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                     Cardiovascular disease (CVD) remains one of the commonest 
sources of morbidity and mortality in the world. Lipids and es-
pecially low density lipoprotein cholesterol (LDL-C) contribute 
to the risk of CVD events. Statins are the primary therapy for 
hypercholesterolaemia and recent evidence supports the use 
of ezetimibe as a second-line agent. Pro-protein convertase 
subtilisin kexin 9 (PCSK9) is a regulator of LDL receptor expres-
sion. Activating mutations in PCSK9 give rise to a form of 
familial hypercholesterolaemia, while inactivating mutations 
lead to lower LDL-C levels and fewer CVD events. Therapies 
to inhibit PCSK9 are in development and two antibody-based 
therapies – alirocumab and evolocumab – have recently been 
licensed. This article reviews the actions of PCSK9, the novel 
therapeutics targeted on this molecule and how they are likely 
to be used in clinical practice until large scale CVD outcome 
studies with PCSK9 inhibitors are published.   
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  Introduction 

 Cardiovascular disease (CVD) remains the commonest age-
related manifestation of disease in humans. 1,2  In the UK, 35% 
of individuals will die of CVD and about 50% will experience a 
CVD event of some form during their lifetime. It has even been 
found in ancient Egyptian pharoahs. 3  The commonest cause of 
CVD is atherosclerosis. Atheroma may even be an unfortunate 
consequence of the extension of human lifespans relative to other 
primates.  1,2       

 Atherosclerosis has multiple manifestations in different 
vascular beds and is driven by multiple CVD risk factors. It is 
driven by constitutive and modifiable risk factors. Constitutive 
risk factors include age and gender, which account for most 
CVD risk. A small component arises from genetic risk factors, 
including familial hypercholesterolaemia – the commonest 
autosomal dominant genetic disorder in humans with a 
prevalence of 1 in 250;  4   modifiable risk factors account for the 
rest and include smoking, diabetes/obesity, hypertension and 
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              Drugs for hypercholesterolaemia – from statins to pro-
protein convertase subtilisin kexin 9 (PCSK9) inhibition  

hyperlipidaemia as well as psychosocial factors.  5   Intervention 
on smoking remains the most significant risk modifier but 
is often the least discussed in the medical literature. Most 
discussions concentrate on other pharmacologically modifiable 
risk factors, such as lipids, blood pressure and diabetes. 
Effective treatments exist in all of these fields. Most of the 
major agents are off-patent and, therefore, cheap. For many 
years, treatment focused on haemostatic risk factors and blood 
pressure because they were amenable to successful intervention 
but over the last 20 years, the availability of statins has enabled 
the focus to switch to intervening on lipids and especially low 
density lipoprotein cholesterol (LDL-C).  6   The frequency of 
disease and low costs of treatment mean intervention is cost-
effective for health systems even at low risk thresholds.  7,8    

  Novel interventions in cardiovascular disease 

 The proponents of the lipid-centric view state that ‘no 
atherosclerosis can happen without LDL-C’. However, CVD 
events do occur at low concentrations of LDL-C, though this is 
uncommon.  6   These cases are likely driven by other components 
that drive atherosclerosis, including inflammation, immunological 
activation, blood pressure and diabetes.  9   Recent studies have 
advanced the use of non-lipid lowering therapies in preventing 
CVD. The systolic blood pressure intervention trial (SPRINT) 
has shown benefits not just on CVD events but also on CVD 
mortality with lower blood pressures irrespective of the agent 
used.  10   The disadvantages were an increase in acute kidney injury 
and in hypotensive episodes. The likely outcome for guideline 
purposes will be to increase the number of anti-hypertensive drugs 
prescribed from two to three and possibly advise doctors to treat 
all stroke patients with anti-hypertensives, irrespective of initial 
blood pressure.  7   In the field of diabetes, the published results of 
the sodium-glucose-lithium transporter 2 (SGLT-2) inhibitor 
empagliflozin (empagliflozin cardiovascular outcome event trial in 
type 2 diabetes mellitus patients, EMPA-REGS)  11   and the results of 
the glucagon-like peptide-1 (GLP-1) agonist liraglutide (liraglutide 
effect and action in diabetes: evaluation of cardiovascular outcome 
results, LEADER-6)  12   trials show reduced mortality (SGLT-2) 
and CVD events and will lead to the order of different classes of 
hypoglycaemic therapy in the pathway being rearranged.  

  Statins and cardiovascular disease 

 Statins remain the cornerstone of intervention on lipids given 
their unprecedented evidence base.  6   They have a generally 
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good adverse effect profile but are associated with problems 
in some individuals.  13   The commonest issue, affecting up to 
20% in spontaneous reporting studies and 1–3% of individuals 
in well conducted surveys, is myalgia (muscle pain).  14   The 
QSTATIN analysis of all statin-related adverse effects, based on 
a UK primary care sample of 2.2 million patients initiated on 
statin therapy, identified 1,209 cases of documented myopathy 
with a number needed to harm of 97 (74–112) in men and 259 
(186–375) in women.  15   Statin-induced myopathy has recently 
been shown to represent a direct form of mitochondrial 
myotoxicity.  16   Other lipid-lowering therapies are less efficacious 
(eg fibrates  17   or ezetimibe  18  ) and have worse adverse effect 
profiles (bile acid sequestrants). It is in this context that novel 
lipid-lowering therapies have to be considered.  19    

  Pro-protein convertase subtilisin kexin 9 

 Pro-protein subtilisin kexin 9 (PCSK9) is a member of a 
family of molecules that regulate receptors and secreted 
proteins through proteolysis.  20   It was originally discovered 
when a form of familial hypercholesterolaemia was identified 
in which LDL receptor function was normal in explanted 
cells but inhibited in the presence of plasma.  21   The cause was 
found to be activating mutations in PCSK9 that followed 
an autosomal dominant pattern of inheritance. Most cases 
are heterozygotes  22   though some homozygotes have now 
been described.  23   Later studies found that inactivating 
mutations were associated with 0.4–0.8mmol/L (15–28%) 
lower plasma LDL-C concentrations and large reductions in 
coronary (54–88%) but not stroke events over 15 years in the 
Atherosclerosis Risk In Communities (ARIC) Study.  24   PCSK9 
causes internalisation and increased degradation of LDL 
receptors leading to raised plasma LDL-C concentrations.  25   
An alternative pathway regulating LDL receptor expression, 
acting through the inducible degrader of LDL receptor 
(IDOL), also exists but its significance is unclear.  26   The normal 
function of PCSK9 seems to be to switch the liver out of the 
circulation post-prandially, leading to temporary loss of first 
pass clearance of lipoproteins, thus enabling triglycerides 
and cholesterol uptake in peripheral tissues.  25   It seems to be 
involved in the lipid changes related to adrenarche and the 
menopause  27   and in the genesis of the metabolic syndrome  28   
but many details of its control and significance remain to be 
elucidated. Though most PCSK9 activity is found in the liver, 
the gene is also expressed in the gut  29   and in the brain, especially 
in the cerebellum.  30   Its function in those tissues is unclear.  

  Intervention on PCSK9 

 The scientific background on the effects of both activating 
and inactivating mutations of PCSK9, allied with the normal 
phenotype of homozygous deficient individuals has encouraged 
the development of pharmacological methods of inhibiting 
PCSK9.  19,31   These have ranged from attempts to make small 
molecule inhibitors of the proteolytic domain of PCSK9 (as it 
exists in plasma in the form of mutually activated dimers) to 
inactivating antibodies, anti-sense oligonucleotides and includes 
attempts at immunisation. The poor bioavailability of small 
molecule inhibitors has so far limited development. However, 
there has been more success with reducing PCSK9 levels in 
plasma either by messenger RNA knockdown by antisense 

oligonucleotides  32   or, more commonly, through the use of 
antibody injections.  

  Antibody-based therapies 

 While numerous companies have developed PCSK9 inhibitors, 
long-term development has only occurred with antibody-based 
therapies to date: alirocumab, evolucumab and bococizumab.  31   
All of these are human or humanised antibodies that do not 
penetrate the blood–brain barrier and are injected fortnightly 
or monthly. The standard doses are 150 mg alirocumab or 
140 mg evolucumab. A lower dose 75 mg option exists for 
alirocumab. All of these drugs have followed similar phase III 
trial programmes in patients with established CVD, high-
risk primary prevention (including some patients with type 2 
diabetes  33  ), heterozygous familial hypercholesterolaemia  34,35   
and statin-intolerant patients.  36,37   These analyses are based 
on an average of 6 months treatment though data exists 
on up to 2 years of drug exposure in selected populations. 
PCSK9 inhibitors show consistent effects with average LDL-C 
reductions of 57% with 75/150 mg alirocumab or 140 mg 
evolucumab given fortnightly.  38   Triglycerides were reduced by 
15% and HDL-C rose by 7%. The trials also suggest that PCSK9 
inhibition may reduce lipoprotein (a) levels by 24–30%  38,39   
but has no effect on C-reactive protein levels.  40   Tolerability is 
generally good with injection site reactions in 1–2% of patients 
and no obviously distinct adverse effect profile apart maybe 
from a small increase in influenza and nasopharyngitis,  41   
although 2–8% of patients do discontinue treatment in these 
studies. Antibodies are made to anti-PCSK9 antibody therapies 
but occur at low frequency and seem to have no effect in 
reducing the efficacy of the drugs. 

 One surprise from the programmes was the efficacy of 
PCSK9 inhibitors in patients with homozygous familial 
hypercholesterolaemia. A study with evolucumab showed 
variation in response ranging from nil in LDL receptor deficient 
(null) to up to 45% LDL-C reduction in LDL receptor defective 
(point mutation) patients.  42   This implies that a trial of PCSK9 
inhibition is worthwhile in all patients being considered for 
apheresis because while both copies of LDL-receptor in these 
patients contain mutations, they may still have some residual 
activity (except if the LDL receptor has been truncated because 
of a frame shift or deletion mutation).  

  Use in statin-intolerant populations 

 Statin intolerance has been defined in consensus statements as 
intolerance to three drugs tried at different doses.  43,44   Formal 
re-challenge is necessary to confirm the diagnosis given the 
frequency of non-specific muscle aches in the population. The 
trials of PCSK9 inhibitors have included studies in statin-
intolerant populations.  36,45   The ODYSSEY alternative study 
randomised 361 patients with a history of muscle-based 
intolerance to two or more statins to non-statin methods of 
LDL-C reduction (alirocumab or ezetimibe) as well as re-
challenge with atorvastatin 20 mg or placebo.  36   The study had 
a placebo run-in phase. The efficacy of PCSK9 intervention 
on LDL-C was similar to that in statin-tolerant populations 
with reductions in LDL-C of 45% for 75/150 mg alirocumab, 
32% for 20 mg atorvastatin and 15% for ezetimibe. In the 
study, 13% discontinued during the placebo run-in phase with 
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50% stating the cause was due to muscle related side effects 
(19% myalgia and 15% muscle spasms). During the 24-week 
blinded therapy phase, 25–35% discontinued treatment – again 
mainly due to myalgia. Rates of discontinuation were 18% 
for alirocumab and 25% for either ezetimibe or atorvastatin 
therapy (relative risk 0.61 (0.38–0.99); p=0.04). However, once 
in the open label phase of study, 90% persisted with statin 
therapy if previously assigned to that group. In the GAUSS-2 
(goal achievement after utilising an anti-PCSK9 antibody in 
statin-intolerant subjects) trial, 307 patients were randomised 
to different evolocumab regimens, placebo or ezetimibe for 
12 weeks. In the evolucumab arms, 12% had adverse events 
and LDL-C was reduced by 53–55% as opposed to 23% 
adverse events and a 16% LDL-C reduction with ezetimibe.  37   
In the GAUSS-3 trial with evolucumab in 491 patients, 43% 
had muscle symptoms with 20 mg atorvastatin but not while 
taking a placebo in phase A. In phase B, 218 patients were 
randomised 2:1 to evolocumab or ezetimibe therapy. Ezetimibe 
reduced LDL-C by 17%, while evolocumab reduced LDL-C by 
55%. Muscle symptoms were reported by 29% of patients on 
ezetimibe, of whom 7% discontinued, and 21% on evolucumab 
with 1% discontinuing.  46   Thus, much myalgia associated with 
statins is highly likely to represent pre-existing osteological or 
neurological complaints and not be related to treatment with 
these agents.  

  Outcome of phase III studies 

 The completion of the phase III programmes for both 
alirocumab and evolucumab allows general conclusions to be 
drawn in meta-analyses.  38,41,47   These analyses are based on 
an average of 2 years of drug exposure in selected populations 
in trials with multiple exclusion criteria. Although the lipid 
efficacy data is likely sound, the adverse effect data has to be 
considered preliminary and any changes in CVD events – a 
50% (95% CI, −10% to 77%) reduction and a reduction in all-
cause mortality of 55% (95% CI, 14% to 77%) – speculative as 
they are based on low numbers of events.  48,49   Meta-analyses of 
the registration trials have been performed and show reductions 
in LDL-C from 47–53% (low dose alirocumab) to 54–58% 
(top dose alirocumab or evolocumab) for these agents, with 
good tolerability even in statin-intolerant patients. The studies 
identify an increase in neurocognitive events (relative risk 1.54; 
19 versus 5 events after correction for multiple publication) as 
a potential effect of PCSK9 inhibitors  47   but the symptoms are 
non-specific, numbers very low and likely mechanisms obscure. 
The only known scientific fact is that PCSK9 is expressed in the 
cerebellum but its function there is unknown.  30   Neurological 
substudies within CVD outcomes trials may identify whether 
these effects are significant.  50    

  Limitations of phase III trials with PCSK9 inhibitors 

 It is likely that only exposure to PCSK9 therapy of other 
clinical groups not recruited to the phase III trials will 
expose any limitations of these agents. Phase III studies 
did not identify either myalgia (as opposed to myositis/
rhabdomyolysis) or diabetes as adverse effects of statins. These 
emerged in clinical practice – in the case of statin-induced 
hyperglycaemia, increasing transitions to a diagnosis of type 2 
diabetes, after 15 years of general use.  51   No trial data have yet 

been published on the efficacy and safety of PCSK9 inhibitors 
in patients with renal dyslipidaemia, liver disease, HIV 
infection or significant hypertriglyceridaemia (>4.5 mmol/L) 
or in children and adolescents. Some of these studies are now 
underway. A concern not addressed in trials to date may be 
the use of PCSK9 inhibitors in patients with hepatitis virus 
infection – especially hepatitis C – as these viruses exploit the 
LDL-receptor to enter and exit cells.  52   PCSK9 knockout mice 
show increased rates of pancreatic abnormalities, beta-cell 
function and hepatic steatosis,  53   although these changes have 
not been seen in humans apart from one individual report of 
pancreatitis.  45    

  The current context of LDL-C reduction therapies 

 The introduction of PSCK9 inhibitors comes at a time when the 
treatment of lipid-related risk factors for CVD is evolving. The 
improved reduction of outcomes: vytorin efficacy international 
trial (IMPROVE-IT) has shown an incremental 7% benefit of 
ezetimibe added to optimised baseline statin therapy in patients 
with acute coronary syndromes but only for non-fatal CVD 
events (32.7% versus 34.7% CVD events at 7 years; p=0.02).  18   
The greatest effects were seen in patients with type 2 diabetes 
or older patients, ie those at highest absolute risk. In high-risk 
patients, it will likely reset treatment paradigms either to lower 
LDL-C targets (approximately 1.4 mmol/L) or, more likely, to 
the addition of ezetimibe to treatment regimens in patients with 
the highest absolute CVD risk. 

 In 2016, PCSK9 inhibitors will join the formulary for lipid 
intervention in many countries. The National Institute 
for Health and Care Excellence has recently reviewed both 
evolocumab  54   and alirocumab  55   for common indications 
in the context of current guidelines on lipid management.  56   
Homozygous familial hypercholesterolaemia was outside the 
scope of the review though PCSK9 inhibitors are likely to be 
accepted for use in that indication. Based on their efficacy and 
safety data, the provisional recommendations for the use of 
these drugs within the NHS are outlines in Table  1 .  54,55    

 CVD outcome studies with PCSK9 inhibitors are underway 
(ODYSSEY  57   and FOURIER  58   – further cardiovascular outcomes 
research with PCSK9 inhibition in subjects with elevated risk 
study) and will determine their utility in general CVD risk 
populations. These studies were designed and recruited for 
before the evidence became available for ezetimibe and thus 
their baseline recruitment LDL-C for trial was in the region 
2.0–2.5 mmol/L (2.34 mmol/L in FOURIER  58  ). Whatever the 
results of these studies, it is likely that PCSK9 drugs will be third-
line agents after ezetimibe.  59   Their CVD benefits (if confirmed) 
may be marginal in the general population and only significant in 
terms of numbers needed to treat (or in health economic terms) 
in patient groups with high LDL-C (statin intolerant patients or 
those with familial hypercholesterolaemia).  54,55,60   Their high cost 
relative to other lipid-lowering agents may limit their use and 
many other alternative approaches to modifying lipid levels are in 
development.  19    

  Conclusion 

 PCSK9 inhibitors are novel therapeutic interventions that 
reduce LDL-C by 54–58% with low rates of injection site 
reactions and discontinuation. They are a useful addition to the 
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armamentarium of lipid-lowering drugs. For the next few years, 
until outcomes evidence becomes available and data on adverse 
effects from registries accumulate, it will be up to individual 
clinicians reviewing individual patients to decide what the 
strategy for initiating PCSK9 therapy should be but, to date, 
data suggest that they will be useful in a subgroup of high-risk 
patients with high residual LDL-C.      ■
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