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Abstract Advanced oxidation protein products (AOPPs)
are novel biomarkers of oxidative damage to proteins and a
novel class of inflammatory mediators. AOPPs can pro-
mote oxidative stress (OS) and inflammation and thus
participate in many pathophysiological disease processes.
Atherosclerosis is a chronic inflammatory disease of blood
vessels that is characterized by low-density lipoprotein
infiltration into the endothelial intima and the formation of
atherosclerotic plaques. Inflammation and OS are estab-
lished risk factors for the formation of atherosclerosis.
Accumulated studies show that AOPPs can accelerate the
progression of atherosclerosis through OS and inflamma-
tion. Additionally, AOPPs can accelerate the formation of
atherosclerotic plaques by inhibiting high-density lipopro-
tein receptor scavenger receptor class B type I-mediated
high-density lipoprotein cholesterol reverse transport,
leading to metabolic disturbances. Some studies have
suggested that plasma AOPPs levels are independently
positively correlated with blood pressure and are also
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independent risk factors for cardiovascular disease. AOPPs
can trigger oxidative bursts of neutrophils, monocytes and
phagocytic cells, increase the generation of reactive oxy-
gen species and promote the secretion of cytokines to
accelerate endothelial cell injury. Detecting the levels and
inhibiting the formation of AOPPs may provide a novel
approach to monitor the progress and improve the prog-
nosis of atherosclerosis.
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Abbreviations
AOPPs Advanced oxidation protein products
(0N} Oxidative stress

LDL Low-density lipoprotein

HDL High-density lipoprotein

SR-BI Scavenger receptor class B type |
HDL-C High-density lipoprotein cholesterol
CVD Cardiovascular disease

CRF Chronic renal failure

HAS Human serum albumin

FB Fibrinogen

HOCL Hypochlorous acid

NO Nitric oxide

ROS Reactive oxygen species

OH Hydroxyl radical

MPO Myeloperoxidase

CPR C-reactive protein

CAD Coronary artery disease

ABCAl ATP-binding cassette transporter Al
ABCG1 ATP-binding cassette transporter G1
02— Superoxide

H,0, Peroxide ions

PPP Platelet poor plasma
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WB Whole blood

ICAM-1 Intercellular adhesion molecule-1
VSMCs Vascular smooth muscle cells

PD Peritoneal dialysis

HD Hemodialysis

SOD Superoxide dismutase

vC Vascular calcification

RCT Reverse cholesterol transport

VEGF Vascular endothelial growth factor
VCAM-1 Vascular cellular adhesion molecule 1
HASMCs Human umbilical smooth muscle cells
Introduction

Atherosclerosis is one of the most common complications
in many diseases, such as chronic renal failure (CRF) and
diabetes, the major cause of heart attack, stroke and
myocardial infarction and the most common cause of death
worldwide [1-3]. Therefore, the development of novel
therapeutic strategies that specifically target atherosclerosis
is desired. The etiologies of cardiovascular disease (CVD)
are multifactorial, and no feasible therapeutic recommen-
dations exist because the diseases underlying the interac-
tions are too complex to be well understood [1].

Atherosclerosis is a chronic inflammatory disease. Oxida-
tive stress, inflammatory mediators, oxidative lipids and
protein modifications play complex roles in the initiation and
progression of atherosclerosis [4]. Inflammation-induced
oxidative modifications contribute to a variety of important
clinical manifestations of atherosclerosis, such as endothelial
dysfunction and plaque disruption. The classic risk factors for
the development of atherosclerosis are at least partially
response to endothelial dysfunction, high blood pressure, cell
adhesion and proliferation, and lipid metabolism disorder [5].
These risk factors all have a strong association with AOPPs
(Fig. 1). In this review, we show that AOPPs may play an
important role in the development of atherosclerosis. Under-
standing the mechanisms underlying this role will help
establish new preventive and therapeutic strategies.

AOPPs Formation and Characteristics

The identification of AOPPs as novel OS biomarkers was
first reported in the plasma of chronic uremic patients by
Witko-Sarsat et al. [6]. AOPPs can be formed in many
conditions, including oxidant—antioxidant imbalance, glycol
oxidation processes and coexisting inflammation [7]; how-
ever, most AOPPs result from myeloperoxidase-derived OS
[8-11]. AOPPs are derived from oxidation-modified albu-
min, which is the primary origin of AOPPs. Albumin is a
multifunctional protein that plays key roles in maintaining
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appropriate oncotic pressure and transporting fatty and
amino acids, metal ions, cholesterol, bilirubin, hormones and
various other ligands and drugs [12]. These functions are
related to the albumin structure, which may be destroyed by
OS to form AOPPs. Free radicals can also impair albumin
functions, especially its transport ability [13]. Human serum
albumin (HAS) is the major and predominant antioxidant in
plasma and can exert important antioxidant activities against
oxidative damage. The ratio of the oxidized form of albumin
to the normal form can serve as a useful marker to evaluate
the systemic redox state, which can be used to assess the
progression and therapeutic efficacy of diseases [14].

AOPPs are also derived from fibrinogen (FB) [6, 8, 15, 16].
Selmeci et al. [9] demonstrated that plasma samples had
increased AOPPs levels compared to serum samples, sug-
gesting that FB could be involved in the reactivity of AOPPs.
Torbitz et al. showed that hypochlorous acid (HOCI)-induced
oxidative damage of FB might induce AOPPs formation and
significantly increased the FB-AOPPs levels in a concentra-
tion-dependent manner. FB-AOPPs formation may promote
the change of FB function and structure, as well as increasing
its coagulation activity [17]. Studies have shown that hyper-
cholesterolemia can spontaneously produce AOPPs, sug-
gesting that hyperlipidemia may enhance the in vivo process
of AOPPs formation via increasing oxidative stress. The
occurrence of OS in hyperlipidemia has been shown to result
in an imbalance between the oxidant and antioxidant systems
that is accompanied by increased oxidized low-density
lipoprotein (ox-LDL) [18]. Furthermore, studies have shown
that collagen modified by HOCI increased collagen-AOPPs
levels in a dose-dependent manner and these products induced
the generation of AOPPs, nitric oxide (NO) and O,-induced
apoptosis and decreased neutrophil viability [19]. In previous
study, it was reported that AOPPs might be generated via the
Fenton reaction. Because the Fenton reaction is an important
source of reactive oxygen species (ROS), especially during
the inflammatory process, and the hydroxyl radical (OH-)
formed by this reaction is the most harmful free radical, this
reaction may represent an alternative pathway for AOPPs
generation [20].

Although the exact AOPPs structure is not completely
clear, AOPPs are a group of dityrosine-, pentosidine- and
carbonyl-containing protein products that are generated by
the reaction of plasma proteins with HOCI and chloramines
during OS [7, 21]. Dityrosine, which is a sign of protein
injury in the terminal phase, is also a sign of AOPPs
[22, 23]. AOPPs can be simply and rapidly detected using a
semiautomated microplate-based spectrophotometric tech-
nique at 340 nm [24]. The AOPPs concentration is largely
overestimated in plasma samples due to lipid interference.
Precipitating triglycerides prior to the analysis can over-
come this problem and allow the AOPPs concentration to
accurately reflect OS [25, 26].



Cardiovasc Toxicol (2017) 17:1-12

3
Inhibition
Macrophages, t-lymphocytes, mast cells ———> Promotion
(@)} * Increasing
-— .
Decreasing

Inflammation ——> §
P
= ,f,]r?'ll
g

rOs 1

AOPPs —> Oxidative stress — ——— 5
) SOD 1

\
\
\
\
1
\
\
\
\
1
v

ABCA1l

SR-BI JC

Macrophages

AB(GI

Fig. 1 Schematic diagram of the roles and mechanisms of AOPPs in
atherosclerosis. AOPPs is involved in the formation of As, which is
closely related to inflammation, OS, modifying lipoproteins and RCT.
OS and inflammation can stimulate the productions of AOPPs in
blood circulation. The increasing AOPPs further aggravate OS and
inflammation. In turn, this positive feedback loop can amplify or
maintain OS and inflammation. AOPPs induce the activations of
macrophages, monocytes and mast cells and increase the levels of
inflammatory cytokines (IL-6, IL-1, MCP-1 and SDF-1a). AOPPs
also induce the productions of ROS, CRP and oxygen free radicals
(02—, H,0,, OH-), which result in endothelial dysfunction and
lipoprotein infiltration. AOPPs promote the modification of

AOPPs can be divided into two types based on their
molecular weights (low molecular weight AOPPs and high
molecular weight AOPPs). The low molecular weight
AQOPPs contain the monomeric form of albumin, whereas
the high molecular weight AOPPs account for the majority
of AOPPs due to the propensity of albumin to form
aggregates via disulfide bridges and/or dityrosine cross-
linking [8, 11]. Under reducing or denaturing conditions,
polymers of the high molecular weight AOPPs are disso-
ciated into the low molecular weight AOPPs [6]. The key
molecule responsible for human plasma AOPPs reactivity
is post-translationally modified FB [9]. Oxidized plasma
proteins, especially albumin, carry AOPPs. The formation
of AOPPs is irreversible, and they cannot be easily
hydrolyzed by proteolytic enzymes or reduced by antioxi-
dants such as vitamin C and glutathione [27]. AOPPs are
mostly eliminated by the liver and spleen, and AOPPs
stored at —20 and —80 °C for 6 months to maintain their
stability [7, 28, 29].

Endothelial dysfunction

Modifying lipoproteins —> Abnormal composition

ﬁhpld infiltration

1

Atheroscler051s

of lipoprotein t

Foam cells

lipoprotein and increase the abnormal compositions of lipoprotein
in circulation. Additionally, AOPPs inhibit RCT by combining with
SR-BI and downregulating the expressions of ABCA1 and ABCG1 in
macrophages, which result in the accumulation of cholesterol, format
the foam cells and promote the development of As. As Atheroscle-
rosis, AOPPs advanced oxidation protein products, OS oxidative
stress, IL-1 interleukin-1, MCP-1 monocyte chemotactic protein 1,
SDF-1a stromal cell-derived factor-o, ROS reactive oxygen species,
CPR C-reactive protein, O2— superoxide, H>O, peroxide ions, OH-
hydroxyl radical, SR-BI scavenger receptor class B type I, ABCAI
ATP-binding cassette transporter A1, ABCGI ATP-binding cassette
transporter G1, RCT reverse cholesterol transport

In vivo, AOPPs may be produced by the oxidation of albu-
min by HOCL formed through the myeloperoxidase (MPO)—
catalyzing reaction in circulating neutrophils. In vitro, AOPPs
are capable of inducing respiratory bursts from neutrophils and
monocytes to induce systemic inflammation and increase the
circulation of TNF-o, C-reactive protein (CPR) and other
inflammatory mediators. Similar to advanced glycosylation end
products, AOPPs also bind to the same receptor and have their
own particular biological proprieties. AOPPs that can enhance
OS and inflammation have been identified as a novel class of
inflammatory mediators and novel biomarkers of oxidative
damage to proteins in many studies [7].

The Roles of AOPPs in Atherosclerosis

AOPPs participate in many pathophysiological disease pro-
cesses. Many pathological conditions are linked to the accu-
mulation of AOPPs, including osteoarthritis [30], uremia,
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hypertriglyceridemia [29], coronary artery disease (CAD) and
atherosclerosis [7, 9]. The AOPPs levels gradually increase
with the severity of the disease and can be used to monitor the
disease progress and prognosis. Therefore, inhibiting AOPPs
formation may be a potential effective therapeutic strategy in
many diseases [6].

As the main pattern underlying CVD, the characteristics
of atherosclerosis include chronic inflammatory disease of
the blood vessels [31]. Inflammation and OS are established
risk factors for atherosclerosis. Numerous studies found that
the occurrence and progression of atherosclerosis were clo-
sely associated with high plasma AOPPs levels, which could
be used as an early marker of atherosclerosis and an inde-
pendent strong predictor of the risk of atherosclerotic car-
diovascular events and CAD [32-36]. The plasma AOPPs
levels are also closely related to the carotid intima-media
thickness in patients with carotid atherosclerosis plaques.
AOPPs not only reflect the severity of OS, but also act as a
mediator of inflammation [35].

Lipid metabolism also plays an important role in atheroge-
nesis and contributes to atherosclerotic plaque formation
in vivo. Mo et al.’s [37] experimental study showed that AOPPs
increased lipid accumulation and exacerbated atherosclerosis
by downregulating ATP-binding cassette transporter Al
(ABCA1) and ATP-binding cassette transporter G1 (ABCGl1)
expression in apoE-KO mice fed an atherogenic diet. AOPPs
promoted the increase in lipid accumulation in the aortic sinus
plaques and livers in the apoE-KO mice. AOPPs also exacer-
bated the atherosclerotic lesions in the aortic sinus.

AOPPs participate in the formation of atherosclerosis
through a variety of mechanisms [38]. First, AOPPs can lead to
the production of ROS and oxidative bursts in neutrophils and
monocytes. Second, AOPPs can induce the synthesis of
inflammatory cytokines and stimulate the expression of
chemokines, including SDF-1a and MCP-1, to promote cellu-
lar adhesion. Finally, AOPPs can contribute to the progression
of atherosclerosis by intensifying metabolic disturbances
[39, 40]. These mechanisms are important for atherosclerosis
progression (Fig. 1).

Mechanisms by Which AOPPs Promotes
Atherosclerosis Development

Oxidative Stress as a Bridge Between AOPPs
and Atherosclerosis

OS primarily results from an imbalance between the
excessive generation of oxidant compounds and insuffi-
cient antioxidant prevention mechanisms and is closely
associated with the formation of a large number of free
radicals that may impair tissues and cells [39]. Free radi-
cals are highly reactive and can bind to proteins,
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lipoproteins, nucleic acids and enzymes in a short time.
The oxidative metabolism of AOPPs may result in the
generation of oxygen free radicals, such as superoxide
(02-), peroxide ions (H,O,) and OH-. In the endothelium,
the combination of free radicals with NO can reduce the
vasodilation ability and account for the occurrence of
coronary ischemia [41].

Many lines of evidence indicate that OS is related to
atherosclerosis. For example, OS promotes platelet acti-
vation with the release of serotonin. The platelet poor
plasma (PPP) serotonin levels and PPP/whole blood (WB)
serotonin ratio were significantly correlated with the levels
of OS in coronary heart disease patients, indicating that OS
promoted serotonin production and contributed to vascular
inflammation and atherosclerosis development [42].

Overwhelming OS consumes endogenous redox buffer
systems, which not only triggers immune responses, but
also leads to endothelial and smooth muscle cell dysfunc-
tions that are critical for atherosclerosis progression [1].
The first sign of atherosclerosis may be endothelial dys-
function, which is an early event in CVD in type 2 diabetes
patients and can occur before the occurrence of albumin-
uria. An increased plasma AOPPs level is an independent
risk factor for impaired endothelial vasodilation and
increased plasma soluble intercellular adhesion molecule-1
(ICAM-1) in type 2 diabetes patients and therefore may be
an early marker of vasculopathy in individuals with early
stage diabetes [41, 43]. OS plays a predominant role in the
pathogenesis of atherosclerosis by impairing endothelial
functions and reducing endothelial activity. AOPPs are
reliable markers of oxidative injury originating from
oxidative and carbonyl stress and have functions in the
enhancement of systematic inflammatory activity [41].
AOPPs levels are closely related to endothelial function
[44]. AOPPs can induce endothelial dysfunction by gen-
erating oxygen free radicals, decreasing the NO level and
reducing the activity of endothelial cells by inducing ROS
production. ROS can also prompt the oxidation of albumin
into AOPPs, and antioxidants have good protective effects
on OS injury and the reduction in cell viability induced by
AOPPs [39, 45].

Intravenous injection of animals with AOPPs can
increase the plasma TNF-o concentration and promote
endothelial cell proliferation and macrophage infiltration
into the smooth muscle. Thus, AOPPs are associated with
the proliferation of vascular smooth muscle cells (VSMCs),
which can accelerate the formation of atherosclerosis [18].
AOPPs can also induce the expression of ICAM-1 and
other cytokines to accelerate endothelial cell injury. A high
plasma AOPPs level is an independent risk factor for
endothelial dysfunction and the strongest risk factor for
impairment of endothelial vasodilation and therefore may
be an early marker of vasculopathy in atherosclerosis [43].
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Presented data indicate that AOPP plays a significant
role in many disorders with chronic background, because
of they reflect intensification of OS and the degree of
pathological changes connected with OS [46]. In peritoneal
dialysis (PD) patients, the AOPPs levels increase to more
than 50 % of the baseline value. Thus, a prooxidant status
defined by continuous increase in AOPPs levels would thus
reflect a cardiovascular-prone event status. Probably, the
prooxidant status will most likely maintain permanent
endothelial dysfunction and promote new cardiovascular
events. Therefore, AOPPs are significantly associated with
past and future CVDs. Indeed, these patients had a 4.7-fold
increased risk of suffering from subsequent CVD [27].
Aside from PD patients, atherosclerosis and calcification in
the cardiovascular system are the most frequent causes of
morbidity and mortality in hemodialysis (HD) patients with
end-stage renal disease, with almost half of deaths ascribed
to atherosclerosis [47, 48]. The accumulation of AOPPs in
renal disease and CAD patients represents an excellent
novel marker of OS. Thus, the role of OS in the develop-
ment of CVD might be of great importance [49].

AOPPs constitute a novel molecular basis for the dele-
terious activity of oxidants [34]. AOPPs levels, which are
reliable markers to estimate the degree of and variation in
oxidant-mediated protein damage, are more sensitive than
ox-LDL for the evaluation of OS [32, 50]. Under normal
conditions, low levels of ROS as byproducts of electron
transport chain reactions are primarily generated in the
mitochondria [51]. The small amount of ROS in the human
body can remove external pathogens and tumor cells and
plays an important role in the body’s defense system.
In vivo, OS can induce the accumulation of ROS, which
contributes to the pathogenesis of many chronic diseases
by changing protein structures and functions and causing
oxidative damage to endothelial cells [52]. Additionally,
the permeability of the blood vessel wall increases,
allowing plasma lipoprotein infiltration into the endothelial
gap and uptake by macrophages to form foam cells. Studies
have shown that ROS production by human umbilical vein
endothelial cells, polymorphonuclear neutrophils and
monocytes in vitro is induced by AOPPs-BSA [39].
Moreover, AOPPs-BSA decreases endothelial cell viability
via OS induction.

Importantly, AOPPs are real mediators of the pro-in-
flammatory effect of OS and can stimulate the NADPH
oxidase respiratory burst, MPO production in monocytes,
neutrophils and phagocytic cells, and cell inflammation;
the intensity of the reaction is positively related to the
oxidative degree of the AOPPs [34, 53, 54].

AOPPs are closely related with neopterin, CRP and
monocyte-derived cytokines such as tumor necrosis factor
o (TNF-ao) and its antagonist and IL-1 and its receptor
antagonist [10]. Neopterin, which is a byproduct of the

guanosine triphosphate pathway, activates T lymphocytes
to produce IFN-vy, which is the major stimulating factor for
neopterin formation and can be indirectly induced by TNF-
o; interestingly, AOPPs can induce TNF-a secretion. Ele-
vated neopterin levels may be a significant predictor of
coronary events and mortality [55, 56]. Neopterin is a
useful marker for monocyte activation and OS and has
emerged as an important independent and predictive mar-
ker for cardiovascular risk assessment [57, 58]. The
increase in the neopterin concentration is significantly
related to the lowering of plasma levels of vitamins C, E
and B and several other antioxidant compounds [1, 59].
Neopterin not only associates with the systemic inflam-
matory process in atherosclerosis, but also might be
important for the inflammatory process within the plaque
and plaque instability [58, 60]. Furthermore, neopterin can
promote cellular adhesion molecules and tissue factor
expression to induce an atherosclerotic phenotype in
human coronary endothelial cells [61].

Superoxide dismutase (SOD), which is a scavenger of
superoxide anions, and L-arginine, which is a precursor of
NO, ameliorate the impairment of endothelium-dependent
relaxation to decrease NO production/release and increase
oxygen free radical production by exogenous AOPPs-BSA
in rat aortic rings. Several studies have demonstrated that
AOPPs accumulation coexists with decreased antioxidant
enzyme levels, such as glutathione peroxidase and SOD,
and that an abnormal decrease in these plasma antioxidant
enzymes may further aggravate the detrimental effects of
potential AOPPs-mediated ROS production [39].

AOPPs is Involved in Atherosclerosis by Increasing
Inflammation

Both circulating inflammation and local inflammation in
the blood vessel play key roles in the initiation and pro-
gression of atherosclerosis [62]. The incidence of cardio-
vascular events in CRF patients is tightly related to the
degree of inflammation [63]. AOPPs were elevated in the
plasma of CRF patients and increased with the deteriora-
tion of renal functions; thus, AOPPs were proposed to be
novel markers of OS in CRF. Atherosclerosis is associated
with vascular calcification (VC). Inflammatory cytokines,
such as the TNF and IL-6 superfamilies, and the inflam-
mation-related transcription factor NF-kB play important
roles in the VC process, indicating that inflammation
accelerates VC progression and promotes the development
of atherosclerosis [64]. Chronic inflammation can impact
endogenous antioxidant capacities through the continuous
production of high ROS levels. IFN-y is the most important
trigger for the formation and release of ROS. ROS can lead
to the depletion of antioxidants such as vitamins C and E
and glutathione, thereby contributing to OS development.
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Enhanced OS markers and low plasma antioxidant levels
are common patterns in atherosclerosis patients.

The production of pro-inflammatory mediators by
immune competent cells in the lesions, such as macro-
phages, T lymphocytes, endothelial cells, smooth muscle
cells and mast cells, is required to maintain a chronic
inflammatory state [65]. Considerable evidence indicates
that mast cells and their products play key roles in
inflammation and atherosclerosis. Activated mast cells
release a broad spectrum of pro-inflammatory cytokines,
growth factors, vasoactive substances and proteolytic
enzymes that have detrimental effects on their immediate
surroundings in the vessel wall. These products increase
lipid uptake, provoke matrix degradation, enhance apop-
tosis and recruit inflammatory cells, which actively con-
tribute to atherosclerosis and plaque formation [66].
Activated macrophages also play a critical role in
atherosclerotic plaque formation, fibrous cap disruption
and thrombus formation. Neopterin is a marker of macro-
phage activation. As mentioned above, a significant cor-
relation was reported between AOPPs and neopterin,
demonstrating that AOPPs are closely linked to macro-
phage activation [1].

AOPPs are not only exquisite markers of phagocyte-
derived OS and the molecular basis for the deleterious
activity of oxidants, but also active inflammatory mediators
because they can trigger oxidative bursts in neutrophils and
monocytes and promote the synthesis of inflammatory
cytokines [21, 54, 67], such as IL-6, TNF-« and IL-1,
which exert important effects in the process of
atherosclerosis. IL-1 can induce a large portion of the local
and systemic inflammatory response manifestations in
atherosclerosis. IL-1 is a chemoattractant for a variety of
cells; it improves the adhesion of blood cells to vascular
endothelial cells and increases the blood procoagulant
activity. TNF-o induces apoptosis, leading to the produc-
tion of ROS, O, and NO; it is also an important factor in
atherosclerotic plaque destabilization, which leads to the
development of acute coronary syndrome. IL-6 plays a role
in the development of atherosclerosis. The main biological
effect of IL-6 is participation in the inflammatory response.
IL-6 affects the synthesis of acute phase proteins by hep-
atocytes more than other inflammatory cytokines. Addi-
tionally, IL-6 promotes the exacerbation of chronic
inflammatory processes and the transformation of acute
inflammation into chronic inflammation. Thus, inflamma-
tory cytokines play a role during every stage of the
development of atherosclerotic lesions in the arterial wall.
[68].

In addition to monocytes and neutrophils, AOPPs can
decrease the activity of vascular endothelial cells in vitro
by inducing the respiratory bursts of endothelial cells and
phagocytic cells and ROS generation. These effects can be
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inhibited by the NADPH oxidase inhibitor in a manner that
is dependent on the AOPPs dose. In uremia patients,
AOPPs are involved in monocyte-mediated inflammatory
disorders [47, 53]. O, arises during the respiratory burst
and can induce AOPPs generation under the action of the
chlorine oxidant. The inflammatory reaction is amplified in
this vicious cycle, which can be seen as positive feedback
of AOPPs [67, 69, 70].

The adhesion of monocytes and T lymphocytes to the
damaged endothelium and their migration into the tunica
media and the accumulation of monocytes/macrophages in
the lesion are key factors in the pathogenesis of
atherosclerosis [1, 71]. MCP-1 and SDF-1a are effective
chemokines. MCP-1 can stimulate the migration of
monocytes through the four arterial endothelial monolay-
ers. MCP-1 has been detected in atherosclerotic lesions and
is expressed in a variety of cells, including endothelial
cells, monocytes and smooth muscle cells [72, 73]. AOPPs
show remarkable potential for the stimulation of MCP-1
mRNA expression and MCP-1 protein secretion by p38
MAPK. Disposal of VSMCs with AOPPs results in a
prominent increase in MCP-1 expression in a time- and
dose-dependent manner [34]. SDF-1a is a highly effective
chemokine of lymphocytes and monocytes, with chemo-
tactic activity that is ten times stronger than MCP-1.
AOPPs-BSA can promote SDF-1oo mRNA expression in
ECV304 cells in a dose-dependent manner [74]. AOPPs
may also accelerate the progression of atherosclerosis by
promoting the expression of a variety of inflammatory
cytokines, which in turn stimulate SDF-lo expression.
Several studies showed that the delayed clearance of
AOPPs from serum was an independent risk factor for
CAD in uremia [75].

More recent work on MPOs has clearly shown that
MPOs of neutrophils are responsible for generating chlo-
rine oxidant and AOPPs. In HD patients, a 50 % increase
in AOPPs production was dependent on MPO activity [13].
MPO participates in the inflammatory process associated
with atherosclerosis and can be detected in the
atherosclerotic plaques of the aorta but not in normal aortae
[53, 76]. AOPPs have dual identities as the cause of sys-
temic inflammation and the result of OS; AOPPs are not
only a bridge between inflammation and OS, but also a
bridge between monocytes and polymorphonuclear
phagocytes, which are key effector cells in inflammation
and OS.

AQPPs Promote the Development of Atherosclerosis
by Modifying Lipoproteins

In addition to albumin, many other types of proteins par-
ticipate in the pathogenesis of immune dysfunctions and
accelerate atherosclerosis; these proteins are modified by
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AOPPs. One of the most important proteins is the LDL.
Based on the “oxidative modification hypothesis” of
atherosclerosis, increasing LDL oxidation is an early event
in atherosclerosis [77]. LDL is easily denatured by oxida-
tive modification [3]. LDL oxidation is promoted by a
variety of free radicals, which results in structural and
functional modifications of the molecule [5].

The deposition of ox-LDL on the vessel wall can lead to
the formation of foam cells, contribute to the formation of
an oxidative environment, stimulate ROS formation, pro-
mote endothelial dysfunction and induce the infiltration of
mononuclear cells to the vascular wall, thereby leading to
the proliferation of smooth muscle cells [36] and con-
tributing to the pathogenesis of vascular dysfunctions in the
development of early atherosclerosis [1, 78]. AOPPs have
been implicated in atherosclerosis primarily through LDL,
which is extremely sensitive to AOPPs modification.
AOPPs-LDL was found deposited on atherosclerotic vessel
walls and plaques in CRF patients; the process involved the
rapid development and formation of atherosclerotic lesions
by increasing inflammation in circulation and activating
endothelial cells [76, 78, 79]. Additionally, studies report
that AOPPs can promote the formation of atherosclerotic
plaques in animal models with high cholesterol [80], which
is direct evidence that AOPPs may be involved in
atherosclerotic lesions. Circulating ox-LDL was also
detected in CVD patients [81]. The presence of ox-LDL
has been implicated in the progression to advanced
atherosclerotic lesions, which are characterized by insta-
bility and a propensity for plaque rupture with resultant
generation of an occlusive intravascular thrombus [5, 27].
However, although ox-LDL was present in the vessels, the
amount was small [82]. The elevation of ox-LDL in the
plasma is predictive of endothelial dysfunction and coro-
nary heart disease [8§1-83].

AQOPPs Promote the Development of Atherosclerosis
by Inhibited Reverse Cholesterol Transport

Reverse cholesterol transport (RCT) has been proposed as
the major mechanism by which HDL reduces the incidence
of atherosclerosis. Moreover, a variety of other mecha-
nisms have been ascribed to HDL, including anti-inflam-
matory activity and antioxidant activity, modification of
coagulation parameters, alteration of platelet functions,
interaction with the metabolism of triglyceride-rich
lipoproteins and improvement in endothelial functions
[5, 6]. Recent data have elucidated the role of HDL as a
natural antioxidant. HDL possesses significant antioxidant
activity that is primarily mediated via inhibiting LDL
oxidation with a subsequent reduction in cellular uptake by
the monocyte macrophage system [5, 23]. HDL is closely
associated with antioxidant enzymes such as paraoxonase-1

[3]. Paraoxonase-1 is located on the surface of HDL par-
ticles and is a calcium-dependent enzyme that contributes
to the antioxidant and anti-inflammatory roles of HDL,;
paraoxonase-1 can protect both HDL and LDL from oxi-
dation [84]. Preclinical and large-scale epidemiological
studies have found that low HDL-C level is a robust pre-
dictor of lipid peroxidation. The plasma HDL-C level has
been inversely correlated with the risk of CVD [85].

AOPPs accelerate the progression of atherosclerosis by
increasing the plasma lipid levels and impairing the mac-
rophage cholesterol efflux. In vitro generated AOPPs-al-
bumin has a high binding affinity for the HDL receptor SR-
BI. SR-BI can recognize a broad range of oxidized and
modified proteins that play protective roles against CVD
and act as the primary pathway for the disposal of HDL-
borne cholesterol ester (CE) and triglycerides. A molar
concentration of AOPPs—albumin could block the binding
of HDL with SR-BI and effectively inhibit SR-BI-mediated
CE uptake in vitro and in vivo. Administration of AOPPs—
albumin may significantly interfere with the clearance of
HDL-CE mediated by SR-BI in mice [49]. Macrophages
participate in the RCT process. Stimulation of the macro-
phage cholesterol efflux by enhancing ABCA1 and
ABCGI expression is predicted to inhibit foam cell for-
mation and consequently reduce atherosclerosis [86].
AOPPs accelerate the progression of atherosclerosis by
increasing the plasma lipid levels and impairing the mac-
rophage cholesterol efflux [37]. In CRF patients, depress-
ing the clearance of HDL-C may contribute to the
abnormal composition of HDL and the increased cardio-
vascular risk [8, 49]. AOPPs directly impair HDL meta-
bolism, which may play a potential key role in the
development of CVD.

Anti-AOPPs Strategies and Atherosclerosis

Atherosclerosis contributes significantly to morbidity and
mortality worldwide. AOPPs play an important role in
many of the pathological conditions of atherosclerosis;
thus, inhibiting AOPPs formation may provide a novel
approach to improve the prognosis. To date, studies have
found many ways to act on AOPPs and affect the disease
prognosis. AOPPs can induce myocardial cell death and
contribute to myocardial injury through the activation of
Nox2/Racl/superoxide-dependent TRAF3IP2/JNK and
TRAF3-interacting protein 2 knockdown, which can blunt
AOPPs-induced apoptosis. TRAF3IP2 may represent a
potential therapeutic target for CAD [11]. AOPPs can
induce MCP-1 mRNA and protein overproduction by
activating the ROS/NF-kB pathway, but this pathway can
be inhibited by SOD (ROS inhibitor) and sesquiterpene
lactone, which inhibit IkBo degradation [87]. Arctiin can
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decrease the epithelial-mesenchymal transition of mouse
podocytes by alleviating the endoplasmic reticulum stress
caused by AOPPs [88]. Garlic significantly reduced AOPPs
levels in the brain tissue of rats administered radiofre-
quency electromagnetic radiation [89]. The persimmon
flavone effectively inhibited the AOPPs-induced prolifer-
ation of vascular adventitial fibroblasts [90]. Metformin
and lifestyle modifications both effectively reduced the
adverse effects of AOPPs and OS alone [91].

Because there are many risk factors for CVDs in indi-
viduals, it is necessary to take effective treatment measures
against these risks. N-acetyl cysteine is capable of
inhibiting the formation of HOCI-induced AOPPs and
alleviating OS in a concentration-dependent manner. The
synergistic effect promoted by the association of these
drugs is more effective than the use of the drug alone
[92, 93]. AOPPs-BSA markedly inhibits the endothelium-
dependent relaxation response to acetylcholine in a dose-
dependent manner. Captopril can completely reverse the
inhibitory effect of AOPPs-BSA, thereby treating hyper-
tension and inhibiting the progression of atherosclerosis by
scavenging oxygen free radicals. Captopril also protected
the endothelium against the functional damage induced by
AOPPs-BSA in the rat aorta by increasing the bioavail-
ability of NO [39, 94]. Olmesartan resulted in a significant
reduction in intracellular ROS production. Furthermore,
olmesartan reduced the cytotoxicity and vascular
endothelial growth factor (VEGF) secretion induced by
AOPPs or H,O,. A low antioxidant intake (particularly of
vitamins) is suggested to be associated with a reduced risk
of CVD. Vitamin E is an antioxidant that can alleviate OS
and may be able to reduce atherosclerotic lesions. Several
clinical trials found that vitamin E supplementation led to a
reduction in the risk of fatal and nonfatal acute myocardial
infarction [1, 95, 96].

Matrine is a type of herb, which are used to treat
inflammatory diseases. Matrine inhibited vascular cellular
adhesion molecule 1 (VCAM-1) and ICAM-1 expression in
TNF-o-stimulated human umbilical smooth muscle cells
(HASMCs) via the suppression of ROS production and NF-
kB and MAPK pathway activation. As a consequence,
matrine may have a potential therapeutic use for the pre-
vention of the advancement of atherosclerotic lesions [97].
Additionally, other natural plants (especially plants with
factors with medicinal properties such as stereocalpin A
and sulforaphane) may have therapeutic potential. Stereo-
calpin A prevented the induction of adhesion molecule
expression in a concentration-dependent manner after
inflammatory cytokine stimulation [98]. Sulforaphane was
also shown to inhibit the expression of TNF-a-induced
adhesion molecules in VSMCs [99]. Astaxanthin inhibits
LDL oxidation and increases the high-density lipoprotein
(HDL) cholesterol and adiponectin levels; astaxanthin
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could exert preventive actions against CVD via its potential
ability to improve oxidative stress, inflammation, lipid
metabolism and glucose metabolism [100].

Some potential novel anti-atherosclerotic drug prepara-
tions with anti-cytokine mechanisms have emerged, such
as canakinumab (a human monoclonal antihuman IL-1f
antibody), anakinra (an IL-1 receptor antagonist), tocili-
zumab (an IL-6 inhibitor), etanercept (a TNF-a inhibitor)
and darapladib (a direct inhibitor of lipoprotein-associated
phospholipase A2). Classical anti-inflammatory drugs,
such as colchicine and methotrexate, are the most
promising agents for atherosclerosis medication under
study [101]. Lipid-lowering drugs, such as statins, have
been used for atherosclerosis prevention. These drugs
prevent the increase in the thickness of the intimal-medial
layer of the carotid arteries, which is a surrogate marker of
atherosclerosis [102]. Their antiatherosclerotic effects are
caused not only by their lipid-lowering activity but also by
their anti-inflammatory, antioxidant, anti-platelet and
immunomodulation properties [103, 104]. Lipid-lowering
drugs from other groups are also effective as anti-
atherosclerotic agents.

In summary, atherosclerosis is a multifactorial disease.
The prevention of AOPPs formation has been demonstrated
to be an efficient method for the prevention of
atherosclerosis and can also influence the treatment effi-
cacy. Additionally, other measures can prevent and slow
down the progression of atherosclerosis.

Perspectives

This review summarizes the role of AOPPs in atheroscle-
rosis with a particular focus on inflammation and OS,
which play critical roles through expediting the initiation
and progression of atherosclerosis. OS and inflammation
can stimulate the production of AOPPs in circulation. The
increase in AOPPs further aggravates OS and inflamma-
tion. In turn, this positive feedback loop could amplify or
maintain OS and inflammation. AOPPs are not only
exquisite markers of OS and the molecular basis for the
deleterious activity of oxidants but also active inflamma-
tory mediators. AOPPs are involved in the development of
atherosclerosis through enhancing OS and inflammation,
inducing endothelial dysfunction, increasing the production
of inflammatory cytokines, chemokines and free radicals,
stimulating VSMCs proliferation, disordering lipoprotein
metabolism and promoting cell adhesion, including
monocytes and macrophages, all of which contribute to the
formation of atherosclerosis. AOPPs are independent and
powerful predictors of the atherosclerosis risk. Interfering
with AOPPs formation may be an efficient method for
atherosclerosis treatment.
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