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Abstract. Atherosclerosis is a major global health issue, with cardiovascular diseases leading to
over 4 million deaths in China in 2019. Effective management of atherosclerosis is crucial for
reducing its incidence and mortality, with LDL-C reduction being a key strategy. This study
examines the role of PCSK9 in atherosclerosis and the therapeutic potential of PCSK9 inhibitors,
focusing on their ability to lower LDL-C levels and prevent cardiovascular events A literature
review was conducted, analyzing the mechanisms of PCSK9 in lipid metabolism and the efficacy
of various PCSK9 inhibitors, including monoclonal antibodies, antisense oligonucleotides, and
small interfering RNA. PCSK9 inhibitors, such as Alirocumab, evolocumab, and Inlisiran, have
demonstrated effectiveness in reducing LDL-C levels. Inlisiran, in particular, offers a long-
lasting effect and has shown significant potential in clinical trials. Nucleic acid-based treatments
are emerging as promising options with advantages such as sustained efficacy and a broad
application scope, despite the need for further research to address delivery and off-target effects.
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1. Introduction
Atherosclerosis poses a significant risk to global health, with cardiovascular diseases accounting for
over 4 million deaths in China in 2019, the highest globally [1]. The formation and rupture of
atherosclerotic plaques, leading to thrombosis, are pivotal in the pathogenesis of these diseases.
Effective management of atherosclerosis is essential for lowering their incidence and mortality rates [2].
Atherosclerosis is influenced by a variety of factors, including lipids and inflammatory mediators [3].
The connection between cholesterol and heart disease was first established by Nikolai Anitschkow in
1913, who observed that a diet rich in cholesterol in rabbits increased atherosclerotic progression[4].
LDL-C is identified as a primary contributor to atherosclerosis, with endothelial dysfunction
facilitating its infiltration into the arterial intima, resulting in foam cell and fibrous cap development,
and plaque formation[5]. The precise immunological mechanisms of atherosclerosis remain to be fully
elucidated. Nonetheless, it is established that lowering LDL-C levels can mitigate atherosclerotic risk.
Statins are the primary pharmacological agents for treating atherosclerosis, complemented by other
classes such as fibrates and ezetimibe [6-8]. Despite their efficacy, statins are associated with muscle-
related side effects and issues of drug tolerance. PCSK9 inhibitors offer a promising alternative,
addressing the limitations of statin therapy. Evidence suggests that the addition of PCSK9 inhibitors to
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intensive statin regimens can further decrease LDL-C levels and reduce cardiovascular events, with a
safety profile similar to that of control treatments [9].

This review will delve into the role of PCSK9, the pathological underpinnings of atherosclerotic
cardiovascular diseases, and the therapeutic potential of PCSK9 inhibitors in managing these conditions.

2. Atherosclerosis: Pathophysiological Mechanisms

Atherosclerosis initiates its development at an early stage, potentially during childhood, and is a chronic
inflammatory process instigated by cholesterol. A plethora of evidence from epidemiological, genetic,
and clinical intervention studies underscores the pivotal role of low-density lipoprotein cholesterol
(LDL-C) in the genesis of atherosclerotic plaques in the coronary arteries. The mechanisms through
which LDL-C contributes to plaque formation include: (1) the engulfment of LDL-C particles by foam
cells[10]; (2) the release of inflammatory lipids with biological activity upon LDL-C oxidation, which
can have both localized and systemic impacts[11]; (3) the formation of extracellular lipid deposits,
particularly cholesterol crystals, as LDL-C particles undergo alteration; (4) the provocation of innate
immune responses that facilitate the attraction of various immune-inflammatory cells, such as
monocytes/macrophages, neutrophils, lymphocytes, and dendritic cells, leading to chronic inflammation
that can result in cell death through apoptosis or necrosis, thus fostering the development of a necrotic
core[ 12-14]; (5) the activation of antigen-specific T cell reactions and the induction of adaptive immune
responses through modifications of apolipoprotein B100 (ApoB100) or its breakdown. Considering the
factors that lead to LDL-C infiltration and retention in the arterial intima, along with the ensuing
immune-inflammatory reactions in the arterial wall, the medical community generally agrees that
significantly reducing LDL-C levels is a key determinant in the reversal of coronary atherosclerotic
plaques [15].

3. The Mechanism of PCSK?9 in Lipid Metabolism

PCSKO9, belonging to the proprotein convertase family, is primarily produced by the liver and also found
in various other tissues[16]. Initially formed as an inactive precursor in the liver's endoplasmic reticulum,
it undergoes activation before entering the bloodstream. Once in plasma, PCSK9 interacts specifically
with the epidermal growth factor-like domain A (EGF-A) on hepatic Low-Density Lipoprotein Receptor
(LDLR), hindering their ability to engage with LDL cholesterol. Normally, LDL receptors facilitate the
uptake and subsequent breakdown of LDL cholesterol, with the receptors being reused for further
cholesterol clearance. However, the interaction of PCSK9 with these receptors and cholesterol forms an
internalizable complex that is degraded, thus diminishing the availability of LDL receptors for recycling.
This results in a reduced capacity for cholesterol clearance and an increase in circulating LDL
cholesterol levels. On the flip side, diminished PCSK9 levels enhance LDL receptor availability,
promoting a decrease in serum LDL cholesterol [17-18].

4. The Role of PCSK9 Inhibitors in Lowering LDLC

4.1. PCSK9 Antibodies

Alirocumab (marketed as Praluent) and evolocumab (Repatha) are recognized as the prominent
monoclonal antibodies that target PCSK9, with regulatory clearance in both the U.S. and the EU[19].
The FOURIER study aimed to substantiate the clinical benefits of evolocumab in high-risk individuals.
It included participants who had previously experienced a heart attack, stroke without bleeding, or had
symptoms of peripheral artery disease, totaling 27,564. These subjects continued on their statin regimens
while receiving either evolocumab or a placebo. Over 2.2 years, the study monitored the occurrence of
cardiovascular issues, with the evaluation of primary and secondary endpoints linked to the decline in
LDL levels. At the 48-week mark, there was a significant 59% decrease in LDL-C levels in the group
administered evolocumab when juxtaposed with the placebo group. Additionally, the rate of major
adverse cardiovascular events was comparatively lower in the evolocumab recipients at 9.8%,
contrasting with the 11.3% rate observed in the placebo group [19-22].
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4.2. PCSK9 ASO

Key drugs within the antisense oligonucleotide category are ISIS 394814, SPC5001, and SPC4061.
Experimental protocols have administered the artificial ISIS 394814 to C57BL/6 mice characterized by
hyperlipidemia, with bi-weekly injections sustained over six weeks. Outcomes from these experiments
have demonstrated that the application of ISIS 394814 effectively reduced the expression of PCSK9
mRNA in the liver, leading to an enhancement in LDLR expression within hepatocytes by twofold.
Furthermore, it induced a significant decrease in both total plasma cholesterol and LDL-C levels, by 53%
and 38% respectively [23]. In parallel, SPC5001 and SPC4061, when subjected to trials on primates,
have each proven capable of achieving over a 50% reduction in LDL-C levels[24]. Nonetheless, the
initial clinical trials for SPC5001 and SPC4061, encompassing both healthy volunteers and individuals
with familial hypercholesterolemia, were halted ahead of schedule. SPC5001 was linked to minor to
moderate local reactions at the injection site along with signs of renal tubular toxicity[25]. The specific
cause for the termination of the SPC4061 study has not been disclosed. These incidents underscore the
necessity for continued research into the safety profile of PCSK9 inhibitory agents.

4.3. PCSK9 siRNA

The mechanism by which siRNAs specific to PCSK9 operate is by inhibiting the translation process of
PCSKO9[26]. Inlisiran stands as the sole siRNA of its kind for PCSK9, being a synthetically crafted
siRNA that attaches to GalNAc, which leads to a prolonged and precise suppression of RNA associated
with PCSK9 production. This results in a decrease in PCSK9 levels both within cells and in the
bloodstream[27].

Early-stage clinical trials have evaluated the effectiveness of Inlisiran, both in a single administration
across various dosages and in a multi-dose format. The single-dose approach showed a decrease in LDL-
C levels ranging from 36% to 50%, contingent upon the dosage used. The multi-dose strategy
demonstrated an even more pronounced reduction, with LDL-C levels dropping between 45% to
59%][28]. PCSK9 levels experienced an 83% reduction. In contrast to monoclonal antibodies, Inlisiran
offers an extended period of efficacy, with effects persisting for a minimum of 180 days post-treatment
initiation[28]. This suggests that Inlisiran could substantially decrease LDL levels when administered
every three to six months[28]. Further studies, including a Phase 2 trial and a meta-analysis with a
substantial patient cohort, corroborated these findings, indicating significant LDL-C reductions with
Inlisiran treatment[29-30]. In a specific study involving heterozygous familial hypercholesterolemia
patients (Orion-9) [31], Inlisiran was found to notably lower LDL-C levels by 39.7%, contrasting with
an increase observed in the placebo group, highlighting a significant therapeutic advantage (95% CI,
—53.5 to —42.3; P<0.001).

5. Conclusion
Heart-related illnesses are the primary cause of fatalities in our nation, making their management a key
strategy for lowering death rates. Therapies for cardiovascular conditions currently encompass statins,
ezetimibe, and inhibitors of the PCSK9 enzyme. Despite their benefits, statins are not without drawbacks,
such as muscle-related issues and potential liver harm, prompting interest in nucleic acid-based
pharmaceuticals and the identification of novel treatment targets.

Nucleic acid-based medications offer several benefits, including a reduced likelihood of resistance,
a wider range of applications, and enduring efficacy. They have the potential to address health conditions
at a fundamental level. Non-coding RN As, which encompass small interfering RNA (siRNA), long non-
coding RNA (IncRNA), and microRNA (miRNA), have been identified as having significant biological
functions. MiRNAs are known to regulate gene expression by engaging with the 3' untranslated regions
of their target mRNAs, which can halt the synthesis of proteins or lead to their breakdown. While
challenges remain, such as ensuring targeted delivery beyond the liver and mitigating off-target effects,
advancements in technology could pave the way for swift progress in this domain.

109



Proceedings of the 4th International Conference on Biological Engineering and Medical Science
DOI: 10.54254/2753-8818/59/20241370

References

[1]

[2]

[3]
[4]
[5]

[16]

[17]

[18]
[19]

[20]

Roth GA, Mensah GA, Johnson CO, et al. Global burden of cardiovascular diseases and risk
factors, 1990 —2019: update from the GBD 2019 study[J]. ] Am Coll Cardiol, 2020, 76(25):
2982-3021.

Lechner K, von Schacky C, McKenzie AL, et al. Lifestyle factors and high-risk atherosclerosis:
Pathways and mechanisms beyond traditional risk factors. Eur J Prev Cardiol [J].
2020;27(4):394-406.

Weber C, Badimon L, Mach F, van der Vorst EPC. Therapeutic strategies for atherosclerosis and
atherothrombosis: Past, present and future [J]. Thromb Haemost. 2017;117(7):1258-1264.
Buja LM. Nikolai N. Anitschkow and the lipid hypothesis of atherosclerosis [J]. Cardiovasc

Pathol. 2014;23(3):183-184.

Raposeiras-Roubin S, Rosselld X, Oliva B, et al. Triglycerides and Residual Atherosclerotic Risk
[J]. J Am Coll Cardiol. 2021;77(24):3031-3041.

JunM, FooteC, LvJ etal. Effects of fibrates on cardiovascular outcomes: a systematic review and
meta-analysis. Lancet [J]. 2010;375(9729):1875-84.

Ip CK, Jin DM, Gao JJ, Meng Z, Meng J, Tan Z, et al. Effects of add-on lipid-modifying therapy
on top of background statin treatment on major cardiovascular events: a meta-analysis of
randomized controlled trials [J]. Int J Cardiol. 2015;191:138-48.

Cannon CP, Blazing MA, Giugliano RP, McCagg A, White JA, Theroux P, et al; IMPROVE-IT
Investigators: Ezetimibe added to statin therapy after acute coronary syndromes [J]. N Engl J
Med 2015;372(25):2387-2397.

Hovingh GK, Raal FJ, Dent R, et al. Long-term safety, tolerability, and efficacy of envolocumab
in patient with heterozygous family hypercholesterolemia [J]. Journal of clinical lipidology,
2017, 11(6):1448-1457.

Robichaud S, Rasheed A, Pietrangelo A, et al. Autophagy Is Differentially Regulated in
Leukocyte and Nonleukocyte Foam Cells During Atherosclerosis [J]. Circulation Research.
2022;130(6):831-847.

Hartley A, Haskard D, Khamis R. Oxidized LDL and anti-oxidized LDL antibodies in
atherosclerosis - Novel insights and future directions in diagnosis and therapy [J]. Trends
Cardiovasc Med. 2019;29(1):22-26.

He X, Fan X, Bai B, Lu N, Zhang S, Zhang L. Pyroptosis is a critical immune-inflammatory
response involved in atherosclerosis. Pharmacological research [J]. 2021;165:105447.

Wang Y, Liu X, Shi H, et al. NLRP3 inflammasome, an immune-inflammatory target in
pathogenesis and treatment of cardiovascular diseases [J]. Clin Transl Med. 2020;10:91-106.

Zanni MV, Foldyna B, McCallum S, et al. Sex differences in subclinical atherosclerosis and
systemic immune activation/inflammation among people with human immunodeficiency virus
in the United States [J]. Clin Infect Dis. 2023;76(2):323-334.

Hu M, Huang X, Han X, et al. Loss of HNF1a Function Contributes to Hepatocyte Proliferation
and Abnormal Cholesterol Metabolism via Downregulating miR-122: A Novel Mechanism of
MODY?3 [J]. Diabetes Metab Syndr Obes. 2020; 13:627-639.

Ragusa R, Basta G, Neglia D, et al. PCSK9 and atherosclerosis: looking beyond LDL regulation.
Eur J Clin Invest. 2021;51(4):e13459.

Di Tarato MD, Benito-Vicente A, Giacobbe C, et al. Identification and in vitro characterization
of two new PCSK9 Gain of Function variants found in patients with Familial
Hyperholesterolemia [J]. Scientific reports, 2017, 7 (1):15282.

Cornell JE, Mulrow CD. Effects of Proprotein Convertase Subtilisin/Kexin Type 9 Antibodies in
Adults With Hypercholesterolemia [J]. Annals of internal medicine, 2015, 163 (3): 242-243.

Solanki A, Bhatt L.K, Johnston T.P. Evolving targets for the treatment of atherosclerosis.
Pharmacol. Ther. 2018, 187, 1-12.

Lin X, Xiao L, Tang Z, et al. Role of PCSK9 in lipid metabolism and atherosclerosis [J]. Biomed.
Pharmacother. 2018, 104, 36—44.

110



[21]

[22]

[23]

[24]

[25]

Proceedings of the 4th International Conference on Biological Engineering and Medical Science
DOI: 10.54254/2753-8818/59/20241370

Shapiro, M. D., Tavori, H., & Fazio, S. (2018). PCSK9: From Basic Science Discoveries to
Clinical Trials [J]. Circulation research, 122(10), 1420-1438Gallego-Colon E, Daum A,
Yosefy C. Statins and PCSK9 inhibitors: A new lipid-lowering therapy [J]. Eur. J. Pharmacol.
2020, 878, 173114.

Jia X, Lorenz P Ballantyne, C.M. Poststatin Lipid Therapeutics: A Review [J]. Methodist
Debakey Cardiovasc. J. 2019, 15, 32-38.

Graham MJ, Lemonidis KM, Whipple CP, et al. Antisense inhibition of proprotein convertase
subtilisin/ kexin type 9 reduces serum LDL in hyperlipidemic mice [J]. J Lipid Res, 2007,
48(4), 763-767.

Lindholm MW, Elmen J, Fisker N, et al. PCSK9 LNA antisense oligonucleotides induce sustained
reduction of LDL cholesterol in nonhuman primates [J]. Mol Ther, 2012, 20(2): 376-381.
Poelgeest EP, Hodges MR, Moerland M, et al. Antisense mediated reduction of proprotein
convertase subtilisin/kexin type9 (PCSK9) : a first-in-human randomized, placebo-controlled

trial [J]. Br J Clin Pharmacol, 2015, 80(6):1350-1361.

Seidah NG, Prat A, Pirillo A, et al. Novel strategies to target proprotein convertase subtilisin kexin
9: beyond monoclonal antibodies [J]. Cardiovasc Res. 2019; 115(3):510-8.

Brandts J, Ray KK. Small interfering RNA to proprotein convertase subtilisin/kexin type 9:
transforming LDL-cholesterol-lowering strategies [J]. Curr Opin Lipidol. 2020; 31(4):182-6.

Fitzgerald K, White S, Borodovsky A, et al. A highly durable RNAIi therapeutic inhibitor of
PCSKO9 [J]. N Engl ] Med. 2017; 376(1):41-51.

Ray KK, Landmesser U, Leiter LA, et al. Inclisiran in patients at high cardiovascular risk with
elevated LDL cholesterol [J]. N Engl J Med. 2017; 376(15):1430—40.

Ray KK, Wright RS, Kallend D, et al. Two phase 3 trials of inclisiran in patients with elevated
LDL cholesterol [J]. N Engl J Med. 2020; 382(16):1507-19.

Graham MJ, Lemonidis KM, Whipple CP, et al. Antisense inhibition of proprotein convertase
subtilisin/ kexin type 9 reduces serum LDL in hyperlipidemic mice [J]. J Lipid Res, 2007,
48(4), 763-767.

111



