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ABSTRACT Lipids and lipoproteins are a diverse group of
substances and their interactions with the blood-brain barrier
(BBB) is similarly diverse. Some lipoproteins such as high den-
sity lipoprotein (HDL), apolipoprotein (apo) A-I, apo], some
free fatty acids, and triglycerides cross the BBB whereas others
such as apoE do not. Some forms of cholesterol can cross the
BBB and others do not. Lipids can have effects on BBB pres-
ervation and function: HDL may protect the BBB during
multiple sclerosis, cholesterol can disrupt the BBB, and trigly-
cerides inhibit the transport of leptin across the BBB and the
activation of the hypothalamic leptin receptor. ApoE is asso-
ciated with many effects on the BBB, with the specific isoform
apoll4 having detrimental effects. In summary, the diverse
ways in which lipids, lipoproteins, and apolipoproteins inter-
act with the BBB is important in both health and disease.
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The brain is one of the most lipid-rich organs in the body.
Whether those lipids and their related molecules are derived
in part or whole from outside the central nervous system
(CNS) depends on their ability to cross the blood-brain barrier
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(BBB). The best studied component of the BBB is the vascular
BBB which consists of the capillary bed and the immediately
adjacent arterioles and venules. Small, lipid soluble molecules
can readily cross the membranes which form the BBB. Lipids,
lipoproteins, and apolipoproteins that can cross the BBB do so
largely by using saturable transporters. Here, we give an over-
view as to what is known about these transport systems and
their ligands.

Interactions of lipids, lipoproteins, and apolipoproteins in-
clude actions not readily appreciated in other tissues. For exam-
ple, many functions of the BBB, including transporters, trans-
cytosis activity, and even BBB integrity are affected by triglycer-
ides, apolipoproteins, and cholesterol, respectively (Fig. 1). Once
in brain, triglycerides and/or their derivative free fatty acids
(FFAs) can affect CNS receptor functions. These and other
aspects of interactions with the BBB are reviewed below.

TRANSPORT OF FFA, CHOLESTEROL,
AND TRIGLYCERIDES, ACROSS THE BBB

Free Fatty Acid (FFA) Transport across the BBB

Fatty acids are a major component of lipids and are an im-
portant dietary source of fuel as well as an important structural
component for cells. Fatty acids are formed from carbo-
hydrates primarily in the liver and adipose tissue. There
are multiple types of fatty acids, classified by saturation,
carbon content, or branching. Circulating fatty acids are
known as free fatty acids (FFA).

As with many substances, FFA were once assumed to not
cross the BBB. Work in the 1970’s to 1990°s as reviewed
elsewhere (1) with radioactive ligands showed that a number
of FFA, including arachidonate (AA), docosahexaenoate
(DHA), and palmitate, were rapidly taken up from blood by
brain by saturable transporters and incorporated into brain
lipids. Oldendorf reported a transporter for monocarboxylic
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Fig. | Lipids can have both direct and indirect effects on the BBB. Direct effects include a) BBB transport of lipids. Some lipids, such as free fatty acids
(FFA), triglycerides and high-density lipoprotein (HDL), and certain apolipoproteins (apo) such as apo] and apoA-| (green symbol), can be transported across the
BBB (solid lines) while apoE (maroon symbol) and cholesterol in their free form are unable to be transported across the BBB (dotted line). b) However, these
serum lipids can also act on receptors at the BBB, which could induce transport as is the case for FFA or elicit intracellular signaling pathways, as occurs for apoE.
Some of these interacting receptors are known, like MFSD2A and LRP1, yet there are still others that are likely unknown at this time. ¢) Lastly, serum lipids
including apoE, cholesterol, and FFA can affect BBB permeability. Serum lipids can also have indirect affects at the BBB. d) The most classic example is that
triglycerides are known to decrease or inhibit (dotted line) the transport of leptin (blue spheres) across the BBB, while insulin and ghrelin (green and red spheres)
transport is increased (solid line). The interactions of lipids at the BBB have not really been separated for luminal versus abluminal impact and remains to be

explored. Figure generated at www.biorender.com.

acids that was optimal for octanoate and did not transport the
larger FFA (2). In blood, FFA are about 99.99% bound to
plasma proteins, but the free fraction crosses the BBB very
rapidly (1). Rapid transport across the BBB of the unbound
fraction, a rapid replenishment of the unbound fraction from
the very large pool of bound FFA, and a brain-to-blood efflux
system for FFA not incorporated into brain tissue combine in
a way so that the brain has an unlimited source of FFA on an
as needed basis without having to transport or retain large
amounts of FFA. This also means that the rate of FFA trans-
port reflects the metabolic demand by the brain (1). For ex-
ample, AA and DHA are involved in membrane signal trans-
duction and so stimulation with the M1 cholinergic agonist
arecoline results in an increased uptake of AA and DHA by
regions of the brain where the M1 receptor resides (3).

Later studies have discovered transporters for FFA. Major
facilitator superfamily domain-containing protein 2 (Mfsd2a)
1s a major transporter for DHA and lysophophatidylcholines.
Once DHA-lysoPC reaches the BBB, it detaches from albu-
min and binds to Mfsd2a, which then transfers DHA to the
inner membrane leaflet of endothelial cells lining the BBB,
allowing it to bypass the tight junctions. Additionally, a class
of membrane transporters, fatty acid transport proteins
(FATP) 1, 4, and 5as well as fatty acid translocase (CD36) have
been located in brain microvascular endothelial cells and
shown to play a role in DHA BBB transport (4—6). The apo-
lipoprotein E4 (apoE4) receptor, low density lipoprotein re-
ceptor (LDLR) has been reported to be another transporter
for DHA (7).

Lower levels of brain DHA have been linked with Alzheimer’s
disease (8) and apoli4 carriers respond well to increased intake of
DHA (9). Decreased DHA BBB transport could contribute to
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lower CNS DHA levels. Mfsd2a can also regulate the lipid com-
position of brain endothelial cells, affecting the structure and
function of the BBB, playing a critical role in BBB homeostasis
(10). Loss of this transporter in mice results in cognitive deficits
(11) and BBB permeability (10).

Cholesterol Transport across the BBB

Not only 1s cholesterol an important component of cell mem-
branes, but it is also a building block of many steroid hor-
mones. In the brain, cholesterol is an important component
of myelin sheaths that surround axons of neurons to enhance
neurotransmission. The brain is the most cholesterol-rich or-
gan in the body, containing 25% of the body’s cholesterol, yet
only a select group of CNS cells (astrocytes and oligodendro-
cytes) can synthesize cholesterol in the adult brain (12).
Cholesterol synthesis in the brain is greatest during develop-
ment and efficient recycling occurs in adulthood, with a half-
life lasting up to 5 years (13).

Cholesterol synthesis in the brain is the primary source for
CNS cholesterol. While free cholesterol cannot cross the BBB,
cholesterol present on lipoproteins and modified oxysterols
may be able to traverse the BBB. In addition to triglycerides,
cholesterol is a component of lipoproteins. The scavenger re-
ceptor class B type I (SR-BI) aids in the flux of cholesterol
between lipoproteins, particularly LDL and HDL, and cell
membranes at the BBB (Balazs ] Neurochem 2004).
Lipoprotein receptors are able to mediate transcytosis of lip-
oproteins, expanded on below in section 3. It was first shown
that lipoproteins can cross the BBB in Drosophila (14).

Cholesterol can also be converted into hydroxycholesterol,
both in the brain and the periphery. Hydroxycholesterol in
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the CNS has been shown to modulate neuron function and
plays a controversial role in Alzheimer’s disease (15). When
converted in the periphery, hydroxycholesterol can cross the
BBB (16). Additionally, hydroxycholesterol generated in the
CNS can also be transported across the BBB, from brain to
blood by the organic anion transporting polypeptide 2
(OATP2) (17). This process is saturable and specific for
hydroxycholesterol as it does not transport cholesterol. Once
transported into the brain, hydroxycholesterol can act to reg-
ulate brain cholesterol metabolism. The possibility of choles-
terol transport at the choroid plexus has been recently
reviewed (18). Ultimately, cholesterol transport across the
BBB can occur, but GNS synthesis is apparently the main
source of cholesterol for brain.

Triglyceride Transport across the BBB

Triglycerides consist of a combination of three fatty acids at-
tached to a glycerol backbone. They are synthesized by ester-
ification in the endoplasmic reticulum of cells in the adipose
tissue and liver. They are the main component of adipose
tissue and are most known by the saturation status: saturated
or unsaturated. Triglycerides are present in blood, shuttling
fuel from adipose tissue to muscles or following a meal prior to
storage.

As discussed further below, circulating triglycerides inhibit
leptin transport across the BBB, while stimulating transport of
insulin and ghrelin (19). This suggests that triglycerides, which
are elevated in starvation, would inhibit leptin’s anorectic
effects and promote ghrelin-related feeding.

Triglycerides were recently shown to cross the murine BBB
rapidly after their intravenous administration and accumulate
over time (20). This likely explains several effects of circulating
triglycerides, including their ability to affect levels of hypotha-
lamic feeding hormones, to impair cognition, and to modulate
brain microglial activity (21-23). Triglycerides in the murine
CSF are low with a level of about 0.65 mg/dl, just 0.6% of
blood levels. CNS triglycerides impair activation of both the
insulin and leptin receptors within the hypothalamus and
block the anorectic effect of CNS leptin (20). Thus, triglycer-
ides in the CNS have regulatory properties on brain and BBB
function. Due to the composition of triglycerides and enzymes
present within the CNS, transport of triglycerides across the
BBB can also be a source for CNS FFA.

EFFECTS OF LIPIDS ON HORMONAL
TRANSPORT AND OTHER BBB FUNCTIONS

Lipids are known to affect BBB structure and function. First,
while some lipids of various forms are able to cross the BBB,
they are also able to regulate transport of other substrates

across the BBB. While the exact mechanisms are unknown,
it could be postulated that lipids alter the brain endothelial cell
lipid bilayer, which inadvertently alters the transport proteins
present on the luminal surface. In addition, lipids, likely by a
similar mechanism, are also able to affect BBB structure and
permeability (Fig. 1). Specific examples of these two regulato-
ry processes are described next.

Triglyceride Effects on Peptide Transport

Not only has triglyceride transport across the BBB been inves-
tigated as described above, but the impact of circulating tri-
glycerides on BBB peptide transport, including leptin, insulin,
and ghrelin has also been explored (Fig. 1). This regulation of
hormonal BBB transport has huge implications within the
CNS as they act within the brain to regulate feeding behavior,
amongst many other roles, but must first navigate the BBB.
Leptin and insulin act within the brain to suppress appetite
while ghrelin is orexogenic, stimulating food intake.
Therefore, it has been proposed that triglycerides can act on
BBB transport to also mediate energy intake. For example, it
1s thought triglycerides block leptin transport from blood into
the hypothalamus to suppress appetite. In addition, during
periods of starvation, triglyceride levels increase, thereby
inhibiting the effect of leptin on suppressing food intake.

Indeed, intravenous injection of triglycerides, and not FFA,
decreases the amount of leptin transport across the BBB (19).
Conversely, in obese, starved mice, triglycerides increase the
amount of mnsulin transport across the BBB (24). These differ-
ences between leptin and msulin transport highlight the differ-
ences in regulation of these two transport systems. Similar to
msulin, triglycerides enhanced transport of ghrelin across the
BBB (25). Clearly, circulating triglycerides can play a critical role
in the regulation of BBB hormone transport.

Additionally, circulating triglycerides can affect hypo-
thalamic levels of particular orexigenic peptides that elicit
a feeding response (21). Since serum glucose, insulin, and
leptin levels were unaffected, these data suggest triglycer-
ides can act on the BBB to alter CNS signaling indepen-
dent of serum hormone levels. There are three possibili-
ties of how triglycerides could elicit a CNS effect inde-
pendent of serum insulin and leptin levels: 1) the trigly-
cerides are metabolized and the metabolites cross the
BBB to act within the CNS, 2) the triglycerides interact
with the BBB directly to elicit a signaling process within
the CNS similar to adiponectin, or 3) the triglycerides are
affecting circulating levels of some unknown peptide or
protein that can cross the BBB and act within the CNS.
Whatever the mechanism, it is clear there are many un-
answered questions regarding how peripheral triglycer-
ides interact with the BBB to affect CNS signaling
processes.
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Lipid Regulation of BBB Transcytosis and BBB
Disruption

Brain endothelial cell membranes have a unique composition
of lipids that helps contribute to BBB functionality. These cells
are inherently known to have low levels of vesicle trafficking.
Vesicle trafficking, or transcytosis, when it does occur, is often
clathrin-mediated, although caveolae-mediated transcytosis is
also known. As mentioned above, Mfsd2a transports lipids,
which helps create a unique lipid composition of brain endo-
thelial cells that limits caveolae-mediated transcytosis (26).

However, lipid membrane composition requires a proper
balance of dietary lipids, in order to aid in BBB function,
without disrupting the structure of the BBB. In pre-clinical
studies, a diet rich in cholesterol and saturated fatty acids
(SFA) can lead to BBB disruption to plasma proteins and
neuroinflammation (27, 28), with some studies reporting alter-
ations to tight junction proteins (29) (Fig. 1). Statins have been
shown to prevent this increase in BBB permeability, improv-
ing the integrity of the BBB (27, 28). Whether these findings
can be extended into humans is currently unknown.

It 1s thought that the BBB disruption due to excess intake of
cholesterol and SFA can impact the transport of amyloid f
into the brain, thus having implications in Alzheimer’s disease
(30). The cholesterol-lowering agent, probucol, has been
shown to prevent the BBB disruption due to cholesterol and
SFA, without affecting circulating lipid levels (31). On the
other hand, diets rich in unsaturated fats such as DHA, seem
to promote BBB integrity (30), protecting individuals from
Alzheimer’s disease. Indeed, Mediterranean diets, as well as
other diets low in saturated fatty acids, are known to protect
against cognitive impairment and reduce the risk for develop-
ing Alzheimer’s disease (32).

Apolipoproteins (apo) are also known to regulate BBB per-
meability. The most widely studied lipoprotein on BBB per-
meability is apoE. Bell ¢ al. in 2012 found that apoE knock-
out mice exhibited an increase in BBB permeability (33).
Additionally, apoM knock-out mice have an increase in BBB
permeability depending on the type of blood vessel (34). That
is, arterioles have disruption, but capillaries and venules are
unchanged. Activation of the G protein coupled receptor sig-
naling protein sphingosine-1-phosphate receptor 1 (SIPRI)
was able to prevent the increase in permeability due to loss
of apoM. More about the interactions of apolipoproteins with
the BBB are discussed next.

LIPOPROTEIN INTERACTIONS WITH THE BBB

Lipoproteins are complex particles containing a single
lipid layer, arranged so that the outer layer contains
the hydrophilic membrane, with a hydrophobic inner
core. These particles are the primary delivery route
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for lipids throughout the body. The outer surface con-
tains apolipoproteins, other proteins, phospholipids, and
cholesterol which can interact with cell membranes, in-
cluding brain endothelial cells.

ApoE and Interactions at the BBB

ApoE is primarily produced by the hepatocytes in the periph-
ery and by astrocytes in the CNS. In addition to regulating
BBB structure, apoE secreted by non-brain endothelial cells
also has effects on BBB function. ApoE in humans exists in
three isoforms: apoE2, apoE3, and apoE4. While apoE3 is the
primary isoform expressed in humans, apoE4 is associated
with an increased risk for Alzheimer’s disease and has detri-
mental effects on the BBB compared to the other isoforms
(35). The best evidence that apoE does not cross the BBB is
in patients undergoing liver transplants, whose post-operative
isoform of apoE in blood matched that of the donor liver,
whereas the apoE isoform in the GSF remained that of the
recipient (36).

ApoE4 expression can impact BBB transport. Specific
transport systems that have been investigated include DHA,
glucose, and diazepam, all of which are decreased due to
apoE4. DHA (specifically DHA, 22:6(n-3)) transport is de-
creased in mice expressing apoli4 (37). ApoE4 carriers re-
spond well cognitively from fish DHA but not from supple-
mental DHA. This is likely due to the form of DHA. Natural
DHA from fish is primarily in the phospholipid form while
supplemental DHA is not (mainly FFA), which affects the
metabolism i viwo (9). This suggests DHA in the form of
DHA-lysoPC is superior to free DHA as it can cross the BBB.

Additionally, there is evidence in humans that apoE. geno-
type can affect triglyceride BBB transport. A 5-h triglyceride
infusion in humans, led to increased CSF levels of lipids, spe-
cifically increasing diacylglycerols and lysophosphatidylcho-
lines and reduced dihydroceramides (38). Following the tri-
glyceride infusion, GSF levels of three lipids differed due to
apoll genotype status: unsaturated FFA linoleic acid (18:2)
and palmitoleic acid (16:1) and diacylglycerol 18:1, suggesting
apoli4 status can affect appearance of triglyceride compo-
nents within the CNS.

Lastly, it has been shown at least in astrocytes that
apoE4 can impair endocytosis (39). Probing clathrin-
mediated internalization specifically, there was a de-
crease 1n the internalized ligands epidermal growth fac-
tor and transferrin in apoE4 iPSC-derived astrocytes
compared to apoE3. These disruptions occur indepen-
dent of amyloid f, suggesting a common defect in many
diseases of which apoE4 increases the risk. Due to the
close interactions between astrocytes and brain endothe-
lial cells, dysregulated endocytosis could have detrimen-
tal implications at the BBB.
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These data suggest that while apoE does not readily cross
the BBB, apoE and its particular isoforms can not only affect
the structure of the BBB but can also impact the function of
the BBB in altering specific serum substrate BBB transport
and generic endocytosis processes.

Actions of the LRPs at the BBB

Low-density-lipoprotein receptors (LDLRs) are present at the
BBB and not only contribute to lipoprotein metabolism and cell
signaling but also play a role in transporting substrates into and
out of the brain (Fig. 1). LDLR family members consist of LDLR,
low-density lipoprotein receptor-related protein-1 (LRP1),
LRP2, and very-low density lipoprotein receptor (VLDLR) to
name a few. LRP1 can bind over 40 structurally diverse ligands,
including DL, apoE and amyloid f (40). LRP1 interactions with
apokEl vary based on isoform expression (33, 41). Additionally,
LRP! aids in amyloid f efflux from the brain.

LDLRs can be cleaved to release soluble levels of the recep-
tors in serum and interstitial fluid. This shedding can not only
impact intracellular signaling but also BBB transport, as only
membrane bound protein is able to mediate brain endothelial
cell internalization. LDLR and LRP1 are shed more when
exposed to apoE4 and amyloid B (42). Statins can increase
LRP1 levels at the BBB (43), thereby potentially affecting
BBB transport of ligands including amyloid f.

LRPI can compartmentalize into distinct plasma mem-
brane microdomains, existing both in lipid rafts and
clathrin-coated pits. This dynamic distribution is one of the
mechanisms proposed for the separation of endocytosis versus
mediating intracellular signaling by LRP1 (44). The specific
signaling mechanisms of this compartmentalization and the
impact on BBB substrate transport and intracellular signaling
remains to be determined.

HDL and the BBB

HDL 1s the smallest of the lipoproteins, ranging in diameter
from 5 to 17 nm; by comparison, albumin is about 7 nm in
diameter. It is also the densest of the lipoproteins owning to its
high ratio of proteins to lipids. It is involved in reverse choles-
terol transport, that is, the transport of cholesterol from pe-
ripheral tissues to the liver. Two of the most common apoli-
poproteins in HDL are apolipoprotein A-I and apolipoprotein
A-II. However, over 200 proteins have been tentatively asso-
clated with HDL and 85 have been consistently so identified
(45). Most of these proteins are not related to lipid metabo-
lism, but endow HDL with antioxidant and anti-inflammatory
properties, as well as effects on endothelial activation, coagu-
lation, and platelet aggregation. Only 10 proteins have been
found to be associated with HDL in the CSF.
Therefore, HDL in blood and in the CSF have very
different characteristics and possibly different functions.

HDL is removed from the blood by HDL receptors,
such as scavenger receptor Bl (SR-B1).

In vitro studies using monolayer cultures of human pri-
mary BECs show that HDL particles are transported
across the BBB (46). Transport was self-inhibited, indicat-
ing a saturable transport mechanism, and was dynamin
dependent. Although dynamin is usually associated with
clathrin-dependent or caveolin-dependent transcytosis,
HDL used neither of these mechanisms to cross the
BEC. Although uptake was SR-B1 dependent, SR-B1-
mediated uptake did not involve the adaptor protein
PDZK1. Constitutive nitric oxide may have played a role
in HDL transport, but stimulation of nitric oxide did not
further enhance HDL transport. Nystatin inhibited HDL
transport, suggesting that cholesterol was required for
HDL transport, although it should be noted that nystatin
has other properties, such as acting as an ionophore (47).
In brief, HDL crosses BECs using mechanisms similar to,
yet distinct, from that of other endothelial cells.

ApoA-I with a molecular weight of 45.4 kDa is one of
the most abundant apolipoproteins found in HDL and
also crosses the BBB. An ApoA-I polymorphism is associ-
ated with an increased risk for early development of
Alzheimer’s disease (48). As reviewed by Wellington et al.
(45), blood, CSF, and brain levels of apoA-1 and HDL
are lower in AD patients in some, but not all, studies.
ApoA-1’s ability to bind to lipopolysaccharide is thought
to be a major reason why HDL has anti-inflammatory
properties. ApoA-1 along with apoE are the most abun-
dant lipoproteins in the CSF, measuring about 0.37 mg/
dl and 0.30 mg/dl respectively (49). Of the 9 apolipopro-
teins present in GSF, apoA-1 is the only one whose mes-
sage has not been found in the CNS (50). The presence of
apoA-1 in CSF with no source of CNS production is one
proof for its ability to cross the BBB. Direct proof was
provided by Zhou et al., who showed that radioactively
labeled apoA-1 crossed the murine BBB. They further
showed that, like HDL, apoA-1 transport was not depen-
dent on clathrin and was inhibited by nystatin (51).

HDL may offer the BBB protection in some conditions.
Higher serum HDL and apoA-I levels were associated
with less BBB damage in patients with multiple sclerosis
(52). HDL levels were also associated with decreased im-
mune cell extravasation into the CNS. An 18 amino acid
peptidomimetic of apoAl which crosses the BBB about
1000 times faster than apoAl increased the brain-to-
blood efflux rate of amyloid B, 49 (53).

Apo], or clusterin, is another apolipoprotein in abundance
in GSF HDL particles. Apo]J has various associations with AD,
including from GWAS studies and an ability to aid in the
blood-to-brain transfer of amyloid f. Apo] crosses the BBB
(54), but blood levels are much higher than the Km of its
transporter and so it is saturated at physiologic levels (55).
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