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Sphingolipids have recently gained interest as potential players in
variety of diseases due to their import roles in human body
particularly, the brain. As sphingomyelin is the most common
type of sphingolipids, deficits in its distribution to brain cells may
contribute to neurological anomalies. However, data is limited
regarding the impact of different levels of dietary sphingomyelin
intake on neural function especially if this approach can boost
cognition and prevent neurological disorders. This review
evaluates the effect of dietary sphingomyelin and its metabolites
(ceramide and sphingosine-1-phosphate) in animal models and in
humans, with a primary focus on its impact on brain health.
Additionally, it proposes multiple neuroenhancing effects of
sphingomyelin-rich diet. This presents an opportunity to stimulate
further research that aims to determine the therapeutic value of
dietary sphingomyelin in preventing, improving or slowing the
progression of central nervous system disorders.
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S phingomyelin (SM) is the most abundant sphingolipid
that plays a vital role as a structural component found in
mammalian cell membrane. Structurally, SM composition
consists of a fatty acid chain bonded to an amide group and a
long chain sphingoid base (sphingosine) as a backbone with
polar head group of phosphorylcholine.” Functionally, SM
has numerous roles as it is involved in cell signaling during
proliferation, cell growth, differentiation, motility, apoptosis, cell
survival, migration, and angiogenesis in addition of being a
receptor for toxins and microbes.® The degradation of SM is by
initiated by the activation of sphingomyelinase (SMase) enzyme
leading to the release of SM metabolites such as ceramide (Cer)
and sphingosine 1-phosphate (Sph-1-P) which are also crucial
for the cellular morphology and activity.? In particular, SM
contributes to the brain functioning especially at early stages of
life as it enhances cognitive maturation. Notably, it is a highly
concentrated lipid in neural tissues (represents about 10% of
brain lipids), especially in the membranous myelin sheath
surrounding neuronal axons of the central nervous system
(CNS).@ Besides being a major component of myelin sheath, the
other distinctive functions of SM in brain include its behavior as
a driver of synaptogenesis and neurogenesis, as well as neuronal
communication.®) This emphasizes the pivotal role of SM in the
development of the CNS and maintain of its hemostasis.

An increasing body of evidence is suggesting the implications
of SM and its metabolites alterations in the pathogenesis of
several brain disorders such as Alzheimer’s disease (AD),
Parkinson’s disease (PD), and multiple sclerosis (MS) and
stroke.“” Additionally, low levels of SM were associated with
psychiatric disorders such as schizophrenia (SCZ) and chronic
stress related disorders.®'? On the other hand, previous data has
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shown that SM-enriched diet significantly enhanced neurocogni-
tive development in neonates.!V It was also found to enhance
CNS myelination and myelin thickness in both animals and
humans.>!» Furthermore, emerging evidence indicates the
abilities of SM based supplementation in antagonizing features
of AD-related proteopathy.¥

Nevertheless, despite the increasing data that supports of the
nutritional benefits of sphingolipids (SLs) particularly SM, in
neurological disorders, a limited number of reviews have focused
on attracting the attention regarding the possible roles of SM rich
diet in improving neural function and cognitive development.
This review discusses first the existing links between SM/Cer
system perturbations and the major neuropsychiatric disorders
particularly AD, PD, MS, stroke, and SCZ. Then, it sheds light
on the potential positive effects of SM-based nutritional supple-
mentation in CNS diseases and suggests several neuroenhancing
mechanisms of this poorly explored diet.

Overview on Biochemical Characteristics of SM

Nutritional sources. Dietary sources of SM are distributed
in a wide variety of plant and animal-based foods. However,
animal-based foods such as milk, dairy products, and eggs are
major sources of dietary SM due to their availability and relative
low cost.!'> The SM concentrations in milk vary among species
and stages of lactation. There is a lower amount of SM and Cer
in infant formulas and commercial milks for adults than in
human breast milk.!® The SM content in human and animal milk
supports its essentiality in neonatal development. Thus, milk
contains 23.4-47.3 wet weight ratio (ww) of SM, while cheese
and butter contain 24.3-365.7 ww and 29.2-44.4 ww, respec-
tively. Chicken egg yolk offers 190.0 ww of SM. Other SM rich
sources include almond [contains 304.3 dry weight ratio (dw) of
SM], pecans (373.5 dw), pine nut (376.9 dw), walnut (612.9 dw),
and microalgae (250-2,760 dw).!> The concentration of the
consumed SM varies depending on the dietary fat composition of
meals consumed by a human. During lactation, the baby ingests
only ~150 mg of SM per day. This amount increases in adulthood
as an ordinary Western diet offers 0.3-0.4 g of SLs per day, with
a large part represented by SM in meat, milk, egg products, and
fish.("” Table 1 summarizes the concentrations of SM in mg per
100 g of different nutritional sources.

Absorption, metabolism and brain distribution. The
hydrolysis of dietary SM to Cer and phospho-choline occurs in
the intestinal tract, specifically in the mid part of jejunum, where
alkaline SMase (alk-SMase) the enzyme responsible for this
reaction is abundant.'® In humans, there are two sources of
alk-SMase: the bile and the intestinal mucosa. Thus, following a
meal rich in SM (western meal), the release of cholecystokinin
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Table 1.

Content of sphingomyelin in food. Data obtained from

Wang et al.®
Sphingolipid Nutritional source Amount (mg/100 g)
Sphingomyelin Egg 82.0°
Full-fat soy flakes 45.73¢
Chicken 41.8°¢
Cheese 24.3-365.72¢
Milk 23.4-47 .32
Butter (batch, continuous) 29.2-44.42¢
Yogourt 10.42<

2Represents dry weight. PRepresents wet weight. ‘Estimation based on
reported sphingolipid content (g/mol) using 751 as an average molec-
ular weight for sphingomyelin.

(CCK) by duodenum stimulates the contraction of gallbladder
and liberation of bile alk-SMase together with bile salts in the
intestine. At the same time, CCK stimulates the secretion of
trypsin by pancreas leading to dissociation of both intestinal alk-
SMase and neutral ceramidase from the mucosa into the lumen.
The digestion of SM then occurs by alk-SMase and neutral
ceramidase in the presence of bile salt producing sphingosine
which is absorbed in the epithelial cells and converted to either to
fatty acid or to Cer.!"” Previous results have showed that the liver
has the highest neutral-SMase activity while the kidney and brain
have high levels of both neutral-SMase and ceramidase activities,
which indicates a high production of Cer in liver and Cer/
sphingosine in the kidney and brain.®” During development and
aging, the activity of these enzymes increases significantly,
likely, due to the correlation of SLs metabolism with maturation
and neurodegeneration.?® The aborted sphingosine is converted
to chylomicron palmitic acid in enterocytes.'” The de novo
synthesis of SM occurs via SM synthase 1 (found in the trans
Golgi cisterna) and SM synthase 1 (found in the localized at
the plasma membrane as well as the Golgi) which catalyze the
transfer of the phosphocholine (PCh) head group of phosphati-
dylcholine (PC) to Cer (Cer + PC — SM + diacylglycerol).?"
After SM has been absorbed and metabolized through the
intestinal wall, it is transferred to the brain and other tissues
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based on the kinetics properties of the SLs transporters and
blood-brain barrier (BBB).?? In the brain, SM and its metabolites
serve as a key actor for a variety of functions (Fig. 1).

Physiological Roles of SM for CNS Homeostasis

SM is an important element for different neurological func-
tions including neurogenesis, synaptogenesis, synaptic transmis-
sion, myelin sheath formation, neuronal-glial connection, and
neuron differentiation.® Milk SM is an important source of
choline the precursor of acetylcholine which is a key neurotrans-
mitter especially for neurodevelopment.?® Dietary SM provided
to children ideally by human breast milk enhances cognitive
development by upregulating oligodendrocytes mitotic activity
leading to increased axon myelination.'” Membranous myelin
sheath contains particularly highly amounts of hydroxySMs and
long-chain SMs. ?» Due to their asymmetrical distribution, these
lipids provide the biophysical properties for membrane curvature
and myelin compaction.® Besides the structural roles, SM is also
a bioactive element that when catabolized by either neutral or
acidic SMase its primary metabolite Cer acts as a potential lipid
second messenger or cellular signals transductor involved in a
variety of cellular pathways such as those related to neuronal cell
response to extracellular stimuli and to stress.®> Hence, extracel-
lular insult mediated by different stressors such as tumor necrosis
factor (TNF), Fas ligands, and chemotherapeutic agents induces
the activation the SMases-mediated conversion of membrane SM
into Cer. The latter coordinates distinct cellular stress response
pathways by regulating proteins phosphorylation as well as
multiple downstream targets such as interleukin converting
enzyme (ICE)-like proteases, stress-activated protein kinases,
and the retinoblastoma gene product. These pathways can result
in cell cycle arrest, apoptosis, and cell senescence.® The reason
why an increase in Cer levels could be a more adequate indicator
of CNS insults than elevated SM levels as Cer release from
membranous SM is triggered by insulting stimuli of neural cells.

Implications of SM Deficit in Brain Disorders

Neurodegenerative diseases. The involvement of SM
anomalies in AD development has been previously explored and
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demonstrated.”?7*® This is believed to be mediated by both
direct and indirect interactions between SM/cer system anomalies
and AP formation, trafficking and clearance as reported by both
laboratory and animal studies.®® One in vivo study showed that
the inhibition of acid SMase (the enzyme that degrades SM to
Cer and phosphorylcholin) induced a decrease in reactive astro-
cyte secretion of mitotoxic extracellular vesicles and improved
AD pathology in the 5XFAD mouse.?” Qi ef al.?® also observed
low levels of sphingosine, sphinganine, S1P, sphinganine-1-
phosphate, and SM in AP, ;s-stimulated BV2 microglia. In
another human study, He et al.” analyzed the levels of SLs
and sphingolipid hydrolases in brain samples from AD patients
and age-matched normal individuals. They found a meaningful
increase of acid SMase and acid ceramidase (AC) activity in AD
patients compared to controls, and this resulted in SM reduction
and Cer elevation. Furthermore, Mielke et al.®® included 120
probable AD patients to examine the link between their plasma
levels of Cer, dihydroceramides (dhCer), SM, dihydrosphingo-
myelin (dhSM), and ratios of SM/Cer or dhSM/dhCer and their
disease progression. The linear mixed effects models revealed
that higher plasma levels of SM, dhSM, SM/Cer, and dhSM/
dhCer ratios are negatively associated AD progression measured
by the Mini-Mental State Exam (MMSE) and Alzheimer’s
Disease Assessment Scale-Cognitive Subscale (ADAS-Cog)
scores.®® Particularly, the dhSM/dhCer and SM/Cer ratios were
the strongest predictors of clinical progression as higher values
significantly declined MMSE and increased ADAS-Cog, thereby,
predicting less progressed disease among AD patients. Addition-
ally, there is an increasing body of evidence that supports the
implications of lipid dyshomeostasis in PD development.®?
Particularly, it is suggested that SM and its metabolites play a
role the pathophysiology of PD due to its involvement in the
myelin sheath formation, nerve impulse transmission, presy-
naptic plasticity, and neurotransmitter receptor localization.®)
Abbott and her colleagues analyzed total Cer and SM levels in
postmortem frozen brain gray matter and white matter samples
from 9 sporadic PD cases and 10 control cases.® Remarkably,
the levels of both SLs were lower in PD anterior cingulate cortex
by 53% and 42% respectively compared to control levels. In
contrast, the inhibition of Cer synthesis by myriocin (Myr)
reduced intracellular aggregation of a-synuclein fibrils which
promoted their sequestration into lysosomes in a cellular model
of PD.GY Furthermore, a decrease in SM levels, in particular
those of the C22—C26 subspecies, was identified in post-mortem
brain tissue of patients died from Huntington’s disease, another
neurodegenerative disease that affects primarily the caudate
nuclei and putamen.©?

Multiple sclerosis. Disruption of lipid profile of SM patients
was previously evidenced suggesting a potential.®® Moreover,
current data supports the roles of sphingolipid as players in the
MS pathogenesis. ®¥ Indeed, Chami et al.® analyzed the effects
of acid SMase on myelin repair after acute and chronic demyeli-
nation and found positive results. Thus, they showed that acid
SMase deficient mice had greater myelin recovery and oligoden-
drocytes count, in addition to lower detrimental astroglial reac-
tion after 2 weeks remyelination in comparison to wild-type
animals. This can be interpreted as the involvement of increased
acid SMase induced SM degradation in exacerbating CNS
demyelinating disorders as it may lead to decompaction and
disruption of myelin sheath structure. Significantly higher levels
of dhCer were identified in patients with active MS while lower
levels of dhCer, Cer, and SM subspecies were found in patients
with inactive MS.®® This may suggest that decreased SM degra-
dation is associated with less SM activity. Furthermore, the
reduced consumption of essential lipids for SM biosynthesis was
shown to increase demyelination and delay remyelination in
humans after pathological neuronal damage. On the other hand,
fish oil mixture (a nutritional source rich in SM) induced matura-
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tion of the human OPC ultimately leading to increase in myelin
basic protein, myelin glycoprotein, and SM synthesis.%

Stroke. SLs are presumably involved in the pathogenesis of
cardiovascular diseases including stroke.®” Sui et al.®® collected
blood samples from 245 participants who were divided into
healthy controls, pre-diabetes, and diagnosed diabetes. Then,
they measured the levels of 8 major sphingolipid metabolites
using high-performance liquid chromatography-tandem mass
spectrometry and routine laboratory assays to determine blood
values. Their findings reported a notable decrease in SM, S1P,
sphinganine and sphingosine among pre-diabetic and diabetic
patients compared to healthy controls. Additionally, reduced
exogenous SM was found to favor atherosclerosis and hyperlipi-
demia in animal studies.®**" This suggests that low levels of SM
and some particular SM subspecies is linked to worse cardiovas-
cular risks, therefore, may increase the susceptibility to cerebral
vascular events. This is supported by a recent observation of
Zeng et al.*? who conducted a quantification of endogenous
sphingolipid content in stroke rats and identified a meaningful
decrease in S1P in three biological samples including serum,
brain tissue and HT22 cells from affected animals. An additional
recent study by Lee et al.® revealed that compared to nonstroke
controls, acute ischemic stroke (AIS) patients showed signifi-
cantly lower levels of SIP and very-long-chain Cer. However,
higher levels of long-chain Cer were found in AIS patients and
were correlated with poor functional outcomes after adjusting for
age, sex, hypertension, and National Institutes of Health Stroke
Scale (NIHSS) score at admission.

Schizophrenia and stress disorders. The exact pathogen-
esis of SCZ is still debated with different pathomechanistic
models being proposed. Nonetheless, in a recent pioneer study
Tessier et al.® performed a lipidomic analysis of 74 SCZ patients
clinically stabilized by antipsychotic medication and 40 matched
healthy subjects. Remarkably, SCZ patients with low SM
membrane content (¢/SM— SCZ) had significantly worse clinical
profile assessed by positive and negative syndrome scale
(PANSS) and more severe cognitive impairment as indicated by
the Continuous Performance Test, Salience Attribution Test and
Wisconsin Card Sorting Test compared to those with higher Sm
membrane content (¢/SM+ SCZ) patients. These findings agreed
with previous observations by Schmitt et al.!'9 which reported
significantly lower quantities of SM in post-mortem brain tissues
from patients with SCZ. Ponizovsky et al.*® identified a correla-
tion between decreased erythrocytic levels of SM and negative
symptoms in patients with SCZ. Whereas Colon-Sdez and
Yakel“® showed that the enzymatic breakdown of SM by SMase
leads to disruption of lipid rafts in rat primary hippocampal
neurons which in turn results in significant alterations in the
desensitization kinetics of native and expressed o7 nicotinic
acetylcholine receptors (a7 nAChRs). Since, a7 nAChRs defi-
ciency was demonstrated in SCZ patients, SM supplementation
or acid SMase/Cer system targeting was suggested as a potential
treatment to improve disrupted lipid rafts and a7nAchR function
among SCZ patients.“**> Furthermore, Esaki et al.“® reported a
significant reduction in S1P levels in the corpus callosum of
SCZ patients but not in those with major depressive or bipolar
disorders in comparison with age- and sex-matched controls.
This reduction shown in other studies was speculated to be the
result of SCZ-associated upregulation in S1P-degrading enzymes
genes.®

Abnormal SM levels may also be correlated with stress disor-
ders. In an animal experiment, rats were exposed to chronic
unpredictable stress and their lipidic changes in different brain
areas were evaluated.”” Thus, stress-induced alterations were
mostly seen in the prefrontal cortex (PFC) where the SM and
dhSM levels deceased profoundly while Cer levels increased.
The authors attributed these anomalies in SLs metabolism to
either dysregulated (increased) SMase activity leading to higher
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hydrolysis of SM and dhSM into Cer and dhCer, respectively;
or a decreased SM synthase activity causing lesser de novo
synthesis of SM from its metabolites.

Potential Therapeutic Effects of SM Supplementation in
Brain Disorders

SM-based dietary supplementation may be an interesting
approach to treat brain diseases due to its multiple possible thera-
peutic mechanisms reported by previous studies. Although data is
still highly limited, we speculate that the clinical benefits of SM
diet are mediated by the following effects.

Direct neuroprotective and neuroenhancing effects.
Natural nutritional products such as fruits, vegetables, coffee,
green tea, soy products, nuts, and fermented-food have a well
demonstrated neuroprotective action and their regular intake is
associated with lower risks of neurological function decline.“749)
SM-rich diets may also directly promote brain health by
enhancing neuronal communication, neuronal survival (e.g., by
upregulating cellular clearance of toxic elements), neurogenesis,
oligodendrocytes mediated myelination and neuronal develop-
ment. Hence, Yuyama et al." used plant-derived and animal-
derived SM to effectively promote the synthesis of extracellular
vesicles (EVs) by neurons in vitro. In the same experiment, mice
models of AD who were given oral doses of plant glucosylce-
ramide (GlcCer) showed pronounced reduction in AP levels and
plaque features in addition to notable improvement in cognition
function. Furthermore, treatment with GlcCer was associated
with a considerable increase in EVs including NCAM-1,
L1CAM, and AP which suggested the SM- dependent enhance-
ment of EVs release and AP clearance in both in vitro and in
vivo."™ In an experiment carried by Albi et al.“” embryonic
hippocampal cells (HN9.10) were cultured in the presence of
human milk SM at concentrations ranging from 0.6% to 31%.
Notably, the treated hippocampal cells showed growth in neurites
supporting the roles of dietary SM in enhancing neurogenesis. In
another study, Oshida ez al.("® tested the effects of dietary SM on
CNS myelination in developing rates who were treated with SM
biosynthesis inhibitor cycloserine (LCS). Thus, the SM-
supplemented rats displayed significantly higher levels of the
myelin dry weight and myelin total lipid content compared to SM
non-supplemented rats. Consistently, Schneider et al.('? analyzed
the impact of dietary SM concentrations on the brain myelination
and cognitive development during the first three months of life in
54 males and 34 females under the age of 2 years. Interestingly,
they found a significantly positive association between higher
nutritional SM levels and the verbal development in the first two
years of life, the myelin composition in brain at 12-24 months,
and the delayed onset and/or more prolonged myelination rates in
different brain areas. They also explored the mechanisms of these
findings using in vitro models and observed an SM diet-mediated
increase in oligodendrocytes precursor cells (OPCs) proliferation,
maturation and differentiation, in addition to amelioration in
axonal myelination. Furthermore, in a randomized control trial
including 24 very-low-birth-weight preterm infants admitted in
the neonatal intensive care unit, nutritional intervention with SM-
fortified milk (in which SM represents 20% of all phospholipids
composition) had led to better neurobehavioral development
(assessed by the Behaviour Rating Scale of the BSID-II, the
Fagan test scores, the latency of VEP, and sustained attention test
scores) at 18 months compared to supplementation with milk
containing less SM (13% of all milk phospholipids).!"

Lipids-lowering effects. Several animal studies have
demonstrated that dietary SM inhibits intestinal absorption of
cholesterol and decreases the total hepatic lipid, hepatic triglyc-
erides and cholesterol levels.!#*4D The dietary SM-mediated
inhibition of cholesterol absorption is dose dependent®” and is
more effective with milk SM than egg SM.®Y In a randomized
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crossover study including healthy adult males and females, milk
SM-enriched diet increased serum HDL cholesterol levels
without affecting the serum triglycerides, total cholesterol, non-
HDL cholesterol levels, as well as cholesterol absorption and
fractional synthesis rate.*? Nonetheless, the authors indicated
several limitations such as the small sample size (n=10), the
possible insufficient dose of SM, solubilizing SM with olive oil
which could have led to confounding findings, and the non-
analysis of SMase activity. SM has high affinity to cholesterol
which slows the rate of luminal hydrolysis, micellar solubiliza-
tion, and micellar lipids uptake by enterocytes.®V Thus, SM was
found to inhibit cholesterol absorption and simulate cholesterol
transport by downregulating the Niemann-Pick-Like Protein 1
(NPCI1L1) mRNA, which is a key player in cholesterol absorp-
tion.®” Additionally, dietary SM decreases the thermodynamic
activity of cholesterol monomers lading to reduced uptake and
esterification of cholesterol.®® Whereas the triglycerides-
lowering effects of dietary SM were found to be mediated by
inactivation of the LXR-SREBP-1c pathway.®¥ At the same
time, imbalanced lipid homeostasis is a known factor that
contributes to the development of different neurological diseases
such as stroke, AD, PD, Huntington’s disease, motor neuron
diseases®* > as well as mental disease such as SCZ and autism
spectrum disorders.®”3® Therefore, the hypocholesterolemic and
hypotriglycerideic abilities of dietary SM may reduce the suscep-
tibility to dyslipidemia-associated CNS damage.

Reduction in neuroinflammation. Dietary milk SM was
found to exhibit antagonistic effects against systemic inflamma-
tion and LPS-mediated macrophage activation in mice.*® More-
over, dietary SM was revealed to alleviate inflammation in
rodents with experimentally induced colitis.®” Milk SM was
demonstrated by Norris et al.® to reduce inflammation and
markers of macrophage infiltration in adipose tissue among high-
fat-diet-induced obese mice. On the other hand, Cer and Cer 1-
phosphate were reported to alter the inflammatory response to
LPS through the inhibition of TNF-a and macrophage inflamma-
tory protein-2 (MIP-2) release by macrophage.®® Exogenous Cer
down regulated the activity of macrophages by suppressing the
TNF-o converting enzyme, the one responsible for pro-TNF
maturation to soluble TNF.® Cer species were also recently
involved in stimulating pro-apoptotic pathways in neutrophils in
addition to modulating their migration, phagocytosis and super-
oxide production.*” Microglia activity in the brain of LPS-
exposed mice was inhibited by ceramide administration particu-
larly C2 Cer which downregulated multiple signaling pathways
including ROS, MAPKs, PI3K/Akt, Jak/STAT, and TLR4
signaling.®> Inflammation is a key mechanism in the pathogen-
esis of CNS disorders.®*” Since exogenous Cer can across
the BBB,?? it may exert its anti-inflammatory effects on brain,
thereby, reducing the immune-mediated neural cell loss and
demyelination. Possible similar effects with dietary SM diet are
not be excluded.

Decrease in brain uptake of neurotoxic elements. Disrup-
tion of BBB and intestinal permeability (gut-blood barrier
dysfunction) is a key contributor of multiple neurological
diseases.®%) This may due to the passage of neurotoxic elements
such as gut microbiota-derived products and ingested metals/
chemicals to CNS where they cause pathological changes. SM
enriched diet may prevent this by restoring/maintaining the
integrity of BBB and GBB. Thus, Milard et al."” found that milk
SM induced an increase in tight junction expression (Occludin,
Z0O-1) possibly by favoring the expression of IL-8. This
suggested the potential of SM to repair dysfunctional barriers
including GBB and BBB. Indeed, chronic consumption of bovine
milk (key source for SM) reversed the BBB hyperpermeability
induced by long chain saturated fatty acids (LCSFA) enriched
diet. Also, it is known that BBB and GBB permeability increases
during local and systemic inflammation.”>’ The fact that dietary
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SM/Cer can reduce inflammation and perhaps neuroinflamma-
tion, supports its likelihood to improve BBB and GBB function,
thereby, preventing the transfer of neurotoxic molecules to CNS.

Simultaneous consumption of other beneficial SL. SM
rich foods (milk, dairy products, eggs, and nuts!'¥) usually
contain other nutritional elements such as gangliosides (found in
egg yolk, and dairy products’) and omega-3 fatty acids (forti-
fied dairy products and nuts>’®) which were shown to have ther-
apeutic potentials in neurological diseases. Current evidence
suggests that dietary gangliosides may have positive influence on
cognitive functions.’” In PD mice, daily administration of GM1
ganglioside for either 5 or 6 weeks reversed the loss of substantia
nigra dopamine neurons, increased the levels of striatal
dopamine, and decreased the accumulation of a-synuclein aggre-
gates.’® In line with this, treatment with GM1 ganglioside
prevented the microglial activation and neuroinflammatory
responses secondary to a-synuclein in mice models of PD.7
Similarly, the beneficial effects of omega-3 fatty acids supple-
mentation in reducing the susceptibility for neurological disease
are increasingly recognized. Not only this, but treatment with
omega-3 fatty acids was found to be effective in improving
neurodegenerative diseases in their early stages.®?

Other possible positive effects on brain health. Besides
the previous suggested mechanisms, SM rich diet may also
contribute on decreasing the risk of metabolic syndrome-related
CNS diseases (i.e., stroke) by its possible anti-atherosclerotic
effects. This is supported by a study conducted by Chung et al.®
in which they reported a remarkable reduction in atherosclerotic
lesion area in the aortic arch in apoE—/— mice treated with long-
term dietary SM supplementation. Such effects may be due to the
ability of exogenous SM to improve lipids metabolism (as shown
above) which is a key element in the pathogenesis of atheroscle-
rosis.®” Moreover, exogenous dietary SM was found to exert
attenuate tissular fat accumulation and obesity linked inflamma-
tion®" which may lead to better cardiovascular health, ultimately,
preventing pathological changes in cerebral vasculature. Addi-
tionally, it was revealed that SM supplementation resulted in
regulation on the abundance of Lactobacillus, Faecalibacterium,
Dubosiella, Turicibacter, and Parasutterella communities in the
mice gut microbiota.® Hence, the regulation of gut flora abun-
dance is another possible indirect neuroenhancing effect of SM
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