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ABSTRACT

Adult lipid metabolism consists of plasma lipids. Triglycerides are the most important sources of energy reserves, while phospholipids and
cholesterol are key components of organelles and cell membranes. Lipids, especially cholesterol, are involved in many cellular functions.
Various neurodegenerative cellular processes can develop in metabolism disorders. Neurons have significantly different lipid composition
compared to other biological membranes. These differences and the role of these lipids in neuronal pathologies are still poorly understood.
Studies on lipid molecules in MS date back four decades. Studies on apolipoprotein alterations, plasma lipoproteins and oxysterols have
attracted attention. It is thought that impaired cholesterol metabolism may play a role in both the inflammatory and neurodegenerative
pathogenesis of the disease and its correction may favorably affect the progression steps in the clinical course of MS, which is still the most
limited point for treatment. In this review, the immunopathogenesis and clinical manifestations of Multiple Sclerosis and alterations in
cholesterol metabolism are presented.
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Multipl Skleroz ve Kolesterol Metabolizmasi

OZET

Yetiskin lipid metabolizmasi plazma lipidlerinden olusur. Trigliseridler enerji rezervlerinin en dnemli kaynagi iken fosfolipidler ve kolesterol
organellerin ve hiicre zarlarinin bilesenleridir. Lipidler, 6zellikle de kolesterol, bir¢ok hiicresel fonksiyonda rol oynar. Metabolizma
bozukluklarinda gesitli nérodejeneratif hiicresel siiregler gelisebilir. Noronlar, diger biyolojik membranlara kiyasla 6nemli dlgtide farkl: lipid
bilesimine sahiptir. Bu farkliliklar ve bu lipidlerin ndronal patolojilerdeki rolii hala tam olarak anlasilamamuistir. Multipl Skleroz'da lipid
molekiilleri tizerine yapilan ¢alismalar kirk yil 6ncesine dayanmaktadir. Apolipoprotein degisiklikleri, plazma lipoproteinleri ve oksisteroller
iizerine yapilan ¢aligmalar dikkat ¢cekmistir. Bozulmus kolesterol metabolizmasinin hastaligin hem inflamatuar hem de noérodejeneratif
patogenezinde rol oynayabilecegi ve diizeltilmesinin tedavi igin hala en kisitli nokta olan Multipl Skleroz'un klinik seyrindeki ilerleme
basamaklarini olumlu yonde etkileyebilecegi diisiiniilmektedir. Bu derlemede, Multipl Skleroz'un immiinopatogenezi ve klinik belirtileri ile
kolesterol metabolizmasindaki degisiklikler sunulmustur.

Anahtar Kelimeler: Lipit Metabolizmasi. Multipl Skleroz. immunpatogenez. Norodejenerasyon.

Lipid Metabolism source of energy reserves, phospholipids and
cholesterol are organelle and cell membrane
components. Dietary plasma lipids with low water
solubility — are  transported in  lipoproteins.
Apolipoproteins with enzyme cofactors and receptor-
ligand functions ensure that lipid molecules are
transported to the correct sites. The composition of
dietary calorie intake varies between societies. In
Asian societies, 10-15% of dietary calories are from
fat, compared to up to 50% in Western societies. The
majority of dietary fat intake is from triglycerides. The

Adult lipid metabolism consists of plasma lipids
called neutral lipids (triglycerides, phospholipids, and
cholesterol). While triglycerides are the primary
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source of triglycerides may differ between societies; in
Western diets, butter with a relatively high oleate
content is the source of triglycerides, whereas in the
Mediterranean diet, olive oil rich in palmitate is the
source. Regardless of the source, excess calories from
the diet are converted to triglycerides and stored in
adipose tissue. Adipose tissue has functions other than
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energy storage. The imbalance in fatty acid flux
caused by the release of chemokines and cytokines
leads to the formation of adipocytes and the
accumulation of macrophages, which play an
additional role in inflammatory processes. Energy
restriction can effectively control inflammation by
reducing inflammatory factors and decreasing
lipolysis and energy expenditure.’

F. Saridas et al.

Lipid Metabolism of the Nervous System

Human cells contain thousands of lipids, such as
glycerolipids, glycerophospholipids, sterol lipids,
sphingolipids, and free fatty acids™® The function of
most lipids depends on their molecular structure. The
differences in lipid composition in neurons and the
role of these lipids in neuronal pathologies are still
poorly understood. To understand this, lipid diversity
should be considered specific to myelin and neurons
and recognized as wunits with anatomical and
functional properties. Lipids make up just over a third
of the dry weight of the neuronal soma. Phospholipids,
cholesterol, and galactolipids are the most abundant.

In contrast to the soma, about one-seventh of the
neurites are lipids. They contain a similar proportion
of phospholipids and a higher proportion of
cholesterol and galactolipids. In addition, the
sphingomyelin content is higher in neurites* Contrary
to the well-known assumption that axonal membrane
lipids are synthesized in the soma and then transported
anterograde to the axons, recent studies have shown
that axons can independently carry out some aspects
of lipid metabolism.’

Axons are surrounded by a lipid-rich myelin sheath.
The primary function of myelin is to insulate the axon
and cluster sodium channels in Ranvier junctions,
effectively ensuring the conduction of action
potentials.6 Myelin is produced by Schwann cells in
the peripheral nervous system (PNS) and
oligodendrocytes in the central nervous system (CNS).
Its lipid composition is well known. It is significantly
different in neurons compared to other biological
membranes. During active myelination, glial cells
rapidly produce excessive amounts of lipids for
utilization. The most abundant lipids in myelin are
cholesterol and galactosylceramide.” Cholesterol
regulates the fluidity and permeability of the
membrane. It gives stability to myelin. It is necessary
for the growth and compression of myelin. Among the
different lipid classes, sphingolipids are primarily
associated with peripheral neurological disorders. 1-
deoxy-SL, which is formed in an alternative reaction
during de novo synthesis, has a unique role. Pathology
in the formation of 1-deoxy-SL may play a role in
disorders such as hereditary sensory and autonomic
neuropathy type 1 (HSAN1) and diabetic or
chemotherapy-induced neuropathies.
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Lipid Metabolism of the Central Nervous
System

More than one hundred billion cells in the CNS are
rich in lipids and are closely associated with fatty
tissue. Approximately 50-60% of their weight is made
up of lipids. The highest lipid content of all biological
membranes is found in the myelin sheath structure.
Lipids play an active role in many cellular processes
in the CNS, such as synaptogenesis, neurogenesis,
signaling, and energy reserves. Disturbances in the
steps of lipid metabolism are involved in the
pathogenesis of neurodegenerative diseases by causing
changes in the lipid composition of intracellular
membrane compartments. In Alzheimer's disease, for
example, most of the cholesterol in the neuron is
catalyzed by the enzyme cytochrome P46Al
(CYP46A1) to 24-hydroxycholesterol (24-OHC), a
cholesterol breakdown product called oxysterol. 24-
OHC then crosses the blood-brain barrier (BBB) and
enters  the  plasma, while  plasma  27-
hydroxycholesterol (27-OHC) travels to the brain. 27-
OHC promotes the formation of amyloid beta (Ap),
whereas 24-OHC inhibits the production of AP
protein.® Ap forms a complex with apolipoprotein E
Christchurch  (ApoE-CH) particles, which are
eliminated by endocytosis, secreted into the peripheral
system, or degraded by proteases, leading to amyloid
deposition. [9, 10] The implications of this theoretical
knowledge can also be seen in the results of trials. It
has been reported that the disease is associated with
increased low-density lipoprotein (LDL) cholesterol
and decreased high-density lipoprotein (HDL)
cholesterol levels, independently of ApoE; the risk of
developing the disease increases up to twofold in
people with total cholesterol (TC) levels above 250
mg/dL, and this association is associated with lipid
disorders, especially in middle age (40-60).'"""

Lipid Metabolism and Neurodegeneration

The relationship between neurodegeneration and lipid
metabolism in Parkinson's disease, the second most
common neurodegenerative disease, is not clear.
Study results are conflicting, and prospective studies
with larger numbers of cases are needed.'®'” However,
the demonstration of a decrease in a-synuclein in
Lewy bodies after statin treatment suggests that
plasma cholesterol may promote o-synuclein
aggregation.'® In addition, in experimental Parkinson's
model studies, it was found that a high-fat diet was
associated with increased dopamine depletion in the
striatum and substantia nigra and oxidative stress in
the subthalamic nucleus in rats.'>*
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Cholesterol Metabolism and Central Nervous
System

Cholesterol in the CNS accounts for a quarter of the
total cholesterol in the body and is ten times higher
than in the periphery. 70% is found in myelin
structures and 30% in cell or organelle membranes
(glia 20%, neurons 10%).%" Clearance of cholesterol
metabolism in the CNS is 250-300 times slower.” In
addition, cholesterol is transported in plasma by
several lipoprotein particles because it cannot cross
the BBB.”** This suggests that compensation for
cholesterol metabolism is more limited in the CNS.
Cholesterol synthesis in the CNS is identical to the
lanosterol step and is produced de novo. Lanosterol is
used for cholesterol synthesis in neurons via the
Kandutch-Russel pathway and in astrocytes via the
Bloch pathway. The cholesterol produced is highly
channeled through ApoE for utilization in cells.
Cholesterol, used in glia or neurons, is converted by a
cytochromal enzyme, CYP46Al, to 24-OHC, one of
the oxysterols oxidized cholesterol forms that can
cross the BBB. Increased 24-OHC leads to liver X
receptor (LXR) activation, initiating  efflux
mechanisms from neurons. Thus, toxic accumulation
in the cell is prevented. While 1% of 24-OHC
circulates in the cerebrospinal fluid, 99% crosses the
BBB and enters the peripheral blood circulation. In
the liver, it is converted to 27-OHC (the final
breakdown product of cholesterol in the whole
organism) by a second cytochrome enzyme and
excreted in bile acids and feces. However, the
formation of 24-OHC as a degradation product far
exceeding this clearance rate (e.g., acute
demyelinating attack) or the increase in oxysterol
resulting  from  oxidation of LDL  with
proinflammatory properties after its passage from the
circulation to the CNS with impairment of the ENT
leads to the accumulation of 24-OHC in neurons. In
addition, defects in the synthesis of LXR [e.g., nuclear
receptor subfamily 1 group G member 3 (NR1H3)
gene mutation], which is involved in maintaining
cerebral lipid homeostasis, also accelerate this
process.

Consequently, this increased accumulation initiates
the process, leading to lipid peroxidation,
oligodendrocyte cell death, and neurodegeneration.””
¥ A pre-existing disorder of the lipid profile may
facilitate these mechanisms. For example, high LDL
levels increase the amount of oxidized LDL in the
CNS when the BBB is disrupted, and immune-active
cells are more likely to invade the CNS. On the other
hand, low HDL and high TC levels accelerate this
process by increasing BBB permeability. Studies
conducted in this context show a correlation between
increased HDL and reduced grey matter volume loss
and the number of contrast-enhancing lesions, better

BBB integrity, and a reduced risk of developing
secondary progressive multiple sclerosis (SPMS). It
was found that there was an increase in the number of
new or enlarging T2 hyperintense or contrast-
enhancing lesions on the Expanded Disability Status
Scale (EDSS) with increasing LDL but no change in
the frequency of relapse. Therefore, it is suggested
that relapse may be associated with disability
progression independent of relapse.'**>%>’

Multiple Sclerosis and Lipids

Cholesterol Metabolism and Multiple Sclerosis

Studies of lipid molecules date back forty years. In the
early days, studies of apolipoprotein changes in
patients with MS were at the forefront. In contrast,
studies of plasma lipoproteins and oxysterols have
attracted attention in the last two decades. Although
the results of many studies on this subject differ, it has
been shown that LDL and HDL cholesterol are
decreased, and very low-density lipoprotein (VLDL)
cholesterol and insulin resistance are increased in MS.
Regarding secondary endpoints, the development of
new hyperintense or contrasting T2 lesions and
cortical atrophy were shown to correlate with
decreased HDL or ApoAl and increased TC/HDL
ratio, LDL, 24-OHC, 27-OHC, and ApoB.****! In
addition, a recent study has shown that dyslipidaemia
has a mild negative effect on cognitive performance in
people with MS, independent of brain atrophy. [42] It
was highlighted that HDL, a mediator of the anti-
inflammatory response, has an inhibitory effect on
leukocyte migration, has antioxidant properties, and
contgbutes to the improvement of BBB function in
MS.

Effects of Anti-Lipids on Multiple Sclerosis

Studies investigating the effect of anti-lipid therapies
on MS have been conducted with statin therapies.
Initial studies suggested that statins may have a
beneficial effect on neurodegenerative processes due
to their regulatory effects on cell proliferation,
differentiation, migration, and cerebrovascular
hemodynamics. With increasing knowledge of the
immune pathogenesis of MS, statins have been shown
to inhibit major histocompatibility complex (MHC)
class II antigen presentation, downregulate T cell
activation and proliferation, and induce a switch from
a proinflammatory T helper (Th) 1 to a Th2 phenotype
in vitro. It was also found to block adhesion molecule
expression and inhibit leukocyte migration across the
BBB. It was thought to be effective against
neurodegeneration and inflammatory processes in
MS.**  Randomized controlled trials of statin
therapy date back fifteen years. In patients with
clinically isolated syndrome, atorvastatin treatment
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did not change the time to definite MS diagnosis or
EDSS. However, it had a beneficial effect on
radiological activation.”' Immediately following this
study, another multicenter, placebo-controlled,
double-blind, randomized, parallel-group, interferon
beta-la (IFNB-la, IM) add-on treatment with
simvastatin was planned. The patients selected were
inflammation-naive (> 1 relapse in the previous year).
However, the number of relapses, annual relapse rate,
relapse-free rate, EDSS scores, radiological activation,
no evidence of disease activity (NEDA-3), and no
beneficial results on atrophy were not found. In
addition, there were no significant results when the in
vitro effects of statins were evaluated with serum
levels of interleukin 10 (IL10), tumor necrosis factor
superfamily member 10 (TNFSF10), MXI1, and
interferon regulatory factor 7 (IRF7). Simvastatin
treatment was found to be ineffective in relapsing-
remitting multiple sclerosis (RRMS), with class 1
evidence. However, the inadequate power of this trial
(65% instead of 80%) due to the failure to reach the
predicted number of relapses, the ineffective results in
contrast to in vitro studies on immune markers, and
the failure to consider drug tolerance mechanisms
have led to criticism.”* Another small study conducted
at a similar time to this trial reported that the use of 80
mg of simvastatin for six months in patients with
acute optic neuritis was well tolerated and may have
had a beneficial effect on both wave latency and
amplitude in visually evoked potential
measurements.” To evaluate the immunomodulatory
and neuroprotective properties of statins, the double-
blind, randomized, controlled MS-STAT trial
comparing 80 mg of simvastatin with placebo in
patients with SPMS with higher disability scores
reported a significant 43% reduction in the adjusted
mean annual rate of atrophy. This study highlighted
that statins may have a neuroprotective effect, and the
MS-STAT2 phase 3 trial was initiated (ongoing).”*’

Effects of diet on multiple sclerosis

The diet of people with multiple sclerosis (MS) is an
important factor that can influence the course of the
disease. In particular, foods rich in omega-3 fatty
acids, such as fish and flaxseed, can reduce
inflammation. In addition, avoiding processed foods,
trans fats, and excess sugar can help balance the
immune system by maintaining gut health. Drinking
enough water and eating a diet rich in fiber can help
regulate bowel function and prevent constipation,
which is common in people with MS.

There are studies on the amount and variety of dietary
fat intake and the development or progression of
multiple sclerosis. There is currently no scientifically
proven definitive diet for people with MS. However,
the Mediterranean diet for MS has been reported to
have a preventive effect on the development of the
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disease. The McDougall diet, a very low-fat, plant-
based diet, has been reported to reduce fatigue in
people with MS, and the Paleolithic diet, which avoids
processed animal foods, wheat products, legumes,
refined oils and refined sugars, also has a positive
effect on fatigue and improves motor and cognitive
function. Calorie restriction and intermittent fasting
have been reported to suppress inflammation in
experimental models, and a ketogenic diet leads to
possible improvements in quality of life and
depression. The Swank diet, a diet restricted in
saturated fat, has been shown to have a beneficial
effect on relapse and progression.”

Conclusion

Lipid metabolism is essential for neural function,
support structure, signaling, and energy balance. The
different lipid composition of the components of the
central nervous system results from their different
cellular needs. These differences are maintained in a
balance that we call lipid homeostasis. Disturbances in
homeostasis contribute to neurodegenerative diseases
through the formation of cholesterol degradation
products, particularly 24- and 27-hydroxycholesterol,
lipid peroxidation, oxidative stress, and inflammation.

In  multiple sclerosis, abnormalities in lipid
metabolism are associated with disease progression
and disability. Dysregulation of cholesterol transport
and lipid oxidation contributes to blood-brain barrier
permeability, neuroinflammation, and neuronal
degeneration. The correlation between high LDL
cholesterol, low HDL cholesterol, and increased lesion
burden highlights the potential of lipid modulation as
a therapeutic strategy in the management of MS.
Statin  therapy, initially investigated for its
immunomodulatory and neuroprotective effects, has
produced mixed results. While early studies suggested
potential benefits in reducing neuroinflammation and
brain atrophy, subsequent randomized controlled trials
have shown limited efficacy in altering disease
progression in relapsing-remitting MS.

Dietary interventions have emerged as a promising
avenue for influencing lipid metabolism and
modulating disease activity in MS. Although there is
no definitive MS-specific diet, research suggests that
the Mediterranean diet, which is rich in healthy fats
and antioxidants, may have a preventive effect on
disease progression.

Given the complex relationship between lipid
metabolism, neurodegeneration, and MS pathology,
future research should focus on personalized dietary
and pharmacological interventions to optimize lipid
homeostasis. Understanding how lipid modifications
influence neuroinflammation, myelin integrity, and
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BBB function may open new therapeutic avenues for
neurodegenerative and demyelinating diseases.
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