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Abstract

Apolipoprotein E (apoE) is a 34-kDa glycoprotein that is secreted from many cells throughout the body. ApoE is best known for
its role in lipoprotein metabolism. Recent studies underline the association of circulating lipoprotein-associated apoE levels and
the development for cardiovascular disease (CVD). Besides its well-established role in pathology of CVD, it is also implicated in
neurodegenerative diseases and recent new data on adipose-produced apoE point to a novel metabolic role for apoE in obesity.
The regulation of apoE production and secretion is remarkably cell and tissue specific. Here, we summarize recent insights into
the differential regulation apoE production and secretion by hepatocytes, monocytes/macrophages, adipocytes, and the central
nervous system and relevant variations in apoE biochemistry and function.
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apoE is a multifunctional protein

ApokE is best known for its role in lipid metabolism, regu-
lating production, conversion, as well as clearance of lipo-
proteins (Fig. 1). In the liver, apoE associates with very
low-density lipoprotein (VLDL) during its assembly.
VLDL and other lipoproteins may also acquire apoE via
exchange with other lipoproteins. As a component of lipo-
proteins, apoE mediates uptake of chylomicrons, VLDL
remnants, and apoE-containing high-density lipoprotein
(HDL) via the low-density lipoprotein receptor (LDLr),
LDLr-related protein 1 (LRP1), and heparin sulfate proteo-
glycans (HSPGs) into the liver. In the periphery, apoE in
VLDL also mediates binding to the VLDL receptor present
on muscle, heart, and adipose tissue delivering triglycer-
ides for energy or storage. Other roles include the follow-
ing: (1) displacement of apoCII from triglyceride-rich lipo-
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proteins, leading to inhibited lipolysis and conversion; and
(2) stimulation of reverse cholesterol transport, whereby
cholesterol from peripheral tissues is transported via HDL
to the liver for excretion (for review, see [1]). Recently, a
strong association of VLDL-associated apolipoproteins,
including apoE, with incident CVD was identified,
underlining the importance of apoE in CVD [2].

Local tissue-secreted apoE also has important biological
and pathological functions. Macrophage-specific expression
of apoE can inhibit atherosclerosis without affecting plasma
lipid levels [3]. ApoE has anti-inflammatory, anti-prolifera-
tive, immune-modulatory properties which may contribute to
its anti-atherogenic effect [4-6]. ApoE regulates adipose dif-
ferentiation, adipocyte cell size, adipose tissue expansion, and
triglyceride accumulation [7]. Adipose tissue-derived apoE
plays a clear role in diet-induced obesity, affecting insulin
sensitivity and mediating adipose tissue inflammation in mice
[8, 9], but unlike macrophage-derived apoE, does not appear
to be anti-atherogenic. In the central nervous system, apoE is
the main apolipoprotein responsible for lipid transport.
Secreted predominantly by astrocytes, lipidated apoE delivers
cholesterol and phospholipids to neurons and is crucial in
maintaining brain integrity and homeostasis. Studies using
the apoE knockout mouse indicated an important role of
apoE in restoring neuronal function after injury [10]. These
tissue-specific functions of apoE are underpinned by cell-
specific regulation of production and secretion.
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Fig. 1 Contribution of different tissues to plasma apoE and its role in lipid
and lipoprotein metabolism. Hepatic-produced apoE associates with
VLDL intracellularly and regulates VLDL production (1). Intestinal-
produced chylomicrons (chylo) acquire apoE by exchange with other
lipoproteins (2). apoE mediates the hepatic uptake of lipoproteins by
binding to lipoprotein receptors LDLr, LRP1, and/or HSPGs, with
uptake via the LRP1 receptor being dependent on local hepatocyte-

Regulation of apoE transcription

ApoE transcription is tissue-, differentiation-, and cell-specific
and can be induced by many different factors such as cyto-
kines, hormones, or lipids. Transcription is controlled by the
proximal promoter, by proximal/distal enhancer elements, and
through epigenetic control.

The proximal promoter contains binding sites for com-
mon transcription factors [11-17] (Fig. 2). However, the
activation of the proximal promoter is insufficient for ex-
pression of apoE in most cell types. Hepatocytes, adipo-
cytes, astrocytes, and macrophages all require specific en-
hancer elements to induce promoter activity [18]. Three
proximal enhancer elements, upstream regulatory elements
(URE) 1, 2, and 3, one intron regulatory element (IRE1),
several distal enhancer elements, multi enhancers (ME) 1
and 2, and hepatocyte regulatory elements (HRC) 1 and 2
have been identified [19-22]. Tissue/cell specificity is
driven predominantly by the distal enhancers, with
HRC.1 and HRC.2 inducing gene expression in hepato-
cytes, and ME.1 and ME.2 being necessary for expression
in macrophages, adipocytes, and astrocytes. Within these
enhancers, binding sites for specific transcription factors
are localized (Fig. 2) and explain why certain triggers mod-
ulate apoE expression in some tissues but not others [23,
24]. Cell-specific transcription can also be modulated
through interaction with repressors [25, 26]. For example,
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secreted apoE (3). Lipoprotein-contained apoE inhibits lipolysis by
displacing apoClII (4). Adipose-produced apoE associates with VLDL,
but not with HDL. It is unknown whether it associates with chylos (5).
Adipose apoE regulates uptake of lipids from triglyceride-rich
lipoproteins (TLR) including VLDL, IDL, and remnants (6). Hepatic
and macrophage apoE contributes to the formation of HDL and HDL
uptake into the liver via the LDLr (7)

a recent study found that after glucocorticoids bind a glu-
cocorticoid element in the apoE promoter, negative regu-
lators suppressed transcription in the hepatocyte but not in
macrophages [26]. Interestingly, glucocorticoids raise
apoE plasma levels without affecting hepatic apoE
mRNA levels indicating further regulation at the level of
protein formation and/or secretion.

Neurons demonstrate a unique way of controlling apoE
expression. Retention of intron-3 gives rise to an apoE splice
variant (apoE-I3) that is not translated into protein. After in-
jury, astrocyte-secreted factor(s) induce processing of apoE-13
to generate normal apoE mRNA that is translated into protein
[27]. Whether cells outside the CNS use similar control of
apoE production has not been investigated.

Several studies suggest a role for epigenetic control of
apoE expression especially via DNA methylation. Thirteen
CpG sites have been identified in the apoE promotor, exons,
and introns. Methylation generally is associated with reduced
expression and differences in methylation patterns have been
observed between tissues, regions within tissues, and after
exposure to environmental factors such as cadmium [28].
Less well studied are sense/antisense and miRNA regulation
of apoE [29, 30]. Three potential sense and one antisense
mRNA transcript were identified in mice and humans [29].
It is unclear whether these are translated into protein or have a
physiological function. The 40-kDa apoE product in mouse
serum corresponding to the predicted size of one of the
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Fig. 2 Tissue-/cell-specific control of apoE transcription. Proximal and
distal transcription factor binding sites and enhancer elements regulating
apoE transcription in macrophages, hepatocytes, adipocytes, and
astrocytes are shown. CpGI, CpG island involved in epigenetic control;
ME.1-2, multi enhancers 1 and 2, driving expression in macrophages,
adipocytes, and astrocytes. NF-«kB, nuclear factor-«B; PPAR, peroxisome
proliferator-activated receptor; RXR, retinoid X receptor; STAT, signal

antisense transcripts described by Seitz et al. [29] is most
likely a glycosylated apoE glycoform rather than the sug-
gested alternative transcript (see Role of apoE glycosylation
and sialylation section and Fig. 3).

In summary, apoE transcription involves an intricate network
of many interacting regulatory elements, which regulate apoE
expression to different biological requirements and stimuli in a
cell-specific manner. Understanding the detail of apoE transcrip-
tion will enable cell-specific modulation of apoE production.
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Fig. 3 PNGaseF treatment of mouse, rat, rabbit, and human apoE. 0.5 pl
of plasma was incubated with 500 U PNGaseF and incubated at 37 °C for
16 h. apoE glycosylation was analyzed by Western blotting. Note
disappearance of higher molecular weight apoE in mouse, but not in
rat, rabbit, and human plasma indicating N-linked glycan attachment in
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transducer and activator of transcription; LXR, liver X receptor; HRC,
hepatocyte regulatory element; ME, multi enhancer; TR, thyroid hor-
mone receptor; URE, upstream regulatory element; SP, specificity pro-
tein; Zic, zinc finger of the cerebellum; AP, activating protein; GR, glu-
cocorticoid receptor; USF, upstream stimulatory factor; BEF, BK virus
enhancer factor

Post-translational control of apoE

ApokE follows the classical secretory pathway, in which synthesis
in the ER is followed by movement through the Golgi and trans-
Golgi network, during which apoE is glycosylated and
sialylated. From the Golgi, apoE is transported in tubular vesic-
ular compartments along the microtubule network to the plasma
membrane and secreted [31]. A proportion of secreted apoE can
be found bound to the cell surface, particularly in association
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mouse apoE only. Glycosylated apoE in mouse is 9.4% (8.7-10.1%) of
total apoE before PNGaseF and not visible after PNGaseF treatment
(¥*p <0.05). Graph shown is mean + range of two independent
experiments and blot shown is representative of one of these experiments
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with HSPGs [32, 33]. Cell surface pools can be re-internalized
and subsequently be degraded, or alternatively be transported to
the Golgi network for further modification or re-release into the
extracellular medium via recycling endosomes.

Although constitutively secreted from most cells, secretion
can be stimulated by extracellular triggers and apoE secretion
demonstrates aspects of typical regulated secretion. In macro-
phages, apoE is synthesized in excess of cellular requirements
with a large proportion directed for degradation after leaving
the Golgi. Exposure to stimuli, such as apolipoprotein A-I
(apoA-I) or HDL, can lead to redirection of apoE from this
degradational pathway into the secretory pathway resulting in
a rapid increase in secretion [34, 35].

We previously showed that constitutive secretion from hu-
man macrophages is regulated by protein kinase A (PKA),
phospholipase C (PLC), and intracellular calcium [31].
Further studies identified a role for protein phosphatase 2B
(PP2B/calcineurin) and protein kinase C (PKC) and its effec-
tor myristolated alanine-rich C-kinase substrate MARCKS
[36, 37]. Recently, dynamin II, a fission protein that regulates
exocytic and endocytic membrane events, was also identified
as a regulator of apoE secretion [38]. PKC/MARCKS plays an
important role in brain development, cellular migration, Af3
formation, neutrophil degranulation, and mucin secretion. It is
possible, but currently unknown, if PKC/MARCKS acts
through regulation of apoE secretion in brain or adipose tissue.
PP2B is the target by which immunosuppressants exert their
inhibition of T cell function [39]. Therefore, one of the main
side effects of long-term treatment with these drugs is an in-
creased risk of cardiovascular disease, which may involve
inhibition of macrophage apoE secretion.

There seems to be some specificity in the pathways that
regulate apoE secretion in different cell types. For example,
cytokines do not affect apoE secretion in hepatoma cells [40]
and although PKA and dynamin regulate apoE secretion in
HepG2 cells, these cells were less sensitive to PP2B inhibition
than were macrophages [37].

In the central nervous system, secretion of apoE by neurons
is also calcium- and microtubule-dependent [41]. Recently,
binding of apoE to the cadherin, alcadein beta, was reported
in neurons [42]. Being a docking receptor for kinesin-1,
alcadeins can mediate traffic of vesicular cargo along the mi-
crotubule network. Through alcadein binding, apoE affected
transport and processing of amyloid {3-protein precursor indi-
cating that apoE can modulate vesicle transport of other pro-
teins and possibly of itself by binding to cadherins.

A recent a high-throughput screen identified various com-
pounds that enhance apoE secretion in primary human astro-
cytes via novel mechanisms [43]. Although the exact pathway
by which apoE secretion was affected were not identified, the
pathway was independent of LXR-ABCAL activation, a com-
mon apoE-enhancing pathway in astrocytes. Importantly, some
compounds failed to induce apoE secretion in the astrocytoma
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cell line CCF-STTG1, pointing to the need to verify findings in
different cell model systems, especially primary cells.

The mechanisms regulating apoE secretion from adipo-
cytes and hepatocytes have not been extensively studied.
apoE is colocalized with caveolin in adipocytes and astrocytes
[44], targeting apoE to the plasma membrane [45], although
the functional significance is not known.

Role of apoE glycosylation and sialylation

ApoE is post-translationally glycosylated. For human, apoE is
exclusively O-linked, either via serine or threonine residues
and may be capped with sialic acid, a negatively charged
carbohydrate frequently involved in mediating the interactions
with various receptors, ligands, and cofactors.

The extent of human apoE glycosylation and sialylation is
heterogeneous, reflecting not only its tissue/cell type origin,
but also its extracellular environment. A high proportion of
apoE secreted from hepatocytes is glycosylated and sialylated,
yet plasma apoE is largely devoid of carbohydrates [46], sug-
gesting these sugars are partially removed in the circulation by
unknown glycosidases [47]. In contrast, apoE in cerebrospinal
fluid remains extensively glycosylated and sialylated, closely
reflecting the form secreted from astrocytes [48, 49]. Similar
contrasts in the degree of apoE glycosylation exist in other
mammalian species. For example, all apoE secreted by prima-
ry rat aortic smooth muscle cells is sialylated, as compared
with only 10% by rat hepatocytes [S0]. Despite being heavily
glycosylated in human brain tissue and CSF, murine brain
apoE is sparingly glycosylated.

The tissue-specific diversity of apoE glycosylation extends
to the specific sites of attachment. For human apoE in the
circulation, or overexpressed and secreted from cells, threo-
nine 194 was initially identified as the sole point of O-glycan
attachment [51]. This site is also occupied by O-glycans in
primary human macrophage apoE, together with a novel site,
Ser290 [52]. As this site is in the C-terminal lipid-binding
domain of apoE, it is possible that O-glycosylation regulates
the interaction of apoE with lipids. Thr194 and Ser290 also
represent the two major sites of glycosylation in the CSF
where additionally Ser296, S289, and the N-terminal sites
Thr8 and Thrl8 contain glycans [53, 54].

The diversity of apoE glycosylation is not limited to the
attachment site or glycan composition. In mice, apoE glycans
are of the N-linked type, attached at Asn130 [55]. Rather than
requiring the classical N-linked sequon Asn-X-Ser/Thr, murine
apoE glycosylation occurs at a rare non-canonical motif of Asn-
Glu-Val. The attached glycan structure is di-sialylated, as is
found in O-linked apoE [56]. The apoE sequence between ro-
dent species is closely related. Rat apoE also contains a non-
canonical Asn-Glu-Val sequon, suggesting N-glycosylation of
apoE may be a shared feature. To test this, we treated mouse, rat,
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human, and rabbit plasma with PNGaseF and examined the
effect on apoE molecular mass using Western blotting. Only
mouse plasma apoE was sensitive to PNGaseF treatment (Fig.
3), indicating that as for human apoE, the glycosylation of rat
and rabbit apoE is likely O-linked. Given the prominence of
mouse models in studies in lipid metabolism, atherosclerosis,
and neurodegeneration, the distinctive nature of murine apoE
glycosylation should be considered in particular when tissue-
and isoform-specific effects of apoE are described.

Despite advances in mass spectrometry and genetic manipu-
lation techniques providing an increasingly detailed portrait of
apoE glycan heterogeneity, the impact of this variation on its
biology and physiology remains unclear. An apoE mutant lack-
ing known O-glycosylation sites is efficiently translated and
secreted, as is apoE expressed in a mutant cell line defective in
O-linked glycosylation [51]. Interestingly, both the secretion and
glycosylation of human apoE are increased when macrophages
are treated with oleic acid [57]. When O-glycosylation of apoE
is prevented, the upregulation of its secretion by oleic acid treat-
ment is abolished. Others have indicated changes in apoE
sialylation and secretion. Chronic alcohol exposure decreased
apoE sialylation and secretion in rat macrophages and this was
linked to less efficient binding of desialylated apoE to HDL
[58]. In CSF, the terminal sialic acid at Thr194 significantly
enhances the binding of apoE to the amyloid3 1-42 peptide.
This effect is highly specific, as it did not affect the association
of apoE with the shorter, less toxic A3 1-40 peptide [59]. Others
have confirmed changes in glycosylation associated with in-
creased A342 deposition in a Niemann Pick mouse model
[60], suggesting that glycosylation may affect amyloid plaque
formation. Thus, while glycosylation does not play a strictly
essential role in the trafficking or secretion of apoE, it may act
as an important post-translational mechanism for “fine-tuning”
the final delivery of apoE in response to changes in extracellular
lipid levels and its interaction with receptors and other proteins.

apoE secretion
ApoE secretion from hepatocytes

Hepatocytes are the main producers of apoE in the body and
plasma apoE is primarily liver-derived. ApoE is secreted on
VLDL and in lipid-free form in the space of Disse. A large
proportion of apoE (up to 40%) is also bound to HSPGs at the
cell surface. While clearance via the LDLr can be mediated by
apoE from different sources, uptake via the LRP1 is solely de-
pendent on hepatic-produced apoE, whereby locally secreted
apoE in the space of Disse associates with remnants and facilitates
LRP1-mediated uptake [1]. Deficiency of apoE or apoE isoforms
with defective receptor binding lead to hyperlipidemia and the
development atherosclerosis which can be restored after reconsti-
tution of liver- or macrophage-specific apoE expression [1].

apoE secretion from monocytes
and macrophages

Although expressed at low levels in monocytes, it is not until
monocytes differentiate into macrophages that apoE expres-
sion increases and substantial amounts of apoE are secreted
[61, 62]. Macrophage subtypes vary qualitatively and quanti-
tatively in their secretion of apoE [63]. For example, apoE is a
major secretory product from resident peripheral tissue mac-
rophages but was minimally secreted from bacterially activat-
ed macrophages [64].

Circulating human monocytes are classified into classical
(CD14++CD16-), intermediate (CD14+CD16+), and non-
classical (CD14++CD16+) subsets [65]. In mice, two popula-
tions are recognized Ly-6Chigh and Ly-6Clow corresponding to
the classical and non-classical monocyte subpopulations, re-
spectively. Human macrophages are also commonly classified
as pro-inflammatory M1 and anti-inflammatory M2; however,
they display enormous plasticity and are able to switch between
phenotypes in response to their environment [65].

In humans, apoE secretion is largely restricted to classical
monocytes [40]. However, even within this population, phe-
notypical subpopulations exist. In contrast, in mice, non-
classical monocytes are the main producers of apoE [66,
67]. How this relates to functional differences between mouse
and human monocyte populations is unclear, but may have
important implications for interpreting the biological effect
of changes to monocyte populations in humans and in mouse
models of human disease (Table 1).

When exposed to cytokines, macrophages respond by
modulating the amount of apoE secreted from each cell and
the number of secreting cells [40]. As macrophages and T cells
secrete cytokines, secretion of apoE may change depending
on the local immune environment such as within atheroscle-
rotic lesions. In contrast, secretion of apoE from hepatocytes is
minimally affected by exposure to cytokines [40], suggesting
that inflammatory effects on apoE secretion are of particular
significance in tissues enriched with macrophages.

ApoE itself may affect macrophage phenotype. Bone
marrow-derived macrophages (BMDM) from apoE "~ mice
were found to be more M2 like than BMDM isolated from
C57BI6 mice [71]. Paradoxically, apoE can induce conversion
from M1 to the M2 phenotype through interaction with cellular
lipoprotein receptors [72], implying a novel anti-inflammatory
role for apoE mediated by macrophage phenotype. In microen-
vironments such as the atherosclerotic plaque, macrophage phe-
notype switching may be critical. As most studies investigating
macrophage phenotypes within atherosclerotic lesions have
used apoE knockout mice, this may be less relevant to condi-
tions where apoE is constitutively expressed.

ApoE also regulates monocyte production. apoE "~ mice
show progressive monocytosis and increased numbers of cir-
culating Ly-6C™€" monocytes [70]. Hyperlipidemic mice
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Table 1 Comparison of apoE expression/function between mice and humans
Cell type Mouse studies Ref Human studies Ref
Hepatocytes Stimulates VLDL production [68] Unknown
Inhibits VLDL lipolysis [68] Inhibits VLDL lipolysis [68]
Receptor-mediated lipoprotein uptake See review [1]  Receptor-mediated lipoprotein uptake® See review [1]
Affects atherosclerosis development [69] Affects atherosclerosis development” See review [1]
Monocytes/macrophages ~ Highest expression in non-classical monocytes [66] Highest expression in classical monocytes  [40]
apoE regulates monocytosis [70] Unknown
Affects M1-M2 conversion [71,72] Unknown
Affects plasma lipid levels [73] Unknown
Affects atherosclerosis development 3] Unknown
Adipocytes Mediates cell size, triglyceride content [74, 75] Mediates cell size, triglyceride content [76]
Mediates adipose inflammation (M2->M1) [8] Unknown
apoE deficiency protects against diet-induced obesity  [8, 77] Unknown
and insulin resistance
apoE4 protective against weight gain with increased  [9] apoE4 associated with insulin resistance [78]
insulin resistance compare to apoE3 only in obese male subjects
CNS Neuronal apoE protects against injury [10] Unknown

Role in neurodegenerative disease

See review [79]  Associated with neurodegenerative disease  [80]

#Mainly contributed to by hepatocyte-derived apoE. Partial contribution of apoE from extrahepatic origin (see Fig. 1)

expressing normal levels of apoE displayed 30% fewer mono-
cytes than their apoE-deficient counterparts [81], suggesting
that apoE controls monocyte production in the bone marrow.
Monocytosis was associated with hyperproliferation of mye-
loid progenitor stem cells, via autocrine action of HSPG-
bound apoE and the expression of the ATP-binding cassette
transporters ABCA1 and ABCGI. Recently, cellular apoE
expression in monocytes/macrophages was shown to induce
miR-146a, an important suppressor of NF-kB-driven inflam-
mation [66]. Systemic delivery of a miR-146a mimetic pep-
tide reduced macrophage activation and monocytosis, indicat-
ing that the effects of apoE on miR-146a may be biologically
important. In humans, monocytosis is associated with clinical
CVD [82], although there is presently no evidence that in
humans, this is regulated by apoE (Table 1). These studies
imply that apoE expression in monocyte/macrophages may
contribute to acute and chronic inflammatory diseases where
monocytosis occurs.

apoE secretion from adipocytes—a novel
metabolic role for adipose tissue-derived
apoE

Adipocytes express and secrete substantial amounts of apoE.
Expression is induced during differentiation with apoE being
undetectable in pre-adipocytes [83]. Studies in humans, mice,
rats, and baboons revealed higher expression of apoE in sub-
cutaneous fat than in visceral fat depots [84], although mac-
rophages within adipose tissue may also contribute to differ-
ences in apoE production. There is a clear role for endogenous
adipocyte apoE in regulating cell size, triglyceride content,
adipose-specific gene expression, and inflammation [74-76].
Adipocytes isolated from apoE '~ mice are smaller, show de-
creased adipogenic gene expression, and have decreased
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triglyceride and fatty acid content, relative to apoE-
competent mice [74, 76]. This phenotype can be reversed
but only partially by adenoviral transfection restoring hepatic
apoE expression, indicating a critical role for endogenous
apoE in adipocyte function [74, 76]. Interestingly, although
transplantation of apoE-expressing bone marrow into apoE~’
" mice inhibits dyslipidemia and atherosclerosis, transplanta-
tion of apoE-secreting adipose tissue does not [73].
Furthermore, transplantation of apoE-expressing bone mar-
row into obese apoE "~ mice inhibited dyslipidemia and ath-
erosclerosis but had no impact on adipose tissue expansion or
inflammatory status [85], indicating functional differences be-
tween macrophage- and adipocyte-derived apoE.

Selective suppression of adipose apoE secretion in the pres-
ence of normal circulating apoE levels in mice leads to in-
creased insulin sensitivity, decreased lipid storage in muscle
and liver, and shift from M1 towards M2 macrophages while
plasma lipid levels were unaltered, indicating systemic meta-
bolic and pro-inflammatory effects of adipose-derived apoE
[8]. A prodiabetogenic role for apoE is supported by observa-
tions in global apoE™~~ mice, which are resistant to diet-
induced obesity and have lower plasma glucose levels and
improved insulin sensitivity even on a diabetogenic diet
(Table 1). This has been linked to decreased delivery and
uptake of plasma lipids into adipose tissue and insulin target
tissues such as muscle in the absence of apoE. As apoE defi-
ciency in humans is extremely rare, these findings have not
been corroborated in man and thus far, no definite association
between plasma apoE levels and obesity or insulin resistance
has been established. An association between the apoE4 iso-
form and metabolic syndrome, including elevated plasma glu-
cose and insulin, has been observed but only in obese men
(Table 1). The precise role for apoE, especially adipose-
expressed apoE, in diet-induced obesity and insulin resistance
will need to be explored further.
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Fig. 4 Functional aspects of apoE in hepatocytes, monocytes/
macrophages, adipocytes, and cells in the CNS. Hepatic apoE affects
various aspects of lipid metabolism and regulates plasma lipid levels.
Deficiency leads to decreased lipoprotein clearance, while increased
hepatic expression leads to increased VLDL production. Macrophage
apoE has anti-inflammatory and immune-modulatory effects and affects
foam cell formation, all contributing to protection against atherosclerosis.

apoE secretion in the brain

A strong link between apoE and neurodegenerative dis-
eases is established, with the apoE4 polymorphism being
one of the main risk factors for the development of
Alzheimer’s disease (AD) [86]. The mechanism(s) is un-
clear but effects on amyloid 3 peptide metabolism, clear-
ance, aggregation, and deposition as well as Af3-
independent mechanisms and direct transcriptional effects
of apoE4 have been suggested. The structural and func-
tional differences between the apoE4 isoform and the two
other main isoforms, apoE2 and apoE3, have been exten-
sively reviewed by others [79, 87].

In the brain, apoE is synthesized and secreted mainly from
astrocytes, and to a lesser, extent neurons and microglia
[88-90], although not all astrocytes express apoE, suggesting
subtype-specific differences. Similarly, some but not all mi-
croglia increase apoE expression after activation [10].
Expression of apoE is increased during brain development,
and most areas of the brain express apoE [91]. ApoE

In adipocytes, apoE mediates cell size, tissue expansion, and adipocyte
differentiation and plays a role in adipose tissue inflammation and diet-
induced obesity. In the CNS, apoE is mainly secreted from astrocytes
delivering lipoproteins to neurons and plays a role in maintaining brain
integrity. ApoE secretion is highly increased after injury in astrocytes,
microglia, and neurons to provide neuroprotection and aid in repair

expression is also highly increased by injury in astrocytes, in
microglia, and in neurons [92].

It has been suggested that apoE derived from different cells
within the CNS has distinct physiological and pathophysio-
logical functions [10]. For example, while neuronal-derived
apoE4 stimulates parenchymal amyloid (3 plaque formation,
glial-derived apoE4 does not [92]. Similarly, astrocyte-
derived apoE4 has neuroprotective effects against excitotoxic
injuries whereas neuronal-derived apoE4 promotes
excitotoxic cell death [93]. The basis for these differences in
cell-derived apoE is not presently known.

It is unclear whether levels of apoE within the brain are
causally associated with neurodegenerative diseases such as
dementia and Alzheimer’s disease, with some, but not all,
studies demonstrating differences in apoE mRNA or protein
levels in different regions of the brain when diseased and
healthy brains were compared [94, 95]. Interestingly, signifi-
cant region-specific differences in the overall methylation of
apoE DNA in the brain have been reported recently, suggest-
ing regional epigenetic control of apoE [96].

@ Springer



368

J Mol Med (2018) 96:361-371

Modulation of apoE secretion by cellular
cholesterol status and the role of ABCA1

Cholesterol is an important component of membranes and
required for normal cell homeostasis. Cells can produce cho-
lesterol or acquire it from their environment by endocytosis of
cholesterol-rich particles. However, excessive cholesterol ac-
cumulation causes ER stress, and eventually apoptosis. In the
presence of an extracellular acceptor, export of excess choles-
terol can be mediated by ABCA1 and/or ABCG1. Although
lipid-free or lipid-poor apoA-I is the best characterized accep-
tor for cholesterol exported via ABCA1, apoE will also medi-
ate cholesterol removal through this pathway [35].

In vitro, cholesterol enrichment of macrophages increases
apoE transcription and secretion and this promotes cholesterol
efflux. However, macrophages isolated from high-fat fed mice
have indicated reduced apoE secretion compared to macro-
phages from chow-fed mice [97], suggesting that in vivo reg-
ulation of apoE secretion is subject to other regulatory mech-
anisms. Using a cell model in which there was no effect of
cholesterol on apoE transcription, we found that accumulation
of excess free cholesterol in the ER inhibited transport of apoE
from the ER to the Golgi [98]. This was reversed when excess
cholesterol was removed. In vitro, cholesterol enrichment of
cells can be achieved by various methods, which differentially
regulate apoE expression and secretion. We observed in-
creased apoE transcription and a modest increase in secretion
in primary human macrophages after cholesterol enrichment
using acetylated LDL, while delivery of cholesterol com-
plexed to cyclodextrin did not affect apoE synthesis and de-
creased apoE secretion (unpublished data). Heterogeneity
within pools of intracellular cholesterol has been well de-
scribed and these may play important and competing roles in
apoE secretion [99].

Cholesterol homeostasis is integral to normal brain func-
tion. Cholesterol and apoE are secretion from glial cells and
are ABCA1-dependent, forming nascent discoidal apoE-
containing HDLs. However, apoE is also secreted in an
ABCA1-independent, lipid-poor form which involves
recycling via the LDLr [100]. The mechanism underlying
apoE lipidation in the brain has been of much interest, as
lipidated apoE facilitates the removal of amyloid (3 peptides
while lipid-poor apoE stimulates the formation of amyloid
plaque [101]. Just as for glial cells, apoE secretion from neu-
rons [102, 103] involves ABCA 1-mediated cholesterol efflux
to apoE discs, which suppress amyloid precursor protein pro-
cessing. Recently, a loss-of-function mutation in ABCA/ was
associated with high risk of AD and cerebrovascular disease in
the general population [80]. As this mutation was associated
with 13% lower apoE levels, an apoE-mediated risk increase
was suggested. Stimulation of apoE production/secretion and
ABCA1-mediated lipidation are therefore sought after targets
for therapy against AD and neurodegenerative diseases.

@ Springer

Conclusions

Regulation of apoE production and secretion is remarkably
cell and tissue specific with many aspects of cell-specific reg-
ulation being unidentified. Considering the cell and tissue
specificity in apoE function related to atherosclerosis, obesity,
and neurodegenerative diseases (Fig. 4), understanding these
pathways is important to allow targeted therapies aiming at
cell-specific modulation of apoE to occur in the future.
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