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Abstract: Docosahexaenoic acid (DHA), the most abundant polyunsaturated fatty acid in the brain,
is essential for successful aging. In fact, epidemiological studies have demonstrated that increased
intake of DHA might lower the risk for developing Alzheimer’s disease (AD). These observations
are supported by studies in animal models showing that DHA reduces synaptic pathology and
memory deficits. Different mechanisms to explain these beneficial effects have been proposed;
however, the molecular pathways involved are still unknown. In this study, to unravel the main
underlying molecular mechanisms activated upon DHA treatment, the effect of a high dose of DHA
on cognitive function and AD pathology was analyzed in aged Tg2576 mice and their wild-type
littermates. Transcriptomic analysis of mice hippocampi using RNA sequencing was subsequently
performed. Our results revealed that, through an amyloid-independent mechanism, DHA enhanced
memory function and increased synapse formation only in the Tg2576 mice. Likewise, the IPA
analysis demonstrated that essential neuronal functions related to synaptogenesis, neuritogenesis, the
branching of neurites, the density of dendritic spines and the outgrowth of axons were upregulated
upon-DHA treatment in Tg2576 mice. Our results suggest that memory function in APP mice
is influenced by DHA intake; therefore, a high dose of daily DHA should be tested as a dietary
supplement for AD dementia prevention.

Keywords: Alzheimer’s disease; DHA; synapse

1. Introduction

Clinical and epidemiological studies have shown that supplementing the diet with
omega-3 fatty acids (FAs) reduced the risk of dementia development [1]. Omega-3 FAs
are indispensable components of neuronal membranes and are essential for membrane
fluidity, neurotransmitter release, signal transduction and neuroinflammation processes [2].
Docosahexaenoic acid (DHA, 22:6 n-3) is the most abundant polyunsaturated FA in the
mammalian brain, representing ~30% of the lipids in the human brain [3], with very high
levels in neuronal membranes, synaptic terminals and the myelin sheath [4]. It is essential
to maintain optimal DHA levels during the development and maturation of the brain and
it is also critical for successful aging of the adult brain [5,6].

A decrease in serum DHA levels is associated with memory decline [7], more cerebral
amyloidosis and brain atrophy [8,9]; therefore, decreased DHA levels have been found in
the brains of people affected with AD, specifically in memory-related areas such as the
hippocampus [10–16].
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These observations motivated the implementation of several clinical trials to evaluate
the effect of DHA (alone or in combination with other omega-3 FAs) in patients with mild
to moderate AD [16–20]. Overall, to date, none of the studies have shown a clear positive
effect of DHA or its combinations on cognitive function or brain atrophy. This could be
because DHA is not entering the central nervous system (CNS) in a sufficient concentration
to change the course of the disease. Accordingly, a recent study using a treatment of 2 g
DHA per day for 26 weeks, found that the levels of DHA in the CSF increased by only
28% (whereas the increase in plasma was 200%), with no differences in cognitive function
or brain volume compared to placebo. This study suggested that previous studies using
much lower DHA doses may represent negative studies due, at least in part, to its scarce
bioavailability in the brain, particularly in APOE4 carriers [17].

The effect of long-term administration of omega-3 FAs has been also studied in dif-
ferent AD experimental models [21–26], although the results are quite heterogeneous,
probably due to the large variation in animal models, doses and duration of treatments [27].
Furthermore, in most cases, the dose of DHA was given as a supplement to a diet containing
other FAs, which makes it difficult to assess the individual effect of the specific dose of DHA
received. Despite the variability, the overall conclusions have been that long-term omega-3
FA supplementation increases DHA levels in the brain and ameliorates AD pathology.

Different mechanisms have been proposed to explain the beneficial effect of DHA in
cognition, including its anti-oxidative, anti-inflammatory [28] and anti-apoptotic properties,
the facilitation of transport of glucose into the brain [29] and the improvement of vascular
health [30]. Therefore, the aim of the current study was to analyze the effect of a high-
dose (450 mg/kg) concentrated DHA-triglyceride formula provided by Nua Biological
Innovations SL (Vizcaya, Spain), in comparison with a vehicle (sesame oil), on cognitive
function and AD pathology in aged Tg2576 mice, an amyloid over-expression model
of AD. This formulation complied with a very rigorous quality standard (five-star IFOS
program), which guaranteed that the oil was not oxidized and was practically free of
heavy metals (mercury, cadmium, lead and arsenic), polychlorinated biphenyls, furans or
dioxins [31]. Furthermore, taking into account that most of the studies on the effects of
DHA in AD models have been focused on changes in amyloid burden and in the synaptic
pathology, our aim was to unravel the further underlying molecular mechanism of a
possible transgene-dependent effect of DHA on synaptogenesis and in memory formation,
by using RNA sequencing.

2. Results
2.1. Fear Memory and Spatial Memory Performance of 18-Month-Old Tg2576 Mice Chronically
Treated with DHA

To evaluate the effect of DHA on memory function, we used the fear conditioning and
the Morris water maze tasks. In the fear cognition task, a two-way ANOVA analyzed the
freezing time, revealing a significant effect of genotype [F(1,44) = 35.43, p < 0.0001], without
a significant effect of treatment [F(1,44) = 2.80, p = 0.10], and with significant interaction
of the two factors [F(1,45) = 6.84, p = 0.01]. A Tukey’s post hoc test confirmed that Tg2576
mice exhibited significantly less freezing time compared with WT mice (p < 0.0001) in the
test session, and DHA intake ameliorated the memory deficits observed in Tg2576 mice
(p < 0.05). However, no significant effect was observed in non-Tg mice after DHA treatment
(Figure 1A).

Afterwards, spatial memory was also assessed in the MWM. For each group, the
escape latency over time was analyzed using the non-parametric Friedman test. Latency to
reach the platform decreased in every group as the training sessions progressed, except
in the Tg2576-DHA group (WT-Veh: p < 0.0001; WT-DHA: p < 0.001; Tg2576-Veh: p < 0.05;
Tg2576-DHA: p = 0.09), indicating that all animals were able to learn the platform location,
except for the Tg2576-DHA group (Figure 1B). Next, comparisons among the groups were
assessed using a two-way ANOVA and Tukey’s post hoc test for each day. Two-way
ANOVA revealed a significant effect of genotype on every day of the hidden platform (day
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1: F(1,33) = 9.22, p < 0.01; day 2: F(1,33) = 6.31, p < 0.05; day 3: F(1,33) = 9.37, p < 0.01; day 4:
F(1,33) = 17.90, p < 0.001; day 5: F(1,33) = 14.13, p < 0.001), with no significant effect of the
treatment, nor the interaction (Figure 1B).

Figure 1. Wild-type (WT) and Tg2576 mice received daily DHA or vehicle and were analyzed 5 weeks
later using fear conditioning and the Morris water maze (MWM). (A) Freezing behavior from WT and
Tg2576 mice treated with DHA or vehicle. Data represent the percentage of freezing time during the
test. (B) Escape latency of the hidden platform in the MWM test for the WT and Tg2576 mice treated
with DHA or vehicle (C) Percentage of time spent in correct quadrant during the probe test at day 6.
(D) Dendritic spine density in CA1 hippocampal neurons from WT and Tg2576 mice treated with
DHA or vehicle. In all figures, results are expressed as mean ± SEM (n = 8–11 per group). Two-way
analysis of variance (ANOVA) and Tukey’s post hoc test were used for statistical analyses, * p ≤ 0.05,
*** p ≤ 0.001.

Exploration time analysis in the target quadrant, using two-way ANOVA, showed a
significant main effect of genotype (F(1,33) = 9.96, p < 0.01) but no significant main effect
of treatment, nor significant interaction (Figure 1C). This result indicates that a 5-week
treatment with a high dose of DHA ameliorated freezing memory deficits, but was not
sufficient to restore spatial memory and retention deficits observed in aged Tg2576 mice.

2.2. Synaptic Pathology in the Brain of 18-Month-Old Tg2576 Mice Chronically Treated
with DHA

Different authors have suggested that DHA promotes synaptogenesis in different
animal models [21,32]. Thus, we measured the dendritic spine density of the mice hip-
pocampi after Golgi–Cox staining. Two-way ANOVA analysis revealed a significant effect
of treatment (F(1,428) = 32.73 p < 0.0001) and significant main interaction of genotype
× treatment (F(1,428) = 6.97 p < 0.01). As is shown in Figure 1D, the spine density in
CA1 pyramidal neurons was significantly higher in the Tg2576-DHA than in Tg2576-Veh
group (Tg2576-DHA, 2.52 ± 0.7/µm; Tg2576-Veh, 2.04 ± 0.5/µm; p < 0.0001). Although
a tendency was observed in the WT-DHA group compared with the WT-Veh group, the
increase was not significant (WT-DHA, 2.42 ± 0.5/ µm; WT-Veh, 2.24 ± 0.5/ µm; p = 0.13).
These data confirmed previous evidence showing that DHA promotes dendritic spine
formation in APP mice [21]. Our data indicate that DHA is sufficient to induce a cognitive
enhancement and synapse formation in Tg2576 mice, but not in control Tg(-) (or WT) mice,
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suggesting that APP mice have an added susceptibility to DHA levels in the diet and/or in
the brain.

2.3. Amyloid Pathology and Neuroinflammatory Markers in the Brain of 18-Month-Old Tg2576
Mice Chronically Treated with DHA

To explore a possible effect of DHA treatment on amyloid pathology in Tg2576 mice
brains, ELISA was used to determine the concentration of Aβ42 soluble in a 2% SDS buffer
(detergent soluble aggregates) and guanidinium-chloride-treated (insoluble aggregates,
mostly plaques) parietotemporal cortex extracts. No significant differences in Aβ content
in any of the different extracts were detected between the transgenic mice groups, irre-
spective of whether they received DHA or not (Figure 2A). Accordingly, we analyzed APP
processing and no differences were observed in the ratio of the APP-derived fragments
C99/C83, indicating that DHA treatment does not affect the production of the proteolytic
products C83 and C99. Considering that previous studies have reported changes in amy-
loid pathology after DHA treatment, we wanted to confirm that this was not the case
in this study. Thus, as an indirect parameter, and considering that amyloid plaques are
surrounded by reactive astrocytes in APP mice, we next analyzed the expression of brain
GFAP using a Western blot analysis. As is depicted in Figure 2B, a two-way ANOVA
analysis again revealed a marked significant effect of genotype (F(1,33)= 99.65, p < 0.0001),
but no significant effect of the treatment nor interaction.
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Figure 2. Amyloid pathology and neuroinflammatory markers in the brains of WT and Tg2576
mice chronically treated with DHA. (A) Levels of soluble and insoluble human Aβ, as quantified by
ELISA in Tg2576 mice treated with DHA or vehicle. (B) Western blots showing the effects of DHA
or vehicle treatment in WT and Tg2576 mice on GFAP expression, normalized to actin, in 2% SDS
hippocampal extracts. (C,D) The mRNA expression level of microglia markers (TREM2 and CD68)
and proinflammatory markers (IL1β and TNFα) were assessed by qRT-PCR. In all figures, results are
expressed as mean ± SEM (n = 4–8 per group). Two-way analysis of variance (ANOVA) and Tukey’s
post hoc test were used for statistical analyses, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001.

Next, we explored whether other microglial markers, such as the microglia-associated
triggering receptor expressed on myeloid cells (TREM2) and CD68, that may be altered
in the presence of amyloid pathology, were affected by DHA treatment. For both genes,
a two-way ANOVA analysis showed a main effect of genotype (F(1,11) = 14.70, p < 0.01
for TREM2 and F(1,11) = 12.92, p < 0.01 for CD68), indicating that TREM2 and CD68
were significantly up-regulated in Tg2576 transgenic mice compared with non-transgenic
mice. Additionally, in both cases a main effect of treatment was detected (F(1,11) = 17.78,
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p < 0.01 for TREM2 and F(1,11) = 6.67, p < 0.05 for CD68). Tukey’s multiple comparison
tests revealed that DHA significantly reduced the expression of TREM2 (p < 0.01) and
CD68 (p < 0.05) in Tg2576 mice, to levels comparable to that of wild-type mice (Figure 2C).
Regarding the levels of pro-inflammatory markers, IL1β and TNFα, a two-way ANOVA
showed a main effect of genotype (F(1,23) = 9.73, p < 0.01 for IL1β and F(1,23) = 11.28,
p < 0.01 for TNFα); however, a main effect of treatment, although no interaction, was
also found for TNFα (F(1,23) = 4.24, p < 0.05). Tukey’s multiple comparison tests revealed
significant differences in TNFα expression in the Tg2576 vehicle compared to both groups
of wild-type mice (Figure 2D).

2.4. RNA-Seq Analysis

To explore the molecular mechanism underlying this transgene-dependent effect of
DHA on synaptogenesis and in memory formation, we performed a transcriptomic analysis
of the mice hippocampi (GEO accession number GSE217430). Among the DHA-regulated
genes, only 6 were similarly modified in both genotypes, WT and Tg2576 mice (Figure 3A),
while 102 genes were differentially regulated between WT and Tg2576 mice, thus indicating
that an important transgene-dependent effect was contributing to the action of DHA
(Supplementary Table S1 and Figure S1). Among the similarly modified genes upon DHA
treatment, Sec14l5 (SEC14 like lipid binding 5) and SSPO (subcommissural organ-spondin)
genes were downregulated, while Nr4a2 (nuclear subfamily receptor 4 member 2), Cbln4
(cerebellin 4 precursor), Lefty2 (left–right determination factor 2) and Prss8 (serine protease
8) were upregulated (Figure 3A).
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Figure 3. Common genes differentially expressed between vehicle and DHA treatment in both
wild-type and Tg2576 mice. (A) Differentially expressed genes clusters upon DHA (D) treatment
in wild-type (W) and Tg2576 (T) mice. (B) The mRNA expression level of Nr4a2 was assessed by
qRT-PCR. Results are expressed as mean ± SEM (n = 4–8 per group). Two-way analysis of variance
(ANOVA) and Tukey’s post hoc test was used for statistical analyses, * p ≤ 0.05.

Regarding downregulated genes, while no studies have linked Sec14l5 with synapto-
genesis, SESTD1, a phospholipid-binding protein containing a lipid-binding SEC14-like
domain, seems to negatively regulate dendritic spine density in cultured hippocampal
neurons [33]. Nevertheless, SSPO, which is a multidomain protein of the extracellular
matrix, has already been involved in neuronal survival and neurite extension [34]. Among
upregulated genes upon DHA treatment, two were of special interest. On the one hand,
Cbln4 is a member of a small family of secreted synaptic proteins that seems to play an
essential role in the formation and maintenance of inhibitory GABAergic connections.
Interestingly, Chacón et al. stated that Cbln4 expression was significantly decreased in the
hippocampus of a mouse model of AD and that its overexpression in cultured hippocampal
neurons rescued neurons from Aß-induced death, which suggests a therapeutic potential
for Cbln4 in AD [35]. On the other hand, recent studies have also pointed out a role for the
transcription factor Nr4a2 in hippocampal synaptic plasticity and cognitive function [36].
It seems that by regulating the neural networks required for memory formation and consol-
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idation, transcription factors act as pivotal players underlying synaptic plasticity. Taking
this into consideration, Nr4a2 was next validated by quantitative real-time PCR (qRT-PCR)
(Figure 3B).

A two-way ANOVA showed a main effect of treatment (F(1,39) = 9.45, p < 0.01), but
not for genotype nor interaction. Tukey’s multiple comparison tests revealed that Nr4a2
was significantly increased in Tg2576-DHA-treated mice when compared to WT (p < 0.05)
or Tg2576 vehicle-treated (p < 0.05) mice, suggesting that this transcription factor could be
a central key player, through which DHA may regulate gene expression profiles upstream
of certain synaptic therapeutic targets.

2.5. Predictive Activation Profile of Pathways and Neuronal Functions upon DHA Treatment

Subsequently, based on transcriptomic datasets, we performed a systems biology anal-
ysis using Ingenuity Pathway Analysis (IPA) software to identify differentially regulated
canonical pathways between vehicle-treated mice (Tg2576 vs. WT) and DHA-treated mice
(Tg2576 vs. WT) (Figure 4A). Interestingly, the synaptogenesis signaling pathway, CREB
signaling in neurons and calcium signaling pathways were among the inhibited pathways
in the Tg2576 vs. WT (vehicle) mice, and they were partially rescued upon DHA treat-
ment (Figure 4A,B). The focal adhesion kinase (FAK) signaling pathway, which has been
described as regulating neuronal growth, synaptic plasticity and hippocampus-dependent
learning and memory [37], was one of the signaling routes that tended to be activated upon
DHA treatment (Figure 4A,B). Likewise, STAT3 and G alpha 12/13 signaling pathways,
which have been reported to be involved in synaptic plasticity [38], and in neuronal mi-
gration, axonal guidance and neurotransmitter release [39], respectively, were also among
the significant predictive inhibited pathways in the Tg2576 mice compared to WT mice
(untreated), and they became activated upon DHA treatment (Figure 4A,C). Changes in
the morphology and density of dendritic spines are believed to be crucial for maintaining
synaptic function and plasticity. Thus, these predictions, based on differential transcrip-
tomic fingerprints, together with behavioral data and with the dendritic spine density
analysis (Figure 1), indicate that DHA treatment is able to partially ameliorate fear memory
deficits of Tg2576 mice through the reactivation of these pathways. Nonetheless, in WT
animals with a preserved memory function, no enhancement of memory or significant
increase in spine density was appreciated.

Similar results were obtained when the predictive analysis was focused on neuronal
function (Figure 5A), since long-term potentiation, neuritogenesis, the branching of neu-
rites, the density of dendritic spines or the outgrowth of axons were among the activated
biofunctions with DHA treatment (Figure 5A,B). The activation of these biofunctions mainly
support the regulation of spine density observed at the CA1 pyramidal neurons of the
hippocampus of DHA-treated Tg2576 mice. These results, as many authors have already
suggested, reinforce the concept that DHA could exert its beneficial effects on AD-mice via
neuroplasticity enhancement [40].

Strikingly, other specific functions that seemed to be associated with DHA treatment
were “cell viability of neurons” and “apoptosis of neurons”, suggesting a plausible neuro-
protective role of DHA (Figure 5A,B).
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Figure 5. Predictive activation profile of neuronal functions upon DHA treatment. Systems biology
analyses were performed using IPA software to generate the activation prediction of significantly
altered neuronal functions (A). Blue and orange squares indicate inhibition and activation direction-
ality, respectively. Black triangles refer to specific functions whose restoration is associated to DHA
treatment (B). T: Tg2576, W: wildtype, v: vehicle. Red: up-regulation; green: down-regulation.

2.6. Mechanistic Hypothesis of DHA Based on Differential Transcriptomic Profiling between
Vehicle-Treated Mice (Tg2576 vs. WT) and DHA-Treated Mice (Tg2576 vs. WT)

Based on differential transcriptomic profiling obtained from vehicle-treated (Tg2576
vs. WT) (Figure 6A) and DHA-treated (Tg2576 vs. WT) mice, together with the IPA knowl-
edgebase, a mechanistic hypothesis for DHA was generated. Functional networks using
a precomputed table containing inferred relationships between molecules, functions, dis-
eases and pathways were used to score them with a machine learning algorithm operating
on prior fundamental knowledge. The most significantly activated (in orange; positive
Z-score) or inhibited (in blue; negative z-score) upstream regulators, diseases, functions
and pathways highly related to the differential RNA-seq datasets were used to create the
mechanistic networks (Figure 6).
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Figure 6. Generation of mechanistic hypothesis based on differential transcriptomic profiling obtained
in Tg2576-vehicle vs. wild type-vehicle (A) and Tg2576-DHA vs. wild type-DHA (B) groups. The
functional networks are based on a precomputed table containing inferred relationships between
molecules, functions, diseases, and pathways obtained and scored by a machine learning algorithm
operating entirely on prior knowledge. The heuristic graph algorithm present in IPA software was
optimized to create a manageable network that brings together the most significantly activated
(in orange; positive z-score) or inhibited (in blue; negative z-score) upstream regulators, diseases,
functions and pathways from the differential RNA-seq datasets.
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Intriguingly, and in accordance with previous analysis (Figures 4 and 5), impor-
tant pathways related to synaptic plasticity, such as branching of neurites, long-term
potentiation, and quantity of synaptic vesicles that were significantly inhibited in Tg2576
vehicle-treated mice when compared with WT vehicle-treated mice (Figure 6A), did not
significantly change between Tg2576 and WT DHA-treated mice. These results support
the idea that DHA may trigger the induction of neurite development, synaptogenesis
and expression of plasticity-related genes, and that it could be considered as a potential
therapeutic compound to prevent and/or even slow down AD progression.

The mechanistic hypothesis generated also indicated that the beneficial effect of DHA
may also be mediated by its action through inflammatory markers. Specifically, it showed
that the activation of TREM signalling in Tg vs. WT mice (Figure 6A) was alleviated
with DHA (Figure 6B), while the activation of neuroinflammatory markers such as ILβ
and TNFα (Figure 6A) was not observed upon DHA treatment (Figure 6B). It should be
noted that these results correlate with the analysis of RT-qPCR neuroinflammatory markers
(Figure 2), thus supporting the proposed mechanistic hypothesis.

3. Discussion

DHA is the main structural n-3 fatty acid in the brain and is essential for a functional
nervous system. The benefits of DHA intake on cognitive function are widely recognized.
Notwithstanding, the positive effect seems more convincing in healthy adults with a
mild memory complaint than in diagnosed AD patients, rather indicating the role of
prevention [2,41]. Even so, some studies fail to demonstrate a protective effect of fatty
acid intake against the development of mild cognitive impairment [42,43]. An interaction
between the stage of the disease and the ApoE genotype may explain the inconsistent
results obtained with DHA supplementation. In fact, it has been suggested that APOE4
carriers showed a higher peripheral DHA catabolism that can limit DHA availability to
the brain [9,44–46]. On the other hand, where long-term DHA supplementation may slow
cognitive decline in an early prodromal stage of dementia, it would not affect memory
decline in an advanced stage of AD [47].

Similar beneficial effects for DHA on different AD models have been described [2,23,27].
However, the evidence is still far from convincing, since many other studies have failed to
corroborate those results [48,49]. The disagreement in the outcomes may be due to disparity
in the duration and dosage of the treatment and/or the different animal models used. It is
important to highlight that the greatest benefits have been observed when treatment begins
before the onset of symptoms. In addition, similarly to humans, it has been found that APOE4
mice showed a lower brain DHA uptake than APOE2 and APOE3 mice [50].

As a result, it can be said that further studies that are also focused on elucidating
the molecular mechanisms underlying the potential beneficial effect of DHA on memory
function are required. Considering that, in most of the studies carried out with rodents,
DHA was administered as a supplement in the water or pellets, without controlling the
amount of DHA intake in the diet, we decided to perform a more rigorous study using a
controlled high dose of DHA and an AD mouse model with a well-established phenotype.
Furthermore, in order to gain insight into the main pathways involved in the beneficial
effect of DHA, an RNA-seq analysis of the hippocampi of DHA-treated mice vs. vehicle-
treated mice (Tg2576 and WT mice) was undertaken. Our results confirmed a slight, but
significant protective effect of DHA, that seems to be mediated by an enhancement of
the formation of synaptic contacts. However, our treatment regimen was not capable of
reducing the amyloid pathology or the neuroinflammation that accompanies this condition.
This is partially consistent with the study by Hooijmans et al., that found a decrease in the
amount of vascular Aβ but no changes in brain parenchymal Aβ accumulation in APP/PS1
mice receiving a DHA-enriched diet [30].

In contrast, other studies reported a significant reduction in amyloid deposition after
DHA supplementation. Specifically, in a study similar to this one, in which DHA was
administered over 5 months to Tg2576 mice, DHA was able to reduce Aβ42 accumulation
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by decreasing APP processing [24]. Accordingly, similar results were reported when DHA
was administered to APP/PS1 [25,26,51] or 3xTg [52] mice; but again, in each of these
studies, the treatment regimen was much longer (from at least 4 to 12 months). Our results
indicate that a 5-week DHA treatment ameliorates fear memory deficits in aged Tg2576
mice; however, the duration of the treatment was probably not long enough to have an
impact on amyloid pathology. Thus, taking into consideration that no changes in amyloid
were observed, but an enhancement of memory function and an increase in dendritic
spines were appreciated upon DHA treatment, we could suggest that: (i) DHA seems to
restore synaptic pathology without affecting amyloid burden, and (ii) despite the important
amyloid burden present in the brain of 18-month-old Tg2576 mice, memory function could
be ameliorated. In any case, it is also important to indicate that this 5-week DHA treatment
was not sufficient to restore the severe spatial memory deficits of aged Tg2576 mice (see
MWM data in Figure 1B). Accordingly, previous studies using therapeutic interventions
have also showed different outcomes in the contextual fear memory and MWM behavioral
tests [53,54]. It should be noted that the hippocampus is a key region in navigation
and spatial learning [55], but it is also essential for remembering aversive contexts [56].
However, these two behavioral tasks show varying sensitivity and, more importantly, seem
to engage task-specific neurons with different key molecular players. Specifically, in our
case, the increase in CA1 dendritic spine density upon DHA supplementation observed
in aged-Tg2576 mice seem to underly fear memory restoration but not spatial memory
impairment. In contrast with other studies [57], it may seem shocking that, although there
is a trend, no significant differences in dendritic spine density were observed between WT
and Tg2576 vehicle groups (p = 0.06, Figure 1D). Nonetheless, this is probably because
there is an age-dependent regression of the spine density (mice were approximately 22
months old) that makes it lose significance when comparing the wild-type group with the
transgenic group [58,59].

These conclusions were, in part confirmed by the RNA-seq analysis. On one hand,
the analysis demonstrated that the Tg2576 model had a clear AD phenotype with memory
loss, abundant amyloid pathology and synaptic loss compared to age-matched wild-type
mice. On the other hand, the analysis showed that, unlike the Tg2576 vehicle group, the
Tg2576 DHA-treated group did not show significant differences in synaptic pathology
compared to wild-type mice receiving the same treatment. Neuroinflammation and/or
APP-related pathways, however, seemed to be unaltered upon DHA treatment. Similarly,
the bioinformatic predictive analysis of the transcriptomic datasets using IPA also demon-
strated that, upon DHA treatment, activated pathways and neuronal functions related to
synaptogenesis, neuritogenesis, the branching of neurites, the density of dendritic spines
and the outgrowth of axons were activated, in addition to the activation of CREB and
calcium signaling pathways. These results shed light on the molecular mechanisms by
which DHA restored dendritic spines loss and improved memory in Tg2576 mice. In
accordance with this, previous studies have already described that DHA supplementation
significantly affects hippocampal neuronal development and synaptic function by inducing
neurite growth, synaptogenesis, synapsin and glutamate receptor expression [60,61]. In the
same way, its deprivation during development seems to decrease synapsins and glutamate
receptor subunits and alter long-term potentiation in 18-day-old pups [61]. It is important
to highlight that our results are in accordance with previous studies reporting that DHA
is highly enriched in synapses and that it plays an important role in the expression of
many synaptic essential proteins for the integrity of excitatory synapses such as drebrin
and postsynaptic density protein 95 (PSD-95) [21,62]. Moreover, it should be noted that
the activation of the BDNF pathway, which was also observed to be activated in our IPA
analysis upon DHA treatment, had been previously observed to be modulated by DHA
after brain trauma [63]. In this sense, our study serves to molecularly confirm and validate
some of the beneficial effects already observed with DHA and to point towards specific
synaptic pathways underlying its beneficial effect.
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Taking all these data together and considering that, in prodromal AD patients, synapse
loss is the best correlate of cognitive impairment, we can conclude that DHA is one of the
best dietary supplements to prevent synaptic deficits and/or strengthen synaptic plasticity.
In this regard, is important to consider that, in humans, synapse loss precedes neuronal
death and represents the prodromal phase of the disease, which might be represented by
AD mice with an established AD phenotype, such as those in our study (18-month-old
Tg2576 mice). Accordingly, it seems that the beneficial effects of DHA, as already mentioned,
might not be sufficient to restore memory deficits in people with an already established
pathology; however, they may be effective in preventing or delaying disease progression
towards dementia. This has previously been suggested, after several epidemiological
studies demonstrated an association between DHA intake and/or DHA blood levels
with lower AD risk [64]. In fact, clinical trials using omega-3 fatty acid supplements
for preventing dementia have already been undertaken. However, to date, no positive
outcomes on cognition have been demonstrated, probably because low doses were used
(lower than 1 g) [65,66]. More recently, as has already been mentioned, different studies have
suggested that larger doses of DHA are probably required for adequate brain bioavailability,
particularly in APOE4 carriers, in whom plasma DHA metabolism is altered, affecting
the transport of DHA into the brain [9,17]. In this regard, authors of one such study are
currently testing the effect of high-dose (2 g per day) DHA supplementation on (i) CSF
fatty acid levels, (ii) brain imaging and (iii) cognitive outcomes; this is part of a larger
ongoing trial in which the effect of the APOE genotype will be considered. Participants
will be followed up for 2 years, with 1 May 2025 as the estimated completion date (https:
//clinicaltrials.gov/ct2/show/NCT03613844).

4. Materials and Methods
4.1. Animals

Aged (18–20-month-old) female transgenic Tg2576 mice and their negative littermates
were used in this study. Tg2576 mice overexpress the human amyloid precursor protein
(hAPP), with the Swedish (K670N/M671L) familial AD mutation under control of the
prion promoter [67]. Animals were housed 4–6 per cage and maintained in a temperature-
controlled environment on a 12 h light–dark cycle with free access to food and water. All
procedures were carried out in accordance with the current European and Spanish regula-
tions (2010/63/EU; RD52/2013) and the study was approved by the Ethical Committee of
the University of Navarra.

4.2. Treatment

Mice bearing the same genotype were randomly divided in two groups, treatment
and control, resulting in four experimental groups of similar dimensions (n = 9–13). DHA
was supplemented via daily intragastric administration of 450 mg/kg NuaDHA 1000
(Nua Biological Innovations S.L.Erandio, Vizcaya, Spain) diluted 1:3 v/v in sesame oil
(Sigma-Aldrich, St. Louis, MO, USA), while control animals received the same quantity of
the vehicle.

4.2.1. Fear Conditioning Test

The fear conditioning (FC) test paradigm was used to determine whether DHA sup-
plementation improved fear memory. In the habituation phase of this behavioral test, mice
were put in the conditioning chamber with no stimuli and allowed to explore and become
familiar with the environment for 3 min. After 24 h, animals underwent the training
phase: they were placed in the same chamber and received two foot shocks (0.2 mA) of
2 s after 90 and 120 s, respectively. Eventually, after an additional 30 s in the chamber, the
mice were returned to their home cages. The following day, the mice were submitted to
the actual test consisting of spending 2 min in the conditioning chamber with no stimuli.
Freezing behavior during this time, indicating fear memory, was recorded and expressed

https://clinicaltrials.gov/ct2/show/NCT03613844
https://clinicaltrials.gov/ct2/show/NCT03613844
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as a percentage. The behavioral study was carried out during the light phase, from 9:00 to
16:00 h, using a StartFear system (Panlab, Barcelona, Spain).

4.2.2. Morris Water Maze (MWM) Test

The task was carried out in a StartFear system (Panlab), as described by the authors
in [68]. Briefly, during the training phase (visible platform, no visible cues) the animals
learned to find a platform raised above the surface of the water during three consecutive
days with eight trials per day. During the next five consecutive days (four trials per
day), mice were trained to locate the platform that was submerged 1 cm beneath the
water surface with the help of some visible cues present in the walls of the swimming
pool. Finally, 24 h after the last trial on day five, memory retention was tested via a
probe trial. All trials were monitored using a camera connected to a SMART-LD program
(Panlab) for subsequent analysis of escape latencies during the visible and hidden platform
phases, and the percentage of time spent in each quadrant of the pool during the probe
trial. All experimental procedures were carried out by personnel who were blind to the
different groups.

4.2.3. Determination of Aβ42 Levels

Levels of soluble and insoluble Aβ42 were measured by using a sensitive ELISA kit
(Invitrogen, Thermo Fisher Scientific, Inc., Waltham, MA, USA). The prefrontal cortexes
of the Tg2576 mice receiving the vehicle (n = 4) or treatment with DHA (n = 6) were
homogenized in a buffer containing 10 mM Tris−HCl pH = 7.5, 1 mM NaF, 0.1 mM
Na3VO4, 2% SDS and protease inhibitors in order to free the soluble amyloid oligomers.
The homogenates were sonicated for 2 min, left on ice for 20 min and centrifuged at
13,000× g for 13 min at 6 ◦C. The presence of insoluble Aβ42 aggregates was evaluated in
the parietal cortical tissue (n = 5), homogenized with a 5M guanidine in 50 mM Tris-HCl
(pH = 8) buffer. In both cases, the assay was performed according to the manufacturer’s
instructions after determining the most suitable dilution, and the resulting data were
normalized and represented as Aβ42 content with respect to protein amount (pg/µg).

4.2.4. Dendritic Spine Density Measurement by Golgi–Cox Staining

One hemisphere of each of the brains of n = 3 mice belonging to each group was stained
using a modified Golgi–Cox method, allowing the visualization of dendritic spines. The
half-brains were soaked in a Golgi–Cox solution (1% potassium dichromate, 1% mercury
chloride, 0.8% potassium chromate) for 48 h at RT and protected from light, after which,
the solution was then renewed and tissues were left there for a further 3 weeks. Then,
brains were washed with distilled water and incubated in 90% ethanol for 30 min before
cutting 200 µm thick coronal sections using a vibratome. The slices were incubated in 70%
ethanol, washed with distilled water, reduced in 16% ammonia for one hour, fixed in 1%
sodium thiosulfate for 7 min and washed again. Once placed on the microscope slides, the
preparations were dehydrated using an increasing alcohol graduation and mounted with
DPX Mountant (VWR, BDH Prolabo). A Nikon Eclipse E600 light microscope was used to
visualize dendritic spines, and Z-stack images were obtained using a digital camera (Nikon
DXM 1200 F) at a resolution of 1000–1500 dots per inch (dpi). Spine density was determined
in the secondary apical dendrites of CA1 hippocampal pyramidal cells arising at distances
from the soma of between 100 and 200 µm, where spine density is considered relatively
uniform in CA1 pyramidal neurons [69]. Average data were obtained by quantifying the
spine density in 3 neurons of 3 brain slices obtained from each brain (n = 27 dendrites for
each group).

4.3. Immunoblotting

For Western blot analysis of APP-derived fragments, protein extracts were mixed
with a tricine sample buffer 1:2 (Bio-Rad, Hercules, CA, USA).) and 2% βME; then, they
were boiled for 5 min. Proteins were separated in a CriterionTM Tris-Tricine 10–20%
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gradient precast gel (Bio-Rad, Hercules, CA, USA) and transferred to a PVDF membrane
(Hybond LFP, Amersham Biosciences, Little Chalfont, UK) using the Trans-Blot Turbo
Transfer System. For Western blot analysis of GFAP and synaptic protein, samples were
mixed with a 6X Laemmli sample buffer and resolved onto SDS-polyacrylamide gels and
transferred to a nitrocellulose membrane using the Trans-Blot Turbo Transfer System. In
all cases, the membranes, blocked with 5% milk in TBS for 1 h at RT, were incubated
overnight with the following primary antibodies: mouse monoclonal 6E10 (amino acids
1–16 of Aβ peptide, 1:1000, Covance, San Diego, CA, USA), rabbit monoclonal anti-GFAP
(1:1000, Sigma-Aldrich, St. Louis, MO, USA), mouse monoclonal anti-actin (1:100,000,
Sigma-Aldrich, St. Louis, MO, USA).

Three washes in TBS/Tween-20 were performed prior to 1 h incubation with HRP-
conjugated anti-rabbit or anti-mouse antibody (1:5000, Santa Cruz Biotechnology, Santa
Cruz, CA, USA). Antibody binding to specific bands was visualized via an enhanced
chemiluminescence system (ECL, GE Healthcare Bioscience, Uppsala, Sweden or Pierce™
ECL Plus, Thermo Scientific™). Images were acquired and quantified using Image Lab™
Software (Bio-Rad).

4.3.1. RNA-Seq

RNA was extracted from the hippocampal tissue using Trizol Reagent (Sigma-Aldrich)
and its integrity was confirmed via Agilent RNA Nano LabChips (Agilent Technologies,
Santa Clara, CA, USA). A total of 1 µg of the total RNA was used to construct cDNA
libraries with the TruSeq Stranded mRNA Kit (Illumina, San Diego, CA, USA), as described
by Perez-Gonzalez et al., 2021 [68] and RNA sequencing data analysis was performed using
the same workflow [69]. Genes were selected as differentially expressed using a p-value
cut-off of p < 0.01. Further functional and clustering analyses and graphical representations
were performed using R/Bioconductor [70] and QIAGEN IPA [71]. This software calculates
significance values (p-values) between each biological or molecular event and the imported
molecules based on the Fisher’s exact test (p≤ 0.05). The IPA comparison analysis considers
and hierarchically reports the signaling pathway rank according to the calculated p-value.

4.3.2. Quantitative Real-Time PCR

The RNA was treated with DNase at 37 ºC for 30 min and reverse-transcribed into
cDNA using SuperScript® III Reverse Transcriptase (Invitrogen). Quantitative real-time
PCR was performed to quantify Nr4a2 expression, as described by Perez-Gonzalez et al.,
2021 [68]. Assays were carried out in triplicate using the Power SYBR Green PCR Master
Mix (Applied Biosystems, Warrington, UK) and the corresponding specific primers for
Nr4a2 (Fw: 5′ 3′, Rev: 5′ 3′) and for the internal control 36B4 (Fw: 5′AACATCTCCCCCTTCT
CCTT 3′, Rev: 5′ GAAGGCCTTGACCTTTTCAG 3′).

4.4. Statistical Analysis

The results were processed for statistical analysis using GraphPad PRISM, version
5.03. Unless otherwise indicated, results are presented as the mean ± standard error of
the mean (SEM). Normal distribution of the data was checked via the Shapiro–Wilk test.
Two-way analysis of variance (ANOVA) and Tukey’s post hoc test were used for statistical
analyses of the data. In the MWM test, latencies to find the platform were analyzed by
two-way repeated measures ANOVA test (genotype × trial) followed by the Bonferroni’s
post hoc test to compare the cognitive status among groups. Statistical significance was set
at * p ≤ 0.05, ** p ≤ 0.01 or *** p ≤ 0.001.

5. Conclusions

In conclusion, our study serves to shed light on the important effect of polyunsaturated
fatty acids, particularly DHA, on brain function. Essential neuronal functions related to
synaptogenesis, neuritogenesis, the branching of neurites, the density of dendritic spines
and the outgrowth of axons, among others, were upregulated upon DHA treatment, thus
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suggesting that DHA may be considered as an efficient candidate to maintain, protect or
even restore synaptic plasticity in neurological disorders that cause synaptic deficits.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pharmaceutics15010082/s1, Table S1: List of genes that showed a
significant (p < 0.01) interaction between genotype and treatment; Figure S1: Multiple boxplots of the
genes that showed a significant (p < 0.01) interaction between genotype and treatment.

Author Contributions: A.G.-O. and M.C.-T. conceived the general framework of this study, designed
the experiments, discussed results and wrote the manuscript. M.C.-T. and S.B. carried out the
treatment. S.B. performed behavioral experiments, biochemical assays and statistical analysis. M.E.
maintained the animal colonies. P.C.-C. and E.S. performed the IPA analysis. All authors have read
and agreed to the published version of the manuscript.

Funding: We gratefully acknowledge grant funding support from the Ministry of Science and
Innovation (MINECO) with exp. PID2019-104921RB-I00/MCI/AEI/10.13039/501100011033. We are
also grateful to the Foundation for Applied Medical Research, the University of Navarra (Pamplona,
Spain) for financial support and the Asociación de Amigos of the University of Navarra for the grant
to S.B.

Institutional Review Board Statement: All procedures involving animals were performed in accor-
dance with the current European and Spanish regulations (2010/63/EU; RD52/2013) and the study
was approved by the Ethics Committee of the University of Navarra (Protocols 061c-19, 113-18).

Informed Consent Statement: Not applicable.

Data Availability Statement: RNA-seq analysis data are available at NCBI Gene Expression Omnibus
(GEO) under accession number GSE217430. Accessed on 7 November 2022. For information on
GEO linking please refer to: https://www.ncbi.nlm.nih.gov/geo/info/linking.html, (accessed on
7 November 2022).

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

References
1. Morris, M.C.; Evans, D.A.; Tangney, C.C.; Bienias, J.L.; Wilson, R.S. Fish consumption and cognitive decline with age in a large

community study. Arch. Neurol. 2005, 62, 1849–1853. [CrossRef] [PubMed]
2. Weiser, M.J.; Butt, C.M.; Mohajeri, M.H. Docosahexaenoic acid and cognition throughout the lifespan. Nutrients 2016, 8, 99.

[CrossRef] [PubMed]
3. Lauritzen, L.; Hansen, H.S.; Jorgensen, M.H.; Michaelsen, K.F. The essentiality of long chain n-3 fatty acids in relation to

development and function of the brain and retina. Prog. Lipid Res. 2001, 40, 1–94. [CrossRef] [PubMed]
4. Patrick, R.P. Role of phosphatidylcholine-DHA in preventing APOE4-associated Alzheimer’s disease. FASEB J. 2019, 33, 1554–1564.

[CrossRef] [PubMed]
5. Cederholm, T.; Salem, N.; Palmblad, J. ω-3 fatty acids in the prevention of cognitive decline in humans. Adv. Nutr. 2013, 4,

672–676. [CrossRef]
6. Stonehouse, W. Does consumption of LC omega-3 PUFA enhance cognitive performance in healthy school-aged children and

throughout adulthood? Evidence from clinical trials. Nutrients 2014, 6, 2730–2758. [CrossRef]
7. Bowman, G.L.; Dodge, H.H.; Guyonnet, S.; Zhou, N.; Donohue, J.; Bichsel, A.; Schmitt, J.; Hooper, C.; Bartfai, T.; Andrieu, S.; et al.

A blood-based nutritional risk index explains cognitive enhancement and decline in the multidomain Alzheimer prevention trial.
Alzheimer’s Dement. Transl. Res. Clin. Interv. 2019, 5, 953–963. [CrossRef]

8. Pottala, J.V.; Yaffe, K.; Robinson, J.G.; Espeland, M.A.; Wallace, R.; Harris, W.S. Higher RBC EPA 1 DHA corresponds with larger
total brain and hippocampal volumes: WHIMS-MRI Study. Neurology 2014, 82, 435–442. [CrossRef]

9. Yassine, H.N.; Croteau, E.; Rawat, V.; Hibbeln, J.R.; Rapoport, S.I.; Cunnane, S.C.; Umhau, J.C. DHA brain uptake and APOE4
status: A PET study with [1-11C]-DHA. Alzheimers. Res. Ther. 2017, 9, 23. [CrossRef]

10. McNamara, R.K.; Jandacek, R.; Tso, P.; Dwivedi, Y.; Ren, X.; Pandey, G.N. Lower docosahexaenoic acid concentrations in the
postmortem prefrontal cortex of adult depressed suicide victims compared with controls without cardiovascular disease. J.
Psychiatr. Res. 2013, 47, 1187–1191. [CrossRef]

11. McNamara, R.K.; Hahn, C.G.; Jandacek, R.; Rider, T.; Tso, P.; Stanford, K.E.; Richtand, N.M. Selective Deficits in the Omega-3
Fatty Acid Docosahexaenoic Acid in the Postmortem Orbitofrontal Cortex of Patients with Major Depressive Disorder. Biol.
Psychiatry 2007, 62, 17–24. [CrossRef] [PubMed]

12. Igarashi, M.; Ma, K.; Gao, F.; Kim, H.W.; Rapoport, S.I.; Rao, J.S. Disturbed Choline Plasmalogen and Phospholipid Fatty Acid
Concentrations in Alzheimer’s Disease Prefrontal Cortex. J. Alzheimer’s Dis. 2011, 24, 507–517. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/pharmaceutics15010082/s1
https://www.mdpi.com/article/10.3390/pharmaceutics15010082/s1
https://www.ncbi.nlm.nih.gov/geo/info/linking.html
http://doi.org/10.1001/archneur.62.12.noc50161
http://www.ncbi.nlm.nih.gov/pubmed/16216930
http://doi.org/10.3390/nu8020099
http://www.ncbi.nlm.nih.gov/pubmed/26901223
http://doi.org/10.1016/S0163-7827(00)00017-5
http://www.ncbi.nlm.nih.gov/pubmed/11137568
http://doi.org/10.1096/fj.201801412R
http://www.ncbi.nlm.nih.gov/pubmed/30289748
http://doi.org/10.3945/an.113.004556
http://doi.org/10.3390/nu6072730
http://doi.org/10.1016/j.trci.2019.11.004
http://doi.org/10.1212/WNL.0000000000000080
http://doi.org/10.1186/s13195-017-0250-1
http://doi.org/10.1016/j.jpsychires.2013.05.007
http://doi.org/10.1016/j.biopsych.2006.08.026
http://www.ncbi.nlm.nih.gov/pubmed/17188654
http://doi.org/10.3233/JAD-2011-101608
http://www.ncbi.nlm.nih.gov/pubmed/21297269


Pharmaceutics 2023, 15, 82 16 of 18

13. Fraser, T.; Tayler, H.; Love, S. Fatty acid composition of frontal, temporal and parietal neocortex in the normal human brain and
in Alzheimer’s disease. Neurochem. Res. 2010, 35, 503–513. [CrossRef] [PubMed]

14. Cunnane, S.C.; Schneider, J.A.; Tangney, C.; Tremblay-Mercier, J.; Fortier, M.; Bennett, D.A.; Morris, M.C. Plasma and Brain Fatty
Acid Profiles in Mild Cognitive Impairment and Alzheimer’s Disease. J. Alzheimer’s Dis. 2012, 29, 691–697. [CrossRef]

15. Söderberg, M.; Edlund, C.; Kristensson, K.; Dallner, G. Fatty acid composition of brain phospholipids in aging and in Alzheimer’s
disease. Lipids 1991, 26, 421–425. [CrossRef] [PubMed]

16. Carrie, I.; Van Kan, G.A.; Gillette-Guyonnet, S.; Andrieu, S.; Dartigues, J.F.; Touchon, J.; Dantoine, T.; Rouaud, O.; Bonnefoy, M.;
Robert, P.; et al. Recruitment strategies for preventive trials. the MAPT study (Multidomain Alzheimer preventive trial). J. Nutr.
Health Aging 2012, 16, 355–359. [CrossRef]

17. Arellanes, I.C.; Choe, N.; Solomon, V.; He, X.; Kavin, B.; Martinez, A.E.; Kono, N.; Buennagel, D.P.; Hazra, N.; Kim, G.; et al. Brain
delivery of supplemental docosahexaenoic acid (DHA): A randomized placebo-controlled clinical trial. EBioMedicine 2020, 59,
102883. [CrossRef]

18. Hooper, C.; Coley, N.; De Souto Barreto, P.; Payoux, P.; Salabert, A.S.; Andrieu, S.; Weiner, M.; Vellas, B. Cortical β-Amyloid in
Older Adults Is Associated with Multidomain Interventions with and without Omega 3 Polyunsaturated Fatty Acid Supplemen-
tation. J. Prev. Alzheimer’s Dis. 2020, 7, 128–134. [CrossRef]

19. Lin, P.Y.; Cheng, C.; Satyanarayanan, S.K.; Chiu, L.T.; Chien, Y.C.; Chuu, C.P.; Lan, T.H.; Su, K.P. Omega-3 fatty acids and
blood-based biomarkers in Alzheimer’s disease and mild cognitive impairment: A randomized placebo-controlled trial. Brain.
Behav. Immun. 2022, 99, 289–298. [CrossRef]

20. Quinn, J.F.; Raman, R.; Thomas, R.G.; Yurko-Mauro, K.; Nelson, E.B.; Van Dyck, C.; Galvin, J.E.; Emond, J.; Jack, C.R.; Weiner, M.;
et al. Docosahexaenoic acid supplementation and cognitive decline in Alzheimer disease: A randomized trial. JAMA—J. Am.
Med. Assoc. 2010, 304, 1903–1911. [CrossRef]

21. Calon, F.; Lim, G.P.; Yang, F.; Morihara, T.; Teter, B.; Ubeda, O.; Rostaing, P.; Triller, A.; Salem, N.; Ashe, K.H.; et al. Docosahex-
aenoic acid protects from dendritic pathology in an Alzheimer’s disease mouse model. Neuron 2004, 43, 633–645. [CrossRef]
[PubMed]

22. Calon, F.; Lim, G.P.; Morihara, T.; Yang, F.; Ubeda, O.; Salem, N.; Frautschy, S.A.; Cole, G.M. Dietary n-3 polyunsaturated fatty
acid depletion activates caspases and decreases NMDA receptors in the brain of a transgenic mouse model of Alzheimer’s disease.
Eur. J. Neurosci. 2005, 22, 617–626. [CrossRef] [PubMed]

23. Arsenault, D.; Julien, C.; Tremblay, C.; Calon, F. DHA Improves Cognition and Prevents Dysfunction of Entorhinal Cortex
Neurons in 3xTg-AD Mice. PLoS ONE 2011, 6, e17397. [CrossRef] [PubMed]

24. Lim, G.P.; Calon, F.; Morihara, T.; Yang, F.; Teter, B.; Ubeda, O.; Salem, N.; Frautschy, S.A.; Cole, G.M. A diet enriched with the
omega-3 fatty acid docosahexaenoic acid reduces amyloid burden in an aged Alzheimer mouse model. J. Neurosci. 2005, 25,
3032–3040. [CrossRef] [PubMed]

25. Teng, E.; Taylor, K.; Bilousova, T.; Weiland, D.; Pham, T.; Zuo, X.; Yang, F.; Chen, P.P.; Glabe, C.G.; Takacs, A.; et al. Dietary
DHA supplementation in an APP/PS1 transgenic rat model of AD reduces behavioral and Aβ pathology and modulates Aβ
oligomerization. Neurobiol. Dis. 2015, 82, 552–560. [CrossRef]

26. Xiao, M.; Xiang, W.; Chen, Y.; Peng, N.; Du, X.; Lu, S.; Zuo, Y.; Li, B.; Hu, Y.; Li, X. DHA Ameliorates Cognitive Ability, Reduces
Amyloid Deposition, and Nerve Fiber Production in Alzheimer’s Disease. Front. Nutr. 2022, 9, 852433. [CrossRef]

27. Hooijmans, C.R.; Pasker-De Jong, P.C.M.; De Vries, R.B.M.; Ritskes-Hoitinga, M. The Effects of Long-Term Omega-3 Fatty Acid
Supplementation on Cognition and Alzheimer’s Pathology in Animal Models of Alzheimer’s Disease: A Systematic Review and
Meta-Analysis. J. Alzheimer’s Dis. 2012, 28, 191–209. [CrossRef]

28. Heras-Sandoval, D.; Pedraza-Chaverri, J.; Pérez-Rojas, J.M. Role of docosahexaenoic acid in the modulation of glial cells in
Alzheimer’s disease. J. Neuroinflamm. 2016, 13, 61. [CrossRef]

29. Pifferi, F.; Jouin, M.; Alessandri, J.M.; Haedke, U.; Roux, F.; Perrière, N.; Denis, I.; Lavialle, M.; Guesnet, P. n-3 Fatty acids
modulate brain glucose transport in endothelial cells of the blood-brain barrier. Prostaglandins Leukot. Essent. Fat. Acids 2007,
77, 279–286. [CrossRef]

30. Hooijmans, C.R.; Rutters, F.; Dederen, P.J.; Gambarota, G.; Veltien, A.; van Groen, T.; Broersen, L.M.; Lütjohann, D.; Heerschap, A.;
Tanila, H.; et al. Changes in cerebral blood volume and amyloid pathology in aged Alzheimer APP/PS1 mice on a docosahexaenoic
acid (DHA) diet or cholesterol enriched Typical Western Diet (TWD). Neurobiol. Dis. 2007, 28, 16–29. [CrossRef]

31. González-Ravina, C.; Aguirre-Lipperheide, M.; Pinto, F.; Martín-Lozano, D.; Fernández-Sánchez, M.; Blasco, V.; Santamaría-López,
E.; Candenas, L. Effect of dietary supplementation with a highly pure and concentrated docosahexaenoic acid (DHA) supplement
on human sperm function. Reprod. Biol. 2018, 18, 282–288. [CrossRef] [PubMed]

32. He, C.; Qu, X.; Cui, L.; Wang, J.; Kang, J.X. Improved spatial learning performance of fat-1 mice is associated with enhanced
neurogenesis and neuritogenesis by docosahexaenoic acid. Proc. Natl. Acad. Sci. USA 2009, 106, 11370. [CrossRef] [PubMed]

33. Lee, C.C.; Huang, C.C.; Hsu, K. Sen The phospholipid-binding protein SESTD1 negatively regulates dendritic spine density by
interfering with Rac1-Trio8 signaling pathway. Sci. Rep. 2015, 5, 13250. [CrossRef] [PubMed]

34. Sakka, L.; Delétage, N.; Lalloué, F.; Duval, A.; Chazal, J.; Lemaire, J.J.; Meiniel, A.; Monnerie, H.; Gobron, S. SCO-spondin derived
peptide NX210 induces neuroprotection in vitro and promotes fiber regrowth and functional recovery after spinal cord injury.
PLoS ONE 2014, 9, e93179. [CrossRef] [PubMed]

http://doi.org/10.1007/s11064-009-0087-5
http://www.ncbi.nlm.nih.gov/pubmed/19904605
http://doi.org/10.3233/JAD-2012-110629
http://doi.org/10.1007/BF02536067
http://www.ncbi.nlm.nih.gov/pubmed/1881238
http://doi.org/10.1007/s12603-012-0046-8
http://doi.org/10.1016/j.ebiom.2020.102883
http://doi.org/10.14283/jpad.2020.4
http://doi.org/10.1016/j.bbi.2021.10.014
http://doi.org/10.1001/jama.2010.1510
http://doi.org/10.1016/j.neuron.2004.08.013
http://www.ncbi.nlm.nih.gov/pubmed/15339646
http://doi.org/10.1111/j.1460-9568.2005.04253.x
http://www.ncbi.nlm.nih.gov/pubmed/16101743
http://doi.org/10.1371/journal.pone.0017397
http://www.ncbi.nlm.nih.gov/pubmed/21383850
http://doi.org/10.1523/JNEUROSCI.4225-04.2005
http://www.ncbi.nlm.nih.gov/pubmed/15788759
http://doi.org/10.1016/j.nbd.2015.09.002
http://doi.org/10.3389/fnut.2022.852433
http://doi.org/10.3233/JAD-2011-111217
http://doi.org/10.1186/s12974-016-0525-7
http://doi.org/10.1016/j.plefa.2007.10.011
http://doi.org/10.1016/j.nbd.2007.06.007
http://doi.org/10.1016/j.repbio.2018.06.002
http://www.ncbi.nlm.nih.gov/pubmed/29934046
http://doi.org/10.1073/pnas.0904835106
http://www.ncbi.nlm.nih.gov/pubmed/19549874
http://doi.org/10.1038/srep13250
http://www.ncbi.nlm.nih.gov/pubmed/26272757
http://doi.org/10.1371/journal.pone.0093179
http://www.ncbi.nlm.nih.gov/pubmed/24667843


Pharmaceutics 2023, 15, 82 17 of 18

35. Chacón, P.J.; del Marco, Á.; Arévalo, Á.; Domínguez-Giménez, P.; García-Segura, L.M.; Rodríguez-Tébar, A. Cerebellin 4, a
synaptic protein, enhances inhibitory activity and resistance of neurons to amyloid-β toxicity. Neurobiol. Aging 2015, 36, 1057–1071.
[CrossRef] [PubMed]

36. Català-Solsona, J.; Miñano-Molina, A.J.; Rodríguez-Álvarez, J. Nr4a2 Transcription Factor in Hippocampal Synaptic Plasticity,
Memory and Cognitive Dysfunction: A Perspective Review. Front. Mol. Neurosci. 2021, 14, 786226. [CrossRef] [PubMed]

37. Saleh, B.; Srikanth, K.D.; Sneh, T.; Yue, L.; Pelech, S.; Elliott, E.; Gil-Henn, H. FAK-Mediated Signaling Controls Amyloid Beta
Overload, Learning and Memory Deficits in a Mouse Model of Alzheimer’s Disease. Int. J. Mol. Sci. 2022, 23, 9055. [CrossRef]

38. Wan, H.L.; Hong, X.Y.; Zhao, Z.H.; Li, T.; Zhang, B.G.; Liu, Q.; Wang, Q.; Zhao, S.; Wang, J.Z.; Shen, X.F.; et al. STAT3 ameliorates
cognitive deficits via regulation of NMDAR expression in an Alzheimer’s disease animal model. Theranostics 2021, 11, 5511.
[CrossRef]

39. Suzuki, N.; Hajicek, N.; Kozasa, T. Regulation and physiological functions of G12/13-mediated signaling pathways. Neurosignals.
2009, 17, 55–70. [CrossRef]

40. Oster, T.; Pillot, T. Docosahexaenoic acid and synaptic protection in Alzheimer’s disease mice. Biochim. Biophys. Acta—Mol. Cell
Biol. Lipids 2010, 1801, 791–798. [CrossRef]

41. Yurko-Mauro, K.; McCarthy, D.; Rom, D.; Nelson, E.B.; Ryan, A.S.; Blackwell, A.; Salem, N.; Stedman, M. Beneficial effects of
docosahexaenoic acid on cognition in age-related cognitive decline. Alzheimer’s Dement. 2010, 6, 456–464. [CrossRef] [PubMed]

42. Velho, S.; Marques-Vidal, P.; Baptista, F.; Camilo, M.E. Dietary intake adequacy and cognitive function in free-living active elderly:
A cross-sectional and short-term prospective study. Clin. Nutr. 2008, 27, 77–86. [CrossRef] [PubMed]

43. Solfrizzi, V.; Colacicco, A.M.; D’Introno, A.; Capurso, C.; Del Parigi, A.; Capurso, S.A.; Argentieri, G.; Capurso, A.; Panza, F.
Dietary fatty acids intakes and rate of mild cognitive impairment. The Italian Longitudinal Study on Aging. Exp. Gerontol. 2006,
41, 619–627. [CrossRef] [PubMed]

44. Yassine, H.N.; Braskie, M.N.; Mack, W.J.; Castor, K.J.; Fonteh, A.N.; Schneider, L.S.; Harrington, M.G.; Chui, H.C. Association of
Docosahexaenoic Acid Supplementation With Alzheimer Disease Stage in Apolipoprotein E ε4 Carriers: A Review. JAMA Neurol.
2017, 74, 339. [CrossRef] [PubMed]

45. Yassine, H.N.; Rawat, V.; Mack, W.J.; Quinn, J.F.; Yurko-Mauro, K.; Bailey-Hall, E.; Aisen, P.S.; Chui, H.C.; Schneider, L.S. The
effect of APOE genotype on the delivery of DHA to cerebrospinal fluid in Alzheimer’s disease. Alzheimers. Res. Ther. 2016, 8, 25.
[CrossRef] [PubMed]

46. Satizabal, C.L.; Himali, J.J.; Beiser, A.S.; Ramachandran, V.; Melo van Lent, D.; Himali, D.; Aparicio, H.J.; Maillard, P.; DeCarli,
C.S.; Harris, W.; et al. Association of Red Blood Cell Omega-3 Fatty Acids With MRI Markers and Cognitive Function in Midlife:
The Framingham Heart Study. Neurology 2022, 99, 2572–2582. [CrossRef] [PubMed]

47. Phillips, M.A.; Childs, C.E.; Calder, P.C.; Rogers, P.J. No Effect of Omega-3 Fatty Acid Supplementation on Cognition and Mood
in Individuals with Cognitive Impairment and Probable Alzheimer’s Disease: A Randomised Controlled Trial. Int. J. Mol. Sci.
2015, 16, 24600–24613. [CrossRef]

48. Oksman, M.; Iivonen, H.; Hogyes, E.; Amtul, Z.; Penke, B.; Leenders, I.; Broersen, L.; Lütjohann, D.; Hartmann, T.; Tanila, H.
Impact of different saturated fatty acid, polyunsaturated fatty acid and cholesterol containing diets on beta-amyloid accumulation
in APP/PS1 transgenic mice. Neurobiol. Dis. 2006, 23, 563–572. [CrossRef]

49. Arendash, G.W.; Jensen, M.T.; Salem, N.; Hussein, N.; Cracchiolo, J.; Dickson, A.; Leighty, R.; Potter, H. A diet high in omega-3
fatty acids does not improve or protect cognitive performance in Alzheimer’s transgenic mice. Neuroscience 2007, 149, 286–302.
[CrossRef]

50. Vandal, M.; Alata, W.; Tremblay, C.; Rioux-Perreault, C.; Salem, N.; Calon, F.; Plourde, M. Reduction in DHA transport to the
brain of mice expressing human APOE4 compared to APOE2. J. Neurochem. 2014, 129, 516–526. [CrossRef]

51. Bie, N.; Li, J.; Li, C.; Lian, R.; Qin, L.; Wang, C. Protective effect and mechanism of docosahexaenoic acid on the cognitive function
in female APP/PS1 mice. Food Funct. 2021, 12, 11435–11448. [CrossRef] [PubMed]

52. Green, K.N.; Martinez-Coria, H.; Khashwji, H.; Hall, E.B.; Yurko-Mauro, K.A.; Ellis, L.; LaFerla, F.M. Dietary docosahexaenoic
acid and docosapentaenoic acid ameliorate amyloid-beta and tau pathology via a mechanism involving presenilin 1 levels. J.
Neurosci. 2007, 27, 4385–4395. [CrossRef] [PubMed]

53. Clark, P.J.; Brzezinska, W.J.; Thomas, M.W.; Ryzhenko, N.A.; Toshkov, S.A.; Rhodes, J.S. Intact neurogenesis is required for
benefits of exercise on spatial memory but not motor performance or contextual fear conditioning in C57BL/6J mice. Neuroscience
2008, 155, 1048–1058. [CrossRef] [PubMed]

54. Achilly, N.P.; Wang, W.; Zoghbi, H.Y. Presymptomatic training mitigates functional deficits in a mouse model of Rett syndrome.
Nature 2021, 592, 596–600. [CrossRef]

55. Morris, R.G.M.; Garrud, P.; Rawlins, J.N.P.; O’Keefe, J. Place navigation impaired in rats with hippocampal lesions. Nature 1982,
297, 681–683. [CrossRef]

56. Phillips, R.G.; LeDoux, J.E. Differential contribution of amygdala and hippocampus to cued and contextual fear conditioning.
Behav. Neurosci. 1992, 106, 274–285. [CrossRef]

57. Perez-Cruz, C.; Nolte, M.W.; Van Gaalen, M.M.; Rustay, N.R.; Termont, A.; Tanghe, A.; Kirchhoff, F.; Ebert, U. Reduced Spine
Density in Specific Regions of CA1 Pyramidal Neurons in Two Transgenic Mouse Models of Alzheimer’s Disease. J. Neurosci.
2011, 31, 3926–3934. [CrossRef]

http://doi.org/10.1016/j.neurobiolaging.2014.11.006
http://www.ncbi.nlm.nih.gov/pubmed/25534236
http://doi.org/10.3389/fnmol.2021.786226
http://www.ncbi.nlm.nih.gov/pubmed/34880728
http://doi.org/10.3390/ijms23169055
http://doi.org/10.7150/thno.56541
http://doi.org/10.1159/000186690
http://doi.org/10.1016/j.bbalip.2010.02.011
http://doi.org/10.1016/j.jalz.2010.01.013
http://www.ncbi.nlm.nih.gov/pubmed/20434961
http://doi.org/10.1016/j.clnu.2007.10.011
http://www.ncbi.nlm.nih.gov/pubmed/18082291
http://doi.org/10.1016/j.exger.2006.03.017
http://www.ncbi.nlm.nih.gov/pubmed/16697546
http://doi.org/10.1001/jamaneurol.2016.4899
http://www.ncbi.nlm.nih.gov/pubmed/28114437
http://doi.org/10.1186/s13195-016-0194-x
http://www.ncbi.nlm.nih.gov/pubmed/27358067
http://doi.org/10.1212/WNL.0000000000201296
http://www.ncbi.nlm.nih.gov/pubmed/36198518
http://doi.org/10.3390/ijms161024600
http://doi.org/10.1016/j.nbd.2006.04.013
http://doi.org/10.1016/j.neuroscience.2007.08.018
http://doi.org/10.1111/jnc.12640
http://doi.org/10.1039/D1FO01922H
http://www.ncbi.nlm.nih.gov/pubmed/34676845
http://doi.org/10.1523/JNEUROSCI.0055-07.2007
http://www.ncbi.nlm.nih.gov/pubmed/17442823
http://doi.org/10.1016/j.neuroscience.2008.06.051
http://www.ncbi.nlm.nih.gov/pubmed/18664375
http://doi.org/10.1038/s41586-021-03369-7
http://doi.org/10.1038/297681a0
http://doi.org/10.1037/0735-7044.106.2.274
http://doi.org/10.1523/JNEUROSCI.6142-10.2011


Pharmaceutics 2023, 15, 82 18 of 18

58. Duan, H.; Wearne, S.L.; Rocher, A.B.; Macedo, A.; Morrison, J.H.; Hof, P.R. Age-related dendritic and spine changes in
corticocortically projecting neurons in macaque monkeys. Cereb. Cortex 2003, 13, 950–961. [CrossRef]

59. Dickstein, D.L.; Weaver, C.M.; Luebke, J.I.; Hof, P.R. Dendritic spine changes associated with normal aging. Neuroscience 2013,
251, 21. [CrossRef]

60. Connor, S.; Tenorio, G.; Clandinin, M.T.; Sauvé, Y. DHA supplementation enhances high-frequency, stimulation-induced synaptic
transmission in mouse hippocampus. Appl. Physiol. Nutr. Metab. 2012, 37, 880–887. [CrossRef]

61. Cao, D.; Kevala, K.; Kim, J.; Moon, H.S.; Jun, S.B.; Lovinger, D.; Kim, H.Y. Docosahexaenoic acid promotes hippocampal neuronal
development and synaptic function. J. Neurochem. 2009, 111, 510–521. [CrossRef]

62. Bazinet, R.P.; Layé, S. Polyunsaturated fatty acids and their metabolites in brain function and disease. Nat. Rev. Neurosci. 2014, 15,
771–785. [CrossRef] [PubMed]

63. Wu, A.; Ying, Z.; Gomez-Pinilla, F. Dietary Omega-3 Fatty Acids Normalize BDNF Levels, Reduce Oxidative Damage, and
Counteract Learning Disability after Traumatic Brain Injury in Rats. J. Neurotrauma 2004, 21, 1457–1467. [CrossRef] [PubMed]

64. Zhang, Y.; Chen, J.; Qiu, J.; Li, Y.; Wang, J.; Jiao, J. Intakes of fish and polyunsaturated fatty acids and mild-to-severe cognitive
impairment risks: A dose-response meta-analysis of 21 cohort studies. Am. J. Clin. Nutr. 2016, 103, 330–340. [CrossRef] [PubMed]

65. Yurko-Mauro, K.; Alexander, D.D.; Van Elswyk, M.E. Docosahexaenoic acid and adult memory: A systematic review and
meta-analysis. PLoS ONE 2015, 10, e0120391. [CrossRef] [PubMed]

66. Mengelberg, A.; Leathem, J.; Podd, J.; Hill, S.; Conlon, C. The effects of docosahexaenoic acid supplementation on cognition and
well-being in mild cognitive impairment: A 12-month randomised controlled trial. Int. J. Geriatr. Psychiatry 2022, 37. [CrossRef]

67. Hsiao, K.; Chapman, P.; Nilsen, S.; Eckman, C.; Harigaya, Y.; Younkin, S.; Yang, F.; Cole, G. Correlative Memory Deficits, Aβ
Elevation, and Amyloid Plaques in Transgenic Mice. Science 1996, 274, 99–103. [CrossRef]

68. Pérez-González, M.; Badesso, S.; Lorenzo, E.; Guruceaga, E.; Pérez-Mediavilla, A.; García-Osta, A.; Cuadrado-Tejedor, M.
Identifying the Main Functional Pathways Associated with Cognitive Resilience to Alzheimer’s Disease. Int. J. Mol. Sci. 2021, 22,
9120. [CrossRef]

69. Megías, M.; Emri, Z.; Freund, T.F.; Gulyás, A.I. Total number and distribution of inhibitory and excitatory synapses on hippocam-
pal CA1 pyramidal cells. Neuroscience 2001, 102, 527–540. [CrossRef]

70. Ritchie, M.; Phipson, B.; Wu, D.; Hu, Y.; Law, C.; Shi, W.; Smyth, G. limma powers differential expression analyses for RNA-
sequencing and microarray studies. Nucleic Acids Res. 2015, 43, e47. [CrossRef]

71. Krämer, A.; Green, J.; Pollard, J.; Tugendreich, S. Causal analysis approaches in Ingenuity Pathway Analysis. Bioinformatics 2014,
30, 523. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1093/cercor/13.9.950
http://doi.org/10.1016/j.neuroscience.2012.09.077
http://doi.org/10.1139/h2012-062
http://doi.org/10.1111/j.1471-4159.2009.06335.x
http://doi.org/10.1038/nrn3820
http://www.ncbi.nlm.nih.gov/pubmed/25387473
http://doi.org/10.1089/neu.2004.21.1457
http://www.ncbi.nlm.nih.gov/pubmed/15672635
http://doi.org/10.3945/ajcn.115.124081
http://www.ncbi.nlm.nih.gov/pubmed/26718417
http://doi.org/10.1371/journal.pone.0120391
http://www.ncbi.nlm.nih.gov/pubmed/25786262
http://doi.org/10.1002/gps.5707
http://doi.org/10.1126/science.274.5284.99
http://doi.org/10.3390/ijms22179120
http://doi.org/10.1016/S0306-4522(00)00496-6
http://doi.org/10.1093/nar/gkv007
http://doi.org/10.1093/bioinformatics/btt703
http://www.ncbi.nlm.nih.gov/pubmed/24336805

	Introduction 
	Results 
	Fear Memory and Spatial Memory Performance of 18-Month-Old Tg2576 Mice Chronically Treated with DHA 
	Synaptic Pathology in the Brain of 18-Month-Old Tg2576 Mice Chronically Treated with DHA 
	Amyloid Pathology and Neuroinflammatory Markers in the Brain of 18-Month-Old Tg2576 Mice Chronically Treated with DHA 
	RNA-Seq Analysis 
	Predictive Activation Profile of Pathways and Neuronal Functions upon DHA Treatment 
	Mechanistic Hypothesis of DHA Based on Differential Transcriptomic Profiling between Vehicle-Treated Mice (Tg2576 vs. WT) and DHA-Treated Mice (Tg2576 vs. WT) 

	Discussion 
	Materials and Methods 
	Animals 
	Treatment 
	Fear Conditioning Test 
	Morris Water Maze (MWM) Test 
	Determination of A42 Levels 
	Dendritic Spine Density Measurement by Golgi–Cox Staining 

	Immunoblotting 
	RNA-Seq 
	Quantitative Real-Time PCR 

	Statistical Analysis 

	Conclusions 
	References

