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Abstract: Reducing low-density lipoprotein cholesterol (LDL-C) levels is crucial to the prevention of
atherosclerotic cardiovascular disease (ASCVD). However, many patients, especially those at very
high ASCVD risk or with familial hypercholesterolemia (FH), do not achieve target LDL-C levels with
statin monotherapy. The underutilization of novel lipid-lowering therapies (LLT) globally may be due
to cost concerns or therapeutic inertia. Emerging approaches have the potential to lower LDL-C and
reduce ASCVD risk further, in addition to offering alternatives for statin-intolerant patients. Shifting
the treatment paradigm towards initial combination therapy and utilizing novel LLT strategies can
complement existing treatments. This review discusses innovative approaches including combination
therapies involving statins and agents like ezetimibe, bempedoic acid, cholesterol ester transfer
protein (CETP) inhibitors as well as strategies targeting proprotein convertase subtilisin/kexin type
9 (PCSK9) and angiopoietin-like protein 3 (ANGPTL3) inhibition. Advances in nucleic acid-based
therapies and gene editing are innovative approaches that will improve patient compliance and
adherence. These strategies demonstrate significant LDL-C reductions and improved cardiovascular
outcomes, offering potential for optimal LDL-C control and reduced ASCVD risk. By addressing the
limitations of statin monotherapy, these approaches provide new management options for elevated
LDL-C levels.
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1. Introduction

Low-density lipoprotein cholesterol (LDL-C) is a well-established causal factor of
atherosclerotic cardiovascular disease (ASCVD), which remains the leading global cause
of mortality. Reducing LDL-C has been shown to lower cardiovascular events. In real-
world clinical practice, the use of statin monotherapy is common, but despite the maximal
dose, only a low percentage of patients reach currently recommended LDL-C target levels,
especially those with established ASCVD or at high risk of ASCVD, including patients
with familial hypercholesterolemia (FH). Recommended targets include an LDL-C of less
than 55 mg/dL (<1.4 mmol/L) for patients with established ASCVD or very high risk
and an LDL-C less than 70 mg/dL (<1.8 mmol/L) for high-risk patients [1,2]. The DA
VINCI registry showed that statin-based monotherapy was used in approximately 84%
of patients who received lipid-lowering therapy (LLT), resulting in only 33% of patients
achieving the LDL-C target [3]. Moreover, the FHSC registry in patients with FH revealed
that only 2.7% of the patients achieved LDL-C levels <70 mg/dL (1.8 mmol/L) with
LLT. Both these registries show that combination therapies are underutilized, ranging
from 10% combination therapy in patients without FH to approximately 21% in those
with FH, with data from the SWEDEHEART registry, showing that 90% of the patients,
including those at very high risk of cardiovascular events and those who experienced a
recent myocardial infarction, achieved LDL-C goals through combination therapy [2,3].
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Hence, combination LLT, along with lifestyle measures, should be started as soon as
possible and ideally at the time of diagnosis in high-risk patients [1,2] There is also a
need for additional LLT, such as proprotein convertase subtilisin/kexin type 9 (PCSK9)
inhibitors and angiopoietin-like 3 (ANGPTL3) inhibitors to achieve lower LDL-C targets.
Promising opportunities arise from the emerging strategies in cardiovascular disease (CVD)
prevention, as they can complement or even replace existing therapies (Table 1). The
focus has broadened from ‘high-intensity statin therapy’ to ‘high-intensity LLT’ for optimal
LDL-C management [4]. This review discusses the currently available treatment regimens,
highlights treatment gaps and challenges, and describes the potential of novel and emerging
therapeutic approaches.

Table 1. Reducing ASCVD risk by lowering LDL-cholesterol.

Therapeutic Strategy Therapies with Predominantly LDL-C Reduction
and Supporting CVOT Trials

Therapies with
LDL-C Plus

TRL (Remnants)
Reduction

Small molecules
Statins CTCC *

Ezetemibe IMPROVE-IT *
Bempedoic acid CLEAR OUTCOMES *

Monoclonal antibodies
PCSK9-Inhibitors FOURIER * ANGPTL3-inhibitor

ODYSSEY OUTCOMES * Evinacumab

Antisense
oligonucleotides

ANGPTL3-inhibitor
Vupanorsen

Small interfering RNA

PCSK9-Inhibitors
Inclisiran ORION-4 ** ANGPTL3-inhibitor

VICTORION PREVENT-2 ** ARO-ANG3
Solbinsiran

* Completed Cardiovascular Outcome Trials (CVOT). ** Ongoing CVOT trials. A summary of current and emerg-
ing lipid lowering therapeutic strategies that reduce ASCVD risk by lowering LDL-C. ASCVD—atherosclerotic
cardiovascular disease; LDL-C—low-density lipoprotein cholesterol; CVOT—cardiovascular outcome trial;
TRL—triglyceride rich lipoproteins; CTCC—Cholesterol Treatment Trialists Collaboration; PCSK9—proprotein
convertase subtilisin/kexin type 9; ANGPTL3—angiopoietin-like protein 3; RNA—ribonucleic acid.

2. LDL-C Lowering, Statins and Beyond

The efficacy of traditional LLT in individuals with homozygous FH (HoFH) is in-
fluenced by the remaining LDL-receptor (LDLR) function, which varies with different
treatments. Hence, it is essential to develop agents that can lower LDL-C levels indepen-
dently of LDLR pathways (Table 2).

Table 2. Impact of lipid lowering strategies in reducing low-density lipoprotein cholesterol.

Drug Target Efficacy of LDL-C Lowering

LDLR dependent

Statin HMG-CoA-reductase ~30–50% [4]

Ezetimibe NPC1L1 ~15–20% [4]

Bempedoic acid ACLY ~17–25% [5–8]

PCSK9-inhibitors
(Mab) Circulating PCSK9 ~50–60% [4]

PCSK9-inhibitors
(siRNA) Hepatic PCSK9 synthesis ~50% [9–17]

LDLR independent

Evinacumab Circulating ANGPTL3 ~40–60% [18]
A summary of the target and effect of lipid-lowering therapies in decreasing LDL-C. LDL-C, low-density lipopro-
tein cholesterol; HMG-CoA-reductase, 3-hydroxy-3-methylglutaryl-coenzyme A; NPC1L1, Niemann-Pick C1 like 1;
ACL, ATP citrate lyase; PCSK9, proprotein convertase subtilisin/kexin type 9; ANGPTL3, angiopoietin-like 3.
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2.1. Statins

Statins have a tried and tested history, and for most patients, they will be the initial
treatment of choice for achieving LDL-C reduction [19]. However, a significant proportion
of patients will be poorly adherent for a variety of reasons. According to data from clinical
trials, as many as 25% of patients will report statin-related muscle side effects [20]. However,
many “muscle problems” remain poorly defined in studies, making this a difficult adverse
event to truly quantify. It is very likely that statin-related muscle symptoms are overstated
and that the true prevalence is much lower [21,22]. Nevertheless, views may linger among
individuals who have been prescribed statins as a result of negative public perceptions.
Poor adherence to LLT leads to adverse ASCVD outcomes [23]. Consequently, additional
non-statin LDL-C lowering therapies are needed to meet the LDL-C targets required to
reduce the risk of ASCVD. Furthermore, upfront combination LLT has now been advocated
for all patients at very high and extremely high risk of ASCVD [24].

2.2. Ezetimibe

Ezetimibe is a cholesterol absorption inhibitor and reduces the transportation of dietary
cholesterol via the Nieman-Pick C1-like 1 protein (NPC1L1) in the gastro-intestinal tract.
The addition of ezetimibe to statin therapy has demonstrated LDL-C lowering of up to
24% [25]. Further evidence of the benefits of NPC1L1 inhibition comes from naturally
occurring inactivating mutations in the NPC1L1 gene, which have been shown to reduce
both LDL-C and ASCVD risk [26]. Ezetimibe has a favorable side effect profile and is
generally considered the agent of choice for intensification of lipid-lowering in combination
with statin therapy [27].

2.3. Bempedoic Acid

Bempedoic acid is a prodrug that is activated in the liver by acyl-CoA synthetase 1
(ACSVL-1) [28]. The active form of the drug inhibits the mevalonate pathway of cholesterol
synthesis by inhibiting the enzyme ATP citrate lyase (ACLY), which lies upstream of HMG-
CoA reductase, the rate-limiting enzyme targeted by statins. ACLY is involved in the
cleavage of citrate to form both oxaloacetate and acetyl-CoA, with acetyl-CoA being an
important substrate in both lipid and fatty acid synthesis [28]. Much like statins, inhibition
of the cholesterol biosynthesis pathway leads to upregulation of the LDLR and subsequent
lowering of circulating LDL-C. The lipid lowering effect of bempedoic acid was evaluated
in a pooled analysis of four randomized controlled trials evaluating the efficacy and safety
in different populations over a 12-week period [29]. Trials such as CLEAR Harmony and
CLEAR Wisdom enrolled participants with established ASCVD and/or heterozygous FH
(HeFH), most of whom were already taking high-intensity statins [5,29]. The addition of
bempedoic acid led to a 16% further reduction in LDL-C in treated patients compared to
only a 1.8% reduction in the placebo group [29]. Patients intolerant of statins were enrolled
in the CLEAR Serenity and CLEAR Tranquility trials and demonstrated a greater LDL-C
lowering of 23% in those receiving bempedoic acid compared to a 1.5% reduction in the
placebo group [6,7,29].

The cardiovascular outcomes trial, CLEAR Outcomes, evaluated the efficacy of be-
mpedoic acid in statin-intolerant patients compared to placebo [8]. The between-group
LDL-C reduction was 21.1% in favor of those receiving bempedoic acid, leading to a re-
duction in major adverse cardiovascular events [8]. Additionally, bempedoic acid may
have anti-inflammatory properties. The CLEAR Outcomes study showed a significant
reduction in highly sensitive C-reactive protein (hsCRP) [8]. It remains unclear whether the
cardiovascular outcomes observed in the trial are solely a result of LDL-C lowering or if
the anti-inflammatory component also played a role.

Combination LLT with bempedoic acid has shown promising results. The combination
of bempedoic acid, ezetimibe and atorvastatin resulted in a 63.6% reduction in LDL-C after
6 weeks [30]. Combination therapy of bempedoic acid and ezetimibe was found to be
complementary, leading to LDL-C reductions of up to 38.8% in the subset of patients not



J. Clin. Med. 2023, 12, 5082 4 of 14

using statins, as observed in the CLEAR Tranquility and CLEAR Serenity trials [31]. This
value surpasses that achieved by either drug used as monotherapy.

The enzyme ACSVL-1 is primarily expressed in the liver and kidneys and is absent in
skeletal muscle [32]. As a result, activation of bempedoic acid does not occur in muscle,
avoiding the muscle-related side effects occasionally encountered when taking statins.
However, being at the intersection of multiple metabolic pathways, bempedoic acid is not
without its own side effects. It carries the risk of increased uric acid and gout, as well as
acute kidney injury [33]. Nevertheless, given its demonstrated efficacy, bempedoic acid
should be considered as an alternative to statins in patients who are genuinely intolerant
to statins.

2.4. Cholesterol Ester Transfer Protein (CETP) Inhibitors

Cholesterol ester transfer protein (CETP) is a glycoprotein involved in the transfer
of cholesterol esters from high-density lipoprotein (HDL) to LDL and very low-density
LDL (VLDL). Additionally, CETP is involved in the transfer of triglyceride (TG) from
triglyceride-rich lipoproteins (TRLs) to HDL and LDL. Naturally occurring CETP deficiency
as a result of heterozygous and homozygous CETP mutations has been identified as one
of the major causes of higher HDL-C levels and the resultant lower risk of ASCVD in
Japan [34]. Population-based studies have also shown an inverse relationship between
HDL-C and ASCVD [35]. However, the causal nature of low HDL-C in ASCVD remains
unclear, with conflicting results from various Mendelian randomization studies [36].

The results of randomized controlled trials of CETP inhibitors to increase serum HDL-
C for the prevention of ASCVD or progression of atherosclerosis have been disappointing,
leading to the discontinuation of most drugs in this class [37–39]. However, while initially
developed to elevate HDL-C, the mechanism by which LDL-C is lowered is now known to
be due to an increase in the fractional catabolic rate of LDL-C and ApoB clearance [40].

The positive outcomes observed in ASCVD events with anacetrapib, (OR 0.091 CI:
0.85–0.97), have been largely attributed to the drug’s LDL-C-lowering effect rather than
its impact on raising HDL-C levels [41]. The heterogenous reduction in LDL-C observed
with different CETP inhibitors is believed to be due to differential drug binding, with some
showing potential to improve LDL-C-lowering efficacy through alterations in binding
properties and sites [42]. The newest and most potent CETP inhibitor, obicetrapib, demon-
strated significant reductions in LDL-C (45%), ApoB (29.8%), non-HDL-C (44%), and Lp(a)
(56.5%) when added to high-intensity statin therapy in a phase 2 study [43]. Furthermore,
obicetrapib led to an increase in HDL-C (165%) and ApoA1 (47.8%) levels [43].

Therefore, the future role of newer CETP inhibitors may lie in their LDL-C-lowering
benefits rather than their initially proposed capacity to elevate HDL-C levels. Obicetrapib
is currently being evaluated in a phase 3 randomized controlled trial to assess its efficacy
in relation to cardiovascular outcomes. The outcome of this study will likely determine
whether this class of drugs will be incorporated into clinical practice as an additional
therapy to reduce LDL-C levels and ASCVD risk.

2.5. Strategies Targeting PCSK9 Inhibition

Recent developments in genetics have identified novel targets for LLT. The PCSK9
gene is important in cholesterol homeostasis as it encodes for a proprotein convertase
in the subtilase subfamily [44]. PCSK9 binds and delivers the LDLR to the lysosome
for degradation; hence, increased production of PCSK9 is associated with a decrease in
LDLR activity, resulting in elevated LDL-C levels and vice versa [4,44]. This led to the
development of targeted therapies that inhibit PCSK9, including the monoclonal antibodies
(mAbs), evolocumab and alirocumab, as well as gene silencing therapy. These strategies
offer novel therapeutics for hypercholesterolemia, as statins upregulate the expression of
both LDLR and PCSK9, which may explain the relatively small incremental reduction in
LDL-C with each doubling of the statin dose [44].
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2.5.1. Monoclonal Anti-PCSK9 Antibodies

Alirocumab and evolocumab are fully human mAbs targeting PCSK9 in plasma and
block its binding to the LDLR, resulting in more available receptors for the clearance of cir-
culating LDL particles [44]. These drugs are administered subcutaneously on a bimonthly
or monthly basis and have been found to be efficacious, safe, and well-tolerated in both
adults and children, with the most common adverse events being nasopharyngitis, in-
fluenza, upper respiratory tract infection, and headache [45–48]. While PCSK9 inhibitors
are indicated for primary prevention in patients at very high risk or secondary prevention
in those who do not achieve LDL-C targets on maximally tolerated doses of statin and eze-
timibe, their efficacy is reduced in patients with homozygous or compound heterozygous
double LDLR variant carriers [1,2]. In these patients, the LDL-C-lowering effect is greater
in those with partially functioning LDLR compared to those with negative or null—null
LDLR mutations, suggesting that for PCSK9 inhibitors to be effective in FH, at least one
non-null allele coding a partially functioning LDLR must be present [45,49–51].

Clinical trials have shown that evolocumab significantly reduces LDL-C levels in
both HoFH and HeFH patients [49,50,52]. In HeFH patients, evolocumab reduced LDL-C
levels by 60% compared to placebo when administered every 2 weeks (140 mg) or monthly
(420 mg) [49]. In HoFH patients, evolocumab was only half as effecitive, reducing LDL-C
levels by 31% (65) [50]. Long-term safety and efficacy of evolocumab was observed in
patients with HoFH and severe HeFH, whereby LDL-C was reduced by 21% and 55%,
respectively [45]. Similarly, bimonthly alirocumab was effective at reducing LDL-C in
patients with HeFH and HoFH, with reductions of up to 58% and 36%, respectively [53,54].
Data from the HEYMANS registry, a prospective registry of adults initiating evolocumab in
routine clinical practice in 12 European countries, focused on evolocumab treatment over
30 months, showed a sustained 58% LDL-C reduction within 3 months, and high patient
continuation (>90% at 12 and 30 months of follow up). Approximately 60% achieved a
≥50% reduction from baseline at each follow-up visit [55].

The use of PCSK9 mAbs has also been shown to lower the risk of myocardial infarction,
ischemic stroke, and coronary revascularization in patients with hypercholesterolemia [56].
Alirocumab was also associated with a lower risk of all-cause death [56]. The FOURIER trial
demonstrated that evolocumab reduced the risk of major adverse cardiovascular events
compared to a placebo, and the ODYSSEY OUTCOMES trial showed similar results with
alirocumab, with greater benefit seen in patients with higher baseline LDL-C levels [57,58].
Newer PCSK9 mAbs such as lerodalcibep, tafolecimab, and recaticimab are also under
development. However, these drugs require administration every 2 to 4 weeks, making
newer therapies with less frequent administration a favourable alternative.

2.5.2. Small Interfering RNA Directed against PCSK9

Small interfering RNA (siRNA) is a naturally occurring double-stranded RNA molecule
which can serve as an effective therapeutic modality. It works by binding to a RNA-induced
silencing complex (RISC) in the cytoplasm, where the passenger RNA loads onto the
RISC complex, acting as a template for RISC to recognize the target mRNA and undergo
cleavage [59,60].

Inclisiran is a subcutaneously delivered siRNA targeting hepatic PCSK9 synthesis,
resulting in a dose-dependent reduction in PCSK9 of up to 60% after a single dose and
up to 69% after two doses [9]. Data from the ORION 1 trial, in patients at high risk for
ASCVD, showed a reduction in LDL-C levels of up to 42% and 53% after a single dose and
second dose, respectively at 6 months, with observations at one-year follow-up showing
that the two-dose 300 mg regimen produced the highest proportion of responders and
the greatest mean reduction in LDL-C [9,10]. An investigation of the long-term efficacy
of the ORION-3 trial, a 4-year open-label extension study of the ORION-1 trial, showed a
sustained reduction in LDL-C and PCSK9, with a mean LDL-C reduction of 44% [11].

Inclisiran has also been shown to be efficacious in FH patients, with ~40% reduction
in LDL-C, highlighting that PCSK9 inhibition is mainly dependent on the up-regulation of
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normally functioning LDLR and overrides the minor role of clearance of LDL-C via the
up-regulation of dysfunctional LDLR [12–14]. Furthermore, inclisiran has also been shown
to significantly reduce composite major adverse cardiovascular events; however, larger
cardiovascular outcome trials, such as ORION-4 and VICTORION-2 are being conducted
to confirm these findings [15]. Pre-specified secondary analysis also suggested a significant
reduction in LDL-C in primary prevention patients; however, larger studies are needed
to confirm this [16]. The effect of inclisiran on LDL-C levels appeared consistent across
a range of subgroups, including those with and without diabetes, metabolic syndrome,
renal impairment, and across varying geographic regions, which included Europe and
South Africa [17]. Safety and efficacy data of inclisiran, with a twice-yearly administration,
could improve long-term adherence, making it a suitable alternative to traditional LLT
and PCSK9 mAbs in patients who cannot achieve target LDL-C, particularly in patients
with FH.

2.5.3. Antisense Oligonucleotide Targeting PCSK9

Antisense oligonucleotide (ASO) therapies target RNA and act through RNA cleavage or
blockage, resulting in gene silencing. The PCSK9-targeted ASO, AZD8233 (NCT04641299),
inhibits hepatic PCSK9 synthesis and causes substantial reductions in LDL-C. Data from the
ETESIAN trial, a phase 2b dose-ranging study, demonstrated a dose-dependent reduction
in LDL-C, Lp(a), and ApoB of 79%, 45% and 67%, respectively. The broad lipid-modifying
effect of AZD8233 on atherogenic lipoproteins may provide an opportunity to reduce
cardiovascular risk in patients with ASCVD beyond currently available medications [61].
Unfortunately, further development of AZD8233 has been halted, and it will not advance
into phase 3 development.

2.5.4. Oral PCSK9 Inhibitors

Oral PCSK9 inhibitors are currently under development and may prove to be a safe
and acceptable alternative to mAbs and siRNAs targeting PCSK9, but this will require
compliance with daily oral administration.

Oral Peptide Derivative

MK-0616 (NCT05261126) is an oral, macrocyclic peptide that binds to PCSK9. Results
from phase I clinical trials have shown >90% reduction in free PCSK9, and a reduction in
LDL-C of 65% [62,63]. Recent Phase 2b data conducted in 381 adults with hypercholes-
terolemia (LDL-C ≥70 mg/dL and ≤160 mg/dL (≥1.8 and ≤4.1 mmol/L)) and clinical
ASCVD, or an ASCVD risk equivalent, showed promising results [64]. Participants were
randomly assigned to one of four doses of MK-0616 or a placebo and were monitored for
adverse events. All doses of MK-0616 demonstrated statistically significant reductions
in LDL-C compared to the placebo. The reductions were dose dependent with up to a
61% reduction from baseline. The treatment was well tolerated, and the proportion of
participants experiencing adverse events was similar across all treatment groups [64].

Oral Antisense Oligonucleotide

A chemically modified ASO to PCSK9, ION449 (AZD6615) that can be administered
orally is also being developed. The ASO is co-formulated with sodium caprate to improve
oral bioavailability. Repeated oral daily dosing in dogs resulted in a bioavailability of 7% in
the liver, and target engagement was confirmed in rats and monkeys. Daily dosing of 15 mg
is predicted to reduce circulating PCSK9 by 80% at steady state, supporting continued
development of the drug for treating dyslipidemia [65].

3. LDL-C Lowering beyond PCSK9 Inhibition

Continuation of a PCSK9 inhibitor is advocated if the reduction in LDL-C with PCSK9-
directed therapy exceeds 15%. However, if there is a poor response to PCSK9-targeted
treatment, as seen particularly often in patients with HoFH, this therapy should be stopped
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and other treatment options should be considered, including LDLR-independent therapies
and/or lipoprotein apheresis [2].

3.1. Strategies Targeting ANGPTL3

Angiopoietin-like protein 3 (ANGPTL3) is a protein expressed in the liver that in-
hibits endothelial lipase and lipoprotein lipase [44,66,67]. Elevated ANGPTL3 levels are
associated with increased LDL-C levels, which in turn are linked to a higher risk of
ASCVD [68,69]. Inhibition of ANGPTL3 results in increased activity of these lipases and
a reduction in atherogenic lipoproteins, including LDL-C, TRLs and HDL-C. The exact
mechanism of LDL-C lowering with ANGPTL3 inhibition is uncertain but appears to be
dependent on EL with apparent uptake via non-LDLR-mediated mechanisms [3,70,71].
Targeting ANGPTL3 with mAbs or siRNA therapeutics is a promising approach to lower
high TG, TRLs, and elevated LDL-C levels.

3.1.1. Monoclonal Anti-ANGPTL3 Antibodies

Evinacumab, a mAb targeting ANGPTL3, has been approved for the treatment of
HoFH in patients aged 5 and above [2]. It effectively lowers LDL-C levels by approxi-
mately 50% in HoFH and HeFH when used alongside maximally tolerated background
LLT [2,18,71,72]. The LDL-C reduction is not influenced by the specific genetic defect be-
cause the mechanism of action of evinacumab is independent of LDLR function [72,73].
Long-term follow-up studies have shown sustained LDL-C reduction in both adults and
children [2,74]. Evinacumab has also been shown to significantly reduce TG and VLDL-C
levels in patients with moderate or severe hypertriglyceridemia [75]. In patients with
very high LDL-C levels who are already receiving intensive treatment, including PCSK9-
targeting medications, the addition of evinacumab can further lower LDL-C by approxi-
mately 50%, thus proving to be an early intervention strategy to significantly mitigate the
risk of cardiovascular events, bringing it closer to the risk levels observed in the general
population [3]. Nevertheless, there are limitations to consider, such as the requirement for
monthly intravenous dosing and the possibility of developing autoantibodies [18,76].

3.1.2. Small Interfering RNA Directed against ANGPTL3

SiRNA therapy targets ANGPTL3 mRNA and inhibits its translation through the
use of double-stranded RNA and the AGO2-RISC complex. Chemical modifications to
the nucleotides increase potency and duration, allowing for less frequent subcutaneous
injections [60].

ARO-ANG3 is a N-acetyl galactosamine (GalNAc)-conjugated siRNA therapy targeted
against ANGPTL3 mRNA that has shown potent therapeutic inhibition of ANGPTL3 [60].
Studies in healthy subjects and patients with hyperlipidemia have demonstrated a dose-
dependent reduction in ANGPTL3 of up to 93%, with the nadir occurring 2 weeks after
the second dose [77] Preliminary results of the ARCHES-2 study, a dose-finding study of
ARO-ANG3, showed promising outcomes in subjects with mixed dyslipidemia. Reductions
in ANGPTL3 levels (15–71%), triglycerides (53–59%), LDL-C (22–32%), and non-HDL
(34–45%) were observed. Further reductions in LDL-C were observed after the second
dose at week 12. The study suggests that maximum reductions in ANGPTL3 and LDL-C
can be achieved with an initial dose followed by subsequent doses at day 29, and then
3-monthly [78]. These findings highlight the potential of ARO-ANG3 as a treatment option
for a wide range of dyslipidemia, including pure hypercholesterolemia as seen in HoFH.
Recent results of the ongoing phase 2 study investigating the use of multiple doses in
patients with HoFH showed a mean reduction in ANGPTL3 of 83% and LDL-C of 48%,
supporting further investigation of ARO-ANG3 in HoFH [77–79].

Multi-dose studies of ARO-ANG3 in patients with hyperlipidemia, including those
with HeFH, have also shown promising results. Significant reductions in LDL-C were
observed in patients with and without HeFH; these reductions were of 35% and 28%,
respectively [77]. Overall, ARO-ANG3 demonstrates a favorable safety profile and has
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the potential to effectively treat severe dyslipidemia by targeting ANGPTL3 and reducing
atherogenic lipoproteins. Other siRNA therapies directed against ANGPTL3, such as
Solibinisran (LY-3561774; Eli-Lilly [NCT04644809]), are also in early phase development.

3.1.3. Antisense Oligonucleotide Targeting ANGPTL3

Vupanorsen, a GalNac-modified ASO, specifically targeted hepatic ANGPTL3 mRNA,
leading to a decrease in both the production and secretion of ANGPTL3 [80]. However,
the drug was discontinued after disappointing Phase 2b results in the TRANSLATE-TIMI
70 trial [80]. While vupanorsen demonstrated a significant reduction in TG and non-
HDL-C, the reductions in ApoB and LDL-C were only modest, particularly at the highest
doses [80]. Currently, there are no ongoing development efforts for ASO-based therapies
targeting ANGPTL3.

3.2. Inhibiting Microsomal Triglyceride Transfer Protein (MTP) and apoB100 Synthesis

Targeting the inhibition of apoB100 and apoB48 is an effective approach to reduce
atherogenic lipoproteins. Mipomersen, which is an ASO inhibitor of apoB, and lomitapide,
an inhibitor of microsomal triglyceride transport protein activity, result in approximately a
25% and 50% reduction in LDL-C, respectively. Both drugs have the potential to increase
hepatic fat content and elevate transaminase levels; however, their long-term safety in
this regard is uncertain. Consequently, their utilization is restricted in cases of severe
hypercholesterolemia [81].

4. Future Directions of LDL-C Lowering

Therapies to lower LDL-C have progressed from the inhibition of proteins to the
modification and inhibition of gene expression and the translation of their products. The
focus has more recently shifted to the potential of gene-editing therapies.

4.1. Gene Editing—CRISPR

Targeting mRNA expression using siRNA and ASO therapies can temporarily inhibit
the expression of the targeted protein. However, the emergence of genome-editing therapies
offers the potential for once-off treatment in individuals at high and very high risk of
ASCVD [82]. Various genome-editing strategies, including nuclease editing, base editing,
and epigenome editing, have been developed for this purpose [82]. Among these strategies,
the CRISPR/Cas system, discovered by Emmanuelle Charpentier and Jennifer Doudna in
2012, has become one of the most widely used genome-editing tools [83]. The CRISPR/Cas
system utilizes a guide RNA and a Cas protein to introduce double-stranded breaks in the
DNA [82]. Base editors, another type of genome-editing tool, also employ a guide RNA,
but instead of introducing double-stranded breaks, they induce single-nucleotide changes
that can disrupt gene structure and function [82,84]. The most commonly used base editors
involve the replacement of cytosine with thymidine or the replacement of adenine with
guanine [82]. These methods of genome editing, such as base editing and prime editing,
are less likely to result in significant off-target effects, as they involve altering a single
nucleotide [82].

The PCSK9 gene is considered a potential target for gene-editing therapy due to nat-
urally occurring loss-of-function mutations that lead to lifelong low circulating LDL-C
levels and an 88% relative risk reduction for ASCVD without adverse long-term effects [85].
PCSK9 is primarily expressed in the liver, making it an attractive candidate for editing [85].
Editing of the PCSK9 gene in primate models has shown promising results, with reductions
of up to 90% in circulating PCSK9 and up to 60% in LDL-C levels [86–88]. However, con-
cerns about off-target DNA cleavage have been raised, although no clinical consequences
have been observed in a follow-up period of 3 years [89]. A phase 1 clinical trial is currently
underway, evaluating the safety and efficacy of VERVE-101 (NCT05398029), a base editor
targeting PCSK9, in patients with HeFH and established ASCVD.



J. Clin. Med. 2023, 12, 5082 9 of 14

The ANGPTL3 gene is another potential target for gene-editing therapies, as naturally
occurring loss-of-function mutations in ANGPTL3 have no long-term health consequences
and are associated with hypolipidemia and lower risk of ASCVD [90]. In a mouse model
with HoFH, base editing of ANGPTL3 led to significant reductions in TC by 51% and TG
by 56% [91]. However, no non-human primate studies have been reported thus far. While
gene-editing therapies hold promise for durable lipid lowering, they will remain in the
drug development pipeline until safety concerns regarding potential off-target effects are
adequately addressed.

4.2. Vaccination

Vaccination has played a crucial role in reducing the incidence and prevalence of
communicable diseases, but significant progress has also been made in developing vac-
cines for non-communicable chronic diseases like cancer, hypertension, and Alzheimer’s
disease [92]. The objective of vaccination is to stimulate an adequate antibody response to
neutralize specific proteins while minimizing T-cell activation to avoid unwanted tissue
damage [93–95].

In murine models of HeFH, an anti-PCSK9 peptide vaccine resulted in a sustained
50% reduction in LDL-C levels over a one-year period [96]. Another approach involved
vaccinating against PCSK9 using a virus-like particle (VLP) vaccine, which achieved a
10–15% decrease in LDL-C in rhesus macaques [97]. VLPs carry self-antigens on their
surface, effectively overcoming B-cell tolerance and inducing a neutralizing antibody
response [95]. Vaccination against ANGPTL3 in dyslipidemic obese mouse models (ob/ob
mice) and FH mouse models demonstrated significant reductions in TG, VLDL-C, HDL-C,
and LDL-C, with diminishing effects observed after 30 weeks [98,99].

Although mAbs targeting proteins like PCSK9 and ANGPTL3 have become part
of the lipid-lowering armamentarium, vaccination to induce a sufficient host antibody
response against specific proteins is preferred to relying on foreign-derived mAbs which
require repeated administration [99]. Compared to passive immunotherapy with mAbs,
vaccination offers advantages in terms of cost and dosing frequency. Mab therapy can
be expensive and requires dosing every two to four weeks, while vaccination is a more
cost-effective option, especially in resource-limited countries [99].

5. Conclusions

The effective treatment of LDL-C is crucial for reducing ASCVD and mortality, but
many patients fail to achieve treatment goals. Knowledge of newer agents and their use is
essential to reach treatment targets. Ongoing research, cardiovascular outcome data, and
guideline recommendations are needed to improve ASCVD risk reduction. Advancements
in genetic studies have identified new treatment targets, while the development of targeted
therapies allows for personalized care and improved medication adherence.
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