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Abstract: Increased levels of C22:0, C24:0 and C26:0 were found in cortical lesions of patients with Alzheimer’s
disease (AD). So, it was of interest to precise the cytotoxic effects of these fatty acids, and to determine
whether docosahexaenoic acid (DHA), described to prevent AD, can attenuate their eventual side effects.
Human neuronal SK-N-BE cells were cultured in the absence or presence of C22:0, C24:0 or C26:0 (0.1-20
uM) without or with DHA (50-150 xM). C22:0, C24:0 and C26:0 induce an inhibition of cell growth, a loss
of Aym, an overproduction of reactive oxygen species (ROS), a decrease of reduced glutathione, and a lipid
peroxidation. DHA attenuates C22:0, C24:0 and C26:0 induced-mitochondrial dysfunctions and/or cell growth
inhibition measured with MTT whatever the concentrations considered, whereas it can either decrease or amplify
(especially at 150 pM) ROS overproduction. C22:0, C24:0 and C26:0 have neurotoxic activities, and depending
on its concentration, DHA attenuates or not fatty acid-induced side effects.
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Introduction

The initiating event in Alzheimer disease (AD; OMIM
# 104300) is related to the excess production of -amyloid
(AP) peptides in the brain (1). The excess of AP} could be
the consequence of abnormal processing of amyloid
precursor protein (APP) via - and ¥-secretases (2) and/or
to a reduced clearance of AP (3). In the presence of Af, a
cascade of toxic events would be activated including
a hyperphosphorylation of tau, a neural associated protein
involved in microtubules stabilization and axonal transport
(4). The hyperphosphorylation of tau (a major component
of neurofibrillary tangles (NFTs)) favors microtubules
disorganization (5).

The pathogenesis of AD is still poorly understood but some
investigations support a linkage between lipid metabolism
and AD (6). Alterations of cholesterol metabolism leading
to abnormal levels of cholesterol oxide derivatives (also
named oxysterols) in the central nervous system, such as
24S-hydroxycholesterol, may contribute to some neurological
diseases including AD (7). Potential roles of 7-ketocholesterol
and 7P-hydroxycholesterol resulting from cholesterol
autoxidation (8), which could be favored by enhanced oxidative
stress observed in brain of AD patients, have been suggested in
AD (9). It is well known that Apolipoprotein E polymorphic
alleles are main genetic determinants of AD risk: individuals
carrying the €4 allele are at increased risk of AD compared
with those carrying the more common €3 allele, whereas the €2
allele decreases risk (10). Regarding the decline of peroxisomal
function with age (11), which can affect lipid and oxidative
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stress homoeostasia (12), peroxisome may play a critical
role in regulating cellular aging and in neurodegenerative
diseases (13). Some lipid alterations observed in AD,
concerning docosahexaenoic acid (DHA, C22:6 n-3), C22:0,
C24:0, C26:0, and plasmalogens support the hypothesis
of peroxisomal dysfunctions given that the P-oxidation or
the synthesis of these lipids occurs, at least in part, in the
peroxisome (13). Moreover, treatment of hippocampal neurons
with Wy-14.463, a peroxisome proliferator, was able to prevent
cell death induced by AP (14). C24:0 and C26:0 accumulations,
increased in AP40 content, APP immunoreactivity and APP
mRNA expressions were also observed in the cerebral cortex
of rats treated with thioridazine, a peroxisomal [-oxidation
inhibitor (15). In addition, a correlation analysis showed that
the AP40 levels were positively correlated with the cortex
C24:0 and C26:0 levels (15). In the brain of a transgenic mouse
model of AD (Tg2576 mouse), biochemical and morphological
modifications also support a role for peroxisome (16). In
the hippocampus of these transgenic mice, the peroxisomal
membrane protein ABCD3 and ACOX1 were induced (17).
Interestingly, lipid analyses of cortical regions from AD
patients revealed accumulation of C22:0, C24:0, C26:0 in
patients with stages V-VI pathology compared with those
modestly affected (stages I-II) based on the neuropathological
Braak classification (18). The level of plasmalogens, which
need intact peroxisomes for their biosynthesis, was decreased
in severely affected tissues; the peroxisomal volume density
was increased in some neurons in the gyrus frontalis at
advanced AD stages (18). Therefore, the accumulation of
C22:0, C24:0 and C26:0 in the cortex of AD patients could
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contribute to neuron dysfunctions via their ability to trigger
various side effects involved in the physiopathology of AD
such as activation of oxidative stress (19) and dysregulation
of mitochondrial activity (20). Indeed, on various cell types of
the central nervous systems, C22:0, C24:0 and C26:0 are able
to trigger an overproduction of reactive oxygen species (ROS)
associated with lipid peroxidation and mitochondrial changes
which probably play key roles in cell death induction (21-23).

As there is no curative treatment for AD, many efforts are
directed to develop alternative treatments including medical
foods. DHA is a dietary essential (n-3) PUFA highly enriched
in fish oils, which can also be synthetized from eicosapentanoic
acid (EPA; C20:5 n-3) and linolenic acid (ALA; 18:3 n-3) (13).
Then, DHA is esterified into phospholipids and delivered to the
brain and retina. Neuroprotectin D1 (NPD1), the first identified
stereoselective bioactive compounds of DHA (24), favours
neuronal survival and downregulation of amyloidogenic
processing (25). Based on the decreased activity of peroxisome
with aging, which can reduce the intrinsic synthesis of DHA
(26), and consequently of NPD1, medical foods enriched in
DHA have some interests to prevent AD. However, some
side effects of DHA (neuritic injury, astrocytosis, stimulation
of oxidative stress) have also been reported (26, 27). In the
context of fatty acids-induced neuronal damages, it was
of interest to precise whether DHA can have beneficial or
detrimental effects.

In the present study, on human neuronal cells SK-N-BE, we
asked: i) whether C22:0, C24:0 and C26:0 known to trigger
cytotoxic effects on different brain cells (21-23) were able to
induce mitochondrial dysfunctions, cell growth inhibition,
ROS overproduction, and oxidative stress damages (decrease
of reduced glutathione (GSH); lipid peroxidation: increased
levels of 4-hydroxynonenal and 7-hydroxycholesterols), and
ii) whether DHA was able to prevent C22:0, C24:0 and C26:0
side effects. We observed i) that C22:0, C24:0 and C26:0
induce an inhibition of cell growth, mitochondrial dysfunctions,
an overproduction of ROS, a decrease of GSH, and a lipid
peroxidation, and ii) that DHA was able to attenuate C22:0,
C24:0 and C26:0 induced-mitochondrial dysfunctions and/or
cell growth inhibition, whereas ROS overproduction was either
reduced or amplified.

Methods and Materials

Cells and cell treatments

Human neuronal cells (SK-N-BE) were seeded at 200,000-
400,000 cells per well in 12-well microplates containing 1 mL
of culture medium (Dulbecco’s modified Eagle medium with
L-glutamine (Lonza) supplemented with 10% heat-inactivated
fetal bovine serum (FBS, Pan Biotech) and 1% antibiotics
(Pan Biotech)). Cells were incubated at 37°C in a humidified
atmosphere containing 5% CO2 and passaged twice a week.

Docosanoic acid (C22:0), tetracosanoic acid (C24:0),
hexacosanoic acid (C26:0), and docosahexaenoic acid (DHA;
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C22:6 n-3) (Sigma-Aldrich) were solubilized in o-cyclodextrin
(Sigma-Aldrich), and the maximal final concentration of
a-cyclodextrin (vehicle) in the culture medium was 1 mg/mL
(21-23).

The conditions of treatment with C22:0, C24:0 or C26:0
were the following: after plating SK-N-BE cells for 24 h, the
cells were treated for 48 h with various fatty acids (0.1, 1,
5, 10, and/or 20 M) in HAM’s F-10 medium (Pan Biotech)
containing 5% FBS in the absence or in the presence of DHA
(50, 100, 150 uM). The concentrations of fatty acids were
chosen according to measurements made on the plasma of
healthy subjects (21, 28) and AD patients (23).

Evaluation of mitochondrial activity with the colorimetric
MTT assay

The MTT assay was carried as previously described (21) on
SK-N-BE cells plated in 12-well flat-bottom culture plates after
48 h of treatment with C22:0, C24:0 or C26:0. The MTT assay
was used to evaluate the effects of C22:0, C24:0 and C26:0 on
mitochondrial activity and/or cell growth. A microplate reader
was used to record mitochondrial activity and/or cell growth at
a wavelength of 570 nm.

Flow cytometric quantification of transmembrane
mitochondrial potential with DiOC6(3)

Variations of the mitochondrial transmembrane potential
(AWm) were measured with 3,3"-dihexyloxacarbocyanine
iodide (DiOC6(3) (Life Technologies), which allows the
percentage of cells with low AWm to be determined. With
DiOC6(3) used at 40 nM, mitochondrial depolarization is
indicated by a decrease in green fluorescence collected through
a 520/10 nm band pass filter. Flow cytometric analyses were
performed on a Galaxy flow cytometer (Partec); 10,000 cells
were acquired, and data were analyzed with Flomax (Partec)
and FlowJo (Tree Star Inc.) softwares.

Flow cytometric measurement of reactive oxygen species
after staining with DHE and H2DCFDA

Measurement of reactive oxygen species (ROS) contributing
to oxidative stress was performed with DHE (dihydroethidium)
or H2DCFDA (2’,7’-dichlorodihydrofluorescein diacetate) on
cells cultured for 48 h in 12 well plates in the absence or in the
presence of C22:0, C24:0 and C26:0 without or with DHA.

DHE and H2DCFDA are useful probes for detecting ROS
in cells (29, 30). To measure ROS production, cultured cells
were incubated for 30 min at 37°C in the dark with DHE (Life
Technologies) or H2DCFDA (Sigma-Aldrich) used at 2 uM
and 10 ¥M final, respectively. At the end of the incubation
time, the cells were trypsinized, resuspended in PBS, and the
fluorescence of ethidium or 2’,7’-dichlorodihydrofluorescein
(DCF) resulting from oxidation from DHE and H2DCFDA,
respectively, was measured by flow cytometry. The fluorescent
signals of ethidium and DCF were collected through a 520/10
nm and a 580/10 nm band pass filter, respectively, on a Galaxy
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flow cytometer. Fluorescent signals were measured on a
logarithmic scale, 10,000 cells were acquired, and the data
were analyzed either with Flomax or FlowJo softwares.

Quantification of intracellular reduced glutathione
by fluorescence microscopy after staining with
monochlorobimane

The RedOx status was also evaluated by the level of reduced
glutathione (GSH) per cell by fluorescence microscopy. GSH
was revealed by staining with monochlorobimane (MCB) (31).
MCB, which reacts with GSH under the action of glutathione
S-transferase, was prepared at 4 mM in 100% ethanol. It was
added at 200 M in cell suspensions adjusted to 106 cells/mL
in PBS. After 30 min of incubation at 37°C, cell deposits were
realized by cytocentrifugation. Cells were observed with an
Axioskop fluorescent Zeiss microscope under UV light. The
percentage of cells containing GSH (blue/green fluorescent
cells) was determined on 300 cells.

Evaluation of lipid peroxidation by flow cytometric
quantification of 4-hydroxynonenal

4-hydroxynonenal (4-HNE) produced by lipid peroxidation
is a suitable marker of oxidative stress (32); it can react with
various molecules giving 4-HNE adducts (33). To identify and
quantify 4-HNE, and 4-HNE adducts by flow cytometry, cells
were collected by trypsinisation, fixed in 2% paraformaldehyde
diluted in PBS, incubated with blocking buffer (PBS, 0.05%
saponin, 10% goat serum), washed in PBS, and incubated
(1 h, room temperature) with a mouse monoclonal anti
4-HNE (Abcys) diluted in blocking buffer (2 pg/mL). Cells
were further washed with PBS and incubated (1 h, room
temperature) with a 488-Alexa goat anti-mouse polyclonal
antibody (Life Science Technologies) diluted at 1/300 in
blocking buffer. Cells were further washed and resuspended
in PBS, and analysed on a Galaxy flow cytometer. The green
fluorescence of 488-Alexa was collected with a 520/10 nm
band pass filter and measured on a logarithmic scale; 10,000
cells were acquired, and the data were analysed with Flomax
and FlowJo softwares.

Evaluation of lipid peroxidation by quantification of
cholesterol oxide derivatives by gas chromatography coupled
with mass spectrometry

Cholesterol oxide derivatives resulting from cholesterol
autoxidation (7-ketocholesterol, 73-hydroxycholesterol)
(8), 7a-hydroxycholesterol (formed via CYP7Al
(34) but which can also arise from the conversion of
7o-hydroperoxycholesterol produced by free radical
oxidation of cholesterol (8)), and total 7-hydroxycholesterols
(7-ketocholesterol+7fp-hydroxycholesterol+7a-
hydroxycholesterol) were quantified as previously described as
well as total cholesterol (22).

Statistical analysis

Statistical analyses were performed using WinSTAT® for
Microsoft® Excel (version 2012.1) with the Mann-Whitney
test. Data were considered statistically different at a P-value of
0.05 or less.

Results

Induction of mitochondrial dysfunctions and inhibition of
cell growth in C22:0-, C24:0-, and C26:0 — treated SK-N-BE
cells

The effects of C22:0, C24:0 and C26:0 (0.1-20 M) on
Aym and cell growth were evaluated after 48 h of treatment
by various complementary tests: MTT test; flow cytometric
measurement of A¥m with DiOC6(3); cell counting with
trypan blue. Depending on the fatty acid considered, a more
or less important dose-dependent decrease of MTT reduction
was observed. The absorbance began to decrease significantly
with C22:0 (0.1 M), and with C24:0 and C26:0 (5 uM);
similar absorbancies were obtained in control and vehicle-
treated cells (Figure 1A). As MTT gives a blue color product
(formazan) under the action of the mitochondrial enzyme
succinate deshydrogenase, it provides information on cell
proliferation and mitochondrial metabolism. To define whether
the decrease in formazan production with C22:0, C24:0 and
C26:0 is a consequence of reduced number of cells, and/or of
mitochondrial dysfunctions, the number of viable cells was
determined and A¥m was measured. The increase of cells with
depolarized mitochondria measured with DiOC6(3) became
significant with C22:0 and C24:0 (1 yM), and with C26:0 (0.1
uM). Similar values of cells with depolarized mitochondria
were obtained in control and vehicle-treated cells (Figure 1B).
The decrease of viable cells determined by counting with
trypan blue became significant with C22:0 (0.1 M), and C24:0
and C26:0 (5 uM); similar number of cells was obtained in
untreated cells (control) and vehicle — treated cells (Figure 1C).

Enhancement of reactive oxygen species production in
C22:0-,C24:0-, and C26:0 — treated SK-N-BE cells

The effects of C22:0, C24:0 and C26:0 (5, 10, 20 xM) on
intracellular ROS production were evaluated after 48 h of
treatment. After staining with DHE and whatever the fatty
acid considered, a marked increased of cells overproducing
ROS, especially superoxide anions (HE-positive cells) [30],
was observed at 10 and 20 M and no difference was observed
between untreated cells (control) and vehicle — treated cells
(Figure 2A).

Evidence of oxidative stress damages in C22:0-, C24:0-,
and C26:0 - treated SK-N-BE cells: decrease of intracellular
GSH and induction of lipid peroxidation

The effects of C22:0, C24:0 and C26:0 (5, 10, 20 xM) on
anti-oxidant defenses were evaluated after 48 h of treatment
by measuring the intracellular level of GSH with MCB. Under
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treatment with C22:0, C24:0 and C26:0, an important decrease
of cells containing GSH (MCB positive cells) was observed.
It was significant with C22:0 (5, 10 xM) and C24:0 (5, 10,
20 uM) whereas it was only significant with C26:0 (5§ uM).
Similar percentages of MCB positive cells were obtained in
control and vehicle-treated cells (Figure 2B).

Figure 1
Evaluation of the effects of C22:0, C24:0 and C26:0 on
mitochondrial activity and cell proliferation: MTT assay;
measurement of transmembrane mitochondrial potential (A¥m)
with DiOC6(3); cell counting of viable cells with trypan blue.
SK-N-BE cells were cultured for 48 h in the absence (control)
or presence of a cyclodextrin (vehicle), or of C22:0, C24:0,0r
C26:0. In control and vehicle-treated cells, the percentage of
cells with depolarized mitochondria (DiOC6(3) negative cells)
were in the same range (5-10%). Data shown are mean + SD
from two independent experiments conducted in triplicates.
Significance of the difference between vehicle- and fatty acid-
treated cells is indicated by * (Mann Whitney test; * P<0.05)
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Lipid peroxidation (fatty acid degradation, cholesterol
oxidation) was evaluated by the intracellular level
of 4-HNE and formation of cholesterol autoxidation
products (resulting from oxidation of cholesterol at C7),
respectively. Whereas increased cellular levels of 4-HNE
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were observed in C22:0, C24:0 and C26:0 (5, 10, 20 puM)
- treated SK-N-BE cells, a significant difference was only
found with C22:0 (20 pM) (Figure 3A). When compared
to vehicle treated cells, significant increased of the ratio
[total 7-hydroxycholesterols]/[cholesterol] was found in
C22:0, C24:0 and C26:0 (10 uM) - treated SK-N-BE cells
(Figure 3B). Significant increased of 7-ketocholesterol was
also found with C22:0 and C24:0 (10 xM) but not with
C26:0 (10 uM) (Figure 3C), and no significant increased
of 7a-hydroxycholesterol, 7B-hydroxycholesterol, and
cholesterol were observed in C22:0, C24:0 and C26:0 (10
M) - treated SK-N-BE cells (Figure 3D-F). Similar levels
of 4-HNE, 7a-hydroxycholesterol, 7B-hydroxycholesterol,
7-ketocholesterol, cholesterol and [total 7-hydroxycholesterols]
/ [cholesterol] were measured in control and vehicle-treated
cells (Figures 3).

Figure 2
Evaluation of the effects of C22:0, C24:0 and C26:0 on
superoxide anion production and reduced glutathione
(GSH) content. SK-N-BE cells were cultured for 48 h in the
absence (control) or presence of a-cyclodextrin (vehicle) or
of C22:0, C24:0, or C26:0. The production of superoxide
anion (HE-positive cells) was determined with DHE; data are
expressed as % control (control cells: 5-10% of HE positive
cells). The GSH content per cell was revealed with MCB; the
percentage of MCB positive cells was determined (control
cells: 95-100% of MCB positive cells). Data shown are mean
+ SD from three independent experiments. Significance of
the difference between vehicle- and fatty acid-treated cells is
indicated by * (Mann-Whitney test; * P<0.05)
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Attenuation of C22:0-, C24:0-, and C26:0- induced
mitochondrial dysfunctions and/or cell growth by DHA

We determined whether DHA was able to attenuate cell
dysfunctions induced by C22:0, C24:0 and C26:0. With the
MTT test, marked attenuation of the side effects induced by
C22:0 (Figure 4A), C24:0 (Figure 4B), and C26:0 (Figure
4C) were found. DHA used alone (50, 100, 150 xM) had no
effect on mitochondrial activity and/or cell growth (Figure 4).
These data show that DHA can attenuate C22:0-, C24:0- and
C26:0-induced mitochondrial dysfunctions and/or cell growth
inhibition.

Figure 3
Evaluation of the effects of C22:0, C24:0 and C26:0 on
lipid peroxidation: measurement of the cellular level of
4-hydroxynonenal (4-HNE) and oxysterols oxidized at
C7 (7Ta-hydroxycholesterol, 7B-hydroxycholesterol, and
7-ketocholesterol). SK-N-BE cells were cultured for 48 h in
the absence (control) or presence of a-cyclodextrin (vehicle)
or of C22:0, C24:0, or C26:0. The intracellular content
of 4-HNE was determined by flow cytometry; the mean
fluorescence intensity (MFI) of 4-HNE positive cells was
determined; data are expressed as % control. The cellular
content of 7a-hydroxycholesterol, 7f3-hydroxycholesterol, and
7-ketocholesterol and the ratio [total 7-hydroxycholesterols]/
[cholesterol] were determined by GC/MS. Data shown are
mean + SD from three independent experiments. Significance
of the difference between vehicle- and fatty acid-treated cells is
indicated by * (Mann-Whitney test; * P<0.05)

LEL] A

200

7
)
2
£

250 *
il l
130 l

10 T

0

A-HHE RIF | L6 cand rol)

Tot |7 hydroeye

o 4

Pt B E S PSP

o Il
2za C340 C2p0
30 ¢
*
FE
_ o # 5 o
& £
[ S
& 150 ERES
o L
= 1 g
™ o F=R U]
-
50 E
® D N ol Y I
& o & # & g &
& & b&} o u¥ = & c§a °§“ o
A o u-““ 60\ o A7 o ng BQ\.
P & @b g & ¥

Y
a8
3

x
li

z
—

Ta-OHE [ micl]
2 2
s
B 8

n
g

Figure 4
Evaluation of the effects of DHA on C22:0 -, C24:0 -, and
C26:0 — induced mitochondrial dysfunctions and/or cell growth
inhibition with the MTT test. SK-N-BE cells were cultured
for 48 h in the absence (control) or presence of a-cyclodextrin
(vehicle) or of C22:0, C24:0, or C26:0 without or with DHA.
Data shown are mean + SD from two to three independent
experiments realized in triplicate. Significance of the difference
between vehicle- and fatty acid-treated cells is indicated by *
(Mann-Whitney test; * P<0.05). Significance of the difference
between fatty acid-treated cells and (fatty acid + DHA)-treated
cells is indicated by # (Mann-Whitney test; # P<0.05)
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Attenuation or amplification of C22:0-, C24:0-, and
C26:0-induced ROS overproduction by DHA

We attempted to determine whether DHA was able
to attenuate C22:0-, C24:0-, and C26:0-induced ROS
overproduction. After 48 h of culture in the absence
or presence of C22:0, C24:0, and C26:0, associated or not
with DHA, SK-N-BE cells were stained with H2ZDCFDA.
Comparatively to untreated (control) or vehicle-treated cells,
an overproduction of ROS was observed in fatty acids-treated
cells: higher values of DCF positive cells (expressed as %
control) were observed with C22:0 (Figure 5A), C24:0 (Figure
5B), and C26:0 (Figure 5C). When DHA was used alone, it
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had no effect on ROS production at 50 and 100 xM; however,
it was able to stimulate ROS production at 150 uM (Figure 5).
DHA (50 uM) was able to reduce C24:0-, and C26:0-induced
ROS overproduction; DHA (100 xM) was able to reduce
C22:0-, C24:0-, and C26:0-induced ROS overproduction
(Figure 5). DHA (150 M) was most often not efficient on
fatty acids-induced ROS overproduction, excepted with C24:0
(5 uM) (Figure 5). Thus, the ability of DHA to reduce C22:0-,
C24:0- and C26:0-induced ROS overproduction depends on its
concentration and on the fatty acid considered.

Discussion

The pathogenesis of AD is still poorly understood but some
investigations sustain a linkage between lipid metabolism
and AD (7, 13). The accumulation of C22:0, C24:0 and
C26:0 in cortical lesion of AD patients supports peroxisomal
dysfunctions (13). As previous investigations performed on
various cell types of the central nervous systems (especially
glial cells) revealed that C22:0, C24:0 and C26:0 are able
to trigger mitochondrial changes and rupture of RedOx
homeostasia (21, 22), which are known to contribute to the
development of AD (19, 20), it was of interest i) to precise the
activities of these fatty acids on human neuronal cells and ii)
to evaluate whether DHA, which has neuroprotective activities
(25), can reduce some of their side effects. On human neuronal
cells SK-N-BE cultured in the absence or in the presence of
C22:0, C24:0, and C26:0 associated or not with DHA, we
observed that C22:0 -, C24:0 -, and C26:0 - induced side effects
(mitochondrial dysfunctions, oxidative stress) which can be, or
not, attenuated by DHA.

Under treatment with C22:0, C24:0, and C26:0, in the
range of concentrations found in the plasma of patients with
different forms of peroxisomal diseases (28) and with AD (23),
more or less pronounced side effects (in agreement with those
described on 158N oligodendrocytes (21, 22)) are detected
on human neuronal cells SK-N-BE: inhibition of cell growth,
mitochondrial dysfunctions, and oxidative stress induction. The
differences observed between the different fatty acids could
depend on their incorporation and repartition in neutral lipids
and phospholipids (22). As C22:0, C24:0 and C26:0 are able
to induce various side effects on SK-N-BE cells, they could
constitute potential cytotoxic compounds capable to contribute
to neurodegeneration.

Under treatment with C22:0, C24:0 and C26:0, the decrease
of MTT positive cells, giving information on mitochondrial
activity and/or cell growth, and the reduced number of living
cells measured by counting with trypan blue suggest substantial
cellular damages and cell death induction. Such data are in
agreement with those observed on 158N cells (21, 22). In this
cell death process, the important loss of Aym support the
hypothesis that mitochondria might contribute to the cytoxic
effects of these fatty acids (23).
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Figure 5
Evaluation of the effects of DHA on C22:0-, C24:0-, and
C26:0—induced ROS overproduction after staining with
H2DCFDA. SK-N-BE cells were cultured for 48 h in the
absence (control) or presence of a-cyclodextrin (vehicle) or of
C22:0,C24:0, or C26:0 without or with DHA. The fluorescence
of 2°,7’-dichlorodihydrofluorescein (DCF) resulting from
oxidation of H2DCFDA was measured by flow cytometry
(control cells: 5-10 % of DCF positive cells). Data shown are
mean + SD from two to three independent experiments realized
in triplicate. Significance of the difference between vehicle- and
fatty acid-treated cells is indicated by * (Mann-Whitney test;
* P<0.05). Significance of the difference between fatty acid-
treated cells and (fatty acid + DHA)-treated cells is indicated by
# (Mann-Whitney test; # P<0.05)
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We also confirm that C22:0, C24:0 and C26:0 induce
ROS overproduction. Since H2DCFDA allows to detect a
wide number of ROS (29), whereas HE is considered as
more specific for superoxide anions (30), this can explain the
differences observed between these two dyes on C22:0-, C24:0,
and C26:0-treated cells. However, as we previously reported
that extramitochondrial sources of ROS could be activated
by these fatty acids, and could in turn contribute to inducing
mitochondrial damages (23), it was of interest to precise the
impact of oxidative stress at the cellular level. We show, in
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agreement with data obtained on 158N oligodendrocytes
(21), that C22:0, C24:0, and C26:0 cause a decrease of
intracellular GSH measured with MCB. As GSH level has
been measured with MCB, which binds to thiol groups by
a reaction catalyzed by gluthatione S-transferases (31), the
decrease in MCB positive cells observed under treatment
with the fatty acids may be due to the lower glutathione
S-transferase activity and/or to lower levels of GSH. In turn,
lower levels of GSH could contribute to increase ROS-induced
cellular damages such as lipid peroxidation which has been
revealed on C22:0-, C24:0-, and C26:0-treated SK-N-BE cells
by increased levels of 4-HNE, 7-ketocholesterol, and total
7-hydroxycholesterols. 4-HNE is a highly reactive aldehyde,
which exhibits great reactivity with biomolecules (proteins,
phospholipids, DNA) and generates a variety of intra- and
inter-molecular covalent adducts which can contribute to
amplifying cellular dysfunctions (33). So, this could further
modulate the activity of various metabolic pathways involved
in the regulation of inflammation, oxidation, and cell death,
wich are hallmarks of brain lesions in AD (35). On the other
hand, radical attack of cholesterol leading to intracellular
accumulation of total 7-hydroxycholesterols (7-ketocholesterol
+ 7B-hydroxycholesterol + 7a-hydroxycholesterol), also
considered as a sign of lipid peroxidation (8), was investigated.
The increase of 7-hydroxycholesterols observed mainly
depends on the increase of 7KC, excepted for C26:0. Since
7KC has a wide range of biological activities (stimulation of
ROS production, induction of cell death) (36), this oxysterol
could constitute a second messenger triggering oxidative stress
and cell death. Noteworthy, as overproduction of ROS and
lipid peroxidation observed on SK-N-BE cells evocates the
data obtained on 158N oligodendrocytes (21), the present study
supports that these side effects of C22:0, C24:0 and C26:0
do no depend on the neural cell type considered. These fatty
acids could consequently lead to major brain damages. It was
therefore of importance to determine whether DHA, which
is considered as a neuroprotector (37), but which can also
induce various side effects (26, 27), was able to attenuate the
cytotoxicity of C22:0, C24:0, and C26:0.

Interestingly, our data bring evidences that DHA
attenuates mitochondrial dysfunctions and/or cell growth
whatever the concentrations used (50, 100, 150 uM),
whereas overproduction of ROS (whatever the fatty acid
considered: C22:0, C24:0 and C26:0) was only reduced at
100 xM. However, the ability of DHA (150 uM) to stimulate
ROS overproduction, when used alone, or to amplify
ROS overproduction in the presence of C22:0, C24:0 and
C26:0 even at the lowest and physiological concentration
tested (5 uM), reveals that DHA can also have side effects
suggesting that it must be used with caution in order to prevent
neurodegeneration without inducing additional damages.
Based on the present study, the ability of DHA to preserve
mitochondrial dysfunctions and/or cell growth, whatever the
concentration used, supports the hypopthesis that DHA via

its subsequent conversion in NPD1 (involving 15-LOX-1 or
15-LOX-like activities) can constitute a potent inhibitor of
neuronal cell death and is able to counteract C22:0, C24:0
and C26:0-induced mitochondrial dysfunctions. According
to the ability of DHA and of its precursor (EPA) to cross the
blood brain barrier, to accumulate into the brain (38), and
because of the high half-life of DHA in the human brain
[39], neuroprotective effects of DHA against mitochondrial
dysfunctions can be expected in vivo for some patients. As the
ability of DHA (via NPDI1 or other mechanisms) to counteract
C22:0-, C24:0- and C26:0-induced-ROS overproduction is less
efficient at high concentrations, it is hypothesized that DHA
could inhibit the esterification of other fatty acids present at
lower concentrations. This could favor an anarchic repartition
of various free fatty acids in different cell compartments and
subsequently trigger the activation of several side effects
including an overproduction of ROS, which could result either
from an enhancement of enzymatic activities involved in ROS
production or from a decrease of anti-oxidative defenses.

Thus, we can hypothesize that the therapeutic efficiency
of DHA could strongly depend on its posology, on the
conditions of treatment, and of its packaging. In functional
foods (especially in neutraceutical functional foods), it will
be necessary to verify that other ingredients will not alter
DHA activity. It is also important to consider that the intake
of DHA is absent in human carrying APOE ¢4 allele, the
most important risk factor in AD (40). This dual effects of
DHA revealed in the present study, as well as genetic factors,
could explain, at least in part, the important differences on
the benefits of DHA from one clinical study to another (27).
Therefore, a better knowledge of DHA-associated side effects
would greatly contribute to enhance its effectiveness to prevent
and/or improve cognitive decline.

Our data obtained on SK-N-BE cells underline that C22:0,
C24:0 and C26:0 inhibit cell growth, trigger a loss of Aym,
and induce oxidative stress (overproduction of ROS, decrease
of GSH, lipid peroxidation). They also revealed that DHA
attenuates C22:0-, C24:0-, and C26:0-induced mitochondrial
dysfunctions and/or cell growth inhibition, whereas it can
favor ROS overproduction. As mitochondrial dysfunctions,
ROS overproduction and oxidative stress are hallmarks of AD,
our data brings new evidences on the potential neurotoxicity
of lipids (C22:0, C24:0, C26:0) in AD, and they highlight
dual effects of DHA (attenuation or amplification) on C22:0-,
C24:0-, and C26:0-induced side effects.
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