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The protein composition of high-density lipoprotein (HDL) is extremely fluid. The quantity and quality of protein constituents
drive the multiple biological functions of these lipoproteins, which include the ability to contrast atherogenesis, sustained
inflammation, and toxic effects of reactive species. Several diseases where inflammation and oxidative stress participate in the
pathogenetic process are characterized by perturbation in the HDL proteome. This change inevitably affects the functionality of
the lipoprotein. An enlightening example in this frame comes from the literature on Alzheimer’s disease (AD). Growing lines of
epidemiological evidence suggest that loss of HDL-associated proteins, such as lipoprotein phospholipase A2 (Lp-PLA2),
glutathione peroxidase-3 (GPx-3), and paraoxonase-1 and paraoxonase-3 (PON1, PON3), may be a feature of AD, even at the
early stage. Moreover, the decrease in these enzymes with antioxidant/defensive action appears to be accompanied by a parallel
increase of prooxidant and proinflammatory mediators, in particular myeloperoxidase (MPO) and serum amyloid A (SAA).
This type of derangement of balance between two opposite forces makes HDL dysfunctional, i.e., unable to exert its “natural”
vasculoprotective property. In this review, we summarized and critically analyzed the most significant findings linking HDL
accessory proteins and AD. We also discuss the most convincing hypothesis explaining the mechanism by which an observed
systemic occurrence may have repercussions in the brain.

1. Introduction

Despite decades of intense research, the biological role of
high-density lipoprotein (HDL) is still not completely under-
stood [1, 2]. What we know up to now is that the mosaic of
lipids and proteins composing its structure remarkably
changes during its maturation from its precursor (formed
by apolipoprotein Al and few phospholipids) to the nascent

HDL particles (pre-B-HDL) and, finally, to the biologically
competent mature particles HDL3 and HDL2 [3]. Through
this dynamic evolution process, various intermediate HDL
particles are formed, and every remodeling step impacts not
only its classic role in lipid transport, i.e., reverse cholesterol
transport (RCT), but also other multiple functional proper-
ties. It is now well established that these HDLs are able to
exert antioxidant, anti-inflammatory, antithrombotic, and
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immune modulation activities, acting through multiple
mechanisms [4-6]. The plethora of properties endows HDL
with a unique antiatherosclerotic capacity.

The complex and diverse proteome (and lipidome) drives
the functions of the heterogeneous family of HDLs [7]. The
population of HDL particles greatly varies in protein compo-
sition and size, consisting of multiple subspecies with sizes
ranging from 7 to 14nm in diameter. Some of the constitu-
ents have been identified only recently, thanks to the imple-
mentation of mass spectrometry-based  proteomic
technology. The most abundant proteins in HDL are apoli-
poprotein Al (ApoAl) and ApoA2, with the former present
in all human HDLs and the latter in 60% of the total particles
[8]. Other abundant apolipoproteins include ApoC-III,
ApoE, ApoC-1I, ApoC-II, and ApoM [9]. The proteome of
HDL is further enriched by up to 95 accessory proteins
[10], with various functions ranging from protective (antiox-
idant, antimicrobial, and regulation of cholesterol transport)
to harmful (prooxidant, proinflammatory). These enzymes,
acting in concert with apolipoproteins, contribute to the
pleiotropic functions of their carrier. The most important
members of these “accessory proteins” are as follows: (1)
paraoxonase-1 (PONI, with antioxidant properties) [11];
(2) PONS3 (also antioxidant) [12]; (3) lipoprotein phospholi-
pase A2 (Lp-PLA2, antioxidant) [13]; (4) myeloperoxidase
(MPO, prooxidant and proinflammatory) [14]; (5) glutathi-
one peroxidase-3 (GPx-3, antioxidant) [15] and (6) serum
amyloid A (SAA, prooxidant, proinflammatory) [16]
(Figure 1).

It is becoming increasingly apparent that patients with
clinical or subclinical cardiovascular disease (CVD) have
HDL with an altered protein cargo. More specifically, the iso-
lated particles showed decreased antioxidant-protective (e.g.,
PONI and GPx-3) and increased prooxidant (e.g., MPO)
proteins. This structural change inevitably alters HDL func-
tion, making it less cardioprotective. Indeed, dysfunctional
HDLs are less effective in contrasting oxidation of low-
density lipoproteins (LDL), occurring within the intima of
the arterial wall, which renders these lipoproteins more
proatherogenic.

Abundant lines of evidence suggest that circulating HDL
may also provide resilience to cerebrovascular dysfunction in
Alzheimer’s disease (AD). Neurovascular changes have a sig-
nificant and apparently precocious impact on brain metabo-
lism and homeostasis, influencing the clearance of amyloid-f
(Ap) and tau protein, the precursor of the well-recognized
pathological hallmarks of AD, neuritic plaques, and neurofi-
brillary tangles (NFT) [17-19]. The importance of the vascu-
lature in AD is further supported by associations between
CVD and AD risk and the evident overlap of many cardio-
metabolic risk factors [20]. This is also the case of HDL-
cholesterol (HDL-C); indeed, several cross-sectional and lon-
gitudinal cohort studies have shown that high levels of HDL-
C were inversely associated with the risk of developing AD,
even though the results of a recent meta-analysis did not sup-
port this longitudinal association [21]. In a similar fashion,
several studies investigating the cause-effect relationship
between HDL-C and CVD, including the results of the trials
on HDL-C-raising drugs [22, 23], have generated mixed find-
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FIGURE 1: Schematic representation of HDL “accessory proteins.”
The most important members of the “family of accessory
proteins” associated with HDL and object of the present review
are as follows: (1) myeloperoxidase (MPO); (2) serum amyloid A
(SAA); (3) lipoprotein phospholipase A2 (Lp-PLA2); (4)
glutathione peroxidase-3 (GPx-3) and (5) PON3.

ings, casting doubts on the cardioprotective capacity of the
lipoprotein. There is now a wide consensus that these contro-
versial data might be explained by the fact that HDL-C levels
only partly determine HDLs biological functionality [24-26].

This explanation could be also true for the aforemen-
tioned findings on the relationship between HDL-C levels
and AD. In support of this idea, growing population-based
studies found an inverse (and independent from HDL-C
plasma concentration) association between “protective”
HDL accessory proteins (in particular PON1 and Lp-PLA2)
and the risk of AD; at the opposite, the levels of prooxidant
and proinflammatory MPO and SAA have been often found
to be higher in AD compared with healthy controls. Of note
is that some of the cited associations were independent of
HDL-C levels. Besides, all these proteins are also expressed
or found in the brain, where they seemingly influence the for-
mation of the typical AD neuropathological traits.

In this report, we describe the opposite thinking of the
most relevant laboratory and epidemiological studies related
to the role that “nonapolipoprotein” components of the HDL
proteome may play in AD pathogenesis. Our work is aimed
at filling the gap in the literature, which lacks a critical sum-
mary on this topic, except for PON1, which has already been
extensively already reviewed elsewhere [27, 28].

2. Myeloperoxidase (MPO)

Myeloperoxidase (MPO) is a heme protein expressed at high
levels not only in neutrophils, monocytes, and certain tissue
macrophages, such as those of atherosclerotic plaques and
microglia, but also in neurons and endothelial cells [29, 30].
It is secreted upon leukocyte activation and plays an impor-
tant role in innate immunity [29]. Once released, the active
enzyme is able to catalyze the oxidation of halides and pseu-
dohalides in the presence of hydrogen peroxide (H,0,). This
mild reactive oxygen species (ROS) is generated from the dis-
mutation of superoxide anion, which in turn is mostly pro-
vided by the nicotinamide adenine dinucleotide phosphate
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oxidase (NOX) 2 system, enriching membranes of activated
granulocytes. The most important oxidizing agents formed
by MPO are hypochlorous acid (HOCI) and hypothiocya-
nous acid (HOSCN), which contribute to the elimination of
microorganisms as well as aberrant mammalian cells.
Besides, once degranulated, a large amount of MPO remains
inactive, playing an important role in the induction of cyto-
kines. As a matter of fact, MPO in this role is beneficial to
the host [31].

MPO-derived reactive species preferentially and indis-
criminately target lipids and proteins of nonself, but also self,
biological entities. As a logical consequence, inflammation-
induced excess activation of MPO could cause damage to
any tissue/cell. These adverse effects account for the widely
documented association between elevated circulating levels
of MPO and “classical” inflammatory responses such as those
detected in rheumatoid arthritis, Crohn’s disease, and CVD
[29, 32-34]. In particular, many clinical reports showed a
strong link between MPO and a wide variety of CVDs, with
increased blood MPO levels being associated with poor prog-
nosis in affected patients.

One of the most harmful effects of abnormal activation of
MPO is the oxidation of proteins and lipids carried by circu-
lating HDL and LDL. This particular chemical transforma-
tion scales up the magnitude of the MPO’s impact because
toxic ox-LDLs and dysfunctional HDLs can spread from
the site of transformation to others throughout the body.
The oxidative challenge of this leukocyte-derived enzyme is
facilitated by its physical association with ApoAl and HDL
particles [14]. Intriguingly, it has been hypothesized that
MPO and PON1 mutually modulate each other, the latter
attenuating the prooxidant activity of the former, which, in
turn, is able to impair the function of both PONI1 and
ApoAl. Accordingly, increased nitration and chlorination
has been observed in ApoAl isolated from patients affected
by CVDs. Evidence indicates that MPO-induced modifica-
tion of specific residues on this apolipoprotein may affect
the cholesterol efflux capacity, the lecithin-cholesterol acyl-
transferase (LCAT) activity and the anti-inflammatory, anti-
oxidant and antiapoptotic properties of HDL. In other words,
MPO represents the major culprit of the shift from an anti- to
a proatherogenic HDL phenotype.

2.1. Myeloperoxidase in Alzheimer’s Disease. MPO is also
produced within the brain tissue by microglia and neutro-
phils that infiltrate the Central Nervous System (CNS) during
the neuroinflammatory process. Brain inflammation is an
important component of the pathogenesis of AD; thus, it is
not surprising that the postmortem neocortex, hippocampus,
and temporal cortex of AD patients present higher amounts
of MPO protein compared with those of controls. In these
brain areas affected by neurodegeneration, MPO colocalizes
with A in senile plaques. Neuroinflammation and oxidative
stress (OxS) in AD can be triggered by stroke, the most com-
mon presentation of cerebrovascular disease that contributes
to AD neuropathological changes. Using an enzyme-
activated MRI agent that can track the oxidative activity of
MPO [35], it has been shown that MPO accumulates in large
amounts also during ischemia [35, 36].

It is well known that under inflammatory conditions, the
blood-brain barrier (BBB) function is compromised and can
aggravate neuronal dysfunction in AD patients. Experiments
conducted in vitro and in vivo by Ullen and coworkers
revealed that MPO participates in BBB breakdown by releas-
ing oxidant species or, indirectly, by increasing inflammatory
cells (neutrophils) recruitment via electrostatic interactions
of MPO with the brain endothelium (Figure 2). The authors
concluded that MPO inhibitors could be effective in protect-
ing BBB integrity and, thereby, favorably in interfering with
disease progression. Notably, the same optimistic conclu-
sions about the possible use of MPO inhibition in AD treat-
ment have been recently drawn in a study on an AD animal
model (5XFAD mice) [37].

A possible association between increased MPO and AD
has been also reported in some population-based studies,
although results were not univocal, leaving still open the
question (Table 1). More specifically, we found two studies
reporting higher levels of this enzyme in the plasma of AD
patients compared with cognitively normal subjects [39, 40]
and two studies with no differences detected [41, 42]. Rele-
vant to this context, Tzikas et al. found that the association
of MPO levels with the presence of AD was not the mere
result of the influence that this enzyme has on the classical
CVD risk factors, such as diabetes, hypertension, and obesity,
among others. [39]. Indeed, the study showed that the
enzyme was positively correlated with the plasma Af, ,,,,.
40 Tatio, which has been found to be a potential predictor
for the development of cognitive decline preceding AD [43].

In agreement with the potential link between MPO and
AD, some genetic investigations on MPO polymorphisms
found a link with genotypes associated with elevated protein
expression and disease susceptibility [56-59].

The potential key role of MPO in the pathogenesis of sev-
eral OxS and inflammation-related disorders has consider-
ably raised the interest in the development and clinical use
of MPO inhibitors. Many reversible and irreversible inhibi-
tors had been employed in in vivo disease models, with some
of them showing promising outcomes. One of the most solid
results in this context was obtained by Yu et al., who showed
that a synthesized peptide blocking MPO activity was able to
reduce brain damage in murine models of stroke and to
restore BBB integrity [60]. However, to the best of our knowl-
edge, no MPO inhibitor has still been tested in clinical trials.
The main issue limiting this type of approach is that down-
modulating MPO activity, on one hand, successfully attenu-
ates the reactive species-induced tissue damage and, on the
other hand, negatively affects its essential role in host defense.

3. Serum Amyloid A (SAA)

Serum amyloid A (SAA) consists of a family of proteins that
share a high degree of homology, encoded by genes highly
conserved throughout evolution. In humans, there are 4
SAA genes, but only saal and saa2 encode acute phase pro-
teins, highly inducible during the acute phase response [61,
62]. Due to its high hydrophobicity, only a small fraction of
SAA is present in plasma in a lipid-free form. SAA is in fact
normally associated with lipoproteins, mainly HDL [63],
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FIGURE 2: Role of HDL accessory proteins in AD physiopathology. Myeloperoxidase (MPO) participates in BBB breakdown by inducing the
production of ROS (1) or by increasing neutrophil recruitment through interaction with the brain endothelium (2). MPO and serum amyloid
A (SAA) may interact with A plaques, inducing cytokine release and thus exacerbating neuroinflammation (3). In the CNS, SAA can activate
glial cells, inducing the secretion of inflammatory cytokines through the activation of the inflammasome (4) and the modulation of the Toll-
like receptors (TLR) (5). Moreover, SAA could directly contribute to the BBB breakdown by decreasing the expression of claudin-5, one of the
tight junction components (6). SAA may induce the dissociation of apolipoprotein E (ApoE) from HDL-like particles present in the
cerebrospinal fluid (CSF) (7), producing particles less able to bind Af and thus to mediate its clearance through the lipoprotein receptors
(8). SAA enrichment could also affect CSF HDL function by interfering with their functions in mediating the brain cholesterol transport,
essential to provide cholesterol to neurons (9). Lipoprotein phospholipase A2 (Lp-PLA2) produces phosphatidylcholine by enzymatic
hydrolysis, a mediator of inflammatory stress in brain endothelial cells, increasing endothelial permeability, thus potentially affecting BBB
integrity (10). Moreover, Lp-PLA2 activity can promote the expression of TNF-a, a key cytokine responsible for increased
neuroinflammation (11). The decrease of selenium bioavailability could affect the glutathione peroxidase-3 (GPx-3) activity, negatively
influencing the antioxidant defense mechanisms implicated in the removal of H,0, and neutralization of lipid peroxides (12). The role of
paraoxonase-3 (PON3) in AD is still under investigation, and the hypothesis is that it is produced by the liver and reaches the CNS by
crossing the BBB in discoidal HDLs via an unknown mechanism [38] (13), as also hypothesized for PON1 [27, 28].

but it may also be bound to ApoB-containing particles
through the activity of the cholesteryl ester transfer protein
(CETP) [64]. The liver is the main site of SAA production,
although stimulated monocytes/macrophages, vascular
smooth muscle cells, and endothelial cells may locally secrete
SAA during chronic inflammatory conditions. Plasma SAA
concentrations can rise up to 1000-fold within 24h when
stimulated by the acute phase response, while modest
increases of SAA levels (+10-fold) usually accompany
chronic inflammatory disorders such as atherosclerosis [65].

SAA is strictly linked to atherosclerosis and CVD and
increased SAA is associated with CVD mortality, at least

from epidemiological studies. In this regard, elevated SAA1
plasma levels have been recently suggested to accurately indi-
viduate the presence of acute coronary syndrome (ACS), cor-
relating with the severity of coronary artery disease (CAD) in
the studied patients [66]. Conversely, other authors reported
a lack of association between SAA levels and the incidence of
ACS in a cohort of 167 patients, with SAA marginally linked
to the odds of unstable angina, taken as a secondary endpoint
[67]. A more persuasive result on the relationship between
SAA and CVD comes from the results of a recent meta-
analysis of 26 studies in which authors found a significant
association between SAA and the increased risk of coronary
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TaBLE 1: Association between plasma levels of myeloperoxidase, serum amyloid A, lipoprotein phospholipase A2, glutathione peroxidase-3
and the presence or the risk of Alzheimer’s disease (AD), as reported in selected epidemiological studies.

%

Study Study design n AD vs. controls
(i) Myeloperoxidase
Tzikas et al. [39] Cross-sectional 55 T
Cheng et al. [40] Cross-sectional 199 T
Marksteiner et al. [41] Cross-sectional 56 o
Wu et al. [42] Cross-sectional 170 o
(ii) Serum amyloid A
Cao and Chen [44] Cross-sectional 352 T
Shang et al. [45] Cross-sectional 673 T
Kindy et al. (CSF) [16] Cross-sectional 31 T
(iii) Lipoprotein phospholipase A2
van Oijen et al. [46] Longitudinal 6713 T
Fitzpatrick et al. [47] Longitudinal 3320 T
Bacchetti et al. [48] Cross-sectional 83 )
Doody et al. [49] Cross-sectional 395 T
van Himbergen et al. [50] Longitudinal 541 —
(iv) Glutathione peroxidase-3
Ceballos-Picot et al. [51] Cross-sectional 74 o
Serra et al. [52] Cross-sectional 192 o
Puertas et al. [15] Cross-sectional 92 1
Casado et al. [53] Cross-sectional 150 1
Rinaldi et al. [54] Cross-sectional 141 l
Vural et al. [55] Cross-sectional 100 1

heart disease (CHD), with SAA levels correlating with the
disease severity [68]. This link was particularly significant
in subjects aged more than 55 years old, from European
and Asian origin, or belonging to case-control studies.

Although the pathophysiological link explaining the
association between SAA, atherosclerosis, and CVD is still
far from being clarified, there may be multiple mechanisms
involved, among which inflammation exacerbation would
play a key role. SAA acts as a cytokine-like protein by regulat-
ing several cell inflammatory responses, inducing, for exam-
ple, the release of cytokines and the activation of the NLRP3
inflammasome [61]. Other mechanisms include increased
aberrant proliferative capacity of smooth muscle cells, induc-
tion of chemotaxis, and migration of monocytes into the ath-
erosclerotic lesions, endothelial dysfunction and changes in
HDL composition and function [61, 69].

As mentioned above, plasma SAA is lipoprotein-
associated and evidence indicates that this association is a
critical factor modulating its activity. In particular, evidence
from in vitro studies suggests that SAA association to HDL
limits its proinflammatory action [70] because of the entrap-
ment of SAA-enriched HDL by proteoglycans [71] in both
macrophages and adipocytes. This retention is mediated by
the presence of specific proteins [71].

Thus, HDL enrichment in SAA profoundly alters the
composition and structure of HDL, impacting its antioxidan-
t/anti-inflammatory function, as well as its capacity to pro-
mote cholesterol efflux [72]. The latter is a functional

property representing the ability of these lipoproteins to
remove excess cholesterol from the arterial wall, thus worsen-
ing lipid deposition in plaques [8]. This negative impact on
HDL function seems related to the capacity of SAA to dis-
place ApoAl from HDLs [73]. On the other way around,
HDLs are able to inhibit SAA proinflammatory, prooxidant
and prothrombotic activities, as emerged from in vitro and
preclinical studies [65, 74].

3.1. Serum Amyloid A in Alzheimer’s Disease. The prooxidant
and proinflammatory activity of SAA may also occur in the
CNS, possibly playing a role in cognitive decline and AD
pathogenesis. In recent studies in mild cognitive impairment
(MCI) and cognitively healthy subjects, it was found that
plasma SAA levels were lower in the control group and grad-
ually increased from MCI to AD patients [44, 45]. In addi-
tion, SAA levels inversely correlated with the Mini-Mental
State Examination (MMSE) score [44], suggesting SAA as
an early biomarker of cognitive impairment (Table 1).
More specifically, SAA1 produced by the liver seems to
accumulate in mouse and human AD brains, as reported in
previous studies [16, 75]. Liver-derived SAAL1 is thus able to
reach the CNS where it can activate the glial cells and induce
the secretion of inflammatory cytokines, the activation of the
inflammasome and the modulation of the Toll-like receptors
[76] (Figure 2). Based on these studies, it is likely that SAA1
may exacerbate neuroinflammation, and its reported interac-
tion with Af deposits [16] strengths the hypothesis of its



involvement in AD pathogenesis. The link between SAAI
and A is clearly explained by the results of a recent in vivo
study, in which AD mouse models overexpressing SAAI
showed increased inflammation, documented by glial cell
activation and increased release of cytokines, augmented
amyloid aggregation, and worsened memory decline [77].

In addition, SAA may influence other important cerebral
processes involved in AD pathophysiology by interfering, for
example, with the BBB permeability (Figure 2). In this regard,
higher SAA levels in serum and CSF have been observed in
patients with BBB integrity impairment compared with those
with intact BBB among subjects aged 55 or older [78]
(Table 1). Thus, increased BBB permeability may allow a
higher accumulation of cerebral SAA, thus triggering the
inflammatory response and leading to brain dysfunction.
Actually, SAA was also found to directly damage the BBB
in vitro by decreasing the expression of claudin-5, a compo-
nent of tight junctions [79]. Such damage was abrogated by
the coincubation of cells with both SAA and HDL, underly-
ing the importance of the balance between these two mole-
cules in the maintenance of BBB integrity.

Concerning the relationship between SAA and HDL in
the brain, previous work demonstrated that SAA levels are
increased by about 20-fold in the CSF of AD patients [16]
(Table 1). More specifically, SAA induces the dissociation
of ApoE from the HDL-like particles present in the CSF, as
occurs for ApoAl from plasma HDL. The loss of ApoE leads
to particles less able to bind Af and thus to mediate its clear-
ance through the lipoprotein receptors [80] (Figure 2). More-
over, as a result of reduced ApoE-bound particles, normally
large and spherical, elevated SAA can affect CSF HDL func-
tion, such as the capacity to mediate the brain cholesterol
transport, essential to provide cholesterol to neurons [81].
Consistently, we have previously demonstrated that CSF
from AD patients is less able to promote cholesterol efflux
through the membrane transporter ATP-binding cassette
G1 (ABCGL), which in the brain mediates efflux to ApoE-
enriched large particles [82].

Based on the described SAA role in AD, a potential effec-
tive therapeutic approach could target the SAA receptor pro-
moting the SAA cell internalization and thus its
proinflammatory activity [83]. In this regard, a
nanoparticle-based approach targeting SR-BI, the scavenger
receptor for HDLs, has been proposed by some authors to
counteract SAA’s deleterious effects [84]. Another suggestion
for a potential therapeutic strategy comes from in vitro evi-
dence. It was found that co-ultramicronized palmitoyletha-
nolamide/luteolin, an agent with neuroprotective properties
[85], significantly attenuated the cytokine tumor necrosis
factor-a (TNF-«)-induced increase in Saal gene expression
in oligodendrocyte precursor cells [86]. These observations
need to be further investigated in appropriate preclinical
models.

4. Lipoprotein Phospholipase A2 (Lp-PLA2)

Lipoprotein phospholipase A2 (Lp-PLA2), also known as
platelet-activating factor acetylhydrolase (PAF-AH), is a
member of the superfamily of PLA2 enzymes, which play
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an important role in redox processes, inflammation, and ath-
erosclerosis. Lp-PLA2 is mainly secreted by macrophages
and circulates in the blood complexed with LDL and, to a
minor extent, HDL [11].

The catalytic mechanism and physiological/pathological
role of Lp-PLA?2 are still not clear [87-89]. This protein cat-
alyzes the hydrolysis of the acetyl group at the sn-2 position
of platelet-activating factor (PAF), thereby inactivating this
proinflammatory phospholipid (PL). The enzyme also seems
to be able to hydrolyze oxidized phospholipids (ox-PL) with a
chemical structure similar to that of its natural endogen sub-
strate. Some of these modified lipids are potent prooxidant
and proinflammatory agents. Indeed, they can trigger the
recruitment of macrophages and contribute to the initiation
and progression of the inflammatory response in atherogen-
esis. Moreover, the inactivation of ox-PL may attenuate the
proinflammatory activity of ox-LDL [90].

Despite the apparently beneficial impact of Lp-PLA2, its
association with atherosclerosis is ambiguous, as it can both
degrade or generate potentially damaging vasoactive mole-
cules. The major products of enzymatic hydrolysis are lyso-
phosphatidylcholine  (LPC) and oxidized and/or
nonoxidized nonesterified fatty acids (NEFA). Elevated con-
centration of LPC is associated with vascular damage, inflam-
mation and atherosclerosis. On the other hand, the oxidized
NEFA produced by the enzyme play multiple roles, including
vasoprotective and antiatherogenic activities. A dual pro-
and anti-inflammatory/antioxidant role depending on the
concentration, the availability of potential substrates and
the binding to lipoproteins (HDL-bound enzyme seems to
be more protective than the LDL-bound enzyme) had been
suggested to explain this apparent schizophrenic behavior.

A most recent meta-analysis has shown that greater Lp-
PLA2 activity or mass was independently associated with
increased risk of stroke and CV events in patients with stable
CHD [13]. Prior to these studies, a systematic review on 32
prospective investigations demonstrated that the associations
of Lp-PLA2 are not exclusive to vascular outcomes, and the
vascular associations depend, at least partly, on plasmatic
lipids (mainly non-HDL-C) [91]. Conversely, other studies
on the topic showed no relationship with CVD risk.

The multifaceted effects of Lp-PLA2 may account, at least
in part, for the inconsistency of the epidemiological results
concerning the relationship of plasma enzymatic activity
and concentration levels with CVD.

4.1. Lipoprotein Phospholipase A2 in Alzheimer’s Disease. The
potential proinflammatory and proatherogenic role of Lp-
PLA2 was the major rationale for several epidemiological
studies on the association between activity/mass of this
enzyme and dementia. Considering its nature, Lp-PLA2
could be a static biomarker of AD risk, essentially reflecting
predisposition and/or underlying physiopathological condi-
tions of AD, such as low-grade inflammation, atherosclerosis,
and OxS. However, this enzyme also has the potential to
directly contribute to the pathogenic process of AD. Indeed,
even in the absence of direct evidence and solid mechanistic
insights, it has been demonstrated that products of its hydro-
lytic activity may play an active role in this context. Indeed,
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LPC is a mediator of inflammatory stress on brain microvas-
cular endothelial cells [92] and increases the permeability of
endothelial cells, thus potentially affecting BBB integrity
[93]. Moreover, Lp-PLA2 activity can promote the expres-
sion of TNF-a, which is a key cytokine affecting hippocampal
neuroplasticity (Figure 2).

The first large population-based study (n = 6713), show-
ing that subjects with higher levels of Lp-PLA2 activity were
at increased risk of all-cause dementia, was published in 2005
(Table 1). The relationship was independent of inflammatory
markers and CVD risk factors, concluding that the role of
Lp-PLA2 in systemic inflammation and atherosclerosis could
not completely explain its association with CNS disorders
[46]. Notably, the authors found that Lp-PLA2 activity was
not significantly associated with vascular dementia (i.e., the
second most frequent form of dementia) and AD, although
effect estimates were distinctly stronger for the former. Sim-
ilar results have been shown in a more recent report from
the Cardiovascular Health Study, where the risk of AD was
increased twofold in the highest compared to the lowest
quartile of Lp-PLA2 mass [47]. In contrast with these two
and with other cross-sectional studies [48, 49], the Framing-
ham Heart Study was unable to associate Lp-PLA2 with risk
for dementia or with microbleeds as indicators of cerebral
amyloid angiopathy [50, 94]. Consistently, Davidson et al.
reported no change in the enzyme activity in amnestic MCI
compared to cognitively healthy subjects [95] (Table 1).

Differently, Cai et al. have recently suggested that ele-
vated Lp-PLA2 levels may be linked to cognitive decline
through the vascular pathology in individuals already pre-
senting a state of chronic systemic inflammation. This
hypothesis is supported by data showing that higher Lp-
PLA2 mass/activity is an independent risk factor for MCI
in type 2 diabetes mellitus patients. In light of these observa-
tions, Lp-PLA2 might represent a central player in the
vicious circle leading to the accumulation of inflammatory
cells and cytokines and vascular deficit [96].

From our point of view, a scenario where elevated Lp-
PLA2 brings a major susceptibility to AD only in certain
(predisposed) subpopulations is plausible. A further argu-
ment in support of this hypothesis comes from studies on
diabetic and hypercholesterolaemic pig models. Treatment
with darapladib (Lp-PLA2 inhibitor) appeared to reduce
BBB leakage and to significantly lower the total amount of
brain A}, _,, deposition in treated compared with untreated
animals [97]. These findings were the source of inspiration
for a successive randomized, double-blind, placebo-
controlled study on subjects with possible mild AD and with
neuroimaging evidence of cerebrovascular disease [98].
Treatment with the Lp-PLA2 inhibitor slowed the progres-
sion of AD and improved disease-associated biomarkers.
Obviously, this was a mere exploratory study, and as also
acknowledged by the authors, the findings require replication
and extension in longer-term clinical trials.

5. Glutathione Peroxidase-3 (GPx-3)

GPx is the general term for a family of several selenium- (Se-)
dependent isozymes that use reduced glutathione (GSH) as

an obligate cosubstrate in the reduction of hydrogen peroxide
to water [99, 100]. Eight mammalian isoenzymes are known,
with the intracellular and ubiquitous GPx-1 and GPx-4, the
gastrointestinal GPx-4, and the plasma GPx-3 being the most
abundant ones. All members of the GPx family play,
although to a different extent, a crucial role in the intracellu-
lar antioxidant defensive mechanism [100]. Indeed, besides
the removal of mild reactive H,O, (mostly derived from the
dismutation of superoxide produced in mitochondria), they
can neutralize lipid hydroperoxides and halt the deleterious
peroxidation of cell membranes [100].

As mentioned above, GPx-3 is the main form detectable
in plasma, but it is also present in the lung tissue, kidney
(the source of its plasma secretion), and adipose tissue, as
well as, at lower levels, in other tissues and in the surrounding
extracellular environment [101]. From the site of production,
GPx is secreted into the surrounding extracellular environ-
ment. The regulation of GPx-3 gene transcription seems to
vary between cell types and tissues. Irrespective of the biolog-
ical context, this gene is upregulated in inflammatory condi-
tions likely as a result of the associated redox dyshomeostasis
[101].

GPx-3 has been found bound to HDL in human plasma,
and its lipid peroxide-reducing activity might be important
in protecting the endothelial cells as well as circulating LDL
from oxidation [102]. This role might account for several
studies showing altered levels of GPx-3 expression and/or
serum activity in cancer [103] and CVD [104, 105]. However,
the real impact of this enzyme on the extracellular defensive
mechanism has not been satisfactorily clarified. The major
doubts in this regard come from the relatively low availability
of GSH in plasma (around 30 yuM), which is almost 1000
times lower than in cytosol [106]. The limited extracellular
availability of the substrate might significantly affect the anti-
oxidant capacity of the GPx isoenzyme. Consistently, it has
been suggested that GPx-3 activity could be effective only
in specific sites (hepatic vein plasma, epithelial cells of the
gastrointestinal tract) where GSH is more abundant [106].
Alternatively, under the condition of GSH deficiency, GPx-
3 might be able to use glutaredoxin and thioredoxin reduc-
tase by itself or with thioredoxin as alternate electron donors
to GSH [107].

Besides GSH, the plasma concentration of selenium (Se)
is a pivotal regulator of GPx-3 activity. It is well known that
the circulating Se in plasma essentially consists of the extra-
cellular Selenoproteins, GPx-3, Selenoprotein P (SELENOP),
and nonspecific protein forms such as selenomethionine
[108]. Both GPx-3 and SELENOP are considered biomarkers
of Se bioavailability, and their levels appear to be influenced
by dietary intake of this trace element [108]. In the last two
decades, there has been growing interest in the implication
of Se in health and disease. It is now well established that
Se deficiency is the major etiopathogenic factor of two rare
diseases, Kashin-Beck disease and Keshan disease. Besides,
this condition was found to be associated with an increased
risk of various chronic and systemic diseases [109].

5.1. Glutathione Peroxidase-3 and Alzheimer’s Disease. The
possible association between GPx-3 levels and AD has been



investigated in several studies dealing with the evaluation of a
panel of peripheral OxS biomarkers [110]. The published
observational data reported unvaried [51, 111] or lower [15,
53, 55, 112] levels of this enzyme in AD patients compared
with controls and are summarized in Table 1. In one of the
largest population-based studies, Rinaldi et al. found that
the activity level of GPx-3 was similarly lower in MCI
(n=25) and AD (n = 63) patients as compared with controls
(n=53) [54]. A similar trend was observed by Torres et al.
[113] and Casado et al. [53], with the latter also showing a
decrease in other antioxidant enzymes, such as superoxide
dismutase and catalase. On the contrary, one large study
(n = 338) found that, in AD, the increase in oxidative damage
levels was not accompanied by a significant decrease in GPx-
3 between controls and AD [52]. As stated in a recent system-
atic review [110], this apparent inconsistency could be due to
the small sample size or different patient characteristics
among the studies.

Some studies reported that a decrease of GPx-3 protein
and activity should be framed in a picture of systemic redox
imbalance characterizing AD. However, it cannot be ruled
out that this change may merely (and statically) reflect the
parallel decrement in plasma levels of Se. Consistently, a
recent meta-analysis has shown that circulatory Se concen-
tration is significantly lower among AD patients as compared
to controls. This decreased bioavailability of Se affects not
only the activity of the extracellular GPx but also the intracel-
lular content of GPx-1 and GPx-4. Due to the abundant cyto-
solic content of GSH, these two isoenzymes have a higher
antioxidant capacity compared with GPx-3, and thus, the
decrease in their catalytic efficiency can greatly influence
the antioxidant defensive mechanism. To the best of our
knowledge, potential pharmacological strategies that are
aimed at modulating the expression or activity of this specific
protein in the context of neurodegenerative diseases have not
been investigated yet. On the contrary, there are a number of
preclinical studies investigating the effect of the positive
modulator of GPx-3 in cancer cells that exhibit the ability
to inhibit the proliferation and metastatic behavior [103].

6. Paraoxonase-3 (PON3)

Paraoxonase-3 (PON3) was the last member of the paraoxo-
nase family to be described and, therefore, the least charac-
terized. PON3 is also a potent antioxidant, anti-
inflammatory, and antiapoptotic  calcium-dependent
enzyme, synthesized mainly in the liver and kidney, and
found in circulation in HDLs [12], as well as in the endoplas-
mic reticulum of intestinal cells [114] and in mitochondria of
certain tissues [115]. PON3 protein expression has also been
reported in almost all examined murine tissues, together with
PONI [116]. Although PON3 concentration in circulation is
much lower than PON1, about 2 orders of magnitude, it has
been shown to be a more potent antioxidant than PON1
in vitro [12]. Unlike PON1, PON3 cannot hydrolyze organo-
phosphate compounds, but it hydrolyzes statin lactones at a
much higher catalytic efficiency than PON1 [117]. PON3
has been shown to play a protective role in CVD [118], obe-

Oxidative Medicine and Cellular Longevity

sity [119], and innate immunity [120] and has an oncogenic
role in cancer [115].

PONS3 presents a number of polymorphisms in its gene.
A few studies have focused on polymorphisms in the PON3
gene but have mostly failed to show an effect on PON3 activ-
ity, concentration, or disease [121-124]. Changes in plasma/-
serum PON3 concentration or activity have been studied in a
variety of oxidative stress-related diseases. Increased serum
PONS3 protein concentration has been reported in chronic
liver disease [125], HIV infection [126], and atherothrombo-
tic disease [127] and in patients with sepsis [128], while a
decrease of PON3 concentration has been detected in certain
autoimmune diseases [129].

6.1. Paraoxonase-3 and Alzheimer’s Disease. To date, there is
only one study related to PON3 in AD, which involved hap-
lotype associations between several SNPs in the entire PON
gene (including PON1, PON2, and PON3) in a cohort of Cau-
casian and African Americans [123]. They reported some
haplotype associations between polymorphisms in the PON
gene and AD, but the most significant association was found
in one PONI SNP in the promoter region. Nonetheless,
PONS3 is another potent antioxidant enzyme that, similar to
PONI, is also present in both plasma/serum and CSF (Mar-
sillach et al., unpublished data) and has documented protein
localization in the brain [116]. We hypothesize that the
PONS3 present in CSF was originally synthesized in the liver
and crosses the BBB in discoidal HDLs via an unknown
mechanism, as also hypothesized for PON1 [28] (Figure 2).
Altogether, PON3 could play an important role both in the
CSF and in certain brain areas in the pathogenesis of neuro-
degenerative diseases such as AD, and more research in the
near future will hopefully be pursued in this highly unex-
plored PON3 field.

Given the potential important role of PON3 in oxidative
stress-related diseases, including AD, the study of factors that
modulate the activity and/or expression of PON3 would be of
great interest as potential future pharmacological treatments.
No information in this regard is currently available. How-
ever, based on the significant homology of the 3 paraoxo-
nases, we could speculate that factors known to modulate
PONI1 and PON2 would likely have an effect on PON3.
There are excellent reviews related to factors that modulate
PONI and PON2 [130, 131]. For instance, dietary antioxi-
dants, such as the polyphenol quercetin, which have been
shown to have a dramatic impact on PON1 and PON?2 activ-
ity, could potentially also increase PON3 activity. Interest-
ingly, there are extensive studies on the neuroprotective
effects of quercetin in AD [132-134]. Another approach to
increase levels of PON3 could be the direct administration
of exogenous PON3. Both strategies, administration of a
pharmacological factor or exogenous PON3, should be con-
sidered in future studies as they can potentially lead to bene-
ficial clinical outcomes.

7. Conclusion

The present review has systematically examined the most rel-
evant data on some important “non-apolipoprotein”
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components of HDL and their involvement in AD pathogen-
esis, focusing on myeloperoxidase, serum amyloid A, lipo-
protein phospholipase A2, glutathione peroxidase-3, and
paraoxonase-3. Although the available clinical studies are
still limited, evaluating a small or moderate number of sub-
jects and mostly cross-sectional, mounting evidence indicates
how the oxidative and inflammatory imbalance affect HDL
properties, possibly playing a role in AD pathogenesis and
progression of the disease. The mechanisms involved include
an indirect effect on the classical cardiovascular risk factors
implicated in AD development or a more direct impact on
specific AD pathogenic processes, like the BBB integrity,
the cerebral Af deposition, or other pathways. With respect
to PONB3, its association with AD is still largely unexplored
compared to the other HDL-associated proteins and needs
further investigation.

In conclusion, in light of the available data discussed in
the present review, the HDL-associated proteins are certainly
a potential player in AD. Future directions may include pro-
spective studies to evaluate the impact of these HDL compo-
nents on AD incidence in order to identify novel HDL-
associated potential pharmacological targets, as well as phar-
macological treatments to influence the expression of these
HDL accessory proteins.
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