cortex and hippocampus areas could be due to a diverse
metformin distribution or accumulation. In fact, analysis
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Figure 8. Metformin effects on fibril size and growth. (a-d) AFM images acquired for: 50 uM AB,_4, at
the end of the kinetics at 37 °C and 200 rpm at two different magnifications: scale bar = 1um and Z-range =
8.9 nm (a); scale bar = 500 nm; Z-range = 8.3 nm (b). The samples were compared with 50 pM AB1.40 + 2 MM
metformin at the end of the kinetics at 37 °C and 200 rpm at two different magnifications: scale bar = 1um
and Z-range = 7.0 nm (c); scale bar = 500 nm; Z-range = 8.3 nm (d). Particle size distribution from DLS of 50
MM AB.4 incubated at 37 °C and 200 rpm in the absence (e) and in the presence (f) of 2mM metformin after
0.5 h (dashed lines) and 2 hrs (solid lines) from the beginning of amyloid aggregation process.
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of seven rat brain regions, by HPLC method, has
demonstrated that metformin concentrations varied in
the different brain regions and, both after acute and
chronic administration, it was higher in the cortex than
in the hippocampus [43].

Our findings suggest that increased APP and AP
production, due to metformin exposition, could impair
mitochondrial function in brain neurons acting in
multiple ways on different targets. Metformin treatment
changes the levels of expression of TOM40, VDACI
and HKI, proteins involved in mitochondrial import and
export of molecules and metabolites, in cortex region
where AP aggregates are mainly present. Studies on
human brain biopsies have demonstrated that TOM40
pore mediates the internalization of AP and APP [44].
Depending on the size of the molecules, the whole APP
can block TOM40 channel and the small AP can be
imported in the inner membrane where affects the
respiratory chain. Moreover, influx of AP via the
TOM40 pore increases Reactive Oxygen Species (ROS)
within the organelle, leading to mitochondrial
dysfunction and structural and functional damage of
neurons [45]. In addition, ROS triggers events that
include the increase of AP production thus nourishing a
vicious circle by which AP self-feed its own production
[21]. Thus, increased TOM40 could favor transport of
AP into the mitochondria and their impairing. In their
physiological state, the dimensions of the VDACT pores
are sufficient to selectively allow the passage of small
molecules. During cell death processes, in which the
release of folded proteins like cytochrome C is required,
the formation of larger channels is necessary [46]. In
line with this study we found VDACI in monomeric,
with different electrophoretic mobility, dimeric and
oligomeric configurations. VDACI is a B-barrel protein
with a flexible N-Terminal domain that can be located
within the pore by intramolecular crosslinking (Cys-
Lys) or exposed to the cytosolic face that could
associate with the N-Terminal region of another
VDAC1 molecule leading to oligomerization [47].
Moreover, using different stimuli it has been
demonstrated that the lower monomeric band appears
only when apoptosis is induced [48], indicating that a
neurodegenerative process has been locally produced.
Furthermore, VDAC1 N-terminus has been found
mediate the interaction of VDACI1 with anti-apototic
proteins such as HKI [47], and VDACI oligomerization
is considered relevant for interactions with proteins
involved in apoptosis [46]. In the cortex region, where
metformin-induced AP aggregates are accumulated, and
apoptotic neurons were observed, a decrease in the
amount of monomers and an increase of intramolecular
crosslinked products with a concomitant increase in
oligomers formation were found. Furthermore, decrease

of HKI suggests that its binding to VDACI1 was
displaced and the increased concentration of free
VDAC1 molecules has promoted VDACI1 oligo-
merization. This is in line with the observation that A}
mediated neurodegeneration involves detachment of
HKI from VDACI1 that oligomerizes and promotes
cytochrome C release, events leading to apoptosis [28].
Thus, the increased presence of AP, due to metformin
treatment, could compete with the binding of HKI
and/or other anti-apoptotic proteins with VDACI and
be the apoptotic stimulus for enhancing VDACI
oligomerization to produce enlarged pores capable to
change permeability and mediate cytochrome C release,
in critical brain region. In support of this observation
direct interaction of AP and phosphorylated tau with
VDACI has been demonstrated [27,28]. A interaction
is able to block mitochondrial pores and interfere with
the transport of ATP, ADP and other metabolites
between mitochondria and cytoplasm, leading to
mitochondrial dysfunction and neurodegeneration [27].
Thus, the observed related increase of VDACI, AP and
apoptotic cells, due to metformin administration, mainly
in the cortex, could be an initial neurodegenerative
event that could be spread to other brain regions as the
disecase progresses. However, this concept need of
additional experimental supports. Lastly, being
mitochondrial ~ dysfunction considered an early
pathophysiological event in AD, TOM40 and VDACI1
may be proposed as potential timeline biomarkers for
this pathology [49]. Consistent with data is the change
in expression levels of TOM40 and VDAC1 mainly in
cerebral cortex, in a very local specific manner.
However, our observations suggest a strong association
between metformin-induced AP accumulation and
mitochondrial dysfunction via impaired TOM40 and
VDACI expression that is cause of mitochondrial stress
and, in turn, source of increased AP production.
Because many of these factors can be either a cause or a
consequence of the others, it is difficult to establish a
clear sequence of events. Finally, we cannot exclude
that the effect of metformin seen in brain of mice after
three months of exposition could be exacerbated by the
damage induced by the physiological aging. However,
the potentiality of this drug to produce side effects
could be counteracted, as suggested in other studies, by
its use in combination with insulin [17,18,21].

Very interestingly, by biophysical methods, our study
also demonstrates that metformin is able to directly
interact with AP amyloid species involved in AD
influencing their aggregation kinetics and features.
Indeed, in the presence of metformin the typical
sigmoidal profile of the fibrillogenesis shows an
increased lag-phase and final reduction of amyloid
fibrils, stabilizing the prefibrillar oligomeric species.
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The direct influence on lag-phase reveals that
metformin is able to influence the nucleation step of the
process by the formation of a drug-Ap complex [50].
The molecule could exert a stabilizing effect on the on-
pathway seeding species involved in B-sheet formation
and monomer amyloid assembly.

From DLS and AFM, the presence of metformin sizably
reduces the formation of large amyloid fibers, favoring
the formation of smaller aggregates. Furthermore, these
aggregates have dimensions comparable to that
observed in mouse brains even if we cannot exclude
that in vivo the size of the aggregates could be
influenced by other entrapped extracellular components

[3].

These results could provide the hypothesis on a
different route by which, together with the others above
described, metformin could be negatively correlated to
AD pathogenesis. Indeed, in the wide structural poly-
morphism of AP oligomers, the accredited assumption
is that, rather than mature fibrils, the species more
involved in pathogenesis of AD are prefibrillar
oligomeric species that form at the beginning of the
process [51,52]. These species expose larger hydrophobic

Membrane

~ Small Ag
- aggregates

Metformin

surfaces to the solvent and, therefore, could directly
interact with cell membranes influencing calcium
homeostasis and ROS production. It cannot be
excluded, therefore, that the smaller species stabilized
by metformin in vitro are those with higher cytotoxic
potentiality, whereas mature fibrils, considered
harmless, are much reduced in length and number. In
this respect, also by a direct action on the product of
APP cleavage, i.e. AP peptide, the use of metformin
could contribute to toxicity associated to AD.

The high prevalence of AD and T2DM in the elderly
population suggests that concomitant pharmacotherapy
could be desirable. Our findings indicate that metformin,
the drug usually administered for T2DM, is able to reach
the brain in C57B6/] mice, where it activates
neurodegenerative pathways, including mitochondrial
dysfunction and apoptosis, mainly in the brain cortex.
Furthermore, metformin is able to directly interacts in
vitro with A, modifying its aggregation profile, reducing
the amount of mature fibrils and stabilizing toxic
prefibrillar oligomeric species. A summary of the
proposed mechanism is shown in figure 9. Thus,
metformin induces different adverse effects, possibly
leading to an overall increase of the risk of AD onset.

Figure 9. Model describing how metformin induces AB aggregates formation and mitochondrial
dysfunction. Metformin increases BACE1 production that stimulates APP processing and AB production at
cell membrane level. Metformin stabilizes small AR aggregates that could be internalized. TOM40 pore
mediates the mitochondrial internalization of AR and APP. The whole APP can block TOM40 channel and the
small AB can be imported in the inner membrane where affects the Complex | (C 1) of the respiratory chain.
Small AB aggregates displace the binding of HKI with mitochondrial VDAC1 leading to its oligomerization and
the formation of large pores that are capable to change permeability and mediate the cytochrome C release.
All these coexistent events lead to mitochondrial dysfunction and neuronal apoptosis.
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MATERIALS AND METHODS
Mice

The experimental procedures employed in the present
study were in accordance with the Italian D.L. no. 116
of 27 January 1992 and subsequent variations and the
recommendations of the European Economic
Community (86/609/ECC). The studies were approved
by Ministero della Sanita (Rome, Italy). Male
C57BL/6J (B6) mice, purchased from Harlan
Laboratories (San Pietro al Natisone Udine, Italy) at 4
weeks of age, were housed under standard conditions of
light (12h light: 12h darkness cycle) and temperature
(22-24°C), with free access to water and food. After
acclimatization (1 week), the animals were divided in
two groups (n=10 per group), control and metformin
treated. Mice were provided food and received
metformin in drinking water (2 mg/mL) for 7 days or
three months. After this treatment, animals were
sacrificed by cervical dislocation and the brain of age-
matched animals were immediately exported and
processed for subsequent analysis, as previously
described [7]. When necessary, hippocampus and cortex
were separated. Biodistribution of metformin in ex vivo
brain was detected by using Biospace Lab Imaging
Instrument.

Total protein extraction and western blotting

Brain of mice were homogenized in RIPA buffer (20
mM Tris, pH 7.4, 150 mM NaCl, 1| mM Na3VO0O4, 10
mM NaF, ImM EDTA, 1 mM EGTA, 0.2 mM phenyl-
methylsulfonyl fluoride, 1% Triton, 0.1%SDS, and
0.5%  deoxycholate) with  protease inhibitors
(Amersham) and phosphatase inhibitor cocktail II and
III (SIGMA). To remove insoluble material, tissue
lysates were sonicated and centrifuged (14,000 rpm, at
4°C, for 30 min). Proteins (50 pg) were resolved by
10% SDS-PAGE gel and transferred onto nitrocellulose
filters for Western blotting using anti-APP (1:1000),
anti-BACE1 (1:1000) anti-phospho-AMPK (1:1000),
anti-TOM40 (1:1000), anti-VDAC1 (1:1000), and anti-
HKI (1:1000) purchased from Santa Cruz, anti-f-actin
(1:5000) purchased from Sigma. Secondary antibodies
conjugated to horseradish peroxidase (1:2000)
purchased from Cell Signaling were detected using the
NOVEX® ECL HRP chemiluminescence kit (Cat. n°
WP20005, Invitrogen) according to the manufacturer’s
instructions. In some instances, antibodies were stripped
from blots with Restore Western Blot Stripping Buffer
(Thermo Scientific) for 10 minutes at room temperature,
for antibody reprobing. Band intensities were analyzed
with a gel documentation system (BioRad), expression
was normalized with B-actin expression. The protein

levels were expressed as densitometry and percentage
of controls.

Immunofluorescence

For immunofluorescence the brains (n=5 per group)
were embedded in paraffin as previously described [7]
and coronally sectioned (5pum) using a microtome.
Brain sections including the cerebral cortex and the
hippocampus  were mounted on slides and
deparaffinized in xylene solution. Then, the slides were
hydrated in a series of graded ethanol (96%, 85%, 70%,
50%) for 5 minutes each. After washing in water and
PBS the slides were incubated with 3% BSA/PBS for 1
h. Next, the sections were incubated with anti-APP
(1:50) (Santa Cruz) at 4 °C overnight. After washing in
PBS, the samples were incubated with anti-rabbit Cy3-
conjugate secondary antibody (1:500; SIGMA). For
nuclear staining, the sections were incubated with
Hoechst 33258 (5pg/ml) for 20 minutes. After washing
in PBS the slides were mounted with cover slips and
images were visualized by using a Leica DMS5000
upright microscope (Leica Microsystems, Heidelberg,
Germany) at 20X magnification.

Thioflavin T staining

For Thioflavin-T (ThT) staining the brain sections
including the cerebral cortex and the hippocampus were
mounted on slides The slides were deparaffinized in
xylene solution and hydrated in a series of graded
ethanol (96%, 85%, 70%, 50%) for 5 minutes each.
After washing in water, the sections were incubated in
filtered 1% aqueous ThT solution for 8 minutes at room
temperature. The slides were then dehydrated in ethanol
80% and 95%, for 5 minutes each. After washing in
water the slides were mounted with cover slips and the
images were visualized by using a Leica DM5000
upright microscope (Leica Microsystems, Heidelberg,
Germany) at 20x magnification.

TUNEL assay

Terminal deoxynucleotidyl Transferase Biotin-dUTP
Nick End Labeling (TUNEL)-positive apoptotic nuclei
were detected in brain paraffin sections using an in situ
cell death detection kit (Promega) according to
manufacturer’s instructions. The number of apoptotic
cells was counted in randomly selected fields to
calculate the ratio of apoptotic cell per brain area.

Quantitative real-time PCR

Total RNA was extracted using RNEasy Mini Kit
(Qiagen). Two ng of RNA was used to synthesize the
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first strand cDNA using RT First-Strand kit (Qiagen).
Synthesized ¢cDNAs were amplified using RT2 SYBR
Green/ROX qPCR Mastermix (Qiagen) and StepOne
Real-Time instrument (Applied Biosystem). Gene
expression validation was performed using RT2 qPCR
Primer Assay for human APP, Presenilinl, B-actin
(SABiosciences). Gene expression was normalized to -
actin.

Statistical analysis

All experiments were repeated at least three times and
each experiment was performed in triplicate. The results
are presented as mean + SD. A one-way ANOVA was
performed, followed by Dunnet's post hoc test for
analysis of significance. Results with a p-value <0.05
were considered statistically significant, *P < 0.05,
**P<0.02.

Sample preparation for biophysics experiments

The synthetic peptide AB; 40 (Anaspec) was pretreated
according to the procedure of Fezoui et al. [53] for
improving the reliability of experiments at neutral pH.
Stock aliquots (200 pg each) were stored at -80 °C.
Metformin was purchased from Sigma Aldrich. AP 40
samples were prepared by dissolving the lyophilized
peptide in 50 mM phosphate buffer, pH 7.4, at a
concentration of about 70 uM. The solution was filtered
through 0.22 um and 20 nm filters into a fluorescence
quartz cuvette containing a small magnetic stirring bar.
APi4 concentration was determined by tyrosine
absorption at 276 nm using an extinction coefficient of
1390 cm™ ™', The sample was then diluted to the
working concentration of 50 p M by adding the
appropriate amount of buffer, concentrated solution of
ThT (1mM), and concentrated solution of metformin
(20 mM) when required.

Final samples containing AP and metformin were
obtained by appropriate aseptically mixing of the
protein solutions and placed in closed cuvettes in a cold
room at 4 °C, before incubation at higher temperatures.
The aggregation kinetics were followed at controlled
temperature (37 °C) and under controlled stirring (200
rpm) for 24 hours.

ThT spectrofluorometric measurements

ThT fluo-rescence emission was monitored by using a
JASCO FP-6500 spectrometer. The excitation and
emission wavelengths were 450 and 485 nm,
respectively, with 3 nm slit width. ThT concentration
was 12 uM. The sample was placed at 37 °C in the
thermostated cell compartment (10 mm). When

required, a magnetic stirrer at 200 rpm (mod. 300, Rank
Brothers Ltd., Cambridge) was used.

Control fluorimetric experiments between Thioflavin T
and metformin with the purpose of excluding undesired
pitfalls due to potential interaction between the dye and
the molecule [54] have been performed under the same
conditions of aggregation kinetics (37 °C, under stirring).

Circular dichroism spectroscopy

CD measurements were acquired by using a JASCO J-
815 CD Spectrometer. Particularly, during the
aggregation Kinetics, withdrawals of samples at
appropriate time were observed. Spectra were recorded
at 20 °C using a quartz cell with 0.2 mm path length.
Each spectrum measurement was obtained by averaging
over eight scans and subtracting the blank solvent
contribution.

The aggregation of AP peptide in the presence or
absence of metformin was investigated by Dynamic
Light Scattering. The samples were placed into a dust-
free quartz cell without further filtering and kept at
37°C in the thermostatic cell compartment of a
Brookhaven Instruments BI200-SM goniometer. The
temperature was controlled within 0.1 °C using a
thermostatic recirculating bath. The light scattered
intensity and its autocorrelation function were measured
at 0 = 90° by using a Brookhaven BI-9000 correlator
and a 50 mW He—Ne laser tuned at a wavelength A =
632.8 nm. Due to their Brownian motion, particles
moving in solution give rise to fluctuations in the
intensity of the scattered light [55, 56]. The
autocorrelator measures the homodyne intensity—
intensity correlation function that, for a Gaussian
distribution of the intensity profile of the scattered light,
is related to the electric field correlation function:

g@(q,0) =[A+Bg™(q,0]? (1)

where A and B are the experimental baseline and the

optical constant, respectively. For polydisperse
particles, g”) (g,t) is given by:
9gD(q,0) = [G Dexp (-T)dl’  (2)

Here, G(I') is the normalized number distribution
function for the decay constant I" = quT, where
q=(4nn/2)sin(6/2) is the scattering vector defining the
spatial resolution with » and Dy being the solvent
refractive index and the translational diffusion
coefficient, respectively. The hydrodynamic diameter
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Dy is calculated from Dy through the Stokes—Einstein 2. Alzheimer’s Association. Alzheimer’s disease facts and
relationship: figures Alzheimer’s & Dementia. 2015; 11:1-83 .
3. Selkoe DJ. The cell biology of B-amyloid precursor protein
Dy = kBT 3) and presenilin in Alzheimer’s disease. Trends Cell Biol. 1998;
3mnDy 8:447-53.
where kz is the Boltzmann constant, 7 is the absolute 4. Walsh DM, Klyubin |, Fadeeva JV, Cullen WK, Anwyl R,
temperature, and 7 is the solvent viscosity. Intensity- Wolfe MS, Rowan M), Selkoe DJ. Naturally secreted
weighted distribution functions P; of the z-average oligomers of amyloid beta protein potently inhibit
hydrodynamic diameter Dy were obtained by the lepsrfgggi'nap;l long-term potentiation in vivo. Nature. 2002;
analysis of the intensity autocorrelation functions were ’ '
analyzed by means of a CONTIN-like Smoothing_ 5. Weingarten MD, Lockwood AH, Hwo SY, Kirschner MW. A
constrained regularization method [57]. protein factor essential for microtubule assembly. Proc
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Atomic Force Microscopy (AFM) 6.  Hildreth KL, Van Pelt RE, Schwartz RS. Obesity, insulin
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