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Statins remain the standard of care for low-density lipoprotein cholesterol 
(LDL-C) lowering and reduction of cardiovascular risk. However, there are 
still cases in which patients fail to achieve the desired LDL-C goals or are 
intolerant to statins due to side effects (mostly myalgias). Thus, extensive 
research is being conducted to identify new LDL-C lowering drugs with 
a favorable side effect profile, which (used alone or in combination with 
statin therapy) would be able to produce significant LDL-C reductions and 
decrease cardiovascular risk [1,2].

Proprotein convertase subtilisin/kexin type 9 (PCSK9) is a serine protease, 
which is expressed mainly in the liver but may also be found in the intestine 
and kidneys. The human PCSK9 gene is located in the human chromosome 
1p32.3 and encodes a 692-amino acid inactive glycoprotein, which undergoes 
an intramolecular self-catalytic cleavage in the endoplasmic reticulum [3]. 
PCSK9 binds to the LDL receptors and targets the receptors for lysosomal 
degradation, thereby reducing their recycling and decreasing the removal 
rate of circulating LDL-C [4–8]. Genetic studies have shown that gain-
of-function mutations of PCSK9 in humans are associated with increased 
LDL-C levels and increased risk for coronary heart disease [9,10], while loss-
of-function mutations of PCSK9 lead to low levels of LDL-C and decreased 
cardiovascular risk [11]. Ironically, there is evidence that statins upregulate 
PCSK9 in a dose-dependent manner, which may result in attenuation of their 
lipid-lowering effect [12].

Several therapeutic strategies have been developed to decrease levels of 
circulating PCSK9, including inhibition of its self-cleavage to an active 
form, enhancement of its cleavage by furin, and impedance of its binding 
with the LDL receptor [13]. However, up to date, monoclonal antibodies are 
the only approved agents associated with a remarkable reduction in the levels 
of LDL-C and other apoB-containing lipoproteins, such as lipoprotein (a) 
[14,15].

Evolocumab and alirocumab are human monoclonal antibodies directed 
against PCSK9, which have been recently approved by the FDA as an add-on 
treatment to diet and maximally tolerated dose of statins for patients with 
familial hypercholesterolemia or clinical atherosclerotic cardiovascular 
disease, who require additional LDL-C-lowering.

Several studies have evaluated evolocumab. The Open-Label Study of Long-
Term Evaluation against LDL Cholesterol 1 (OSLER-1) and 2 (OSLER-2) 
revealed that after 12 weeks of therapy evolocumab, compared to standard 
therapy, reduced the LDL-C level by 61%, and this effect remained consistent 
over time [16].

In the Further cardiovascular Outcomes Research with PCSK9 Inhibition 
in subjects with Elevated Risk (FOURIER) trial, inhibition of PCSK9 
with evolocumab, administered on a background of statin therapy over 
an average follow-up period of 2.2 years, reduced the primary outcome 
(composite of cardiovascular death, myocardial infarction, stroke, coronary 
revascularization, or hospital admission for unstable angina) by 15% and 
the key secondary outcome (composite of cardiovascular death, myocardial 
infarction, or stroke) by 20% . The effect appeared also to increase over time. 
There was no significant difference between the study groups with regard 
to adverse events (including new-onset diabetes and neurocognitive events), 
with the exception of injection-site reactions, which were somewhat more 
common with evolocumab [17].

In the Long-Term Safety and Tolerability of Alirocumab in High 
Cardiovascular Risk Patients with Hypercholesterolemia Not Adequately 
Controlled with their Lipid Modifying Therapy (ODYSSEY LONG TERM) 
trial, alirocumab, administered on top of maximally tolerated dose of statin, 
alone or in combination with other lipid-lowering agents, caused an additional 
61.9% reduction in LDL-C levels, as compared with placebo [18,19].
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The results of a large, ongoing outcome trial with alirocumab (ODYSSEY 
Outcomes: Evaluation of Cardiovascular Outcomes After an Acute Coronary 
Syndrome During Treatment With Alirocumab) [20] will likely be available 
in in the first quarter of 2018 and are expected to provide vital information 
regarding the clinical benefits of alirocumab in reduction of cardiovascular 
risk.

Apart from the monoclonal antibodies directed against PCSK9, several other 
therapeutic strategies targeting PCSK9 are in development currently with 
very promising initial results. Small interfering RNA (siRNA) is a class of 
double-stranded RNA molecules, 20–25 base pairs in length, which interfere 
with the expression of specific genes with complementary nucleotide 
sequences by causing degradation of mRNA post-transcription and thus 
preventing translation [21].

Inclisiran is an investigational, chemically synthesized siRNA molecule, 
which has been shown to produce sustained hepatocyte-specific, PCSK9-
specific RNA silencing.  In the ORION-1 Phase 2 trial, at 180 days after 
administration, a single dose of inclisiran 500 mg decreased the blood 
PCSK9 levels by 59.3%, LDL-C levels by 41.9%, and total cholesterol levels 
by 26.6%. Inclisiran was well tolerated with similar numbers and proportions 
of adverse events reported in the inclisiran and placebo arms [22].

An active immunization against the body’s own PCSK9 (AT04A vaccine) was 
tested for its efficacy in APOE*3Leiden.CETP transgenic mice.The AT04A 
vaccine induced high and persistent antibody levels against PCSK9, causing 
a significant reduction in plasma total cholesterol by 53% and a reduction 
in the levels of LDL-C, as compared with controls. Plasma inflammatory 
markers, such as serum amyloid A, macrophage inflammatory protein-1β, 
macrophage-derived chemokine, cytokine stem cell factor, and vascular 
endothelial growth factor A, were also significantly decreased in AT04A-
treated mice. As a consequence, treatment with the AT04A vaccine resulted 
in a decrease in atherosclerotic lesion area by 64%, a decrease in aortic 
inflammation, as well as in an increase of the lesion-free aortic segments by 
119%, as compared with control [23].

Other potential future strategies targeting PCSK9 may include small 
molecule inhibitors that disrupt the processing of PCSK9, as well as the use 
of adnectins, which prevent binding of PCSK9 to the LDL receptor [24].

From the above review of the clinical and scientific data, it becomes apparent 
that interventions targeting PCSK9 by reducing its expression is a new very 
promising approach for the management of hypercholesterolemia and may 
lead to significant reductions of cardiovascular risk.

5. Lambert G, Charlton F, Rye KA, Piper DE (2009) Molecular basis of 
PCSK9 function. Atherosclerosis 203: 1-7.

6. Qian YW, Schmidt RJ, Zhang Y, Chu S, Lin A (2007) Secreted PCSK9 
down regulates low density lipoprotein receptor through receptor-
mediated endocytosis. J Lipid Res. 48: 1488-1498.

7. Weinreich M, Frishman WH  (2014)  Anti hyperlipidemic therapies 
targeting  PCSK9. Cardiol Rev 22: 140-146.

8. Kosmas CE, DeJesus E (2015) Proprotein convertase subtilisin/kexin 
type 9 inhibitors: an emerging chapter in the field of clinical lipidology. 
Enliven: Clin Cardiol Res 2: e1.

9. Abifadel M, Varret M, Rabès JP,  Allard D, Ouguerram K, et al. (2003) 
Mutations in PCSK9 cause autosomal dominant hypercholesterolemia. 
Nat Genet. 34: 154-156.

10. Leren TP (2004) Mutations in the PCSK9 gene in Norwegian subjects 
with autosomal dominant hypercholesterolemia. Clin Genet. 65: 419-
422.

11. Cohen JC, Boerwinkle E, Mosley TH Jr, Hobbs HH (2006) Sequence 
variations in PCSK9, low LDL, and protection against coronary heart 
disease. N Engl J Med. 354: 1264-1272.

12. Dubuc G, Chamberland A, Wassef  H,  Davignon J, Seidah  NG, et al. 
(2004) Statins upregulate PCSK9, the gene encoding the proprotein 
convertase neural apoptosis-regulated convertase-1 implicated in 
familial hypercholesterolemia. Arterioscler Thromb Vasc Biol 24:1454-
1459.

13. Marais DA, Blom  DJ, Petrides  F, Goueffic Y, Lambert G (2012) 
Proprotein convertase subtilisin/kexin type 9 inhibition. Curr Opin 
Lipidol 23: 511-517.

14. Norata GD, Ballantyne CM, Catapano AL  (2013) New therapeutic 
principles in dyslipidaemia: focus on LDL and Lp (a) lowering drugs. 
Eur Heart J. 34: 1783-1789.

15. Stein EA, Raal FJ (2014) New therapies for reducing low-density 
lipoprotein cholesterol. Endocrinol Metab Clin North Am. 43: 1007-
1033.

16. Sabatine MS, Giugliano RP, Wiviott SD,  Raal FJ, Blom DJ,  et al. (2015) 
Open-Label Study of Long-Term Evaluation against LDL Cholesterol 
(OSLER) Investigators. Efficacy and safety of evolocumab in reducing 
lipids and cardiovascular events. N Engl J Med. 372: 1500-1509.

17. Sabatine MS, Giugliano RP, Keech AC, Honarpour N, Wiviott SD, et al. 
(2017) FOURIER Steering Committee and Investigators. Evolocumab 
and clinical outcomes in patients with cardiovascular disease. N Engl J 
Med 376: 1713-1722.

18. Robinson JG, Farnier M, Krempf M, Bergeron J, Luc G, et al. (2015) 
ODYSSEY LONG TERM Investigators. Efficacy and safety of 
alirocumab in reducing lipids and cardiovascular events. N Engl J Med. 
372: 1489-1499.

19. Kosmas CE, Arjona C, DeJesus E, Rosario D, Tsomidou C, et al. (2017) 
Alirocumab in the treatment of hypercholesterolemia. Clin Med Rev 
Ther. 9:1-5  

20. ODYSSEY Outcomes: Evaluation of Cardiovascular Outcomes After 
an Acute Coronary Syndrome during Treatment With Alirocumab. 
ClinicalTrials.gov Identifier: NCT01663402.

21. Agrawal  N, Dasaradhi  PV, Mohmmed  A,  Malhotra P, Bhatnagar  
RK (2003) RNA interference: biology, mechanism, and applications. 
Microbiol Mol Biol Rev. 67: 657-685.

References

1. Kosmas CE, Frishman WH (2015) New and emerging LDL cholesterol-
lowering drugs. Am J Ther. 22: 234-241.

2. Kosmas CE, DeJesus E, Morcelo R,  Garcia F, Montan PD, et al. (2016) 
Lipid-lowering interventions targeting proprotein convertase subtilisin/
kexin type 9 (PCSK9): an emerging chapter in lipid-lowering therapy. 
Drugs Context 6: 212511.

3. Seidah NG, Prat A  (2012) The biology and therapeutic targeting of the 
proprotein convertases. Nat Rev Drug Discov 11: 367-383.

4. Leren TP (2014) Sorting an LDL receptor with bound PCSK9 to 
intracellular degradation. Atherosclerosis. 237: 76-81.

https://www.ncbi.nlm.nih.gov/pubmed/18649882
https://www.ncbi.nlm.nih.gov/pubmed/18649882
https://www.ncbi.nlm.nih.gov/pubmed/17449864
https://www.ncbi.nlm.nih.gov/pubmed/17449864
https://www.ncbi.nlm.nih.gov/pubmed/17449864
https://www.ncbi.nlm.nih.gov/pubmed/24407047
https://www.ncbi.nlm.nih.gov/pubmed/24407047
http://www.enlivenarchive.org/articles/proprotein-convertase-subtilisinkexin-type-9-inhibitors-an-emerging-chapter-in-the-field-of-clinical-lipidology.pdf
http://www.enlivenarchive.org/articles/proprotein-convertase-subtilisinkexin-type-9-inhibitors-an-emerging-chapter-in-the-field-of-clinical-lipidology.pdf
http://www.enlivenarchive.org/articles/proprotein-convertase-subtilisinkexin-type-9-inhibitors-an-emerging-chapter-in-the-field-of-clinical-lipidology.pdf
https://www.ncbi.nlm.nih.gov/pubmed/12730697
https://www.ncbi.nlm.nih.gov/pubmed/12730697
https://www.ncbi.nlm.nih.gov/pubmed/12730697
https://www.ncbi.nlm.nih.gov/pubmed/15099351
https://www.ncbi.nlm.nih.gov/pubmed/15099351
https://www.ncbi.nlm.nih.gov/pubmed/15099351
https://www.ncbi.nlm.nih.gov/pubmed/16554528
https://www.ncbi.nlm.nih.gov/pubmed/16554528
https://www.ncbi.nlm.nih.gov/pubmed/16554528
https://www.ncbi.nlm.nih.gov/pubmed/15178557
https://www.ncbi.nlm.nih.gov/pubmed/15178557
https://www.ncbi.nlm.nih.gov/pubmed/15178557
https://www.ncbi.nlm.nih.gov/pubmed/15178557
https://www.ncbi.nlm.nih.gov/pubmed/15178557
https://www.ncbi.nlm.nih.gov/pubmed/22907332
https://www.ncbi.nlm.nih.gov/pubmed/22907332
https://www.ncbi.nlm.nih.gov/pubmed/22907332
https://www.ncbi.nlm.nih.gov/pubmed/23509227
https://www.ncbi.nlm.nih.gov/pubmed/23509227
https://www.ncbi.nlm.nih.gov/pubmed/23509227
https://www.ncbi.nlm.nih.gov/pubmed/25432394
https://www.ncbi.nlm.nih.gov/pubmed/25432394
https://www.ncbi.nlm.nih.gov/pubmed/25432394
https://www.ncbi.nlm.nih.gov/pubmed/25773607
https://www.ncbi.nlm.nih.gov/pubmed/25773607
https://www.ncbi.nlm.nih.gov/pubmed/25773607
https://www.ncbi.nlm.nih.gov/pubmed/25773607
https://www.ncbi.nlm.nih.gov/pubmed/28304224
https://www.ncbi.nlm.nih.gov/pubmed/28304224
https://www.ncbi.nlm.nih.gov/pubmed/28304224
https://www.ncbi.nlm.nih.gov/pubmed/28304224
https://www.ncbi.nlm.nih.gov/pubmed/25773378
https://www.ncbi.nlm.nih.gov/pubmed/25773378
https://www.ncbi.nlm.nih.gov/pubmed/25773378
https://www.ncbi.nlm.nih.gov/pubmed/25773378
https://www.ncbi.nlm.nih.gov/pubmed/28395555
https://www.ncbi.nlm.nih.gov/pubmed/28395555
https://www.ncbi.nlm.nih.gov/pubmed/28395555
https://www.ncbi.nlm.nih.gov/pubmed/14665679
https://www.ncbi.nlm.nih.gov/pubmed/14665679
https://www.ncbi.nlm.nih.gov/pubmed/14665679
https://www.ncbi.nlm.nih.gov/pubmed/25486520
https://www.ncbi.nlm.nih.gov/pubmed/25486520
https://www.ncbi.nlm.nih.gov/pubmed/29209403
https://www.ncbi.nlm.nih.gov/pubmed/29209403
https://www.ncbi.nlm.nih.gov/pubmed/29209403
https://www.ncbi.nlm.nih.gov/pubmed/29209403
https://www.ncbi.nlm.nih.gov/pubmed/22679642
https://www.ncbi.nlm.nih.gov/pubmed/22679642
https://www.ncbi.nlm.nih.gov/pubmed/25222343
https://www.ncbi.nlm.nih.gov/pubmed/25222343


Enliven Archive | www.enlivenarchive.org

 
 
2017 | Volume 4 | Issue 13

22. Ray KK, Landmesser U, Leiter LA, Kallend D, Dufour R, et al. (2017) 
Inclisiran in patients at high cardiovascular risk with elevated LDL 
cholesterol. N Engl J Med. 376: 1430-1440.

23. Landlinger C, Pouwer MG, Juno C,  van der Hoorn JWA,  Pieterman 
EJ, et al. (2017) The AT04A vaccine against proprotein convertase 
subtilisin/kexin type 9 reduces total cholesterol, vascular inflammation, 
and atherosclerosis in APOE*3Leiden.CETP mice. Eur Heart J. 38: 
2499-2507.

24. Giugliano RP, Sabatine MS.  (2015) Are PCSK9 Inhibitors the Next 
Breakthrough in the Cardiovascular Field? J Am Coll Cardiol.65: 2638-
2651.

Submit your manuscript at
http://enlivenarchive.org/submit-manuscript.php

Apart from providing HTML, PDF versions; we also provide 
video version and deposit the videos in about 15 freely accessible 
social network sites that promote videos which in turn will aid in 

rapid circulation of articles published with us.

New initiative of Enliven Archive

https://www.ncbi.nlm.nih.gov/pubmed/28306389
https://www.ncbi.nlm.nih.gov/pubmed/28306389
https://www.ncbi.nlm.nih.gov/pubmed/28306389
https://www.ncbi.nlm.nih.gov/pubmed/28637178
https://www.ncbi.nlm.nih.gov/pubmed/28637178
https://www.ncbi.nlm.nih.gov/pubmed/28637178
https://www.ncbi.nlm.nih.gov/pubmed/28637178
https://www.ncbi.nlm.nih.gov/pubmed/28637178
https://www.ncbi.nlm.nih.gov/pubmed/26088304
https://www.ncbi.nlm.nih.gov/pubmed/26088304
https://www.ncbi.nlm.nih.gov/pubmed/26088304
http://enlivenarchive.org/submit-manuscript.php

	Corresponding author
	Citation
	Copyright

