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In the wake of the epidemiologic transition, as communicable 
diseases have receded, atherosclerotic cardiovascular disease has 
become a global scourge. Developing nations bear the greatest 

burden of atherosclerotic risk in the current era. Unfortunately, 
unhealthy lifestyle behaviors remain rampant. Healthful diets, 
engaging in regular physical activity, not becoming obese, and 
avoiding tobacco smoking could make major inroads into this 
modern epidemic. Yet, societal and individual measures to foster 
healthy lifestyles remain difficult to institute and sustain. But we 
fortunately possess a growing palette of pharmacologic tools to 
repel the ravages of atherosclerosis and to supplement efforts to 
improve lifestyle. Moreover, we have an increasing appreciation 
for genetic contributors to atherosclerosis, both rarer monogenic 
mutations and more-common variants that provoke smaller effect 
sizes. In individuals with inherited heightened risk of atheroscle-
rotic cardiovascular disease, even a pristine lifestyle cannot obviate 
cardiovascular risk. This review describes the current landscape of 
management of atherogenic lipoproteins, notably low-density lipo-
protein (LDL), with an emphasis on the role of strategies that target 
proprotein convertase subtilisin/kexin type 9 (PCSK9).

LDL causes human atherothrombosis
The introduction of the ultracentrifuge to analytical biochemis-
try led to the categorization of different fractions of blood lipids1  
(Fig. 1). One of these fractions associated particularly with athero-
sclerotic cardiovascular events: LDL. Hydrophobic lipids, such as 
triglyceride and cholesterol, and its esters require a water-soluble 
coating to circulate in an aqueous medium, such as blood. 
Lipoprotein particles package the water-insoluble lipids in a shell of 
more polar lipids decorated by a series of proteins designated apo-
lipoproteins. The apolipoproteins can serve as molecular addresses 
that can direct various lipoprotein particles to specific receptors on 
particular cells. The signature apolipoprotein of LDL, apolipopro-
tein B (ApoB), roughly encircles the equator of the LDL particle. LDL 
can also bear ApoE. In this Review, we make a distinction between 
‘LDL cholesterol, LDL-C’ and ‘LDL,’ referring to the particle.  

As LDL particles can contain a different mix of apolipoproteins 
and varying quantities of other constituents, such as phospholipids, 
fat-soluble vitamins, and so on, we refer to the particle as LDL and 
its payload of cholesterol/cholesteryl ester as LDL-C.

Both ApoB and ApoE serve as ligands for the canonical 
LDL receptor characterized originally by Brown and Goldstein2  
(Fig. 1). The discovery of the LDL receptor, and study of its expres-
sion in fibroblasts obtained from individuals with familial hyper-
cholesterolemia and hence elevated cardiovascular risk, affirmed 
that mutations in the LDL receptor are the genetic basis of this com-
mon form of familial hypercholesterolemia (FH, now classified as 
FH1). Heterozygous LDL receptor mutations constitute one of the 
most common genetic diseases in humans, affecting as many 1 in 
300 individuals. Those with homozygous null or hypofunctioning 
LDL receptors or compound heterozygotes have an extraordinarily 
elevated risk of premature atherothrombotic events. Such individu-
als with genetically determined elevations in LDL-C can experience 
myocardial infarction as early as the first decade of life in the homo-
zygous condition.

A phenocopy of familial hypercholesterolemia (FH2), described 
by Innerarity and colleagues, results from a mutation at residue 3500 
in ApoB that interferes with its recognition by the LDL receptor3. 
The molecular basis of a third form of familial hypercholesterol-
emia, autosomal dominant hypercholesterolemia, remained obscure 
until recently, as will be discussed in detail below. A rare autosomal 
recessive form of familial hypercholesterolemia (FH4) arises from 
mutations in the LDL protein receptor adaptor 1 (LDLRAP1) that 
associate with reduced LDL-receptor-dependent LDL catabolism, 
through mechanisms that remain indistinct4,5.

Beyond these four monogenic forms of hypercholesterolemia, 
advances in human genetics have identified myriad more-common 
variants that each produce small increments in LDL over the lifetime 
of the individual. We all carry a palette of such variants. Those who 
accumulate a greater burden of variants that elevate LDL-C have 
increased cardiovascular risk. Successive generations of polygenic 
risk scores allow us to gauge the burden of elevations in LDL due 
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to these more-common genetic variants6. This concordant human 
genetic evidence strengthens the case for causality of LDL in human 
atherosclerosis (Box 1).

The astute physician Carl Müller in 1938 observed the relation-
ship between angina pectoris, xanthomata, and hypercholesterol-
emia7. This clinical association, subsequently supported by decades 
of observational epidemiologic research, coupled with the char-
acterization of lipoproteins, demonstrated strong circumstantial 
evidence for the participation of LDL-C in human atherosclerosis. 
Studies with pharmacologic interventions that lower LDL-C pro-
vide further evidence supporting the causality of LDL in human 
atherothrombosis8.

approaches to therapy for elevated LDL
One of the first large-scale randomized trials of pharmacologic 
treatment of hypercholesterolemia, the Lipid Research Clinics 
(LRC) study, supported by the US National Heart, Lung, and Blood 
Institute, used bile-acid sequestrants9,10. These unpalatable res-
ins, taken orally, bind bile acids in the intestine and promote their 
excretion in feces. As bile acids derive from cholesterol, this led to 
a modest lowering of LDL-C. Bile acid sequestrants can also raise 

triglyceride concentrations in the blood, an unwanted action in ath-
erosclerotic individuals. The LRC study showed a modest decrease 
in cardiovascular events, but no improvement in mortality. The 
relatively modest benefits of a very hard-to-tolerate medication led 
many prominent physicians and lay critics alike to denigrate the 
value of LDL-C lowering in clinical practice11–13.

The introduction of the HMG-CoA reductase inhibitors helped 
to deter this perception. The Japanese scientist Akira Endo sought 
inhibitors of the rate-limiting enzyme in cholesterol synthesis, 
hydroxymethylglutaryl coenzyme A, in natural products of soil bac-
teria14. This work reflected the extensive experience with fermenta-
tion in Japan and the quest for new antibiotics following Fleming’s 
discovery of penicillin, a product of a microorganism. Endo’s suc-
cess led to rapid exploration of other inhibitors of this key enzyme 
and led to the development of the first generation of statins. The 
landmark Scandinavian Simvastatin Survival Study (4S) demon-
strated with rigor the ability of a statin to reduce cardiovascular 
events in high-risk individuals15. These data caused some doubters 
to recant.

Successive studies with statins have addressed individuals with 
progressively lower risks, and the development of more potent 
statins has led to the ability to drive LDL concentrations even lower. 
The ensemble of large-scale clinical trials with statins firmly estab-
lished the benefits of LDL lowering. The results fostered the concept 
of ‘lower is better.’ Moreover, the safety profile of this class of agents 
demonstrated that low concentrations of LDL, more akin to those 
of a human neonate or many animal species, did not entail adverse 
consequences16.

LDL lowering beyond statins
The quest for inhibitors of another enzyme involved in lipid metab-
olism, acyl-coenzyme A, cholesterol acyltransferase (ACAT), led to 
the identification of a molecule, ezetimibe, that produced a 15–20% 
reduction in LDL-C. A brilliant series of experiments showed 
that the target of this molecule was not ACAT, but rather a cho-
lesterol transporter in the small intestine responsible for uptake 
of dietary and biliary cholesterol: Niemann-Pick C1-like protein 1 
(NPC1L1)17. Coadministration of simvastatin with ezetimibe pro-
duced a decrease in adverse cardiovascular events after a 7-year 
observation period in a large-scale clinical trial (IMPROVE-IT), 
which demonstrated the ability of a non-statin to contribute to 
reduced cardiovascular risk in individuals already receiving an 
evidence-based statin regimen18. Although significant, the mod-
est absolute risk reduction of a few percent indicates diminishing 
returns of the additional LDL-C lowering of some 17 mg/dL that 
the addition of ezetimibe to the evidence-based dose of simvastatin 
affords (40 mg daily)18,19.
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Fig. 1 | a timeline of key discoveries relating to the mechanisms and management of various forms of familial hypercholesterolemia. Predominantly 
clinical milestones are shown on the top, and laboratory milestones are shown on the bottom. The text contains references to the advances depicted.

Box 1 | evidence supporting LDL-C causality

•	 LDL-C retention and accumulation participate directly in 
the initiation and progression of atherosclerotic cardiovas-
cular disease (ASCVD)

•	 Experimentally induced elevations in plasma LDL-C lead to 
atherosclerosis in animals

•	 Monogenically and polygenically mediated lifelong ele-
vations in LDL-C lead to markedly higher lifetime risk  
of ASCVD

•	 Monogenic conditions, such as forms of familial hypercho-
lesterolemia, markedly elevate LDL-C and associate with 
premature atherosclerosis

•	 Monogenic lipid disorders, prospective cohort studies, Men-
delian randomization studies, and randomized intervention 
trials all demonstrate a dose-dependent, log-linear associa-
tion between the absolute magnitude of exposure to LDL-C 
and risk of ASCVD, independent of other risk factors

•	 Randomized trials that have evaluated therapies specifically 
designed to lower LDL have consistently demonstrated that 
reducing LDL-C lowers the risk of ASCVD events

Adapted with permission from ref. 59, European Heart Journal.
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Another therapeutic, bempedoic acid, a dicarboxylic acid with 
15-carbon chain length and derivatized in the alpha and omega sites 
by methyl groups and a hydroxy group at carbon 8, inhibits another 
enzyme a few steps upstream of HMG-CoA reductase in the choles-
terol biosynthetic pathway: ATP-citrate lyase20. This compound can 
lower LDL-C by 15–20%, similar to the extent of reduction achieved 
by ezetimibe treatment. It produces incremental drops in LDL-C 
when combined with a statin or ezetimibe. Bempedoic acid is a pro-
drug that requires activation by an enzyme principally present in 
hepatocytes to attain its inhibitory activity. This feature may permit 
it to evade some of the unwanted muscle-related actions or symp-
toms associated with statin use. Skeletal muscle does not contain 
the enzyme SLC27A2, which derivatizes the parent molecule to the 
active thioester.

Both ezetimibe and bempedoic acid have received regulatory 
approval in most jurisdictions and can be used as monotherapy or 
in combination with statins or each other to achieve LDL-C lower-
ing. A large-scale randomized trial in individuals who are unable 
to tolerate statins is tracking cardiovascular outcomes following 
treatment with bempedoic acid21. Cholesteryl ester transfer protein 
(CETP) inhibitors were initially developed for their ability to raise 
HDL cholesterol in hope of decreasing cardiovascular events, but 
these have shown no or little efficacy, and sometimes even harm, 
in clinical trials. Obicetrapib, a potent CETP inhibitor, can lower 
LDL-C by about 50% when given in addition to high-intensity 
statins and undergoing testing in a cardiovascular outcome trial.

The PCSK9 story
As noted above, identifying the genetic defects linked to autosomal 
dominant hypercholesterolemia lagged behind such identification 
for other common forms of familial hypercholesterolemia (Fig. 1). 
Careful study of kindreds with autosomal dominant hypercholes-
terolemia by two talented female scientists, Marianne Abifadel and 
Catherine Boileau, working in Paris, delineated a candidate locus 
for the defective gene. Meanwhile, Nabil Seidah, working at the 
Institute for Clinical Research in Montreal, developed great exper-
tise in proteolytic enzymes that process proteins, following the initial 
discoveries of Michel Crétien. Through felicitous conjunction, the 

Paris group and the Montreal group identified a candidate, propro-
tein convertase subtilisin/kexin type 9 (PCSK9), as the causal gene 
in autosomal dominant hypercholesterolemia22. Gain-of-function 
mutations in this gene yielded elevations in LDL-C. Thereafter, 
Helen Hobbs and Jonathan Cohen found that individuals with loss 
of function in PCSK9 identified in the Dallas Heart Study seemed to 
enjoy protection from atherosclerotic cardiovascular disease23.

PCSK9 functions as a chaperone to channel the LDL receptor 
for intracellular catabolism, preventing its recycling to the cell sur-
face (Fig. 2). The increased LDL receptor expression augments LDL 
clearance and lowers plasma LDL-C. PCSK9 is an unusual protein-
ase24. Although it is a member of the proprotein convertase family, it 
resembles proteinase K, distinct from other family members. It also 
exhibits peculiar biochemical properties. Like other family mem-
bers, it undergoes auto-catalytic cleavage. But PCSK9 is secreted 
with its pro-piece attached and is thus catalytically inactive, as the 
pro-piece remains associated with the cleaved protein and hinders 
the enzyme’s active site. Furthermore, PCSK9 also undergoes pro-
cessing by furin to a smaller product that leads to release of the 
pro-domain, but this cleavage yields a dead enzyme. Indeed, several 
lines of biochemical evidence suggest that the ability of PCSK9 to 
reduce the LDL receptor does not depend on its catalytic activity. 
Although the design of proteinase inhibitors by medicinal chemis-
try is a well-trodden path to drug development, the independence 
of PCSK9’s regulation of the LDL receptor from enzymatic activity 
has frustrated this approach. That is why the first effective therapeu-
tic agents to reduce PCSK9 concentrations used antibody neutral-
ization instead of the more usual small-molecule approach.

This alternative approach, the development of biologicals, has 
proved more promising. Monoclonal antibodies that can neutral-
ize PCSK9 have proven efficacy in large-scale clinical trials. The 
rapid development of antibody therapeutics represents a true vic-
tory of science and translational medicine. Progressing from study  
of families with a relatively rare trait to the identification of a tar-
get protein and the rapid evolution and validation of a therapeu-
tic approach in the span of less than 15 years illustrates the power  
of partnerships between human geneticists, biochemists, and the 
pharmaceutical industry. The two therapeutics that have proven 
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useful in large-scale clinical trials, evolocumab and alirocumab, 
have received regulatory approval worldwide25,26. A third anti-
body, bococizumab, which retained approximately 3% of mouse 
sequences, generated anti-drug antibodies that led to diminished 
efficacy with time and halted its development27. The pivotal outcome 
trials with evolocumab and alirocumab enrolled individuals who 
were, for the most part, treated effectively with statins, affirming the 
efficacy of adding PCSK9 inhibition to this treatment. The degree 
of LDL lowering achieved by administering a PCSK9-neutralizing 
antibody to statin-treated individuals considerably exceeds that 
which is achievable with ezetimibe or bempedoic acid combined  
with statins.

Two major studies in very high-risk individuals have demon-
strated that PCSK9 monoclonal antibody inhibitors reduce LDL-C 
by 60% and cardiovascular events by 15–20% when added to statin 
and/or ezetimibe treatment. Current guidelines recommend PCSK9 
monoclonal antibody inhibitors as an add-on therapy for very 
high-risk patients to achieve LDL-C goals28. Imaging studies have 
given us some insight into the effects of PCSK9 monoclonal anti-
body on the atherosclerotic plaque. GLAGOV used intravascular 
ultrasound to show that the addition of evolocumab to a statin could 
result in plaque regression29. Newer imaging studies using OCT 
have demonstrated that the addition of PCSK9 inhibitor to statin 
therapy alters plaque composition, reflected by increased fibrous 
cap thickness and decreased lipid arc30–32. The PACMAN-AMI study 
used this approach to establish a reduction in atheroma volume and 
an increase in the thickness of the plaques’ protective fibrous cap 

in individuals with recent acute coronary syndrome receiving the 
PCSK9 antibody alirocumab in addition to statin32. Such alterations 
could render a plaque less susceptible to rupturing and provoking 
thrombus formation. A secondary analysis of the FOURIER trial 
demonstrated a significant reduction in the risk of acute arterial 
events across all arterial territories33. Women have higher circulating 
PCSK9 levels than men; however, a recent pooled analysis of PCSK9 
inhibition trials showed no sex difference in clinical benefit34,35.

Cardiovascular medicine has entered an era of RNA therapeutics 
(Fig. 3 and Tables 1 and 2). It is now possible to selectively target 
genes that have key roles in lipid metabolism by antisense oligo-
nucleotides and small interfering RNA (siRNA). New-generation 
nucleic-acid-based therapies conjugated with N-acetylgalactosamine 
(GalNAc) target them to the liver by binding the asialoglycoprotein 
receptor on hepatocytes, thus maintaining efficacy with the admin-
istration of much lower doses than those used for untargeted agents 
and decreasing unwanted actions36.

An siRNA that causes catabolism of PCSK9 messenger RNA 
has been developed; it acts intracellularly to block the synthesis of 
PCSK9. Owing to the recycling of siRNA, inclisiran, the siRNA agent 
that targets PCSK9, has more-prolonged LDL-lowering efficacy than 
that of the monoclonal antibodies that require administration every 
2–4 weeks37. Inclisiran’s duration of action permits it to be given 
just twice, or even once, yearly. Inclisiran has received approval in 
European countries and in the United States for heterozygous famil-
ial hypercholesterolemia. A large-scale outcome trial is testing the 
efficacy of LDL lowering by targeting PCSK9 with this siRNA.
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Fig. 3 | Strategies for PCSK9 inhibition. (i) Monoclonal anti-PCSK9 antibodies bind their target in the extracellular space. This neutralization prevents 
PCSK9 from binding to the LDL receptor, and it thus enters the cytoplasm joined to this cell surface receptor, directing the LDL receptor to the 
phagolysosome for degradation and limiting its recycling to the membrane. Thus, PCSK9 inhibition augments LDL receptors on the cell surface, where they 
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and can do so in a serial manner. Thus, one molecule of anti-PCSK9 siRnA can direct the degradation of many messages that encode PCSK9, limiting the 
translation and protein expression of this chaperone. (iii) Antisense RnAs promote destruction of the PCSK9 messenger RnA, but do so with a one-to-one 
stoichiometry. (iv) Small-molecule blockers of PCSK9 function in development mimic the action of the biologicals and provide a potential oral route of 
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Research has continued into alternative methods to inhibit 
PCSK9, which may cost less and have easier administration (Fig. 3  
and Table 1). The development of an oral PCSK9 inhibitor has 
proven challenging owing to decreased bioavailability after inges-
tion. Recently, an orally bioavailable cyclic peptide, PCSK9i, has 
entered clinical development. Phase 1 studies have shown that 
this agent on top of statin therapy reduced LDL-C levels by ~65% 
at day 14 compared with baseline levels, and was well tolerated38. 
A small, non-biological, synthetic ligand that binds PCSK9 with 
low-nanomolar affinity can reduce PCSK9 activity and increase 
hepatic LDLR expression in mice39. This approach might also pro-
vide a tool for oral PCSK9 inhibition.

Other approaches to target the mRNA to prevent the forma-
tion of PCSK9 have begun being evaluated. A recently developed 
liver-targeted antisense oligonucleotide that inhibits the expression of 
PCSK9 decreased LDL-C by 73% in 12 weeks and was well tolerated at 
the higher dose in a multiple ascending-dose study in people receiving 
statin treatment40. To achieve long-term LDL-C lowering, the quest 
for an effective PCSK9 vaccine continues. These efforts aim to trig-
ger the generation of host anti-PCSK9 antibodies. Preclinical studies 
have shown the effectiveness of a peptide-based active vaccination 
against PCSK9 in hypercholesterolemic mice. This vaccine is under-
going testing in non-human primates, but the long-term efficacy 
and safety in humans still requires demonstration41. A phase I study 
assessing the safety, tolerability, immunogenicity, and LDL-lowering 

activity of a vaccine targeting PCSK9 has shown induction of a strong 
PCSK9-reactive antibody response that reduces LDL-C levels in 
healthy participants by 11.2% and 13.3% at weeks 20 and 70. Booster 
immunization enhanced this immune response42.

The advent of gene editing using CRISPR–Cas9 has opened the 
possibility of permanent alteration in genes, including that which 
encodes PCSK9. In an exciting study, Musunuru and Kathiresan’s 
team and Rothgangl et al. used a base-editing approach to perma-
nently block PCSK9 gene expression in non-human primates43,44. 
Base editing, a later-generation CRISPR technique, permits a more 
precise alteration in genomic DNA, altering just one base rather 
than depending on DNA-repair processes, which may be more 
prone to off-target genetic alterations. Moreover, base editing has 
the potential of reversibility, providing an ‘antidote’ to otherwise 
lifelong genetic alteration. The base-editing approach in cynomol-
gus monkeys (Macaca fascicularis) showed a striking decrease in 
plasma PCSK9 and a concordant 60% decrease in blood LDL-C 
over at least an approximate eight-month period of observation. 
Extensive care to avoid off-target genetic alteration and exploration 
of potential off-target effects provided initial reassurance regarding 
the safety of this approach.

The clinical application of gene editing will require consider-
able ethical and regulatory surveillance. Yet, the power of these  
evolving technologies of genomic intervention is such that their 
use is inevitable. We must confront the ethical issues and evaluate  

Table 1 | attributes of various strategies to target PCSK9

Pros Cons

Monoclonal antibodies Decreases cardiovascular events Bimonthly/monthly injections

Midterm efficacy and safety confirmed Long-term safety needs to be shown

Approved by US Food and Drug Administration and european 
Meidcines Agency

siRnA Twice yearly injection Cardiovascular outcome study pending

efficacy and safety shown in phase III studies Long-term safety needs to be studied

Oral peptide derivative ease of administration Still in phase I–II

Bioavailability

Antisense oligonucleotides Can be administered orally or subcutaneously Still in phase I–II

Side effects

Vaccine Yearly injection Still in phase I

Safety and efficacy need to be demonstrated

CRISPR base editing Single injection ethical, legal, safety issues

Lack of human data

Table 2 | LDL-lowering therapies in development

Target Mechanism Name Phase LDL reduction administration

PCSK9 siRnA Inclisiran 3 50% Twice yearly

ASO AZD8233 1 73% Monthly

Cyclic peptide MK-0616 1 65% Daily

Vaccine 1 13% Yearly

CRISPR 1 60% Possibly for life

AnGPTL3 Monoclonal antibody evinacumab 3 49% Monthly

ASO AKCeA-AnGPTL3-LRX 1-2 33% Monthly

siRnA ARO-AnG3 1 42% Monthly

CRISPR 1 30% Possibly for life

CeTP CeTP inhibition Obicetrapib 2 45% Daily
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potential off-target or enduring unwanted actions of such 
approaches in a steadfast manner. With appropriate safeguards, the 
application of gene- or base-editing technology could prove revo-
lutionary for diseases caused by elevated LDL-C, such as athero-
sclerosis. Base-editing interference in PCSK9 gene expression could 
provide a lifetime lowering of LDL-C. Human genetic studies indi-
cate that long duration of exposure to lower levels of LDL-C can 
confer considerable cardiovascular benefit over a lifetime45. Such a 
durable therapeutic approach could avoid issues of compliance and 
access, obviating some of the major obstacles to the therapeutic low-
ering of LDL-C encountered in practice.

The PCSK9 antibodies act extracellularly. Base-editing or siRNA 
approaches act intracellularly. Safety issues due to other or unknown 
actions of PCSK9 might pertain to the intracellular manipulations 
to a greater extent than extracellular anti-PCSK9 antibody admin-
istration. For example, certain studies have raised the specter of 
dysglycemia associated with reduced function of PCSK9 (refs. 46,47).  
Although no signal has emerged from the large-scale therapeu-
tic application of monoclonal antibodies that target PCSK9, the  
intracellular interventions will require careful consideration in  
this regard.

Some of the beneficial effects of statins on cardiovascular events 
do not depend on LDL lowering. The so-called ‘pleiotropic’ effects 
of statins have well-founded molecular bases: interference in pre-
nylation of small G proteins and induction of transcription factors 
such as Krüppel-like factor 2 (KLF2)48,49. These targets of statins 
can mute inflammatory and thrombotic pathways and boost 
availability of nitric oxide, an endogenous vasodilator with mul-
tiple anti-atherothrombotic actions. Analyses of clinical trials with 
statins have provided observational evidence that up to 50% of the 
benefit of statins results from a direct anti-inflammatory action 
independent of LDL lowering50. In this regard, PCSK9 inhibition 
does not appear to share strong and consistent anti-inflammatory 
actions, aside from the lowering of LDL-C. Thus, theoretically, a 
combination of an anti-inflammatory therapy with PCSK9 reduc-
tion could amplify cardiovascular benefit.

Recent observations have demonstrated altered cardiac lipid 
and mitochondrial metabolism in PCSK9-deficient mice in an 
LDLR-independent manner, leading to the development of heart 
failure with preserved ejection fraction51. Furthermore, some 
PCSK9 loss-of-function variants are associated with altered car-
diac functions in humans. However, in experiments that mimicked 
PCSK9-inhibitor therapy, a complete lack of circulating PCSK9 did 
not have this effect. This observation provides reassurance that 
PCSK9 inhibitors do not likely alter cardiac metabolism in humans 
in a clinically important manner51. One unexpected favorable effect 
of PCSK9 inhibition is the possible potentiation of the anti-tumor 
efficacy of immune checkpoint therapy. Like the LDL receptor, 
PCSK9 can block recycling of major histocompatibility antigen class 
I (MHC I) to the cell surface by chaperoning it to the lysosome. 
Experimentally, PCSK9 inhibition raises MHC I expression on can-
cer cells52. As cytotoxic T cells require interaction with MHC I, this 
action could boost the ability of CD8+ T cells to lyse tumor cells53.

Newer lipid therapeutics on the horizon
The application of human genetics has identified several newer 
targets for treating dyslipidemia. These include angiopoietin-like 
factors 3, 8, and 4 (ANGPTL3, ANGPTL8 and ANGPTL4) and 
apolipoprotein C3. However, both efficacy and liver-toxicity 
concerns led to halting the clinical development of vupanorsen, 
a GalNAc-targeted anti-ANGPTL3 antisense oligonucleotide. 
Reducing apolipoprotein CIII with olezarsen, a GalNAc-targeted 
antisense oligonucleotide, yielded dose-dependent reductions in 
triglycerides and VLDL cholesterol in a phase 2 study54. Although 
no signal for hepatotoxicity emerged, fewer than 100 individuals 
were treated with olezarsen in the study. One mechanism of altered 

lipid metabolism with these newer targets involves regulation of 
the activity of lipoprotein lipase55. This enzyme, associated with the 
surface of endothelial cells, can trim fatty acids from triglycerides, 
promoting the clearance of triglyceride-rich lipoprotein particles, 
now considered causal in human atherothrombosis. Newer thera-
peutics involving both antibody neutralization and siRNA or anti-
sense RNA technologies are currently under investigation. Early 
clinical-trial results have shown very promising effects on the lipid 
profile of such strategies. Targeting triglycerides or triglyceride-rich 
lipoproteins could provide additional benefit beyond LDL lowering 
to optimize cardiovascular outcomes in patients with dyslipidemia.

Management of dyslipidemia in the current era
As noted at the outset of this Review, lifestyle remains the foun-
dation of all cardiovascular prevention, particularly primordial 
prevention (addressing risk factors early in life) or primary preven-
tion (treating risk factors to prevent disease). After lifestyle, statins 
remain the bulwark of our therapeutic armamentarium to combat 
cardiovascular risk due to elevated LDL-C. In individuals intoler-
ant of statins or in whom statin monotherapy does not achieve the 
desired degree of LDL-C lowering, the addition of ezetimibe and/or 
bempedoic acid can provide decrements in LDL-C. PCSK9-directed 
therapeutics remain an additional option for controlling LDL-C, 
particularly after lifestyle and non-biological approaches have not 
sufficed to achieve desired LDL-C goals.

Issues that remain in the clinical management of dyslipidemia 
include statin intolerance and reluctance. Some issues with statins 
may result from a nocebo effect, but lipid specialists certainly 
encounter individuals who have genuine statin intolerance. Hence, 
non-statin LDL-C-lowering agents are additional tools for cardio-
vascular risk management. Issues of cost and accessibility remain 
with the proprietary and ethical pharmaceuticals that target dys-
lipidemia. Moreover, the parenteral administration of some of the 
newer therapeutic agents versus oral administration of some of the 
small-molecule agents presents a barrier to some individuals. The 
development of orally active inhibitors of PCSK9 may provide an 
option going forward.

The goal of globally equitable access to effective therapies
Despite the great success of the medical enterprise in the rapid 
development of PCSK9-directed therapeutics, access to these 
potentially life-saving therapeutics remains limited. The expensive 
processes that produce the biological agents have led to pricing that 
represents a challenge to healthcare systems and individuals alike. 
Multiple guidelines specify target goals for achieving LDL lower-
ing with therapeutics. But achieving such goals currently remains 
aspirational owing to restricted availability of newer agents. Thus, 
we should strive to achieve broader and equitable access to such 
recently developed biological and other therapeutics.

This concern applies not only to wealthier nations, but also to the 
developing world, regions that bear the greatest overall burden of 
atherosclerotic risk. Moreover, considerable disparities in access to 
therapies exist within wealthier nations, as demonstrated poignantly 
during the COVID-19 pandemic, which affected certain communi-
ties and ethnicities disproportionately. A challenge for members of 
the medical enterprise is working together to assure equitable access 
to beneficial medications on a global basis. The PEPFAR program 
provided better access to drugs for treating HIV in developing 
nations (https://www.hiv.gov/federal-response/pepfar-global-aids/
pepfar). We should, as a medical and scientific community, strive 
to solve the problem of accessibility and assure more equitable 
access of cardiovascular therapeutics worldwide. Only then will 
we realize the full benefit of the advances in cardiovascular thera-
peutics, exemplified by the case of LDL-C and of PCSK9 inhibition 
in particular. In this regard, despite considerable initial skepticism 
regarding the efficacy of LDL-C lowering in women, in primary 
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prevention, and in older people, the current clinical trial database 
supports the use of statins and of ezetimibe in selected individuals 
in these categories56–58.

Discussion
We can derive several important lessons from the saga of LDL biol-
ogy and the successive development of ever more potent, effective, 
and acceptable therapeutic measures. This notable victory of car-
diovascular medicine reflects successful partnerships between basic 
scientists, the pharmaceutical and biotechnology sectors, and clini-
cal investigators. The discovery of the role of PCSK9 as the causal 
gene in autosomal-dominant hypercholesterolemia led rapidly to 
the development of additional agents to lower LDL-C concentra-
tions and alleviate cardiovascular risk. This achievement required 
close and concerted cooperation between basic biochemists, human 
geneticists, cell biologists, the pharmaceutical and biotechnology 
industries, and clinical trialists. Such cooperation provides a model 
for paving the way to wielding the powerful palette of contemporary 
scientific and clinical tools to speed the application of fundamental 
discoveries to clinical medicine and improvement in patient out-
comes and public health.

Challenges remain to surmount. Societies must prioritize efforts 
to instill healthy lifestyle measures in youth (primordial preven-
tion) and in all stages of the human lifecycle to minimize reliance 
on pharmacotherapies. We must strive to make the fruits of thera-
peutic advances affordable and accessible to all who can benefit. 
Cardiovascular disease has after all become a worldwide epidemic, 
with the greatest burden of disease in low- and middle-income 
regions. The application of PCSK9 therapeutics has plumbed 
the depths of LDL-C achievable in practice. Thus, further lower-
ing of LDL-C beyond that achievable by combinations of cur-
rent treatments, including PCSK9-blocking strategies, may not 
yield appreciable increments in cardiovascular benefits19. Hence, 
we welcome the development and clinical evaluation of orthogo-
nal approaches to cardiovascular-risk reduction, such as target-
ing other atherogenic lipids or quelling inflammation. We can use 
biomarkers, including polygenic risk scores, to target individuals 
at particular risk in primary prevention. We should seek to emu-
late the advances in cancer therapy afforded by genetically directed 
allocation of treatments. Cardiovascular risk reduction remains 
a work in progress. The example of LDL and the latest chapter of 
harnessing discoveries related to PCSK9 afford a model for mov-
ing forward, to furnish further advances in the quest to conquer  
cardiovascular diseases.
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