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Background. Elevated serum low-density lipoproteins (LDL), the substrate for the formation of atherogenic oxidized LDLs
(oxLDL), are a causal factor for atherosclerotic cardiovascular disease (ASCVD). Statins are well known to decrease LDL
particle concentration and reduce ASCVD morbidity and mortality. Objective. To perform a meta-analysis of the effects of
statins (i.e., type, dose, and duration of treatment) on serum levels of oxLDL and on immunoglobulin M (IgM) and
immunoglobulin G (IgG) antibody levels against oxLDL. Methods. PubMed, Scopus, Embase, and Web of Science were
searched up to February 5th, 2021, for randomized controlled trials (RCT) evaluating the effect of statins on oxLDL and anti-
oxLDL antibody levels. Meta-analysis was performed using Comprehensive Meta-Analysis (CMA) V2 software. To evaluate the
influence of each study on the overall effect size, a sensitivity analysis was performed using the leave-one-out method.
Evaluation of the funnel plot, Begg’s rank correlation, and Egger’s weighted regression tests was used to assess the presence of
publication bias in the meta-analysis. Results. A total of 28 RCTs including 4019 subjects were finally included in the meta-
analysis. The results indicated a significant decrease in circulating concentrations of oxLDL after treatment with statins (SMD:
-2.150, 95% CI: -2.640, -1.697, p < 0.001). Subgroup analysis found no significant effect of the intensity of statin treatment or
statin lipophilicity on the reduction of circulating concentrations of oxLDL. An additional meta-analysis of 3 trials showed that
statins did not change the serum levels of IgM and IgG antibodies to oxLDL. Conclusion. Statin therapy decreases serum
oxLDL concentrations but does not affect circulating levels of anti-oxLDL antibodies.

1. Introduction (ASCVD) morbidity and mortality [1]. Statins are drugs of

choice to decrease LDL-C levels and ASCVD risk in both
Elevated serum low-density lipoprotein cholesterol (LDL-C)  primary and secondary prevention [2, 3]. The oxidation of
is a causal factor for atherosclerotic cardiovascular disease =~ LDL particles, which typically occurs in patients with
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elevated LDL-C levels as well as in the presence of other pro-
oxidative conditions, is considered to be the major athero-
genic modification of LDL [4]. Among LDL subclasses,
small and very small dense particles are most susceptible to
oxidation [5]. Oxidized LDL (0oxLDL) can trigger the expres-
sion of adhesion molecules (e.g., intracellular adhesion
molecule-1 (ICAM-1), vascular adhesion molecule-1
(VCAM-1), and E-selectin) on the endothelial cell surface
resulting in activation of endothelial cells [6, 7]. These adhe-
sion molecules along with integrins, selectins, and chemo-
kines stimulate the recruitment and adhesion of leukocytes,
mostly monocytes, to the endothelium and their infiltration
into intima. Monocytes differentiate to macrophages, recog-
nize and internalize oxLDL particles by scavenger receptors,
and transform into foam cells, thus initiating the formation
of the atherosclerotic plaque [8]. Moreover, the overexpres-
sion of the lectin-like oxidized low-density lipoprotein
receptor-1 (LOX-1), the main oxLDL receptor in endothelial
cells, promotes endothelial cell activation and dysfunction,
triggering the activation of proinflammatory signaling path-
ways and the development of atherosclerotic process [9].
oxLDL particles participate in the destabilization of athero-
sclerotic plaques leading to clinical manifestations, such as
myocardial infarction (MI) and unstable angina. In addition
to promoting plaque appearance, growth, inflammation, and
destabilization, oxLDLs act as immune antigens inducing the
innate immune response to produce immunoglobulin M
(IgM) and immunoglobulin G (IgG) antibodies against
oxLDL [8]. The role of these antibodies as markers of oxLDL
exposure and pathogenic determinants of ASCVD has been
proposed [10]. Namely, as a consequence of the macrophage
activation, matrix metalloproteinases are produced causing
matrix degradation, fissuring of the plaque, and thrombus
formation on this site [11].

In the armamentarium of different lipid-lowering drugs
[12-14], statins still remain the most widely prescribed class.
This is due to their efficient LDL-lowering activity and pleio-
tropic effects of these drugs ([15-21]). Although the effects
of statins on LDL-C are well known, inconsistency about
the effects of statin therapy on circulating levels of oxLDL
and anti-oxLDL antibodies is still present. Moreover, the
impact of statin therapy intensity and lipophilicity on these
highly atherogenic modified LDL particles remains unex-
plored, and it is not known whether different statins have
different effects on serum concentrations of oxLDL. There-
fore, the aim of this systematic review and meta-analysis
was to analyze the magnitude of the effect of statins on
oxLDL and anti-oxLDL antibody levels.

2. Methods

2.1. Search Strategy. We followed the methods of Jamialah-
madi et al. as follows [22]. The present systematic review
and meta-analysis was designed according to the 2009 Pre-
ferred Reporting Items for Systematic Reviews and Meta-
Analysis (PRISMA) guidelines [23]. PubMed, Scopus,
Embase, and Web of Science were searched from inception
to February 5th, 2021, using the following keywords in titles
and abstracts (also in combination with MESH terms):
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(“Hydroxymethylglutaryl-CoA Reductase Inhibitors” OR
simvastatin OR rosuvastatin OR atorvastatin OR pravastatin
OR pitavastatin OR mevastatin OR fluvastatin OR lovastatin
OR cerivastatin) AND (“oxidized low density lipoprotein”
OR “oxidized LDL” OR OxLDL OR ox-LDL OR “oxidized
Low-Density Lipoprotein” OR “minimally modified
oxidized-LDL” OR MM-LDL OR MMLDL OR
“malondialdehyde-low density lipoprotein” OR “malondial-
dehyde low density lipoprotein” OR “MDA-LDL” OR
“MDALDL” OR “MDA-LDL IgM” OR “MDA-LDL IgG”
OR “autoantibodies against oxidized low-density lipopro-
tein” OR “autoantibodies against oxidized low density lipo-
protein” OR “AuAb-oxLDL” OR “antibodies against
oxidized LDL” OR “Anti-oxLDL”). The search was per-
formed consecutively using the search engines and search
terms which are presented in Supplementary Material
Table S1.

2.2. Study Selection. Human studies were included if they
met the following inclusion criteria: (i) randomized con-
trolled trial with either parallel or cross-over design, (ii)
the study which investigated the effect of statins on
oxLDL and/or antibodies against oxLDL, and (iii) presen-
tation of sufficient information at baseline and at the end
of follow-up in each group or studies which provided the
net change values. Exclusion criteria were as follows: (i)
nonrandomized trials, (ii) uncontrolled trials, (iii) obser-
vational studies with case-control, cross-sectional, or
cohort design, and (iv) lack of sufficient information at
baseline or follow-up and of an active comparator in
the control group.

2.3. Data Extraction. We followed the methods of Jamialah-
madi et al. as follows [22]. After removal of duplicate studies,
two independent and blinded authors (JB, MR) evaluated
eligibility by screening the titles and abstracts of the studies.
Full reports of eligible studies were obtained. Any disagree-
ments were resolved by discussion and consensus. Eligible
studies were reviewed, and the following data were
abstracted: (1) the name of the first author, (2) the year of
publication, (3) study design, (4) type of statins used in the
study, (5) dose of statin, (6) treatment duration, (7) patient
characteristics, and (8) clinical outcomes.

2.4. Quality Assessment. We followed the methods of Jamia-
lahmadi et al. as follows [22]. Risk of bias in the studies
included in this meta-analysis was evaluated according to
the Cochrane instructions [24]. Selection bias, performance
bias, attrition bias, detection bias, reporting bias, and other
sources of bias were estimated to be high, low, or unclear
for each of the included studies.

2.5. Quantitative Data Synthesis. We followed the methods
of Jamialahmadi et al. as follows [22]. Meta-analysis was per-
formed using Comprehensive Meta-Analysis (CMA) V2
software (Biostat, NJ) [25]. Values were reported in different
units. Sample sizes, means, and standard deviations from
each group were obtained for each relevant outcome to cal-
culate standardized mean differences (SMDs). We applied
SMDs because of the different metrics used to assess
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Excluded (n = 70):
Cross-sectional studies
(n=3)

English full-text was not
found (n =4)
Non-randomized design
(n=24)
Insufficient data
(n=39)

\ Active controlled studies

(n=36)

6
)
g Records identified through database searching
s include pubmed, scopus, embase, web of science
= (n =2806)
£
(]
e
— A 4
— Records after duplicates removed
(n = 1444)
o0
&
g
g A
<@ Records screened
(n=134)
—
— \
v
oy .
= Full-text articles assessed
§° for eligibility
=) (n=64)
—
) N
Studies included in the
3 systematic review and
E meta-analysis
E (n=28)
—

FiGURrk 1: Flow chart of studies identified and included in meta-analysis.

outcomes. Effect size was calculated as (measured at the end
of follow — up in the treatment group — measured at baseline
in the treatment group) — (measured at the end of follow-up
in the control group — measured at baseline in the control
group). A random-effects model and the generic inverse var-
iance weighting method were used to compensate for the
heterogeneity of the studies in terms of study design, treat-
ment duration, and the characteristics of the studied popula-
tions [23]. If the outcome measures were reported in the
median and range (or 95% confidence interval (CI)), mean
and SD values were estimated using the method described
by Hozo et al. [26]. Where only the standard error of the
mean (SEM) was reported, SD was estimated using the fol-
lowing formula: SD = SEM x sqrt (1), where 7 is the number
of subjects. Given the variations in the assay methods and
reporting different oxLDL concentrations, effect sizes were
expressed as SMD and 95% CI. To evaluate the influence
of each study on the overall effect size, a sensitivity analysis
was performed using the leave-one-out method (i.e., remov-
ing one study each time and repeating the analysis) [27, 28].

2.6. Metaregression. We followed the methods of Jamialah-
madi et al. as follows [22]. As potential confounders of treat-
ment response, the baseline levels of 0xXLDL and duration of
statin treatment were included into a random-effects metar-

egression model to explore their association with the esti-
mated effect size.

2.7. Publication Bias. We followed the methods of Jamialah-
madi et al. as follows [22]. Evaluation of the funnel plot,
Begg’s rank correlation, and Egger’s weighted regression
tests was used to assess the presence of publication bias in
the meta-analysis. When there was evidence of funnel plot
asymmetry, potentially missing studies were included using
the “trim and fill” method. In case of a significant result,
the number of potentially missing studies required to make
the p value nonsignificant was estimated using the “fail-
safe N” method as another marker of publication bias [29].

2.8. GRADE Scoring. We assessed the strength of evidence
for each outcome using the Grading of Recommendations,
Assessment, Development and Evaluation (GRADE) system
[30]. GRADEpro GDT software was used to summarise the
finding for each outcome, which is presented in Supplemen-
tary Material Table S2. According to the GRADE system,
RCTs start as high-quality evidence. Four points were
given for each outcome, and then, we assessed factors
reducing the quality of the evidence. For each outcome,
points were reduced based on the presence of the
following: the overall risk of bias for each RCT,
inconsistency, indirectness, and imprecision. Accordingly,
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FIGURE 2: Quality of bias assessment of the included studies in this
meta-analysis.

we graded the evidence in four categories based on the
overall GRADE scores for each intervention: high-grade
evidence (at least 4 points), moderate-grade evidence (3
points), low-grade evidence (2 points), and very low-grade
evidence (1 point).

3. Results

Among the 1444 published studies identified by a system-
atic database search, 134 were directly related to the topic
of this study. However, 106 studies were excluded after

careful evaluation (3 studies were cross-sectional, 21 stud-
ies were not found, 24 studies were not randomized clini-
cal trials, 39 studies did not report sufficient data, 36
studies were actively controlled, 22 studies were poster
presentations, and 1 study investigated cerivastatin, a drug
currently withdrawn from almost all markets). Therefore,
28 RCTs were finally included in the systematic review
and meta-analysis. A total of 25 studies evaluated the cir-
culating concentrations of oxLDL and malondialdehyde
(MDA) LDL (Table 1), while 3 studies measured anti-
bodies against oxLDL and MDA LDL (Table 2). The study
selection process is shown in Figure 1.

3.1. Risk of Bias Assessment of Clinical Trials. Most of the
selected trials showed insufficient information regarding
both random sequence generation and allocation conceal-
ment. Furthermore, seven studies showed a high risk of bias
for blinding of participants, personnel, and outcome assess-
ment [40, 46, 49, 52, 54]. Finally, all included trials had a low
risk of bias for incomplete outcome data and selective
reporting. The evaluation of the risk of bias in the selected
studies is presented in Figure 2.

3.2. Assays for oxLDL. In most of the included studies,
serum oxLDL was measured using the enzyme-linked
immunosorbent assay (ELISA) method. Thirteen studies
used the Mercodia oxLDL kit (Mercodia, Uppsala, Swe-
den) [31-37, 44, 45, 47-49, 55], three studies used the
SRL kit (Tokyo, Japan) [39, 40, 51], one study used the
USCNK Life Science Inc. kit (Wuhan, China) [41], one
study used the R&D Systems Inc. kit (Minneapolis, Min-
nesota, USA) [42], one study used the Immundiagnostik
kit (Bensheim, Germany) [43], one study used the Kyowa
Medex MX kit (Kyowa Medex, Inc., Tokyo) [50], one
study used the Daiichi kit (Tokyo, Japan) [52], one study
used the Biomedica kit (Wien, Austria) [57], one study
used ML25 (monoclonal antibody against MDA-LDL)
[54], and five studies did not mention the methods used
or assay kits [38, 46, 53, 56, 58].

3.3. Effect of Statins on Circulating Concentrations of
Oxidized LDL. Meta-analysis from 25 trials including 1444
subjects demonstrated a significant decrease in circulating
concentrations of oxLDL (SMD: -2.150, 95% CI: -2.604,
-1.697, p < 0.001) (Figure 3(a)). The reduction in circulating
concentrations of oxLDL because of statin treatment was
robust in the leave-one-out sensitivity analysis (Figure 3(b)).

3.4. Effect of Statins on Antibodies to Oxidized LDL (IgG and
IgM). Meta-analysis from 3 clinical trials including 2575
subjects did not show a significant change in serum IgM
antibodies to oxLDL (SMD: -10.842, 95% CI: -32.091,
10.406, p=0.317) and IgG (SMD: 0.048, 95% CI: -0.030,
0.125, p=0.229) following treatment with statins
(Figures 4(a) and 4(b)).

3.5. Metaregression. Random-effects metaregression was per-
formed to assess the effect of potential confounders on the
circulating concentrations of oxLDL-lowering activity of sta-
tins. The results did not suggest any significant association
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Stydy name Statistics for each study Std diff in means and 95% CI

Std diff Standard Lower Upper

in means error Variance  limit  limit Z-Value p-Value
Diepeveen 2005 (U/I) Mercodia kit -1.195 0.456 0.208 -2.089 -0.302 -2.621 0.009 -
Dogra et al, 2005 -0.949 0.373 0.139 -1.679 -0.218 -2.544 0.011 H
Dogra et al, 2007 -1.411 0.282 0.079 -1.963 -0.859 -5.011 0.000 -
Vlachopoulos 2007 -1.754 0.333 0.111 -2.406 -1.101 -5.289 0.000 E 3
Singh et al, 2008 a -1.014 0.376 0.142 -1.751 -0.277 -2.696 0.007 -
Singh et al,2008 b -1.267 0.387 0.150 -2.025 -0.508 -3.273 0.001 -
Nou at al, 2016 -1.407 0.368 0.136 -2.129 -0.686 -3.822 0.000 -
Nixon et al, 2017 a -1.439 0.261 0.068 -1.950 -0.928 -5.516 0.000 -
Nixon el al. 2017 b -2.503 0.315 0.099 -3.120 -1.886 -7.952 0.000 -
deFipps at al, 2018 -1.218 0.350 0.122 -1.904 -0.533  -3.485 0.000 -
EI-Sisi at al, 2015 -0.928 0.304 0.092 -1.524 -0.333  -3.055 0.002 E
Andreou at al, 2020 -0.435 0.325 0.106 -1.072 0202  -1.339 0.181
Erbsetal. 2011 -2.505 0.422 0.178 -3.333 -1.677 -5.930 0.000 E
Ter Avast et al, 2005 -2.923 0.479 0230 -3.863 -1.984 -6.098 0.000 -
Hileman et al, 2016 0.006 0.165 0.027 -0.318  0.329 0.035 0.972
Ryden et al, 2012 -1.411 0258 0.066 -1.914 -0.908 -5.502 0.000 E
Krysiak et al, 2011 -5.786 0.651 0.423 -7.061 -4.511 -8.893 0.000 ——
Kirmizis at al, 2010 -0.559 0.288 0.083 -1.125 0.006 -1.940 0.052
Kishimoto et al, 2010 a -7.322 1.346 1.811 -9.959 -4.685 -5441 0.000 —
Kishimoto et al, 2010 b -10.525 1.785 3.186 14.023 -7.026 -5.896 0.000 —a—
Ichhihara at al, 2002 -3.197 0.645 0418 -4.461 -1.933  -4.959 0.000 -
Janatuinen et al, 2004 -0.558 0.315 0.099 -1.175 0.059 -1.773 0.076 E
Ky et al, 2008 a -8.839 1.083 1174 10963 -6.716 -8.159 0.000 ——
Ky et al, 2008 b -7.975 1.029 1.058 -9.991 -5959 -7.753 0.000 ——
ky et al, 2008 ¢ -5.657 0.799 0.638 -7.222 -4.092 -7.084 0.000 ——
Yamada et al, 2007 -1.188 0.352 0.124 -1.878 -0.498 -3.376 0.001 E
Oka et al. 2008 -1.276 0.317 0.100 -1.897 -0.655  -4.027 0.000 =
Abe atal, 2011 -1.279 0.218 0.048 -1.707 -0.851 -5.856 0.000 =
Yoshida et al, 2010 -2.904 0.523 0274 -3.930 -1.878 -5.549 0.000 -
Tani at al, 2005 -0.743 0.258 0.066 -1.248 -0.238 -2.884 0.004 L

-2.150 0.232 0.054 -2.604 -1.697 -9.285 0.000 >
~16.00 -8.00 0.00 8.00 16.00
Favours reduction Favours Elevation

Meta analysis

(@
Stydy name Statistics with study removed Std diff in means (95% CI) with study removed
Standard Lower Upper

Point error Variance  limit  limit ~ Z-Value p-Value
Diepeveen 2005 (U/I) Mercodia kit -2.191 0.238 0.057 -2.658 -1.724 -9.201 0.000 -
Dogra et al, 2005 -2.204 0.239 0.057 -2.673 -1.735 -9.216 0.000 =
Dogra et al, 2007 -2.194 0.242 0.058 -2.668 -1.720 -9.073 0.000 =
Vlachopoulos 2007 -2.175 0.240 0.057 -2.645 -1.706 -9.079 0.000 E 3
Singh et al, 2008 a -2.202 0.239 0.057 -2.670 -1.733  -9.204 0.000 =
Singh et al,2008 b -2.192 0.239 0.057 -2.661 -1.723 -9.186 0.000 =
Nou at al, 2016 -2.188 0.239 0.057 -2.657 -1.718 -9.137 0.000 E 3
Nixon et al, 2017 a -2.196 0.243 0.059 -2.672 -1.720  -9.045 0.000 -
Nixon el al. 2017 b -2.136 0.236 0.055 -2.598 -1.674 -9.086 0.000 -
deFipps at al, 2018 -2.196 0.240 0.058 -2.666 -1.726  -9.155 0.000 =
EI-Sisi at al, 2015 -2.210 0.241 0.058 -2.682 -1.738 -9.180 0.000 E 3
Andreou at al, 2020 -2.222 0.238 0.057 -2.689 -1755 -9.324 0.000 E
Erbs et al. 2011 -2.138 0.238 0.056 -2.600 -1.675 -9.067 0.000 =
Ter Avast et al, 2005 -2.119 0.234 0.055 -2.578 -1880 -9.055 0.000 =
Hileman et al, 2016 -2.215 0.228 0.052 -2.681 -1.789 -9.727 0.000 -
Ryden et al, 2012 -2.198 0.243 0.059 -2.674 -1.721 -9.043 0.000 -
Krysiak et al, 2011 -1.999 0.221 0.049 -2.431 -1.566 -9.058 0.000 =
Kirmizis at al, 2010 -2.222 0.240 0.057 -2.692 -1.752 -9.269 0.000 E
Kishimoto et al, 2010 a -2.048 0.228 0.052 -2.494 -1.602 -8.993 0.000 E
Kishimoto et al, 2010 b -2.033 0.225 0.051 -2.474 -1.592  -9.041 0.000 =
Ichhihara at al, 2002 -2.114 0.234 0.055 -2.572 -1.656 -9 045 0.000 -
Janatuinen et al, 2004 -2.220 0.239 0.057 -2.688 -1.751 -9283 0.000 -
Ky et al, 2008 a -1.971 0.219 0.048 -2.400 -1542 -9 006 0.000 -
Ky et al, 2008 b -1.988 0.221 0.049 -2.421 -1.554 -8.988 0.000 -
ky et al, 2008 ¢ -2.031 0.226 0.051 -2.474 -1.588 -8.986 0.000 -
Yamada et al, 2007 -2.197 0.240 0.058 -2.667 -1.727 -9.161 0.000 E 3
Oka et al. 2008 -2.196 0.241 0.058 -2.668 -1725 -9.124 0.000 -
Abe at al, 2011 -2.210 0.246 0.060 -2.691 -1.728 -8.995 0.000 =
Yoshida et al, 2010 -2.121 0.234 0.055 -2.581 -1.882 -9.055 0.000 -
Tani at al, 2005 -2.220 0.242 0.058  -2.694 -1.747  -9.187 0.000 -
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FIGURE 3: (a) Forest plot displaying standardized mean difference and 95% confidence intervals for the effect of statins on circulating
concentrations of oxidized LDL. (b) Leave-one-out sensitivity analyses for the effect of statins on circulating concentrations of oxidized LDL.
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Study name Statistics for each study

Std diff  Standard

in means  error

Lower Upper
Variance limit  limit
0.041
1.161

10.841

Tsimikas et al, 2004 -0.032 0.002 -0.113
Rodenburg et al, 2006 -21.715

-10.842

Std diff in means and 95% CI

Z-value p-value

0.049 -0.776
1.347 -23.990 -19.440 -18.710
117.534 -32.091 10.406 -1.000

0.438
0.000
0.317

LS

-20.00 0.00
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Meta analysis

(@)
Study name Statistics for each study Std diff in means and 95% CI
Std diff Standard Lower Upper
inmeans error  Variance limit [limit Z-value p-value
Tsimikas et al, 2004 0.042 0.041 0.002 -0.039 0.123 1.016  0.309
Rodenburg et al, 2006 -0.040 0.150 0.022 -0.334 0.254 -0.269  0.788
Kuklinska et al, 2010 0.679 0.298 0.089 0.096 1.262 2.281  0.023
0.048 0.040 0.002 -0.030 0.125 1203 0.229
-2.00 -1.00 0.00 1.00 2.00
Favours reduction Favours elevation
Meta analysis
(b)

FIGURE 4: Forest plot displaying standardized mean difference and 95% confidence intervals for the effect of statins on (a) IgM antibodies to

oxidized LDL and (b) IgG antibodies to oxidized LDL.

between the changes in circulating concentrations of oxLDL
and either baseline level (slope: -0.00069; 95% CI: -0.00685,
0.00547; p=0.826), treatment duration (slope: 0.0255;
95% CIL: -0.00961, 0.06068; p=0.154), or delta LDL
(slope: -0.0121; 95% CI: -0.0591, 0.0349; p=0.613)
(Figures 5(a)-5(c)).

3.6. Subgroup Analysis. A subgroup analysis was also per-
formed based on statin type and lipophilicity, statin dose,
and treatment duration (<12 weeks and >12 weeks). Sub-
group analyses showed significant associations between the
statin type and oxLDL level changes (p = 0.024). There was
no significant effect of statin lipophilicity (p=0.102) and
doses (p =0.491) on the reduction of circulating concentra-
tions of oxLDL. A negative association between the treat-
ment duration and change in oxLDL levels (p =0.039) was
found (Table 3).

3.7. Publication Bias. Given the asymmetric funnel plot,
Egger’s linear regression test (intercept=—7.33, standard
error = 0.83; 95%CI =-9.04, -5.62, t=8.79, df =28, two-
tailed p<0.001) and Beggs rank correlation test
(Kendall s tau with continuity correction = —0.48, z=3.74,
two-tailed p value < 0.001) suggest the presence of publica-
tion bias in the meta-analysis of the effects of statins on
serum oxLDL and antibodies. Using the “trim and fill”
method, three potentially missing studies were included
showing an adjusted effect size (SMD) of -2.53 (95% CI:
-3.12,-1.93). The “fail-safe N” test showed that 4904 missing
studies would be needed to bring the effect size down to a
nonsignificant (p > 0.05) value (Figure 6).

4. Discussion

The results of our meta-analysis suggest that treatment with
statins significantly decreases circulating oxLDL concentra-
tions and that such an effect is independent of the intensity
(dose) and lipophilicity of statin. Meta-analysis of 3 clinical
trials showed that statin treatment did not change serum
levels of IgM and IgG antibodies to oxLDL.

The results of earlier studies suggested that elevated
levels of circulating oxLDL might be associated with preclin-
ical arterial injury, coronary and peripheral arterial athero-
sclerosis, and ASCVD outcomes [59]. Circulating levels of
oxLDL are associated with all stages of atherosclerosis, from
the earliest asymptomatic phases such as endothelial dys-
function to the clinical manifestations of ASCVD and
events. It has been reported that oxLDL levels were associ-
ated with ASCVD risk factors including hyperlipidemia,
hypertension, diabetes, obesity, and metabolic syndrome
[60, 61].

After the first small study published in 2004 showing
that the level of circulating oxLDL was significantly
decreased by treatment with statins (fluvastatin and prava-
statin) and that this effect was independent of their lipid-
lowering effect [62], a number of mostly small studies was
published supporting the same finding. In recent years, sev-
eral smaller studies were performed showing the beneficial
effects of statins on oxLDL [63] suggesting that high-dose
atorvastatin and rosuvastatin induce similar decreases in
oxLDL [64]. The pleiotropic effects of statins (e.g., antioxida-
tive and anti-inflammatory) might have contributed to the
reduction of oxLDL formation [65, 66]. For instance, since
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FIGURE 5: Random-effects metaregression for assessing the effect of (a) treatment duration, (b) baseline level, and (c) delta LDL-C.

C-reactive protein (CRP) and oxLDL are interlinked in path-
ophysiological pathways [67], the reduction in plasma CRP
levels with statins [68] could be related to the lowering of
oxLDL. Furthermore, statin-induced lowering of LDLs
decreases the circulating level of the substrate (i.e., LDL par-
ticles) for oxidation, and this could partially account for
reduction in the generation of oxLDL.

Irrespective of cholesterol-dependent or cholesterol-
independent (pleiotropic) effects of statins [69-72], plaque
oxLDL levels might be associated with plaque inflammation.
However, a recent study showed that plaque oxLDL levels
were not associated with future ASCVD events [73]. It is
important to stress that plaque levels of oxLDL were lower
in patients who were treated with statins.
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TABLE 3: Subgroup analysis based on treatment duration, statin type, lipophilicity, and intensity.

Subgroup SMD 95% CI p value I? value (%)
Atorvastatin -1.85 -2.36, -1.33 <0.001 86.86
Simvastatin -4.52 -6.69, -2.35 <0.001 95.92
. Rosuvastatin -1.36 -2.36, -0.372 0.007 93.90
Statin type .
Fluvastatin -3.19 -4.46, -1.93 <0.001
Pitavastatin -2.90 -3.93, -1.87 <0.001
Pravastatin -2.10 -3.96, -0.253 0.026 94.58
Lo . Hydrophilic -1.57 -2.37,-0.77 <0.001 93.23
Statin lipophilicity . .
Lipophilic -2.37 -2.91, -2.83 <0.001 90.38
. High -1.95 -2.58, -1.33 <0.001 84.27
Statin dose
Low to moderate -2.25 -2.85, -1.66 <0.001 93.42
. >12 months -1.73 -2.23,-1.24 <0.001 84.75
Treatment duration
<12 months -2.67 -3.41, -1.93 <0.001 94.32
0.0
0.5
e
b}
2 1.0
< . @]
g [}
w
O
1.5
O
2.0 T T T
-20 -10 ~ 0 10 20

>

Std diff in means

F1GURE 6: Funnel plot detailing publication bias in studies reporting the effect of statin treatment on circulating concentrations of oxidized

LDL.

Based upon the results of studies showing that elevated
oxLDL levels can independently predict recurrent stroke in
patients with minor stroke or TIA [74], several recent stud-
ies have shown that prestroke treatment with statins can
reduce serum oxLDL levels and that statins improve clinical
outcomes in patients with atrial fibrillation-related acute
ischemic stroke [75, 76]. Overall, the results of this meta-
analysis and of previous studies may support the hypothesis
that the beneficial effects of statins on ASCVD may be
related, at least in part, to their ability to reduce oxLDL
levels.

Antibodies to oxLDL have been associated with athero-
sclerosis presence, progression, and related clinical events,
with the latter association being independent of and additive
to LDL-C levels [10]. It is important to note that when nor-
molipemic patients were treated with a high dose of atorva-
statin, this resulted in a decrease in the levels of
autoantibodies against oxLDL [57]. However, our meta-
analysis could not find a significant effect of statins on anti-
bodies against oxLDL. Although anti-oxLDL antibodies may

have a pathogenic role in ASCVD, our results suggest that
the beneficial effect of statins on ASCVD may be indepen-
dent of the detrimental impact of anti-oxLDL antibodies.
This meta-analysis has some strengths and some limita-
tions. Several studies and a relatively recently published
meta-analysis have shown that increased levels of circulating
oxLDL are associated with clinical ASCVD events [77], but
no meta-analysis has so far investigated the effects of statin
therapy on circulating oxLDL levels. This is the novelty of
our analysis. A limitation is that not all studies uniformly
measured and reported oxLDL values, thereby justifying
the use of SMD as a summary statistic for the pooled effect
size in this meta-analysis. Another limitation is that the
meta-analysis of data on antibodies against oxLDL included
only 3 studies (although with 2575 subjects), which might
have introduced a bias towards a negative finding. Also,
the PROSPERO protocol has not been preregistered for this
review. Besides, the methods for measuring oxLDL concen-
trations in some studies included in this meta-analysis were
different and might explain heterogeneity in our findings,
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although the use of standardization analysis reduces this
error. Additionally, LDL oxidation can be affected by a num-
ber of concomitant factors, such as obesity, triglyceride
levels, systemic inflammation, or LDL particle size, which
were not fully evaluated in this study. Furthermore, dietary
patterns, level of physical activity, smoking, and some drugs
may modify LDL oxidation, which have not been considered
in the included studies.

5. Conclusions

This meta-analysis suggests that patients treated with statins
have significantly lower circulating concentrations of oxLDL
and that this effect is not related to the intensity or lipophi-
licity of the statins used. Beyond well-known reduction in
LDL-C, the beneficial effect of statins may partly be associ-
ated with the reduction of oxidative modifications of LDL
and its effect on different stages of the atherosclerotic pro-
cess. Further studies should address the association between
statin-induced reduction of oxLDL and its effect on cardio-
vascular outcomes, particularly in patients with diabetes,
metabolic syndrome, and chronic kidney disease. Further-
more, the effect of other lipid-lowering drugs, such as ezeti-
mibe, PCSK9 inhibitors, and fibrates, on oxLDL levels also
merits further investigation.
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