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ARTICLE INFO ABSTRACT

Available online 9 August 2023 The pharmacological treatment of dyslipidemia, a major modifiable risk factor for developing atherosclerotic
cardiovascular disease (ASCVD), remains a debated and controversial issue, not only in terms of the most appro-
priate therapeutic range for lipid levels, but also with regard to the optimal strategy and sequence approach
(stepwise vs upstream therapy). Current treatment guidelines for the management of dyslipidemia focus on
the intensity of low-density lipoprotein cholesterol (LDL-C) reduction, stratified according to risk for developing

ASCVD. Beyond statins and ezetimibe, different medications targeting LDL-C have been recently approved by reg-
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ulatory agencies with potential innovative mechanisms of action, including proprotein convertase subtilisin/
kexin type 9 modulators (monoclonal antibodies such as evolocumab and alirocumab; small interfering RNA
molecules such as inclisiran), ATP-citrate lyase inhibitors (bempedoic acid), angiopoietin-like 3 inhibitors
(evinacumab), and microsomal triglyceride transfer protein inhibitors (lomitapide). An understanding of their

Inclisiran pharmacological aspects, benefit-risk profile, including impact on hard cardiovascular endpoints beyond LDL-C
PCSK9 inhibitors reduction, and potential advantages from the patient perspective (e.g., adherence) - the focus of this evidence-
Lomitapide based review - is crucial for practitioners across medical specialties to minimize therapeutic inertia and support
Evinacumab clinical practice.

© 2023 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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List of abbreviations

ASCVD atherosclerotic cardiovascular disease

ACC American College of Cardiology

AEs adverse events

AHA American Heart Association

LDL-C low-density lipoprotein cholesterol

BA bempedoic acid

ESC European Society of Cardiology

EAS European Atherosclerosis Society

EMA European Medicines Agency

FDA Food and Drug Administration

LDLR low-density lipoprotein cholesterol receptor
mAbs monoclonal antibodies

MACE major adverse cardiovascular events

PCSK9 proprotein convertase subtilisin/kexin type 9
RCTs randomized controlled trials

SAMS statin-associated muscle symptoms

1. Introduction

The global burden of dyslipidaemias, in terms of prevalence and
related mortality, increased substantially in the past three decades,
with hypercholesterolemia being the most prevalent form. Importantly,
elevated plasma low-density lipoprotein cholesterol (LDL-C) levels are
recognized as a major causal factor for developing atherosclerotic car-
diovascular disease (ASCVD) in both the developed and the developing
world (Pirillo, Casula, Olmastroni, Norata, & Catapano, 2021). The no-
tion of a “cause-effect” relationship between LDL-C lowering and
cardiovascular risk reduction carries remarkable implications for clinical
practice. In secondary prevention, a meta-analysis by the Cholesterol
Treatment Trialists Collaboration (CTTC) demonstrated that a 1
mmol/L (or 39 mg/ dL) LDL-C reduction drove a 12% reduction in all-
cause mortality, a 23% reduction in myocardial infarction or coronary
death, a 24% reduction in coronary revascularization, and a 17% reduc-
tion in non-fatal stroke (Baigent et al., 2005).

While precise goals for LDL-C reduction have been a matter of in-
tense debate, evolving data have demonstrated the benefits of lowering
LDL-C well below the commonly recommended 70 mg/dL for patients at
high risk or with a history of prior ASCVD (Ference et al., 2017;
Silverman et al, 2016). In the wake of this evidence, the 2018
American College of Cardiology (ACC) and American Heart Association
(AHA) guidelines identified LDL-C of 70 mg/dL as a threshold for adding
non-statin drugs (Grundy et al,, 2019), whereas the 2019 European So-
ciety of Cardiology (ESC) and the European Atherosclerosis Society
(EAS) guidelines even recommended LDL-C <55 mg/dL as a goal for
those at very high risk in primary and secondary prevention (Class I
recommendation) (Knuuti et al., 2020; Mach et al., 2020). Notably, the
importance of lipid management in high-risk groups represents a
multidisciplinary issue, and the Endocrine Society Guidelines recom-
mended an LDL-C <55 mg/dL for patients with endocrine disorders
and established cardiovascular disease or multiple risk factors
(Newman et al., 2020).

By virtue of their consolidated excellent benefit-risk profile (Collins
et al,, 2016), statins are worldwide recommended as first-line pharma-
cological approach in both primary and secondary cardiovascular pre-
vention. Lovastatin was the first statin approved for clinical use by the
Food and Drug Administration (FDA) on September 1st, 1987. Since
then, different statins have been introduced in clinical practice, with
slight differences in terms of chemical structure, biological properties,
pharmacological (pharmacokinetics, intensity in the ability to cause
LDL-C reduction) and clinical features (safety and potential for drug in-
teractions) (Corsini et al., 1999; Ferri & Corsini, 2020; Schachter, 2005).

Unfortunately, statin therapy remains suboptimal due to substantial
clinical inertia. Therefore, in the past decade, the therapeutic panorama
of lipid-lowering drugs has expanded rapidly and substantially to ad-
dress the unmet need of residual cardiovascular risk and tackle barriers
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precluding the achievement of LDL-C goals in clinical practice (Ferraro
et al., 2022) Fig. 1. Clinicians are facing a challenging and stimulating
scenario in which different evidence-based medications can effectively
lower LDL-C to counteract the development of ASCVD with potentially
innovative mechanisms of action, including proprotein convertase
subtilisin/kexin type 9 (PCSK9) modulators (monoclonal antibodies
and small interfering RNA molecules), ATP-citrate lyase inhibitors,
angiopoietin-like 3 inhibitors (evinacumab), and microsomal
triglyceride transfer protein inhibitors (lomitapide) (Mourikis et al.,
2020) Fig. 2.

This evidence-based review is devoted to the clinical pharmacology
and benefit-risk assessment of these non-statin drugs, including the
impact on hard cardiovascular endpoints (i.e., beyond LDL-C reduction),
and potential advantages from the patient perspective (i.e., adherence).
Except for ezetimibe, older drugs causing mild LDL-C reduction
(15-20%) such as bile acid sequestrants, niacin, and fibrates are not cov-
ered. Likewise, the role of apheresis and ileal bypass, as well as a
detailed evaluation of other non-pharmacological strategies, including
the role of nutraceuticals in the optimization of lipid-lowering treat-
ment, is beyond the aim of this review, and the reader should refer to
dedicated state-of-the-art reviews and position papers (Banach et al.,
2018; Casula, Catapano, & Magni, 2022; Cicero et al., 2017). We offer
this pharmacological update to general practitioners and clinicians
across different specialties, in order to minimize therapeutic inertia
and inform evidence-based clinical practice. Therefore, a brief summary
on the multifaceted notion of statin intolerance is anticipated (Drexel
et al., 2020). A critical insight into the evolving therapeutic paradigm
(stepwise vs upstream therapy) is also provided .

2. Statin intolerance and drucebo effect: the need to get it right

Although efficacy and safety of statin therapy are well established in
different populations, subgroups and regimens (Baigent et al., 2005;
Cholesterol Treatment Trialists’ Collaboration, 2019; Cholesterol
Treatment Trialists’ (CTT) Collaboration et al., 2010; Cholesterol
Treatment Trialists’ (CTT) Collaborators et al., 2012; Collins et al.,
2016), statin intolerance limits their use, negatively impacting
adherence and cardiovascular benefits of this treatment (Mach et al.,
2020). According to the International Lipid Expert Panel, statin
intolerance is an inability to tolerate a dose of statin required to suffi-
ciently reduce an individual’s cardiovascular risk (Banach et al., 2015),
or more rigorously is defined as the inability to tolerate at least two
statins (Guyton et al., 2014), namely switching between >3 types of
statins within 1 year (Serban et al., 2017).

Several adverse effects have been attributed to statins, with muscle
symptoms being the most common (Stroes et al,, 2015). Although mus-
cle symptoms are real, some can be attributed to the so-called drugcebo
effect, which results in the difference in the frequency or intensity of
symptoms between blinded and open-label uses of a drug (Penson &
Banach, 2021). Caution is needed before attributing muscle symptoms
to statin therapy, and further investigation of the underlying cause is
warranted.

Several reports have indicated the potential clinical significance of
plain myalgia. Although data based on observational studies and regis-
tries indicated an incidence of statin-associated muscle symptoms
(SAMS) between 17% and 30%, randomized controlled trials (RCTSs)
suggest a much lower rate (4.9%) (Ruscica, Ferri, Banach, Sirtori, &
Corsini, 2023). This is confirmed by a recent meta-analysis and an
observational retrospective study, which estimated an overall preva-
lence of 9.1% for statin intolerance (similar using different international
definitions, reaching 17% when analyzing only cohort studies) (Bytyci
etal, 2022; Casula et al,, 2021).

Perhaps the Effects of Statins on Muscle Performance (STOMP) study
provides the best evidence to date on the true incidence of SAMS
(Parker et al., 2013). STOMP is the only randomized, double-blind,
placebo-controlled study specifically designed to evaluate the effects
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Fig. 1. Timeline and milestones of pharmacological strategies for LDL-C reduction.
EMA: European Medicines Agency; FDA: Food and Drug Administration; MACE: Major Adverse Cardiovascular Events.
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of treatment with a statin (atorvastatin 80 mg daily) on skeletal muscle
in 420 statin-naive patients treated for 6 months. Importantly, STOMP
incorporated predefined criteria for statin myalgia, which included
onset of symptoms during statin treatment which persisted for 2
weeks, resolved within 2 weeks of stopping treatment and reappeared
within 4 weeks of restarting treatment. Overall, 9.4% of patients treated
with atorvastatin and 4.6% on placebo met the criteria of statin myalgia
(p=0.054). This suggests that true SAMS might affect <5% of patients in
routine practice. Of note, the StatinWISE and SAMSON n-of-1 trials doc-
umented the feasibility to successfully restart treatment with a statin in
a large proportion of participants (Herrett et al., 2021; Krishnamurthy,
Bradley, Ascunce, & Kim, 2022).

Altogether, the management of SAMS is a key in the effective treat-
ment of patients with cardiovascular disease, through achievement of
maximum tolerated statin dosing and other practical aspects such as
combination therapy with non-statin drugs (Banach, Cannon, et al.,
2022).

3. Non-statin drugs

This section is devoted to the critical analysis of novel drugs beyond
statins, focusing on clinical pharmacology and benefit-risk assessment
(cardiovascular effect, safety and prescribing aspects). A synopsis of
key pharmacological features is provided in Table 1 and Fig. 2.

The beginning of the era of non-statin drugs could be identified with
the 2002 FDA approval of ezetimibe, a putative inhibitor of the
Niemann-Pick transporter C 1 like 1 on enterocytes Fig. 1. This mecha-
nism selectively inhibits intestinal absorption of dietary and biliary cho-
lesterol without affecting the absorption of fat-soluble nutrients.
Ezetimibe possesses desirable pharmacological properties that may
contribute to its favorable safety and tolerability profile (myalgia and/
or increased transaminases 0.1-1%; myopathy <0.1%). There are no
clinically significant effects of age, sex or race on ezetimibe pharmacoki-
netics and no dosage adjustment is necessary in patients with mild he-
patic impairment or mild-to-severe renal impairment. By virtue of its
extensive glucuronidation and apparent negligible affinity for hepatic
isoenzymes and transporters, ezetimibe is relatively unsusceptible to
metabolic drug-drug interactions, as evidenced by the lack of clinically
relevant interactions with statins (Kosoglou et al., 2005). At the recom-
mended dose of 10 mg/day, ezetimibe had been shown to lower LDL-C
concentrations by approximately 18% (Pandor et al., 2009), with incre-
mental 25% LDL-C reduction in combination with statins (Mach et al.,
2020).

The 2015 was a remarkable year; first, monoclonal antibodies
(mAbs) against PCSK9 were approved by the FDA and the European
Medicines Agency (EMA); second, the IMPROVE-IT landmark study
was the first clinical trial to show a benefit of adding ezetimibe to statin
therapy (an approximately 24% incremental reduction in LDL-C vs sim-
vastatin alone, with 2% absolute risk reduction of the composite cardio-
vascular endpoint) in subjects with recent myocardial infarction
(Cannon et al., 2015). These findings, while strengthening the LDL
hypothesis, open new avenues on the era of non-statin drugs (and rele-
vant combination with statins) by suggesting that all reductions in
LDL-C levels, regardless of mechanism, are of equivalent benefit.

In subsequent years, research has progressed in the study of alterna-
tive LDL-lowering options to statins, leading to the availability of
inclisiran, a PCSK9 inhibitor working by RNA interference, and
bempedoic acid, the most recent oral lipid-lowering drug.

3.1. Bempedoic acid

3.1.1. Clinical pharmacology

Bempedoic acid (BA) is a first-in-class competitive inhibitor of
adenosine triphosphate (ATP)-citrate lyase (ACL), thus acting upstream
as compared to statins (Ballantyne et al., 2021). The oral prodrug is
converted to the bempedoyl CoA active form by the very long-chain
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acyl-CoA synthetase-1 (ACSVL1), an enzyme expressed mainly in the
liver and kidney, but not in the skeletal muscle or other tissues
(Pinkosky et al., 2016). ACL is a cytosolic enzyme catalysing the cleavage
of mitochondrial-derived citrate to cytosolic acetyl-CoA and oxaloace-
tate; acetyl-CoA, a precursor of the mevalonate pathway of cholesterol
biosynthesis, is the fundamental building block for both de novo choles-
terol and fatty acid synthesis (Ruscica, Banach, Sahebkar, Corsini, &
Sirtori, 2019). Therefore, the blockade of ACL results in decreased
synthesis of LDL-C in the liver, with upregulation of hepatic LDL-R,
thus increasing LDL-C clearance from the blood.

In addition, based on in vitro/in vivo studies, BA directly activates
AMP-activated protein kinase (AMPK), which in turn downregulates
glucose-6-phosphatase and phosphoenolpyruvate carboxykinase. This
mechanism may lower liver fatty acid while reducing glucose
intolerance, liver steatosis, and ballooning, without increasing circulating
triglycerides (Morrow et al., 2022). Moreover, it downregulates pro-
inflammatory pathways in immune cells and other tissues, thus leading
to decreased cytokine, chemokine, and adhesion molecule synthesis.
The resulting anti-inflammatory effect may have benefits in atherosclero-
sis, obesity, diabetes and even cancer, although the clinical relevance of
possible AMPK stimulation in humans is still unclear (Biolo et al., 2022).

Food has no effect on the oral bioavailability of BA, and its pharma-
cokinetics (PK) is not affected by age, sex, race, or weight, with no
time-dependent changes in the pharmacokinetic profile (Cicero,
Fogacci, & Cincione, 2021). Although slight increases were observed in
subjects with mild to moderate renal and hepatic impairment (with
no data in severe stages), the observed differences were not considered
clinically relevant (Markham, 2020). It is approximately 99% protein
bound in plasma, with a volume of distribution of 18 L. Based on
in vitro studies, BA glucuronide is a substrate for and a weak inhibitor
of the organic anion transporter (OAT) 3, and also weakly inhibits
OAT2. Co-administration of simvastatin 20 mg with BA 240 mg, or
simvastatin 40 mg with BA 180 mg, resulted in approximately 2- and
1.5-fold increase of the area under the curve (AUC) and Cpax of
simvastatin, with an unclear mechanism (possibly ascribed to the
inhibition of the OAT polypeptide 1B1). Conversely, the observed
changes in the PK of ezetimibe when given concomitantly with BA are
not clinically meaningful and do not affect dosing recommendations
(Ballantyne et al., 2020). The drug is primarily eliminated via metabo-
lism of the acyl glucuronide (minimally by cytochrome CYP-450),
with approximately 70% and 30% of the total dose recovered in urine
and faeces, respectively, after oral administration of a single 240 mg
dose (unchanged <5%).

3.1.2. Cardiovascular benefit

The safety and efficacy of the long-term use of BA have been
addressed in the CLEAR (Cholesterol Lowering via BEmpedoic Acid, an
ACL-inhibiting Regimen) program comprising four phase 3 trials:
CLEAR Tranquility (Ballantyne et al., 2018), CLEAR Harmony (Ray
etal.,, 2019), CLEAR Wisdom (Goldberg et al., 2019), and CLEAR Serenity
(Laufs et al., 2019). Notwithstanding differences in the population
enrolled across trials, including LDL-C levels ranging from 103.2 to
157.6 mg/dL and documented statin intolerance, BA showed consistent
superiority over placebo, with modest by sustained effect in reducing
LDL-C through 24 to 52 weeks of follow-up, as well as up to 2.5 years
in the open-label extension of the CLEAR Harmony study (Ballantyne
et al., 2022). According to a systematic review with meta-analysis of
10 phase II/IIl RCTs, BA significantly reduced total cholesterol (mean dif-
ferences [MD] —14.94%; 95% Cl —17.31%, —12.57%), non-HDL-C (MD
—18.17%; 95% Cl —21.14%, —15.19%), LDL-C (MD —22.94%; 95% CI
—26.63%, —19.25%), apolipoprotein B (MD —15.18%; 95% CI —17.41%,
—12.95%), HDL-C (MD —5.83%; 95% CI —6.14%, —5.52%), without
significant changes of triglyceride level (MD —1.51%; 95% Cl —3.75%,
0.74%) (Cicero, Fogacci, et al., 2020).

Although large variability in LDL-C reduction should be noted (Patti
et al., 2022), some key findings can be identified. The extent of lipid-



Pharmacology & Therapeutics 250 (2023) 108507

(a8pd 3xau U0 panuiu0d)

juawisnipe asop oN

Juaunsnfpe asop oN

(9sop 1se] Jayje syjuow

G 1sea] 1e 10} uondadenuod
9SN) PaPUAWIOII JON
(uoneoynuenb

JO JIWI] MO[3q 2INPAI 0] SYIIM
61) SUONIIUIIUOD (RUWINIRUIAD
JO uonOUNJ e SI JUBISUOD JON
Kemyjed

JnAjoajoad sjqeinies-uoN

pawiojiad
S9IPNIS WSIOqeIdW ON
umouwup

PauIULIIRP JON

%LV

¥1 Aep Aq juazedde y1q7 jo
Apuspuadapur uononpal J-1d1
UM ‘asedI] [eI[ayI0pua pue
asedi uiayoxdodi| Jo uoniqiyuj

E€1LIONY

(sx99m
¥ A19A9 /3w 1) sanurwx
09 19A0 UOISNJUI SNOUdABIIU]

HAoH

(VINE 'vad) 1202
qyw uewny Ajng

Juawredw opeday ajerapowt
10 p[Iwt up Juswisnipe asop oN
9SBISIP [PUAI

a8e3s-pua 10 Juawreduwl
[BUSI JIIAIS 10 jeIdpout
‘plIw ur syuaunlsnipe asop oN

asn proae 03 3[qeaya1d s1 3|

ue

(%91) Aaupny

(s19110dsuen) 10 SJAD

JO 91B1ISqNS OU) SISEIINN
(sarpmas

[eWIIUE WO PAIRWIIS) 40P~

PauIULIIRP JON

%1S-0

SuaWISal ISOp-0M) 10J sAep
0G1 pue asop-a[3uls 10j sAep
09 Je uondNpal yead yam

1 Aep Aq juaredde uononpalx
707 "uoissaidxa pue SurpAdral
A1 Ul 3SeaIDUl YIM

‘6)S2d dneday jo uoniqryuj
(uondnpoid

sneday paonpar) 6)Sdd

(syauowr 9-¢ A19A9 3w $87)
uordafur snoaueINdqNs

(Ajuo vad) dAdsy
‘HJ9H ‘erwapidi[sAp paxiu 10
eIwR[013)s0ydIadAY Arewiri

(VINg) 0z0T
YNYIS

(yuaurreduwr

919A3S Ul BIRP pajIwI|)
Juawiredwr onyeday djerapowt
03 pliwt ul Juaunsnfpe asop oN

(Juawredwr 919A3S Ul SAPNIS
ou) Juauniredwi [eual djerdpowr
03 p[iwt ul Jusaunsnfpe asop oN

(sye1 ur pajou Ad1x03
[PUISIBW ) PIPUIWIIOIDI JON

skep 0z-L1
Kemyjed
JnAjoajoad sjqeinies-uoN

SwISIuBYIIW
J1j0qe3aw dreday ApRIun

%58

(12¥) S3A

%19-Lv

(8w g1 10 G/ Jo uonenSIUIWpPE
93 SUIMO[[0] SINOY 8- UIYIM
651S2d Jo uoissarddns wnwixew )
1A 2Y3 03 SuIpuiq wouy

6)SDd SunendII Jo uonIqIyuj
(uononpoid

oneday paseaidul) 6)SId

(s329m ¢ A19A9 3dU0 W QO¢ 10
S9am g A1 93uo Sw 0G1-GL)
uondafur snoaueIndqns

(Ajuo vad) HAOH :AADSY
‘HJ9H ‘erwaepidisAp paxiw pue
elwae[01sajoydtadAy Arewrd

(VINE 'vad) s10z
qyw uewny Ajng

(3uawireduwr 919A3S UT SAIPNIS
ou) Juauuiredwi d13eday ajerapowr
03 p[iwl ul Jusunsnfpe asop oN

(S10Y woy ad->d Ul SaouaIafjIp
PaAIISO OU) JuauISN[pe 3sop oN
(sarpmis

[ewiue wolj AdIX0) dAndNpoIdal
ou) asn proAe 03 djqerajaid s1 3|

skep £1-11

Aemyed dnAjoaroid sjqernies-uoN

SwIsIueYdIW
Jrj0qe3aw dieday ApRIun

%CL

(12¥) S3A

%CL-LS

suawigalr omy

9Y] 10J $9aM 711 J9AO0 UOIINPAI
D-1a7T pauleIsns-jua[eAmnba

yum ‘skep 1Z-p1L

Aq 11peu ‘(smoy ¢ urym 6)sId
punoqun 3une[naa jo uoissaiddns
winwixew) Y1qT1 Y3 03 surpuiq
woly 6)SDd SunendII jo uonIqyu]
(uononpoid

oneday paseanur) 6)SId

(98uLifs

10 10323(uroine pajjyaid asn-af3uis)
SINUIW Q€ UIYIM A[PAIINIISUOD
suonaafur ¢ Aq 1o ‘(a8pLiyied
paj[yaid yam Josnjur Apoq-uo
9SN-3[3UIS) sANUIW G I9A0 (A[yjuow
20u0 3w Oz 10 SYam g A1aAd

Sw of1) uondafur snoauendqns

(Ajuo vad) Hio0H
‘AADSY ‘HdeH ‘erwaepidisAp paxiw
pue erwae|o1alsajoydradAy Arewrig

(VINE 'vad) s102
qyw uewny Ajng

Juawreduwr

oneday piw ur Aep/Suw o xew
{(Juawaredwi d13eday 21943
10 91BI9pOW) PaJedIPUIRIIUO0)

3seasIp [eual
a8e3s-pua ur Aep/Sw OF Xe\

pajedIpuUIE1IUO)

U 6£-6C

(%€6) $929 pue durin

Jojqryur pue 2ensqns FYedAd
(391p 38J-MO[ 1DL1IS) %L

(s90) saA

(S90) %09-(10¥) %Sh~

81 329M Je dIpeu ‘|

Aep Aq juaredde ‘sapr1adA[8in
pue [013153[0Yd SunemnaIn
pue uonaIdas urajoidodiy
SadNpal d LA JO uoniqryu]

dIN

(yoewoss fydwd)
Aep/Sw 09 xew 0} UOIeNI) YIM
‘asop 3umnues se so 1ad Aep/Swi g

HAoH
(vad) zioz

(VINd) €102
a[noajow [fews

Juauredur
Jneday aje1apout 10
pliw ur Juaunsnipe asop oN

Juauredur
[eual jeIdpoul 10
plIw ur Juauwnlsnipe asop oN

pajedIpurenuo)

Uyc-Gl

(pagueyoun

%G) S933) pue JuLIn
(19A1] a3 Ut Ajurewr
‘I'TASDY Aq pajeande)
gnip-oad :(pajerpaw
£9T190N) 9pruoIndN[

d[qeinseawt JON

(10¥) sax

%S €C-S1L

sisayjuAsoiq

poe Anej dneday

Jo uorssaxddng "uononpal
J-1dT Ul 7 3oam Je

JIpeu Y1drt jo uonemnsaidn
UM ‘ISAI] 33 UI SISSYIUAS
[0121S3[0Y PaseaIdIap

ul sj[nsal 1oV jo uoniqryuy

oV

Po0J INOYIM
10 Y31m so 1ad Aep/Sw 081
(A1uo vad) AAdSV ‘Hd°H
‘(viNg) erwapidiisAp paxiw
10 eruId[oIalsaoydIadAy
Arewnig

(VINE ‘vad) 0zoz
J[ndajoul [fews

juauITedwl J3AT] Ul asn)

Juaureduwr [eual ur sy

Aueudaxd ur asn

[445)

uoneutg

wsIoqedN
Anpqeyreaeorg
(3DVIN)
1Jauaq Je[nNISeAOIpIe)
(aurpaseq woy
a3ueyd) Adeiayjouowr
se uonanpal J-1q1

sonweuApooewtieyd

1981e]

A3010s04

uonedipuj dnaderay]

[eaoxddy Sunayiep
ssed [ed13ojodeULIRY]

A(09) qeundeuing

A UBIISIDU]

qewndoay

qewndojoAg

A(D7) apideywiot

ApDe dopadwag

2Inies]

E. Raschi, M. Casula, A.F.G. Cicero et al.

"(Vad) uoneutoy
-ur Surqrsald pue (YAF) SansLIRIoeIeyd 1onpoid Jo ATPLUWINS WO PAUIBIGO 219M BB "S30UBISWINIID [euondadxa 1apun :)7 ‘SULIOIUOW [EUONIPPE 19pU( A “(PIPN[IX2 AqIWIISZ3) SSNIP UIEIS-UOU JaMau Jo s1dadse [earsojodewreyd aanereduwo)

L 9lqeL



E. Raschi, M. Casula, A.F.G. Cicero et al.

Table 1 (continued)

Inclisiran ¥ Evinacumab (EC)V¥

Alirocumab

Lomitapide (EC)¥ Evolocumab

Bempedoic acid¥

Feature

Injection site reactions
(common), serious

Injection site reactions

Hypersensitivity (including

Hypersensitivity (including

Gastrointestinal disorders (very
common), hepatotoxicity

Hyperuricemia, increased
liver transaminases

Main safety issues and

(common), increased liver

angioedema; rare), injection site

angioedema; rare), injection site

monitoring

hypersensitivity reactions
(including anaphylaxis;

reactions, upper respiratory tract transaminases

reactions, musculoskeletal disorders,
upper respiratory tract infections
(including nasopharyngitis

(common), hepatic steatosis
(w/o insulin resistance). Liver

(common), tendon rupture,
myalgia and muscle spams

(rare/unknown)

(rare/unknown)

infections (common), glycemia
impairment (but not diabetes;

uncommon), nasopharyngitis

(very common),

monitoring prior initiating and
before each dose escalation or

rare/unknown), neurocognitive

effects (rare/unknown)

(common), glycemia impairment

musculoskeletal,

(but not diabetes; rare/unknown),
neurocognitive effects

(rare/unknown)

monthly in the first year (EMA)

gastrointestinal disorders and

dizziness (common)

Not expected from PK.

Not expected from PK.

Not expected from PK. Not expected from PK.

CYP3A4 inhibitors

OATP1B1/3, OAT2, OAT3
transporter mediated.

Simvastatin

Drug-drug Interactions

Long-term safety is missing

Long-term safety is missing

In patients with coadministered

statins, 4% reduction in

In patients with coadministered

(contraindicated; 27-fold

statins, 20% increase in the clearance
of evolocumab was observed (no

increase in lomitapide AUC).
Warfarin (1.26-fold INR

increase)

alirocumab exposure was
observed (no impact on

(2-fold-increase, with 50%

dose reduction)

impact on evolocumab PD and no

dose adjustment of statins)

alirocumab PD and no dose

adjustment of statins)

Statins (50% dose reduction of

simvastatin).

Fat-soluble vitamins

malabsorption and BAS (4-h

interval)

No definite conclusion (phase No ERA performed (no concern

Il assessment is ongoing)

No ERA performed (no concern

expected)

No ERA performed (no concern

expected)

No concern

No concern

Ecotoxicity/environmental

expected)

risk assessment (ERA)

ACL: adenosine triphosphate-citrate lyase; ACSVL1: very long-chain acyl-Coa Synthetase 1; ANGPTL3: angiopoietin-like 3; ASCVD: atherosclerotic cardiovascular disease; AUC: area under the curve; BAS: bile acid sequestrants; CYP: cytochrome;

EMA: European Medicines Agency; ERA: environmental risk assessment; FDA: Food and Drug Administration; HeFH: heterozygous familial hypercholesterolemia; HoFH: homozygous familial hypercholesterolaemia; INR: international normalized
ratio; LDL-C: LDL cholesterol; LDLR: LDL receptor; MACE: major adverse cardiovascular events; MTP: microsomal triglyceride transfer protein; PCSK9: Proprotein convertase subtilisin/kexin type 9; PD: pharmacodynamics; PK: pharmacokinetics;

RCT: randomized controlled trials; OBS: observational setting.
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lowering suggests an additive effect of BA and ezetimibe due to comple-
mentary mechanisms (Ballantyne et al., 2020). Interestingly, 33.7% of
patients experienced an LDL-C reduction from baseline of >50%. Con-
versely, the addition of BA to background statin may limit the potential
for completely additive pharmacodynamic effect, as anticipated by a
dose-response prediction model, which found that adding BA to statin
therapy is at least equivalent to or more effective in lowering LDL-C
than an increase in a statin dose after initial treatment (Jadhav et al.,
2022). In patients already at maximally tolerated statin, the addition
of BA may give a smaller contribution, as supported by different pooled
analyses. As monotherapy, LDL-C was reduced by 17.8% in patients on
statins (24.5% in statin-intolerant individuals), whereas roughly by
38% when given as a fixed-dose combination with ezetimibe as com-
pared to placebo, with similar percentages in patients not receiving
statins (26.5% and 39.2%, respectively) (Laufs et al., 2022).

In the evaluation of the ASCVD risk reduction, the lowering activity
on high-sensitivity C-reactive protein (hs-CRP) of BA, consistent across
all pivotal phase 3 trials (median % change from baseline to week 12
ranging from —18.7% to —32.5%), should not be overlooked (Ruscica,
Corsini, Ferri, Banach, & Sirtori, 2020). In fact, hs-CRP is an established
prognostic marker of future coronary events, as shown in the
Canakinumab Anti-inflammatory Thrombosis Outcome Study
(CANTOS) trial with canakinumab (Ridker et al., 2017), a monoclonal
antibody targeting interleukin-1f3, and considering statin trials, where
clinical benefit appeared to be maximal in the patients with the highest
baseline hsCRP levels (Ridker, MacFadyen, Libby, & Glynn, 2010).

Based on expected absolute LDL-C reductions (19.8 to 36.5 mg/dL on
average), the corresponding risk reduction of cardiovascular events
with BA would theoretically range from 11% to 21% over 5 years
(Banach et al., 2020). This impact on major adverse cardiovascular
events (MACE) was assessed by the CLEAR Outcomes trial
(NCT02993406) in a mixed population of 13,970 statin-intolerant
patients (unable or unwilling to take guideline-recommended doses of
statins) for whom primary or secondary prevention was clinically indi-
cated. In these patients, who were at high risk for ASCVD (mean LDL-C
level at baseline of 139.0 mg/dL, 46% had diabetes, 70% had experienced
a previous cardiovascular event), the 21% reduction in LDL-C
corresponded to a 13% lower risk of MACE (a four-component compos-
ite of death from cardiovascular causes, nonfatal myocardial infarction,
nonfatal stroke, or coronary revascularization) as compared to placebo
over a median of 3.4 years, without significant effect on death from car-
diovascular causes and death from any cause (effects similar to those
observed in other trial for PCSK9 inhibitors) (Nissen et al., 2023). This
modest absolute reduction in cardiovascular events translates into a
number needed to treat of 211 patients per year (Volpe & Patrono,
2023).

3.1.3. Safety aspects

Overall, BA possesses a favorable safety and tolerability profile, with
no significant increase of serious adverse events (AEs) from phase II/III
RCTs (Cicero, Fogacci, et al., 2020). The most common treatment-
emergent AEs in pivotal trials, regardless of causality, were
nasopharyngitis, urinary tract infection, and arthralgia, all occurring at
a lower frequency as compared to placebo (Banach et al., 2020). BA
was not associated with a clinically meaningful increase in the incidence
of muscle-related AEs, including myalgia and muscle weakness, as
compared to placebo (15.4 vs 11.9 rate per 100 person-years - PY)
(Bays et al., 2020). Only muscle spasms (4.4/100 vs 3.0/100 PY) and
pain in extremity (3.7/100 vs 2.0/100 PY) were more frequently re-
ported with BA than placebo, also in subjects not taking statins (8.5/
100 PY vs 7.4/100 PY; 6.9/100 PY vs 4.2/100 PY, respectively) (Laufs
et al., 2022). A slightly higher discontinuation emerged (13.4/100 vs
8.9/100 PY in subjects receiving placebo, respectively), with mild in-
creases (clinically irrelevant) in creatinine (by mean 0.048 mg/dL),
and uric acid (by mean 0.82 mg/dL, apparent within 4 weeks of treat-
ment, stable over time, and reversible after drug withdrawal) and
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mild reversible decreases in hemoglobin (reductions of >2 g/dL in 4.9/
100 vs 2.0/100 PY, respectively).

Among AEs of special interest, tendon rupture was found in 0.5% of
patients, all occurring in subjects taking moderate- or high-dose statins
with one or more risk factors (e.g., fluoroquinolone or systemic cortico-
steroid use, diabetes, gout, rheumatoid arthritis, renal failure, patients
older than 60 years with a history of tendon disorders). Development
of gout, a drug-specific side effect likely related to inhibition of renal
OAT?2 transporter, occurred in 1.4% and 0.4% of patients (incidence of
1.6/100 vs 0.5/100 PY in the BA vs placebo groups), with higher risk in
patients with history of gout or high baseline levels of uric acid (Bays
et al., 2020; Cicero, Pontremoli, Fogacci, Viazzi, & Borghi, 2020; Laufs
et al., 2022). Therefore, all patients should be assessed and monitored
for uricemia before and during treatment. The higher frequency of be-
nign prostatic hyperplasia or prostate enlargement and atrial fibrillation
remains unclear with uncertain clinical implications.

Notably, in a post-hoc patient-level pooled analysis of four RCTs, BA
did not increase the incidence of new-onset diabetes or worsening
fasting glucose vs. placebo over a median follow-up of 1 year, and mod-
estly lowered HbA1c in both patients with diabetes (—0.12%) or predi-
abetes (—0.06%), with consistently lowered LDL-C levels regardless of
baseline glycaemic status (Leiter et al., 2022). This effect should not be
disregarded, considering the opposite detrimental effect of statins on
the onset of diabetes (Collins et al., 2016), with the notable exclusion
of pitavastatin (Banach et al., 2022).

Considering that the evidence on the safety of BA almost exclusively
derived from pre-marketing clinical trials, the post-marketing phase is
crucial to establish efficacy and define the safety/tolerability profile in
clinical practice, especially for drugs under additional regulatory moni-
toring. The CLEAR Outcome trial confirmed higher incidences of
investigator-reported prespecified AEs of special interest as compared
to placebo: elevations in the hepatic-enzyme level (4.5% vs. 3.0%),
renal events (11.5% vs 8.6%), gout (3.1% vs 2.1%) and cholelithiasis
(2.2% vs 1.2%). Myalgias were reported in 5.6% of the patients (vs
6.8%), with 8 cases of investigator-reported rhabdomyolysis (0.06%,
two of which were assessed as possibly drug-related). No imbalances
emerged with regard to new-onset diabetes/worsening hyperglycemia,
neurocognitive disorders and adjudicated tendon rupture. As regards
the observational setting, a recent retrospective cohort study on 73 pa-
tients (89% with established ASCVD, 74% with statin intolerance, 50%
also receiving ezetimibe or PCSK9 inhibitors) found remarkable rates
of drug discontinuation (35.9%), mostly related to treatment-
emergent AEs (32.8%), primarily musculoskeletal complaints. Three
cases of gout and/or hyperuricemia, and tendonitis were diagnosed,
without apparent risk factors (Warden, Cardiology, Purnell, Duell, &
Fazio, 2022).

3.1.4. Prescribing aspects

Based on the aforementioned benefit-risk profile, BA, administered
as a 180-mg once-daily dose, received the approval of the FDA in Febru-
ary 2020 as monotherapy or combined with ezetimibe as an adjunct to
diet and maximally tolerated statin therapy for the treatment of adults
with heterozygous familial hypercholesterolemia (HeFH) or ASCVD
who require additional lowering of LDL-C (NEXLETOL - Prescribing
Information, 2020; NEXLIZET - Prescribing Information, 2020). In the
same year, the EMA approved its use in a similar setting, combined
with a statin (in patients unable to reach LDL-C goals although at the
maximally tolerated dose of a statin in addition to ezetimibe), or
ezetimibe (patients already being treated with the combination of BA
and ezetimibe as separate tablets with or without statin), or alone (in
patients who are either statin-intolerant or for whom a statin is contra-
indicated, and are unable to reach LDL-C goals with ezetimibe alone)
(Nilembo - EPAR - Product Information, 2022; Nustendi - EPAR -
Product Information, 2022).

The current place in therapy of BA represents an evolving issue
(Ruscica, Sirtori, Carugo, Banach, & Corsini, 2022), and will also depend

Pharmacology & Therapeutics 250 (2023) 108507

on the actual cost-effectiveness. Different simulation studies, based on a
Monte Carlo model, estimated the potential of BA to reduce the
projected need for a PCSK9 inhibitor (roughly 15-25%), especially in
patients with full statin intolerance, thus possibly lowering medication
expenditure by 35% (Blaum et al., 2021; Gu, Sanchez, Chauhan, Fazio,
& Rosenson, 2022; Katzmann, Becker, Bilitou, & Laufs, 2022).

3.2. Lomitapide

3.2.1. Clinical pharmacology

Microsomal triglyceride transfer protein (MTP) is a lipid transfer
protein essential for the assembly and secretion of hepatic and intestinal
apoB-containing lipoprotein. MTP deficiency is associated with disrup-
tion of apoB-containing lipoprotein assembly in both the intestine and
the liver, thus resulting in a relevant reduction of LDL-C through a mech-
anism independent of LDL receptor (LDLR) (Hooper, Burnett, & Watts,
2015). Lomitapide is a selective inhibitor of MTP that has been approved
by EMA and FDA as an adjunctive therapy to low-fat diet and conven-
tional lipid-lowering treatment for the treatment of adult patients
with homozygous familial hypercholesterolemia (HoFH) (Juxtapid—
Prescribing Information, 2019; Lojuxta—EPAR Product Information,
2022). The reduction in LDL-C levels is independent of the genotype
and lomitapide can be used in all HoFH patients, including those
carrying null mutations in the LDLR gene (D’Erasmo et al., 2017) and
those with autosomal recessive hypercholesterolemia (D'Erasmo et al.,
2022). Of note, the response of HoFH patients to the treatment with
lomitapide on top of standard lipid-lowering therapy, including aphere-
sis, shows variability, likely due to single nucleotide polymorphisms
(SNPs) gene variants in MTP gene (Kolovou, Kolovou, Papadopoulou,
& Watts, 2016); further data are needed to support this hypothesis. It
is worth noting that one clinical trial (NCT04681170) is currently eval-
uating the safety and efficacy of lomitapide in pediatric HoFH patients
(age range 5-17 years).

Since the mechanism of action of lomitapide results in an excess of
available triglycerides and is commonly accompanied by an altered
liver function (which may eventually evolve to fibrosis and even cirrho-
sis) and a lipid malabsorption syndrome with fat-soluble vitamin defi-
ciency, patients taking lomitapide must comply with a low-fat diet to
reduce gastrointestinal AEs and be monitored for liver function. Patients
usually start a 5 mg/day dose that can be gradually up-titrated every 4
weeks to the maximally tolerated dose (maximum is 60 mg/day),
accordingly to liver function tests and LDL-C levels achieved. In case of
major AEs, dose reduction or even suspension may be required.

As anticipated, common AEs of lomitapide are gastrointestinal dis-
turbances, which, however, become progressively less frequent in
terms of severity and intensity after the drug dose escalation phase
and with adherence to a low-fat diet (<20% of daily caloric intake
from fat) (Stefanutti, 2020). Treatment with lomitapide may also
cause fatty liver and/or increased transaminases (Stefanutti, 2020).
The hepatic effects of long-term treatment with lomitapide are still
unknown and need to be carefully evaluated in postmarketing studies.
An analysis of the European LOWER registry, created to acquire infor-
mation on long-term efficacy and safety of lomitapide in a large number
of patients, showed that, with a median exposure duration of 1.98 years
at a median dose of 10 mg, treatment-related AEs occurred in 54.6% of
185 patients, and serious AEs in 22.2%; gastrointestinal disorders were
the most common (46.5%), 15.1% of the patients experienced transam-
inase elevations, of which 7 requiring further investigations for hepatic
abnormalities (Underberg et al., 2020).

Lomitapide is extensively metabolised in the liver via cytochrome
P-450 (CYP) 3A4 isoenzyme and dose adjustment is required when
co-administered with CYP3A4 substrates such as statins

3.2.2. Cardiovascular benefit
The efficacy and safety of lomitapide were evaluated in an open-
label, single-arm, phase 3 study in 23 HoFH patients treated with
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gradual dose escalations of lomitapide as an adjunct to existing lipid-
lowering therapy (including apheresis). Lomitapide reduced LDL-C
levels by a significant 50% after 26 weeks of treatment (Blom et al.,
2017). A clinical experience in Italy confirmed the efficacy and safety
of treatment with lomitapide in 15 HoFH patients (D’Erasmo et al.,
2017). The addition of lomitapide to conventional lipid-lowering
therapy at a mean dose of 19 mg/day reduced LDL-C levels by ~70%,
and allowed 46.6% of the patients to reach LDL-C levels <70 mg/dl;
80% of the patients undergoing regular LDL apheresis procedure discon-
tinued this treatment. Other studies have confirmed the efficacy and
safety of lomitapide in HoFH patients (D'Erasmo et al., 2022; Real,
Arbona, Goterris, & Ascaso, 2018; Sperlongano et al., 2018; Stefanutti
etal, 2016).

Lomitapide therapy was also shown to induce regression or
stabilization of the carotid media-intima thickness, an established sur-
rogate of subclinical atherosclerosis, in HoFH patients with LDL-C not
adequately controlled by conventional lipid-lowering therapy (Blom
et al., 2022). A modeling analysis based on data from observational
and interventional studies showed that a lifelong treatment with
lomitapide could increase median life expectancy by 11.7 years and
time to first major atherosclerotic cardiovascular event by 6.7 years
(Leipold, Raal, Ishak, Hovingh, & Phillips, 2017).

3.2.3. Final considerations

Lomitapide has been approved as a drug for the treatment of adult
HoFH patients and as an add-on to standard lipid-lowering therapy,
but a careful long-term safety evaluation is required. While the intensity
of gastrointestinal disturbances progressively decreases with dose titra-
tion and with strict adherence to a low-fat diet, the possibility of devel-
oping fatty liver disease and its eventual progression towards more
advanced stages of the disease such as steatohepatitis, fibrosis and/or
cirrhosis need to be carefully evaluated in long-term treated patients.

3.3. Approaches targeting proprotein convertase subtilisin/kexin type 9
(PCSK9)

PCSK9 is a secretory serine protease synthesized primarily by the
liver. It promotes the degradation of LDLR by binding LDLR, thus
reducing LDL-C clearance. The formation of the PCSK9-LDLR-LDL
complex causes PCSK9, LDL-C, and LDLR to enter the lysosome together
to be degraded, so that LDLR on the cell surface decreases, and LDL-C
degradation decreases accordingly.

Given the role of this protein, it has been suggested that pharmaco-
logical interventions that directly target PCSK9 and reduce its activity
are effective in prevents PCSK9-mediated LDLR degradation, thus in-
creasing the recycling of the LDLR to the surface of the hepatocyte,
and leading to increased LDL uptake and reduced circulating LDL levels.

3.3.1. PCSK9 monoclonal antibodies

3.3.1.1. Clinical pharmacology. Among different approaches imple-
mented to reduce PCSK9, the first one was based on mAbs directed
against the protein. Of several products tested in clinical trials,
alirocumab and evolocumab are currently on the market (Liu et al.,
2022).

They are both fully humanized mAbs that binds specifically to
human PCSK9, with quite similar pharmacokinetic and pharmacody-
namic characteristics. Evolocumab is a monoclonal immunoglobulin
G2 (IgG2). Following a single subcutaneous dose of evolocumab
140 mg or 420 mg, median peak serum concentrations were attained
in 3-4 days, with an estimated absolute bioavailability was 72% and
an effective half-life of 11-17 days. Maximum suppression of circulating
unbound PCSK9 occurred by four hours (Kasichayanula et al., 2018).
Alirocumab is a monoclonal immunoglobulin G1 (IgG1). The recom-
mended starting dose is 75 mg once every 2 weeks administered subcu-
taneously, or 300 mg once every 4 weeks (monthly). If the LDL-C
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response is inadequate, the dosage may be adjusted to 150 mg adminis-
tered every 2 weeks. Following a single subcutaneous dose, median
peak serum concentrations were attained in 3-7 days, with an
estimated absolute bioavailability was 85% and an effective half-life of
17-20 days. Maximal suppression of free PCSK9 occurred within four
to eight hours (Cicero, Bove, & Borghi, 2018).

In addition to these two drugs, ongericimab (JS002), a recombinant
humanized anti-PCSK9 monoclonal antibody, is currently under study
for the treatment of Chinese patients with HoFH (Lin, 2022).

3.3.1.2. Cardiovascular benefit. In randomized placebo-controlled clinical
studies, antiPCSK9 mAbs significantly reduced LDL-C by 55-75%, com-
pared with placebo, either as monotherapy or in combination with a
statin (Toth et al., 2017). In a meta-analysis of trials on patients who
did not reach their LDL-C goal with the appropriate lipid lowering
regimen, antiPCSK9 mAbs were associated with a -50% reduction in
LDL-C (Squizzato et al., 2017). In statin intolerant subgroup, antiPCSK9
mAbs showed -35% reduction in LDL-C levels compared with ezetimibe
(Benhuri, Ueyama, Takagi, Briasoulis, & Kuno, 2021). In patients with
HeFH, antiPCSK9 mAbs significantly reduced LDL-C by approximately
50%, although a high variability of response was observed (Ge et al.,
2021). This may essentially be due to the fact that these subjects primar-
ily have pathogenic variants in the gene encoding for LDLR; some of
these variants may significantly impair receptor function. Furthermore,
in a small proportion of subjects, FH is determined by defects in gain-of-
function of the gene coding for PCSKO. In these subjects, it is conceivable
that inhibition of the PCSK9 protein may have a limited effect on reduc-
ing circulating LDL-C levels. For instance, in homozygous patients where
both alleles are affected by a null mutation (resulting in residual LDLR
activity that is severely impaired or absent), no or very little response
to treatment targeting PCSK9 was observed (Blom et al., 2020; Raal
et al., 2015). It is interesting to note that HeFH patients with a patho-
genic variant leading to a mild-to-moderate impairment in LDLR activ-
ity tend to respond well to therapies directed against PCSK9, as the
consequences of the dysfunctional allele are counteracted through
upregulation of LDLR by overexpression of the healthy allele (Brandts
etal., 2021).

Beyond the effectiveness in reducing LDL-C, antiPCSK9 mAbs were
shown to have positive effect on atherosclerotic burden and also on
plaque phenotype, with an increased fibrous cap thickness, decrease
in maximum lipid arch, and reduction of macrophages infiltration, as
demonstrated in the HUYGENS trial (Nicholls et al., 2022) and investi-
gated in the ongoing YELLOW III trial (NCT04710368; descriptive results
posted on May 3", 2023).

In the FOURIER trial, evaluating the effect of evolocumab on
cardiovascular outcomes in patients with ASCVD, active treatment sig-
nificantly reduced the risk of the primary end point (a composite of
cardiovascular death, myocardial infarction, stroke, hospitalization for
unstable angina, or coronary revascularization, hazard ratio, 0.85; 95%
Cl, 0.79-0.92) and the key secondary end point (the composite of car-
diovascular death, myocardial infarction, or stroke; hazard ratio 0.80;
95% CI, 0.73-0.88) over a median follow-up of 2.2 years (Sabatine
et al,, 2017). In the open-label extension (FOURIER-OLE), with an over-
all maximum exposure of 8.4 years, patients originally randomized to
evolocumab versus placebo had a 15% lower risk of cardiovascular
death, myocardial infarction, stroke, or hospitalization for unstable
angina or coronary revascularization (hazard ratio 0.85; 95% CI, 0.75-
0.96) (O’Donoghue et al., 2022). Moreover, 24% patients achieved
LDL-C levels of <20 mg/dL, and it was associated with lower risk of
cardiovascular outcomes, without significant safety concerns (Gaba
etal,, 2023).

In the ODYSSEY OUTCOME trial, after a median follow-up of 2.8
years, alirocumab treatment was associated with a significant 15%
reduction in the primary end point (a composite of death from coronary
heart disease, nonfatal myocardial infarction, fatal or nonfatal ischemic
stroke, or unstable angina requiring hospitalization, hazard ratio 0.85;
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95% Cl, 0.73-0.98) compared to placebo in patients who had an acute
coronary syndrome 1 to 12 months earlier. The absolute benefit was
greater among patients who had a baseline LDL-C level of 100 mg/dL
or more (Schwartz et al., 2018). A meta-analysis on pooled results
from 28 RCTs comprising 62,281 participants showed that the LDL-C
reduction with antiPCSK9 mAb was shown to be associated with a
significant reduction of CV events compared with placebo (odds ratio
0.83 [95% (I, 0.78-0.87]), without significant impact on cardiovascular
mortality. Both myocardial infarction (odds ratio 0.78 [95% CI,
0.72-0.84]) and stroke (odds ratio 0.77 [95% CI, 0.67-0.89]) were
significantly reduced following the treatment with an antiPCSK9 mAb
(Casula et al., 2019).

Safety Aspects

Both evolocumab and alirocumab appear to be well tolerated
(Casula et al.,, 2019; Navarese et al.,, 2015). In clinical trials, the overall
rate of AEs with PCSK9 inhibitors was similar to placebo. Serious AEs ap-
pear uncommon. The most commonly reported AEs are local injection
site reactions (e.g., erythema, pain, or bruising), occurring in 6-10% of
treated patients (Jones et al., 2016). PCSK9 mAbs do not appear to
cause muscle toxicity or elevated liver enzymes (Zhang et al., 2015).
Drug-neutralizing antibodies were detected in 1.2% of alirocumab
treated patients, but without consistent loss of LDL-C-lowering efficacy
(Roth et al., 2017). Drug neutralizing antibodies to evolocumab were
not detected during clinical trials.

Low LDL-C levels in RCTs of antiPCSK9 mAbs have raised a concern
about the risk of cognitive impairment (Robinson et al., 2015;
Sabatine et al., 2015). In two meta-analyses of RCTs and in the
EBBINGHAUS study, a sub-study of the FOURIER trial evaluating the cog-
nitive deficits, neurocognitive adverse events in the active groups were
not significantly different from those reported in the control groups
(Bai, Gong, Li, & Wang, 2018; Karatasakis et al., 2017). These findings
were supported by a Mendelian randomization study which found no
causal relationship between inhibition of PCSK9 function and neurode-
generative diseases (Benn, Nordestgaard, Frikke-Schmidt, & Tybjaerg-
Hansen, 2017). Concerning long-term AEs, as already observed for
statins (Casula et al., 2017), a possible risk of new-onset type 2 diabetes
(T2DM) with antiPCSK9 mAbs treatment has been also hypothesized.
Mendelian randomisation studies showed that patients carrying loss-
of-function PCSK9 genetic variants showed an increased risk of develop-
ing T2DM, besides lower LDL-C levels. RCTs with anti-PCSK9 MAbs
however showed no effect on the risk (Carugo, Sirtori, Corsini,
Tokgozoglu, & Ruscica, 2022). A possible explanation of the discrepancy
is related to the activity on mAbs, targeting mainly circulating PCSK9,
with a limited impact on LDL-R expression in pancreatic cells and on
the risk of T2DM.

Data form pharmacovigilance studies (i.e., spontaneous reporting
systems) found signals of neurocognitive and hyperglycaemic disorders
(mild hyperglycaemia more frequently reported in subjects with
diabetes), thus strengthening the importance for maintaining vigilance,
especially in patients with risk factors, and the need for long-term clin-
ical trials and observational studies to further explore these potential
risks (Goldman et al,, 2022; Gouverneur et al.,, 2021).

3.3.1.3. Prescribing aspects. Based on considerable evidence of
effectiveness and a good safety profile, in 2015 alirocumab and
evolocumab received approval by the FDA and the EMA. They are both
indicated as an adjunct to diet, alone or in combination with other
LDL-C-lowering therapies, in adults with primary hyperlipidemia, in-
cluding HeFH, and in adults with established ASCVD (Praluent
Prescribing Informatrion, 2021; Praluent—EPAR Product Information,
2023). Evolocumab was also approved by EMA for use in adults and ad-
olescents aged > 10 years with HoFH in combination with other lipid-
lowering therapies, and received FDA approval in aged 10 years or
older with HoFH and HeFH (Repatha—EPAR Product Information,
2022; Repatha—Prescribing Information, 2022).
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According to last versions of American and European guidelines on
the management of dyslipidaemias (Arnett et al., 2019; Grundy et al.,
2019; Mach et al., 2020), the use of a PCSK9 inhibitor is recommended
for secondary prevention in FH patients, at very-high risk and not
achieving their goal on a maximum tolerated dose of a statin and
ezetimibe. European guidelines also specifically stated that if a statin-
based regimen is not tolerated at any dosage (even after rechallenge),
a PCSK9 inhibitor may be considered as further option, after adding
ezetimibe (Mach et al., 2020).

Evidence from the observational setting showed an efficacy compa-
rable to that observed in trials, and an appreciable level of adherence to
therapy. In an analysis of Canadian patients treated with evolocumab,
most with a diagnosis of atherosclerotic cardiovascular disease and/or
FH, with mean (4= SD) LDL-C concentration at baseline of 143 (4 66)
mg/dL, a 58.7% decrease from baseline was reached and an LDL-C
concentration < 70 mg/dL was achieved by 77.5% of patients (Gupta
et al., 2022). A recent study in a Prague-based hospital showed a
-59.4% reduction in LDL-C after 12 weeks of antiPCSK9 mAbD treatment;
the effect was persistent to become even stronger, with a -62.6% at 2
years (Altschmiedova, Todorovova, Snejdrlova, Satny, & Ceska, 2022).
An Italian study on patients taking evolocumab or alirocumab in
association with statin and/or ezetimibe showed that LDL-C declined
significantly during 4 years, from —60.8% at first year to —73.7% at
fourth year (Derosa et al., 2022). Another study reported that among pa-
tients with a clinical diagnosis of FH, 85.4% patients receiving a PCSK9
inhibitor achieved a >50% reduction in LDL-C, compared with 50.2% of
patients not receiving a PCSK9 inhibitor (Razek et al., 2018). The major-
ity of studies reported high levels of adherence and no serious
treatment-emergent AEs (Gupta et al., 2022; Nanchen et al., 2022).
Notably, a recent Italian nation-wide registry on 798 patients (median
LDL-C reduction of 64.9%) found a very high adherence (3.5% of patients
discontinued) and persistence (97.5% at 18 months) (Gargiulo et al.,
2023).

Despite their safety and cardiovascular benefits, their use in clinical
practice was initially scarce, mainly as a consequence of their high
cost (over 14,000 USD [US dollars] per year on average in 2017)
(Karalis et al., 2018). In 2018, the cost of both alirocumab and
evolocumab were reduced, though with only slightly increased use of
these drugs (Attipoe-Dorcoo et al., 2021; Dayoub et al., 2021). Recent
reports confirmed the cost-effectiveness of antiPCSK9 mAbs and
supported their reimbursement (Grégoire et al., 2022), mainly if eligible
patients are at very high CV risk and far from the LDL-C goal despite the
optimization of background lipid-lowering therapy (Fogacci et al., 2022;
Marquina et al.,, 2020). Nevertheless, several barriers to widespread use
of antiPCSK9 mAbs remain, as for example still high drug prices patient
cost sharing, and reimbursement threshold, with strong variability
between geographical contexts, different income levels, and types of
healthcare, together with implementation gaps, such as poor use of
combination therapy.

3.3.2. Inclisiran

3.3.2.1. Clinical pharmacology. RNA interference is a physiological de-
fense mechanism for the invasion of viruses and other unwanted
RNAs in eukaryotic cells. RNA interfering molecules, both endogenous
micro RNAs (miRNAs) or exogenously introduced small interfering
RNAs (siRNAs), silence the expression of specific genes by targeting
messenger RNA (mRNA) for degradation in a sequence-specific manner
(Levin, 2017). In recent years, RNA interference technology, using
synthetic structurally well-defined short double-stranded siRNA, has
advanced rapidly (Ranasinghe, Addison, Dear, & Webb, 2022). In this
context, inclisiran is a first-in-class gene silencing drug, which specifi-
cally targets hepatic PCSK9 mRNA and inhibits its translation
(Khvorova, 2017). In particular, inclisiran is a siRNA duplex oligonucle-
otide (one 2’-deoxy, 11 2’-fluoro, and 32 2’-O-methyl modified
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nucleotides for a total of 44 base pairs) conjugated to triantennary N-
acetylgalactosamine that specifically targets inclisiran to hepatocytes.
Inside the hepatocytes, it acts by binding to the RNA induced silencing
complex (RISC) and blocking the translation of PCSK9 mRNA, thereby
reducing PCSK9 synthesis and its secretion into the extracellular milieu
(Soffer, Stoekenbroek, & Plakogiannis, 2022).

The targeting of inclisiran to the liver is positive for a number of
reasons. First, the liver is the organ where the most part of PCSK9 is pro-
duced. Then, it reduces the theoretical (but not yet demonstrated) risk
of off-target inhibition, as PCSK9 is also expressed in other tissues
than liver (i.e., lungs, pancreas, brain) (Stoekenbroek, Lambert, Cariou,
& Hovingh, 2018). Interestingly, a comprehensive search against the
human transcriptome revealed only 20 potential off-target transcripts,
some of which are not normally expressed in the liver (Ranasinghe
et al., 2022). Furthermore, the N-acetylgalactosamine-mediated liver
specificity allows for the use of low cumulative doses, considering that
at the relevant clinical plasma concentrations, inclisiran is 87% protein
bound (Lamb, 2021). Thus, the systemic exposure to inclisiran is limited
and it is no longer detectable in the circulation 48h after administration;
notwithstanding non-negligible renal clearance, available data con-
firmed no significant impact of mild, moderate and severe renal impair-
ment on the efficacy and safety of inclisiran, with no need for dose
adjustment (Wright et al., 2020). The phase [ ORION-6 trial enrolled
28 participants (16 with hepatic impairment) and found no significant
pharmacodynamic changes (PCSK9 and LDL-C levels) with 2-fold
increased exposure in subjects with moderate liver impairment, with-
out the need for dose adjustment (Kallend, Stoekenbroek, He, Smith, &
Wijngaard, 2022). No pharmacokinetic interactions are known or
expected (Strilchuk, Fogacci, & Cicero, 2019).

3.3.2.2. Cardiovascular benefit. The efficacy of inclisiran has been evalu-
ated in three pivotal, randomized, double-blind phase 3 studies
(ORION-9, ORION-10, and ORION-11), which confirmed its ability to
achieve early, marked, sustained and reversible LDL-C reductions com-
pared with placebo in patients with elevated LDL-C despite maximally
tolerated statin therapy (with or without additional lipid-lowering
therapy) (Raal, Kallend, et al., 2020; Ray et al., 2020). A meta-analysis
of five RCTs including 4226 patients concluded that treatment with
inclisiran yielded an impressive reduction in serum levels of PCSK9
(MD= —78.23%, 95% Cl: —86.74-69.71) and LDL-C (MD= —45.48%,
95% Cl: —50.36-40.61%) throughout the considered studies. Further-
more, treatment with inclisiran significantly improved the plasma
levels of total cholesterol (MD= —13.67%, 95% Cl: —20.78%,—6.57%),
non-HDL cholesterol (MD= —39.45%, 95% CI: —43.6%,—35.31%), apoli-
poprotein B (MD= —34.58%, 95% CI: —38.78%, —30.78%), HDL-C
(MD= 8.29%, 95% Cl: 4.66%,11.93%), and Lp(a) (MD= —20.9%, 95% ClI:
—25.8%, —15.99%) (Cicero, Fogacci, Zambon, Toth, & Borghi, 2022). In
ORION-3 (a 4-year open-label extension study of ORION-1) trial con-
firmed the lack of any compensatory or escape mechanisms and found
a sustained effect of inclisiran (averaged mean reduction of LDL-C cho-
lesterol was 44.2%, with reductions in PCSK9 ranging from 62.2% to
77.8%). Of note, in the switching arm where patients received first
open label twice-monthly evolocumab, the LDL-C levels lowered by ap-
proximately 61% over 1 year through 25 injections, with an averaged
mean reduction of LDL-C of 45.3% over 3 years achieved through 7 injec-
tions. Although these data suggested that past exposure or treatment
with a mAb against PCSK9 did not alter the efficacy of inclisiran, it
should be acknowledged that mean LDL-C reduction and number of pa-
tients reaching LDL-C goal was significantly higher during the
evolocumab treatment phase than after switch to inclisiran injection
(Ray et al., 2023).

An updated pooled analysis of ORION-9, —10 and —11, (N. 3655 pa-
tients followed-up over 18 months) concluded that inclisiran is associ-
ated to a significant reduction of composite MACE (OR 0.74; 95% CI
0.58-0.94), but not of fatal and non-fatal myocardial infarction or fatal
and non-fatal stroke (Ray, Raal, et al., 2023). The longer-term impact
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of Inclisiran therapy on CV outcomes is being prospectively evaluated
in the HPS-4/TIMI 65/0ORION-4 trial (NCT03705234). Because of
enrollment challenges related to the global COVID-19 pandemic,
primary completion (initially expected for December 2024) is now esti-
mated to be in July 2026. Additionally, the phase 3 VICTORION-2P trial
(NCT05030428) evaluating inclisiran sodium for patients with
established ASCVD is also currently ongoing (estimated completion in
October 2027).

3.3.2.3. Safety aspects. The most frequent inclisiran AEs were transient
injection-site reactions (any reaction: OR= 5.86, 95% CI: 3.44,9.98;
mild reactions: OR= 5.19, 95% CI: 1.68,16.07; moderate reactions:
OR= 13.37, 95% CI: 3.17,56.46). In ORION-9, ORION-10 and ORION-12,
a total of 99 injection-site reactions on 1833 patients exposed (5.4%),
while 15 on 1822 in placebo-treated patients (0.8%) (Cicero et al.,
2022). This incidence seems to be higher than the one observed with
PCSK9 (15 injection-site reactions leading to discontinuation per 1,000
subjects over a 5-year interval) (Li et al., 2022). A higher incidence of
bronchitis (OR= 1.58, 95% CI: 1.10,2.26) in inclisiran treated patients
was also observed, whose cause is yet to be clarified (Cicero et al.,
2022). In fact, a recent paper has clearly highlighted that inclisiran did
not exert any significant effect on immune cells and inflammatory bio-
markers such as interleukin 6 (IL-6) and tumor necrosis factor alpha
(TNF-at) (Landmesser et al., 2021). No additional safety concerns
emerged from over approximately 5 years of exposure to inclisiran
from the start of ORION-1 through to the end of ORION-3, also in pa-
tients switching from evolocumab. In particular, none of the 8 deaths
were considered to be related to the study medication, and only 4 pa-
tients experienced treatment-emergent serious AEs possibly related to
study drug (as reported by the investigator). Treatment-emergent he-
patic events occurred in 10% of patients in the inclisiran-only arm and
9% of patients in the switching arm; two were serious, but none meet
criteria for Hy's Law (Ray, Troquay, et al., 2023).

3.3.2.4. Prescribing aspects. Inclisiran is prepared as a prefilled syringe
(containing 300 mg inclisiran sodium, equivalent to 284 mg inclisiran
in 1.5 mL water for injection) for subcutaneous administration.
Inclisiran should be stored at controlled room temperature (20-25°C
|68-77°F]), with allowable excursions between 15°C and 30°C [59°F
and 86°F]), and has a shelf life of 2 years. After the first subcutaneous in-
jection, it is administered again at 3 months, and then every 6 months
thereafter (twice a year versus 12-26 injections of PCSK9 inhibitors
per year) (Banerjee et al., 2022).

Based on the available clinical evidence, inclisiran has recently been
approved by the EMA (December 9th, 2020) and the FDA (December
22nd, 2021), for the management of residual hypercholesterolemia in
patients already affected by cardiovascular disease or by HeFH not
reaching the desired LDL-goal with maximally tolerated statin treat-
ment (Leqvio Prescribing Information, 2021; Leqvio—EPAR Product
Information, 2022).

3.3.3. New alternative approaches to inhibiting PCSK9-mediated LDLR
degradation

LDL-C reduction can be achieved by acting on PCSK9 at different
levels: (i) blocking of PCSK9/LDLR binding (as obtained with mAbs,
but also with vaccines, adnectines, or either PCSK9/LDLR binding site
mimetic peptides), or (ii) inhibiting PCSK9 synthesis and expression
in vivo (as obtained with inclisiran, but also using CRISPR/Cas9-based
genome-editing technology, antisense oligonucleotides [ASO], or small
molecules) (Ahamad & Bhat, 2022).

The development of peptide-based anti-PCSK9 vaccines is an alter-
native method for the long-term suppression of PCSK9. Compared to
mAbs, the PCSK9 vaccine offers simple and affordable production, less
frequent dosing, and long-lasting effects. ATO4A, a short peptide-based
anti-PCSK9 vaccine, demonstrated to trigger a strong and sustained
immune response against PCSK9. The first dose was found to be safe
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in phase I clinical trial on healthy adults, and a booster dose after a year
decreased LDL-C levels by 13.3% (Zeitlinger et al., 2021). VXX-401 is an-
other synthetic peptide vaccine, able to achieve durable lowering of
LDL-C cholesterol in non-human primates, and selected to be evaluated
into a phase I first-in-human clinical trial (NEWS RELEASE: Vaxxinity’s
Anti-PCSK9 Candidate Demonstrates Durable LDL Cholesterol Lowering in
Non-Human Primates, 2022).

Adnectin is a new PCSK9-targeted approach developed to extend the
dosing interval. Adnectins are recombinant fusion proteins that offer
many benefits over mAbs, such as small size, lower expense, easier
production, and a high affinity with a quick onset of action. In a phase
[ clinical study, BMS-962476 decreased LDL-C levels by 48% (Stein,
2014). Another potent adnectin, lerodalcibep (LIB003) at a dose of
300 mg was found to reduce LDL-C levels by 64.1%, and it is currently
being evaluated in phase Il trials (Turner, 2020).

Analog peptides play an inhibitory role by blocking the binding
between PCSK9 and LDLR. Several peptides are being developed as
once-a-day oral anti-PCSK9 therapeutics (Tombling, Zhang, Huang,
Craik, & Wang, 2021; Tucker et al., 2021). At present, two peptide
PCSK9 inhibitors, MK-0616 and NNC03850434 (NN6434), have prog-
ressed to phase II clinical trials. MK-0616 is a next generation macrocy-
cle that, in a recent phase 2b study, reduced LDL-C levels by 40-60% at
oral doses of 6-30 mg in subjects with wide range of ASCVD risk
(Ballantyne et al., 2023).

Genome engineering using the CRISPR-Cas9 system have been
found to effectively reduce PCSK9 expression Recently, a single-dose
treatment of CRISPR base editors, delivered in the liver of cynomolgus
monkeys, lowered LDL-C levels by 60% for 8 months (Lee et al., 2023).
VERVE-101 is an investigational in vivo CRISPR-based editing medicine,
designed to be a single-course treatment to permanently turn off the
PCSK9 gene in the liver to reduce LDL-C. In non-human primates it
was well tolerated and led to 69% lower LDL-C, with durable effects.
VERVE-101 is currently being evaluated in a phase I clinical trial; initial
clinical results from the dose escalation portion of the heart-1 clinical
trial including safety parameters, blood PCSK9 level, and blood LDL-C
level are expected in the second half of 2023. PBGENE-PCSK9 applies
ARCUS genome editing to knockout the PCSK9 gene using adeno-
associated virus delivery (Arnould et al., 2011). After promising results
in pre-clinical studies, PBGENE-PCSK9 will be soon advanced through
human phase I studies.

ASOs consist of short, single-stranded nucleotides able to interfere
with gene expression by binding to the target mRNA directly, within
the nucleus or cytoplasm. Several ASOs have been developed in the
past decade. A phase II clinical trial for the third-generation PCSK9
antisense molecule CIVIO07 (cepadacursen sodium) was recently com-
pleted, showing a reduction of about 60% of LDL-C after a monthly
administration of 75 mg subcutaneously (NCT04164888). The same
molecule is now under development for oral administration (CIVIO08)
(Arnold & Koenig, 2022).

Finally, CVI-LMO001 (1) is a fluorobenzenesulfonate derivative of
corydaline that acts by suppressing the expression of the PCSK9 gene
(Liu, 2020). An oral-administered 300 mg dose of CVI-LM001 (1) for
28 days reduced LDL-C levels by 26.3% in participants with elevated
LDL-C levels in the phase Ib study. A phase II clinical trial to assess the
effectiveness and safety in people with hypercholesterolemia is
currently recruiting (NCT04438096).

3.4. Angiopoietin like-3 inhibitors

Angiopoietin like-3 (ANGPTL3) is a protein produced essentially in
the liver that play a key role in the metabolism of lipoproteins. Angptl3
acts primarily by inhibiting the activity of lipoprotein lipase (LPL) in the
vasculature, resulting in a reduced clearance of triglyceride (TG)-rich
lipoproteins and increased circulating levels of TG; it also inhibits the ac-
tivity of endothelial lipase (EL), an enzyme involved in the metabolism
of high density lipoproteins (HDL) (Tikka & Jauhiainen, 2016). It is
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worth noting that ANGPTL3-mediated regulation of EL is not limited
to its effect on HDL-C but is also required for the modulation of LDL-C
levels when LDLR is absent (Adam, et al., 2020).

Whole-exome sequencing in two siblings clinically diagnosed with
combined hypolipidemia led to the identification of two nonsense
mutations in ANGPTL3 gene. Both subjects were compound heterozy-
gotes for these mutations and exhibited extremely low plasma levels
of LDL-C, HDL-C, and TG (Musunuru et al., 2010). Since then, other mu-
tations in ANGPTL3 have been identified, all associated with a hypolip-
idemic phenotype (Martin-Campos et al., 2012; Minicocci et al., 2012;
Musunuru et al.,, 2010; Noto et al.,, 2012; Pisciotta et al.,, 2012) and a
reduced risk of coronary disease (Dewey et al., 2017; Stitziel et al.,
2017). These observations have suggested ANGPTL3 as a pharmacolog-
ical target for the treatment of hypercholesterolemia; with reduction in
LDL-C levels being determined through an LDLR-independent mecha-
nism, ANGPTL3 inhibition has been proposed as an interesting tool for
the management of hypercholesterolemia in HoFH.

Several strategies have been proposed to inhibit ANGPTL3, including
a monoclonal antibody (evinacumab) targeting plasma ANGPTL3, as
well as an antisense oligonucleotide (vupanorsen) and a small interfer-
ing RNA (ARO-ANG3), both targeting the hepatic synthesis of ANGPTL3.
Another possible approach is VERVE-201, an investigational in vivo
CRISPR base editing therapy designed to alter a single DNA base in the
ANGPTL3 gene, permanently inactivate hepatic expression, and thereby
durably lower LDL-C and triglyceride concentrations.

3.4.1. Evinacumab

Evinacumab is a fully human monoclonal antibody that was shown
to reduce circulating lipid levels and atherosclerotic lesion size in exper-
imental models (Dewey et al., 2017; Gusarova et al., 2015). When tested
in healthy volunteers with mildly-to-moderate elevated levels of TG or
LDL-C, evinacumab reduced dose-dependently both lipid levels (Dewey
et al,, 2017). Evinacumab was then tested in HoFH patients. An
open-label phase 2 study showed that evinacumab was able to reduce
LDL-C levels by 49%; other lipids were also significantly reduced despite
variability in the response, evinacumab reduced LDL-C levels in all pa-
tients, including those carrying null mutations (Gaudet et al., 2017).
The reduction in LDL-C levels was proven to depend on an increased
clearance of apoB-containing lipoproteins, independently of LDLR
(Reeskamp et al., 2021).

The phase 3 HELIPSE HoFH study enrolled 65 patients who received
placebo or evinacumab every 4 weeks on top of their lipid-lowering
therapy. After 24 weeks, evinacumab reduced LDL-C by 49% compared
with placebo, with an absolute difference in LDL-C of 132 mg/dL (Raal,
Rosenson, et al., 2020). When analyzed by genotype, patients with
null-null mutations had LDL-C reductions similar to those observed in
patients with non-null mutations. An interesting observation is that
evinacumab induced a profound plaque reduction in two severely af-
fected young HoFH patients after a 6-month treatment period
(Reeskamp et al., 2021). A recent case report of a long-term lipid-
lowering therapy involving drugs with LDLR-independent mechanism,
including lomitapide and evinacumab, showed remarkable improve-
ment in LDL-C levels (>90% following the addition of lomitapide and
evinacumab), disappearance of xanthomatosis, and regression in
atherosclerotic plaques (Khoury, Lauziére, Raal, Mancini, & Gaudet,
2023). The efficacy of evinacumab has been confirmed also in clinical
experience, with 7 HoFH patients already receiving best standard of
care, who showed a ~47% reduction in LDL-C levels, with no major ad-
verse event reported (Stefanutti, Chan, Di Giacomo, Morozzi, & Watts,
2022). Based on the results of the ELIPSE HoFH trial, both FDA (February
11", 2021) and EMA (June 17, 2021) have approved the use of
evinacumab in adults and adolescents aged 12 years and older with
HoFH (Evkeeza Prescribing Information, 2021; Evkeeza—EPAR Product
Information, 2022). On March 21%, 2023, the FDA extended its use in
aged 5 to 11 years.
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Although the knowledge of exact mechanism(s) governing the
ANGPTL3-mediated regulation of LDL-C is still incomplete, inhibiting
ANGPTL3 lowers LDL-C by limiting the production of LDL particles
(Adam, et al., 2020). Indeed, following ANGPTL3 inhibition, the activity
of EL is derepressed, leading to extensive remodelling of VLDL and the for-
mation of lipid-depleted remnant particles that are efficiently cleared from
the circulation (Adam, et al., 2020). This EL-dependent alternative path-
way, likely irrelevant when LDLR is functioning properly, becomes of in-
creasingly importance when LDLR is dysfunctional (Adam, et al., 2020).

Evinacumab has been tested also in patients with or without HeFH
who had refractory hypercholesterolemia, in whom a 50% reduction in
LDL-C levels was reported (Rosenson et al., 2020), and in patients
with high and severe hypertriglyceridemia, who showed substantial
reduction in TG and VLDL-C levels (Ahmad et al., 2019, 2021).

4. Evidence-based management of LDL-C: an evolving issue

We are witnessing a rapidly evolving landscape of contemporary
management of hypercholesterolemia, with potential paradigm shift
in the relevant treatment, not only in terms of therapeutic goal, but
also in terms of pharmacological strategies (Ferraro et al., 2022). The
advent of PCSK9 inhibitors, while providing additional opportunity
within the pharmacological armamentarium, poses new challenges to
clinicians in the proper selection (and combination) of the right drug
(s) for the right patient.

While the current mantra of the lower the better for LDL-C is still valid
and recognized by evidence and current AAC/AHA and ESC/EAS guide-
lines (Ference et al., 2017; Knuuti et al.,, 2020; Mach et al., 2020;
Silverman et al., 2016), recent observational data from DaVinci study
and GOULD registry showed the suboptimal use of lipid-lowering ther-
apy, especially in subjects at higher risk (Cannon et al.,, 2021; Ray et al.,
2021). Therefore, there is increasing interest and debate in optimizing
pharmacological therapies, especially for non-statin drugs, to reduce
ASCVD risk as early as possible through an upfront approach (Banach
et al,, 2021; Banach et al., 2021; Banach et al., 2022; Banach & Penson,
2021; Ray et al., 2022). This so-called strike early and strike strong ap-
proach could be theoretically useful in the immediate aftermath of an
acute coronary syndrome, considering that all lipid-lowering agents
are expected to reach almost the maximum extent of LDL-C reduction
after 2 weeks of therapy (Krychtiuk et al., 2022). Of note, the transition
towards an early and more aggressive strategy is still debated, although
it represents a current approach in the cardiovascular area especially in
the treatment of heart failure and hypertension, where a first-line com-
bination strategy is supported by relevant guidelines.

Conversely, some authors still supported the importance of a gradual
stepwise approach (Averna et al., 2021; Kakavand et al., 2022), which
should take into account the efficacy (on LDL-C and hard cardiovascular
endpoints) of each pharmacological class, potential contraindications,
warnings and precautions, relevant adverse effects, and monitoring
parameters. This view of progressive treatment intensification is also
endorsed by the 2021 ESC cardiovascular prevention guidelines
(Visseren et al., 2021). This traditional approach might be ideal
especially in complex scenarios such as elderly frail poly-treated
patients with comorbidities (e.g., diabetes), who are susceptible to clin-
ically relevant drug interactions and are likely to have pharmacokinetic/
pharmacodynamic changes affecting drug response, thus increasing the
likelihood of side effects and adverse drug reactions.

Here below, some pharmacological pearls are provided to address,
on an individual basis, the multifaceted issue of drug tailoring and opti-
mization of treatment.

First, statins remain the drugs of choice for initial LDL-C reduction
given the large body of efficacy and safety data. Statin monotherapy
reduces LDL-C levels by approximately 30 (low intensity) to 50% (high
intensity). [rrespective of the statin used, each doubling of the dose pro-
duces an extra reduction of about 6 percentage points in LDL-C (e.g., 43%
vs 49% reductions with atorvastatin 20 mg vs 40 mg daily). In patients
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with documented statin intolerance, the maximal tolerated statin at
even ultra-low doses (e.g., rosuvastatin 2.5 mg three times per week)
should be considered instead of abandoning statins altogether.

Second, there is general consensus on the theoretical incremental
benefit of combination regimens with regard to the ability to lower
LDL-C (Masana, Ibarretxe, & Plana, 2016), although a wide variability
among individuals is expected, and some authors have proposed to
consider markers of cholesterol absorption and fecal excretion to indi-
vidualize the initial choice (Liitjohann, Stellaard, Mulder, Sijbrands, &
Weingdrtner, 2019). Therefore, monitoring LDL-C levels 4-6 weeks
after any treatment strategy initiation or change is recommended. Inter-
estingly, the maximum LDL lowering to be achieved by combined oral
therapy (high-intensity statin and ezetimibe) is 65%, similar to PCSK9
inhibitors (60%), with the maximum LDL-lowering efficacy (84%)
obtained by triple therapy (high-intensity statin plus ezetimibe plus
PCSK9 inhibitors). Interestingly, the substitution of moderate-intensity
statin in this triple therapy produced an 82% reduction (only 2% less
that using high-intensity statins). On the other hand, a high-intensity
statin plus PCSK9 inhibitors, without ezetimibe, reduces LDL by 80%,
so the contribution of ezetimibe to high-intensity triple therapy is 4%.
All these aspects should be taken into consideration especially when
prescribing PCSK9 inhibitors (Masana, Ibarretxe, & Plana, 2020). There
are no head-to-head comparisons of inclisiran with PCSK9 mAbs, al-
though the LDL-C lowering response to inclisiran appears approxi-
mately 10% less than seen with PCSK9 mAbs. There is no current
evidence or mechanistic plausibility that combining inclisiran with
PCSK9 mAbs provides additional efficacy in LDL-C lowering or cardio-
vascular outcomes benefit; therefore, inclisiran should be used in
place of PCSK9 mAbs. Theoretically, a quadruple combination of high-
intensity statins + ezetimibe + bempedoic acid + PCSK9 inhibitor
could result in >85% of LDL-C reduction (Banach et al., 2023).

Third, recent evidence suggested that the "high-intensity statin
therapy" concept could be substituted by the "high-intensity lipid low-
ering therapy" approach (Masana et al., 2020). In fact, IMPROVE-IT and
RACING studies paved the way to consider the early combination ther-
apy in patients at very-high ASCVD risk (Cannon et al., 2015; Kim et al.,
2022). Of note, the RACING trial (median follow-up 3 years) demon-
strated that the combination of a moderate-intensity statin and
ezetimibe was non inferior to high-intensity statin monotherapy, and
showed a lower rate of discontinuation or dose reduction of study
drug due to intolerance in the combination regimen (4.8% vs 8.2%)
(Kim et al., 2022). These findings might reflect the clinical practice
(including the potential nocebo effect in the high-intensity statin
group) and further support the role of early combination approach to
improve adherence. Accordingly, a recent dose-response simulation
model predicted that combining BA with the lowest statin dose
(e.g., atorvastatin 20 mg) would achieve a similar degree of LDL-C low-
ering as quadrupling that statin dose (e.g., atorvastatin 80 mg) (Jadhav
et al,, 2022), thus reducing the likelihood of side effects. Very recently,
the open-label LODESTAR trial demonstrated the noninferiority of the
treat-to-target strategy (with an LDL-C level between 50 and 70
mg/dL as the target) as compared with a high-intensity statin strategy
on 3-year composite of death, myocardial infarction, stroke, or coronary
revascularization in 4400 relatively-low risk patients with coronary artery
disease, with a numerically lower rate of secondary endpoints (new-onset
diabetes, end-stage kidney disease, or composite of laboratory abnormal-
ities), thus suggesting that a tailored approach may account for individual
variability in therapeutic response to statin therapy (Hong et al., 2023).

Fourth, there are further important considerations in the addition
and choice of non-statin therapies, especially in specific patient popula-
tions (e.g., pregnant women, elderly patients, patients with diabetes)
(Fig. 3). These considerations include the extent of available evidence
for ASCVD risk reduction, safety and tolerability, potential for drug-
drug interactions, cost, convenience and medication storage, pill bur-
den, frequency and route of administration, and, importantly, patient
preferences. The importance of patient engagement and informed
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Patient’s phenotypes in the selection of non-statin drugs

. Bempedoic acid may have favourable
anti-hyperglicemic effect

Comorbidities
(with or w/o
ASCVD)

Patients receiving
immunomodulators
(no data for all drugs)

Bempedoic acid (gout, rheumatoid
arthritis, previous tendon rupture)

PCSK9i, inclisiran, evinacumab
(low potential for PK-DDI)

Elderly (poly-
treated with
likely DDI)

Bempedoic acid
(ciclosporin, fibrates,
simvastatin >20 mg)

Lomitapide (strong/moderate
CYP3A4 inhibitors)

Clinical Aspects

Subject requiring non-statin drug
(maximally tolerated statin dose

Pharmacokinetic Aspects

not on LDL-C goal or documented

Pharmacokinetic Aspects

statinintolerance)

Pharmacological Aspects

Bempedoic acid, inclisiran,
PCSK9i, evinacumab

Mild/moderate
hepatic/renal
impairment

Limited/lack of data in
severe renal/hepatic
impairment (all drugs)

Ezetimibe (moderate hepatic impairment),
lomitapide (liver injury/steatosis)

Ezetimibe (if potential benefit
justifies the risk to the fetus)

Considering
pregnancy
(or already

pregnant)

PCSK9i, inclisiran
(not recommended/
preferable to avoid)

3

Bempedoic acid, lomitapide,
evinacumab (to be discontinued)

Fig. 3. Additional clinical and pharmacological aspects in the selection and monitoring of non-statin drugs.
Please refer to the relevant summary of product characteristics or prescribing information for details.
Green symbol: the drug can be safely used; orange symbol: Uncertainty in the use, possibly due to the lack of data. Monitoring and/or dose adjustment is recommended; red symbol: con-

traindicated or not recommended.

ASCVD: atherosclerotic cardiovascular disease; CYP: cytochrome P450; PCSK9i: Proprotein convertase subtilisin/kexin type 9 inhibitors (monoclonal antibodies alirocumab or

evolocumab); PK-DDI: pharmacokinetic drug-drug interactions.

choice is supported by the 2022 ACC clinical decision pathway
(Committee et al., 2022).

Based on the overall evidence, ezetimibe and PCSK9i should be pri-
oritized in those at the highest ASCVD risk not reaching the LDL-C target
or maximally tolerated statin dose or with documented statin intoler-
ance. Ezetimibe may be preferred as initial choice in patients who re-
quire <25% additional lowering of LDL-C, with recent acute coronary
event (<3 months), and considering ease of use, patient preference
and cost (depending on local reimbursement criteria). Moreover, in
patients with pill burden, fixed combinations may be favoured. A recent
international multidisciplinary panel that included patients drafted 10
recommendations: a strong recommendation in terms of quality of
the evidence was only provided for patients at high or very high risk, in-
tolerant to statins, for using ezetimibe or PCSK9i, with suggestion of
using ezetimibe first (weak) (Hao et al,, 2022). The twice-yearly dosing
regimen of inclisiran may be attractive in patients with demonstrated
poor adherence to antiPCSK9 mAbs, serious or intolerable side effects
or unable/uncomfortable to self-inject. The current place in therapy of
BA represents an evolving issue (Ruscica et al., 2022), although its
favourable pharmacokinetics and safety profile, coupled with the op-
portunity of a fixed-dose combination with ezetimibe, should not be
overlooked in the perspective of patient’s adherence. Recent position
statements concluded that BA may represent a cost-effective therapeu-
tic choice (third line therapy), especially in combination with ezetimibe,
in patients with high or very high cardiovascular risk who are not far
from individual LDL-C target or when the prescription of PCSK9i is not
allowed due to local reimbursement criteria (Averna, Bilato, Sesti,
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Network, & on Bempedoic Acid., 2022; Patti et al., 2022). The results of
the CLEAR Outcomes trial have clarified the role of BA in patients intol-
erant to statins at high risk of ASCVD (Nissen et al., 2023), thus making
BA a potential choice for upstream approach in subjects with high/very
high cardiovascular risk before PCSK9 therapies (Banach et al., 2023).
The role of evinacumab and lomitapide is attractive in HoFH patients
poorly responsive to statins or PCSK9 inhibitors, although appropriate
management by specialized centers is required.

In Fig. 4, we propose a simplified flow-chart integrating the AHA and
the EAS/ESC guidelines to LDL-C management in clinical practice, also
including some recent opinion papers suggesting an early statin-
ezetimibe combination use as first-line treatment in most of the
subjects (Averna et al., 2021; Elis, 2023). A single pill may support ad-
herence while achieving a more rapid reduction of the LDL-C levels
(to be re-assessed after 4-6 weeks) with reduced adverse effects. The
proposed approach considers the patient baseline LDL-C values and
the estimated cardiovascular risk (which may vary depending on the
adopted score/algorithm), the patient ability to tolerate statins, the
LDL-C goal and values reached, as well as the expected efficacy in
terms of LDL-C reduction. Of note, the actual feasibility of the
approaches will depend on the drug cost covered by national health
systems and insurances.

5. Closing remarks

The pharmacological opportunities for targeting LDL-C have consid-
erably expanded in recent years. Different medications have been
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Moderate CV risk
LDL-C goal <2.6 mmol/L (<100 mg/dL)

}

TLS + Statin monotherapy

If LDL-C goal
not reached

If statin (fully or
partly) not tolerated

If statin intensity/dose

Statin intensity and/or | increasenot tolerated | Ezetimibe + Max. tolerated
dose increase * statin dose (if any) £
Ezetimibe Bempedoic acid

\d

High CV risk
LDL-C | >50% from baseline and LDL-C goal of <1.8 mmol/L (<70 mg/dL)
If LDL-C from If LDL-C from
goal £50% goal >50%
\d v

TLS + high-intensity TLS + high-intensity statin
statin monotherapy + Ezetimibe
If statin If statin If notat LDL-C
intolerant intolerant goal
Makx. tolerated statin Makx. tolerated Bempedoic acid +

dose (if any) statin dose (if any) PCSK9is/Inclisiran

+ Ezetimibe + + Ezetimibe +

Bempedoic acid PCSK9is/Inclisiran

Very High CV risk

LDL-C | >50% from baseline and LDL-C goal of <1.4 mmol/L (<55 mg/dL)

TLS + high-intensity statin + Ezetimibe

If statin intolerant and/or LDL-C
goal not reached A

Bempedoic acid

If LDL-C goal not reached

A4

PCSK9is/Inclisiran

Fig. 4. Simplified flowchart for LDL-C management in clinical practice according to the estimated cardiovascular risk.

Of note, the calculation of the estimated cardiovascular risk may vary depending on the adopted score/algorithm (see text for details). In case of suspicion of homozygous familial hyper-
cholesterolemia, directly refer to a Lipid Clinic for potential prescription of lomitapide or evinacumab.

CV: cardiovascular; LDL-C: LDL cholesterol; PCSK9is: Proprotein convertase subtilisin/kexin type 9 inhibitors (monoclonal antibodies alirocumab or evolocumab); TLS: therapeutic life-
style.
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approved by regulators with innovative mechanisms of action, includ-
ing PCSK9 inhibitors (monoclonal antibodies and inclisiran), ATP-
citrate lyase inhibitors (bempedoic acid), ANGPTL3 inhibitors
(evinacumab), and MTP inhibitors (lomitapide). Beyond statins, these
drugs share, at different extent, the ability to lower LDL-C, thus tackling
the residual ASCVD risk.

Various unsettled issues remain, including the effectiveness of the
upfront approach and the role of other pharmacological approaches
not covered in the present review (e.g., fibrates, icosapent ethyl).
Pragmatic trials (biomarker- and imaging-based) and observational ev-
idence, including pharmacovigilance, are needed to clarify the safety
and tolerability, especially in the long-term, identify subjects who ben-
efit the most and define the place in therapy of each agent as well as the
optimal sequence.

At present, PCSK9 inhibitors and bempedoic acid are gaining increas-
ing consideration within the pharmacological armamentarium by virtue
of their favorable properties such as cardiovascular benefit, frequency of
administration and tolerability, which may support long-term
adherence. However, cost-benefit considerations and heterogeneity in
reimbursement criteria might represent limiting barriers in the local
implementation.

We strongly believe on the need to effectively improve the uptake of
maximally tolerated high-intensity statin and timely implementation of
add-on ezetimibe as key priorities. Patient’s empowerment within a
multidisciplinary team coupled with proactive vigilance and engage-
ment with general practitioners are pivotal to maximize tolerability
and enhance adherence in clinical practice.

Healthcare professionals, including clinical pharmacologists, are
facing an exciting era in lipid research and non-statin drugs are
expected to effectively meet guidelines’ expectations through a person-
alized approach.
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