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Abstract 

Background  MicroRNAs (miRNAs) are involved in the synthesis of proprotein convertase subtilisin–kexin type 9 
(PCSK9), one of the regulators of low-density lipoprotein cholesterol (LDL-C) metabolism, and are directly involved 
in the atherosclerotic process. The aim of this study was to verify whether treatment with PCSK9 inhibitors (PCSK9i) 
and changes in the expression of miRNAs involved in PCSK9 metabolism are associated with arterial wall properties 
in stable post-myocardial infarction (MI) patients with insufficiently regulated LDL-C levels and significantly increased 
Lp(a) levels.

Methods  Ninety-five patients after MI were enrolled and randomized to a placebo (N = 31) or PCSK9i group (N = 64). 
The treatment group received subcutaneous alirocumab 150 mg or evolocumab 140 mg, every 2 weeks. Blood 
for biochemical and epigenetic analysis was taken and ultrasound measurements of flow-mediated dilation of bra-
chial artery (FMD), carotid intima–media thickness (c-IMT) and pulse wave velocity (PWV) were performed initially 
and after 6 months of treatment. The expression of the selected 5 miRNAs (miR-191-5p, miR-224-5p, miR-337-3p, miR-
483-5p, and miR-552-3p) was quantified using quantitative polymerase chain reaction.

Results  A decrease in c-IMT was associated with a decrease in the expression of miR-337-3p (ρ = 0.329; p = 0.010) 
and miR-483-5p (ρ = 0.324; p = 0.012). We did not detect any associations between miRNA changes and FMD or PWV.

Conclusions  Our results suggest that changes in the selected miRNAs are associated with changes in the morpho-
logical properties of the arterial wall. We have shown that the decrease in miR-483-5p expression present a good 
indicator of the regression of morphological atherosclerotic change.

The trial registration: The study is registered with CinicalTrials under the number NCT04613167, date of registra-
tion November 2nd, 2020. Approval for this study was obtained from the National Medical Ethics Committee 
of the Republic of Slovenia (reference number: KME 0120-357/2018/8).
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Background
Treatment with proprotein convertase subtilisin–kexin 
type 9 inhibitors (PCSK9i) was shown to be effective 
not only in lowering low-density lipoprotein cholesterol 
(LDL-C), but also in reducing the cardiovascular mor-
bidity and mortality [1, 2]. Treatment with alirocumab 
reduced the risk of major adverse cardiac events (MACE) 
in patients after a recent acute coronary syndrome with 
LDL-C close to 1.8 mmol/L and lipoprotein(a) (Lp(a)) val-
ues above 137 mg/L. In contrary, such an effect was not 
observed in patients with Lp(a) values below 137 mg/L. 
In patients with higher LDL-C levels, the MACE risk 
decreased regardless of the Lp(a) levels [3]. Most likely 
all of the positive effects of PCSK9i could not be attrib-
uted only to the reduction of LDL-C and Lp(a). Part of 
the so-called pleiotropic effects of PCSK9i is also related 
to factors affecting PCSK9 metabolism. In recent years, 
an increasing attention has been attributed to non-cod-
ing RNAs, among which microRNAs (miRNAs) play an 
integral role. The main function of miRNAs is to suppress 
the synthesis of a specific target protein. The miRNAs 
are also involved in the synthesis of PCSK9, one of the 
main regulators of the LDL-C metabolism. It was previ-
ously shown that miR-191-5p, miR-224-5p, miR-337-3p, 
and miR-483-5p are involved in the regulation of PCSK9 
concentrations. The expression of miR-191-5p and 
miR-224-5p were inversely proportional to PCSK9 con-
centration in cell cultures [4]. In addition, an increased 
expression of miR-224-5p was shown to increase the LDL 
receptor (LDLR) expression on the surface of the hepato-
cytes and increase the LDL-C binding [5]. In the livers of 
diet-induced obesity [high-fat-diet (HFD)-fed] mice, the 
expression of miR-337-3p was significantly lower than 
in controls, while the concentration of LDL-C positively 
correlated with the expression of miR-337-3p [6]. Circu-
lating miR-483-5p levels were decreased in the patients 
with elevated LDL-C levels, while significant reductions 
in both, total and LDL-C were observed in HFD-fed mice 
with miR-483-5p supplementation [7].

However, miRNAs are not only involved in the 
LDL-C metabolism, but also directly in the atheroscle-
rotic process itself. They are involved in the foam cell 
formation, which is the first step leading to endothelial 
dysfunction. Decreased expression of miR-224-5p was 
present in both, plasma, and atherosclerotic plaques in 
HFD-fed mice. Decreased expression of miR-224-5p 
leads to accelerated oxidation of LDL-C, leading to 
endothelial cell damage and apoptosis [8]. Thus, miR-
224-5p could serve as a marker of LDL-C oxidation 
and an interesting target for atherosclerotic treatment. 
In addition to increasing LDL-C, increased expression 
of miR-155 also promotes the formation of the ather-
osclerotic plaques as shown by Peng et  al. [9]. At the 

same time, the inhibition of miR-155 in HFD-fed mice 
led to a reduction in both, LDL-C concentration, and 
the atherosclerotic plaque formation. In addition to the 
direct effect on the LDL-C concentration, the reduction 
of miR-155 expression on the formation of the athero-
sclerotic plaques could also affect the production of the 
pro-inflammatory cytokines, in particular interleukin 
(IL)−18 and IL-1ß [9]. miR-206 is also involved in the 
development of carotid atherosclerosis. Its concentra-
tion was significantly lower in patients with asympto-
matic carotid atherosclerosis compared to their healthy 
peers [10]. The expression of miR-206 was negatively 
associated with the degree of carotid artery stenosis in 
patients, while lower miR-206 expression was associ-
ated with a higher risk of future cardiovascular events 
over a 5-year period [10].

In this study, we included the patients in the stable 
phase after myocardial infarction (MI) who, despite 
receiving the maximum tolerated statin dose and 
ezetimibe if needed, did not achieve sufficiently con-
trolled LDL-C values. In addition, all of them had sig-
nificantly increased Lp(a) values. The patients were 
treated with PCSK9i, which are known to reduce 
LDL-C levels by 50–70% and Lp(a) levels by 20–40% 
[1, 2]. Improvement of the functional and morphologi-
cal properties of the arterial vessel wall after treatment 
with PCSK9i was already demonstrated in different 
groups of patients [11–13]. We have also shown that 
treatment with PCSK9i affects the expression of miR-
NAs involved in the PCSK9 metabolism [14]. Improv-
ing the functional and morphological properties of the 
arterial vessel wall in patients with coronary artery dis-
ease significantly reduced the risk of future cardiovas-
cular events [15]. However, whether the changes in the 
expression of miRNAs involved in the PCSK9 metabo-
lism could be related to both, the properties of the arte-
rial vessel wall and changes resultant on the treatment 
with PCSK9i, remains to be solved.

This study is a pre-specified sub-analysis of our previ-
ously published study [11]. The primary endpoint of our 
previously published study [11] was to investigate the 
impact of PCSK9i on the properties of the arterial ves-
sel wall as well as on the lipid profile. The secondary end-
point of our previous study [11] was to investigate the 
epigenetic mechanisms behind the effects of the treat-
ment with PCSK9i which are presented in the current 
study. Therefore, the purpose of our current research 
was to identify whether treatment with PCSK9i and the 
resulting changes in the expression of miRNAs involved 
in the PCSK9 metabolism are associated with the arte-
rial wall properties and their changes in post-MI patients 
with insufficiently regulated LDL-C and highly elevated 
Lp(a) levels.
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Methods
Patients
We included 95 patients in the stable phase of coro-
nary artery disease at least 6 months after acute MI. All 
patients received optimal medical therapy that had not 
been changed for at least 2 months before enrolment in 
the study, including the maximum tolerated dose of sta-
tin and ezetimibe as needed and no other lipolytic drugs. 
In addition, all risk factors except lipids were adjusted 
according to current guidelines [16]. Patients with 
first acute coronary syndrome before the age of 55 and 
an Lp(a) level above 1000  mg/L or an Lp(a) level above 
600 mg/L and an LDL-C level of more than 2.6 mmol/L 
were included. They were randomised into three groups 
regarding the treatment with placebo or PCSK9i. The first 
group was the placebo group which included 31 patients 
and received standard dyslipidaemia treatment for 
6 months. The second and the third groups of 64 patients 
(32 in each group), received treatment with a PCSK9i, 
namely, alirocumab at a dose of 150 mg or evolocumab 
at a dose of 140 mg, every 2 weeks for 6 months. Given 
that there were no differences between the alirocumab 
and evolocumab group, these two groups were combined 
into one group (active treatment). Patients with elevated 
liver transaminases enzyme activity (more than three 
times above the reference values) and severe renal dys-
function (serum creatinine more than 200 µmol/L) were 
excluded. We also excluded those with acute illness in the 
last 6 weeks.

Biochemical analysis
Blood for laboratory analysis was drawn in the morning 
after 12 h of fasting. We collected samples from the ante-
cubital vein into 5  mL vacuum-sealed tubes containing 
clot activator (Vacutube; LT Burnik, Skaručna, Slovenia) 
and K3 EDTA tube. The further biochemical method of 
sample analysis and the type of parameter determination 
have already been described in [17]. The Friedewald for-
mula [18] was used to calculate LDL-C. EDTA tubes were 
centrifuged at 300×g for 10 min. Plasma was then trans-
ferred to a new tube and centrifuged again at 400×g for 
5 min to obtain platelet-poor plasma.

RNA isolation and measurement of miRNAs expression
Isolation of RNA and determination of miRNA expres-
sion have been described in detail previously [14]. In 
summary, circulating plasma RNA was isolated using 
the NextPrep™ Magnazol™ cfRNA Isolation Kit (Perki-
nElmer, Waltham, MA, USA), and transcribed into com-
plementary DNA (cDNA) using the miRCURY Locked 
Nucleic Acid (LNA) Universal RT Kit (Qiagen, Hilden, 
Germany). The expression of selected 6 miRNAs (miR-
191-5p, miR-224-5p, miR-337-3p, miR-483-5p and 

miR-552-3p) was quantified by quantitative polymerase 
chain reaction (qPCR) using miRCURY LNA miRNA 
PCR Assays (Qiagen, Hilden, Germany). hsa-miR-16-5p 
and hsa-miR-4516 were used as reference miRNAs 
[19]. Relative expression was calculated as 2−ΔCq, where 
ΔCq = average Cq (target miRNA) – average Cq (refer-
ence miRNAs) [20].

Ultrasound measurements
Endothelial function, as an indicator of functional prop-
erties, was measured as brachial artery flow-mediated 
dilation (FMD). Morphological properties were deter-
mined by measuring arterial stiffness on the right com-
mon carotid artery (pulse wave velocity (PWV)) and the 
thickness of the intima–media complex in the far wall 
of carotid arteries (c-IMT). All measurements were per-
formed as described in our previous study [21]. Briefly, 
FMD and PWV were measured using Aloka prosound α7 
(Hitachi Aloka Medical, Ltd., Japan) equipped with spe-
cial software with an integrated high-resolution eTrack-
ing system for automatic determination of endothelial 
parameters for subsequent changes in vessel wall diame-
ter (Hitachi Aloka, Wallingford, CT, USA) and a 10 MHz 
linear array transducer. c-IMT measurements were per-
formed of both sides of the common carotid artery using 
Vivid E95 ultrasound machine. The c-IMT was automati-
cally calculated using the EchoPAC program, as the mean 
and standard deviation in the marked part (2 cm proxi-
mal to the bulb in the common carotid artery over 2 cm, 
and from the ostium of the internal carotid artery, over 
1.5 cm) of the intima media of the carotid artery.

Statistical analysis
For descriptive statistical analysis, we analysed the nor-
mality of the distribution of continuous variables with 
the Shapiro–Wilk test. We used the median with inter-
quartile range or the mean with standard deviation to 
describe continuous variables. Frequencies were used 
to describe the distribution of the categorical variables. 
The Chi-square test was used to compare the distribu-
tion of the categorical variables between different groups, 
whereas the t test or Mann–Whitney U test was used 
for the continuous variables. The Wilcoxon signed rank 
test was used to assess changes during the placebo and 
treatment periods. Correlations between continuous 
variables were calculated using Spearman’s ρ coefficient. 
All statistical tests were two-sided. Multiple regression 
analysis was used to find the independent determinants 
for the variations in the properties of the arterial vessel 
wall. We used 0.05 as the level of statistical significance. 
For the miRNA analysis, we have considered a Bonfer-
roni correction and reduced the level of significance to 
0.01. IBM SPSS Statistics version 27.0 (IBM Corporation, 
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New York, NY, USA) was used to perform the statistical 
analyses. Figures were generated using GraphPad Prism 9 
(San Diego, CA, USA). GPower was used to perform the 
power of the study calculations [22]. The required sam-
ple size as determined using the apriori analysis (with the 
0.80 power of the study, 0.15 effect size and 0.05 α error) 
was 22 subjects per group.

Results
Baseline characteristics
At the beginning of the study, the group of patients who 
initially received placebo did not differ significantly from 
the group that received PCSK9i in any parameters (the 
anthropometric parameters, systolic and diastolic blood 
pressure, lipid parameters and total PCSK9). There were 
also no differences between the groups in the expression 
of the measured miRNAs, except for miR-191-5p, where 
the expression was higher in the placebo group (Table 1). 
There were also no differences between the groups in the 
functional and morphological properties of the arterial 
vessel wall (Fig. 1).

Effects of treatment with PCSK9i
The effects of PCSK9i and placebo treatment on lipid 
profile are presented in Table 2. The results of the effect 
of PCSK9i treatment on TG, ApoA, ApoB, Lp(a) and 
total PCSK9 were published previously [17]. There were 

no significant differences in TG, ApoB and Lp(a) lev-
els after 6  months in the placebo group. In the PCSK9i 
treatment group TG decreased from 1.50  mmol/L 
(1.06–2.11 mmol/L) to 1.20 mmol/L (0.78–1.81 mmol/L); 
p < 0.001. ApoB levels decreased from 0.82  g/L (0.63–
0.98  g/L) to 0.35  g/L (0.35–0.48  g/L); p < 0.001 in the 
PCSK9i-treated group and increased from 0.80  g/L 
(0.73–1.00  g/L) to 0.82  g/L (0.67–0.96  g/L), p = 0.099 in 
the placebo group. After 6  months of treatment ApoA1 
levels increased from 1.30 g/L (1.20–1.46 g/L) to 1.35 g/L 
(1.22–1.55  g/L); p = 0.001, and from 1.23  g/L (1.16–
1.34  g/L) to 1.27  g/L (1.20–1.43  g/L); p = 0.002 in the 
placebo group. Lp(a) levels decreased from 1416  mg/L 
(1201–1781  mg/L) to 1133  mg/L (820–1664  mg/L); 
p < 0.001 in the PCSK9i-treated group, and from 
1491  mg/L (1185–1739  mg/L) to 1397  mg/L (1224–
1574  mg/L); p = 0.701 in the placebo group. Levels of 
total PCSK9 increased in the PCSK9i-treated group from 
285.7  ng/L (210.0–401.3  ng/L) to 2784.3  ng/L (2508.4–
3185.8  ng/L); p < 0.001 and from 240.3  ng/L (195.1–
364.4 ng/L) to 352.1 ng/L (251.1–469.0 ng/L); p = 0.007 in 
the placebo group.

After the treatment, there was a significant improve-
ment in both, functional and morphological proper-
ties of the arterial vessel wall. FMD improved from 
10.9 ± 6.3% to 14.4 ± 5.7% in the PCSK9i-treated group, 
and from 10.8 ± 6.8% to 11.2 ± 4.6% in the placebo group 

Table 1  Clinical and biochemical variables at baseline

Bold values ​​are statistically significant

Data are medians (lower–upper quartile) or means ± standard deviation. The differences between the two groups were calculated with t test or Mann–Whitney test

HDL high-density lipoprotein, LDL low-density lipoprotein, PCSK9 proprotein convertase subtilisin–kexin type 9, PCSK9i PCSK9 inhibitors

*p < 0.01

Parameter PCSK9i group (N = 64) Placebo group (N = 31) p

Age (years) 51.7 ± 8.7 48.9 ± 9.6 0.186

Body mass index (kg/m2) 28.7 ± 8.7 28.7 ± 3.9 0.914

Systolic blood pressure (mmHg) 128 ± 15 126 ± 9 0.376

Diastolic blood pressure (mmHg) 77 ± 9 77 ± 7 0.897

Total cholesterol (mmol/L) 4.24 ± 0.83 4.20 ± 0.76 0.723

HDL cholesterol (mmol/L) 1.20 ± 0.28 1.12 ± 0.24 0.306

LDL cholesterol (mmol/L) 2.35 ± 0.70 2.29 ± 0.71 0.856

Triglycerides (mmol/L) 1.65 ± 0.79 1.72 ± 0.91 0.840

Lipoprotein(a) (mg/L) 1431 (11,207–1783) 1439 (969–1746) 0.915

Apolipoprotein B (g/L) 0.81 ± 0.22 0.84 ± 0.21 0.565

Apolipoprotein A1 (g/L) 1.34 ± 0.19 1.27 ± 0.17 0.170

C-reactive protein (mg/L) 0.87 ± 0.08 0.84 ± 0.06 0.752

Total PCSK9 (ng/L) 240.3 (195.1–364.4) 285.7 (210.0–401.3) 0.265

miR-191-5p (2− ΔCq) 20.80 (15.01–25.37) 26.10 (20.31–29.82) 0.010
miR-224-5p (2− ΔCq ) 2.30 (1.24–3.61) 2.37 (1.35–3.97) 0.665

miR-337-3p (2− ΔCq ) 0.85 (0.45–1.70) 0.95 (0.63–1.51) 0.503

miR-483-5p (2− ΔCq ) 0.015 (0.008–0.023) 0.014 (0.010–0.028) 0.068
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(p < 0.001, p = 0.584, respectively). In the PCSK9i-treated 
group, PWV changed from 5.8 ± 1.4 m/s to 5.5 ± 1.6 m/s 
(p = 0.024), and in the placebo group from 5.6 ± 1.5  m/s 
to 5.5 ± 1.1  m/s (p = 0.879). The improvement was sig-
nificantly higher in the PCSK9i-treated group (p = 0.007). 
c-IMT decreased in the PCSK9i-treated group (from 
0.65 ± 0.11 mm to 0.63 ± 0.10 mm; p = 0.017), while there 
was no change in the placebo group (from 0.64 ± 0.09 mm 
to 0.63 ± 0.09 mm; p = 0.482) (Fig. 1).

Associations between biochemical parameters, expression 
of miRNAs and properties of the arterial vessel wall
At baseline, miR-191-5p and miR-224-5p expression were 
not associated with the concentrations of lipid parame-
ters. The expression of miR-337-3p correlated borderline 
with the concentration of apoB (ρ = − 0.249; p = 0.017). 
The expression of miR-483-5p correlated borderline with 
the concentration of HDL-C (ρ = 0.258; p = 0.013) and 
apoA1 (ρ = 0.248; p = 0.018). No correlation was found 
between the expression of any miRNA and the functional 

and morphological properties of the arterial vessel wall as 
well.

Upon PCSK9i treatment, the change in miR-191-5p 
expression correlated with the change in total PCSK9 
concentration (ρ = − 0.429; p < 0.001), and the change in 
the expression of miR-483-5p with the change in Lp(a) 
concentration (ρ = − 0.344; p = 0.007). No other correla-
tions between changes in miRNAs expression and lipid 
parameters were found.

A decrease in c-IMT was associated with a decrease 
in the expression of miR-337-3p (ρ = 0.329; p = 0.010) 
and miR-483-5p (ρ = 0.367; p = 0.004), while miR-224-5p 
showed borderline association (ρ = 0.303; p = 0.019) 
(Fig.  2). There were no associations between a decrease 
in c-IMT and changes in lipoproteins values. The impor-
tance of the variables that showed significance in the 
univariate analysis in predicting decrease of c-IMT 
after treatment with PCSK9i was tested in several lin-
ear regression models. Table  3 presents the conclusions 
of the best model which explained 76.4% of the variabil-
ity in the decrease of c-IMT (p = 0.015). We did not find 
any other correlations between changes in the miRNA 
expressions, lipoprotein values and changes in the prop-
erties of the arterial vessel wall.

Discussion
The main finding of our research is that changes in the 
selected miRNAs involved in the metabolism of PCSK9, 
one of the most important regulators of LDL-C concen-
tration, were associated with changes in the morphologi-
cal properties of the arterial vessel wall. PCSK9i are the 
first drugs in clinical use that significantly decrease Lp(a) 
in addition to LDL-C. In the current study we included 
the patients after MI and insufficiently controlled LDL-C 
levels, despite the maximum tolerated statin dose. At the 
same time, these patients also possessed highly increased 
Lp(a) values. The treatment with PCSK9i showed 

Fig. 1  Functional (A) and morphological (B, C) properties of the arterial vessel wall before and after treatment with PCSK9 inhibitors 
(PCSK9i).*p < 0.05, **p < 0.001

Table 2  Lipids at baseline and after 6 months of treatment

Bold values ​​are statistically significant

Data are medians (lower–upper quartile) or means ± standard deviation. The 
difference between the parameters at baseline and after 6 months of treatment 
within each group were calculated using paired samples t test or Wilcoxon 
matched-pairs signed-rank test

Total C total cholesterol, LDL-C low-density lipoprotein, HDL-C high-density 
lipoprotein

**p< 0.001

Parameter Group Baseline After 6 months p

Total-C Placebo 4.31 ± 0.97 4.39 ± 0.94 0.431

(mmol/L) PCSK9i 4.27 ± 0.83 2.71 ± 0.91 ** < 0.001
LDL-C Placebo 2.42 ± 0.97 2.43 ± 0.80 0.735

(mmol/L) PCSK9i 2.32 ± 0.71 0.87 ± 0.80 ** < 0.001
HDL-C Placebo 1.12 ± 0.23 1.20 ± 0.30 0.010

(mmol/L) PCSK9i 1.19 ± 0.27 1.26 ± 0.32 ** < 0.001
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anticipated effect on lipid parameters as described in our 
previous study [14].

In the same patient cohort, we have previously dem-
onstrated an improvement in both, the functional and 
morphological properties of the arterial vessel wall [11]. 
While the improvement in FMD was only associated 
with an increase in the ApoA1 concentration, a decrease 
in c-IMT was associated with a decrease in the athero-
genic lipoproteins (total cholesterol, LDL-C and ApoB). 
We found no associations with the improvement in 
PWV. On the other hand, Silla et al. [23] found a signifi-
cant improvement in PWV in high-risk patients 2 month 
post-evolocumab treatment. Moreover, the improvement 
in PWV was significantly higher in patients who had 
been previously treated with statins [23].

As we have previously reported, PCSK9i treatment 
significantly increased the expression of miR-191-5p 
and miR483-5p, while the increase in the expression of 
miR-224-5p and miR-337-3p was borderline statistically 
significant [14]. Considering that all these miRNAs are 
involved in the metabolism of PCSK9 and thus of LDL-
C, it is obviously of interest to understand how their 
expression is affected by the statins that all our patients 
received. The data about this is scarce as only one study 
examined the effect of pitavastatin and atorvastatin on 

miR-483-5p expression [24]. Treatment with both statins 
increased the expression of miR-483-5p independently 
of changes in lipid parameters. This study suggests that 
miR-483-5p expression is an independent risk factor for 
future cardiovascular events and associated with mul-
tiple risk factors in the population without evident ath-
erosclerotic disease. In this study a correlation between 
miR-483-5p and HDL-C concentration was found [25], 
while in this study, this correlation was only borderline 
significant Even though many miRNAs are involved in 
the metabolism and function of HDL-C, we do not have 
any data on the role of miR-483-5p [26, 27]. In more than 
1200 apparently healthy subjects, the expression of miR-
483-5p was shown to be a good predictive factor for the 
presence of atherosclerotic plaques in carotid arteries and 
c-IMT [28]. Despite all our patients were already receiv-
ing statins, PCSK9i treatment led to an increase in the 
miR-483-5p expression and a decrease in c-IMT, which 
were also significantly correlated with each other in this 
study. Our results are the first to show that the increase 
in the miR-483-5p expression can be a good indicator of 
the regression of morphological atherosclerotic changes. 
Given that the expression of miR-483-5p was associ-
ated with several risk factors (HDL-C, TG, and diabe-
tes), which are related to both, the inflammation, and the 
coagulation-fibrinolytic process, it could be assumed that 
the regression of c-IMT is also a consequence of these 
changes.

However, the increase in the miR-483-5p expres-
sion was associated with a decrease in Lp(a) concentra-
tion. Hence, we it might be that in this case the PCSK9i 
showed lipid lowering effect. However, we must keep in 
mind that the primary action of PCSK9i is the reduc-
tion of LDL-C with a well-known mechanism, while the 
mechanism behind their reduction of Lp(a) is not fully 
elucidated. Some studies suggests that PCSK9i could act 
in two ways, i.e., enhancing the clearance of Lp(a) [29], 
and reducing its production [30].

Fig. 2  Correlations between changes of miR-224-5p (A), miR-337-3p (B) and miR-483-5p (C) and c-IMT after treatment with PCSK9i. Spearman 
correlation analysis was used to calculate the correlation coefficient (ρ) and p value. *p < 0.01, **p < 0.001

Table 3  Linear regression model of predictors of c-IMT decrease

R2 (part of variability explained with the model) = 0.764, p = 0.015; Changes 
(Δ) were obtained by calculating the differences between the value of 
the parameter after 6 months and at baseline. *p < 0.05; values ​​in bold are 
statistically significant

Parameter β Tolerance p

Age − 0.076 − 0.612 p = 0.543

Δ Lipoprotein (a) − 0.265 − 2.768 p = 0.236

Δ miR-224-5p 0.160 1.090 p = 0.281

Δ miR-483-5p − 0.059 − 0.436 p = 0.665

Δ miR-337-3p 1.075 0.360 p = 0.024
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Improvement in c-IMT was also associated with an 
increase in the expression of miR-337-3p. Of all five 
miRNAs studied in our research, miR-337-3p is the only 
one directly involved in the PCSK9 metabolism and 
thus also in the LDL-C metabolism. In HFD-fed murine 
models, the expression of miR-337-3p in the liver was 
significantly lower than in controls, while serum LDL-C 
concentration was inversely related to the expression 
of miR-337-3p [6]. The overexpression of miR-337-3p 
decreased the LDL-C concentration. The same study 
also showed that miR-337-3p only affects PCSK9 and no 
other pathways involved in the clearance of LDL-C as 
only PCSK9 gene expression decrease under the influ-
ence of miR-337-3p. This, of course, resulted in a con-
sequent decrease of PCSK9 and LDL-C concentrations. 
Moreover, miR-337-3p overexpression only affected the 
concentration of LDL-C but not the concentration of 
HDL-C and TG [6]. However, there is no data on whether 
miR-337-3p overexpression affects the concentration of 
Lp(a), which contains many LDL-C-like particles that are 
equally, if not more, atherogenic than LDL-C itself.

miRNA-224-5p has been previously associated with 
reduced coronary flow reserve, reflecting impaired 
endothelial function in post-MI patients [31]. Unfortu-
nately, this study does not include data on the influence 
of lipolytic therapy on miRNA’s expression in their group 
of patients, so the direct comparison of the results is not 
feasible. The main characteristic of the patients in this 
study is that, in addition to moderately increased LDL-
C, they also had significantly increased Lp(a) values, 
despite receiving the maximum tolerated dose of statin. 
Despite a significant reduction of Lp(a) values follow-
ing PCSK9i treatment, at the end of the study the Lp(a) 
values in our patients were still significantly increased 
according to current recommendations. In this study, an 
increase in miR-224-5p expression showed only border-
line association with improvement in c-IMT. Moreover, 
miR-224-5p was also not associated with the change in 
FMD as a measure of endothelial function, which was 
otherwise significantly improved. As might be expected, 
endothelial dysfunction is only a functional precursor of 
morphological changes in carotid arteries. In a previous 
study [5], Salerno et al. determined that the primary ori-
gin of miR-224-5p are hepatocytes, even though it func-
tions in endothelial cells. Transport from hepatocytes 
to endothelial cells takes place in extracellular vesicles, 
which are important for the action of miR-224-5p as they 
found that miR-224-5p enclosed in extracellular vesicles 
has no effect on endothelial cells. Deficiency of miR-
224-5p through activation of the transforming growth 
factor beta signalling pathway leads to a decreased meta-
bolic activity and apoptosis [32].

The overexpression of miR-337-3p did not affect the 
expression of other miRNAs such as miR-191, miR-
222, miR-224, miR-483-5p and miR-520d-5p that also 
modulate the PCSK9 metabolism. Given that all stud-
ied miRNAs in our research are involved in the PCSK9 
metabolism, we anticipated the changes in their expres-
sions following treatment with PCSK9i. As mentioned, 
Xu et al. reported that the overexpression of miR-337-3p 
does not affect the expression of the rest of the four miR-
NAs studied in our research [6]. However, they used ani-
mal models to show the influence of the overexpression 
of a particular miRNA on other miRNAs with no aim to 
evaluate the influence of the treatment. While the treat-
ment with PCSK9i reduces the concentration of the free 
PCSK9 via binding of the antibodies to PCSK9, it does 
not affect the gene expression of PCSK9. Whether the 
PCSK9i exhibit only the reduction of LDL-C and Lp(a) 
levels, or also the additional mechanisms of action, a 
comparison between PCSK9i and siRNA, i.e., inclisiran 
could give us the answer [33]. Unfortunately, we were 
able to determine only the concentration of total PCSK9, 
hence we could not distinguish between free PCSK9 and 
PCSK9 bound to therapeutic antibodies. Only the expres-
sion of miR-191-5p negatively correlated with the change 
in total PCSK9 concentration in this study. miR-191-5p 
was also the only miRNA in this study that did not show 
statistically significant correlation with the changes in 
the arterial vessel wall properties. The negative associa-
tion between miR-191-5p and total PCSK9 concentration 
seems surprising at a first glance, but it is probably due 
to the measurement of the concentration of total and not 
free PCSK9. Previous studies where concentration of the 
free PCSK9 was measured, showed that this concentra-
tion decreased significantly after PCSK9i treatment [34]. 
Studies like ours, where the concentration of total PCSK9 
was measured, report similar results, i.e., the concentra-
tion of total PCSK9 increased significantly after PCSK9i 
treatment. Hence, both, free and total PCSK9 levels 
could serve as an indicator of the patient compliance 
[35]. The association between changes in c-IMT and the 
expression of miR-337-3p and miR-483-5p, with no asso-
ciations with changes in lipoproteins and total PCSK9, 
could suggest the so-called pleiotropic effects, mean-
ing the effects of PCSK9i beyond their primary effect on 
lipoproteins. PCSK9 interacts with specific surface recep-
tors, contributing to cardiovascular disease through both 
LDLR- dependent and independent pathways. These 
receptors include members of LDLR superfamily, such as 
LDLR, very low-density lipoprotein receptor (VLDLR), 
low-density lipoprotein receptor-related protein 8 
(APOER2), as well as other proteins and receptors like 
cyclase associated actin cytoskeleton regulatory protein 1 
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(CAP1), CD36, and ATP-binding cassette transporter A1 
(ABCA1) [36].

There are at several shortcomings of this study. First, 
the relatively small number of subjects, which is a con-
sequence of the very strict inclusion criteria, which 
can, on the other hand, be an advantage due to the very 
homogeneous population. Second, the lack of the free 
PCSK9 measurement after PCSK9i treatment due to the 
limited specificity of the ELISA assay. It would be inter-
esting to evaluate the correlations between the change 
in the free PCSK9 and the miRNAs studied. Third, lack 
of comprehensive interpretation and validation of the 
results. This would require multicenter and multi-ethical 
studies. Fourth, lack of long-term follow-up on clinical 
outcomes such as MI recurrence. However, the current 
study is a preliminary study, and our results provide the 
basis on the involvement of the studied miRNA in high-
risk patients treated with PCSK9i. To determine if the 
miRNA identified here could be used as biomarkers for 
clinical efficacy such as MI recurrence and mortality, 
further larger and long-term clinical studies are needed. 
Fifth, the lack of mechanisms underlying the miRNA 
modulation of PCSK9 and vessel biology. To elucidate 
these mechanisms, further in vitro functional studies are 
suggested.

Conclusions
To the best of our knowledge this study is the first to 
evaluate the association between miRNAs involved in 
the PCSK9 metabolism and arterial vessel wall proper-
ties. We found that, in addition to their known effects 
on lipoproteins, PCSK9i also improve the properties of 
the vascular wall. Furthermore, PCSK9i influence the 
miRNAs involved in the PCSK9 metabolism indepen-
dently of their lipolytic effect. Our results suggest that 
miRNA changes present an indirect mechanism of action 
of PCSK9i affecting the changes in the properties of the 
arterial vessel wall. Whether these are the pleiotropic 
effects or semi-effective lipolytic effects due to insuf-
ficiently reduced Lp(a) values, remains elusive. Further 
studies where patients will receive drugs that specifically 
reduce Lp(a) are anticipated to provide the answer to this 
question.

Abbreviations
apoA1	� apolipoprotein A1
apoB	� apolipoprotein B100
c-IMT	� Carotid intima–media thickness
FMD	� Flow-mediated dilation of brachial artery
HDL-C	� High-density lipoprotein cholesterol
HFD	� High-fat-diet
IL	� Interleukin
LDL-C	� Low-density lipoprotein cholesterol
LDLR	� LDL receptor
Lp(a)	� Lipoprotein(a)
MACE	� Major adverse cardiac events

MI	� Myocardial infarction
miRNA	� microRNA
PCSK9	� Proprotein convertase subtilisin–kexin type 9
PCSK9i	� Proprotein convertase subtilisin–kexin type 9 inhibitors
PWV	� Pulse wave velocity
TC	� Total cholesterol
TG	� Triglycerides

Acknowledgements
The authors thank all included staff of the Clinical Department of Vascular dis-
eases, University Medical Centre of Ljubljana for their technical assistance. We 
also thank the staff of the Laboratory for Haemostasis and Atherothrombosis 
at the Clinical Department of Vascular diseases, University Medical

Author contributions
Conceptualization and methodology, A.R.L. and M.Š.; investigation, A.R.L., T.L. 
and T.K.; resources, T.L., A.R.L., M.Š., J.Z. and K.T.P.; data curation, A.R.L, T.L., T.K., 
J.Z. and M.Š.; writing—original draft preparation, M.Š. and A.R.L.; writing—
review and editing, A.R.L., M.Š, T.L., T.K., J.Z., and K.T.P.; visualization, A.R.L. and 
J.Z.; supervision, M.Š.; project administration, M.Š.; funding acquisition, M.Š. 
and K.T.P. All authors have read and agreed to the published version of the 
manuscript.

Funding
This study was funded by Amgen, Sanofi, the Slovenian Research Agency 
research programs P3-0308 and P1-0170, and the University Medical Centre 
Ljubljana (funding number 20240051). The funders had no influence on 
the study design, the collection, analysis, and interpretation of the data, 
the writing of the manuscript, or the decision to submit the manuscript for 
publication.

Availability of data and materials
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate
All the procedures performed in this study that involved human patients were 
carried out in accordance with the ethical guidelines of the 1964 Declaration 
of Helsinki. Approval for this study was obtained from the National Medi-
cal Ethics Committee of the Republic of Slovenia (reference number: KME 
0120-357/2018/8). The study is registered with CinicalTrials under the number 
NCT04613167. The initial aim was to include at least 70 patients to achieve 
the desired power of the study. However, we managed to include even 
more patients (N = 95) and to collect the samples for the current analysis. All 
patients signed a written informed consent prior to inclusion in the study.

Consent for publication
“Not applicable”.

Competing interests
The authors declare no competing interests.

Author details
1 Department of Vascular Diseases, University Medical Centre Ljubljana, 
Zaloška Cesta 7, 1000 Ljubljana, Slovenia. 2 Laboratory for Translational Medi-
cal Biochemistry, Institute of Biochemistry and Molecular Genetics, Faculty 
of Medicine, University of Ljubljana, Vrazov Trg 2, 1000 Ljubljana, Slovenia. 
3 Clinical Institute for Special Laboratory Diagnostics, University Children’S 
Hospital, University Medical Centre Ljubljana, Vrazov Trg 1, 1000 Ljubljana, Slo-
venia. 4 Department of Cardiology, University Medical Centre Ljubljana, Zaloška 
Cesta 7, 1000 Ljubljana, Slovenia. 5 Faculty of Pharmacy, University of Ljubljana, 
Aškerčeva 7, 1000 Ljubljana, Slovenia. 6 Department of Internal Medicine, Fac-
ulty of Medicine, University of Ljubljana, Vrazov Trg 2, 1000 Ljubljana, Slovenia. 

Received: 6 January 2025   Accepted: 20 February 2025



Page 9 of 9Rehberger Likozar et al. European Journal of Medical Research          (2025) 30:138 	

References
	1.	 Sabatine MS, Giugliano RP, Keech AC, Honarpour N, Wiviott SD, Murphy 

SA, et al. Evolocumab and clinical outcomes in patients with cardiovascu-
lar disease. N Engl J Med. 2017;376(18):1713–22.

	2.	 Schwartz GG, Steg PG, Szarek M, Bhatt DL, Bittner VA, Diaz R, et al. Ali-
rocumab and cardiovascular outcomes after acute coronary syndrome. N 
Engl J Med. 2018;379(22):2097–107.

	3.	 Schwartz GG, Szarek M, Bittner VA, Diaz R, Goodman SG, Jukema JW, et al. 
Lipoprotein(a) and benefit of PCSK9 inhibition in patients with nominally 
controlled LDL cholesterol. J Am Coll Cardiol. 2021;78(5):421–33.

	4.	 Naeli P, Mirzadeh Azad F, Malakootian M, Seidah NG, Mowla SJ. Post-
transcriptional Regulation of PCSK9 by miR-191, miR-222, and miR-224. 
Front Genet. 2017;8:189.

	5.	 Salerno AG, van Solingen C, Scotti E, Wanschel ACBA, Afonso MS, 
Oldebeken SR, et al. LDL receptor pathway regulation by miR-224 and 
miR-520d. Front Cardiovasc Med. 2020;7:81.

	6.	 Xu X, Dong Y, Ma N, Kong W, Yu C, Gong L, et al. MiR-337-3p lowers serum 
LDL-C level through targeting PCSK9 in hyperlipidemic mice. Metabolism. 
2021;119: 154768.

	7.	 Dong J, He M, Li J, Pessentheiner A, Wang C, Zhang J, et al. microRNA-483 
ameliorates hypercholesterolemia by inhibiting PCSK9 production. JCI 
Insight. 2020;5(23): e143812.

	8.	 Zhai C, Sun Y, Qian G, Pan H, Xie S, Sun Z, et al. LncRNA AK087124/miR-
224-5p/PTEN axis modulates endothelial cell injury in atherosclerosis 
through apoptosis and AKT signaling pathway. Arch Biochem Biophys. 
2021;15(705): 108916.

	9.	 Peng Q, Yin R, Zhu X, Jin L, Wang J, Pan X, et al. miR-155 activates the 
NLRP3 inflammasome by regulating the MEK/ERK/NF-κB pathway in 
carotid atherosclerotic plaques in ApoE−/− mice. J Physiol Biochem. 
2022;78(2):365–75.

	10.	 Li D, Pan J. Diagnostic and prognostic value analysis of miR-206 in asymp-
tomatic carotid artery stenosis. Br J Biomed Sci. 2022;79:10592.

	11.	 Rehberger Likozar A, Šebeštjen M. Smoking and diabetes attenuate ben-
eficial effects of PSCK9 inhibitors on arterial wall properties in patients 
with very high lipoprotein (a) levels. Atheroscler Plus. 2022;50:1–9.

	12.	 Maulucci G, Cipriani F, Russo D, Casavecchia G, Di Staso C, Di Martino 
L, et al. Improved endothelial function after short-term therapy with 
evolocumab. J Clin Lipidol. 2018;12(3):669–73.

	13.	 Di Minno A, Gentile M, Iannuzzo G, Calcaterra I, Tripaldella M, Porro 
B, et al. Endothelial function improvement in patients with familial 
hypercholesterolemia receiving PCSK-9 inhibitors on top of maximally 
tolerated lipid lowering therapy. Thromb Res. 2020;194:229–36.

	14.	 Levstek T, Karun T, Rehberger Likozar A, Šebeštjen M, Trebušak PK. 
Interplay between microRNAs, serum proprotein convertase subtilisin/
kexin type 9 (PCSK9), and lipid parameters in patients with very high 
lipoprotein(a) treated with PCSK9 inhibitors. Genes. 2023;14(3):632.

	15.	 Nakamura T, Uematsu M, Horikoshi T, Yoshizaki T, Kobayashi T, Saito Y, et al. 
Improvement in brachial endothelial vasomotor function and brachial-
ankle pulse wave velocity reduces the residual risk for cardiovascular 
events after optimal medical treatment in patients with coronary artery 
disease. J Atheroscler Thromb. 2021;28(11):1133–44.

	16.	 Visseren FLJ, Mach F, Smulders YM, Carballo D, Koskinas KC, Bäck M, et al. 
2021 ESC Guidelines on cardiovascular disease prevention in clinical 
practice. Eur Heart J. 2021;42(34):3227–337.

	17.	 Rehberger Likozar A, Ugovšek S, Šebeštjen M. Effects of proprotein con-
vertase subtilisin-kexin type 9 inhibitors on inflammatory and hemostatic 
parameters in post myocardial infarction patients. Eur J Pharmacol. 
2024;15(963): 176232.

	18.	 Friedewald WT, Levy RI, Fredrickson DS. Estimation of the concentration 
of low-density lipoprotein cholesterol in plasma, without use of the 
preparative ultracentrifuge. Clin Chem. 1972;18(6):499–502.

	19.	 Zhelankin AV, Stonogina DA, Vasiliev SV, Babalyan KA, Sharova EI, Doludin 
YV, et al. Circulating extracellular miRNA analysis in patients with stable 
CAD and acute coronary syndromes. Biomolecules. 2021;11(7):962.

	20.	 Livak KJ, Schmittgen TD. Analysis of relative gene expression data using 
real-time quantitative PCR and the 2(−Delta Delta C(T)) method. Meth-
ods (San Diego Calif ). 2001;25(4):402–8.

	21.	 Rehberger Likozar A, Blinc A, Trebušak Podkrajšek K, Šebeštjen M. LPA 
genotypes and haplotypes are associated with lipoprotein(a) levels but 
not arterial wall properties in stable post-coronary event patients with 
very high lipoprotein(a) levels. J Cardiovasc Dev Dis. 2021;8(12):181.

	22.	 Faul F, Erdfelder E, Buchner A, Lang AG. Statistical power analyses using 
G*Power 3.1: tests for correlation and regression analyses. Behav Res 
Methods. 2009;41(4):1149–60.

	23.	 Silla A, Fogacci F, Punzo A, Hrelia S, Simoni P, Caliceti C, et al. Treatment 
with PCSK9 inhibitor evolocumab improves vascular oxidative stress and 
arterial stiffness in hypercholesterolemic patients with high cardiovascu-
lar risk. Antioxid Basel Switz. 2023;12(3):578.

	24.	 Lin HJ, Yu SL, Su TC, Hsu HC, Chen MF, Lee YT, et al. Statin-induced micro-
RNAome alterations modulating inflammation pathways of peripheral 
blood mononuclear cells in patients with hypercholesterolemia. Biosci 
Rep. 2020;40(9):BSR20201885.

	25.	 Gallo W, Esguerra JLS, Eliasson L, Melander O. miR-483-5p associates 
with obesity and insulin resistance and independently associates with 
new onset diabetes mellitus and cardiovascular disease. PLoS ONE. 
2018;13(11): e0206974.

	26.	 Rayner KJ, Moore KJ. MicroRNA control of high-density lipoprotein 
metabolism and function. Circ Res. 2014;114(1):183–92.

	27.	 Canfrán-Duque A, Lin CS, Goedeke L, Suárez Y, Fernández-Hernando 
C. Micro-RNAs and high-density lipoprotein metabolism. Arterioscler 
Thromb Vasc Biol. 2016;36(6):1076–84.

	28.	 Gallo W, Ottosson F, Kennbäck C, Jujic A, Esguerra JLS, Eliasson L, et al. 
Replication study reveals miR-483-5p as an important target in preven-
tion of cardiometabolic disease. BMC Cardiovasc Disord. 2021;21(1):162.

	29.	 Reyes-Soffer G, Pavlyha M, Ngai C, Thomas T, Holleran S, Ramakrishnan R, 
et al. Effects of PCSK9 inhibition with alirocumab on lipoprotein metabo-
lism in healthy humans. Circulation. 2017;135(4):352–62.

	30.	 Watts GF, Chan DC, Somaratne R, Wasserman SM, Scott R, Marcovina SM, 
et al. Controlled study of the effect of proprotein convertase subtilisin-
kexin type 9 inhibition with evolocumab on lipoprotein(a) particle kinet-
ics. Eur Heart J. 2018;39(27):2577–85.

	31.	 James K, Bryl-Gorecka P, Olde B, Gidlof O, Torngren K, Erlinge D. 
Increased expression of miR-224-5p in circulating extracellular vesicles 
of patients with reduced coronary flow reserve. BMC Cardiovasc Disord. 
2022;22(1):321.

	32.	 Clark DA, Coker R. Transforming growth factor-beta (TGF-beta). Int J 
Biochem Cell Biol. 1998;30(3):293–8.

	33.	 Wang N, Tall AR. A new approach to PCSK9 therapeutics. Circ Res. 
2017;120(7):1063–5.

	34.	 Roth EM, Kastelein JJP, Cannon CP, Farnier M, McKenney JM, DiCioccio 
AT, et al. Pharmacodynamic relationship between PCSK9, alirocumab, 
and LDL-C lowering in the ODYSSEY CHOICE I trial. J Clin Lipidol. 
2020;14(5):707–19.

	35.	 Metzner T, Leitner DR, Mellitzer K, Beck A, Sourij H, Stojakovic T, et al. 
Effects of alirocumab on triglyceride metabolism: a fat-tolerance test 
and nuclear magnetic resonance spectroscopy study. Biomedicines. 
2022;10(1):193.

	36.	 Liu G, Yu X, Cui C, Li X, Wang T, Palade PT, et al. The pleiotropic effects of 
PCSK9 in cardiovascular diseases beyond cholesterol metabolism. Acta 
Physiol. 2025;241(2): e14272.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Treatment with PCSK9 inhibitors influences microRNAs expression and changes of arterial wall properties: a randomized controlled trial
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Patients
	Biochemical analysis
	RNA isolation and measurement of miRNAs expression
	Ultrasound measurements
	Statistical analysis

	Results
	Baseline characteristics
	Effects of treatment with PCSK9i
	Associations between biochemical parameters, expression of miRNAs and properties of the arterial vessel wall

	Discussion
	Conclusions
	Acknowledgements
	References


