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Elevated LDL-cholesterol (LDL-C) plays a major role in atheroma formation and inflammation. Medical therapy to lower elevated LDL-C is the cornerstone for reducing the progression of atherosclerotic cardiovascular disease. Statin therapy, and more recently, other drugs such as proprotein convertase subtilisin/kexin type 9 (PCSK9) inhibitors, have proven efficacy in long-term lowering of LDL-C and therefore diminish cardiovascular risk. During an acute coronary syndrome (ACS), a systemic inflammatory response can destabilize other non-culprit atherosclerotic plaques. Patients with these vulnerable plaques are at high risk of experiencing recurrent cardiovascular events in the first few years post-ACS. Initiating intensive LDL-C lowering therapy in these patients with statins or PCSK9 inhibitors can be beneficial via several pathways. High-intensity statin therapy can reduce inflammation by directly lowering LDL-C, but also through its pleiotropic effects. PCSK9 inhibitors can directly lower LDL-C to recommended guideline thresholds, and could have additional effects on inflammation and plaque stability. We discuss the potential role of early implementation of statins combined with PCSK9 inhibitors to influence these cascades and to mediate the associated cardiovascular risk, over and above the well-known long-term beneficial effects of chronic LDL-C lowering.
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Introduction

Coronary artery disease (CAD) is a major cause of morbidity and mortality globally (1, 2). An elevated low-density lipoprotein cholesterol (LDL-C) level is strongly related to the development of CAD. Lowering LDL-C, either by lifestyle modification or by medication such as statins, results in long-term reduction of cardiovascular events, both in primary and in secondary prevention (3–6). The addition of the novel proprotein convertase subtilisin/kexin type 9 (PCSK9) inhibitors can drive LDL-C to even lower levels, further reducing the cardiovascular event rate in these patients (7). ACS patients have a very high risk of recurrent events (8), presumably due to an inflammatory state that can destabilize other non-culprit plaques (9). A rapid reduction of both LDL-C and inflammation is paramount in these high-risk patients. Furthermore, statins have anti-inflammatory properties as well, which makes them valuable in patients with ACS (10). Similarly, PCSK9 inhibitors are thought to have anti-inflammatory properties, and could be an interesting additional therapy option directly post-ACS.

In this review we discuss how elevated serum LDL-C and inflammation cause recurrent cardiovascular events by negatively influencing non-culprit plaque size and composition in patients post-ACS. We discuss the potential of early implementation of statins combined with PCSK9 inhibitors post-ACS to influence this process, over and above the known long-term beneficial effects of chronic LDL-C lowering.



Long-term effects of low-density lipoprotein cholesterol reduction in patients with stable coronary artery disease

Sixty years ago, it was observed that patients with myocardial infarction often had high serum LDL-C (11). The Framingham study was first to systematically demonstrate elevated serum total cholesterol to be an independent risk factor for developing CAD in a population, alongside the effect of elevated blood pressure, and gender (12). The Scandinavian Simvastatin Survival Study (4S) demonstrated that lowering LDL-C with simvastatin, a drug in the new 3-hydroxy-3-methyl-glutaryl-coenzyme A (HMG-CoA) reductase inhibitor class, led to a large risk reduction in cardiovascular morbidity and mortality in high-risk patients with stable CAD. The Kaplan-Meier curve of the simvastatin arm diverged from the placebo arm only after one year of treatment (the median follow-up duration of this study was 5.4 years) (13). The 4S was subsequently followed by a multitude of outcome trials using various statins with different baseline levels of serum total cholesterol and LDL-C. The Cholesterol and Recurrent Events (CARE) (median follow-up: 5.0 years) and Long-term Intervention with Pravastatin in Ischaemic Disease (LIPID) (median follow-up: 6.1 years) trials show that statin treatment improves cardiovascular outcomes for patients with CAD, regardless of baseline serum cholesterol levels. Relative risk reductions vary from 24 to 30% after 5 to 6 years of follow-up. In these trials, the Kaplan-Meier curves diverged after 1–2 years of treatment as well, solidifying the evidence that the effects of statins in stable CAD patients emerge relatively late (14, 15). An overview of landmark LDL-C lowering trials can be found in the Supplementary material.

Today, statins are the cornerstone in the pharmacological management of elevated serum LDL-C levels in patients at high risk for cardiovascular events (10). A review that compiled results from several contemporary randomized clinical trials (RCTs), meta-analyses on LDL-C reduction, and cardiovascular outcomes, reported a 22% proportional reduction in the rate of major adverse cardiovascular events (MACE) for every 1 mmol/L serum LDL-C reduction with statin therapy every year (MACE defined as coronary death, MI, stroke, and coronary revascularization) (16). This relationship between LDL-C and major vascular events is presented in Figure 1. Recent evidence suggests that similar relationships can be found between MACE and the reduction of other lipoproteins, like ApoB. A systematic review by Michos et al. (17) compiled the results of 29 trials reporting ApoB lowering and found a 5% relative reduction of MACE for every 10 mg/dl reduction in ApoB.


[image: image]

FIGURE 1
Plot of statin, ezetimibe, and PCSK9 trials depicting the relationship between mean LDL-cholesterol (LDL-C) reduction and the proportional reduction of major vascular events (MVE) at one year (MVE: composite of death from coronary heart disease, myocardial infarction, stroke, or revascularization more than 30 days after randomization). Squares represent single trials, the size of the squares represent the number of endpoints in the study. The vertical lines represent one standard error (SE). The regression line represents the event rate reduction per mmol/l LDL-C reduction. AFCAPS/TexCAPS, Air Force/Texas Coronary Atherosclerosis Prevention Study; ALERT, Assessment of Lescol in Renal Transplantation; ALLHAT-LLT, Antihypertensive and Lipid-Lowering Treatment to Prevent Heart Attack Trial–Lipid Lowering Trial; ASCOT-LLA, Anglo-Scandinavian Cardiac Outcomes Trial–Lipid Lowering Arm; CARDS, Collaborative Atorvastatin Diabetes Study; CARE, Cholesterol and Recurrent Events; FOURIER, Further Cardiovascular Outcomes Research With PCSK9 Inhibition in Subjects With Elevated Risk; GISSI, Gruppo Italiano per lo Studio della Sopravvivenza nell’Infarto Miocardico; HPS, Heart Protection Study; IMPROVE-IT, Improved Reduction of Outcomes: Vytorin Efficacy International Trial; JUPITER, Justification for the Use of Statin in Prevention: An Intervention Trial Evaluating Rosuvastatin; LDL, low density lipoprotein; LIPID, Long-term Intervention with Pravastatin in Ischemic Disease; LIPS, Lescol Intervention Prevention Study; MVE, major vascular events; ODYSSEY, Evaluation of Cardiovascular Outcomes After an Acute Coronary Syndrome During Treatment With Alirocumab; Post CABG, Post–Coronary Artery Bypass Graft; PROSPER, Long-term Intervention with Pravastatin in Ischemic Disease; SE, standard error; WOSCOPS, West of Scotland Coronary Prevention Study; 4S, Scandinavian Simvastatin Survival Study. Figure edited from Cannon et al. (98), with permission.




Early effects on cardiovascular events in patients post-acute coronary syndrome

Risk reduction is particularly important in patients at high risk for recurrent ischemic events, especially those who suffered an acute coronary syndrome (ACS) (10). The majority of the initial statin studies excluded patients with recent acute myocardial infarction (AMI) or unstable angina pectoris (UAP), a point of contention as the majority of cardiovascular events occur in the early phase post-ACS. A large Swedish national registry study of 108,315 patients hospitalized with MI showed that 18.3% experienced a recurrent event in the first 365 days after the index event. The risk for a recurrent event in the following 3 years was 20% (8). In these high-risk or “vulnerable” patients, early, rapid, and intense LDL-C reduction may reduce the risk of recurrent events. This has been investigated in a limited number of studies: the myocardial ischemia reduction with aggressive cholesterol lowering (MIRACL) (high-intensity atorvastatin versus placebo) (18), the pravastatin or atorvastatin evaluation and infection therapy–thrombolysis in myocardial infarction 22 (PROVE IT-TIMI 22) (high-intensity atorvastatin versus medium-dose pravastatin) (19), and statins evaluation in coronary procedures and revascularization (SECURE-PCI) (20) trials. The MIRACL trial found a significant 2.6% absolute risk reduction, and 16% relative risk reduction in MACE after a treatment period of 16 weeks (MACE defined as death, non-fatal acute MI, resuscitated cardiac arrest, or recurrent symptomatic myocardial ischemia with objective evidence and emergency rehospitalization) (18). In a sub-analysis of the PROVE IT-TIMI 22, a significant 28% relative risk reduction in MACE was found after just 30 days of treatment (3% event rate in the intensive statin therapy group vs. 4.2% in the standard statin therapy group; MACE defined as death, MI, and rehospitalization). This effect was seen as early as 15 days after start of treatment (21). The SECURE-PCI trial determined the effect of periprocedural dosing of high-intensity statin therapy on MACE after 30 days. Although there was no significant reduction in MACE after 30 days in the overall ACS population, a significant effect in the subgroup of patients who underwent PCI was found (MACE defined as all-cause mortality, MI, stroke, and unplanned coronary revascularization) (20). These RCTs suggested that starting high-intensity statin therapy could improve early cardiovascular outcomes, when implemented directly post-ACS. These trials (see Table 1 for an overview) formed the basis for the current implementation of high-intensity statin therapy as standard-of-care approach in patients with ACS. Despite this approach, a substantial residual risk of recurrent MACE remains (10).


TABLE 1    Trials with early initiation of low density lipoprotein-cholesterol (LDL-C) lowering therapy post-acute coronary syndrome (ACS).
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The inflammation hypothesis

Patients with UAP or recent AMI experience an early positive effect from statin therapy, while patients with stable CAD only experience benefit from statin therapy after multiple years. This slow and long-term beneficial effect on cardiovascular events is largely related to the long-term drop in serum LDL-C levels (10). These fat soluble lipoprotein particles can easily migrate through the endothelium. So when the concentration of circulating LDL-C is too high, LDL-C accumulates in the intima, initiating atheroma formation (22). Lowering LDL-C with high-intensity statin therapy can halt and even partially reverse this process (23–25).

However, this happens gradually and therefore does not explain the very early benefits from high-intensity statin therapy observed in patients with unstable CAD. Another phenomenon can be linked to the early cardiovascular event rate is inflammation. The anti-inflammatory effects of statins may be the basis for the early benefit on cardiovascular events.

C-reactive protein (CRP) is an acute-phase protein that is released as a response to inflammation. High-sensitive CRP (hsCRP) assays can detect very low concentrations of CRP. HsCRP is therefore the marker most commonly used in contemporary studies that aim to link the inflammatory process to atherosclerosis. Burke et al. (26) found that some patients who died from sudden coronary death due to severe CAD had also elevated levels of CRP. CRP was subsequently identified as an independent predictor for cardiovascular events (9). Post-hoc analyses of the AFCAPS/TexCAPS and CARE found that cardiovascular risk was increased in patients with higher baseline levels of CRP. This increased risk was attenuated in patients who received statin therapy (27–30). The first real prospective and randomized study that investigated the effect of statin therapy on CRP levels was the PRINCE study, which demonstrated that statin therapy indeed lowered CRP (31). Successively, Nissen et al. (32) found that the reduced progression of CAD through high-intensity statin therapy, as measured by intravascular ultrasound (IVUS), was not only significantly related to reduction in LDL-C, but also to reduction in CRP. Lastly, Ridker et al. (33, 34) found that patients who had lower CRP after treatment with statins had lower residual cardiovascular risk than patients with higher CRP levels. These findings confirm that statin therapy has an anti-inflammatory effect, and that the reduction of CRP by statins is accompanied by a beneficial effect on clinical outcomes.

Moreover, post-mortem histological analysis of ruptured plaques in patients with AMI revealed that these plaques were often heavily infiltrated by leukocytes, which also suggests there is a link between active inflammation and unstable CAD (34). Joshi et al. (35) used combined positron emission and computed tomography to measure aortic fludeoxyglucose (FDG)-uptake in 40 patients with AMI and 40 patients with stable angina. Patients with AMI had a higher aortic FDG uptake than patients with stable angina, despite having similar aortic atherosclerotic burden. This reflects an increased plaque inflammation in patients with AMI (35). It is thought that plaque inflammation can lead to plaques that are more prone to rupture or erosion, and can therefore cause an ACS, leading to severe morbidity and mortality (36, 37). The pathologist Virmani found that patients who had died from AMI frequently possessed inflamed plaques with distinctive morphological characteristics (38). These plaques contained a large lipid pool with a necrotic core, covered by a thin fibrotic cap (39). During plaque growth, the different cells such as lipid-laden foam cells and smooth muscle cells (SMCs) inside the plaque are deprived of oxygen and undergo apoptosis, resulting in a necrotic core (40). Covering the necrotic core is a thin layer of protective collagen tissue (often <65 microns), separating the blood in the coronary artery from the thrombogenic contents of the plaque underneath. Virmani gave this type of plaque the descriptive term “thin-cap fibroatheroma” (TCFA). In recent pathological and optical coherence tomography (OCT) imaging studies, patients with AMI and ACS often had other TCFA lesions in the coronary tree, emphasizing the high-risk profile of these patients (41–44).



Influencing inflammation by direct low-density lipoprotein cholesterol reduction

Elevated serum LDL-C can directly influence inflammation via the formation of oxidized LDL (OxLDL). A recent article by Jukema et al. (45) describes that minimally modified LDL-C (MM-LDL) can influence inflammation by activating the innate immune system via toll-like receptors (TLRs). Minimally modified low-density lipoprotein is an LDL particle that contains oxidized lipid molecules (OxPC) that is also recognized by the LDL receptor. TLRs can in turn activate the NLR family pyrin domain containing 3 (NLRP3) inflammasome which leads to the production of pro-inflammatory cytokines. NLPR3 promotes inflammation through the IL-1bèta and IL-18 pathway. OxLDL is created when lipid molecules in the LDL particle become oxidized, in addition to the LDL surface protein beta (ApoB) (46). As a result the OxLDL is no longer recognized by the LDL receptor anymore, but instead binds to scavenger receptors on macrophages, promoting foam cell formation and inflammation (47).

Recent experimental evidence has also shown that the occurrence of AMI temporarily accelerates atherogenesis throughout the body. In ApoE-/- mice, coronary ligation rapidly increased lesion size, inflammatory macrophage content, and protease activity in aortic atherosclerotic plaques as early as 1 week post-AMI, which persisted for at least 12 weeks (48). This acceleration was caused by increased proliferation and activation of myeloid cell progenitors in the bone marrow (49). One mechanism that might contribute to this persistent immune system activation post-AMI is trained immunity, which is defined as the development of long-term hyperresponsive innate immune cells following brief stimulation of these cells (50). Although this mechanism is beneficial in the context of recurrent infections, it can be detrimental in situations of chronic low-grade inflammation, such as atherosclerosis. This trained immune phenotype develops due to metabolic and epigenetic reprogramming of myeloid cell progenitors and can persist for weeks (51). Several endogenous atherogenic compounds can induce trained immunity, including OxLDL (52), lipoprotein (a) (53), and the catecholamines noradrenaline and adrenaline (54), which temporarily increase after an AMI.

Given the role of oxidized lipoproteins as triggers of inflammation and trained immunity, and the role of intracellular cholesterol in proliferation of myeloid progenitor cells in the bone marrow (55), lowering cholesterol immediately post-AMI could reduce the inflammatory response and trained immunity induction.



Benefits beyond direct low-density lipoprotein cholesterol reduction

Influencing inflammation by direct LDL-C reduction is not the only means by which statins could exert early clinical benefits after ACS. These benefits are thought to be attributable to the effects of statins in several other fields as well. These so-called pleiotropic effects include additional anti-inflammatory properties that are independent from LDL-C lowering, and positive effects on endothelial function and coagulation, both of which are dysregulated directly after an ACS occurs (21, 56). This could explain how early statin therapy post-ACS can affect the cardiovascular event rate.

The possible detrimental role of an ACS on endothelial function and coagulation and its attenuation by statins are thoroughly discussed by Ray et al. (56). The reduction of cholesterol in ischemia and function of the endothelium (RECIFE) trial found a 42% improvement in endothelial function after 6 weeks of statin therapy compared to placebo in patients with ACS (57). In another study, high levels of circulating adhesion molecules were associated with higher cardiovascular risk (58), and in successive studies these circulating adhesion molecules were reduced by statin therapy (59, 60). Secondly, statins possess various antithrombotic properties. Statins can decrease prothrombotic tissue factor (TF) expression on the endothelium, reduce thrombin generation, and influence several other pro-coagulant cascades (61). In addition, statins can prevent the development of aforementioned trained immunity in monocytes and macrophages by preventing accumulation of intracellular mevalonate (52, 62).

The discovery of pleiotropy in statins triggered the design of multiple outcome trials. Some trials focused on inflammation and the immune modulation of statins in particular. One such trial, the JUPITER, investigated the effect of statin therapy on MACE in apparently healthy individuals with elevated CRP, but without elevated LDL-C levels. Rosuvastatin 20 mg or placebo was administered daily, with a median follow-up duration of 1.9 years. There was a significant reduction of cardiovascular events in the group that received rosuvastatin. This risk reduction was far greater than what was expected from LDL-C reduction alone (63). Research on pleiotropic effects of statins clearly shows that there is a myriad of possible mechanisms by which statins can influence inflammation, endothelial function, and coagulation, possibly explaining the effect on cardiovascular outcome.



Proprotein convertase subtilisin/kexin type 9 inhibitors: Long-term effect on cardiovascular events in patients with stable coronary artery disease

The potentially pivotal role of PCSK9 in LDL-C regulation was discovered in the early 21th century by the efforts of different study groups. Researchers discovered that gain-of-function mutations in the PCSK9 gene cause hypercholesterolemia and that loss-of-function mutations in the PCSK9 gene resulted in the opposite (64–66). These loss-of-function mutations were subsequently associated with a lower incidence of CAD (67). The underlying mechanism of action of the PCSK9 enzyme was elucidated, which in turn paved the way for possible therapeutic targets (68–70). Specific monoclonal antibodies that bind and inactivate the PCSK9 enzyme were developed and tested for efficacy and safety (71, 72). Large clinical trials have been performed to elucidate the effects of PCSK9 inhibitors evolocumab (73) (FOURIER) and alirocumab (ODYSSEY OUTCOMES) (74) on long-term cardiovascular events. In these studies, patients treated with PCSK9 inhibitors reached the lower LDL-C targets more often and a significant reduction in cardiovascular events was found. In the FOURIER, the primary composite endpoint occurred in 1,344 patients (9.8%) in the evolocumab group and in 1,563 patients (11.3%) in the placebo group after a median follow-up of 2.2 years (HR 0.85; 95% CI: 0.79–0.92; p < 0.001) (composite endpoint defined as cardiovascular death, myocardial infarction, stroke, hospitalization for unstable angina, or coronary revascularization) (73). The ODYSSEY OUTCOMES reported similar results with the composite primary endpoint event occurring in 903 patients (9.5%) in the alirocumab group and in 1,052 patients (11.1%) in the placebo group after a median follow-up of 2.8 years (HR 0.85; 95% CI: 0.78–0.93; p < 0.001) (composite endpoint defined as death from CHD, non-fatal MI, fatal or non-fatal ischemic stroke, or unstable angina requiring hospitalization) (74). This reduction in cardiovascular events can be largely explained by the direct beneficial effect of more profound LDL-C lowering.

Imaging studies that add PCSK9 inhibitors to background statin therapy and investigate the effect of that combined therapy on plaque size have been performed, akin to the prior IVUS and Near Infrared Spectroscopy (NIRS) studies with statins only. The GLAGOV trial randomized patients with angiographically identified CAD to either statin therapy and placebo, or to statin therapy and evolocumab. Baseline IVUS images of atherosclerotic plaques were compared with follow-up images (follow-up duration 78 weeks), and the percent change in atheroma volume (PAV) and total change in atheroma volume (TAV Both PAV and TAV decreased significantly in the evolocumab group (75). These studies demonstrate that PCSK9 inhibitors added to statin therapy can have a beneficial effect on plaque volume in patients with stable CAD.



Proprotein convertase subtilisin/kexin type 9 inhibitors: Early effects on cardiovascular events in patients post-acute coronary syndrome?

The FOURIER and ODYSSEY OUTCOMES demonstrated the benefit of PCSK9 monoclonal antibodies on cardiovascular events in patients with stable CAD, which is primarily driven by more profound LDL-C lowering. PCSK9 inhibitors might have a beneficial effect on cardiovascular events directly post-ACS, by targeting inflammation. There is experimental evidence of ways by which PCSK9 antibodies could exert effects directly post-ACS, analogous to the pleiotropic effects of statins.

In a study of male rats, plasma PCSK9 levels were markedly elevated from 12 to 96 h after they suffered from AMI (76). In humans, plasma PCSK9 levels seem to be higher in patients with an inflammatory response directly post-ACS, and higher plasma PCSK9 can in turn promote inflammation, which heightens the risk for recurrent ischemic events (77, 78). Thus, PCSK9 inhibitors administered directly post-ACS could break this positive feedback loop of inflammation (79).

The inflammatory response post-ACS is only partially negated by the early implementation of high-intensity statin therapy, which modulates inflammation and an halt the progression of atherosclerotic plaques (25, 63). However, in reaction to high-intensity statin therapy, PCSK9 enzyme can be upregulated in an effort to keep equilibrium. This negative feedback mechanism has been observed in humans treated with high-dose atorvastatin (80). The PCSK9-REACT study found that patients with increased concentrations of plasma PCSK9 also had a significantly higher platelet activity, indicating yet another possibility by which elevated plasma PCSK9 levels can increase the risk of future cardiovascular events (81). Adding PCSK9 inhibitors to this high-intensity statin regimen directly post-ACS may mitigate these reactions. It is not yet clear if PCSK9 inhibitors will have a noticeable effect on inflammation in vivo. A meta-analysis on PCSK9 inhibitors and CRP levels did not find a significant change in CRP after PCSK9 inhibitor therapy. However, the patients in these RCTs had low baseline CRP levels and did not have unstable coronary artery disease (82). The EVOCATION trial investigated whether administering PCSK9 inhibitors 6 weeks prior to PCI could decrease periprocedural microvascular resistance due to possible anti-inflammatory properties, but no significant effect was found (83). Conversely, significant effects might be found in patients with recent ACS, or with longer duration of PCSK9 inhibitor treatment. Interestingly, a recent study by Hoogeveen et al. (84) found a decreased arterial wall inflammation in fifty patients with established CAD, imaged by PET/CT, after 14 weeks of alirocumab treatment, while systemic inflammatory markers did not change. It could therefore be hypothesized that PCSK9 inhibitors can influence inflammation more locally in the vessel wall. Early in vitro and animal studies suggest that PCSK9 enzyme can be produced locally in the atherosclerotic plaque by smooth muscle cells and can signal in a paracrine manner (85) (Figure 2). In these studies, PCSK9 downregulated intraplaque macrophage surface LDL-C receptors. It is theorized that this leads to impaired uptake and efflux of LDL-C by macrophages and to the accumulation of extracellular lipid (79, 86, 87). Nearby macrophages can transform extracellular LDL-C into OxLDL-C (86). OxLDL-C has multiple pro-inflammatory effects. It can activate pro-inflammatory genes of endothelial cells, smooth muscle cells, and macrophages (88). As mentioned earlier, OxLDL-C can be phagocytized by macrophages via scavenger receptors, promoting foam cell formation. New evidence suggest that some scavenger receptors then upregulate PCSK9 expression (87, 89). The presence of OxLDL-C can lead to apoptosis of smooth muscle cells and endothelial cells, promoting endothelial permeability and fibrous cap thinning (90). The inhibition of PCSK9 might attenuate all these negative effects of OxLDL-C (79, 87, 90, 91). The flowchart in Figure 3 demonstrates a proposed mechanism by which PCKS9 could directly influence plaque vulnerability.
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FIGURE 2
Schematic showing the role of local intraplaque proprotein convertase subtilisin/kexin type 9 (PCSK9) in atherosclerosis progression. Figure reprinted from Luquero et al. (99) with permission from the authors.
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FIGURE 3
Proposed mechanism of the role of proprotein convertase subtilisin/kexin type 9 (PCSK9) enzyme in the promotion of vulnerable plaque and recurrent acute coronary syndrome (ACS). ACS and statin therapy can both upregulate plasma PCSK9. Plasma PCSK9 can promote inflammation, increasing the risk for recurrent ACS. Local inflammation in the vessel wall can upregulate local PCSK9 production by smooth muscle cells (SMCs). Local PCSK9 can downregulate macrophage low density lipoprotein-cholesterol (LDL-C) receptors, decreasing LDL-C uptake and increasing the pool of extracellular lipid. This extracellular LDL-C is transformed to oxLDL, which activates pro-inflammatory genes and pro-inflammatory cytokine production, and induces SMC and endothelial cell apoptosis. Macrophages take up oxLDL via scavenger receptors, thus promoting foam cell formation and necrotic core formation. This process might increase vulnerable plaque and risk for recurrent ACS. PCSK9 inhibitors lower plasma PCSK9 and might also lower local PCSK9 in the vessel wall, inhibiting this process.


Kühnast et al. (92) demonstrated that PCSK9 inhibitor alirocumab improved plaque size and composition in hypercholesterolemic mice. Alirocumab decreased aortic atherosclerotic plaque size, lesion macrophage area, and necrotic core area. Conversely, alirocumab increased fibrous cap thickness, and collagen area. It is not clearly established if these effects of local PCSK9 are clinically relevant in humans. However, the ATHEROREMO-IVUS study found a linear relationship with the serum levels of PCSK9 enzyme in patients with stable CAD and the necrotic core volume and necrotic core percentage of the atherosclerotic plaque. This association was independent of LDL-C levels, suggesting that PCSK9 is directly influencing plaque composition, presumably via the pathways described above (93). All this preliminary evidence on the detrimental role of PCSK9 enzyme in the post-ACS setting warrant more research on the use of PCSK9 inhibitors directly after an ACS occurs.



Contemporary and future studies with proprotein convertase subtilisin/kexin type 9 inhibitors

The EVOPACS study proved that adding the PCSK9 inhibitor evolocumab directly post-ACS is safe and can effectively lower LDL-C levels to below guideline recommendations in >95% of patients after 8 weeks (94). The EVACS study recently demonstrated that the early initiation of PCSK9 inhibitors post-ACS rapidly and significantly reduces LDL-C levels in just 24 h, and that AHA/ACC and ESC guideline LDL-C levels for secondary prevention can be achieved at hospital discharge for most patients (95). Imaging studies that investigate the effect of PCSK9 inhibitors administered directly post-ACS on plaque size and morphology have recently been published.

The PACMAN-AMI examined the effect of alirocumab administered directly post-ACS on mean change in PAV (primary endpoint) measured by IVUS, on lipid core burden index (LCBI) measured by NIRS, and on fibrous cap thickness (FCT) measured by OCT. After 52 weeks, mean PAV decreased by 2.13% with alirocumab vs. 0.92% with placebo (difference: 1.21%; 95% CI: 1.78–0.65%; p < 0.001). The mean maxLCBI4mm decreased by 79.42 with alirocumab vs. 37.60 with placebo (difference: 41.24; 95% CI: 70.71–11.77; p = 0.006). Mean minimal FCT increased by 62.67 μm with alirocumab vs. 33.19 μm with placebo (difference: 29.65 μm; 95% CI: 11.75–47.55; p = 0.001). These results reflect a decrease in plaque size and amelioration of plaque composition (96). The HUYGENS trial investigated the effect of evolocumab on absolute change in minimum FCT and lipid arc, measured by OCT. At 50 weeks, the minimum FCT increased by 42.7 μm in the evolocumab group vs. 21.5 μm in the placebo group (p = 0.015). The maximum lipid arc decreased by 57.5° in the evolocumab group vs. 31.4° in the placebo group (p = 0.04). Similar to the PACMAN-AMI, the HUYGENS found a greater decrease in PAV with evolocumab compared to placebo (2.29 ± 0.47% vs. –0.61 ± 0.46%; p = 0.009) (97).

The FITTER (NCT04141579) will investigate the effect of administration of evolocumab directly post-ACS (first dose within 24 h of index angiography) on the fractional flow reserve (FFR) of non-culprit lesions and LCBI of the non-culprit vessel. During the index angiography, FFR of existing non-culprit lesions will be measured. Evolocumab will be administered for a duration of 3 months, after which follow-up FFR is performed. Change in FFR will be the primary endpoint of this study. Secondly, LCBI of the non-culprit vessel will be compared between baseline and follow-up.

All these outcome measures describe various morphological and physiological aspects of the atherosclerotic plaque. These properties might predict the vulnerability and the proneness of the plaque to cause future ischemia and ACS. However, these measures cannot substitute long-term studies with hard MACE endpoints. Thus, when PCSK9 inhibitors administered directly post-ACS has a beneficial effect on plaque size, morphology and physiology, more research with hard MACE endpoints is warranted.



Conclusion

Statin therapy has proven efficacy in reducing the risk of recurrent events in patients with stable CAD and ACS. This risk reduction is primarily driven by profound long-term LDL-C reduction, although anti-inflammatory and other pleiotropic properties probably play an important role in the early stages post-ACS. Administering PCSK9 inhibitors directly post-ACS leads to an immediate and more pronounced LDL-reduction. Imaging studies that added PCSK9 inhibitors directly post-ACS demonstrated a stabilization of non-culprit plaques with an improvement of plaque composition, but information on the reduction of inflammation remains scare. The immediate addition of PCSK9 inhibitors to statin therapy has the potential to reduce recurrent events after ACS, but clinical endpoint studies are needed before this strategy can be adopted by the guidelines.



Author contributions

FM wrote the manuscript. JL, TT, RO, MB, SE, NR, JC, and NPR helped in drafting the manuscript. RG was the main supervisor and helped in writing this review manuscript. All authors critically revised the review manuscript and approved the final version.



Funding

This work was supported by the Radboud University Medical Center (Radboudumc).



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.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcvm.2022.1061346/full#supplementary-material



References

1. Mendis S, Armstrong T, Bettcher D, Branca F, Lauer J, Mace C, et al. Global Status Report on Noncommunicable Diseases 2014. Geneva: World Health Organization (2014).

2. Roth GA, Huffman MD, Moran AE, Feigin V, Mensah GA, Naghavi M, et al. Global and regional patterns in cardiovascular mortality from 1990 to 2013. Circulation. (2015) 132:1667–78. doi: 10.1161/CIRCULATIONAHA.114.008720

3. Cholesterol Treatment Trialists’ [CTT] Collaboration, Baigent C, Blackwell L, Emberson J, Holland LE, Reith C, et al. Efficacy and safety of more intensive lowering of LDL cholesterol: a meta-analysis of data from 170,000 participants in 26 randomised trials. Lancet. (2010) 376:1670–81. doi: 10.1016/S0140-6736(10)61350-5

4. 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) 38:2459–72. doi: 10.1093/eurheartj/ehx144

5. Koskinas KC, Siontis GCM, Piccolo R, Mavridis D, Raber 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) 39:1172–80. doi: 10.1093/eurheartj/ehx566

6. Silverman MG, Ference BA, Im K, Wiviott SD, Giugliano RP, Grundy SM, et al. Association between lowering LDL-C and cardiovascular risk reduction among different therapeutic interventions: a systematic review and meta-analysis. JAMA. (2016) 316:1289–97. doi: 10.1001/jama.2016.13985

7. Robinson JG, Farnier M, Krempf M, Bergeron J, Luc G, Averna M, et al. Efficacy and safety of alirocumab in reducing lipids and cardiovascular events. N Engl J Med. (2015) 372:1489–99. doi: 10.1056/NEJMoa1501031

8. Jernberg T, Hasvold P, Henriksson M, Hjelm H, Thuresson M, Janzon M. Cardiovascular risk in post-myocardial infarction patients: nationwide real world data demonstrate the importance of a long-term perspective. Eur Heart J. (2015) 36:1163–70. doi: 10.1093/eurheartj/ehu505

9. Naghavi M, Libby P, Falk E, Casscells SW, Litovsky S, Rumberger J, et al. From vulnerable plaque to vulnerable patient: a call for new definitions and risk assessment strategies: part II. Circulation. (2003) 108:1772–8. doi: 10.1161/01.CIR.0000087481.55887.C9

10. 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) 41:111–88. doi: 10.1093/eurheartj/ehz455

11. Goldstein JL, Brown MS. A century of cholesterol and coronaries: from plaques to genes to statins. Cell. (2015) 161:161–72. doi: 10.1016/j.cell.2015.01.036

12. Kannel WB, Dawber TR, Kagan A, Revotskie N, Stokes J III. Factors of risk in the development of coronary heart disease–six year follow-up experience. The Framingham study. Ann Intern Med. (1961) 55:33–50. doi: 10.7326/0003-4819-55-1-33

13. Scandinavian Simvastatin Survival Study Group. Randomised trial of cholesterol lowering in 4444 patients with coronary heart disease: the Scandinavian simvastatin survival study (4S). Lancet. (1994) 344:1383–9.

14. Sacks FM, Pfeffer MA, Moye LA, Rouleau JL, Rutherford JD, Cole TG, et al. The effect of pravastatin on coronary events after myocardial infarction in patients with average cholesterol levels. Cholesterol and recurrent events trial investigators. N Engl J Med. (1996) 335:1001–9. doi: 10.1056/NEJM199610033351401

15. Long-Term Intervention with Pravastatin in Ischaemic Disease [LIPID] Study Group. Prevention of cardiovascular events and death with pravastatin in patients with coronary heart disease and a broad range of initial cholesterol levels. N Engl J Med. (1998) 339:1349–57. doi: 10.1056/NEJM199811053391902

16. Collins R, Reith C, Emberson J, Armitage J, Baigent C, Blackwell L, et al. Interpretation of the evidence for the efficacy and safety of statin therapy. Lancet. (2016) 388:2532–61. doi: 10.1016/S0140-6736(16)31357-5

17. Khan SU, Khan MU, Valavoor S, Khan MS, Okunrintemi V, Mamas MA, et al. Association of lowering apolipoprotein B with cardiovascular outcomes across various lipid-lowering therapies: systematic review and meta-analysis of trials. Eur J Prev Cardiol. (2020) 27:1255–68. doi: 10.1177/2047487319871733

18. Schwartz GG, Olsson AG, Ezekowitz MD, Ganz P, Oliver MF, Waters D, et al. Effects of atorvastatin on early recurrent ischemic events in acute coronary syndromes: the MIRACL study: a randomized controlled trial. JAMA. (2001) 285:1711–8. doi: 10.1001/jama.285.13.1711

19. Cannon CP, Braunwald E, McCabe CH, Rader DJ, Rouleau JL, Belder R, et al. Intensive versus moderate lipid lowering with statins after acute coronary syndromes. N Engl J Med. (2004) 350:1495–504. doi: 10.1056/NEJMoa040583

20. Berwanger O, Santucci EV, de Barros ESPGM, Jesuino IA, Damiani LP, Barbosa LM, et al. Effect of loading dose of atorvastatin prior to planned percutaneous coronary intervention on major adverse cardiovascular events in acute coronary syndrome: the SECURE-PCI randomized clinical trial. JAMA. (2018) 319:1331–40. doi: 10.1001/jama.2018.2444

21. Ray KK, Cannon CP, McCabe CH, Cairns R, Tonkin AM, Sacks FM, et al. Early and late benefits of high-dose atorvastatin in patients with acute coronary syndromes: results from the PROVE IT-TIMI 22 trial. J Am Coll Cardiol. (2005) 46:1405–10. doi: 10.1016/j.jacc.2005.03.077

22. Boren J, Williams KJ. The central role of arterial retention of cholesterol-rich apolipoprotein-B-containing lipoproteins in the pathogenesis of atherosclerosis: a triumph of simplicity. Curr Opin Lipidol. (2016) 27:473–83. doi: 10.1097/MOL.0000000000000330

23. Nissen SE, Tuzcu EM, Schoenhagen P, Brown BG, Ganz P, Vogel RA, et al. Effect of intensive compared with moderate lipid-lowering therapy on progression of coronary atherosclerosis: a randomized controlled trial. JAMA. (2004) 291:1071–80. doi: 10.1001/jama.291.9.1071

24. Nissen SE, Nicholls SJ, Sipahi I, Libby P, Raichlen JS, Ballantyne CM, et al. Effect of very high-intensity statin therapy on regression of coronary atherosclerosis: the ASTEROID trial. JAMA. (2006) 295:1556–65. doi: 10.1001/jama.295.13.jpc60002

25. Nicholls SJ, Ballantyne CM, Barter PJ, Chapman MJ, Erbel RM, Libby P, et al. Effect of two intensive statin regimens on progression of coronary disease. N Engl J Med. (2011) 365:2078–87. doi: 10.1056/NEJMoa1110874

26. Burke AP, Tracy RP, Kolodgie F, Malcom GT, Zieske A, Kutys R, et al. Elevated C-reactive protein values and atherosclerosis in sudden coronary death: association with different pathologies. Circulation. (2002) 105:2019–23. doi: 10.1161/01.cir.0000015507.29953.38

27. Ridker PM, Rifai N, Pfeffer MA, Sacks FM, Moye LA, Goldman S, et al. Inflammation, pravastatin, and the risk of coronary events after myocardial infarction in patients with average cholesterol levels. Cholesterol and recurrent events (CARE) investigators. Circulation. (1998) 98:839–44. doi: 10.1161/01.cir.98.9.839

28. Ridker PM, Rifai N, Pfeffer MA, Sacks F, Braunwald E. Long-term effects of pravastatin on plasma concentration of C-reactive protein. The cholesterol and recurrent events (CARE) investigators. Circulation. (1999) 100:230–5. doi: 10.1161/01.cir.100.3.230

29. Ridker PM, Rifai N, Lowenthal SP. Rapid reduction in C-reactive protein with cerivastatin among 785 patients with primary hypercholesterolemia. Circulation. (2001) 103:1191–3. doi: 10.1161/01.cir.103.9.1191

30. Ridker PM, Rifai N, Clearfield M, Downs JR, Weis SE, Miles JS, et al. Measurement of C-reactive protein for the targeting of statin therapy in the primary prevention of acute coronary events. N Engl J Med. (2001) 344:1959–65. doi: 10.1056/NEJM200106283442601

31. Albert MA, Danielson E, Rifai N, Ridker PM, Investigators P. Effect of statin therapy on C-reactive protein levels: the pravastatin inflammation/CRP evaluation (PRINCE): a randomized trial and cohort study. JAMA. (2001) 286:64–70. doi: 10.1001/jama.286.1.64

32. Nissen SE, Tuzcu EM, Schoenhagen P, Crowe T, Sasiela WJ, Tsai J, et al. Statin therapy, LDL cholesterol, C-reactive protein, and coronary artery disease. N Engl J Med. (2005) 352:29–38. doi: 10.1056/NEJMoa042000

33. Ridker PM, Cannon CP, Morrow D, Rifai N, Rose LM, McCabe CH, et al. C-reactive protein levels and outcomes after statin therapy. N Engl J Med. (2005) 352:20–8. doi: 10.1056/NEJMoa042378

34. Shah PK. Mechanisms of plaque vulnerability and rupture. J Am Coll Cardiol. (2003) 41:15S–22S. doi: 10.1016/s0735-1097(02)02834-6

35. Joshi NV, Toor I, Shah AS, Carruthers K, Vesey AT, Alam SR, et al. Systemic atherosclerotic inflammation following acute myocardial infarction: myocardial infarction begets myocardial infarction. J Am Heart Assoc. (2015) 4:e001956. doi: 10.1161/JAHA.115.001956

36. Finn AV, Nakano M, Narula J, Kolodgie FD, Virmani R. Concept of vulnerable/unstable plaque. Arterioscler Thromb Vasc Biol. (2010) 30:1282–92. doi: 10.1161/ATVBAHA.108.179739

37. Libby P. Mechanisms of acute coronary syndromes and their implications for therapy. N Engl J Med. (2013) 368:2004–13. doi: 10.1056/NEJMra1216063

38. Virmani R, Kolodgie FD, Burke AP, Farb A, Schwartz SM. Lessons from sudden coronary death: a comprehensive morphological classification scheme for atherosclerotic lesions. Arterioscler Thromb Vasc Biol. (2000) 20:1262–75. doi: 10.1161/01.atv.20.5.1262

39. Virmani R, Burke AP, Kolodgie FD, Farb A. Pathology of the thin-cap fibroatheroma: a type of vulnerable plaque. J Interv Cardiol. (2003) 16:267–72. doi: 10.1034/j.1600-0854.2003.8042.x

40. Gonzalez L, Trigatti BL. Macrophage apoptosis and necrotic core development in atherosclerosis: a rapidly advancing field with clinical relevance to imaging and therapy. Can J Cardiol. (2017) 33:303–12. doi: 10.1016/j.cjca.2016.12.010

41. Cheruvu PK, Finn AV, Gardner C, Caplan J, Goldstein J, Stone GW, et al. Frequency and distribution of thin-cap fibroatheroma and ruptured plaques in human coronary arteries: a pathologic study. J Am Coll Cardiol. (2007) 50:940–9. doi: 10.1016/j.jacc.2007.04.086

42. Jang IK, Tearney GJ, MacNeill B, Takano M, Moselewski F, Iftima N, et al. In vivo characterization of coronary atherosclerotic plaque by use of optical coherence tomography. Circulation. (2005) 111:1551–5. doi: 10.1161/01.CIR.0000159354.43778.69

43. Fujii K, Masutani M, Okumura T, Kawasaki D, Akagami T, Ezumi A, et al. Frequency and predictor of coronary thin-cap fibroatheroma in patients with acute myocardial infarction and stable angina pectoris a 3-vessel optical coherence tomography study. J Am Coll Cardiol. (2008) 52:787–8. doi: 10.1016/j.jacc.2008.05.030

44. Falk E, Nakano M, Bentzon JF, Finn AV, Virmani R. Update on acute coronary syndromes: the pathologists’ view. Eur Heart J. (2013) 34:719–28. doi: 10.1093/eurheartj/ehs411

45. Jukema RA, Ahmed TAN, Tardif JC. Does low-density lipoprotein cholesterol induce inflammation? If so, does it matter? Current insights and future perspectives for novel therapies. BMC Med. (2019) 17:197. doi: 10.1186/s12916-019-1433-3

46. Levitan I, Volkov S, Subbaiah PV. Oxidized LDL: diversity, patterns of recognition, and pathophysiology. Antioxid Redox Signal. (2010) 13:39–75. doi: 10.1089/ars.2009.2733

47. Rhoads JP, Major AS. How oxidized low-density lipoprotein activates inflammatory responses. Crit Rev Immunol. (2018) 38:333–42. doi: 10.1615/CritRevImmunol.2018026483

48. Dutta P, Courties G, Wei Y, Leuschner F, Gorbatov R, Robbins CS, et al. Myocardial infarction accelerates atherosclerosis. Nature. (2012) 487:325–9. doi: 10.1038/nature11260

49. Schloss MJ, Swirski FK, Nahrendorf M. modifiable cardiovascular risk, hematopoiesis, and innate immunity. Circ Res. (2020) 126:1242–59. doi: 10.1161/CIRCRESAHA.120.315936

50. Netea MG, Dominguez-Andres J, Barreiro LB, Chavakis T, Divangahi M, Fuchs E, et al. Defining trained immunity and its role in health and disease. Nat Rev Immunol. (2020) 20:375–88. doi: 10.1038/s41577-020-0285-6

51. Christ A, Gunther P, Lauterbach MAR, Duewell P, Biswas D, Pelka K, et al. Western diet triggers NLRP3-dependent innate immune reprogramming. Cell. (2018) 172:162–175.e14. doi: 10.1016/j.cell.2017.12.013

52. Bekkering S, Quintin J, Joosten LA, van der Meer JW, Netea MG, Riksen NP. Oxidized low-density lipoprotein induces long-term proinflammatory cytokine production and foam cell formation via epigenetic reprogramming of monocytes. Arterioscler Thromb Vasc Biol. (2014) 34:1731–8. doi: 10.1161/ATVBAHA.114.303887

53. van der Valk FM, Bekkering S, Kroon J, Yeang C, Van den Bossche J, van Buul JD, et al. Oxidized phospholipids on lipoprotein(a) elicit arterial wall inflammation and an inflammatory monocyte response in humans. Circulation. (2016) 134:611–24. doi: 10.1161/CIRCULATIONAHA.116.020838

54. van der Heijden C, Groh L, Keating ST, Kaffa C, Noz MP, Kersten S, et al. Catecholamines induce trained immunity in monocytes in vitro and in vivo. Circ Res. (2020) 127:269–83. doi: 10.1161/CIRCRESAHA.119.315800

55. Yvan-Charvet L, Pagler T, Gautier EL, Avagyan S, Siry RL, Han S, et al. ATP-binding cassette transporters and HDL suppress hematopoietic stem cell proliferation. Science. (2010) 328:1689–93. doi: 10.1126/science.1189731

56. Ray KK, Cannon CP. Pathological changes in acute coronary syndromes: the role of statin therapy in the modulation of inflammation, endothelial function and coagulation. J Thromb Thrombolysis. (2004) 18:89–101. doi: 10.1007/s11239-004-0205-9

57. Dupuis J, Tardif JC, Cernacek P, Theroux P. Cholesterol reduction rapidly improves endothelial function after acute coronary syndromes. The RECIFE (reduction of cholesterol in ischemia and function of the endothelium) trial. Circulation. (1999) 99:3227–33. doi: 10.1161/01.cir.99.25.3227

58. Blankenberg S, Rupprecht HJ, Bickel C, Peetz D, Hafner G, Tiret L, et al. Circulating cell adhesion molecules and death in patients with coronary artery disease. Circulation. (2001) 104:1336–42. doi: 10.1161/hc3701.095949

59. Seljeflot I, Tonstad S, Hjermann I, Arnesen H. Reduced expression of endothelial cell markers after 1 year treatment with simvastatin and atorvastatin in patients with coronary heart disease. Atherosclerosis. (2002) 162:179–85. doi: 10.1016/s0021-9150(01)00696-7

60. Wiklund O, Mattsson-Hulten L, Hurt-Camejo E, Oscarsson J. Effects of simvastatin and atorvastatin on inflammation markers in plasma. J Intern Med. (2002) 251:338–47. doi: 10.1046/j.1365-2796.2002.00966.x

61. Undas A, Brummel-Ziedins KE, Mann KG. Statins and blood coagulation. Arterioscler Thromb Vasc Biol. (2005) 25:287–94. doi: 10.1161/01.ATV.0000151647.14923.ec

62. Bekkering S, Arts RJW, Novakovic B, Kourtzelis I, van der Heijden C, Li Y, et al. Metabolic induction of trained immunity through the mevalonate pathway. Cell. (2018) 172:135–46.e9. doi: 10.1016/j.cell.2017.11.025

63. Ridker PM, Danielson E, Fonseca FA, Genest J, Gotto AM Jr., Kastelein JJ, et al. Rosuvastatin to prevent vascular events in men and women with elevated C-reactive protein. N Engl J Med. (2008) 359:2195–207. doi: 10.1056/NEJMoa0807646

64. Abifadel M, Varret M, Rabes JP, Allard D, Ouguerram K, Devillers M, et al. Mutations in PCSK9 cause autosomal dominant hypercholesterolemia. Nat Genet. (2003) 34:154–6. doi: 10.1038/ng1161

65. Leren TP. Mutations in the PCSK9 gene in Norwegian subjects with autosomal dominant hypercholesterolemia. Clin Genet. (2004) 65:419–22. doi: 10.1111/j.0009-9163.2004.0238.x

66. Cohen J, Pertsemlidis A, Kotowski IK, Graham R, Garcia CK, Hobbs HH. Low LDL cholesterol in individuals of African descent resulting from frequent nonsense mutations in PCSK9. Nat Genet. (2005) 37:161–5. doi: 10.1038/ng1509

67. Cohen JC, Boerwinkle E, Mosley TH Jr., Hobbs HH. Sequence variations in PCSK9, low LDL, and protection against coronary heart disease. N Engl J Med. (2006) 354:1264–72. doi: 10.1056/NEJMoa054013

68. Qian YW, Schmidt RJ, Zhang Y, Chu S, Lin A, Wang H, et al. Secreted PCSK9 downregulates low density lipoprotein receptor through receptor-mediated endocytosis. J Lipid Res. (2007) 48:1488–98. doi: 10.1194/jlr.M700071-JLR200

69. Zhang DW, Lagace TA, Garuti R, Zhao Z, McDonald M, Horton JD, et al. Binding of proprotein convertase subtilisin/kexin type 9 to epidermal growth factor-like repeat A of low density lipoprotein receptor decreases receptor recycling and increases degradation. J Biol Chem. (2007) 282:18602–12. doi: 10.1074/jbc.M702027200

70. Horton JD, Cohen JC, Hobbs HH. PCSK9: a convertase that coordinates LDL catabolism. J Lipid Res. (2009) 5:S172–7. doi: 10.1194/jlr.R800091-JLR200

71. Dias CS, Shaywitz AJ, Wasserman SM, Smith BP, Gao B, Stolman DS, et al. Effects of AMG 145 on low-density lipoprotein cholesterol levels: results from 2 randomized, double-blind, placebo-controlled, ascending-dose phase 1 studies in healthy volunteers and hypercholesterolemic subjects on statins. J Am Coll Cardiol. (2012) 60:1888–98. doi: 10.1016/j.jacc.2012.08.986

72. Lipinski MJ, Benedetto U, Escarcega RO, Biondi-Zoccai G, Lhermusier T, Baker NC, et al. The impact of proprotein convertase subtilisin-kexin type 9 serine protease inhibitors on lipid levels and outcomes in patients with primary hypercholesterolaemia: a network meta-analysis. Eur Heart J. (2016) 37:536–45. doi: 10.1093/eurheartj/ehv563

73. 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) 376:1713–22. doi: 10.1056/NEJMoa1615664

74. 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) 379:2097–107. doi: 10.1056/NEJMoa1801174

75. 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) 316:2373–84. doi: 10.1001/jama.2016.16951

76. Zhang Y, Liu J, Li S, Xu RX, Sun J, Tang Y, et al. Proprotein convertase subtilisin/kexin type 9 expression is transiently up-regulated in the acute period of myocardial infarction in rat. BMC Cardiovasc Disord. (2014) 14:192. doi: 10.1186/1471-2261-14-192

77. 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) 37:546–53. doi: 10.1093/eurheartj/ehv637

78. Gencer B, Mach F. Lipid management in ACS: should we go lower faster? Atherosclerosis. (2018) 275:368–75. doi: 10.1016/j.atherosclerosis.2018.06.871

79. Navarese EP, Kolodziejczak M, Kereiakes DJ, Tantry US, O’Connor C, Gurbel PA. Proprotein convertase Subtilisin/Kexin type 9 monoclonal antibodies for acute coronary syndrome: a narrative review. Ann Intern Med. (2016) 164:600–7. doi: 10.7326/M15-2994

80. Welder G, Zineh I, Pacanowski MA, Troutt JS, Cao G, Konrad RJ. High-dose atorvastatin causes a rapid sustained increase in human serum PCSK9 and disrupts its correlation with LDL cholesterol. J Lipid Res. (2010) 51:2714–21. doi: 10.1194/jlr.M008144

81. Navarese EP, Kolodziejczak M, Winter MP, Alimohammadi A, Lang IM, Buffon A, et al. Association of PCSK9 with platelet reactivity in patients with acute coronary syndrome treated with prasugrel or ticagrelor: the PCSK9-REACT study. Int J Cardiol. (2017) 227:644–9. doi: 10.1016/j.ijcard.2016.10.084

82. 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) 81:1175–90. doi: 10.1111/bcp.12905

83. Ishihara M, Asakura M, Hibi K, Okada K, Shimizu W, Takano H, et al. Evolocumab for prevention of microvascular dysfunction in patients undergoing percutaneous coronary intervention: the randomised, open-label EVOCATION trial. EuroIntervention. (2022) 18:e647–55. doi: 10.4244/EIJ-D-22-00269

84. 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) 12:2571–3. doi: 10.1016/j.jcmg.2019.06.022

85. Ferri N, Tibolla G, Pirillo A, Cipollone F, Mezzetti A, Pacia S, et al. Proprotein convertase subtilisin kexin type 9 (PCSK9) secreted by cultured smooth muscle cells reduces macrophages LDLR levels. Atherosclerosis. (2012) 220:381–6. doi: 10.1016/j.atherosclerosis.2011.11.026

86. Shen L, Peng HC, Nees SN, Zhao SP, Xu DY. Proprotein convertase subtilisin/kexin type 9 potentially influences cholesterol uptake in macrophages and reverse cholesterol transport. FEBS Lett. (2013) 587:1271–4. doi: 10.1016/j.febslet.2013.02.027

87. Navarese EP, Kolodziejczak M, Dimitroulis D, Wolff G, Busch HL, Devito F, et al. From proprotein convertase subtilisin/kexin type 9 to its inhibition: state-of-the-art and clinical implications. Eur Heart J Cardiovasc Pharmacother. (2016) 2:44–53. doi: 10.1093/ehjcvp/pvv045

88. Kita T, Kume N, Minami M, Hayashida K, Murayama T, Sano H, et al. Role of oxidized LDL in atherosclerosis. Ann N Y Acad Sci. (2001) 947:199–205; discussion205–196. doi: 10.1111/j.1749-6632.2001.tb03941.x

89. Ding Z, Liu S, Wang X, Deng X, Fan Y, Shahanawaz J, et al. Cross-talk between LOX-1 and PCSK9 in vascular tissues. Cardiovasc Res. (2015) 107:556–67. doi: 10.1093/cvr/cvv178

90. Wu CY, Tang ZH, Jiang L, Li XF, Jiang ZS, Liu LS. PCSK9 siRNA inhibits HUVEC apoptosis induced by ox-LDL via Bcl/Bax-caspase9-caspase3 pathway. Mol Cell Biochem. (2012) 359:347–58. doi: 10.1007/s11010-011-1028-6

91. 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-kappaB activation in THP-1-derived macrophages. Int J Mol Med. (2012) 30:931–8. doi: 10.3892/ijmm.2012.1072

92. Kuhnast 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) 55:2103–12. doi: 10.1194/jlr.M051326

93. Cheng JM, Oemrawsingh RM, Garcia-Garcia HM, Boersma E, van Geuns RJ, Serruys PW, et al. PCSK9 in relation to coronary plaque inflammation: results of the ATHEROREMO-IVUS study. Atherosclerosis. (2016) 248:117–22. doi: 10.1016/j.atherosclerosis.2016.03.010

94. 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) 74:2452–62. doi: 10.1016/j.jacc.2019.08.010

95. 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) 142:419–21. doi: 10.1161/CIRCULATIONAHA.120.046320

96. Raber L, Ueki Y, Otsuka T, Losdat S, Haner 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) 327:1771–81. doi: 10.1001/jama.2022.5218

97. 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) 15:1308–21. doi: 10.1016/j.jcmg.2022.03.002

98. Cannon CP, Blazing MA, Giugliano RP, McCagg A, White JA, Theroux P, et al. Ezetimibe added to statin therapy after acute coronary syndromes. N Engl J Med. (2015) 372:2387–97.

99. Luquero A, Badimon L, Borrell-Pages M. PCSK9 functions in atherosclerosis are not limited to plasmatic LDL-cholesterol regulation. Front Cardiovasc Med. (2021) 8:639727. doi: 10.3389/fcvm.2021.639727



OPS/images/fcvm-09-1061346-g003.jpg





OPS/images/fcvm-09-1061346-g002.jpg
3 E .... Inflammatory cytokines _ 3 Macrophage expressing
5 e e ; @7  andrecruiting chemokines ¢! SRA, CD36 and/or LOX-1
PCSK9 activate ; M i “
ECs inflammation : onocyte expressing ‘
RS and ECs : SRA, CD36 and/or LOX-1 gy Foamcel
;
5 ST \*
- o o w T 4
" & ® PCSK9 induces EC apoptosis,
| ) - t increasing plaque vulnerability
"_st are modified to | f
generate agLDL and ,
' oxLDL -
a

® : e
@ ° .
0 o° :
"
"
Aberrant blood flow \ -
High LDLs .
'
L
¢ PCSK9 . é Damage or ;
'
Endothelial cell e & J & stimuiation
Vascular smooth . Circulating
muscle cell £y agLDL/oxLDL & monocyte






OPS/images/cross.jpg
@ Check for updates.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Pharmaco-invasive therapy: Early implementation of statins and proprotein convertase subtilisin/kexin type 9 inhibitors after acute coronary syndrome



		Introduction



		Long-term effects of low-density lipoprotein cholesterol reduction in patients with stable coronary artery disease



		Early effects on cardiovascular events in patients post-acute coronary syndrome



		The inflammation hypothesis



		Influencing inflammation by direct low-density lipoprotein cholesterol reduction



		Benefits beyond direct low-density lipoprotein cholesterol reduction



		Proprotein convertase subtilisin/kexin type 9 inhibitors: Long-term effect on cardiovascular events in patients with stable coronary artery disease



		Proprotein convertase subtilisin/kexin type 9 inhibitors: Early effects on cardiovascular events in patients post-acute coronary syndrome?



		Contemporary and future studies with proprotein convertase subtilisin/kexin type 9 inhibitors



		Conclusion



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		Supplementary material



		References

















OPS/images/fcvm-09-1061346-t001.jpg
Study Population
SECURE-PCI ACS
n=4191
MIRACL AMI and UAP
n=3086

PROVEIT-TIMI 22  ACS
n=4162

Treatment

Atorvastatin 80 mg loading
dose 24 h before and after
PCI

vs. placebo

40 mg atorvastatin for

30 days after second dose
of study medication (all
patients)

Atorvastatin 80 mg

vs. placebo

Pravastatin 40 mg

vs. Atorvastatin 80 mg

Primary endpoint

MACE (all-cause mortality,
ML, stroke, unplanned

coronary revascularization)

MACE (death, non-fatal MI,
cardiac arrest with
resuscitation, recurrent
symptomatic myocardial
ischemia)

MACE (death from any
cause, MI, UAP requiring
hospitalization,

revascularization, stroke)

Results Median FU
HR 0.88
(95% CI: 0.69-1.11;
p=027)

30 days

RR0.84

(95% CI: 0.70-1.00;
p=0.048)

RR 0.74 for recurrent
symptomatic ischemia
(95% CI: 0.57-0.95;
p=002)

HRR 16%

(95% CI: 5-26%; p = 0.005)

16 weeks

2.0 years
(effect apparent after
30 days)

Landmark trials on the effect of early initiation of low density lipoprotein-cholesterol (LDL-C) lowering therapy post-ACS on cardiovascular endpoints. Table is organized by follow-up
time. ACS, acute coronary syndrome; FU, follow-up; HR, hazard ratio; HRR, hazard ratio reduction; MACE, major adverse cardiac events; MI, myocardial infarction; RR, relative risk;

UAP, unstable angina pectoris.





OPS/images/fcvm-09-1061346-g001.jpg
Reduction in Rate of Major Vascular Events (%)

504
JUPITER
404
MCARDS
4s
- ASCOT-LLA
1 AFCAPS/TexCAPS
LIPS M
""""""""""""""" LIPID
20+ »
FOURIER
PROSPE
ODYSSEY
104 ALERTH OUTCOMES
ALLHAT-LLT
0
-10 1 T T
0.5 1.5 2.0

Reduction in LDL Cholesterol (mmol/liter)





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

Pharmaco-invasive therapy:
Early implementation
of statins and proprotein
convertase subtilisin/kexin
type 9 inhibitors after acute
coronary syndrome












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







