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Proprotein convertase subtilisin/kexin type 9 (PCSK9) inhibitors, a new cholesterol-lowering strategy, can decrease low-density lipoprotein cholesterol (LDL-C) levels by inhibiting PCSK9 and reducing the degradation of LDL receptors; thus, they are impacting the management of dyslipidemia to the prevention of cardiovascular events. Recent guidelines recommend PCSK9 inhibitors for patients who fail to achieve target lipids after ezetimibe/statin therapy. As PCSK9 inhibitors have been demonstrated to significantly and safely reduce LDL-C, discussions have begun to explore its optimal timing in coronary artery disease, especially in subjects with acute coronary syndrome (ACS). Also, their additional benefits, such as anti-inflammatory effects, plaque regression effects, and cardiovascular event prevention, have become the focus of recent research. Several studies, including EPIC-STEMI, suggest the lipid-lowering effects of early PCSK9 inhibitors in ACS patients, while some studies such as PACMAN-AMI suggest that early PCSK9 inhibitors can decelerate plaque progression and reduce short-term risks of cardiovascular events. Thus, PCSK9 inhibitors are entering the era of early implementation. In this review, we are committed to summarizing the multidimensional benefits of early implementation of PCSK9 inhibitors in ACS.
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section-at-acceptanceLipids in Cardiovascular Disease

Introduction

With the progress of medical technology, the prognosis of patients with coronary heart disease, the leading cause of death in humans today, has been improved, while there is scope to optimize strategies for preventing and treating coronary heart disease (1, 2). Hyperlipidemia, especially lower-density lipoprotein cholesterol (LDL-C), is one of the major risk factors for atherosclerotic cardiovascular disease (ASCVD) (3). Total LDL-C exposure is positively correlated with the incidence of clinical events, and the risk of cardiovascular events is reduced by approximately 22% for every 1 mmol/l decrease in LDL-C (4, 5).

Proprotein convertase subtilisin/kexin type 9 (PCSK9) inhibitors are now important lipid-lowering drugs in addition to the classic lipid-lowering drugs statins and ezetimibe since they can reduce the degradation of LDL receptors and increase the clearance of LDL-C (6–8). Currently, PCSK9 monoclonal antibodies (PCSK9-mAbs), including evolocumab (Amgen) and alirocumab (Sanofi), are the most commonly used PCSK9 inhibitors in clinical practice.

In addition to lowing LDL-C, PCSK9 inhibitors also decrease other lipid levels such as apolipoprotein (apo) B, lipoprotein(a) [Lp(a)], and non-high-density lipoprotein cholesterol (non-HDL-C), stabilize the plaque, inhibit inflammation and reduce the risk of cardiovascular events (9–11). Based on the above multi-dimensional therapeutic effect, several clinical studies have shown that the implementation of PCSK9 inhibitors greatly reduces lipid levels and the occurrence of cardiovascular adverse events in patients with coronary heart disease (10, 12). Besides, recent studies suggest that early implementation of PCSK9 inhibitors also have significant benefits of lipid lowing and plaque regression in ACS patients (13–15). Therefore, the timing of PCSK9 inhibitors for ACS advancing from the failure to achieve LDL-C goal after 4–6 weeks recommended by recent guidelines to “pre or post PCI implementation” (16). PCSK9 inhibitors are now entering the era of early implementation. Herein, we reviewed the role of early application of PCSK9 inhibitors in patients with coronary heart disease, especially those with ACS, by summarizing clinical trials and meta-analyses in recent years. These sufficient evidences provide theoretical basis for clinical practice of early implementation of PCSK9 inhibitors in ACS.



Methods

The keywords “PCSK9 inhibitors”, “PCSK9 mAbs”, “evolocumab” and “alirocumab” were used to search for literature on databases including PubMed, Web of Science, Google Scholar and ClinicalTrial.gov. The trials of early initiation of PCSK9 inhibitors in ACS were included in this study. In addition, some of the recent studies have been accessed through academic conferences.



Lipid-lowering effect of PCSK9 inhibitors and early implementation

LDL-C reduction is the most significant benefits of PCSK9 inhibitors (Figure 1). Numerous studies, including the Odyssey Outcomes study (n = 18,924) and the Fourier study (n = 27,564), show that in patients receiving statins therapy, PCSK9 inhibitors resulted in an approximately 50%–63% reduction in LDL-C (17–19). In addition, a meta-analysis by Yi-Ting Huang et al. (n = 42,786) revealed that PCSK9 inhibitors reduced LDL-C by 68.05%, apo B by 54.95%, and Lp(a) by 34.25% (20). Zhang Yue et al. conducted a meta-analysis included 14 studies (n = 52,586) to show that PCSK9 inhibitors significantly reduced LDL-C, total cholesterol, triglyceride, Lp(a), non-HDL-C and apo B and increased HDL-C and apoA1 levels (21). Another meta-analysis by Farmakis et al. (n = 64,107) showed that PCSK9 inhibitors reduced Lp(a) levels by 26.7% and reduced LDL-C by 54% (22). Beyond its powerful lipid-lowering effects, PCSK9 inhibitors has a rapid onset of action to reduce circulating PCSK9 levels by approximately 97% within 24 h of implementation. Meanwhile, most patients achieved low LDL-C levels within the first or second month of dosing, which provides a theoretical basis for the early implementation of PCSK9 inhibitors (23–25).
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FIGURE 1
Benefits and potential benefits of early PCSK9 inhibitors in ACS.


EVOPACS was a randomized, double-blind, placebo-controlled multicenter clinical study that involved 308 patients [evolocumab (n = 155) or placebo (n = 153)] with new-onset ACS who did not meet or were not expected to achieve lipid goals and was first to demonstrate the lipid-lowering effectiveness of early PCSK9 inhibitors in patients with ACS (14). In addition to statin treatment, the trial group was given evolocumab (420 mg monthly) as early as possible (within ≤24 h) following randomization, while the matching placebo was given to the control group (14). The mean LDL-C level reduced from 3.61 mmol/l to 0.79 mmol/l in the trial group and from 3.42 mmol/l to 2.06 mmol/l in the placebo group after eight weeks. Furthermore, the total cholesterol level decreased by 26.5%, apolipoprotein B by 34.2%, and non-HDL-C by 34.6% after eight weeks in the trial group compared to the placebo group (14).

EPIC-STEMI (n = 68) was a randomized, double-blind, placebo-controlled clinical study of ST-segment elevation myocardial infarction (STEMI) patients without baseline LDL or statin use routinely assessed and undergoing immediate PCI (26). The PCSK9 inhibitors significantly reduced lipid levels in the trial group (alirocumab 150 mg bi-weekly) compared to the control group, indicating that early PCSK9 inhibitors effectively reduce LDL-C levels regardless of baseline LDL-C levels and basic statin therapy (26).

The EVACS series of studies involved 100 subjects with ACS (27, 28). The EVACS I study included 57 NSTEMI patients receiving high-intensity statin therapy who were treated with PCSK9 inhibitors within 24 h (the test group).The participants in the test group had significantly decreased LDL-C levels on the first day (from 91.5 ± 35 mg/dl to 70.4 ± 27 mg/dl), further reducing by 28.6 mg/dl after 30 days compared to the control group. Furthermore, another observational study involved patients from EVACS I and EVACS II found that the Lp(a) levels in 74 of these acute myocardial infarction (AMI) patients were elevated in the placebo group compared to baseline, suggesting that PCSK9 inhibitors may inhibit the production of Lp(a) during AMI onset (27, 28).

VCU-AlirocRT involved 20 patients with new-onset non-STEMI (NSTEMI) who were receiving high-intensity statin therapy randomized into two groups (n = 20) within 24 h of presentation, with one injection of alirocumab 150 mg in the test group and the matching placebo in the control group (29). Alirocumab treatment significantly reduced LDL-C from baseline to 14 days by 64 mg/dl (−96, −47) compared to placebo [+1 mg/dl, (−25, + 16)] (29).

Taken together, these results suggest that early PCSK9 inhibitors can rapidly reduce lipid levels, implying that patients with ACS can benefit from and achieve low lipid levels with early PCSK9 inhibitor treatment (Figure 1, Table 1).


TABLE 1 Studies that have evaluated the effects of PCSK9-mAbs.
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Early PCSK9 inhibitors and inflammatory indicators

Inflammation plays a key role in the development and progression of ACS, while anti-inflammatory therapy remains controversial (38). PCSK9, as a trigger for the expression of pro-inflammatory cytokines, is significantly elevated during ACS (23, 39). Several studies found that it was positively associated with the risk of cardiovascular events, which may be related to multiple mechanisms, such as inflammatory cascade activation and additional platelet release and aggregation (40–42). Early PCSK9 inhibitor treatment can potentially inhibit PCSK9-related inflammatory effects in patients with ACS. Accordingly, some studies have analyzed data on inflammatory indicators of PCSK9 inhibitors for ACS to explore their anti-inflammatory benefits (Table 1).

EVOPACS analyzed inflammatory indicators such as high sensitivity C- reactive protein (hs-CRP), Interleukin (IL-) 1β, and IL-6 showing no difference at week 4 between groups, suggesting that early PCSK9 inhibitor treatment may not significantly reduce inflammatory indicators (14). Furthermore, meta-analyses by Ye-Xuan Cao et al. (n = 4,198), Amirhossein Sahebkar et al. (n = 87,669) and Wenjia Yang et al. (n = 2,546) suggested that PCSK9 inhibitors did not significantly reduce hs-CRP levels in the short term, regardless of the type of PCSK9 inhibitor or the frequency of dosing (30–32).

Although previous animal models have confirmed that PCSK9 might exert inflammatory effects, PCSK9 inhibitors have failed to significantly reduce circulating systemic markers such as hs-CRP, interleukin and TNF-α in ACS patients based on this evidence (43–47). Considering that part of the beneficial influence of PCSK9 inhibitors is related to their ability to attenuate low-grade systemic inflammation, implementation of PCSK9 inhibitors in ACS patients may fail to inhibit high-grade inflammatory cascade responses, which may account for this phenomenon (48, 49). Further exploration of the anti-inflammatory mechanisms of PCSK9 inhibitors is required.



Early PCSK9 inhibitors and coronary imaging changes

The effects of PCSK9 inhibitors on plaques have been the focus in the context of the widespread use of lipid-lowering therapy in coronary artery disease. The GLAGOV study (n = 968) suggested that PCSK9 inhibitors could promote regression in plaque composition (33, 50). Studies are underway to determine the effects of the early implementation of PCSK9 inhibitors on plaque, blood flow, vascular inflammation, and other relevant imaging features in patients with ACS (13, 15, 34, 35, 51).

PACMAN-AMI was a multicenter, double-blind, placebo-controlled, randomized trial involving 300 AMI patients with the basic treatment of high intensity statins who initiated PCSK9 inhibitors less than 24 h after an urgent PCI of the culprit lesion (15, 51). The plaque condition was assessed by imaging techniques such as IVUS, OCT, and near-infrared spectroscopy showing that at 52 weeks, the mean change in the percentage of atherosclerotic volume was −2.13% in the alirocumab group and −0.92% in the placebo group [difference −1.21% (95% CI, −1.78% to −0.65%)], and the maximum lipid core burden index within 4 mm decreased by 79.42 in the alirocumab group and by 37.60 in the placebo group [difference 41.24 (95% CI, −70.71 to −11.77)], while the mean change in the minimum fibrous cap thickness was 62.67 μm in the alirocumab group and 33.19 μm in the placebo group [difference 29.65 μm (95% CI, 11.75–47.55)] (15, 51). These results suggest that early PCSK9 inhibitors in AMI patients stabilizes coronary plaques and reduces the intraplaque lipid load.

HUYGENS was a phase 3, multicenter, double-blind, randomized controlled study that enrolled 150 patients with non-ST-segment elevation ACS who were randomized 1:1 to the trial group (evolocumab 420 mg administered by subcutaneous injection monthly for 48 weeks) and the control group (matching placebo) after PCI (34). The primary study endpoint was the minimum fibrous cap thickness measured by OCT at 50 weeks, with a greater increase in the evolocumab group (+42.7 vs.+ 21.5 μm). Furthermore, there was a decrease in the maximum lipid arc (−57.5° vs. −31.4°) and macrophage index (−3.17 vs. −1.45 mm) in the trial group, indicating that early PCSK9 inhibitor treatment in ACS patients is beneficial for plaque stabilization and regression (34).

Another study by Wang Zhe et al. involved 65 STEMI patients, and divided them into the test group (loading dose of statins combined with PCSK9 inhibitors, 35 patients) and the control group (loading dose of statins only, 30 patients) (35). The corrected TIMI frame count (CTFC) index was significantly lower in the test group immediately after PCI and 30 days after PCI, while the TIMI myocardial perfusion grading (TMPG) index was higher than in the control group (35). However, the treatment did not decrease the incidence of cardiovascular death, non-fatal myocardial infarction, or target vessel revascularization (35).

The available findings suggest that PCSK9 inhibitors have beneficial effects on improving plaque volume and stability, as well as reducing lipid load, providing new evidence for implementing PCSK9 inhibitors during ACS (Figure 1). It is anticipated that ongoing studies such as INTENSITY-HIGH (n = 60), ANTARES (n = 30), ASAP-SVG (NCT03542110), MICROPROTECT (NCT04338165), YELLOW III (NCT04710368), etc., will provide further evidence (52–54).



Research advances in clinical events of PCSK9 inhibitors

The main findings of ODYSSEY OUTCOMES and FOURIER were that PCSK9 inhibitors could reduce the risk of long-term cardiovascular events (ODYSSEY OUTCOMES ([9.5%] vs. [11.1%]; HR 0.85; 95% CI, 0.78 to 0.93) and FOURIER ([9.8%] vs. [11.3%]; HR 0.85; 95% CI, 0.79 to 0.92) (17, 18). Considering that PCSK9 levels increase significantly in the early stages after ACS, early PCSK9 inhibitor treatment is expected to reduce the short-term risk of cardiovascular events in ACS patients (Figure 1).

FOURIER-OLE involved 6,635 patients derived from the parent study FOURIER randomized 1:1 to the test group (subcutaneous injection of evolocumab 140 mg every two weeks or 420 mg every month) and the control group (matching placebo) (36). After a median follow-up of 5 years and a maximum follow-up of 8.4 years, the risk of cardiovascular death, myocardial infarction, stroke, and hospitalization for unstable angina or coronary revascularization was reduced by 15% (HR 0.85 [95% CI 0.75–0.96]) in the test group, with a 20% reduction in the risk of cardiovascular death, myocardial infarction, or stroke [HR 0.80 (0.68–0.93)] and 23% reduction in the independent risk of death [HR 0.77 (0.60–0.99)], and the benefit was greater in the first three years. FOURIER-OLE further demonstrates the beneficial effects and favorable safety profile of PCSK9 inhibitors in preventing the risk of cardiovascular events and recommends early implementation of PCSK9 inhibitors based on the benefit curve.

A randomized controlled study by Yan Hao et al. involved 136 ACS patients who were stratified as very high-risk for lipid management (37). The primary endpoint was major adverse cardiovascular events (MACE) at three months, and early PCSK9 inhibitor treatment after PCI in ACS patients resulted in a significant decrease in MACE at three months (8.82% vs. 24.59%).

PCSK9 plays an important physiological role in metabolism, and low lipid levels are considered a risk factor for hemorrhagic stroke, therefore, the safety of PCSK9 inhibitors was previously controversial (55, 56). Classical clinical trials, including the Odyssey outcomes, Fourier, Ebbinghaus and Descartes results, suggested that PCSK9 inhibitors may only lead to an increased risk of injection-site reactions, while not suggesting that PCSK9 inhibitors may cause other adverse events such as diabetes and neurocognitive dysfunction (17, 18, 57, 58). Recent studies including EVOPACS, EPIC-STEMI and PACMAN-AMI, suggest that PCSK9 inhibitors does not significantly increase the risk of multiple adverse events in ACS patients (14, 15, 26, 34). Furthermore, several meta-analyses conducted by Qiwen Chen et al. (n = 65,957), Hangying Ying et al. (n = 128,691) and Hirsh R B et al. (n = 59,733) suggest that PCSK9 inhibitors and low LDL-C levels do not increase the additional risk of neurocognitive adverse events and new onset diabetes (59–61).

The available evidence suggests that early PCSK9 inhibitor treatment may have potential benefits in short-term events prevention, while the risks of adverse events are in line with expectations. More evidence is urgently needed, and more attention should be paid to the sample size and baseline control of relevant studies, as many factors may contribute to adverse events in the acute phase of ACS.



Discussion

PCSK9 inhibitors are the most potent lipid-lowering therapies available, and they have been used for several years as an adjunct to lipid management in patients with coronary artery disease. New evidence on the multidimensional benefits, timing of use, and appropriate population of PCSK9 inhibitors has been added from recent studies. Current guidelines recommend PCSK9 inhibitors in patients whose LDL-C goals are not achieved after 4–6 weeks (Figure 2) (16, 62). New evidence of on the multidimensional benefits, timing of use, and appropriate population of PCSK9 inhibitors has been added from recent clinical studies.
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FIGURE 2
Recent recommendations and new evidence on the timing of PCSK9 inhibitor initiation (New evidence: A: alirocumab; E: evolocumab).


Application of PCSK9 inhibitors within 4 weeks of the presentation of typical ACS symptoms is considered early implementation. In the phase of ACS, elevated PCSK9 may lead to a diminished effect of LDL-R and increased LDL-C levels while promoting inflammatory responses and plaque progression. Based on the above mechanism, early PCSK9 inhibitors treatment has been implemented as an aggressive therapy in ACS patients, and could significantly lower lipid in the treatment group regardless of LDL-C levels (26).

A number of clinical trials, including EVOPACS, have demonstrated the efficacy of early PCSK9 inhibitors. The EPIC-STEMI trial implemented a protocol for preoperative application of PCSK9 inhibitors that not only provided evidence for earlier initiation of PCSK9 inhibitors, but also explored the feasibility of a study design using non-fasting lipids as baseline lipids. In contrast to the current research on the inflammatory mechanisms of PCSK9, although plasma PCSK9 levels are significantly elevated during ACS, studies covered in this reviews suggest that early implementation of PCSK9 inhibitors does not reduce circulating markers of inflammation. However, there is evidence, e.g., from ALTAIR (n = 24), that long-term application of PCSK9 inhibitors may lead to a reduction in macrophage grade (63). Further research advances on the inflammatory benefits of PCSK9, such as new inflammatory markers associated with PCSK9, are expected to guide subsequent clinical trials and clarify the potential anti-inflammatory benefits of early PCSK9 inhibitors. Studies also suggest that early implementation of PCSK9 inhibitors may be associated with intraplaque inflammation, coronary plaque regression and increases in TMPG levels. These studies illustrate the benefits of early PCSK9 inhibition in terms of plaque regression and hemodynamic stabilization. Yan Hao et al. showed a significant reduction in MACE events in patients treated with early PCSK9 inhibitors, which has not been shown in other studies (37). This indicates that early PCSK9 inhibitors may provide a clear but modest theoretical benefit in reducing short-term cardiovascular risk. In addition, some studies have also suggested that early PCSK9 inhibitors may lead to several mild adverse effects such as injection-site reactions (17, 18, 64).

There are two dimensions taken by most recent studies. The first dimension is about the beneficial effects of early PCSK9 inhibitors independent of the lipid-lowering effects, such as coronary plaque and blood flow improvement presented on general coronary angiography and optical coherence tomography (OCT). Such studies provide evidence of clinical benefits on multiple dimensions of PCSK9 inhibitors, but the small sample sizes are a major limitation due to the higher demand for imaging data and the difficult acceptance of frequent coronary angiograms and other imaging examinations. The second dimension relates to the optimal timing of PCSK9 inhibitors. Even though there is emerging evidence to support the early implementation of PCSK9 inhibitors, the optimal timing of their initiation in patients with different clinical characteristics remains unclear. Considering the urgent treatment process, conducting clinical trials on the use of PCSK9 inhibitors before PCI in ACS remains challenging.

Overall, the efficacy and safety of early PCSK9 inhibitors have been supported by increasing evidence and their limited drawbacks should not be overly considered, and we therefore believe that the establishment of better lipid management strategies for patients with ACS is essential. It is foreseeable that as time advances and guidelines are updated, early PCSK9 inhibitor treatment is likely to be widely adopted in the future as a basic therapy for lipid management in patients with ACS.



Conclusion

The current evidence has demonstrated the benefits of early PCSK9 inhibitors in lipid reduction, plaque stabilization, and short-term or long-term cardiovascular event prevention. Furthermore, most adverse effects resulting from early PCSK9 inhibitors are mild and manageable, consistent with long-term follow-up results. However, further evidence is needed to support the anti-inflammatory effects and cardiovascular events prevention benefits of early PCSK9 inhibitors.



Author contributions

HC: wrote the first draft of the manuscript. HC and XC: wrote sections of the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This review was supported by the Key Technology R&D Program of Ningbo (2022Z149) and the Key Laboratory of Precision Medicine for Atherosclerotic Diseases of Zhejiang Province (2022E10026).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

1. Ralapanawa U, Sivakanesan R. Epidemiology and the magnitude of coronary artery disease and acute coronary syndrome: a narrative review. J Epidemiol Glob Health. (2021) 11(2):169–77. doi: 10.2991/jegh.k.201217.001

2. Roth GA, Mensah GA, Johnson CO, Addolorato G, Ammirati E, Baddour LM, 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. doi: 10.1016/j.jacc.2020.11.010

3. Ference BA, Ginsberg HN, Graham I, Ray KK, Packard CJ, Bruckert E, et al. Low-density lipoproteins cause atherosclerotic cardiovascular disease. 1. Evidence from genetic, epidemiologic, and clinical studies. A consensus statement from the European atherosclerosis society consensus panel. Eur Heart J. (2017) 38(32):2459–72. doi: 10.1093/eurheartj/ehx144

4. Kobiyama K, Ley K. Atherosclerosis. Circ Res. (2018) 123(10):1118–20. doi: 10.1161/circresaha.118.313816

5. Koskinas KC, Siontis GCM, Piccolo R, Mavridis D, Räber L, Mach F, et al. Effect of statins and non-statin LDL-lowering medications on cardiovascular outcomes in secondary prevention: a meta-analysis of randomized trials. Eur Heart J. (2018) 39(14):1172–80. doi: 10.1093/eurheartj/ehx566

6. Lambert G, Sjouke B, Choque B, Kastelein JJ, Hovingh GK. The PCSK9 decade. J Lipid Res. (2012) 53(12):2515–24. doi: 10.1194/jlr.R026658

7. Urban D, Pöss J, Böhm M, Laufs U. Targeting the proprotein convertase subtilisin/kexin type 9 for the treatment of dyslipidemia and atherosclerosis. J Am Coll Cardiol. (2013) 62(16):1401–8. doi: 10.1016/j.jacc.2013.07.056

8. Vogel RA. PCSK9 Inhibition: the next statin?. J Am Coll Cardiol. (2012) 59(25):2354–5. doi: 10.1016/j.jacc.2012.03.011

9. Pasta A, Cremonini AL, Pisciotta L, Buscaglia A, Porto I, Barra F, et al. PCSK9 Inhibitors for treating hypercholesterolemia. Expert Opin Pharmacother. (2020) 21(3):353–63. doi: 10.1080/14656566.2019.1702970

10. Rosenson RS, Hegele RA, Fazio S, Cannon CP. The evolving future of PCSK9 inhibitors. J Am Coll Cardiol. (2018) 72(3):314–29. doi: 10.1016/j.jacc.2018.04.054

11. Steffens D, Bramlage P, Scheeff C, Kasner M, Hassanein A, Friebel J, et al. PCSK9 Inhibitors and cardiovascular outcomes. Expert Opin Biol Ther. (2020) 20(1):35–47. doi: 10.1080/14712598.2020.1677604

12. Sabatine MS. PCSK9 Inhibitors: clinical evidence and implementation. Nat Rev Cardiol. (2019) 16(3):155–65. doi: 10.1038/s41569-018-0107-8

13. Iannuzzo G, Gentile M, Bresciani A, Mallardo V, Di Lorenzo A, Merone P, et al. Inhibitors of protein convertase subtilisin/kexin 9 (PCSK9) and acute coronary syndrome (ACS): the state-of-the-art. J Clin Med. (2021) 10(7):1510. doi: 10.3390/jcm10071510

14. Koskinas KC, Windecker S, Pedrazzini G, Mueller C, Cook S, Matter CM, et al. Evolocumab for early reduction of LDL cholesterol levels in patients with acute coronary syndromes (EVOPACS). J Am Coll Cardiol. (2019) 74(20):2452–62. doi: 10.1016/j.jacc.2019.08.010

15. Räber L, Ueki Y, Otsuka T, Losdat S, Häner JD, Lonborg J, et al. Effect of alirocumab added to high-intensity statin therapy on coronary atherosclerosis in patients with acute myocardial infarction: the PACMAN-AMI randomized clinical trial. JAMA. (2022) 327(18):1771–81. doi: 10.1001/jama.2022.5218

16. Mach F, Baigent C, Catapano AL, Koskinas KC, Casula M, Badimon L, et al. 2019 ESC/EAS guidelines for the management of dyslipidaemias: lipid modification to reduce cardiovascular risk. Eur Heart J. (2020) 41(1):111–88. doi: 10.1093/eurheartj/ehz455

17. Sabatine MS, Giugliano RP, Keech AC, Honarpour N, Wiviott SD, Murphy SA, et al. Evolocumab and clinical outcomes in patients with cardiovascular disease. N Engl J Med. (2017) 376(18):1713–22. doi: 10.1056/NEJMoa1615664

18. Schwartz GG, Steg PG, Szarek M, Bhatt DL, Bittner VA, Diaz R, et al. Alirocumab and cardiovascular outcomes after acute coronary syndrome. N Engl J Med. (2018) 379(22):2097–107. doi: 10.1056/NEJMoa1801174

19. Schmidt AF, Carter JL, Pearce LS, Wilkins JT, Overington JP, Hingorani AD, et al. PCSK9 Monoclonal antibodies for the primary and secondary prevention of cardiovascular disease. Cochrane Database Syst Rev. (2020) 10(10):Cd011748. doi: 10.1002/14651858.CD011748.pub3

20. Huang YT, Ho LT, Hsu HY, Tu YK, Chien KL. Efficacy and safety of proprotein convertase subtilisin/kexin type 9 inhibitors as adjuvant treatments for patients with hypercholesterolemia treated with statin: a systematic review and network meta-analysis. Front Pharmacol. (2022) 13:832614. doi: 10.3389/fphar.2022.832614

21. Zhang Y, Suo Y, Yang L, Zhang X, Yu Q, Zeng M, et al. Effect of PCSK9 inhibitor on blood lipid levels in patients with high and very-high CVD risk: a systematic review and meta-analysis. Cardiol Res Pract. (2022) 2022:8729003. doi: 10.1155/2022/8729003

22. Farmakis I, Doundoulakis I, Pagiantza A, Zafeiropoulos S, Antza C, Karvounis H, et al. Lipoprotein(a) reduction with proprotein convertase subtilisin/kexin type 9 inhibitors: a systematic review and meta-analysis. J Cardiovasc Pharmacol. (2021) 77(3):397–407. doi: 10.1097/fjc.0000000000000963

23. Cariou B, Guérin P, Le May C, Letocart V, Arnaud L, Guyomarch B, et al. Circulating PCSK9 levels in acute coronary syndrome: results from the PC-SCA-9 prospective study. Diabetes Metab. (2017) 43(6):529–35. doi: 10.1016/j.diabet.2017.07.009

24. Ferri N, Ruscica M, Lupo MG, Vicenzi M, Sirtori CR, Corsini A. Pharmacological rationale for the very early treatment of acute coronary syndrome with monoclonal antibodies anti-PCSK9. Pharmacol Res. (2022) 184:106439. doi: 10.1016/j.phrs.2022.106439

25. Gencer B, Montecucco F, Nanchen D, Carbone F, Klingenberg R, Vuilleumier N, et al. Prognostic value of PCSK9 levels in patients with acute coronary syndromes. Eur Heart J. (2016) 37(6):546–53. doi: 10.1093/eurheartj/ehv637

26. Mehta SR, Pare G, Lonn EM, Jolly SS, Natarajan MK, Pinilla-Echeverri N, et al. Effects of routine early treatment with PCSK9 inhibitors in patients undergoing primary percutaneous coronary intervention for ST-segment elevation myocardial infarction: a randomised, double-blind, sham-controlled trial. EuroIntervention. (2022) 18(11): e888–e96. doi: 10.4244/eij-d-22-00735

27. Leucker TM, Blaha MJ, Jones SR, Vavuranakis MA, Williams MS, Lai H, et al. Effect of evolocumab on atherogenic lipoproteins during the peri- and early postinfarction period: a placebo-controlled, randomized trial. Circulation. (2020) 142(4):419–21. doi: 10.1161/circulationaha.120.046320

28. Vavuranakis MA, Jones SR, Ziogos E, Blaha MJ, Williams MS, Foran P, et al. The trajectory of lipoprotein(a) during the peri- and early postinfarction period and the impact of proprotein convertase subtilisin/kexin type 9 inhibition. Am J Cardiol. (2022) 171:1–6. doi: 10.1016/j.amjcard.2022.01.058

29. Trankle CR, Wohlford G, Buckley LF, Kadariya D, Ravindra K, Markley R, et al. Alirocumab in acute myocardial infarction: results from the Virginia commonwealth university alirocumab response trial (VCU-AlirocRT). J Cardiovasc Pharmacol. (2019) 74(3):266–9. doi: 10.1097/fjc.0000000000000706

30. Cao YX, Li S, Liu HH, Li JJ. Impact of PCSK9 monoclonal antibodies on circulating hs-CRP levels: a systematic review and meta-analysis of randomised controlled trials. BMJ Open. (2018) 8(9):e022348. doi: 10.1136/bmjopen-2018-022348

31. Sahebkar A, Di Giosia P, Stamerra CA, Grassi D, Pedone C, Ferretti G, et al. Effect of monoclonal antibodies to PCSK9 on high-sensitivity C-reactive protein levels: a meta-analysis of 16 randomized controlled treatment arms. Br J Clin Pharmacol. (2016) 81(6):1175–90. doi: 10.1111/bcp.12905

32. Yang W, Cai X, Lin C, Lv F, Zhu X, Han X, et al. Reduction of C-reactive protein, low-density lipoprotein cholesterol, and its relationship with cardiovascular events of different lipid-lowering therapies: a systematic review and meta-analysis of randomized controlled trials. Medicine. (2022) 101(37):e30563. doi: 10.1097/md.0000000000030563

33. Nicholls SJ, Puri R, Anderson T, Ballantyne CM, Cho L, Kastelein JJ, et al. Effect of evolocumab on progression of coronary disease in statin-treated patients: the GLAGOV randomized clinical trial. JAMA. (2016) 316(22):2373–84. doi: 10.1001/jama.2016.16951

34. Nicholls SJ, Kataoka Y, Nissen SE, Prati F, Windecker S, Puri R, et al. Effect of evolocumab on coronary plaque phenotype and burden in statin-treated patients following myocardial infarction. JACC Cardiovasc Imaging. (2022) 15(7):1308–21. doi: 10.1016/j.jcmg.2022.03.002

35. Wang Z, Bao Q, Song X, Song H, Wei S, Lv J, et al. Effects of loading-dose statins combined with PCSK9 inhibitor Pre-treatment before primary percutaneous coronary intervention on the short-term prognosis in patients with ST-segment elevation myocardial infarction. Cardiovasc Innovations Appl. (2022) 7(3):8–15. doi: 10.15212/cvia.2022.0011

36. O'Donoghue ML, Giugliano RP, Wiviott SD, Atar D, Keech A, Kuder JF, et al. Long-term evolocumab in patients with established atherosclerotic cardiovascular disease. Circulation. (2022) 146(15):1109–19. doi: 10.1161/circulationaha.122.061620

37. Hao Y, Yang YL, Wang YC, Li J. Effect of the early application of evolocumab on blood lipid profile and cardiovascular prognosis in patients with extremely high-risk acute coronary syndrome. Int Heart J. (2022) 63(4):669–77. doi: 10.1536/ihj.22-052

38. Björkegren JLM, Lusis AJ. Atherosclerosis: recent developments. Cell. (2022) 185(10):1630–45. doi: 10.1016/j.cell.2022.04.004

39. Wu NQ, Shi HW, Li JJ. Proprotein convertase subtilisin/kexin type 9 and inflammation: an updated review. Front Cardiovasc Med. (2022) 9:763516. doi: 10.3389/fcvm.2022.763516

40. Liu J, Fan F, Luo X, Ji W, Liu Y, Zhang Y, et al. Association between circulating proprotein convertase subtilisin/kexin type 9 concentrations and cardiovascular events in cardiovascular disease: a systemic review and meta-analysis. Front Cardiovasc Med. (2021) 8:758956. doi: 10.3389/fcvm.2021.758956

41. Ugovšek S, Šebeštjen M. Non-lipid effects of PCSK9 monoclonal antibodies on vessel wall. J Clin Med. (2022) 11(13):3625. doi: 10.3390/jcm11133625

42. Ruscica M, Tokgözoğlu L, Corsini A, Sirtori CR. PCSK9 Inhibition and inflammation: a narrative review. Atherosclerosis. (2019) 288:146–55. doi: 10.1016/j.atherosclerosis.2019.07.015

43. Kühnast S, van der Hoorn JW, Pieterman EJ, van den Hoek AM, Sasiela WJ, Gusarova V, et al. Alirocumab inhibits atherosclerosis, improves the plaque morphology, and enhances the effects of a statin. J Lipid Res. (2014) 55(10):2103–12. doi: 10.1194/jlr.M051326

44. Landlinger C, Pouwer MG, Juno C, van der Hoorn JWA, Pieterman EJ, Jukema JW, et al. 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. (2017) 38(32):2499–507. doi: 10.1093/eurheartj/ehx260

45. Li DY, Chen HJ, Staples ED, Ozaki K, Annex B, Singh BK, et al. Oxidized low-density lipoprotein receptor LOX-1 and apoptosis in human atherosclerotic lesions. J Cardiovasc Pharmacol Ther. (2002) 7(3):147–53. doi: 10.1177/107424840200700304

46. Tang Z, Jiang L, Peng J, Ren Z, Wei D, Wu C, et al. PCSK9 siRNA suppresses the inflammatory response induced by oxLDL through inhibition of NF-κB activation in THP-1-derived macrophages. Int J Mol Med. (2012) 30(4):931–8. doi: 10.3892/ijmm.2012.1072

47. Walley KR, Thain KR, Russell JA, Reilly MP, Meyer NJ, Ferguson JF, et al. PCSK9 Is a critical regulator of the innate immune response and septic shock outcome. Sci Transl Med. (2014) 6(258):258ra143. doi: 10.1126/scitranslmed.3008782

48. Hoogeveen RM, Opstal TSJ, Kaiser Y, Stiekema LCA, Kroon J, Knol RJJ, et al. PCSK9 Antibody alirocumab attenuates arterial wall inflammation without changes in circulating inflammatory markers. JACC Cardiovasc Imaging. (2019) 12(12):2571–3. doi: 10.1016/j.jcmg.2019.06.022

49. Momtazi-Borojeni AA, Sabouri-Rad S, Gotto AM, Pirro M, Banach M, Awan Z, et al. PCSK9 And inflammation: a review of experimental and clinical evidence. Eur Heart J Cardiovasc Pharmacother. (2019) 5(4):237–45. doi: 10.1093/ehjcvp/pvz022

50. Puri R, Nissen SE, Somaratne R, Cho L, Kastelein JJ, Ballantyne CM, et al. Impact of PCSK9 inhibition on coronary atheroma progression: rationale and design of global assessment of plaque regression with a PCSK9 antibody as measured by intravascular ultrasound (GLAGOV). Am Heart J. (2016) 176:83–92. doi: 10.1016/j.ahj.2016.01.019

51. Zanchin C, Koskinas KC, Ueki Y, Losdat S, Häner JD, Bär S, et al. Effects of the PCSK9 antibody alirocumab on coronary atherosclerosis in patients with acute myocardial infarction: a serial, multivessel, intravascular ultrasound, near-infrared spectroscopy and optical coherence tomography imaging study-rationale and design of the PACMAN-AMI trial. Am Heart J. (2021) 238:33–44. doi: 10.1016/j.ahj.2021.04.006

52. Cacciottolo PJ, Kostapanos MS, Hernan Sancho E, Pavey H, Kaloyirou F, Vamvaka E, et al. Investigating the lowest threshold of vascular benefits from LDL cholesterol lowering with a PCSK9 mAb inhibitor (alirocumab) in patients with stable cardiovascular disease (INTENSITY-HIGH): protocol and study rationale for a randomised, open label, parallel group, mechanistic study. BMJ Open. (2021) 11(4):e037457. doi: 10.1136/bmjopen-2020-037457

53. Otake H, Sugizaki Y, Toba T, Nagano Y, Tsukiyama Y, Yanaka KI, et al. Efficacy of alirocumab for reducing plaque vulnerability: study protocol for ALTAIR, a randomized controlled trial in Japanese patients with coronary artery disease receiving rosuvastatin. J Cardiol. (2019) 73(3):228–32. doi: 10.1016/j.jjcc.2018.11.012

54. Otake H, Tanimura K, Sugizaki Y, Toba T, Kawamori H, Shinke T, et al. Effect of alirocumab and rosuvastatin or rosuvastatin alone on lipid core plaque in coronary artery disease seen on near-infrared spectroscopy intravascular ultrasound (ANTARES). Circ Rep. (2019) 1(2):107–11. doi: 10.1253/circrep.CJ-18-0021

55. Melendez QM, Krishnaji ST, Wooten CJ, Lopez D. Hypercholesterolemia: the role of PCSK9. Arch Biochem Biophys. (2017) 625-626:39–53. doi: 10.1016/j.abb.2017.06.001

56. Momtazi AA, Banach M, Pirro M, Stein EA, Sahebkar A. PCSK9 And diabetes: is there a link?. Drug Discov Today. (2017) 22(6):883–95. doi: 10.1016/j.drudis.2017.01.006

57. Giugliano RP, Mach F, Zavitz K, Kurtz C, Im K, Kanevsky E, et al. Cognitive function in a randomized trial of evolocumab. N Engl J Med. (2017) 377(7):633–43. doi: 10.1056/NEJMoa1701131

58. Blom DJ, Koren MJ, Roth E, Monsalvo ML, Djedjos CS, Nelson P, et al. Evaluation of the efficacy, safety and glycaemic effects of evolocumab (AMG 145) in hypercholesterolaemic patients stratified by glycaemic status and metabolic syndrome. Diabetes Obes Metab. (2017) 19(1):98–107. doi: 10.1111/dom.12788

59. Hirsh Raccah B, Yanovsky A, Treves N, Rotshild V, Renoux C, Danenberg H, et al. Proprotein convertase subtilisin/kexin type 9 (PCSK9) inhibitors and the risk for neurocognitive adverse events: a systematic review, meta-analysis and meta-regression. Int J Cardiol. (2021) 335:7–14. doi: 10.1016/j.ijcard.2021.04.025

60. Ying H, Wang J, Shen Z, Wang M, Zhou B. Impact of lowering low-density lipoprotein cholesterol with contemporary lipid-lowering medicines on cognitive function: a systematic review and meta-analysis. Cardiovasc Drugs Ther. (2021) 35(1):153–66. doi: 10.1007/s10557-020-07045-2

61. Chen Q, Wu G, Li C, Qin X, Liu R, Zhang M. Safety of proprotein convertase subtilisin/kexin type 9 monoclonal antibodies in regard to diabetes Mellitus: a systematic review and meta-analysis of randomized controlled trials. Am J Cardiovasc Drugs. (2020) 20(4):343–53. doi: 10.1007/s40256-019-00386-w

62. Grundy SM, Stone NJ, Bailey AL, Beam C, Birtcher KK, Blumenthal RS, et al. 2018 AHA/ACC/AACVPR/AAPA/ABC/ACPM/ADA/AGS/APhA/ASPC/NLA/PCNA guideline on the management of blood cholesterol: a report of the American college of cardiology/American heart association task force on clinical practice guidelines. Circulation. (2019) 139(25):e1082–e143. doi: 10.1161/cir.0000000000000625

63. Sugizaki Y, Otake H, Kawamori H, Toba T, Nagano Y, Tsukiyama Y, et al. Adding alirocumab to rosuvastatin helps reduce the vulnerability of thin-cap fibroatheroma: an ALTAIR trial report. JACC Cardiovasc Imaging. (2020) 13(6):1452–4. doi: 10.1016/j.jcmg.2020.01.021

64. van Bruggen FH, Nijhuis GBJ, Zuidema SU, Luijendijk H. Serious adverse events and deaths in PCSK9 inhibitor trials reported on ClinicalTrials.gov: a systematic review. Expert Rev Clin Pharmacol. (2020) 13(7):787–96. doi: 10.1080/17512433.2020.1787832



OPS/images/fcvm-10-1138787-g002.jpg
high-dose statins (1,A)
PP ——————
)

EPICSTEMI (150mg A q2w)
ot (.

LDLC> Ldmmal. (Smd)
ADDITION: ~ PCSKS inibiors 1 €) EVOPACS (120mg E am)
LDLE St ] PACMAN-AMI (150m5 A a2
- EVACS (20mg E qm)
After -6 wecks

VCU-AlocRT (150mg A once)
LDLC Limmol. Sy

HUNGENS (20mg £ qm)
ADDITION: ~ PCSKS ibibirs 1,5) L
ADDITION Eacinibe.B)

0L <Lammlt )





OPS/xhtml/Nav.xhtml




Contents





		Cover



		PCSK9 inhibitors for acute coronary syndrome: the era of early implementation

		Introduction



		Methods



		Lipid-lowering effect of PCSK9 inhibitors and early implementation



		Early PCSK9 inhibitors and inflammatory indicators



		Early PCSK9 inhibitors and coronary imaging changes



		Research advances in clinical events of PCSK9 inhibitors



		Discussion



		Conclusion



		Author contributions



		Funding



		Conflict of interest



		Publisher's note



		References



















OPS/images/cover.jpg
, frontiers ‘ Frontiers in Cardiovascular Medicine

PCSK9 inhibitors for acute
coronary syndrome: the era of
early implementation





OPS/images/fcvm-10-1138787-g001.jpg
Lipids levels

reduction

2

Potential
Events Early PCSK9

risk Inhibitors in

Inflammation

nhibition
prevention ACS







OPS/images/fcvm-10-1138787-t001.jpg
EVOPACS
KOSKINAS KC et al.
(2019) (14)

Study
Population (n)

Treatment

Evolocumab 420 mg monthly vs.
placebo

Primary Outcome

Significant reduction in several lipids levels; No effects in inflammatory indicators

EPIC-STEMI
MEHTA SR et al. (2022)
(26)

Alirocumab 150 mg bi-weekly vs.
placebo

Alirocmab reduced LDL-C by 22% compared with sham control before primary
PCI in STEMI patients

EVACS T
LEUCKER TM et al. (2020)
@7)

Evolocumab 420 mg monthly vs.
placebo

LDL-C in the evolocumab participants was on average 28.6 mg/dl lower than in the
placebo participants at 30 days

VAVURANAKIS MA et al.
(2020) (28)

Evolocumab 420 mg monthly vs.
placebo

Evolocumab within 24 h of hospital admission prevents Lp(a) elevation during the
peri-infarct and early post-infarction period in AMI patients

VCU-AlirocRT
TRANKLE CR et al. (2019)
(29)

Alirocumab 150 mg once vs.
placebo

Lipids levels reduced at 72 h and 2 weeks

Ye-Xuan Cao et al. (2018)
(30)

PCSK9-mAbs

No changes in hs-CRP

Amirhossein Sahebkar et al.
(2022) (31)

PCSK9-mAbs

Significant decrease in LDL-C level; No changes in hs-CRP; No significant
differences in the risks of cardiovascular death, myocardial infarction, and stroke
compared with the statins group and ezetimibe group

Wenjia Yang et al. (2016)
(32)

PCSK9-mAbs

No changes in hs-CRP

GLAGOV
NICHOLLS §J et al. (2016)
(33)

Evolocumab 420 mg monthly vs.
placebo

Evolocumab resulted in a greater decrease in percent atheroma volume and total
atheroma volume

PACMAN-AMI
RABER L et al. (2022) (15)

Alirocumab 150 mg bi-weekly vs.
placebo

Alirocumab resulted in greater coronary plaque regression at 52 weeks among AMI
patients

HUYGENS
NICHOLLS §] et al. (2022)
(34)

Evolocumab 420 mg monthly vs.
placebo

Evolocumab demonstrated a greater increase in minimum fibrous cap thickness and
decrease in maximu lipid arc and macrophage index

‘Wang Zhe et al. (2022) (35)

Evolocumab 140 mg once vs.
placebo

Evolocumab increased TMPG indexes and decreased CTFC indexes after PCI and 30
days after PCI among STEMI patients

FOURIER-OLE
O’'DONOGHUE M L et al.
(2022) (36)

Evolocumab 140 mg bi-weekly or
420 mg monthly vs. placebo

“Timely application of evolocumab was associated with lower rates of adverse events
compared with delayed treatment initiation

Yan Hao et al. (2022) (37)

Evolocumab 140 mg bi-weekly vs.

placebo

Evolocumab reduced lipids levels and the incidence of MACEs in patients with
extremely high-risk ACS








OPS/images/crossmark.jpg
(®) Check for updates.





OPS/images/logo.jpg
& frontiers | Frontiers in Cardiovascular Medicine





