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Abstract

Atherosclerosis is a chronic, progressive disease which eventually leads to coronary heart disease (CHD), ischemic stroke and
other atherosclerotic cardiovascular disease (ASCVD). Numerous studies have demonstrated an atherogenic role of oxidized low-
density lipoprotein (ox-LDL) in the progression of ASCVD. This article briefly reviews the atherogenic mechanism of ox-LDL, the
methods of measuring ox-LDL in the circulation, effect of medical therapy and life-style modification on ox-LDL level, and the
association between circulating ox-LDL and atherosclerosis, including clinical ASCVD events and subclinical atherosclerosis, in
observational studies.
© 2017 Chinese Medical Association. Production and hosting by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction

Atherosclerosis is a chronic, progressive pathological
process that involves vascular endothelial injury, lipid
infiltration, macrophage activation, vascular smooth
muscle cell proliferation, thrombosis, and inflammatory
immune response, eventually leading to coronary heart
disease (CHD), ischemic stroke, and other atherosclerotic
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cardiovascular diseases (ASCVDs). Among the patho-
genesis of atherosclerosis, lipid deposition has been most
extensively studied. It is well known that low-density li-
poprotein (LDL), the major carrier of cholesterol, accu-
mulates in the intima and stimulates the expression of
adhesion molecules and chemoattractants on the surface
of endothelial cells, activating the adhesion of circulating
monocytes to the endothelium. After adhesion, the
monocytes migrate into the intima, differentiate into
macrophages, internalize and accumulate the cholesterol
in cells, and eventually become foam cells that are
characteristic of atherosclerosis.' A study by Goldstein
and Brown demonstrated that LDL receptors (LDL-Rs),
which identify and internalize native LDL, played a vital
role in the cellular metabolism of cholesterol.” However,
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it was found that cholesterol accumulation also occurred
in patients with familial hypercholesterolemia whose
LDL-Rs were genetically impaired.” Moreover, an
in vitro experiment revealed that when incubated in high
concentrations of native low-density lipoprotein choles-
terol (LDL-C), macrophages did not convert to foam cells,
which suggested that LDL-Rs expressed on macrophages
may be down regulated in an environment of high LDL-C
concentration.” These observations implied that foam
cells can be formed through the uptake of cholesterol by
receptors other than LDL-Rs.

In 1984, Steinbrecher et al* found that incubation of
LDL with endothelium cells or smooth muscle cells
could convert LDL into a modified form that is recog-
nized by a novel receptor, increasing the rate of choles-
terol uptake by macrophages. Oxidized LDL (ox-LDL)
is the major modified form of native LDL because LDL
particles are extremely sensitive to oxidative damage:
each native LDL particle contains approximately 700
molecules of phospholipids, 600 molecules of free
cholesterol, 1600 molecules of cholesterol ester, 185
molecules of triglycerides, and an apolipoprotein B-100
(apoB-100) protein with 4536 amino acids." Both the
lipids and the proteins can be oxidized. The oxidation of
native LDL is a complex process that can be divided into
three stages. During the initial stage, known as the lag
phase, endogenous antioxidants such as vitamin E are
consumed. During the proliferation phase, poly-
unsaturated fatty acids (PUFAs) in the lipids of the LDL
particles can be rapidly oxidized to fatty acid fragments,
oxidized phospholipids (ox-PL), and oxygen free radi-
cals. During the decomposition stage, fatty acid frag-
ments are converted to aldehyde, which can interact with
the lysine residue of apoB-100 to form new epitopes.
Importantly, these new epitopes inhibit the ability of
LDL to bind to the LDL-Rs expressed on macrophages.”

The most important atherogenic effect of ox-LDL is
that this modification of native LDL shifts the recogni-
tion and internalization of the lipoprotein from the LDL-
Rs to novel receptors termed as scavenger receptors
(SRs).? SRs are the cell surface receptors expressed on
macrophages and other vascular cells that recognize and
internalize ox-LDL rather than native LDL; these
include SR-A, cluster differentiating 36 (CD36), SR-BI,
cluster differentiating 68 (CD68), scavenger receptor for
phosphatidylserine and oxidized lipoprotein (SR-
PSOX), and lectin-like oxidized LDL receptor-1
(LOX-1), among others.” Among these, SR-A binding to
oxidized lysine residue of apoB-100 and CD36 binding
to ox-PL are responsible for most of the ox-LDL uptake
by macrophages in vitro.*” The most important point is
that contrary to LDL-R, SRs are not down regulated by

elevated levels of intracellular cholesterol (Fig. 1).*
Uptake of ox-LDL by macrophages through SRs leads
to remarkable cholesterol accumulation, converting
macrophages to foam cells and promoting the develop-
ment of atherosclerotic lesions."’

To date, three monoclonal antibodies have been
developed for determination of circulating ox-LDL by
enzyme linked immunosorbent assay (ELISA): ox-
LDL-4E6,'" ox-LDL-E06,'” and ox-LDL-DLH3 anti-
body.'® Ox-LDL-4E6 was the first to be established and
widely used. It can directly recognize the epitope that is
generated after modification of lysine residues in apoB-
100 by aldehydes, while DLH3 and EO06 antibody
recognize oxidized phosphatidylcholine (0x-PC)
generated after modification of phospholipids contain-
ing PUFAs.'* However, ox-LDL with fewer than 60
lysine modifications cannot be detected using the ox-
LDL-4E6 antibody.'*

Association between circulating ox-LDL and
atherosclerosis

We searched PubMed and the Cochrane Library for
observational epidemiological studies on associations
between circulating ox-LDL and atherosclerosis. The
key words “oxidized low density lipoprotein™, ‘“car-
diovascular disease,” and ‘“atherosclerosis” were used
to build our search strategy. Thus far, 21 case—control
or prospective cohort studies'> > have reported the
association between circulating ox-LDL and athero-
sclerosis in PubMed and Cochrane Library, including
19 studies'” '??'7?%2%73% on clinical ASCVD events
and three studies'®*"?’ on subclinical atherosclerosis
(one study reported the data for both clinical and
subclinical atherosclerosis'®).

Association between circulating ox-LDL and clinical
ASCVD events

Among six  hospital-based  cohort  stu-
dies,'>"%32%3233 two studies found that after adjusting
for LDL-C, increased level of circulating ox-LDL was
significantly associated with the risk of clinical ASCVD
events; one study reported that among 1371 patients with
acute myocardial infarction (AMI), the hazard ratio (HR)
of death due to cardiovascular diseases (CVD), or the
occurrence of unstable angina pectoris (UAP) or
myocardial infarction (MI) at the 6-month follow-up was
1.66 (95% confidence interval (CI): 1.07—2.57) in pa-
tients with the highest tertile of circulating ox-LDL,
compared with those with the lowest tertile.”” Another
study showed that in 246 patients with more than 50%
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Fig. 1. Mechanisms of ox-LDL uptake by macrophages. Native LDL can hardly induce foam-cell formation because of the down regulation of
LDL-R. Ox-LDL induces cholesterol accumulation in macrophages through rapid uptake by the SRs, which are not down regulated in response to
an increase intracellular cholesterol. LDL: low-density lipoprotein; ox-LDL: oxidized low-density lipoprotein; LDL-R: low-density lipoprotein
receptor; SR-A: scavenger receptor A; CD36: cluster differentiating 36; LOX-1: lectin-like oxidized low density lipoprotein receptor 1.

stenosis, the risk of major adverse coronary events
(MACE) increased by 215% (95% CI: 47%—576%) for
patients with the highest quartile, compared with those
with the lowest quartile.”” One hospital-based cohort
study without adjustment of LDL-C also reported a
significant association between circulating ox-LDL and
clinical ASCVD events: among 425 patients with acute
coronary syndrome (ACS), the HR of AMI recurrence or
ACS-related death at the 5-year follow-up was 2.88 (95%
CI: 1.93—4.32) for 1 mmol/L increase in circulating ox-
LDL."> However, the remaining three studies did not find
any significant association between circulating ox-LDL
and clinical ASCVD events, regardless of adjustment
of LDL-C in multivariate models. A study by Finckh
reported that the HR of MACE among 118 patients with
rheumatoid arthritis (RA) was 1.90 (95% CI: 0.69—5.29)
for every 1 U/ml increase in circulating ox-LDL."® A
study by Braun et al’> demonstrated that after adjusting
for LDL-C in a model, the HR of MACE was 0.85 (95%
CI: 0.63—1.15) among 687 patients with coronary artery
disease (CAD) whose circulating ox-LDL level was
higher than the median, while a study by Johnston et al*®
reported similar result without adjustment of LDL-C in
their model (odds ratio [OR] = 1.71, 95% CI.
0.84—3.46).

Two of the three community-based cohort studies
revealed a significant association between increased
level of circulating ox-LDL at baseline and high risk of

occurrence of clinical ASCVD events in the general
population.'®? One study that enrolled 2793 subjects
without ASCVD at baseline found that after adjusting
for LDL-C in the model, the HR of occurrence of ACS
at the 10-year follow-up was 1.70 (95% CI: 1.02—2.84)
for every 1 unit increase in log-transformed circulating
ox-LDL level.'® Another study found similar results in
765 participants free of ASCVD at baseline. The HR
for occurrence of CVD was 2.4 (95% CI: 1.3—4.3) in
patients with the highest tertile of circulating ox-LDL
compared with those with the lowest tertile, after
adjusting for LDL-C.”> However, one study that
enrolled 1025 older community-dwelling individuals
did not find a significant association between baseline
ox-LDL levels and CVD-related deaths at a 9-year
follow-up after LDL-C adjustment in a multivariate
model (HR = 1.17 for the highest tertile versus the
lowest tertile; 95% CI: 0.79—1.93)."

Four case—control studies’'***'* including one
nested case—control study”' revealed that after adjust-
ment of LDL-C, higher level of circulating ox-LDL was
significantly associated with clinical ASCVD events:
the OR ranged from 1.67 to 5.03 in patients with the
highest quantile of circulating ox-LDL compared with
those with the lowest quantﬂez“'z/“{’3 5; the OR was 2.93
(95% CI: 2.89—2.98) for every 1 U/L increase in
circulating ox-LDL level.”' The four case—control
studies that did not adjust LDL-C in multivariate
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models also reported that circulating ox-LDL was
associated with clinical ASCVD events'*%7%**: the
OR ranged from 2.15 to 20.60 in patients with the
highest quantile of circulating ox-LDL compared with
those with the lowest quantile'”’"** and the OR was
1.05 (95% CI: 1.02—1.09) for every 1 U/L increase in
circulating ox-LDL.” The remaining two studies did
not find a significant association between circulating
ox-LDL and clinical ASCVD events: the study by Wu
et al”® reported that after LDL-C adjustment, the OR for
the highest quintile as compared with the lowest quin-
tile was 1.64 (95% CI: 0.83—3.25) and 1.53 (95% CI-
0.65—3.57), respectively, in men and women; the study
by Drogan et al,”” which did not adjust LDL-C in a
multivariate model, demonstrated an OR of 1.31 (95%
CI: 0.56—3.05) in patients with the highest quartile of
circulating ox-LDL, compared with those with the
lowest quartile.

Association between circulating ox-LDL and sub-
clinical atherosclerosis

The relationship between circulating ox-LDL and
subclinical atherosclerosis was observed in one case-
—control study”’ and two community-based cohort
studies.'®?” The study by Tsimikas et al”’ was a
community-based cohort study consisting of 765 par-
ticipants without ASCVD at baseline. After adjusting
for LDL-C, the OR of new-onset carotid plaques at the
5-year follow-up was 1.44 (95% CI: 1.06—1.96) for
every 1 unit increase in log-transformed circulating ox-
LDL levels. Significant association between ox-LDL
and carotid plaques was also found in one case-
—control study (OR = 1.02 for every 1 U/L increase in
circulating ox-LDL, 95% CI: 1.01—1.03).”" However,
one community-based cohort study that enrolled 1427
subjects found a different result. After LDL-C adjust-
ment, the OR of subclinical atherosclerosis, which was
compositely defined as top-quintile carotid intima
media thickness (IMT) or ankle-brachial index
(ABI) < 0.9 at the 10-year follow-up, was 0.96 (95%
CI: 0.67—1.37) for per unit increase in log-transformed
circulating ox-LDL level.'®

The different association of circulating ox-LDL
with clinical ASCVD events and subclinical athero-
sclerosis may be explained by two main reasons.
Firstly, the inconsistent and composite definition of
subclinical atherosclerosis in different studies may lead
to different conclusions. Secondly, fewer studies were
available on subclinical atherosclerosis than on clinical
ASCVD events, owing to the difficulty in measuring
subclinical atherosclerosis in a large sample size.

Although some cross-sectional studies investigated the
association between circulating ox-LDL and carotid
IMT, they are less powerful in etiological in-
vestigations, given the nature of the study design.”® >’

Apart from ASCVD, circulating ox-LDL was also
reported to be associated with diabetes,”**! metabolic
syndrome,42 obesity,41 and fatty liver,43 which may
increase the risk of ASCVD.

Effect of medical therapy and lifestyle modifica-
tions on ox-LDL level

Several studies have focused on the strategies for
reducing circulating ox-LDL levels. A 12-week
healthy-life exercise program was reported to reduce
circulating ox-LDL levels and carotid IMT in obese
elderly women."* Tavridou et al*” reported that treat-
ment with simvastatin 40 mg/d for 12 weeks signifi-
cantly reduced circulating ox-LDL levels by
6.5% + 5.2% and 31.1% =+ 5.0% in hypercholester-
olemia subjects with and without CHD, respectively.
Likewise, a study by Aydin et al*® showed that both
rosuvastatin 20 mg/d and atorvastatin 80 mg/d had
comparable effects on circulating ox-LDL levels. A
study by Ndrepepa et al*’ demonstrated that compared
to patients with CAD who did not receive statins, pa-
tients who received statins had lower levels of circu-
lating ox-LDL and less severe CAD. Similar results
were found in studies that enrolled patients with acute
ischemic stroke (AIS). A study by Tsai et al** revealed
that statins reduced plasma ox-LDL levels and
improved the prognosis of patients with AIS. Another
study by Kei et al*’ showed that various types of statins
differed in their abilities to reduce circulating ox-LDL
levels. It was demonstrated that compared with patients
who received add-on fenofibrate treatment, the reduc-
tion of circulating ox-LDL levels was significant in the
groups of patients who received add-on extended
release nicotinic acid/laropiprant (ER-NA/LRPT) and
rosuvastatin monotherapy. It is important to note that
none of the above studies were randomized controlled
trials that focused on ox-LDL. Meanwhile, with the
discovery of specific receptors such as the LOX-1 for
ox-LDL, novel therapeutic targets are promising for
regulating ox-LDL levels.””

Conclusion

Since 1984, when ox-LDL was first described, many
studies on the relationship between ox-LDL and athero-
sclerosis have been published. Over the past decade,
extensive basic and epidemiologic research evidence has
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been gathered on the role of ox-LDL in the progression of
atherosclerosis. However, it is unclear whether the effects
of ox-LDL vary at different stages of atherosclerosis. The
optimal treatment strategies for reducing circulating ox-
LDL Ievels and the eventual risk of developing a car-
diovascular disease also remain elusive. Therefore,
further research addressing these aspects is warranted.
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