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Apolipoprotein A-I: Insights from redox proteomics for

its role in neurodegeneration

Jeriel T. R. Keeney1, Aaron M. Swomley1, Sarah Förster1,2, Jessica L. Harris1,
Rukhsana Sultana1 and D. Allan Butterfield1

1 Department of Chemistry, Center of Membrane Sciences, Sanders Brown Center on Aging, University of
Kentucky, Lexington, KY, USA

2 Department of Biochemistry, Institute of Animal Sciences, University of Bonn, Bonn, Germany

Proteomics has a wide range of applications, including determination of differences in the pro-
teome in terms of expression and post-translational protein modifications. Redox proteomics
allows the identification of specific targets of protein oxidation in a biological sample. Using
proteomic techniques, apolipoprotein A-I (ApoA-I) has been found at decreased levels in sub-
jects with a variety of neurodegenerative disorders including in the serum and cerebrospinal
fluid (CSF) of Alzheimer disease (AD), Parkinson disease (PD), and Down syndrome (DS)
with gout subjects. ApoA-I plays roles in cholesterol transport and regulation of inflammation.
Redox proteomics further showed ApoA-I to be highly oxidatively modified and particularly
susceptible to modification by 4-hydroxy-2-trans-nonenal (HNE), a lipid peroxidation product.
In the current review, we discuss the consequences of oxidation of ApoA-I in terms of neu-
rodegeneration. ROS-associated chemotherapy related ApoA-I oxidation leads to elevation of
peripheral levels of tumor necrosis factor-� (TNF-�) that can cross the blood-brain barrier (BBB)
causing a signaling cascade that can contribute to neuronal death, likely a contributor to what
patients refer to as “chemobrain.” Current evidence suggests ApoA-I to be a promising diag-
nostic marker as well as a potential target for therapeutic strategies in these neurodegenerative
disorders.

Keywords:

Alzheimer disease / Apolipoprotein A-I / Neurodegeneration / Tumor necrosis factor-�

Received: August 15, 2012
Accepted: September 3, 2012

Correspondence: Professor D. Allan Butterfield, Department of
Chemistry, Center of Membrane Science, and Sanders Brown
Center on Aging, 249 Chemistry-Physics Building, University of
Kentucky, Lexington, KY 40506, USA
E-mail: dabcns@uky.edu
Fax: +1-859-323-1464

Abbreviations: A�, amyloid beta-peptide; ABCA1, ATP-binding
cassette protein A1; AD, Alzheimer disease; AIPC, 2,2-azobis(2-(2-
imidazolin-2-yl)propane)-dihydrochloride; APP, amyloid precur-
sor protein; BBB, blood-brain barrier; CSF, cerebrospinal fluid;
DD, death domain; DOX, doxorubicin; DS, Down syndrome;
EAAT2, excitatory amino acid transporter 2; FTP, fuel transport
pathway; HDL, high-density lipoprotein; HNE, 4-hydroxy-2-trans-
nonenal; I�B, inhibitor of �B; IKK�, inhibitor of �B kinase �; JAK2,
Janus kinase 2; JNK, c-jun NH2-terminal kinase; LCAT, Lecithin-
cholesterol acyltransferase; LDL, low-density lipoproteins; MAPK,
mitogen-activated protein kinase; MAPKKK, mitogen-activated
protein kinase kinase kinase; NF-�B, Nuclear factor kappa-B; PD,
Parkinson disease; PKA, protein kinase A; PKC, protein kinase
C; RCT, reverse cholesterol transport; RIP, receptor-interacting

1 Introduction

Proteomics opens new possibilities in the search for poten-
tial biomarkers as the “proteome” describes the entity of all
proteins expressed at a certain time point. Since proteins are
involved in many cellular functions, changes in the proteome
occur in diseases, and the comparison of “healthy proteome”
with “disease proteome” might lead to the discovery of diag-
nostic markers and also possibly point to new targets for re-
search and therapy [1–3]. Biomarkers showing changes early
in disease progression could help to start treatment even be-
fore first clinical changes occur and therefore might help
delay or even prevent disease progression. In addition, the
availability of biomarkers in readily accessible samples like

protein; RNS, reactive nitrogen species; TNF-�, tumor necrosis
factor-�; TRADD, TNF-receptor-associated death-domain; TRAF2,
TNF receptor-associated factor 2; VLDL, very-low density lipopro-
teins
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blood or cerebrospinal fluid (CSF) also could lead to their
use in monitoring disease progression or drug/treatment ef-
ficacy. A few limitations still apply to most proteomics stud-
ies, since differences in subject selection, sample preparation,
and analysis techniques used could lead to conflicting results.
In addition, often proteomics-based biomarker studies use
only a small number of samples, which lead to preliminary
results that need to be verified using different methods and
confirmed with larger sample sets. Still, Taurines et al. boldly
suggested that proteomics could allow personalized therapies
based on each individual’s proteome to be developed [4].

Proteomics allows examination and comparison of all de-
tectable proteins in a sample of interest to determine relative
amounts of proteins present. Proteins regularly undergo a
variety of PTMs for activation, deactivation, and in order to
perform their biological functions. Protein dysfunction can
occur when reactive oxygen and reactive nitrogen species
(ROS, RNS) cause aberrant oxidative and nitrosative changes
to proteins altering their structure and function [5] termed as
oxidative/nitrosative stress. Commonly used indices of oxida-
tive damage to protein include carbonylation, tyrosine nitra-
tion, and binding of reactive alkenals [6]. Redox proteomics
combines expression proteomics techniques with those of
oxidative stress measures to allow determination of specific
oxidative changes to a protein of interest and provide insight
into disease mechanisms [6–10].

Using expression and redox proteomics, a number of pro-
teins has been found to be altered in neurodegenerative dis-
orders. In this review, we focus our discussion on apolipopro-
tein A-I (ApoA-I), as this protein has been found to be altered
in expression or specific oxidation in the neurodegenerative
disorders, Alzheimer disease (AD), Parkinson disease (PD),
Down syndrome (DS), and in cancer patients post chemother-
apy (Table 1) with ROS producing chemotherapeutic agents.
ApoA-I may play a role in other neurodegenerative disorders
as well as Hansson et al. showed an increase in proapolipopro-
tein A-I in frontotemporal dementia [11].

ApoA-I is a multifunctional apolipoprotein that plays
a variety of roles in human physiology among which
are cholesterol transport and regulation of inflammation.
Through the ATP-binding cassette protein A1 (ABCA1),
ApoA-I serves as the primary lipid acceptor protein for
lipids such as cholesterol and phosphatidylcholine as they
are effluxed from the lipid bilayer [12] as part of the high-
density lipoprotein (HDL) complex taking excess cholesterol
from tissues [13]. HDL is associated with a reduced risk
of atherosclerosis through intervening in either lipoprotein
and cholesterol metabolism or modulation of inflammatory
processes [14].

In addition to its role in reverse cholesterol transport
(RCT), ApoA-I has been reported to have antioxidant and anti-
inflammatory properties and other studies have reported de-
creased serum ApoA-I with inflammation [15] and increased
ApoA-I levels in CSF after brain injury [16]. As described
further below, redox proteomics has identified ApoA-I as ox-
idatively modified in the amniotic fluid of mothers carrying

a DS fetus and in plasma of persons subjected to ROS/RNS
as a result of chemotherapy.

2 Cholesterol and its transport

Cholesterol is predominantly an amphipathic molecule
which is dominated by its hydrophobic sterol ring that allows
for the insertion of cholesterol into the bilayer, yet is able
to maintain its proper orientation due to the hydrophilic 3�-
hydroxyl group present in the molecule. Cholesterol has been
found to play a major stabilizing role, reducing membrane
lipid bilayer fluidity and increasing turgidity. Cholesterol is
also well known to play a role in bile acid production and
steroid hormone synthesis while much more recently choles-
terol has been implicated in the formation of micro-signaling
domains called lipid or membrane rafts [17–22].

Because cholesterol is centrally stored in the liver, there
must be a mechanism in place for the transport of cholesterol
to and from the cells that require it. Due to the fact that the
majority of the surface area of cholesterol is hydrophobic in
nature, transport of cholesterol through the aqueous blood
supply is facilitated by a group of proteins called lipoproteins.

Lipoprotein subclasses are classified based on their
hydrated density into five main groups (chylomicrons,
very-low density lipoproteins (VLDL), intermediate density
lipoproteins, low-density lipoproteins (LDL) and high-density
lipoproteins (HDL)) that may also differ in the relative size
as well as the overall lipid and apolipoprotein content [23].
Predominantly important to this discussion is the ability of
apolipoproteins to direct the action of lipoproteins through
direct interaction with other cell types by way of membrane
lipoprotein receptors.

There are three main ways in which cholesterol and triglyc-
erides are mobilized throughout the body: the fuel transport
pathway (FTP), the over-flow pathway, and RCT. In order to
move triglycerides from the liver for use in peripheral tis-
sues, the FTP employs both chylomicrons as well as VLDL
using an array of apolipoproteins such as ApoA-I, A-II, A-
IV and A-V, apoB48 and B100, apoC-I, C-II, and C-III, and
apoE [22–24]. Once in the periphery, lipoprotein lipase acts
on chylomicrons to release fatty acids to cells while returning
apolipoproteins to nearby HDL particles. VLDL particles re-
main partially intact after interaction with lipoprotein lipase,
and the resulting VLDL remnants are returned by LDL recep-
tors that bind apolipoprotein E (apoE). As a result of excessive
remnant generation by the FTP, an increase in LDL, which
has been referred to as an extracellular cholesterol depot, can
accumulate in the blood supply, a process that has been linked
to atherosclerosis. To combat this increase in LDL, the over-
flow pathway is in place to metabolize LDL using apoB100,
the predominant apolipoprotein in LDL, that interacts with
the apoB/E LDL receptor and causes the internalization of
the LDL particles [23].

The RCT system comprises the metabolism of HDL and
the subsequent transport of cholesterol from the periphery
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Figure 1. Oxidatively modified ApoA-I.
The left-hand side of the figure depicts
an HDL particle with bound ApoA-I that
has not undergone oxidative damage, and
as shown, is able to function normally
interacting with LCAT, peripheral ABCA1
and scavenger receptor BI (SRB-1). The
right-hand side of the figure displays an
HDL particle that has undergone exten-
sive oxidative modification on ApoA-I, a
process that has been shown to nega-
tively affect the ability of the HDL parti-
cle to interact peripherally with ABCA-1,
LCAT, and SRB-1. This loss of function of
ApoA-I has many consequences such as
impaired ABCA1 signaling and cholesterol
deposition to HDL, impaired cholesterol to
cholesteryl conversion by LCAT, and the in-
ability to dock with SRB-1. See text.

back to the liver, and because of this role, HDL levels have
been found to have an inverse relationship with cardiovascu-
lar disease [25–27]. The primary apolipoprotein component
of HDL is ApoA-I, responsible for the free cholesterol load-
ing of HDL from cells by binding to ABCA1 as well as the
secretion of apoE, which stimulates lecithin-cholesterol acyl-
transferase (LCAT) activity [22, 28] (Fig. 1). Once loaded, the
cholesterol is esterified by LCAT, producing cholesteryl esters
and transforming HDL to HDL3. HDL3 can then function to
interchange the cholesteryl esters and apolipoproteins A, C,
and E for triglycerides from lipoproteins, in which triglyc-
erides are abundant, forming HDL2 that can subsequently
deposit the cholesteryl esters into the scavenger receptor BI
at the liver [23, 24]. Interestingly, in bovine aortic endothe-
lial cells oxidative modification of HDL, likely on ApoA-I, by
myeloperoxidase was sufficient to decrease HDL interaction
with SR-B1 as well as induce a pro-inflammatory state via

tumor necrosis factor-� (TNF-�) induced expression of the
vascular cell adhesion molecule 1 protein as well as nuclear
factor kappa-B (NF�B) activation [29].

3 HNE modification of ApoA-I

ApoA-I is particularly susceptible to modification by lipid per-
oxidation products such as the reactive aldehydes, 4-hydroxy-
2-trans-nonenal (HNE) and acrolein. Electrophilic sites on
these reactive aldehydes may be attacked by nucleophilic
centers like those in the amino acid side chains of histi-
dine (H), lysine (K), or cysteine (C) to form covalent adducts
that have been shown to alter both the structure and func-
tion of proteins [30–33]. Liebler et al. [34] found ApoA-I to
be highly modified by free radical oxidation using a novel
biotin-modified linoleoyl glyceryl phosphatidyl choline probe

C© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.clinical.proteomics-journal.com
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(PLPBSO). Free radical oxidation of human plasma contain-
ing the probe produced covalent Michael-adducts to plasma
proteins. These proteins were identified and phospholipid-
binding sites mapped using LC-MS/MS on streptavidin-
purified proteins [31, 34].

To determine potential binding sites, human plasma
was oxidized using 2,2-azobis(2-(2-imidazolin-2-yl)propane)-
dihydrochloride (AIPH), a compound known to produce
reactive aldehydes upon oxidation of the PLPBSO probe. In
independent experiments, HNE was added in varying con-
centrations directly to isolated HDL. The formation of HNE
adducts on ApoA-I was found at an increasing number of sites
and with increasing frequency as concentrations of either
AIPH in plasma or HNE in isolated HDL were increased [34].
These sites include H162, H193 at HNE concentrations of
1uM; H155 at 10uM; H135, H199, K208, K94, K96; and K107,
K238, K12, K23 at 1000 uM. At low concentrations of AIPH
or HNE, respectively, HNE modifications on ApoA-I were
found that included H162, located in a key functional region
of ApoA-I [34]. Oxidative modification of H162 on ApoA-I
may disrupt the maturation of the HDL complex by struc-
tural changes in the ApoA-I domain responsible for activa-
tion of LCAT which, as discussed, converts free cholesterol to
the more hydrophobic cholesteryl esters for packaging in the
formation of HDL particles (Fig. 1).

4 ApoA-I and ABCA1 interaction and
subsequent signaling

The binding of ApoA-I to ABCA1 has been shown to have a
major role in RCT and the exporting of free cholesterol from
cells for return to the liver, a process believed to be of crucial
importance for anti-atherosclerosis [26, 35]. More recently,
this interaction has been found to affect many areas of cellular
processes, including not only direct cellular cholesterol and
phospholipid efflux, but also various cell signaling pathways
that may turn out to have more far reaching effects than were
first thought.

Aside from the activation of Rho GTPases such as Cdc42,
Rho, and Rac, small G-proteins that are responsible for the re-
organization of cytoskeletal architecture, as well as the direct
binding of calmodulin, the binding of ApoA-I and ABCA1
has been shown to cause the activation of Janus kinase 2
(JAK2). This activation has been implicated in the majority
of the lipid transport conducted by ABCA1, a process that is
significantly impaired when in the presence of JAK2-specific
inhibitors [36–41]. Interestingly, STAT3 also has been shown
to be active post ApoA-I/ABCA1 interaction to decrease the
secretion of inflammatory cytokines in macrophages, a pro-
cess linked to anti-inflammation [42–44].

In addition to JAK2/STAT3 activation, the ApoA-I/ABCA1
interaction has been shown to activate both protein kinase A
(PKA) and protein kinase C (PKC). PKA is activated by in-
creased cyclic-adenosine monophosphate by the activation of
adenylyl cyclase through G�s coupling with ABCA1. The re-

sult of PKA activation is the phosphorylation of ABCA1 and a
subsequent increase in ApoA-I lipidation, a process blocked
by specific PKA inhibition [26,45–47]. PKC on the other hand
is activated as a result of an initial depletion of free choles-
terol, phostphatidylcholine, and sphingomyelin from the cell
membrane by ApoA-I/ABCA1 interaction. This later interac-
tion stimulates phosphatidylcholine-specific phospholipase C
activity resulting in an increase of both phosphatidylcholine
as well as diacylglycerol, a major activator of PKC. The activa-
tion of PKC not only leads to the phosphorylation of ABCA1,
a process believed to increase the lifetime of ABCA1 via pro-
tection from degradation, but also increases cholesterol. The
interaction of PKC-� with specificity protein-1 controls the
expression level of ABCA1 [26, 48–50].

From the above, it is apparent that ApoA-I–ABCA1 inter-
action is a critical event that, if impaired through damage such
as oxidative stress, could have much larger ramifications than
simply cholesterol and fatty acid efflux impairment, i.e. may
affect a large array of cellular processes directly or tangen-
tially related to the activation or inactivation of this important
intracellular signaling processes.

In the context of atherosclerosis, increased oxidative
modification of ApoA-I mediated by myeloperoxidase led
to decreased ABCA1-dependent cholesterol efflux from
macrophages [51] as well as impaired activation of LCAT [52].
A possible, albeit weak, link has been established between a
polymorphism of the ApoA-I gene negatively affecting HDL
function and cognitive decline [53]. Overall, current evidence
suggests ApoA-I to be a promising diagnostic marker as well
as a potential target for therapeutic strategies.

5 TNF-� signaling, inflammation, and
apoptosis

TNF-� is a multifunctional cytokine with involvement in path-
ways including pro-apoptotic, anti-apoptotic, inflammatory
response, and immune function regulation and has been im-
plicated in a large variety of diseases such as rheumatoid
arthritis, Crohn’s disease, and AD. Within the CNS, TNF-
� has both neuroprotective and neurotoxic roles facilitating
both necrosis and caspase-mediated apoptosis [54–56]. TNF-
� is normally found in low levels in healthy brain, but can
be found at high levels in cerebral and transient ischemic
attacks, and in aged human brains [57, 58].

Extracellular TNF-� binds and activates two main recep-
tors, TNFR1 (p55) and TNFR2 (p75) that are responsible for
mediating the intracellular cytokine activity. Because the two
receptors lack metabolic activity, they must recruit and bind
intracellular proteins in order to transduce the signal initiated
by TNF-�. TNFR1 and TNFR2 are single transmembrane gly-
coproteins with similar extracellular structures, yet differ in
their intracellular domains [59].

TNFR1, also known as the death receptor, has an intra-
cellular death domain (DD) consisting of 80 amino acids and
is located near the carboxy-terminus [59]. Silencer of death
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domain is responsible for binding and silencing the DD of
inactive TNFR1 and dissociates upon receptor activation facil-
itated by TNF binding to its extracellular domain. Dissociation
of silencer of death domain from the DD of TNFR1 allows
the binding of the adaptor protein, TNF-receptor-associated
death-domain (TRADD), and its subsequent recruitment of
additional proteins to the receptor, as demonstrated by the
interaction between TNF receptor-associated factor (TRAF2)
and receptor-interacting kinase (RIP). TRADD-dependent re-
cruitment of proteins to TNFR1 allows the initiation of the
following three main pathways: NF�B activation, mitogen-
activated protein kinase pathway activation, and caspase-
mediated apoptosis.

NF�B is a heterodimeric transcription factor responsible
for a large variety of cellular responses under stress and anti-
apoptotic actions. Inactive NF�B is sequestered in the cyto-
plasm by inhibitor of �B, which dissociates upon its phos-
phorylation at two serine residues by inhibitor of �B kinase
� (IKK�). Recruitment and activation of IKK� to TNFR1
is dependent on the presence of TRAF2 and RIP, respec-
tively [60, 61]. Once NF�B is released from the inhibitory
subunit, inhibitor of �B, it may then translocate to the nu-
cleus and induce the gene expression of its downstream anti-
apoptotic proteins. Within the CNS, this anti-apoptotic NF�B
pathway, activated through TNF-�, generally has neuropro-
tective roles [62].

Of the three main mitogen-activated protein kinase path-
ways, the stress related and pro-apoptotic c-jun NH2-terminal
kinase (JNK) cascade is most strongly stimulated by the
TNFR1/TRADD/TRAF2 complex [63]. The recruited TRAF2
protein is believed to be responsible for activation of a
mitogen-activated protein kinase kinase kinase, for example,
apoptosis-stimulated kinase 1 [64]. Stimulation of a variety
of mitogen-activated protein kinase kinase kinases can lead
to the activation of a cascade of kinases that ultimately re-
sult in JNK activation. Once activated, JNK translocates to the
nucleus where it then may phosphorylate and subsequently
activate the pro-apoptotic transcription factor c-Jun.

Stimulation of caspase-mediated apoptosis by the TNF-
�-activated TNFR1 receptor involves the recruitment and
binding of fas-associated death domain to TRADD. The
TNFR1/TRADD/fas-associated death domain complex then
recruits and activates the cysteine protease caspase-8, which
leads to the activation of caspase-3, the executioner of apop-
tosis. The mentioned pro-apoptotic caspase cascade and anti-
apoptotic NF�B pathway both play negative regulatory roles of
one another; caspase-8 and caspase-3 inhibits RIP and IKK�,
respectively, and the NF�B-transcribed cellular inhibitor of
apoptosis protein 1 and 2 inhibits both caspase-8 as well as
caspase-3.

TNFR2, the less understood of the two TNF-� receptors,
lacks a death domain and currently appears to have a stronger
anti-apoptotic role than TNFR1. TRAF2 was initially recog-
nized as a signal transduction protein of TNFR2, in which
it may bind directly to the receptors intracellular domain of
this receptor. In contrast to TNFR1 where TRAF2 indirectly

interacts with the TNFR2 receptor by binding to the adap-
tor protein TRADD. Through direct interaction with TRAF2,
TNFR1 is able to stimulate the anti-apoptotic transcriptional
factor, NF�B.

An excitotoxic effect of excessive synaptic glutamate is pro-
moted by the collaboration of TNF-� receptors located on the
surfaces of microglia and astrocytes. Activation of microglial
TNF-� receptors leads to the upregulation of the glutamate
generating enzyme glutaminase and subsequent extracellu-
lar release of excess glutamate through hemichannels [65].
Extracellular TNF-� also has been found to stimulate the
generation of microglial TNF-� [66], increasing its extracel-
lular levels. In astrocytes, TNFR1-associated caspase 3 and
NFkB pathways work to decrease the reuptake of synaptic
glutamate by respectively inactivating and reducing the ex-
pression of the influx transporter, excitatory amino acid trans-
porter 2 (EAAT2), from the membrane of astrocytes [67–69].
EAAT2 is an important part of the glutamine shuttle, respon-
sible for the reuptake of glutamate from the synaptic cleft
and into astrocytes, where it can be converted to its inactive
form of glutamine. The TNF-�-associated downregulation of
EAAT2 activity and increased generation and release of gluta-
mate from microglia puts neurons in danger of excitotoxicity
caused by high extracellular levels of glutamate.

Within neurons, TNF-�-mediated activation of TNFR1
contributes more directly to neuronal cell death through ac-
tivation of the caspase-mediated apoptosis cascade described
earlier [70]. Neuronal TNFR1 also has influence over Ca2+-
mediated cell death by increasing the membranous expres-
sion of iontropic glutamate receptor AMPA, through the ac-
tivation of IP3 [71]. The increased expression of ligand gated
ion channel AMPA is yet another factor into the excitotoxic
effect of high synaptic glutamate levels. Further jeopardizing
neuronal survival is the TNF-�-mediated decrease of surface
receptor GABAA, responsible for inhibitory effects that work
to counteract the excitatory effect of glutamate [71].

Through activated TNF-� receptors on microglial, astro-
cyte, and neuronal cell surfaces, TNF-� is able to directly and
indirectly contribute to neuronal cell death. These neurotoxic
effects of TNF-� help highlight the cytokine’s role in a va-
riety of neurodegenerative diseases, including Alzheimer ’s
disease. Such processes are likely involved in chemotherapy-
induced cognitive decline [72].

6 ApoA-I and cholesterol involvement
in AD

Alzheimer disease, first described in 1907 by Alois Alzheimer,
is a progressive neurological disorder characterized by cog-
nitive deficits and memory decline [73]. Histopathological
hallmarks of AD are loss of neurons, intracellular neurofibril-
lary tangles containing hyperphosphorylated tau protein [74]
as well as extracellular senile plaques consisting of a core of
amyloid beta-peptide (A�) surrounded by dystrophic neurites
[75]. A� peptides are derived through sequential proteolytic
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processing of the amyloid precursor protein (APP) [76], a
protein encoded by a single gene on chromosome 21 [77,78].
Oxidative stress and inflammatory responses are also thought
to play major roles in the pathogenesis of AD, and a number
of oxidized proteins as well as activated microglia have been
found in brain regions affected by AD [79–81] which lead to
new insights into AD as a multifactorial disease.

Less than 5% of AD cases are associated with specific
mutations, with most of these occurring within the genes en-
coding APP or the presenilin proteins. However, the majority
of AD cases are sporadic, although allele 4 of the apoE protein,
which plays a role in cholesterol metabolism and has been
shown to bind to A�, has been identified as a strong risk fac-
tor [82, 83]. Increasing evidence supports an important role
of lipids in neurodegeneration. A number of studies have fo-
cused on the link between cholesterol and AD, for example,
showing that high serum cholesterol levels are associated with
the disease [84,85]. Amyloidogenic APP processing has been
shown to take place in lipid rafts, cholesterol-rich regions of
the membrane [86], and the binding of cholesterol to APP
affects its proteolytic cleavage. The various APP degradation
products like A� in turn affect the interaction of cholesterol
with LDL or apoE, respectively [87] leading to the conclu-
sion that APP and/or its cleavage products may influence
cholesterol homeostasis [82]. The statin drugs are primarily
used to treat hypercholesterolemia, lowering blood choles-
terol levels by inhibiting the HMGCoA reductase needed for
cholesterol synthesis. However, extensive evidence supports
the notion that statin treatment lowers risk of developing
AD [88–91], though recent evidence shows atorvastatin has
beneficial pleiotropic effects independent of cholesterol low-
ering [92–95].

While ApoA-I’s role in RCT in the periphery is well known,
its function in the nervous system and its implications in
AD remain to be elucidated. Many studies have shown de-
creased levels of ApoA-I in the plasma or serum of AD pa-
tients as compared to healthy controls [96–98]. In a longitu-
dinal study, decreased risk of dementia was associated with
increasing ApoA-I concentrations [99] while lowered ApoA-I
concentrations in AD patients were correlated with more se-
vere cognitive impairment [97]. Early studies of CSF showed
no significant decrease of ApoA-I levels between AD and con-
trol patients [100], and it was proposed that this was due to
the housekeeping function of the blood brain barrier (BBB)
or an increase of ApoA-I passage into the CSF [97]. How-
ever, more recent proteomics studies showed significantly
reduced levels of ApoA-I in the CSF of AD patients com-
pared to controls [101, 102]. It seems plausible that ApoA-
I levels are maintained or even increased in the CSF in
early disease stages but then decrease with the progression
of the disease as seen in blood samples from AD patients
[96–98].

More research on this possible connection of ApoA-I lev-
els and AD is needed since ApoA-I has been implicated in
APP/A� metabolism via different mechanisms. The find-
ings that ApoA-I binds to A� [103], is present in senile

plaques [104], and has been shown to prevent �-sheet or-
ganization and A�-iduced toxicity in vitro [105] strengthen a
possible role of ApoA-I in AD pathology. Concordantly, in a
mouse model of AD ApoA-I overexpression prevented learn-
ing and memory deficits, while ApoA-I deficiency increased
memory deficits [106, 107]. Interestingly, ApoA-I depletion
did not affect parenchymal A� load but did significantly in-
crease levels of vascular amyloid deposition [107]. Cognitive
decline has been correlated to soluble A� oligomers rather
than to insoluble A� plaques [108, 109]. Therefore, binding
of A� to ApoA-I might facilitate A� efflux from the brain,
thereby preventing A� oligomerization and toxicity. In an
in vitro study, ApoA-I was shown to inhibit A� aggregation,
and the effective ApoA-I/A� ratio was lower than the ratio
in the CSF indicating that under normal conditions with no
ApoA-I decline, ApoA-I may prevent A� aggregation in vivo
as well [107].

7 ApoA-I and DS

ApoA-I is implicated in DS. DS, or trisomy 21, one of the most
common chromosomal disorders leading to mental retarda-
tion, is caused by a full or partial triplication of chromosome
21 as first discovered by Lejeune et al. in 1959 [110, 111]. DS
patients have a high risk of developing AD [112] since the
gene-encoding APP is localized on chromosome 21. Older
DS patients develop AD-like pathology and dementia, and
studies have shown the presence of senile plaques and NTFs
in DS brains [113]. In addition, oxidative stress plays a ma-
jor role in DS [114, 115]. Increased oxidative stress, indexed
by ROS and lipid peroxidation, has been shown in DS neu-
rons [116]. A recent study also showed a significant increase
in oxidation markers in amniotic fluid of women carrying DS
fetuses compared to that of women carrying chromosoma-
lly normal fetuses [117]. As mentioned above, oxidation can
affect the structure and function of a protein, and oxidized
proteins are often targeted for degradation [5]. However, ox-
idation can also lead to the aggregation and cross-linking of
proteins which then might become resistant to degradation
and start forming pathological deposits associated with cell
damage [118].

In search of reliable diagnostic markers, ApoA-I levels
have been shown to decrease in plasma and serum of women
carrying a DS fetus [119–121]. In addition, decreased ApoA-I
levels were found in the serum of DS patients with gout [122].
However, two recent studies showed an increase in the levels
of ApoA-I preproprotein in amniotic fluid and of ApoA-I in
serum of woman carrying DS fetuses compared to controls,
respectively [123, 124]. These contradicting results show that
ApoA-I levels are affected in DS but more studies are needed
before ApoA-I could be considered a reliable marker.

Using redox proteomics, ApoA-I, among other proteins,
was found to be significantly more oxidized in amniotic fluid
of women carrying a DS fetus [117]. As mentioned above,
oxidation affects functions of ApoA-I negatively and, being
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the major HDL lipoprotein, oxidative modifications of ApoA-
I would also affect functions of HDL.

8 ApoA-I and PD

Parkinson disease, like AD, is an age-related neurodegener-
ative disease and its pathological hallmarks include progres-
sive loss of dopaminergic neurons in the substantia nigra,
pars compacta, and formation of Lewy body inclusions in the
cytoplasm of neurons [125]. Additionally, oxidative stress has
been implicated in the disease, and increased levels of DNA,
lipid, and protein oxidation markers were found in brain of
PD subjects [126–131].

In a recent proteomics study of CSF samples from PD
patients and healthy controls, ApoA-I was shown to be differ-
entially expressed. Using 2D-DIGE an ApoA-I isoform was
shown to be downregulated while a different ApoA-I isoform
was upregulated in PD [2]. In addition, Wang et al. 2010 found
pro-apolipoprotein, the immature precursor of ApoA-I, was
upregulated in PD as well. Western blot analysis performed to
confirm these results showed significantly upregulated ApoA-
I levels in CSF [2].

These conflicting results point out one of the strengths of
2D approaches versus Western blotting: A protein could show
a certain change in expression, for instance an increase, when
probing with a specific antibody when actually this overall in-
crease might be due to changes in the expression of different
isoforms that might even include decreased expression of
a certain isoform. However, other proteomics studies have
shown decreased ApoA-I levels in CSF and serum from PD
patients compared to healthy controls [132,133]. While ApoA-
I expression in severely affected PD patients was still lower
than that in the control group, ApoA-I levels were consider-
ably lower in early disease stages [133]. Samples from patients
with different PD severities could possibly explain the incon-
sistency of the results of the different studies. Additionally,
the small number of samples per group does not allow for
generalization and require larger sample analysis. Nonethe-
less, the finding of ApoA-I as a possible disease marker for
PD proposes a possible link between PD and cholesterol [2].

9 Apo A-I and chemotherapy-induced
cognitive dysfunction

Redox proteomics [9] provided new insights into mechanisms
involved in chemotherapy-induced cognitive dysfunction [72],
is found in up to 75% of breast cancer survivors [134]. Given
that nearly 50 percent of FDA-approved chemotherapeutic
agents are associated with ROS, a significant proportion of
the current 12 million cancer survivors in the United States
likely show symptoms of cognitive dysfunction.

Oxidative modification of ApoA-I has been implicated in a
cascade of events involving elevation of inflammatory species
leading to chemotherapy-induced cognitive dysfunction [72].

Chemotherapy patients often complain of noticeable memory
impairment as well as cognitive decline following chemother-
apy, an ailment described by patients with the term “chemo-
brain”, with symptoms that persist sometimes for years post
treatment. The anthracycline, doxorubicin (DOX), used to
treat a variety of solid tumors and leukemias often as part of
multidrug chemotherapy regimens, leads to the production of
ROS and RNS [72,135,136] that can damage biomolecules in-
cluding proteins, lipids, and DNA [137–139]. A quinone in the
DOX structure undergoes redox cycling to the semiquinone,
accepting a single electron from an oxidant potentially in-
volving NADPH oxidases, Fe2+, Cu+, or cytochrome P450.
In the presence of molecular oxygen, the quinone is re-
formed by transferring the extra electron to oxygen produc-
ing the superoxide radical anion. Superoxide can damage
biomolecules directly or indirectly through formation of other
ROS/RNS [140].

Oxidative stress analysis of plasma samples from human
patients treated with DOX showed global elevation of plasma-
protein carbonylation compared to plasma samples from the
same persons prior to DOX administration. A subset of these
patients also showed elevated plasma-protein-bound HNE, a
lipid peroxidation byproduct of arachidonic acid [72,139,140].

Our group hypothesized that the oxidative damage to
plasma resident ApoA-I, as a result of ROS/RNS induced
by DOX and other chemotherapeutic agents, leads to periph-
eral elevation of the inflammatory cytokine, TNF-�, which, as
mentioned above, crosses the BBB [141, 142] via TNFR1 and
TNFR2 endocytosis and activates distant receptors located in
the CNS. In brain, TNF-� was shown to lead to biomolecule
and mitochondrial damage, and neuronal death, and cog-
nitive decline in these cancer patients is proposed to result
from such changes [72, 143, 144] (Fig. 2). An activated T-cell-
monocyte contact interaction results in monocyte production
of TNF-�. ApoA-I inhibits TNF-� release either by inhibition
of the monocyte–macrophage contact interaction or by in-
teraction with ABCA1 [13, 44]. We showed, based on redox
proteomic evidence, elevated oxidative alterations of ApoA-I
induced by protein carbonylation and protein-bound HNE in
the plasma of chemotherapy patients, results that were con-
firmed in DOX-treated mouse models compared to saline-
treated controls [72]. Once oxidized, ApoA-I loses the ability
to inhibit the monocyte–macrophage interaction thereby al-
lowing increased TNF-� release [72]. Despite the inability of
DOX or its metabolites to cross the BBB, through ApoA-I
oxidation, DOX increases levels of TNF-� in the periphery
that can migrate in the bloodstream to the brain and other
tissues and stimulate local inflammation and oxidative stress
leading to apoptosis and, potentially, the deleterious cognitive
effects experienced by chemotherapy patients [72,143]. Once
in the CNS, TNF-� activates astrocytes, specifically microglia,
elevation of iNOS is induced causing damage to mitochon-
drial MnSOD, leading to a cascade involving cytochrome C,
caspase 3, and cell execution [144]. Anti-TNF-� antibody pre-
vents these effects [143]. Sustained activation of microglia can
lead to long-term elevation of TNF-� in the CNS [145, 146].
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Figure 2. Proposed TNF-� model in this proposed model, periph-
eral doxorubicin redox cycling between the quinone and semi-
quinone states within the circulatory system produces the reac-
tive oxygen species superoxide (O2

.−) in abundance (Box 1) that
oxidatively modifies ApoA-I on HDL particles (Box 2). This modi-
fied ApoAI is no longer able to inhibit the monocyte/macrophage
interaction (Box 3) and because of this, TNF-� is produced. TNF-�
is subsequently able to cross the BBB (Box 4) and activate mi-
croglia initiating the production of a host of pro-inflammatory
mediators ultimately leading to central TNF-� production as well
as increased ROS/RNS (Box 5), which damage neurons and ulti-
mately lead to neuronal death (Box 6). See text.

10 Conclusions and discussion

Redox proteomics identified ApoA-I as a key protein involved
in DS and in potential mechanisms of “chemobrain.” This,
in turn, led to more biochemical studies to interrogate the
role of ApoA-I in TNF signaling. This article reviews the key
roles played by ApoA-I in cholesterol metabolism, efflux, and
transport, inflammation, and neurodegeneration. Oxidative
PTM of ApoA-I results in dysfunctional cholesterol process-
ing, dysregulation of inflammatory processes, and neurode-
generation, ultimately, learning and cognitive decline. ApoA-I
has been found at altered levels and oxidatively damaged in
such neurodegenerative disorders as AD, PD, frontotemporal
dementia, and DS as well as in the plasma of cancer patients
post chemotherapy.

DOX-related ApoA-I inhibition results in the elevation of
peripheral TNF-� levels. Unlike DOX, peripherally generated
TNF-� can cross the BBB via TNFR1 and TNFR2 endocyto-
sis and activate distant receptors located in the CNS. Within
the CNS, both TNF-� receptors, TNFR1, and TNFR2, are
located in the membranes of neuronal and glial cell pop-
ulations [147, 148], and can contribute to neuronal death.

Biomarkers for detection of neurodegeneration in its early
stages may allow intervention early enough to prevent fur-
ther damage and preserve cognitive function. The expression
and oxidative changes in ApoA-I seen in these studies make
it a good candidate marker for neurodegeneration and should
provide a better understanding of disease mechanisms.
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