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Abstract: Lipids, as the basic component of cell membranes, play an important role in human health
as well as brain function. The brain is highly enriched in lipids, and disruption of lipid homeostasis is
related to neurologic disorders as well as neurodegenerative diseases such as Alzheimer’s disease
(AD). Aging is associated with changes in lipid composition. Alterations of fatty acids at the level
of lipid rafts and cerebral lipid peroxidation were found in the early stage of AD. Genetic and
environmental factors such as apolipoprotein and lipid transporter carrying status and dietary
lipid content are associated with AD. Insight into the connection between lipids and AD is crucial
to unraveling the metabolic aspects of this puzzling disease. Recent advances in lipid analytical
methodology have led us to gain an in-depth understanding on lipids. As a result, lipidomics have
becoming a hot topic of investigation in AD, in order to find biomarkers for disease prediction,
diagnosis, and prevention, with the ultimate goal of discovering novel therapeutics.
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1. Background

There were ~46.8 million dementia cases worldwide in 2015 according to the world Alzheimer
report, with an estimated 9.9 million new cases per year [1], indicating the global burden of dementia.
Alzheimer’s disease (AD), the most common type of dementia, is a neurodegenerative disease clinically
characterized by progressive memory loss, cognitive dysfunction and behavioral change. The major
neuropathological hallmark of AD is the accumulation of amyloid protein in senile plaques due to
over-production or impaired clearance ofβ-amyloid (Aβ) peptides and the deposition of neurofibrillary
tangles (NFTs), which give rise to synaptic loss and neurodegeneration.

Cerebral lipids account for at least 50% of dry brain weight—the most lipid-rich organ next to the
adipose tissue [2]. Lipids are the basic structural component of neuronal cell membranes. Brain lipids
are comprised of 50% phospholipids, below 40% glycolipids, 10% cholesterol, cholesterol ester and
traces of triglycerides. Long-chain polyunsaturated fatty acids (LC-PUFAs) account for 25–30% of the
total fatty acids (FAs) in the human brain, including docosahexaenoic acid (DHA) and arachidonic
acid (AA) [2]. Cerebral lipid peroxidation was found to be an early event in AD. Brains of AD patients
display a higher number of lipoid granules (or adipose inclusions) in glia, suggesting aberrant lipid
metabolism. Genome-wide association studies (GWAS) have found associations between AD and
several genes involved in lipid homeostasis such as APOE (apolipoprotein E), CLU (clusterin, also
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known as apolipoprotein J), SORL1 (sortilin-related receptor 1) and ABCA7 (ATP-binding cassette,
sub-family A, member 7) [3].

Lipid analyses—such as liquid chromatography or gas chromatography-mass spectrometry and
mass spectrometry imaging—enable the identification of lipids in tissues and body fluids [4,5]. There
are eight categories of lipids, as listed in Table 1. In the following sections, we will discuss research
regarding each lipid group and their connection with AD.

Table 1. Lipid categories.

Category Example

Fatty acids (FA) arachidonic acid (AA), docosahexaenoic acid (DHA)

Glycerolipids (GL) monoacylglycerol (MAG), diacylglycerol (DAG),
triacylglycerol (also triglyceride, TG)

Glycerophospholipids (GP) phosphatidylethanolamine (PE), phosphatidylcholine (PC),
phosphatidylserine (PS)

Sphingolipids (SP) sphingomyelin, ceramide, sulfatide, ganglioside

Sterol lipids (SL) cholesterol, vitamin D

Prenol lipids (PR) carotenoid, vitamin E & K

Saccharolipids (SL) lipid A

Polyketides (PK) lovastatin

2. Lipid Rafts

The lipid compositions of the two membrane monolayers are different: the inner leaflet is enriched
in phosphatidylserine, phosphatidylethanolamine and phosphatidylinositol, whereas the outer leaflet
is enriched in phosphatidylcholine and sphingomyelin [6]. Lipid rafts are dynamic structures within
the cell membranes that play crucial roles in signal transduction, cell adhesion and lipid/protein
sorting. Lipid rafts are characterized by combinations of sphingolipids, cholesterol, saturated FAs
and a reduced content of PUFAs. Many AD-associated proteins have been found in lipid rafts such
as amyloid-β protein precursor (βAPP), β-secretase, γ-secretase and neprilysin [7]. Lipid rafts serve
as platforms where Aβ interacts with ApoE, and tau to promote the aggregation of Aβ oligomers
and hyperphosphorylated tau [8]. Aβ production (amyloidogenesis) is related to lipid composition
within lipid rafts [9]. The formation of cytotoxic Aβ fibrils is triggered by lipid rafts including GM1
ganglioside, cholesterol and sphingomyelin [10]. Lipid rafts from frontal cortex of AD patients exhibit
abnormally low contents of n-3 LC-PUFAs (mainly DHA) and monoenes (mainly oleic acid), as well as
significant reductions in the unsaturation and peroxidability indexes compared to healthy control [11].
These FA alterations in the level of lipid rafts were observed early in AD pathogenesis, particularly in
the frontal and entorhinal cortices [12].

3. Aging and Lipids

During the first two decades of human life, amounts of cerebral lipids increase and then begin to
gradually decrease after the age of 50 [13]. Aging causes alterations of adipose tissue distribution with
an elevation of systemic free fatty acids (FFA) levels, a common feature of metabolic syndromes [14].
There are age-related alterations of lipid compositions in different brain areas. The saturated fatty
acids (SFA), monounsaturated fatty acids (MUFA) and PUFA are significantly greater in mid-life males
compared to younger males, whereas PUFAs including DHA, AA decrease and MUFAs increase in the
grey matter of orbitofrontal cortex with aging [15]. Likewise, aging is related to increased inflammation.
Lipids are the mediators that orchestrate many immune responses. Some specialized pro-resolving
lipid mediators (SPMs) are particularly associated with aging [16].
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4. Blood–Brain-Barrier (BBB)

There is a negative correlation between cerebral blood flow (CBF) and age [17]; moreover,
blood–brain barrier (BBB) permeability is greater in older compared to younger individuals [18].
Dynamic contrast magnetic resonance imaging (MRI) suggests that BBB breakdown is an early event
that begins in the hippocampus of the aging brain [19]. Brain hypoperfusion and loss of BBB integrity
result in reduced energy availability and disrupted synapses, leading to impairments in memory and
learning [20]. BBB integrity is compromised in AD [21] as evidenced by the detection of plasma proteins
in the parenchyma of AD brains as a consequence of cerebrovascular changes (breach) called cerebral
amyloid angiopathy. In total gray matter and cortex of the brain, the BBB leakage was significantly
increased in AD patients compared with in control subjects and correlated with disease severity [22].

Takechi et al. showed that after 12 weeks of high-fat diet (HFD), the BBB dysfunction of SFA-diet
mice was 30-fold greater than the control group while that on high-cholesterol diet was 7-fold increased.
When these mice were given probucol, which is the lipid-lowering agent, the non-esterified FA levels
of plasma were increased and cerebrovascular inflammation or loss of BBB integrity didn’t occur,
suggesting that probucol prevents disturbances of BBB induced by HFDs by suppressing inflammatory
pathways rather than by directly modulating plasma lipids [23].

5. Fatty Acids (FAs)

FAs are the basic building blocks of more complex lipids. Triglyceride (TG) is the storage form
of FAs and degrades via β-oxidation while releasing energy for ATP production [4]. The major
categories of FAs are saturated, trans, monounsaturated and polyunsaturated FAs. FAs can be
classified as saturated versus unsaturated based on the number of double bonds. There are no
double bonds in SFAs which tend to be solid at room temperature, whereas unsaturated ones
contain at least one (monounsaturated, MUFA), or two or more (polyunsaturated, PUFA) double
bonds. FA compositions of natural foods are inherently variable; there are higher SFAs in meat and
dairy products, while fruits and vegetables contain predominantly unsaturated FAs. Trans FAs are
made either by the ruminal and intestinal bacterial metabolism or the hydrogenation of multiple
unsaturated FAs from vegetable oils; they are hypercholesterolemic and are linked to an adverse
outcome with high risk of cardiovascular diseases [24]. SFAs are considered the most harmful of all
FAs, being capable to accelerate the development of atherosclerosis in the setting of insulin resistance
and inflammation [14]. The brain is highly enriched in LCPUFAs-DHA (22:6n-3) and AA (20:4n-6).
In the brain, PUFAs are mostly incorporated into phospholipids of neural membranes to influence
membranous fluidity, signal transduction, gene transcription, and protect against neuronal apoptosis
and death [25]. PUFAs act as precursors for biosynthesis of the lipid mediators which dominate the
inflammatory response. N-6 FAs are precursors of eicosanoids including prostaglandins, thromboxanes,
leukotrienes, lipoxins, resolvins, and eoxins. Therefore, the dietary n-3/n-6 PUFA ratio can influence
the FA composition of membranous phospholipids, which are metabolized to lipid mediators which
may have detrimental (pro-inflammatory effects of AA derivatives), beneficial (anti-inflammatory,
neuroprotective and antioxidant effects of DHA metabolites) or neuromodulatory effects (AA-derived
endocannabinoids) [26]. Alterations in the FA composition of erythrocyte also occurs in early stage
of AD, prior to cognitive impairment. Compared to those with low neocortical β-amyloid load,
individuals with higher β-amyloid load had elevated plasma AA and lower docosapentaenoic acid
(DPA) [27].

Free fatty acids (FFAs), especially cortical elevations of FFAs, induce the assembly of amyloid
and tau filaments in vitro. Although greater stimulation is usually associated with unsaturated FAs,
all long-chain FAs enhanced assembly to some extent [28]. Studies testing six unsaturated FAs,
including linoleic acid (LA), AA, α-linolenic acid (ALA), DHA, eicosapentaenoic acid (EPA) and oleic
acid (OL), showed that all these unsaturated FAs were positively associated with neuritic plaques and
NFT burden and negatively correlated with cognitive performance. In brain regions vulnerable to AD
pathology—the middle frontal and inferior temporal gyri, there were decrements in LA, ALA, and AA
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and increases in DHA [29]. All these 6 unsaturated FAs can directly interact with Aβ40 and Aβ42

peptides and display excellent anti-aggregation properties by preventing amyloid fibril formation,
especially OA and DHA [30]. However, when investigating the role of different unsaturated FAs in
modulation of neuroprotective α-secretase-cleaved soluble APP (sAPPα) secretion and cell membrane
fluidity, only AA, EPA and DHA with four or more double bonds are capable of increasing membranous
fluidity and sAPPα secretion, whereas stearic acid (SA, 18:0), LA, ALA and OA cannot [31].

5.1. N-3 Fatty Acid: Docosahexaenoic Acid (DHA)

DHA is an n-3 FA and the most abundant PUFA in all brain regions [32]. DHA is derived from
α-linolenic acid (ALA), forming EPA in the process. Before birth, the concentration of FAs reaches
a plateau, but DHA is an exception, which continues to increase with rapid accumulation just prior
to synaptogenesis [33]. Sources of DHA for humans include dietary sources such as fish, as well as
DHA production in the liver [34]. The liver synthesizes 1.8 to 36 folds of DHA from ALA and EPA
which are shorter chain n-3 FA precursors than the requirement of human brain [35]. The DHA level in
the brain depends on the liver’s metabolic ability of diet-derived n-3 FAs in conditions of low dietary
consumption of n-3 FAs such as Western diets [34].

With increasing age, there is a progressive decline of DHA level. While normal aging results
in overall brain atrophy, lower DHA level is associated with increased hippocampal atrophy [36].
AD patients have decreased DHA level throughout the brain including disease resistant regions
but the most prominent reduction lies in the hippocampus. According to the mini-mental state
examination (MMSE), DHA content has a positive correlation with dementia [37]. Livers from AD
patients also contain lower levels of DHA but higher levels of short-chain n-3 precursors including
tetracosahexaenoic acid (THA), suggesting a defect in the bioconversion of THA to DHA through the
peroxisomal β-oxidation, which is the last step of DHA synthesis [38]. However, some studies have
shown no significant difference in DHA content between erythrocytes or the brain tissue of AD and
control individuals [39,40].

In the Framingham study, subjects with the top quartile of plasma DHA level experienced a 47%
lower risk of dementia [41]. In patients with mild cognitive impairment (MCI), a reduction in cognitive
decline rate and better cognition were shown in the n-3 FA-treated group compared to the group treated
with placebo but there was no effect in those with AD [42]. In mice, a DHA-enriched diet treatment for
8 weeks either delayed cognitive decline [43] or enhanced learning ability in mice treated longer for
7 months [44]. Multiple effects of DHA have been shown to antagonize AD pathogenesis, including
increasing cerebral blood flow, decreasing Aβ deposition and tau phosphorylation by inhibiting
presenilin 1 (PS1) and c-Jun N-terminal kinases (c-JNK), reducing activities of β-and γ-secretase while
enhancing APP cleavage by α-secretase, increasing dendritic spine densities and restoring synaptic
function in the hippocampus [45–47]. Since n-3 FAs are precursors for SPMs, n-3 FA supplementation
in patients with MCI increased the production of SPM resolvin D1 [48] and shifted macrophages from
highly proinflammatory M1 to an intermediate M1-M2 phenotype in favor of phagocytosis of Aβ [49].
While many studies support the beneficial cognitive effects of DHA, others including two double-blind
randomized control trials (RCTs) reported no effect [42]. Moreover, although PUFAs are generally
viewed as neuroprotective, peroxidative damage tend to affect their double bonds [50].

Among the four n-3 and n-6 FAs, DHA was oxidized to the greatest extent, followed by EPA,
AA and LA. Thus, long-term treatment with DHA should be considered cautiously. Recently,
it was found that deuterium-reinforced PUFAs (D-PUFAs) are more resistant to reactive oxygen
species-initiated chain reaction of lipid peroxidation than normal hydrogenated PUFAs (H-PUFAs),
with obviously decreased prostaglandin F2α and F2-isoprostanes in the cortex and hippocampus
compared to H-PUFAs [51]. Although APP/PS1 AD mice fed D-PUFA showed lower lipid peroxidation
products and Aβ40/Aβ38 production in the hippocampus compared to those fed H-PUFA, there was
no change in learning and memory deficits [52].



Int. J. Mol. Sci. 2020, 21, 1505 5 of 37

5.2. N-6 Fatty Acids: Linoleic Acid (LA) and Arachidonic Acid (AA)

AA and its precursor LA are n-6 FAs. Patients with MCI and AD had elevated levels of AA but
reduced levels of LA compared with healthy control and the level of LA decreased progressively from
healthy control to MCI to AD patients in one study [53]. Activation of the AA cascade leads to an
increase in Aβ and causes impairment in working memory induced by interleukin-1β [54]. Mice fed a
diet containing 2% AA for 21 weeks had increased Aβ production and deposition [55]. AA is converted
and metabolized by the enzyme 5-lipoxygenase (5-LO) to leukotrienes and by cyclooxygenase (COX)
to prostaglandins and thromboxanes, all of which are associated with proinflammatory effects [56].
The 5-LO enzymatic pathway is upregulated in AD. Overexpression of 5-LO results in elevated Aβ
levels whereas 5-LO inhibition results in reductions of Aβ and γ-secretase [57].

5.3. N-9 Fatty Acid: Oleic Acid (OA)

OA, an n-9 FA and the most abundant dietary FA, is deemed protective against AD in most
studies. OA was decreased in the frontal cortex and hippocampus of AD brains [58]. The benefits
of Mediterranean diet such as olive oil, which is rich in OA, are highlighted and protective against
onset of AD and age-related cognitive decline [59]. OA supplementation reduced secreted Aβ and
ameliorated amyloid formation in cell and animal models of AD [60]. AD patients had increased prolyl
endopeptidase (PEP) activity related to their amnesia and OA demonstrated the highest PEP inhibitory
activity among the unsaturated FAs [61]. Moreover, one study showed that OA leads to increased
γ-secretase activity and increased PS1 and Aβ in transfected cells [62].

5.4. Combination of n-6 and n-9 Fatty Acids

Amtul et al. studied the effects of n-6, n-9 FAs or combination on Aβ production in vitro.
LA supplementation significantly increased the Aβ40 levels in C-99 transfected COS-7 cells, and AA
supplementation increased the levels of total Aβ including Aβ40 and Aβ42; whereas cells supplemented
with OA resulted in a decrease of Aβ40, Aβ42 and total Aβ levels. Therefore, increased consumption of
a n-9 FA (OA)-rich diet with reduced intake of n-6 FAs (LA and AA) may be linked to a lower risk of AD.
Incubation of APP695 transfected COS-7 cells with a mixture of LA-OA-albumin or LA-OA-AA-albumin
strongly enhanced the total Aβ levels by nearly two-fold in a concentration-dependent manner, revealing
that lipid mixtures have additive effects on Aβ production which seem to be powerful than the effects
of individual lipids. This experiment emphasizes the importance of studying lipids complex instead of
single lipids regarding their effects on amyloidosis [63].

5.5. Dietary Fatty Acids

Of all the different species of FAs, most studies support that increased risks of AD and cognitive
decline are correlated with higher saturated fatty acids (SFAs) in dietary intakes [64]. According to
Chicago Health and Aging Project (CHAP), risks of AD in persons in the upper quintile of saturated-fat
intake was 2.2 fold compared with those in the lowest quintile, whereas the risk was 2.5 fold for
trans-fat [65]. Compared with soy oil-based diet, there were increased cerebral Aβ levels in transgenic
mice fed a westernized diet containing 40% SFA for 4 months, whereas Aβ levels in persons with
DHA-supplemented diets were lower than those with soy oil-based diet [66]. A MUFA-enriched diet
is often known as the Mediterranean diet, which is advocated due to its association with delaying
age-related cognitive decline and reducing risks of AD [64]. However, dietary intake of MUFAs
was often consistent with SFA and trans FAs in dietary intakes. Studies investigating the effects of
dietary lipids and AD in the real world are frequently confounded by the different compositions of FA,
composing both beneficial and harmful FAs, leading to negative findings [64].
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6. Gut Microbiota and the Gut-Brain Axis

Short-chain FAs (SCFAs) are FA with a chain length ranging from one to six carbon atoms produced
mainly by colonic bacteria during the anaerobic fermentation of dietary fiber and undigested complex
carbohydrates [67]. SCFAs such as acetate, butyrate, and propionate can permeate the BBB or exert
their effects on the brain through the gut-brain axis [68]. Butyrate has neuroprotective effects as a
histone deacetylase inhibitor through G protein-coupled receptors (GPCRs) signal pathways and
anti-inflammatory signaling [69]. It is able to improve hippocampal histone acetylation and upregulate
the genes expression associated with learning processes [70]. In an AD mouse model, sodium butyrate
treatment facilitated learning and memory function, reduced amyloid plaque deposition and restored
dendritic spine density in hippocampal neurons [70,71]. Acetate can affect microglia and decrease BBB
permeability [72] and was found to be downregulated in AD Drosophila [73]

7. Ketogenic Diet (KD) and Ketone Bodies (KBs)

A high-fat and low-carbohydrate diet is termed KD. The metabolic pathway produces two main
KBs: β-hydroxybutyrate (β-HB) and acetoacetate (AcAc). A third type of ketone, acetone, is produced
by the enzymatic decarboxylation of AcAc and is mainly excreted on breath [74]. KBs can act as
substrates for production of acetyl-CoA, bypassing glycolysis to enter the tricarboxylic cycle. KBs
represent a normal response to hypoglycemia (e.g., fasting, higher levels of exercise, diabetes or
neuropathological conditions) as an alternate fuel for the brain [75]. Following 2–3 days of KD,
ketogenesis generally takes place in the mitochondrial matrix of hepatic cells. The KBs can pass
the BBB via the monocarboxylic acid transporter 1 (MCT1) and then enter neurons in the brain [76].
60–80% of dietary energy is provided by LCFAs (14–22 carbons) from classic KD. An alternative KD
containing medium-chain triglyceride (MCT) was developed, with only about 45% of energy coming
from medium-chain fats, thus allowing a greater carbohydrate component and better patient tolerance.
The MCT-based KD is composed of about 60% octanoic acid (8-carbon FA) and 40% decanoic acid
(a C10 FA) which can be metabolized to MCFAs (6–12 carbons) [77]. MCT-KD is more effective than
the classic KD for two reasons: (1) direct absorption from gut into the portal vein whereas LCFAs
re-esterification incorporate into chylomicrons which are absorbed via the lymphatic system and pass
through the peripheral circulation before reaching the liver, and (2) no need of carnitine-dependent
activation for β-oxidation as compared to LCFAs, which requires activation by carnitine to a coenzyme
A before accessing the mitochondria. Octanoic and decanoic acid also have cognition-enhancing
properties which are not related to KB production [78]. Reduced glucose metabolism was observed in
AD patients’ brain decades before the onset of disease. In contrast, metabolism of KBs is not altered,
at least in early stages of AD [79]. Therefore, KBs seem to be an alternative fuel in the brain of AD
patients during hypoglycemia.

KD in AD transgenic mice resulted in reduced total Aβ levels in the brain compared with
controls [80]. The addition of β-HB or Aβ or a combination to cultured rat hippocampal cells showed
that β-HB reversed Aβ toxicity by doubling the number of surviving cells and increasing cell size
and neurite outgrowth compared with cells exposed to Aβ only, suggesting that KBs may also act
as neuronal growth factors [81]. Another probable neuroprotective mechanism of KBs is associated
with their capability for upregulation of mitochondrial biogenesis [82], which improves oxidative
phosphorylation and ATP generation in the brain. KBs have anti-oxidant action through increasing
mitochondrial glutathione levels [83] and glutathione peroxidase activity [84]. Animals fed KD
showed a reduction of free radicals by improving the efficiency of respiratory chain complex in the
mitochondria [85]. Besides, KD can improve the vascular function of the brain, increase the growth of
beneficial gut microbiota (Akkermansia muciniphila and Lactobacillus) and enhance metabolic profile,
altogether attenuating the disease process of AD [86].

In humans, a randomized and double-blind trial administering MCT-KD to subjects with mild
and moderate AD showed improved memory and cognitive function [87,88] but the beneficial effects
excluded APOE ε4 carriers [87]. After using MCT-KD for 3 months followed by a 1-month washout;
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during the diet treatment, the mean ADAS-cognitive subscale score improved, then reverted to baseline
after the washout [89]. Therefore, whether long-term KD is required for AD patients to maintain
memory requires further investigations. However, KD application for the elderly arouses concerns
since people with neurodegenerative diseases have risks of malnutrition and KD might lead to a
reduced appetite and be accompanied by gastrointestinal side effects, exacerbating any nutritional
deficits [90].

8. Specialized Pro-Resolving Lipid Mediators (SPMs)

As mentioned previously, aging is a process associated with inflammation. AD is a disease with
exaggerated inflammation and impairment in inflammatory resolution is seen in AD patients [16].
Resolution of inflammation is regulated by a family of lipid mediators called specialized pro-resolving
mediators (SPMs), which harbor anti-inflammatory properties for restoring inflammatory resolution
and homeostasis. The major types of SPMs are resolvins, lipoxins, protectins and maresins. SPMs are
produced by PUFAs-AA (lipoxins precursor), EPA (E-series resolvins precursor) and DHA (D-series
resolvins, protectins and maresins precursors) [91]. The transition from inflammation to resolution
phase is initially characterized by increases in AA-derived lipoxins and decreases in pro-inflammatory
prostaglandins and leukotrienes, subsequently leading to increases in SPMs derived from n-3 FAs [92].

There are lower levels of SPMs in the hippocampus of AD patients. Post-mortem examination
of AD patients showed reduced lipoxin A4 (LXA4) in the CSF and hippocampus compared with
non-AD individuals. LXA4 and resolvin D1 (RvD1) levels in the CSF correlated with MMSE score [93].
In the entorhinal cortex, the expression of maresin 1 (MaR1), protectin D1 and resolvin D5 decreased
in AD patients compared to age-matched controls. MaR1 and RvD1 down-regulated Aβ42-induced
inflammation in human microglia and enhanced microglial phagocytosis with uptake of Aβ [48,94].
5xFAD mice expressing APP and PS1 with multiple FAD mutations had lower SPMs in the hippocampus
compared to wild types. After treatment with SPMs—resolvin E1 (RvE1) or LXA4 alone or in
combination, the 5xFAD mice had a restored level of SPMs, reversed inflammatory process, and reduced
neuroinflammation associated with decreased Aβ pathology [95]. Aspirin-triggered LXA4 treatment
led to reduced NF-κB activation, pro-inflammatory chemokines and cytokines as well as elevated
levels of anti-inflammatory IL-10 and transforming growth factor-β. Moreover, microglia were shifted
to a phenotype with improved phagocytosis that promoted Aβ clearance and cognitive function [96].

9. Lipid Peroxidation: Isoprostanes (IsoPs), Neuroprostanes (NeuroPs)

Lipid peroxidation is the mainly manifest of oxidative stress in the CNS because
of its high content of PUFAs, which are sensitive to reactive-oxygen species attack [97].
The peroxidation by-products of cerebral lipids include F2-isoprostanes (F2-IsoPs) and isofurans (IsoF),
F4-neuroprostanes (F4-NeuroP) and neurofurans (NeuroF), F2-dihomo-isoprostanes (F2-dihomo-IsoP)
and dihomoisofurans (dihomo-IsoF), 4-hydroxy-trans-2-nonenal (4-HNE), 4-hydroxy-2-hexenal
(4-HHE), acrolein, and malondialdehyde (MDA) [98]. IsoPs or isoprostanoids are prostaglandin-like
compounds, among which F2-IsoPs are produced by peroxidation of AA [99]. Increased F2-IsoPs were
found in the brain and CSF of AD patients [100]. F2-IsoPs level in the CSF correlates with disease
progression and the increase can be differentiated from normal controls with 100% accuracy [101].
Therefore, elevated F2-IsoPs can serve as an early biomarker of lipid peroxidation in AD patients
even before Aβ depositions [102]. Lowering brain F2-IsoPs levels caused a significant decrease in Aβ
deposition and plaque formation in the βAPP/PS1 mice [103]. Furthermore, supplementing aluminum
in the mouse’s diet increased brain F2-IsoPs formation and led to accelerated AD phenotypes [102].

F4-NeuroPs are derived from oxidation of DHA; their expressions are higher in the CSF and
brain of AD patients [104]. In brains of subjects with MCI and AD, the levels of F4-NeuroP, IsoP
8,12-iso-iPF2α-VI, HNE, MDA and acrolein were also increased [11,105]. Therefore, oxidative damage
and lipid peroxidation are early events in AD [106]. Using ultra-performance liquid chromatography
coupled to mass spectrometry (UPLC-MS/MS) method for the simultaneous determination of 17 lipid
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peroxidation biomarkers in urine samples, 17(RS)-10-epi-SC-∆15-11-dihomo-IsoF, PGE2, NeuroP, IsoP
and IsoF showed differences between patients with mild AD and control, which seems promising as
potential early AD biomarkers due to their easy accessibility compared to CSF [107]. However, further
investigations are required as a previous study showed that levels of F2-IsoPs and F4-NeuroPs in the
plasma and urine do not correctly reflect levels in CNS of AD patients [104].

10. Glycerolipids

10.1. Glycerolipids: Triglyceride (TG)

TGs are the most predominant glycerolipids. Hyperlipidemic obese subjects treated with
four to six months of lipid-lowering agent gemfibrozil had better cerebral perfusion and cognitive
performance [108]. Animal studies also confirm a causal relationship between TGs and cognitive
impairment, which possibly act by impaired maintenance of long-term potential through the
N-methyl-d-aspartate (NMDA) component in the hippocampus, and the effects could be reversed
by gemfibrozil as well [109]. However, using untargeted lipidomic analysis, Proitsi et al. found
associations between low-chain and very-low-chain triglycerides (LCTGs/VLCTGs) and AD, but there
were no differences in serum TG between controls and AD patients [110]. TGs were also unaltered in
MCI subjects [111].

10.2. Glycerolipids: Monoacylglycerol (MAG) and Diacylglycerol (DAG)

MAG and DAG are elevated in the frontal cortex and plasma early in the course of AD, the MCI
state [111,112]. The increase of DAG was not only observed in the cortex, but also in the white matter of
MCI individuals, which could be linked to phospholipase degradation of phosphatidylethanolamines
(PE) [113]. Aβ1–42 peptide could enhance production of DAG via phospholipase D (PLD) in SH-SY5Y
neuroblastoma cells. The PLD-produced DAG participates in a decrease of soluble amyloid precursor
protein α (sAPPα) secretion mediated by Aβ [114].

Monoacylglycerol lipase (known as MAGL) is the primary enzyme that catalyses the hydrolysis
of MAG to FFA and glycerol and metabolizes the endocannabinoid 2-arachidonoylglycerol (2-AG) in
the brain [115]. Inactivation of MAGL suppressed β–secretase 1 (BACE1) expression and reduced Aβ
production and accumulation in a mouse model of AD. MAGL inhibition also exerted anti-inflammatory
effect and neuroprotective response, thence improved synaptic functions and cognitive skills in AD
animal models [115]. MAGL inhibitor JZL184 decreased the pro-inflammatory response of microglia
and reduced the total Aβ load in the APdE9 transgenic mouse model [116]. JZL184 treatment for Ts65Dn
mice, a Down syndrome mouse model, also showed an increase in hippocampal long-term potentiation
and decreased levels of Aβ40 and Aβ42. URB602, a selective MAGL inhibitor, exhibited an effect
of neuroprotection on homocysteine-mediated impairment by reducing cyclooxygenase-2 (COX-2)
elevation and ERK1/2 and NF-κB phosphorylation as well as decreasing IκB-α degradation [117].

11. Glycerophospholipids

11.1. Glycerophospholipids (Phosphoglycerides)

Glycerophospholipid is the major type of lipid defining the cell membranes. The major
phospholipid in human brain is ethanolamine phosphoglyceride (35.6%) [118,119] and its predominant
form is the ethanolamine plasmalogen (PlsEtns), whereas phosphatidylethanolamine (PE) makes up
the remaining amount. Phosphatidylcholine (PC) is the principal form of choline phosphoglycerides
in the human brain, accounting for 32.8% [118]. Except in muscles, ethanolamine plasmalogens are
10-fold greater than choline plasmalogens.

In the brain of AD patients, PC and PE were significant decreased and phospholipid deacylation
products glycerophosphocholine were increased in the frontal, primary auditory and parietal
cortices [120]. The reduction in PE (P-16:0/20:40) and PE (P-16:0/22:6) correlated with AD severity.
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Plasmalogens can reduce γ-secretase activity and their depletion results in incrased Aβ [121].
Depletions of PI (16:0/20:4), PI (16:0/22:6) and PI (18:0/22:6) were involved in facilitating Aβ42

biogenesis. In AD, an enhancement in the ethanolamine-containing plasmalogens and platelet
activating factor (PAF) precursors hydrolysis results in accumulation of PlsEtns and PAF metabolism
products [i.e., PC(O-16:0/2:0) and PE(P-16:0/0:0)], which accelerates tau pathology, enhances vesicular
release, and signals neuronal loss [122]. PAF is an ether-glycerosphospholipid important for immune
cell activation [123].

11.2. Glycerophospholipids: Ethanolamine Plasmalogen (PlsEtn) Deficiency and Peroxisomal Dysfunction

PlsEtn represents over 50% of the total ethanolamine phosphoglycerides in neurons and over
85% of the content in myelin [124]. Relative to PE, a selective defect of PlsEtn was determined in
AD patients’ brain and the lipid deficiency displayed anatomic specificity, especially in the temporal
cortex [125]. In human brains, there was an up to 40% reduction of plasmalogen in white matter of
frontal, parietal, and temporal regions at a very early stage of AD, while a 30% reduction in grey matter
occurred at an advanced stage and this reduction correlated with disease severity [126]. The deficiency
of PlsEtn precedes the clinical manifestation of dementia by many years and the degree of reduction
correlated with disease severity [127]. However, another study demonstrated that PlsEtn and PE
were decreased in the grey matter of young and old dementia patients but not altered in the MCI
group compared to cognitively intact subjects [113], implying that alterations in plasmalogen are
unlikely to represent an initiating event in the transition from MCI to dementia. Plasmalogens need
intact peroxisomes for their biosynthesis, as such, their reduction in tissues are in agreement with
peroxisomal dysfunction [4]. The reduction of PlsEtn and PC as the consequences of peroxisomal
dysfunction in AD patients were accompanied by the accumulation of C22:0 and VLCFAs (C24:0
and C26:0), substrates for peroxisomal β-oxidation in the cortical regions with stages V-VI pathology
compared with those at stages I-II [128]. A loss of peroxisomes has been demonstrated in neuronal
processes with abnormal tau phosphorylation by confocal laser microscopy [128]. Fourier transform
infrared microscopy characterized the senile plaques and their immediate surroundings as the presence
of oxidized lipids [129]. Therefore, oxidative stress may be causal for the pathogenesis and progression
of AD and that PlsEtn deficiency supports the oxidative stress hypothesis in AD. The anti-apoptotic
action of PlsEtns in the brain was indicated by the inhibition of hippocampal neuronal cell death, which
was associated with suppression of caspase-3 and caspase-9 cleavages and enhanced phosphorylation
of AKT and ERK signaling [130]. Intraperitoneal injection of plasmalogen and lipopolysaccharide
(LPS) for 7 days to C57/6 J mice attenuated neuroinflammation and abolished Aβ accumulation in the
hippocampus [131]. A multicenter, randomized, double-blind and placebo-controlled trial in MCI and
mild AD patients aged 60 to 85 years received 1mg/day of PlsEtn purified from scallops for 24 weeks.
In the treatment group, mild AD patients revealed a smaller reduction of plasma PlsEtn and improved
cognitive functions compared to the placebo group [132].

11.3. Glycerophospholipids: Phosphatidylcholine (PC)

Three PCs were found significantly diminished in AD: PC (16:0/20:5), PC (16:0/22:6) and PC
(18:0/22:6) [133]. Mapstone et al. conducted a 5-year observational study in healthy elderly patients and
identified ten metabolites, comprising seven PCs, one lysophophatidylcholine and two acylcarnitines
that were depleted in the plasma of the MCI or AD and the depletion could identify (with accuracy above
90%) cognitively normal individuals who, on average, will convert to MCI or AD within 2–3 years [134].
A 73% decrease of choline plasmalogen was found in the postmortem prefrontal cortex (Brodmann
area 9) of AD patients compared to the non-AD control [135]. Cytidine-5-diphosphate-choline
(CDP-choline) participates in the phospholipid metabolism pathway incorporating free choline into
phosphatidyl-choline and choline plasmalogens. CDP-choline treatment for one month to early-onset
AD patients resulted in significant improvement in mental performance [136]. Although most studies
reported a reduction of PC levels in AD, contradictory findings have also been reported. Proitsi et al.
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found that the lipids most strongly associated with AD are PC 40:4 and PC 36:3, both of which were
increased in AD [110]. Kennedy et al. combined gene expression profiling with a genome-wide screen
and found that PC(O-16:0/2:0) was elevated in AD [137]. An increase in CSF PC was observed in
AD compared to control brains. During normal aging, the plasma levels of lysophosphatidylcholine,
choline plasmalogen, and lyso-PAF increase significantly; similar but more pronounced changes in
these choline-containing phospholipids were observed in AD patients [138].

11.4. Phospholipase

Phospholipases catalyze the hydrolysis of phospholipids to liberate PUFA from the cell membrane,
which can be divided into four different classes based on the cleavage site. Phospholipase A2 (PLA2),
which releases AA, is implicated in AD [139]. The proinflammatory enzyme PLA2 circulates in
plasma with its active form as a complex along with low-density lipoprotein (LDL) and high-density
lipoprotein (HDL). The level of plasma lipoprotein-associated PLA2 was higher in AD patients [140].
Secretory PLA2 activity in the CSF was also significantly higher in AD [141].

Phosphoinositide (PI) signal transduction pathway is involved in regulation of various cell
functions, such as cell growth, cell cycle control, apoptosis, membrane trafficking, cytoskeleton
regulation, hormone secretion, neurotransmitter signal transduction, ion channel activity, cell and
tissue polarity, and Ca2+ regulation in the nervous tissue. PI-specific phospholipase C (PLC) is one of
the key enzymes involved in neurotransmission [142] and is linked to several brain disorders including
AD [143]. PLCs have 6 isoenzymes (β, γ, δ, ε, ζ, η) [144]. An earlier study showed that PI-specific
PLC activity was not altered in AD [145] but immunostaining against one of the PLC isozymes, PLCδ

demonstrated that this enzyme accumulated in NFTs. Chromatofocusing profiling showed a significant
reduction of PLC γ1 and a concomitant increase of phospholipase Cδ1 activity in AD brains compared
with controls, suggesting that the involvement of PLC isozymes in AD is different [146]. PLC also plays
a crucial role in regulating intracellular Ca2+. PLCη is highly abundant in brain regions associated
with cognition and memory and involves in the modulation and amplification of Ca2+ signals [147].

Phospholipase D (PLD) is the enzyme catalyzing the hydrolysis of PC to phosphatidic acid (PA)
and choline; the latter as an acetylcholine synthesis precursor. Early pathological changes of AD are
characterized by cholinergic dysfunction with neuronal loss, starting from cholinergic neurons. The PLD
pathway has been demonstrated for an important role in amyloidogenesis [148]. Overexpression of
APP in mouse P19 embryonic carcinoma cells increased PLD activity [149]. Aβ stimulated PLD activity
in cultured neuronal cells, suggesting that PLD activation participated in Aβ-induced neurotoxicity and
AD [150]. PLDs have three isoforms - PLD1, PLD2 and PLD3. PLD1 modulated the down-regulation of
APP processing, likely by mediating PS1 activity [148]. The synaptosomes from AD patients’ temporal
cortex and hippocampus showed an increase of PLD1 expression. The inhibition of PLD1 blocks the
synaptic dysfunction in the hippocampus of 3xTg-AD mice in early-stage (Aβ driven) and late-stage
(Aβ and tau driven) [151]. Expression of PLD3 is elevated in brain regions which are vulnerable to
AD, including the hippocampus and cortex [152]. Carriers of PLD3 coding variants have a 2-fold
increase in late-onset AD risk [152,153]. PLD3 overexpression significantly down-regulates intracellular
APP, extracellular Aβ40 and Aβ42, whereas the knockdown of PLD3 increases extracellular Aβ40 and
Aβ42 [152]. However, several follow-up genomic studies failed to replicate the impact of PLD3 risk
variants in AD [154,155]. More validation studies are needed to clarify the relevance of PLD3 in
AD pathogenesis.

11.5. Glycerophospholipids: Cardiolipin

Cardiolipin is a phospholipid mainly found in the inner mitochondrial membrane responsible
for the maintenance of fluidity and activity of mitochondrial electron transport chain enzymes [156].
Normal aging brains exhibit decreased cardiolipin and increased cardiolipin peroxidation, which
results in reduced complex I activity of the mitochondrial electron transport chain [157]. Reduction
of cardiolipin in synaptic mitochondrial membranes was reported in the brains of AD patients [158].
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Liposomes-containing cardiolipin promotes ability of nerve growth factor to cross the BBB and increases
the neuronal survival by reducing Aβ1–42 neurotoxicity. However, subsequent studies are required to
confirm their clinical application [159].

12. Sphingolipids

There are two major classes of sphingolipids according to the polar head group:
phosphosphingolipids and glycosphingolipid. The former includes sphingomyelin (SM) and the latter
includes cerebrosides and gangliosides [160]. Sphingolipids promote the metabolism of APP via
apoptosis, calcium homeostasis, tau phosphorylation, acetylcholine biosynthesis and amyloidogenic
pathway [161].

12.1. Sphingolipids: Sphingomyelins (SMs) and Sphingomyelinase (SMase)

SM is the most abundant sphingolipid in the brain and is found abundantly in myelin sheaths [162].
Increased SM was found in the brain tissue of AD subjects using 31P nuclear magnetic resonance
study. Metabolomic assays in AD brains found that higher concentration of SMs were associated with
severity of AD pathology and increased risk of abnormal cognition, including 3 SM with acyl residue
(SM C16:0, SM C16:1, SM C18:1) and 1 hydroxysphingomyelin with acyl residue (SM (OH) C14:1) [161].
However, the changes of SMs in AD were inconsistent among studies. SMs are important components
of lipid rafts where they act as γ-secretase inhibitors and decrease the synthesis of Aβ40 and Aβ42

peptides [163].
Sphingomyelinase (SMase) is an enzyme catalyzing sphingomyelin to ceramide by hydrolysis.

Based on the pH, SMase is classified into three forms: acid sphingomyelinase (ASM), neutral
sphingomyelinase (NSM), and alkaline sphingomyelinase (alkSM) [164]. According to the studies
on mouse model, intracerebral injection of Aβ promoted SMase and ceramide levels [165].
Aβ activated NSM but not ASM; NSM inhibition attenuated Aβ-induced oligodendrocytes death by
3-O-methyl-sphingomyelin or by genetic knockdown using antisense oligonucleotides [166]. Upon
the genetic expression levels, ASM and NSM2 were upregulated in AD [167]. ASM is a lysosomal
glycoprotein. According to AD patients and mice data, enhanced activity of ASM was noticed in
plasma, fibroblasts, and brain contributing to defective autophagic degradation due to lysosomal
depletion. In a mouse model of familial AD (APP/PS1), partial genetic inhibition of ASM (ASM (+/-))
improved the autophagocytic defect by restoring lysosomal biogenesis, resulting in a reduction of Aβ
deposition and improvement of memory impairment. Similar effects were noted after pharmacologic
restoration of ASM to the normal range in APP/PS1 mice [168].

12.2. Sphingolipids: Ceramides and Exosomes

Ceramides play an important role in sphingolipid metabolism and as second messengers of lipids.
Ceramides can be generated from SM hydrolysis or synthesized de novo in the endoplasmic reticulum.
They are related with inflammation and neuronal apoptosis, particularly the MAP kinase (MAPK) and
AKT pathways [169].

Lipidomic studies found increased ceramide levels in AD brains [167,169,170], particularly
ceramides Cer16, Cer18, Cer20, and Cer24 [167]. There were lots of saturated ceramides Cer(d18:1/18:0)
and Cer(d18:1/20:0) in senile plaques [171]. Increased levels of ceramides were also found in the
CSF [172] and serum of AD patients. High baseline plasma levels of Cer 16:0 and Cer 24:0 are consistent
with increased risk of AD in older women [173], and higher Cer 22:0 and Cer 24:0 levels suggest the loss
of hippocampal volume and cognitive decline. Han et al. observed an enhancement of ceramide in the
early AD stages, while its concentration reduced with disease severity [174]. Ceramides enhance Aβ
formation by stabilization of β-secretase enzyme BACE1 which modulates APP processing. The Aβ
formation induces increased levels of ceramide through catalyzing the breakdown of SM to ceramide
by SMase as a positive feedback loop [169].
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Exosomes are nanoparticles with a diameter in the range of 40–150 nm that are generated by
inward budding of multivesicular bodies (MVBs) and secreted from cells when MVBs fuse with
the plasma membrane. Extracellular vesicles (EVs) are exosomes that are enriched with ceramides
as well as other gangliosides [175]. Recent research found that increased exosome secretion in the
brain is able to play an active role in the progression of AD [176] because exosomes can accelerate
Aβ aggregation [177]. Ceramide triggers budding of exosomes into multivesicular exosomes while
exosome secretion in neural cells can be significantly reduced by inhibiting NSM-2 [177,178]. Reducing
exosome secretion in NSM2-deficient 5XFAD mice ameliorated AD pathogenesis with reduced glial
cell activation, tau phosphorylation and total Aβ plaque deposition and improved cognitive function
compared to 5XFAD AD model mice [179].

12.3. Sphingolipids: Sphingosine 1-Phosphate (S1P)

S1P is produced from the hydrolysis of ceramide and sphingosine by sphingosine kinases (SphKs),
which have two isoenzymes including sphingosine kinase-1 (SphK1) and sphingosine kinase-2 (SphK2).
Sphingosine 1-phosphate lyase (SPL) can degrade the S1P. Level of S1P was decreased in the AD
brain [180,181]. Deficiency of SPL with accumulation of S1P impairs the degradation of APP and
amyloidogenic C-terminal fragments in lysosomes as well as decreases the activity of γ-secretase,
thereby reducing amyloidogenesis [182]. Sphk1 is a pro-survival signaling mediator. Glucose
reload stress/glucose deprivation upregulated the expression and activity of Sphk1 in hippocampal
neurons [183]. A decreased expression of SphK1 and an increased expression of SPL, with a loss
of pro-survival S1P, were related to Aβ accumulation in the entorhinal cortex of AD brains [184].
Conversely, Sphk2 was upregulated in the brains of AD. A S1P transporter Spinster homolog 2
(Spns2) enhanced pro-inflammatory response of activated microglia in vivo and in vitro. Spns2
knock-out in mice ameliorated Aβ42-induced impairment of working memory [185]. Stimulation of
S1P receptors seem promising in a few in vitro and in vivo AD models [186]. These studies suggested
that sphingolipid metabolism plays a central role in AD pathology.

12.4. Sphingolipids: Sulfatides

Sulfatides are essential component of myelin synthesized almost entirely in oligodendrocytes and
participate in the stabilization of oligodendrocyte membranes. An abrupt decrease of sulfatide was
observed in the early stages of AD, whereas a very little change in its concentration was observed until
the advanced stages [187]. While PI remains constant, sulfatides in the CSF also decrease in the early
stages of AD. It was proposed that the sulfatide: PI ratio may be the marker for early-stage diagnosis
of AD [188]. ApoE mediates metabolism/trafficking/homeostasis of sulfatides in APP transgenic
mice and modulates sulfatide levels [189]. ApoE4 overexpression caused a 60% decrease in sulfatide
concentration in the brain of transgenic mice. Sulfatides enhance Aβ binding to ApoE-associated
particles and enhance Aβ uptake, which leads to Aβ accumulation in lysosomes [189].

12.5. Sphingolipids: Gangliosides

Acidic glycosphingolipids which are referred to as gangliosides contain one or more sialic acid(s)
connected to the inner galactosyl residue in their carbohydrate moiety. Gangliosides are most abundant
in the CNS, and they preferentially cluster in lipid rafts and outer plasma membranes. Gangliosides
can be classified into series of the 0 (or asialo), a, b and c, according to the number of sialic acid residues.

There was a significant reduction of ganglio-series gangliosides (GM1, GD1a, GD1b and GT1b)
in the basal telencephalon and frontal and temporal cortex of AD brains, which probably correlates
with degeneration of cortical neurons [190]. Analysis of ganglioside subtypes “a”-ganglioside (GM1
and GD1a) and “b”-ganglioside (GD1b and GT1b) indicated that “b”-gangliosides are preferentially
influenced in AD individuals and consistently showed reduction among different studies [190].
Compared to the major gangliosides, simple gangliosides like GD3, GM2, GM3 and GM4 were
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increased in the frontal and parietal cortex of AD brains, which might correlate with an accelerated
astrogliosis and/or lysosomal degradation of gangliosides during neuronal death.

Soluble Aβ expresses a high affinity in order to bind to gangliosides-containing lipid rafts under
physiological conditions [191]. A distinctive ganglioside-bound form of Aβ (GAβ) was found in the
AD brains due to ganglioside-mediated conformational Aβ alteration [192,193]. Gangliosides can
modulate Aβ aggregation and cytotoxicity, however, Aβ bound to GM1 ganglioside exhibited
the strongest Aβ seeding potential [192,194]. Depletion of glycosphingolipids using D- and
L-Threo-1-phenyl-2-decanoylamino-3-morpholino-1-propanol remarkably inhibited the secretion
of endogenous APP and Aβ. Conversely, the addition of exogenous brain gangliosides reversed these
effects [195].

The entorhinal cortex of AD subjects showed an abundance of SM, the ganglioside GM3,
lysobisphosphatidic acid and cholesterol esters, suggesting that the pathophysiology is associated with
disorders of endolysosomal storage. An enhancement of GM3 and cholesterol esters was recapitulated
in familial AD transgenic mouse models. The genetic ablation of phospholipase D2 fully normalizes
GM3 levels and recued the synaptic and behavioral deficits. This study suggests a crosstalk between
the metabolism of gangliosides, phosphatidic acid and the product of phospholipase D2, indicating an
important role of the ganglioside anomaly in AD pathogenesis [112].

GM1 can protect hippocampal neurogenesis from D-galactose injury in the aging mice [196].
B-series gangliosides, especially GD3, regulate the maintenance of the neural stem cells self-renewal
capacity in vitro [197]. Semisynthetic GM1 such as LIGA20, LIGA4 and PKS3 are more potent than the
parent natural compounds, with faster and longer actions and are potent and efficacious antagonists
of glutamate-induced neuronal death. Ala et al. used intramuscular injections of GM1 for 12 weeks
whereas Flicker et al. used the same regimen for 6 weeks to treat AD patients. Although safe,
the treatment offered no cognitive profit to mild-to-moderate AD patients [198].

Svennerholm et al. reported that intraventricular administration of GM1 for 1 year in early-onset
AD cases halted AD progression and improved motor performance and cognitive function such as
reading and feeling for language [199], implying that long-term administration of GM1 may be useful
for AD patients. Matsuoka et al. reported that peripheral administration of GM1 every 2 days for
2 weeks to PS/APP mice reduced Aβ in the brain of young mice but not 6–7-month-old mice with
severe Aβ burden, which suggested that early GM1 administration may reduce or prevent brain
amyloidosis [200]. Yang et al. demonstrated that microinjection of GM1 into the hippocampal dentate
gyrus in rat model of AD induced by Aβ1–40 injection improved learning and memory disorders via
reduction of lipid peroxidation and oxidative stress due to concurrent reduction of malondialdehyde
(MDA) and HNE levels in the hippocampus [201].

13. Cholesterol

The major sterol lipid in humans and animals is cholesterol. The main source of brain cholesterol is
originated from de novo biosynthesis, since the BBB prevents any plasma lipoproteins from efficiently
entering the brain [202]. Lack of cholesterol provision to neurons impairs synaptic plasticity and
neurotransmission, as well as inducing tau pathology and neurodegeneration [203].

Cholesterol and cholesterol esters play important roles in amyloidogenesis [202,204]. Low
expressions of cholesteryl esters and free cholesterol correlated with an increase of Aβ production
and loss of neuronal membrane cholesterol caused amyloidogenesis [205]. During aging, cholesterol
depletion from neurons is also associated with impaired neurotransmission, synaptic loss, enhanced
tau pathology and neuronal death [206].

Conversely, cholesterol induced or exacerbated cerebral amyloidosis in animal models [66,207].
Elevated cholesterol is responsible for Aβ formation and was observed in early stages of AD
patients [208]. Aβ production is mainly determined by β-secretase 1 (BACE1) levels in lipid rafts,
the enzyme that cleaves βAPP to generate Aβ [204]. High cholesterol influences APP processing in
various pathways including regulating all types of APP proteolytic secretases, α-, β-, and γ-secretase.
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Cholesterol also mediates Aβmetabolism in many aspects, including its fibrillation, transportation,
degradation, and clearance processes [209]. Mouse models of familial hypercholesterolemia have
increased BBB permeability and oxidative stress, so as to enhance sensitivity to Aβ-induced
neurotoxicity [210]. Hypercholesterolemic diet accelerated AD pathology in animal models and
caused significantly increased Aβ load [207]. Rabbits fed a 1% cholesterol for 7 months had increased
cholesterol in the neurons, which was accompanied by increased BACE1 levels and accumulation
of Aβ42 and phosphorylated tau in the hippocampus [211]. Statin, the cholesterol lowering drugs,
reduced the accumulation of Aβ in the brain [212]. Another study demonstrated that cholesterol
retention did not directly affect activity of BACE1, but induced βAPP clustering and rearrangement in
BACE1-presenting lipid rafts and rapidly internalized into endosomes where βAPP cleavage occurred,
leading to enhanced Aβ production [213].

MCI and dementia-free participants had a lower first-visit total cholesterol compared to participants
with dementia [214]. Familial hypercholesterolemia patients showed an elevated incidence of MCI,
which finally progressed to AD in the majority of cases [215]. Postmortem brain samples from
patients with AD showed significantly lower level of HDL and higher level of LDL cholesterol [216].
A population-based study found that cholesterol in combination with hypertension in midlife elevated
the risk of AD in later life significantly [217]. In contrast to most studies, in the Framingham Heart Study,
hypercholesterolemia was associated with better cognitive function. Using LC/MS on plasma samples
of AD, MCI and control individuals, no association between cholesterol and AD was found [218,219],
and there was no difference in the frequency of AD patients and controls who were prescribed
statins [110].

Different from cholesterol, oxidized cholesterol metabolites which are known as oxysterols,
like 24S-hydroxycholesterol (24S-OHC) and 27-hydroxycholesterol (27-OHC), are capable of passing
through the BBB and are increasingly recognized as having pivotal roles in AD [219]. Brain cholesterol
homeostasis is determined by biosynthesis of cholesterol and diffusion of oxysterols between blood
and brain [220]. When the level of cholesterol exceeds the physiological basis, it is converted to
24S-OHC and actively eliminated from neuronal cells due to its neurotoxicity [221]. In early AD, higher
24S-OHC levels are found in the plasma [222]. However, the level of 24S-OHC in the serum was
decreased in the case of chronic and advanced stages of AD, corresponding with clinical observations
showing that the effect of serum total cholesterol on the risk of dementia occurs in midlife but not in
late-life. While there is a decrease of 24S−OH in late stages of AD, other oxysterols such as 27−OHC
and 25−hydroxycholesterol are significantly increased [223]. High levels of 27−OHC are found in
the brains and CSF of early-onset AD as well as in sporadic AD [224]. 27−OHC treatment in vitro
increased tau phosphorylation and Aβ production [225,226] and caused dendritic spine loss in vitro
and in vivo through the retinoid X receptor gamma (RxRγ) [227], although the action of 27−OHC on
synaptic function and plasticity is still unknown. The CYP27A1 gene knockout in mice could deplete
27−OHC and ameliorate memory impairments induced by a high cholesterol diet, which indicates
that 27−OHC is the main contributor to the memory disorder caused by dietary cholesterol [228].
These conflicting results between cholesterol level and amyloidogenesis or AD risk suggest that brain
cholesterol homeostasis is tightly regulated and both low or high levels may lead to AD.

14. Apolipoprotein E (ApoE)

ApoE is the main component of lipoproteins, which mediates the transport of cholesterols and
phospholipids in the brain [209]. E2, E3 and E4 are the important isoforms of ApoE, each encoded
by different alleles (ε 2, 3, and 4). ApoE3 is the major isoform (77–78%) in human, while ApoE4
and ApoE2 account for 14–15%, and 7–8%, respectively [229]. ApoE4 binds to very low-density
lipoproteins (VLDLs) which are large and TG-rich, while ApoE2 and ApoE3 preferentially bind to
small, phospholipid-rich high-density lipoproteins (HDLs). ApoE2 decreases levels of total cholesterol
whereas ApoE4 enhances them.
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APOE ε4 on chromosome 19 has been known as the most prevalent genetic risk factor of AD [209],
which contributes to approximately 50% of sporadic AD [230]. ApoE2 reduces risk of AD, whereas the
ApoE4 allele confers an increased risk and decreased age of onset in AD. One ε4 allele assigns a 3-fold
increase in risk of AD whereas two alleles impart a 12-fold increase [231]. Individuals homozygous for
the APOE ε4 allele have elevated cholesterol levels in the plasma and increased 24S-OHC levels in the
CSF [232]. High plasma and brain AA/DHA ratios in the phospholipids were observed in familial AD
mouse model expressing APOE ε4-carriers compared to those expressing APOE isoforms [233].

Besides, ApoE4 carriers are remarkably affected by n-3 FAs deficiency in diet. When receiving
a n-3 FA-deficient diet, mice carrying ApoE4 had a greater reduction of n-3 FA levels in tissues and
organs than other APOE mice receiving the same diet. Supplementing DHA as soon as possible
could inhibit the disease progression and reverse the neurological and behavioral deficits in ApoE4
mice [234].

ApoE mediates Aβ internalization by binding on the LDL receptor-related protein to affect Aβ
clearance and promote Aβ aggregation [235]. When lacking ApoE, the amount of Aβ in lipid rafts
was reduced, and Aβ fibrils failed to form [236]. ApoE affects senile plaque load in an isoform- and
dose-dependent fashion (ApoE4 > ApoE3 > ApoE2) [237,238]. ApoE4 promotes Aβ aggregation and
deposition and impairs Aβ clearance in the brain [238–240].

ApoE is also a critical determinant of brain phospholipid homeostasis and the ApoE4 isoform is
less effective in this process. Zhu et al. found that postmortem human brain tissues of ApoE4 carriers
had a lower level of phosphoinositol biphosphate (PIP2) compared with those of ApoE3 counterparts
at early stages of AD, and similar results were also found in primary neurons expressing ApoE4 alleles
and in the brains of ApoE4 knock-in mice. In ApoE4 carriers, genetic knockdown of PIP2-degrading
enzyme, the phosphoinositol phosphatase synaptojanin 1 (Synj1), restored PIP2 homeostasis in the
brain and rescued cognitive deficits [241]. Changes in PIP2 secondary to increased expression of Synj1
has been mentioned in a previous study [242].

15. Statins

Statins inhibit 3-hydroxy-3-methyl-glutaryl-CoA (HMG-CoA) reductase, which is the regulator of
cholesterol biosynthesis rate-limiting step. From a national health insurance dataset, progression of
AD was statistically decreased in AD patients with early use of statin than those without [243]. Satins
reduced the risk of AD to 67–73% [244]. Statins treatment to ApoE4-carrying AD patients showed less
cognitive impairment over the 10-year follow-up course compared with those without treatment [245].
The Canadian Study of Health and Aging showed a positive effect of statins on decreasing incidence
of dementia in persons under 80 years but not in those over 80 years [246]. It seemed to coincide
with previous studies showing that reduction of cholesterol in late-life has no impact on risk of
dementia. Among the studies showing beneficial effects of statins, the reduction in AD risk varies
across different statins, sex, and race/ethnicity. Simvastatin and Atorvastatin seemed to have more
consistent effects among different races and genders compared to pravastatin and rosuvastatin [247].
Two RCTs—the Heart Protection study (HPS) [248] and the PROSPER study [249], strongly refuted the
concept that lowering cholesterol by statin prevents dementia. Two RCTs (The LEADe study using
atorvastatin for 72 weeks followed by 8-week withdrawal [250] and another study using simvastatin
for 24 months [251]) in mild to moderate AD patients did not show benefits on disease progression.

Statins suppress tau phosphorylation [252], decrease BACE1 and APP production [253], and can
interact directly with Aβ to attenuate amyloidosis [254]. Simvastatin and atorvastatin increased
the extracellular Aβ degradation of Neprilysin (NEP) on astrocytes by inducing ERK-mediated
pathways [255].

The effects of statins on amyloidosis may involve pathways independent of cholesterol biosynthesis.
The HMG-CoA reductase pathway, also known as the mevalonate pathway, synthesizes isoprenoids,
geranylgeranyl pyrophosphate (GGPP), and isoprenoid intermediates - farnesyl pyrophosphate (FPP)
in addition to cholesterol [256]. High cortical levels of FPP and GGPP significantly correlate with
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tau phosphorylation, NFT density and early-onset AD. hFPPS and hGGPPS mRNA expression in the
cortex positively correlate with levels of HMG-CoA reductase in AD individuals but not with levels
of tissues cholesterol [257]. In an AD mouse model, atorvastatin exerts anti-inflammatory effects by
reducing FPP [258]. Simvastatin also ameliorated neuroinflammatory response by decreasing NF-κB,
rescued oxidative damage and attenuated hippocampal cell apoptosis [253,259].

16. ATP-Binding Cassette (ABC) Transporters

ABC transporters are located in the plasma membrane as well as the membrane of intracellular
organelles which mediate the active transport of a variety of molecules to maintain cellular
homeostasis [260]. ABC transporters are key regulators of lipid homeostasis by mediating the
export of cholesterol and phospholipids in the brain.

Among the ABC subfamily-A (ABCA), there are six transporters (ABCA1, ABCA2, ABCA3,
ABCA5, ABCA7 and ABCA8) expression in the brain [261]. Currently, four members of the ABCA
family have been reported to be associated with AD (ABCA1, 2, 5, and 7). ABCA1 modulates Aβ
formation through the mediation of ApoE. ABCA2 promotes β- or γ-secretase cleavage of APP. ABCA5
inhibits the Aβ secretion and ABCA7 mediates the uptake and clearance of Aβ [7].

ABCA1 is a cholesterol transporter. ABCA1 and lipoprotein binding are important for lipid efflux.
ABCA1-deficient mice had a decreased amount of cholesterol in the CSF [262]. ABCA1 loss-of-function
mutation is strongly related with a higher AD risk [263]. Low expression of ABCA1 results in impaired
clearance of Aβ [262,264], whereas its high expression inhibits the deposition of amyloid in the murine
AD model [265]. ABCA1 deficiency increased Aβ aggregation in ApoE4 mice with an APP/PS1
transgenic background, but not in ApoE3 mice, and this result showed that the effect of ABCA1 on Aβ
clearance depends on ApoE isoforms [266].

ABCA2 regulates lipid metabolism via the low-density lipoprotein receptor [267]. Microarray gene
expression datasets from prefrontal cortical tissue and blood showed that overexpression of ABCA2 is
seen in AD compared with controls. ABCA2 mRNA expression and methylation are associated with
risk of AD [268]. ABCA2 colocalized with Aβ [269]. Overexpression of ABCA2 in vitro in human
embryonic kidney cells and N2a neuroblastoma cells was associated with increased expression of the
APP gene through increased transcription and promotes cleavage of APP by BACE1 [269]. Knockdown
of ABCA2 altered γ-secretase processing of APP and reduced Aβ production in vitro and in vivo [270].

ABCA5 acts on Aβ production rather than its clearance. ABCA5 reduces Aβ40 and Aβ42 formation
without altering mRNA and protein levels of APP, indicating that the decrease in the Aβ levels is due
to modulation of APP processing [271].

GWAS has found ABCA7 as a genetic risk factor for late-onset AD [272]. ABCA7 exports choline
phospholipids and lysoPC is one of its major lipid substrates [273]. ABCA7 expression is elevated
in human phagocytes, including macrophages and microglia [261] and mediates the clearance of
apoptotic cells via ERK signaling [274]. Therefore, ABCA7 deletion reduced the phagocytic clearance of
Aβ [275]. ABCA7 overexpression diminished Aβ deposition and improved cognitive behavior in AD
mice. Meanwhile, overexpression of ABCA7 relieved the Aβ neurotoxicity by reducing endoplasmic
reticulum stress and promoting cell viability [276]. Although ABCA7 seems protective against AD,
expression of ABCA7 is increased in AD individuals on the contrary. It was proposed that the increase
of ABCA7 observed in AD reflects an inadequate compensatory change [277]. The levels of ABCB1 are
decreased [278] and its activity at the BBB is significantly compromised in AD patients [279]. ABCB1
actively mediates Aβ transport across the apical membrane of brain capillary endothelial cells by
directly interacting with Aβ40 and Aβ42 [280].

ABCG2 interacts directly with Aβ [281] and promotes efflux of Aβ40 and Aβ42 across the BBB,
thereby decreasing amyloid deposition in the brain. ABCG2 prevents reactive oxygen species (ROS)
generation and activation of the ROS- responsive NF-κB pathway, resulting in a reduced expression of
inflammatory genes. ABCG2 overexpression reduces Aβ production, which might be associated with
the inhibition of a positive modulatory effect of ROS on the activity of AβPP processing enzymes [282].
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Contrary, mRNA and protein expression of ABCG2 were found to be strongly upregulated in the AD
brains [281]. The ABCG2 upregulation in AD may be a compensatory mechanism during oxidative
stress in order to inhibit the NF-κB signaling pathway and associated pro-inflammatory responses [282].

17. Lipid A

Monophosphoryl lipid A (MPL) is a lipopolysaccharide (LPS)-derived Toll-like receptor 4 (TLR4)
agonist that is capable of facilitating an immune response similar to LPS but much less potent [283].
In transgenic mice overexpressing APP, immunization with Aβ42 adjuvanted with MPL decreased the
accumulation of cerebral Aβ by 60% [284]. Immunization of non-human primates with Aβ42 admixed
with MPL resulted in a shift in the size of Aβ toward smaller species, which might facilitate removal of
toxic Aβ from the brain [285].

Both in vitro and in vivo studies have shown that MPL stimulated uptake of Aβ by microglia.
APP/PS1 mice with repeated intraperitoneal MPL injections had reduced Aβ production in the brain
and recovery of cognitive impairment [283]. The neuroprotective nature of MPL is likely due to
its ability to stimulate microglial phagocytosis of Aβ without eliciting a strong proinflammatory
response [286]. Oral administration of LPS to mice could activate peritoneal macrophages [287] and
enhance the phagocytic activity of Aβ1–42 by primary microglia via the TLR4 pathway [288]. Studies
using low doses of either MPL or TLR2 agonist-Pam3Cys administered intracerebroventricularly to rats
treated with Aβ1–42 improved their memory function; restored the impaired long-term potentiation
induced by Aβ; decreased TNF-α and Aβ deposits, enhanced expression of microglial marker, arginase
1, and increased polarization of hippocampal microglia to an anti-inflammatory phenotype [289].

18. Fat-Soluble Vitamins: Vitamin A, D, and E

18.1. Vitamin A

Vitamin A, provitamin A carotenoid, and vitamin A derivative retinoids are considered antioxidant
compounds. In AD patients, the levels of β-carotene and vitamin A in serums were significantly
decreased compared to control [290]. Vitamin A deficiency promoted Aβ accumulation [291] and
the rate of cognitive decline negatively correlated with serum level of vitamin A in the elderly [292].
Transgenic AD mice treated with vitamin A intraperitoneally for 8 weeks showed decreased cerebral
tau phosphorylation and Aβ deposition, decreased microglia and astrocyte activation, attenuated
neurodegeneration and improved spatial memory and learning [293]. Despite some promising results
in animal models, there has been a lack of human clinical trials for vitamin A or carotenoids in the
AD treatment.

18.2. Vitamin D

Vitamin D belongs to the secosteroids under the category of sterol but is placed with two others
vitamins categorized as prenol lipids here for the convenience of discussion. Human studies revealed
a correlation between low circulating 25-hydroxyvitamin D (25-OHD) level and dementia [294]. In AD
hippocampal CA1 cells, vitamin D hormone receptor (VDR) mRNA is downregulated [295]. VDR has
a role in reducing cerebral soluble and insoluble Aβ [296]. In AD rat model, vitamin D3 enriched
diet led to decreased Aβ peptides and amyloid plaques, reduced inflammation and increased nerve
growth factors in the brains. Vitamin D also modulated age-related increase in proinflammatory state.
As a result, vitamin D supplement enhanced the performance of learning and memory both in aging
and AD models [297].

18.3. Vitamin E

Vitamin E is composed of four tocopherols and four tocotrienols with antioxidant properties.
Among all vitamin E isomers, RRR-α-tocopherol has the highest in vivo bioactivity and is the only
isoform that is essential for humans [298]. Vitamin E is rich in unsaturated FAs such as DHA and
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AA and has high concentrations in the brain and retina. It is located within cell membranes, which
has functions in stabilizing the membrane, protecting DHA from oxidative damage, and promoting
membrane repair [298,299]. A meta-analysis conducted in 2018 found that vitamin E levels are
lower in AD patients compared to cognitively normal subjects [300], although a few case-control and
genome-wide association studies found no association [301,302]. Animal studies showed positive
effects of vitamin E supplement in mitigating cognitive decline by reducing Aβ load [303]. Vitamin E
treatment also slows the progression of the disease in patients with moderately severe AD. However,
a Cochrane review in 2017 including four double-blind, randomized trials and another one trial
published in the same year found no evidence that vitamin E prevents progression to dementia nor
did it improve cognition in MCI, dementia or AD patients [304,305], except one study conducted by
Dysken et al., which showed slower functional decline, with a delay in clinical progression of 19% per
year in the vitamin E-treated group [306]. One recent study pointed out factors that may affect the
bioavailability and effectiveness of vitamin E supplements, such as the patients’ baseline vitamin E
level, the isoform or the source of vitamin E used for treatment, and genetic variants [307,308].

19. Lipidomic Studies

In lipidomic analyses, AD patients are characterized by diminished ether sterols, PCs, SMs and
phospholipids compared to healthy control [309]. According to Kim et al., there were 14 significantly
elevated lipids in the plasma of AD, exhibiting >2-fold increases in LDL/VLDL including PE, DAG,
TG and ceramide. Three lipid species (TG 50:1, DAG 18:1_18:1, and PE 36:2) showed a high correlation
with the degree of brain atrophy and could be utilized as candidates in differentiating the early stage
of MCI when used with MMSE [275]. Using a LC/MS-based nontargeted metabolomics approach,
Trushina et al. found that sphingolipids and cholesterol transport were altered in both AD patient’s
plasma and CSF when compared to cognitively normal individuals [310].

20. Conclusions

Dysregulated lipid homeostasis is associated with aging and contributes greatly to the pathogenesis
of AD. The mechanisms linking lipid dysregulation and AD consist of alterations in intestinal microbiota
and the gut-brain axis, neuronal signaling pathway, BBB disruption, mitochondrial dysfunction,
oxidative stress, and inflammation, which together lead to synaptic loss and ultimately memory
impairment. Some lipids play essential roles in AD pathogenesis and have been proposed as
biomarkers (Figure 1). Disturbances of lipids in AD brains fell into the following categories:
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1. Saturated and trans fats would result in BBB dysfunction and Aβ aggregation, and were strongly
associated with risk of AD, thus should be eliminated from diets and substituted with unsaturated
fats if possible.

2. Among PUFAs, n-3 and n-9 FAs are beneficial, while n-6 FAs such as arachidonic acid (AA)
are harmful to the brain in terms of cognitive function. DHA level is decreased in AD brains,
and its supplementation is therapeutically promising especially when given early, however some
randomized controlled trials showed no cognitive benefits. The lipid mediators of PUFAs called
specialized pro-resolving mediators (SPMs) play a crucial role in the anti-inflammatory response
and are decreased in AD brains. Isoprostanes such as F2-isoprostanes ( F2- IsoPs) and Neuro-Ps
are increased as a consequence of increased oxidative stress and lipid peroxidation in AD patients.

3. Elevated glycerolipids such as triglyceride (TG) and diacylglycerol (DAG) have been reported to
correlate with AD but their roles are less well defined. Monoacylglycerol lipase (MAGL) inhibitor
seems to hold potential for ameliorating AD pathology.

4. Glycerophospholipids are the main lipid components in the cell membranes. Ethanolamine
plasmalogens are reduced early in the AD brains. The change in choline plasmalogens are less
consistent but phospholipid deacylation products, e.g., glycerophosphocholine are increased.
Phospholipase A2 (PLA2) and D1 (PLD1) are increased in AD.

5. Among the sphingolipids, increased levels of sphingomyelin and ceramide are found in
AD brains, although a few studies showed a decrease or no change in sphingomyelin.
Sphingomyelinase—particularly acid and neural sphingomyelinase 2—are upregulated in
AD. Sphingosine 1-phosphate (S1P) and sulfatide are depleted from the earliest stages of
AD. Ganglio-series gangliosides are decreased while simple gangliosides such as GM2, GM3,
GD3 and GM4 are elevated in AD brains.

6. The influences of cholesterol on AD are controversial among epidemiologic and lipidomic studies
both in animals and humans. It seems that increased levels of mid-life plasma cholesterol are
associated with elevated AD risk and use of statins seems beneficial when introduced at this age,
whereas late-life cholesterol levels are not associated with AD risk; statin treatment at this age
also has no impact on risk of dementia. Oxysterols such as 27-hydroxycholesterol (27-OHC) and
24S-hydroxycholesterol (24S-OHC) are elevated in the CSF and brain of AD patients, but level
of 24S-OHC is decreased late in the disease course. Therefore, brain cholesterol homeostasis
should be regulated within an appropriate range and neither low nor high levels are healthy at
all. The ApoE4 allele carrying status portends a decreased age of onset and an increased risk
in AD through an allele-dependent manner. ABC transporters are associated with cholesterol
transport and play important roles in Aβ efflux and amyloidogenesis.

7. Fat-soluble vitamins A, D and E are regarded as anti-oxidants with potential benefits and the
serum levels of these vitamins are decreased in AD patients compared to cognitively normal
individuals. However, randomized-controlled trials fail to support their routine use, except one
study which showed slower cognitive decline in the vitamin E-treated group.

8. A Toll-like receptor 4 agonist, monophosphoryl lipid A (MPL), can stimulate uptake of Aβ by
microglia and has been investigated for its treatment application.

9. Ketogenic diets seem to hold potential in ameliorating cognitive decline during treatment,
however, whether this unnatural diet is suitable for long-term usage needs further investigation.

Researches have shown that the effects of FAs on AD diagnosis and progression are not
straightforward, and multiple lipids need to be accounted for to gain an accurate insight. In an era
with rising AD prevalence when the ideal treatment is yet to be found, lifestyle modifications such as
changing dietary lipid content seem to be a practical and natural way of facing the disease. However,
since humans are omnivores, consuming lipids as well as other energy sources and trace elements,
studies of dietary effects on AD are difficult and diet modification is far from ideal. Nevertheless,
due to the abundance of lipids in the brain, knowing the effects of lipids on the pathogenesis of
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AD is valuable for disease modification. We are anticipating that the continuous exploration of the
metabolome including the lipidome leads to further progression in this field.
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Abbreviations

AD Alzheimer disease
Aβ β-amyloid
NFTs neurofibrillary tangles
LC-PUFAs Long-chain polyunsaturated fatty acids
FAs fatty acids
DHA docosahexaenoic acid
AA arachidonic acid
ApoE apolipoprotein E
CLU clusterin
SORL1 sortilin-related receptor 1
ABCA 7 ATP-binding cassette, sub-family A, member 7
GL Glycerolipids
MAG monoacylglycerol
DAG diacylglycerol
TG triacylglycerol
GP Glycerophospholipids
PE phosphatidylethanolamine
PC phosphatidylcholine
PS phosphatidylserine
SP Sphingolipids
SL Sterol lipids
PR Prenol lipids
SL Saccharolipids
PK Polyketides
APP amyloid protein precursor
SFA saturated fatty acids
MUFAs monounsaturated fatty acids
SPMs specialized proresolving lipid mediators
SCFAs short-chain FAs
LA linoleic acid
ALA α-linolenic acid
EPA eicosapentaenoic acid
OL oleic acid
SA stearic acid
THA tetracosahexaenoic acid
PS1 presenilin 1
c-JNK c-Jun N-terminal kinases
LO lipoxygenase
COX cyclooxygenase
PEP prolyl endopeptidase
IsoPs Isoprostanes
NeuroPs Neuroprostanes
KD Ketogenic diet
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KBs ketone bodies
MCT1 monocarboxylic acid transporter 1
NMDA N-methyl-d-aspartate
PlsEtns ethanolamine plasmalogen
PI Phosphoinositide
PLD Phospholipase D
SMs sphingomyelins
S1P sphingosine 1-phosphate
BACE1 β-secretase 1
RxRγ retinoid X receptor gamma
MPL Monophosphoryl lipid A
LDL low-density lipoprotein
HDL high-density lipoprotein

References

1. Prince, M.; Wimo, A.; Guerchet, M.; Ali, G.-C.; Wu, Y.-T.; Prina, M. World Alzheimer Report 2015. The Global
Impact of Dementia. An Analysis of Prevalence, Incidence, Cost and Trends; Alzheimer’s Disease International
(ADI): London, UK, 2015.

2. Sastry, P.S. Lipids of nervous tissue: Composition and metabolism. Prog. Lipid Res. 1985, 24, 69–176.
[CrossRef]

3. Giri, M.; Zhang, M.; Lu, Y. Genes associated with Alzheimer’s disease: An overview and current status.
Clin. Interv. Aging 2016, 11, 665–681. [CrossRef]

4. Touboul, D.; Gaudin, M. Lipidomics of Alzheimer’s disease. Bioanalysis 2014, 6, 541–561. [CrossRef]
[PubMed]

5. Ellis, S.R.; Paine, M.R.L.; Eijkel, G.B.; Pauling, J.K.; Husen, P.; Jervelund, M.W.; Hermansson, M.; Ejsing, C.S.;
Heeren, R.M.A. Automated, parallel mass spectrometry imaging and structural identification of lipids.
Nat. Methods 2018, 15, 515–518. [CrossRef] [PubMed]

6. Piomelli, D.; Astarita, G.; Rapaka, R. A neuroscientist’s guide to lipidomics. Nat. Rev. Neurosci. 2007, 8,
743–754. [CrossRef]

7. El Gaamouch, F.; Jing, P.; Xia, J.; Cai, D. Alzheimer’s Disease Risk Genes and Lipid Regulators. J. Alzheimers Dis.
2016, 53, 15–29. [CrossRef] [PubMed]

8. Kawarabayashi, T.; Shoji, M.; Younkin, L.H.; Wen-Lang, L.; Dickson, D.W.; Murakami, T.; Matsubara, E.;
Abe, K.; Ashe, K.H.; Younkin, S.G. Dimeric amyloid beta protein rapidly accumulates in lipid rafts followed
by apolipoprotein E and phosphorylated tau accumulation in the Tg2576 mouse model of Alzheimer’s
disease. J. Neurosci. 2004, 24, 3801–3809. [CrossRef] [PubMed]

9. Schengrund, C.L. Lipid rafts: Keys to neurodegeneration. Brain Res. Bull. 2010, 82, 7–17. [CrossRef] [PubMed]
10. Okada, T.; Ikeda, K.; Wakabayashi, M.; Ogawa, M.; Matsuzaki, K. Formation of toxic Abeta(1–40) fibrils

on GM1 ganglioside-containing membranes mimicking lipid rafts: Polymorphisms in Abeta(1–40) fibrils.
J. Mol. Biol. 2008, 382, 1066–1074. [CrossRef]

11. Martin, V.; Fabelo, N.; Santpere, G.; Puig, B.; Marin, R.; Ferrer, I.; Diaz, M. Lipid alterations in lipid rafts from
Alzheimer’s disease human brain cortex. J. Alzheimers Dis. 2010, 19, 489–502. [CrossRef]

12. Diaz, M.; Fabelo, N.; Martin, V.; Ferrer, I.; Gomez, T.; Marin, R. Biophysical alterations in lipid rafts from
human cerebral cortex associate with increased BACE1/AbetaPP interaction in early stages of Alzheimer’s
disease. J. Alzheimers Dis. 2015, 43, 1185–1198. [CrossRef] [PubMed]

13. Naudi, A.; Cabre, R.; Jove, M.; Ayala, V.; Gonzalo, H.; Portero-Otin, M.; Ferrer, I.; Pamplona, R. Lipidomics of
human brain aging and Alzheimer’s disease pathology. Int. Rev. Neurobiol. 2015, 122, 133–189. [PubMed]

14. Pararasa, C.; Bailey, C.J.; Griffiths, H.R. Ageing, adipose tissue, fatty acids and inflammation. Biogerontology
2015, 16, 235–248. [CrossRef] [PubMed]

15. Pararasa, C.; Ikwuobe, J.; Shigdar, S.; Boukouvalas, A.; Nabney, I.T.; Brown, J.E.; Devitt, A.; Bailey, C.J.;
Bennett, S.J.; Griffiths, H.R. Age-associated changes in long-chain fatty acid profile during healthy aging
promote pro-inflammatory monocyte polarization via PPARgamma. Aging Cell 2016, 15, 128–139. [CrossRef]
[PubMed]

http://dx.doi.org/10.1016/0163-7827(85)90011-6
http://dx.doi.org/10.2147/CIA.S105769
http://dx.doi.org/10.4155/bio.13.346
http://www.ncbi.nlm.nih.gov/pubmed/24568356
http://dx.doi.org/10.1038/s41592-018-0010-6
http://www.ncbi.nlm.nih.gov/pubmed/29786091
http://dx.doi.org/10.1038/nrn2233
http://dx.doi.org/10.3233/JAD-160169
http://www.ncbi.nlm.nih.gov/pubmed/27128373
http://dx.doi.org/10.1523/JNEUROSCI.5543-03.2004
http://www.ncbi.nlm.nih.gov/pubmed/15084661
http://dx.doi.org/10.1016/j.brainresbull.2010.02.013
http://www.ncbi.nlm.nih.gov/pubmed/20206240
http://dx.doi.org/10.1016/j.jmb.2008.07.072
http://dx.doi.org/10.3233/JAD-2010-1242
http://dx.doi.org/10.3233/JAD-141146
http://www.ncbi.nlm.nih.gov/pubmed/25147112
http://www.ncbi.nlm.nih.gov/pubmed/26358893
http://dx.doi.org/10.1007/s10522-014-9536-x
http://www.ncbi.nlm.nih.gov/pubmed/25367746
http://dx.doi.org/10.1111/acel.12416
http://www.ncbi.nlm.nih.gov/pubmed/26522807


Int. J. Mol. Sci. 2020, 21, 1505 22 of 37

16. Doyle, R.; Sadlier, D.M.; Godson, C. Pro-resolving lipid mediators: Agents of anti-ageing? Semin. Immunol.
2018, 40, 36–48. [CrossRef] [PubMed]

17. Fabiani, M.; Low, K.A.; Tan, C.H.; Zimmerman, B.; Fletcher, M.A.; Schneider-Garces, N.; Maclin, E.L.;
Chiarelli, A.M.; Sutton, B.P.; Gratton, G. Taking the pulse of aging: Mapping pulse pressure and elasticity in
cerebral arteries with optical methods. Psychophysiology 2014, 51, 1072–1088. [CrossRef]

18. Rosenberg, G.A. Neurological diseases in relation to the blood-brain barrier. J. Cereb. Blood Flow Metab. 2012,
32, 1139–1151. [CrossRef]

19. Montagne, A.; Barnes, S.R.; Sweeney, M.D.; Halliday, M.R.; Sagare, A.P.; Zhao, Z.; Toga, A.W.; Jacobs, R.E.;
Liu, C.Y.; Amezcua, L.; et al. Blood-brain barrier breakdown in the aging human hippocampus. Neuron 2015,
85, 296–302. [CrossRef]

20. Camandola, S.; Mattson, M.P. Brain metabolism in health, aging, and neurodegeneration. EMBO J. 2017, 36,
1474–1492. [CrossRef]

21. Zlokovic, B.V. Neurovascular pathways to neurodegeneration in Alzheimer’s disease and other disorders.
Nat. Rev. Neurosci. 2011, 12, 723–738. [CrossRef]

22. Van de Haar, H.J.; Burgmans, S.; Jansen, J.F.; Van Osch, M.J.; Van Buchem, M.A.; Muller, M.; Hofman, P.A.;
Verhey, F.R.; Backes, W.H. Blood-Brain Barrier Leakage in Patients with Early Alzheimer Disease. Radiology
2016, 281, 527–535. [CrossRef]

23. Takechi, R.; Galloway, S.; Pallebage-Gamarallage, M.M.; Lam, V.; Dhaliwal, S.S.; Mamo, J.C. Probucol
prevents blood-brain barrier dysfunction in wild-type mice induced by saturated fat or cholesterol feeding.
Clin. Exp. Pharmacol. Physiol. 2013, 40, 45–52. [CrossRef]

24. Mozaffarian, D.; Aro, A.; Willett, W.C. Health effects of trans-fatty acids: Experimental and observational
evidence. Eur J. Clin. Nutr. 2009, 63 (Suppl. 2), S5–S21. [CrossRef] [PubMed]

25. Kim, H.Y.; Akbar, M.; Lau, A.; Edsall, L. Inhibition of neuronal apoptosis by docosahexaenoic acid (22:6n-3).
Role of phosphatidylserine in antiapoptotic effect. J. Biol. Chem. 2000, 275, 35215–35223. [CrossRef] [PubMed]

26. Schonfeld, P.; Reiser, G. Why does brain metabolism not favor burning of fatty acids to provide energy?
Reflections on disadvantages of the use of free fatty acids as fuel for brain. J. Cereb. Blood Flow Metab. 2013,
33, 1493–1499. [CrossRef] [PubMed]

27. Goozee, K.; Chatterjee, P.; James, I.; Shen, K.; Sohrabi, H.R.; Asih, P.R.; Dave, P.; Ball, B.; ManYan, C.;
Taddei, K.; et al. Alterations in erythrocyte fatty acid composition in preclinical Alzheimer’s disease. Sci. Rep.
2017, 7, 676. [CrossRef] [PubMed]

28. Wilson, D.M.; Binder, L.I. Free fatty acids stimulate the polymerization of tau and amyloid beta peptides.
In vitro evidence for a common effector of pathogenesis in Alzheimer’s disease. Am. J. Pathol. 1997, 150,
2181–2195. [PubMed]

29. Snowden, S.G.; Ebshiana, A.A.; Hye, A.; An, Y.; Pletnikova, O.; O’Brien, R.; Troncoso, J.; Legido-Quigley, C.;
Thambisetty, M. Association between fatty acid metabolism in the brain and Alzheimer disease
neuropathology and cognitive performance: A nontargeted metabolomic study. PLoS Med. 2017, 14, e1002266.
[CrossRef]

30. El Shatshat, A.; Pham, A.T.; Rao, P.P.N. Interactions of polyunsaturated fatty acids with amyloid peptides
Abeta40 and Abeta42. Arch. Biochem. Biophys. 2019, 663, 34–43. [CrossRef]

31. Yang, X.; Sheng, W.; Sun, G.Y.; Lee, J.C. Effects of fatty acid unsaturation numbers on membrane fluidity
and alpha-secretase-dependent amyloid precursor protein processing. Neurochem. Int. 2011, 58, 321–329.
[CrossRef]

32. Naudi, A.; Cabre, R.; Dominguez-Gonzalez, M.; Ayala, V.; Jove, M.; Mota-Martorell, N.; Pinol-Ripoll, G.;
Gil-Villar, M.P.; Rue, M.; Portero-Otin, M.; et al. Region-specific vulnerability to lipid peroxidation and
evidence of neuronal mechanisms for polyunsaturated fatty acid biosynthesis in the healthy adult human
central nervous system. Biochim. Biophys. Acta Mol. Cell Biol. Lipids 2017, 1862, 485–495. [CrossRef] [PubMed]

33. Green, P.; Glozman, S.; Kamensky, B.; Yavin, E. Developmental changes in rat brain membrane lipids and
fatty acids. The preferential prenatal accumulation of docosahexaenoic acid. J. Lipid Res. 1999, 40, 960–966.
[PubMed]

34. Rapoport, S.I.; Igarashi, M. Can the rat liver maintain normal brain DHA metabolism in the absence of
dietary DHA? Prostaglandins Leukot Essent Fatty Acids 2009, 81, 119–123. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.smim.2018.09.002
http://www.ncbi.nlm.nih.gov/pubmed/30293857
http://dx.doi.org/10.1111/psyp.12288
http://dx.doi.org/10.1038/jcbfm.2011.197
http://dx.doi.org/10.1016/j.neuron.2014.12.032
http://dx.doi.org/10.15252/embj.201695810
http://dx.doi.org/10.1038/nrn3114
http://dx.doi.org/10.1148/radiol.2016152244
http://dx.doi.org/10.1111/1440-1681.12032
http://dx.doi.org/10.1038/sj.ejcn.1602973
http://www.ncbi.nlm.nih.gov/pubmed/19424218
http://dx.doi.org/10.1074/jbc.M004446200
http://www.ncbi.nlm.nih.gov/pubmed/10903316
http://dx.doi.org/10.1038/jcbfm.2013.128
http://www.ncbi.nlm.nih.gov/pubmed/23921897
http://dx.doi.org/10.1038/s41598-017-00751-2
http://www.ncbi.nlm.nih.gov/pubmed/28386119
http://www.ncbi.nlm.nih.gov/pubmed/9176408
http://dx.doi.org/10.1371/journal.pmed.1002266
http://dx.doi.org/10.1016/j.abb.2018.12.027
http://dx.doi.org/10.1016/j.neuint.2010.12.004
http://dx.doi.org/10.1016/j.bbalip.2017.02.001
http://www.ncbi.nlm.nih.gov/pubmed/28185952
http://www.ncbi.nlm.nih.gov/pubmed/10224166
http://dx.doi.org/10.1016/j.plefa.2009.05.021
http://www.ncbi.nlm.nih.gov/pubmed/19540098


Int. J. Mol. Sci. 2020, 21, 1505 23 of 37

35. Umhau, J.C.; Zhou, W.; Carson, R.E.; Rapoport, S.I.; Polozova, A.; Demar, J.; Hussein, N.; Bhattacharjee, A.K.;
Ma, K.; Esposito, G.; et al. Imaging incorporation of circulating docosahexaenoic acid into the human brain
using positron emission tomography. J. Lipid Res. 2009, 50, 1259–1268. [CrossRef]

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

37. Astarita, G.; Jung, K.M.; Berchtold, N.C.; Nguyen, V.Q.; Gillen, D.L.; Head, E.; Cotman, C.W.; Piomelli, D.
Deficient liver biosynthesis of docosahexaenoic acid correlates with cognitive impairment in Alzheimer’s
disease. PLoS ONE 2010, 5, e12538. [CrossRef]

38. Astarita, G.; Piomelli, D. Towards a whole-body systems [multi-organ] lipidomics in Alzheimer’s disease.
Prostaglandins Leukot Essent Fatty Acids 2011, 85, 197–203. [CrossRef]

39. Kroger, E.; Verreault, R.; Carmichael, P.H.; Lindsay, J.; Julien, P.; Dewailly, E.; Ayotte, P.; Laurin, D. Omega-3
fatty acids and risk of dementia: The Canadian Study of Health and Aging. Am. J. Clin. Nutr. 2009, 90,
184–192. [CrossRef]

40. 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]

41. Schaefer, E.J.; Bongard, V.; Beiser, A.S.; Lamon-Fava, S.; Robins, S.J.; Au, R.; Tucker, K.L.; Kyle, D.J.;
Wilson, P.W.; Wolf, P.A. Plasma phosphatidylcholine docosahexaenoic acid content and risk of dementia and
Alzheimer disease: The Framingham Heart Study. Arch. Neurol. 2006, 63, 1545–1550. [CrossRef]

42. Freund-Levi, Y.; Eriksdotter-Jonhagen, M.; Cederholm, T.; Basun, H.; Faxen-Irving, G.; Garlind, A.; Vedin, I.;
Vessby, B.; Wahlund, L.O.; Palmblad, J. Omega-3 fatty acid treatment in 174 patients with mild to moderate
Alzheimer disease: OmegAD study: A randomized double-blind trial. Arch. Neurol. 2006, 63, 1402–1408.
[CrossRef]

43. Petursdottir, A.L.; Farr, S.A.; Morley, J.E.; Banks, W.A.; Skuladottir, G.V. Effect of dietary n-3 polyunsaturated
fatty acids on brain lipid fatty acid composition, learning ability, and memory of senescence-accelerated
mouse. J. Gerontol. A Biol. Sci. Med. Sci. 2008, 63, 1153–1160. [CrossRef]

44. Lim, S.Y.; Suzuki, H. Effect of dietary docosahexaenoic acid and phosphatidylcholine on maze behavior
and fatty acid composition of plasma and brain lipids in mice. Int. J. Vitam. Nutr. Res. 2000, 70, 251–259.
[CrossRef]

45. Hooijmans, C.R.; Van der Zee, C.E.; Dederen, P.J.; Brouwer, K.M.; Reijmer, Y.D.; Van Groen, T.; Broersen, L.M.;
Lutjohann, D.; Heerschap, A.; Kiliaan, A.J. DHA and cholesterol containing diets influence Alzheimer-like
pathology, cognition and cerebral vasculature in APPswe/PS1dE9 mice. Neurobiol. Dis. 2009, 33, 482–498.
[CrossRef]

46. Grimm, M.O.; Kuchenbecker, J.; Grosgen, S.; Burg, V.K.; Hundsdorfer, B.; Rothhaar, T.L.; Friess, P.;
De Wilde, M.C.; Broersen, L.M.; Penke, B.; et al. Docosahexaenoic acid reduces amyloid beta production via
multiple pleiotropic mechanisms. J. Biol. Chem. 2011, 286, 14028–14039. [CrossRef]

47. Chang, P.K.; Khatchadourian, A.; McKinney, R.A.; Maysinger, D. Docosahexaenoic acid (DHA): A modulator
of microglia activity and dendritic spine morphology. J. Neuroinflamm. 2015, 12, 34. [CrossRef]

48. Fiala, M.; Terrando, N.; Dalli, J. Specialized Pro-Resolving Mediators from Omega-3 Fatty Acids Improve
Amyloid-beta Phagocytosis and Regulate Inflammation in Patients with Minor Cognitive Impairment.
J. Alzheimers Dis. 2015, 48, 293–301. [CrossRef]

49. Famenini, S.; Rigali, E.A.; Olivera-Perez, H.M.; Dang, J.; Chang, M.T.; Halder, R.; Rao, R.V.; Pellegrini, M.;
Porter, V.; Bredesen, D.; et al. Increased intermediate M1-M2 macrophage polarization and improved
cognition in mild cognitive impairment patients on omega-3 supplementation. FASEB J. 2017, 31, 148–160.
[CrossRef]

50. Yin, H.; Xu, L.; Porter, N.A. Free radical lipid peroxidation: Mechanisms and analysis. Chem. Rev. 2011, 111,
5944–5972. [CrossRef]

51. Elharram, A.; Czegledy, N.M.; Golod, M.; Milne, G.L.; Pollock, E.; Bennett, B.M.; Shchepinov, M.S.
Deuterium-reinforced polyunsaturated fatty acids improve cognition in a mouse model of sporadic
Alzheimer’s disease. FEBS J. 2017, 284, 4083–4095. [CrossRef]

http://dx.doi.org/10.1194/jlr.M800530-JLR200
http://dx.doi.org/10.1212/WNL.0000000000000080
http://dx.doi.org/10.1371/journal.pone.0012538
http://dx.doi.org/10.1016/j.plefa.2011.04.021
http://dx.doi.org/10.3945/ajcn.2008.26987
http://dx.doi.org/10.1007/s11064-009-0087-5
http://dx.doi.org/10.1001/archneur.63.11.1545
http://dx.doi.org/10.1001/archneur.63.10.1402
http://dx.doi.org/10.1093/gerona/63.11.1153
http://dx.doi.org/10.1024/0300-9831.70.5.251
http://dx.doi.org/10.1016/j.nbd.2008.12.002
http://dx.doi.org/10.1074/jbc.M110.182329
http://dx.doi.org/10.1186/s12974-015-0244-5
http://dx.doi.org/10.3233/JAD-150367
http://dx.doi.org/10.1096/fj.201600677RR
http://dx.doi.org/10.1021/cr200084z
http://dx.doi.org/10.1111/febs.14291


Int. J. Mol. Sci. 2020, 21, 1505 24 of 37

52. Raefsky, S.M.; Furman, R.; Milne, G.; Pollock, E.; Axelsen, P.; Mattson, M.P.; Shchepinov, M.S. Deuterated
polyunsaturated fatty acids reduce brain lipid peroxidation and hippocampal amyloid beta-peptide levels,
without discernable behavioral effects in an APP/PS1 mutant transgenic mouse model of Alzheimer’s disease.
Neurobiol. Aging 2018, 66, 165–176. [CrossRef]

53. Iuliano, L.; Pacelli, A.; Ciacciarelli, M.; Zerbinati, C.; Fagioli, S.; Piras, F.; Orfei, M.D.; Bossu, P.; Pazzelli, F.;
Serviddio, G.; et al. Plasma fatty acid lipidomics in amnestic mild cognitive impairment and Alzheimer’s
disease. J. Alzheimers Dis. 2013, 36, 545–553. [CrossRef]

54. Matsumoto, Y.; Yamaguchi, T.; Watanabe, S.; Yamamoto, T. Involvement of arachidonic acid cascade
in working memory impairment induced by interleukin-1 beta. Neuropharmacology 2004, 46, 1195–1200.
[CrossRef]

55. Amtul, Z.; Uhrig, M.; Wang, L.; Rozmahel, R.F.; Beyreuther, K. Detrimental effects of arachidonic acid and its
metabolites in cellular and mouse models of Alzheimer’s disease: Structural insight. Neurobiol. Aging 2012,
33, 831.e21–31. [CrossRef]

56. Schmitz, G.; Ecker, J. The opposing effects of n-3 and n-6 fatty acids. Prog. Lipid Res. 2008, 47, 147–155.
[CrossRef]

57. Chu, J.; Pratico, D. 5-lipoxygenase as an endogenous modulator of amyloid beta formation in vivo. Ann. Neurol.
2011, 69, 34–46. [CrossRef]

58. Prasad, M.R.; Lovell, M.A.; Yatin, M.; Dhillon, H.; Markesbery, W.R. Regional membrane phospholipid
alterations in Alzheimer’s disease. Neurochem. Res. 1998, 23, 81–88. [CrossRef]

59. Valls-Pedret, C.; Sala-Vila, A.; Serra-Mir, M.; Corella, D.; De La Torre, R.; Martinez-Gonzalez, M.A.;
Martinez-Lapiscina, E.H.; Fito, M.; Perez-Heras, A.; Salas-Salvado, J.; et al. Mediterranean Diet and
Age-Related Cognitive Decline: A Randomized Clinical Trial. JAMA Intern. Med. 2015, 175, 1094–1103.
[CrossRef]

60. Amtul, Z.; Westaway, D.; Cechetto, D.F.; Rozmahel, R.F. Oleic acid ameliorates amyloidosis in cellular and
mouse models of Alzheimer’s disease. Brain Pathol. 2011, 21, 321–329. [CrossRef]

61. Park, Y.S.; Jang, H.J.; Lee, K.H.; Hahn, T.R.; Paik, Y.S. Prolyl endopeptidase inhibitory activity of unsaturated
fatty acids. J. Agric. Food Chem. 2006, 54, 1238–1242. [CrossRef]

62. Liu, Y.; Yang, L.; Conde-Knape, K.; Beher, D.; Shearman, M.S.; Shachter, N.S. Fatty acids increase presenilin-1
levels and [gamma]-secretase activity in PSwt-1 cells. J. Lipid Res. 2004, 45, 2368–2376. [CrossRef] [PubMed]

63. Amtul, Z.; Uhrig, M.; Beyreuther, K. Additive effects of fatty acid mixtures on the levels and ratio of amyloid
beta40/42 peptides differ from the effects of individual fatty acids. J. Neurosci. Res. 2011, 89, 1795–1801.
[CrossRef] [PubMed]

64. Morris, M.C.; Tangney, C.C. Dietary fat composition and dementia risk. Neurobiol. Aging 2014, 35 (Suppl. 2),
S59–S64. [CrossRef]

65. Morris, M.C.; Evans, D.A.; Bienias, J.L.; Tangney, C.C.; Bennett, D.A.; Aggarwal, N.; Schneider, J.; Wilson, R.S.
Dietary fats and the risk of incident Alzheimer disease. Arch. Neurol. 2003, 60, 194–200. [CrossRef]

66. Oksman, M.; Iivonen, H.; Hogyes, E.; Amtul, Z.; Penke, B.; Leenders, I.; Broersen, L.; Lutjohann, 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]

67. Tan, J.; McKenzie, C.; Potamitis, M.; Thorburn, A.N.; Mackay, C.R.; Macia, L. The role of short-chain fatty
acids in health and disease. Adv. Immunol. 2014, 121, 91–119.

68. Braniste, V.; Al-Asmakh, M.; Kowal, C.; Anuar, F.; Abbaspour, A.; Toth, M.; Korecka, A.; Bakocevic, N.;
Ng, L.G.; Kundu, P.; et al. The gut microbiota influences blood-brain barrier permeability in mice.
Sci. Transl. Med. 2014, 6, 263ra158. [CrossRef]

69. Bourassa, M.W.; Alim, I.; Bultman, S.J.; Ratan, R.R. Butyrate, neuroepigenetics and the gut microbiome:
Can a high fiber diet improve brain health? Neurosci. Lett. 2016, 625, 56–63. [CrossRef]

70. Govindarajan, N.; Agis-Balboa, R.C.; Walter, J.; Sananbenesi, F.; Fischer, A. Sodium butyrate improves
memory function in an Alzheimer’s disease mouse model when administered at an advanced stage of
disease progression. J. Alzheimers Dis. 2011, 26, 187–197. [CrossRef]

71. Ricobaraza, A.; Cuadrado-Tejedor, M.; Marco, S.; Perez-Otano, I.; Garcia-Osta, A. Phenylbutyrate rescues
dendritic spine loss associated with memory deficits in a mouse model of Alzheimer disease. Hippocampus
2012, 22, 1040–1050. [CrossRef]

http://dx.doi.org/10.1016/j.neurobiolaging.2018.02.024
http://dx.doi.org/10.3233/JAD-122224
http://dx.doi.org/10.1016/j.neuropharm.2004.02.012
http://dx.doi.org/10.1016/j.neurobiolaging.2011.07.014
http://dx.doi.org/10.1016/j.plipres.2007.12.004
http://dx.doi.org/10.1002/ana.22234
http://dx.doi.org/10.1023/A:1022457605436
http://dx.doi.org/10.1001/jamainternmed.2015.1668
http://dx.doi.org/10.1111/j.1750-3639.2010.00449.x
http://dx.doi.org/10.1021/jf052521h
http://dx.doi.org/10.1194/jlr.M400317-JLR200
http://www.ncbi.nlm.nih.gov/pubmed/15375184
http://dx.doi.org/10.1002/jnr.22706
http://www.ncbi.nlm.nih.gov/pubmed/21748777
http://dx.doi.org/10.1016/j.neurobiolaging.2014.03.038
http://dx.doi.org/10.1001/archneur.60.2.194
http://dx.doi.org/10.1016/j.nbd.2006.04.013
http://dx.doi.org/10.1126/scitranslmed.3009759
http://dx.doi.org/10.1016/j.neulet.2016.02.009
http://dx.doi.org/10.3233/JAD-2011-110080
http://dx.doi.org/10.1002/hipo.20883


Int. J. Mol. Sci. 2020, 21, 1505 25 of 37

72. Bienenstock, J.; Kunze, W.; Forsythe, P. Microbiota and the gut-brain axis. Nutr. Rev. 2015, 73 (Suppl. 1),
28–31. [CrossRef]

73. Kong, Y.; Jiang, B.; Luo, X. Gut microbiota influences Alzheimer’s disease pathogenesis by regulating acetate
in Drosophila model. Future Microbiol. 2018, 13, 1117–1128. [CrossRef]

74. Musa-Veloso, K.; Likhodii, S.S.; Cunnane, S.C. Breath acetone is a reliable indicator of ketosis in adults
consuming ketogenic meals. Am. J. Clin. Nutr. 2002, 76, 65–70. [CrossRef]

75. Robinson, A.M.; Williamson, D.H. Physiological roles of ketone bodies as substrates and signals in mammalian
tissues. Physiol. Rev. 1980, 60, 143–187. [CrossRef]

76. Martin, P.M.; Gopal, E.; Ananth, S.; Zhuang, L.; Itagaki, S.; Prasad, B.M.; Smith, S.B.; Prasad, P.D.; Ganapathy, V.
Identity of SMCT1 (SLC5A8) as a neuron-specific Na+-coupled transporter for active uptake of L-lactate and
ketone bodies in the brain. J. Neurochem. 2006, 98, 279–288. [CrossRef]

77. Kossoff, E.H.N.E. Ketogenic Diet. and Metabolic Therapies: Expanded Roles in Health and Disease; Oxford
University Press: Oxford, UK, 2016.

78. Wang, D.; Mitchell, E.S. Cognition and Synaptic-Plasticity Related Changes in Aged Rats Supplemented
with 8- and 10-Carbon Medium Chain Triglycerides. PLoS ONE 2016, 11, e0160159. [CrossRef]

79. Mosconi, L.; Pupi, A.; De Leon, M.J. Brain glucose hypometabolism and oxidative stress in preclinical
Alzheimer’s disease. Ann. N. Y. Acad. Sci. 2008, 1147, 180–195. [CrossRef]

80. Van der Auwera, I.; Wera, S.; Van Leuven, F.; Henderson, S.T. A ketogenic diet reduces amyloid beta 40 and
42 in a mouse model of Alzheimer’s disease. Nutr. Metab. 2005, 2, 28. [CrossRef]

81. Kashiwaya, Y.; Takeshima, T.; Mori, N.; Nakashima, K.; Clarke, K.; Veech, R.L. D-beta-hydroxybutyrate
protects neurons in models of Alzheimer’s and Parkinson’s disease. Proc. Natl. Acad. Sci. USA 2000, 97,
5440–5444. [CrossRef]

82. Bough, K.J.; Wetherington, J.; Hassel, B.; Pare, J.F.; Gawryluk, J.W.; Greene, J.G.; Shaw, R.; Smith, Y.;
Geiger, J.D.; Dingledine, R.J. Mitochondrial biogenesis in the anticonvulsant mechanism of the ketogenic
diet. Ann. Neurol. 2006, 60, 223–235. [CrossRef]

83. Jarrett, S.G.; Milder, J.B.; Liang, L.-P.; Patel, M. The ketogenic diet increases mitochondrial glutathione levels.
J. Neurochem. 2008, 106, 1044–1051. [CrossRef]

84. Ziegler, D.R.; Ribeiro, L.C.; Hagenn, M.; Siqueira, I.R.; Araújo, E.; Torres, I.L.S.; Gottfried, C.; Netto, C.A.;
Gonçalves, C.-A. Ketogenic diet increases glutathione peroxidase activity in rat hippocampus. Neurochem. Res.
2003, 28, 1793–1797. [CrossRef]

85. Sullivan, P.G.; Rippy, N.A.; Dorenbos, K.; Concepcion, R.C.; Agarwal, A.K.; Rho, J.M. The ketogenic diet
increases mitochondrial uncoupling protein levels and activity. Ann. Neurol. 2004, 55, 576–580. [CrossRef]

86. Ma, D.; Wang, A.C.; Parikh, I.; Green, S.J.; Hoffman, J.D.; Chlipala, G.; Murphy, M.P.; Sokola, B.S.; Bauer, B.;
Hartz, A.M.S.; et al. Ketogenic diet enhances neurovascular function with altered gut microbiome in young
healthy mice. Sci. Rep. 2018, 8, 6670. [CrossRef]

87. Henderson, S.T.; Vogel, J.L.; Barr, L.J.; Garvin, F.; Jones, J.J.; Costantini, L.C. Study of the ketogenic agent
AC-1202 in mild to moderate Alzheimer’s disease: A randomized, double-blind, placebo-controlled,
multicenter trial. Nutr. Metab. 2009, 6, 31. [CrossRef]

88. Ota, M.; Matsuo, J.; Ishida, I.; Takano, H.; Yokoi, Y.; Hori, H.; Yoshida, S.; Ashida, K.; Nakamura, K.;
Takahashi, T.; et al. Effects of a medium-chain triglyceride-based ketogenic formula on cognitive function in
patients with mild-to-moderate Alzheimer’s disease. Neurosci. Lett. 2019, 690, 232–236. [CrossRef]

89. Taylor, M.K.; Sullivan, D.K.; Mahnken, J.D.; Burns, J.M.; Swerdlow, R.H. Feasibility and efficacy data from
a ketogenic diet intervention in Alzheimer’s disease. Alzheimer’s Dement. 2017, 4, 28–36. [CrossRef]

90. Włodarek, D. Role of Ketogenic Diets in Neurodegenerative Diseases (Alzheimer’s Disease and Parkinson’s
Disease). Nutrients 2019, 11, 169. [CrossRef]

91. Basil, M.C.; Levy, B.D. Specialized pro-resolving mediators: Endogenous regulators of infection and
inflammation. Nat. Rev. Immunol. 2016, 16, 51–67. [CrossRef]

92. Whittington, R.A.; Planel, E.; Terrando, N. Impaired Resolution of Inflammation in Alzheimer’s Disease:
A Review. Front. Immunol. 2017, 8, 1464. [CrossRef]

93. Wang, X.; Zhu, M.; Hjorth, E.; Cortes-Toro, V.; Eyjolfsdottir, H.; Graff, C.; Nennesmo, I.; Palmblad, J.;
Eriksdotter, M.; Sambamurti, K.; et al. Resolution of inflammation is altered in Alzheimer’s disease.
Alzheimers Dement. 2015, 11, e1–e2. [CrossRef] [PubMed]

http://dx.doi.org/10.1093/nutrit/nuv019
http://dx.doi.org/10.2217/fmb-2018-0185
http://dx.doi.org/10.1093/ajcn/76.1.65
http://dx.doi.org/10.1152/physrev.1980.60.1.143
http://dx.doi.org/10.1111/j.1471-4159.2006.03878.x
http://dx.doi.org/10.1371/journal.pone.0160159
http://dx.doi.org/10.1196/annals.1427.007
http://dx.doi.org/10.1186/1743-7075-2-28
http://dx.doi.org/10.1073/pnas.97.10.5440
http://dx.doi.org/10.1002/ana.20899
http://dx.doi.org/10.1111/j.1471-4159.2008.05460.x
http://dx.doi.org/10.1023/A:1026107405399
http://dx.doi.org/10.1002/ana.20062
http://dx.doi.org/10.1038/s41598-018-25190-5
http://dx.doi.org/10.1186/1743-7075-6-31
http://dx.doi.org/10.1016/j.neulet.2018.10.048
http://dx.doi.org/10.1016/j.trci.2017.11.002
http://dx.doi.org/10.3390/nu11010169
http://dx.doi.org/10.1038/nri.2015.4
http://dx.doi.org/10.3389/fimmu.2017.01464
http://dx.doi.org/10.1016/j.jalz.2013.12.024
http://www.ncbi.nlm.nih.gov/pubmed/24530025


Int. J. Mol. Sci. 2020, 21, 1505 26 of 37

94. Zhu, M.; Wang, X.; Hjorth, E.; Colas, R.A.; Schroeder, L.; Granholm, A.C.; Serhan, C.N.; Schultzberg, M.
Pro-Resolving Lipid Mediators Improve Neuronal Survival and Increase Abeta42 Phagocytosis. Mol. Neurobiol.
2016, 53, 2733–2749. [CrossRef] [PubMed]

95. Kantarci, A.; Aytan, N.; Palaska, I.; Stephens, D.; Crabtree, L.; Benincasa, C.; Jenkins, B.G.; Carreras, I.;
Dedeoglu, A. Combined administration of resolvin E1 and lipoxin A4 resolves inflammation in a murine
model of Alzheimer’s disease. Exp. Neurol 2018, 300, 111–120. [CrossRef] [PubMed]

96. Medeiros, R.; Kitazawa, M.; Passos, G.F.; Baglietto-Vargas, D.; Cheng, D.; Cribbs, D.H.; LaFerla, F.M.
Aspirin-triggered lipoxin A4 stimulates alternative activation of microglia and reduces Alzheimer disease-like
pathology in mice. Am. J. Pathol. 2013, 182, 1780–1789. [CrossRef]

97. Tönnies, E.; Trushina, E.D. Oxidative stress, synaptic dysfunction, and Alzheimer’s disease. J. Alzheimer’s Dis.
2017, 57, 1105–1121. [CrossRef]

98. Miller, E.; Morel, A.; Saso, L.; Saluk, J. Isoprostanes and neuroprostanes as biomarkers of oxidative stress in
neurodegenerative diseases. Oxid. Med. Cell. Longev. 2014, 2014, 572491. [CrossRef]

99. Pratico, D. F(2)-isoprostanes: Sensitive and specific non-invasive indices of lipid peroxidation in vivo.
Atherosclerosis 1999, 147, 1–10. [CrossRef]

100. Pratico, D.V.M.Y.L.; Trojanowski, J.Q.; Rokach, J.; Fitzgerald, G.A. Increased F2-isoprostanes in Alzheimer’s
disease: Evidence for enhanced lipid peroxidation in vivo. FASEB J. 1998, 12, 1777–1783. [CrossRef]

101. De Leon, M.J.; Mosconi, L.; Li, J.; De Santi, S.; Yao, Y.; Tsui, W.H.; Pirraglia, E.; Rich, K.; Javier, E.; Brys, M.;
et al. Longitudinal CSF isoprostane and MRI atrophy in the progression to AD. J. Neurol. 2007, 254, 1666–1675.
[CrossRef]

102. Pratico, D.; Uryu, K.; Sung, S.; Tang, S.; Trojanowski, J.Q.; Lee, V.M. Aluminum modulates brain amyloidosis
through oxidative stress in APP transgenic mice. FASEB J. 2002, 16, 1138–1140. [CrossRef]

103. Liang, X.; Wang, Q.; Hand, T.; Wu, L.; Breyer, R.M.; Montine, T.J.; Andreasson, K. Deletion of the prostaglandin
E2 EP2 receptor reduces oxidative damage and amyloid burden in a model of Alzheimer’s disease. J. Neurosci.
2005, 25, 10180–10187. [CrossRef] [PubMed]

104. Montine, T.J.; Quinn, J.F.; Milatovic, D.; Silbert, L.C.; Dang, T.; Sanchez, S.; Terry, E.; Roberts, L.J., 2nd;
Kaye, J.A.; Morrow, J.D. Peripheral F2-isoprostanes and F4-neuroprostanes are not increased in Alzheimer’s
disease. Ann. Neurol. 2002, 52, 175–179. [CrossRef] [PubMed]

105. Sultana, R.; Perluigi, M.; Butterfield, D.A. Lipid peroxidation triggers neurodegeneration: A redox proteomics
view into the Alzheimer disease brain. Free Radic. Biol. Med. 2013, 62, 157–169. [CrossRef] [PubMed]

106. Markesbery, W.R.; Kryscio, R.J.; Lovell, M.A.; Morrow, J.D. Lipid peroxidation is an early event in the brain
in amnestic mild cognitive impairment. Ann. Neurol. 2005, 58, 730–735. [CrossRef] [PubMed]

107. Garcia-Blanco, A.; Pena-Bautista, C.; Oger, C.; Vigor, C.; Galano, J.M.; Durand, T.; Martin-Ibanez, N.;
Baquero, M.; Vento, M.; Chafer-Pericas, C. Reliable determination of new lipid peroxidation compounds as
potential early Alzheimer Disease biomarkers. Talanta 2018, 184, 193–201. [CrossRef] [PubMed]

108. Rogers, R.L.; Meyer, J.S.; McClintic, K.; Mortel, K.F. Reducing hypertriglyceridemia in elderly patients with
cerebrovascular disease stabilizes or improves cognition and cerebral perfusion. Angiology 1989, 40 Pt 1,
260–269. [CrossRef]

109. Farr, S.A.; Yamada, K.A.; Butterfield, D.A.; Abdul, H.M.; Xu, L.; Miller, N.E.; Banks, W.A.; Morley, J.E. Obesity
and hypertriglyceridemia produce cognitive impairment. Endocrinology 2008, 149, 2628–2636. [CrossRef]

110. Proitsi, P.; Kim, M.; Whiley, L.; Simmons, A.; Sattlecker, M.; Velayudhan, L.; Lupton, M.K.; Soininen, H.;
Kloszewska, I.; Mecocci, P.; et al. Association of blood lipids with Alzheimer’s disease: A comprehensive
lipidomics analysis. Alzheimers Dement. 2017, 13, 140–151. [CrossRef]

111. Wood, P.L.; Medicherla, S.; Sheikh, N.; Terry, B.; Phillipps, A.; Kaye, J.A.; Quinn, J.F.; Woltjer, R.L. Targeted
Lipidomics of Fontal Cortex and Plasma Diacylglycerols (DAG) in Mild Cognitive Impairment and
Alzheimer’s Disease: Validation of DAG Accumulation Early in the Pathophysiology of Alzheimer’s
Disease. J. Alzheimers Dis. 2015, 48, 537–546. [CrossRef]

112. Chan, R.B.; Oliveira, T.G.; Cortes, E.P.; Honig, L.S.; Duff, K.E.; Small, S.A.; Wenk, M.R.; Shui, G.; Di Paolo, G.
Comparative lipidomic analysis of mouse and human brain with Alzheimer disease. J. Biol. Chem. 2012, 287,
2678–2688. [CrossRef]

113. Wood, P.L.; Barnette, B.L.; Kaye, J.A.; Quinn, J.F.; Woltjer, R.L. Non-targeted lipidomics of CSF and frontal
cortex grey and white matter in control, mild cognitive impairment, and Alzheimer’s disease subjects.
Acta Neuropsychiatr. 2015, 27, 270–278. [CrossRef] [PubMed]

http://dx.doi.org/10.1007/s12035-015-9544-0
http://www.ncbi.nlm.nih.gov/pubmed/26650044
http://dx.doi.org/10.1016/j.expneurol.2017.11.005
http://www.ncbi.nlm.nih.gov/pubmed/29126887
http://dx.doi.org/10.1016/j.ajpath.2013.01.051
http://dx.doi.org/10.3233/JAD-161088
http://dx.doi.org/10.1155/2014/572491
http://dx.doi.org/10.1016/S0021-9150(99)00257-9
http://dx.doi.org/10.1096/fasebj.12.15.1777
http://dx.doi.org/10.1007/s00415-007-0610-z
http://dx.doi.org/10.1096/fj.02-0012fje
http://dx.doi.org/10.1523/JNEUROSCI.3591-05.2005
http://www.ncbi.nlm.nih.gov/pubmed/16267225
http://dx.doi.org/10.1002/ana.10272
http://www.ncbi.nlm.nih.gov/pubmed/12210787
http://dx.doi.org/10.1016/j.freeradbiomed.2012.09.027
http://www.ncbi.nlm.nih.gov/pubmed/23044265
http://dx.doi.org/10.1002/ana.20629
http://www.ncbi.nlm.nih.gov/pubmed/16240347
http://dx.doi.org/10.1016/j.talanta.2018.03.002
http://www.ncbi.nlm.nih.gov/pubmed/29674032
http://dx.doi.org/10.1177/0003319789040004043
http://dx.doi.org/10.1210/en.2007-1722
http://dx.doi.org/10.1016/j.jalz.2016.08.003
http://dx.doi.org/10.3233/JAD-150336
http://dx.doi.org/10.1074/jbc.M111.274142
http://dx.doi.org/10.1017/neu.2015.18
http://www.ncbi.nlm.nih.gov/pubmed/25858158


Int. J. Mol. Sci. 2020, 21, 1505 27 of 37

114. Tanabe, F.; Nakajima, T.; Ito, M. Involvement of diacylglycerol produced by phospholipase D activation
in Abeta-induced reduction of sAPPalpha secretion in SH-SY5Y neuroblastoma cells. Biochem. Biophys.
Res. Commun. 2014, 446, 933–939. [CrossRef] [PubMed]

115. Zhang, J.; Chen, C. Alleviation of Neuropathology by Inhibition of Monoacylglycerol Lipase in APP
Transgenic Mice Lacking CB2 Receptors. Mol. Neurobiol. 2018, 55, 4802–4810. [CrossRef] [PubMed]

116. Pihlaja, R.; Takkinen, J.; Eskola, O.; Vasara, J.; Lopez-Picon, F.R.; Haaparanta-Solin, M.; Rinne, J.O.
Monoacylglycerol lipase inhibitor JZL184 reduces neuroinflammatory response in APdE9 mice and in
adult mouse glial cells. J. Neuroinflamm. 2015, 12, 81. [CrossRef]

117. Dong, M.; Lu, Y.; Zou, Z.; Yang, H. Monoacylglycerol lipase inhibitor protects primary cultured neurons
against homocysteine-induced impairments in rat caudate nucleus through COX-2 signaling. Life Sci. 2015,
138, 64–71. [CrossRef]

118. O’Brien, J.S.; Sampson, E.L. Fatty acid and fatty aldehyde composition of the major brain lipids in normal
human gray matter, white matter, and myelin. J. Lipid Res. 1965, 6, 545–551.

119. Panganamala, R.V.; Horrocks, L.A.; Geer, J.C.; Cornwell, D.G. Positions of double bonds in the
monounsaturated alk-1-enyl groups from the plasmalogens of human heart and brain. Chem. Phys. Lipids
1971, 6, 97–102. [CrossRef]

120. Nitsch, R.M.; Blusztajn, J.K.; Pittas, A.G.; Slack, B.E.; Growdon, J.H.; Wurtman, R.J. Evidence for a membrane
defect in Alzheimer disease brain. Proc. Natl. Acad. Sci. USA 1992, 89, 1671–1675. [CrossRef]

121. Onodera, T.; Futai, E.; Kan, E.; Abe, N.; Uchida, T.; Kamio, Y.; Kaneko, J. Phosphatidylethanolamine
plasmalogen enhances the inhibiting effect of phosphatidylethanolamine on gamma-secretase activity.
J. Biochem. 2015, 157, 301–309. [CrossRef]

122. Bennett, S.A.; Valenzuela, N.; Xu, H.; Franko, B.; Fai, S.; Figeys, D. Using neurolipidomics to identify
phospholipid mediators of synaptic (dys)function in Alzheimer’s Disease. Front. Physiol. 2013, 4, 168.
[CrossRef]

123. Rodriguez-Cuenca, S.; Pellegrinelli, V.; Campbell, M.; Oresic, M.; Vidal-Puig, A. Sphingolipids and
glycerophospholipids—The “ying and yang” of lipotoxicity in metabolic diseases. Prog. Lipid Res. 2017, 66,
14–29. [CrossRef] [PubMed]

124. Horrocks, L.; Sharma, M.J. Phospholipids; Hawthorne, J.N., Ansell, G.B., Eds.; Elsevier Science Publishers BV:
Amsterdam, The Netherlands, 1982; p. 51.

125. Ginsberg, L.; Rafique, S.; Xuereb, J.H.; Rapoport, S.I.; Gershfeld, N.L. Disease and anatomic specificity of
ethanolamine plasmalogen deficiency in Alzheimer’s disease brain. Brain Res. 1995, 698, 223–226. [CrossRef]

126. Han, X.; Holtzman, D.M.; McKeel, D.W., Jr. Plasmalogen deficiency in early Alzheimer’s disease subjects and
in animal models: Molecular characterization using electrospray ionization mass spectrometry. J. Neurochem.
2001, 77, 1168–1180. [CrossRef] [PubMed]

127. Wood, P.L.; Mankidy, R.; Ritchie, S.; Heath, D.; Wood, J.A.; Flax, J.; Goodenowe, D.B. Circulating plasmalogen
levels and Alzheimer disease assessment scale–cognitive scores in Alzheimer patients. J. Psychiatry Neurosci.
2010, 35, 59. [CrossRef]

128. Kou, J.; Kovacs, G.G.; Höftberger, R.; Kulik, W.; Brodde, A.; Forss-Petter, S.; Hönigschnabl, S.; Gleiss, A.;
Brügger, B.; Wanders, R.; et al. Peroxisomal alterations in Alzheimer’s disease. Acta Neuropathol. 2011, 122,
271–283. [CrossRef]

129. Benseny-Cases, N.; Klementieva, O.; Cotte, M.; Ferrer, I.; Cladera, J. Microspectroscopy (µFTIR) reveals
co-localization of lipid oxidation and amyloid plaques in human Alzheimer disease brains. Anal. Chem.
2014, 86, 12047–12054. [CrossRef]

130. Hossain, M.S.; Mineno, K.; Katafuchi, T. Neuronal Orphan G-Protein Coupled Receptor Proteins Mediate
Plasmalogens-Induced Activation of ERK and Akt Signaling. PLoS ONE 2016, 11, e0150846. [CrossRef]

131. Katafuchi, T.; Ifuku, M.; Mawatari, S.; Noda, M.; Miake, K.; Sugiyama, M.; Fujino, T. Effects of plasmalogens
on systemic lipopolysaccharide–induced glial activation and β–amyloid accumulation in adult mice. Ann. N.
Y. Acad. Sci. 2012, 1262, 85–92. [CrossRef]

132. Fujino, T.; Yamada, T.; Asada, T.; Tsuboi, Y.; Wakana, C.; Mawatari, S.; Kono, S. Efficacy and blood Plasmalogen
changes by Oral Administration of Plasmalogen in patients with mild Alzheimer’s disease and mild cognitive
impairment: A multicenter, randomized, double-blind, placebo-controlled trial. EBioMedicine 2017, 17,
199–205. [CrossRef]

http://dx.doi.org/10.1016/j.bbrc.2014.03.038
http://www.ncbi.nlm.nih.gov/pubmed/24650665
http://dx.doi.org/10.1007/s12035-017-0689-x
http://www.ncbi.nlm.nih.gov/pubmed/28733897
http://dx.doi.org/10.1186/s12974-015-0305-9
http://dx.doi.org/10.1016/j.lfs.2015.03.006
http://dx.doi.org/10.1016/0009-3084(71)90031-4
http://dx.doi.org/10.1073/pnas.89.5.1671
http://dx.doi.org/10.1093/jb/mvu074
http://dx.doi.org/10.3389/fphys.2013.00168
http://dx.doi.org/10.1016/j.plipres.2017.01.002
http://www.ncbi.nlm.nih.gov/pubmed/28104532
http://dx.doi.org/10.1016/0006-8993(95)00931-F
http://dx.doi.org/10.1046/j.1471-4159.2001.00332.x
http://www.ncbi.nlm.nih.gov/pubmed/11359882
http://dx.doi.org/10.1503/jpn.090059
http://dx.doi.org/10.1007/s00401-011-0836-9
http://dx.doi.org/10.1021/ac502667b
http://dx.doi.org/10.1371/journal.pone.0150846
http://dx.doi.org/10.1111/j.1749-6632.2012.06641.x
http://dx.doi.org/10.1016/j.ebiom.2017.02.012


Int. J. Mol. Sci. 2020, 21, 1505 28 of 37

133. Whiley, L.; Sen, A.; Heaton, J.; Proitsi, P.; García-Gómez, D.; Leung, R.; Smith, N.; Thambisetty, M.;
Kloszewska, I.; Mecocci, P.; et al. Evidence of altered phosphatidylcholine metabolism in Alzheimer’s disease.
Neurobiol. Aging 2014, 35, 271–278. [CrossRef]

134. Mapstone, M.; Cheema, A.K.; Fiandaca, M.S.; Zhong, X.; Mhyre, T.R.; MacArthur, L.H.; Hall, W.J.; Fisher, S.G.;
Peterson, D.R.; Haley, J.M.; et al. Plasma phospholipids identify antecedent memory impairment in older
adults. Nat. Med. 2014, 20, 415. [CrossRef] [PubMed]

135. 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. Alzheimers Dis. 2011, 24,
507–517. [CrossRef] [PubMed]

136. Franco-Maside, A.; Caamano, J.; Gómez, M.J.; Cacabelos, R. Brain mapping activity and mental performance
after chronic treatment with CDP-choline in Alzheimer’s disease. Methods Find. Exp. Clin. Pharmacol. 1994,
16, 597–607. [PubMed]

137. Kennedy, M.A.; Moffat, T.C.; Gable, K.; Ganesan, S.; Niewola-Staszkowska, K.; Johnston, A.; Nislow, C.;
Giaever, G.; Harris, L.J.; Loewith, R.; et al. A signaling lipid associated with Alzheimer’s disease promotes
mitochondrial dysfunction. Sci. Rep. 2016, 6, 19332. [CrossRef] [PubMed]

138. Dorninger, F.; Moser, A.B.; Kou, J.; Wiesinger, C.; Forss-Petter, S.; Gleiss, A.; Hinterberger, M.; Jungwirth, S.;
Fischer, P.; Berger, J.; et al. Alterations in the plasma levels of specific choline phospholipids in Alzheimer’s
disease mimic accelerated aging. J. Alzheimers Dis. 2018, 62, 841–854. [CrossRef]

139. Gattaz, W.F.; Maras, A.; Cairns, N.J.; Levy, R.; Förstl, H. Decreased phospholipase A2 activity in Alzheimer
brains. Biol. Psychiatry 1995, 37, 13–17. [CrossRef]

140. Doody, R.S.; Demirovic, J.; Ballantyne, C.M.; Chan, W.; Barber, R.; Powell, S.; Pavlik, V.J.A.S.
Lipoprotein-associated phospholipase A2, homocysteine, and Alzheimer’s disease. Alzheimers Dement. 2015,
1, 464–471. [CrossRef]

141. Chalbot, S.; Zetterberg, H.; Blennow, K.; Fladby, T.; Grundke-Iqbal, I.; Iqbal, K. Cerebrospinal fluid secretory
Ca2+-dependent phospholipase A2 activity is increased in Alzheimer disease. Clin. Chem. 2009, 55,
2171–2179. [CrossRef]

142. Lo Vasco, V.R. The Phosphoinositide signal transduction pathway in the pathogenesis of Alzheimer’s disease.
Curr. Alzheimer Res. 2018, 15, 355–362. [CrossRef]

143. Yang, Y.R.; Kang, D.-S.; Lee, C.; Seok, H.; Follo, M.Y.; Cocco, L.; Suh, P.-G. Primary phospholipase C and
brain disorders. Adv. Biol. Regul. 2016, 61, 80–85. [CrossRef]

144. Suh, P.-G.; Park, J.-I.; Manzoli, L.; Cocco, L.; Peak, J.C.; Katan, M.; Fukami, K.; Kataoka, T.; Yun, S.-U.;
Ryu, S.-H. Multiple roles of phosphoinositide-specific phospholipase C isozymes. BMB Rep. 2008, 41,
415–434. [CrossRef] [PubMed]

145. Shimohama, S.; Fujimoto, S.; Taniguchi, T.; Kimura, J. Phosphatidylinositol-specific phospholipase C activity
in the postmortem human brain: No alteration in Alzheimer’s disease. Brain Res. 1992, 579, 347–349.
[CrossRef]

146. Shimohama, S.; Sasaki, Y.; Fujimoto, S.; Kamiya, S.; Taniguchi, T.; Takenawa, T.; Kimura, J. Phospholipase
C isozymes in the human brain and their changes in Alzheimer’s disease. Neuroscience 1997, 82, 999–1007.
[CrossRef]

147. Popovics, P.; Stewart, A. Phospholipase C-η activity may contribute to Alzheimer’s disease-associated
calciumopathy. J. Alzheimers Dis. 2012, 30, 737–744. [CrossRef] [PubMed]

148. Oliveira, T.G.; Di Paolo, G. Phospholipase D in brain function and Alzheimer’s disease. Biochim. Biophys. Acta
2010, 1801, 799–805. [CrossRef] [PubMed]

149. Lee, M.-J.; Oh, J.-Y.; Park, H.-T.; Uhlinger, D.J.; Kwak, J.-Y. Enhancement of phospholipase D activity by
overexpression of amyloid precursor protein in P19 mouse embryonic carcinoma cells. Neurosci. Lett. 2001,
315, 159–163. [CrossRef]

150. Cox, D.A.; Cohen, M.L. Amyloid β-induced neurotoxicity is associated with phospholipase D activation in
cultured rat hippocampal cells. Neurosci. Lett. 1997, 229, 37–40. [CrossRef]

151. Krishnan, B.; Kayed, R.; Taglialatela, G.J.A.S.; Research, D.T.; Interventions, C. Elevated phospholipase D
isoform 1 in Alzheimer’s disease patients’ hippocampus: Relevance to synaptic dysfunction and memory
deficits. Alzheimer’s Dement. 2018, 4, 89–102. [CrossRef]

http://dx.doi.org/10.1016/j.neurobiolaging.2013.08.001
http://dx.doi.org/10.1038/nm.3466
http://www.ncbi.nlm.nih.gov/pubmed/24608097
http://dx.doi.org/10.3233/JAD-2011-101608
http://www.ncbi.nlm.nih.gov/pubmed/21297269
http://www.ncbi.nlm.nih.gov/pubmed/7760585
http://dx.doi.org/10.1038/srep19332
http://www.ncbi.nlm.nih.gov/pubmed/26757638
http://dx.doi.org/10.3233/JAD-171036
http://dx.doi.org/10.1016/0006-3223(94)00123-K
http://dx.doi.org/10.1016/j.dadm.2015.08.001
http://dx.doi.org/10.1373/clinchem.2009.130286
http://dx.doi.org/10.2174/1567205014666170829100230
http://dx.doi.org/10.1016/j.jbior.2015.11.003
http://dx.doi.org/10.5483/BMBRep.2008.41.6.415
http://www.ncbi.nlm.nih.gov/pubmed/18593525
http://dx.doi.org/10.1016/0006-8993(92)90073-I
http://dx.doi.org/10.1016/S0306-4522(97)00342-4
http://dx.doi.org/10.3233/JAD-2012-120241
http://www.ncbi.nlm.nih.gov/pubmed/22475800
http://dx.doi.org/10.1016/j.bbalip.2010.04.004
http://www.ncbi.nlm.nih.gov/pubmed/20399893
http://dx.doi.org/10.1016/S0304-3940(01)02339-4
http://dx.doi.org/10.1016/S0304-3940(97)00407-2
http://dx.doi.org/10.1016/j.trci.2018.01.002


Int. J. Mol. Sci. 2020, 21, 1505 29 of 37

152. Cruchaga, C.; Karch, C.M.; Jin, S.C.; Benitez, B.A.; Cai, Y.; Guerreiro, R.; Harari, O.; Norton, J.; Budde, J.;
Bertelsen, S.; et al. Rare coding variants in the phospholipase D3 gene confer risk for Alzheimer’s disease.
Nature 2014, 505, 550–554. [CrossRef]

153. Wang, J.; Yu, J.T.; Tan, L. PLD3 in Alzheimer’s disease. Mol. Neurobiol. 2015, 51, 480–486. [CrossRef]
154. Heilmann, S.; Drichel, D.; Clarimon, J.; Fernandez, V.; Lacour, A.; Wagner, H.; Thelen, M.; Hernandez, I.;

Fortea, J.; Alegret, M.; et al. PLD3 in non-familial Alzheimer’s disease. Nature 2015, 520, E3–E5. [CrossRef]
[PubMed]

155. Cacace, R.; Van den Bossche, T.; Engelborghs, S.; Geerts, N.; Laureys, A.; Dillen, L.; Graff, C.; Thonberg, H.;
Chiang, H.H.; Pastor, P.; et al. Rare Variants in PLD3 Do Not Affect Risk for Early–Onset Alzheimer Disease
in a European Consortium Cohort. Hum. Mutat. 2015, 36, 1226–1235. [CrossRef] [PubMed]

156. Zhang, M.; Mileykovskaya, E.; Dowhan, W. Gluing the respiratory chain together Cardiolipin is required
for supercomplex formation in the inner mitochondrial membrane. J. Biol. Chem. 2002, 277, 43553–43556.
[CrossRef] [PubMed]

157. Petrosillo, G.; Matera, M.; Casanova, G.; Ruggiero, F.M.; Paradies, G. Mitochondrial dysfunction in rat brain
with aging Involvement of complex I, reactive oxygen species and cardiolipin. Neurochem. Int. 2008, 53,
126–131. [CrossRef]

158. Pettegrew, J.W.; Panchalingam, K.; Hamilton, R.L.; McClure, R.J. Brain membrane phospholipid alterations
in Alzheimer’s disease. Neurochem. Res. 2001, 26, 771–782. [CrossRef]

159. Kuo, Y.C.; Liu, Y.C. Cardiolipin-incorporated liposomes with surface CRM197 for enhancing neuronal
survival against neurotoxicity. Int. J. Pharm. 2014, 473, 334–344. [CrossRef]

160. Mencarelli, C.; Martinez-Martinez, P. Ceramide function in the brain: When a slight tilt is enough. Cell Mol.
Life Sci. 2013, 70, 181–203. [CrossRef]

161. Varma, V.R.; Oommen, A.M.; Varma, S.; Casanova, R.; An, Y.; Andrews, R.M.; O’Brien, R.; Pletnikova, O.;
Troncoso, J.C.; Toledo, J.; et al. Brain and blood metabolite signatures of pathology and progression in
Alzheimer disease: A targeted metabolomics study. PLoS Med. 2018, 15, e1002482. [CrossRef]

162. Gault, C.R.; Obeid, L.M.; Hannun, Y.A. An overview of sphingolipid metabolism: From synthesis to
breakdown. Adv. Exp. Med. Biol. 2010, 688, 1–23.

163. Grimm, M.O.; Grimm, H.S.; Patzold, A.J.; Zinser, E.G.; Halonen, R.; Duering, M.; Tschape, J.A.; De Strooper, B.;
Muller, U.; Shen, J.; et al. Regulation of cholesterol and sphingomyelin metabolism by amyloid-beta and
presenilin. Nat. Cell Biol. 2005, 7, 1118–1123. [CrossRef]

164. Goni, F.M.; Alonso, A. Sphingomyelinases: Enzymology and membrane activity. FEBS Lett. 2002, 531, 38–46.
[CrossRef]

165. Alessenko, A.V.; Bugrova, A.E.; Dudnik, L.B. Connection of lipid peroxide oxidation with the sphingomyelin
pathway in the development of Alzheimer’s disease. Biochem. Soc. Trans. 2004, 32 Pt 1, 144–146. [CrossRef]

166. Lee, J.T.; Xu, J.; Lee, J.M.; Ku, G.; Han, X.; Yang, D.I.; Chen, S.; Hsu, C.Y. Amyloid-beta peptide induces
oligodendrocyte death by activating the neutral sphingomyelinase-ceramide pathway. J. Cell Biol. 2004, 164,
123–131. [CrossRef] [PubMed]

167. Filippov, V.; Song, M.A.; Zhang, K.; Vinters, H.V.; Tung, S.; Kirsch, W.M.; Yang, J.; Duerksen-Hughes, P.J.
Increased ceramide in brains with Alzheimer’s and other neurodegenerative diseases. J. Alzheimers Dis. 2012,
29, 537–547. [CrossRef] [PubMed]

168. Lee, J.K.; Jin, H.K.; Park, M.H.; Kim, B.R.; Lee, P.H.; Nakauchi, H.; Carter, J.E.; He, X.; Schuchman, E.H.;
Bae, J.S. Acid sphingomyelinase modulates the autophagic process by controlling lysosomal biogenesis in
Alzheimer’s disease. J. Exp. Med. 2014, 211, 1551–1570. [CrossRef] [PubMed]

169. Jazvinscak Jembrek, M.; Hof, P.R.; Simic, G. Ceramides in Alzheimer’s Disease: Key Mediators of Neuronal
Apoptosis Induced by Oxidative Stress and Abeta Accumulation. Oxid. Med. Cell. Longev. 2015, 2015, 346783.
[CrossRef]

170. Czubowicz, K.; Jesko, H.; Wencel, P.; Lukiw, W.J.; Strosznajder, R.P. The Role of Ceramide and
Sphingosine-1-Phosphate in Alzheimer’s Disease and Other Neurodegenerative Disorders. Mol. Neurobiol.
2019, 56, 5436–5455. [CrossRef]

171. Panchal, M.; Gaudin, M.; Lazar, A.N.; Salvati, E.; Rivals, I.; Ayciriex, S.; Dauphinot, L.; Dargere, D.; Auzeil, N.;
Masserini, M.; et al. Ceramides and sphingomyelinases in senile plaques. Neurobiol. Dis. 2014, 65, 193–201.
[CrossRef]

http://dx.doi.org/10.1038/nature12825
http://dx.doi.org/10.1007/s12035-014-8779-5
http://dx.doi.org/10.1038/nature14039
http://www.ncbi.nlm.nih.gov/pubmed/25832411
http://dx.doi.org/10.1002/humu.22908
http://www.ncbi.nlm.nih.gov/pubmed/26411346
http://dx.doi.org/10.1074/jbc.C200551200
http://www.ncbi.nlm.nih.gov/pubmed/12364341
http://dx.doi.org/10.1016/j.neuint.2008.07.001
http://dx.doi.org/10.1023/A:1011603916962
http://dx.doi.org/10.1016/j.ijpharm.2014.07.003
http://dx.doi.org/10.1007/s00018-012-1038-x
http://dx.doi.org/10.1371/journal.pmed.1002482
http://dx.doi.org/10.1038/ncb1313
http://dx.doi.org/10.1016/S0014-5793(02)03482-8
http://dx.doi.org/10.1042/bst0320144
http://dx.doi.org/10.1083/jcb.200307017
http://www.ncbi.nlm.nih.gov/pubmed/14709545
http://dx.doi.org/10.3233/JAD-2011-111202
http://www.ncbi.nlm.nih.gov/pubmed/22258513
http://dx.doi.org/10.1084/jem.20132451
http://www.ncbi.nlm.nih.gov/pubmed/25049335
http://dx.doi.org/10.1155/2015/346783
http://dx.doi.org/10.1007/s12035-018-1448-3
http://dx.doi.org/10.1016/j.nbd.2014.01.010


Int. J. Mol. Sci. 2020, 21, 1505 30 of 37

172. Satoi, H.; Tomimoto, H.; Ohtani, R.; Kitano, T.; Kondo, T.; Watanabe, M.; Oka, N.; Akiguchi, I.; Furuya, S.;
Hirabayashi, Y.; et al. Astroglial expression of ceramide in Alzheimer’s disease brains: A role during
neuronal apoptosis. Neuroscience 2005, 130, 657–666. [CrossRef]

173. Mielke, M.M.; Haughey, N.J. Could plasma sphingolipids be diagnostic or prognostic biomarkers for
Alzheimer’s disease? Clin. Lipidol. 2012, 7, 525–536. [CrossRef]

174. Han, X.D.M.H.; McKeel, D.W., Jr.; Kelley, J.; Morris, J.C. Substantial sulfatide deficiency and ceramide
elevation in very early Alzheimer’s disease: Potential role in disease pathogenesis. J. Neurochem. 2002, 82,
809–818. [CrossRef] [PubMed]

175. Dinkins, M.B.; Wang, G.; Bieberich, E. Sphingolipid-Enriched Extracellular Vesicles and Alzheimer’s Disease:
A Decade of Research. J. Alzheimers Dis. 2017, 60, 757–768. [CrossRef] [PubMed]

176. Asai, H.; Ikezu, S.; Tsunoda, S.; Medalla, M.; Luebke, J.; Haydar, T.; Wolozin, B.; Butovsky, O.; Kugler, S.;
Ikezu, T. Depletion of microglia and inhibition of exosome synthesis halt tau propagation. Nat. Neurosci.
2015, 18, 1584–1593. [CrossRef] [PubMed]

177. Yuyama, K.; Sun, H.; Mitsutake, S.; Igarashi, Y. Sphingolipid-modulated exosome secretion promotes
clearance of amyloid-beta by microglia. J. Biol. Chem. 2012, 287, 10977–10989. [CrossRef]

178. Trajkovic, K.; Hsu, C.; Chiantia, S.; Rajendran, L.; Wenzel, D.; Wieland, F.; Schwille, P.; Brugger, B.; Simons, M.
Ceramide triggers budding of exosome vesicles into multivesicular endosomes. Science 2008, 319, 1244–1247.
[CrossRef]

179. Dinkins, M.B.; Enasko, J.; Hernandez, C.; Wang, G.; Kong, J.; Helwa, I.; Liu, Y.; Terry, A.V., Jr.; Bieberich, E.
Neutral Sphingomyelinase-2 Deficiency Ameliorates Alzheimer’s Disease Pathology and Improves Cognition
in the 5XFAD Mouse. J. Neurosci. 2016, 36, 8653–8667. [CrossRef]

180. He, X.; Huang, Y.; Li, B.; Gong, C.X.; Schuchman, E.H. Deregulation of sphingolipid metabolism in
Alzheimer’s disease. Neurobiol. Aging 2010, 31, 398–408. [CrossRef]

181. Dominguez, G.; Maddelein, M.L.; Pucelle, M.; Nicaise, Y.; Maurage, C.A.; Duyckaerts, C.; Cuvillier, O.;
Delisle, M.B. Neuronal sphingosine kinase 2 subcellular localization is altered in Alzheimer’s disease brain.
Acta Neuropathol. Commun. 2018, 6, 25. [CrossRef]

182. Karaca, I.; Tamboli, I.Y.; Glebov, K.; Richter, J.; Fell, L.H.; Grimm, M.O.; Haupenthal, V.J.; Hartmann, T.;
Graler, M.H.; Van Echten-Deckert, G.; et al. Deficiency of sphingosine-1-phosphate lyase impairs lysosomal
metabolism of the amyloid precursor protein. J. Biol. Chem. 2014, 289, 16761–16772. [CrossRef]

183. Czubowicz, K.; Cieslik, M.; Pyszko, J.; Strosznajder, J.B.; Strosznajder, R.P. Sphingosine-1-phosphate and its
effect on glucose deprivation/glucose reload stress: From gene expression to neuronal survival. Mol. Neurobiol.
2015, 51, 1300–1308. [CrossRef]

184. Ceccom, J.; Loukh, N.; Lauwers-Cances, V.; Touriol, C.; Nicaise, Y.; Gentil, C.; Uro-Coste, E.; Pitson, S.;
Maurage, C.A.; Duyckaerts, C.; et al. Reduced sphingosine kinase-1 and enhanced sphingosine 1-phosphate
lyase expression demonstrate deregulated sphingosine 1-phosphate signaling in Alzheimer’s disease.
Acta Neuropathol. Commun. 2014, 2, 12. [CrossRef] [PubMed]

185. Zhong, L.; Jiang, X.; Zhu, Z.; Qin, H.; Dinkins, M.B.; Kong, J.N.; Leanhart, S.; Wang, R.; Elsherbini, A.;
Bieberich, E.; et al. Lipid transporter Spns2 promotes microglia pro-inflammatory activation in response to
amyloid-beta peptide. Glia 2019, 67, 498–511. [CrossRef] [PubMed]

186. Takasugi, N.; Sasaki, T.; Ebinuma, I.; Osawa, S.; Isshiki, H.; Takeo, K.; Tomita, T.; Iwatsubo, T.
FTY720/fingolimod, a sphingosine analogue, reduces amyloid-beta production in neurons. PLoS ONE
2013, 8, e64050. [CrossRef] [PubMed]

187. Han, X.; Fagan, A.M.; Cheng, H.; Morris, J.C.; Xiong, C.; Holtzman, D.M. Cerebrospinal fluid sulfatide is
decreased in subjects with incipient dementia. Ann. Neurol. 2003, 54, 115–119. [CrossRef]

188. Cheng, H.; Zhou, Y.; Holtzman, D.M.; Han, X. Apolipoprotein E mediates sulfatide depletion in animal
models of Alzheimer’s disease. Neurobiol. Aging 2010, 31, 1188–1196. [CrossRef]

189. Han, X. The pathogenic implication of abnormal interaction between apolipoprotein E isoforms, amyloid-beta
peptides, and sulfatides in Alzheimer’s disease. Mol. Neurobiol. 2010, 41, 97–106. [CrossRef]

190. Ariga, T. The Pathogenic Role of Ganglioside Metabolism in Alzheimer’s Disease-Cholinergic Neuron-Specific
Gangliosides and Neurogenesis. Mol. Neurobiol. 2017, 54, 623–638. [CrossRef]

191. Straub, J.E.; Thirumalai, D. Membrane-Protein Interactions Are Key to Understanding Amyloid Formation.
J. Phys. Chem Lett. 2014, 5, 633–635. [CrossRef]

http://dx.doi.org/10.1016/j.neuroscience.2004.08.056
http://dx.doi.org/10.2217/clp.12.59
http://dx.doi.org/10.1046/j.1471-4159.2002.00997.x
http://www.ncbi.nlm.nih.gov/pubmed/12358786
http://dx.doi.org/10.3233/JAD-160567
http://www.ncbi.nlm.nih.gov/pubmed/27662306
http://dx.doi.org/10.1038/nn.4132
http://www.ncbi.nlm.nih.gov/pubmed/26436904
http://dx.doi.org/10.1074/jbc.M111.324616
http://dx.doi.org/10.1126/science.1153124
http://dx.doi.org/10.1523/JNEUROSCI.1429-16.2016
http://dx.doi.org/10.1016/j.neurobiolaging.2008.05.010
http://dx.doi.org/10.1186/s40478-018-0527-z
http://dx.doi.org/10.1074/jbc.M113.535500
http://dx.doi.org/10.1007/s12035-014-8807-5
http://dx.doi.org/10.1186/2051-5960-2-12
http://www.ncbi.nlm.nih.gov/pubmed/24468113
http://dx.doi.org/10.1002/glia.23558
http://www.ncbi.nlm.nih.gov/pubmed/30484906
http://dx.doi.org/10.1371/journal.pone.0064050
http://www.ncbi.nlm.nih.gov/pubmed/23667698
http://dx.doi.org/10.1002/ana.10618
http://dx.doi.org/10.1016/j.neurobiolaging.2008.07.020
http://dx.doi.org/10.1007/s12035-009-8092-x
http://dx.doi.org/10.1007/s12035-015-9641-0
http://dx.doi.org/10.1021/jz500054d


Int. J. Mol. Sci. 2020, 21, 1505 31 of 37

192. Choo-Smith, L.P.; Surewicz, W.K. The interaction between Alzheimer amyloid beta(1-40) peptide and
ganglioside GM1-containing membranes. FEBS Lett. 1997, 402, 95–98. [CrossRef]

193. Williamson, M.P.; Suzuki, Y.; Bourne, N.T.; Asakura, T. Binding of amyloid beta-peptide to ganglioside
micelles is dependent on histidine-13. Biochem. J. 2006, 397, 483–490. [CrossRef]

194. Hong, S.; Ostaszewski, B.L.; Yang, T.; O’Malley, T.T.; Jin, M.; Yanagisawa, K.; Li, S.; Bartels, T.; Selkoe, D.J.
Soluble Abeta oligomers are rapidly sequestered from brain ISF in vivo and bind GM1 ganglioside on cellular
membranes. Neuron 2014, 82, 308–319. [CrossRef] [PubMed]

195. Tamboli, I.Y.; Prager, K.; Barth, E.; Heneka, M.; Sandhoff, K.; Walter, J. Inhibition of glycosphingolipid
biosynthesis reduces secretion of the beta-amyloid precursor protein and amyloid beta-peptide. J. Biol. Chem.
2005, 280, 28110–28117. [CrossRef] [PubMed]

196. Zhang, Q.; Huang, Y.; Li, X.; Cui, X.; Zuo, P.; Li, J. GM1 ganglioside prevented the decline of hippocampal
neurogenesis associated with D-galactose. Neuroreport 2005, 16, 1297–1301. [CrossRef] [PubMed]

197. Wang, J.; Cheng, A.; Wakade, C.; Yu, R.K. Ganglioside GD3 is required for neurogenesis and long-term
maintenance of neural stem cells in the postnatal mouse brain. J. Neurosci. 2014, 34, 13790–13800. [CrossRef]
[PubMed]

198. Ala, T.; Romero, S.; Knight, F.; Feldt, K.; Frey, W.H. 2nd. GM-1 treatment of Alzheimer’s disease. A pilot
study of safety and efficacy. Arch. Neurol. 1990, 47, 1126–1130. [CrossRef] [PubMed]

199. Svennerholm, L.; Brane, G.; Karlsson, I.; Lekman, A.; Ramstrom, I.; Wikkelso, C. Alzheimer disease—Effect of
continuous intracerebroventricular treatment with GM1 ganglioside and a systematic activation programme.
Dement. Geriatr. Cogn. Disord. 2002, 14, 128–136. [CrossRef]

200. Matsuoka, Y.; Saito, M.; LaFrancois, J.; Saito, M.; Gaynor, K.; Olm, V.; Wang, L.; Casey, E.; Lu, Y.; Shiratori, C.;
et al. Novel therapeutic approach for the treatment of Alzheimer’s disease by peripheral administration of
agents with an affinity to beta-amyloid. J. Neurosci. 2003, 23, 29–33. [CrossRef]

201. Yang, R.; Wang, Q.; Min, L.; Sui, R.; Li, J.; Liu, X. Monosialoanglioside improves memory deficits and relieves
oxidative stress in the hippocampus of rat model of Alzheimer’s disease. Neurol. Sci. 2013, 34, 1447–1451.
[CrossRef]

202. Vance, J.E.; Hayashi, H.; Karten, B. Cholesterol homeostasis in neurons and glial cells. Semin. Cell Dev. Biol.
2005, 16, 193–212. [CrossRef]

203. Mauch, D.H.; Nagler, K.; Schumacher, S.; Goritz, C.; Muller, E.C.; Otto, A.; Pfrieger, F.W. CNS synaptogenesis
promoted by glia-derived cholesterol. Science 2001, 294, 1354–1357. [CrossRef]

204. Di Paolo, G.; Kim, T.W. Linking lipids to Alzheimer’s disease: Cholesterol and beyond. Nat. Rev. Neurosci.
2011, 12, 284–296. [CrossRef] [PubMed]

205. Abad-Rodriguez, J.; Ledesma, M.D.; Craessaerts, K.; Perga, S.; Medina, M.; Delacourte, A.; Dingwall, C.;
De Strooper, B.; Dotti, C.G. Neuronal membrane cholesterol loss enhances amyloid peptide generation.
J. Cell Biol. 2004, 167, 953–960. [CrossRef] [PubMed]

206. Frank, C.; Rufini, S.; Tancredi, V.; Forcina, R.; Grossi, D.; D’Arcangelo, G. Cholesterol depletion inhibits
synaptic transmission and synaptic plasticity in rat hippocampus. Exp. Neurol. 2008, 212, 407–414. [CrossRef]
[PubMed]

207. Refolo, L.M.; Malester, B.; LaFrancois, J.; Bryant-Thomas, T.; Wang, R.; Tint, G.S.; Sambamurti, K.; Duff, K.;
Pappolla, M.A. Hypercholesterolemia accelerates the Alzheimer’s amyloid pathology in a transgenic mouse
model. Neurobiol. Dis. 2000, 7, 321–331. [CrossRef]

208. Kojro, E.; Gimpl, G.; Lammich, S.; Marz, W.; Fahrenholz, F. Low cholesterol stimulates the nonamyloidogenic
pathway by its effect on the alpha -secretase ADAM 10. Proc. Natl. Acad. Sci. USA 2001, 98, 5815–5820.
[CrossRef]

209. Puglielli, L.; Tanzi, R.E.; Kovacs, D.M. Alzheimer’s disease: The cholesterol connection. Nat. Neurosci. 2003,
6, 345–351. [CrossRef]

210. De Oliveira, J.; Moreira, E.L.; Dos Santos, D.B.; Piermartiri, T.C.; Dutra, R.C.; Pinton, S.; Tasca, C.I.; Farina, M.;
Prediger, R.D.; De Bem, A.F. Increased susceptibility to amyloid-beta-induced neurotoxicity in mice lacking
the low-density lipoprotein receptor. J. Alzheimers Dis. 2014, 41, 43–60. [CrossRef]

211. Ghribi, O.; Larsen, B.; Schrag, M.; Herman, M.M. High cholesterol content in neurons increases BACE,
beta-amyloid, and phosphorylated tau levels in rabbit hippocampus. Exp. Neurol. 2006, 200, 460–467.
[CrossRef]

http://dx.doi.org/10.1016/S0014-5793(96)01504-9
http://dx.doi.org/10.1042/BJ20060293
http://dx.doi.org/10.1016/j.neuron.2014.02.027
http://www.ncbi.nlm.nih.gov/pubmed/24685176
http://dx.doi.org/10.1074/jbc.M414525200
http://www.ncbi.nlm.nih.gov/pubmed/15923191
http://dx.doi.org/10.1097/01.wnr.0000174405.24763.bc
http://www.ncbi.nlm.nih.gov/pubmed/16056128
http://dx.doi.org/10.1523/JNEUROSCI.2275-14.2014
http://www.ncbi.nlm.nih.gov/pubmed/25297105
http://dx.doi.org/10.1001/archneur.1990.00530100096020
http://www.ncbi.nlm.nih.gov/pubmed/2222246
http://dx.doi.org/10.1159/000063604
http://dx.doi.org/10.1523/JNEUROSCI.23-01-00029.2003
http://dx.doi.org/10.1007/s10072-012-1263-y
http://dx.doi.org/10.1016/j.semcdb.2005.01.005
http://dx.doi.org/10.1126/science.294.5545.1354
http://dx.doi.org/10.1038/nrn3012
http://www.ncbi.nlm.nih.gov/pubmed/21448224
http://dx.doi.org/10.1083/jcb.200404149
http://www.ncbi.nlm.nih.gov/pubmed/15583033
http://dx.doi.org/10.1016/j.expneurol.2008.04.019
http://www.ncbi.nlm.nih.gov/pubmed/18559278
http://dx.doi.org/10.1006/nbdi.2000.0304
http://dx.doi.org/10.1073/pnas.081612998
http://dx.doi.org/10.1038/nn0403-345
http://dx.doi.org/10.3233/JAD-132228
http://dx.doi.org/10.1016/j.expneurol.2006.03.019


Int. J. Mol. Sci. 2020, 21, 1505 32 of 37

212. Simons, M.; Schwarzler, F.; Lutjohann, D.; Von Bergmann, K.; Beyreuther, K.; Dichgans, J.; Wormstall, H.;
Hartmann, T.; Schulz, J.B. Treatment with simvastatin in normocholesterolemic patients with Alzheimer’s
disease: A 26-week randomized, placebo-controlled, double-blind trial. Ann. Neurol. 2002, 52, 346–350.
[CrossRef]

213. Marquer, C.; Devauges, V.; Cossec, J.C.; Liot, G.; Lecart, S.; Saudou, F.; Duyckaerts, C.; Leveque-Fort, S.;
Potier, M.C. Local cholesterol increase triggers amyloid precursor protein-Bace1 clustering in lipid rafts and
rapid endocytosis. FASEB J. 2011, 25, 1295–1305. [CrossRef]

214. Beydoun, M.A.; Beason-Held, L.L.; Kitner-Triolo, M.H.; Beydoun, H.A.; Ferrucci, L.; Resnick, S.M.;
Zonderman, A.B. Statins and serum cholesterol’s associations with incident dementia and mild cognitive
impairment. J. Epidemiol. Community Health 2011, 65, 949–957. [CrossRef] [PubMed]

215. Zambon, D.; Quintana, M.; Mata, P.; Alonso, R.; Benavent, J.; Cruz-Sanchez, F.; Gich, J.; Pocovi, M.; Civeira, F.;
Capurro, S.; et al. Higher incidence of mild cognitive impairment in familial hypercholesterolemia. Am. J. Med.
2010, 123, 267–274. [CrossRef] [PubMed]

216. Kuo, Y.M.; Emmerling, M.R.; Bisgaier, C.L.; Essenburg, A.D.; Lampert, H.C.; Drumm, D.; Roher, A.E. Elevated
low-density lipoprotein in Alzheimer’s disease correlates with brain abeta 1-42 levels. Biochem. Biophys.
Res. Commun. 1998, 252, 711–715. [CrossRef] [PubMed]

217. Kivipelto, M.; Helkala, E.L.; Laakso, M.P.; Hanninen, T.; Hallikainen, M.; Alhainen, K.; Soininen, H.;
Tuomilehto, J.; Nissinen, A. Midlife vascular risk factors and Alzheimer’s disease in later life: Longitudinal,
population based study. BMJ 2001, 322, 1447–1451. [CrossRef] [PubMed]

218. Proitsi, P.; Kim, M.; Whiley, L.; Pritchard, M.; Leung, R.; Soininen, H.; Kloszewska, I.; Mecocci, P.; Tsolaki, M.;
Vellas, B.; et al. Plasma lipidomics analysis finds long chain cholesteryl esters to be associated with
Alzheimer’s disease. Transl. Psychiatry 2015, 5, e494. [CrossRef] [PubMed]

219. Kim, S.H.; Yang, J.S.; Lee, J.C.; Lee, J.Y.; Lee, J.Y.; Kim, E.; Moon, M.H. Lipidomic alterations in lipoproteins
of patients with mild cognitive impairment and Alzheimer’s disease by asymmetrical flow field-flow
fractionation and nanoflow ultrahigh performance liquid chromatography-tandem mass spectrometry.
J. Chromatogr. A 2018, 1568, 91–100. [CrossRef]

220. Loera-Valencia, R.; Goikolea, J.; Parrado-Fernandez, C.; Merino-Serrais, P.; Maioli, S. Alterations in cholesterol
metabolism as a risk factor for developing Alzheimer’s disease: Potential novel targets for treatment. J. Steroid.
Biochem. Mol. Biol. 2019, 190, 104–114. [CrossRef]

221. Gosselet, F.; Saint-Pol, J.; Fenart, L. Effects of oxysterols on the blood-brain barrier: Implications for
Alzheimer’s disease. Biochem. Biophys. Res. Commun. 2014, 446, 687–691. [CrossRef]

222. Matsuda, A.; Nagao, K.; Matsuo, M.; Kioka, N.; Ueda, K. 24(S)-hydroxycholesterol is actively eliminated
from neuronal cells by ABCA1. J. Neurochem. 2013, 126, 93–101. [CrossRef]

223. Papassotiropoulos, A.; Lutjohann, D.; Bagli, M.; Locatelli, S.; Jessen, F.; Rao, M.L.; Maier, W.; Bjorkhem, I.;
Von Bergmann, K.; Heun, R. Plasma 24S-hydroxycholesterol: A peripheral indicator of neuronal degeneration
and potential state marker for Alzheimer’s disease. Neuroreport 2000, 11, 1959–1962. [CrossRef]

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

225. Shafaati, M.; Marutle, A.; Pettersson, H.; Lovgren-Sandblom, A.; Olin, M.; Pikuleva, I.; Winblad, B.;
Nordberg, A.; Bjorkhem, I. Marked accumulation of 27-hydroxycholesterol in the brains of Alzheimer’s
patients with the Swedish APP 670/671 mutation. J. Lipid Res. 2011, 52, 1004–1010. [CrossRef] [PubMed]

226. Marwarha, G.; Dasari, B.; Prasanthi, J.R.; Schommer, J.; Ghribi, O. Leptin reduces the accumulation of Abeta
and phosphorylated tau induced by 27-hydroxycholesterol in rabbit organotypic slices. J. Alzheimers Dis.
2010, 19, 1007–1019. [CrossRef] [PubMed]

227. Merino-Serrais, P.; Loera-Valencia, R.; Rodriguez-Rodriguez, P.; Parrado-Fernandez, C.; Ismail, M.A.;
Maioli, S.; Matute, E.; Jimenez-Mateos, E.M.; Bjorkhem, I.; DeFelipe, J.; et al. 27-Hydroxycholesterol Induces
Aberrant Morphology and Synaptic Dysfunction in Hippocampal Neurons. Cereb. Cortex 2019, 29, 429–446.
[CrossRef]

228. Heverin, M.; Maioli, S.; Pham, T.; Mateos, L.; Camporesi, E.; Ali, Z.; Winblad, B.; Cedazo-Minguez, A.;
Bjorkhem, I. 27-hydroxycholesterol mediates negative effects of dietary cholesterol on cognition in mice.
Behav. Brain Res. 2015, 278, 356–359. [CrossRef]

http://dx.doi.org/10.1002/ana.10292
http://dx.doi.org/10.1096/fj.10-168633
http://dx.doi.org/10.1136/jech.2009.100826
http://www.ncbi.nlm.nih.gov/pubmed/20841372
http://dx.doi.org/10.1016/j.amjmed.2009.08.015
http://www.ncbi.nlm.nih.gov/pubmed/20193836
http://dx.doi.org/10.1006/bbrc.1998.9652
http://www.ncbi.nlm.nih.gov/pubmed/9837771
http://dx.doi.org/10.1136/bmj.322.7300.1447
http://www.ncbi.nlm.nih.gov/pubmed/11408299
http://dx.doi.org/10.1038/tp.2014.127
http://www.ncbi.nlm.nih.gov/pubmed/25585166
http://dx.doi.org/10.1016/j.chroma.2018.07.018
http://dx.doi.org/10.1016/j.jsbmb.2019.03.003
http://dx.doi.org/10.1016/j.bbrc.2013.11.059
http://dx.doi.org/10.1111/jnc.12275
http://dx.doi.org/10.1097/00001756-200006260-00030
http://dx.doi.org/10.1016/j.redox.2016.09.001
http://www.ncbi.nlm.nih.gov/pubmed/27687218
http://dx.doi.org/10.1194/jlr.M014548
http://www.ncbi.nlm.nih.gov/pubmed/21335619
http://dx.doi.org/10.3233/JAD-2010-1298
http://www.ncbi.nlm.nih.gov/pubmed/20157255
http://dx.doi.org/10.1093/cercor/bhy274
http://dx.doi.org/10.1016/j.bbr.2014.10.018


Int. J. Mol. Sci. 2020, 21, 1505 33 of 37

229. Phillips, M.C. Apolipoprotein E isoforms and lipoprotein metabolism. IUBMB Life 2014, 66, 616–623.
[CrossRef]

230. Ashford, J.W. APOE genotype effects on Alzheimer’s disease onset and epidemiology. J. Mol. Neurosci. 2004,
23, 157–165. [CrossRef]

231. Farrer, L.A.; Cupples, L.A.; Haines, J.L.; Hyman, B.; Kukull, W.A.; Mayeux, R.; Myers, R.H.;
Pericak-Vance, M.A.; Risch, N.; Van Duijn, C.M. Effects of age, sex, and ethnicity on the association
between apolipoprotein E genotype and Alzheimer disease. A meta-analysis. APOE and Alzheimer Disease
Meta Analysis Consortium. JAMA 1997, 278, 1349–1356. [CrossRef]

232. Papassotiropoulos, A.; Lutjohann, D.; Bagli, M.; Locatelli, S.; Jessen, F.; Buschfort, R.; Ptok, U.; Bjorkhem, I.;
Von Bergmann, K.; Heun, R. 24S-hydroxycholesterol in cerebrospinal fluid is elevated in early stages of
dementia. J. Psychiatr. Res. 2002, 36, 27–32. [CrossRef]

233. Abdullah, L.; Evans, J.E.; Emmerich, T.; Crynen, G.; Shackleton, B.; Keegan, A.P.; Luis, C.; Tai, L.; LaDu, M.J.;
Mullan, M.; et al. APOE epsilon4 specific imbalance of arachidonic acid and docosahexaenoic acid in serum
phospholipids identifies individuals with preclinical Mild Cognitive Impairment/Alzheimer’s Disease. Aging
2017, 9, 964–985. [CrossRef]

234. Nock, T.G.; Chouinard-Watkins, R.; Plourde, M. Carriers of an apolipoprotein E epsilon 4 allele are more
vulnerable to a dietary deficiency in omega-3 fatty acids and cognitive decline. Biochim. Biophys. Acta Mol.
Cell Biol. Lipids 2017, 1862 Pt A, 1068–1078. [CrossRef]

235. Ulery, P.G.; Beers, J.; Mikhailenko, I.; Tanzi, R.E.; Rebeck, G.W.; Hyman, B.T.; Strickland, D.K. Modulation of
beta-amyloid precursor protein processing by the low density lipoprotein receptor-related protein (LRP).
Evidence that LRP contributes to the pathogenesis of Alzheimer’s disease. J. Biol. Chem. 2000, 275, 7410–7415.
[CrossRef] [PubMed]

236. Fagan, A.M.; Watson, M.; Parsadanian, M.; Bales, K.R.; Paul, S.M.; Holtzman, D.M. Human and murine
ApoE markedly alters A beta metabolism before and after plaque formation in a mouse model of Alzheimer’s
disease. Neurobiol. Dis. 2002, 9, 305–318. [CrossRef] [PubMed]

237. Holtzman, D.M.; Bales, K.R.; Tenkova, T.; Fagan, A.M.; Parsadanian, M.; Sartorius, L.J.; Mackey, B.; Olney, J.;
McKeel, D.; Wozniak, D.; et al. Apolipoprotein E isoform-dependent amyloid deposition and neuritic
degeneration in a mouse model of Alzheimer’s disease. Proc. Natl. Acad. Sci. USA 2000, 97, 2892–2897.
[CrossRef] [PubMed]

238. DeMattos, R.B.; Cirrito, J.R.; Parsadanian, M.; May, P.C.; O’Dell, M.A.; Taylor, J.W.; Harmony, J.A.; Aronow, B.J.;
Bales, K.R.; Paul, S.M.; et al. ApoE and clusterin cooperatively suppress Abeta levels and deposition: Evidence
that ApoE regulates extracellular Abeta metabolism in vivo. Neuron 2004, 41, 193–202. [CrossRef]

239. Dolev, I.; Michaelson, D.M. A nontransgenic mouse model shows inducible amyloid-beta (Abeta) peptide
deposition and elucidates the role of apolipoprotein E in the amyloid cascade. Proc. Natl. Acad. Sci. USA
2004, 101, 13909–13914. [CrossRef] [PubMed]

240. Holtzman, D.M. Role of apoe/Abeta interactions in the pathogenesis of Alzheimer’s disease and cerebral
amyloid angiopathy. J. Mol. Neurosci. 2001, 17, 147–155. [CrossRef]

241. Zhu, L.; Zhong, M.; Elder, G.A.; Sano, M.; Holtzman, D.M.; Gandy, S.; Cardozo, C.; Haroutunian, V.;
Robakis, N.K.; Cai, D. Phospholipid dysregulation contributes to ApoE4-associated cognitive deficits in
Alzheimer’s disease pathogenesis. Proc. Natl. Acad. Sci. USA 2015, 112, 11965–11970. [CrossRef]

242. Di Paolo, G.; De Camilli, P. Phosphoinositides in cell regulation and membrane dynamics. Nature 2006, 443,
651–657. [CrossRef]

243. Lin, F.C.; Chuang, Y.S.; Hsieh, H.M.; Lee, T.C.; Chiu, K.F.; Liu, C.K.; Wu, M.T. Early Statin Use and the
Progression of Alzheimer Disease: A Total Population-Based Case-Control Study. Medicine 2015, 94, e2143.
[CrossRef]

244. Sparks, D.L.; Kryscio, R.J.; Sabbagh, M.N.; Connor, D.J.; Sparks, L.M.; Liebsack, C. Reduced risk of incident
AD with elective statin use in a clinical trial cohort. Curr. Alzheimer Res. 2008, 5, 416–421. [CrossRef]
[PubMed]

245. Geifman, N.; Brinton, R.D.; Kennedy, R.E.; Schneider, L.S.; Butte, A.J. Evidence for benefit of statins to modify
cognitive decline and risk in Alzheimer’s disease. Alzheimers Res. Ther. 2017, 9, 10. [CrossRef] [PubMed]

246. Rockwood, K.; Kirkland, S.; Hogan, D.B.; MacKnight, C.; Merry, H.; Verreault, R.; Wolfson, C.; McDowell, I.
Use of lipid-lowering agents, indication bias, and the risk of dementia in community-dwelling elderly people.
Arch. Neurol. 2002, 59, 223–227. [CrossRef] [PubMed]

http://dx.doi.org/10.1002/iub.1314
http://dx.doi.org/10.1385/JMN:23:3:157
http://dx.doi.org/10.1001/jama.1997.03550160069041
http://dx.doi.org/10.1016/S0022-3956(01)00050-4
http://dx.doi.org/10.18632/aging.101203
http://dx.doi.org/10.1016/j.bbalip.2017.07.004
http://dx.doi.org/10.1074/jbc.275.10.7410
http://www.ncbi.nlm.nih.gov/pubmed/10702315
http://dx.doi.org/10.1006/nbdi.2002.0483
http://www.ncbi.nlm.nih.gov/pubmed/11950276
http://dx.doi.org/10.1073/pnas.050004797
http://www.ncbi.nlm.nih.gov/pubmed/10694577
http://dx.doi.org/10.1016/S0896-6273(03)00850-X
http://dx.doi.org/10.1073/pnas.0404458101
http://www.ncbi.nlm.nih.gov/pubmed/15365176
http://dx.doi.org/10.1385/JMN:17:2:147
http://dx.doi.org/10.1073/pnas.1510011112
http://dx.doi.org/10.1038/nature05185
http://dx.doi.org/10.1097/MD.0000000000002143
http://dx.doi.org/10.2174/156720508785132316
http://www.ncbi.nlm.nih.gov/pubmed/18690839
http://dx.doi.org/10.1186/s13195-017-0237-y
http://www.ncbi.nlm.nih.gov/pubmed/28212683
http://dx.doi.org/10.1001/archneur.59.2.223
http://www.ncbi.nlm.nih.gov/pubmed/11843693


Int. J. Mol. Sci. 2020, 21, 1505 34 of 37

247. Zissimopoulos, J.M.; Barthold, D.; Brinton, R.D.; Joyce, G. Sex and Race Differences in the Association
Between Statin Use and the Incidence of Alzheimer Disease. JAMA Neurol. 2017, 74, 225–232. [CrossRef]
[PubMed]

248. Heart Protection Study Collaborative Group. MRC/BHF Heart Protection Study of cholesterol lowering with
simvastatin in 20,536 high-risk individuals: A randomised placebo-controlled trial. Lancet 2002, 360, 7–22.
[CrossRef]

249. Shepherd, J.; Blauw, G.J.; Murphy, M.B.; Bollen, E.L.; Buckley, B.M.; Cobbe, S.M.; Ford, I.; Gaw, A.; Hyland, M.;
Jukema, J.W.; et al. Pravastatin in elderly individuals at risk of vascular disease (PROSPER): A randomised
controlled trial. Lancet 2002, 360, 1623–1630. [CrossRef]

250. Feldman, H.H.; Doody, R.S.; Kivipelto, M.; Sparks, D.L.; Waters, D.D.; Jones, R.W.; Schwam, E.; Schindler, R.;
Hey-Hadavi, J.; DeMicco, D.A.; et al. Randomized controlled trial of atorvastatin in mild to moderate
Alzheimer disease: LEADe. Neurology 2010, 74, 956–964. [CrossRef]

251. Sano, M.; Bell, K.L.; Galasko, D.; Galvin, J.E.; Thomas, R.G.; Van Dyck, C.H.; Aisen, P.S. A randomized,
double-blind, placebo-controlled trial of simvastatin to treat Alzheimer disease. Neurology 2011, 77, 556–563.
[CrossRef]

252. Li, R.; Xu, D.E.; Ma, T. Lovastatin suppresses the aberrant tau phosphorylation from FTDP-17 mutation and
okadaic acid-induction in rat primary neurons. Neuroscience 2015, 294, 14–20. [CrossRef]

253. Fang, S.C.; Xie, H.; Chen, F.; Hu, M.; Long, Y.; Sun, H.B.; Kong, L.Y.; Hong, H.; Tang, S.S. Simvastatin
ameliorates memory impairment and neurotoxicity in streptozotocin-induced diabetic mice. Neuroscience
2017, 355, 200–211. [CrossRef]

254. Shakour, N.; Bianconi, V.; Pirro, M.; Barreto, G.E.; Hadizadeh, F.; Sahebkar, A. In silico evidence of direct
interaction between statins and beta-amyloid. J. Cell. Biochem. 2019, 120, 4710–4715. [CrossRef] [PubMed]

255. Yamamoto, N.; Fujii, Y.; Kasahara, R.; Tanida, M.; Ohora, K.; Ono, Y.; Suzuki, K.; Sobue, K. Simvastatin and
atorvastatin facilitates amyloid beta-protein degradation in extracellular spaces by increasing neprilysin
secretion from astrocytes through activation of MAPK/Erk1/2 pathways. Glia 2016, 64, 952–962. [PubMed]

256. Hooff, G.P.; Wood, W.G.; Muller, W.E.; Eckert, G.P. Isoprenoids, small GTPases and Alzheimer’s disease.
Biochim. Biophys. Acta 2010, 1801, 896–905. [CrossRef] [PubMed]

257. Pelleieux, S.; Picard, C.; Lamarre-Theroux, L.; Dea, D.; Leduc, V.; Tsantrizos, Y.S.; Poirier, J. Isoprenoids and
tau pathology in sporadic Alzheimer’s disease. Neurobiol. Aging 2018, 65, 132–139. [CrossRef]

258. Zhao, L.; Chen, T.; Wang, C.; Li, G.; Zhi, W.; Yin, J.; Wan, Q.; Chen, L. Atorvastatin in improvement of
cognitive impairments caused by amyloid beta in mice: Involvement of inflammatory reaction. BMC Neurol.
2016, 16, 18. [CrossRef]

259. Hu, X.; Song, C.; Fang, M.; Li, C. Simvastatin inhibits the apoptosis of hippocampal cells in a mouse model
of Alzheimer’s disease. Exp. Ther. Med. 2018, 15, 1795–1802. [CrossRef]

260. Vasiliou, V.; Vasiliou, K.; Nebert, D.W. Human ATP-binding cassette (ABC) transporter family. Hum. Genom.
2009, 3, 281–290. [CrossRef]

261. Kim, W.S.; Guillemin, G.J.; Glaros, E.N.; Lim, C.K.; Garner, B. Quantitation of ATP-binding cassette
subfamily-A transporter gene expression in primary human brain cells. Neuroreport 2006, 17, 891–896.
[CrossRef]

262. Wahrle, S.E.; Jiang, H.; Parsadanian, M.; Legleiter, J.; Han, X.; Fryer, J.D.; Kowalewski, T.; Holtzman, D.M.
ABCA1 is required for normal central nervous system ApoE levels and for lipidation of astrocyte-secreted
apoE. J. Biol. Chem. 2004, 279, 40987–40993. [CrossRef]

263. Nordestgaard, L.T.; Tybjaerg-Hansen, A.; Nordestgaard, B.G.; Frikke-Schmidt, R. Loss-of-function mutation
in ABCA1 and risk of Alzheimer’s disease and cerebrovascular disease. Alzheimers Dement. 2015, 11,
1430–1438. [CrossRef]

264. Wahrle, S.E.; Jiang, H.; Parsadanian, M.; Hartman, R.E.; Bales, K.R.; Paul, S.M.; Holtzman, D.M. Deletion of
Abca1 increases Abeta deposition in the PDAPP transgenic mouse model of Alzheimer disease. J. Biol. Chem.
2005, 280, 43236–43242. [CrossRef] [PubMed]

265. Wahrle, S.E.; Jiang, H.; Parsadanian, M.; Kim, J.; Li, A.; Knoten, A.; Jain, S.; Hirsch-Reinshagen, V.;
Wellington, C.L.; Bales, K.R.; et al. Overexpression of ABCA1 reduces amyloid deposition in the PDAPP
mouse model of Alzheimer disease. J. Clin. Investig. 2008, 118, 671–682. [CrossRef] [PubMed]

http://dx.doi.org/10.1001/jamaneurol.2016.3783
http://www.ncbi.nlm.nih.gov/pubmed/27942728
http://dx.doi.org/10.1016/S0140-6736(02)09327-3
http://dx.doi.org/10.1016/S0140-6736(02)11600-X
http://dx.doi.org/10.1212/WNL.0b013e3181d6476a
http://dx.doi.org/10.1212/WNL.0b013e318228bf11
http://dx.doi.org/10.1016/j.neuroscience.2015.03.005
http://dx.doi.org/10.1016/j.neuroscience.2017.05.001
http://dx.doi.org/10.1002/jcb.27761
http://www.ncbi.nlm.nih.gov/pubmed/30260016
http://www.ncbi.nlm.nih.gov/pubmed/26875818
http://dx.doi.org/10.1016/j.bbalip.2010.03.014
http://www.ncbi.nlm.nih.gov/pubmed/20382260
http://dx.doi.org/10.1016/j.neurobiolaging.2018.01.012
http://dx.doi.org/10.1186/s12883-016-0533-3
http://dx.doi.org/10.3892/etm.2018.6057
http://dx.doi.org/10.1186/1479-7364-3-3-281
http://dx.doi.org/10.1097/01.wnr.0000221833.41340.cd
http://dx.doi.org/10.1074/jbc.M407963200
http://dx.doi.org/10.1016/j.jalz.2015.04.006
http://dx.doi.org/10.1074/jbc.M508780200
http://www.ncbi.nlm.nih.gov/pubmed/16207708
http://dx.doi.org/10.1172/JCI33622
http://www.ncbi.nlm.nih.gov/pubmed/18202749


Int. J. Mol. Sci. 2020, 21, 1505 35 of 37

266. Fitz, N.F.; Cronican, A.A.; Saleem, M.; Fauq, A.H.; Chapman, R.; Lefterov, I.; Koldamova, R. Abca1 deficiency
affects Alzheimer’s disease-like phenotype in human ApoE4 but not in ApoE3-targeted replacement mice.
J. Neurosci. 2012, 32, 13125–13136. [CrossRef] [PubMed]

267. Davis, W., Jr. The ATP-binding cassette transporter-2 (ABCA2) regulates cholesterol homeostasis and
low-density lipoprotein receptor metabolism in N2a neuroblastoma cells. Biochim. Biophys. Acta 2011, 1811,
1152–1164. [CrossRef]

268. Hu, W.; Lin, X.; Zhang, H.; Zhao, N. ATP Binding Cassette Subfamily A Member 2 (ABCA2) Expression and
Methylation are Associated with Alzheimer’s Disease. Med. Sci. Monit. 2017, 23, 5851–5861. [CrossRef]

269. Davis, W., Jr. The ATP-binding cassette transporter-2 (ABCA2) increases endogenous amyloid precursor
protein expression and Abeta fragment generation. Curr. Alzheimer Res. 2010, 7, 566–577. [CrossRef]

270. Michaki, V.; Guix, F.X.; Vennekens, K.; Munck, S.; Dingwall, C.; Davis, J.B.; Townsend, D.M.; Tew, K.D.;
Feiguin, F.; De Strooper, B.; et al. Down-regulation of the ATP-binding cassette transporter 2 (Abca2) reduces
amyloid-beta production by altering Nicastrin maturation and intracellular localization. J. Biol. Chem. 2012,
287, 1100–1111. [CrossRef]

271. Fu, Y.; Hsiao, J.H.; Paxinos, G.; Halliday, G.M.; Kim, W.S. ABCA5 regulates amyloid-beta peptide production
and is associated with Alzheimer’s disease neuropathology. J. Alzheimers Dis. 2015, 43, 857–869. [CrossRef]

272. Hollingworth, P.; Harold, D.; Sims, R.; Gerrish, A.; Lambert, J.C.; Carrasquillo, M.M.; Abraham, R.;
Hamshere, M.L.; Pahwa, J.S.; Moskvina, V.; et al. Common variants at ABCA7, MS4A6A/MS4A4E, EPHA1,
CD33 and CD2AP are associated with Alzheimer’s disease. Nat. Genet. 2011, 43, 429–435. [CrossRef]

273. Tomioka, M.; Toda, Y.; Manucat, N.B.; Akatsu, H.; Fukumoto, M.; Kono, N.; Arai, H.; Kioka, N.; Ueda, K.
Lysophosphatidylcholine export by human ABCA7. Biochim. Biophys. Acta Mol. Cell Biol. Lipids 2017, 1862,
658–665. [CrossRef]

274. Jehle, A.W.; Gardai, S.J.; Li, S.; Linsel-Nitschke, P.; Morimoto, K.; Janssen, W.J.; Vandivier, R.W.; Wang, N.;
Greenberg, S.; Dale, B.M.; et al. ATP-binding cassette transporter A7 enhances phagocytosis of apoptotic
cells and associated ERK signaling in macrophages. J. Cell Biol. 2006, 174, 547–556. [CrossRef] [PubMed]

275. Kim, W.S.; Li, H.; Ruberu, K.; Chan, S.; Elliott, D.A.; Low, J.K.; Cheng, D.; Karl, T.; Garner, B. Deletion
of Abca7 increases cerebral amyloid-beta accumulation in the J20 mouse model of Alzheimer’s disease.
J. Neurosci. 2013, 33, 4387–4394. [CrossRef] [PubMed]

276. Li, M.; Yuan, Y.; Hu, B.; Wu, L. Study on Lentivirus-Mediated ABCA7 Improves Neurocognitive Function
and Related Mechanisms in the C57BL/6 Mouse Model of Alzheimer’s Disease. J. Mol. Neurosci. 2017, 61,
489–497. [CrossRef] [PubMed]

277. Vasquez, J.B.; Fardo, D.W.; Estus, S. ABCA7 expression is associated with Alzheimer’s disease polymorphism
and disease status. Neurosci. Lett. 2013, 556, 58–62. [CrossRef] [PubMed]

278. Wijesuriya, H.C.; Bullock, J.Y.; Faull, R.L.; Hladky, S.B.; Barrand, M.A. ABC efflux transporters in brain
vasculature of Alzheimer’s subjects. Brain Res. 2010, 1358, 228–238. [CrossRef] [PubMed]

279. Van Assema, D.M.; Lubberink, M.; Bauer, M.; Van der Flier, W.M.; Schuit, R.C.; Windhorst, A.D.; Comans, E.F.;
Hoetjes, N.J.; Tolboom, N.; Langer, O.; et al. Blood-brain barrier P-glycoprotein function in Alzheimer’s
disease. Brain 2012, 135 Pt 1, 181–189. [CrossRef]

280. Lam, F.C.; Liu, R.; Lu, P.; Shapiro, A.B.; Renoir, J.M.; Sharom, F.J.; Reiner, P.B. beta-Amyloid efflux mediated
by p-glycoprotein. J. Neurochem. 2001, 76, 1121–1128. [CrossRef]

281. Xiong, H.; Callaghan, D.; Jones, A.; Bai, J.; Rasquinha, I.; Smith, C.; Pei, K.; Walker, D.; Lue, L.F.;
Stanimirovic, D.; et al. ABCG2 is upregulated in Alzheimer’s brain with cerebral amyloid angiopathy and
may act as a gatekeeper at the blood-brain barrier for Abeta(1-40) peptides. J. Neurosci. 2009, 29, 5463–5475.
[CrossRef]

282. Shen, S.; Callaghan, D.; Juzwik, C.; Xiong, H.; Huang, P.; Zhang, W. ABCG2 reduces ROS-mediated toxicity
and inflammation: A potential role in Alzheimer’s disease. J. Neurochem. 2010, 114, 1590–1604. [CrossRef]

283. Michaud, J.P.; Halle, M.; Lampron, A.; Theriault, P.; Prefontaine, P.; Filali, M.; Tribout-Jover, P.; Lanteigne, A.M.;
Jodoin, R.; Cluff, C.; et al. Toll-like receptor 4 stimulation with the detoxified ligand monophosphoryl lipid A
improves Alzheimer’s disease-related pathology. Proc. Natl. Acad. Sci. USA 2013, 110, 1941–1946. [CrossRef]

284. Chen, G.; Chen, K.S.; Kobayashi, D.; Barbour, R.; Motter, R.; Games, D.; Martin, S.J.; Morris, R.G.
Active beta-amyloid immunization restores spatial learning in PDAPP mice displaying very low levels of
beta-amyloid. J. Neurosci. 2007, 27, 2654–2662. [CrossRef] [PubMed]

http://dx.doi.org/10.1523/JNEUROSCI.1937-12.2012
http://www.ncbi.nlm.nih.gov/pubmed/22993429
http://dx.doi.org/10.1016/j.bbalip.2011.07.010
http://dx.doi.org/10.12659/MSM.905524
http://dx.doi.org/10.2174/156720510793499002
http://dx.doi.org/10.1074/jbc.M111.288258
http://dx.doi.org/10.3233/JAD-141320
http://dx.doi.org/10.1038/ng.803
http://dx.doi.org/10.1016/j.bbalip.2017.03.012
http://dx.doi.org/10.1083/jcb.200601030
http://www.ncbi.nlm.nih.gov/pubmed/16908670
http://dx.doi.org/10.1523/JNEUROSCI.4165-12.2013
http://www.ncbi.nlm.nih.gov/pubmed/23467355
http://dx.doi.org/10.1007/s12031-017-0889-x
http://www.ncbi.nlm.nih.gov/pubmed/28124230
http://dx.doi.org/10.1016/j.neulet.2013.09.058
http://www.ncbi.nlm.nih.gov/pubmed/24141082
http://dx.doi.org/10.1016/j.brainres.2010.08.034
http://www.ncbi.nlm.nih.gov/pubmed/20727860
http://dx.doi.org/10.1093/brain/awr298
http://dx.doi.org/10.1046/j.1471-4159.2001.00113.x
http://dx.doi.org/10.1523/JNEUROSCI.5103-08.2009
http://dx.doi.org/10.1111/j.1471-4159.2010.06887.x
http://dx.doi.org/10.1073/pnas.1215165110
http://dx.doi.org/10.1523/JNEUROSCI.3710-06.2007
http://www.ncbi.nlm.nih.gov/pubmed/17344403


Int. J. Mol. Sci. 2020, 21, 1505 36 of 37

285. Kofler, J.; Lopresti, B.; Janssen, C.; Trichel, A.M.; Masliah, E.; Finn, O.J.; Salter, R.D.; Murdoch, G.H.;
Mathis, C.A.; Wiley, C.A. Preventive immunization of aged and juvenile non-human primates to beta-amyloid.
J. Neuroinflamm. 2012, 9, 84. [CrossRef] [PubMed]

286. Wang, D.B. Monophosphoryl lipid A is an lipopolysaccharide-derived Toll-like receptor 4 agonist which may
improve Alzheimer’s disease pathology. Expert Opin. Biol. Ther. 2013, 13, 1639–1641. [CrossRef] [PubMed]

287. Inagawa, H.; Kobayashi, Y.; Kohchi, C.; Zhang, R.; Shibasaki, Y.; Soma, G. Primed Activation of Macrophages
by Oral Administration of Lipopolysaccharide Derived from Pantoea agglomerans. In Vivo 2016, 30, 205–211.

288. Kobayashi, Y.; Inagawa, H.; Kohchi, C.; Okazaki, K.; Zhang, R.; Soma, G. Effect of Lipopolysaccharide Derived
from Pantoea agglomerans on the Phagocytic Activity of Amyloid beta by Primary Murine Microglial Cells.
Anticancer Res. 2016, 36, 3693–3698.

289. Pourbadie, H.G.; Sayyah, M.; Khoshkholgh-Sima, B.; Choopani, S.; Nategh, M.; Motamedi, F.; Shokrgozar, M.A.
Early minor stimulation of microglial TLR2 and TLR4 receptors attenuates Alzheimer’s disease-related
cognitive deficit in rats: Behavioral, molecular, and electrophysiological evidence. Neurobiol. Aging 2018, 70,
203–216. [CrossRef]

290. Rinaldi, P.; Polidori, M.C.; Metastasio, A.; Mariani, E.; Mattioli, P.; Cherubini, A.; Catani, M.; Cecchetti, R.;
Senin, U.; Mecocci, P. Plasma antioxidants are similarly depleted in mild cognitive impairment and in
Alzheimer’s disease. Neurobiol. Aging 2003, 24, 915–919. [CrossRef]

291. Corcoran, J.P.; So, P.L.; Maden, M. Disruption of the retinoid signalling pathway causes a deposition of
amyloid beta in the adult rat brain. Eur. J. Neurosci. 2004, 20, 896–902. [CrossRef]

292. Zeng, J.; Chen, L.; Wang, Z.; Chen, Q.; Fan, Z.; Jiang, H.; Wu, Y.; Ren, L.; Chen, J.; Li, T.; et al. Marginal
vitamin A deficiency facilitates Alzheimer’s pathogenesis. Acta Neuropathol. 2017, 133, 967–982. [CrossRef]

293. Ding, Y.; Qiao, A.; Wang, Z.; Goodwin, J.S.; Lee, E.S.; Block, M.L.; Allsbrook, M.; McDonald, M.P.; Fan, G.H.
Retinoic acid attenuates beta-amyloid deposition and rescues memory deficits in an Alzheimer’s disease
transgenic mouse model. J. Neurosci. 2008, 28, 11622–11634. [CrossRef]

294. Byrn, M.A.; Sheean, P.M. Serum 25(OH)D and Cognition: A Narrative Review of Current Evidence. Nutrients
2019, 11, 729. [CrossRef] [PubMed]

295. Sutherland, M.K.; Somerville, M.J.; Yoong, L.K.; Bergeron, C.; Haussler, M.R.; McLachlan, D.R. Reduction
of vitamin D hormone receptor mRNA levels in Alzheimer as compared to Huntington hippocampus:
Correlation with calbindin-28k mRNA levels. Brain Res. Mol. Brain Res. 1992, 13, 239–250. [CrossRef]

296. Durk, M.R.; Han, K.; Chow, E.C.; Ahrens, R.; Henderson, J.T.; Fraser, P.E.; Pang, K.S.
1alpha,25-Dihydroxyvitamin D3 reduces cerebral amyloid-beta accumulation and improves cognition
in mouse models of Alzheimer’s disease. J. Neurosci. 2014, 34, 7091–7101. [CrossRef] [PubMed]

297. Briones, T.L.; Darwish, H. Vitamin D mitigates age-related cognitive decline through the modulation of
pro-inflammatory state and decrease in amyloid burden. J. Neuroinflamm. 2012, 9, 244. [CrossRef]

298. Raederstorff, D.; Wyss, A.; Calder, P.C.; Weber, P.; Eggersdorfer, M. Vitamin E function and requirements in
relation to PUFA. Br. J. Nutr. 2015, 114, 1113–1122. [CrossRef]

299. Labazi, M.; McNeil, A.K.; Kurtz, T.; Lee, T.C.; Pegg, R.B.; Angeli, J.P.F.; Conrad, M.; McNeil, P.L. The antioxidant
requirement for plasma membrane repair in skeletal muscle. Free Radic. Biol. Med. 2015, 84, 246–253.
[CrossRef]

300. Mullan, K.; Cardwell, C.R.; McGuinness, B.; Woodside, J.V.; McKay, G.J. Plasma Antioxidant Status in
Patients with Alzheimer’s Disease and Cognitively Intact Elderly: A Meta-Analysis of Case-Control Studies.
J. Alzheimers Dis. 2018, 62, 305–317. [CrossRef]

301. Von Arnim, C.A.; Herbolsheimer, F.; Nikolaus, T.; Peter, R.; Biesalski, H.K.; Ludolph, A.C.; Riepe, M.;
Nagel, G.; Acti, F.E.U.S.G. Dietary antioxidants and dementia in a population-based case-control study
among older people in South Germany. J. Alzheimers Dis. 2012, 31, 717–724. [CrossRef]

302. Liu, G.; Zhao, Y.; Jin, S.; Hu, Y.; Wang, T.; Tian, R.; Han, Z.; Xu, D.; Jiang, Q. Circulating vitamin E levels and
Alzheimer’s disease: A Mendelian randomization study. Neurobiol. Aging 2018, 72, 189.e1–189.e9. [CrossRef]

303. Wang, S.W.; Yang, S.G.; Liu, W.; Zhang, Y.X.; Xu, P.X.; Wang, T.; Ling, T.J.; Liu, R.T. Alpha-tocopherol quinine
ameliorates spatial memory deficits by reducing beta-amyloid oligomers, neuroinflammation and oxidative
stress in transgenic mice with Alzheimer’s disease. Behav. Brain Res. 2016, 296, 109–117. [CrossRef]

304. Farina, N.; Llewellyn, D.; Isaac, M.; Tabet, N. Vitamin E for Alzheimer’s dementia and mild cognitive
impairment. Cochrane Database Syst. Rev. 2017, 4, Cd002854. [PubMed]

http://dx.doi.org/10.1186/1742-2094-9-84
http://www.ncbi.nlm.nih.gov/pubmed/22554253
http://dx.doi.org/10.1517/14712598.2013.838556
http://www.ncbi.nlm.nih.gov/pubmed/24074146
http://dx.doi.org/10.1016/j.neurobiolaging.2018.06.020
http://dx.doi.org/10.1016/S0197-4580(03)00031-9
http://dx.doi.org/10.1111/j.1460-9568.2004.03563.x
http://dx.doi.org/10.1007/s00401-017-1669-y
http://dx.doi.org/10.1523/JNEUROSCI.3153-08.2008
http://dx.doi.org/10.3390/nu11040729
http://www.ncbi.nlm.nih.gov/pubmed/30934861
http://dx.doi.org/10.1016/0169-328X(92)90032-7
http://dx.doi.org/10.1523/JNEUROSCI.2711-13.2014
http://www.ncbi.nlm.nih.gov/pubmed/24849345
http://dx.doi.org/10.1186/1742-2094-9-244
http://dx.doi.org/10.1017/S000711451500272X
http://dx.doi.org/10.1016/j.freeradbiomed.2015.03.016
http://dx.doi.org/10.3233/JAD-170758
http://dx.doi.org/10.3233/JAD-2012-120634
http://dx.doi.org/10.1016/j.neurobiolaging.2018.08.008
http://dx.doi.org/10.1016/j.bbr.2015.09.003
http://www.ncbi.nlm.nih.gov/pubmed/28418065


Int. J. Mol. Sci. 2020, 21, 1505 37 of 37

305. Kryscio, R.J.; Abner, E.L.; Caban-Holt, A.; Lovell, M.; Goodman, P.; Darke, A.K.; Yee, M.; Crowley, J.;
Schmitt, F.A. Association of Antioxidant Supplement Use and Dementia in the Prevention of Alzheimer’s
Disease by Vitamin E and Selenium Trial (PREADViSE). JAMA Neurol. 2017, 74, 567–573. [CrossRef]
[PubMed]

306. Dysken, M.W.; Sano, M.; Asthana, S.; Vertrees, J.E.; Pallaki, M.; Llorente, M.; Love, S.; Schellenberg, G.D.;
McCarten, J.R.; Malphurs, J.; et al. Effect of vitamin E and memantine on functional decline in Alzheimer
disease: The TEAM-AD VA cooperative randomized trial. JAMA 2014, 311, 33–44. [CrossRef] [PubMed]

307. Borel, P.; Desmarchelier, C.; Nowicki, M.; Bott, R.; Tourniaire, F. Can genetic variability in alpha-tocopherol
bioavailability explain the heterogeneous response to alpha-tocopherol supplements? Antioxid. Redox Signal.
2015, 22, 669–678. [CrossRef]

308. Browne, D.; McGuinness, B.; Woodside, J.V.; McKay, G.J. Vitamin E and Alzheimer’s disease: What do we
know so far? Clin. Interv. Aging 2019, 14, 1303–1317. [CrossRef]

309. Oresic, M.; Hyotylainen, T.; Herukka, S.K.; Sysi-Aho, M.; Mattila, I.; Seppanan-Laakso, T.; Julkunen, V.;
Gopalacharyulu, P.V.; Hallikainen, M.; Koikkalainen, J.; et al. Metabolome in progression to Alzheimer’s
disease. Transl. Psychiatry 2011, 1, e57. [CrossRef]

310. Trushina, E.; Dutta, T.; Persson, X.M.; Mielke, M.M.; Petersen, R.C. Identification of altered metabolic
pathways in plasma and CSF in mild cognitive impairment and Alzheimer’s disease using metabolomics.
PLoS ONE 2013, 8, e63644. [CrossRef]

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

http://dx.doi.org/10.1001/jamaneurol.2016.5778
http://www.ncbi.nlm.nih.gov/pubmed/28319243
http://dx.doi.org/10.1001/jama.2013.282834
http://www.ncbi.nlm.nih.gov/pubmed/24381967
http://dx.doi.org/10.1089/ars.2014.6144
http://dx.doi.org/10.2147/CIA.S186760
http://dx.doi.org/10.1038/tp.2011.55
http://dx.doi.org/10.1371/journal.pone.0063644
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Background 
	Lipid Rafts 
	Aging and Lipids 
	Blood–Brain-Barrier (BBB) 
	Fatty Acids (FAs) 
	N-3 Fatty Acid: Docosahexaenoic Acid (DHA) 
	N-6 Fatty Acids: Linoleic Acid (LA) and Arachidonic Acid (AA) 
	N-9 Fatty Acid: Oleic Acid (OA) 
	Combination of n-6 and n-9 Fatty Acids 
	Dietary Fatty Acids 

	Gut Microbiota and the Gut-Brain Axis 
	Ketogenic Diet (KD) and Ketone Bodies (KBs) 
	Specialized Pro-Resolving Lipid Mediators (SPMs) 
	Lipid Peroxidation: Isoprostanes (IsoPs), Neuroprostanes (NeuroPs) 
	Glycerolipids 
	Glycerolipids: Triglyceride (TG) 
	Glycerolipids: Monoacylglycerol (MAG) and Diacylglycerol (DAG) 

	Glycerophospholipids 
	Glycerophospholipids (Phosphoglycerides) 
	Glycerophospholipids: Ethanolamine Plasmalogen (PlsEtn) Deficiency and Peroxisomal Dysfunction 
	Glycerophospholipids: Phosphatidylcholine (PC) 
	Phospholipase 
	Glycerophospholipids: Cardiolipin 

	Sphingolipids 
	Sphingolipids: Sphingomyelins (SMs) and Sphingomyelinase (SMase) 
	Sphingolipids: Ceramides and Exosomes 
	Sphingolipids: Sphingosine 1-Phosphate (S1P) 
	Sphingolipids: Sulfatides 
	Sphingolipids: Gangliosides 

	Cholesterol 
	Apolipoprotein E (ApoE) 
	Statins 
	ATP-Binding Cassette (ABC) Transporters 
	Lipid A 
	Fat-Soluble Vitamins: Vitamin A, D, and E 
	Vitamin A 
	Vitamin D 
	Vitamin E 

	Lipidomic Studies 
	Conclusions 
	References

