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ABSTRACT: Although copper (Cu) is an essential trace metal for cells, it can induce harmful effects as it participates in the Fenton
reaction. Involuntary exposure to Cu overload is much more common than expected and has been linked with neurodegeneration,
particularly with Alzheimer’s disease (AD) evidenced by a positive correlation between free Cu in plasma and the severity of the
disease. It has been suggested that Cu imbalance alters cholesterol (Chol) homeostasis and that high membrane Chol promotes the
amyloidogenic processing of the amyloid precursor protein (APP) secreting the f-amyloid (Af) peptide. Despite the wide
knowledge on the effects of Cu in mature brain metabolism, the consequence of its overload on immature neurons remains
unknown. Therefore, we used an undifferentiated human neuroblastoma cell line (SH-SYSY) to analyze the effect of sublethal
concentrations of Cu on 1— de novo Chol synthesis and membrane distribution; 2—APP levels in cells and its distribution in
membrane rafts; 3—the levels of Af in the culture medium. Our results demonstrated that Cu increases reactive oxygen species
(ROS) and favors Chol de novo synthesis in both ROS-dependent and independent manners. Also, at least part of these effects was
due to the activation of 3-hydroxy-3-methyl glutaryl CoA reductase (HMGCR). In addition, Cu increases the Chol/PL ratio in the
cellular membranes, specifically Chol content in membrane rafts. We found no changes in total APP cell levels; however, its presence
in membrane rafts increases with the consequent increase of Af in the culture medium. We conclude that Cu overload favors Chol
de novo synthesis in both ROS-dependent and independent manners, being at least in part, responsible for the high Chol levels found
in the cell membrane and membrane rafts. These may promote the redistribution of APP into the rafts, favoring the amyloidogenic
processing of this protein and increasing the levels of AS.

1. INTRODUCTION

Copper (Cu) is an essential trace metal, which is a catalytic
cofactor for many enzymes."” However, Cu overload could be
hazardous to human health since it can participate in the
Fenton reaction, producing radical species.”* Probably
associated with this, metal ion imbalance and oxidative stress
are considered risk factors for the development of sporadic
Alzheimer’s disease (AD).>° In fact, Bush and Tanzi proposed
the “metal hypothesis”, suggesting that Af neuropathogenic
events are promoted by the interaction of Af with metals,
specifically with Cu and Zn.” Brewer has reviewed that Cu**,
but not Cu', enhances amyloid plaque formation.® He
proposed that drinking water from Cu plumbing is the main
source for the general population.® In addition, we have
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previously demonstrated that the use of Cu intrauterine
devices (Cu-IUD) and Cu based-pesticides are also sources of
Cu overload.”"” Plasmatic Cu is able to cross the blood—brain
barrier (BBB),'"'” being mainly achieved as a free Cu ion (not
bound to proteins).'” In line with this, it is interesting to note

that AD brains possess a higher proportion of redox-active
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metals than healthy brains'’ and that Cu ions are closely
involved in AD etiopathogenesis.'*~"'°

Besides the metal hypothesis, there is a “lipid hypothesis of
AD?” that proposes that changes in the structure and properties
of membranes would trigger amyloidogenic toxicity.'” There-
fore, an association between cholesterol (Chol) levels and AD
development has been su$§ested, considering hypercholester-
olemia as a risk factor.”"?° In fact, alterations in Chol
metabolism are important for the amyloid plaque formation
process and in the excessive Tau phosphorylation,”" both
hallmarks of AD. Rises in Chol levels and high reactive oxygen
species (ROS) could lead to an increase in oxysterol
production, making membranes more sensitive to Af and
enhancing its neurotoxicity.””** In addition, ROS production
could also cause an imbalance of saturated/unsaturated fatty
acids present in membrane phospholipids, influencing their
biophysical properties.”** It is widely known that the cortex
and hippocampus are especially affected in AD.”® Interestingly,
recent evidence shows neurogenesis in some regions of the
adult brain, which depends on the availability of immature
neurons,””** and the impairment of hippocampal neurogenesis
is related to cognitive decline and AD development.””””

Membrane rafts are lipid microdomains rich in Chol and
sphingolipids. Changes in their lipid composition and Chol
homeostasis favor the amyloidogenic pathway of amyloid
precursor protein (APP), thus increasing Af levels, which
could be involved in AD development and progress.”’ In
addition, it was demonstrated that nonpathogenic aging
induces alterations in the lipid composition of prefrontal
cortex rafts from postmortem adults’ and that it might be
involved in the pathogenesis of AD.**™>’

It seems that the previously mentioned “metal hypothesis”
and the “lipid hypothesis” are not linked. However, we found
higher levels of Chol in the brains of Wistar rats intra-
peritoneally injected with Cu than in noninjected ones.”® This
result, together with those reported by other authors,*”** made
us wonder if Cu overload could lead to an increase in Chol
synthesis. Thus, we aim to elucidate the possible effects of Cu
overload on Chol synthesis in immature neurons since it is
known that immature neurons synthesize their own Chol*' and
its possible association with AD-like neurodegeneration onset.
In order to test this, we used an undifferentiated human
neuroblastoma cell line (SH-SYSY) as a model for immature
neurons, in which de novo Chol synthesis is active.”” We
analyzed the effects of Cu exposure on Chol de novo synthesis
pathway, Chol membrane distribution, and its consequences
on APP levels and distribution in membrane rafts. Finally, we
analyzed the levels of Af in the culture medium. Furthermore,
we have dissected whether the Cu-induced effects were
dependent or independent of ROS generation.

2. MATERIALS AND METHODS

2.1. Chemicals. Sodium ['*C] acetate (56.8 Ci/mol) was
obtained from PerkinElmer (Boston, MA, USA); 1,1,3,3-
tetramethoxypropane (TMP), resazurin sodium salt, and
Nycodenz were purchased from Sigma-Aldrich (St. Louis,
Missouri, US). All other chemicals used were of analytical
grade and were purchased from Merck (Darmstadt, Germany),
Natocor (Cordoba, Argentina), or Carlo Erba (Milan, Italy).

2.2. Cell Culture. The undifferentiated human neuro-
blastoma (SH-SYSY) cell line from ATCC (American Type
Culture Collection, Manassas, Virginia, US) was used between
passages 15 and 25. Monolayer cultures were grown in

DMEM/F12 (1:1) and were supplemented with 10% fetal calf
serum (FCS, Natocor, Cordoba, Argentina) and 100 pug/mL
streptomycin. The reason why undifferentiated SH-SYSY cells
were used is that immature neurons synthesize their own
Chol.****

2.3. Cell Treatments. 2.3.1. Cell Viability. To determine a
noncytotoxic concentration of CuSO,, FeSO,, and ZnSO, as
supplements of Cu**, Fe**, and Zn"* (mentioned as Cu, Fe,
and Zn, respectively, along the text), cell viability curves were
obtained by the resazurin method.*” This method is based on
the reduction of resazurin by living cells, generating a
fluorescent product (resorufin). In brief, SH-SYSY were
seeded in 96-well plates and grown to semiconfluence. Then,
cells were exposed to different concentrations of CuSO, (S0,
100, 200, 300, 400, 500, 600, 700, 800, 900, 1000, and 1500
uM), FeSO, (100, 200, 400, 600, and 800 M), or ZnSO,
(100, 200, 400, 600, and 800 M) dissolved in an ultrafiltered
(Millipore 0.22 pm, NY, USA) sterile phosphate-buffered
solution (PBS). After 24 h of treatment, 0.11 mg/mL/well of
resazurin was added to the plates for 2 h. Cell viability was
measured fluorometrically through excitation and emission
filters centered at S35 and 595 nm, respectively (ex 535/em
595) with a microplate reader (Beckman Coulter DTX 880).
The cytotoxic effect of Cu was calculated as a percentage from
the control (PBS only) calculated as % viability = (F — F,/F. —
F,) X 100, where F, F;, and F, are the intensity of fluorescence
in the Cu-treated cells, culture medium, or untreated cells,
respectively.

2.3.2. Chol Determination. 2.3.2.1. De novo Chol Syn-
thesis. De novo Chol synthesis was assessed by the
incorporation of ['C] acetate (1 pCi/mL in the culture
medium) in semiconfluence Petri dishes with or without
(control) 200 uM of CuSO,, 200 uM FeSO,, or 200 uM
ZnSO, in PBS. After 18 h of treatment, the culture medium
was removed and replaced with a fresh medium (FCS-free)
containing ["*C] acetate with or without CuSO, for the final 6
h of treatment. After 24 h of Cu treatment, cells were washed
three times with ice-cold PBS (pH 7.4), mechanically detached
from the plate, and centrifuged at 500g for 10 min. Cells were
resuspended in 300 uL of lysis buffer [N-2-hydroxyethylpiper-
azine-N-2-ethane sulfonic acid (HEPES) 20 mM pH 7.40,
NaCl 100 mM, EDTA S mM, Triton X-100, 1% v/v] and
sonicated (NUMAK, LUZ-30A). An aliquot of the homoge-
nate was used to determine the cellular protein content.”® The
remaining homogenate was used for lipid extraction by the
method of Folch.”” After saponification (with 10% potassium
hydroxide for 1 h at 80 °C), the nonsaponifiable fraction
containing Chol was separated by thin-layer chromatography
(TLC) (Merck) using 100% chloroform as the mobile phase. A
standard of Chol (Sigma, 57-88-5) was run in parallel. De novo-
synthesized Chol was detected by autoradiography with a
storage phosphorous screen (GE Healthcare). Quantitative
densitometric analysis was performed using Image] software
(Image] software version 1.51 j8, JAVA).

2.3.2.2. Chol in Lipid Rafts. SH-SYSY cells were grown to
semiconfluency and treated with a culture medium with or
without 200 uM of CuSO, for 24 h. After treatment, cells were
washed and harvested in lysis buffer (HEPES 20 mM pH 7.40,
NaCl 100 mM, EDTA 5 mM, Triton X-100, 1% v/v). After
incubation, the lysate was diluted with an equal volume of 90%
(v/v) sucrose prepared in TNE buffer (10 mM Tris, 200 mM
NaCl, 1 mM EDTA, pH 7.4). The lysate contained in 45%
sucrose in TNE buffer was followed by 2 mL of 35% sucrose in
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Table 1. Primer Sequence for qPCR

forward reverse
HMGCR 5'-GGACTTCGAGCAAGAGATGG-3’ 5'-AGCACTGTGTTGGCGTACAG-3’
f-actin §'-TCTTATTGGTCGAAGGCTCGT-3’ §'-ATCTCACTAGAGGCCACCGA-3’

TNE buffer and then by 1 mL of 5% sucrose in TNE buffer.
Samples were centrifuged at 190,000g at 4 °C for 19 h in a
Beckman SW60 Ti rotor, and 12 fractions of 0.33 mL were
collected. Chol levels in each fraction were analyzed by TLC
(Merck) using 100% chloroform as the mobile phase. A
standard of Chol (Sigma, 57-88-5) was run in parallel. Chol
was detected by the method of charring.*®

2.3.2.3. Membrane Chol. SH-SYSY cells were seeded in
P100 Petri dishes and grown to semiconfluency. After
treatment with or without 200 uM of CuSO, for 24 h, cells
were scraped and homogenized. Membranes were obtained by
centrifugation (245,000g in a Beckman SW60 Ti rotor at 4 °C
for 16 h) in a continuous Ficoll gradient (1 and 20% Ficoll),
adding at the end of the tube a solution of 45% Nycodenz
dissolved in 0.25 M sucrose containing 10 mM HEPES and 1
mM EDTA. Lipids were extracted by the method of Folch."’
Finally, an aliquot of the nonsaponifiable fractions was
separated by TLC. In parallel, the standards of Chol and
phospholipid (PL) were run and bands were visualized by the
method of charring.**

2.3.3. Western Blot Analyses. SH-SYSY cells were seeded in
P100 Petri dishes and grown to semiconfluency. Then, cells
were treated with a culture medium with or without 200 M of
CuSO, for 24 h. Next, cells were washed with PBS and
harvested by scraping them in a lysis buffer, containing
proteases and phosphatases inhibitor cocktail, and homogen-
ized using a bath sonicator (NUMAK, LUZ-30A). An aliquot
of cell homogenates was used to analyze the levels of APP,
doublecortin (DCX), and neuronal nuclein (NeuN). Aliquots
of brains homogenates of adult Wistar rats were used as the
positive control of NeuN presence. In brief, brains were taken
out, washed, weighed, and homogenized in HEPES 50 mM pH
7.4 containing CHAPS 5 mM, dithiothreitol 5 mM, and
aprotinin 10 mg/mL in a proportion of 6 mL buffer to each
100 mg tissue. Also, an aliquot of each sucrose gradient
fraction was used to analyze APP levels and distribution in
membranes. Finally, the culture medium was concentrated
(Millipore EMD centrifugal concentrators Amicon Ultra-15)
and an aliquot containing 100 ug of protein was used to detect
the secreted AB. In brief, the samples were electrophoretically
separated through 15% Laemmli polyacrylamide gels at 120 V
for 2 h and then transferred to a polyvinylidene difluoride
membrane (Immobilon Transfer membranes, IPVH00010,
Millipore Corporation) at 100 V for 1 h. Nonspecific protein-
binding sites were blocked by incubation in PBS (pH 7.4)
containing 0.05% (v/v) Tween 20 and 5% (v/v) skimmed milk
and then were incubated overnight at 4 °C with anti-APP
(1:200, 6D150, Santa Cruz Biotechnology, Santa Cruz, CA),
anti-DCX (1:200, sc-271390, Abcam), and anti-NeuN (1:200,
MAB377, Chemicon Millipore). The epitope targeted by the
anti-APP recognizes APP and Af. APP was normalized using
monoclonal antimouse anti-f-actin as a loading control
(1:2000, clone AC-74; Sigma-Aldrich) in homogenates and
using antimouse antiflotillin (1:2000 sc-133153 Santa Cruz) in
lipid rafts. Because no housekeeping protein was present in the
culture medium, Af analysis was done by seeding the same
amounts of protein for each sample. The immunoreactive

bands were visualized using an ECL chemiluminescence kit
(Immobilon Western, Merck Millipore). Densitometry anal-
yses were performed with the Image] software.

2.3.4. ROS and Cell Death Determinations. SH-SYSY cells
were grown to semiconfluency and treated with a culture
medium with or without 200 yM CuSO,, 200 uM FeSO,, or
200 uM ZnSO, for 24 h. After treatment, cells were washed
with PBS, harvested with a 0.05% trypsin—EDTA solution,
resuspended in a FCS-free culture medium, and centrifuged at
4000g for 5 min. Finally, cells were incubated with 10 mM 2'-
7’-dichlorodihydrofluorescein diacetate (Invitrogen)/90 min
(37 °C) in darkness. tert-Butyl-hydroperoxide (TBH) (Sigma-
Aldrich) (500 #M/90 min) was used as the positive control of
ROS generation and propidium iodide (PI) (Invitrogen) (S
uM/15 min in darkness) as the control of cell death.
Fluorescence was measured by flow cytometry (Accuri C6
Plus, BD).

2.3.5. Lipid Oxidation (TBARS). Lipid peroxidation products
were measured as thiobarbituric acid (TBA) reactive
substances (TBARS) by the method of Yagi.49 In brief, an
aliquot of homogenates reacted with TBA to yield TBA—
malondialdehyde adducts which were quantified at 532 nm in
the microplate reader. A calibration curve with fresh TMP
solution was generated to calculate the concentration of the
chromophore.

2.3.6. RNA Isolation and Real-Time gPCR Analysis. SH-
SYSY cells were seeded in P100 Petri dishes and grown to
semiconfluency. After 24 h of treatment with or without 200
UM CuSO,, cells were scraped using Tripure isolation reagent
(11667165001 Roche Diagnostic, USA) according to the
manufacturer’s instructions for RNA isolation. RNA was
transcribed into ¢cDNA according to the manufacturer’s
protocol using a commercial kit (1708891, Bio-Rad
iScriptTM). c¢cDNA was then amplified using Bio-Rad iQ
SYBR Green Supermix (1708880, Bio-Rad), and the qPCR
program used was 95 °C, 3 min, 40 cycles of (95 °C, 15 s; 60
°C, 60 s), and 95 °C for 1 min. Data were analyzed by the
AACT method.*® Primer sequences used are in Table 1.

2.3.7. Protein Measurements. The method of Lowry or
Bradford was used to determine the protein content in the
samples. "’

2.3.8. Statistical Analysis. All the values represent the mean
+ SD (standard deviation) of independent determinations.
Data were analyzed first by the Shapiro—Wilk normality test
and then by the Mann—Whitney test, ANOVA, or two-way
ANOVA followed by the corresponding multiple-comparison
test using GraphPad Prism 6 software. Significance of statistical
differences was *p < 0.05, **p < 0.01, and ***p < 0.001.

3. RESULTS AND DISCUSSION

The hippocampus is one of the main susceptible brain areas in
the early stages of AD.”**” It is widely known that immature
neurons present in the hippocampus are one of the neurogenic
niches in the adult brain playin% a critical role in brain
plasticity, learning, and memory.”*>* Also, several works
associated Cu overload with AD onset and progression.'*
However, the biochemical mechanisms are still unknown.

https://doi.org/10.1021/acsomega.2c00703
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Since it is known that immature neurons synthesize their own
Chol,* we aim to elucidate the effect of Cu on Chol de novo
synthesis and the possible association with the amyloidogenic
processing of APP in these cells. Thus, we used undiffer-
entiated SH-SYSY cells (immature catecholaminergic neu-
rons)>® which express the immature neuron marker DCX>*
and do not express the mature neuronal marker NeuN>"*

(Figure 1).

DCX
SH-SY5Y TH

43602 == b

v

NeulN
SH-SYS5Y TH

Figure 1. DCX and NeuN expression in SH-SYSY cells and the brain
homogenate (TH) obtained from Wistar rats. TH containing mature
neurons among other cells was used as the positive control for NeuN
expression.

Cell viability analysis was carried out after exposure of SH-
SYSY to different CuSO, concentrations for 24 h (Figure 2),

120+ - Fe

== 7n

-
(=3
o
Y

60

40+

% of Cell viability

20+

0 200 400 600 800
Metal Concentrations (UM)

Figure 2. Effect of Cu, Fe, and Zn treatment on cell viability. SH-
SYSY cells were cultured and treated for 24 h with increasing
concentrations of CuSO,, FeSO,, and ZnSO,. Cell viability was
determined by the resazurin assay. Results were calculated using
ANOVA and Dunnett’s multiple-comparison test and expressed mean
+ SD percentage of control (n = 3 to 6 for each concentration used).
Statistical differences are indicated as *p < 0.05 and **p < 0.01.

and the highest concentration of this metal with no significant
difference in cell viability was considered sublethal (200 uM)
and was used in further experiments. To dissect whether the
Cu-induced effects were dependent or independent of ROS
generation, we tested FeSO, (redox metal) and ZnSO, in
addition (nonredox metal). As Figure 2 shows, a similar
behavior was observed for the concentration-dependent cell
viability test. Thus, 200 #M was also appropriate to be used as
sublethal concentrations for Fe and Zn (Figure 2).

Cu, Fe, and Zn are essential metals for humans, being
important in a wide variety of biological processes of cells.
Since Cu and Fe are redox-active metals being able to
participate in Fenton reactions,”®*” we checked whether ROS
production increased with the selected concentrations. Thus,

ROS levels were analyzed by flow cytometry after 24 h of
treatment. We found that while Cu and Fe increased ROS
significantly, Zn had no effect under these conditions (Figure
3). In addition, TBH was used as the positive control of ROS

250+
200+ ol
150

100+ -

% of ROS

50

0- T
control Cu Fe

Zn TBH

Figure 3. Determination of ROS generation in SH-SYSY cells by flow
cytometry. DCF-DA was used to test ROS production. SH-SYSY cells
were treated for 24 h with 200 uM CuSO, (light-gray bar), 200 uM
FeSO, (gray bar), or 200 uM ZnSO, (almost white bar) for 24 h.
Cells without metal addition (black bar) were used as control, and
500 yuM TBH was used as the positive control of ROS generation
(dark-gray bar). Data are expressed mean + SD (n = 4) as the
percentage of control. Significance of statistical difference was
calculated using one-way ANOVA and Bonferroni’s multiple-
comparison test and was indicated as ***p < 0.001 compared to
the control and # compared to Cu treatment.

generation. High ROS levels could cause the oxidation of
biomolecules such as lipids and proteins, leading finally to cell
death.>*™%° Therefore, we checked lipid oxidation (TBARS)
(Figure 4A) and cell death (Figure 4B) in SH-SYSY cells
treated with the sublethal dose of CuSO,. Although TBARS
tends to increase, this variation is not significant. We also
observed no significant cell death after sublethal Cu treatment.

ROS not only trigger oxidative stress and apoptosis but also
could act as second messengers.61 Several studies demon-
strated that increasing ROS levels mediates the expression and
maturation of SREBP2, a transcription factor responsible for
inducing the transcription of genes involved in Chol
metabolism.®*~® In line with this, we showed a significant
increase of Chol synthesis after sublethal Cu treatment (Figure
SA). We did not observe changes after 50 and 400 yM Cu
treatment (Figure SB). It is known that cells exposed to low
concentrations of Cu can attenuate its cytotoxic effect by
binding it to different 1igands.66 In addition, some pieces of
evidence showed that exposing SH-SYSY cells to 50 uM Cu
does not increase ROS in a significant manner with respect to
control.”” Considering this, we hypothesize that we do not
observe Chol synthesis changes after S0 yuM Cu exposure
because it is too low, making cells able to buffer this low Cu
overload. On the other hand, after 400 yM, Cu is too elevated.
Cells are probably not able to buffer this high Cu level, and this
is the reason why we showed significant cell death (Figure 2).
Further experiments are needed to determine the reasons why
there were no differences in Chol de novo synthesis with
respect to control and to shed light on the dose-dependent
effects of Cu on Chol synthesis and APP metabolism. TBH
and Fe also showed higher de novo-synthesized Chol (Figure
SA). Interestingly, there is no increase in Chol synthesis after
Zn treatment. These data suggest that ROS might contribute
to the induction of Chol synthesis, likely by inducing HMGCR
expression (rate-limiting enzyme of the de novo pathway)
(Figure 6), as it was previously shown.*”*® ROS are also able
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Figure 4. Lipid peroxidation (A) and cell death (B) in SH-SYSY cells. Lipid peroxidation was determined by the TBARS assay (A), whereas PI
staining was used to test and cell death (B) after 24 h of Cu treatment (200 M of CuSO,; gray bar). Untreated cells were used as control (black
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control of ROS generation (dark-gray bar). Data expressed mean + SD (n = 4) percentage of control. Significant differences were detected using
one-way ANOVA and Bonferroni’s multiple-comparison test and indicated as *** (p < 0,001), ** (p < 0.01), and * (p < 0.05) differences
compared with control; # (p < 0.001) and ## (p < 0.01) differences compared with Cu; and (p < 0.01) differences compared with Zn.
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Figure 6. HMGCR expression in SH-SYSY homogenates. Cells after
24 h of treatment with (gray bar) or without (black bar) 200 uM
CuSO, were collected, and HMGCR expression was measured by
qRT-PCR. Data were calculated using the Mann—Whitney test and
expressed as mean + SD (n = S) percentage of control. Statistical

differences are indicated as *p < 0.0S.

to increase HMGCR activity by inducing protein phosphatase
2A (PP2A) dephosphorylation activity by p38.%” Surprisingly,
the increased Chol synthesis after Cu treatment is even higher
than after Fe and TBH treatments, although no differences in
ROS generation were observed. Thus, it led us to think that Cu
could also induce Chol de novo synthesis in a ROS-
independent manner.

Previous in vitro studies showed that increased total
intracellular Chol levels correlate with higher Chol in lipid
rafts (also enriched in glycosphingolipids) but not in nonraft
areas of the membrane.”””" Also, high levels of Chol in

25026

membranes are positively correlated with - and y-secretase
activity.”"’> The f-secretases cleaved APP outside the rafts,
forming the CTFp fragment, and then, CTFp is cleaved by Y-
secretases inside the rafts, producing the A$1-40 and A 1—42
peptides in the amyloidogenic pathway.”” In order to test the
possible effect of Cu in Chol accumulation in the membrane,
and specifically in membrane rafts, membranes and membrane
rafts were isolated by a Ficoll and sucrose gradient, respectively
(Figure 7A,B). Interestingly, the increase of Chol synthesis
effectively agrees with an increase in the Chol/PL ratio in the
membrane (Figure 7A), which is reflected in an increase in the
Chol present in membrane rafts (Figure 7B).

As it was previously mentioned, increasing Chol levels in
membranes favors the amyloidogenic pathway of APP,
increasing the Af levels.’””" Also, Cu overload (150 uM
CuCl,), but not Fe and Zn, promotes the traffic of APP to the
cell membrane independent of transcriptional upregulation.”
However, APP in the membrane is mainly, but not exclusively,
found outside rafts together with @- and p-secretases.”””’
Nevertheless, in the amyloidogenic pathway, APP should be
within the membrane rafts to be cleaved by Y-secretases as was
previously mentioned.”> To address the possibility that the
increase of Chol in membranes influences APP homeostasis,
APP levels were determined by western blot in cell
homogenates and membrane rafts (Figure 8A,B). No
significant differences in APP levels were observed between
control and treated cells in homogenates (Figure 8A).
However, we found higher levels of APP colocalizing with
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Figure 7. Effect of Cu overloads on the membrane (A) and raft (B) Chol levels. (A) % of Chol/PL ratio compared with control in SH-SYSY
membranes (n = 3) and (B) % of Chol compared with control in membrane rafts (fraction 3 and 4) (n = 3) after 24 h of treatment with (gray bar)
or without (black bar) 200 yuM CuSO,,. Results are expressed as mean =+ SD and were calculated using the Mann—Whitney test (A) and two-way
ANOVA and Bonferroni’s multiple-comparison test (B). Statistical differences are indicated as *p < 0.05 and **p < 0.01.
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Figure 8. Effect of Cu treatment on APP levels. SH-SYSY cells were treated for 24 h with or without 200 yM Cu and APP in the homogenate (A)
and in membrane rafts (B). APP expression was normalized to f-actin and flotillin, respectively. Results were calculated using the Mann—Whitney
test and expressed as the mean + SD percentage of control for panel A (n = 4) and two-way ANOVA plus Bonferroni’s test and expressed as the
mean + SD percentage of control fraction 3 for panel B (n = 4). Statistical difference is indicated as ***p < 0.001.

flotillin (a marker of lipid-raft-fractions 3 and 4)"*”” after Cu @
treatment (Figure 8B). Our results suggest that sublethal Cu ¢

overload does not affect the APP transcription rate but favors
its redistribution, specifically to membrane rafts, promoting its

amyloidogenic processing. Consequently, Af released into the o B
culture medium was 125% higher after Cu treatment (Figure @ t pas t PPAZ activity t | £ euoniataimen

9). The increased Af levels after Cu treatment agree with _—(HMGCR
previous studies, showing that the endocytic pathway carried / 1
out as a necessary part of the amyloidogenic processing of APP — Cholt

t SREBP-2 =———e—p regulation of different pathways associated
- with Chol metabolism (refs 33-36)

_2+
is modulated by Chol.* @ t ” t
Since the exposure to Cu overload is more common than we [= s work | APP —YT, AB
= this work
think,”'%%! and knowing that plasmatic Cu could enter the in membrane rafts
. . 11,12 .
brain by crossing the BBB, we considered that our results Figure 10. Proposed mechanism of toxicity of Cu eliciting Af release

following ROS production. ROS are already shown to affect different

pathways involved in Chol metabolism. Dark arrows show cellular

800+ signals described by other authors (referenced). The increased

expression or concentrations of key components of these pathways are

600+ indicated by thick vertical arrows. Mechanisms involved in this article
I are represented as continuous red arrows.

400

% of AB peptide
in culture medium

200 . . . . .
could contribute to shed light on the biochemical mechanisms,

O-i explaining the association between Cu and AD-like neuro-
Control Cu degeneration onset. Previous studies demonstrated that Af
accumulation in the hippocampus of the adult brain reduced

. . 82 . .
neurogenesis and neuronal function,” which is known to be
impaired before the onset of the common hallmarks of the
. 83 )

medium. Results were calculated using the Mann—Whitney test and disease.” It was also demonstrated that the suppression of

expressed as the mean + SD percentage of control (n = 4). Statistical adult hippocampal neurogenesis exacerbated neuronal vulner-
difference is indicated as *p < 0.0S. ability in advanced stages of AD.*

Figure 9. Effect of Cu treatment on Af levels. SH-SYSY cells were
treated for 24 h with or without 200 uM Cu and Af in the culture
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4. CONCLUSIONS

Although many complex pathways may be involved in the
association between the toxicity of Cu and the settlement of
AD, based on our results, we propose that at least part of the
pro-amyloidogenic effect of Cu that might favor AD develop-
ment could be mediated by the alteration of Chol homeostasis
(as it is represented in the scheme in Figure 10). We conclude
that Cu overload favors Chol de novo synthesis in two ways:
1—in a ROS-dependent manner like other active metals,
namely, Fe, and 2—in a direct manner that should be further
investigated. The high Chol levels found in the cell membrane,
and specifically in membrane rafts, may promote the
redistribution of APP into the rafts, favoring the amyloidogenic
processing of this protein and finally increasing the levels of

AB.
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