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Abstract The availability of pharmacological approaches able to effectively reduce circulating LDL cholesterol (LDL-C) has led to a substantial 
reduction in the risk of atherosclerosis-related cardiovascular disease (CVD). However, a residual cardiovascular (CV) risk persists in 
treated individuals with optimal levels of LDL-C. Additional risk factors beyond LDL-C are involved, and among these, elevated levels 
of triglycerides (TGs) and TG-rich lipoproteins are causally associated with an increased CV risk. Apolipoprotein C-III (apoC-III) is a 
key regulator of TG metabolism and hence circulating levels through several mechanisms including the inhibition of lipoprotein lipase 
activity and alterations in the affinity of apoC-III-containing lipoproteins for both the hepatic receptors involved in their removal and 
extracellular matrix in the arterial wall. Genetic studies have clarified the role of apoC-III in humans, establishing a causal link with CVD 
and showing that loss-of-function mutations in the APOC3 gene are associated with reduced TG levels and reduced risk of coronary 
heart disease. Currently available hypolipidaemic drugs can reduce TG levels, although to a limited extent. Substantial reductions in 
TG levels can be obtained with new drugs that target specifically apoC-III; these include two antisense oligonucleotides, one small 
interfering RNA and an antibody.
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The enrichment in apolipoprotein C-III (apoC-III) content impairs the hepatic clearance of triglyceride-rich lipoprotein remnants and may contribute to the 
formation of atherosclerotic plaque. Several options targeting specifically apoC-III are under development, including antisense oligonucleotides (volanesorsen 
and olezarsen), a siRNA (ARO-APOC3) and an antibody (STT-5058).
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1. Introduction
Taking for granted that elevated levels of LDL cholesterol (LDL-C) are a 
major risk factor for atherosclerosis-related cardiovascular disease 
(ASCVD),1,2 it is now clear that LDL-C levels cannot explain all cardiovas-
cular (CV) events and the residual CV risk observed in patients with opti-
mally treated LDL-C levels. Although the role of triglycerides (TGs) in 
atherosclerosis has been long debated, a large body of epidemiological, 
preclinical, and clinical trial evidence has suggested an association between 
TG, TG-rich lipoproteins (TRLs), and their remnants with inflammation, 

ASCVD, and all-cause mortality.3–5 In support of these observations, gen-
etic studies have indicated a causal link between elevated levels of TG and 
the risk of ASCVD.6–10

Apolipoprotein C-III (apoC-III) has received remarkable attention as a 
key regulator of TG metabolism. ApoC-III resides on the surface of 
TRLs, which include very-low-density lipoproteins (VLDL), chylomicrons 
(CMs), and their remnants, as well as high-density lipoproteins (HDL). 
The presence of apoC-III modulates the levels of these lipoproteins by in-
fluencing both the conversion rate to smaller and denser lipoproteins and 
their direct clearance from circulation. In some studies, high plasma levels 
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of apoC-III were shown to predict CV mortality independently of fasting 
TG and other traditional risk factors in the general population;11

apoC-III levels are significantly associated with incident coronary artery dis-
ease (CAD) risk;12 elevated levels of remnant lipoproteins, small dense 
low-density lipoproteins, and low-grade inflammation may explain, at least 
in part, this association.

In this review, we summarize the available knowledge on apoC-III syn-
thesis and regulation, discuss the pathogenetic role of apoC-III in hypertri-
glyceridaemia and CV disease (CVD), and review data on currently 
available or under-development pharmacological approaches for the inhib-
ition of apoC-III.

2. ApoC-III synthesis and regulation
Apoc-III is a low molecular weight apolipoprotein mainly produced by hep-
atic cells and to a lesser extent by enterocytes.13 In plasma, the majority of 
apoC-III is transported by TRLs and HDL and plays a key role in the metab-
olism of TRLs.14 The distribution of apoC-III among different lipoproteins 
depends on the metabolic state and varies between the fasting and post- 
prandial conditions as well as between subjects with normal and elevated 
plasma TG levels.15–18 In normolipidaemic subjects, the majority of 
apoC-III is carried by HDL, while in hypertriglyceridaemic subjects, the ma-
jority circulates with TRLs.19 ApoC-III is rapidly and freely interchangeable 
between these two lipoprotein classes; it has been shown that simply mixing 
VLDL and HDL leads to an enrichment of HDL particles with apoC-III by an 
aqueous diffusion mechanism.20,21 Overall, during lipolysis, when TG levels 
decrease, apoC-III is transferred from TRLs to HDL; conversely, after a 
meal, when plasma TG levels raise, apoC-III content in TRL increases while 
decreasing in HDL,22 suggesting a highly dynamic process. Furthermore, as 
recently reinforced by the publication of the results with pemafibrate in the 
PROMINENT trial,23 a reduction of TG and/or apoC-III alone may not suf-
fice, and a decrease of apoB may be necessary to produce a clinically rele-
vant benefit as we have previously shown at least for TG.24

ApoC-III can be present in multiple copies on some lipoproteins but is 
not present uniformly on all lipoproteins of the same class. Thus, only a 
proportion of lipoproteins contains apoC-III and thereby has enhanced 
pro-inflammatory and pro-atherogenic features. Plasma levels of VLDL 
particles containing apoC-III (with or without apoE) are increased in hyper-
triglyceridaemic patients compared with hypercholesterolaemic or nor-
molipidaemic individuals.25 Thus, TRL metabolism shifts from an 
apolipoprotein E (apoE)-governed system in normotriglyceridaemic indivi-
duals, exhibiting a rapid clearance of TRLs from the circulation, to an 
apoC-III-governed system in hypertriglyceridaemic patients, exhibiting a 
reduced clearance of TRLs and formation of dense LDL.26 Of note, over-
expression and/or accumulation of apoE may contribute to hypertriglycer-
idaemia by stimulating VLDL–TG production and by impairing VLDL 
lipolysis, at least in animal models, suggesting that an optimal expression 
of apoE is just as critical for normal metabolism of TRLs.27

Nearly all VLDL containing apoC-III undergo intravascular TG lipolysis, 
producing large-sized LDL with apoC-III which are then further catabolized 
to smaller LDL.26,28,29 VLDL and LDL containing apoC-III, but not VLDL 
and LDL without apoC-III, induce endothelial activation and monocyte 
adhesion.30,31 The presence of apoC-III in LDL is associated with changes 
in lipoprotein composition that favour its binding to extracellular the ma-
trix, thus increasing lipoprotein retention.32 A subfraction of circulating 
LDL with increased electronegative charge [LDL(-)] is characterized not 
only by apoB misfolding, which increases the binding affinity to proteogly-
cans, but also by the presence of apoC-III, which may contribute to the 
negative particle charge through its sialic acid content.33 Furthermore, 
LDL containing apoC-III, which represents only 10–20% of plasma LDL, is 
an independent risk factor for coronary events.34,35 Finally, epidemiological 
studies have shown that apoC-III drives the relationship between HDL and 
atherosclerosis, with HDL containing apoC-III being directly associated with 
CV risk and HDL lacking apoC-III having an inverse association.36–40

ApoC-III is an inhibitor of lipoprotein lipase (LPL); elevated levels of 
apoC-III are associated with hypertriglyceridaemia, which, however, 

derives from both the inhibition of LPL activity, resulting in a reduced cata-
bolic rate of CM and VLDL, and the impairment of apoE-mediated hepatic 
receptor clearance of TRL remnants.14 As a result, the plasma residence 
time of TRLs and their remnants increases. In normolipidaemic conditions, 
the liver produces VLDL and IDL containing both apoC-III and apoE, which 
are rapidly lipolysed and cleared from the circulation; under hypertriglycer-
idaemic conditions, the liver generates mainly VLDL particles containing 
apoC-III but not apoE, thus reducing their likelihood of being cleared and 
promoting their conversion into small, denser LDL particles.14

Although enterocytes produce apoC-III, the role of intestinal apoC-III 
has been only recently investigated. Transgenic mice overexpressing 
apoC-III have reduced lymphatic lipid transport compared with wild-type 
mice due to both a delayed dietary lipid uptake into enterocytes and im-
paired esterification to form TG in the mucosa;41 primary murine enter-
oids overexpressing apoC-III show a reduced secretion of triacylglycerol 
(likely due to reduced incorporation of free fatty acids into triacylglycerol) 
along with the secretion of smaller CMs, containing significantly less dietary 
triacylglycerol.42

Several metabolic and nutritional factors modulate the transcription rate 
of APOC3, the gene encoding apoC-III, including inhibiting factors, such as 
insulin and polyunsaturated fatty acids,43,44 and stimulating factors, such 
as glucose and saturated fatty acids (Figure 1).45,46 By promoting the phos-
phorylation of the nuclear transcription factor Forkhead box O1 
(FOXO1), insulin prevents its nuclear translocation, resulting in the down- 
regulation of APOC3 transcription;47,48 glucose induces the expression of 
apoC-III by activating the carbohydrate response element binding protein 
(ChREBP) and hepatic nuclear factor-4a (HNF4a).45 Under physiological 
conditions, glucose-mediated induction and insulin-mediated suppression 
of hepatic APOC3 expression balance each other to regulate the total 
amount of apoC-III secreted from the liver. In insulin-resistant conditions, 
such as obesity, metabolic syndrome, and type 2 diabetes, the sensitivity of 
APOC3 to insulin is lost, and a hyperglycaemic condition may lead to a dys-
regulated transcription of APOC3 and an increased content of apoC-III in 
TRLs. Earlier studies showed that in subjects carrying a common genetic 
variant in the promoter of APOC3, insulin cannot down-regulate the tran-
scription of the gene, thus resulting in an overexpression of apoC-III and 
consequent hypertriglyceridaemia;49 accordingly, two APOC3 promoter 
variants were significantly more common among individuals with metabolic 
syndrome than in healthy individuals.50 Peroxisome proliferator-activated 
receptor α (PPARα) appears to be involved in the effect of polyunsaturated 
fatty acids on apoC-III, with a possible indirect mechanism involving the dis-
placement of HNF4α from the APOC3 promoter region.51 Saturated fatty 
acids act by activating mainly PPARγ coactivator-1 β (PGC-1β).52

ApoC-III is secreted as a unique glycoprotein having 1 O-N- 
acetylgalactosamine (GalNAc) in a β−3 linkage to galactose (Gal) (Galβ1– 
3GalNAc) attached to Thr74 (Figure 1).53 The terminal GalNAc can 
present a variable number of molecules of sialic acid, resulting in three major 
glycoforms, referred to as apoC-III0b, apoC-III1, and apoC-III2 containing 0, 
1, and 2 molecules of sialic acid per molecule of protein, respectively 
(Figure 1).54 Almost all circulating apoC-III is in glycosylated forms (both 
non-sialylated and sialylated).55 It is still unclear whether different apoC-III 
glycoforms have different inhibitory activities towards LPL.12,55–57

However, they impact TLR metabolism with TRL containing apoC-III1 

being rapidly cleared by LDLR and LRP1 and those containing apoC-III2 
being preferentially and more slowly cleared by the heparan sulfate pro-
teoglycan (HSPG) syndecan-1.57–59 Several pathological conditions (in-
cluding obesity, metabolic syndrome, diabetes, hyperlipidaemia, and 
CAD) present with alterations in the relative abundance of apoC-III gly-
coforms.12,55–57 Overweight and obese individuals have higher apoC-III0/ 
apoC-III2 and apoC-III1/apoC-III2 ratios compared with healthy weight 
subjects, which correlated directly with TG levels and inversely with insulin 
sensitivity.55 Accordingly, apoC-III0a (non-glycosylated, non-sialylated 
apoC-III), apoC-IIIob, and apoC-III1 levels, but not apoC-III2, correlate 
with fasting TG levels,55 and higher apoC-III2 levels and apoC-III2/ 
apoC-III1 ratio were associated with lower plasma levels of TG and small 
dense LDL particles in diabetics.60 In patients with CAD, the relative abun-
dance of apoC-III0 decreased, whereas that of apoC-III1 increased across 
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apoC-III quartiles, and higher levels of apoC-III1 correlated with a detrimen-
tal lipid profile.56 A recent study has shown that apoC-III proteoform com-
position is associated with age, sex, race, and ethnicity in participants of 
Multi-Ethnic Study of Atherosclerosis, an observational community-based 
cohort.61 In this cohort, apoC-III2 levels were higher in older individuals, 
in males, and in Black and Chinese participants and were associated with 
a more favourable cardiometabolic profile [lower body mass index (BMI), 
fasting plasma glucose and TG levels, and higher plasma HDL cholesterol 
(HDL-C)].61 Increased relative amount of apoC-IIIob was associated with 
a lower CV risk.61 All these associations were independent of total plasma 
apoC-III levels,61 suggesting that post-translational modifications of apoC-III 
may be influenced by clinical characteristics and may play distinct roles in 
regulating plasma lipids levels and future CV risk.

Heterozygous carriers of a rare loss-of-function mutation in GALNT2, en-
coding an enzyme involved in the glycosylation of apoC-III, show a 6.6-fold in-
crease in the levels of apoC-III0, a ∼30% reduction in apoC-III1, and similar levels 
of apoC-III2 compared with non-carriers; an improved post-prandial TG clear-
ance was observed, likely due to reduced glycosylation of apoC-III.62 Plasma 
from homozygous patients carrying other GALNT2 loss-of-function mutations 
contained only non-glycosylated apoC-III (apoC-III0).

63 In hypertriglyceridae-
mic patients, treatment with an antisense oligonucleotide (ASO) targeting 
APOC3 mRNA reduced total apoC-III and apoC-III1 and increased apoC-III2 

relative abundance.58 Two genetic variants of apoC-III have been described, 
one being oversialylated,64 the other preventing O-glycosylation;65 carriers 
of these variants are normolipidaemic, suggesting that the degree of apoC-III 
sialylation does not affect lipoprotein metabolism.
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Figure 1 ApoC-III synthesis, regulation, and glycosylation; drugs targeting apoC-III. Apoc-III is mainly produced by hepatic cells (and to a lesser extent by 
enterocytes). Metabolic and nutritional factors modulate the transcription rate of the gene encoding apoC-III (APOC3) and include inhibiting factors (insulin and 
polyunsaturated fatty acids) and stimulating factors (glucose and saturated fatty acids). ApoC-III is secreted as a unique glycoprotein having one GalNAc linked 
to galactose and attached to Thr74. A variable number of molecules of sialic acid can be present, resulting in three major glycoforms, referred to as apoC-III0b, 
apoC-III1, and apoC-III2 containing 0, 1, and 2 molecules of sialic acid per molecule of protein, respectively. Drugs specifically targeting apoC-III include two 
ASOs (volanesorsen and olezarsen), a siRNA (ARO-APOC3), and a monoclonal antibody (STT-5058). GalNAC, O-N-acetyl-galactosamine; ASO, antisense 
oligonucleotide; siRNA, small interfering RNA.
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3. APOC3 genetic variants and role in 
CVD
Earlier observations in transgenic mice expressing human APOC3 reported 
mild hypertriglyceridaemia in animals with 1–2 copies of the human gene to 
severe hypertriglyceridaemia in animals containing ∼100 gene copies, asso-
ciated with an increase in plasma VLDL and a decrease in plasma HDL 
levels.66 Conversely, targeted disruption of APOC3 resulted in low levels 
of TGs and a reduced post-prandial response in mice.67 In humans, the 
rare apoC-III Gln38Lys variant (a gain-of-function mutation that promotes 
VLDL1 production) was identified in a large kindred of Mexican origin; 
compared with unaffected relatives, heterozygous carriers showed a sig-
nificant 32% increase in plasma TGs.68,69 Loss-of-function mutations in 
the APOC3 gene, on the other hand, are associated with a favourable lipid 
profile. Heterozygous carriers of the null mutation R19X had a lifelong 50% 
reduction in apoC-III associated with lower levels of TG compared with 
non-carriers, a blunted post-prandial TG dietary response, lower LDL-C 
levels, and higher HDL-C.70 These subjects had a higher conversion rate 
of VLDL to LDL, with little effect on the direct hepatic uptake of 
VLDL.71 This favourable lipid profile70,72 was associated with a reduced in-
cidence of subclinical atherosclerosis.70 A study enrolling 10 000 Pakistanis 
identified 14 individuals carrying the R19X in homozygosity.73 They had 
near-absent plasma apoC-III (−89%), lower TG levels (−60%), higher 
HDL-C, and unchanged LDL-C compared with non-carriers; the post- 
prandial rise in plasma TG was markedly blunted, suggesting that the almost 
complete lack of apoC-III not only is well tolerated but is also associated 
with lower fasting TGs and a substantial acceleration of the clearance of 
TG after a fatty meal.73 Another two mutations were then identified in in-
dividuals being associated with lower apoC-III and TG levels.74

Mendelian randomization studies have established that loss-of-function 
mutations in the APOC3 gene are associated with lower levels of plasma 
TG and with reduced risk of coronary heart disease (CHD) (Figure 2).75,76

Among 110 970 study participants from 14 studies, subjects carrying rare 
mutations in APOC3 had 39% lower plasma TG levels and 40% lower 
risk of CHD compared with non-carriers.75 Similarly, data from 72 725 
participants in 2 general populations showed that heterozygosity for 
loss-of-function mutations in the APOC3 gene was associated with a 
44% mean reduction in plasma TG levels and 41 and 36% reductions in the 
risk of ischaemic vascular disease and ischaemic heart disease, respectively.76

A meta-analysis of ∼137 000 subjects from 8 study cohorts showed 
that the lower risk of ischaemic vascular disease observed in carriers of 
APOC3 loss-of-function mutations is mainly mediated by the associated 
low remnant (VLDL) cholesterol rather than by low LDL-C.77

Of note, ethnic differences in apoC-III plasma levels and the risk of CVD 
have been observed. The loss-of-function APOC3 variants associated with 
reduced CV risk in European populations75 did not show cardioprotective 
effects in other ethnic groups, thus challenging the generalizability of a 
beneficial effect from apoC-III inhibition.78,79

4. The link between 
hypertriglyceridaemia and apoC-III
Plasma TG levels vary widely in the population; a recent consensus 
statement from the European Atherosclerosis Society (EAS) defined 
as ‘optimal’ a TG level < ∼100 mg/dL (<1.2 mmol/L) and classified various 
degrees of hypertriglyceridaemia from ‘borderline’ to ‘moderately ele-
vated’, ‘severe’, and ‘extreme’. As TG levels rise, there is a continuous 
increase in the risk of CHD and also a high risk of acute pancreatitis in 
those with extreme hypertriglyceridaemia (>880 mg/dL, 10.0 mmol/L).4

While TG is found in all lipoprotein classes, the vast majority of TG is 
transported in CMs released from the intestine following a meal and in 
VLDL released from the liver (Figure 3). The main physiological role of 
these TRLs is to transport TGs to muscle cells for energy production 
and adipocytes for storage.

Liver-derived VLDL particles are 30–70 nm in diameter and contain a 
single copy of the very large protein apolipoprotein B100 (apoB100) as a 
key structural element. Newly secreted VLDL are metabolized in a delipi-
dation cascade to VLDL remnants, intermediate-density lipoproteins (IDL), 
and LDL. The intestine, on the other hand, releases CMs, which are larger 
(>100 nm in diameter) and contain a single apoB48 protein, a truncated 
form of apoB100 made exclusively in the intestine. CMs are metabolized 
rapidly to remnant particles via the same LPL-mediated pathway used by 
VLDL. While CMs are produced mainly in the post-prandial state, there 
is a continuous release of apoB48-containing VLDL during a typical day.80

4.1 TRL assembly, secretion, and 
intravascular processing
The liver assembles and secretes a range of VLDL particles differing in TG 
content, size, and density. VLDL assembly is a multi-stage process that is 
initiated in the rough endoplasmic reticulum (RER) where apoB100 is 
synthesized and immediately lipidated by the action of microsomal trigly-
ceride transfer protein (MTP) that adds TG to the growing apoB100– 
phospholipid complex,81,82 forming VLDL precursors. This primordial par-
ticle is retained within the RER and either degraded (if insufficient lipid is 
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Figure 2 Loss-of-function mutations in APOC3, TG levels, and coronary disease. Risk of coronary disease (left panel) and mean plasma levels of triglycerides 
(right panel) in heterozygous carriers of loss-of-function mutations in APOC3 and non-carrier individuals from two independent studies. Data were adapted 
from Crosby et al.75 and Jorgensen et al.76
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available) or further lipidated to become a VLDL2-sized particle83

(Figure 3). These particles then pass to the smooth ER (SER) and the 
Golgi apparatus. VLDL2 can be secreted as it is or converted to larger 
VLDL1 by the addition of a further, major quantum of TGs in the form 
of lipid droplets in the lumen of the SER/Golgi.83 The major determinant 
of VLDL particle size is the intrahepatic availability of TGs,84 which mainly 
derives from the uptake by the liver of circulating fatty acids or from the 
lipolytic mobilization of hepatic storage pools85 rather than de novo lipo-
genesis of TGs.86 VLDL metabolism is governed by several factors including 
particle size and lipid and apoprotein composition. ApoC-III may play a role 
in hepatic VLDL assembly and secretion. Heterozygous carriers of the 
loss-of-function mutation K58E exhibit lower levels of VLDL and VLDL– 
apoC-III in circulation.87 In model systems, this mutation, located at the 
C-terminal domain, impairs the lipid binding capacity of apoC-III and so 
hampers the formation of luminal lipid droplets, resulting in reduced 
VLDL1 assembly.88 Conversely, the missense mutation A23T located at 
the N-terminal domain does not impair the binding of apoC-III to lipid dro-
plets; rather, its presence is associated with the accumulation of droplets in 
the microsomal lumen, suggesting impaired fusion between lipid droplets 
and VLDL2 precursor particles.88 These findings suggest a ‘two-domain’ 

model for apoC-III, with the C-terminal domain being a prerequisite for li-
pid droplet formation and binding and the N-terminal promoting the fusion 
between lipid droplets and pre-VLDL.88 However, care must be taken in 
translating these in vitro observations into the complex dynamic system 
that is human hepatocyte physiology; in fact, carriers of APOC3 
loss-of-function mutations have normal VLDL–apoB100 and VLDL–TG 
production rates.71,89 In the circulation, HDL particles can transfer apopro-
teins to the VLDL particle surface, which promotes lipolysis (apoC-II) and 
clearance (apoE). ApoC-III and apoE are not distributed uniformly among 
VLDL particles (but also IDL and LDL): in normolipidaemic people, 35– 
60% of VLDL possess apoE, 40–80% possess apoC-III, and some particles 
have both apoC-III and apoE.14 Under hypertriglyceridaemic conditions, 
apoC-III secretion is higher, which translates into a higher secretion of light 
and dense VLDL E−/C-III+ and less of VLDL E+/C-III+.14 In humans with 
hypertriglyceridaemia, a shift in the secretion of VLDL from the apoE sub-
species to the apoC-III subspecies or subspecies having neither apoE nor 
apoC-III can be observed.14 Compared with their nascent precursors, 
TRL remnants are depleted in TG, phospholipids, and apoCs and are en-
riched in cholesterol esters and apoE.90 Conceptually, apoC-III and apoE 
have opposing effects on the processing of apoB-containing lipoproteins 
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and thus play a crucial role in determining their metabolic fate.14 ApoE acts 
as a high-affinity ligand for the LDL receptor (LDLR) and other hepatic re-
ceptors and proteoglycans. Thus, VLDL containing apoE are cleared much 
faster than VLDL not containing apoE,91 and kinetic studies in humans 
showed that VLDL and IDL containing apoE but not apoC-III were cleared 
rapidly from the circulation before they can be metabolized to smaller lipo-
proteins. Thus, the presence of apoC-III on VLDL particles appears to re-
tard their clearance.

Enterocytes use apoB48-containing precursor particles for CM assem-
bly during the post-prandial state in a pathway that is analogous to the 
VLDL secretory mechanism in the liver.92 At the inner ER membrane, 
apoB48 is lipidated by MTP leading to the formation of pre-CMs, which 
are transferred from the ER to the Golgi apparatus, further lipidated to 
form mature CMs, and then secreted.92

Newly secreted VLDL and CM enter the bloodstream where they ac-
quire several important regulatory apoproteins (apoC-II, apoC-III, and 
apoE) mainly from HDL. At the luminal surface of capillaries in adipose tis-
sue and skeletal muscle, TGs within these TRLs are hydrolysed by the ac-
tion of LPL in a process dependent on the presence of apoC-II on the 
particle’s surface. Lipolysis generates free fatty acids, which are then ab-
sorbed by the tissues.93 Lipolysis is tightly regulated by several proteins, in-
cluding apoC-III; ANGPTL3, 4, and 8; and apoA-V.94,95

Following the hydrolysis of TGs, CMs are converted into smaller, 
cholesterol-enriched remnant lipoproteins. Since apoB48 lacks the main 
LDLR-binding domain, which resides in the C-terminal portion of the pro-
tein, apoB48-containing lipoproteins need to acquire apoE from other lipo-
proteins in the bloodstream to interact with the hepatic lipoprotein 
receptors responsible for their clearance. CM remnants can also be cleared 
following the binding to HSPG on hepatocytes.96,97 Likewise, after TG hy-
drolysis, VLDL are converted into cholesterol-rich VLDL remnants and 
IDL, which can be removed by the liver through the binding of apo B100 
and/or acquired apoE to LDLR or further lipolysed and converted into 
LDL. The TRL remnant removal pathways in the liver appear to be high 
capacity, and, once TG delivery has been accomplished, it facilitates the ra-
pid clearance of the residual particles.

Remnants are a heterogeneous spectrum of lipoproteins. As proposed 
in the recent EAS consensus statement, remnants could be divided concep-
tually into ‘transient remnants’, which are capable of further lipolysis, and 
‘end-product remnants’, which are resistant to further lipolysis and remain 
in circulation until their removal by the liver.4 In people with a highly effi-
cient lipolytic system (high LPL, low apoC-III), there is a rapid conversion 
of VLDL to LDL and little opportunity for remnant formation. If lipolysis 
is impaired (low LPL activity, increased apoC-III), the VLDL particle resi-
dence time in circulation increases, leading to a remodelling characterized 
by the acquisition of cholesteryl esters and apoE and the generation of a 
lipolysis-resistant particle.98 The level of TRL remnants in the circulation 
is the net result of the balance between (i) TRL production, (ii) the rate 
of lipolysis, (iii) the rate of formation of VLDL remnants, (iv) the rate of fur-
ther lipolysis to LDL involving hepatic lipase, and (v) the efficiency of rem-
nant hepatic removal. Likely, remnants differ widely in their atherogenic 
potential linked to the variation in size and composition. Having a reduced 
size compared with large, newly secreted TRLs, remnant particles can en-
ter and be retained in the subendothelial space and contribute to the pro-
cess of atherosclerotic lesion formation and progression.93

4.2 Role of apoC-III in the regulation of 
triglyceride transport and development of 
hypertriglyceridaemia
In humans, apoC-III is a major regulator of TG levels. Plasma apoC-III con-
centration is elevated in hypertriglyceridaemia, is strongly inversely related 
to VLDL clearance rates, and is an independent determinant of TG and 
VLDL levels.99 Individuals carrying a loss-of-function variant in APOC3 ex-
hibit accelerated CM metabolism, VLDL–TG lipolysis, VLDL–apoB100 
fractional catabolic rate, and conversion to LDL even in the heterozygous 
state (where apoC-III concentration is reduced by 50–60%).71,100

The possible mechanisms by which apoC-III inhibits LPL-mediated lipolysis 
appear to include both the displacement of the LPL activator apoC-II from 
the TRL surface and reduced binding of TRLs to the capillary endothelial 
sites where LPL is located.101 The levels of apoC-III and apoC-II on 
TRLs, through their opposing actions on LPL, are thus major determinants 
of LPL-mediated lipolytic activity, with deficiency of plasma apoC-II and 
overexpression of apoC-III being associated with marked hypertriglyceri-
daemia and TRL elevation.102

While apoC-III is believed to increase plasma TG levels primarily by in-
hibiting LPL activity, LPL-independent activities have also been suggested. 
Suppressing apoC-III synthesis with an ASO significantly reduced TG levels 
in mice lacking LPL.103 Further, the ASO was found to reduce TG levels in 
mice lacking not only LPL but also HSPG, LDLR, or LRP1. However, in mice 
lacking both LDLR and LRP1, TG was not decreased, indicating that 
apoC-III action required the presence of at least one of these receptors. 
These findings suggest that apoC-III on TRLs can modulate TRL metabol-
ism by inhibiting the hepatic clearance of remnants mediated by LDLR and 
LRP1. In these animal models, the administration of an ASO against APOC3 
did not affect hepatic VLDL production, heparin-induced TG reduction, or 
uptake of lipids into the heart and skeletal muscle.103 Accordingly, in pa-
tients with familial chylomicronaemia syndrome (FCS) due to inactivating 
mutations in the LPL gene, treatment with the ASO volanesorsen reduced 
TG levels substantially,104 and in individuals with APOC3 loss-of-function 
variants, the rates of direct VLDL particle clearance were higher than in 
control subjects.100 Taken together, these findings reveal that apoC-III re-
tards hepatic TRL clearance via hepatic LDLR and LRP1 in an 
apoE-dependent manner, but it is still unclear the reason why syndecan1- 
mediated TRL clearance is not altered by apoC-III.105

ApoC-III plays a central role in the development of hypertriglyceridaemia 
in cardiometabolic conditions such as obesity and type 2 diabetes. Elevated 
blood glucose and insulin resistance/deficiency are associated with dysregu-
lated synthesis and secretion of apoC-III leading to overproduction.106,107 In 
centrally obese subjects, the production of large TG-rich VLDL (VLDL1) 
and apoC-III increases, due possibly to hepatic insulin resistance. 
Circulating VLDL particles in these conditions contain more apoC-III, 
with consequences for the rates of lipolysis and clearance of TRLs.108

Individuals with visceral obesity had higher secretion rates and lower cata-
bolic rates for VLDL apoB and reduced conversion of VLDL to IDL and LDL 
compared with lean controls.109 Furthermore, plasma levels of apoC-III 
were associated positively with VLDL–apoB secretion rate and inversely 
with VLDL–apoB FCR and percent conversion of VLDL to LDL–apoB.109

Accordingly, plasma levels of VLDL–apoC-III significantly and independently 
predicted delayed catabolism of VLDL–TG and VLDL–apoB in men with a 
wide range of BMI and mild dyslipidaemia.110 The altered metabolism of 
apoC-III in type 2 diabetic patients is amenable to intervention; improve-
ment in the glycaemic control with liraglutide significantly reduced the 
apoC-III secretion rate but not its fractional catabolic rate.111

In addition, insulin resistance locally up-regulates apoC-III expression 
within pancreatic islets, with a negative autocrine effect on ß-cell sur-
vival112–114 and a paracrine effect on neighbouring islet cells. ApoC-III 
can induce dysglycaemia by several mechanisms, including apoptosis of pan-
creatic β-cells, enhancement of insulin resistance, impairment of the anti- 
diabetogenic properties of HDL particles, and development of obesity 
and hyperglycaemia through the inhibition of LPL in the hypothalamus.107

Accordingly, recent studies showed that obese adolescents and lean ado-
lescents with insulin resistance have higher levels of apoC-III (and 
ANGPTL3), together with TRL dyslipoproteinaemia, compared with lean 
adolescents without insulin resistance.115,116

4.3 TRLs, apoC-III, and atherosclerosis
A large body of evidence suggests that TRLs and their remnants, as well as 
specific players involved in TG metabolism, such as LPL and apoC-III, con-
tribute to the process of atherogenesis, both directly and indirectly. Most 
attention to date has focussed on remnant lipoproteins deriving from de-
lipidation (with loss of the TG core) of CM and VLDL. Compared with 
‘parent’ newly secreted particles, they are enriched in cholesterol, 
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cholesteryl ester, apoE, and apoC-III.97,117,118 Being smaller than newly se-
creted TRLs, TRL remnants can more easily enter the arterial intima, bind 
to extracellular matrix proteoglycans, and be taken up by local macro-
phages, leading to foam cell formation and inflammation in the arterial 
wall.119,120

The apoC-III content of apoB-containing lipoproteins (VLDL, IDL, and 
LDL) modulates the interaction of these lipoproteins with arterial proteo-
glycans, with apoC-III-enriched lipoproteins showing the highest affinity for 
proteoglycans.117 Small, dense LDL, purportedly the most atherogenic LDL 
species, have an increased affinity for arterial proteoglycans and a higher 
content of apoC-III,32,117,121 which also renders the lipoprotein much 
more susceptible to hydrolysis and aggregation by sphingomyelinases.122

ApoC-III-enriched apoB-containing lipoproteins can increase the expres-
sion of cell adhesion molecules, thus activating endothelial cells, and fa-
vour the adhesion of monocytes.30,31 It is interesting to note that 
volanesorsen therapy substantially reduces the content of apoC-III on 
all apoB-containing lipoproteins, Lp(a), and HDL in hypertriglyceridaemic 
patients.123

The pro-atherogenic effects of apoC-III can also be extended to HDL. 
HDL enriched with apoC-III exhibit unfavourable alterations in their com-
position and function, such as a reduced capacity to promote cholesterol 
efflux and diminished ability to inhibit endothelial cell apoptosis.124–126

Classifying HDL species according to apoC-III content allows the identifi-
cation of two subclasses exhibiting opposing associations with the risk of 
CHD.127 In healthy people with normal body weight, about 7% of total 
plasma apoA-I in HDL is associated with apoC-III, but this percentage dou-
bles in obese subjects (who also present with lower HDL-C and higher TG 
levels).128 A meta-analysis of four prospective studies of adults free of 
CHD has shown that HDL containing apoC-III was associated with an in-
creased risk of CHD, whereas HDL lacking apoC-III was associated with a 
lower risk.37 In a multi-ethnic population, higher baseline apoC-III levels 
were positively associated with coronary artery calcium (CAC) in men 
and with carotid plaque and IMT in both men and women; HDL lacking 
apoC-III was inversely associated with all measures of subclinical athero-
sclerosis, whereas HDL containing apoC-III was positively associated 
with CAC and carotid plaque.36 According to this observation, low 
apoE-HDL-C is strongly associated with early coronary plaque develop-
ment, an association even stronger when low apoE-HDL-C and high 
apoC-III in HDL are combined.40 Of note, treatment with the cholesteryl 
ester transfer protein (CETP) inhibitors evacetrapib and torcetrapib in-
creased apoA-I in HDL subspecies containing apoC-III; furthermore, 
both drugs increased HDL-containing apoE but only the subtype that 
also contained apoC-III, which is associated with higher CV risk.129

These changes in HDL particle composition may help explain the lack of 
clinical benefit of CETP inhibition in major outcome trials. We must also 
highlight that an enrichment of HDL with apoC-III was observed in subjects 
with lower estimated glomerular filtration rate (eGFR),130 that HDL con-
taining apoC-III is associated with a reduction in insulin sensitivity (being 
HDL lacking apoC-III associated with an increase),131 that HDL lacking 
apoC-III is associated with a lower incidence of diabetes (while those 
not containing apoC-III did not),132 and that higher levels of apoE in 
HDL lacking apoC-III (but not in HDL containing apoC-III) were associated 
with a lower risk of dementia or Alzheimer’s disease and better cognitive 
function,133 suggesting that, overall, the presence of apoC-III exerts a det-
rimental impact on protective HDL functions.

Most of the day is spent in the post-prandial state, and lipoproteins that 
accumulate in the circulation during post-prandial periods (CMs and their 
remnants, large VLDL1 and their remnants, and apoB48-containing VLDL 
released during fat absorption) may be especially atherogenic.100

Furthermore, compositional changes occur in other lipoprotein classes, 
particularly HDL, in response to the high levels of TRLs in the post-prandial 
state. Post-prandial hypertriglyceridaemia (PPT), a condition in which TRLs 
and remnants rise to excess levels following dietary fat ingestion, is asso-
ciated with an increased risk of CHD and type 2 diabetes. Subjects with 
PPT have higher levels of fasting and post-prandial apoC-III, which is an in-
dependent risk factor for PPT.134 Whereas in normotriglyceridaemic sub-
jects the levels of apoC-III carried by VLDL may be not sufficient to inhibit 

markedly LPL activity, in hypertriglyceridaemic subjects, elevated levels of 
apoC-III can both inhibit substantially LPL-mediated lipolysis and interfere 
with the binding of apoB/apoE to hepatic receptors, thus delaying TRL 
clearance. The APOC3 SstI polymorphism, which has been correlated 
with hypertriglyceridaemia,135 has been associated with higher PPT and 
post-prandial CM TG levels in patients with metabolic syndrome.136

A recent study assessed the role of apoC-III-HDL in the post-prandial 
response. After a meal, apoC-III content in HDL increased while decreasing 
in non-HDL particles (total apoC-III was unchanged); this was accompan-
ied by a proportional increase in post-prandial TG levels. The enrichment 
of apoC-III in HDL might retard the transfer of apoC-II to nascent VLDL 
and CM, thus interfering with both the TG lipolysis process and the anti- 
atherogenic functions of HDL.124 As more is learned about the nature 
and function of lipoproteins in the post-prandial state, the cardinal role 
of apoC-III in regulating TG metabolism will become clearer, as will the me-
chanisms by which elevated levels of apoC-III increase CHD risk.

5. ApoC-III as a pharmacological 
target
The observation that lifelong low levels of TG due to loss-of-function mu-
tations in APOC3 are associated with reduced risk of ischaemic vascular dis-
ease has suggested apoC-III as a crucial drug target for reducing residual CV 
risk.76 All commonly used lipid-modulating drugs have modest effects on 
apoC-III levels, with reductions ranging from 10 to 30% for fibrates, fish 
oils, niacin, statins, and ezetimibe, which in many cases are not sufficient 
to achieve optimal TG levels. To address this unmet need, drugs have 
been developed to inhibit specifically and substantially apoC-III (Figure 1).

5.1 Volanesorsen
Volanesorsen is a second-generation ASO that specifically targets APOC3 
mRNA, inducing its degradation through RNAse H1-mediated cleavage. 
In a dose-ranging phase 2 study, volanesorsen produced dose-dependent 
reductions up to 80% in apoC-III and up to 71% in TG levels when used 
as monotherapy or added to stable fibrate therapy in patients with hyper-
triglyceridaemia (Table 1).137 VLDL apoB was decreased by 62.7% from 
baseline in the 300 mg dose group in monotherapy; apoB48 was also sub-
stantially decreased (61.1%), whereas LDL-C and LDL–apoB increased and 
non-HDL-C and total apoB were relatively unchanged.137 Volanesorsen 
reduced significantly apoC-III carried by all classes of lipoproteins.123

Volanesorsen also reduced apoC-III and TG levels in patients with type 2 
diabetes and hypertriglyceridaemia by 87.5 and 69.1%, respectively, accom-
panied by a 57% improvement in insulin sensitivity.138 This marked reduc-
tion in TG did not associate with increases in LDL-C; non-HDL-C and 
apoB decreased non-significantly.138 The observed significant improve-
ment in insulin sensitivity might produce a beneficial impact following vola-
nesorsen therapy independently of its lipid-modifying effects, at least in 
diabetic patients.

The efficacy of volanesorsen has been then assessed in patients with FCS, 
a rare (1:1 000 000) autosomal recessive genetic disease mainly caused by 
mutations in the LPL gene, although mutations in other genes encoding 
proteins required for LPL activity can also cause this condition.142,143

FCS is characterized by extreme elevations in blood TG due to severe im-
pairment of CM metabolism and clearance; patients with FCS have a high 
risk of acute and recurrent pancreatitis.143 Conventional TG-lowering 
drugs are largely ineffective in these patients, who require a substantial re-
duction of TG levels below the threshold for pancreatitis (500–885 mg/ 
dL) to relieve symptoms and reduce the risk of pancreatitis. Three pa-
tients with FCS received 300 mg volanesorsen once weekly for 13 weeks 
in an open-label study, resulting in reductions of 71–90% in apoC-III and 
56–86% in TG levels compared with baseline (Table 1).104 The results 
of this small study paved the road for the APPROACH trial, in which 66 
patients with FCS received 300 mg volanesorsen or placebo once weekly 
for 52 weeks (Table 1).139 Volanesorsen reduced apoC-III and TG levels by 
84 and 77%, respectively, whereas placebo increased by 6 and 18%; a mean 

2850                                                                                                                                                                                                 C.J. Packard et al.



absolute decrease of 1712 mg/dL in TG levels was observed in the volane-
sorsen group (+92 mg/dL in the placebo group).139 Patients receiving vola-
nesorsen had reductions in CM TG (−83%), apoB48 (−76%), non-HDL-C 
(−46%), and VLDL-C (−58%); of note, total apoB increased by 20% and 
LDL-C levels increased even more substantially (+136%), but the baseline 
LDL-C was very low (28 mg/dL) and reached 61 mg/dL at 3 months and 
thus was considered to not be of concern.139 Among patients who experi-
enced multiple previous episodes of pancreatitis, no episodes of acute pan-
creatitis were reported during treatment with volanesorsen; three patients 
in the placebo group had four episodes of acute pancreatitis, whereas one 
patient in the volanesorsen group had one episode (9 days after receiving 
the final dose).139 A major concern with the use of ASO is the development 
of thrombocytopoenia, defined as a platelet count <140 000/µL; this may 
be even more relevant in patients with FCS, who suffer from important 
asymptomatic fluctuations in platelet counts over time.144 In the 
APPROACH trial, 76% of the patients treated with volanesorsen showed 
a platelet count reduction <140 000/µL (vs. 24% in the placebo group); 
since two patients had platelet count <25 000/µL, more stringent monitor-
ing of platelet count was initiated, allowing no further platelet-related dis-
continuations of volanesorsen therapy.139

The phase 3 COMPASS trial assessed the safety and efficacy of volane-
sorsen in patients with multifactorial chylomicronaemia syndrome (MCS) 

or FCS (Table 1).140 Based on the concerns on thrombocytopoenia raised 
in the APPROACH trial, patients received 300 mg volanesorsen once a 
week for 13 weeks and then every 2 weeks for the rest of the trial period. 
After 3 months, volanesorsen reduced mean plasma apoC-III by 76.1% and 
TG levels by 71.2% (compared with −3.3 and −0.9%, respectively, in the 
placebo group).140 Mean absolute lowering of TGs was 869 mg/dL in the 
volanesorsen group compared with an increase of 74 mg/dL in the placebo 
group.140 In line with the TG reduction, apoB-48 was reduced by 71.1% 
(compared with a 5.3% increase in placebo). Importantly, the efficacy of vo-
lanesorsen was independent of the cause of severe hypertriglyceridaemia. 
A significant increase in LDL-C levels was observed in patients receiving vo-
lanesorsen compared with placebo (+95.5 and +4.7%, respectively), des-
pite apoB being unchanged, suggesting that the overall number of 
atherogenic particles did not change.140 Contrarily to patients enrolled in 
the APPROACH trial, LDL-C levels were higher at baseline (64 mg/dL) 
and reached 111 mg/dL after 3 months of treatment with volanesorsen.140

The increase in LDL-C appears to be a re-equilibration to ambient levels 
with the normalization of apoC-III metabolism and can be effectively treated 
with traditional lipid-modifying measures, including statin therapy. During 
the study, one patient in the placebo group and nine in the volanesorsen 
group showed platelet counts <100 000/µL.140 The five acute pancreatitis 
events observed during the trial occurred in three patients in the placebo 
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Table 1 Effect of volanesorsen on lipid and lipoprotein profiles in patients with hypertriglyceridaemia

Studies Patients Mean percent changes Mean percent changes in other parameters

Phase 2137

Dose-ranging 
Cohort (a): monotherapy 

Cohort (b): added to fibrate

Severe or uncontrolled HTG ApoC-III: ↓39.2–79.9% (a); ↓60.5–71.7% (b) 

TG: ↓31.3–70.9% (a); ↓51–64% (b)

VLDL-C: ↓40.0–69.2% (a); ↓54.3–63.2% (b) 

VLDL–apoB: ↓7.5–62.7% (a); ↓44.1–64.4% (b) 
LDL-C: ↑48.3–118.3% (a); ↑3.5–21.0% (b) 

LDL–apoB: ↑21.0–46.4% (a); ↑4.0–12.0% (b) 

HDL-C: ↑28.1–46.0% (a); ↑47.5–49.4% (b)
Phase 2138 T2D + HTG (TG > 200 mg/dL, 

<500 mg/dL)

ApoC-III: ↓87.5% 

TG: ↓69.1%

VLDL–apoC-III: ↓90.2% 

HDL-C: ↑42.5%

Open-label study104 3 patients with FCS ApoC-III: ↓71–90% 
TG: ↓56–86%

CM–TG: ↓58–91% 
VLDL–TG: ↓44–79% 

Non-HDL-C: ↓46–74% 

ApoB-48: ↓15–82% 
TC: ↓40–69% 

LDL-C: ↑3–173% 

HDL-C: ↑21–163%
APPROACH139

Phase 3

66 patients with FCS ApoC-III: ↓84.2% 

TG: ↓76.5%

CM–TG: ↓82.7% 

ApoB48: ↓75.9% 

Non-HDL-C: ↓45.9% 
VLDL-C: ↓58.3% 

ApoB: ↑19.5% 

LDL-C: ↑135.6% 
HDL-C: ↑46.1%

COMPASS140

Phase 3

Patients with FCS  

or MCS

ApoC-III: ↓76.1% 

TG: ↓71.2%

CM–TG: ↓78.1% 

ApoB-48: ↓71.1% 
Non-HDL-C: ↓27.3% 

VLDL-C: ↓71.5% 

LDL-C: ↑95.5% 
HDL-C: ↑61.2%

BROADEN141

Phase 3

Patients with FPLD TG: ↓65.4% HFF: ↓53.3% 

VAT: no change 
HbA1c: no change

apoC-III, apolipoprotein C-III; TG, triglycerides; VLDL-C, very-low-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; apoB, 
apolipoprotein B; apoB-48, apolipoprotein B-48; CM, chylomicron; T2D, type 2 diabetes; HTG, hypertriglyceridaemia; FCS, familial chylomicronaemia syndrome; MCS, multifactorial 
chylomicronaemia syndrome; FPLD, familial partial lipodystrophy; HFF, hepatic fat fraction; VAT, visceral adipose tissue; HbA1c, glycated haemoglobin
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group.144 In the APPROACH-OLE (open-label) study, patients with FCS 
enrolled in the two previous studies (APPROACH and COMPASS) have re-
ceived volanesorsen for an additional 52-week treatment period and a 
13-week post-treatment evaluation period.145 The treatment with volane-
sorsen reduced substantially TG levels in patients with FCS, both in those 
who were treatment naïve and those who received treatment in the index 
studies.145 The safety profile was consistent with those observed in the in-
dex studies.145 The risk of thromobocytopoenia (associated with no or mild 
bleeding) appears to be manageable by platelet monitoring, dose adjust-
ment, or treatment pause.145 A pooled analysis of randomized controlled 
trials has shown that volanesorsen reduces significantly TG, VLDL-C, 
apoB48, and non-HDL-C while increasing in patients with severe HTG, 
with an acceptable safety profile.146

The BROADEN study assessed the effect of volanesorsen in patients 
with familial partial lipodystrophy (FPLD), a rare genetic disorder charac-
terized by abnormal fat distribution across the body and metabolic abnor-
malities including hypertriglyceridaemia, insulin resistance, and hepatic 
steatosis.141 Patients with FPLD often have insulin resistance, greater risk 
of acute pancreatitis, premature CVD, and severe liver disease.147 After 
3 months, volanesorsen reduced TG by 67% compared with placebo, a re-
duction that persisted up to 12 months during the study and up to Week 
123 in the open-label extension period.141 Reductions in TG levels were 
associated with significant reduction in hepatic steatosis and no increase 
in visceral adipose tissue.141 This study reported a consistent long-term 
safety profile, with no signs of hepatic renal and cardiac safety.141

The analysis of hepatic fat fraction in patients with severe hypertriglycer-
idaemia participating in COMPASS, APPROACH, and BROADEN studies 

has shown that volanesorsen significantly reduced the absolute hepatic fat 
fraction compared with placebo, suggesting a favourable effect in patients 
with HTG of different origin.148

5.2 Olezarsen
Olezarsen (AKCEA-APOCIII-LRx) is an N-acetylgalactosamine-conjugated 
ASO that targets selectively the hepatic synthesis of apoC-III. The nucleic 
acid sequence is identical to volanesorsen, but it differs from volanesorsen 
in its GalNAc moiety and the linker, ensuring a less frequent administration 
of significantly lower doses for a longer duration of action. In a phase 1/2a 
trial, olezarsen induced dose-dependent reductions in apoC-III (up to 80%) 
and TG (up to 77%) levels, with an overall improvement in lipid profile in 
healthy volunteers with TG levels ≥90 or ≥200 mg/dL (Table 2).149

Contrarily to what was observed with volanesorsen, the treatment with 
olezarsen produced a broad improvement in the atherogenic lipid pro-
file.149 When administered to patients with moderate hypertriglyceridae-
mia (200–500 mg/dL; 2.26–5.65 mmol/L) at high risk for or with 
established CVD, olezarsen dose-dependently reduced TG levels, ranging 
from 23% with 10 mg every 4 weeks up to 60% with 50 mg every 4 weeks 
or 10 mg every week, compared with a 6% increase in the pooled placebo 
group (Table 2).150 ApoC-III levels were reduced up to 74%.150 Overall, 
olezarsen treatment improved the lipoprotein profile, with reductions in 
TRLs, remodelling to larger LDL particles, and an increase in small HDL 
particle number.150 Olezarsen reduced other atherogenic lipoproteins in-
cluding VLDL-C and non-HDL-C and increased HDL-C; the effects on 
apoB reduction were modest and LDL-C was unchanged;150 a more 
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Table 2 Other drugs targeting apoC-III

Drug Type of drug Studies Patients ApoC-III and TG mean 
percent changes

Changes in other 
parameters

Olezarsen ASO + GalNAC Dose escalation 
Phase 1/2a 

Cohorts (a): single-dose 

Cohorts (b): multiple-dose149

Healthy volunteers (TG ≥ 90 or 
≤200 mg/dL)

ApoC-III: ↓0–92% (a); 
↓65.4–84.3% (b) 

TG: ↓7–77% (a); ↓60.7– 

70.5% (b)

VLDL-C: ↓2.0–81.2% (a); 
↓40.1–72.9% (b) 

Non-HDL-C: ↓4.5–25.6%  

(a); ↓21.8–30.7% (b) 
ApoB: ↓15.9–26% (a);  

↓15.4–30.2% (b) 

HDL-C: ↑7.3–63.3% (a); 
↑49.6–75.8% (b)

Dose-ranging Phase 2150 Moderate HTG (TG 200–500 mg/dL) 

at high risk for or with established 
CVD

ApoC-III: ↓29–74% 

TG: ↓23–60%

VLDL-C: ↓27–58% 

Non-HDL-C: ↓6–24% 
ApoB: ↓7–17% 

HDL-C: ↑11–40%

Study of Olezarsen in Adults with FCS-Phase 3-NCT05130450 (BALANCE)
Study of Olezarsen in Adults with FCS Previously Treated with Volanesorsen-Phase 3-NCT05185843 (BALANCE OLE)

Study of Olezarsen in Adults with Severe HTG (TG ≥ 500 mg/dL)-Phase 3-NCT05079919 (CORE)

Study of Olezarsen Administered Subcutaneously to Participants with Severe HTG-Phase 3-NCT05552326
ARO-APOC3 siRNA Dose escalation 

Phase 1151

Healthy volunteers ApoC-III: ↓94% 

TG: ↓74%

HDL-C: ↑42–84%

Dose escalation 
Phase 1152

FCS, MCS ApoC-III: ↓98.2%, ↓96% 
TG: ↓91.3%, ↓89.8%

Non-HDL-C: ↓58.3%, ↓48.6% 
HDL-C: ↑152.4%, 110.8%

Study of ARO-APOC3 in Adults with Dyslipidemia-Phase 2-NCT05413135

Study of ARO-APOC3 in Adults with Mixed Dyslipidemia-Phase 2-NCT04998201 (MUIR)
Study to Evaluate ARO-APOC3 in Adults with Severe Hypertriglyceridemia-Phase 2-NCT04720534 (SHASTA-2)

Study of ARO-APOC3 in Adults with Familial Chylomicronemia Syndrome (FCS)-Phase 3-NCT05089084 (PALISADE)

STT-5058 Humanized mAb A First in Human Study of STT-5058, an Antibody That Binds APOC3-Healthy volunteers-Phase 1-NCT04419688

ASO, antisense oligonucleotide; GalNAC, N-acetylgalactosamine; siRNA, small interfering RNA; mAb, monoclonal antibody; TG, triglycerides; apoC-III, apolipoprotein C-III; VLDL-C, 
very-low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; apoB, apolipoprotein B; HTG, hypertriglyceridaemia; FCS, familial chylomicronaemia syndrome; MCS, 
multifactorial chylomicronaemia syndrome
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detailed analysis showed that TRL particle concentrations were largely re-
duced (51%), large LDL particles increased (+186%), small LDL particles re-
duced (39%), and HDL particles increased (15%), with an overall net 
benefit on atherogenic lipoproteins.153

So far, olezarsen shows more favourable tolerability and safety profile 
than volanesorsen, with no evidence of thrombocytopoenia.149 Several 
phase 3 clinical trials are currently ongoing for a further assessment of 
the efficacy and safety of olezarsen (Table 2), which include the 
BALANCE study in FCS (NCT05130450), an open-label extension of 
BALANCE (NCT04568434), and the CORE study in ∼540 patients with 
severe hypertriglyceridaemia (NCT05079919), as well as several other 
supporting studies.

5.3 siRNA
ARO-APOC3 is a siRNA that provides a durable inhibition of APOC3 syn-
thesis in the liver. Preliminary data have been presented in abstract form. In 
healthy volunteers, the subcutaneous administration of ARO-APOC3 on 
Days 1 and 29 at different doses (10, 25, and 50 mg) dose-dependently re-
duced apoC-III (up to 94%) and TG levels (up to 74%); such reductions per-
sisted for at least 10 weeks after the second dose, and good tolerability 
over 16 weeks was reported (Table 2).151 A modest LDL-C reduction 
was observed; the most common adverse events were mild reactions at 
the injection site and headache.151 In a subsequent study in 4 genetically 
confirmed FCS patients and 26 MCM patients, ARO-APOC3 reduced 
apoC-III by 98 and 96% and TG by 91 and 90%, respectively, and 
non-HDL-C was substantially reduced in both groups (58.3 and 48.6%, re-
spectively), with comparable safety profile (Table 2).152 Injection sites reac-
tions were mild and present in 19.5% of subjects. Liver function test (LFT) 
abnormalities were noted in 7/41 (17%) of subjects on active drug. 
Ongoing trials (Table 2) are evaluating the efficacy and safety of 
ARO-APOC3 in adults with mixed dyslipidaemia (NCT04998201), severe 
hypertriglyceridaemia (NCT04720534), and FCS (NCT05089084); a phase 
2 open-label extension study to will assess the long-term safety and efficacy 
of ARO-APOC3 in adults with dyslipidaemia (NCT05413135).

Recently, two siRNAs targeting apoC-III have been developed and used 
as a mix with the aim of reducing the dose of each siRNA and thereby re-
ducing the molecule-specific side effect.154 In an obese mouse model of dia-
betes, intravenous injections of the siRNA mix encapsulated in lipid 
nanoparticles resulted in the selective and liver-specific inhibition of 
apoC-III expression.154 Metabolic improvements (including cessation of 
weight gain, improved insulin sensitivity and glucose tolerance, lowering 
of liver and circulating TGs) have been observed during a 9-week treat-
ment period.154

5.4 STT-5058
STT-5058 is a human antibody targeting plasma apoC-III that lowers TG 
and increases TRL clearance.155 STT-5058 is characterized by a high affinity 
to apoC-III at pH 7.4; at acidic pH, it dissociates from the antigen and can be 
recycled from intracellular endosomes, enabling multiple clearance cycles 
of apoC-III-containing lipoproteins.155 A phase 1 double-blind, rando-
mized, placebo-controlled trial is currently evaluating the safety, tolerabil-
ity, pharmacokinetics, and pharmacodynamics of single and multiple 
ascending intravenous doses and ascending subcutaneous doses of 
STT-5058 in healthy volunteers with elevated TG levels (>150 mg/dL, 
>1.7 mmol/L) or patients with moderate hypertriglyceridaemia (TG 
>200 mg/dL, 2.2 mmol/L) (NCT04419688) (Table 2).

5.5 Other approaches
The TG-lowering activity of an apoC-II mimetic peptide (D6PV) has been 
assessed in a mouse model of hypertriglyceridaemia; D6PV increased TG 
lipolysis both activating LPL and antagonizing apoC-III, resulting in a sub-
stantial reduction in TG levels.156 DP6V also reduced plasma apoC-III by 
∼85%, as well as apoC-III bound to VLDL, LDL, and HDL. Of note, 
DP6V showed a high affinity for HDL and potentiated HDL-C efflux 
capacity.156 Despite its effectiveness in reducing TG levels, D6PV had 

several limitations in terms of drug development, including a potential im-
munogenicity and lack of modifications that can improve its resistance to 
proteolysis. To overcome these issues, next-generation apoC-II mimetic 
peptides have been developed, which exhibit a greater resistance to pro-
teolysis while retaining the TG-lowering activity157

6. Conclusions
The prevalence of hypertriglyceridaemia is increasing worldwide especially 
in Western countries, but to date, there are only a few approaches that can 
substantially reduce TG levels. Fibrates, the agents with the most effective 
TG-lowering properties, have been shown recently to be ineffective in re-
ducing CV risk. While there is clear evidence that targeting apoC-III is a 
valuable tool to reduce severe hypertriglyceridaemia-related pancreatitis, 
the proof that lowering apoC-III levels may provide a CV benefit is still lack-
ing. Similarly, alternative approaches that reduce substantially TG levels by 
inhibiting ANGPTL3 (which also reduces significantly LDL-C levels) still 
lack evidence of CV benefit.158–160

Although genetic studies support the concept that TRLs are causal fac-
tors for ASCVD, we must emphasize that the effect on TGs in Mendelian 
randomization studies is relatively small and could reflect a change in the 
levels of ‘normal’ VLDL. As the heterogeneity of apoC-III-containing lipo-
proteins is quite large and the possibility of a disconnection between TG 
reduction and apoB reduction exists, the question of whether the 
Mendelian randomization findings will translate into a definitive beneficial 
effect of TG-lowering on ASCVD in clinical trials remains crucial. 
Further, while contemporary guidelines suggest that non-HDL-C 
(LDL-C + VLDL-C) measured under fasting conditions may be a good sur-
rogate for apoB, this may not always be the case, as demonstrated by the 
PROMINENT trial. This study was stopped for futility, as pemafibrate, a se-
lective PPARα modulator with TG-lowering activity, did not reduce the risk 
of the primary endpoint (a composite of non-fatal myocardial infarction, 
non-fatal ischaemic stroke, coronary revascularization, and CV death) in 
high-risk patients with type 2 diabetes, in spite of a 26% reduction in plasma 
TG associated with improvements in other markers for TRL metabolism, 
including decreases in apoB-48, apoC-III, and remnant cholesterol but not 
apoB.23 Whether the lack of change in apoB is due to a reduction of VLDL 
and increase of LDL particle number or a change in the composition of 
VLDL with accumulation of smaller VLDL remains to be addressed and 
will be key to better frame future studies involving apoC-III silencing. 
Finally, the observation that loss-of-function variants of APOC3 are asso-
ciated with lower CV risk in Europeans, but not in other ethnic groups, calls 
for specific trials deeply assessing the biological mechanisms beyond these 
differences to test potential limitations of apoC-III inhibition strategies.
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