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Abstract
Increased levels of low-density lipoprotein cholesterol (LDL-C) are recognized as a primary risk factor for atherosclerotic 
cardiovascular disease, which remains the leading cause of death worldwide. Lowering LDL-C levels clearly reduces the 
risk of cardiovascular events, with benefits related to both absolute reduction and duration of treatment; however, a threshold 
below which low LDL-C levels can be dangerous has never been established. Since the discovery of statins, cardiovascular 
research has focused on developing new lipid-lowering agents. Ezetimibe and proprotein convertase subtilisin–kexin type 
9 inhibitors have been found to further reduce LDL-C values and subsequent cardiovascular risk. Novel recently approved 
inclisiran and bempedoic acid, currently being tested in cardiovascular outcomes studies, are further expanding our phar-
macological armamentarium, enabling the clinician to diminish residual risk related to LDL-C. Moreover, new agents are 
paving the way to successful treatment of homozygous familial hypercholesterolemia. This review summarizes the main char-
acteristics of current and emerging lipid-lowering therapies to assist with comprehensive evidence-based decision making.

1  Introduction: Why Do We Need New 
Lipid‑Lowering Therapies?

Accounting for 30% of the world’s total deaths, atheroscle-
rotic cardiovascular disease (ASCVD) is considered the 
leading cause of morbidity and mortality all over the world 
[1]. In Europe, it causes more than 4 million deaths annu-
ally, with an estimated global economic cost of €196 billion 
per year, in terms of direct healthcare costs, loss of work 
productivity, and informal family care [2].

It is well-known that low-density lipoprotein cholesterol 
(LDL-C) represents the key initiating event in atherogen-
esis as it enters the subendothelial space, accumulates in the 

arterial wall, and promotes a local inflammatory response 
[3]. A consistent body of evidence from randomized con-
trolled trials (RCTs) confirms that elevated LDL-C is asso-
ciated with the highest odds ratio for ASCVD among all 
modifiable cardiovascular risk factors [4], with an “effect 
size” proportional to both LDL-C blood levels and the 
total time of exposure. Moreover the positive association 
between ASCVD and LDL-C extends to even very low lev-
els of LDL-C [5], and lowering LDL-C and apolipoprotein 
B (apoB) reduces the risk of major atherosclerotic vascular 
events, with benefits directly and positively correlated with 
the incrementally achieved absolute LDL-C reduction and 
duration of treatment [6–8]. Most importantly, a threshold 
below which LDL-C reduction is dangerous has never been 
detected, so there is no lower limit for achievable LDL-C 
values [7].

Given this, the 2019 European Society of Cardiology 
(ESC)/European Atherosclerosis Society (EAS) guidelines 
for the management of dyslipidemias have further lowered 
LDL-C goals for each cardiovascular risk class, thus pav-
ing the way for implementation of new pharmacological 
approaches.
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2  Current Approach

Current European guidelines for the management of dys-
lipidemias recommend high-intensity statins prescribed up 
to the highest tolerated dose as first-line therapy to reach 
the LDL-C value set for the specific level of risk. If this 
goal is not achieved, combination with ezetimibe is rec-
ommended [7]. If statin plus ezetimibe is still insufficient 
to reach recommended LDL-C levels, adding a propro-
tein convertase subtilisin/kexin type 9 inhibitor (PCSK9i) 
may be considered in very high-risk patients for primary 
prevention and is strongly recommended for secondary 
prevention and in high-risk patients with familial hyper-
cholesterolemia (FH) [7]. If a statin-based regimen is not 
tolerated at any dosage, ezetimibe and eventually PCSK9i 
should be considered [7].

2.1  Statins

Statins are the universally recognized cornerstone of the 
lipid-lowering pharmacological armamentarium, since 
they have been shown to reduce rates of cardiovascular 
events [9]. They reduce the synthesis of cholesterol in the 
liver by competitively inhibiting the enzyme HMG-CoA 
reductase, thus promoting increased expression of LDL 
receptors (LDLRs) on the surface of hepatocytes and con-
sequent increased uptake of LDL-C from the blood [10]. 
The degree of LDL-C reduction is dose dependent and 
patient dependent: high-intensity regimens (e.g., atorvas-
tatin 40–80 mg/day) have been shown to reduce LDL-C by 
≥ 50% from baseline, whereas moderate-intensity therapy 
(e.g., atorvastatin 10–20 mg) is expected to reduce LDL-C 
by 30–50%, with remarkable interindividual variation 
explained by differences in both compliance and genetic 
backgrounds [7]. In the CCT (Cholesterol Treatment Trial-
ists) meta-analysis, for each 38.7 mg/dL reduction in LDL-
C, statins reduced major cardiovascular events by 22% and 
total mortality by 10% over 5 years [9], with an absolute 
risk reduction proportional to absolute baseline risk.

In the real-world clinical setting, the use of statins at 
their highest doses is limited by a non-negligible fre-
quency of side effects, mostly represented by muscle-
related symptoms without significant increases in creatine 
kinase (CK), with an incidence as high as 29%, which is 
greater than that reported in RCTs [11]. Moreover, 0.1% of 
patients may experience serious muscle injury, and 0.2% 
of patients experience an important increase in transami-
nases and new-onset diabetes.

Observational data suggest that approximately half of 
patients in whom statin therapy is initiated do not have 
optimal adherence to treatment or will discontinue it 

within 1 year [12], thus substantially affecting the achieve-
ment of LDL-C target levels. Moreover, in patients with 
persistent high LDL-C blood levels despite maximum tol-
erated statin doses, a substantially elevated risk for cardio-
vascular events remains [13].

2.2  Ezetimibe

Ezetimibe inhibits the intestinal sterol transporter Niemann-
Pick C1-like 1 (NPC1L1), thus reducing intestinal absorp-
tion of dietary and biliary cholesterol and the consequent 
amount of cholesterol delivered to the liver, in response 
to which the liver upregulates LDLR expression, lead-
ing to increased clearance of LDL-C from the blood [14]. 
Ezetimibe is generally well-tolerated and does not require 
dose adjustment in patients with mild to severe chronic kid-
ney disease (CKD). Moreover, when added to statin therapy, 
ezetimibe does not appear to increase the incidence of ele-
vated CK levels [7].

Ezetimibe at a daily oral dose of 10 mg reduces LDL-C 
by 15–22% as monotherapy and by an additional 21–27% 
when added to ongoing statin therapy [15], with relatively 
high interindividual variations. Three large trials have 
addressed ezetimibe cardiovascular outcomes. The SEAS 
(Simvastatin and Ezetimibe in Aortic Stenosis) and SHARP 
(Study of Heart and Renal Protection) trials compared simul-
taneous ezetimibe/simvastatin treatment versus placebo in 
1873 patients with aortic stenosis and 9270 patients with 
CKD, respectively [16, 17]. The combination of ezetimibe/
simvastatin significantly reduced the incidence of ischemic 
cardiovascular events by 22% and 17%, respectively [16, 
17]. The most recent IMPROVE-IT (Improved Reduction of 
Outcomes: Vytorin Efficacy International Trial) randomized 
18,144 patients with a history of acute coronary syndrome 
(ACS) to receive statin 40 mg/placebo or statin 40 mg/
ezetimibe 10 mg [18]. The average LDL-C was 70 mg/dL 
in the statin/placebo group versus 54 mg/dL in the statin/
ezetimibe arm. At the median follow-up of 6 years, the incre-
mental lowering of LDL-C with statin/ezetimibe translated 
to a reduction of major atherosclerotic events (absolute 
risk difference 2.0%, hazard ratio [HR] 0.94; 95% confi-
dence interval [CI] 0.89–0.99; P = 0.016) in the absence of 
remarkable adverse events compared with the control arm 
[18].

Even though statistical models show that ideal treatment 
with high-intensity statin plus ezetimibe should leave only 
14% of patients with ASCVD far from LDL-C therapeutic 
targets defined by ESC/EAS guidelines [19], only approxi-
mately 30% of these patients achieve acceptable LDL-C lev-
els in everyday clinical practice because of different genetic 
backgrounds, suboptimal compliance with a daily regimen, 
and low tolerance of side effects [20].
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2.3  Proprotein Convertase Subtilisin–Kexin Type 9 
Inhibitors

In recent years, PCSK9i have emerged as a new and effec-
tive lipid-lowering therapy (LLT). PCSK9 is a circulating 
liver-synthesized serine-protease that binds LDLR on the 
hepatocyte surface, promoting their lysosomal degradation, 
and acting as one of the most important regulators of LDL-C 
metabolism [21, 22]. The two available drugs of this class, 
evolocumab and alirocumab, are fully human monoclonal 
antibodies (mAbs) sequestering PCSK9 in the reticuloen-
dothelial system, preventing the binding of PCSK9 with 
LDLR, and therefore upregulating LDLR expression and 
increasing LDL-C clearance [21, 22]. Of note, a third par-
tially humanized PCSK9i mAb, bococizumab, was studied 
in the SPIRE program but prematurely discontinued after the 
detection of neutralizing antibodies against the drug, causing 
a progressive reduction of LDL-C-lowering effectiveness 
[23].

Both alirocumab and evolocumab need to be administered 
by subcutaneous injection once or twice monthly. Clinical 
trials showed their efficacy in significantly lowering LDL-C 
levels by approximately 60%, either alone or in addition to 
a background therapy with statins and/or ezetimibe, with-
out safety concerns [24]. Indeed, when added to maximally 
tolerated statins, they reduced LDL-C by 30% more than 
ezetimibe. Moreover, unlike statins, they also reduced 
lipoprotein(a) plasma levels by 35% [7].

Two large RCTs recently showed that the addition of 
PCSK9i mAbs to statin therapy provided a further reduc-
tion in ASCVD risk: the FOURIER (Further Cardiovascular 
Outcomes Research with PCSK9 Inhibition in Subjects with 
Elevated Risk) [25] trial enrolled patients with coronary 
heart disease (CHD)/peripheral artery disease (PAD)/pre-
vious stroke, and the ODYSSEY (Evaluation of Cardiovas-
cular Outcomes After an Acute Coronary Syndrome During 
Treatment with Alirocumab) [26] trial enrolled patients with 
recent ACS and LDL-C levels ≥ 70 mg/dL despite maxi-
mally tolerated statin doses. After a median follow-up of 
2.2 and 2.8 years, respectively, treatment with evolocumab 
or alirocumab was associated with a significant reduction of 
the risk of ischemic cardiovascular events (HR 0.85% in both 
trials) [25, 26]. Moreover, according to some authors, since 
the evidence from statin trials highlights that the clinical 
benefits of LLTs is greater after the first year of treatment, 
these two trials, with their relatively short follow-up, could 
have underestimated the beneficial effects of long-term ther-
apy [27]. On the other hand, given the high lipid-lowering 
efficacy of PCSK9i mAbs, how much LDL-C should or can 
be safely lowered remains under debate. In patients from 
the FOURIER trial who had a baseline LDL-C < 70 mg/
dL, evolocumab lowered LDL-C to 21 mg/dL, reducing 
the risk of death, myocardial infarction (MI), or stroke by 

30% compared with placebo (HR 0.70; 95% CI 0.48–1.01) 
[28]. In addition, a prespecified secondary analysis from the 
FOURIER trial described a monotonic relationship between 
lowered LDL-C and a lower risk of major cardiovascular 
outcomes, extending down to LDL-C levels of < 10 mg/dL 
without significant associations with multiple safety out-
comes [29].

Importantly, PCSK9i mAbs have an excellent safety pro-
file, since the most frequently reported adverse events are 
only mild-to-moderate injection-site reactions and flu-like 
symptoms [25, 26], whereas the initially suspected neuro-
cognitive function changes were not confirmed in the EBB-
INGHAUS (Evaluating PCSK9 Binding Antibody Influence 
on Cognitive Health in High Cardiovascular Risk Subjects) 
study [30].

As these RCTs did not include patients with severe renal 
impairment, evolocumab and alirocumab should not cur-
rently be used in patients with estimated glomerular filtra-
tion rate (eGFR) < 20 and 30 mL/min/1.73  m2, respectively 
[25, 26].

Although PCSK9i mAbs provide large LDL-C reduc-
tions, which is a valuable means of reducing the ASCVD 
burden, they are still not widely used in everyday clinical 
practice. This could be related to the significant bureau-
cratic requirements driven by healthcare budget impact 
concerns. Indeed, considering an average yearly cost of 
$5400–5800 (US $, year 2020 values) per patient, they are 
considered cost effective only in patients at very high risk 
of ASCVD [31, 32]. Finally, despite their good tolerability, 
registry-derived adherence data are unsatisfactory, reporting 
a discontinuation rate of 35–40% after 6 months, probably 
because of the need for subcutaneous administration, which 
might reduce patient adherence [31].

3  New Emerging Therapies

3.1  Bempedoic Acid

Bempedoic acid (8 hydroxy-2,2,14,14 tetra-methylpenta-
decanedioic acid) is a recently approved orally available 
prodrug that is rapidly adsorbed in the small intestine [33]. 
In the liver, it is converted to its active coenzyme A conju-
gate by a hepatic-specific isoform of the very-long chain 
acyl-CoA synthetase-1, thus ensuring no interference with 
cholesterol biosynthesis in other tissues (e.g., muscles) and 
potentially avoiding some of the systemic effects associ-
ated with statins. The bempedoic acid-CoA competitively 
inhibits ATP-citrate lyase, a cytosolic enzyme acting in the 
cholesterol biosynthesis pathway upstream of the 3-hydroxy 
3-methylglutaryl-coenzyme A (HMG-CoA) reductase, the 
target of statins [33, 34]. As such, it decreases intrahepatic 
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cholesterol synthesis, upregulating LDLR expression and 
subsequent circulating LDL-C clearance [34].

In CLEAR (Cholesterol Lowering via Bempedoic Acid, 
an ACL-Inhibiting Regimen) Tranquility, the first phase III 
RCT of bempedoic acid, a dose of 180 mg daily added to 
ezetimibe lowered LDL-C by 28.5% in patients with hyper-
cholesterolemia at high cardiovascular risk and unable to 
tolerate optimal statin therapy [35]. Of note, the efficacy 
of bempedoic acid was greater in patients not treated with 
statins, probably because the two drugs target the same path-
way [33]. In the later CLEAR Serenity trial, bempedoic acid 
reduced LDL‐C by 21.4% (p < 0.001) in patients with statin 
intolerance regardless of baseline LDL‐C or concomitant 
LLT (also including PCSK9i mAbs) [36].

CLEAR Harmony, the largest trial to date, assessed 
the safety and efficacy of this drug in 2230 patients with 
ASCVD and/or heterozygous FH (HeFH) and LDL-C of 
≥ 70 mg/dL while receiving maximally tolerated statin [37]. 
At week 12, bempedoic acid reduced the mean LDL-C blood 
level by 18% versus placebo (95% CI − 20.0 to − 16.1; 
p < 0.001), regardless of the intensity of background statin 
therapy, with the beneficial effect substantially stable until 
week 52 and without a higher incidence of overall adverse 
events than placebo [37]. However, in CLEAR Harmony, the 
primary endpoint was a safety endpoint (incidence of overall 
adverse events and changes in safety laboratory variables), 
and the percentage change in LDL-C level was only the main 
secondary endpoint [37]. CLEAR Wisdom, a smaller RCT 
with similar design but primary efficacy endpoint of per-
centage change in LDL-C level at week 12, reported similar 
results [38].

The CLEAR RCTs also showed that bempedoic acid 
reduced triglycerides, total cholesterol, apoB, and C-reac-
tive protein (CRP), suggesting a possible anti-inflammatory 
effect that could contribute to cardiovascular risk reduction 
[39].

It is noteworthy that RCTs and their subsequent meta-
analyses reported rates of muscle-related adverse events 
in patients treated with bempedoic acid similar to those in 
the placebo group, thanks to the selective activation of the 
prodrug in the liver [33]. This evidence makes this drug the 
perfect alternative in patients who do not tolerate statins 
because of clinically relevant muscular side effects. The only 
important adverse event emerging during the treatment with 
bempedoic acid was a significant increase in plasma uric 
acid and risk of acute gout, mostly occurring in patients 
with a previous history of hyperuricemia [37]. This has 
been attributed to the competition between a metabolite of 
bempedoic acid and uric acid for the same renal transporter 
[37]. Moreover, bempedoic acid weakly inhibits organic 
anion-transporting peptide 1B1 and 1B3, thus increasing 
plasma concentrations of drugs such as bosentan, fimasartan, 

asunaprevir, glecaprevir, grazoprevir, and some statins. For 
example, because of the described twofold increase in simv-
astatin exposure caused by bempedoic acid, it cannot be used 
with a simvastatin dose > 20 mg/day [40, 41].

Unlike statins, ezetimibe, and PCSK9i mAbs, no evi-
dence on the efficacy of bempedoic acid treatment in reduc-
ing cardiovascular morbidity and mortality are yet available 
(Table 1). On this basis, the ongoing CLEAR Outcomes 
RCT, including 13,000 patients followed for about 4 years, 
is testing the effect of bempedoic acid on cardiovascular 
outcomes in patients with a history of statin intolerance [42].

In February 2020 and March 2020, respectively, the US 
FDA and the European Medicines Agency (EMA) approved 
the use of bempedoic acid in adults with primary hyper-
cholesterolaemia (heterozygous familial and nonfamilial) or 
mixed dyslipidemia, as an adjunct to diet. Bempedoic acid 
can be used

(1) in combination with a statin and other LLTs in patients 
unable to reach LDL-C goals with the maximum toler-
ated statin dose and

(2) alone or in combination with ezetimibe in patients who 
are statin intolerant or for whom a statin is contraindi-
cated [40, 41].

As the RCTs did not include patients with severe renal 
impairment, bempedoic acid should not currently be used 
in patients with eGFR < 30 mL/min/1.73  m2 [33].

3.2  Inclisiran

The last frontier in LLT strategies is represented by incli-
siran, which uses an alternative approach to regulating the 
PCSK9 pathway. It is a double-stranded small-interfering 
RNA (siRNA) that inhibits PCSK9 synthesis by binding 
and then degrading the specific messenger RNA (mRNA), 
thus preventing its translation into the PCSK9 protein [43]. 
Similarly to PCSK9i mAbs, this results in downregulation 
of LDLR lysosomal catabolism, supporting more efficient 
clearance of LDL-C from the bloodstream. Thanks to its 
conjugation to the triantennary N-acetylgalactosamine 
(GalNac), inclisiran is specifically recognized by a receptor 
highly expressed on hepatocytes, thus ensuring liver selec-
tivity [43]. In the liver, it is trapped in the endosomes, creat-
ing intracellular depots from which it can be slowly released 
over time, allowing a durable effect. Moreover, its chemi-
cal structure means it is stable at room temperature, unlike 
PCSK9i mAbs, which require refrigeration [42].

Inclisiran was evaluated in the ORION programs, 
including 11 RCTs summarized in Table 2. ORION-9, 
ORION-10, and ORION-11 were phase III randomized, 
placebo-controlled trials that studied the efficacy and 
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safety of inclisiran 300 mg, administered by subcutane-
ous injections at baseline, after 3 months, and then every 
6 months, in patients with HeFH, ASCVD, and ASCVD 
or ASCVD risk equivalents, respectively, with a follow-up 
of 540 days [44].

ORION-9 enrolled 482 patients with HeFH and LDL-C 
blood levels ≥ 100 mg/dL despite maximally tolerated statin 
with or without ezetimibe [44]. The mean baseline level of 
LDL-C was 153 mg/dL, although 90% of patients were on 
treatment with statins (75% with high-intensity statins). At 
17 months, inclisiran was effective in lowering LDL-C by 
47.9% compared with placebo (95% CI − 53.5 to − 42.3; 
p < 0.001) with a time-averaged percent change between 
day 90 and day 540 of 44.3% [44]. Interestingly, an explora-
tory analysis showed robust reductions in LDL-C levels in 
all genotypes of FH, with an extraordinary value in patients 
with PCSK9 gain-of-function variant [44].

ORION-10 and ORION-11 were conducted with identi-
cal protocols, in the USA and Europe/South Africa, respec-
tively. ORION-10 enrolled 1561 patients with ASCVD and 
LDL-C ≥ 70 mg/dL, whereas ORION-11 enrolled 1617 
patients with ASCVD or ASCVD risk equivalent (type 2 
diabetes mellitus, FH, a 10-year risk of cardiovascular event 
≥ 20% as assessed by the Framingham Risk Score for Car-
diovascular Disease), and LDL-C ≥ 70 or ≥ 100 mg/dL, 
respectively [45].

All the patients were on stable LLT with statins at the 
maximum tolerated dose (more than 70% on high-intensity 
statin) with or without ezetimibe. At day 510, inclisiran 
reduced LDL-C levels by 52.3% (95% CI − 48.8 to − 55.7; 

p < 0.001) in the ORION-10 trial and by 49.9% (95% CI 
− 46.6 to − 53.1; p < 0.001) in the ORION-11 trial, with 
corresponding time-adjusted reductions of 53.8 and 49.2% 
[45].

Of note, patients receiving treatment with PCSK9i mAbs 
within 90 days before screening were excluded, as were 
those with eGFR < 30 mL/min/1.73  m2 [44, 45].

Regarding the secondary endpoints, all three trials 
showed a statistically significant reduction in total choles-
terol, triglycerides, lipoprotein(a), PCSK9, and apoB levels, 
the clinical meaning of which is not yet totally clear [44, 45].

In the safety analysis, all three trials reported similar 
adverse event and serious adverse event rates in the experi-
mental and control groups, except for mild-to-moderate 
injection-site reactions, which were more frequent with 
inclisiran than with placebo [44, 45]. None of these trials 
reported significant changes in liver/kidney function tests, 
CRP, or platelet count, as described during other therapies 
with siRNAs. Antidrug antibodies were detected in 2.5% of 
treated patients but were at low titers, often transient, and 
not associated with pharmacologic changes [45]. However, 
additional data on long-term safety and tolerability of incli-
siran will be provided by results of ORION-8, the 3-year 
extension study of ORION-9, ORION-10, and ORION-11.

Interestingly, both ORION-10 and ORION-11 included 
a prespecified cardiovascular exploratory endpoint of car-
diac death, nonfatal MI, and stroke, which was reported 
with lower frequency in the inclisiran group (7.4–7.8% 
vs. 10.210.3% in the placebo group) [45]. These numbers 
are too small to draw meaningful conclusions about any 

Table 2  Randomized controlled trials of ORION development program for inclisiran

ASCVD atherosclerotic cardiovascular disease, HeFH heterozygous familial hypercholesterolemia, HoFH homozygous familial hypercholester-
olemia

Trial Description Patients (n) Follow-up

ORION-1 Phase II dose finding trial 501 360 days
ORION-2 Pilot study enrolling patients with HoFH 4 300 days
ORION-3 Open-label extension study of ORION-1, compared with evolocumab 374 4 years
ORION-4 Cardiovascular outcomes phase III trial 15,000 Event-driven 

(median dura-
tion ≥ 5 years)

ORION-5 Phase III trial enrolling patients with HoFH 45 2 years
ORION-6 Supporting single-dose, open-label, parallel-group study, designed to assess inclisiran pharma-

cology in subjects with mild or moderate hepatic impairment compared with subjects with 
normal liver function

24 180 days

ORION-7 Supporting single-dose, open-label, parallel-group study designed to evaluate inclisiran pharma-
cology in subjects with renal impairment

31 180 days

ORION-8 Phase III extension study of ORION-9, 10, and 11 3600 3 years
ORION-9 Phase III trial designed to assess efficacy and safety of inclisiran in patients with HeFH 482 540 days
ORION-10 Phase III trial designed to assess efficacy and safety of inclisiran in patients with ASCVD (USA) 1561 540 days
ORION-11 Phase III trial designed to assess efficacy and safety of inclisiran in patients with ASCVD or 

ASCVD equivalents (Europe–South Africa)
1617 540 days
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potential benefits of inclisiran on cardiovascular morbidity 
and mortality, a question that is being tested in ORION-4, 
the ongoing cardiovascular outcomes trial including 15,000 
patients [45].

In summary, inclisiran, given every 6 months on top of 
maximum tolerated guideline-recommended statin treat-
ment, was effective in lowering LDL-C by 50% and had a 
good safety profile and negligible interindividual variability. 
This reduction remained stable within the dosing interval. 
Inclisiran appeared to have the same efficacy as PCSK9i 
mAbs but a lower “injection burden,” promising greater 
medication adherence. No information is yet available about 
the price of inclisiran; however, an initial analysis by the 
Institute for Clinical and Economic Review indicated that it 
should cost between $US3600 and 6000 per year (year 2020 
values) to meet cost-effectiveness standards [46].

On December 2020, the EMA approved the use of incli-
siran for the treatment of adults with primary hypercholes-
terolemia (heterozygous familial and nonfamilial) or mixed 
dyslipidemia as an adjunct to diet [47]. Inclisiran can be 
used

(1) in combination with a statin (with or without other 
LLT) in patients unable to reach LDL-C goals with the 
maximally tolerated dose of a statin and

(2) alone or in combination with other LLT in patients who 
are statin intolerant or for whom a statin is contraindi-
cated [47].

Table 1 presents the results from the main RCTs eval-
uating ezetimibe, PCSK9i mAbs, bempedoic acid, and 
inclisiran.

3.3  Lomitapide and Mipomersen in Homozygous 
Familial Hypercholesterolemia

Homozygous FH (HoFH), one of the most common inher-
ited metabolic disorders, is a life-threatening condition char-
acterized by markedly elevated circulating LDL-C, leading 
to premature and progressive ASCVD before the age of 20 
years [48]. It is most commonly caused by loss-of-function 
mutations in LDLR genes, meaning that conventional LLTs, 
which generally upregulate hepatic LDLRs, are often inad-
equate, and LDL apheresis remains the standard of care. 
Mipomersen and lomitapide, which target other cellular 
pathways, are promising new agents for this specific setting.

Mipomersen is an antisense oligonucleotide (ASO) 
administered via subcutaneous injection that reduces hepatic 
very-low-density lipoprotein (VLDL) assembly by prevent-
ing apoB 100 protein translation [7]. A double-blind, pla-
cebo-controlled registration study showed that mipomersen 
reduced LDL-C by approximately 25%, but it has been asso-
ciated with significant hepatotoxicity and steatosis. The FDA 

approved mipomersen for the treatment of HoFH, but the 
drug is not approved in Europe [49].

Lomitapide is an orally administered drug that inhibits 
the microsomal triglyceride transfer protein and prevents the 
assembly of VLDL in the liver and chylomicrons in the intes-
tine, thereby lowering circulating LDL-C. An open-label, 
single-arm phase III study observed that lomitapide 40 mg/
day reduced LDL-C by 50% (95% CI 62–39; p < 0.0001) 
in 29 patients with HoFH, decreasing the frequency of 
apheresis [50]. Interestingly, the significant LDL-C reduc-
tion remained stable in the 5-year extension study. The most 
reported adverse events were gastrointestinal disorders, liver 
transaminase elevation, and transitory hepatic fat accumula-
tion, managed by dose reduction or temporary interruption 
but not requiring permanent discontinuation of the drug 
[50]. Lomitapide, the effect of which on cardiovascular mor-
bidity and mortality has not yet been determined, is actually 
indicated as an adjunct to a low-fat diet and other LLT with 
or without LDL apheresis in patients with HoFH [51].

4  Other Approaches to Low‑Density 
Lipoprotein Cholesterol Lowering

Other interesting emerging therapies target angiopoietin-
like 3 (ANGPTL3), a potent inhibitor of lipoprotein lipase, 
whose loss of function is associated with decreased plasma 
levels of triglycerides, LDL-C, and elevated high-density 
lipoprotein cholesterol (HDL-C) [49]. Evinacumab is a 
fully human mAb that binds circulating ANGPTL3 and was 
reported to be effective in reducing triglycerides and LDL-C 
in healthy human volunteers and in patients with HoFH. 
A GalNAc-modified ASO targeting ANGPTL3, named 
IONIS-ANGPTL3-LRx, is undergoing phase II trials and 
was shown to reduce atherogenic lipoproteins in human vol-
unteers with elevated triglycerides [52].

More controversial is the history of the inhibitors of the 
enzyme cholesteryl ester transfer protein (CETP), which nor-
mally transfers cholesterol from HDL-C to VLDL or LDL. 
Many CETP inhibitors, although providing higher HDL-C 
levels and lower circulating LDL-C, have failed in clini-
cal trials, either causing an increase in deaths (torcetrapib 
[53]) or resulting in no meaningful clinical improvement 
(dalcetrapib, evacetrapib) [54]. Finally, the REVEAL (Ran-
domized Evaluation of the Effects of Anacetrapib through 
Lipid modification) study, involving 30,449 patients with 
ASCVD randomized to receive anacetrapib 100 mg daily 
or placebo on top of statin therapy, demonstrated a highly 
significant reduction (rate ratio 0.91; p < 0.004) in the com-
posite primary endpoint of coronary death, MI, or coronary 
revascularization [55]. The average increase in HDL-C 
was 104%, with a decrease in LDL-C by 17% [55]. Despite 
these successful results, the development of anacetrapib was 
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halted because analysts considered the benefit, albeit statisti-
cally significant, insufficient to justify the pursuit of regula-
tory approval [56]. Moreover, some safety issues were raised 
by some evidence that anacetrapib accumulates in fat tissue 
with prolonged dosing [56].

More promising developments may be expected for the 
CETP inhibitor obicetrapib, an orally administered small-
molecule drug previously known as TA-8995 and later as 
AMG 899. In the phase IIb TULIP trial, which enrolled 364 
subjects with hypercholesterolemia (mean baseline LDL-C 
140 mg/dL), optimal TA-8895 monotherapy (10 mg) pro-
duced LDL-C and apoB reductions of 45 and 35%, respec-
tively, and an HDL-C increase of 180% over a 12-week dos-
ing period [57]. In combination with statins, TA-8995 was 
associated with an additional decrease in LDL-C of 40–50% 
and in apoB of 30–35%. In terms of safety considerations, 
TA-8995 was well-tolerated and did not accumulate during 
the dosing period or 8 weeks after the cessation of the study 
period [57]. In 2017, the obicetrapib development program 
was discontinued for strategic reasons; its licenses were 
later purchased by another pharmaceutical company, and 
two phase II placebo-controlled, double-blind, randomized 
studies are currently investigating the use of the drug.

The first is a phase II dose-finding study to evaluate the 
efficacy, safety, and tolerability of obicetrapib as an adjunct 
to high-intensity statin therapy for 8 weeks in patients with 
LDL-C > 70 mg/dL (ROSE trial; NCT04753606) [58]. The 
second, registered as OCEAN (NCT04770389 and 2019-
004935-22), has enrolled patients with mild dyslipidemia 
(LDL-C >100 and <175 mg/dL) with the aim of evaluat-
ing the efficacy, safety, and tolerability of obicetrapib and 
ezetimibe combination therapy [59]. In both trials, the pri-
mary endpoint is percent change in LDL-C after 8 weeks of 
treatment, and secondary endpoints are percent change in 
apoB, HDL-C, and non-HDL-C [58, 59].

In addition, obicetrapib will be tested in a comprehensive 
phase III clinical trial planned to start at the end of 2021. If 
the trial confirms its good efficacy, even in monotherapy, and 
tolerability, obicetrapib will become another effective strat-
egy for patients whose lipid levels are not well-controlled on 
statins and patients who are statin intolerant.

5  Drugs Under Development

Other promising approaches to PSCK9 inhibition are now 
under investigation, including lerodalcibep, gene edit-
ing using CRISPR-Cas9 techniques, and vaccination-like 
approaches, with studies still in animal phases [60, 61].

Lerodalcibep (formerly LIB003) is a recombinant fusion 
protein of a PCSK9-binding domain (adnectin) and human 
serum albumin, which increases its half-life to 12–15 days 
and allows monthly administration as a small-volume (1 mL) 

injection [62]. In a phase II study enrolling patients with 
LDL-C > 80 mg/dL despite maximally tolerated statin, 
lerodalcibep 300 mg administered monthly was effective 
in lowering LDL-C by more than 70% at the end of the 
12-week study, with an incidence of adverse events simi-
lar to that with placebo [63]. A subsequent extension study 
confirmed these data, showing a stable mean 60% reduction 
in LDL-C through 36 weeks [63].

On this basis, a clinical development program focusing on 
HoFH, ASCVD, and high-risk primary prevention is ongo-
ing. It consists of six phase III trials, summarized in Table 3.

Another attractive strategy is represented by vaccines 
against PCSK9 that should trigger the generation of host 
anti-PCSK9 antibodies, neutralizing PCSK9/LDLR interac-
tions. A novel antiPCSK9 vaccine formulation, called lipo-
somal immunogenic fused PCSK9-tetanus peptide plus alum 
adjuvant (L-IFPTA), was recently designed [64]. The effi-
cacy of L-IFPTA vaccine, containing two different epitopes 
belonging to PCSK9 and tetanus toxin proteins, has been 
shown in different animal models, inducing the production 
of long-lasting functional anti-PCSK9 antibodies in BALB/c 
mice and reducing LDL-C and VLDL-C by up to 51.7 and 
19.2% in C57BL/6 mice, without significant adverse events 
[65].

Although this field of research remains in its very early 
states, it is promising, especially for the future possibility 
of avoiding frequent administrations, such as required by 
PCSK9i mAbs. Given this encouraging preclinical evidence, 
the L-IFPTA formulation is expected to enter phase I testing 
by the end of 2021.

6  Targeting the Optimal Patients: Who 
Could Benefit The Most?

The recently approved bempedoic acid and inclisiran will 
soon become part of the everyday pharmacologic armamen-
tarium, increasing clinicians’ abilities to implement LLT 
(Fig. 1; Table 4). Given that statins and ezetimibe represent 
the universally recommended first step in every LLT strat-
egy, how to select these new drugs when further LDL-C 
reduction is needed has not yet been established.

The clinician should take into account the patient’s age 
and life expectancy, baseline LDL-C level, need for primary 
or secondary prevention, expected therapeutic compliance, 
and the patient’s personal preference for oral or subcutane-
ous administration.

Given their different efficacies, bempedoic acid could 
be used when a 20% further reduction in LDL-C levels 
is needed, and PCSK9i (mAbs or inclisiran), with their 
higher efficacy but higher prices, could be used in very 
high LDL-C blood levels despite treatment, especially in 
patients with recent cardiovascular events or at very high 
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cardiovascular risk and with good life expectancy. Among 
PCSK9i, based on RCTs, alirocumab appears to be the 
most studied after a recent ACS, whereas evolocumab 
is the only drug tested in patients with a lower eGFR of 
20–30 mL/min/1.73  m2.

Some of the specific characteristics of patients included in 
the trials of each drug are represented in Fig. 2 and could be 
useful for a patient-tailored approach. In Fig. 3, we present 
a proposal of how to sequence these novel treatments during 
hospitalization for ACS. Indeed, hospitalization may also 

contribute to the implementation of LLT in clinical practice 
and may be an effective way of initiating treatment.

However, it is important to consider that the relative risk 
reduction in cardiovascular disease associated with LLT 
is associated with three variables: the absolute amount of 
LDL-C lowering, the baseline cardiovascular risk, and the 
duration of therapy. Specifically, the relative risk of major 
cardiovascular events and all-cause mortality per 38.7 mg/dL 
reduction in LDL-C has been calculated as 21 and 12% [6], 
respectively. Therefore, patients who start with higher levels 

Fig. 1  Mechanisms of action of statins, ezetimibe, PCSK9i mAbs, 
bempedoic acid, and inclisiran. ATP-CL ATP citrate lyase, CoA coen-
zyme A, LDL-C low-density lipoprotein cholesterol, LDL-R low-den-

sity lipoprotein receptor, mAbs monoclonal antibodies, mRNA mes-
senger RNA, PCSK9 proprotein convertase subtilisin-kexin type 9

Table 4  Main characteristics of ezetimibe, PCSK9i monoclonal antibodies, bempedoic acid, and inclisiran

LDL-C low-density lipoprotein cholesterol, PCSK9 proprotein convertase subtilisin-kexin type 9

Drug Route, dose, and frequency of administration Most common adverse reactions Mean 
LDL-C 
reduc-
tion

Ezetimibe Oral, 10 mg daily Abdominal pain, flatulence, diarrhea, muscle-related 
symptoms if given plus statins

24%

Evolocumab Subcutaneous injection, 140 mg every 2 weeks or 420 
mg monthly

Injection-site reactions, back pain, arthralgia, upper 
respiratory symptoms

59%

Alirocumab Subcutaneous injection, 75/150 mg every 2 weeks or 
300 mg monthly

Injection-site reactions, upper respiratory symptoms, 
itching

55%

Bempedoic acid Oral, 180 mg daily Hyperuricemia and gout, anemia, arm and leg pain 20%
Inclisiran Subcutaneous injection, 300 mg at time 0, after 3 

months and then every 6 months
Injection-site reactions 52%
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Fig. 2  The arrows connect every drug with specific characteristics of 
patients, on the basis of inclusion/exclusion criteria of correspond-
ing RCTs. Orange arrows suggest exclusive links. ACS acute coro-
nary syndrome, CT computed tomography, CV cardiovascular , eGFR 

estimated glomerular filtration rate, MI myocardial infarction, NYHA 
New York Heart Association, OATP organic anion-transporting pep-
tide, PAD peripheral artery disease, TG triglyceride

Fig. 3  Optimization of lipid-lowering therapy during hospitalization 
for acute coronary syndrome. ApoB apolipoprotein B, EAS European 
Atherosclerosis Society, ESC European Society of Cardiology, LDL-

C low-density lipoprotein cholesterol, LLT lipid-lowering therapy, 
mAbs monoclonal antibodies, PCSK9i proprotein convertase subtili-
sin-kexin type 9 inhibitor
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of LDL-C will experience greater cardiovascular risk reduc-
tion for any given percent decrease in LDL-C level. Further-
more, a recent analysis suggested that baseline LDL-C was a 
key driver of the magnitude of relative benefit derived from 
LLT with regard to reduction in all-cause and cardiovascular 
mortality, reporting the most meaningful results when LDL-C 
was ≥ 100 mg/dL [66]. In contrast, very high numbers needed 
to treat (NNTs) were observed for all-cause and cardiovascu-
lar mortality reduction with baseline LDL-C < 100 mg/dL 
[66]. A secondary analyses of the FOURIER trial showed that 
patients at high risk of cardiovascular disease (i.e., with recent 
ACS, residual multivessel coronary artery disease, more than 
one previous MI, PAD) may have a greater relative risk reduc-
tion with LLT [67]. Importantly, the combination of higher 
baseline risk and greater relative risk reduction led to a greater 
absolute risk reduction at 3 years [68].

Another important factor is the duration of treatment, 
given that significant heterogeneity has been described in 
the benefit from LLT depending on the length of treatment. 
In the first year of therapy, the relative risk reduction of 
cardiovascular events per 38.7 mg/dL reduction in LDL-C 
plasma levels was only 9%, subsequently growing to 22%, 
24%, and so on for each additional year of therapy [68].

Therefore, patients with higher cardiovascular risk, 
LDL-C baseline levels ≥ 100 mg/dL, and greater life expec-
tancy represents the subgroup most likely to experience 
the largest absolute risk reductions, with smaller NNTs to 
prevent a cardiovascular event. Given that PCSK9i (mAbs 
or inclisiran) are currently expensive, treatment should be 
reserved for selected populations to meet conventional cost-
effectiveness standards; alternatively, for lower risk, signifi-
cant cost reductions would be needed.

7  Conclusions

Given the global high burden of ASCVD, LLT is one of the 
most promising fields of cardiovascular research. Besides 
statins, ezetimibe, and PCSK9 mAbs, whose effects on car-
diovascular outcomes are well-known, recently approved 
inclisiran and bempedoic acid, with their different efficacy 
and administration routes and times, will further expand the 
available pharmacologic armamentarium, enabling the clini-
cian to decrease residual risk related to LDL-C.
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