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Abstract

Lowering the levels of LDL cholesterol in the plasma has been shown 
to reduce the risk of atherosclerotic cardiovascular disease (ASCVD). 
Several other lipoproteins, such as triglyceride-rich lipoproteins, HDL 
and lipoprotein(a) are associated with atherosclerosis and ASCVD, 
with strong evidence supporting causality for some. In this Review, we 
discuss novel and upcoming therapeutic strategies targeting different 
pathways in lipid metabolism to potentially attenuate the risk of 
cardiovascular events. Key proteins involved in lipoprotein metabolism, 
such as PCSK9, angiopoietin-related protein 3, cholesteryl ester transfer 
protein and apolipoprotein(a), have been identified as viable targets for 
therapeutic intervention through observational and genetic studies. 
These proteins can be targeted using a variety of approaches, such as 
protein inhibition or interference, inhibition of translation at the mRNA 
level (with the use of antisense oligonucleotides or small interfering 
RNA), and the introduction of loss-of-function mutations through 
base editing. These novel and upcoming strategies are complementary 
to and could work synergistically with existing therapies, or in some 
cases could potentially replace therapies, offering unprecedented 
opportunities to prevent ASCVD. Moreover, a major challenge in the 
prevention and treatment of non-communicable diseases is how to 
achieve safe, long-lasting reductions in causal exposures. This challenge 
might be overcome with approaches such as small interfering RNAs or 
genome editing, which shows how far the field has advanced from when 
the burden of achieving this goal was placed upon patients through 
rigorous adherence to daily small-molecule drug regimens.
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incidence of cardiovascular outcomes. However, these therapies remain 
underutilized in clinical practice for a variety of reasons.

Even though LDL cholesterol level in the plasma is a good surro-
gate for the atherogenic cholesterol concentration in the plasma, all 
apolipoprotein B (apoB)-carrying lipoproteins (such as VLDL, inter-
mediate-density lipoprotein (IDL) and chylomicrons, as well as their 
cholesterol-rich remnants4) are potentially atherogenic5. Indeed, in 
patients with diabetes mellitus, metabolic syndrome or other presenta-
tions of insulin resistance, the plasma levels of these triglyceride-rich 
lipoproteins are elevated, contributing to the risk of ASCVD6. In these 
patients, other lipid measures, such as non-HDL cholesterol or apoB 
levels, might be more representative of total atherogenic lipid burden 
than LDL cholesterol levels. Moreover, genetic and observational 
studies support a causal role of the LDL-like particle lipoprotein(a) 
(Lp(a)) in ASCVD7–9. Whether lowering the plasma levels of Lp(a) with 
pharmacological therapies translates into similar reductions in the risk 
of ASCVD to those observed with LDL cholesterol-lowering therapies 
remains to be established.

In this Review, we discuss current treatment regimens for lower-
ing plasma LDL cholesterol levels to reduce the risk of cardiovascular 
disease and highlight treatment gaps and challenges, as well as the 
potential of both novel available and future therapeutic approaches to 
address them. Finally, we describe the characteristics and mechanisms 
of action of these novel and emerging therapies. In the context of this 
Review, novel therapies refer to those that are approved for clinical use 
to treat dyslipidaemia and/or reduce the risk of cardiovascular events 
and have mechanisms of action distinct from those of previous thera-
pies. Novel therapies include bempedoic acid, inclisiran, evinacumab 
and icosapent ethyl. Inevitable questions from clinicians about these 
strategies include how they work, how safe they are, where they fit into 
current treatment pathways and how to use them. Potential future 
therapeutic strategies refer to therapies in development that have 
not been approved for routine clinical practice, but that might resolve 
current unmet medical needs by targeting novel pathways or existing 
pathways through novel approaches.

Current lipid-lowering regimens
National and international guidelines recommend plasma LDL cho-
lesterol as the primary plasma lipid target for reducing the risk of 
cardiovascular events, recommending the lowest LDL cholesterol 
level thresholds for those at highest risk10–12. Furthermore, guidelines 
propose a stepwise approach to treatment escalation to achieve LDL 
cholesterol goals13.

Statin therapy is recommended as the first-line pharmacologi-
cal treatment in patients with a risk of ASCVD that is sufficiently high 
to benefit from pharmacological LDL cholesterol lowering with an 
acceptable ‘number needed to treat’ (>5% for 10-year risk of fatal cardio-
vascular disease10 and >20% for 10-year risk of a first ASCVD event10,11). 
Statins reduce LDL cholesterol levels by inhibiting HMG-CoA reductase 
(an enzyme that catalyses the rate-limiting step in cholesterol biosyn-
thesis), which leads to reduced cholesterol levels in the liver and upreg-
ulation of LDL receptors (LDLRs) in hepatocytes, thereby increasing the 
clearance of circulating LDL. The second-line treatment is ezetimibe, 
either as an add-on to statin therapy or as monotherapy. Ezetimibe, 
which inhibits cholesterol absorption in the intestine, reduces cardio-
vascular events in proportion to the absolute reduction in plasma LDL 
cholesterol levels and the duration of therapy, both as monotherapy 
and as add-on to a statin2,14,15. Moreover, if similar reductions in LDL 
cholesterol level are achieved with high-intensity statin monotherapy 

Key points

 • LDL cholesterol is a causal and cumulative factor in the development 
of atherosclerosis; therefore, reducing plasma LDL cholesterol levels, 
irrespective of the approach used, decreases the risk of cardiovascular 
disease.

 • Data from observational and genetic studies have revealed novel 
treatment targets beyond LDL cholesterol lowering.

 • Novel treatment targets can be classified into those that increase 
the number of LDL receptors (LDLRs) in hepatocytes and those that 
interfere with the modification and composition of atherogenic 
lipoproteins.

 • Besides statins and ezetimibe, treatments that enhance LDLR 
function (LDLR-dependent treatments) include bempedoic acid, which 
targets ATP citrate lyase, and PCSK9-targeting therapies, such as 
monoclonal antibodies or the small interfering RNA inclisiran.

 • Emerging treatments that modify lipoprotein composition target 
apolipoprotein C-III, ANGPTL3, cholesteryl ester transfer protein and 
lecithin–cholesterol acyltransferase; therapies that modify lipoprotein 
number target apolipoprotein(a); and those that enhance lipoprotein 
function target apolipoprotein A-I.

 • Novel approaches with sustained effects and infrequent dosing 
regimens might overcome the issues with treatment adherence that 
are common to therapies requiring more frequent dosing.

Introduction
The burden of atherosclerotic cardiovascular disease (ASCVD) remains 
high despite the availability of effective therapies targeting modifi-
able risk factors such as hypertension and high plasma levels of LDL 
cholesterol. An estimated 17.9 million people died from ASCVD in 2019, 
representing 32% of all global deaths1. Reducing plasma LDL cholesterol 
levels has been shown to lower the risk of cardiovascular events, and 
these benefits are constant per unit change in plasma LDL cholesterol 
level and independent of the individual baseline risk of the patient, pres-
ence or absence of comorbidities, baseline lipid profile and approach 
to LDL cholesterol lowering2. A meta-analysis by the Cholesterol Treat-
ment Trialists showed that the relative risk reduction in cardiovascular 
events with statin therapy was 22% per 1 mmol/l reduction in plasma 
LDL cholesterol levels3. In patients with a high baseline risk of cardiovas-
cular events, this 1 mmol/l absolute lowering of LDL cholesterol levels 
translates into greater absolute risk reductions. The greater absolute 
benefit in patients with high or very high risk of cardiovascular events, 
who constitute a small proportion of patients at risk of cardiovascular 
disease, is the rationale for using additional, often costly, lipid-lowering 
therapies alongside first-line therapies such as statins. This approach of 
combination therapies will be required to achieve the increasingly lower 
LDL cholesterol goals recommended by the guidelines, which might 
not be achievable with any single therapy, analogous to hypertension 
management, in which the use of multidrug combination therapies 
is the norm. In this regard, several therapies have become available 
in the past decade, with robust data demonstrating that these strate-
gies to lower plasma LDL cholesterol levels are safe and can reduce the 
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or with the combination of moderate-intensity statin therapy plus 
ezetimibe, similar rates of cardiovascular events are observed16. PCSK9-
targeting treatments should be considered in patients at very high risk 
of cardiovascular disease and in patients with familial hypercholesterol-
aemia in the high-risk category10. PCSK9 binding to the LDLR promotes 
the degradation of LDLRs in hepatocytes, thereby decreasing the num-
ber of LDLRs on the cell surface. Therefore, blocking the interaction 
between circulating PCSK9 and LDLRs prevents LDLR degradation and 
promotes the clearance of circulating LDL cholesterol (Fig. 1).

However, in real-world clinical practice, statin monotherapy is 
the most frequently used strategy. For example, in the DA VINCI regis-
try17 in Europe, statin-based monotherapy was used in approximately 
84% of patients who received lipid-lowering therapy, resulting in only 
33% of patients achieving 2019 ESC/EAS risk-based LDL cholesterol 
goals10 (these guidelines lowered the LDL cholesterol target values 
in three cardiovascular risk categories). Moreover, the first results 
from the FHSC registry18 in patients with familial hypercholesterolae-
mia revealed that among patients with extreme elevations in plasma 
LDL cholesterol levels from birth, only 2.7% of the patients achieved LDL 
cholesterol levels <1.8 mmol/l with lipid-lowering medications. Both 
the DA VINCI17 and FHSC18 registries show that combination therapies 
are underutilized, ranging from 10% combination therapy in patients 
without familial hypercholesterolaemia to approximately 21% in those 
with familial hypercholesterolaemia. This finding largely explains the 

poor attainment of treatment goals with monotherapy in those patients 
with high starting levels of LDL cholesterol. The reasons behind the 
poor implementation of guidelines are likely to be multifactorial, 
including access to and cost of therapies, concerns about safety of the 
more potent regimens and inability to quantify the benefits of therapy, 
as well as poor health literacy and perception of medication benefits, 
and inadequate treatment maintenance among patients19,20.

Higher intensity with combination therapy
If the average plasma LDL cholesterol level before treatment is  
3.0–3.5 mmol/l in the general population21,22, attaining LDL cholesterol 
targets as low as 1.8 mmol/l or even 1.4 mmol/l is unlikely to be feasi-
ble in the majority of individuals with the use of high-intensity statin 
monotherapy (which is generally considered to reduce LDL cholesterol 
levels by approximately 50%), necessitating safe and effective adjunct 
therapies. Therefore, from a practical standpoint, once cardiovascular 
risk assessment has been completed and the treatment pathway recom-
mends a very low LDL cholesterol target, combination therapy should 
be considered early in the decision-making process as a prerequisite 
to achieve effective plasma LDL cholesterol control.

According to simulations from the SWEDEHEART registry23, even 
among patients with a very high risk of cardiovascular events and 
a recent myocardial infarction, 90% of the patients achieved their 
guideline recommended LDL cholesterol goal through a combination 
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Fig. 1 | Novel and emerging LDL-lowering therapies targeting PCSK9. Binding 
of an LDL particle to the LDL receptor (LDLR) leads to LDL internalization and 
subsequent degradation and LDLR recycling to the cell surface. Binding of 
PCSK9 to the LDLR disrupts the LDLR recycling process and initiates degradation 
of the whole receptor–ligand complex. Therefore, fewer LDLRs are present 
at the hepatocyte surface, thereby reducing the hepatocyte capacity to take 
up circulating LDL particles and hence decreasing LDL clearance. At the gene 
level, strategies that are currently at preclinical stages of development involve 
CRISPR–Cas base editing to introduce loss-of-function variants in PCSK9, which 
ultimately leads to a reduction in PCSK9 protein levels. Strategies targeting 
PCSK9 at the mRNA level include the antisense oligonucleotide (ASO) AZD8233 
and the small interfering RNA (siRNA) inclisiran, which are both at clinical trial 

stages of development. AZD8233 binds to PCSK9 mRNA in the nucleus and the 
cytoplasm, causing PCSK9 mRNA degradation via RNase H1-mediated cleavage, 
thereby suppressing PCSK9 protein synthesis, whereas inclisiran is loaded into 
the RNA-induced silencing complex (RISC) in the cytoplasm to induce PCSK9 
mRNA degradation. Both AZD8233 and inclisiran are conjugated to triantennary 
N-acetylgalactosamine, which allows hepatocyte-specific uptake through 
asialoglycoprotein receptors (ASGR). At the protein level, the therapeutic agents 
bind to the PCSK9 protein to inhibit its interaction with the LDLR. Therapies 
approved for clinical use include the monoclonal antibodies (mAbs) evolocumab 
and alirocumab. Strategies in clinical development include adnectins (BMS-962476 
and LIB003), a vaccine and a cyclic peptide.
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of a high-intensity statin therapy with ezetimibe and a monoclonal 
antibody against PCSK9, provided that the patients had residual LDLR 
function. However, in patients with extremely high pretreatment levels 
of LDL cholesterol and with little or no LDLR activity, as seen in those 
with homozygous familial hypercholesterolaemia, maximizing com-
bination therapy with a triple combination of statin, ezetimibe and a 
PCSK9-targeting medication is insufficient. Previously, the treatment 
regimen in these patients could only be escalated to lipid apheresis, 
which does not require functioning LDLRs24,25. Attempts at using phar-
macotherapy to reduce apoB assembly (and thereby reduce circulating 
levels of LDL precursors, which would be independent of LDLR) have 
had mixed results26. High costs and adverse effects, such as large and 
frequent injection-site reactions with mipomersen27 and an increase in 
hepatic fat with lomitapide28, have limited the use of these medications.

A novel therapy, evinacumab, was approved in 2021 by the EMA and 
the FDA for the treatment of homozygous familial hypercholesterol-
aemia. Evinacumab is a monoclonal antibody that binds to circulating 
angiopoietin-related protein 3 (ANGPTL3) and sterically prevents the 
ANGPTL3-induced inhibition of lipoprotein lipase (LPL) and endothelial 
lipase (EDL) activity. The increase in LPL activity through evinacumab 
therapy enhances the hydrolysation of triglycerides. Thereby, evi-
nacumab reduces plasma LDL cholesterol levels independently of 
the presence of LDLR by promoting the processing of VLDL and the 
removal of VLDL remnants before the formation of LDL, through an 
EDL-dependent mechanism29.

Evinacumab has a recommended dosing of monthly intravenous 
injections. A phase III trial29 tested evinacumab in 65 patients with a 
clinical or genetic diagnosis of homozygous familial hypercholes-
terolaemia and a mean age of 42 years. Importantly, evinacumab was 
tested on a background of stable lipid-lowering therapies, including 
high-intensity statins (77%), ezetimibe (75%), monoclonal antibod-
ies against PCSK9 (77%), lomitapide (25%) and lipid apheresis (34%), 
with >50% of patients receiving triple combination therapy29. Despite 
intense background therapy, baseline plasma LDL cholesterol levels 
were high, at 6.59 mmol/l. Monthly intravenous infusion of evinacumab 
(15 mg per kg of body weight) reduced LDL cholesterol levels from 
baseline by 49% at 24 weeks compared with placebo, with consistent 
effects irrespective of background lipid-lowering treatments, including 
apheresis. Notably, no differences in efficacy were observed between 
patients with null–null LDLR variants and patients with non-null LDLR 
variants29. Even evinacumab-treated patients with <2% remaining 
LDLR function achieved LDL cholesterol reductions of 72% compared 
with placebo-treated patients, consistent with the proposed mode 
of action of evinacumab independent of the LDLR29. Overall, the fre-
quency of adverse events was similar in the evinacumab and placebo 
groups29,30. Therefore, additional LDL cholesterol lowering by about 
50% in patients with extremely high LDL cholesterol levels who are 
receiving maximally tolerated treatment regimens, including PCSK9-
targeting medications, can be achieved by adding either a monthly 
intravenous regimen of evinacumab or a weekly, subcutaneous, self-
administered dose of evinacumab. This strategy, if started early, might 
mitigate the risk of cardiovascular events to almost the risk levels in 
the general population.

Reducing adverse effects
Rates of perceived adverse effects are fairly high with statins. Observa-
tional studies suggest that 5–10% of individuals taking statins describe 
an inability to tolerate statins, mostly owing to muscle-related symp-
toms that range from myalgia with or without elevation of plasma levels 

of muscle enzymes (creatine kinase) to (rarely) rhabdomyolysis31. 
By contrast, no differences in adverse effects between statin and 
placebo groups have been found in placebo-controlled trials32,33. 
A meta-analysis published in 2022 including data from 19 randomized, 
controlled trials found a 4% excess risk of statin-associated muscle 
symptoms34. Moreover, one in 15 reports of muscle pain was associated 
with statin treatment34.

Regardless of whether or not these symptoms can be attributed 
to the statin treatment directly35, the reputation of these therapies 
among patients, and possibly care-givers, has been damaged. Through 
increased organ specificity, adverse effects leading to treatment dis-
continuation are low with the use of more recent LDL cholesterol-
lowering treatments. This finding might change a patient’s perception 
of lipid-lowering therapies in general, by showing that it is not lipid 
lowering per se that is associated with adverse symptoms, but rather 
that some therapies can more commonly cause symptoms, related 
to their kinetics and mode of action. For example, muscle symp-
toms do not seem to be more frequent with bempedoic acid than 
with placebo36. Bempedoic acid is a small-molecule inhibitor of ATP 
citrate synthase (ACLY), an enzyme that acts upstream of HMG-CoA 
reductase (which is targeted by statins). ACLY converts citrate plus 
CoA into oxaloacetate and acetyl-CoA, which is the substrate for fatty 
acid and cholesterol synthesis. Similar to statins, which also interfere 
with cholesterol biosynthesis, inhibition of ACLY by bempedoic acid 
decreases cytosolic cholesterol concentration, leading to the activation 
of the transcription factor sterol regulatory element-binding protein, 
which increases LDLR expression and thus the number of LDLRs on the 
hepatocyte surface, thereby enhancing the clearance of circulating 
LDL particles. Bempedoic acid is administered orally as a prodrug, at 
a dose of 180 mg per day, and requires intracellular activation by the 
liver-specific enzyme long-chain fatty acid transport protein 2. This 
enzyme is largely absent in skeletal muscle, which might potentially 
mitigate muscle-related symptoms associated with bempedoic acid 
therapy, despite initiating the same cascade of intracellular cholesterol 
depletion and LDLR upregulation as does statin therapy. Therefore, 
bempedoic acid might be an effective LDL cholesterol-lowering therapy 
in patients with statin intolerance, as has been shown in the CLEAR 
Serenity and CLEAR Tranquility trials37,38. In these trials, bempedoic 
acid treatment reduced LDL cholesterol levels by 24.5% compared 
with placebo in the absence of statin background therapy39. However, 
bempedoic acid has some adverse effects. In the CLEAR Serenity trial37, 
patients treated with bempedoic acid had no increase in muscle-related 
adverse effects compared with those receiving placebo, but had higher 
rates of gout (1.7% versus 0.9%). In the CLEAR Outcomes trial40 in a 
patient population with established or at high risk of cardiovascular 
disease and statin intolerance (baseline plasma LDL cholesterol level 
~139 mg/dl (3.59 mmol/l)), bempedoic acid treatment reduced plasma 
LDL cholesterol levels by approximately 20% compared with placebo. In 
addition, compared with placebo, bempedoic acid treatment reduced 
the primary end point of cardiovascular death, non-fatal myocardial 
infarction, non-fatal stroke or coronary revascularization by 13% and 
the composite of cardiovascular death, non-fatal myocardial infarction 
or non-fatal stroke by 15%40.

Given that lipid-modulating treatment for the prevention of 
ASCVD is a lifelong approach, for a therapy to be acceptable it needs 
to have a good safety profile and be well tolerated. Safety and toler-
ability have, in part, been improved through the current approach 
to drug development. Small interfering RNAs (siRNAs) and antisense 
oligonucleotides (ASOs) are designed for a genetically determined 
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treatment target, thereby potentially improving the specificity and 
efficacy with a lower likelihood of off-target effects than conventional 
therapies. Moreover, specific molecular alterations to achieve greater 
stability and better organ specificity can further reduce off-target 
effects. For instance, conjugation of the siRNA or ASO with trianten-
nary N-acetylgalactosamine (GalNAc) facilitates active liver-specific 
uptake through asialoglycoprotein receptors in hepatocytes41. In the 
case of volanesorsen, an ASO targeting APOC3, its GalNAc-conjugated 
form (olezarsen) significantly improved safety, which is discussed in 
more detail below.

Increasing treatment adherence
Small-molecule drugs, such as statins, ezetimibe or bempedoic acid, 
have a short half-life and must be taken daily. Therefore, optimal treat-
ment adherence is required with these medications to achieve the 
desired LDL cholesterol reduction. However, in clinical reality, adher-
ence to statin therapy is poor and declines over time42,43. In primary 
care, only 61% of patients with high cardiovascular risk adhered to 
therapy for 3 months after the first prescription of a statin, and only 
55% adhered to therapy for 6 months44. Poor treatment adherence to 
lipid-lowering therapy impairs the likelihood of achieving the optimal 
LDL cholesterol target and has a detrimental effect on the prevention 
of ASCVD. In secondary prevention, a significant reduction in recurrent 
myocardial infarction rates and mortality could only be shown with a 
>80% adherence to statin therapy45.

Clinical trial data indicate good adherence rates in patients 
who self-administer monoclonal antibodies against PCSK9 (ref. 46). 
However, reports from clinical practice have shown that acceptable 
adherence rates, even for antibody therapies, are achieved in only about 
30% of patients within the first year of starting therapy47. Therefore, 
new long-lasting therapies and modes of application that reduce the 
treatment burden for the patient are highly relevant. For example, 
for inclisiran (a siRNA targeting PCSK9), only two injections per year 
provide an additional 50% reduction in LDL cholesterol levels on a back-
ground of statin therapy48. The resulting simplified, but high-intensity 
treatment regimen could increase treatment adherence49 and, as data 
from the ORION-1 trial50 show, might also reduce the intraindividual 
variability in LDL cholesterol levels over time that has been observed 
with statin therapy51. Low intraindividual LDL cholesterol variability 
over time is associated with greater cardiovascular benefits52. There-
fore, long-lasting therapies such as inclisiran might help to achieve 
even greater reductions in the risk of cardiovascular events compared 
with treatments with a similar percentage of LDL cholesterol-lowering 
effectiveness but with higher inherent on-treatment LDL cholesterol 
variability, such as small-molecule drugs that require daily dosing 
(for example, high-intensity statins). Furthermore, the infrequent 
dosing regimen combined with administration by a health-care profes-
sional might help to achieve almost optimal treatment adherence and, 
therefore, maximize the cardiovascular benefits53.

Whether the LDL cholesterol-lowering effect of inclisiran also leads 
to a reduction in ASCVD events will be investigated in the ORION-4 
cardiovascular outcomes trial54. This randomized, placebo-controlled 
trial is currently ongoing and aims to recruit approximately 15,000 par-
ticipants with a history or evidence of stable ASCVD (previous myocardial  
infarction or ischaemic stroke, or peripheral artery disease defined 
by previous lower limb artery revascularization or aortic aneurysm 
repair) and aged ≥40 years for men and ≥55 years for women, and 
will have a follow-up of 5 years. Given that this trial is an event-driven 
study, >1,500 assessed cardiovascular events will be reported, which 

will provide robust estimates of the benefit of inclisiran therapy for 
cardiovascular outcomes.

Beyond targeting LDL: omega-3 fatty acids
Current lipid-targeting approaches for the prevention of ASCVD 
focus on lowering LDL cholesterol levels. Other potential approaches 
include using omega-3 fatty acids, which have been shown to reduce 
the plasma levels of triglycerides and triglyceride-rich lipoproteins, 
and have shown mixed, but promising results in cardiovascular out-
come trials. Data from an open-label, randomized trial55 indicated that 
in Japanese patients with hypercholesterolaemia, treatment with an 
eicosapentaenoic acid (EPA; 1,800 mg of pure icosapent ethyl per 
day) reduced cardiovascular events by 19% after a mean follow-up of 
4.6 years compared with placebo. However, trial limitations included 
the PROBE design (open interventional design with blinded clinical end 
point assessment) and the high levels of EPA at baseline in the study 
population owing to dietary intake of EPA, mainly though intake of 
fish. In the REDUCE-IT trial56 in patients with hypertriglyceridaemia 
and established cardiovascular disease or with diabetes and additional 
risk factors, treatment with 4 g of icosapent ethyl per day reduced 
cardiovascular events by 25% after a median of 4.9 years compared 
with placebo. Furthermore, the EVAPORATE trial57 data suggest that 
treatment with icosapent ethyl slows atherosclerosis progression 
and potentially induces plaque regression in patients with ASCVD and 
hypertriglyceridaemia who are receiving statins.

These results differ markedly from the findings of the ASCEND58, 
VITAL59 and STRENGTH60 clinical trials, which did not find a beneficial 
effect of supplementation with omega-3 fatty acids in reducing the risk 
of cardiovascular disease. The ASCEND trial58 included patients with 
type 2 diabetes and without ASCVD, whereas the VITAL trial59 assessed 
men aged ≥50 years and women aged ≥55 years without ASCVD, and 
both tested low-dose formulations of EPA plus docosahexaenoic acid 
(DHA). The STRENGTH trial60 investigated the efficacy of a mixture 
of omega-3 fatty acids (EPA and DHA) compared with corn oil for the 
secondary prevention of ASCVD in patients receiving statin therapy 
and for the primary prevention of ASCVD in patients at high risk of 
ASCVD who had high triglyceride levels and low HDL cholesterol levels.

Three main hypotheses might account for the contrasting results 
among the different trials. First, high EPA levels in plasma or a certain 
threshold of EPA in plasma (~100 µg/ml) might be required to pro-
vide a beneficial effect on cardiovascular outcomes, as achieved in 
the REDUCE-IT trial56 but not in the STRENGTH trial61. Second, the 
effects of EPA and DHA differ, and the latter might have adverse effects 
on cardiovascular events, potentially outweighing the beneficial effect 
of EPA therapy in the STRENGTH trial. However, secondary analysis of 
the STRENGTH trial data showed no association between cardiovascu-
lar end points and the achieved levels of EPA and DHA in plasma62. Third, 
the placebo used in the REDUCE-IT trial, a mineral oil, has been shown to 
increase inflammatory biomarkers associated with ASCVD and reduce 
the absorption of statins, thereby causing an increase in LDL cholesterol 
levels63. By contrast, the corn oil placebo used in the STRENGTH trial 
had neutral effects. Nevertheless, the observed beneficial effect of EPA 
in these clinical trials was probably real, but its magnitude is uncertain 
and might have been overestimated in the REDUCE-IT trial.

The exact mechanisms of action of omega-3 fatty acids in reduc-
ing levels of triglyceride-rich lipoproteins in the plasma are not clear. 
In humans, EPA and DHA might reduce plasma triglyceride-rich lipo-
protein levels mainly through two mechanisms: by reducing hepatic 
production of VLDL and by increasing postprandial LPL activity64.
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Novel and emerging therapies
The characteristics of novel and emerging therapies for modulating 
plasma lipid levels and their effects on the plasma levels of different 
lipoproteins and the risk of cardiovascular events are summarized in 
Table 1. Molecular pathways can be targeted therapeutically at three 
levels: the protein, the mRNA and the gene. At the protein level, small-
molecule drugs or monoclonal antibodies can inhibit the action of 
the protein either by affecting the binding of the protein to a relevant 
receptor or by sequestering circulating proteins, thereby reducing 
the amount of freely available protein to exert its biological effects. 
At the mRNA level, ASOs and siRNAs trigger the degradation of target 
mRNA to prevent translation into the protein65. ASOs are single-
stranded RNA or DNA sequences that are complementary to target 
mRNA and bind through Watson–Crick base-pair interactions to the 
target transcripts in the nucleus and cytoplasm. The non-sequence-
specific endonuclease RNase H1 cleaves the mRNA strand, thereby 
preventing translation into the protein. siRNAs are single-stranded or 
double-stranded RNAs with a guide strand that is complementary to a 
target mRNA. siRNAs induce the endogenous process of RNA interfer-
ence in the cytoplasm. The siRNA is loaded in the RNA-induced silenc-
ing complex (RISC) and the antisense (guide) strand directs the RISC 
to the target mRNA, which is then degraded by the complex. Specific 
molecular modifications to the siRNA can modulate its stability within 
the complex, thereby facilitating the degradation of multiple mRNAs 
and enabling a long duration of efficacy (up to several months with 
a single dose). At the gene level, two approaches are currently being 
explored in the context of lipid-lowering therapies: CRISPR–Cas base 
editing and CRISPR–Cas gene editing.

Targeting PCSK9
Although PCSK9-targeting therapeutics lower LDL cholesterol levels 
by increasing the number of LDLRs on the cell surface, their mecha-
nism of action is very different from that of statins or bempedoic acid 
(Fig. 1). Extracellular PCSK9 regulates LDLR recycling. Binding of PCSK9 
to LDLR prevents normal recycling of the LDLR and instead targets 
the LDLR–PCSK9 complex for lysosomal degradation. Inhibition of 
PCSK9 leads to increased LDLR recycling rates and prolonged LDLR 
functional lifespan66–68. Therefore, therapies directed at inhibiting 
PCSK9 or decreasing PCSK9 levels are a logical strategy for lowering 
circulating LDL cholesterol levels.

The functions of PCSK9 beyond its role in LDLR degradation, 
especially its intracellular functions, are not as well understood. 
PCSK9 regulates lipid homeostasis in hepatocytes, and high levels 
of PCSK9 have been shown to be associated with an increased risk of 
non-alcoholic fatty liver disease (NAFLD)69. Most preclinical studies 
suggest a pro-steatotic role of PCSK9 (refs. 70,71). However, PCSK9 
in the endoplasmic reticulum acts as a chaperone protecting against 
endoplasmic reticulum stress, which should attenuate liver damage69. 
In addition, the results from clinical studies are conflicting. One study 
found that hepatic PCSK9 expression was inversely correlated with 
steatosis in patients with obesity72. By contrast, another study found 
that in patients with obesity who underwent bariatric surgery, higher 
circulating PCSK9 levels were associated with increased steatosis73. 
Therefore, the effect of PCSK9 might depend on its cellular localiza-
tion or the diet and disease state of the individual. In addition, the 
different therapeutic approaches targeting PCSK9 result in different 
circulating and intracellular levels of PCSK9. The first PCSK9-targeted 
medications approved for clinical use were monoclonal antibodies, 
followed by the siRNA inclisiran. The main difference between the 

antibody approach and the siRNA approach is that the first inhibits the 
interaction between PCSK9 and the LDLR and leads to a compensatory 
increase in plasma PCSK9 levels74, whereas the latter leads to decreased 
plasma PCSK9 levels by lowering PCSK9 synthesis rates50. Further 
research into whether these changes translate into clinically relevant 
effects, such as the occurrence of NAFLD, is warranted.

All currently available PCSK9-targeting approaches lead to further 
reductions in plasma LDL cholesterol levels of >50% in addition to the 
reductions achieved with statin therapy48,75. Numerically, monoclonal 
antibodies against PCSK9 achieve greater percentage reductions than 
the currently available siRNA inclisiran, but head-to-head comparisons 
would be required to confirm within-class differences in efficacy.

PCSK9 inhibitors reduce not only LDL cholesterol levels, but also 
cholesterol carried in triglyceride-rich lipoproteins5,76,77, although 
the achieved reductions in triglyceride-rich lipoprotein levels are 
more modest than those achieved with statin therapy. A study that 
compared the effect of atorvastatin and evolocumab on postprandial 
triglyceride-rich lipoprotein metabolism after ingestion of an oral fat 
load in 80 healthy men with normolipidaemia found that evolocumab 
reduced the concentrations of apoB-100-carrying triglyceride-rich 
lipoproteins, such as VLDL, but not of apoB-48-carrying lipoproteins 
(which are mostly chylomicrons)78. By contrast, atorvastatin reduced 
both apoB-100 and apoB-48 concentrations. These differences 
might be explained by additional inhibitory effects of atorvastatin 
on apolipoprotein C-III (apoC-III) and ANGPTL3, two inhibitors of 
LPL, because the hepatic removal of apoB-48-carrying lipoproteins 
requires LPL-dependent lipolysis. PCSK9-targeting medications affect 
triglyceride-rich lipoprotein levels only through stimulation of hepatic 
LDLR-mediated clearance, and thus have no effect on chylomicron 
removal.

Ongoing efforts in the development of PCSK9-targeting medica-
tions mainly focus on increasing its inhibitory effect and the duration 
of the effect, improving the formulations to reduce the volume of 
injectables, increasing the ease of use to enable self-administration, 
and alternative modes of application, especially oral formulations.

Adnectins targeting PCSK9: BMS-962476 and LIB003. Adnectins 
act at the protein level and are synthetic polypeptides that bind with 
high affinity and specificity to their target79. Currently, two adnectins 
targeting PCSK9 are under development: BMS-962476 and LIB003. 
Similar to monoclonal antibodies against PCSK9, these adnectins bind 
to PCSK9 and inhibit the interaction between PCSK9 and the LDLR. 
Therefore, the LDLR is not guided towards lysosomal degradation after 
internalization into the hepatocyte and is instead recycled, leading to 
an increased number of LDLRs on the surface of hepatocytes and thus 
increased uptake of circulating LDL (Fig. 1). BMS-962476 reduced LDL 
cholesterol concentration in plasma by up to 48% between day 4 and 
day 14 after a single subcutaneous administration80, suggesting the 
need for a dosing regimen of injections every 2 weeks.

LIB003 is a recombinant fusion protein of a PCSK9-binding adnec-
tin plus human serum albumin. Linkage of albumin to the adnectin 
increases the half-life to up to 12–15 days, thereby allowing decreased 
dosing frequency. Subcutaneous injection of 300 mg LIB003 every 
4 weeks led to a maximum LDL cholesterol reduction of 77% at week 12 
compared with placebo in patients with plasma LDL cholesterol levels 
>2.07 mmol/l at baseline who were already receiving maximally toler-
ated statin therapy81. At the 36-week, open-label, extension phase of 
the study, LDL cholesterol levels remained continuously reduced by 
60% from baseline82.



Nature Reviews Cardiology

Review article

Table 1 | Efficiency and efficacy of novel and emerging lipid-modulating therapies

Drug Molecular 
target

Drug type Dosage Phase of 
development

Change in plasma level (%) HR (95% CI) 
for MACE

LDL 
cholesterol

Non-HDL 
cholesterol

VLDL 
cholesterol

HDL 
cholesterol

Lp(a)

Bempedoic 
acid

ACLY Small 
molecule

180 mg once  
per day; oral

III–IV −18.1  
(ref. 36)

−13.3  
(ref. 36)

NR −1.8  
(ref. 194)

NS36 0.87 
(0.79–0.96)40

Inclisiran PCSK9 siRNA 300 mg every  
6 months;  
SC injection

III–IV −49.9 to 
−52.3  
(ref. 48)

−46  
(ref. 77)

−16 (ref. 77) +9 (ref. 77) −25  
(ref. 77)

ORION 
4 trial195, 
ongoing

AZD8233 PCSK9 ASO Oral, SC 
injection

I −68  
(ref. 83)

NR NR NR NR NA

BMS-962476 PCSK9 Adnectin Assumed to be 
0.3 mg per kg 
of body weight 
every 2 weeks; 
SC injection

I −48  
(ref. 80)

NR NR NR NR NA

LIB003 PCSK9 Adnectin 300 mg once 
per month;  
SC injection

II–III −60 to −77 
(refs. 81,82)

NR NR NR −29  
(ref. 82)

NA

Obicetrapib CETP Small 
molecule

10 mg once  
per day; oral

II −45.3 
(ref. 143)

NR NR +179.0 
(ref. 143)

−33.4 
(ref. 143)

Planned 
clinical trial144

Icosapent 
ethyl

Unknown Omega-3 
fatty acid

2 g twice  
per day; oral

III–IV −11.4 
(ref. 56)

−13.1 
(ref. 56)

NR −2.5 
(ref. 56)

NR 0.75 
(0.68–0.83)56

Omega-3 fatty 
acids (DHA 
and EPA)

Unknown Omega-3 
fatty acid

4 g once  
per day; oral

III −2.3 
(ref. 60)

−5 (ref. 60) NR NS60 NR 0.99 
(0.90–1.09)60

Volanesorsen APOC3 ASO 285 mg every 
week or every  
2 weeks;  
SC injection

III–IV +130 
(ref. 107)

−46 
(ref. 107)

−58 
(ref. 107)

+46 
(ref. 107)

NR NA

Olezarsen APOC3 ASO 50 mg every  
4 weeks;  
SC injection

II–III −1 to +23 
(ref. 110)

−20 
(ref. 110)

−58 
(ref. 110)

+30 
(ref. 110)

NR NA

Evinacumab ANGPTL3 Monoclonal 
antibody

15 mg per kg  
of body weight 
once per month 
or 300 mg once 
per week;  
SC injection

III–IV −52.9 
(ref. 30)

−53.8 
(ref. 30)

NR −30.3 
(ref. 30)

−11.9 
(ref. 30)

NA

Vupanorsen ANGPTL3 ASO 80 mg once  
per month;  
SC injection

II −7 (ref. 125) −18 
(ref. 125)

−38 
(ref. 125)

−24 
(ref. 125)

NS125 NA

ARO-ANG3 ANGPTL3 siRNA 300 mg once 
per month;  
SC injection

I–II −54 
(ref. 196)

NR −65 
(ref. 131)

−37 
(ref. 131)

NR NA

Pelacarsen LPA ASO 20 mg once  
per week or 
80 mg once  
per month;  
SC injection

III −15.2 
(ref. 167)

NR NR +3.7 
(ref. 167)

−80 
(ref. 167)

Lp(a)
HORIZON 
trial169, 
ongoing

Olpasiran LPA siRNA 225 mg every  
12 weeks

I–II −24.8 
(ref. 171)

NR NR NR −101.1 
(ref. 171)

NA

LY3819469 LPA siRNA To be defined I NR NR NR NR NR NR

SLN360 LPA siRNA To be defined Preclinical NR NR NR NR NR NR

CSL112 ApoA-I Plasma-
derived 
apoA-I

6 g once  
per week;  
IV infusion

II–III NR NR NR NR NR AEGIS 
II trial191, 
ongoing

ACP-501 LCAT Recombinant 
human LCAT

Single IV 
infusion of 
13.5 mg per kg 
of body weight

I NR NR NR +44193 NR NR

ACLY, ATP citrate lyase; ANGPTL3, angiopoietin-related protein 3; apoA-I, apolipoprotein A-I; ASO, antisense oligonucleotide; CETP, cholesteryl ester transfer protein; DHA, docosahexaenoic 
acid; EPA, eicosapentaenoic acid; IV, intravenous; LCAT, lecithin–cholesterol acyltransferase; Lp(a), lipoprotein(a); MACE, major adverse cardiovascular events; NA, not applicable; NR, not 
reported; NS, not significant; PCSK9, proprotein convertase subtilisin/kexin type 9; SC, subcutaneous; siRNA, small interfering RNA.
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ASO targeting PCSK9: AZD8233. In contrast to siRNAs, which act 
only in the cytoplasm, ASOs act in the nucleus and cytoplasm. AZD8233 
(also known as ION 449) is a GalNAc-conjugated ASO with constrained 
ethyl chemistry targeting PCSK9 mRNA83. A single subcutaneous 
injection of 90 mg of AZD8233 reduced LDL cholesterol levels by 68% 
from baseline83. The effect remained stable for a month, after which 
LDL cholesterol levels returned to baseline levels by 16 weeks. In the 
phase IIb ETESIAN trial84, the same dose of AZD8233 was adminis-
tered on days 1, 8, 29 and 57 in 119 patients receiving statin therapy 
who had plasma LDL cholesterol levels of ≥70 mg/dl (1.8 mmol/l) and 
<190 mg/dl (4.9 mmol/l), and fasting triglyceride levels of <400 mg/dl  
(4.57 mmol/l). AZD8233 therapy reduced LDL cholesterol by up to 
79% at week 12 compared with placebo. These reductions are, so far, 
numerically the highest LDL cholesterol reductions achieved among 
all the PCSK9-targeting medications reported to date.

A new formulation of AZD8233 with sodium caprate, called 
AZD6615, can be administered orally and has been shown to have suf-
ficient bioavailability in animal models with a once per day dosing83. 
This dosing regimen would offer an alternative to patients who prefer 
taking a tablet daily over biweekly or monthly injections. However, 
further development of AZD6615 was recently halted, although the 
reasons have not been publicly disclosed.

The increased duration of effects achieved with medications that 
act on gene expression compared with small-molecule drugs has the 
advantage of decreased dosing frequencies. However, the long tissue 
half-life also extends the duration of potential adverse effects. There-
fore, a strategy to rapidly reverse the activity of ASOs or siRNAs might 
be warranted in certain situations. This reversal has been achieved in 
experimental models through the injection of complementary sense 
oligonucleotides that act as a synthetic target with high affinity for 
the siRNA or ASO85,86.

Cyclic peptides targeting PCSK9. Another approach to PCSK9 inhibi-
tion with oral administration is the use of cyclic peptides87. These small 
molecules are developed through a structure-based design. Cyclic 
peptides targeting PCSK9 are still in the early clinical phases, but the 
key barriers in the development of these cyclic peptides have already 
been overcome, such as improving their molecular stabilization to pro-
tect them against gut proteases and reducing their molecular weight. 
In a phase IIb, dose-finding study88, treatment with the oral PCSK9 
inhibitor MK-0616 produced dose-dependent reductions in plasma 
LDL cholesterol levels of 41.2–60.9% between baseline and week 8. This 
oral PCSK9 inhibitor is going to be tested in a phase III trial to assess its 
effects on LDL cholesterol lowering and cardiovascular outcomes. The 
potential cost of MK-0616 is likely to be lower than that of injectable 
anti-PCSK9 therapies. Therefore, this drug fills the gap for patients who 
require additional LDL cholesterol lowering despite already receiving 
currently available oral therapies (statins plus other oral agents) but 
who cannot access injectable PCSK9-lowering therapies.

Vaccines targeting PCSK9. Approaches that use PCSK9-derived 
peptides to stimulate an immune response against PCSK9 are still in 
preclinical development but have shown promising results in animal 
models89,90. The anti-PCSK9 vaccine decreased PCSK9 plasma concen-
trations by about 60% compared with concentrations in controls and 
lasted for at least 16 weeks after prime immunization91. Two peptide 
vaccines, AT04A and AT06A, have been assessed in a phase I trial92 in 
72 healthy participants. All participants received initial immunization  
in weeks 0, 4 and 8, followed by a booster in week 60. Only AT04A induced  

an LDL cholesterol reduction of clinical relevance, which was numeri-
cally moderate compared with other PCSK9-targeting approaches, 
with a maximum reduction of 13.3% at week 70 and a mean reduction 
of 7.2% over the whole study period of 90 weeks92.

PCSK9 gene editing. Permanent suppression of PCSK9 might be 
achieved through CRISPR–Cas gene editing. CRISPR base editors 
have been used to successfully introduce a loss-of-function muta-
tion in PCSK9 in cynomolgus monkeys93. In this strategy, the CRISPR 
base editor and a guide RNA are loaded into lipid nanoparticles that 
enable liver-specific delivery. The guide RNA strand binds to the tar-
get DNA strand through complementary base pairing, which leads to 
displacement of a small segment of single-stranded DNA in an R-loop94. 
Within the R-loop, the exposed DNA bases can then be modified by 
the base editor. Sustained reductions in circulating PCSK9 and LDL 
cholesterol levels of 90% and 60%, respectively, were achieved over 
the observation period of 8 months after a single injection of the lipid  
nanoparticles93.

Targeting apoC-III
Plasma levels of LDL cholesterol and triglyceride-rich lipoprotein cho-
lesterol are regulated through LDLR-dependent and LDLR-independent 
pathways. The latter contribute to lipoprotein modification and lipo-
protein maturation95. Among the factors regulating these processes is 
apoC-III. The glycoprotein apoC-III is predominantly synthesized in the 
liver and, to a small extent, in the intestine96. ApoC-III is one of the major 
components of triglyceride-rich lipoproteins and, to a lesser extent, 
of HDL97. ApoC-III has a unique role in VLDL metabolism because it is 
involved in both the formation and composition of VLDL particles and 
their reuptake in the liver98.

Increased intracellular concentrations of apoC-III in hepato-
cytes lead to increased formation of cytosolic lipid droplets and the 
accumulation of pre-VLDL and VLDL particles in the endoplasmic 
reticulum and the Golgi apparatus99. Although in vitro studies suggest 
an involvement of apoC-III in VLDL production100, a kinetics study 
showed that individuals with APOC3 loss-of-function variants have 
unaltered VLDL production rates compared with individuals without 
loss-of-function variants101. Conversely, extracellular apoC-III influ-
ences the clearance of triglyceride-rich lipoproteins through inhibi-
tion of LPL-mediated lipolysis of VLDL triglycerides and a currently 
unknown LPL-independent mechanism that interferes with hepatic 
uptake of VLDL and triglyceride-rich remnant particles102,103. In sum-
mary, higher circulating apoC-III levels lead to higher circulating levels 
of atherogenic triglyceride-rich lipoproteins.

Findings from genetic studies support the pro-atherogenic role of 
apoC-III and suggest an association with cardiovascular mortality104. 
Loss-of-function variants in APCO3 are associated with lower plasma 
triglyceride levels and with a reduced risk of ASCVD104. Individuals 
with a genetically determined reduction in apoC-III production caused 
by a R19X variant in APOC3 have a 50% lower concentration of apoC-III 
in plasma and twice the clearance rate of triglyceride-rich apoB-100- 
carrying lipoproteins compared with individuals without this variant102.  
Another study in individuals with a loss-of-function variant in APOC3 
showed that the low risk of cardiovascular disease associated with this 
variant could be explained by the presence of lower plasma concentra-
tions of triglyceride-rich lipoproteins in carriers of the variant than in 
non-carriers105. This effect remained significant even after correction 
for lipid-lowering therapy. It has been proposed that in addition to 
promoting the formation of triglyceride-rich lipoproteins, apoC-III 
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might also facilitate the development of atherosclerosis by increasing 
arterial wall inflammation106.

Pharmacological inhibition of apoC-III has shown great efficacy in 
reducing plasma triglyceride levels107–110 (Fig. 2). Therefore, the initial 
clinical development of these therapies focused on patients with famil-
ial chylomicronaemia syndrome, who have genetically determined high 
triglyceride levels in plasma that are often caused by genetic variants 
in the LPL gene. Patients with this condition have an increased risk 
of pancreatitis but not of ASCVD events compared with the general 
population111. Therefore, clinical trials in this patient population did 
not assess cardiovascular outcomes.

ASOs targeting APOC3: volanesorsen and olezarsen. The first 
apoC-III-targeting medication approved for clinical use (for the treat-
ment of familial chylomicronaemia syndrome) was volanesorsen, an 
unconjugated ASO that selectively binds to APOC3 mRNA (Fig. 2). The 
triglyceride-lowering efficiency of volanesorsen has been assessed 
in three phase III trials: APPROACH107, involving patients with familial 
chylomicronaemia syndrome; COMPASS108, involving patients with 
severe multifactorial hyperchylomicronaemia (fasting plasma triglyc-
eride levels >500 mg/dl (5.65 mmol/l)) or familial chylomicronaemia 
syndrome; and BROADEN105, involving patients with familial partial 
lipodystrophy.

The APPROACH trial107 involved 66 patients with familial chylo-
micronaemia syndrome who were randomly assigned 1:1 to receive 
volanesorsen or placebo. Volanesorsen treatment reduced plasma 
levels of triglycerides by 77% and of apoC-III by 84% after 3 months 
compared with an increase of 18% and 6%, respectively, in the placebo 
group107. Furthermore, levels of non-HDL cholesterol, VLDL cholesterol 
and apoB-48 decreased by 46%, 58% and 76%, respectively, with volane-
sorsen compared with increases of 12%, 15% and 14%, respectively, with 

placebo. However, HDL cholesterol, LDL cholesterol and apoB levels 
increased by 46%, 136% and 20%, respectively, in the treatment group 
compared with 7%, 6% and 4%, respectively, in the placebo group. 
Similar reductions in the plasma levels of triglycerides, triglyceride-rich 
lipoproteins and non-HDL were obtained in the COMPASS trial108, which 
included 114 participants. However, the increases in LDL cholesterol 
level were less pronounced in the COMPASS trial than in the APPROACH 
trial, and apoB levels remained unaltered108.

The discordant changes in non-HDL cholesterol and apoB lev-
els indicate a shift towards higher particle numbers but with overall 
lower cholesterol content. Furthermore, the rise in LDL cholesterol 
and HDL cholesterol levels suggests a shift of cholesterol between the 
lipoprotein subfractions. Therefore, volanesorsen effectively lowered 
the levels of cholesterol in triglyceride-rich lipoprotein subfractions. 
However, its effect on the risk of ASCVD events remains uncertain, given 
that higher particle numbers are associated with a higher likelihood 
of the lipoprotein particles infiltrating the arterial walls, which might 
promote atherosclerotic plaque formation even though the cholesterol 
content of the infiltrating particles is lower overall.

The main disadvantage of volanesorsen is treatment-associated 
thrombocytopenia107. A genetic analysis suggests that the throm-
bocytopenia is an off-target effect, given that no differences in 
platelet counts were apparent between individuals with genetically 
determined low apoC-III levels and individuals with normal apoC-III 
levels112. To increase the safety and tolerability of the approach through 
increased organ specificity, a GalNAc-conjugated ASO targeting APOC3, 
olezarsen, was developed110. Olezarsen (previously known as AKCEA-
APOCIII-LRx) differs structurally from volanesorsen only in its GalNAc 
moiety.

In a phase II, dose-ranging trial110, including 114 patients with 
fasting triglyceride levels of 200–500 mg/dl (2.26–5.65 mmol/l) and 

APOC3 gene

APOC3 mRNA

ASO
Volanesorsen
Olezarsen

ASGR

APOC3 mRNA 
degradation

RNase H1

RNase H1

APOC3 mRNA 
degradation

ApoC-III 
synthesis

Low-a�inity, 
high-capacity 
uptake via remnant 
receptors

ApoC-III VLDL

LPL

IDL and VLDL
remnantsVolanesorsen Olezarsen

ApoC-III

Fig. 2 | Novel and emerging lipid-lowering therapies targeting apoC-III. 
Apolipoprotein C-III (apoC-III) is an apolipoprotein present in triglyceride-rich 
lipoproteins. In plasma, apoC-III is predominantly bound to VLDL and HDL. 
ApoC-III inhibits lipoprotein lipase (LPL)-dependent lipolysis of VLDL particles 
to intermediate-density lipoprotein (IDL) and VLDL remnants and the uptake 
of these remnants via hepatic receptors, thus decreasing the clearance of these 
particles. Therapies targeting apoC-III that are currently approved for clinical use 

or in clinical development are the antisense oligonucleotides (ASO) volanesorsen 
(approved for the treatment of familial chylomicronaemia syndrome) and 
olezarsen. These ASOs bind to APOC3 mRNA, which encodes apoC-III, in the 
nucleus and the cytoplasm to induce APOC3 mRNA degradation and thereby 
suppress apoC-III synthesis. The ASO olezarsen is conjugated to triantennary 
N-acetylgalactosamine, which allows hepatocyte-specific uptake mediated by 
asialoglycoprotein receptors (ASGR).
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established ASCVD or with high risk of ASCVD, olezarsen reduced 
triglyceride levels by 29% with the 10 mg dose administered every 
4 weeks and by 66% with the 50 mg dose every 4 weeks after 25–27 weeks 
of treatment compared with placebo. The changes in LDL cholesterol 
levels were dose-independent, ranging from a 1% decrease to a 23% 
increase. With the highest olezarsen dose, non-HDL cholesterol, VLDL 
cholesterol and apoB levels were reduced by 20%, 58% and 10%, respec-
tively, compared with placebo110. As intended, platelet counts remained 
unaltered with olezarsen treatment. The most common adverse effects 
in the intervention group were injection-site erythema (15.6%) and 
arthralgia (12.2%) compared with 0% for both in the placebo group.

Therefore, olezarsen can effectively lower apoC-III and triglyceride 
levels in patients with clinical conditions with a phenotype of elevated 
triglyceride concentrations in plasma, such as secondary severe or mild 
hypertriglyceridaemia, multifactorial chylomicronaemia syndrome 
and familial chylomicronaemia syndrome. Whether the modest reduc-
tions in the plasma levels of apoB and non-HDL cholesterol translate 
into significant reductions in the risk of cardiovascular disease remains 
to be established.

Targeting ANGPTL3
ANGPTL3 is an inhibitor of LPL and EDL and is mainly produced in the 
liver (Fig. 3). Loss-of-function variants in ANGPTL3 are associated with 
a 9–12% reduction in LDL cholesterol levels and a 17–27% reduction in 
triglyceride levels, and a 34–41% lower risk of coronary artery disease 
compared with individuals without this variant113,114. Reductions in the 

plasma levels of free ANGPTL3 lead to higher LPL and EDL activity115,116. 
Unlike apoC-III, ANGPTL3 seems to work only through an LPL-depend-
ent mechanism, and is therefore less effective than apoC-III-targeting 
therapies or ineffective in patients with a loss-of-function variant in LPL 
causing familial chylomicronaemia syndrome. Elevated LPL and EDL 
activity increases the influx of free fatty acids into muscles during the 
fasting state and lipogenesis in the adipose tissue during the fed state 
for storage, as shown in animal models117,118. LPL and EDL hydrolyse 
triglycerides in VLDL particles, facilitating IDL and LDL formation. 
Furthermore, ANGPTL3-targeting therapies increase LDL cholesterol 
and remnant cholesterol uptake into the liver, while simultaneously 
decreasing hepatic VLDL synthesis119.

However, ANGPTL3 on its own has a low capacity to inhibit LPL and 
is expressed independently of nutritional state (fed or fasted)120–122. 
ANGPTL3 exerts its effect through its interaction with ANGPTL4 
and ANGPTL8 (ref. 123). Through the interplay of these proteins, 
triglyceride partitioning is orchestrated according to nutritional 
state122. ANGPTL4 is mainly expressed in adipose tissue during the 
fasting state and inhibits LPL locally, therefore funnelling triglycerides 
to oxidative tissues122. In the fed state, ANGPTL8 is expressed in the 
liver and forms a complex with ANGPTL3 (ref. 122). This complex is 
secreted and is >100-fold more potent at inhibiting LPL than ANGPTL3 
alone124. Furthermore, ANGPTL8 in adipose tissue forms a complex with 
free ANGPTL4. The ANGPTL4–ANGPTL8 complex has low capacity to 
inhibit LPL and might also attenuate the LPL inhibition mediated by 
circulating ANGPTL3–ANGPTL8 complexes122.
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Fig. 3 | Novel and emerging lipid-lowering therapies targeting ANGPTL3. 
Angiopoietin-related protein 3 (ANGPTL3) is a circulating inhibitor of lipoprotein 
lipase (LPL) (and endothelial lipase). Therefore, ANGPTL3 inhibits the lipolysis 
of VLDL particles to intermediate-density lipoprotein (IDL) and VLDL remnants 
and their uptake via hepatic receptors, thus decreasing the clearance of these 
particles. Therapies targeting ANGPTL3 at the gene level are currently at 
preclinical stages and involve using CRISPR–Cas base editing to introduce loss-
of-function mutations in the ANGPTL3 gene to prevent production of the protein. 
At the mRNA level, strategies being assessed at clinical trial stages include the 
antisense oligonucleotide (ASO) vupanorsen and the small interfering RNAs 

(siRNAs) ARO-ANG3 and LY3561774. Vupanorsen binds to ANGPTL3 mRNA in 
the nucleus and the cytoplasm, causing its degradation via RNase H1-mediated 
cleavage and thereby suppressing ANGPTL3 protein synthesis. ARO-ANG3 and 
LY3561774 induce ANGPTL3 mRNA degradation in the cytoplasm mediated by 
the RNA-induced silencing complex (RISC). Both vupanorsen and the siRNAs are 
conjugated to triantennary N-acetylgalactosamine to enable hepatocyte-specific 
uptake through asialoglycoprotein receptors (ASGR). At the protein level, the 
monoclonal antibody (mAb) evinacumab, which has been approved for clinical 
use, binds to ANGPTL3 to block its inhibitory effect on LPL.



Nature Reviews Cardiology

Review article

ASO targeting ANGPTL3: vupanorsen. Vupanorsen is a GalNAc-
conjugated ASO targeting hepatic ANGPTL3 mRNA119 (Fig. 3). In a 
double-blind, placebo-controlled, dose-ranging phase II study125 among 
105 patients with diabetes, hepatic steatosis and hypertriglyceridaemia, 
monthly subcutaneous injections of vupanorsen significantly reduced 
plasma triglyceride and VLDL cholesterol levels by 44% and 38%, respec-
tively, compared with placebo. However, its LDL cholesterol-lowering 
effect was modest at 7%. In the dose-finding, phase IIb TRANSLATE-
TIMI 70 trial126 that included 286 patients with elevated non-HDL 
cholesterol and triglyceride levels who were receiving a stable dose 
of statin, vupanorsen injections twice per week reduced non-HDL 
cholesterol and triglyceride levels at 24 weeks, with a maximum reduc-
tion of 27.7% and 56.8%, respectively, compared with placebo. No clini-
cally meaningful reductions in LDL cholesterol and apoB levels were 
observed, and a dose-dependent reduction was only apparent for 
triglycerides but not for non-HDL chloesterol126. Furthermore, changes 
in non-HDL cholesterol levels did not correlate with apoB changes, sug-
gesting that the observed reduction in non-HDL cholesterol levels 
reflected a lower triglyceride content in triglyceride-rich lipoproteins 
rather than a decrease in particle number. If the potential cardiovas-
cular benefit of targeting ANGPTL3 were solely mediated through 
reducing the number and cholesterol content of apoB-carrying lipo-
proteins, vupanorsen might have a less favourable effect than other 
medications within this class. However, the effect of these changes 
on atherosclerosis and ASCVD event rates remains to be established.

Moreover, vupanorsen treatment increased hepatic fat content in 
a dose-dependent manner126. By contrast, loss-of-function variants 
in ANGPTL3 are not associated with liver disease, and treatment with an 
ANGPTL3-targeting ASO in mice reduced liver triglyceride content119,127. 
Moreover, the siRNA ARO-ANG3 targeting ANGPTL3 did not increase 
liver fat content in patients with hepatic steatosis128. Therefore, the 
hepatic targeting of ANGPTL3 per se might not cause hepatic lipid 
accumulation but might be an off-target effect of vupanorsen. This 
adverse effect raised concerns about the safety of vupanorsen, and 
further development of this medication was stopped.

siRNAs targeting ANGPTL3: ARO-ANG3 and LY3561774. ARO-ANG3 
is a GalNAc-conjugated siRNA targeting ANGPTL3 mRNA (Fig. 3). This 
siRNA has been tested in phase I clinical studies in healthy volunteers, 
patients with hypertriglyceridaemia and patients with familial chylomi-
cronaemia syndrome, and in these studies individuals with hypercho-
lesterolaemia who were receiving stable doses of statin (with or without 
ezetimibe) had mean reductions in LDL cholesterol levels of 39–42% 
and mean reductions in triglyceride levels of 79%129. In an open-label 
trial including 17 patients with heterozygous familial hypercholester-
olaemia, ascending doses of ARO-ANG3 (100 mg, 200 mg and 300 mg) 
led to increasing reductions in plasma LDL cholesterol levels (by 23%, 
30% and 37%, respectively) from baseline to 16 weeks after treatment 
initiation130. In healthy volunteers, ARO-ANG3 administered by subcu-
taneous injection on days 1 and 29 reduced LDL cholesterol levels from 
baseline by 45–54% at 4–6 weeks after the second administration, with 
the effects lasting up to 16 weeks after the last dose130,131. The ANGPTL3-
targeting siRNA LY3561774 is currently being assessed in a phase I trial 
in 74 patients with plasma triglyceride levels of 1.71–5.72 mmol/l and 
plasma LDL cholesterol levels of ≥1.8 mmol/l132.

The remarkable differences in the LDL cholesterol-lowering capac-
ity between the monoclonal antibody (evinacumab), the siRNAs and 
the ASO targeting ANGPTL3 are not fully understood. Genetic studies 
suggest the need for an almost complete inhibition of ANGPTL3 to 

achieve substantial LDL cholesterol reductions113,114. Further studies 
are ongoing133,134 to show whether the siRNA approach provides similar 
sustained durable efficacy in reducing ANGPTL3 with twice-yearly 
dosing to that observed for PCSK9-lowering with inclisiran.

ANGPTL3 gene editing. Approaches to lower ANGPTL3 expression 
by gene editing are still at the preclinical stage. CRISPR–Cas technol-
ogy was successfully applied in a mouse model to introduce loss-of-
function mutations in ANGPTL3, which significantly reduced plasma 
LDL cholesterol levels compared with those in control mice135. This 
approach has been replicated in a model of homozygous familial hyper-
cholesterolaemia in non-human primates. CRISPR-based ANGPTL3 
editing with two different formulations induced a 94% (n = 3) and a 
97% (n = 3) reduction in ANGPTL3 levels in blood, respectively, and 
a 35% reduction in LDL cholesterol levels from baseline136. An increase 
in editing potency and consequently further reductions in circulating 
ANGPTL3 levels were achieved through GalNAc conjugation of the 
lipid nanoparticle carrying the CRISPR–Cas platform compared with 
standard lipid nanoparticles137.

Targeting CETP
Cholesteryl ester transfer protein (CETP) facilitates the transport of 
cholesterol from HDL to LDL and VLDL, and increases the transfer 
of triglycerides from VLDL to LDL and HDL138. These actions result in 
decreased plasma HDL cholesterol levels and increased plasma LDL 
cholesterol levels, which promote the development of atherosclerosis 
and ASCVD2. Mendelian randomization studies suggested that CETP 
variants resulting in reduced CETP function have anti-atherosclerotic 
effects139–141.

The field of clinical trial research to assess the cardiovascular 
benefits of CETP inhibitors has been a steep learning curve. These tri-
als showed that the cardiovascular benefits of CETP inhibitors relate 
to the absolute magnitude of reduction in LDL cholesterol levels in 
plasma (determined by treatment potency and the starting levels of 
LDL cholesterol and apoB)142 and the duration of treatment, with half 
the relative benefit observed at 1 year versus at later years, meaning 
that longer trials are needed to observe benefits. Therefore, we not 
only need a therapy without off-target adverse effects (which offset the 
potential benefits of LDL cholesterol lowering) but also the right trial 
design involving patients with a high enough threshold of baseline LDL 
cholesterol level, a potent therapy that induces a large enough absolute 
lowering of LDL cholesterol levels, and a sufficiently long period of 
follow-up over which a meaningful reduction in clinical events might 
be demonstrated.

Obicetrapib. Obicetrapib is a small molecule that inhibits CETP, lead-
ing to a decreased transport of cholesterol from HDL to LDL and VLDL 
and decreased transfer of triglycerides from VLDL to LDL and HDL. 
The clinical development of the CETP inhibitor obicetrapib had been 
halted but has now been restarted, and the data show that this drug 
potently lowers LDL cholesterol levels, is safe and has a short half-
life143,144. An early trial in patients with mild dyslipidaemia showed that 
obicetrapib reduced plasma apoB and LDL cholesterol levels by 33.7% 
and 45.3%, respectively, from baseline to 12 weeks of treatment and 
was well-tolerated143. Obicetrapib has now been assessed in the ROSE 
trial144 as an adjunct to high-intensity statin treatment in 120 patients  
with dyslipidaemia. Treatment with 10 mg of obicetrapib per day for 
8 weeks significantly decreased the levels of LDL cholesterol by 51%, apoB  
by 30% and non-HDL cholesterol by 44% compared with placebo144. 
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The ongoing phase II OCEAN trial145 will assess obicetrapib as a combi-
nation therapy with ezetimibe in patients with LDL cholesterol levels 
of >1.8 mmol/l and >2.5 mmol/l. The PREVAIL trial146, a cardiovascular 
outcomes study to evaluate obicetrapib in patients with ASCVD, started 
recruitment in 2022 and will follow about 9,000 participants over the 
next 4 years.

In a population with high baseline plasma LDL cholesterol levels,  
a sufficiently large reduction in LDL cholesterol levels should be achiev-
able with obicetrapib therapy and would probably show a cardiovas-
cular benefit after a sufficiently long follow-up (for example, a median 
of 3–4 years). This result, if observed, would considerably broaden 
the range and the potency of oral LDL cholesterol-lowering treatment 
regimens available for combination with high-intensity statin therapy.

Other CETP inhibitors. Other CETP inhibitors that were under devel-
opment did not demonstrate cardiovascular benefits in clinical trials, 
owing to adverse effects, insufficient LDL cholesterol lowering or lim-
ited follow-up147. Therefore, the lack of cardiovascular benefit might be 
compound-specific and related to trial design. For example, the CETP 
inhibitor torcetrapib had toxic off-target effects and was associated 
with increased mortality in 15,067 patients with a high risk of cardio-
vascular disease compared with placebo148,149. The adverse effects were 
mediated by increasing aldosterone production and thereby blood 
pressure, which potentially attenuated any benefits of very modest 
absolute reductions in LDL cholesterol levels148,149. In the dal-OUT-
COMES trial150, the CETP inhibitor dalcetrapib showed only minimal 
LDL cholesterol reductions and, therefore, a neutral effect on cardio-
vascular outcomes, but was shown to be safe. Post-hoc genome-wide 
association analysis of the dal-OUTCOMES data suggested a 39% rela-
tive risk reduction in patients with a single-nucleotide polymorphism 
in the ADCY9 gene151. However, in the randomized, placebo-controlled 
dal-GenE outcomes trial152, which included 6,147 individuals with the 

variant in ADCY9, dalcetrapib treatment did not significantly reduce 
the rate of cardiovascular events compared with placebo after a mean 
follow-up of 3 years, and only showed a trend for the prevention of 
myocardial infarction. The trial of evacetrapib was stopped for futil-
ity after approximately 2.3 years of follow-up, with a 31.1% decrease 
in plasma LDL cholesterol level but only an approximately 25 mg/dl 
(0.65 mmol/l) absolute reduction153. By contrast, the largest and longest 
trial of the CETP inhibitor anacetrapib showed that this drug lowered 
LDL cholesterol levels by 17% as measured through β-quantification, 
compared with the 41% estimated through a direct assay154. The study 
included approximately 30,000 individuals with a high risk of car-
diovascular events and a starting LDL cholesterol level in plasma of 
61 mg/dl (1.58 mmol/l), and had a median follow-up of 4.1 years. The 
observed absolute difference in plasma LDL cholesterol levels between 
the anacetrapib and placebo groups was 11 mg/dl (0.3 mmol/l), and 
anacetrapib yielded a reduction in the risk of major coronary events 
of 6% compared with placebo154. However, further development of 
anacetrapib was stopped because of an extremely long elimination 
half-life of up to 80 h after 14 days of dosing, with detectable concentra-
tions of anacetrapib at 2–4 years after 76 weeks of treatment155, and its 
accumulation in adipose tissue154,156.

Targeting Lp(a)
Lp(a) is formed by the binding of apolipoprotein(a) (apo(a)) to apoB-
carrying lipoproteins. Lp(a) concentrations in the plasma are mainly 
determined by the expression levels of LPA, which encodes apo(a)157, 
meaning that plasma Lp(a) levels remain remarkably constant through-
out an individual’s life and are not influenced meaningfully by diet and 
lifestyle158. Therefore, reductions in plasma Lp(a) levels can be achieved 
by targeting apo(a) synthesis (Fig. 4).

Therapies targeting PCSK9, irrespective of the therapeutic 
approach, have been shown to lower Lp(a) levels by 20–28% compared 
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Fig. 4 | Emerging lipid-lowering therapies targeting Lp(a). Therapeutic 
strategies to lower plasma lipoprotein(a) (Lp(a)) levels that are currently being 
tested in clinical trials include an antisense oligonucleotide (ASO) and a small 
interfering RNA (siRNA). The ASO pelacarsen binds to LPA mRNA in the nucleus 
and the cytoplasm, causing RNase H1-mediated LPA mRNA degradation. The 
siRNA olpasiran binds to LPA mRNA in the cytoplasm to induce LPA mRNA 

degradation through the RNA-induced silencing complex (RISC). Degradation 
of LPA mRNA suppresses the translation and synthesis of apolipoprotein(a) 
(apo(a)), which in turn prevents the formation of Lp(a). Pelacarsen and olpasiran 
are conjugated to triantennary N-acetylgalactosamine, which confers hepatocyte-
specific uptake through asialoglycoprotein receptors (ASGR).
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with placebo159–161. Given that these therapies significantly lower LDL 
cholesterol levels, whether these reductions in Lp(a) levels confer 
additional cardiovascular benefit beyond that associated with LDL 
cholesterol lowering is uncertain162. Two large cardiovascular outcome 
trials in patients with stable coronary artery disease and recent acute 
coronary syndrome have provided discordant results163,164. In patients 
with stable coronary artery disease, absolute and percentage reduc-
tions in plasma Lp(a) levels induced by the PCSK9 inhibitor evolocumab 
did not confer additional cardiovascular benefit beyond that achieved 
through the LDL cholesterol reduction163. Rather, individuals with 
higher plasma Lp(a) levels were at higher risk of cardiovascular events 
and, therefore, derived greater absolute benefits with evolocumab 
therapy163. By contrast, reductions in Lp(a) levels seemed to confer 
cardiovascular benefits independently of LDL cholesterol lowering 
with the PCSK9 inhibitor alirocumab in patients with recent acute 
coronary syndrome164. Therefore, with PCSK9-targeting agents, it is 
not possible to determine whether Lp(a) lowering per se independently 
of other effects reduces the risk of cardiovascular events. However, 
three drugs specifically aimed at lowering Lp(a) levels by targeting 
hepatic production of apo(a) are in advanced development: pelacarsen, 
olpasiran and LY3819469.

ASO targeting LPA: pelacarsen. Pelacarsen (also known as ISIS-APO(a)
Rx, IONIS-APO(a)-LRx, AKCEA-APO(a)-LRx and TQ J230) is an ASO with 
a GalNAc conjugation targeting LPA mRNA (Fig. 4). Phase II clinical 
trials165,166 indicate that pelacarsen is generally safe and lowers plasma 
Lp(a) levels in a dose-dependent manner. Among 286 patients with 
established ASCVD and elevated Lp(a) levels (>60 mg/dl (150 nmol/l)), 
the greatest reductions in Lp(a) levels were observed with dosing 
regimens of 60 mg per month or 20 mg per week, which achieved 
reductions of 72% and 80%, respectively167. With the latter dosing, 
98% of patients attained the Lp(a) levels of <50 mg/dl (125 nmol/l) for-
merly recommended by European168 and North American11 guidelines. 
The ongoing cardiovascular outcome trial Lp(a)HORIZON169, which is 
testing a dose of 80 mg pelacarsen per month in patients with ASCVD 
and Lp(a) levels >150 nmol/l, could provide conclusive evidence on 
a causal role of Lp(a) in ASCVD and whether modification of Lp(a) 
concentrations prevents cardiovascular events.

siRNAs targeting LPA: olpasiran and LY3819469. Olpasiran 
(AMG890) is a siRNA targeting LPA mRNA that has been investigated 
in phase I and phase II studies. In the phase I trial170, which included 
64 patients with elevated Lp(a) levels (≥70 nmol/l to ≤199 nmol/l and 
≥200 nmol/l), a single dose of olpasiran reduced plasma Lp(a) levels 
by up to 94% on day 113. In the phase II, dose-finding trial171, a placebo-
adjusted Lp(a) reduction of 101.1% was achieved with the highest dose of 
olpasiran (225 mg every 12 weeks). These data suggest that significant 
and sustained long-term reductions in Lp(a) concentrations in plasma 
are achievable with twice-yearly dosing, similar to inclisiran, which 
might translate into substantial cardiovascular benefit if Lp(a) is con-
firmed to be a causal factor in ASCVD events. LY3819469 is another 
siRNA against LPA under development. A phase I trial172 was completed 
in November 2022.

Finally, SLN360 is another siRNA targeting LPA mRNA. In a 
phase I study173, single ascending doses (30 mg, 100 mg, 300 mg and 
600 mg) of SLN360 led to reductions in plasma Lp(a) levels from 
baseline to 150 days of 46–96% among 32 patients with plasma Lp(a) 
levels >150 nmol/l and without established ASCVD. The therapy was 
well-tolerated.

Targeting HDL cholesterol
An inverse association between plasma HDL cholesterol levels and the 
risk of ASCVD has been reported in epidemiological studies174–177. How-
ever, a meta-analysis showed that a therapeutically induced increase 
in HDL cholesterol levels did not reduce cardiovascular morbidity 
and mortality178. Furthermore, Mendelian randomization studies did 
not provide compelling evidence that HDL cholesterol is causally 
associated with the risk of ASCVD179–181. This finding might be partly 
explained by the non-linear, U-shaped association between plasma 
HDL cholesterol levels and ASCVD events182–184, which limits Mendelian 
randomization models, but is most likely due to the heterogeneity and 
various dynamic functions of different HDL particles.

Low HDL cholesterol levels in plasma are commonly found in 
patients with cardiometabolic conditions, such as insulin resistance, 
metabolic syndrome and type 2 diabetes, and are often associated 
with hypertriglyceridaemia99. Therefore, plasma HDL cholesterol 
levels could be thought of as a stable marker — similar to HbA1c for 
glycaemia — for mixed dyslipidaemia, which in turn is associated with 
an increased risk of ASCVD events185. However, in contrast to targeting 
LDL cholesterol, the goal of raising HDL cholesterol levels might be an 
oversimplification because this approach neglects the fact that HDL is 
more complex than LDL, with 16 described subgroups and a variety of 
functions that are still not fully understood. HDL functions are deter-
mined by the HDL composition of lipids, proteins and microRNAs185. 
The spectrum of functions includes modulation of lipid metabolism 
to proteolysis, haemostasis, immunity, complement activation and 
inflammation185. At least 219 non-randomly distributed proteins are 
associated with HDL, and their post-translational modification adds 
to the complexity and dynamics of HDL functions185.

Nevertheless, HDL is the key lipoprotein in reverse cholesterol 
transport and has other atheroprotective functions185. Therefore, 
mechanistic plausibility for targeting HDL remains and is driving 
further development of HDL-targeting therapeutics. These approaches 
restore or substitute HDL particle function, so far with mixed outcomes 
in clinical trials.

CSL112. CSL112 is a lipoprotein composed of human plasma-derived 
apolipoprotein A-I (apoA-I) and phosphatidylcholine and stabilized 
with sucrose. ApoA-I is the major protein component of HDL and opti-
mizes the function of HDL in reverse cholesterol transport from the 
periphery to the liver by increasing the HDL-mediated cholesterol efflux 
capacity. An increase in cholesterol efflux from macrophages in the 
atherosclerotic plaque might lead to a reduction in plaque vulnerability 
and, consequently, a decrease in the rates of recurrent cardiovascular 
events.

In 1,258 patients with a recent myocardial infarction, treatment 
with CSL112 significantly increased cholesterol efflux capacity of 
HDL particles, an ex vivo measure of HDL function, compared with 
placebo186. The increased cholesterol efflux capacity mediated by 
CSL112 contributes to atherosclerotic plaque stability by attenuating 
inflammation in the plaque, macrophage recruitment to the plaque 
and apoptosis of foam cells, reducing plaque and necrotic lipid core 
size, and increasing collagen expression and plaque remodelling187.

Previous approaches targeting HDL by using apoA-I infusion thera-
pies, such as the pre-β-HDL-like particles apoA-I Milano and CER-001 
(that both contain recombinant apoA-I), did not demonstrate robust 
plaque regression188,189. However, treatment with CSL112 induced a 
greater increase in cholesterol efflux capacity (330%) compared with 
the increase induced by apoA-I Milano (80–90%) or CER-001 (6%)187. 
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Furthermore, CSL112, but not apoA-I Milano or CER-001, can activate 
lecithin–cholesterol acyltransferase (LCAT), promoting the maturation 
of HDL particles and their hepatic clearance190. Whether the CSL112 
approach to increasing cholesterol efflux capacity translates into a 
reduction in cardiovascular events is being assessed in the ongoing 
AEGIS II trial191. Nevertheless, clinical implementation of this approach 
would be challenging and restricted to patients with a recent myocar-
dial infarction, because it requires a 60-min intravenous administra-
tion within 5 days of the event, followed by infusions once per week 
for 4 weeks and, therefore, requires additional effort by clinics and 
outpatient departments.

ACP-501. A different approach to increasing reverse cholesterol trans-
port is through infusion of recombinant human LCAT. LCAT catalyses 
the esterification of cholesterol, which is part of the HDL maturation 
process and increases the capacity of HDL to remove additional choles-
terol from peripheral tissues192. In a phase I trial193, infusion of ACP-501, 
which is a recombinant human LCAT, increased plasma HDL cholesterol 
levels in patients with coronary heart disease and low HDL cholesterol 
levels at baseline, inducing maximal increases in HDL cholesterol levels 
of about 42%. Any beneficial effects on prevention of cardiovascular 
disease remain to be established.

Conclusions
For almost four decades, lipid management relied primarily on the use 
of small-molecule drugs. Genetic and population studies identified 
variants in novel genes (such as PCSK9 and ANGPTL3) that contribute 
to atherosclerosis, which led to the identification of potential new 
treatment targets. Moreover, with these studies, the pathways asso-
ciated with the treatment targets are better understood and some 
adverse effects can be anticipated at early stages. Parallel advances in 
drug development, such as monoclonal antibodies, siRNAs and ASOs 
(which can be specifically designed to act on the identified target), 
have facilitated improved target organ specificity and increased the 
duration of action of the therapies. Therefore, emerging lipid-lowering 
therapies, acting at different levels from the protein to the gene and 
targeting different pathways, provide unprecedented opportunities 
for personalize care, address the residual risk of cardiovascular disease 
and improve medication adherence depending on the mode of action 
of the therapy.
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