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(S I N

Abstract: Cognitive decline, the primary clinical phenotype of Alzheimer’s disease (AD), is currently
attributed mainly to amyloid and tau protein deposits. However, a growing body of evidence is
converging on brain lipids, and blood-brain barrier (BBB) dysfunction, as crucial players involved
in AD development. The critical role of lipids metabolism in the brain and its vascular barrier,
and its constant modifications particularly throughout AD development, warrants investigation of
brain lipid metabolism as a high value therapeutic target. Yet, there is limited knowledge on the
biochemical and structural roles of lipids in BBB functionality in AD. Within this framework, we
hypothesize that the ApoE4 genotype, strongly linked to AD risk and progression, may be related to
altered fatty acids composition in the BBB. Interestingly, alpha linolenic acid (ALA), the precursor of
the majoritarian brain component docosahexaenoic acid (DHA), emerges as a potential novel brain
savior, acting via BBB functional improvements, and this may be primarily relevant to ApoE4 carriers.

Keywords: cardiocerebrovascular diseases; fatty acids; alpha linolenic acid; Alzheimer’s disease;
Alzheimer’s dementia; vascular cognitive impairment; blood-brain barrier

1. Introduction

Treatment for neurodegeneration is practically non-existent. A major reason relates to
the double-edged sword role of the blood-brain barrier (BBB). It both restricts the entry of
potential therapeutics and is impaired already in the earliest stages of neurodegeneration [1].
The BBB is a crucial player in maintaining brain health as it prevents the entrance of
unfavorable molecules and removes physiological waste from the brain’s parenchyma,
if the BBB’s clearance machinery operates properly [2]. The question of whether lipids and
specifically fatty acid (FA) composition can requlate BBB function has yet to be elucidated.
Transport of lipids to the brain is mediated by the major facilitator superfamily domain
containing 2A (Mfsd2a) lining the BBB [3,4]. The results of lipidomic profiling of brain
capillaries, point to lipid composition of brain endothelial cells as a key regulator for
BBB lipid transport [5]. Therefore, the lipid disarray related to BBB malfunction- directly
implicated in numerous brain diseases, primarily neurodegeneration—becomes a major
target for potential new treatments [6].

Worldwide, the number of people with dementia is about 55 million and this number
is expected to double every 20 years [7], making dementia a major epidemic of this century.
However, currently approved drugs primarily treat symptoms and have limited impact
on the course of disease. There are over 140 drugs in the current AD drug development
pipeline. Disease-modifying therapies represent 83.2% of the candidate treatments. Drugs
for prevention of dementia however, are scarce [8]. Yet, modifiable risk factors for dementia,
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such as the diet, consistently linked to slower rate of cognitive decline, lend promise for
prevention or delay of the disease [9]. Specifically in the context of lipids, lipid supplemen-
tation have been shown to improve health metrics such as insulin resistance, fatty liver and
BBB integrity [10-12], and to extend life span, modulating the aging processes [13]. Specific
lipid-based nutrients, such as the n-3 polyunsaturated fatty acids (PUFA) have been linked
to better cognitive health due to their anti-inflammatory and synaptogenic properties [14].
Nevertheless, the results of dietary interventions on brain disease remain inconclusive [15]
and the data establishing causative effects of nutrition on cognitive health remain uncertain.
Importantly, populations with specific genetic backgrounds may more strongly benefit
from dietary interventions. Specifically, recent discoveries show that in Alzheimer’s disease
(AD), ApoE4 differentially impacts inflammatory pathways, lipid metabolism and BBB
integrity [16]. There is initial evidence suggesting that among ApoE4 genotype carriers,
who are at high AD risk, precision nutrition targeting metabolic pathways altered by ApoE4
provides a tool for the potential prevention of disease [16,17].

In this commentary, we briefly present the impact of FA on brain and BBB function
in AD. In particular, we introduce the potential beneficial effects of the essential n-3 alpha
linolenic acid [ALA, 18:3(n-3)].

2. The Blood-Brain Barrier (BBB)

The BBB is a selective interphase between systemic blood and brain parenchyma with
brain endothelial cells as its principal cellular component. Its structural and functional
stability is critical to keep a healthy brain. The brain blood capillaries are different from
peripheral blood vessels due to the presence of tight junctions, lack of fenestrations, high
number of mitochondria, restricted endocytosis and presence of unique transporters [18].
Pericytes and astrocytes are major cellular components of the neurovascular unit that
constantly regulate barrier function in health and diseases [2]. The main brain endothelial
cells biochemical structural components include (besides proteins) phospholipids, sphyn-
golipids and cholesterol, inserted in the membrane bilayer. Amphipatic phospholipids
face the outer and inner aqueous environments thanks to their molecular hydrophilic
groups whereas the hydrophobic esterified FA provide the lipophilic characteristics that
allow the passage of some hydrophobic solutes across the BBB [19]. The essential n-3
ALA and LA [18:2(n-6)] FA, part of complex lipids, originate solely from the diet and
are the source of metabolic PUFA products like docosahexaenoic [DHA, 22:6 (n-3)] and
arachidonic (AA) acids [20] which participate in membrane remodeling. Besides, bod-
ily synthesized saturated and monounsaturated FA (MUFA), contribute to the complex
lipids properties, and to healthy brain structure and functioning [21]. The quality of FA
transported through the BBB, which become critical elements of the membrane of all brain
cells, will determine its physicochemical properties thereby influencing cells membrane
fluidity, as well as receptors and transporters activities including those expressed in brain
endothelial cells lining the BBB [22,23]. Although lipids are core molecular and cellular
components mediating BBB function, research on BBB lipid composition and metabolism
is rare. Conversely, research on brain lipids is abundant but, even when lipid alterations
can be linked to the onset of age-related neurodegenerative diseases, evidence on the role
of dietary FA have been restricted mostly to DHA. Recently we have shown that ALA, a
metabolic precursor of DHA and n-3 PUFA, regulate the transport and metabolism of lipids
in brain vasculature from neonatal stages to adulthood [24]. The gap in knowledge of the
impact of essential ALA on the BBB structure, function, and brain lipid metabolism is a
latent scientific drawback to overturn.

3. Lipids and BBB Function

The capillaries in brain provide the largest endothelial surface for molecular inter-
change between blood and brain [25]. Even though the brain is composed of nearly 60%
of lipids, their role and, particularly their metabolism remains poorly understood [26].
A unique lipid composition of brain endothelial cells underlies BBB function and also
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influence the brain lipid supply of n-3 FA from peripheral circulation [5]. Lower transport
of DHA, the main FA component of the brain [27], may be due to an altered BBB lipid
composition and its associated lipophilic properties, which may lead to membrane disinte-
gration and deficient Mfsd2a-mediated lipid transport. Moreover, in ApoE4 carriers, the
deficient cholesterol transport from astrocytes to brain endothelial cells [28] may contribute
to detrimental membrane lipid modifications in the BBB. High levels of DHA in brain
vasculature can result from ALA metabolic transformation to DHA [24]. ALA effects are
beneficial to the BBB lipid structure and subsequent function, which support our hypothesis
that ALA may improve the BBB deterioration and the reduced FA transport associated with
AD [24]. Alterations in the BBB membrane components have been shown to be effective in
protecting its functional properties [25]. Interestingly, brain endothelial cells express key
enzymes of de novo FA synthesis namely acetyl-CoA carboxylase and FA synthase [29],
which are known to be regulated by dietary FA [30]. For all of the above reasons, we
propose that repairing the BBB with the right FA, namely ALA, could reverse its structural
and functional disarray in brain diseases in which BBB dysfunction is involved.

4. BBB Breakdown in AD from a Lipid Perspective

Growing evidence points to brain DHA reduced levels [31,32] in phospholipids and
BBB breakdown as underlying molecular alterations of human cognitive impairment,
including the early clinical stages of AD, even before amyloid deposition [1,33].

Neuroimaging studies in individuals with early AD as well as histological images of
postmortem tissue have shown BBB breakdown in different brain areas [34]. Increased
CNS permeability, reflecting loss of cerebrovascular integrity has also been shown, before
dementia is ascertained [34]. For the cell membrane to keep normal function properly, it
must maintain a balance between fluidity, which is influenced by the phospholipid head
groups and FA components, and movement of proteins and lipids within the membrane,
without compromising membrane integrity and allowing substances to leak into or out of
the cell. These membrane characteristics have direct influence on the function of receptors
and transporters expressed in brain endothelial cells, which have a crucial role in AD patho-
physiology [35,36]. Human [37] and animal [38] studies indicate that n-3 FA components
of the BBB, associated with dietary manipulation and aging [39], promote integrity and
prevent its disruption. Importantly, a direct functional role of DHA has been demonstrated,
following its Mfsd2a-mediated transport through the luminal side of brain endothelial cells,
in suppressing the caveolae transcytosis and thereby maintaining BBB integrity [5]. It has
also been shown that DHA confers long-term protection against ischemic brain damage
through multiple mechanisms, including suppression of inflammatory responses, decrease
in oxidative stress and stimulation of angiogenesis and neurogenesis [37]. DHA has also
been associated with the decrease of Af3 deposition in animals [40], which combined with
neuroinflammation, lead to BBB dysfunction [41]. We propose that, by conversion to DHA,
ALA- the natural substrate in the DHA metabolic pathway- may produce the DHA ben-
eficial effects on BBB and brain health. The following sections provide the rationale for
this hypothesis.

5. Fatty Acids Role in Brain Health

Essential fatty acids (EFA) LA and ALA are precursors of the important brain compo-
nents arachidonic acid [AA, 20:4(n-6)] and DHA (n-3), respectively, through processes of
desaturation and elongation. The genes encoding the enzymes involved in those pathways
are highly expressed in liver and brain [42,43]. Importantly, age related changes of FA
desaturase activities have been described, including the affinity for its substrates which is
higher for ALA than for LA later in life [44].

AA has been shown to have neurotoxic effects [45]. AA is also a precursor of various
bioactive molecules including prostaglandins, such as PGE2 which has been implicated in
greater BBB permeability [45]. Conversely, it has been shown that DHA is the precursor
of enzyme-derived, neuroprotective docosanoids in brain [45]. Thus, the increase of DHA
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from ALA enrichment rather than AA from LA, may contribute to the prevention of BBB
leakage [46].

DHA is notoriously decreased in the AD human brain [31], and so is the BBB function
responsible for its transport. DHA brain levels seem to be controlled by the Mfsd2a trans-
porter expressed on brain endothelial cells [4,47]. Importantly, a particular membrane FAs
composition determines the optimal A6 desaturase activity for which they act as regulatory
sensors [48]. These data highlight the need to further elucidate the inter-relationships
between FA composition, BBB and brain health. Disentangling the etiology and chronology
of brain lipid modifications in the BBB and particularly in AD would greatly broaden the
landscape of potential preventive/therapeutic targets.

6. Dietary Fatty Acids

The essential ALA n-3 and LA n-6 FA, source of the metabolic PUFA DHA and AA,
respectively, come from the diet. The brain is highly enriched in long-chain DHA and
AA as structural components of neuronal membranes. These FA are precursors of lipid-
derived prostaglandins and resolvins. When derived from DHA, they contribute to reverse
inflammatory and other neurodegenerative processes [49]. Neural illnesses are believed
to benefit from consumption of DHA and eicosapentaenoic acid [EPA, 20:5(n-3)] [50,51].
Surprisingly, whereas dietary maritime DHA supply has been regarded as the main efficient
source of brain DHA [52], the ability of its metabolic precursor, terrestrial ALA, to support
brain DHA (as well as EPA), has rarely been examined. Recent studies from our group and
others [24,53] have begun to indicate, however, that ALA enrichment in adult diets and in
maternal diets during fetal development and weaning: (1) enhances Mfsd2a expression
in brain vasculature and (2) improves cognitive functions in adult offspring, compared
to control diet. Weaning and adult offspring of ALA-fed dames have higher brain DHA
levels and higher expression of the FA transporter Mfsd2a indicating the outstanding ALA
ability to enable higher DHA levels and improved BBB transport [24]. Thus, we suggest
that increased DHA, following ALA enrichment, may restore the BBB phospholipids FA
composition and consequently enhance its structure and functional stability. Increased
DHA brain accretion through enhanced Mfsd2a transport mechanism in AD and other
neurodegenerative diseases, may lead, eventually, to improved memory.

7. Fatty Acid Metabolism

The conversion of essential ALA and LA to PUFA occurs via the same elongase and
A6 desaturase enzymes in the metabolic pathway. Higher ALA levels usually overcome
the LA substrate competition, allowing for the production of higher n-3 than n-6 PUFA
metabolites [54]. Importantly, A6-desaturase expression is retro inhibited by free intracellu-
lar DHA in a dose-dependent manner [55], pointing to ALA as the superior substrate for
DHA provision. A5 and A6 desaturase activities, encoded, respectively, by FADS1 / FADS2
genes, are recognized as main determinants of PUFA levels. Alterations of these enzymes
and the presence of FADS1 /FADS2 gene polymorphisms have been associated with neu-
ropsychiatric illnesses and neuroinflammation [56]. In addition, ALA dietary enrichment
increases not only EPA and DHA but also the respective metabolic prostaglandins, throm-
boxanes, and leukotrienes, and the anti-inflammatory lipoxins and resolvins in various
brain cells including neurons, astrocytes, and microglia [57], thus contributing to resistance
against neuroinflammatory processes in AD [58]. The role of ALA metabolic enzymes in
AD warrants additional research.

DHA supplementation has shown inconclusive results of both positive and negative
effects related to BBB integrity [59] and improvement in AD symptoms [60]. This may be
due to the inhibitory effects of DHA on ALA metabolism [55] and the lower formation of
intermediate n-3 FA like EPA, also needed for membrane phospholipids building. Since
ALA is the natural DHA precursor, and based on our previous knowledge of the beneficial
effects of dietary ALA on metabolic disease [10,11], we propose that ALA may be an ideal
source of brain DHA. The conversion of ALA to DHA and LA to AA proceeds via the same



Nutrients 2022, 14, 5091

50f11

elongase and A6-desaturase enzymes and higher ALA intake levels may overcome the
LA substrate competition, characteristic in Western diets, thus allowing the production
of higher n-3 PUFA metabolites [61]. That is indeed what we found in C57Bl6/] mice, in
which ALA dietary enrichment highly and significantly increased DHA levels in brain
vasculature’s and brain parenchyma’s phospholipids, compared to control LA rich diets.
Moreover, ALA enrichment also favored the higher Mfsd2a gene expression and protein
levels [24] which may be correlated with the higher brain DHA levels.

Saturated FA conversion into MUFA is regulated by A9 desaturase activity (SCD1
gene). Curiously, MUFA have been found, in some studies, to be elevated in AD patients
brain, and to correlate with cognitive impairment, although the underlying mechanisms
beyond this association are unknown [62]. Our recent studies have shown that ALA
enrichment suppresses hepatic SCD1 mRNA expression and high fat diet-induced SCD1
increased activity [63] suggesting a potential benefit of dietary ALA enrichment by reducing
the brain SCD1-mediated MUFA increase in AD.

In addition to the peripheral hepatic EFA metabolism and consequent brain transport,
astrocytes have been suggested to be the central neural system providers of PUFA [64,65].
Surprisingly, based on our preliminary in vitro studies, human brain endothelial cells
may be able to produce themselves DHA. The potential participation of cerebrovascular
endothelial cells in FA metabolism seems to be corroborated by findings showing the
protective role of long chain FA synthesis in angiogenesis [66]. This is important because
it would imply the contribution of the brain endothelial cells in providing metabolically
originated DHA to the brain throughout the lifespan.

8. Lifespan Fatty Acid Modifications

The early detection of AD-related brain lipid changes should be considered as a criti-
cal point related to the role of nutritional lipids in the prevention/restoration of the BBB
during AD development. Based on our previous studies in C57Bl6/] mice [24], early age
enrichment in dietary ALA significantly increases BBB phospholipids DHA content with
beneficial effects on cognition at adult age. DHA deficiency in embryonic neurodevelop-
ment can imprint long life brain damage, while AD pathology follows a long preclinical
course, with DHA decrease being a hallmark of brain deterioration with aging [67]. The
effect of DHA supplementation on the prevention or attenuation of AD symptoms have
been inconsistent [68,69]. Surprisingly, ALA supplementation as a DHA precursor has not
been similarly tested. This is probably due to the biased preconception that ALA is not
efficiently transformed into DHA based on studies with a very high LA /ALA ratio which
is characteristic of Western diets, and mainly on adult males. Pregnancy and fetal growth
are, conversely, critical periods of neurodevelopment when the highest transformation
of nutritional ALA into DHA supplies the offspring’s brain, with life-long impact [70,71].
Importantly, the A6 desaturase affinity for ALA decreases later than for LA [72] affirming
ALA dietary enrichment as a reliable DHA source during the aging process. Therefore,
based on existing results and due to the inhibitory hindrance of DHA on the A6 desat-
urase enzymes [55], we consider ALA as potentially optimal dietary substrate for DHA
production for brain accretion, both in newborns and adults.

9. Cholesterol

Due to the BBB inherent impermeability, brain and peripheral cholesterol synthesis
are separated [73]. Brain cholesterol levels are substantially reduced in ApoE4 AD patients
compared with age-matched ApoE3 controls. The preferential degradation of ApoE4 rela-
tive to ApoE3 in astrocytes has been proposed to result in a reduced capacity for neuronal
delivery of cholesterol, which may directly contribute to the disease progression [74]. The
association between brain cholesterol levels and AD is still unclear. Recent work points
to abnormalities in both cholesterol synthesis and catabolism in different patients’” brain
areas [75]. Timely, our latest preliminary results (unpublished), show that the levels of brain
and brain vasculature cholesterol in ApoE4 were reduced compared to those of ApoE3 Ki
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female mice, but significantly recovered by the ALA enriched diet. These results suggest
that ALA may restore, at least partially, the extremely low cholesterol levels and thus,
contribute to the BBB dysfunctional recovery.

10. ApoE4 and BBB Lipids in AD

Apolipoprotein E4 (ApoE4) allele carriers are at increased risk to develop AD com-
pared with those carrying the ApoE3 or E2 alleles [76]. The ApoE4 genotype is the strongest
Alzheimer’s susceptibility gene [77], and is associated with accelerated BBB breakdown
and degeneration of brain capillary pericytes crucial for maintaining BBB integrity, reduced
cerebral blood flow, and increased neuronal loss and cognitive decline in early and ad-
vanced stages of AD. Expression of the human ApoE4 gene in mice led to lower DHA
transport across the BBB and lower proportion of DHA in brain when compared to ApoE2
expression [78]. These anomalies are independent of amyloid- [1,9], insinuating that
breakdown of the BBB contributes to ApoE4-associated cognitive decline independently
of the AD classic pathology, and might be a therapeutic target in ApoE4 carriers [1]. The
mechanisms responsible for the ApoE4 effects on BBB are unknown. Yet, the ApoE protein
is a major cholesterol carrier that supports lipid transport and injury repair in the brain, sug-
gesting deficient lipid transport as a plausible mechanism underlying its role in cognitive
decline. Our emerging, yet unpublished results, suggest that ALA dietary enrichment in
ApoE4 compared with ApoE3 mice brain, restores part of the decreased lipids, and in par-
ticular cholesterol and phospholipids, and leads to DHA enrichment in brain blood vessels,
particularly in phosphatidylserine. These results suggest that BBB phospholipid disruption,
is markedly restored by dietary ALA enrichment. Thus, altered lipid metabolism in brains
of ApoE4 carriers may account for the barrier disintegration and consequent dysfunction,
preceding other changes in brain function and behavior [79]. Interestingly, studies in a
population with large-vessel disease show altered serum lipid profile in ApoE4 carriers,
compared with ApoE2 and ApoE3 [80]. ApoE4 mice have shown increased susceptibility
to endothelial cells lipid alterations [81], involving intracellular lipid flux and lipid droplet
regulation as potential factors underlying higher AD risk [82]. These findings further
support a role for lipid disarray in neurodegeneration and suggest nutritional modulation
as a potentially efficacious therapeutic strategy in ApoE4 carriers [83]. Lower DHA has
been consistently shown in ApoE4 AD mice brain [78]. Nevertheless, the few studies sug-
gesting a link between FA and ApoE4 mostly refer to DHA supplements, and peripheral
metabolism, but do not provide neither a clear mechanism nor a therapeutic target for the
DHA effect on age associated neurodegeneration [84].

We predict that the link between ApoE4 genotype and AD evolution towards cogni-
tive decline emerges, at least for some extent, from the BBB deterioration due to altered
nutritional and biochemical FA processes leading to ineffective brain lipid accretion though
the BBB.

11. Conclusions

The strong impact of ALA dietary enrichment on hepatic n-3 FA metabolism, may
lead to restoration of DHA brain levels, by rescuing BBB disruption through membrane
remodeling in brain endothelial cells. We envision that further research will unravel the
mechanisms through which ALA enrichment improves BBB functionality, not only by
repairing lipid transport, but also by enhancing brain ALA metabolism. In doing so, n-
3 PUFA enrichment would comprise whole brain lipid homeostasis supporting restored
cognitive functioning. This innovative concept opens the path for exciting prospects on ALA
properties related to BBB in various brain diseases. Understanding the role and evolution
of lipid modifications from early to old age, specifically in high risk ApoE4 carriers, would
promote the discovery of novel nutritional strategies for the prevention, delay or restoration
of cognitive decline. Figure 1 schematically illustrates this conceptual model.
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Figure 1. Conceptual model. This schematic picture illustrates how dietary fatty acids are ingested by
the offspring, from the mother through the placenta, or by adult mice directly from the diet. Ingested
FA are modified through the hepatic metabolism. High ALA levels increase DHA production through
the pathway regulated by the key enzymatic A6 desaturase (black arrow on the right). Circulating
FA reach the BBB. The decreased n-3 FA brain accretion, through Mfsd2a transporter expressed
on brain endothelial cells, and dysfunctional BBB (left BBB cartoon) in AD are restored by ALA
dietary enrichment (right BBB cartoon). Thus, increased DHA production rescues BBB function,
brain accretion and phospholipids composition (left black arrow). These ALA induced modifications
positively impact cognitive functioning. The potential desaturation of ALA to DHA by BBB may also
contribute to brain DHA (orange arrow). The high SCD1 activity in AD on the transformation of
Saturated to MUFA may be inhibited by ALA (blue arrow). Figures in this manuscript were created
with Biorender.
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