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Purpose of review

We review current knowledge regarding HDL and Alzheimer’s disease, focusing on HDL’s vasoprotective
functions and potential as a biomarker and therapeutic target for the vascular contributions of Alzheimer’s
disease.

Recent findings

Many epidemiological studies have observed that circulating HDL levels associate with decreased
Alzheimer’s disease risk. However, it is now understood that the functions of HDL may be more informative
than levels of HDL cholesterol (HDL-C). Animal model studies demonstrate that HDL protects against memory
deficits, neuroinflammation, and cerebral amyloid angiopathy (CAA). In-vitro studies using state-of-the-art
3D models of the human blood–brain barrier (BBB) confirm that HDL reduces vascular Ab accumulation
and attenuates Ab-induced endothelial inflammation. Although HDL-based therapeutics have not been
tested in clinical trials for Alzheimer’s disease , several HDL formulations are in advanced phase clinical
trials for coronary artery disease and atherosclerosis and could be leveraged toward Alzheimer’s disease .

Summary

Evidence from human studies, animal models, and bioengineered arteries supports the hypothesis that HDL
protects against cerebrovascular dysfunction in Alzheimer’s disease. Assays of HDL functions relevant to
Alzheimer’s disease may be desirable biomarkers of cerebrovascular health. HDL-based therapeutics may
also be of interest for Alzheimer’s disease, using stand-alone or combination therapy approaches.
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INTRODUCTION

Alzheimer’s disease is the leading cause of senile
dementia with over 44 million affected persons
and an economic burden of over $600 billion [1].
Beyond the beta-amyloid (Ab) plaques and neurofi-
brillary tangles that define Alzheimer’s disease, 60–
90% of Alzheimer’s disease brains have evidence of
cerebral vessel disease [2]. No effective disease-mod-
ifying drugs for Alzheimer’s disease exist despite
decades of promising research [3]. This may be
due, in part, to the complex interplay of amyloid
and tau disorders, neuroinflammation and cerebro-
vascular compromise, and significant challenges in
defining and staging Alzheimer’s disease. Studies in
humans, animals, and in-vitro models support the
hypothesis that circulating HDL, which have estab-
lished vasoprotective properties, may also provide
resilience to cerebrovascular dysfunction in Alz-
heimer’s disease. In this review, we synthesize these
data toward a rationale to develop HDL functional
assays as potential biomarkers of cerebrovascular
health and to consider clinical trials that evaluate
HDL-based therapies for Alzheimer’s disease.
THE CEREBROVASCULATURE AND ITS
RELATIONSHIP WITH ALZHEIMER’S DISEASE

Despite constituting only 2% of total body mass, the
brain consumes approximately 20% of total cardiac
output [4]. The brain’s high metabolic activity and
lack of glucose stores requires extensive vasculariza-
tion to enable oxygen and glucose influx, maintain
ion balance, and remove neurotoxic waste products
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KEY POINTS

� Cerebrovascular dysfunction is commonly observed in
Alzheimer’s disease patients.

� Higher plasma HDL levels are often associated with a
lower risk of dementia.

� HDL can protect mice from CAA, memory deficits,
and neuroinflammation.

� HDL protects against CAA and Ab-induced
inflammation in 3D artery models.

� HDL-based biomarkers may identify Alzheimer’s disease
subjects with vascular dysfunction.

� Repurposing existing HDL therapies for Alzheimer’s
disease is promising because of positive safety data.
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[5]. Most dementia cases exhibit vascular disorders
that may underlie compromised cerebrovascular
function [6]. Histopathological evidence for cere-
brovascular dysfunction in Alzheimer’s disease
includes arteriole and precapillary deformities [7],
reduced vascular density [8,9], increased vessel tor-
tuosity [9], and vessel remnants that lack endothe-
lial cells [10–12]. Large-scale autopsy studies by the
National Alzheimer’s Coordinating Center and the
Religious Orders Study and Rush Memory and Aging
Project found a greater burden of macroinfarcts and
microinfarcts, atherosclerosis, arteriosclerosis, and
cerebral amyloid angiopathy (CAA) in Alzheimer’s
disease compared with other neurodegenerative dis-
eases [6], and increased Alzheimer’s disease risk in
cases with infarcts and more severe atherosclerosis
or arteriosclerosis [13], respectively.

Analysis of 7700 multimodality images from the
Alzheimer’s Disease Neuroimaging Initiative identi-
fied cerebrovascular dysfunction as an early event in
Alzheimer’s disease. This study compared cerebral
blood flow (CBF) alterations measured with arterial
spin labelling MRI to the progression of amyloid,
structural, metabolic, and functional brain changes
in Alzheimer’s disease [14

&

]. Others have found that
dementia risk is higher in subjects with reduced CBF
measured with transcranial Doppler [15] and in peo-
ple with microbleeds observed on MRI [16,17].
Greater arterial stiffness measured by pulse wave
velocity associates with greater Ab burden on PET
imaging, lower brain volume in certain brain regions,
and more white matter hyperintensities (WMH) on
MRI [18]. Dynamic contrast-enhanced MRI shows
that hippocampal blood–brain barrier (BBB) break-
down is age-dependent, worsens in mild cognitive
impairment (MCI) [19], and occurs in early stages
of cognitive impairment independent of Ab or tau
0957-9672 Copyright � 2019 The Author(s). Published by Wolters Kluwe
biomarker changes [20
&

]. MRI sequences evaluating
disrupted CBF and cerebral small vessel disease were
proposed as vascular biomarkers for the new amyloid,
tau, and neurodegeneration (ATN) research frame-
work developed by the National Institute on Aging
and Alzheimer’s Association (NIA-AA) to provide a
biological definition of Alzheimer’s disease [21].

The cerebrovasculature plays a pivotal role in
removing Ab from the brain through active trans-
port across brain endothelial cells in a process
involving various receptors including LDL recep-
tor-related protein (LRP1), p-glycoprotein, and
LDLR. Ab is also cleared from the brain via perivas-
cular drainage in mid-sized and large-sized arteries
along smooth muscle cell basement membranes
[22]. Disruption of Ab clearance via cerebrovascular
pathways may contribute to CAA [23].
Vascular comorbidities in Alzheimer’s
disease

The importance of the vasculature in Alzheimer’s
disease is further supported by associations between
cardiovascular diseases (CVD) and Alzheimer’s dis-
ease risk [24–26]. Genetic variations in human apo-
lipoprotein E (apoE) increase Alzheimer’s disease
risk and reduce age of Alzheimer’s disease onset with
APOE-e4 being detrimental, APOE-e3 neutral and
APOE-e2 protective [27]. In addition to accelerating
amyloidogenesis [28], APOE-e4 contributes to
reduced CBF, CAA, cerebrovascular inflammation,
altered neurovascular coupling, BBB leakiness, and
reduced cerebrovascular resilience to cardiometa-
bolic risk factors (reviewed in [29,30]). Alzheimer’s
disease and CVD also share many cardiometabolic
risk factors including age, sex, smoking, blood pres-
sure, physical activity, blood lipids, and type II
diabetes mellitus (T2DM) [31

&

,32,33]. Several of
these factors have been combined into the Cardio-
vascular Risk Factors Aging and Dementia risk score,
which correlates with executive function, visual
perception, and construction, WMH and CSF Ab

and tau in healthy adults [34]. Furthermore, the
population-based Rotterdam Study found that an
MRI-based cerebral small vessel disease score was
associated with greater dementia risk [35] and the
Framingham cardiovascular risk profile score pre-
dicts conversion from MCI to Alzheimer’s disease
within 24 months [36].
HDL AND VASCULAR RESILIENCE

Circulating HDL is best known for its pivotal role in
reverse cholesterol transport [37]. Only one-third
of the identified 95 proteins on HDL [38] have
roles in lipid metabolism [39,40] whereas others
r Health, Inc. www.co-lipidology.com 225
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function in protease inhibition, complement
regulation, hemostasis, and inflammation [41].
Known vasoprotective functions of HDL include
promoting endothelial nitric oxide (NO) synthase
activity, reducing inflammation, and suppressing
vascular adhesion molecule expression [42–46].
Importantly, aging and vascular disease can impair
these functions [42,47–49].
MIXED GENETIC EVIDENCE ON HDL AND
VASCULAR RESILIENCE

Mendelian randomization aims to determine the
causality of a modifiable risk factor on disease risk
by measuring how disease risk changes based on
randomly distributed genetic variants that affect
the risk factor [50]. Although it is well accepted that
high plasma HDL-C levels associate with reduced
heart disease mortality [51], Mendelian randomiza-
tion questions the causality of this relationship.
Several groups observe that genetic variants associ-
ated with HDL-C do not alter coronary heart disease
(CHD), myocardial infarction, or carotid atheroscle-
rosis risk [52–54], although one study found that an
allele score based on all known genetic variants
associated with HDL-C was significantly associated
with CHD risk [52]. Two Mendelian randomization
studies also suggest HDL-C levels are not causal for
Alzheimer’s disease risk [55,56]. Importantly, these
studies address only a causal link between disease
risk and elevated HDL-C levels mediated by particu-
lar genes; they do not take into account the complex
changes to HDL function and composition that can
occur in disease and that can be superior predictors
of disease risk [47–49,57–62]. Recently, two large
genome-wide association studies (GWAS) for Alz-
heimer’s disease found lipoprotein metabolism
and HDL particle gene sets to be significantly asso-
ciated with Alzheimer’s disease risk. Genes in these
sets encode HDL biogenesis proteins and HDL pro-
tein components, such as APOE, ABCA1, APOC1,
APOM, APOA2, PON1, CLU, LCAT, CETP, and APOAI
[63,64].
EPIDEMIOLOGICAL EVIDENCE FOR A
PROTECTIVE EFFECT OF HDL ON
ALZHEIMER’S DISEASE

Several studies show that Alzheimer’s disease risk is
attenuated by higher levels of HDL cholesterol
(HDL-C) or apoA-I, the major protein component
of HDL [65]. Cross-sectional studies showed serum
apoA-I and HDL-C levels are significantly lower in
Alzheimer’s disease patients and inversely corre-
lated with Mini Mental State Examination (MMSE)
scores [66,67]. A role for HDL in Ab clearance is
226 www.co-lipidology.com
suggested by positive correlations between plasma
apoA-I and Ab40 in CAA patients [68], and an
inverse correlation between plasma HDL-C and
brain amyloid burden in cognitively normal people
on PET [69]. In people without dementia, positive
associations have been found between HDL-C levels
and working memory [70,71], MMSE scores [70],
and verbal learning scores [71]. The prospective
Honolulu-Aging study followed 929 Japanese-Amer-
ican men and found that the highest quartile of
plasma apoA-I at baseline correlated with the lowest
risk of dementia 16 years later [72]. Similarly, those
with the highest baseline HDL-C in a cohort of 1130
elderly people in New York followed for a median of
4 years had reduced Alzheimer’s disease risk [73] and
higher baseline HDL-C in the Baltimore Longitudi-
nal Study of Aging protected against cognitive
impairment and brain volume reductions 20 years
later [74

&&

].
However, other cross-sectional studies including

the Framingham study of 1100 elderly participants
[75] and a small cohort of Spanish nonagenarians
[76] and prospective studies including the Adult
Changes in Thought study and two studies in cog-
nitively normal elderly women [77–80] found no
relationship between HDL-C and cognitive
impairment. Baseline age and follow-up length
may explain these inconsistencies [72,78]. Indeed,
the above studies with follow-up times greater than
10 years found significant associations between
HDL-C levels and Alzheimer’s disease risk [72,74

&&

]
whereas others with less than 10 years of follow-up
did not [78,80]. Furthermore, those measuring base-
line HDL-C levels at middle age all found significant
associations with Alzheimer’s disease risk [67,71,72]
whereas those with baseline measures in subjects at
least 70 years old did not [79,80]. HDL may, there-
fore, exert its greatest influence on Alzheimer’s dis-
ease risk at mid-life.

The mechanisms by which HDL influences Alz-
heimer’s disease risk remain unknown. Many HDL-
associated proteins, such as apoA-I, apoJ, apoE,
apoC-III, apoD, and apoA-IV are present within
the brain parenchyma, cerebrospinal fluid (CSF),
and cerebrovascular intima of leptomeningeal arter-
ies [81–84]. Except for apoE, the CSF levels of these
proteins correlate moderately with their respective
levels in plasma, suggesting transport or diffusion
from the periphery to the brain. Although it has
been reported that HDL can be transported through
human brain microvascular endothelial cells via
scavenger receptor (SR)-BI [85] and CSF lipoproteins
are similar in density to plasma HDL [86], there is
currently no evidence that HDL enters the brain as
an intact particle in vivo. Therefore, HDL might
indirectly influence brain health as a circulating
Volume 30 � Number 3 � June 2019
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FIGURE 1. Vasoprotective functions of HDL relevant for Alzheimer’s disease. HDL has been shown to have at least four distinctive
functions that could protect against Alzheimer’s disease. HDL suppresses the pathological accumulation of Ab in cerebral vessels
known as cerebral amyloid angiopathy (CAA). HDL suppresses vascular inflammation induced by Ab or pro-inflammatory cytokines
and global neuroinflammation in Alzheimer’s disease. HDL stimulates the production of nitric oxide from brain endothelial cells. HDL
delays the fibrillization of Ab. Although large, spherical HDL is unlikely to cross the blood–brain barrier, apoA-I can gain access to
the brain via the blood–CSF barrier at the choroid plexus. HDL-like particles in the brain are mainly apoE-based. ApoE is found in
three isoforms in humans; apoE2, apoE3, and apoE4. APOe4 is the major genetic risk factor for late-onset Alzheimer’s disease and
apoE4 has several detrimental functions including delaying Ab transport out of the brain, promoting blood–brain barrier
breakdown, and increasing neuroinflammation. ApoE is also found in the CSF along with apoA-I. Ab, amyloid beta; apoA-I,
apolipoprotein A-I; apoE, apolipoprotein E; BBB, blood–brain barrier; CSF, cerebrospinal fluid; HDL, high-density lipoprotein; LDLR,
low-density lipoprotein receptor; LRP-1, low-density lipoprotein receptor-related protein 1.
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factor primarily acting from the cerebrovascular
lumen and intima (Fig. 1).
VASOPROTECTIVE FUNCTIONS OF HDL IN
ALZHEIMER’S DISEASE ANIMAL MODELS

Studies in mice genetically engineered to develop
amyloid have explored how HDL levels affect Alz-
heimer’s disease-relevant outcomes. Genetic abla-
tion of apoA-I worsened memory deficits and
increased CAA in APP/PS1 mice, a common Alz-
heimer’s disease model [87], without altering paren-
chymal Ab plaque load [87,88]. Conversely, APP/PS1
mice with transgenic apoA-I overexpression exhib-
ited attenuated memory deficits, CAA, and neuro-
inflammation [89]. Treatment of Alzheimer’s
disease mice with HDL-based therapeutics resulted
in similar improvements [90–93].

Although these studies have contributed toward
understanding how HDL may protect from
0957-9672 Copyright � 2019 The Author(s). Published by Wolters Kluwe
cerebrovascular dysfunction in Alzheimer’s disease,
they may have only modest translational value
because of differences in the distribution of circu-
lating lipoproteins between rodents and humans. In
mice, circulating lipids are mainly carried by HDL
whereas in humans they are mainly carried by LDL
[94]. These differences are, in part, governed by the
activity of cholesterol ester transfer protein (CETP).
CETP facilitates exchange of cholesteryl esters and
triglycerides between lipoprotein subclasses and
high CETP activity associated with lowered HDL-C
levels [95]. However, mice and rats do not express
CETP, which may partly underlie their high HDL-C
levels [96]. Mice genetically engineered to express
human CETP have a moderate dose-dependent
reduction of HDL in the presence of both murine,
and human apoA-I, but no change in other lipopro-
tein pools [96,97]. In addition, the murine and
human APOE genes are substantially different [98]
and extensive efforts have been made to develop
r Health, Inc. www.co-lipidology.com 227



Table 1. HDL-based therapeutics in clinical trials for cardiovascular diseases and under investigation for dementia

Indication
HDL-targeting
approach Drug type Drug name Study population Safety Efficacy References

Cardiovascular
disease

Direct Recombinant
apoA-I

CER-001 Acute coronary
syndrome

No issues No improvement to
atherosclerosis

[126–128]

ApoA-I mimetic D-4F Coronary heart
disease

No issues Improved anti-inflammatory
activity of HDL

[129,130]

L-4F Coronary heart
disease

No issues No improvement to HDL
function

[131]

Reconstituted
HDL

CSL-112 Acute coronary
syndrome

No issues May improve cholesterol
efflux function of HDL

[132]

Autologous
administration

Acute coronary
syndrome

No issues Tended to reduce
atherosclerosis

[133]

Indirect ApoA-I
transcription
inducer

RVX-208 Atherosclerosis Elevated liver
transaminase
levels

No improvement to
atherosclerosis

[134,135]

LCAT
recombinant
protein

ACP-501 Stable atherosclerotic
cardiovascular
disease

No issues Improved HDL metabolism [136]

Niacin Niacin Cardiovascular
disease events

Flushing Reduced CVD events, may
be independent of HDL

[137–139]

CETP inhibitors Dalcetrapib Acute coronary
syndrome

No issues No effect on cardiovascular
events

[140]

Evacetrapib High-risk vascular
disease

No issues No effect on cardiovascular
events

[141]

Torcetrapib High-risk for coronary
events

Increased mortality
and morbidity

Increased risk of
cardiovascular events

[142]

Anacetrapib Atherosclerotic
vascular disease

No issues Reduced major coronary
events

[143]

Dementia Indirect Statins Various Dementia Possible short-term
memory
impairment

Improvements in
prospective trials, no
improvements in RCT

[150–153]

Niacin Niacin Dementia Flushing Protective effects in
retrospective studies

[154,155]

ABCA1
modulators

Bexarotene Dementia No issues Raised CSF apoE, no
improvements to
cognitive function

[168]

ABCA1, ATP-binding cassette transporter A1; apoA-I, apolipoprotein A-I; apoE, apolipoprotein E; CETP, cholesteryl ester transfer protein; CSF, cerebrospinal fluid;
LCAT, lecithin-cholesterol acyltransferase; RCT, randomized control trial.

Lipid metabolism
targeted replacement or transgenic mice expressing
each human APOE isoform [99–105], yet, these
models may still under-report cerebrovascular com-
promise because of the high levels of circulating
HDL. To our knowledge, there has not been a con-
certed effort to produce an animal model combining
expression of human apoE, apoA-I, CETP, APP, and
tau to improve the predictive power of murine
models with respect to the vascular contributions
to Alzheimer’s disease.
MECHANISTIC STUDIES OF HDL-
MEDIATED VASOPROTECTION IN IN-VITRO
MODELS

Developing human-based vascular models that
retain anatomical and physiological similarities to
228 www.co-lipidology.com
humans are, therefore, highly desirable to overcome
the difficulties of translating research from mice to
humans. Many BBB studies have been performed
using two dimensional (2D) cell culture of human
brain endothelial cells from primary, immortalized,
or pluripotent stem cell sources [106–114]. How-
ever, as cells behave differently in 3D compared with
2D environments [115], 3D BBB models are consid-
ered superior. Trans-well systems offer highly repro-
ducible models for permeability assays [116,117] but
lack complex cell–cell and cell–matrix interactions.
Multicellular spheroids of human primary brain
endothelial cells, pericytes, and astrocytes sponta-
neously self-organize into a BBB-like structure
[118,119] but are not perfusible. Several ‘organ-
on-a-chip’ approaches have been developed to over-
come these barriers, beginning with microfluidic
Volume 30 � Number 3 � June 2019
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models culturing primary murine neurons and glia
cells with human cerebral endothelial cells [120].
Completely human-based systems have also been
developed using iPSC-derived endothelial cells, pri-
mary pericytes, and astrocytes [121

&

]. Maoz et al.
[122

&

] developed an innovative microfluidic system
linking a BBB chip to a brain chip, however, this
model lacks anatomical connections between cells
of the neural vascular unit. Our group developed a
3D bioengineered human vessel model using a
scaffold-directed dynamic pulsatile flow bioreactor
system, populated with primary human endothelial
cells, smooth muscle cells, and astrocytes
[123

&&

,124
&&

]. These engineered tissues display
histological features of native peripheral and cere-
bral arteries and can be used to model CAA and
vascular inflammation. This model can also be used
to interrogate four beneficial functions of HDL on
cerebral vessels, namely preventing Ab-induced
endothelium activation, reducing Ab vascular accu-
mulation, maintaining Ab in a soluble state, and
inducing endothelial NO secretion [123

&&

,124
&&

,125]
(Fig. 1).
CONSIDERATIONS TO EVALUATE HDL AS
A POTENTIAL THERAPEUTIC AGENT FOR
THE VASCULAR CONTRIBUTIONS TO
ALZHEIMER’S DISEASE

The human, animal, and in-vitro studies discussed
above provide support for HDL-based therapeutic
approaches to protect or repair the BBB. Several
HDL-based therapeutics for CVD have advanced
to clinical trials and have both safety and efficacy
data (Table 1). The recombinant apoA-I protein
CER-001 [126–128], apoA-I mimetics, such as D-4F
[129,130] and L-4F [131], the plasma-derived apoA-
I formulation CSL-112 [132], and autologous
administration of patient-derived apoA-I [133] were
all well tolerated in phase I clinical trials for acute
coronary syndrome or stable CHD. Although devel-
opment of many of these agents was halted because
of failure to meet primary outcomes of reduced
atherosclerosis [126–128] or improved HDL func-
tion [131], CSL-112 and autologous apoA-I admin-
istration have shown promise and are undergoing
phase III trials (NCT03473223, NCT03135184).

Indirect HDL-based therapeutics include the
apoA-I transcription up-regulator RVX-208, the
lecithin-cholesterol acyltransferase (LCAT) recombi-
nant protein ACP-501, niacin, and CETP inhibitors
(Table 1). RVX-208 lacked efficacy against athero-
sclerosis and caused a dose-dependent increase in
liver transaminase levels [134,135]. ACP-501 was
well tolerated in stable CHD patients [136] and is
undergoing a phase II trial evaluating its effects on
0957-9672 Copyright � 2019 The Author(s). Published by Wolters Kluwe
apolipoprotein B metabolism in CVD patients
(NCT03773172). Early trials suggested niacin treat-
ment could reduce cardiovascular events and ath-
erosclerosis [137], however, two large randomized
control trials (RCT) were terminated because of lack
of efficacy [138,139]. Several trials for CETP inhib-
itors were terminated early because of futility or
safety issues including increased mortality in the
case of torcetrapib [140–142]. However, the most
recent phase III trial of the potent CETP inhibitor
anacetrapib had no adverse effects and reduced
major coronary events [143]. CETP inhibitors may
be especially useful for repurposing for Alzheimer’s
disease as certain CETP polymorphisms are associ-
ated with Alzheimer’s disease risk and memory
decline, particularly in APOE4 carriers [144–146].
Evaluation of HDL-based therapeutics on
Alzheimer’s disease-relevant outcomes in
animal models

Although no HDL-based therapeutic strategies have
been tested for Alzheimer’s disease in clinical trials,
several preclinical studies have been performed in
Alzheimer’s disease mice. Intravenous administra-
tion of reconstituted HDL reduced soluble brain Ab

levels in APP/PS1 mice [90] as well as in SAMP8
mice [90], where it also reduced microgliosis and
memory deficits [91]. APP23 mice treated intrave-
nously with recombinant apoA-I Milano had
reduced microgliosis, Ab deposition, and CAA [93].
Oral D-4F treatment improved memory, Ab deposi-
tion, microgliosis, astrogliosis, and other markers of
inflammation in APPswe/PS1DE9 mice [92]. Outside
the context of Alzheimer’s disease, D-4F treatment
after middle cerebral artery occlusion reduced
neuroinflammation and white matter damage
[147] and D-4F improved cognition and reduced
brain arteriole inflammation in atherosclerotic
mice [148].
Additional lipid-modifying therapeutics for
the prevention and treatment of dementia

Lipid-modifying approaches not directly targeting
HDL may also be of interest for Alzheimer’s disease
(Table 1). Statins inhibit 3-hydroxy-3-methyl-glu-
taryl-coenzyme A (HMG-CoA) reductase to block
cholesterol synthesis and subtly increase the
HDL:LDL ratio [149]. Meta-analyses suggest statin
use lowers dementia risk in prospective trials [150–
152] but not in two large RCTs [150,153]. Retrospec-
tive cohort studies on niacin found higher intake
during young adulthood improved some measures
of cognitive function 25 years later [154], and older
adults with higher intake had reduced risk of
r Health, Inc. www.co-lipidology.com 229
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Alzheimer’s disease and cognitive decline over
6 years of follow-up [155], however, these studies
lacked direct measurement of blood niacin levels.

Drugs targeting ATP-binding cassette A1
(ABCA1), such as liver-x-receptor (LXR) and reti-
noid-x-receptor (RXR) agonists, are another poten-
tial indirect HDL-based therapy as the rate-limiting
step of HDL biogenesis involves ABCA1-mediated
efflux [156–158]. Direct LXR and RXR agonists
increase plasma HDL-C levels [159–162], central
nervous system (CNS) apoE lipidation, and cogni-
tive function in Alzheimer’s disease animal models
(reviewed in [163]). Significant hepatotoxic and
systemic side effects have hampered clinical devel-
opment of direct LXR/RXR agonists [164–166],
although new, LXR-independent ABCA1 modula-
tors may avoid these liabilities [167]. The first
ABCA1-targetting compound to reach clinical trials
was the RXR agonist bexarotene, which in a phase I
trial raised CSF apoE levels but had poor bioavail-
ability [168] (Table 1).
LEVERAGING HDL AS A POTENTIAL
THERAPEUTIC TO PROTECT AND REPAIR
THE CEREBROVASCULATURE IN
ALZHEIMER’S DISEASE

The considerable evidence for the safety of several
HDL-based therapeutics in clinical trials suggest
these agents could be potentially repurposed for
Alzheimer’s disease. Specifically, HDL may be of
interest to prevent CAA and Alzheimer’s disease-
related neuroinflammation based on its effects in
mouse models [87,89,92,93,169] and 3D bioengi-
neered human arteries [123

&&

,124
&&

,125]. HDL may
also be developed as a carrier for drugs and micro-
RNAs to overcome the issue of BBB penetrance in
drug delivery. Already, a reconstituted HDL carrying
an Ab-targeting drug has been shown to enter Alz-
heimer’s disease mouse brains, reduce amyloidosis,
and improve memory [170].
HDL AS A POTENTIAL PREDICTIVE
BIOMARKER FOR VASCULAR
COMPROMISE IN ALZHEIMER’S DISEASE

Biomarker research for Alzheimer’s disease has rap-
idly progressed in recent years with the develop-
ment of imaging techniques to visualize Ab and tau
deposits in living people and breakthroughs in fluid
biomarker sensitivity and specificity [171]. As HDL
can be isolated from the blood of Alzheimer’s disease
patients and assayed in-vitro, it may be possible to
develop HDL-based assays that specifically report on
cerebrovascular health, particularly if they correlate
with cerebrovascular disorders, such a CAA,
230 www.co-lipidology.com
microinfarcts, or WMH. Again, there is currently
no evidence that HDL can enter the brain paren-
chyma as an intact particle in vivo, instead HDL
circulating in the lumen of cerebral vessels is pro-
posed to impact brain health through effects on
vessel health. It is well understood that HDL com-
position and function is altered by aging and in
T2DM, and CAD patients [47–49,57–60]. Reduced
cholesterol efflux and anti-inflammatory activity
have also been observed in HDL from Alzheimer’s
disease subjects [172,173]. Such changes to HDL
function, or to other Alzheimer’s disease-relevant
functions including modifying CAA, attenuating
Ab-induced endothelial activation, maintaining
Ab solubility, and promoting NO secretion
[123

&&

,124
&&

,125], have the potential to act as pre-
dictive or prognostic biomarkers for Alzheimer’s
disease.

Predictive biomarkers are used to stratify patient
populations into subpopulations that would benefit
from certain therapeutic strategies [174]. HDL func-
tional assays reporting on cerebrovascular dysfunc-
tion could, therefore, act as predictive biomarkers
for Alzheimer’s disease patients who may benefit
from vascular-specific therapies. Whether HDL
functions can predict risk, progression, or resolution
of amyloid-related imaging abnormalities (ARIA)
resulting from vascular Ab clearance in response
to anti-Ab immunotherapies may also be interesting
to evaluate [175]. HDL functional assays may also
work as prognostic biomarkers. Diagnosing Alz-
heimer’s disease before unrepairable neurodegener-
ation occurs is a major obstacle in treating the
disease. Prognostic biomarkers that can predict a
patient’s progression into Alzheimer’s disease earlier
than existing biomarkers could be a solution [171].
As vascular dysfunction occurs early in Alzheimer’s
disease [14

&

,20
&

,21,176], biomarkers indicating cere-
brovascular dysfunction have considerable poten-
tial in predicting cognitive decline. It is, therefore,
important to evaluate longitudinal changes to HDL
function to determine if HDL-based measurements
could improve prognostic precision for Alzheimer’s
disease’s vascular components.

It is less clear whether levels of HDL-associated
proteins may become Alzheimer’s disease biomark-
ers. Circulating apoA-I levels are negatively associ-
ated with risk of future dementia in many
[72,73,74

&&

] but not all [77–80] studies. Further-
more, although a panel including serum apoA-I
was shown to have high sensitivity and specificity
for MCI [177,178], there were no HDL-associated
protein hits in a nontargeted proteomic analysis
employed to develop a multiprotein Alzheimer’s
disease biomarker panel [179]. Early work investi-
gating HDL-associated protein levels and
Volume 30 � Number 3 � June 2019
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cerebrovascular dysfunction found that serum
apoA-I levels are significantly lower in Alzheimer’s
disease, MCI, and control subjects with severe CBF
impairments [178]. Other studies found that the
levels of HDL particles containing apoE and lacking
apoJ predict greater WMH volume in normal and
MCI subjects [180], and that plasma apoJ levels are
higher in subjects with CAA-related intracerebral
hemorrhages compared with Alzheimer’s disease
subjects [68].
CONCLUSION

A growing body of evidence in humans, mice, and
3D in-vitro models supports a role for HDL in cere-
brovascular resilience. As various HDL formulations
have already been developed and tested in clinical
trials for CVD, repurposing those with attractive
safety profiles may offer a novel strategy for prevent-
ing or treating the cerebrovascular disorder associ-
ated with Alzheimer’s disease. Assays of HDL
function could also act as biomarkers for cerebro-
vascular disorder in Alzheimer’s disease, which
could assist in stratifying Alzheimer’s disease
patients for more specific therapeutic interventions
and providing a wider window for treating patients
before irreversible neurodegeneration occurs.
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93. Fernández-de Retana S, Montañola A, Marazuela P, et al. Intravenous
treatment with human recombinant ApoA-I Milano reduces beta amyloid
cerebral deposition in the APP23-transgenic mouse model of Alzheimer’s
disease. Neurobiol Aging 2017; 60:116–128.

94. Gordon SM, Li H, Zhu X, et al. A comparison of the mouse and human
lipoproteome: suitability of the mouse model for studies of human lipopro-
teins. J Proteome Res 2015; 14:2686–2695.

95. Armitage J, Holmes MV, Preiss D. Cholesteryl ester transfer protein inhibition
for preventing cardiovascular events. J Am Coll Cardiol 2019; 73:477–487.

96. Agellon LB, Walsh A, Hayek T, et al. Reduced high density lipoprotein
cholesterol in human cholesteryl ester transfer protein transgenic mice. J Biol
Chem 1991; 266:10796–10801.

97. Hayek T, Chajek-Shaul T, Walsh A, et al. An interaction between the human
cholesteryl ester transfer protein (CETP) and apolipoprotein A-1 genes in
transgenic mice results in a profound CETP-mediated depression of high
density lipoprotein cholesterol levels. J Clin Invest 1992; 90:505–510.

98. Maloney B, Ge YW, Alley GM, Lahiri DK. Important differences between
human and mouse APOE gene promoters: Limitation of mouse APOE model
in studying Alzheimer’s disease. J Neurochem 2007; 103:1237–1257.

99. Sullivan PM, Knouff C, Najib J, et al. Targeted replacement of the mouse
apolipoprotein E gene with the common human. J Biol Chem 1997;
272:17972–17980.

100. Zhao N, Liu CC, Van Ingelgom AJ, et al. APOE e2 is associated with
increased tau pathology in primary tauopathy. Nat Commun 2018; 9:4388.

101. Liu CC, Zhao N, Fu Y, et al. ApoE4 accelerates early seeding of amyloid
pathology. Neuron 2017; 96:1024.e3–1032.e3.

102. Shi Y, Yamada K, Liddelow SA, et al. ApoE4 markedly exacerbates tau-
mediated neurodegeneration in a mouse model of tauopathy. Nature 2017;
549:523–527.

103. Alexandra Moser V, Pike CJ. Obesity accelerates Alzheimer-related pathol-
ogy in APOE4 but not APOE3 mice. eNeuro 2017; 4:; pii:ENEURO.0077-
17.2017.

104. Tai LM, Balu D, Avila-Munoz E, et al. EFAD transgenic mice as a human
APOE relevant preclinical model of Alzheimer’s disease. J Lipid Res 2017;
58:1733–1755.

105. Holtzman DM, Bales KR, Wu S, et al. Expression of human apolipoprotein E
reduces amyloid-beta deposition in a mouse model of Alzheimer’s disease. J
Clin Invest 1999; 103:R15–R21.

106. Jamieson JJ, Searson PC, Gerecht S. Engineering the human blood-brain
barrier in vitro. J Biol Eng 2017; 11:37.

107. Mrsulja B, Mrsulja B, Fujimoto T, et al. Isolation of brain capillaries: a simplified
technique. Brain Res 1976; 110:361–365.

108. Weksler B, Romero IA, Couraud P. The hCMEC /D3 cell line as a model of
the human blood brain barrier. Fluids Barriers CNS 2013; 10:1.

109. Lippmann ES, Al-Ahmad A, Azarin SM, et al. A retinoic acid-enhanced,
multicellular human blood-brain barrier model derived from stem cell sources.
Sci Rep 2014; 4:4160.

110. Sano Y, Shimizu F, Abe M, et al. Establishment of a new conditionally
immortalized human brain microvascular endothelial cell line retaining an
in vivo blood-brain barrier function. J Cell Physiol 2010; 225:519–528.

111. Cecchelli R, Aday S, Sevin E, et al. A stable and reproducible human blood-
brain barrier model derived from hematopoietic stem cells. PLoS One 2014;
9:e99733.

112. Eigenmann DE, Xue G, Kim KS, et al. Comparative study of four immortalized
human brain capillary endothelial cell lines, hCMEC/D3, hBMEC, TY10, and
BB19, and optimization of culture conditions, for an in vitro blood-brain
barrier model for drug permeability studies. Fluids Barriers CNS 2013;
10:33.

113. Bernas MJ, Cardoso FL, Daley SK, et al. Establishment of primary cultures of
human brain microvascular endothelial cells to provide an in vitro cellular
model of the blood-brain barrier. Nat Protoc 2010; 5:1265–1272.

114. Thomsen LB, Burkhart A, Moos T. A triple culture model of the blood-brain
barrier using porcine brain endothelial cells, astrocytes and pericytes. PLoS
One 2015; 10:e0134765.

115. Hutchinson L, Kirk R. High drug attrition rates—where are we going wrong?
Nat Rev Clin Oncol 2011; 8:189–190.
0957-9672 Copyright � 2019 The Author(s). Published by Wolters Kluwe
116. Man S, Ubogu EE, Williams KA, et al. Human brain microvascular endothelial
cells and umbilical vein endothelial cells differentially facilitate leukocyte
recruitment and utilize chemokines for T cell migration. Clin Dev Immunol
2008; 2008:384982.

117. Hatherell K, Couraud PO, Romero IA, et al. Development of a three-dimen-
sional, all-human in vitro model of the blood-brain barrier using mono-, co-, and
tri-cultivation Transwell models. J Neurosci Methods 2011; 199:223–229.

118. Urich E, Patsch C, Aigner S, et al. Multicellular self-assembled spheroidal
model of the blood brain barrier Sci Rep; 2013; 3:1500.

119. Cho CF, Wolfe JM, Fadzen CM, et al. Blood-brain-barrier spheroids as an in
vitro screening platform for brain-penetrating agents. Nat Commun 2017;
8:15623.

120. Adriani G, Ma D, Pavesi A, et al. A 3D neurovascular microfluidic model
consisting of neurons, astrocytes and cerebral endothelial cells as a blood-
brain barrier. Lab Chip 2017; 17:448–459.

121.
&

Campisi M, Shin Y, Osaki T, et al. 3D self-organized microvascular model of
the human blood-brain barrier with endothelial cells, pericytes and astro-
cytes. Biomaterials 2018; 180:117–129.

This study describes a blood–brain barrier model composed of human-induced
pluripotent stem cell-derived endothelial cells, brain pericytes, and astrocytes
grown in a fibrin gel allowing for the self-assembly of a microvascular network.
122.
&

Maoz BM, Herland A, Fitzgerald EA, et al. A linked organ-on-chip model of the
human neurovascular unit reveals the metabolic coupling of endothelial and
neuronal cells. Nat Biotechnol 2018; 36:865–877.

This study describes a human neurovascular unit model composed of primary
human brain microvascular pericytes and endothelial cells, primary human cortical
astrocytes, and human neurons differentiated from hippocampal neural stem cells
in three coupled chambers arranged such that the individual functions of each cell
type can be evaluated.
123.
&&

Robert J, Button EB, Yuen B, et al. Clearance of beta-amyloid is facilitated by
apolipoprotein E and circulating high- density lipoproteins in bioengineered
human vessels. Elife 2017; 6:; pii: e29595.

This study demonstrates a novel function of HDL in 3D bioengineered arteries in
preventing Ab vascular accumulation.
124.
&&

Robert J, Button EB, Stukas S, et al. High-density lipoproteins suppress Ab-
induced PBMC adhesion to human endothelial cells in bioengineered
vessels and in monoculture. Mol Neurodegener 2017; 12:60.

This study demonstrates a novel function of HDL in 3D bioengineered arteries in
preventingAb-induced vascular inflammation.
125. Button E, Gilmour M, Cheema H, et al. Vasoprotective functions of high-

density lipoproteins relevant to Alzheimer’s disease are partially conserved in
apolipoprotein B-depleted plasma. Int J Mol Sci 2019; 20:; pii: E462.

126. Nicholls SJ, Andrews J, Kastelein JJP, et al. Effect of serial infusions of CER-
001, a preb High-density lipoprotein mimetic, on coronary atherosclerosis in
patients following acute coronary syndromes in the CER-001 atherosclerosis
regression acute coronary syndrome trial: a randomized clinical trial. JAMA
Cardiol 2018; 3:815–822.

127. Tardif JC, Ballantyne CM, Barter P, et al., Can HDL Infusions Significantly
QUicken Atherosclerosis REgression (CHI-SQUARE) Investigators. Effects
of the high-density lipoprotein mimetic agent CER-001 on coronary athero-
sclerosis in patients with acute coronary syndromes: a randomized trial. Eur
Heart J 2014; 35:3277–3286.

128. Nicholls SJ, Puri R, Ballantyne CM, et al. Effect of infusion of high-density
lipoprotein mimetic containing recombinant apolipoprotein A-I Milano on
coronary disease in patients with an acute coronary syndrome in the
MILANO-PILOT trial: a randomized clinical trial. JAMA Cardiol 2018;
3:806–814.

129. Bloedon LT, Dunbar R, Duffy D, et al. Safety, pharmacokinetics, and phar-
macodynamics of oral apoA-I mimetic peptide D-4F in high-risk cardiovas-
cular patients. J Lipid Res 2008; 49:1344–1352.

130. Dunbar RL, Movva R, Bloedon LAT, et al. Oral apolipoprotein A-I mimetic D-
4F lowers HDL-Inflammatory index in high-risk patients: a first-in-human
multiple-dose, randomized controlled trial. Clin Transl Sci 2017;
10:455–469.

131. Watson CE, Weissbach N, Kjems L, et al. Treatment of patients with
cardiovascular disease with L-4F, an apo-A1 mimetic, did not improve select
biomarkers of HDL function. J Lipid Res 2011; 52:361–373.

132. Gibson CM, Korjian S, Tricoci P, et al. Safety and tolerability of CSL112, a
reconstituted, infusible, plasma-derived apolipoprotein A-I, after acute myo-
cardial infarction: the AEGIS-I trial (ApoA-I Event Reducing in Ischemic
Syndromes I). Circulation 2016; 134:1918–1930.

133. Waksman R, Torguson R, Kent KM, et al. A first-in-man, randomized, placebo-
controlled study to evaluate the safety and feasibility of autologous delipi-
dated high-density lipoprotein plasma infusions in patients with acute cor-
onary syndrome. J Am Coll Cardiol 2010; 55:2727–2735.

134. Nicholls SJ, Gordon A, Johansson J, et al. Efficacy and safety of a novel oral
inducer of apolipoprotein a-I synthesis in statin-treated patients with stable
coronary artery disease a randomized controlled trial. J Am Coll Cardiol
2011; 57:1111–1119.

135. Nicholls SJ, Puri R, Wolski K, et al. Effect of the BET protein inhibitor, RVX-
208, on progression of coronary atherosclerosis: results of the phase 2b,
randomized, double-blind, multicenter, ASSURE trial. Am J Cardiovasc
Drugs 2016; 16:55–65.
r Health, Inc. www.co-lipidology.com 233



Lipid metabolism
136. Shamburek RD, Bakker-Arkema R, Shamburek AM, et al. Safety and toler-
ability of ACP-501, a recombinant human lecithin:cholesterol acyltransfer-
ase, in a phase 1 single-dose escalation study. Circ Res 2016; 118:73–82.

137. Lavigne PM, Karas RH. The current state of niacin in cardiovascular disease
prevention: a systematic review and meta-regression. J Am Coll Cardiol
2013; 61:440–446.

138. Boden W, Probstfield J, et al., AIM-HIGH Investigators. Niacin in patients with
low HDL cholesterol levels receiving intensive statin therapy. N Engl J Med
2011; 365:2255–2267.

139. HPS2-THRIVE Collaborative Group. HPS2-THRIVE randomized placebo-
controlled trial in 25 673 high-risk patients of ER niacin/laropiprant: trial
design, prespecified muscle and liver outcomes, and reasons for stopping
study treatment. Eur Hear J 2013; 34:1279–1291.

140. Schwartz GG, Olsson AG, Abt M, et al., dal-OUTCOMES Investigators.
Effects of dalcetrapib in patients with a recent acute coronary syndrome. N
Engl J Med 2012; 367:2089–2099.

141. Lincoff AM, Nicholls SJ, Riesmeyer JS, et al. Evacetrapib and cardiovascular
outcomes in high-risk vascular disease. N Engl J Med 2017; 376:1933–1942.

142. Barter PJ, Caulfield M, Eriksson M, et al., ILLUMINATE Investigators. Effects
of torcetrapib in patients at high risk for coronary events. N Engl J Med 2007;
357:2109–2122.

143. Bowman L, Hopewell J, Chen F, et al. Effects of anacetrapib in patients with
atherosclerotic vascular disease. N Engl J Med 2017; 377:1217–1227.

144. Sundermann EE, Wang C, Katz M, et al. Cholesteryl ester transfer protein
genotype modifies the effect of apolipoprotein (4 on memory decline in older
adults. Neurobiol Aging 2016; 41:200.e7–200.e12.

145. Lythgoe C, Perkes A, Peterson M, et al. Population-based analysis of
cholesteryl ester transfer protein identifies association between I405V
and cognitive decline: the Cache county study. Neurobiol Aging 2015;
36:547.e1–547.e3.

146. Chen J-J, Li Y-M, Zou W-Y, Fu JL. Relationships between CETP genetic
polymorphisms and alzheimer’s disease risk: a meta-analysis. DNA Cell Biol
2014; 33:807–815.

147. Cui X, Chopp M, Zacharek A, et al. D-4F decreases white matter damage
after stroke in mice. Stroke 2016; 47:214–220.

148. Buga GM, Frank JS, Mottino GA, et al. D-4F decreases brain arteriole
inflammation and improves cognitive performance in LDL receptor-null mice
on a Western diet. J LIpid Res 2006; 47:2148–2160.

149. Sirtori CR. The pharmacology of statins. Pharmacol Res 2014; 88:3–11.
150. Larsson SC, Markus HS. Does treating vascular risk factors prevent de-

mentia and Alzheimer’s disease? A systematic review and meta-analysis. J
Alzheimers Dis 2018; 64:657–668.

151. Zhang X, Wen J, Zhang Z. Statins use and risk of dementia: a dose-response
meta analysis. Medicine (Baltimore) 2018; 97:e11304.

152. Swiger KJ, Manalac RJ, Blumenthal RS, et al. Statins and cognition: a
systematic review and meta-analysis of short- and long-term cognitive
effects. Mayo Clin Proc 2013; 88:1213–1221.

153. McGuinness B, Craig D, Bullock R, et al. Statins for the prevention of
dementia. Cochrane Database Syst Rev 2016; CD003160.

154. Qin B, Xun P, Jacobs DR Jr, et al. Intake of niacin, folate, vitamin B-6, and
vitamin B-12 through young adulthood and cognitive function in midlife: the
Coronary Artery Risk Development in Young Adults (CARDIA) study. Am J
Clin Nutr 2017; 106:1032–1040.

155. Morris MC, Evans DA, Bienias JL, et al. Dietary niacin and the risk of incident
Alzheimer’s disease and of cognitive decline. J Neurol Neurosurg Psychiatry
2004; 75:1093–1099.

156. Brooks-Wilson A, Marcil M, Clee SM, et al. Mutations in ABC1 in Tangier
disease and familial high-density lipoprotein deficiency. Nat Genet 1999;
22:336–345.

157. Assmann G, Funke H, Brewer HB, et al. Tangier disease is caused by
mutations in the gene encoding ATP-binding cassette transporter 1. Nat
Genet 1999; 22:352–355.
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