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Abstract: The brain, which is a cholesterol-rich organ, can be subject to oxidative stress in a variety
of pathophysiological conditions, age-related diseases and some rare pathologies. This can lead
to the formation of 7-ketocholesterol (7KC), a toxic derivative of cholesterol mainly produced by
auto-oxidation. So, preventing the neuronal toxicity of 7KC is an important issue to avoid brain
damage. As there are numerous data in favor of the prevention of neurodegeneration by the
Mediterranean diet, this study aimed to evaluate the potential of a series of polyphenols (resveratrol,
RSV; quercetin, QCT; and apigenin, API) as well asω3 andω9 unsaturated fatty acids (α-linolenic acid,
ALA; eicosapentaenoic acid, EPA; docosahexaenoic acid, DHA, and oleic acid, OA) widely present in
this diet, to prevent 7KC (50 µM)-induced dysfunction of N2a neuronal cells. When polyphenols and
fatty acids were used at non-toxic concentrations (polyphenols: ≤6.25 µM; fatty acids: ≤25 µM) as
defined by the fluorescein diacetate assay, they greatly reduce 7KC-induced toxicity. The cytoprotective
effects observed with polyphenols and fatty acids were comparable to those of α-tocopherol (400 µM)
used as a reference. These polyphenols and fatty acids attenuate the overproduction of reactive oxygen
species and the 7KC-induced drop in mitochondrial transmembrane potential (∆Ψm) measured by
flow cytometry after dihydroethidium and DiOC6(3) staining, respectively. Moreover, the studied
polyphenols and fatty acids reduced plasma membrane permeability considered as a criterion for cell
death measured by flow cytometry after propidium iodide staining. Our data show that polyphenols
(RSV, QCT and API) as well as ω3 and ω9 unsaturated fatty acids (ALA, EPA, DHA and OA) are
potent cytoprotective agents against 7KC-induced neurotoxicity in N2a cells. Their cytoprotective
effects could partly explain the benefits of the Mediterranean diet on human health, particularly in
the prevention of neurodegenerative diseases.
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1. Introduction

In Parkinson’s and Alzheimer’s disease, protein aggregation and mitochondrial dysfunction are
two factors that promote oxidative stress, which is considered a major element in the evolution of
these diseases [1]. In Parkinson’s disease, at the level of substancia nigra pars compacta, α-synuclein
aggregates (Lewy bodies) induce a degeneration of dopaminergic neurons involving oxidative
stress [1]. In Alzheimer’s disease, the increase in oxidative stress mediated by β-amyloid protein
aggregates (senile plaques) in the hippocampus and cortex promotes excitotoxicity (pathological
process by which nerve cells are damaged or killed by excessive stimulation by neurotransmitters) and
synaptic degeneration leading to neurodegeneration [1]. Identifying natural or synthetic molecules
that could prevent oxidative stress is therefore a part of therapeutic strategies for treatment of
Parkinson’s and Alzheimer’s diseases. Among the molecules already identified are neuropeptides
and natural antioxidants which have both antioxidant and/or anti-aggregation properties [1–3].
Furthermore, one of the consequences of oxidative stress is to promote the formation of lipid
derivatives, including oxidized cholesterol derivatives (oxysterols) such as 7-ketocholesterol (7KC,
also named 7-oxocholesterol) and 7β-hydroxycholesterol [4–6], which contribute to amplifying the
oxidative stress that promotes inflammation and cell death, two other important components of
neurodegeneration [7]. Preventing the toxicity of these oxysterols, particularly the predominantly
formed 7KC, is also part of the pharmacological options for preventing neurodegeneration and more
specifically Alzheimer’s disease [8]. Indeed, in post-mortem samples of the brain from Alzheimer’s
disease patients, significant increases in 7KC have been identified in different areas from the frontal
and occipital cortex [9]. In Parkinson’s disease, because of the oxidative stress present in the lesions,
the contribution of 7KC is very probable [10]. Among the oxysterols associated with different diseases,
7KC is mainly increased in body fluids and lesions in age-related diseases (cardiovascular diseases,
ocular diseases, Alzheimer’s disease, some cancers), in inflammatory bowel diseases and in some rare
diseases (Niemann Pick’s disease, Smith Lemli Opitz syndrome and X-linked adrenoleukodystrophy
(X-ALD)) [6,11]. Currently, various studies have shown a reduced risk of developing age-related
diseases in people with a Mediterranean diet characterized by an important consumption in fruits
and vegetables containing many polyphenols as well as fishes (sardines, mackerel, tuna) rich inω3
andω9 unsaturated fatty acids [12–14]. This suggests that nutrients present in the Mediterranean diet
(polyphenols, fatty acids) could have cytoprotective effects against 7KC.

At the moment, only few data are available on the ability of polyphenols and fatty acids
to prevent 7KC-induced cytotoxicity. The cytoprotective activities of polyphenols in the context
of 7KC-induced toxicity involving oxidative stress that can lead to cell death, take into account
their antioxidant activities linked to their chemical structures, but also their ability to act on the
mitochondria by stimulating mitochondrial proliferation and activity [12,13]. Moreover, neurotrophic
activities of several polyphenols are also described due to cytoprotective capacities (ability to
prevent oxidative stress and cell death) associated with differentiating capacities on different types
of cells [15]. Thus, on N2a cells, resveratrol (RSV) and apigenin (API) protect against hydrogen
peroxide (H2O2)-induced cell death and also promote neuronal differentiation by stimulating the
growth of neurites (dendrites and axons) [16,17]. Because of their neurotrophic properties, polyphenols
such as RSV, QCT and API are therefore suitable molecules for counteracting neurodegeneration
by preventing oxidative stress and stimulating neurogenesis [15,17]. When an oxysterols mixture
containing 7α-hydroxycholesterol, 7β-hydroxycholesterol, 7-KC, cholesterol 5α,6α-epoxide, cholesterol
5β,6β-epoxide, cholestane-3β,5α,6β-triol and 25-hydroxycholesterol was used on human colon
adenocarcinoma cells (Caco-2) [18] or human peripheral blood mononuclear cells [19], protective effects
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of cocoa bean shells containing a high level of epicatechin, and of olive oil polyphenols were observed,
respectively. When differentiated murine PC12 cells and human neuroblastoma SH-SY5Y cells were
treated with taxifolin (dihydroquercetin), it was also shown that 7KC-induced neuronal apoptosis
was prevented [20]. On human retinal ARPE-19 cells, 7KC-induced cell death was also attenuated by
RSV [21]. However, nothing is known on the ability of polyphenols to prevent 7KC-induced oxidative
stress in murine N2a neuronal cells frequently used as pharmacological model in the context of
neurodegenerative diseases [16,22]. So, we choose three polyphenols, which are widely represented in
the Mediterrannean diet: RSV, QCT and API [12]. Among polyphenols, two classes are distinguished:
Flavonoids and non-flavonoids [23]. Resveratrol (RSV; including trans-RSV which is biologically
active) is a non-flavonoid; it is a member of the stilbenoid class of polyphenols; QCT (flavonol) and
API (flavone) belong to the flavonoids class. RSV is mainly found in grapes, blackberries, peanuts
and red wine. QCT and API are ubiquitously distributed in plant kingdom. QCT is present in lot
of fruits and vegetables, and API in parsley, rosemary, celery and chamomile. Importantly, since
polyphenols have the ability of interacting with the underlying pathomechanisms of several diseases
associated with increased levels of 7KC, it was important to determine whether some of them (RSV,
QCT and API) were able to prevent 7KC-induced cytotoxic effects, mainly reactive oxygen species
(ROS) overproduction and mitochondrial dysfunction [8]. Although the ability of polyphenols to cross
the blood-brain barrier is considered weak and remains still poorly understood [24,25], the intranasal
administration of polyphenols (including RSV, QCT and API) has been proven effective to deliver
these drugs to the brain while maintaining their activity [26].

As for fatty acids, the choice of these molecules to prevent the toxicity of 7KC takes into account
their different and complementary properties from those of polyphenols. Compared to polyphenols,
fatty acids do not by themselves have antioxidant properties. On the other hand, when they are added
to cells on which oxidative stress is stimulated by some oxysterols, they can prevent oxidative stress as
well as organelle dysfunction (mitochondria, lysosome and peroxisome) contributing to cell death [1].
Currently, only few lipids or lipid mixtures (oils) have been shown to be effective in preventing
7KC-induced ROS overproduction. These are α-tocopherol [27], ω3 and ω9 fatty acids (oleic acid
(OA; C18:1 n-9) [28,29], and docosahexaenoic acid (DHA; C22:6 n-3)) [30,31]. In addition, several
oils (argan oil, olive oil and milk thistle seed oil), which are rich in α-tocopherol and OA, have also
shown cytoprotective effects against 7KC: they prevent organelle dysfunction, ROS overproduction
and cell death [32]. While the cytoprotective mechanism of α-tocopherol can be explained at least
in part by its ability to prevent the accumulation of 7KC in the lipid rafts [27,33], little is known on
the cytoprotection of OA and DHA against 7KC. It can be assumed that they could both neutralize
7KC by esterification [34,35] and act by reducing oxidative stress and mitochondrial dysfunction
leading to cell death [36,37]. Thus, in human U937 monocytic cells, while 7KC and 7β-OHC induce a
type of death by apoptosis associated with oxidative stress and autophagic criteria, 7KC-oleate and
7β-OHC-oleate are not cytotoxic [35]. A major reason for the cytoprotective effects of fatty acids present
in the Mediterranean diet could be the prevention of 7KC-induced plasma membrane destabilization
which could lead to inactivation of the PDK1/Akt pathway resulting in the activation of GSK3 allowing
the phosphorylation of Mcl-1 and the inhibition of sequestration in the cytoplasm of the pro-apoptotic
molecules Bak and Bax; the latter could then interact with the mitochondrial membrane and contribute
to inducing the drop in mitochondrial transmembrane potential (∆Ψm) activating apoptosis [38].
Furthermore, it is well recognized that DHA present in phospholipids in the sn-2 position can lead to
the formation of the highly anti-apoptotic neuroprotectin D1 (NPD1) [39]. Furthermore, it is known
that 7KC modifies the fluidity of the plasma membrane by intercalating between phospholipids [40].
Preventing 7KC-induced plasma membrane disorganization by using fatty acids associated with the
Mediterranean diet is therefore a promising avenue to counter 7KC toxicity. The interest of fatty acids
comes from their ability to pass the blood-brain barrier and accumulate in the brain; for DHA, several
mechanisms associated with crossing the blood-brain barrier have been described [41]. As OA and
DHA, which are present in significant amounts in the Mediterranean diet, can be used in functional
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foods and dietary supplements, it is therefore important to have more information on these molecules,
as well as on the precursors of DHA (α-linolenic acid (ALA/C18:3 n-3) and eicosapentaenoic acid
(EPA/C20:5 n-3)) which are present in significant amount in several Mediterranean fishes and oils.

In the present study, we evaluated and compared for the first time the cytoprotective effects
of polyphenols (RSV, QCT and API) and fatty acids (OA, ALA, EPA, and DHA) on 7KC-treated
N2a neuronal cells which are considered as a relevant model to characterize the toxicity of different
compounds and to identify natural or synthetic molecules with cytoprotective activities that could
give rise to pharmacological applications. The effects of these compounds were compared with
those of α-tocopherol (the main component of Vitamin E constituted of four tocopherols and four
tocotrienols) as the reference cytoprotective molecule. Our data show that nutrients (polyphenols,
ω3 and ω9 unsaturated fatty acids) present at high amount in the Mediterranean diet have the
ability to attenuate 7KC-induced ROS overproduction and cell death reinforcing the interest of the
Mediterranean diet and some of its compounds for the prevention of certain age-related diseases such
as neurodegenerative diseases.

2. Results

2.1. Effects of Polyphenols (Resveratrol, Quercetin, Apigenin), ω3 and ω9 Unsaturated Fatty Acids
(α-Linolenic Acid, Eicosapentaenoic Acid, Docosahexaenoic Acid, Oleic Acid) and 7-Ketocholesterol on Cell
Viability Evaluated with the Fluorescein Diacetate Assay

Whereas the polyphenols are known for their anti-oxidant properties, it is also well established
that some of them have cytotoxic properties [42]. It is also known that several fatty acids can be toxic
for several tissues, especially liver [43]. So, before to simultaneously treat N2a cells for 48 h with 7KC
associated with polyphenols (RSV, QCT or API) or ω3 and ω9 unsaturated fatty acids (ALA, EPA,
DHA and OA), it was important to evaluate the toxicity of these different compounds. Therefore, first
of all, it was necessary to evaluate the cytotoxicity of studied compounds on N2a cells. To this end, the
widely used fluorescein diacetate (FDA) assay, based on the measurement of esterase activity, was
chosen to determine the cell viability. Comparatively to untreated cells, in a range of concentrations
from 1.5 to 50 µM, significant cytotoxic effects were observed with trans-resveratrol (RSV) at 12.5,
25 and 50 µM (Figure 1A) and with QCT at 25 and 50 µM (Figure 1B) whereas no cytotoxic effects
were found with API (Figure 1C). With RSV used at 6.25 µM, FDA activity was also decreased but the
difference is not significant (Figure 1A); however, no decrease in FDA activity was observed with QCT
and API used at this concentration (Figure 1B,C). In addition, comparatively to untreated cells, in a
range of concentrations from 1.5 to 200 µM, significant cytotoxic effects were observed with ALA at
200 µM (Figure 2A), with EPA at 100, 150 and 200 µM (Figure 2B), with DHA at 100, 150 and 200 µM
(Figure 2C), and with OA at 150 µM (Figure 2D). On the other hand, stimulating effects of the esterase
activity revealed by the FDA assay were observed with ALA (25 µM) (Figure 2A), EPA (6.25 and
12.5 µM) (Figure 2B) and OA (25 µM) (Figure 2D). With 7KC used in a range of concentrations from
1.5 to 100 µM for 48 h, the 50% inhibiting concentration (IC50) was around 50 µM (Supplementary
Figure S1). Consequently, for further experiments, 7KC was therefore used at 50 µM, and among the
concentrations of polyphenols and fatty acids chosen to assess cytoprotection, concentrations less than
or equal to 6.25 µM, and 25 or 50 µM were used, respectively.

2.2. Evaluation with the Fluorescein Diacetate Assay of the Effects of Polyphenols (Resveratrol, Quercetin,
Apigenin), ω3 and ω9 Unsaturated Fatty Acids (α-Linolenic Acid, Eicosapentaenoic Acid, Docosahexaenoic
Acid, Oleic Acid) and α-Tocopherol on 7-Ketocholesterol-Induced Cytotoxicity

When 7KC (50 µM) was simultaneously incubated with the polyphenols (RSV, QCT or API;
concentrations ≤6.25 µM, 48 h), the decrease of FDA positive cells observed under treatment with 7KC
was strongly attenuated especially at 3.125 and 6.25 µM (Figure 1D–F). Similarly, when 7KC (50 µM)
was simultaneously incubated with theω9 andω3 fatty acids (ALA, EPA, DHA and OA; concentrations
≤50 µM, 48 h), the decrease of FDA positive cells observed under treatment with 7KC was strongly
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attenuated especially at 12.5 and 25µM whatever the fatty acid considered (Figure 2E–H). In the presence
of α-tocopherol (400 µM), used as a reference to prevent 7KC-induced cell damages, cytoprotective
effects were also found (Figure 1D–F; Figure 2E–H). Consequently, for further experiments, polyphenols
have been used at 3.125 and 6.25 µM, and fatty acids at 12.5 and 25 µM.

Figure 1. Evaluation with the fluorescein diacetate (FDA) assay of the effects of polyphenols (resveratrol,
quercetin and apigenin) with and without 7-ketocholesterol on cell viability of N2a cells. Murine
neuroblastoma N2a cells, previously cultured for 24 h, were further cultured for 48 h with or without
resveratrol (RSV), quercetin (QCT), apigenin (API) in the presence or absence of 7-ketocholesterol (7KC; 50
µM). Polyphenols concentrations used alone range from 1.5 to 50 µM (A–C). Polyphenols were used at
concentrations ≤6.25 µM when associated with 7KC (50 µM) (D–F). α-tocopherol (400 µM) was used as
positive reference to prevent 7KC-induced cell death. The results are expressed in percentages relatively to
the control (untreated cells). Data obtained with the FDA assay are shown. Data shown are expressed as
mean ± standard deviation (SD) of four independent experiments performed in triplicate. Significance of
the differences between control (untreated cells) and RSV-, QCT-, API-, α-toco or 7KC-treated cells; Mann
Whitney test: * P < 0.05 or less. Significance of the differences between 7KC-treated cells and (7KC + (RSV,
QCT, API or α-toco))-treated cells; Mann Whitney test: # P < 0.05 or less. No significant differences were
found between control and vehicle-treated cells (ethanol (EtOH) and DMSO).
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Figure 2. Evaluation with the fluorescein diacetate (FDA) assay of the effects ofω3 andω9 unsaturated
fatty acids (α-linolenic acid, eicosapentaenoic acid, docosahexaenoic acid and oleic acid) with and without
7-ketocholesterol on cell viability of N2a cells. Murine neuroblastoma N2a cells, previously cultured for
24 h, were further cultured for 48 h with or without α-linolenic acid (ALA), eicosapentaenoic acid (EPA),
docosahexaenoic acid (DHA) or oleic acid (OA) in the presence or absence of 7-ketocholesterol (7KC;
50 µM). Fatty acids concentrations used alone range from 1.5 to 200 µM (A–D). Fatty acids were used at
concentrations ≤50 µM when associated with 7KC (50 µM) (E–H). α-tocopherol (α-toco; 400 µM)
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was used as positive reference to prevent 7KC-induced cell death. The results are expressed in
percentages relatively to the control (untreated cells). Data obtained with the FDA assay are shown.
Data shown are expressed as mean ± standard deviation (SD) of four independent experiments
performed in triplicate. Significance of the differences between control (untreated cells) and ALA-,
EPA-, DHA-, OA-, α-toco or 7KC-treated cells; Mann Whitney test: * P < 0.05 or less. Significance of
the differences between 7KC-treated cells and (7KC + (ALA, EPA, DHA, OA or α-toco))-treated cells;
Mann Whitney test: # P < 0.05 or less. No significant differences were found between control and
vehicle-treated cells (Ethanol (EtOH)).

2.3. Evaluation of the Effects of Polyphenols (Resveratrol, Quercetin, Apigenin), ω3 and ω9 Unsaturated Fatty
Acids (α-Linolenic Acid, Eicosapentaenoic Acid, Docosahexaenoic Acid, Oleic Acid) and α-Tocopherol on
7-Ketocholesterol-Induced Reactive Oxygen Species (ROS) Overproduction

In N2a cells, 7KC (50 µM, 48 h) induces an overproduction of ROS which results in an increase
in HE positive cells (Figures 3 and 4). Since the most significant cytoprotective effects with the FDA
assay were observed with polyphenols at 3.125 and 6.25 µM and with fatty acids at 12.5 and 25 µM, the
ability of polyphenols and fatty acids to reduce 7KC-induced overproduction of ROS was investigated
at these concentrations. By flow cytometry, after DHE staining, a strong increase in the percentage
of HE positive cells (cells overproducing superoxide anions) was observed in the presence of 7KC
(Figures 3 and 4). The percentage of HE positive cells was significantly reduced by α-tocopherol
(400 µM) used as positive control (Figures 3 and 4). This percentage was also significantly reduced
in the presence of polyphenols (RSV, QCT, API) (Figure 3) and fatty acids (ALA, EPA, DHA, OA)
(Figure 4A,B) demonstrating that these compounds attenuate the oxidative stress induced by 7KC.
When used singularly, polyphenols (QCT, API) and fatty acids (ALA, EPA, DHA, OA) as well as
α-tocopherol have no effect on the production of ROS; on the other hand, comparatively to untreated
(control) and vehicle-treated cells, RSV (6.25 µM) slightly but significantly increases this production
(Figures 3 and 4).

2.4. Evaluation of the Effects of ω3 and ω9 Unsaturated Fatty Acids (α-Linolenic Acid, Eicosapentaenoic Acid,
Docosahexaenoic Acid, Oleic Acid) and α-Tocopherol on 7-Ketocholesterol-Induced Loss of Transmembrane
Mitochondrial Potential and Cell Death

In N2a cells, 7KC (50 µM, 48 h) induces a loss of transmembrane mitochondrial potential (∆Ψm)
as well as increased permeability of plasma membrane to PI which is considered to enter dead cells
only (Figures 5 and 6). Since the most significant cytoprotective effects with the FDA assay were
observed with polyphenols at 3.125 and 6.25 µM and with fatty acids at 12.5 and 25 µM, the ability of
polyphenols and fatty acids to prevent 7KC-induced loss of ∆Ψm and cell death was investigated at
these concentrations (Figures 5 and 6). By flow cytometry, after DiOC6(3) staining, a strong increase in
the percentage of DiOC6(3) negative cells (cells with low ∆Ψm) was observed in the presence of 7KC
(Figures 5 and 6). In the presence of (QCT, API) and fatty acids (ALA, EPA, DHA and OA) as well
as α-tocopherol no effect on ∆Ψm was observed whereas with RSV (6.25 µM) a slight but significant
increase in the percentage of DiOC6(3) negative cells (cells with low ∆Ψm) was found (Figures 5 and 6).
The percentage of DiOC6(3) negative cells was significantly reduced by α-tocopherol (400 µM) used as
positive control (Figures 5 and 6). This percentage of DiOC6(3) negative cells was also significantly
reduced in the presence of polyphenols (RSV, QCT, API) (Figure 5A–C) and fatty acids (ALA, EPA,
DHA and OA) (Figure 6A–D) demonstrating that these compounds attenuate the loss of ∆Ψm induced
by 7KC.
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Figure 3. Effect of polyphenols (resveratrol, quercetin, apigenin) with and without 7-ketocholesterol
on reactive oxygen species (ROS) overproduction. N2a cells, previously cultured for 24 h, were
further cultured for 48 h with or without 7-ketocholesterol (7KC, 50 µM) in the presence or absence of
polyphenols: resveratrol (RSV), quercetin (QCT) or apigenin (API) used at a concentration of 3.125
and/or 6.25 µM. α-tocopherol (α-toco; 400 µM) was used as positive reference to prevent 7KC-induced
cell death. ROS overproduction was measured by flow cytometry after staining with dihydroethidine
(DHE) and evaluated by the percentage of HE positive cells. Data shown are mean ± standard deviation
(SD) of three independent experiments conducted in triplicate. Significance of the differences between
control (untreated cells) and RSV-, QCT-, API-, α-toco- or 7KC-treated cells; Mann Whitney test:
* P < 0.05 or less. Significance of the differences between 7KC-treated cells and (7KC + (RSV, QCT, API
or α-toco))-treated cells; Mann Whitney test: # P < 0.05 or less. No significant differences were found
between control and vehicle-treated cells (Ethanol (EtOH) and DMSO).

In addition, by flow cytometry, after PI staining, a strong increase in the percentage of PI positive
cells (cells with a loss of plasma membrane integrity considered as dead cells) was observed in the
presence of 7KC (Figures 5 and 6). The percentage of PI positive cells was also significantly reduced by
α-tocopherol (400 µM) used as positive control (Figures 5 and 6). This percentage of PI positive cells
was also significantly reduced in the presence of polyphenols (RSV, QCT and API) (Figure 5D–F) and
fatty acids (ALA, EPA, DHA and OA) (Figure 6E–H) demonstrating that these dietary compounds
attenuate 7KC-induced cell death which is associated with plasma membrane alterations. Noteworthy,
when used singularly, API (3.125 and 6.25 µM) and fatty acids (ALA, EPA, DHA and OA) (12.5 and
25 µM) as well as α-tocopherol (400 µM) have no effect on plasma membrane integrity whereas RSV
and QCT (6.25 µM) slightly but significantly increase the % of PI positive cells indicating an effect of
these molecules on plasma membrane integrity (Figures 5 and 6).
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Figure 4. Effect of ω3 and ω9 unsaturated fatty acids (α-linolenic acid, eicosapentaenoic acid,
docosahexaenoic acid and oleic acid) with and without 7-ketocholesterol on reactive oxygen species
(ROS) overproduction. N2a cells, previously cultured for 24 h, were further cultured for 48 h with
or without 7-ketocholesterol (7KC, 50 µM) in the presence or absence of α-linolenic acid (ALA),
eicosapentaenoic acid (EPA), docosahexaenoic acid (DHA) or oleic acid (OA) used at a concentration of
12.5 and 25 µM. α-tocopherol (α-toco; 400 µM) was used as positive reference to prevent 7KC-induced
cell death. ROS overproduction was measured by flow cytometry after staining with dihydroethidine
(DHE) and evaluated by the percentage of HE positive cells (A): data obtained with ALA and EPA are
shown; (B): data obtained with DHA and OA are shown). Data shown are mean ± standard deviation
(SD) of three independent experiments conducted in triplicate. Significance of the differences between
control (untreated cells) and ALA-, EPA-, DHA-, OA-, α-toco- or 7KC-treated cells; Mann Whitney test:
* P < 0.05 or less. Significance of the differences between 7KC-treated cells and (7KC + (ALA, EPA,
DHA, OA or α-toco))-treated cells; Mann Whitney test: # P < 0.05 or less. No significant differences
were found between control and vehicle-treated cells (Ethanol (EtOH)).
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Figure 5. Effect of polyphenols (resveratrol, quercetin, apigenin) with and without 7-ketocholesterol
on mitochondrial transmembrane potential (∆Ψm) and plasma membrane permeability. N2a cells,
previously cultured for 24 h, were further cultured for 48 h with or without 7-ketocholesterol (7KC, 50
µM) in the presence or absence of polyphenols: resveratrol (RSV), quercetin (QCT) or apigenin (API)
used at a concentration of 3.125 and/or 6.25 µM. α-tocopherol (α-toco; 400 µM) was used as positive
reference to prevent 7KC-induced cell death. Loss of transmembrane mitochondrial potential (∆Ψm)
was measured by flow cytometry after staining with DiOC6(3) and evaluated by the percentage of
DiOC6(3) negative cells (A–C). Plasma membrane permeability was measured by flow cytometry after
staining with propidium iodide (PI): for each assay, the percentage of PI positive cells was determined
(D–F). Data shown are mean ± standard deviation (SD) of three independent experiments conducted in
triplicate. Significance of the differences between control (untreated cells) and RSV-, QCT-, API-, α-toco-
or 7KC-treated cells; Mann Whitney test: * P < 0.05 or less. Significance of the differences between
7KC-treated cells and (7KC + (RSV, QCT, API or α-toco))-treated cells; Mann Whitney test: # P < 0.05 or
less. No significant differences were found between control and vehicle-treated cells (Ethanol (EtOH)
and DMSO).
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Figure 6. Effect of ω3 and ω9 unsaturated fatty acids (α-linolenic acid, eicosapentaenoic
acid, docosahexaenoic acid and oleic acid) with and without 7-ketocholesterol on mitochondrial
transmembrane potential (∆Ψm) and plasma membrane permeability. N2a cells, previously cultured
for 24 h, were further cultured for 48 h with or without 7-ketocholesterol (7KC, 50 µM) in the presence
or absence of α-linolenic acid (ALA), eicosapentaenoic acid (EPA), docosahexaenoic acid (DHA) or oleic
acid (OA) used at a concentration of 12.5 and 25 µM. α-tocopherol (α-toco; 400 µM) was used as positive
reference to prevent 7KC-induced cell death. Loss of transmembrane mitochondrial potential (∆Ψm)
was measured by flow cytometry after staining with DiOC6(3) and evaluated by the percentage of
DiOC6(3) negative cells (A–D). Plasma membrane permeability was measured by flow cytometry after
staining with propidium iodide (PI): for each assay, the percentage of PI positive cells was determined
(E–H). Data shown are mean ± standard deviation (SD) of three independent experiments conducted
in triplicate. Significance of the differences between control (untreated cells) and ALA-, EPA-, DHA-,
OA-, α-toco- or 7KC-treated cells; Mann Whitney test: * P < 0.05 or less. Significance of the differences
between 7KC-treated cells and (7KC + (ALA, EPA, DHA, OA or α-toco))-treated cells; Mann Whitney
test: # P < 0.05 or less. No significant differences were found between control and vehicle-treated cells
(Ethanol (EtOH)).
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3. Discussion

Preventing the 7KC cytotoxicity by means of nutrients present in the Mediterranean diet
(polyphenols, fatty acids) could be a means to counteract several diseases associated with oxidative
stress leading to increased levels of 7KC mainly formed by cholesterol auto-oxidation [6,44]. In the
present study, we showed that 7KC-induced cytotoxicity on murine neuronal N2a cells is characterized
by ROS overproduction, alteration of plasma membrane, and drop of transmembrane mitochondrial
potential (∆Ψm) leading to cell death. As the Mediterranean diet is rich in polyphenols, which are
potent antioxidant molecules, we asked whether some of them such as RSV, QCT and API, could
prevent the cytotoxic effects of 7KC. We also asked whether some fatty acids which are abundant in the
Mediterranean diet (ALA, EPA, DHA and OA) and which are known to improve some brain functions,
mainly cognition [45], were also able to prevent 7KC-induced cell death. Our results obtained with
the polyphenols (RSV, QCT and API), and with ω3 and ω9 fatty acids (ALA, EPA, DHA and OA) on
N2a cells show that these molecules are powerful cytoprotectors against 7KC-induced cytotoxicity:
they strongly attenuate 7KC-induced ROS overproduction, alteration of plasma membrane, and loss of
∆Ψm causing cell death.

As it was previously reported on microglial and glial cells (murine oligodendrocytes 158N and
murine microglial BV-2 cells that 7KC triggers cell death [8,37], we asked whether similar effects were
observed on N2a cells. In agreement with data obtained on 158N and BV-2 cells, our data demonstrate
that 7KC (50 µM, 48 h of treatment) is a strong inducer of cell death on N2a cells. Whereas no significant
cytotoxic effects were observed with 7KC used at 1.5625, 3.125, 6.25, 12.5 and 25 µM, significant
cytotoxic effects were observed at 50 and 100 µM with the FDA assay (evaluating esterase activity). In
those conditions, after 48 h of culture of N2a cells with 7KC, the IC50 value of this oxysterol was 50
µM. So, the cell characteristics of 7KC-induced cell death were determined at this concentration. Also,
in agreement with the abovementioned study on 158N and BV-2 cells, adding 7KC induced alterations
of plasma membrane (decreased esterase activity measured by FDA, and increased permeability to PI)
which could be at least in part the consequence of ROS overproduction measured with DHE. ROS
overproduction in 7KC-treated human aortic smooth muscle cells and on human red blood cells is
mediated by an upregulation of Nox-4, a ROS-generating NAD(P)H oxidase homologue [46], and is
considered as a consequence of NADPH oxidase activation through a signaling mechanism including
Rac GTPase and PKCζ [47], respectively. This important oxidative stress could also favor the drop of
∆Ψm observed under treatment with 7KC. Our data confirm that ROS overproduction and loss of ∆Ψm
are general features associated with 7KC-induced cell death whatever the cells considered [6,8,37].
Thus, it is likely, that molecules which are able to prevent 7KC-induced toxicity in one cell type will
also be effective in other cell types.

In the presence of 7KC, the highly conserved cell death characteristics from one type of cell to
another may have important consequences for preventing the diseases associated with 7KC. It can
thus be assumed that molecules capable of opposing the cytotoxicity of 7KC on N2a cells would also
be capable to counteract the cytotoxicity of 7KC on other brain cells (glial and microglial cells) and on
other cell types which can be exposed to high levels of 7KC (retinal and vascular cells). This hypothesis
is partly validated by the use of α-tocopherol (400 µM) as a positive cytoprotective control in this study,
which strongly reduces the cytotoxicity of 7KC not only on N2a but also on 158N oligodendrocytes
and BV-2 microglial cells as well as many other cell types [8,37]. It can therefore be assumed that the
cytoprotection observed on N2a with polyphenols (RSV, QCT, API at concentrations ≤6.25 µM) and
fatty acids (ALA, EPA, DHA, OA at concentrations ≤50 µM) associated with the Mediterranean diet
would present similar characteristics on other brain cells as those observed on N2a cells.

In order to inhibit or reduce 7KC-induced cell death and based on the signaling pathways of
which have been described by Vejux et al. [37], we have chosen to use synthetic and natural molecules
as well as mixtures of molecules [8]. To date, only few molecules have proved effective in opposing the
cytotoxic effects of 7KC on nerve cells defined as oxiapoptophagy (OXIdative stress + APOPTOsis +

autoPHAGY) based on data obtained on 158N murine oligodendrocytes and murine microglial BV-2
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cells [48–50]. Among the synthetic molecules are two activators of the Nrf2 pathway, dimethyl fumarate
(DMF) and its major metabolite, monomethyl fumarate (MMF), which have shown cytoprotective effects
on 158N cells [51]. Some lipids, such as α-tocopherol, OA and DHA have also cytoprotective activities
against 7KC: they prevent oxidative stress, mitochondrial dysfunction (loss of ∆Ψm), peroxisomal
changes, apoptosis and autophagy [8]. α-tocopherol, which prevents the accumulation of 7KC in the
lipid rafts, inhibits the cascade of events leading to cell death [27,33].

Until now, there is no study on the effects of polyphenols (RSV, QCT and API) on 7KC-induced cell
death on N2a neuronal cells. The present work demonstrates for the first time cytoprotective activities
of some polyphenols (RSV, QCT and API) associated with the Mediterranean diet on 7KC-induced cell
death and reinforces the interest of polyphenols to prevent 7KC-induced neurotoxicity. Indeed, on
N2a cells, our data clearly show that RSV, QCT and API attenuate 7KC-induced ROS overproduction,
plasma membrane alteration and drop of ∆Ψm leading to cell death. The cytoprotective effects of RSV,
QCT and API were studied at concentrations ≤6.25 µM because at higher concentrations a decrease
of esterase activity was observed with RSV and QCT on N2a cells. These cytotoxic effects including
decrease activity of esterase associated or not with ROS overproduction, loss of ∆Ψm and/or increased
plasma membrane permeability, which can affect cell viability, are probably related to the anti-tumor
activities described with several polyphenols including RSV and QCT [52]. In contrast, API up to 50
µM does not induce cell death. Due to its lack of cytoxicity on N2a cells, API therefore appears to be a
better candidate than RSV and QCT to prevent 7KC-induced cell death. Despite these differences in
toxicity, at concentrations of 3.125 and 6.25 µM, all the three polyphenols, RSV, QCT and API, have
similar cytoprotective effects against 7KC and are as efficient as α-tocopherol used at 400 µM.

Currently, as it is the case with polyphenols, the cytoprotective activities of ω3 and ω9 fatty acids
(ALA, EPA, DHA and OA), present in large amount in the Mediterranean diet, on the neurotoxicity of
7KC are still not well known. We however previously reported on 158N murine oligodendrocytes and
murine microglial BV-2 cells that 7KC-induced oxidative stress, mitochondrial dysfunction and cell
death by oxiapoptophagy were strongly attenuated with DHA and OA as well as with argan, olive
and milk thistle seed oils which are rich in α-tocopherol and OA [32]. In the present study, our data
clearly show that ALA, EPA, DHA and OA also attenuate 7KC-induced ROS overproduction, plasma
membrane alteration and drop of ∆Ψm leading to cell death on N2a neuronal cells, thus bringing new
elements reinforcing the interest of usingω3 andω9 unsaturated fatty acids to prevent the neurotoxicity
of 7KC. These cytoprotective effects ofω3 andω9 fatty acids were found at concentrations (≤50 µM)
higher than those identified with polyphenols (≤6.25 µM) but nevertheless lower than that obtained
with α-tocopherol (400 µM). However, it is important to underline that at these concentrations ω3
and ω9 fatty acids do not show toxicity: They have no effects on esterase activity, ROS production
and mitochondrial transmembrane potential (∆Ψm). Thus, in N2a cells,ω3 andω9 unsaturated fatty
acids (ALA, EPA, DHA, OA) but also polyphenols (RSV, QCT, API) are therefore more efficient natural
molecules than α-tocopherol, considered until now as the best natural reference molecule to prevent
7KC toxicity. The ability of these polyphenols and fatty acids associated with the Mediterranean to
prevent 7KC-induced cell damages reinforces the value of the Mediterranean diet and its associated
nutrients in preventing neurodegeneration.

Since polyphenols (RSV, QCT, API) as well asω3 andω9 unsaturated fatty acids (ALA, EPA, DHA
and OA) have similar cytoprotective effects on 7KC-induced toxicity and reduce plasma membrane
alteration, ROS overproduction and drop in ∆Ψm, pharmacological targets that are otherwise common
but lead to the same effects should be sought. Based on the cytoprotective effects observed with natural
and synthetic molecules [8], RSV, QCT and API as well as ALA, EPA, DHA, and OA could reduce the
overproduction of ROS via the Nrf2 pathway and by acting on the activation of NADPH-oxidase. Since
(RSV, QCT, API), and ω3 and ω9 fatty acids can activate the nuclear Liver X Receptors (LXRs) [53]
and Peroxisome Proliferator-Activated Receptors (PPARs) [54], respectively, cytoprotection resulting
from gene activation, which could be evaluated by transcriptomic analysis, is also possible. In order
to link the cytoprotective activity of polyphenols and fatty acids from the plasma membrane to the
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mitochondria, an action at the PI3-K/PDK1/Akt/GSK3 pathway is possible. Preserving the functionality
of this pathway makes it possible to link plasma membrane signaling to mitochondrial activity. This
hypothesis has moreover been validated on U937 cells treated with 7KC associated or not with
α-tocopherol [27,38].

In conclusion, on N2a cells, 7KC induces cell damages (oxidative stress and mitochondrial
dysfunction) associated with neurodegeneration on N2a cells which are strongly attenuated by
polyphenols (RSV, QCT and API) and fatty acids (ALA, EPA, DHA and OA) present in large amounts
in the Mediterranean diet. These data provide new evidence in favor of 7KC as a potential risk
factor for neurodegeneration and shows the capacity of some nutrients (polyphenols, fatty acids) as
well as α-tocopherol to prevent 7KC-induced cytotoxicity: ROS overproduction, loss of ∆Ψm and
cell death associated with enhanced plasma membrane permeability. This study also underlines the
chemopreventive effects of phytochemicals against cell dysfunction caused by oxysterols [55]. On
the other hand, in vitro, in order to enhance the cytoprotection, a combined use of these nutrients
can be envisaged. In vivo, due to the likely and rapid degradation of these nutrients (elimination
in the gastrointestinal tract, short plasma half-life) before reaching their target, various micro- and
nano-encapsulation strategies protecting these nutrients without altering their cytoprotective activities
could be considered for further studies [56,57]. Thus, when QCT is nanoencapsulated, it has been
described to decrease the inflammation induced by various oxysterols on SH-SY5Y human neuronal
cells [58]. As mitochondrial and ROS overproduction is a general feature of 7KC-induced cell death
whatever the cells considered, it may be advisable to micro- or nano-encapsulate these nutrients in
order to promote access to their therapeutic targets. In addition, the ability of polyphenols and fatty
acids to strongly reduce the 7KC-induced drop in ∆Ψm indicates that these nutrients are potentially
suitable molecules for mitotherapy [59]. Associated a targeted mitotherapy using functionalized
nanoparticles (Targeted Organel Nano-therapy: TORN therapy) [60,61] containing polyphenols as
well as ω3 and/orω9 unsaturated fatty acids could thus be envisaged to treat diseases associated with
increased 7KC-levels.

4. Materials and Methods

4.1. Cell Culture and Treatments

The murine neuro-2a (N2a) neuroblastoma cell line (Ref: CCL-131; ATCC, Manassas, VA, USA) is
maintained in Dulbecco’s modified Eagle medium (DMEM, Lonza, Amboise, France) containing 10%
(v/v) of heat-inactivated fetal bovine serum (FBS) (Pan Biotech, Aidenbach, Germany) (30 min, 56 ◦C)
and 1% (v/v) of penicillin (100 U/mL) / streptomycin (100 mg/mL) (Pan Biotech). They were incubated
at 37 ◦C in a humidified atmosphere (5% CO2, 95% air) and passaged twice a week. The cells were
seeded, for the different experimental conditions, at a density of 1.2 × 105 cells per well containing
1 mL of culture medium with 10% FBS in 6-well plates (FALCON, Becton Dickinson, Le Pont de
Claix, France) or in Petri dishes at 30.000 cells/cm2 (100 mm diameter) in order to assess the ability of
polyphenols (trans-resveratrol (RSV), quercetin (QCT) and apigenin (API)) and fatty acids (α-linolenic
acid (ALA/C18:3 n-3); eicosapentaenoic acid (EPA/C20:5 n-3); docosahexaenoic acid (DHA, C22:6 n-3);
oleic acid (OA, C18:1 n-9)) to counteract the cytotoxicity induced by 7-ketocholesterol (7KC). 7KC (Ref:
C2394), the polyphenols (RSV, QCT and API) and the fatty acids (ALA, DHA and OA) were from
Sigma-Aldrich (St Quentin-Fallavier, France) whereas EPA was from Enzo Life Sciences (Villeurbanne,
France). The stock solution of 7KC (800 µg/mL; 2 mM) was prepared in a mixture of absolute ethanol
and culture medium (0.04, 0.96, v/v) as previously described [27]. The stock solutions of polyphenols
were prepared as follows: RSV at 50 mM in absolute ethanol (EtOH; Carlo Erba Reagents, Val de Reuil,
France), whereas dimethyl sulfoxide (DMSO; Sigma-Aldrich) was used as vehicle to dissolve QCT and
API prepared at 50 mM. Fatty acids stock solutions were prepared at 50 mM (ALA, DHA, OA) or 200
mM (EPA) in absolute ethanol and stored at −20 ◦C. After 24 h of culture, the culture medium was
removed and the cells were further incubated for an additional 48 h period of time with or without
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polyphenols or fatty acids associated or not with 7KC. Polyphenols (RSV, QCT and API) or fatty acids
(ALA, EPA, DHA and OA) were used at concentrations ranging from 1.5 to 50 µM and from 1.5 to 200
µM, respectively, to determine their effects on cell viability. When associated with 7KC, polyphenols
(RSV, QCT and API) and fatty acids (ALA, EPA, DHA and OA) were used at concentrations which
have no impact on cell viability ranging from 1.5 to 6.25 µM and from 6.25 to 50 µM, respectively.
The choice of the concentration of 7KC is based on the viability tests performed in this study which
show that 50 µM is the 50% inhibiting concentration (IC50) for N2a cells (Supplementary Figure S1).
α-tocopherol (Sigma-Aldrich) was used as a positive control for cytoprotection; the α-tocopherol
solution was prepared at 80 mM in absolute ethanol and diluted in the culture medium to obtain a 400
µM final concentration. α-tocopherol was used at the highest non-cytotoxic concentration (400 µM)
able to prevent 7KC-induced apoptosis [27].

4.2. Quantification of Cell Viability by the Fluorescein Diacetate (FDA) Assay

N2a cells viability was assessed using a lipophilic fluorochrome, fluorescein diacetate (FDA)
(Sigma-Aldrich). In the presence of intracellular esterases of living cells, the non-fluorescent FDA is
transformed into a green fluorescent metabolite “fluorescein” [16,22]. At the end of the treatment,
cells were incubated in the dark with FDA (15 µg/mL, 5 min, 37 ◦C), washed twice with phosphate
buffer saline (PBS 0.1 M, pH 7.4), and then lysed with 10 mM Tris-HCl solution containing 1% sodium
dodecyl sulfate (SDS). Fluorescence intensity of fluorescein was measured with excitation at 485
nm and emission at 528 nm using a microplate reader (Sunrise spectrophotometer, TECAN, Lyon,
France) in order to quantify living cells. All assays were performed in at least four independent
experiments and realized in triplicate. The results were expressed as % of control: (Fluorescence (assay)
× 100)/Fluorescence (control).

4.3. Flow Cytometric Evaluation of Reactive Oxygen Species (ROS) Production Using Dihydroethidium
Staining

ROS overproduction, including the intracellular superoxide anion (O2
•−), was detected by

dihydroethidium staining (DHE). DHE is a non-fluorescent probe capable of diffusing through the
cell membranes; it is rapidly oxidized by ROS to fluorescent hydroethidium (HE) that exhibits an
orange/red fluorescence (λ Ex max = 488 nm; λ Em max = 575nm). The HE intercalates at the DNA
base level [62]. The stock solution of DHE (Invitrogen/Thermo Fisher Scientific, Courtaboeuf, France)
was prepared in DMSO at a concentration of 10 mM and was subsequently used on the cells at a
final concentration of 2 µM. N2a cells incubated for 48 h with or without 7KC in the presence or
absence of polyphenols (RSV, QCT or API) or fatty acids (ALA, EPA, DHA, or OA) were trypsinized,
washed and then suspended in 1 mL of 1X PBS containing DHE (2 µM). After 15 min of incubation
at 37 ◦C, the analysis of stained cells was carried out by flow cytometry on a BD Accuri™ C6 flow
cytometer. The fluorescence of HE was collected through a 580 nm band pass filter. Ten thousand
cells were acquired per sample and the fluorescence was quantified on a logarithmic scale. The data
were analyzed with FlowJo software v10.6.2 (Tree Star Inc., Ashland, OR, USA). The percentage of
ROS producing cells corresponds to the percentage of HE positive cells. At least three independent
experiments were realized.

4.4. Flow Cytometric Measurement of Transmembrane Mitochondrial Potential Using DiOC6(3)

The measurement of transmembrane mitochondrial potential (∆Ψm) is widely used to
characterize mitochondrial metabolic state and cell death. The decrease in ∆Ψm is a sign of a
depolarized mitochondria with a poor ability to accumulate lipophilic cationic probes such as 3,
3′-dihexyloxacarbocyanine iodide DiOC6(3) (λ Ex max = 484 nm; λ Em max = 501 nm) used in flow
cytometry. DiOC6(3) accumulates in the mitochondrial matrix as a function of the potential difference:
this probe accumulates all the more in the mitochondria with a normal ∆Ψm (living cells) compared
to the mitochondria with a low ∆Ψm (dying and dead cells) which will cause a decrease in green



Molecules 2020, 25, 2296 16 of 20

fluorescence collected through a 520 ± 10 nm band pass filter. To evaluate the effect on ∆Ψm of the
different compounds tested at different concentrations, the adherent and non-adherent cells were
pooled after 48 h of treatment, washed and stained with a solution of DiOC6(3) (Invitrogen/Thermo
Fisher Scientific) at 40 nM for 15 min at 37 ◦C. At the end of the incubation time, the fluorescence
associated with DiOC6(3) was immediately measured on a BD Accuri™ C6 flow cytometer. Ten
thousand cells were acquired per sample and the fluorescence was quantified on a logarithmic scale.
Data were analyzed with FlowJo software (Tree Star Inc.). The percentage of cells with depolarized
mitochondria corresponds to the percentage of DiOC6(3) negative cells. At least three independent
experiments were realized.

4.5. Flow Cytometric Evaluation of Plasma Membrane Permeability and Cell Death Using Propidium Iodide

Propidium iodide (PI) is a hydrophilic fluorescent agent intercalating nucleic acids (DNA; RNA)
which produces a red/orange fluorescence when it is excited by a blue light (488 nm). It is used to
quantify cell viability and plasma membrane permeability: it only stains the nucleic acids of dead cells
that have lost their cytoplasmic membrane integrity [63,64]. The stock solution of PI was prepared in
milliQ water at a concentration of 1 mg/mL. N2a cells (adherent and nonadherent cells) were stained
with a PI solution at 1 µg/mL in 1X PBS for 5 min at 37 ◦C in order to assess their mortality after a
treatment of 48 h with polyphenols (RSV, QCT or API) or with fatty acids (ALA, EPA, DHA, and OA)
associated or not with 7KC. The cells were analyzed on a BD Accuri™ C6 flow cytometer and the
fluorescence of PI was selected on a 630 nm long pass filter. Ten thousand cells were acquired per
sample and the fluorescence was quantified on a logarithmic scale. Data were analyzed with FlowJo
software (Tree Star Inc.). The percentage of dead cells corresponds to the percentage of PI positive cells.
At least three independent experiments were realized.

4.6. Statistical Analysis

Statistical analyses were done using XLSTAT software 2020.1 (Microsoft, St. Redmond, WA, USA).
Data were expressed as mean ± standard deviation (SD); data were considered statistically different
(Mann-Whitney test) at a P-value of 0.05 or less.

Supplementary Materials: The following are available online. Figure S1: Evaluation with the fluorescein diacetate
(FDA) assay of the effects of 7-ketocholesterol on the cell viability of N2a cells.

Author Contributions: Conceptualization: G.L; Investigation/Experimental work: A.Y., T.N. and G.L.; study
management: G.L.; Writing original draft: A.Y. and G.L.; Discussion: A.Y., G.L., N.L., A.V., D.V.-F., M.S., H.G.-G.
and L.A. All authors have read and agreed to the published version of the manuscript.

Funding: This work was funded by Université de Bourgogne (Dijon, France) and Université Libanaise (Beirut/Fanar,
Lebanon; Research Funding Program at the Lebanese University (2020–2022)).

Acknowledgments: Aline Yammine received a financial support from Nutrition Méditerranéenne & Santé (NMS)
and was awarded the NMS prize in 2019. The present work was presented as part of the annual NMS meeting
held in Arbois (France) on June 1, 2019 (oral presentation) as well as at the 9th ENOR meeting in Edinburgh (UK)
on September 19–20, 2019 (poster).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Nury, T.; Lizard, G.; Vejux, A. Lipids Nutrients in Parkinson and Alzheimer’s Diseases: Cell Death and
Cytoprotection. Int. J. Mol. Sci. 2020, 21, 2501. [CrossRef] [PubMed]

2. Albarracin, S.L.; Stab, B.; Casas, Z.; Sutachan, J.J.; Samudio, I.; Gonzalez, J.; Gonzalo, L.; Capani, F.; Morales, L.;
Barreto, G.E. Effects of natural antioxidants in neurodegenerative disease. Nutr. Neurosci. 2012, 15, 1–9.
[CrossRef]

3. Masmoudi-Kouki, O.; Hamdi, Y.; Ghouili, I.; Bahdoudi, S.; Kaddour, H.; Leprince, J.; Castel, H.; Vaudry, H.;
Amri, M.; Vaudry, D.; et al. Neuroprotection with the Endozepine Octadecaneuropeptide, ODN. Curr. Pharm.
Des. 2018, 24, 3918–3925. [CrossRef] [PubMed]

http://dx.doi.org/10.3390/ijms21072501
http://www.ncbi.nlm.nih.gov/pubmed/32260305
http://dx.doi.org/10.1179/1476830511Y.0000000028
http://dx.doi.org/10.2174/1381612824666181112111746
http://www.ncbi.nlm.nih.gov/pubmed/30417780


Molecules 2020, 25, 2296 17 of 20

4. Mutemberezi, V.; Guillemot-Legris, O.; Muccioli, G.G. Oxysterols: From cholesterol metabolites to key
mediators. Prog. Lipid. Res. 2016, 64, 152–169. [CrossRef]

5. Zerbinati, C.; Iuliano, L. Cholesterol and related sterols autoxidation. Free. Radic. Biol. Med. 2017, 111,
151–155. [CrossRef] [PubMed]

6. Anderson, A.; Campo, A.; Fulton, E.; Corwin, A.; Jerome, W.G., 3rd; O’Connor, M.S. 7 Ketocholesterol in
disease and aging. Redox. Biol. 2020, 29, 101380. [CrossRef]

7. Testa, G.; Rossin, D.; Poli, G.; Biasi, F.; Leonarduzzi, G. Implication of oxysterols in chronic inflammatory
human diseases. Biochimie. 2018, 153, 220–231. [CrossRef]

8. Brahmi, F.; Vejux, A.; Sghaier, R.; Zarrouk, A.; Nury, T.; Meddeb, W.; Rezig, L.; Namsi, A.; Sassi, K.;
Yammine, A.; et al. Prevention of 7-ketocholesterol-induced side effects by natural compounds. Crit. Rev.
Food Sci. Nutr. 2019, 59, 3179–3198. [CrossRef]

9. Testa, G.; Staurenghi, E.; Zerbinati, C.; Gargiulo, S.; Iuliano, L.; Giaccone, G.; Fantò, F.; Poli, G.; Leonarduzzi, G.;
Gamba, P. Changes in brain oxysterols at different stages of Alzheimer’s disease: Their involvement in
neuroinflammation. Redox. Biol. 2016, 10, 24–33. [CrossRef]

10. Doria, M.; Maugest, L.; Moreau, T.; Lizard, G.; Vejux, A. Contribution of cholesterol and oxysterols to the
pathophysiology of Parkinson’s disease. Free. Radic. Biol. Med. 2016, 101, 393–400. [CrossRef]

11. Zarrouk, A.; Vejux, A.; Mackrill, J.; O’Callaghan, Y.; Hammami, M.; O’Brien, N.; Lizard, G. Involvement
of oxysterols in age-related diseases and ageing processes. Ageing Res. Rev. 2014, 18, 148–162. [CrossRef]
[PubMed]

12. Latruffe, N. Vin, nutrition méditerranéenne et santé: Une association vertueuse; Editions Universitaires de Dijon;
Collection Sciences: Dijon France, 2017.

13. Tosti, V.; Bertozzi, B.; Fontana, L. Health Benefits of the Mediterranean Diet: Metabolic and Molecular
Mechanisms. J. Gerontol. A Biol. Sci. Med. Sci. 2018, 73, 318–326. [CrossRef] [PubMed]

14. Román, G.C.; Jackson, R.E.; Gadhia, R.; Román, A.N.; Reis, J. Mediterranean diet: The role of long-chain
ω-3 fatty acids in fish; polyphenols in fruits, vegetables, cereals, coffee, tea, cacao and wine; probiotics and
vitamins in prevention of stroke, age-related cognitive decline, and Alzheimer disease. Rev. Neurol. (Paris)
2019, 175, 724–741. [CrossRef] [PubMed]

15. Moosavi, F.; Hosseini, R.; Saso, L.; Firuzi, O. Modulation of neurotrophic signaling pathways by polyphenols.
Drug Des. Devel. Ther. 2015, 10, 23–42. [PubMed]

16. Namsi, A.; Nury, T.; Hamdouni, H.; Yammine, A.; Vejux, A.; Vervandier-Fasseur, D.; Latruffe, N.;
Masmoudi-Kouki, O.; Lizard, G. Induction of Neuronal Differentiation of Murine N2a Cells by Two
Polyphenols Present in the Mediterranean Diet Mimicking Neurotrophins Activities: Resveratrol and
Apigenin. Diseases 2018, 6, 67. [CrossRef]

17. Namsi, A. Etude des mécanismes moléculaires associés aux effets neutrotrophiques de l’ODN et de
polyphénols sur des cellules nerveuses. Ph.D. Thesis, Neurosciences & Biologie Moléculaire et Cellulaire,
University Tunis El Manar & University Bourgogne Franche-Comté, Dijon, France, 2019.

18. Serra, G.; Incani, A.; Serreli, G.; Porru, L.; Melis, M.P.; Tuberoso, C.I.G.; Rossin, D.; Biasi, F.; Deiana, M. Olive
oil polyphenols reduce oxysterols-induced redox imbalance and pro-inflammatory response in intestinal
cells. Redox. Biol. 2018, 17, 348–354. [CrossRef]

19. Serra, G.; Deiana, M.; Spencer, J.P.E.; Corona, G. Olive Oil Phenolics Prevent Oxysterol-Induced
Proinflammatory Cytokine Secretion and Reactive Oxygen Species Production in Human Peripheral
Blood Mononuclear Cells, Through Modulation of p38 and JNK Pathways. Mol Nutr Food Res. 2017, 61,
1700283. [CrossRef]

20. Kim, A.; Nam, Y.J.; Lee, C.S. Taxifolin reduces the cholesterol oxidation product-induced neuronal apoptosis
by suppressing the Akt and NF-κB activation-mediated cell death. Brain Res. Bull. 2017, 134, 63–71.
[CrossRef]

21. Dugas, B.; Charbonnier, S.; Baarine, M.; Ragot, K.; Delmas, D.; Ménétrier, F.; Lherminier, J.; Malvitte, L.;
Khalfaoui, T.; Bron, A.; et al. Effects of oxysterols on cell viability, inflammatory cytokines, VEGF, and
reactive oxygen species production on human retinal cells: Cytoprotective effects and prevention of VEGF
secretion by resveratrol. Eur. J. Nutr. 2010, 49, 435–446. [CrossRef]

http://dx.doi.org/10.1016/j.plipres.2016.09.002
http://dx.doi.org/10.1016/j.freeradbiomed.2017.04.013
http://www.ncbi.nlm.nih.gov/pubmed/28428001
http://dx.doi.org/10.1016/j.redox.2019.101380
http://dx.doi.org/10.1016/j.biochi.2018.06.006
http://dx.doi.org/10.1080/10408398.2018.1491828
http://dx.doi.org/10.1016/j.redox.2016.09.001
http://dx.doi.org/10.1016/j.freeradbiomed.2016.10.008
http://dx.doi.org/10.1016/j.arr.2014.09.006
http://www.ncbi.nlm.nih.gov/pubmed/25305550
http://dx.doi.org/10.1093/gerona/glx227
http://www.ncbi.nlm.nih.gov/pubmed/29244059
http://dx.doi.org/10.1016/j.neurol.2019.08.005
http://www.ncbi.nlm.nih.gov/pubmed/31521398
http://www.ncbi.nlm.nih.gov/pubmed/26730179
http://dx.doi.org/10.3390/diseases6030067
http://dx.doi.org/10.1016/j.redox.2018.05.006
http://dx.doi.org/10.1002/mnfr.201700283
http://dx.doi.org/10.1016/j.brainresbull.2017.07.008
http://dx.doi.org/10.1007/s00394-010-0102-2


Molecules 2020, 25, 2296 18 of 20

22. Namsi, A.; Nury, T.; Khan, A.S.; Leprince, J.; Vaudry, D.; Caccia, C.; Leoni, V.; Atanasov, A.G.; Tonon, M.C.;
Masmoudi-Kouki, O.; et al. Octadecaneuropeptide (ODN) Induces N2a Cells Differentiation through a
PKA/PLC/PKC/MEK/ERK-Dependent Pathway: Incidence on Peroxisome, Mitochondria, and Lipid Profiles.
Molecules 2019, 24, 3310. [CrossRef]

23. Singla, R.K.; Dubey, A.K.; Garg, A.; Sharma, R.K.; Fiorino, M.; Ameen, S.M.; Haddad, M.A.; Al-Hiary, M.
Natural Polyphenols: Chemical Classification, Definition of Classes, Subcategories, and Structures. J. AOAC
Int. 2019, 102, 1397–1400. [CrossRef] [PubMed]

24. Ferri, P.; Angelino, D.; Gennari, L.; Benedetti, S.; Ambrogini, P.; Del Grande, P.; Ninfali, P. Enhancement of
flavonoid ability to cross the blood brain barrier of rats by co-administration with α-tocopherol. Food Funct.
2015, 6, 394–400. [CrossRef] [PubMed]

25. Figueira, I.; Garcia, G.; Pimpão, R.C.; Terrasso, A.P.; Costa, I.; Almeida, A.F.; Tavares, L.; Pais, T.F.; Pinto, P.;
Ventura, M.R.; et al. Polyphenols journey through blood-brain barrier towards neuronal protection. Sci. Rep.
2017, 7, 11456. [CrossRef] [PubMed]

26. Long, Y.; Yang, Q.; Xiang, Y.; Zhang, Y.; Wan, J.; Liu, S.; Li, N.; Peng, W. Nose to brain drug delivery—A
promising strategy for active components from herbal medicine for treating cerebral ischemia reperfusion.
Pharmacol. Res. 2020, 104795. [CrossRef]

27. Ragot, K.; Mackrill, J.J.; Zarrouk, A.; Nury, T.; Aires, V.; Jacquin, A.; Athias, A.; Pais de Barros, J.P.; Véjux, A.;
Riedinger, J.M.; et al. Absence of correlation between oxysterol accumulation in lipid raft microdomains,
calcium increase, and apoptosis induction on 158N murine oligodendrocytes. Biochem. Pharmacol. 2013, 86,
67–79. [CrossRef]

28. Debbabi, M.; Nury, T.; Zarrouk, A.; Mekahli, N.; Bezine, M.; Sghaier, R.; Grégoire, S.; Martine, L.; Durand, P.;
Camus, E.; et al. Protective Effects of α-Tocopherol, γ-Tocopherol and Oleic Acid, Three Compounds of Olive
Oils, and No Effect of Trolox, on 7-Ketocholesterol-Induced Mitochondrial and Peroxisomal Dysfunction in
Microglial BV-2 Cells. Int. J. Mol. Sci. 2016, 17, 1973. [CrossRef]

29. Debbabi, M.; Zarrouk, A.; Bezine, M.; Meddeb, W.; Nury, T.; Badreddine, A.; Karym, E.M.; Sghaier, R.;
Bretillon, L.; Guyot, S.; et al. Comparison of the effects of major fatty acids present in the Mediterranean
diet (oleic acid, docosahexaenoic acid) and in hydrogenated oils (elaidic acid) on 7-ketocholesterol-induced
oxiapoptophagy in microglial BV-2 cells. Chem. Phys. Lipids 2017, 207, 151–170. [CrossRef]

30. Nury, T.; Zarrouk, A.; Mackrill, J.J.; Samadi, M.; Durand, P.; Riedinger, J.M.; Doria, M.; Vejux, A.;
Limagne, E.; Delmas, D.; et al. Induction of oxiapoptophagy on 158N murine oligodendrocytes treated by
7-ketocholesterol-, 7β-hydroxycholesterol-, or 24(S)-hydroxycholesterol: Protective effects of α-tocopherol
and docosahexaenoic acid (DHA.; C22:6 n-3). Steroids 2015, 99, 194–203. [CrossRef]

31. Zarrouk, A.; Nury, T.; Samadi, M.; O’Callaghan, Y.; Hammami, M.; O’Brien, N.M.; Lizard, G.; Mackrill, J.J.
Effects of cholesterol oxides on cell death induction and calcium increase in human neuronal cells (SK-N-BE)
and evaluation of the protective effects of docosahexaenoic acid (DHA.; C22:6 n-3). Steroids 2015, 99, 238–247.
[CrossRef]

32. Zarrouk, A.; Martine, L.; Grégoire, S.; Nury, T.; Meddeb, W.; Camus, E.; Badreddine, A.; Durand, P.; Namsi, A.;
Yammine, A.; et al. Profile of fatty acids, tocopherols, phytosterols and polyphenols in mediterranean oils
(argan oils, olive oils, milk thistle seed oils and nigella seed oil) and evaluation of their antioxidant and
cytoprotective activities. Curr. Pharm. Des. 2019, 25, 1791–1805. [CrossRef]

33. Royer, M.C.; Lemaire-Ewing, S.; Desrumaux, C.; Monier, S.; Pais de Barros, J.P.; Athias, A.; Néel, D.; Lagrost, L.
7-ketocholesterol incorporation into sphingolipid/cholesterol-enriched (lipid raft) domains is impaired by
vitamin E: A specific role for alpha-tocopherol with consequences on cell death. J. Biol. Chem. 2009, 284,
15826–15834. [CrossRef] [PubMed]

34. Tabas, I. Consequence of cellular cholesterol accumulation: Basic concepts and physiological implications. J.
Clin. Invest. 2002, 110, 905–911. [CrossRef] [PubMed]

35. Monier, S.; Samadi, M.; Prunet, C.; Denance, M.; Laubriet, A.; Athias, A.; Berthier, A.; Steinmetz, E.; Jürgens, G.;
Nègre-Salvayre, A.; et al. Impairment of the cytotoxic and oxidative activities of 7 beta-hydroxycholesterol
and 7-ketocholesterol by esterification with oleate. Biochem. Biophys. Res. Commun. 2003, 303, 814–824.
[CrossRef]

36. Vejux, A.; Guyot, S.; Montange, T.; Riedinger, J.M.; Kahn, E.; Lizard, G. Phospholipidosis and
down-regulation of the PI3-K/PDK-1/Akt signalling pathway are vitamin E inhibitable events associated
with 7-ketocholesterol-induced apoptosis. J. Nutr Biochem. 2009, 20, 45–61. [CrossRef]

http://dx.doi.org/10.3390/molecules24183310
http://dx.doi.org/10.1093/jaoac/102.5.1397
http://www.ncbi.nlm.nih.gov/pubmed/31200785
http://dx.doi.org/10.1039/C4FO00817K
http://www.ncbi.nlm.nih.gov/pubmed/25474041
http://dx.doi.org/10.1038/s41598-017-11512-6
http://www.ncbi.nlm.nih.gov/pubmed/28904352
http://dx.doi.org/10.1016/j.phrs.2020.104795
http://dx.doi.org/10.1016/j.bcp.2013.02.028
http://dx.doi.org/10.3390/ijms17121973
http://dx.doi.org/10.1016/j.chemphyslip.2017.04.002
http://dx.doi.org/10.1016/j.steroids.2015.02.003
http://dx.doi.org/10.1016/j.steroids.2015.01.018
http://dx.doi.org/10.2174/1381612825666190705192902
http://dx.doi.org/10.1074/jbc.M808641200
http://www.ncbi.nlm.nih.gov/pubmed/19351882
http://dx.doi.org/10.1172/JCI0216452
http://www.ncbi.nlm.nih.gov/pubmed/12370266
http://dx.doi.org/10.1016/S0006-291X(03)00412-1
http://dx.doi.org/10.1016/j.jnutbio.2007.12.001


Molecules 2020, 25, 2296 19 of 20

37. Vejux, A.; Abed-Vieillard, D.; Hajji, K.; Zarrouk, A.; Mackrill, J.J.; Ghosh, S.; Nury, T.; Yammine, A.; Zaibi, M.;
Mihoubi, W.; et al. 7-Ketocholesterol and 7β-hydroxycholesterol: In vitro and animal models used to
characterize their activities and to identify molecules preventing their toxicity. Biochem. Pharmacol. 2020, 173,
113648. [CrossRef]

38. Ragot, K.; Delmas, D.; Athias, A.; Nury, T.; Baarine, M.; Lizard, G. α-Tocopherol impairs
7-ketocholesterol-induced caspase-3-dependent apoptosis involving GSK-3 activation and Mcl-1 degradation
on 158N murine oligodendrocytes. Chem. Phys. Lipids. 2011, 164, 469–478. [CrossRef]

39. Bazan, N.G. Docosanoids and elovanoids from omega-3 fatty acids are pro-homeostatic modulators of
inflammatory responses, cell damage and neuroprotection. Mol. Asp. Med. 2018, 64, 18–33. [CrossRef]

40. Olkkonen, V.M.; Hynynen, R. Interactions of oxysterols with membranes and proteins. Mol. Asp. Med. 2009,
30, 123–133. [CrossRef]

41. Hachem, M.; Belkouch, M.; Lo Van, A.; Picq, M.; Bernoud-Hubac, N.; Lagarde, M. Brain targeting with
docosahexaenoic acid as a prospective therapy for neurodegenerative diseases and its passage across blood
brain barrier. Biochimie. 2020, 170, 203–211. [CrossRef]

42. Miranda, A.R.; Albrecht, C.; Cortez, M.V.; Soria, E.A. Pharmacology and Toxicology of Polyphenols with
Potential As Neurotropic Agents in Non-communicable Diseases. Curr. Drug. Targets. 2018, 19, 97–110.
[CrossRef]

43. Savary, S.; Trompier, D.; Andréoletti, P.; Le Borgne, F.; Demarquoy, J.; Lizard, G. Fatty acids-induced
lipotoxicity and inflammation. Curr. Drug. Metab. 2012, 13, 1358–1370. [CrossRef] [PubMed]

44. Samadi, A.; Sabuncuoglu, S.; Samadi, M.; Isikhan, S.Y.; Lay, I.; Yalcinkaya, A.; Chirumbolo, S.; Bjørklund, G.;
Peana, M. A Comprehensive review on oxysterols and related diseases. Curr. Med. Chem. 2020. [CrossRef]
[PubMed]

45. Moore, K.; Hughes, C.F.; Ward, M.; Hoey, L.; McNulty, H. Diet, nutrition and the ageing brain: Current
evidence and new directions. Proc. Nutr. Soc. 2018, 77, 152–163. [CrossRef] [PubMed]

46. Pedruzzi, E.; Guichard, C.; Ollivier, V.; Driss, F.; Fay, M.; Prunet, C.; Marie, J.C.; Pouzet, C.; Samadi, M.;
Elbim, C.; et al. NAD(P)H oxidase Nox-4 mediates 7-ketocholesterol-induced endoplasmic reticulum stress
and apoptosis in human aortic smooth muscle cells. Mol. Cell Biol. 2004, 24, 10703–10717. [CrossRef]

47. Attanzio, A.; Frazzitta, A.; Cilla, A.; Livrea, M.A.; Tesoriere, L.; Allegra, M. 7-Keto-Cholesterol and
Cholestan-3beta, 5alpha, 6beta-Triol Induce Eryptosis through Distinct Pathways Leading to NADPH
Oxidase and Nitric Oxide Synthase Activation. Cell Physiol. Biochem. 2019, 53, 933–947.

48. Nury, T.; Zarrouk, A.; Vejux, A.; Doria, M.; Riedinger, J.M.; Delage-Mourroux, R.; Lizard, G. Induction of
oxiapoptophagy, a mixed mode of cell death associated with oxidative stress, apoptosis and autophagy, on
7-ketocholesterol-treated 158N murine oligodendrocytes: Impairment by α-tocopherol. Biochem. Biophys.
Res. Commun. 2014, 446, 714–719. [CrossRef]

49. Klionsky, D.J.; Abdelmohsen, K.; Abe, A.; Abedin, M.J.; Abeliovich, H.; Acevedo Arozena, A. Guidelines for
the use and interpretation of assays for monitoring autophagy (3rd edition). Autophagy. 2016, 12, 1–222.

50. Nury, T.; Zarrouk, A.; Ragot, K.; Debbabi, M.; Riedinger, J.M.; Vejux, A.; Aubourg, P.; Lizard, G.
7-Ketocholesterol is increased in the plasma of X-ALD patients and induces peroxisomal modifications in
microglial cells: Potential roles of 7-ketocholesterol in the pathophysiology of X-ALD. J. Steroid. Biochem.
Mol. Biol. 2017, 169, 123–136. [CrossRef]

51. Zarrouk, A.; Nury, T.; Karym, E.M.; Vejux, A.; Sghaier, R.; Gondcaille, C.; Andreoletti, P.; Trompier, D.;
Savary, S.; Cherkaoui-Malki, M.; et al. Attenuation of 7-ketocholesterol-induced overproduction of reactive
oxygen species, apoptosis, and autophagy by dimethyl fumarate on 158N murine oligodendrocytes. J. Steroid.
Biochem. Mol. Biol. 2017, 169, 29–38. [CrossRef]

52. Bian, Y.; Wei, J.; Zhao, C.; Li, G. Natural polyphenols targeting senescence: a novel prevention and therapy
strategy for cancer. Int. J. Mol. Sci. 2020, 21, 684. [CrossRef]

53. Fouache, A.; Zabaiou, N.; De Joussineau, C.; Morel, L.; Silvente-Poirot, S.; Namsi, A.; Lizard, G.; Poirot, M.;
Makishima, M.; Baron, S.; et al. Flavonoids differentially modulate liver X receptors activity-Structure-function
relationship analysis. J. Steroid. Biochem. Mol. Biol. 2019, 190, 173–182. [CrossRef] [PubMed]

54. Grygiel-Górniak, B. Peroxisome proliferator-activated receptors and their ligands: Nutritional and clinical
implications–a review. Nutr. J. 2014, 13, 17. [CrossRef] [PubMed]

55. Cilla, A.; Alegría, A.; Attanzio, A.; Garcia-Llatas, G.; Tesoriere, L.; Livrea, M.A. Dietary phytochemicals in the
protection against oxysterol-induced damage. Chem. Phys. Lipids. 2017, 207, 192–205. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.bcp.2019.113648
http://dx.doi.org/10.1016/j.chemphyslip.2011.04.014
http://dx.doi.org/10.1016/j.mam.2018.09.003
http://dx.doi.org/10.1016/j.mam.2009.02.004
http://dx.doi.org/10.1016/j.biochi.2020.01.013
http://dx.doi.org/10.2174/1389450117666161220152336
http://dx.doi.org/10.2174/138920012803762729
http://www.ncbi.nlm.nih.gov/pubmed/22978392
http://dx.doi.org/10.2174/0929867327666200316142659
http://www.ncbi.nlm.nih.gov/pubmed/32175830
http://dx.doi.org/10.1017/S0029665117004177
http://www.ncbi.nlm.nih.gov/pubmed/29316987
http://dx.doi.org/10.1128/MCB.24.24.10703-10717.2004
http://dx.doi.org/10.1016/j.bbrc.2013.11.081
http://dx.doi.org/10.1016/j.jsbmb.2016.03.037
http://dx.doi.org/10.1016/j.jsbmb.2016.02.024
http://dx.doi.org/10.3390/ijms21020684
http://dx.doi.org/10.1016/j.jsbmb.2019.03.028
http://www.ncbi.nlm.nih.gov/pubmed/30959154
http://dx.doi.org/10.1186/1475-2891-13-17
http://www.ncbi.nlm.nih.gov/pubmed/24524207
http://dx.doi.org/10.1016/j.chemphyslip.2017.03.001
http://www.ncbi.nlm.nih.gov/pubmed/28267434


Molecules 2020, 25, 2296 20 of 20

56. Azzi, J.; Jraij, A.; Auezova, L.; Fourmentin, S.; Greige-Gerges, H. Novel findings for quercetin encapsulation
and preservation with cyclodextrins, liposomes, and drug-in-cyclodextrin-in-liposomes. Food Hydrocoll.
2018, 81, 328–340. [CrossRef]

57. Soukoulis, C.; Bohn, T. A comprehensive overview on the micro- and nano-technological encapsulation
advances for enhancing the chemical stability and bioavailability of carotenoids. Crit. Rev. Food Sci. Nutr.
2018, 58, 1–36. [CrossRef]

58. Testa, G.; Gamba, P.; Badilli, U.; Gargiulo, S.; Maina, M.; Guina, T.; Calfapietra, S.; Biasi, F.; Cavalli, R.; Poli, G.;
et al. Loading into nanoparticles improves quercetin’s efficacy in preventing neuroinflammation induced by
oxysterols. PLoS One 2014, 9, e96795. [CrossRef]

59. Varkuti, B.H.; Kepiro, M.; Liu, Z.; Vick, K.; Avchalumov, Y.; Pacifico, R.; MacMullen, C.M.; Kamenecka, T.M.;
Puthanveettil, S.V.; Davis, R.L. Neuron-based high-content assay and screen for CNS active mitotherapeutics.
Sci. Adv. 2020, 6, eaaw8702. [CrossRef]

60. Wen, R.; Banik, B.; Pathak, R.K.; Kumar, A.; Kolishetti, N.; Dhar, S. Nanotechnology inspired tools for
mitochondrial dysfunction related diseases. Adv. Drug. Deliv. Rev. 2016, 99, 52–69. [CrossRef]

61. Zielonka, J.; Joseph, J.; Sikora, A.; Hardy, M.; Ouari, O.; Vasquez-Vivar, J.; Cheng, G.; Lopez, M.;
Kalyanaraman, B. Mitochondria-Targeted Triphenylphosphonium-based compounds: Syntheses,
mechanisms of action, and therapeutic and diagnostic Applications. Chem. Rev. 2017, 117, 10043–10120.
[CrossRef]

62. Rothe, G.; Valet, G. Flow cytometric analysis of respiratory burst activity in phagocytes with hydroethidine
and 2’,7′-dichlorofluorescin. J. Leukoc. Biol. 1990, 47, 440–448. [CrossRef]

63. Yeh, C.G.; His, B.; Faulk, W.P. Propidium iodide as a nuclear marker in immunofluorescence. II. Use with
cellular identification and viahility studies. J. Immunol. Method. 1981, 43, 269–275. [CrossRef]

64. Lizard, G.; Fournel, S.; Genestier, L.; Dhedin, N.; Chaput, C.; Flacher, M.; Mutin, M.; Panaye, G.; Revillard, J.P.
Kinetics of plasma membrane and mitochondrial alterations in cells undergoing apoptosis. Cytometry 1995,
21, 275–283. [CrossRef] [PubMed]

Sample Availability: Samples of the compounds are available from the authors

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.foodhyd.2018.03.006
http://dx.doi.org/10.1080/10408398.2014.971353
http://dx.doi.org/10.1371/journal.pone.0096795
http://dx.doi.org/10.1126/sciadv.aaw8702
http://dx.doi.org/10.1016/j.addr.2015.12.024
http://dx.doi.org/10.1021/acs.chemrev.7b00042
http://dx.doi.org/10.1002/jlb.47.5.440
http://dx.doi.org/10.1016/0022-1759(81)90174-5
http://dx.doi.org/10.1002/cyto.990210308
http://www.ncbi.nlm.nih.gov/pubmed/8582250
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Effects of Polyphenols (Resveratrol, Quercetin, Apigenin), 3 and 9 Unsaturated Fatty Acids (-Linolenic Acid, Eicosapentaenoic Acid, Docosahexaenoic Acid, Oleic Acid) and 7-Ketocholesterol on Cell Viability Evaluated with the Fluorescein Diacetate Assay 
	Evaluation with the Fluorescein Diacetate Assay of the Effects of Polyphenols (Resveratrol, Quercetin, Apigenin), 3 and 9 Unsaturated Fatty Acids (-Linolenic Acid, Eicosapentaenoic Acid, Docosahexaenoic Acid, Oleic Acid) and -Tocopherol on 7-Ketocholesterol-Induced Cytotoxicity 
	Evaluation of the Effects of Polyphenols (Resveratrol, Quercetin, Apigenin), 3 and 9 Unsaturated Fatty Acids (-Linolenic Acid, Eicosapentaenoic Acid, Docosahexaenoic Acid, Oleic Acid) and -Tocopherol on 7-Ketocholesterol-Induced Reactive Oxygen Species (ROS) Overproduction 
	Evaluation of the Effects of 3 and 9 Unsaturated Fatty Acids (-Linolenic Acid, Eicosapentaenoic Acid, Docosahexaenoic Acid, Oleic Acid) and -Tocopherol on 7-Ketocholesterol-Induced Loss of Transmembrane Mitochondrial Potential and Cell Death 

	Discussion 
	Materials and Methods 
	Cell Culture and Treatments 
	Quantification of Cell Viability by the Fluorescein Diacetate (FDA) Assay 
	Flow Cytometric Evaluation of Reactive Oxygen Species (ROS) Production Using Dihydroethidium Staining 
	Flow Cytometric Measurement of Transmembrane Mitochondrial Potential Using DiOC6(3) 
	Flow Cytometric Evaluation of Plasma Membrane Permeability and Cell Death Using Propidium Iodide 
	Statistical Analysis 

	References

