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ABSTRACT
Background: Numerous published studies indicate that microvascular endothelial dysfunction precedes cognitive

decline in Alzheimer's disease, and that preservation of a healthy cerebrovascular endothelium can be an important
therapeutic target.

Methods: By incorporating appropriate drug(s) into biomimetic (lipid cubic phase) nanocarriers, one obtains a mul-
titasking combination therapeutic which targets certain cell-surface scavenger receptors, mainly class B type I (i.e.,
SR-BI), and crosses the blood-brain barrier. Documented similarities in lipid composition between high-density
lipoproteins (HDL) and the biomimetic (nanoemulsion) nanocarrier particles can partially simulate or mimic the
known heterogeneity (i.e., subpopulations or subspecies) of HDL particles. Moreover, the above-described type BI
scavenger receptor (i.e., either SR-BI (rodent) and/or CLA-1 (human) orthologs) has been shown to be a multifunc-
tional receptor able to bind a broad variety of ligands, including HDL and chylomicron remnants.

Results: Such colloidal-nanocarrier targeting allows for various Alzheimer's-related cell types to be simultaneously
searched out, in vivo, for localized drug treatment. Using various lipids and their mixtures to form self-assembled
non-lamellar nanostructures, it has continually been reported possible to successfully obtain stable colloidal disper-
sions of (liquid-crystalline) lipid cubic phases with well-defined particle size and morphology. In particular, within
the range of self-assembled phases in model surfactant-like lipid systems, various investigators further emphasize
that monglyceride-based lyotropic liquid-crystalline phases are relatively unique owing to their rich polymorphism
in water and potential application as drug nanocarriers.

Conclusion: This (colloidal-nanocarrier) in vivo targeting advantage may be particularly important for repurposing
an FDA-approved drug, especially one which has shown the added ability to restore some cognitive functions in
certain animals models of Alzheimer's disease (e.g., the anticancer drug bexarotene). Bexarotene (and several ana-
logs or other candidate-repurposing drugs) up to now, by itself (i.e., without nanocarrier), displayed poor CNS pene-
tration in human subjects.

Keywords: Alzheimer's disease, blood-brain barrier, cognitive aging, dementia, drug targeting, lipid cubic phases,
nanoemulsion, scavenger receptors, SR-BI

WWW.SIFTDESK.ORG 94 Vol-2 Issue-1



SIFT DESK

BACKGROUND

A frequent co-morbidity of cerebrovascular patholo-
gy and Alzheimer's disease pathology has been ob-
served over past decades. Accordingly, much evi-
dence has been reported which indicates that micro-
vascular endothelial dysfunction, due to cerebrovas-
cular risk factors (e.g., atherosclerosis, obesity, diabe-
tes, smoking, hypertension, aging), precedes cogni-
tive decline in Alzheimer's disease and contributes to
its pathogenesis. It is no surprise, therefore, that vas-
cular brain lesions are very common in people over
70 years old, and recent reviews (e.g., [1,2]) provide
much evidence that a large proportion of dementia
cases may be attributable to cerebrovascular disease.
As a result, vascular cognitive impairment and de-
mentia (VCID) is the second leading cause of demen-
tia behind Alzheimer's disease [4,10,11].

Endothelial Dysfunction as a Therapeutic Target
for Cognitive Impairment

It has been reconfirmed in the current literature (see
below)  that  receptor-mediated  endocytosis/
transcytosis via lipoprotein receptors, particularly
scavenger receptors (including class B type I, i.e., SR
-BI), remains a major route for drug delivery across
the blood-brain barrier (BBB). Accordingly, endothe-
lial-cell modulation and repair is feasible by pharma-
cological targeting [1,2,12-26] via SR-BI receptors
(cf. [27-31]). Recently, Fung et al. [32] specifically
SR-BI mediates the uptake and
transcytosis of HDL across brain microvascular endo-
thelial cells (i.e., across the BBB). Since SR-BI has
already been identified as a major receptor for HDL

reported that

(with their major apolipoprotein (apo)A-1) as well as
for the recently reviewed [1,2] “lipid-coated mi-
crobubble/nanoparticle-derived” (LCM/ND)
nanoemulsion (see below), this multitasking lipid
nanoemulsion can arguably serve as a targeted, apoA-
I-based, (SR-BI mediated) therapeutic agent for com-
mon (late-onset) dementias [2,29,31,33-37] (cf. [38-
43]).

This targeted-drug-delivery approach, using the pro-
posed LCM/ND lipid nanoemulsion for treating the
more common (late-onset) dementias, receives added
impetus from continual findings of cerebrovascular
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pathology [1,44-51] and an apparent endothelium
dysfunction [2,28-36,52-61] in both Alzheimer’s
disease and its major risk factors [1,2,62-71]. Further-
more, this (intravenous) combination therapeutic
would make it possible for various cell types, all po-
tentially implicated in Alzheimer’s disease (see [1,2]
for reviews; cf. [72,73]), to be simultaneously sought
out and better reached for localized drug treatment of
brain tissue in vivo [73] (cf. [74]).

Consistent with the above considerations concerning
endothelial dysfunction in Alzheimer's disease, ApoA
-1 has very recently been reported by Camacho et al.
[75] to play a special role in cerebral amyloid angiop-
athy (CAA). CAA is observed in more than 90% of
patients with Alzheimer's disease, although it addi-
tionally has an independent contribution to the cogni-
tive deterioration associated with age. CAA can be
neuropathologically classified as CAA type I or type
II, where type I is characterized by amyloid-f deposi-
tion in cerebral capillaries (versus type Il where cere-
bral capillaries are not involved). The human data
(from autopsy brains of 20 post-mortem cases), re-
ported by Camacho et al., revealed that the ApoA-I
immunohistochemical staining was localized strongly
toward capillary walls with CAA (i.e., especially to-
ward CAA type I pathology) [75].

Also, as alluded to above (see Abstract), the previous-
ly documented similarities in lipid composition
among HDL (as well as native low-density lipopro-
teins (LDL) and modified LDL) and LCM/ND
nanoemulsion particles can partially simulate or mim-
ic the known heterogeneity (i.e., subpopulations or
subspecies) of HDL particles (see [73] for a review).
Moreover, the above-described type BI scavenger
receptor (i.e., either SR-BI (rodent) and/or CLA-1
(human) orthologs) has been shown to be a multi-
functional receptor able to bind a broad variety of
ligands, including HDL, LDL, oxidized LDL
(OxLDL), very-low-density lipoproteins (VLDL),
and chylomicron remnants. The presence of amphi-
pathic helices is a common feature of “exchangeable
apolipoproteins”, which are known to be the primary
ligands (including notably apoA-I) for SR-BI [3]. In
view of all the above considerations, SR-BI emerges

WWW.SIFTDESK.ORG 95

Vol-2 Issue-1



SIFT DESK

as the most plausible candidate (of all lipoprotein re-
ceptors) for major involvement in the enhanced endo-
cytosis of LCM/ND nanoemulsion(s) for targeted
drug delivery [73].

LCM/ND Nanoemulsion Type, Lipid Cubic Phas-
es, and Biomimetic Nanocarriers

The self-assembling LCM/ND lipid nanoemulsion
class comprises nonionic lipids exclusively (e.g.,
[76]) throughout its coated microbubble's and/or re-
lated nanoparticle's (i.e., related lipid polymorphs')
supramolecular structures(s). This biobased lipid
composition of LCM/ND nanoemulsions (i.e., com-
prising glycerides and cholesterol compounds) is sim-
ilar to lipids contained in several types of plama lipo-
proteins; accordingly, when these LCM/ND
nanoemulsion particles are injected into the
bloodstream, they likely acquire (i.e., bind) plasma
apolipoprotein(s) — including notably apoA-I [73].

Importantly, monoglyceride is the largest single-lipid
fraction (by wt. %) of the powdered solid lipid surfac-
tants used to produce the (Filmix®) LCM/ND
nanoemulsions [73]. As a group, monoglycerides ex-
hibit different phase behaviors when they are exposed
to water [77] (cf. [78-81]). In agreement with numer-
ous other investigators, Kaasgaard and Drummond
[82] also state that all these types of liquid-crystalline
phases are frequently stable in excess water, which
facilitates the preparation of nanoparticle dispersions
and makes them suitable candidates for the encapsu-
lation and controlled release of drugs (cf. [83-89]).

In particular, the self-assembly of varied and useful
dispersed cubic phases (among other liquid-
crystalline phases) depends heavily on the acyl chain
length of the glycerides (primarily monoglycerides)
placed in contact with water [73]. There is great inter-
est to utilize these dispersed cubic phases for the ad-
ministration of drugs, or for the formulation of new
delivery systems [73,87]. The (lyotropic or solvent-
induced) cubic liquid-crystalline phases may be clas-
sified into two distinct classes: bicontinuous cubic
phases [90-94] and micellar or discontinuous (e.g.,
type Fd3m) cubic phases [89,90]. As reviewed by
Garg et al. [77], monoglycerides spontaneously form
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bicontinuous cubic phases upon the addition of water,
are relatively insoluble (allowing the formation of
colloidal dispersions of cubic phases), and are re-
sistant to changes in temperature. Accordingly, lipid
nanoparticles comprising interior liquid-crystalline
structures of curved lipid membranes (i.e., dispersed
cubic phases) have been used to solubilize, encapsu-
late, and deliver medications to disease areas within
the body [77] (see also [73,95-105]).

In addition to the above-described category of various
bicontinuous cubic phases, the other above-named
category referred to as “micellar or discontinuous”
cubic phases is also worthy of comment at this point.
Of particular interest within this latter category is the
well-studied micellar cubic structure of the type
Fd3m (which is often denoted by the number Q**")
(e.g., [89]). Luzzati and coworkers have reported that
this Fd3m cubic phase evidently requires a heteroge-
neous mixture of polar lipids [91]: Using the lipid
examples they cite (and the lipid classification system
of Small [81]), this Fd3m phase apparently must in-
clude both at least one (sufficiently polar) insoluble
swelling amphiphilic lipid (e.g., monoglyceride ) and
at least one (weakly polar) insoluble nonswelling am-
phiphilic lipid (e.g., diglyceride and/or cholesterol)
(e.g., [3]; cf. [73]) in order to self-assemble properly
in (excess) water. Hence, the dispersed Fd3m cubic
phase can represent a lipid/water system which is par-
ticularly relevant to the earlier-described (Filmix®)
LCM/ND lipid nanoemulsion formulation(s) on ac-
count of the fact that the patent claims describing the
precise lipid composition of such nanoemulsion for-
mulations (see especially Claim #1 in [76]) specifical-
ly include cholesterol and three -categories of
(saturated) glycerides, that is, tri-, di-, and mono-
glycerides (see [76]). In view of all the advantageous
attributes of monoglycerides (recounted in the pre-
ceding paragraphs), and since (saturated) mono-
glyceride represents the largest single-lipid fraction of
the LCM/ND lipid nanoemulsion type, the mono-
glyceride content probably plays a dominant role in
supporting the evident long-term stability of the lig-
uid-crystalline lipid nanoparticles in such nanoemul-
sions (see also [73] for a detailed review).
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Besides certain glyceride-based liquid-crystalline
systems displaying colloidal stability in excess water,
the same important attribute has been documented for
cholesterol and cholesterol esters — all of which are
present in LCM/ND nanoemulsion formulations [73].
For example, cholesterol and its esters change the
packing structure of lipids, and in high

concentrations they are known to induce the for-
mation of a liquid-crystal phase [106]. In addition,
Kuntsche et al. [107,108] have prepared lipid nano-
particles in the (mesomorphic or) liquid-crystalline
phase from cholesterol esters with saturated acyl
chains. In accord with the above observations and
considerations, the substantial concentrations of cho-
lesterol esters and cholesterol in the LCM/ND
nanoemulsion formulation likely further contribute to
the known long-term stability of this nanoemulsion's
(liquid-crystalline) lipid nanoparticles in excess wa-
ter, thereby providing a persistent carrier matrix upon
exposure to liquids such as blood plasma [73].

To conclude, self-assembled (colloidal mesophase)
lipid nanoemulsions (e.g., [92-98]), particularly those
predominantly containing dispersed cubic-phase lipid
nanoparticles (e.g., [3,73,99-105]), continue to re-
ceive growing attention in pharmaceutical and/or bio-
logical fields. The main reason behind much of this
attention is the fact that nonlamellar lipid nanostruc-
tures, such as cubic liquid-crystalline phases, have
wide potential as delivery systems for numerous
drugs, cosmetics, and food applications (cf. [3]). A
recurring example of a largely monoglyceride-based
drug-delivery agent category is the multitasking
LCM/ND nanoemulsion formulation (cf. above). In
this particular targeted-delivery approach, the self-
assembled “lipid particle” structure itself (upon intra-
venous injection of the LCM/ND nanoemulsion) is
apparently successfully utilized as the “active” target-
ing ligand — which is directed via (adsorption of)
plasma lipoproteins toward the appropriate receptors
on the target-cell surface. These dispersed liquid-
crystalline lipid particles, of the LCM/ND nanoemul-
sion formulation, are colloidally stable nanocarriers
which very likely represent liquid-crystalline inverse-
topology nanotransporters (nanocarriers), i.e., dis-
persed lipid cubic phases (cf. [73]).
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Amyloid-p Ion Channel Hypothesis of Alzheimer's
Disease

As explained in many reviews (e.g., [109,110]) by
different investigators, it has been

recognized for over two decades that disturbance of
the intracellular calcium homeostasis

is central to the pathophysiology of several neuro-
degenerative disorders. As concerns Alzheimer's dis-
ease, it is believed by many researchers that enhanced
calcium load may be brought about by extracellular
accumulation of amyloid-f (AP) in the brain. Such
studies have laid the foundation for the popular idea
that amyloid-B peptides (39-42 amino acid mole-
cules) are, in part, toxic to brain tissue because they
form aberrant ion channels in cellular membranes and
thereby disrupt Ca>" homeostasis in brain tissue and
increase intracellular Ca®*. More specifically, later
studies indicated that soluble forms of AP facilitate
influx through calcium-conducting ion channels in
the plasma membrane, leading to excitotoxic neuro-
degeneration [109,110].

Historical support for the above amyloid-f ion chan-
nel hypothesis, or so-called “calcium hypothesis”,
has also been observed at the clinical level [111].
Namely, there is little correlation between the
amounts of fibrillar (insoluble) deposit at autopsy and
the clinical severity of Alzheimer's disease. In con-
trast, a good correlation exists between early
cognitive impairment and levels of soluble forms of
AP in the brain [112]. (Aggregation of AP proceeds
from formation of soluble (low molecular weight)
spherical oligomers toward eventually assuming a
final and stable conformation as insoluble fibrils from
which amyloid-P plaques are constituted. Neurotoxi-
city is associated with soluble aggregates (i.e., oligo-
mers) of A rather than with the plaques themselves.)
Accordingly, related experimental work has already
shown that application of soluble Ap oligomers (but
not monomers or fibrils) to cultured neuroblastoma
cells evoked large increases in cytosolic calcium that
arise largely through Ca®" influx across the plasma
membrane [112].

As summarized by Di Scala et al. [111], the structure
of amyloid pores has been extensively studied by ul-

WWW.SIFTDESK.ORG

97

Vol-2 Issue-1



SIFT DESK

trastructural methods. In particular, one group of in-
vestigators recently applied strategies (widely used to
examine the structure of membrane proteins) to study
the two major A variants, namely, AB(1-40) and AP
(1-42). Under the optimized detergent micelle condi-
tions: 1) AP(1-40) aggregated into amyloid fibrils; 2)
contrariwise, APB(1-42) assembled into oligomers that
inserted into lipid bilayers as well-defined pores
[113]. (These amyloid pores adopted characteristics
of a B-barrel arrangement.) Because AP(1-42), rela-
tive to AP(1-40), has a more prominent role in Alz-
heimer's disease, the higher propensity of AB(1-42) to
form B-barrel pore-forming oligomers is an indication
of their importance in Alzheimer's disease [113].
Very recently, a different research group reported
very similar findings [114]. As background for their
study, these latter authors point out that: elevated AP
(1-42) plasma levels have been correlated with the
progression of late-onset forms of Alzheimer's dis-
case; AP(1-42) is significantly more neurotoxic than
APB(1-40) both in vivo and in neuronal cell culture;
and memory impairment is believed to be driven by
AP(1-42) disruption of long-term (hippocampal) po-
tentiation. In accordance with these considerations,
the authors' own detailed experimental data [114] in-
dicated that AP(1-42) assemblies in oligomeric prepa-
rations form ion channels (in membranes excised
from cells of neuronal origin). In contrast, AB(1-40)
oligomers, fibrils, and monomers did not form chan-
nels. Moreover, ion-channel-conductance results sug-
gested that AP(1-42) oligomers, but not monomers
and fibrils, formed pore structures. The authors con-
cluded that their findings demonstrate that only AB(1-
42) contains unique structural features that facilitate
membrane insertion and channel formation, now
aligning ion channel formation with the neurotoxic
effect of AB(1-42) compared to AB(1-40) in Alzhei-
mer's disease [114].

Promise of Bexarotene (or analogs) to Inhibit Cog-
nitive Decline in Humans

The preceding discussion of amyloid pore formation,
in the cellular membranes of brain tissue, leads to
another important consideration — the role of choles-
terol. Namely, cholesterol is required for the assem-
bly of amyloid pores formed by AP(1-42) [111].
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Therefore, an amphipathic drug (such as bexarotene)
which competes with cholesterol for binding to AB(1-
42) would be capable of preventing oligomeric chan-
nel formation (at least in vitro). Such a strategy has
already been contemplated for the treatment of Alz-
heimer's and other neurodegenerative diseases that
involve cholesterol-dependent toxic oligomers [115].
However, when oral administration of bexarotene
was employed subsequently in a Phase Ib (proof of
mechanism) clinical trial [116], bexarotene displayed
poor CNS penetration in normal human subjects.
(Hence, the observed absence of an effect on AP me-
tabolism was likely reflective of the low CNS-levels
of bexarotene achieved [116](cf. [117])).

Nonetheless, at least two recently published reports
(both in 2017) on bexarotene indicate a continuing
the ability of this FDA-approved
(anticancer) drug to: 1) bind free AP peptide, as well

interest in

as 2) bexarotene's previously reported positive effects
in Alzheimer's-disease mouse models [118,119] (cf.
[120,121]). Such past studies in animal models of
Alzheimer's disease, concerning the beneficial effects
of bexarotene, have also motivated a detailed analysis
by Fantini et al. [122] to elucidate the mechanisms
underlying the anti-Alzheimer properties of bexaro-
tene in brain cells. These investigators demonstrated
that bexarotene shares structural analogy with choles-
terol: both bexarotene and cholesterol are amphipath-
ic compounds, with a large apolar part consisting of a
succession of hydrocarbon rings and a small polar
headgroup (hydroxyl for cholesterol, carboxylate for
bexarotene). Because it is the first drug that can both
inhibit the binding of cholesterol to AB(1-42) and pre-
vent calcium-permeable amyloid pore formation in
the plasma membrane of brain cells, bexarotene might
be considered as the prototype of a new class of anti-
Alzheimer compounds [122]. (Note that because bex-
arotene shares structural analogy with cholesterol,
and the above-described LCM/ND nanoemulsion
contains substantial concentrations of cholesterol es-
ters and cholesterol (see above), incorporation of the
bexarotene molecule into the LCM/ND nanocarrier is
expected to represent an uncomplicated, straightfor-
ward formulation procedure commercially.) Moreo-
ver, Casali et al. [123] have very recently reported
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that treatment of an Alzheimer's-disease mouse mod-
el with (this FDA-approved anticancer drug) bexaro-
tene resulted in enhanced cogniton in the APP/PSI
mice which resembled earlier findings. Strikingly, the
authors observed sustained cognitive improvements
in the mice even when bexarotene treatment was dis-
continued for 2 weeks. Also, they observed a sus-
tained reduction in microgliosis and plaque burden,
following drug withdrawal, exclusively in the hippo-
campus. Casali et al. concluded that bexarotene se-
lectively modifies aspects of neuroinflammation in a
region-specific manner to reverse hippocampal-
dependent cognitive deficits in Alzheimer's-disease
(APP/PS1) mice [123].

Additional molecular aspects, concerning the mem-
brane-related mechanisms for the known neuropro-
tective effect, of bexarotene action on brain tissue
continue to be suggested and/or described in the re-
cent literature (cf. [124,125]). In the most recently
published study, Kamp et al. [126] show by NMR
and CD spectroscopy that bexarotene directly inter-
acts with the transmembrane domain of the amyloid
precursor protein (APP) in a region where cholesterol
binds. (Note that AP peptides are derived from APP,
by the sequential action of B- and y-secretases. y-
Secretase cleavage occurs in the transmembrane do-
main, of the C-terminal fragment left by p-secretase
cleavage, and results in the release of AP peptides of
various lengths [126]. The longer, neurotoxic, AP(1-
42) peptide is highly aggregation prone and repre-
sents the major AP species deposited in the brain
[126-129]. Cholesterol promotes AP(1-42) aggrega-
tion by enhancing its primary nucleation rate by up to
20-fold [129].) Kamp et al. argue that their data
[126] suggest that bexarotene is a pleiotropic mole-
cule that interferes with Ap metabolism through mul-
tiple mechanisms. More specifically, earlier work by
Di Scala et al. [115] provided evidence that bexaro-
tene competed with cholesterol for binding to AP and
prevented oligomeric channel formation. Di Scala et
al. argue that their findings indicate that it is possible
to prevent the generation of neurotoxic oligomers by
targeting the cholesterol-binding domain of AB pep-
tides [115]. Note that such blocking of amyloid-f-
induced neurotoxic pore formation can be expected
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to avoid exacerbation of blood-brain barrier break-
down, already occurring at lower levels in aged hu-
mans with cognitive decline [130], and thereby pre-
vent reaching higher levels of BBB breakdown asso-
ciated with cognitive impairment (and/or eventually
dementia) in late-onset Alzheimer's disease [130-
132].

CONCLUSION

By incorporating the appropriate drug(s) into biomi-
metic (lipid cubic phase) nanocarriers, one obtains a
multitasking combination therapeutic which targets
certain cell-surface scavenger receptors, mainly class
B type I (SR-BI), and crosses the BBB. Such biomi-
metic-nanoemulsion targeting allows for various Alz-
heimer's-related cell types to be simultaneously
searched out, in vivo, for localized drug treatment.
The proposed multitasking nanocarrier therapeutic
appears likely to display greater efficacy at different
stages of Alzheimer's disease. This (colloidal-
nanocarrier) in vivo targeting advantage may be par-
ticularly important for repurposing an FDA-approved
drug, especially one (such as the anticancer drug bex-
arotene) which has shown the added ability to restore
some cognitive functions in certain animal models of
Alzheimer's disease.
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