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Abstract
Introduction
We aimed aimed to assess the effect of the immunotherapy with the PCSK9 peptide vaccine on the
hepatic expression levels of microRNAs associated with LDLR pathway including miRNA-27a,
miRNA-30c, and miRNA-191 in normal vaccinated mice.
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Material and methods
PCSK9 immunogenic peptide and 0.4% alum adjuvant were mixed at a 1:1 ratio and used as a
vaccine formulation. Male albino mice were randomly assigned into vaccine or control groups. Mice in
the vaccine group were injected four times at two-week intervals with a PCSK9 peptide vaccine, and
mice in the control group were injected with phosphate-buffered saline. Animal livers were sampled
two weeks after the last injection to assess miRNAs expression levels. The hepatic expression level of
miRNA-27a, miRNA-30c, and miRNA-191 were evaluated by SYBR Green Real-Time PCR, quantified
by comparative (2-ΔΔCT) method (Fold change) and normalized to U6 small nuclear RNA expression
as an internal control.
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Results
The hepatic expression level of miRNA-27a showed significant reduction in mice following
immunotherapy with the PCSK9 peptide vaccine when compared to the control group (FC:0.731±0.1,
P=0.027). Also, there was a borderline significant reduction in the hepatic expression level of
miRNA-30c in the vaccinated group compared to the control (FC: 0.569±0.1, P=0.078). However, no
significant differences were found in the hepatic expression level of miRNA-191 between two studied
groups (FC: 0.852±0.1, P=0.343).
Conclusions
According to the findings, the PCSK9 peptide vaccine could effectively reduce the hepatic expression
level of miRNA-27a and may be helpful in the management of LDL-C level and atherosclerosis, which
may be mediated through LDLR pathway.
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ABSTRACT:
Background: MicroRNAs (miRNAs) are a class of gene expression epigenetic regulators that
play roles in regulating genes involved in the cholesterol homeostasis, including low-density
lipoprotein receptor (LDLR) and PCSK9; therefore, miRNAs have been suggested as potential
therapeutic targets for treating cardiometabolic disorders. Thus, the present study aimed to
assess the effect of the immunotherapy with the PCSK9 peptide vaccine on the hepatic
expression levels of microRNAs associated with LDLR pathway including miRNA-27a,
miRNA-30c, and miRNA-191 in normal vaccinated mice.
Material and Methods: PCSK9 immunogenic peptide and 0.4% alum adjuvant were mixed
at a 1:1 ratio and used as a vaccine formulation. Male albino mice were randomly assigned into
vaccine or control groups. Mice in the vaccine group were injected four times at two-week
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intervals with a PCSK9 peptide vaccine, and mice in the control group were injected with
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phosphate-buffered saline (PBS). Animal livers were sampled two weeks after the last injection
to assess miRNAs expression levels. The hepatic expression level of miRNA-27a, miRNA30c, and miRNA-191 were evaluated by SYBR Green Real-Time PCR, quantified by
comparative (2-ΔΔCT) method (Fold change (FC)) and normalized to U6 small nuclear RNA
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(U6snRNA) expression as an internal control.

Results: The hepatic expression level of miRNA-27a showed significant reduction in mice
following immunotherapy with the PCSK9 peptide vaccine when compared to the control
group (FC: 0.731±0.1, P=0.027). Also, there was a borderline significant reduction in the
hepatic expression level of miRNA-30c in the vaccinated group compared to the control (FC:
0.569±0.1, P=0.078). However, no significant differences were found in the hepatic expression
level of miRNA-191 between two studied groups (FC: 0.852±0.1, P=0.343).
Conclusions: According to the findings, the PCSK9 peptide vaccine could effectively reduce
the hepatic expression level of miRNA-27a and may be helpful in the management of LDL-C
level and atherosclerosis, which may be mediated through LDLR pathway.
Keywords: Atherosclerosis, PCSK9, LDLR, miRNA
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INTRODUCTION
Cardiovascular diseases (CVDs) are the leading causes of morbidity and mortality
worldwide (1, 2). Atherosclerosis, the most common underlying cause of CVDs, is a chronic
and progressive pathological condition characterized by lipid proliferation and inflammation
in the artery walls (1, 2). One of the main risk factors contributing to the early development of
atherosclerosis is elevated levels of circulating low-density lipoprotein cholesterol (LDL-C)
(3). A major pathway of LDL-C clearance from the bloodstream is its uptake by hepatic LDL
receptors (LDLR) (4). The proprotein convertase subtilisin-like Kexin type 9 (PCSK9) is a
serine protease which bind to the LDLR and chaperones it for lysosomal degradation, thereby
elevating the circulating levels of LDL-C (4). Inhibiting PCSK9, the critical negative regulator
of the LDLR, with monoclonal antibodies (mAbs) has been a milestone in lipid-lowering
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medication over the last decade and have gained a lot of attentions in preventing and managing
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atherosclerosis and CVDs (5-7). On the other hand long-term clinical usage of mAbs has
drawbacks such as short in vivo half-life which necessitates frequent administration and high
cost, specific tolerability issues, and the potential development of host anti-mAbs (8). Active
immunotherapy and vaccination techniques against PCSK9 have exploded in popularity to
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overcome these constraints (8). Our group has recently designed a novel anti-PCSK9 vaccine
formulation named Liposomal Immunogenic Fused PCSK9-Tetanus peptide plus Alum
adjuvant (L-IFPTA+) which showed fascinating results in different animal models (9-14). The
vaccine could significantly inhibit PCSK9 enzyme synthesis by promoting antibody production
against it, followed by a considerable reduction in LDL-C levels in the blood of atherosclerotic
mice (10).

MicroRNAs (miRNAs) are a class of small (~23 nucleotides) endogenous non-coding
single-strand RNAs that regulate gene expression at the posttranscriptional level (15, 16). They
interact with the 3′ untranslated region (3′ UTR) of target mRNAs and lower protein synthesis
by enhancing mRNA degradation, interfering with mRNA translation, or both (15, 17).
miRNAs play a pivotal role in the pathophysiology of the cardiovascular system (18). They
assist in regulating lipid metabolism through a complicated interactive mechanism involving
gene regulatory networks and represent novel therapeutic target agents for human metabolic
diseases (19, 20). miR-27a has been shown to decrease LDLR levels by directly binding to its
3′-untranslated region (UTR) and indirectly by enhancing PCSK9, which improves LDLR
degradation. The miR-27a also directly downregulates the expression of LDLR-related protein
6 (LRP6) and LDLR-adapter protein 1 (LDLRAP1), key players in the LDLR pathway
3

necessary for endocytosis of the LDLR-LDL-C complex in the liver by binding to their 3′UTR. (21). On the other hand, miRNA-191 can directly interact with PCSK9 3′-UTR and
regulate its expression (22). Changes in MiR-30c appear to have an impact on circulating
cholesterol and triglyceride levels (23). This microRNA binds to the 3′-untranslated region of
Microsomal triglyceride transfer protein (MTP) mRNA and causes it to degrade, reducing MTP
activity and apolipoprotein B (APOB) secretion and inhibiting VLDL synthesis (23). MiR-30c
also inhibits hepatic lipid synthesis by targeting the lysophosphatidyl glycerol acyltransferase
1 enzyme (LPGAT1) (23).
In the present study, we developed the non-nanoliposomal form of the L-IFPTA+ vaccine
due to its more straightforward system and easier quality control, including PCSK9
immunogenic peptide fused tetanus peptide plus alum adjuvant. Here we investigated the
PCSK9 immunogenic peptide and alum adjuvant effects on the hepatic expression of miRNAs
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involved in the cholesterol homeostasis and PCSK9/LDLR pathway, including miRNA-27a,

MATERIALS AND METHODS
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Vaccine preparation
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miRNA-30c, and miRNA-191 in normal immunized mice.

We used the PCSK9 peptide epitope linked to a tetanus peptide epitope with the
SIPWNLERITPVRkkAQYIKANSKFIGITEL sequence as the immunogen. The vaccine
structure includes a short PCSK9 peptide as a B cell epitope inspired by the AFFiRiS group (9,
20) linked to a tetanus peptide as a T cell epitope, a pharmaceutically acceptable carrier (24)
(Table 1). The peptide was synthesized by ChinaPeptides Co, Ltd. (Shanghai, China), and the
vaccine formulation was prepared by homogeneously mixing the PCSK9 immunogenic peptide
with 0.4% alum adjuvant at a 1:1 ratio.

Table 1. Sequences of the immunogenic peptides used in the present study
Peptide name

Sequence

Immunogenicity

PCSK9

S-I-P-W-N-L-E-R-I-T-P-V-R

B cell epitope

Tetanus

A-Q-Y-I-K-A-N-S-K-F-I-G-I-T-E-L

T cell epitope

PCSK9 peptide vaccine

SIPWNLERITPVRkkAQYIKANSKFIGITEL

* A 2 lysine-spacer sequence (kk) as the target sequence of cathepsin protease involved antigen processing
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Animals
Animal studies were conducted on 6–8-week-old Albino mice, prepared by Razi Vaccine
and Serum Research Institute, Iran. All animal handling steps were commensurate with the
animal welfare guidelines approved by the Organizational Ethics Committee and the Research
Advisory Committee of Mashhad University of Medical Sciences (Mashhad, Iran).
Environmental conditions were the same during all phases of the study. The animals were set
under standard temperature, humidity, and darkness/light cycle conditions and fed freely on a
standard rodent diet and water ad-lib. One week after adaptation to the laboratory environment,
20 male albino mice were randomly divided into two vaccine and control groups (10 mice in
each group).
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Immunization and tissue sampling
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Mice were immunized four times subcutaneously with 10 μg of peptide antigen at biweekly intervals. Mice in the control group received phosphate-buffered saline (PBS). Two
weeks after the last Immunization (W8), the animals were sacrificed following an
intraperitoneal sodium thiopental 30 mg/kg injection (Figure. 1). To assess the hepatic

Pr
ep

expression of microRNAs in vaccinated mice, mice's livers were dissected, washed with saline,
and stored in RNAlater® Solution (Denazist, S-5062, Mashhad, Iran) immediately.

Figure. 1. Schematic diagram of immunization with the vaccine and tissue sampling schedule.

Hepatic RNA isolation and cDNA synthesis
To determine the hepatic expression levels of miRNAs, total RNA was extracted from 510 mg frozen hepatic tissues using BIOzol RNA Lysis buffer (BN-0011.33, Bonyakhteh,
Tehran, Iran) according to the manufacturer's protocol with some modifications, such as
increasing the incubation period and centrifugation to obtain the highest amount of miRNAs in
the samples. The quantity and quality of the isolated RNA were evaluated using a
Nanodrop2000 (Thermo, Wilmington, DE, USA). About 5 μg of total RNA with absorbance
5

of 1.8-2 at 260/280 nm was used for the initial polyadenylation step and followed by using RT
Stem-loop primer designed by Bonyakhteh company which was available in the BONmiR High
Sensitivity MicroRNA 1st Strand cDNA Synthesis kit (BN-0011.17.2, Bonyakhteh, Tehran,
Iran), the universal cDNA synthesis was completed via the thermocycler device for 10 min at
25 °C, 60 min at 42 °C, and 10 min at 70 °C. The synthesized cDNA was stored in −20 °C for
future quantitative real-time PCR (qRT-PCR)
qRT-PCR
To assess the relative hepatic expression levels of miR-27a, miR-30c, and miR-191 the
SYBR Green qPCR method was performed on the LightCycler® 96 Instrument (Roche
Diagnostics, Mannheim, Germany) using the BON microRNA QPCR master mix kit (BN0011.17.4, Tehran, Iran) contained miRNAs-specific primers (designed by Bonyakhteh
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company, Tehran, Iran) (Table. 2). All reactions were carried out in duplicate. The qPCR steps
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were performed according to the manufacturer's instructions. After pre-incubation (95°C for 2
min), amplification was run for 40 cycles (95°C for 5 sec and 60°C for 30 sec). The miRNAs
expression levels were measured using the Ct (cycle threshold) values and calculated using the
comparative (2-ΔΔCt) method (Fold change (FC)) U6 small nuclear RNA (U6snRNA) was used
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as an internal control to normalize miRNAs expression.

Table. 2. Sequences of forward primers used to evaluate the expression of microRNAs
miRNAs
miR-27a
miR-30c
miR-191
mmu-U6

Sequences
5´-CCG TTCACAGTGGCTA- 3´
5´-CGTGGTGTGTAAACATCC T- 3´
5´-CAACGGAACCCAAAAG- 3´
5´-AGATTTAACAAAAATTCGTC- 3´

Statistical analysis

To analyze the miRNAs' fold changes expression in the vaccinated mice compared to the
control group, a relative expression software tool (REST) was employed. Results are presented
as mean ± SE, and P-values of less than 0.05 were considered significant.

RESULTS
Hepatic miRNAs expression levels in albino mice treated with the PCSK9 peptide vaccine
We evaluated the hepatic expression of miR-27a, miR-30c, and miR-191 in vaccinated
mice compared to the control group and found that there was a significant decrease in the
hepatic expression level of miR-27a in the vaccinated mice compared to the control mice (FC:
6

0.731±0.1, P=0.027). Moreover, there was a borderline significant reduction in the hepatic
expression level of miR-30c in the vaccinated mice compared to the control group (Fc:
0.569±0.1, P=0.078). However, no significant difference was detected in the hepatic expression
level of miR-191 between the vaccinated and control mice (FC: 0.852±0.1, P=0.343) (Figure.
2).

DISCUSSION
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Figure. 2. Quantification of hepatic miRNA-27a, miRNA-30c, and miRNA-191 expression level in the
vaccinated mice related to the control group. Data are expressed as mean±SE.

Considering the critical importance of PCSK9 inhibition in dyslipidemia management, it
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is indispensable to identify the underlying controlling mechanisms in which PCSK9 is
involved. Moreover, discovering the mechanism of action of its inhibitors is highly desirable.
miRNAs, these critical endogenous regulators, have a vital role in regulating cholesterol
homeostasis involving genes including LDLR, PCSK9, and LDL-C. Therefore, to better
understand the mechanism underlying the PCSK9 inhibitors, including the PCSK9 peptide
vaccine, it is important to detect whether the vaccine can affect miRNAs involved in cholesterol
homeostasis. Here we revealed a significant reduction in hepatic expression level of miRNA27a after four times vaccination with the PCSK9 peptide vaccine.
miRNAs have been identified as players in the regulation of lipid homeostasis by a
growing number of studies (25-30). Several studies have demonstrated dysregulation of
miRNA levels or miRNA targeted sites in CVD (16), underlining the relevant role of miRNAs
in atherosclerosis (21, 31). It has been reported that miR-27a dysregulation is linked to a wide
range of diseases, including metabolic syndrome (32) nonalcoholic fatty liver disease
(NAFLD) (33), diabetes (32, 34, 35) obesity (36) and Gestational hypercholesterolemia (37).
Recent studies suggest that miRNA-27a may be a potential novel drug target in atherosclerosis
and lipid metabolism (21, 33, 38). In a study, Choi et al. reported that LDLR is downregulated
7

by miRNA-27a, and during hepatic differentiation, LDLR levels increase as miRNA-27a
expression decreases (38). Also, a study by Liu et al. demonstrated that miRNA-27a was
induced by oxLDL, so that, inhibition of PCSK9 repressed this induction, suggesting that
PCSK9 could reciprocally induce miRNA-27a (33). Moreover, Alvares et al. showed that
overexpressing miRNA-27a in HepG2 cells led to a 40% decrease in LDLR levels directly
through binding to its untranslated regions and indirectly through a 3-fold increase in PCSK9,
which enhances LDLR degradation (21). In addition, they indicated that miR-27a also directly
inhibits other members in the LDLR pathway, particularly LRP6 and LDLRAP1, which are
essential for endocytosis of the LDLR-LDL-C complex in the liver (21). They also reported a
70% increase in the levels of LDLR and a 50% decrease in PCSK9 by inhibition of miRNA27a using a specific LNA antisense oligonucleotide. Furthermore, they found a 50% decrease
in miRNA-27a levels in HepG2 treated with Bay-11, an inhibitor of nuclear factor kappa B
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(NF-kB), indicating that NF-kB upregulates hepatic miRNA-27a, which may contribute to
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increasing LDL-C in NAFLD and atherosclerosis (21). They also showed that simvastatin, a
well-known LDL-lowering drug, caused a dose-response increase in the miRNA-27a levels in
HepG2 cells. Because miRNA-27a reduces LDLR levels while increasing PCSK9 levels,
miRNA-27a upregulation might limit this drug's effectiveness (21). However, the PCSK9
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peptide vaccine we developed, unlike simvastatin, could significantly reduce the hepatic
expression of miRNA-27a in albino mice. This reduction of miRNA-27a can represent the antiatherosclerotic and protective effects of this method of vaccination.
Thus, based on our findings, it is likely that the PCSK9 peptide vaccine helps manage
LDL-C and atherosclerosis through the metabolic pathways in which miRNA-27a is involved,
particularly the LDLR pathway (38-42). Nevertheless, it may not work through pathways in
which miRNA-30c and miRNA-191 are involved, including the pathway that reduces MTP
activity and APOB secretion, leading to VLDL synthesis inhibition, regulated by miRNA-30c;
and the pathway which leads to PCSK9 degradation regulated by miRNA-191 due to their nonsignificant differences between vaccine and control groups. To sum up, the results presented
here provide an insight into the underlying mechanisms of the PCSK9 peptide vaccine and
further evidence supporting the potential of the PCSK9 peptide vaccine as a therapeutic method
of vaccination against atherosclerosis.

8

ACKNOWLEDGMENT:
Competing interests:
M.B. speakers’ bureau: Amgen, Esperion, Herbapol, Kogen, KRKA, NovoNordisk, Novartis,
Polpharma, Sanofi, Servier, Teva, Viatris, and Zentiva; consultant to: Amgen, Daichii Sankyo,
Esperion, Freia Pharmaceuticals, Polfarmex, and Sanofi; grants from Amgen, Viatris, Sanofi,
and Valeant. All other authors have nothing to disclose.
Funding:
This study was supported by the Mashhad University of Medical Sciences, Mashhad, Iran.

rin

t

REFERENCES:
1.
Roth GA, Mensah GA, Johnson CO, Addolorato G, Ammirati E, Baddour LM, et al.;
GBD-NHLBI-JACC Global Burden of Cardiovascular Diseases Writing Group. Global Burden
of Cardiovascular Diseases and Risk Factors, 1990-2019: Update From the GBD 2019 Study.
J Am Coll Cardiol. 2020 Dec 22;76(25):2982-3021.

Banach M, Burchardt P, Chlebus K, Dobrowolski P, Dudek D, Dyrbuś K, et al.

Pr
ep

2.

PoLA/CFPiP/PCS/PSLD/PSD/PSH guidelines on diagnosis and therapy of lipid disorders in
Poland 2021. Arch Med Sci. 2021 Nov 8;17(6):1447-1547.
3.

Yusuf S, Hawken S, Ôunpuu S, Dans T, Avezum A, Lanas F, et al. Effect of potentially

modifiable risk factors associated with myocardial infarction in 52 countries (the
INTERHEART study): case-control study. The lancet. 2004;364(9438):937-52.
4.

Horton JD, Cohen JC, Hobbs HH. Molecular biology of PCSK9: its role in LDL

metabolism. Trends in biochemical sciences. 2007;32(2):71-7.
5.

Warden BA, Fazio S, Shapiro MD. The PCSK9 revolution: Current status,

controversies, and future directions. Trends in Cardiovascular Medicine. 2020;30(3):179-85.
6.

Sahebkar A, Watts GF. New therapies targeting apoB metabolism for high-risk patients

with inherited dyslipidaemias: what can the clinician expect? Cardiovascular drugs and
therapy. 2013;27(6):559-67.
7.

Sahebkar A, Watts GF. New LDL-cholesterol lowering therapies: pharmacology,

clinical trials, and relevance to acute coronary syndromes. Clinical therapeutics.
2013;35(8):1082-98.

9

8.

Sahebkar A, Momtazi-Borojeni AA, Banach M. PCSK9 vaccine: so near, yet so far!

Eur Heart J. 2021 Oct 14;42(39):4007-4010.
9.

Momtazi-Borojeni AA, Jaafari MR, Badiee A, Sahebkar A. Long-term generation of

antiPCSK9 antibody using a nanoliposome-based vaccine delivery system. Atherosclerosis.
2019;283:69-78.
10.

Momtazi-Borojeni AA, Jaafari MR, Badiee A, Banach M, Sahebkar A. Therapeutic

effect of nanoliposomal PCSK9 vaccine in a mouse model of atherosclerosis. BMC medicine.
2019;17(1):1-15.
11.

Momtazi-Borojeni AA, Nik ME, Jaafari MR, Banach M, Sahebkar A. Effects of

immunization against PCSK9 in an experimental model of breast cancer. Archives of medical
science: AMS. 2019;15(3):570.
12.

Momtazi-Borojeni AA, Jaafari MR, Banach M, Gorabi AM, Sahraei H, Sahebkar A.

13.

rin

primates. Vaccines. 2021;9(7):749.

t

Pre-clinical evaluation of the nanoliposomal antiPCSK9 vaccine in healthy non-human

Momtazi-Borojeni A, Jaafari M, Abdollahi E, Banach M, Sahebkar A. P704

Nanoliposomal anti-PCSK9 vaccine ameliorates glucose intolerance and insulin resistance in
diabetic rats. European Heart Journal. 2019;40(Supplement_1):ehz747. 0309.
Momtazi-Borojeni AA, Nik ME, Jaafari MR, Banach M, Sahebkar A. Effects of

Pr
ep

14.

immunisation against PCSK9 in mice bearing melanoma. Archives of medical science: AMS.
2020;16(1):189.
15.

Bartel DP. MicroRNAs: target recognition and regulatory functions. cell.

2009;136(2):215-33.
16.

Ambros V. The functions of animal microRNAs. Nature. 2004;431(7006):350-5.

17.

Bartel DP. MicroRNAs: genomics, biogenesis, mechanism, and function. cell.

2004;116(2):281-97.
18.

Fernández-Tussy P, Ruz-Maldonado I, Fernández-Hernando C. MicroRNAs and

circular RNAs in lipoprotein metabolism. Current atherosclerosis reports. 2021;23(7):1-11.
19.

Jeon T-I, Osborne TF. miRNA and cholesterol homeostasis. Biochimica et Biophysica

Acta (BBA)-Molecular and Cell Biology of Lipids. 2016;1861(12):2041-6.
20.

Ng R, Wu H, Xiao H, Chen X, Willenbring H, Steer CJ, et al. Inhibition of microRNA‐

24 expression in liver prevents hepatic lipid accumulation and hyperlipidemia. Hepatology.
2014;60(2):554-64.

10

21.

Alvarez ML, Khosroheidari M, Eddy E, Done SC. MicroRNA-27a decreases the level

and efficiency of the LDL receptor and contributes to the dysregulation of cholesterol
homeostasis. Atherosclerosis. 2015;242(2):595-604.
22.

Naeli P, Mirzadeh Azad F, Malakootian M, Seidah NG, Mowla SJ. Post-transcriptional

regulation of PCSK9 by miR-191, miR-222, and miR-224. Frontiers in genetics. 2017;8:189.
23.

Soh J, Iqbal J, Queiroz J, Fernandez-Hernando C, Hussain MM. MicroRNA-30c

reduces hyperlipidemia and atherosclerosis in mice by decreasing lipid synthesis and
lipoprotein secretion. Nature medicine. 2013;19(7):892-900.
24.

Slingluff CL, Yamshchikov G, Neese P, Galavotti H, Eastham S, Engelhard VH, et al.

Phase I trial of a melanoma vaccine with gp100280–288 peptide and tetanus helper peptide in
adjuvant: immunologic and clinical outcomes. Clinical Cancer Research. 2001;7(10):3012-24.
25.

Esau C, Davis S, Murray SF, Yu XX, Pandey SK, Pear M, et al. miR-122 regulation of

Iliopoulos D, Drosatos K, Hiyama Y, Goldberg IJ, Zannis VI. MicroRNA-370 controls

rin

26.

t

lipid metabolism revealed by in vivo antisense targeting. Cell metabolism. 2006;3(2):87-98.
the expression of MicroRNA-122 and Cpt1α and affects lipid metabolism [S]. Journal of lipid
research. 2010;51(6):1513-23.
27.

Najafi-Shoushtari SH, Kristo F, Li Y, Shioda T, Cohen DE, Gerszten RE, et al.

Pr
ep

MicroRNA-33 and the SREBP host genes cooperate to control cholesterol homeostasis.
Science. 2010;328(5985):1566-9.
28.

Khan AA, Gupta V, Mahapatra NR. Key regulatory miRNAs in lipid homeostasis:

implications for cardiometabolic diseases and development of novel therapeutics. Drug
Discovery Today. 2022.
29.

Zhang M, Wu J-F, Chen W-J, Tang S-L, Mo Z-C, Tang Y-Y, et al. MicroRNA-27a/b

regulates cellular cholesterol efflux, influx and esterification/hydrolysis in THP-1
macrophages. Atherosclerosis. 2014;234(1):54-64.
30.

Vickers KC, Shoucri BM, Levin MG, Wu H, Pearson DS, Osei‐Hwedieh D, et al.

MicroRNA‐27b is a regulatory hub in lipid metabolism and is altered in dyslipidemia.
Hepatology. 2013;57(2):533-42.
31.

Fernández-Hernando C, Suárez Y, Rayner KJ, Moore KJ. MicroRNAs in lipid

metabolism. Current opinion in lipidology. 2011;22(2):86.
32.

Karolina DS, Tavintharan S, Armugam A, Sepramaniam S, Pek SLT, Wong MT, et al.

Circulating miRNA profiles in patients with metabolic syndrome. The Journal of Clinical
Endocrinology & Metabolism. 2012;97(12):E2271-E6.

11

Powered by TCPDF (www.tcpdf.org)

33.

Alisi A, Da Sacco L, Bruscalupi G, Piemonte F, Panera N, De Vito R, et al. Mirnome

analysis reveals novel molecular determinants in the pathogenesis of diet-induced nonalcoholic
fatty liver disease. Laboratory investigation. 2011;91(2):283-93.
34.

Nielsen LB, Wang C, Sørensen K, Bang-Berthelsen CH, Hansen L, Andersen M-LM,

et al. Circulating levels of microRNA from children with newly diagnosed type 1 diabetes and
healthy controls: evidence that miR-25 associates to residual beta-cell function and glycaemic
control during disease progression. Experimental diabetes research. 2012;2012.
35.

Herrera B, Lockstone H, Taylor J, Ria M, Barrett A, Collins S, et al. Global microRNA

expression profiles in insulin target tissues in a spontaneous rat model of type 2 diabetes.
Diabetologia. 2010;53(6):1099-109.
36.

Xie H, Sun L, Lodish HF. Targeting microRNAs in obesity. Expert opinion on

therapeutic targets. 2009;13(10):1227-38.
Dumolt JH, Ma M, Mathew J, Patel MS, Rideout TC. Gestational hypercholesterolemia

t

37.

rin

alters fetal hepatic lipid metabolism and microRNA expression in Apo-E-deficient mice.
American Journal of Physiology-Endocrinology and Metabolism. 2019;317(5):E831-E8.
38.

Choi JE, Hur W, Kim J-H, Li TZ, Lee EB, Lee SW, et al. MicroRNA-27a modulates

HCV infection in differentiated hepatocyte-like cells from adipose tissue-derived

39.

Pr
ep

mesenchymal stem cells. PLoS One. 2014;9(5):e91958.

Banach M, López-Sendon JL, Averna M, Cariou B, Loy M, Manvelian G, Batsu I,

Poulouin Y, Gaudet D. Treatment adherence and effect of concurrent statin intensity on the
efficacy and safety of alirocumab in a real-life setting: results from ODYSSEY APPRISE. Arch
Med Sci. 2021 Oct 29;18(2):285-292.
40.

Lyall DM, Ward J, Banach M, Smith GD, Gill JG, Pell JP, Holmes MV, Sattar

N. PCSK9genetic variants and cognitive abilities: a large-scale Mendelian randomization
study. Arch Med Sci. 2021 Jan 5;17(1):241-244.
41.

Momtazi-Borojeni AA, Jaafari MR, Afshar M, Banach M, Sahebkar A. PCSK9

immunization using nanoliposomes: preventive efficacy against hypercholesterolemia and
atherosclerosis. Arch Med Sci. 2021 Mar 18;17(5):1365-1377.
42.

Keshavarz R, Aghaee-Bakhtiari S H, Pakzad P, Banach M, Sahebkar A. Evaluation of

miRNA-27a/b expression in patients with familial hypercholesterolemia. Archives of Medical
Science. 2022. doi:10.5114/aoms/150500.

12

