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Abstract: Proprotein convertase subtilisin/kexin type 9 (PCSK9) has an important function in the
regulation of lipid metabolism. PCSK9 reduces hepatic low-density lipoprotein receptors, thereby
increasing low-density lipoprotein cholesterol levels. However, its regulation remains to be elucidated,
including post-transcriptional regulation by microRNAs (miRNAs). We aimed to explore the interplay
between miRNAs, total serum PCSK9, and lipids during treatment with PCSK9 inhibitors. A total of
64 patients with stable coronary artery disease and very high lipoprotein(a) levels and 16 sex- and
age-matched control subjects were enrolled. Patients received a PCSK9 inhibitor (evolocumab or
alirocumab). Total serum PCSK9 levels were measured by immunoassay. RNA was isolated from
plasma using magnetic beads, and expression of selected miRNAs was analyzed by quantitative PCR.
Total serum PCSKO levels were significantly higher in control subjects compared with patients. After
6 months of treatment with PCSK9 inhibitors, total serum PCSK9 levels increased significantly. The
expression of miR-191-5p was significantly lower, and the expression of miR-224-5p and miR-483-5p
was significantly higher in patients compared with control subjects. Using linear regression, the
expression of miR-483-5p significantly predicted the serum PCSKO level at baseline. After the 6-month
period of therapy, the expression of miR-191-5p and miR-483-5p significantly increased. Our results
support a role for miR-483-5p in regulating circulating PCSK9 in vivo. The difference in expression
of miR-191-5p, miR-224-5p, and miR-337-3p between patients and control subjects suggests their
possible role in the pathogenesis of coronary artery disease.

Keywords: cardiovascular disease; PCSK9; microRNA; lipoprotein(a); PCSK9 inhibitors; lipid
parameters; biomarker

1. Introduction

The World Health Organization estimates that about one-third of all deaths worldwide
are accounted to cardiovascular disease (CVD). The leading cause of CVD is atheroscle-
rosis [1]. Elevated levels of low-density lipoprotein cholesterol (LDL-C) are casually as-
sociated with atherosclerotic CVDs and are the most important modifiable factor in the
prevention of atherosclerosis and cardiovascular events [2]. Lipoprotein (a) (Lp(a)) is an
independent risk factor for coronary artery disease (CAD), regardless of LDL-C levels
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before and also after its reduction, especially with statins [3]. The structure of Lp(a) resem-
bles LDL-C in the composition of the lipid core and presence of apolipoprotein B (apoB).
However, it also consists of the unique glycoprotein apolipoprotein(a) (apo(a)), which is
bound to the apolipoprotein B100 moiety of an LDL-like particle via a disulfide bond [4,5].
Apo(a) is encoded by the LPA gene, and variants in this gene are responsible for as much as
90% of the variability in circulating Lp(a) levels [6].

Proprotein convertase subtilisin/kexin type 9 (PCSKD9) is a soluble serine protease
expressed predominantly in the liver and is considered a fundamental regulator of lipid
metabolism [7]. When PCSK9 bound to LDL-C interacts with the LDL receptor (LDLR),
the catalytic domain of PCSK9 interacts with LDLR. After endocytosis, the affinity of the
interaction between PCSK9 and LDLR increases under acidic conditions, preventing LDLR
from recycling. Instead, the complex is directed to the lysosome, where both are degraded.
A lower abundance of LDLR on the surface of hepatocytes results in higher levels of
LDL-C in plasma [8-10]. PCSK9 may also promote the degradation of LDLR through
an intracellular pathways reported in cultured cells [11]. Beyond its role in cholesterol
homeostasis, PCSK9 mediates inflammatory responses by binding to Toll-like receptors
(TLRs) and promotes platelet activation and thrombosis by binding to scavenger receptor
class B (SR-B) receptors. In addition, binding to low-density lipoprotein receptor-related
protein 1 (LRP1), apolipoprotein E receptor-2 (ApoER?2), very-low-density lipoprotein
receptor (VLDLR), and other receptors promotes vascular endothelial hyperplasia and
increases lipoprotein levels [12]. PCSK9 loss-of-function variants have been associated with
a reduction in circulating LDL-C levels and risk of coronary heart disease [13]. In the last
decade, several monoclonal antibodies specifically targeting PCSK9 have been introduced
in the clinical practice [14]. PCSK9 inhibitors bind circulating PCSK9, preventing its
binding to LDLR and thus allowing its recycling. PCSK9 inhibitors reduce LDL-C levels by
approximately 40-65% when used in conjunction with statins. Moreover, unlike statins,
PCSKO also reduces Lp(a) levels by 25-30% [15,16].

Nevertheless, the understanding of the pathways regulating PCSK9 availability is
insufficient. Post-transcriptional regulation by microRNAs (miRNAs) is of particular in-
terest because they are small, single-stranded, non-coding RNAs known to regulate gene
expression by degrading messenger RNAs or inhibiting their translation [17]. Accumulat-
ing evidence suggests that miRNAs play a crucial role in cholesterol metabolism and in the
development and progression of atherosclerosis through their involvement in endothelial
integrity, monocyte/macrophage recruitment, and vascular smooth muscle and inflamma-
tory cell function [18-20]. One of the most intensively studied miRNA implicated in the
regulation of lipid homeostasis is miR-33. miR-33 is a family of sterol-sensitive miRNAs.
They are involved in the regulation of very-low-density lipoprotein cholesterol (VLDL-C),
LDL-C, and high-density lipoprotein cholesterol (HDL-C) metabolism, HDL-C uptake,
cholesterol storage, transport, excretion, and efflux [21]. Understanding the regulation
of PCSK9 by miRNAs could lead to the discovery of new biomarkers and provide new
insights into the pathophysiology of atherosclerosis. The aim of the present study was
to investigate miRNA expressions and circulating PCSK9 levels in patients with stable
phase of CAD at least 6 months after acute myocardial infarction and very high Lp(a)
levels and in control subjects. We also aimed to elucidate the relationship between serum
PCSK9, miRNAs expression and lipid parameters after the patients were treated with
PCSK9 inhibitors.

2. Materials and Methods
2.1. Study Participants

We included 64 patients and additional 16 control subjects matched for sex and age.
Patients were in the stable phase of CAD at least 6 months after acute myocardial infarction.
The inclusion criteria for patients were premature myocardial infarction before 50 years of
age and an Lp(a) level of more than 1000 mg/L or an Lp(a) level of more than 600 mg/L
and an LDL-C level of more than 2.6 mmol/L. Patients were receiving state-of-the-art
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therapy that had not been changed for at least 2 months before enrollment in the study.
They received a statin at a maximally tolerated dose plus ezetimibe, if needed. They also
received 3-blockers, antiplatelet agents, and angiotensin-converting enzyme inhibitors. The
following exclusion criteria applied: elevated liver transaminases enzyme activity (more
than three times above reference values) and severe renal dysfunction (serum creatinine
more than 200 mmol/L). In addition, patients were excluded if they had acute illness in
the last 6 weeks. Control subjects had no history of CVD, no hypercholesterolemia, and an
Lp(a) level less than 300 mg/L.

After enrollment in the study, blood samples were collected, and patients underwent
clinical and laboratory examinations [22]. They were divided into two groups regarding
treatment with PCSK9 inhibitors. The first group received placebo for 6 months. This
was followed by subcutaneous treatment with a PCSK9 inhibitor, namely alirocumab
at a dose of 150 mg or evolocumab at a dose of 140 mg, every two weeks. The second
group, however, received the PCSK9 inhibitor immediately after enrollment in the study.
Laboratory parameters were determined at baseline and later after the placebo phase,
and after treatment with PCSK9 inhibitors. The Slovenian National Ethics Committee
endorsed the protocol of the study (No. 0120-357/2018/8 and No. 0120-317/2021/3). All
participants were informed about the study protocol and signed an informed consent prior
to the enrollment, as recommended by the Declaration of Helsinki.

2.2. Biochemical Analysis

Blood for laboratory analysis was drawn in the morning after 12 hours of fasting. We
collected samples from the antecubital vein into 5 mL vacuum-sealed tubes containing
clot activator (Vacutube; LT Burnik, Skaru¢na, Slovenia). We centrifuged the blood at
2000x g for 15 min to separate the serum. In fresh serum samples, we measured total
cholesterol, triglycerides, HDL-C, apolipoprotein Al (apoAl), and apoB by standard
colorimetric or immunologic assays. We used an automated biochemical analyzer (Fusion
5.1; Ortho-Clinical Diagnostics, Raritan, NJ, USA). The same biochemical analyzer was
used to determine Lp(a) with the Denka reagent (Randox, Crumlin, UK). Because of the
apo(a)-isoform-insensitive antibodies used in the reagent, the bias associated with apo(a)
size is minimal. The Friedewald formula [23] was used to calculate LDL-C.

2.3. Measurement of Serum PCSK9 Levels

Total PCSK9 was measured in serum samples using a sandwich enzyme-linked im-
munosorbent assay (ELISA) (Human Proprotein Convertase 9/PCSK9 Quantikine® ELISA
Kit, R&D Systems, Minneapolis, MN, USA) on a Sunrise microplate reader and Magellan
software (Tecan, Mdnnedorf, Switzerland) as instructed by the manufacturer. Sensitivity
and assay range provided by the manufacturer were 0.219 ng/mL and 0.6-40 ng/mL,
respectively. Samples were diluted 1:20 with calibrator diluent. Samples exceeding the
upper limit were diluted 1:40 and reanalyzed. The assay used measured total PCSK9 in
serum, so it was not possible to distinguish between bound and unbound PCSKO.

2.4. Extraction of Circulating RNAs from Plasma Samples and Reverse Transcription

Circulating RNAs were extracted from 600 pL plasma samples. We used the NextPrep™
Magnazol™ cfRNA Isolation Kit (PerkinElmer, Waltham, MA, USA) as instructed by
manufacturer. We eluted the circulating RNAs in 18 uL of RNA Elution Solution (0.1 mM
EDTA). To avoid RNA decay, we added RiboLock RNase Inhibitor (Thermo Fisher Scientific,
Waltham, MA, USA). We stored isolated circulating RNA samples at —80 °C in LoBind
DNA tubes (Eppendorf, Hamburg, Germany).

RNAs were transcribed into cDNA with the miRCURY Locked Nucleic Acid (LNA)
Universal RT Kit (Qiagen, Hilden, Germany). The amount of input RNA was optimized
using three different volumes of RNA sample, as recommended by the manufacturer.
The volume 0.24 pL was selected as optimal for cDNA synthesis. The reaction mixture
contained the following: 5x miRCURY RT SYBR® Green RT Reaction Buffer (2 pL), RNase-
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free water (6.6 pL), 10 x miRCURY RT Enzyme Mix (1 pL), and previously isolated template
RNA (0.4 pL). The reverse transcription was carried out using a GeneAmp® PCR System
9700 thermocycler (Applied Biosystems, Waltham, MA, USA). cDNA was stored in a
LoBind DNA plate (Eppendorf, Hamburg, Germany) at 4 °C and analyzed within 4 days.

2.5. Quantification of miRNA Expression by Quantitative PCR

A literature search was performed to identify miRNAs previously associated with
regulation of PCSKO levels. Five miRNAs were selected for analysis. Expression of the
selected miRNAs was measured by quantitative PCR (qPCR). We used specific miRCURY
LNA miRNA PCR Assays (Qiagen, Hilden, Germany) (Table 1). Each sample was ana-
lyzed in triplicate. cDNA was diluted 1:30 with RNase-free water, except for miR-483-5p,
which was diluted 1:10. For each reaction, we prepared a reaction mixture consisting of
2x miRCURY SYBR® Green Master Mix with added low ROX Reference Dye (5 uL), PCR
primer mix (1 pL), RNase-free water (1 uL), and cDNA template (3 uL). Each plate also
contained a no-template control in triplicate. The qPCR reaction was carried out on a
QuantStudio 7 Flex Real-Time PCR System (Applied Biosystems, Waltham, MA, USA)
using the following protocol: 2 min at 95 °C; 40 cycles of 10 s at 95 °C, 1 min at 56 °C.
The mean cycle of quantification (Cq) values and melting curves for each miRNA were
obtained from the instrument software. miR-16-5p and miR-4516 were used as reference
miRNAs [24,25]. Relative expression was calculated as 27C4, where ACq = average Cq
(target miRNA) — average Cq (reference miRNAs) [26].

Table 1. miRNAs, their sequences, accession numbers, and GeneGlobe IDs by Qiagen (Hilden,

Germany).
microRNA Sequence Accession Number GeneGlobe ID

hsa-miR-191-5p 5'CAACGGAAUCCCAAAAGCAGCUG MIMAT0000440 'YP00204306
hsa-miR-224-5p 5'UCAAGUCACUAGUGGUUCCGUUUAG MIMATO0000281 YP02119313
hsa-miR-337-3p 5'CUCCUAUAUGAUGCCUUUCUUC MIMAT0000754 YP00205938
hsa-miR-483-5p 5 AAGACGGGAGGAAAGAAGGGAG MIMAT0004761 YP00205693
hsa-miR-552-3p 5’ AACAGGUGACUGGUUAGACAA MIMAT0003215 YP0020603
hsa-miR-16-5p 5'UAGCAGCACGUAAAUAUUGGCG MIMATO0000069 YP00203906

hsa-miR-4516 5 GGGAGAAGGGUCGGGGC MIMAT0019053 YP02112882

2.6. Statistical Analysis

We used IBM SPSS Statistics version 27.0 (IBM Corporation, New York, NY, USA)
to perform the statistical analyses. For descriptive statistical analysis, we analyzed the
normality of the distribution of continuous variables with the Shapiro-Wilk test. We
used the median with interquartile range (25-75%) or the mean with standard deviation
to describe the central tendency and variability of the continuous variables. We used
frequencies to describe the distribution of the categorical variables. The Chi-square test
was used to compare the distribution of the categorical variables between different groups,
whereas the t-test or nonparametric the 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. Linear regression was used to test the association between PCSK9
levels and expression of miRNAs at enrollment. Correlations between continuous variables
were calculated using Spearman’s Rho coefficient. All statistical tests were two-sided. We
used 0.05 as the level of statistical significance. Figures were generated using GraphPad
Prism 9 (San Diego, CA, USA).
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3. Results
3.1. Baseline Characteristics of Study Subjects

Patients and control subjects were age- and sex-matched and did not differ signifi-
cantly in systolic and diastolic blood pressure. However, patients had significantly lower
total cholesterol, non-HDL-C, LDL-C, apoB (all p < 0.001), HDL-C (p = 0.005) and apoAl
(p = 0.021). Triglycerides did not differ significantly between patients and control subjects.

Lp(a) was significantly higher in patients (p < 0.001). Details are shown in Table 2.

Table 2. Characteristics of patients (N = 64) and control subjects (N = 16) at enrollment.

Parameter Patients Control Subjects 4
Age at inclusion (years) 52.4 (45.7-56.8) 50.9 (43.5-52.0) 0.207
Gender (% male) 89.1 87.5 1.000
Body mass index (kg/mZ) 28.7 £4.1 26.6 £ 3.2 0.034
Systolic blood pressure (mmHg) 129 (120-136) 128 (110-145) 0.813
Diastolic blood pressure (mmHg) 79 (70-82) 77 (68-88) 0.786
Cholesterol (mmol/L) 422 +0.83 5.46 + 041 <0.001
HDL-C (mmol/L) 1.16 £ 0.25 1.52 +£0.44 0.005
Non-HDL-C (mmol/L) 3.07 £0.83 3.93 +0.55 <0.001
LDL-C (mmol/L) 2.29 (1.70-2.66) 3.30 (3.03-3.48) <0.001
Triglycerides (mmol /L) 1.40 (1.00-2.08) 1.28 (0.95-1.51) 0.215
ApoB (g/L) 0.82 +0.21 1.07 £ 0.13 <0.001
ApoAl (g/L) 1.28 (1.17-1.44) 1.39 (1.27-1.59) 0.021
Lp(a) (mg/L) 1463 (1207-1769) 82 (62-138) <0.001

HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; apo, apolipoprotein;
Lp(a), lipoprotein(a). Bold indicates statistically significant values.

3.2. Characteristics of Patients after Treatment with PCSK9 Inhibitors

Total cholesterol, non-HDL-C, LDL-C, triglycerides, apoB, and Lp(a) decreased signifi-
cantly (all p < 0.001) after the 6-month period of treatment. Total cholesterol decreased by
40.8 (28.1-45.1)%, LDL-C by 69.7 (59.1-78.3)%, triglycerides by 21.1 ((—1.59)-34.4)%, and
Lp(a) by 24.0 (12.2-33.0)%. On the other hand, HDL-C and apoAl levels increased signifi-
cantly (p = 0.004 and p = 0.002, respectively). HDL-C increased by 4.78 ((—3.54)-13.3)% and
apoAl by 3.39 ((—2.34)-9.32)% (Table 3).

Table 3. Comparison of laboratory parameters before and after treatment with PCSK9 inhibitors.

Parameter Before Treatment After Treatment p

Cholesterol (mmol/L) 4.27 (3.72-4.84) 2.54 (2.10-3.07) <0.001
HDL-C (mmol/L) 1.14 (1.01-1.32) 1.17 (1.02-1.50) 0.004
Non-HDL-C (mmol/L) 3.10 (2.40-3.70) 1.20 (0.90-1.78) <0.001
LDL-C (mmol/L) 2.40 (1.75-2.66) 0.63 (0.40-1.15) <0.001
Triglycerides (mmol /L) 1.46 (1.06-2.08) 1.20 (0.78-1.88) <0.001
ApoB (g/L) 0.82 (0.62-0.98) 0.35 (0.35-0.49) <0.001
ApoAl (g/L) 1.28 (1.19-1.44) 1.35 (1.22-1.54) 0.002
Lp(a) (mg/L) 1431 (1219-1776) 1133 (821-1664) <0.001

HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; apo, apolipoprotein;

Lp(a), lipoprotein(a). Bold indicates statistically significant values.
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3.3. Total Serum PCSK9 Level

Patients and control subjects differed significantly in PCSK9 levels (p = 0.005). In
patients, PCSKO levels increased significantly after the placebo period (p = 0.007). Total
serum PCSKO9 levels also increased significantly after the 6-month period of treatment.
Serum PCSK9 levels are shown in Figure 1.

Baseline Placebo period PCSKY inhibition
800 p =0.005 800 p=0.007 4000 - »<0.001
L4 o —— -
] ]
= 600 = 600 = 3000
E . E E
2 5 2
o 400 o 400+ o 2000
4 Y4 <
& $ & .
& 200+ & 200+ & 1000
L i
r—TT —TT o— T
patients controls before  after before  after

Figure 1. Serum PCSKO9 levels in patients and control subjects at baseline, in patients before and after
the placebo phase and before and after the 6-month period of therapy with PCSK9 inhibitors.

3.4. miRNA Expressions in Patients and Control Subjects before Treatment

As shown in Figure 2, the expression of miR-191-5p was significantly downregulated
in patients compared with control subjects (p < 0.001). Contrary, the expression of miR-
224-5p and miR-337-3p was significantly upregulated in patients compared with control
subjects (p < 0.001 and p = 0.001, respectively). We found no significant difference in
miR-483-5p expression between patients and control subjects (p = 0.700). miR-552-3p could
not be determined due to its low expression in plasma.

miR-191-5p miR-224-5p miR-337-3p miR-483-5p
P <0.001 124 p<0.001 s p=0.001 010  p=0.700
[} ° L] L]
10 4 0.08-
8- [
- . - 3 - 006 o
2 6 g g e
Se ~ ~ N
2 0.04-
4 .o
2 1 l 0.02 %
o-— 0= 0.00-

patietns controls

patients controls patients controls patients controls

Figure 2. Comparison of miRNAs expression between patients and control subjects.

3.5. miRNAs Expression after Placebo and Treatment Period

A cohort of 28 patients received placebo for 6 months. Expression of miR-191-5p
decreased significantly during the placebo period (p < 0.001), whereas expression of other
miRNAs did not change significantly (Figure 3).

miR-191-5p miR-224-5p miR-337-3p miR-483-5p
p<0.001 124 p=0.733 5 p=0.855 0.06= p=0.186
. Y ° .
0+ 44 (X )
0.04-
S g 34 g
= 64 < =
~ ~ o ™
0.02+
3 14
0- 0- 0.00-—F——7—

before after

before  after

before after

before  after

Figure 3. Expression of miRNAs before and after 6 months of placebo phase.
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The expression of miR-191-5p and miR-483-5p was significantly higher after 6 months
of treatment with PCSK9 inhibitors (p = 0.028 and p = 0.020, respectively). Additionally,
the expression of miR-224-5p decreased, but the difference was not statistically significant
(p = 0.094) (Figure 4).

miR-224-5p miR-337-3p miR-483-5p
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Figure 4. Expression of miRNAs before and after 6-month period of therapy with PCSK9 inhibitors.
3.6. Prediction of Serum PCSK9 Level by Circulating miRNAs

A multiple linear regression was performed to predict serum PCSK9 levels based on
the expression of the included miRNAs in patients at the time of enrollment. All variables
were log transformed because of the skewed distribution. A significant regression equation
was found (F (4, 58) = 2.982, p = 0.026), with an R? of 0.171. miR-483-5p significantly
predicted PCSK9 ( = 0.201, p = 0.003), whereas miR-191-5p, miR-224-5p and miR-337-3p
did not significantly predict PCSK9 level. Details are shown in Table S1.

Next, a simple linear regression was calculated to predict PCSK9 based on the expres-
sion of miR-483-5p. A significant regression equation was found (F (1, 61) = 8.904, p = 0.004),
with an R? of 0.127. A one percent increase in miR-483-5p expression was associated with
about a 0.19 percent increase in serum PCSKO9 level (Table S2).

3.7. Correlation between the Change of miRNAs Expression and Lipids after Treatment with
PCSK9 Inhibitors

Spearman’s Rho correlation analyses were performed to investigate possible associa-
tions between the change in miRNAs expression, serum PCSKO levels, and lipid parameters
after a 6-month period of therapy with PCSK9 inhibitors. Significant correlations are shown
in Figure 5. We found a negative correlation between the change in expression of miR-
224-5p and miR-191-5p (Rho = —0.359, p = 0.005) and a positive correlation between the
change of miR-224-5p and miR-337-3p (Rho = 0.776, p < 0.001) and miR-483-5p expression
(Rho = 0.427, p = 0.001). There was also a positive correlation between the change in miR-
337-3p and miR-483-5p expression (Rho = 0.555, p < 0.001). The change in serum PCSK9
was not significantly associated with the change in miRNAs expression after treatment
with PCSK9 inhibitors. Details are provided in Table S3.

When we evaluated the correlations between the change in miRINAs expression and
lipid parameters, including total cholesterol, HDL-C, non-HDL-C, LDL-C, triglycerides
and Lp(a), we found a negative correlation between the change in miR-191-5p expression
and HDL-C (Rho = —0.299, p = 0.020). All results are shown in Table S4.
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Figure 5. Significant correlations between changes in miRNAs expression and lipid parameters after
PCSK9 inhibition. HDL-C, high-density lipoprotein cholesterol.

4. Discussion

Several studies have demonstrated the involvement of miRNAs in regulating choles-
terol homeostasis [27], but the regulation of PCSK9 by miRNAs remains poorly understood.
Most studies used in vitro or animal models, whereas studies in human samples are rare.
In the present study, we aimed to investigate the regulation of total serum PCSK9 levels by
circulating miRNAs in a well-defined cohort of patients with stable CAD and very high
Lp(a) levels. In addition, the expression of miRNAs and lipid parameters were measured
after a 6-month period of therapy with PCSK9 inhibitors. Because all patients received
statin in maximum tolerated dose to reduce the risk of recurrent cardiovascular events, total
cholesterol, LDL-C, and apoB were significantly lower in patients compared with control
subjects. However, HDL-C and apoA1l were significantly higher in control subjects. We
selected only patients with highly elevated Lp(a) levels; therefore, patients had significantly
higher Lp(a) levels. Treatment with PCSK9 inhibitors significantly lowered Lp(a) levels,
total cholesterol, LDL-C, triglycerides, and apoB, whereas levels of HDL-C and apoAl
increased significantly.

Serum PCSKO9 levels were higher in control subjects than in patients, which is sur-
prising at first glance because they have been associated with the severity of CAD and
vascular inflammation [28,29]. Moreover, statin treatment activates the transcriptional
activity of sterol regulatory element binding protein-2 (SREBP2), increasing the expres-
sion of LDLR and PCSK9 [30]. Indeed, all included patients received statin therapy in
maximum tolerated dose. Nevertheless, the variability of PCSK9 levels was markedly
higher in patients, whereas PCSK9 levels were more homogeneous in control subjects.
In addition, the cohort of control subjects in our study was relatively small because of
the strict inclusion criteria. PCSK9 levels also increased significantly during the placebo
period although the therapy patients received did not change. The immunoassay used in
our study measured total circulating PCSKO9, i.e., unbound PCSK9 and PCSK9 bound to
therapeutic antibodies. As shown previously, total PCSK9 levels increase after treatment
with PCSK9 inhibitors, possibly due to a large increase in PCSK9 bound to therapeutic
antibody. Indeed, circulating PCSK9 remains bound to the therapeutic antibody for 2 to
3 weeks [31]. Nevertheless, total serum PCSK9 levels increased approximately 10-fold after
6 months of treatment with PCSK9 inhibitors, similar to previous studies [31,32]. Studies
measuring only free circulating PCSK9 (without inactive PCSK9 bound to the therapeutic
antibody) showed a decrease in PCSK9 levels after treatment with PCSK9 inhibitors [33].
Recently, preliminary results from the ALIROCKS study reported that total plasma PCSK9
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levels could serve as a biomarker for adherence to treatment with PCSK9 antibodies. They
suggested that in non-adherent patients, LDL-C levels should decrease by no more than
25% and total PCSK9 levels should increase by no more than threefold after treatment with
PCSKO9 inhibitors [32]. Based on these criteria, we identified three non-adherent patients in
our cohort. Identification of patients with reduced or even absent lipid-lowering response
is important because of the costliness of treatment with PCSK9 inhibitors.

In this study, we focused on the expression of five miRNAs that have previously
been reported to interact with and regulate the expression of PCSK9 mRNA. In addition,
miR-224-5p, miR-337-5p, miR-483-5p, and miR-552-3p were found to decrease LDL-C levels
in murine models [34-39]. miR-552-3p was reported to regulate PCSK9 levels in the human
hepatocellular carcinoma cell line (HepG2) [34]. However, we could not clearly determine
the level of miR-552-3p in plasma because its expression was very low. Therefore, its
contribution to the regulation of serum PCSK9 in humans is questionable and the role of
other miRNAs may be more prominent. Moreover, HepG2 cells are not involved in the
atherosclerotic process in vivo, which could also be a reason for the discrepancies.

None of the above studies examined the difference between patients and control
subjects. In our study, we showed decreased expression of miR-191-5p and increased
expression of miR-224-5p and miR-337-5p in patients compared with control subjects,
indicating their possible involvement in the pathophysiological processes of CAD. The
decreased expression of miR-191-5p in patients may be due to the fact that all patients
were treated with acetylsalicylic acid and more than half also received another antiplatelet
drug (clopidogrel, ticagrelor, or prasugrel). miR-191 is a platelet-derived miRNA, and
antiplatelet drugs have been shown to reduce miR-191 expression. In addition, more
aggressive antiplatelet treatment decreased miR-191-5p expression more than acetylsalicylic
acid treatment alone [40]. Decreased expression of miR-191 was found in patients with
acute myocardial infarction compared with control subjects, which returned to the value of
controls within 48 h [41] and in patients who experienced major adverse cardiovascular
events compared with matched subjects who had no adverse cardiovascular events during
the 2-year follow-up period after ST segment elevation myocardial infarction treated with
endovascular revascularization [42].

Although miR-483-5p expression was not significantly different between patients and
control subjects, miR-483-5p expression was significantly associated with serum PCSK9
levels in patients at baseline. This finding suggests that miR-483-5p is involved in the post-
transcriptional regulation of PCSK9 expression in vivo. However, in contrast to the results
in HepG2 cells [36], our results showed a positive association between serum PCSK9 level
and miR-483-5p expression. Nevertheless, miR-483-5p was associated with cardiometabolic
risk factors at baseline and during the 3.7-year follow-up period with new-onset diabetes
and CAD [43,44]. Increased serum miR-483-5p expression was also reported in patients
with asymptomatic carotid artery stenosis compared with controls. At the same time, serum
miR-483-5p expression was an independent predictive factor for the occurrence of an acute
cerebrovascular event in patients with asymptomatic carotid artery stenosis [45].

During the placebo period, miR-191-5p expression decreased significantly, which is
rather unexpected. To our knowledge, the effect of treatment with PCSK9 inhibitors on the
expression of the included miRNAs has not been investigated. In our study, the expression
of miR-191-5p and miR-483-5p increased significantly after 6 months of treatment with
PCSKO9 inhibitors. Decreased expression of miR-191-5p implies a higher risk of both
acute coronary and cerebrovascular events, whereas treatment with PCSK9 inhibitors
increased miR-191-5p expression. Based on this, we could propose that one of the pleotropic
mechanisms of PCSK9 inhibitors contributing to the reduction of cardiovascular events is
the increased expression of miR-191-5p.

An inhibitory role was attributed to all of included miRNAs in murine models or
in vitro studies. These results can be partially justified by the fact that each miRNA tar-
gets many genes and is therefore involved in different biological processes [17]. For
example, miR-224 also targets inducible degrader of the low-density lipoprotein receptor
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(IDOL), the chaperone protein that promotes lysosomal LDLR degradation, 3-hydroxy-3-
methylglutaryl-CoA reductase (HMGCR), the rate-limiting enzyme of cholesterol biosyn-
thesis [35,39], and acyl-CoA synthetase long-chain family member 4 (ACSL4), an essential
enzyme in fatty acid metabolism. miR-224 is also a negative regulator of adipocyte differ-
entiation [46].

In agreement with previous studies, treatment with PCSK9 inhibitors significantly
lowered total cholesterol, LDL-C, triglyceride, and Lp(a) levels and increased HDL-C
levels [47,48]. Non-adherent patients were excluded from the correlation analysis. The
change in miR-224-5p expression was negatively correlated with the change in miR-191-
5p expression and positively correlated with the change in miR-337-3p and miR-483-5p
expression. Additionally, there was a positive correlation between the change in miR-337-3p
and miR-483-5p expression. This suggests intertwined relationship between these miRNAs.
For lipid parameters, we found only a significant correlation between the change in miR-
191-5p and HDL-C level after PCSK9 inhibition. Although miR-224-5p, miR-337-5p, and
miR-483-5p have previously been shown to lower LDL-C levels in murine models [34-39],
the change in their expression was not associated with the change in LDL-C level after
treatment with PCSK9 inhibitors.

The following limitations should be considered when interpreting our results. First,
we included a relatively small cohort of patients, mainly because of the strict exclusion
criteria. On the other hand, this resulted in a homogeneous cohort. Second, because of
the limited specificity of the ELISA assay, it was not possible to determine the free PCSK9
levels after PCSK9 inhibition, which would be interesting to evaluate possible correlations
between the change in free PCSK9 and the miRNAs studied. In this study, we focused
only on five previously identified miRNAs that regulate PCSK9 levels. Further studies
are needed to comprehensively evaluate the expression of different miRNAs in relation
to circulating PCSKO levels. We must also consider that we do not know to what extent
the effects of PCSK9 inhibitors on lipids, especially LDL-C and Lp(a), are responsible for
the effects on various miRNAs and how much of the effect can be attributed to so-called
pleotropic effects.

In conclusion, our findings demonstrate that miR-483-5p is involved in the regulation
of serum PCSK9 levels and therefore may participate in the pathogenesis of CVD. Given the
importance of PCSK9 regulation in CVD, miR-483-5p should be considered as a potential
biomarker and therapeutic target. Expression of miR-191-5p, miR-224-5p, and miR-337-3p
was not associated with serum PCSK9 levels but differed between patients and control
subjects and, therefore, may reflect other biological processes in CVD. Treatment with
PCSK9 inhibitors increases miR-191-5p expression, which may contribute to the effect of
PCSK9 inhibitors on reducing the incidence of cardiovascular events. To our knowledge,
our study is the first to investigate the relationship between PCSK9, miRNAs, and lipid
parameters. Therefore, this area is clearly understudied, although results from in vitro
studies and studies in animal models are promising. Further studies are needed to translate
this knowledge into the clinic.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/ genes14030632/s1, Table S1. Multiple linear regression; Table S2. Simple
linear regression; Table S3. Spearman’s Rho correlation between the change in expression of miRNAs
after treatment with PCSK9 inhibitors; Table S4. Spearman’s Rho correlation between the change in
miRNAs expression and the change in lipid parameters after treatment with PCSK9 inhibitors.

Author Contributions: Conceptualization, T.L. and K.T.P; methodology, T.L. and K.T.P,; formal
analysis, T.L.; investigation, T.L. and TK; resources, T.L., AR.L,, M.S. and K.T.P; data curation, T.L.,
TK., ARL.and M.S;; writing—original draft preparation, T.L.; writing—review and editing, T.L.,
TK. AR.L, M.S. and K.T.P; visualization, T.L.; supervision, K.T.P,; project administration, MS.;
funding acquisition, M.S. and K.T.P. All authors have read and agreed to the published version of
the manuscript.


https://www.mdpi.com/article/10.3390/genes14030632/s1
https://www.mdpi.com/article/10.3390/genes14030632/s1

Genes 2023, 14, 632 11 of 13

Funding: This study was funded by Amgen, Sanofi, the Slovenian Research Agency research pro-
grams P3-0308 and P1-0170, and the University Medical Centre Ljubljana (funding number 20220011).
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.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Slovenian Ethics Committee for Research in Medicine (KME
0120-357/2018/8; date of approval: 23 April 2019 and KME 0120-317/2021/3; date of approval:
2 August 2021).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available upon request from the
corresponding author.

Acknowledgments: The authors thank the nurses of the Clinical Department of Angiology, University
Clinical Centre of Ljubljana for their technical assistance. We also thank the staff of the Laboratory
for Haemostasis and Atherothrombosis at the Clinical Department of Angiology, University Clinical
Centre Ljubljana for laboratory measurements. T.L. received a scholarship from the University
Foundation of ing. Lenar¢i¢ Milan.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

Libby, P,; Buring, ].E.; Badimon, L.; Hansson, G.K.; Deanfield, J.; Bittencourt, M.S.; Tokgozoglu, L.; Lewis, E.F. Atherosclerosis.
Nat. Rev. Dis. Prim. 2019, 5, 56. [CrossRef] [PubMed]

Ference, B.A.; Ginsberg, H.N.; Graham, I; Ray, KK, Packard, C.J.; Bruckert, E.; Hegele, R.A.; Krauss, RM.; Raal, EJ;
Schunkert, H.; et al. Low-density lipoproteins cause atherosclerotic cardiovascular disease. 1. Evidence from genetic, epi-
demiologic, and clinical studies. A consensus statement from the European Atherosclerosis Society Consensus Panel. Eur. Heart ].
2017, 38, 2459-2472. [CrossRef] [PubMed]

Clarke, R.; Peden, ].E; Hopewell, J.C.; Kyriakou, T.; Goel, A.; Heath, S.C.; Parish, S.; Barlera, S.; Franzosi, M.G.; Rust, S.; et al.
Genetic variants associated with Lp(a) lipoprotein level and coronary disease. N. Engl. . Med. 2009, 361, 2518-2528. [CrossRef]

Brunner, C.; Kraft, H.G.; Utermann, G.; Miiller, H.]. Cys4057 of apolipoprotein(a) is essential for lipoprotein(a) assembly. Proc.
Natl. Acad. Sci. USA 1993, 90, 11643-11647. [CrossRef]

Utermann, G.; Weber, W. Protein composition of Lp(a) lipoprotein from human plasma. FEBS Lett. 1983, 154, 357-361. [CrossRef]
[PubMed]

Boerwinkle, E.; Leffert, C.C.; Lin, J.; Lackner, C.; Chiesa, G.; Hobbs, H.H. Apolipoprotein(a) gene accounts for greater than 90% of
the variation in plasma lipoprotein(a) concentrations. J. Clin. Investig. 1992, 90, 52-60. [CrossRef]

Abifadel, M.; Varret, M.; Rabes, ].-P; Allard, D.; Ouguerram, K.; Devillers, M.; Cruaud, C.; Benjannet, S.; Wickham, L.;
Erlich, D.; et al. Mutations in PCSK9 cause autosomal dominant hypercholesterolemia. Nat. Genet. 2003, 34, 154-156. [CrossRef]
Lo Surdo, P; Bottomley, M.].; Calzetta, A.; Settembre, E.C.; Cirillo, A.; Pandit, S.; Ni, Y.G.; Hubbard, B.; Sitlani, A.; Carfi, A.
Mechanistic implications for LDL receptor degradation from the PCSK9/LDLR structure at neutral pH. EMBO Rep. 2011, 12,
1300-1305. [CrossRef]

Seidah, N.G.; Benjannet, S.; Wickham, L.; Marcinkiewicz, J.; Jasmin, S.B.; Stifani, S.; Basak, A.; Prat, A.; Chrétien, M. The secretory
proprotein convertase neural apoptosis-regulated convertase 1 (NARC-1): Liver regeneration and neuronal differentiation. Proc.
Natl. Acad. Sci. USA 2003, 100, 928-933. [CrossRef]

Benjannet, S.; Rhainds, D.; Essalmani, R.; Mayne, J.; Wickham, L.; Jin, W.; Asselin, M.C.; Hamelin, J.; Varret, M.; Allard, D.; et al.
NARC-1/PCSK9 and its natural mutants: Zymogen cleavage and effects on the low density lipoprotein (LDL) receptor and LDL
cholesterol. J. Biol. Chem. 2004, 279, 48865-48875. [CrossRef]

Maxwell, K.N.; Fisher, E.A.; Breslow, ].L. Overexpression of PCSK9 accelerates the degradation of the LDLR in a post-endoplasmic
reticulum compartment. Proc. Natl. Acad. Sci. USA 2005, 102, 2069-2074. [CrossRef] [PubMed]

Liu, C,; Chen, J.; Chen, H.; Zhang, T.; He, D.; Luo, Q.; Chi, J.; Hong, Z.; Liao, Y.; Zhang, S.; et al. PCSK9 inhibition: From current
advances to evolving future. Cells 2022, 11, 2972. [CrossRef] [PubMed]

Cohen, J.C.; Boerwinkle, E.; Mosley Jr, T.H.; Hobbs, H.H. Sequence variations in PCSK9, low LDL, and protection against coronary
heart disease. N. Engl. ]. Med. 2006, 354, 1264-1272. [CrossRef] [PubMed]

Karatasakis, A.; Danek, B.A.; Karacsonyi, J.; Rangan, B.V.; Roesle, M.K.; Knickelbine, T.; Miedema, M.D.; Khalili, H.; Ahmad, Z.;
Abdullah, S.; et al. Effect of PCSK9 inhibitors on clinical outcomes in patients with hypercholesterolemia: A meta-analysis of
35 randomized controlled trials. . Am. Heart Assoc. 2017, 6, €006910. [CrossRef]

Gaudet, D.; Watts, G.E; Robinson, J.G.; Minini, P; Sasiela, W.J.; Edelberg, J.; Louie, M.].; Raal, EJ. Effect of alirocumab on
lipoprotein(a) over >/=1.5 years (from the phase 3 ODYSSEY program). Am. J. Cardiol. 2017, 119, 40-46. [CrossRef]


http://doi.org/10.1038/s41572-019-0106-z
http://www.ncbi.nlm.nih.gov/pubmed/31420554
http://doi.org/10.1093/eurheartj/ehx144
http://www.ncbi.nlm.nih.gov/pubmed/28444290
http://doi.org/10.1056/NEJMoa0902604
http://doi.org/10.1073/pnas.90.24.11643
http://doi.org/10.1016/0014-5793(83)80182-3
http://www.ncbi.nlm.nih.gov/pubmed/6219896
http://doi.org/10.1172/JCI115855
http://doi.org/10.1038/ng1161
http://doi.org/10.1038/embor.2011.205
http://doi.org/10.1073/pnas.0335507100
http://doi.org/10.1074/jbc.M409699200
http://doi.org/10.1073/pnas.0409736102
http://www.ncbi.nlm.nih.gov/pubmed/15677715
http://doi.org/10.3390/cells11192972
http://www.ncbi.nlm.nih.gov/pubmed/36230934
http://doi.org/10.1056/NEJMoa054013
http://www.ncbi.nlm.nih.gov/pubmed/16554528
http://doi.org/10.1161/JAHA.117.006910
http://doi.org/10.1016/j.amjcard.2016.09.010

Genes 2023, 14, 632 12 of 13

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Desai, N.R.; Kohli, P.,; Giugliano, R.P.; O’'Donoghue, M.L.; Somaratne, R.; Zhou, ].; Hoffman, E.B.; Huang, F.; Rogers, W.J.;
Wasserman, S.M.; et al. AMG145, a monoclonal antibody against proprotein convertase subtilisin kexin type 9, significantly
reduces lipoprotein(a) in hypercholesterolemic patients receiving statin therapy. Circulation 2013, 128, 962-969. [CrossRef]
Bartel, D.P. MicroRNAs: Genomics, biogenesis, mechanism, and function. Cell 2004, 116, 281-297. [CrossRef]

Churov, A.; Summerhill, V.; Grechko, A.; Orekhova, V.; Orekhov, A. MicroRNAs as potential biomarkers in atherosclerosis. Int. ].
Mol. Sci. 2019, 20, 5547. [CrossRef]

Fernandez-Tussy, P.; Ruz-Maldonado, I.; Fernandez-Hernando, C. MicroRNAs and circular RNAs in lipoprotein metabolism.
Curr. Atheroscler. Rep. 2021, 23, 33. [CrossRef]

Lu, Y.; Thavarajah, T.; Gu, W.; Cai, J.; Xu, Q. Impact of miRNA in atherosclerosis. Arterioscler. Thromb Vasc. Biol. 2018, 38,
e159-e170. [CrossRef]

Citrin, KM.; Fernandez-Hernando, C.; Suarez, Y. MicroRNA regulation of cholesterol metabolism. Ann. N. Y. Acad. Sci. 2021,
1495, 55-77. [CrossRef] [PubMed]

Rehberger Likozar, A.; Blinc, A.; Trebusak Podkrajsek, K.; éebeétjen, 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, 181. [CrossRef] [PubMed]

Friedewald, W.; Levy, R.; Fredrickson, D. Estimation of the concentration of low-density lipoprotein cholesterol in plasma,
without use of the preparative ultracentrifuge. Clin. Chem. 1972, 18, 499-502. [CrossRef] [PubMed]

Zhelankin, A.V,; Stonogina, D.A.; Vasiliev, S.V.; Babalyan, K.A.; Sharova, E.I; Doludin, Y.V.; Shchekochikhin, D.Y.; Generozov, E.V,;
Akselrod, A.S. Circulating extracellular miRNA analysis in patients with stable CAD and acute coronary syndromes. Biomolecules
2021, 11, 962. [CrossRef]

Zhang, Y.; Tang, W.; Peng, L.; Tang, J.; Yuan, Z. Identification and validation of microRNAs as endogenous controls for quantitative
polymerase chain reaction in plasma for stable coronary artery disease. Cardiol. J. 2016, 23, 694-703. [CrossRef]

Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta
C(T)) Method. Methods 2001, 25, 402-408. [CrossRef]

Wagschal, A.; Najafi-Shoushtari, S.H.; Wang, L.; Goedeke, L.; Sinha, S.; deLemos, A.S.; Black, J.C.; Ramirez, CM,; Li, Y,;
Tewhey, R.; et al. Genome-wide identification of microRNAs regulating cholesterol and triglyceride homeostasis. Nat. Med. 2015,
21, 1290-1297. [CrossRef]

Momtazi-Borojeni, A.A.; Sabouri-Rad, S.; Gotto, A.M.; Pirro, M.; Banach, M.; Awan, Z.; Barreto, G.E.; Sahebkar, A. PCSK9 and
inflammation: A review of experimental and clinical evidence. Eur. Heart |. Cardiovasc. Pharmacother. 2019, 5, 237-245. [CrossRef]
Panahi, Y.; Ghahrodi, M.S.; Jamshir, M.; Safarpour, M.A.; Bianconi, V.; Pirro, M.; Farahani, M.M.; Sahebkar, A. PCSK9 and
atherosclerosis burden in the coronary arteries of patients undergoing coronary angiography. Clin. Biochem. 2019, 74, 12-18.
[CrossRef]

Dubuc, G.; Chamberland, A.; Wassef, H.; Davignon, J.; Seidah, N.G.; Bernier, L.; Prat, A. Statins upregulate PCSK9, the
gene encoding the proprotein convertase neural apoptosis-regulated convertase-1 implicated in familial hypercholesterolemia.
Arterioscler. Thromb Vasc. Biol. 2004, 24, 1454-1459. [CrossRef]

Afanasieva, O.; Ezhov, M.V,; Klesareva, E.; Razova, O.; Chubykina, U.; Egiazaryan, M.; Sherstyuk, E.; Afanasieva, M.; Utkina, E.;
Pokrovsky, S. Effect of evolocumab on lipoprotein(a) and PCSK9 in healthy individuals with elevated lipoprotein(a) level.
J. Cardiovasc. Dev. Dis. 2020, 7, 45. [CrossRef] [PubMed]

Metzner, T.; Leitner, D.R.; Mellitzer, K.; Beck, A.; Sourij, H.; Stojakovic, T.; Reishofer, G.; Marz, W.; Landmesser, U;
Scharnagl, H.; et al. Effects of alirocumab on triglyceride metabolism: A fat-tolerance test and nuclear magnetic resonance
spectroscopy study. Biomedicines 2022, 10, 193. [CrossRef] [PubMed]

Robinson, J.G.; Farnier, M.; Kastelein, J.J.P.; Roth, E.M.; Taskinen, M.R.; Colhoun, H.M.; Brunet, A.; DiCioccio, A.T.; Lecorps, G.;
Pordy, R.; et al. Relationship between alirocumab, PCSK9, and LDL-C levels in four phase 3 ODYSSEY trials using 75 and 150 mg
doses. J. Clin. Lipidol. 2019, 13, 979-988.e10. [CrossRef] [PubMed]

Ma, N; Fan, L.; Dong, Y; Xu, X.; Yu, C.; Chen, J.; Ren, J. New PCSK9 inhibitor miR-552-3p reduces LDL-C via enhancing LDLR in
high fat diet-fed mice. Pharmacol. Res. 2021, 167, 105562. [CrossRef]

Salerno, A.G.; van Solingen, C.; Scotti, E.; Wanschel, A.; Afonso, M.S.; Oldebeken, S.R.; Spiro, W.; Tontonoz, P.; Rayner, K.J.;
Moore, K.J. LDL receptor pathway regulation by miR-224 and miR-520d. Front. Cardiovasc. Med. 2020, 7, 81. [CrossRef]

Dong, J.; He, M,; Li, ].; Pessentheiner, A.; Wang, C.; Zhang, J.; Sun, Y.; Wang, W.T.; Zhang, Y.; Liu, J.; et al. microRNA-483
ameliorates hypercholesterolemia by inhibiting PCSK9 production. JCI Insight 2020, 5, e143812. [CrossRef]

Xu, X,; Dong, Y.; Ma, N.; Kong, W.; Yu, C.; Gong, L.; Chen, |.; Ren, J]. MiR-337-3p lowers serum LDL-C level through targeting
PCSKO9 in hyperlipidemic mice. Metabolism 2021, 119, 154768. [CrossRef]

Naeli, P.; Mirzadeh Azad, F.; Malakootian, M.; Seidah, N.G.; Mowla, S.J. Post-transcriptional regulation of PCSK9 by miR-191,
miR-222, and miR-224. Front. Genet. 2017, 8, 189. [CrossRef]

van Solingen, C.; Oldebeken, S.R.; Salerno, A.G.; Wanschel, A.; Moore, K.J. High-throughput screening identifies microRNAs
regulating human PCSK9 and hepatic low-density lipoprotein receptor expression. Front. Cardiovasc. Med. 2021, 8, 667298.
[CrossRef]

Willeit, P.; Zampetaki, A.; Dudek, K.; Kaudewitz, D.; King, A.; Kirkby, N.S.; Crosby-Nwaobi, R.; Prokopi, M.; Drozdov, I;
Langley, S.R.; et al. Circulating microRNAs as novel biomarkers for platelet activation. Circ. Res. 2013, 112, 595-600. [CrossRef]


http://doi.org/10.1161/CIRCULATIONAHA.113.001969
http://doi.org/10.1016/S0092-8674(04)00045-5
http://doi.org/10.3390/ijms20225547
http://doi.org/10.1007/s11883-021-00934-3
http://doi.org/10.1161/ATVBAHA.118.310227
http://doi.org/10.1111/nyas.14566
http://www.ncbi.nlm.nih.gov/pubmed/33521946
http://doi.org/10.3390/jcdd8120181
http://www.ncbi.nlm.nih.gov/pubmed/34940537
http://doi.org/10.1093/clinchem/18.6.499
http://www.ncbi.nlm.nih.gov/pubmed/4337382
http://doi.org/10.3390/biom11070962
http://doi.org/10.5603/CJ.2016.0109
http://doi.org/10.1006/meth.2001.1262
http://doi.org/10.1038/nm.3980
http://doi.org/10.1093/ehjcvp/pvz022
http://doi.org/10.1016/j.clinbiochem.2019.09.001
http://doi.org/10.1161/01.ATV.0000134621.14315.43
http://doi.org/10.3390/jcdd7040045
http://www.ncbi.nlm.nih.gov/pubmed/33076542
http://doi.org/10.3390/biomedicines10010193
http://www.ncbi.nlm.nih.gov/pubmed/35052871
http://doi.org/10.1016/j.jacl.2019.10.004
http://www.ncbi.nlm.nih.gov/pubmed/31708410
http://doi.org/10.1016/j.phrs.2021.105562
http://doi.org/10.3389/fcvm.2020.00081
http://doi.org/10.1172/jci.insight.143812
http://doi.org/10.1016/j.metabol.2021.154768
http://doi.org/10.3389/fgene.2017.00189
http://doi.org/10.3389/fcvm.2021.667298
http://doi.org/10.1161/CIRCRESAHA.111.300539

Genes 2023, 14, 632 13 of 13

41.

42.

43.

44.

45.

46.

47.

48.

Li, C.; Chen, X.; Huang, J.; Sun, Q.; Wang, L. Clinical impact of circulating miR-26a, miR-191, and miR-208b in plasma of patients
with acute myocardial infarction. Eur. J. Med. Res. 2015, 20, 58. [CrossRef]

Yang, X.; Du, X,; Ma, K;; Li, G.; Liu, Z.; Rong, W.; Miao, H.; Zhu, F;; Cui, Q.; Wu, S.; et al. Circulating miRNAs related to long-term
adverse cardiovascular events in STEMI patients: A nested case-control study. Can. J. Cardiol. 2021, 37, 77-85. [CrossRef]

Gallo, W.; Ottosson, F.; Kennback, C.; Jujic, A.; Esguerra, ].L.S.; Eliasson, L.; Melander, O. Replication study reveals miR-483-5p as
an important target in prevention of cardiometabolic disease. BMC Cardiovasc. Disord. 2021, 21, 162. [CrossRef] [PubMed]
Gallo, W.; Esguerra, ].L.S.; 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, €0206974. [CrossRef] [PubMed]

Li, R.; Jiang, L.; Wang, X. Aberrant expression of miR-483-5p in patients with asymptomatic carotid artery stenosis and its
predictive value for cerebrovascular event occurrence. Exp. Ther. Med. 2021, 22, 1101. [CrossRef]

Peng, Y.; Xiang, H.; Chen, C.; Zheng, R; Chai, ].; Peng, J.; Jiang, S. MiR-224 impairs adipocyte early differentiation and regulates
fatty acid metabolism. Int. J. Biochem. Cell Biol. 2013, 45, 1585-1593. [CrossRef] [PubMed]

Baruch, A.; Mosesova, S.; Davis, ].D.; Budha, N.; Vilimovskij, A.; Kahn, R.; Peng, K.; Cowan, K.J.; Harris, L.P.; Gelzleichter, T.; et al.
Effects of RG7652, a monoclonal antibody against PCSK9, on LDL-C, LDL-C subfractions, and inflammatory biomarkers in
patients at high risk of or with established coronary heart disease (from the Phase 2 EQUATOR Study). Am. J. Cardiol. 2017, 119,
1576-1583. [CrossRef]

Bittner, V.A.; Szarek, M.; Aylward, PE.; Bhatt, D.L.; Diaz, R.; Edelberg, ].M.; Fras, Z.; Goodman, S.G.; Halvorsen, S.;
Hanotin, C.; et al. Effect of alirocumab on lipoprotein(a) and cardiovascular risk after acute coronary syndrome. J. Am. Coll.
Cardiol. 2020, 75, 133-144. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1186/s40001-015-0148-y
http://doi.org/10.1016/j.cjca.2020.03.018
http://doi.org/10.1186/s12872-021-01964-0
http://www.ncbi.nlm.nih.gov/pubmed/33794782
http://doi.org/10.1371/journal.pone.0206974
http://www.ncbi.nlm.nih.gov/pubmed/30408096
http://doi.org/10.3892/etm.2021.10536
http://doi.org/10.1016/j.biocel.2013.04.029
http://www.ncbi.nlm.nih.gov/pubmed/23665235
http://doi.org/10.1016/j.amjcard.2017.02.020
http://doi.org/10.1016/j.jacc.2019.10.057

	Introduction 
	Materials and Methods 
	Study Participants 
	Biochemical Analysis 
	Measurement of Serum PCSK9 Levels 
	Extraction of Circulating RNAs from Plasma Samples and Reverse Transcription 
	Quantification of miRNA Expression by Quantitative PCR 
	Statistical Analysis 

	Results 
	Baseline Characteristics of Study Subjects 
	Characteristics of Patients after Treatment with PCSK9 Inhibitors 
	Total Serum PCSK9 Level 
	miRNA Expressions in Patients and Control Subjects before Treatment 
	miRNAs Expression after Placebo and Treatment Period 
	Prediction of Serum PCSK9 Level by Circulating miRNAs 
	Correlation between the Change of miRNAs Expression and Lipids after Treatment with PCSK9 Inhibitors 

	Discussion 
	References

