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Abstract

Docosahexaenoic acid (DHA) is an essential fatty acid modulating key nervous system functions, including neuroinflammation,
and regulation of pre- and postsynaptic membrane formation. DHA concentration decreases in the lumbar spinal cord (LSC) of
amyotrophic lateral sclerosis (ALS) patients and murine preclinical models. Using a dietary supplementation, we increased DHA
levels (2% mean increase, p < 0.01) in the LSC of the familial ALS murine model B6SJL-Tg(SOD1*G93A)1Gur/J. This DHA-
enriched diet significantly increases male mouse survival by 7% (average 10 days over 130 days of life expectancy), and delays
motor dysfunction (based on stride length) and transgene-associated weight loss (p <0.01). DHA supplementation led to an
increased anti-inflammatory fatty acid profile (ca 30%, p <0.01) and a lower concentration of circulating proinflammatory
cytokine TNF-a (p <0.001 in males). Furthermore, although DHA-treated mice did not exhibit generally decreased protein
oxidative markers (glutamic and aminoadipic semialdehydes, carboxyethyllysine, carboxymethyllysine, and
malondialdehydelysine), dietary intake of DHA reduced immunoreactivity towards DNA oxidative damage markers (8-oxo-
dG) in the LSC. In vitro we demonstrate that DHA and «-tocopherol addition to a model of motor neuron demise (neonatal rat
organotypic spinal cord model under chronic excitotoxicity) also preserves motor neuron number, in comparison with untreated
spinal cords. Also, beneficial effects on cell viability were evidenced for the motor neuron cell line NSC-34 in front of H,O,
insult (p <0.001). Globally we show a sex-specific benefit of dietary DHA supplementation in the G93A ALS mouse model,
compared with mice fed an isocaloric control or a n-3-depleted diet. These changes were associated with an increased DHA
concentration in the LSC and were compatible with in vitro results showing DHA neuroprotective properties. These results
suggest the need for further study on the interaction of gender-influenced biological parameters and DHA in ALS pathogenesis.
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Introduction

Characterized by a progressive loss of upper and/or lower
motor neurons, amyotrophic lateral sclerosis (ALS) is the mo-
tor neuron disease with the highest incidence amongst adult
humans. Neuronal loss leads to muscular atrophy, paralysis,
and death after a median disease duration of 3 years. Although
90% of the cases are not associated to heritable mutations
(sporadic ALS or sALS), the remaining 10% are related to
mutations and inherited directly (familial ALS or fALS) [1].
One of the earliest genes whose mutations were associated
with fALS was Cu,Zn—superoxide dismutase [2]. Genetic
findings led to the development of the G93A-hSODI trans-
genic mouse as an animal model of motor neuron disease
[3]. Moreover, sex differences are observed in ALS,
with higher incidence and prevalence in men than in
women, and distinct clinical phenotypes (men exhibit
faster progression) [4]. These findings are also present
in experimental ALS models [5].

Docosahexaenoic acid (DHA) [22:6(n-3)] is an n-3 poly-
unsaturated fatty acid (n-3 PUFA). In humans, DHA precur-
sors are essential fatty acids. DHA precursors must be
ingested from dietary sources, as essential fatty acids cannot
be synthesized de novo in human cells. DHA is usually local-
ized in cell membranes as a phospholipid component. The
central nervous system (CNS) is especially rich in DHA [6].
Here, DHA regulates inflammatory processes [7], regulates
formation of pre- and postsynaptic membrane components
and cerebral hemodynamics [8, 9], and also promotes devel-
opmental processes [10] and memory [11].

Although underlying causes of motor neuron degeneration
in ALS remain largely unknown [4], DHA is depleted in spi-
nal cord postmortem samples of ALS patients, suggesting a
contribution of changes in fatty acid metabolism in the path-
ogenesis of ALS [12]. However, the contribution of DHA
depletion to the disease remains largely uncharacterized.
Alternatively, previous work on DHA metabolism and neuro-
degeneration demonstrates a positive role of this lipid in
Parkinson’s disease [13], neuroinflammation [14], cognitive
impairment [15], Alzheimer’s disease [16], and neuropathic
pain [17]. Previously, we showed that a general change in
polyunsaturated fatty acid content in diets could influence
disease evolution in the B6SJL-Tg (SOD1-G93A)1Gur/J
transgenic mice [18]. However, whether this was due to direct
changes in DHA was unknown.

In this study, we evaluated the neuroprotective effect of
dietary DHA supplementation in a preclinical model of motor
neuron demise, the B6SJL-Tg (SOD1-G93A)1Gur/J trans-
genic mice [3]. We investigated whether DHA nutritional in-
terventions modulated n-3 amounts in the spinal cord in the
disease evolution, influencing survival, weight loss, motor
function—related variables, and fatty acid profiles at 3 different
ages (presymptomatic stage, disease onset, and endpoint).
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Methods
Animals and Diets

A colony of the strain B6SJL-Tg (SOD1-G93A)1Gur/J (JAX
catalog stock number 002726; from now on G93A) was pur-
chased at The Jackson Laboratories (Bar Harbor, MN, USA).
Mice were maintained in B6SJL backgrounds by male foun-
der crossing with B6SJLF1/J. Genotyping was performed fol-
lowing the manufacturer’s instructions. A total of 10 to 12
animals were used to assess survival analyses and 5 to 9 mice
for analytical measurements. After genotyping and weaning
(21 days), animals were placed ata 12:12-h dark/light cycle, at
22 £2 °C temperature, and at 50% = 10 relative humidity, in
individual cages. Animals were weighed weekly. All diets
were stored at 4 °C for its better preservation. All experimental
diets were isocaloric and without nutritional deficits. After
9 days under control diet, mice were randomized to follow
on the same control diet (#PMI5015, PMI International
LabDiet, St. Louis, MO), a low-n-3 diet (TD 00522, Harlan
Teklad, Madison, WI), or the same low n-3 supplemented
with 0.6% (w/w) DHA (Martek Bioscience, Columbia,
MD), as previously described [19, 20]. For food intake calcu-
lation, pellets were weighed and removed weekly. The intake
of n-3 fatty acids was calculated by accounting individual
food intake and the amount of linolenic acid plus DHA spec-
ified in the diet. Blood was obtained by tail vein puncture. For
animal sacrifice, mice were anesthetized with 2.5% isoflurane.
Spinal cords were rapidly excised, snap-frozen in liquid N,
and stored at — 80 °C. All experimental procedures were ap-
proved by the Institutional Animal Care Committee of the
University of Lleida, according to local laws and to the
Directive 2010/63/EU of the European Parliament. The min-
imal number of animals was calculated according to the devi-
ation of fatty acid profiles in previous experiments [18].

Genotyping

Both DNA extraction and PCR-based genotyping have been
previously described [18]. Briefly, tail DNA was extracted
using the XNAT Kit (# 2740, Sigma-Aldrich, St. Louis,
MO). Primers employed for hSOD1 transgene genotyping
were as follows: II2F (IMR042) 5'-CTAGGCCACAGAAT
TGAAAGATCT-3', I/IR2 (IMR043) 5'-GTAG
GTGGAAATTCTAGCATCATCC-3', hSODIF (IMR113)
5'-CATCAGCCCTAATCCATCTGA-3', ASODIR (IMR114)
5'-CGCGACTAACAATCAAAGTGA-3'. Murine /L2
genotyping was assessed as a technical positive control, as
indicated by providers (JAX catalog stock number 002726).
Thermal Cycler v2.08 (Applied Biosystems, Carlsbad, CA)
was used to perform the following PCR protocol:
predenaturation for 5 min at 95 °C, denaturation for 1 min at
94 °C, annealing for 45 s at 50 °C, elongation for 4 min at
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72 °C, and finally, after 35 cycles, elongation for another
7 min at 72 °C. The amplification products were resolved in
1% agarose stained with SYBR safe (S33102, Thermo Fisher
Scientific, Waltham, MA) following the manufacturer proto-
col and electrophoresed for 30 min under constant 100 V.
Images were taken under a 365-nm UV light lamp from
Alpha Innotech (Santa Clara, CA) with the software acquisi-
tion Digidoc RT2 (Alpha Innotech, Santa Clara, CA).

Stride Length Analysis

Phenotypic analyses for motor neuron loss have been previ-
ously described [18]. Briefly, mice were trained at a flat nar-
row corridor (5 cm wide, 70 cm long) 3 times per week for
1 month. After this training, animal hind limbs were stained
with a nontoxic colorant and put on a paper which served to
track the walking behavior along the corridor. A minimum of
5 to 7 continuous strides was recorded to calculate the mean
value of stride measurements for each animal 3 days per week.
The first footprints were discarded as the mice tend to walk
faster when they are released to the corridor. Stride and stance
lengths were measured manually and in a blinded manner.
Corridors were periodically ventilated to avoid cross-
contamination of volatile compounds present in mice.

Fatty Acid Compositional Analyses

After controlled thawing, samples were kept at 4 °C on
ice during the homogenization. A buffer containing
180 mM KCI, 5 mM MOPS, 2 mM EDTA, 1 mM
diethylenetriaminepentaacetic acid, and 1 uM of freshly
prepared butylated hydroxyl toluene (BHT) at pH 7.3 was
used, employing a 1:20 (sample weight:homogenization buff-
er volume ratio). A homogenizer device (T10 basic
UltraTurraX, IKA, Staufen, Germany) was employed for me-
chanical homogenization (15 s at 15,000 rpm). Protein con-
centrations were measured by the Bradford method [21].
After the homogenization, lipids from the sample were ex-
tracted with chloroform/methanol (2:1, v/v) 0.01% BHT for 3
times as described in [22]. The chloroform phase was evapo-
rated under N,. Then, the fatty acids were transesterified by
incubation of lipids in freshly prepared 5% methanolic HCI
for 90 min at 75 °C. The extraction of the resulting fatty acid
methyl esters was performed by adding n-pentane and saturat-
ed NaCl solution (2:1 v/v). The n-pentane phase was removed
under nitrogen. The remaining product was dissolved in 80 pl
of CS, for gas chromatography. Separation was assessed by a
DBWAX capillary column (30 m x 0.25 mm x 0.20 pm) in an
Agilent GC System 7890A with a Series Injector 7683B and a
flame ionization detector (Agilent Technologies, Santa Clara,
CA). The injection port was maintained at 220 °C and the
detector at 250 °C. The temperature program was as follows:
2 min at 100 °C, then an increase of 10 °C/min to 200 °C, then

5 °C/min to 240 °C, and finally maintained at 240 °C for
10 min. For fatty acid methyl ester integration, we compared
the peaks with the retention time of authentic standards
(Larodan Fine Chemicals, Malmo, Sweden) injected accord-
ing to the same method. Results were expressed as mol%.

The fatty acid—derived indexes [22] were calculated with
the following formulas: Saturated fatty acids (SFA) =3 % of
saturated fatty acids; unsaturated fatty acids (UFA) = 3 % un-
saturated fatty acids; monounsaturated fatty acids
(MUFA) =3 % of monoenoic fatty acids; polyunsaturated
fatty acids series n-3 (PUFAn-3)=3% % of polyunsaturated
fatty acids n-3 series; polyunsaturated fatty acids series n-6
(PUFAn-6) =% % of polyunsaturated fatty acids n-6 series;
average chain length (ACL)=[(X % total 14 x 14)+ - + (X
% total nxn)]/100 (n=carbon atom number);
peroxidizability index (PI)=[(¥ mol% monoenoic x
0.025) + (X mol% dienoic % 1)+ (2 mol% trienoic x 2) + (X
mol% tetraenoic X 4) + (3 mol% pentaenoic x 6) + (X mol%
hexaenoic x 8)]; double-bond index (DBI)=[(¥ mol%
monoenoic) + (2 x ¥ mol% dienoic)+ (3 x ¥ mol%
trienoic) + (4 x ¥ % mol tetraenoic) + (5 x X mol%
pentaenoic) + (6 X 3 mol% hexaenoic); anti-inflammatory in-
dex (AI)=(20:3n-6) + (20:5n-3) + (22:5n-3) + (22:6n-3)/
(20:4n-6). This index accounts for potential changes in cell
membrane phospholipids (altering the substrate of
cyclooxygenases from arachidonic acid to EPA/DHA), pro-
viding eicosanoids and other derivates that have lower inflam-
matory potential, as specific prostaglandins (PGE3) and other
products [23].

Protein Oxidative Modifications

The concentration of protein oxidative modifications glutamic
semialdehyde (GSA), aminoadipic semialdehyde (AASA),
glycoxidative modification carboxyethyllysine (CEL), mixed
lipooxidative glycoxidative modification
carboxymethyllysine (CML), and lipooxidative modification
malondialdehyde lysine (MDAL) was analyzed by gas
chromatography—mass spectrometry (GC/MS) in lumbar spi-
nal cord homogenates as indicated [22]. Briefly, 0.5 mg of
proteins from lysate was reduced with an overnight incubation
in 500 mM NaBHy, (final concentration) in 0.2 M borate buff-
er, containing a 1 drop of hexanol as an antifoam reagent.
Reduced proteins were then re-precipitated with 20% trichlo-
roacetic acid (final concentration). Internal standards used for
relative quantification were the following: [*Hg] lysine (dg-
Lys; CDN isotopes); [?Hs] CML (d4-CML), [*H4] CEL (d4-
CEL), [*Hg] MDAL (ds-MDAL), [*Hs]5-hydroxy-2-
aminovaleric acid (for GSA quantitation), and [2H4]6-hy-
droxy-2-aminocaproic acid (for AASA quantitation).
Proteins were hydrolyzed by incubation at 155 °C for
30 min in 1 ml of 6 N HCl. Samples were dried using a
Speed-Vac centrifugal evaporator (SPD131DDA; Thermo
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Fisher Scientific, Waltham, MA). For the preparation of the
methyl esters, the hydrolysates were dissolved in 1.5 ml of
freshly prepared 1 N methanolic HCI and heated for 30 min
at 65 °C. The solvent was evaporated at room temperature
under a stream of Nj; then, 1.5 ml trifluoroacetic anhydride
was added, and the mixture was incubated at room tempera-
ture for 1 h. The resulting N, O-trifluoroacetyl methyl ester
derivatives were analyzed in Agilent model 6890 gas chro-
matograph equipped with a 30-m HP-5MS capillary column
(30 mx0.25 mm % 0.25 um) coupled to an Agilent model
5973A mass selective detector (Agilent, Barcelona, Spain)
under the conditions previously described [18].

Analysis of Cytokines in Plasma

After blood obtention, it was centrifuged at 8000 rpm for
6 min to retrieve plasma. Plasma was stored at <—20 °C until
cytokine analysis. Cytokine levels from plasma were mea-
sured using the BD Biosciences Cytometric Bead Array
Mouse Inflammation Kit (BD, Franklin Lakes, NJ, USA).

Organotypic Spinal Cord Culture

Lumbar spinal cord slices from P8 rat pups were obtained as
described [24]. Slices were maintained in 50% minimal essen-
tial medium, 25 mM HEPES, 25% Hank’s balanced salt solu-
tion with D-glucose 25.6 mg/l, 25% heat-inactivated horse
serum, and 2 mM L-glutamine (Invitrogen, Carlsbad, CA,
USA). Five complete slices from the lumbar region were
transferred to 30-mm-diameter Millipore Millicell-CM
(0.22 pm; Millipore Corporation, Bedford, MA, USA) mem-
brane inserts. The inserts were placed in 6-well culture trays
(35-mm-diameter Falcon; BD), with 1-ml culture medium:
50% (vol/vol) minimal essential medium (MEM) with
25 mM HEPES (Invitrogen), 25% (vol/vol) heat-inactivated
horse serum, and 25% (vol/vol) Hank’s balanced salt solution
(HBSS) supplemented with D-glucose (25.6 mg/ml; Sigma,
St. Louis, MO, USA), 2 mM L-glutamine, 100 U/ml penicil-
lin, and 100 pg/ml streptomycin (Invitrogen). Organotypic
cultures were incubated at 37 °C in a 5% C0O»-95% O, hu-
midified incubator, and the culture medium was changed
4 h after harvesting and then twice a week. Cultures were
let to stabilize for 10 days; after this point, the motoneu-
ron population reaches a steady number and remains sta-
ble from 1 to 4 weeks [24]. Thus, the treatments, inducing
chronic excitotoxicity with threohydroxyaspartate (THA)
at 100 uM, with DHA and/or a-tocopherol, 500 uM each,
started 10 days after the explant procedure. After 15 days
of treatment, cultures were harvested and fixed in 4%
paraformaldehyde in 0.1 M phosphate buffer, pH 7.4,
overnight at 4 °C and processed for
immunohistochemistry.
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NSC-34 Cell Culture and Viability

NSC-34 (kindly given by Prof. JE Esquerda, University of
Lleida, Spain) were grown in MEM-Advanced medium
(Invitrogen) supplemented with 10% heat-inactivated fetal
bovine serum (Invitrogen), 2 mM L-glutamine
(Invitrogen), and 20 U/ml penicillin and 20 pg/ml strep-
tomycin (Invitrogen) as antibiotics. Cells were kept at
37 °C in humidified atmosphere with 5% of CO, [24].
Cell viability in cell cultures was determined by using
the MTT-based Cell Toxicity Colorimetric Assay Kit
(Sigma) according to the manufacturer’s instructions.
The results were expressed as the percentage of viability
versus untreated cells.

Immunohistochemistry

Animals were anesthetized by an intraperitoneal injection of
pentobarbital and ketamine, 20 mg/kg and 60 mg/kg respec-
tively in PBS. Mice were then perfused with saline solution
followed by ice-cold 4% paraformaldehyde (Sigma-Aldrich,
St. Louis, MO, USA) solution (freshly prepared with pH 7.4
phosphate buffer). Spinal cords were extracted and fixation
was continued by incubation in 4% paraformaldehyde made
in pH 7.4 phosphate buffer overnight at 4 °C. The next day,
samples were cryopreserved in 30% sucrose (made in pH 7.4
phosphate buffer) for 48 h. After this time, tissue was encased
in a cubic recipient (Peel-A-Way Disposable Embedding
Molds-S-22, Polysciences Inc., Warrington, PA), and embed-
ded in tissue-freezing medium (Triangle Biomedical Sciences
Inc., Newcastle, UK) and frozen (— 80 °C). The lumbar spinal
cord was then cut at a 16-um section depth and resulting
seeded on a gelatin-coated slide. In the case of organotypic
slices, these were directly seeded onto the slides. Samples
were permeabilized with 0.4% Triton X-100 PBS for 30 min
and blocked with 5% normal horse serum in 0.4% Triton X-
100 PBS (blocking solution) for 2 h at room temperature.
Primary antibody (diluted according to manufacturer’s in-
structions) incubation, anti-8-0xo-dG (ab62623, Abcam,
Cambridge, UK), anti-yH2Ax (ab2893, Abcam), anti-GFAP
(ab7260, Abcam) anti-Ibal (ab5076, Abcam), and anti-SMI-
32 (Covance, Princeton, NJ), was performed in blocking so-
lution overnight at 4 °C. Then, the slices were washed with
PBS 3x for 10 min at room temperature, followed by the
secondary antibody (diluted 1:800 in PBS), goat anti-mouse
Alexa Fluor 555 (A21422, Thermo Fisher Scientific,
Waltham, MA) and/or goat anti-rabbit Alexa Fluor 488
(A11008, Thermo Fisher Scientific, Waltham, MA), incuba-
tion for 1 h at room temperature in darkness. Sections were
finally counterstained with 4,6-diamidino-2-phenylindole
dihydrochloride (DAPI, 1 pg/ml) in PBS for 5 min at RT
and mounted on slides with Vectashield (Vector
Laboratories, Burlingame, CA). In selected sections, the
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primary antibody was omitted to assure labeling specificity.
Confocal microscopy was performed with a Fluoview 1000
microscope (Olympus Corporation, Tokyo, Japan) for immu-
nofluorescence imaging. Immunoreactivity quantification and
motor neuron count (in the case of organotypic culture) were
analyzed with the ImageJ software [25], by selecting motor
region from anterior horns in the spinal cord. Motor neurons
were putatively identified by soma size, low DAPI fluores-
cence, and anterior location. All measurements and analyses
were done in a double-blinded fashion.

Statistical Analyses

All data are plotted on graphs as mean = S.E.M. All statistics
were performed using the SPSS software (SPSS Inc.,
Chicago, IL) or the Prism software (GraphPad Software, San
Diego, CA). Differences between groups were analyzed by
the Kaplan—Meyer analyses, Student’s # tests, or ANOVA with
post hoc analyses, after normality assessment by the
Kolmogorov—Smirnoff test. Correlations between variables
were evaluated by Pearson’s statistic. The 0.05 level was se-
lected as the point of minimal statistical significance in every
comparison.

Results

Dietary DHA Supplementation Extends G93A Mouse
Survival, Prevents Weight Loss, and Improves Motor
Function in a Sex-Specific Manner

In order to determine the potential benefits of DHA supple-
mentation, we analyzed the survival of ALS mice by sex and
diet. The Kaplan—Meyer analysis revealed a longer survival of
G93A male mice survival under DHA-supplemented diet
(Fig. 1a). The low-n-3 diet did not induce a significant loss
in survival (Fig. 1a). Female G93A mice survival did not
exhibit any differences between the 3 diet groups ana-
lyzed (Fig. la). Moreover, weight loss, indicating motor
neuron impairment in this model, was significantly influ-
enced by diet in G93A male mice (Fig. 1b), but not in
females (Fig. 1b). Regarding the motor function, we also
assessed gait strides to determine the impact of diet on
motility. Results indicate a slower decrement on stride
length and stance length in G93A male mice under
DHA-supplemented diet compared with those under con-
trol and low-n-3 diets (Fig. 1c and d) and a lower effect
of diet and motor function interaction in female G93A
mice (Fig. 1 ¢ and d). Noteworthy, food intake, revealing
motor function, also showed gender-influenced differ-
ences to diets (Fig. le).

DHA Dietary Supplementation Increases DHA
Contents and Decreases AA Concentrations in the LSC
of G93A Mice

To confirm DHA bioavailability in the LSC and the feasibility
to modify fatty acid content using dietary intervention, we
measured LSC fatty acid profile. A significant correlation
was present between the n-3 intake (DHA + linolenic) and
LSC DHA content, irrespective of gender (Fig. 2a) before
disease onset (age <90 days). We then compared LSC fatty
acid composition in the presymptomatic stage (60 days), at
disease onset (90 days) and endpoint. Fatty acid profile anal-
ysis of LSC revealed that DHA content in LSC decreases
according to disease advancement. In contrast, DHA supple-
mentation induces a significant increase of DHA concentra-
tion in LSC at 60 days and 90 days and a decrease of this fatty
acid under the low-n-3 diet (Fig. 2b). Moreover, in males,
DHA supplementation increased DHA content in LSC at all
times, an effect not exhibited in females (Fig. 2b). In contrast
with the increase of DHA, arachidonic acid (AA) con-
tent showed a statistically significant decrease in the
group with the DHA-supplemented diet either at a pre-
symptomatic stage, at disease onset, and at endpoint
both in males and in females (Fig. 2c).

Diet Influences Protein Oxidative Damage

Previous data show that oxidative modifications are sensitive
to changes in dietary fatty acid profile [18]. In order to eval-
uate protein oxidative modifications of LSC, we quantified by
GC-MS the concentrations of GSA, AASA, CML, CEL, and
MDAL, representative markers of protein modifications. GSA
was higher in 60-day-old mice, but reduced at 90 days and
endpoint in LSC from G93A mice under DHA diet mice,
compared with low-n-3 diet both in males and females
(Fig. 3a). AASA is decreased at 60-day-old mice in the
DHA diet group in males and females (Fig. 3b). AASA
showed an increase at 90 days and endpoint in the DHA diet
group compared with a presymptomatic stage in transgenic
males and females, but AASA decrease at endpoint was only
observed in female DHA-treated mice. CML quantification
(Fig. 3¢) in G93 A mice fed with DHA diet resulted in reduced
levels at 60 days old, respective to the male mice fed a control
diet group in male or female mice on the low-n-3 diet. At
90 days old, G93A male mice fed with DHA diet showed
reduced levels of CML compared with those fed with low-n-
3 diet. G93A females exhibited a reduction compared with the
control diet group but were not different in the low-n-3 group.
At endpoint, diet did not influence in CML content of trans-
genic male mice. In contrast, CML levels in transgenic female
mice were lower in the DHA diet group. Interestingly, age was
not a significant factor influencing CML content. A decrease
in CEL levels was only observed in female mice at the 60-day
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Fig. 1 DHA dietary supplementation increases the survival of G93A
male mice. DHA supplementation increases percent survival in males
(a) but not in females. Growth curves also show diet-induced differences
in males (b), though age at the maximum weight is not altered. Disease
evolution, as measured by loss of stride (¢) and stance (d) lengths, and
daily food intake (e), also indicates the protective effect of dietary DHA
supplementation in males, but not in females. Percent survival in (a) was
estimated by Kaplan-Meyer analyses. Two-way ANOVA with repeated
measures was employed for (b), (¢), (d), and (e). In the case of (b), in
males, this analyses showed a p = 0.0119 for diet effect and p < 0.0001 for
age effect, and diet and age interaction is not significant; for females, p =
0.6278 for diet effect, p <0.0001 for age effect; but in this case, age and
diet interaction being significant, p = 0.0046. For (¢), in males, diet effect
showed a p=0.031, age effect p=0.0007, and age and diet interaction

time point (Fig. 3d). At 90 days, both males and females of the
DHA group exhibited lower CEL levels than low-n-3 diet
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was not significant; for females, diet effect showed a p =0.22, with age
effect p <0.0001, and age and diet interaction with p = 0.037. For (d), in
males, age effect was p = 0.01 with diet p =0.13 and interaction between
age and diet p =0.21; for females, age effect was p =0.0011, diet factor
p=0.15, and interaction between age and diet p = 0.027. For (e), in males,
this analyses showed a p = 0.0011 for diet effect, p < 0.0001 for age effect,
and p =0.048 for diet and age interaction; for females, a p=0.1395 for
diet effect, p <0.0001 for age effect, and age and diet interaction being
significant, » <0.0001. In all cases, matching between individuals was
effective (p <0.0001). Error bars represent £ S.E.M. ***¥p <(0.0001,
*##%p <0.001, and *p < 0.05 in control versus low-n-3 + DHA diet com-
parisons, whereas "7 Tp < 0.0001 in low-n-3 versus low-n-3 + DHA diet
comparisons and *p < 0.05 in control versus low-n-3 diet groups in post
hoc multiple comparisons

group, with CEL levels comparable between the control and
DHA-supplemented mice. At endpoint, males under DHA
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Fig. 2 Dietary DHA a
supplementation increases DHA
contents and lowers AA
concentrations in the lumbar
spinal cords of G93A mice. (a)
DHA content of the lumbar spinal
cords correlates significantly (see
inside the graph for Pearson
correlation coefficients) with
dietary intake of n-3 fatty acids in
90-day-old males (linear regres-
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p<0.001; 2 =0.24).
Consequently, across different
ages, males supplemented with
DHA have higher DHA levels in
LSC with similar results in fe-
males, with the exception of end-
point period (b). Similarly, AA is
reduced in LSC in male mice un-
der the DHA diet, as well as in
females (c). Bars indicate mean
values, whereas error bars repre-
sent S.E.M. Significant differ-
ences between dietary groups
(*p<0.05, ¥*p <0.01,

*##%p < 0.001) were evaluated by
a Bonferroni post hoc analysis
after 2-way ANOVA, accounting
age and diet
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supplementation did not show significant differences in CEL
content compared with the other diet groups. Nevertheless,
females fed with DHA diet exhibited lower levels of CEL
compared with those fed with the low-n-3 diet, but not the
control diet group. In this case, age was a relevant factor for
CEL levels in LSC of males and females. Finally, G93A male
mice fed with DHA diet exhibited reduced levels of MDAL
(Fig. 3e) at the presymptomatic stage compared with those fed
with control and low-n-3 diets; this reduction was not present
in females. At 90 days old, diet did not induce any changes in
MDAL content in males. However, females under the DHA
diet exhibited lower levels of this marker than those fed with
the control diet. At endpoint, there were no significant differ-
ences of MDAL levels for males in all experimental groups.
DHA supplementation diminished MDAL levels in female
mice at all time points. These results suggest that MDAL
modulates ALS disease progression in G93A female, but not
in male, mice.

DHA-Enriched Diet Influences Inflammatory
Constraints in LSC and Plasma

To explore other mechanisms explaining DHA beneficial ef-
fects, we evaluated the potential inflammatory modulation

L
&

3
@“bq

%

Q/‘\

properties of DHA intake. Thus, anti-inflammatory index of
LSC fatty acid profiles was increased on the DHA-enriched
diet groups (Fig. 4a). Interestingly, this index was decreased at
the endpoint stage in all groups. Of note, and reinforcing the
complexity of gender—diet interaction, anti-inflammatory in-
dex did not show gender differences; it was equally increased
in males and females.

To focus on the potential mechanisms leading to DHA
survival effects, further experiments were performed in male
mice. In order to confirm the role of DHA intake as an inflam-
mation modulator, we quantified plasma concentrations of IL-
12, TNF-e, IFN-y, MCP-1, IL-10, and IL-6 at 90 days. These
analyses showed a statistically significant influence of DHA
dietary enrichment in plasma TNF-« concentrations (Fig. 4b).

Effect of Dietary DHA Could Involve Several
Mechanisms

DHA exerts pleiotropic functions, including interaction with
synaptic components [26]. To evaluate this potential function,
we evaluated syntaxin 3 levels in male G93A mice. DHA
supplementation enhanced syntaxin 3 concentrations in LSC
at early stages of motor neuron dysfunction (Fig. 5a). The
concentration of other neuron-specific components, such as
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Fig. 3 Heterogenic effects of

DHA dietary supplementation

over protein oxidative

modifications in the proteins of a

[J Control

40007 vurr aune  x2rr [@ Low n-3

ns

v
> = %
LSC of G93A mice. Oxidative g 4000, T <2 3000 —] Wtown-3+DHA
damage as measured by GSA (a) & = 3000 @ E 2000
and AASA (b) contents in LSC P E 2000 g 1000
proteins shows gender- and age- g 1000 = T
sensitive profiles. In contrast, 3 g o .
. = 0 S D) &
CML, a marker of mixed Y ® <& &
lipooxidative and glycoxidative 6q°\ <
modifications (¢), and CEL, a b <&
marker of methylglyoxal-derived = 250 = R
modifications (d), generally ex- 2 200 P
hibit decreased levels at 90-day § E’ 150 ’—ﬁ g 2
and endpoint stages, irrespective <3 100 g
of gender. Noteworthy, MDAL, a E 3
marker of lipooxidative modifi- =
cations, shows a significant de-
crease in males only at earlier
stages (e). Bars indicate mean
values, whereas error bars repre- Cc - - 600
sent + S.E.M. Significant differ- ey :>1' 4
ences between dietary groups 3 2 3 2
(*p<0.05, **p<0.01, 9.5 ©3 200
*#%p <0.001, p<0.0001) were E £
evaluated by a Bonferroni post 0
hoc analysis after 2-way
ANOVA, accounting age and diet d
v
>
-l
3z 2
of o
[=]
E
2
e _ <
2 800 - %
23 %0 3 600
o E 400 33
=3 oE
£ 200 =3
=9
S g
Y K é\& =
R S o 0\(‘\
< X
Age (days) <
Age (days)

neurofilaments (reacting to SMI-32 antibody), was also en-
hanced by DHA treatment, as shown by confocal microscopy
imaging (Fig. 5b). This was associated with increased ubiqui-
tin immunoreactivity, suggesting enhanced protein repair (Fig.
5b). Indeed even DNA show increased oxidative damage in
G93A mice [27]. We evaluated the presence of 8-0x0-7,8-
dihydro-2'-deoxyguanosine (8-oxo0-dG), a direct marker of
oxidative modification of DNA in LSC, focused to 90-day
male group comparing control diet and DHA-supplemented
diet. 8-Ox0-dG immunoreactivity was significantly lower in
spinal cord slices from animals fed with DHA diet compared
with those fed with the control diet (Fig. 5¢). The DNA dam-
age response is a mechanism to combat threats posed by DNA

@ Springer

damage, induced in ALS [28]. To evaluate whether this mech-
anism was affected by dietary DHA intake, we utilized con-
focal microscopy to assess the amount of YH2Ax foci, a sur-
rogate for DNA damage response. YH2Ax immunoreactivity
in LSC of 90-day male ALS mice was lower in 90-day-old
G93 A male mice fed with the DHA diet when compared with
those mice fed with the control diet (Fig. 5¢).

In order to evaluate further mechanisms of DHA effects,
we evaluated GFAP immunostaining, an indication of
astrogliosis, related to disease activity [29] . The results show
that, at 90 days, DHA supplementation did not induce a sig-
nificant change in the levels of glial proliferation (Fig. 5d).
Similarly, we evaluated the percentage of anti-Ibal-positive
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Fig. 4 DHA diet influences
inflammatory constraints in
G93A mice. Anti-inflammatory
indexes of fatty acid profiles from
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LSC of G93A mice are signifi-
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cells, as a marker for microglia infiltration [30]. These analy-
ses show that low n-3 intake, with our without DHA addition,
diminishes the percentage of anti-Ibal-positive cells (Fig. Se).

Neuroprotective DHA Effects Are Extended to Other
Motor Neuron Disease Models

In order to evaluate if DHA protective effects could be extend-
ed to other models of motor neuron demise, we evaluated the
effect of DHA supplementation in 2 different cellular models
of motor neuron death: in chronic excitotoxicity in vitro and in
the motor neuron—like cell line NSC-34. The results show that,
in organotypic cultures under chronic excitotoxicity impinged
by THA treatment, DHA alone was not able to reverse motor
neuron loss, but in the presence of o-tocopherol (Fig. 6a).
However, DHA alone was able to prevent the toxicity of
H,0, in NSC-34 in a significant manner (Fig. 6b).

Discussion

We show a gender—diet interaction in the G93A-hSOD1
mouse model of ALS. Dietary DHA supplementation has ben-
eficial effects in male survival, slowing ALS progression and
improving motor function.

Previous data suggests the influence of gender in dietary
PUFA changes in ALS progression, reinforcing the impor-
tance of the diet—gender interaction in ALS [18]. Further, there

are marked differences in neuroinflammatory constraints be-
tween genders in mice [31]. Thus, estrogen-sensitive differ-
ences in microglia and lymphocyte biology may explain dif-
ferences in neurodegeneration. Studies also indicate estrogen-
dependent pathways enhancing DHA production in females
versus males [32]. In light of these previous evidence, our data
suggest that in G93A mice, dietary DHA is able to modulate
sex-associated neuroinflammation constraints. Globally,
DHA supplementation improves some neurodegenerative dis-
orders [19], providing an effective therapeutic treatment in a
model of spinal cord injury [33]. We also observed that DHA
supplementation mitigates oxidative stress markers in the
ALS spinal cord. Although the evidence of beneficial effects
of DHA in the CNS exists, diets increased in eicosapentaenoic
acid (EPA)- a precursor of DHA- decreased survival in G93A
mice [34]. Therefore, the present study highlights the rele-
vance of specific effects of the different n-3 fatty acids in diet
regarding central nervous system metabolism. In contrast to
DHA supplementation, EPA exposure is not able to decrease
arachidonic acid content in the spinal cord [34]. Nevertheless,
AA is required for proinflammatory signaling and significant-
ly decreasing LSC AA levels could potentially prevent an
exacerbation of cyclooxygenase-mediated inflammation
[35]. Moreover, earlier findings report that DHA-enriched diet
induces beneficial changes on mitochondrial metabolism that
EPA diet cannot reproduce [36]. Our experiments prove the
feasibility of increasing DHA content in LSC of G93A mice
within a dietary supplementation. In contrast to other
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neurodegenerative processes [19], low n-3 levels (without n-3
deficiency) did not lead to relevant changes in survival in
comparison with standard linolenic intake, suggesting a cru-
cial and specific role for DHA, compared with other linolenic-
derived molecules on ALS pathophysiology. Adding com-
plexity to this fact, anti-inflammatory indexes were equally
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affected in males and females, thereby indicating that males,
in addition to changes in fatty acid profiles, are beneficed by
yet unknown mechanisms dependent on dietary DHA content.

Protein oxidative damage modifications have been previ-
ously linked to Alzheimer’s disease [22]. Nevertheless, in the
G93A mouse model, protein oxidative damage does not
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<« Fig. 5 Dietary DHA supplementation leads to changes in synaptic
components as well as in DNA and protein repair mechanisms in G93
male mice, without changes in astrogliosis or microglial infiltration. (a)
Representative Western blot analyses evaluating levels of syntaxin 3 in
LSC. In the right panel, the quantitative analyses of Western blot signals,
adjusted to tubulin content. (b) Representative confocal images (left) and
quantitative analyses (right) of neurofilament (SMI-32) and ubiquitin
immunoreactivities in whole LSC sections of 90-day-old G93A male
mice. (¢) Representative confocal images (left) and quantitative analyses
(right) of DNA repair mechanisms (yH2Ax) and DHA-related decreases
in DNA oxidative damage (8-0x0-dG) in whole LSC sections of 90-day-
old G93A male mice, measured in immunohistochemistry. (d)
Representative confocal images showing a lack of DHA-related changes
in GFAP immunostaining in whole SC sections of 90-day-old G93A male
mice, quantified in right panels. (e) Representative confocal images
showing low-n-3 and low-n-3 + DHA-related decreases in the proportion
of Ibal immunoreactive cells in whole SC sections of 90-day-old G93A
male mice, quantified in right panels. In (a), bars indicate mean values,
whereas error bars represent = S.E.M (n =4 experiments). Points in (b),
(¢), and (d) indicate different sections, belonging to at least 3 different
animals for each dietary treatment. Differences between dietary groups
were evaluated by Student’s ¢ test analyses (or X2 test for (e)), being
*p <0.05 and **p<0.01. Scale bars in (b) and (c¢) are 1000 um long
and in (d) and (e) are 100 pm and 50 pm long, respectively
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Fig. 6 DHA is neuroprotective in experimental paradigms of motor
neuron death. (a) Motor neuron loss induced by THA treatment
involves an «-tocopherol and DHA-sensitive mechanism.
Representative confocal images showing the effect of excitotoxicity in
the number of SMI-32-positive cells, compatible with motor neurons
(inset showing a magnification) in ventral horns (identified by a yellow
ellipse) of rat spinal cord organotypic cultures. Right panel shows the
quantitative analyses of these micrographs evidencing diminished motor
neuron cell number induced by THA, and this effect being prevented by

follow a clear tendency during disease progression. Moreover,
although dietary n-3 fatty acid intake and aging influences
protein oxidative damage, we observed no clear correlation
regarding diet or age and protein oxidative stress. These
markers are not correlated with a better outcome, and the
biological processes associated with diet and age should be
further studied to elucidate their impact in ALS pathology.
Neuroinflammation is involved in the progression of neuro-
degeneration in ALS through microglia activation [37]. In this
sense, our data suggest that dietary fatty acids play an important
role in modulating inflammation. Most of the nonsteroid anti-
inflammatory drugs, like aspirin, are cyclooxygenase inhibitors
and have been largely studied. Cyclooxygenase activity, using
AA as a precursor, promotes inflammation and subsequent tis-
sue damage. Prostaglandins, lipid AA derivatives, are increased
in the serum of ALS patients [38]. Furthermore, inhibiting pros-
taglandin synthesis with anti-inflammatory reduces pathologi-
cal features, such as loss of motor neurons in the spinal cord,
and prolongs survival in G93A mice [35]. DHA has been pos-
tulated as an inflammatory-resolution promoter mainly through
the action of resolvins, metabolic products of DHA enzymatic
oxidation. These molecules are PPAR agonists, a transcription

THA

Number of
motorneurons

* DHA
< Veh

DHA and «-tocopherol. In (b), DHA (100 pM) is able to prevent loss of
viability of the motor neuron cell line NSC-34 induced by H,0,
(0.1 mM). Graphs represent the means + S.E.M. (n =4 experiments). In
(a), points indicate the number of motor neurons of different slices, be-
longing to at least 4 different experiments. Numbers in (a) indicate the p
value after post hoc analyses in 1-way ANOVA. In (b), ***p<0.0001
with reference to time effect and *p <0.0001 with reference to DHA
effects by 2-way ANOVA. Scale bars in (a) are 100 pm long (white bar)
and 10 um long (yellow bar, inset)
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factor which downregulates NF-kB, preventing inflammation
and apoptosis [39]. Another anti-inflammatory mechanism of
DHA is the competition of cellular incorporation with AA [40],
therefore preventing the production of prostaglandins. Our data
demonstrate the capacity of dietary DHA to significantly influ-
ence cytokine levels in plasma, supporting the potential modu-
latory effect of dietary DHA in neuroinflammation in this mod-
el. Of note, despite we observed a low-n-3-induced decrease in
Ibal positivity in the spinal cord, in common with previous data
with EPA supplementation [34], this effect was not specific of
DHA, as we observed in both low-n-3 diets. Contrasting also
with the EPA supplementation experiment, our samples did not
show any change of astrogliosis. All in all, these data highlight
the complexity of the effects of DHA and other n-3 fatty acids
in this ALS model.

We acknowledge, as limitations of the present work, that
we did not offer an accurate count of motor neurons in spinal
cords from the G93 A mice. However, the fact that in 2 sepa-
rate tissular and cellular models of motor neuron demise,
DHA (either alone or in combination with x-tocopherol)
was able to prevent motor neuron loss, could allow us to
hypothesize a similar effect in vivo. We also acknowledge
some caveats, such as the increased ubiquitin immunostaining
induced by DHA treatments. Usually, ubiquitin is considered
a marker of defective proteostasis, but in our case, this might
be viewed as a compensatory response.

Concerning potential translation of these results to the hu-
man disease context, nutrition for ALS management may be
relevant for several reasons. Reports indicate that diet, specif-
ically n-3 fatty acid consumption, plays an important role in
ALS progress and may delay the onset of ALS [41]. These
data support nutritional intervention as an interesting field to
improve the quality of life of ALS patients, but specific issues
(such as the interaction with gender) remain open to exploring
further venues of dietary personalization in ALS care.

In conclusion, DHA exerts neuroprotective effects in male,
but not in female, hSOD1-G93A mouse model of ALS.
Further investigations are needed to elucidate this gender—
diet interaction. Our data suggest that specific dietary fatty
acid composition might be considered in the management of
ALS patients.
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