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Simple Summary: Alzheimer’s disease (AD) is a progressive neurodegenerative disorder and rep-
resents the most common cause of dementia among elderly people. It is characterized by the
deterioration of brain cells and is linked to problems with energy production, cell metabolism, and
harmful oxidative stress. Our study focused on two proteins called NCX1 and NCX3, which play
a role in controlling calcium and sodium levels in cells. We wanted to understand whether these
proteins may be involved in AD development when brain cells are exposed to metabolic impairment.
To investigate this, we used a laboratory cell model and treated the cells with a substance called
glyceraldehyde (GA) to mimic the metabolic dysfunction seen in AD. We used a technique called RNA
interference to silence the expression of either NCX1 or NCX3 in the cells. We found that when NCX3
was silenced, the cells showed improved viability, increased energy production, and reduced damage
from oxidative stress. Additionally, the levels of abnormal proteins associated with AD, such as Aβ

and pTau, were decreased. However, silencing NCX1 did not have the same positive effects, except
for increased energy production. These findings suggest that targeting NCX3 may be a potential
strategy to prevent the development of AD associated with metabolic dysfunction. Considering the
paucity of pharmacological therapies, this knowledge could be valuable for identifying new potential
treatments for AD.

Abstract: Alzheimer’s disease (AD) is a widespread neurodegenerative disorder, affecting a large
number of elderly individuals worldwide. Mitochondrial dysfunction, metabolic alterations, and
oxidative stress are regarded as cooperating drivers of the progression of AD. In particular, metabolic
impairment amplifies the production of reactive oxygen species (ROS), resulting in detrimental
alterations to intracellular Ca2+ regulatory processes. The Na+/Ca2+ exchanger (NCX) proteins are
key pathophysiological determinants of Ca2+ and Na+ homeostasis, operating at both the plasma
membrane and mitochondria levels. Our study aimed to explore the role of NCX1 and NCX3
in retinoic acid (RA) differentiated SH-SY5Y cells treated with glyceraldehyde (GA), to induce
impairment of the default glucose metabolism that typically precedes Aβ deposition or Tau protein
phosphorylation in AD. By using an RNA interference-mediated approach to silence either NCX1 or
NCX3 expression, we found that, in GA-treated cells, the knocking-down of NCX3 ameliorated cell
viability, increased the intracellular ATP production, and reduced the oxidative damage. Remarkably,
NCX3 silencing also prevented the enhancement of Aβ and pTau levels and normalized the GA-
induced decrease in NCX reverse-mode activity. By contrast, the knocking-down of NCX1 was totally
ineffective in preventing GA-induced cytotoxicity except for the increase in ATP synthesis. These
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findings indicate that NCX3 and NCX1 may differently influence the evolution of AD pathology
fostered by glucose metabolic dysfunction, thus providing a potential target for preventing AD.

Keywords: NCX; energy metabolism impairment; Alzheimer’s disease; oxidative stress; calcium
homeostasis

1. Introduction

Alzheimer’s disease (AD) is a progressive neurological disorder, and by far is consid-
ered the most common form of dementia in the elderly [1]. Despite the impressive effort
in deciphering cause-and-effect trajectories at work, AD pathogenesis is still ill-defined
and, thereby, its treatment remains a major healthcare challenge [2]. AD is characterized
by irreversible memory loss and cognitive impairment along with widespread neuronal
degeneration. The pathognomonic hallmarks of AD are senile plaques, primarily composed
by insoluble aggregates of amyloid β (Aβ) peptides, and neurofibrillary tangles consisting
of the hyperphosphorylated form of Tau protein (pTau). AD has a complex and multifacto-
rial nature [3], in which various molecular and cellular pathways cooperate to shape its
course [4,5]. Bioenergetic dysfunction can be considered as the common underlying thread
that links the many dimensions of AD pathology. An adequate glucose metabolism is im-
portant to support neuronal activity and guarantee cognitive resilience of healthy aging [6],
whereas decreases in brain glucose uptake take place during the preclinical stage of AD and
contribute to the onset and progression of the disease [7–11]. Interestingly, dysregulations
of the glycolytic flux are typically observed in AD patients [12], being associated with
the increase in the deposition of senile plaques and neurofibrillary tangles and cognitive
decline [13]. In this framework, metabolic impairment will feed the generation of reactive
oxygen species (ROS) and disrupt cellular Ca2+ homeostasis, thus creating a self-reinforcing
loop of neurodegeneration. In this line, it has been recently demonstrated that, in rat
cortical neurons spurred with glyceraldehyde (GA) to alter glucose metabolism [14], an
antioxidant treatment improves cell viability by: (i) reducing the increase in Aβ and pTau
levels, (ii) recovering the reduction of ATP content, and (iii) counteracting the perturbation
of cellular Ca2+ homeostasis within both cytoplasmic and mitochondrial compartments [14].
Given the crucial role of Ca2+ in the regulation of neuronal physiology at multiple levels,
it is not surprising that even subtle perturbation of Ca2+ homeostasis may dramatically
challenge neuronal functions and survival [15–17]. On the one hand, dysregulation in
Ca2+ signaling influences Aβ aggregation and deposition and Tau phosphorylation [18],
and in more general terms, incites the longitudinal progression of AD pathology [19]. On
the other hand, activation of the amyloidogenic pathway has the potential to remodel
neuronal Ca2+ signaling and alter Ca2+ homeostasis, contributing to learning and memory
impairment [20–24]. Therefore, restoring a balanced control over Ca2+ homeostasis may
promote survival of neurons that would otherwise succumb to AD injury.

Among the ionic transporters that provide significant contributions to the Ca2+ home-
ostasis of brain cells there is the Na+/Ca2+ exchanger (NCX). In particular, the NCX plays
a critical role in regulating Ca2+ and Na+ homeostasis at both plasma membrane and
mitochondrial levels [25]. As a secondary active transport, the NCX can operate either in
the forward mode (Na+ influx/Ca2+ efflux) or in the reverse mode (Na+ efflux/Ca2+ influx)
depending on the electrochemical ion gradients [26]; although, exchange activity proceeds
under constant control of redundant regulatory inputs [27]. Three isoforms have been
described, NCX1, NCX2, and NCX3, which are differentially expressed in a tissue-specific
manner [28]. The ionic and electrical outputs generated by NCX proteins are modified
by and can influence the evolution of pathological paradigms in many cell types [29]. In
particular, interest has been shown in exploring their functions in AD pathology [30], but
the specific role(s) played by NCXs in the metabolic derangements that incite AD evolution
remain(s) poorly defined.
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As far as NCX1 and NCX3 are concerned, these two exchangers are key determinants
of intracellular Ca2+ homeostasis in excitable cells, like neurons and cardiomyocytes,
especially in pathological settings where energy balance is significantly compromised [26].
In the past few years, significant attention has been focused on NCX3, since reductions of
its activity or expression have been associated with poor cell survival in different models
of excitotoxicity-induced cell damage and cerebral ischemia [30–35]. Interestingly, our
previous studies revealed that, in energy metabolism-compromised states like cardiac and
neuronal hypoxia/reoxygenation injury and neurodegenerative models such as AD and
Parkinson’s disease (PD), NCX1 plays an essential role for the metabolic use of glutamate to
sustain mitochondrial ATP production and guarantee improved survival [36–38]. However,
it has been also observed that in a setting of cardiac ischemia/reperfusion (I/R) injury,
NCX1 can play a dual role since its inhibition during I/R is crucial for cell survival, while its
activity is strongly involved in providing protection during ischemic preconditioning [39].
Therefore, NCX isoforms may exert diverse roles that strictly depend on the specific
pathologic conditions under which the exchanger works [29,32,40,41].

In light of this evidence and the fact that alteration of Ca2+ handling is a central driver
of AD progression, in the present study, we aimed to elucidate the role of NCX1 and
NCX3 in an in vitro model of retinoic-acid (RA) differentiated SH-SY5Y cells, where the
exposure to GA induces a glucose metabolism impairment [14,36]. The hypometabolism
condition that this model simulates is associated with mitochondrial dysfunction and redox
imbalance that are typical early alterations of AD.

2. Materials and Methods
2.1. Cell Culture and Treatments

The SH-SY5Y cell line, derived from human neuroblastoma, was purchased from the
American Type Culture Collection (CRL-2266). The cells were cultivated in Dulbecco’s
Modified Eagle Medium (DMEM; Corning, New York, NY, USA) supplemented with 10%
fetal bovine serum (FBS, Corning), 100 U/mL penicillin, and 100 µg/mL streptomycin
(Corning). They were maintained in an incubator at 37 ◦C with a 5% CO2 atmosphere. In
order to induce their differentiation into neuron-like cells, they were exposed to 10 µM
all-trans retinoic acid (RA) for 6 days. Prior to treatment with GA for 24 h, the cells
were initially subjected to siRNA-mediated silencing (as described in the subsequent
paragraph) [14]. Furthermore, alongside GA, the cells were treated with SN6, a compound
known as 2-[[4-[(4Nitrophenyl) methoxy] phenyl] methyl]-4-thiazolidinecarboxylic acid
ethyl ester (3 µM) for 24 h. At the end of the experimental protocol, the cells were collected
for subsequent analysis.

2.2. Silencing of NCX1 and NCX3

To knock-down the expression of NCX1 and NCX3 in SH-SY5Y cells, RNA inter-
ference (RNAi) technique was performed. The HiPerfect Transfections Kit from Qiagen
(Hilden, Germany) was used along with FlexiTube siRNA designed for NCX1 (Qiagen,
Hs_SLC8A1_9, 5′-CAGGCCATCTTCTAAGACTGA-3′) and FlexiTube siRNA for NCX3
(Qiagen, Hs_SLC8A3_7, 5′- ACCATTGGTCTCAAAGATTCA-3′) [40]. It should be noted
that NCX2 is not expressed in either the undifferentiated or RA-differentiated states of
SH-SY5Y cells [42], making them a valuable tool to focus on NCX1 and NCX3. In brief,
following RA differentiation, SH-SY5Y cells were incubated with siRNA oligonucleotides
and transfection reagents for a period of 48 h. Once the silencing process was complete,
the cells were exposed to specific treatments, and cell viability, ATP content, mitochondrial
ROS production, AD biomarkers, and NCX activity were evaluated.

2.3. Viability Assay

Cell viability was assessed by the MTT assay and by determining the amount of
lactate dehydrogenase (LDH) released from damaged cells into the culture medium. The
MTT assay evaluates the capacity of mitochondria to metabolize the yellow tetrazolium
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salt 3-(3,4-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) resulting in the
formation of insoluble purple formazan crystals. Following incubation with MTT solution
(0.5 mg/mL in PBS) for 1 h in a dark environment at 37 ◦C and 5% CO2, the formazan
crystals were dissolved in dimethyl sulfoxide (DMSO). The quantity of formazan generated
was directly proportional to the mitochondrial activity of the cells, and the absorbance
value was measured at a wavelength of 540 nm employing a Victor Multilabel Counter
plate reader from Perkin Elmer (Waltham, MA, USA). A decline in mitochondrial activity
led to a decrease in the absorbance value observed. As for LDH activity, following the
experimental procedure, 50 µL of the culture medium were collected and transferred to
a 96-well plate. Then, the medium was incubated with the Cytotoxicity Detection Kit
reaction mixture from Roche (Basilea, Switzerland) for a duration of 30 min. Subsequently,
the absorbance was read at 490 nm using a Victor Multilabel Counter plate reader. The
obtained results were expressed as percentages in relation to the control value.

2.4. ATP Assay

Intracellular ATP levels were measured using a luciferase-luciferin system (ATPlite,
Perkin Elmer, Waltham, MA, USA) [36]. SH-SY5Y were plated and differentiated onto a
96-well View Plate from Perkin Elmer. At the end of indicated treatments, the cells were
lysed, and the ATP assay was carried out as per manufacturer’s instructions. The levels
of ATP were quantified utilizing a luminescence-based Victor Multilabel Counter plate
reader from Perkin Elmer. These values were then normalized to the corresponding protein
content. The results were expressed as a percentage relative to the control value.

2.5. Evaluation of Mitochondrial ROS Production

Mitochondrial ROS levels were determined using MitoTracker CM-H2XRos (Invitro-
gen Life Technologies, Carlsbad, CA, USA), as previously described [36]. RA-differentiated
SH-SY5Y cells were seeded onto coverslips and subjected to the experimental protocol.
Subsequently, the cells were loaded with a dye concentration of 300 nM for a duration
of 30 min at 37 ◦C. Confocal images were obtained using a 510 LSM microscope (Carl
Zeiss, Milan, Italy) equipped with a META detection system. For visualization of Mito-
Tracker CM-H2XRos, the dye was excited at 560 ± 10 nm, and its emission was measured
at 620 ± 20 nm. Images were captured at 5 s intervals, allowing for the monitoring of
basal ROS levels over approximately 200 s. Following image acquisition, the fluorescence
intensity was analyzed offline. The fluorescence values were expressed as a percentage
relative to the control value.

2.6. Immunofluorescence Experiments
2.6.1. Primary Antibodies

Aβ1–42 peptides were detected using a mouse monoclonal IgG1 antibody (clone 12F4,
Cat. 805501, Biolegend, San Diego, CA, USA, dilution 1:100 in PBS with 1% BSA). pTau
protein was evaluated by using a human PHF-Tau monoclonal IgG antibody (clone AT100,
Cat. MN1060, recognizing Thr212 and Ser214, Thermo Scientific, Milano, Italy, dilution
1:1000 in PBS with 1% BSA). NCX1 protein was detected by using a rabbit polyclonal
antibody (π 11-13, Swant, Switzerland, dilution 1:100 in PBS with 1% BSA). The expression
of NCX3 protein was evaluated by using a rabbit polyclonal antibody (95209, Swant,
Switzerland, dilution 1:100 in PBS with 1% BSA).

2.6.2. Immunofluorescence Staining

Following the experimental procedures, cells were exposed to 300 nM MitoTracker Red
CMXRos (excitation/emission wavelengths: 579/599 nm) (Invitrogen Life Technologies) for
30 min, at 37 ◦C. Subsequently, the cells were fixed using 3.7% formaldehyde in phosphate-
buffered saline at room temperature (RT) for 30 min, followed by permeabilization with
0.1% Triton X-100 at RT for 5 min [36]. Afterwards, the cells were incubated with primary
antibodies (Aβ1–42, pTau AT100, and NCX1-3) for 1 h at RT, and then treated with Alexa anti-
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mouse 488 conjugated secondary antibody, (excitation/emission wavelengths: 499/520 nm)
(Cat. A11059 Thermo Scientific, diluted 1:200), to visualize immunoreactivity. Protein
fluorescence images were acquired using the LSM 510 confocal system from Carl Zeiss at
5 s intervals, the fluorescence values were monitored for approximately 20 s. Following
image acquisition, the fluorescence intensity was analyzed offline, and the resulting values
were expressed as percentages relative to the control value.

2.7. NCX Activity
2.7.1. Analysis of NCX Activity

Solutions: Ca-PSS was composed of (in mM): 140 NaCl; 5 KCl; 1 MgCl2; 10 glucose;
2 CaCl2; and 20 HEPES, buffered to pH 7.4 with Tris. Na-PSS (Ca2+-free solution) was
composed of (in mM): 140 NaCl; 5 KCl; 1 MgCl2; 10 glucose; 0.1 EGTA; and 20 HEPES,
buffered to pH 7.4 with Tris. K-PSS was composed of (in mM): 140 KCl; 1 MgCl2; 10 glucose;
0.1 CaCl2; and 20 HEPES, buffered to pH 7.4 with Tris.

2.7.2. Experimental Protocol

The levels of intracellular Ca2+ were determined using an LSM 510 confocal system
from Carl Zeiss through computer-assisted video imaging on a single-cell basis. SH-SY5Y
cells were treated onto 25 mm coverslips according to the experimental protocol. Following
that, the cells were loaded with 4 µM Fluo-4/AM (Molecular Probe, Eugene, OR, USA)
dissolved in Ca-PSS supplemented with 0.08% pluronic acid (Molecular Probe) for 40 min
in darkness at RT. Cells were rinsed once with Na-PSS and subsequently treated with
1 µM thapsigargin in Na-PSS for 10 min [40]. By switching Na-PSS to K-PSS, we assessed
the uptake of Ca2+ via the reverse mode. A peristaltic pump was used to change bath
solutions, and images were captured every 5 s. A heated microscope stage and climate
box from PeCon GmbH were employed to maintain the cells and perfusion solutions at
37 ◦C. An argon laser at 488 nm provided the excitation light, and the emission in the
range of 505–530 nm was recorded in a time-lapse manner. Following image acquisi-
tion, we conducted the fluorescence intensity analysis offline, following the previously
described methodology [40].

2.8. Drugs and Chemicals

SN6 was obtained from Tocris (Bristol, UK). All other chemicals were of analytical
grade and were purchased from Sigma (Milan, Italy).

2.9. Data Analysis

Data were reported as the mean ± standard error of the mean (S.E.M.). GraphPad
Prism® 5 software (San Diego, CA, USA) was used for the statistical analyses of the results.
One-way ANOVA analysis followed by Dunnett’s post hoc test were applied to determine
the differences between the experimental groups. Differences were considered statistically
significant when p < 0.05.

3. Results
3.1. Role of NCX1 and NCX3 in the Perturbation of Cell Viability and ATP Production in
GA-Challenged Cells

To mimic hypometabolism associated with AD, RA-differentiated SH-SY5Y cells were
exposed for 24 h to GA (1 mM), as previously described [14,36]. To obtain further insights
on the involvement of the exchangers in this experimental model, we initially used a
pharmacological approach based on the NCX inhibitor 2-[[4-[(4Nitrophenyl) methoxy]
phenyl] methyl]-4-thiazolidinecarboxylic acid ethyl ester (SN6, 3 µM), which was added
together with GA to the cells. At this concentration, SN6 is expected to inhibit NCX1, with
a weak blocking effect on NCX3 [43]. Strikingly, we observed that GA-exposed cells to
SN6 did not improve viability (Figure 1A,B), as assessed by both MTT and LDH assays
(Figure 1A,B), while it significantly rescued the intracellular ATP levels to the control value
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(Figure 1C). To further dissect the specific role of NCX1 and NCX3, we then selectively
silenced their expression by using an RNA interference (RNAi)-mediated approach [40].
Interestingly, while NCX1 silencing was not accompanied by any improvement in cell
viability (Figure 2B,D), the knocking-down of NCX3 expression was able to fully counteract
the negative effects of GA on cell viability (Figure 2A,C). Of note, the intracellular ATP
levels were restored by both NCX1 and NCX3 silencing (Figure 2E,F).
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Figure 1. Effect of SN6 on cell viability and intracellular ATP levels in RA-differentiated SH-SY5Y cells
challenged with GA. (A) Effect of SN6 (3 µM) on cell viability assessed by MTT assay; (B) extracellular
LDH release; and (C) ATP production. The cells were exposed to a combination of SN6 (3 µM) and
GA (1 mM) for a duration of 24 h. In each experiment, MTT reduction, extracellular LDH release, and
ATP levels were expressed as percentage of the control. Each column represents the mean ± S.E.M.
of at least 3 experiments performed in triplicate. Significant differences were evaluated by one-way
ANOVA followed by Dunnett’s post hoc test. A F (3, 16) = 9.330. * Significant vs. control groups
(p < 0.01 vs. Ctl, p < 0.05 vs. SN6). B F (3, 14) = 20.44. * Significant vs. control groups (p < 0.001 vs.
Ctl, p < 0.0001 vs. SN6). C F (3, 20) = 5.318. * Significant vs. all groups (p < 0.05 vs. Ctl and GA + SN6,
p < 0.01 vs. SN6). Ctl control, GA glyceraldehyde, n.s. not significant.

3.2. NCX3 Silencing Reduced the Production of Mitochondrial ROS Induced by GA

The above-mentioned findings suggested that contributions of NCXs to the GA-
induced cellular alterations are isoform-specific, thus leading us to hypothesize that, even
though both NCX1 and NCX3 are involved in the GA-induced decrease in the intracellu-
lar ATP content, their differential impacts on GA-induced cell injury rely on additional
responses. Therefore, we sought to further explore the specific contribution of NCX1 and
NCX3 to the various cellular alterations that underlie GA toxicity and that can predispose
the cells to develop an AD-like phenotype [14]. Among those, we firstly considered the
production of ROS. Our previous research demonstrates that GA increases the production
of ROS at the mitochondrial level [14]. Therefore, we attempted to understand whether
either NCX1 or NCX3 could have a role in this specific setting. As expected, GA increased
mitochondrial ROS production (Figure 3). We found that by silencing NCX3, ROS levels
were significantly reduced in cells challenged with GA (Figure 3A,B), while NCX1 silencing
had no effect at all (Figure 3C,D). Under resting conditions, either NCX1 or NCX3 silencing
did not produce any significant changes in the formation of ROS.
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differentiated SH-SY5Y cells exposed to GA. Following the silencing of either NCX3 or NCX1, the
cells were subjected to GA treatment (1 mM) for 24 h. Cell viability results, as determined by MTT
assay (A,B) or LDH assay (C,D), and measurements of intracellular ATP levels (E,F) are graphed in
the column charts and reported as percentages relative to the respective control group. Each column
represents the mean ± S.E.M. of at least 4 experiments performed in triplicate. Significant differences
were evaluated by one-way ANOVA followed by Dunnett’s post hoc test. A F (3, 18) = 11.72. * Signif-
icant vs. all groups (p < 0.001 vs. Ctl and siNCX3, p < 0.01 vs. and GA + siNCX3); B F (3, 22) = 6.147.
* Significant vs. control groups (p < 0.01 vs. Ctl, p < 0.05 vs. siNCX3); C F (3, 16) = 8.034. * Significant
vs. all groups (p < 0.01 vs. Ctl and siNCX3, p < 0.05 vs. GA + siNCX3); D F (3, 24) = 8.046. * Significant
vs. control groups (p < 0.01 vs. Ctl and siNCX1). E F (3, 16) = 5.532. * Significant vs. all groups
(p < 0.05 vs. Ctl and GA + siNCX3, p < 0.01 vs. siNCX3); F F (3, 18) = 6.503. * Significant vs. all groups
(p < 0.01 vs. Ctl and siNCX1, p < 0.05 vs. GA + siNCX1). siNCX1 siRNA for NCX1, siNCX3 siRNA
for NCX3.
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Figure 3. Effect of NCX3 and NCX1 silencing on the generation of ROS within the mitochondria of RA-
differentiated SH-SY5Y cells challenged with GA. (A,C) MitoTracker Red CM-H2XRos fluorescence,
indicative of mitochondrial ROS levels, was evaluated after silencing NCX3 (A) and NCX1 (C) in cells
exposed to GA (1 mM) for 24 h and reported as percentages relative to the respective control group.
Each column represents the mean ± S.E.M. of at least 3 experiments performed in triplicate. Images
displaying mitochondrial ROS fluorescence levels are shown for NCX3 silencing (B) and NCX1
silencing (D) and are representative of at least 3 experiments (50–100 cells for each experimental
group were analyzed). Scale bar 50 µM. Significant differences were evaluated by one-way ANOVA
followed by Dunnett’s post hoc test. A F (3, 8) = 25.83. * Significant vs. all groups (p < 0.001 vs. Ctl
and siNCX3, p < 0.01 vs. GA + siNCX3); C F (3, 11) = 14.28. * Significant vs. control groups (p < 0.05
vs. Ctl, p < 0.01 vs. siNCX1).

3.3. NCX3 Silencing Significantly Reduced Aβ and pTau Levels in RA-Differentiated
SH-SY5Y Cells

Accumulation of Aβ and hyperphosphorylated tau are characteristic lesions of AD
brains. Findings from our previous studies show that when cells are treated with GA,
the overall cellular injury is accompanied by sustained alterations of these two biomark-
ers [14,36]. Treatments that normalize both Aβ and pTau levels significantly improve cell
viability [14], suggesting that such changes are negatively related to cell viability. Therefore,
considering the different role exerted by NCX1 and NCX3 on the GA-induced cell damage,
we sought to investigate whether this effect could be related to a different influence of NCX1
and NCX3 on the deposition of Aβ and/or on the phosphorylation of pTau. Interestingly,
we observed that the knocking-down of NCX3 significantly reduced the accumulation
of both Aβ (Figure 4A,B) and pTau, whose levels were significantly increased after GA
challenge (Figure 5A,B). The silencing of NCX1 did not modify Aβ (Figure 4C,D) or pTau
levels (Figure 5C,D), further adding ground to the distinct roles played by the two isoforms
in a context of deranged metabolism.
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Figure 4. Evaluation of Aβ1–42 expression in RA-differentiated SH-SY5Y cells after knocking-down of
NCX3 and NCX1 expression and GA treatment. (A,C) Quantitative analysis and (B,D) representative
images depicting the expression of Aβ1–42. Scale bar 50 µM. Images were representative of at
least 3 experiments (50–100 cells for each experimental group were analyzed). Differences among
means were evaluated by one-way ANOVA followed by Dunnett’s post hoc test. A F (3, 11) = 21.36.
(A,C) Each column represents the mean ± S.E.M. obtained from at least 4 experiments performed
in triplicate. * Significant vs. all groups (p < 0.01 vs. Ctl and siNCX3, p < 0.05 vs. GA + siNCX3);
C F (3, 11) = 8.238. * Significant vs. control groups (p < 0.01 vs. Ctl, p < 0.05 vs. siNCX1).
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Figure 5. Evaluation of pTau expression in RA-differentiated SH-SY5Y cells after knocking-down of
NCX3 and NCX1 expression and GA treatment. (A,C) Quantitative analysis and (B,D) representative
images depicting the expression of pTau. Scale bar 50 µM. Each column represents the mean S.E.M.
obtained from at least 3 experiments (50–100 cells for each experimental group were analyzed).
Differences among means were evaluated by one-way ANOVA followed by Dunnett’s post hoc test. A
F (3, 11) = 21.36. (A,C) Each column represents the mean ± S.E.M. of at least 3 experiments performed
in triplicate. * Significant vs. all groups (p < 0.0001 vs. Ctl, p < 0.001 vs. siNCX3 and p < 0.05 vs.
GA + siNCX3); C F (3, 11) = 8.238. * Significant vs. control groups (p < 0.01 vs. Ctl, p < 0.05 vs. siNCX1).



Biology 2023, 12, 1005 10 of 15

3.4. NCX3 Silencing Normalizes NCX Activity after GA Challenge in RA-Differentiated
SH-SY5Y Cells

Once established that NCX1 and NCX3 might have a different role in controlling the
overall cellular derangement induced by GA and considering that Ca2+ homeostasis can
be significantly affected by the metabolic alterations induced in this specific experimental
setting [14], we lastly examined the impact of NCX1 and NCX3 activities. The activity of the
exchanger was assessed by measuring the uptake of Ca2+, which is dependent on the Na+

gradient in cells that were loaded with Fluo-4, using fluorescence signals as a monitoring
tool [40]. During the analysis, we monitored the reverse-mode activity by gradually
reducing the extracellular Na+ (replaced by K+) at the end of the experimental protocol.
As summarized in Figure 6, when the NCX reverse mode was triggered, Ca2+ uptake was
significantly lower (∼30%) in GA-treated cells rather than in controls, as revealed by the
decrease in fluorescence signal. When NCX3 was silenced, NCX reverse-mode activity was
recovered towards control values (Figure 6A,B), while the silencing of NCX1 was completely
ineffective in restoring the exchanger activity (Figure 6C,D). Interestingly, neither NCX3 nor
NCX1 silencing produced any significant change under control conditions. Furthermore,
the observed changes in the NCXs activity were not accompanied by alterations in protein
expression, in all the tested experimental conditions (Figure S1).
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Figure 6. Effect of NCX3 and NCX1 knocking-down on NCX activity after GA challenge in RA-
differentiated SH-SY5Y cells. (A,C) Representative records of Ca2+ response to Na+ free after in-
cubation were obtained under different conditions: control (black line), siNCX1 and siNCX3 (grey
line), GA treatment (red line) and GA treatment in combination with siRNA (siNCX3 and siNCX1,
green line). (B,D) Quantitative analyses were performed at the end of the experimental protocol. The
fluorescence intensity values were normalized to the resting fluorescence (F/F0), and the activity
of NCX was expressed as the percentage increase in fluorescence (∆% fluorescence increase). The
bar plot represents the mean ± S.E.M. of the fluorescence increase induced by the Na+ free pulse.
For each experimental group, ∆% values used for statistical analysis were derived from a minimum
of 4 experiments performed in triplicate, with 100–150 cells recorded in each session. Each column
represents the mean ± S.E.M. of at least 4 experiments performed in triplicate. Differences among
means were evaluated by one-way ANOVA followed by Dunnett’s post hoc test. B F (3, 17) = 4.62.
* Significant vs. all groups (p < 0.05 vs. Ctl, siNCX3 and GA + siNCX3). D F (3, 25) = 12.53. * Significant
vs. control groups (p < 0.0001 vs. Ctl, p < 0.001 vs. siNCX1).
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4. Discussion

Numerous evidence supports the multifactorial nature of AD. Over the years, it has
been recognized that metabolic alterations are crucial for this neurodegenerative disorder.
In this study we focused on the metabolic defects that may create an environment suit-
able for AD development by using an in vitro model mimicking the alteration of glucose
metabolism in RA-differentiated SH-SY5Y cells [14,36,44]. To mimic bioenergetic alterations
(i.e., hypometabolism, mitochondrial dysfunction and redox imbalance [14]), which are
regarded as early pathological events of AD neurodegenerative spiral, we exposed cells
to GA [14]. GA cytotoxicity is also related to the alteration of Ca2+ homeostasis [14,36],
another element that significantly contributes in giving rise to a vicious cycle capable of
increasing the levels of Aβ and pTau and of activating cell death pathways [24]. In line with
this so called “Ca2+ hypothesis in AD”, we aimed to investigate the implication of NCX1
and NCX3 in a context of metabolic deficit that may precede AD and lay its foundations.
We focused on NCX1 and NCX3, since they are crucially involved in pathological settings
where metabolic derangements have a prominent role. We have recently characterized
the existence of a functional connection between NCX1 activity and metabolic substrates
utilization, with particular reference to glutamate, in different in vitro pathological settings,
such as cardiac and neuronal ischemia, PD and AD [36,40]. Under our culture conditions
SH-SY5Y cells do not express the NCX2 isoform, either when undifferentiated or after dif-
ferentiation with RA [42]. Therefore, the sequential silencing of the two isoforms allowed us
to specifically assess the role of each one in this specific experimental setting. In this context,
we found an isoform-specific contribution to the GA-induced cell damage. In particular,
the knocking-down of NCX3 was capable of halting the neuronal damage progression,
improving cell viability along with a full recovery of ATP levels and of mitochondrial
ROS production to control values. In addition, NCX3 silencing completely counteracted
the incremental shifts of Aβ and pTau levels provoked by GA. In stark contrast, NCX1
silencing solely prevented the GA-dependent reduction in ATP levels, having neutral
effects on the other variables and markers used for cell damage and AD-related injury. We
found an overall significant reduction in exchangers’ activity, monitored as Ca2+ uptake,
following GA treatment. The activity was normalized towards control levels when NCX3
expression was silenced. Conversely, the knocking- down of NCX1 was totally ineffective.
It is interesting to note that these effects were not related to any changes in the expression
of the exchangers, suggesting that the derangement of Ca2+ levels following NCX reverse
mode stimulation were mainly due to a modification of the transport activity rather than to
a decreased expression of the exchangers, or alternatively, to a redistribution of the surface
fraction of the exchangers; both hypotheses deserve further evaluations. A similar result
has been observed in RA-differentiated SH-SY5Y cells exposed to hypoxia/reoxygenation
(H/R) insult, which alters cell metabolism as well [40]. It is possible to speculate that this
overall modification of the exchangers activity may follow a global ionic dysregulation
resulting from the drop of ATP intracellular content. As aforementioned, the expression
pattern of the exchangers in the SH-SY5Y cell line allowed us to dissect the role of NCX1
and NCX3. The knocking-down of NCX3 implied that NCX1 was the only “available”
isoform potentially capable of modulating Ca2+ levels in this specific context; conversely,
the knocking-down of NCX1 allowed NCX3 to mainly handle Ca2+ dynamics. In this view,
data obtained by knocking-down NCX3 disclosed a prominent and detrimental role of
this isoform, as its elimination positively affected GA-related cell outcomes. It seems more
likely to hypothesize a negative role of NCX3 rather than a protective one of NCX1, since
the knocking-down of the latter did not produce any changes in GA-related effects; in par-
ticular, we did not observe a worsening of the overall cellular response to GA, suggesting
a neutral role of NCX1. This observation is in line with the neutral role of NCX1 in the
above-mentioned H/R setting [40]. The only cellular response that seemed to rely on both
NCX1 and NCX3 was the production of ATP. Consistent with this hypothesis, the use of
the pharmacological inhibitor SN6, which is slightly selective for the NCX1 isoform [43],
did not produce any effect on GA-related outcomes, except for the increase in ATP levels.
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It must be highlighted that the experimental setting used in this work attempts to
reproduce a condition that precedes the manifestation of the disease, rather than a situation
where cells already show the main AD hallmarks; therefore, our data are not in conflict
with the available literature on the role of NCX3 in AD. To date, different studies provide
evidence for a protective role of NCX3 in various AD models [33,35,45–47]. First, in
1991, Colvin and colleagues observed an increase in NCX activity in surviving neurons
of AD patients, suggesting that it may confer protection against AD neurodegenerative
processes [45]. Later on, it has been observed that Aβ overproduction may promote the
calpain-mediated cleavage of NCX3 in AD brain, supporting the contribution of NCX3
in limiting the intracellular Ca2+ overload and preserving cell viability [35]. Further, the
reduction of both NCX2 and NCX3 expression seems to be related to cognitive decline in
hippocampal CA1 neurons of APP transgenic mice [46]. All the above-mentioned studies
focused on investigating the role of NCX3 during a clearly established neuronal damage,
while our aim was to gain further insights on the mechanisms underlying the early stage
of AD, often characterized by a defective metabolism as a main hallmark. In line with
our findings, available data demonstrate that in pathological settings where metabolic
dysfunctions prevail, NCX3 may play a central role in promoting neurotoxicity [32,34]. For
instance, in cortical neurons subjected to severe transient ischemic and excitotoxic insults,
NCX3 knocking-down is shown to ameliorate cell viability. Moreover, a neurotoxic role of
NCX3 was observed in BHK cells stably transfected with NCX3 exposed to the fungicide
ziram, a pesticide known to increase the risk of developing PD by altering the cellular redox
status [48,49] and disrupting mitochondrial activity. In particular, BHK-NCX3 were more
vulnerable to ziram-induced intracellular Ca2+ overload and mitochondrial dysfunction
than BHK wild type cells, suggesting that NCX3 leads to a worsening of cell damage during
ziram neurotoxicity [34].

It should be emphasized that the data related to NCX activity are widely debated
and strongly linked to the specific context the exchangers are working in. The proposed
model is based on the use of SH-SY5Y, which is a human neuroblastoma cell line; here,
we observed a global decline of the NCXs’ activity. However, in a previous study, we
observed that in primary rat cortical neurons, GA induced an increase in the overall NCX
activity [36]. The apparent discrepancy can be explained considering two main issues:
(1) the different nature of the experimental models (human vs. rat); (2) the expression of
NCX2 isoform in rat cortical neurons. Further studies are needed to better clarify the actual
contribution of each single NCX isoform in this setting, which is characterized by several
complexities. Despite the different impact of GA on the exchangers’ activity, it seems quite
obvious that such a metabolic alteration can perturb intracellular Ca2+ dynamics, with
deleterious consequences on neuronal activities, ranging from mitochondrial dysfunction,
oxidative stress, deposition of Aβ, and hyperphosphorylation of Tau protein. While RA-
differentiated SH-SY5Y cells are a simple and easy to handle in vitro model, we have to
consider that it does not involve glial cells, which are well known to sustain neuronal
functions, with main regard to the metabolism and substrates utilization [50]. A denser
accumulation of astrocytes colocalized with AGEs has been observed in patients with
AD [51–53], suggesting a role of surrounding astrocytes in triggering a cascade of events
that may affect the neighboring neurons [54], preparing for a shift in perspective of the
disease pathogenesis that deserve further investigations.

In conclusion, our work demonstrated that: (1) NCX1 and NCX3 can operate in differ-
ent ways strictly depending on the specific environmental settings, and that (2) NCX3 has a
strong impact on GA-induced cytotoxicity, since NCX3 knocking-down appears to increase
ATP production, rescue the intracellular Ca2+ perturbation, reduce the accumulation of
both Aβ and pTau, and mitigate oxidative damage thus promoting cell survival. Over-
all, these findings highlight the importance of NCX3 in setting the conditions to trigger
neurodegeneration, providing a potential target for slowing down or preventing AD.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/biology12071005/s1, Figure S1: Expression of NCX1 and NCX3 in
RA-differentiated SH-SY5Y cells after NCX3 and NCX1 silencing and GA-challenge.
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