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Background. Elevated plasma low-density lipoprotein cholesterol (LDL-C) is the main risk factor for atherosclerotic cardiovascular
disease (ASCVD). Statins are the drugs of choice for decreasing LDL-C and are used for the prevention and management of ASCVD.
Guidelines recommend that subjects with high and very high ASCVD risk should be treated with high-intensity statins or a
combination of high-intensity statins and ezetimibe. The lipophilicity or hydrophilicity (solubility) of statins is considered to be
important for at least some of their LDL-C lowering independent pleiotropic effects. Oxidative modification of LDL (ox-LDL) is
considered to be the most important atherogenic modification of LDL and is supposed to play a crucial role in atherogenesis and
ASCVD outcomes. Objective. The aim of this systematic review and meta-analysis was to find out what are the effects of statin
intensity, lipophilicity, and combination of statins plus ezetimibe on ox-LDL. Methods. PubMed, Scopus, Embase, and Web of Science
were searched from inception to February 5, 2021, for randomized controlled trials (RCTs). Two independent and blinded authors
evaluated eligibility by screening the titles and abstracts of the studies. Risk of bias in the studies included in this meta-analysis was
evaluated according to the Cochrane instructions. Meta-analysis was performed using Comprehensive Meta-Analysis (CMA) V2
software. Evaluation of funnel plot, Begg’s rank correlation, and Egger’s weighted regression tests were used to assess the presence of
publication bias. Results. Among the 1427 published studies identified by a systematic databases search, 20 RCTs were finally included
in the systematic review and meta-analysis. A total of 1874 patients are included in this meta-analysis. This meta-analysis suggests that
high-intensity statin treatment is associated with a significant decrease in circulating concentrations of ox-LDL when compared with
low-to-moderate treatment (SMD: -0.675, 95% CI: -0.994, -0.357, p < 0:001; I2: 55.93%). There was no difference concerning ox-LDL
concentration between treatments with hydrophilic and lipophilic statins (SMD: -0.129, 95% CI: -0.330, -0.071, p = 0:206; I2: 45.3%),
but there was a significant reduction in circulating concentrations of ox-LDL associated with statin plus ezetimibe combination
therapy when compared with statin monotherapy (SMD: -0.220, 95% CI: -0.369, -0.071, p = 0:004; I2: 0%). Conclusion. High-dose
statin or combination of statins with ezetmibe reduces plasma ox-LDL in comparison low-to-moderate intensity statin therapy alone.
Statin lipophilicity is not associated with reduction in ox-LDL plasma concentrations.
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1. Introduction

It has been well known for many decades that elevated plasma
level of low-density lipoprotein cholesterol (LDL-C) is the
most important risk factor for atherosclerotic cardiovascular
disease (ASCVD) [1, 2]. For almost four decades, statins are
the drugs of choice for treating elevated LDL-C and are used
for primary and secondary prevention of ASCVD [3, 4].
Besides, these drugs have been identified to exert several pleio-
tropic effects relevant to cardiovascular health and improve-
ment of noncardiovascular diseases [5–10]. Both the 2019
European Society of Cardiology (ESC)/European Atheroscle-
rosis Society (EAS) Guidelines for theManagement of Dyslipi-
demias and 2018 American Heart Association
(AHA)/American College of Cardiology (ACC) Multisociety
Guideline on the Management of Blood Cholesterol recom-
mend that patients with ASCVD, severe hypercholesterol-
emia, familial hypercholesterolemia, or diabetes should be
treated aggressively with high-intensity statins or a combina-
tion of high-intensity statins and ezetimibe in order to
achieve improved ASCVD outcomes [11, 12]. High-
intensity statins were defined as atorvastatin 40-80mg/day
or rosuvastatin 20-40mg/day. The results of some most
recently published studies have confirmed such an approach
[13–15]. Unfortunately, most of these high and very-high
risk patients in real life do not receive high-intensity lipid
lowering therapy [4, 16].

Lipophilic statins include atorvastatin, simvastatin, lova-
statin, fluvastatin, cerivastatin, and pitavastatin, while hydro-
philic statins include rosuvastatin and pravastatin [17]. The
lipophilicity or hydrophilicity of statins is important for their
pharmacokinetics and pharmacodynamics, and these charac-
teristics are considered to be crucial for at least some of their
LDL-C lowering independent pleiotropic effects [18]. Statin
lipophilicity might be important because of its association
with hepatoselectivity since lipophilic statins undergo oxida-
tive biotransformation by the CYP450 in hepatocytes and
therefore are susceptible to drug-drug interactions and might
passively and nonselectively pass through the membranes of
nonhepatic tissues thus theoretically having a possible role in
some adverse effects of statins, e.g., myopathy [19]. On the
other hand, hydrophilic statins employ carrier-mediated
mechanisms for uptake, which could reduce their ability to
have non-lipid-lowering pleiotropic effects on extrahepatic tis-
sues, and they are excreted largely in an unchanged form [17].
However, in randomized trials and in real-world clinical set-
ting, these differences concerning the effects of statins on
myopathy risk have not been proven [20].

Oxidative modification of LDL particles (ox-LDL) is for
more than a quarter of century considered to be the most
important atherogenic modification of LDL and is supposed
to play a crucial role in atherogenesis and ASCVD outcomes
[21–23]. This is not only due to the role of ox-LDL in ath-
erosclerotic plaque formation [24] but also because ox-LDL
participate in destabilization of the existing atherosclerotic
plaques by inducing matrix degradation, fissuring of the pla-
que and thrombus formation on this site thus causing clini-
cal manifestations such as myocardial infarction (MI) and
unstable angina [25].

Nevertheless, there are not many studies analyzing the
possible association of statin lipophilicity with plasma ox-
LDL concentration neither; it is clear whether there is any
association between statin intensity and plasma ox-LDL
concentration. Furthermore, the association between the
uses of ezetimibe, a cholesterol absorption inhibitor, and
plasma ox-LDL is not totally set. Apparently, ezetimibe
could protect against the oxidative stress induced by ox-
LDL [26]. However, in animal experiments, no significant
correlations between atherosclerotic plaque areas and serum
concentrations of ox-LDL were proven [27].

Therefore, the aim of this systematic review and meta-
analysis was to dissect the effects of statins intensity, lipophi-
licity, and combination of statins plus ezetimibe on plasma
ox-LDL.

2. Methods

2.1. Search Strategy. This systematic review and meta-
analysis was designed according to the 2009 guidelines pre-
ferred reporting items for systematic reviews and meta-
analysis (PRISMA) statement guidelines [28]. PubMed, Sco-
pus, Embase, and Web of Science were searched from incep-
tion to February 5th using the following keywords in titles
and abstracts (also in combination with MESH terms):
(“Hydroxymethylglutaryl-CoA Reductase Inhibitors” OR
simvastatin OR rosuvastatin OR atorvastatin OR pravastatin
OR pitavastatin OR mevastatin OR fluvastatin OR lova-
statin) AND (“oxidized low density lipoprotein” OR “oxi-
dized 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 “malondialdehyde low density
lipoprotein” OR MDA-LDL OR MDALDL OR “MDA-
LDL IgM” OR “MDA-LDL IgG” OR “autoantibodies against
oxidized low-density lipoprotein” OR “autoantibodies
against oxidized low density lipoprotein” OR AuAb-oxLDL
OR “antibodies against oxidized LDL” OR Anti-oxLDL).

2.2. Study Selection. Clinical studies were included if they met
the following inclusion criteria: (i) randomized controlled trial
with either parallel or cross-over design, (ii) the studies which
investigated the impact of statin intensity (i.e., high- versus
low-to-moderate-intensity statin), (iii) statin lipophilicity
(lipophilic versus hydrophilic statins) or (iv) adding ezetimibe
to statin therapy versus statin monotherapy on plasma ox-
LDL concentrations, and (v) presentation of sufficient infor-
mation at baseline and at the end of follow-up in each group
or studies providing the net change values. The exclusion cri-
teria are as follows: (i) nonrandomized trials, (ii) uncontrolled
trials, (iii) observational studies with case-control, cross-sec-
tional, or cohort design, (iv) noncomparative studies with sta-
tins versus a neutral arm, and (iv) lack of sufficient
information at baseline or follow-up.

2.3. ox-LDL Assay Methods. In most of the included studies,
serum ox-LDL was measured using enzyme-linked immu-
nosorbent assay (ELISA) methods. Three studies used Mer-
codia ox-LDL kit (Mercodia, Uppsala, Sweden) [29–31],
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two studies used Mercodia, Inc. kit (Winston-Salem, North
Carolina, USA) [32, 33], two studies used SRL kit (Tokyo,
Japan) [34, 35], one study used R&D Systems Inc. kit (Min-
neapolis, Minnesota, USA) [36], one study used Immun-
diagnostik kit (Bensheim, Germany) [37], three studies
used Kyowa Medex MX kit (Kyowa Medex, Inc., Tokyo)
[38–40], one study used Daiichi kit (Sekisui Medical, Tokyo,
Japan) [41], two studies used Biomedica kit (Wien, Austria)
[42, 43], one study used TPI Corporation kit (Johnson City,
TN) [44], and four studies did not mention the methods
used or assay kits [45–48].

2.4. Data Extraction. After removal of duplicate studies, two
independent and blinded authors (FB and TJ) evaluated eli-
gibility by screening of the titles and abstracts of the studies.
Full reports of the potentially eligible studies were then
obtained and evaluated. Any disagreements were resolved
by discussion with a third author (AS) until reaching a con-
sensus. Eligible studies were reviewed, and the following data
were abstracted: (1) the name of first author, (2) year of pub-
lication, (3) study design, (4) type of statin used in the study,
(5) dose of statin, (6) treatment duration, (7) patients char-
acteristics, and (8) plasma ox-LDL concentrations.

2.4.1. Quality Assessment. Risk of bias in the studies included
in this meta-analysis was evaluated according to the
Cochrane instruction [28]. Selection bias, performance bias,
attrition bias, detection bias, reporting bias, and other
sources of bias were estimated to be high, low, or unclear
in each of the included studies.

2.5. Quantitative Data Synthesis. Meta-analysis was per-
formed using the Comprehensive Meta-Analysis (CMA)
V2 software (Biostat, NJ) [49]. Information regarding sam-
ple size, means, and standard deviations from each group
were extracted to calculate standardized mean differences
(SMDs). We applied SMD because of the different metrics
used to assay and report plasma ox-LDL values. Effect size
was calculated as follows: ðmeasure at the end of follow‐up
in the treatment group −measure at baseline in the treatment
groupÞ − ðmeasure at the end of follow‐up in the control
group −measure at baseline in the control groupÞ. A random
effects model (using DerSimonian-Laird method) and the
generic inverse variance weighting method were used to
compensate for the heterogeneity of studies in terms of study
design, treatment duration, and the characteristics of the
studied populations [50]. If the outcome measures were
reported in median and range (or 95% confidence interval
(CI)), mean and SD values were estimated using the method
described by Hozo et al. [51]. Where only the standard error
of the mean (SEM) was reported, SD was estimated using the
following formula: SD = SEM × sqrt ðnÞ, where n is the num-
ber of subjects. Effect sizes were expressed as standard mean
difference (SMD) and 95% CI. In order to evaluate the influ-
ence of each study on the overall effect size, a sensitivity
analysis was conducted using the leave-one-out method
(i.e., removing one study each time and repeating the analy-
sis) [52, 53].

2.5.1. Metaregression. LDL changes were entered into a ran-
dom effects metaregression model to explore their associa-
tion with the estimated effect size.

2.5.2. Publication Bias. Evaluation of funnel plot, Begg’s rank
correlation, and Egger’s weighted regression tests were used
to assess the presence of publication bias in the meta-
analysis. When there was an evidence of funnel plot asym-
metry, potentially missing studies were imputed using the
“trim and fill” method [54].

2.5.3. Results. Among the 1427 published studies identified
by a systematic databases search, 130 were found to be
potentially relevant following assessment of titles and
abstracts. Of those, 77 studies were excluded after careful
evaluation (3 studies were cross-sectional, 24 studies were
nonrandomized clinical trials, 34 studies did not report suf-
ficient data, and 16 studies were not comparative according
to inclusion criteria). However, from remaining 53 studies ,
33 studies were not placebo-controlled. Therefore, 20 RCTs
were finally included in the systematic review and meta-
analysis (Table 1). The study selection process is shown in
Figure 1.

3. Results

3.1. Effects of Statin Intensity on Circulating Concentrations
of ox-LDL. Meta-analysis of data from 4 trials including
381 patients suggested a significant decrease in circulating
concentrations of ox-LDL after high-intensity statin treat-
ment vs. low-to-moderate intensity (SMD: -0.675, 95% CI:
-0.994, -0.357, p < 0:001; I2: 55.93%) (Figure 2(a)). The
reduction in circulating concentrations of ox-LDL was
robust in the leave-one-out sensitivity analysis (Figure 2(b)).

3.2. Effects of Statin Lipophilicity on Circulating
Concentrations of ox-LDL.Meta-analysis of data from 10 tri-
als including 795 patients showed that plasma ox-LDL
(SMD: -0.129, 95% CI: -0.330, -0.071, p = 0:206; I2: 45.3%)
levels were not significantly different between patients
treated with hydrophilic and lipophilic statins
(Figure 3(a)). This finding was robust in the leave-one-out
sensitivity analysis (Figure 3(b)).

3.3. Effects of Statin/Ezetimibe Combination Therapy vs.
Statin Monotherapy on Circulating Concentrations of ox-
LDL. Meta-analysis of data from 7 trials including 698
patients suggested a significant reduction in circulating con-
centrations of ox-LDL following statin/ezetimibe combina-
tion therapy vs. statin monotherapy (SMD: -0.220, 95% CI:
-0.369, -0.071, p = 0:004; I2: 0%) (Figure 4(a)). The reduction
in circulating concentrations of ox-LDL with statin/ezeti-
mibe combination therapy was robust in the leave-one-out
sensitivity analysis (Figure 4(b)).

3.3.1. Metaregression. Random effects metaregression was
performed to assess the impact of changes in LDL concen-
tration on the circulating concentrations of ox-LDL lowering
activity of statins. The results suggested a significant associ-
ation between the changes in circulating concentrations of
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cross-sectional studies
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Not being comparative
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criteria (n=16)

Figure 1: Flow chart of the number of studies identified and included into the meta-analysis.
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Figure 2: (a) Forest plot displaying standardized mean difference and 95% confidence intervals for the impact of high-intensity statin
treatments on circulating concentrations of oxidized LDL. (b) Leave-one-out sensitivity analyses for the impact of high-intensity statin
treatment on circulating concentrations of oxidized LDL.
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ox-LDL and delta LDL (slope: 0.024; 95% CI: 0.017, 0.030;
p < 0:001) (Figure 5).

3.3.2. Publication Bias. Considering the inclusion of 10 RCTs
in the meta-analysis of statin lipophilicity, publication bias
was assessed using funnel plot. The funnel plot on the asso-
ciation between statin lipophilicity and plasma ox-LDL
levels is shown in Figure 6. Although the funnel plot was
asymmetric on visual inspection, the “trim and fill” method
did not suggest any potentially missing study indicative of
publication bias. Moreover, Egger’s linear regression test
(intercept = −2:38, standard error = 1:28; 95%CI = −5:35, −
0:57, t = 1:85, df = 8, two-tailed p = 0:1) and Begg’s rank cor-
relation test (Kendall’s Tau with continuity correction = −
0:31, z = 1:25, two-tailed p value = 0.21) did not suggest
any publication bias.

4. Discussion

Findings of this meta-analysis indicate that high-intensity
statin treatment is associated with a significant decrease in
circulating concentrations of ox-LDL when compared with
low-to-moderate treatment. There were no differences con-
cerning ox-LDL concentrations between treatments with

hydrophilic and lipophilic statins, but there was a significant
reduction in circulating concentrations of ox-LDL associated
with statin plus ezetimibe combination therapy when com-
pared with statin monotherapy. We also explored the associ-
ation between magnitudes of changes in plasma ox-LDL and
LDL-C levels in the studies included in meta-analysis using
random effects metaregression. Overall, a significant associ-
ation was found between alterations in plasma ox-LDL and
LDL-C concentrations. Delayed clearance of LDL in hyper-
cholesterolemic people increases the likelihood for circulat-
ing LDL to be changed, contributing to the onset and
progression of atherosclerosis [55].

ox-LDL is implicated on the pathophysiology of athero-
sclerosis, and there is evidence that its plasma levels are asso-
ciated with the risk of ASCVD events [56]. Indeed, plasma
ox-LDL correlates positively with LDL-cholesterol concen-
trations [57]. Therefore, it is reasonable to infer that reduc-
tion in the latter would affect plasma ox-LDL. Some
studies had shown that statin treatment decreases ox-LDL
levels [58–60]. However, to the best of our knowledge, so
far no meta-analysis has been published showing whether
there are any differences between high-intensity statin treat-
ment and low-to-moderate treatment on ox-LDL levels. In
an early study when normolipemic patients were treated
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Figure 3: (a) Forest plot displaying standardized mean difference and 95% confidence intervals for the impact of lipophilic statin treatments
on oxidized LDL. (b) Leave-one-out sensitivity analyses for the impact of lipophilic statin treatments on circulating concentrations of
oxidized LDL.
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with a high dose of atorvastatin, this resulted in a decrease of
autoantibodies against ox-LDL [61]. More recently, it has
been shown that high-dose atorvastatin and rosuvastatin
caused similar decreases in ox-LDL levels [42]. Nevertheless,
it has to be mentioned that in a small study on hemodialysis
patients on a low dose of a less potent statin (simvastatin
20mg/day), a significant decrease of ox-LDL also occurred,
but in this study, the result was not compared with a higher
dose of a more potent statin [62]. The results of this meta-
analysis indicate that high-intensity statin treatment is asso-

ciated with a significant decrease in circulating concentra-
tions of ox-LDL when compared with low-to-moderate
treatment may be of clinical importance. Indeed, there is
indisputable evidence that high-intensity statin therapy not
only further reduces LDL-cholesterol but also prevents more
ASCVD events in comparison with low-dose statins [63]. It
is conceivable that greater reductions in ox-LDL may could
have contributed to that.

There is evidence suggesting that statin solubility could
have played a role in the reduction in ASCVD events in

Meta analysis
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Figure 4: (a) Forest plot displaying standardized mean difference and 95% confidence intervals for the impact of statin/ezetimibe
combinational therapy vs statin monotherapy on oxidized LDL. (b) Leave-one-out sensitivity analyses for the impact of statin/ezetimibe
combinational therapy vs statin monotherapy on circulating concentrations of oxidized LDL.
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patients with diabetes or those undergoing chronic dialysis
[64, 65]. However, studies did not present the results of the
effects of lipophilic and hydrophilic statins on ox-LDL. Pre-
vious studies suggested that there were no differences con-
cerning ox-LDL concentrations between treatments with
lipophilic and hydrophilic statins. Our meta-analysis con-
firms and expands these previous findings. Indeed, benefits
of statin therapy on ASCVD are in theory related to their
potency in reducing plasma LDL-cholesterol rather than
aspects pertaining to statin solubility in water or lipids [63].

One important finding of this meta-analysis was that the
combination of statin with ezetimibe was associated with
greater reductions in circulating concentrations of ox-LDL
when compared with statin monotherapy. It has been shown
in the IMPROVE-IT study that a combination of simva-
statin a statin plus ezetimibe decreased the risk of ACVD
events better in comparison with simvastatin monotherapy.
In that study, the benefit was proportional to LDL-
cholesterol reduction [66]. However, no meta-analysis has
been performed to ascertain whether such a combination
therapy could have a beneficial effect on ox-LDL [65–67].
Considering the role that ox-LDL plays in atherogenesis,
the findings of this study are intuitively in agreement with
those of IMPROVE-IT; however, similar to high-dose statin
if further ox-LDL lowering prevents ASCVD events needs to
be proven.

Despite including apparently the most adequate studies in
the literature with a low risk of bias and the homogeneity of
study results, this meta-analysis has some limitations: (1) the
meta-analysis of data on the effects of statin intensity on circu-
lating concentrations of ox-LDL included only four trials with
381 patients and therefore these results should be interpreted
with caution; (2) although in most of the included studies
serum ox-LDL was measured using enzyme-linked immuno-
sorbent assay (ELISA) method, in some studies, other assays/-
kits were used; and (3) individual rather than study level data
would have provided more robust results.

5. Conclusions

Based on the results of this meta-analysis, it could be con-
cluded that high-intensity statin treatment is associated with
a significant decrease in circulating concentrations of ox-
LDL when compared with low-to-moderate statin treatment.
There was no difference concerning ox-LDL concentration
between treatments with hydrophilic and lipophilic statins,
but there was a significant reduction in circulating concen-
trations of ox-LDL associated with statin plus ezetimibe
combination therapy when compared with statin monother-
apy. These findings should have mechanistic implications to
explain the additional benefits of high-intensity and statin
ezetimibe combination in comparison with low-to-moder-
ate-statin therapy alone when prevention of ASCVD events
is concerned.
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