
NONSTATIN DRUGS (E. DEGOMA, SECTION EDITOR)

ApoCIII as a Cardiovascular Risk Factor and Modulation
by the Novel Lipid-Lowering Agent Volanesorsen

Natalia A. Rocha1 & Cara East2 & Jun Zhang2 & Peter A. McCullough2

Published online: 9 November 2017
# Springer Science+Business Media, LLC 2017

Abstract
Purpose of Review Apolipoprotein CIII (ApoCIII) is now rec-
ognized as a key regulator in severe hypertriglyceridemia,
chylomicronemia, and conditions of triglyceride-rich lipopro-
tein (TRL) remnant excess due to its inhibition of lipoprotein
lipase (LPL) and hepatic lipase, leading to decreased hepatic
reuptake of TRLs, as well as enhanced synthesis and secretion
of VLDL from the liver. ApoCIII gain-of-function mutations
are associated with atherosclerosis and coronary heart disease
(CHD), and contribute to the development of cardiometabolic
syndrome, hypertriglyceridemia, and type 2 diabetes mellitus.
Conversely, loss-of-function mutations in ApoCIII are associ-
ated with lower levels of plasma triglycerides (TG), attenua-
tion of vascular inflammatory processes such as monocyte
adhesion and endothelial dysfunction, and potentially, a re-
duction in the incidence and progression of atherosclerosis
and cardioprotection.
Recent Findings Evidence is now emerging that volanesorsen,
a second-generation antisense oligonucleotide drug targeting
ApoCIII messenger RNA resulting in decreases in TG in pa-
tients with familial chylomicronemia syndrome, severe
hypertriglyceridemia, and metabolic dyslipidemia with type 2
diabetes giving support to the hypothesis that ApoCIII is a

powerful inhibitor of LPL, and when reduced, endogenous
clearance of TRLs can result in substantial reductions in TG
levels.
Summary Discovery of the ApoCIII inhibitor volanesorsen
opens a new era of lipid-lowering drugs for reduction in TG
and potentially for reduction in LDL-C. Herein, this review
will provide an update on the pathophysiology of ApoCIII-
linked atherosclerosis and the development of the first drug to
target ApoCIII, volanesorsen, as a promising lipid-lowering
agent.
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Introduction

The critical impact of coronary heart disease (CHD) on mor-
bidity and mortality worldwide has been the catalyst for re-
markable scientific endeavors for over half a century [1–3].
Large population studies in the 1950s helped boost the lipid
hypothesis in which total cholesterol, and, more specifically,
LDL-C were associated with CHD risk and high-density lipo-
protein cholesterol (HDL-C) had an inverse association with
the incidence of CHD [4, 5]. This hypothesis remained debat-
able for years, but the controversy was settled in the 1990s
when simvastatin was shown to definitively decrease cardio-
vascular mortality in the Scandinavian Simvastatin Survival
Study [6]. Since then, a multitude of well-designed studies
have established the benefit of different statins in reducing
the risk of CHD events in a variety of populations, with a good
safety profile [7–9]. Recently, evolocumab was shown to re-
duce LDL-C from 93 to 30 mg per deciliter (a 68% decrease)
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in patients with CHD on statins, but this conferred only a 20%
reduction in nonfatal myocardial infarction, ischemic stroke,
and cardiovascular death, suggesting a potential end to the
limit in which LDL-C can be reduced to further lower CHD
events [10•]. Despite these unique advances, it is well recog-
nized that even when sizable reductions in LDL-C are
achieved, the risk of CHD events is not abolished [10•, 11,
12]. While studies are ongoing, attempts to raise HDL-C have
not been successful in reducing CHD events [13, 14].
Interestingly, it has been shown recently that HDL-C bound
to apolipoprotein CIII (ApoCIII) did not reduce proatherogenic
and proinflammatory properties in incident CHD and athero-
sclerosis, whereas HDL-C without ApoCIII did [15•], suggest-
ing a possible impact in the atherogenicity-limiting potential of
HDL-C depending on the presence or absence of ApoCIII. The
revived interest in alternative targets brings triglycerides (TG)
and apolipoproteins to the spotlight, along with a pressing need
to understand how they affect CHD risk.

The association between TG and CHD has not been
straightforward [16–19]. After years of discrepant study re-
sults, it is now recognized that reduction in both LDL-C and
TG brings about a higher reduction in CHD risk when com-
pared to LDL-C reduction alone and that lower levels of TG
are associated with coronary plaque regression [19–21].
Triglyceride-rich lipoproteins (TRLs) include chylomicrons
and very low-density lipoproteins (VLDL). Although these
molecules are not small enough to penetrate the endothelium
and lead to atherosclerosis, its remnants, which are a product
of lipolysis by lipoprotein lipase (LPL) and hepatic lipase, can
easily do so [22•]. After reaching the subendothelial space,
they are taken up by macrophages, forming foam cells.
Additionally, levels of remnant lipoprotein have been associ-
ated with nitric oxide-dependent coronary vasomotor function
[23], and lipolysis of TRL generating remnants and free fatty
acid (FFA) was shown to engender a proinflammatory envi-
ronment leading to atherosclerosis [19, 22•].

ApoCIII was first described in the late 1960s [24]. More
recently, details regarding its exact genomic location and func-
tion have expanded greatly, generating hypotheses on thera-
peutic targets and possible secondary effects of its inhibition
and intensification [24, 25•, 26]. It is recognized as a key
factor in severe hypertriglyceridemia, chylomicronemia, and
TRL remnant excess. Large population studies such as the
Framingham Heart Study [27•] and the Verona Heart Study
[27•] showed correlation between lower ApoCIII levels and
favorable plasma lipid profile and cardioprotection [27•, 28•].
Gene analysis showed that loss-of-function (LOF) mutations
in ApoCIII are associated with lower levels of plasma TG and
a reduced risk of CHD [27•] and ischemic cardiovascular dis-
ease [28•]. Moreover, recent evidence has shown that ApoCIII
promotes vascular inflammation and enhances atherogenicity
of TRLs [29]. A null mutation of ApoCIII is associated with
lower serum TG and cardioprotection [30, 31].

Thus, ApoCIII may become a much needed new target for
severe hypertriglyceridemia where there is an unmet need giv-
en the modest effect of current lipid-lowering therapies on TG
concentrations (fibrates 30–50% reduction, immediate-release
niacin and omega-3 20–50%, extended-release niacin and
statins 10–30%, and ezetimibe only 5–10%) [19].

Understanding ApoCIII and Triglyceride-Rich
Lipoproteins

Several hepatic mechanisms have been proposed to explain
ApoCIII’s role in maintaining TG, chylomicron, and TRL
levels. Initially, studies had suggested that ApoCIII inhibits
lipolysis of large molecules of triacylglycerol into smaller
TRL by non-competitive inhibition of LPL. In recent human
kinetic studies, modulation of hepatic uptake of remnants
seemed to be themain effect, leading to clearance of TLR from
the plasma, an event that was shown to possibly be indepen-
dent of LPL. ApoCIII decreases hepatic uptake of TRL by
interfering with the attachment of apolipoprotein B (ApoB)
and apolipoprotein E to hepatic receptors. Lastly, it is associ-
ated with increased secretion of larger VLDL from the liver in
patients with high body weight and reduced insulin sensitivity.
Consequently, when ApoCIII is absent, lipolysis is more effi-
cient and TRL levels are lower [21, 25•, 26, 29]. ApoCIII’s
actions in the intestine are not yet fully described. It is possible
that this apolipoprotein is a mediator of dietary lipid absorp-
tion, decreasing the transport of TG into lymph, and therefore,
reducing chylomicrons in the blood stream [32].

As briefly mentioned, after undergoing lipolysis by LPL,
TRL become small remnants that can permeate the arterial
wall and be taken up by macrophages, generating foam cells
[20]. Concomitantly, this by-product of lipolysis creates a
concentration of oxidized FFA which triggers the production
of proinflammatory molecules, such as TNFα, fibrinogen, and
coagulation factors and contributes to endothelial dysfunction
by increasing the expression of vascular cell adhesion
molecule-1 (VCAM-1) and intracellular adhesion molecule
1 (ICAM1) [22•, 33, 34]. These molecules further aid in the
attachment of monocytes, and thus, work to increase the num-
bers of proproliferative cells at the site of an atheroma.
Lipolysis of TRL also increases endothelial permeability and
induces the apoptotic cascade [35, 36] promoting greater cel-
lular debris within the region of atherosclerosis.

ApoCIII Contributes to Atherosclerosis

It has long been suggested that ApoCIII in TLRs may directly
contribute to the development of atherosclerosis by activating
the proinflammatory signal transduction of vascular cells, em-
phasizing a novel role for ApoCIII that links dyslipidemia
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with atherosclerosis [37]. Basic science evidence has demon-
strated that ApoCIII impacts several essential steps involved
in atherosclerosis, such as monocyte adhesion to endothelial
cells (EC) and smooth muscle cell (SMC) proliferation [29,
38]. Studies both under static conditions and under laminar
flow have demonstrated that endothelial dysfunction and
monocyte adhesion involve activation of nuclear factor κB
(NF-κB) [39]. This nuclear factor leads to the expression of
VCAM-1 and ICAM1, precipitating EC dysfunction and
monocyte recruitment [40] resulting in greater degrees of cel-
lular proliferation mentioned above. NF-κB also drives an
enhancement of β1-integrin expression in monocytes,
boosting their adhesion to EC [40]. A study in vivo involving
statin use has been able to prove a similar interaction in the
coronary artery endothelium [41]. An intriguing finding is that
statins, despite their limited effects on ApoCIII levels, but by
downregulation of VCAM-1, are able to hinder ApoCIII’s
stimulation of vascular adhesiveness. Utilizing various trans-
genic and knockout animal models, Li et al. [38] showed that
ApoCIII is working via Akt signaling pathway and reactive
oxygen species (ROS) in cells that participate in atherosclero-
sis. ApoCIII stimulates SMC proliferation, precipitating wors-
ening atherogenesis and coronary stenosis in mice with severe
hypertriglyceridemia.

The interaction between ApoCIII and lipoproteins such as
HDL-C, LDL-C, and VLDL may influence the relative de-
grees of atherogenicity of these particles. The presence or
absence of ApoCIII attached to HDL-C might be the explana-
tion for the failure of drugs that target this lipoprotein to show
favorable outcomes. Evidence shows that obese patients and
those with known CHD have a higher proportion of ApoCIII-
containing HDL-C when compared to healthy subjects
[42–44]. Studies with different methodologies have described
the correlation between HDL-C enriched with ApoCIII and
CHD, concluding that this form of HDL-C is likely not pro-
tective [44, 45, 46•]. Furthermore, the presence of ApoCIII on
LDL-C confers a higher CHD risk [46•, 47]. Similarly, a pro-
spective study with individuals initially free of CHD showed a
linear association between LDL-C with ApoCIII and risk of
CHD. The association persisted after adjustment for diverse
risk factors [46•].

Therapies Targeting ApoCIII

Many of the currently available lipid-lowering drugs, such as
fibrates, statins, omega-3 fatty acids, as well as the oral hypo-
glycemic pioglitazone, are able to decrease ApoCIII levels
through different mechanisms [48, 49]. Fibrates prevent the
transcription of ApoCIII mRNA [48], reducing its secretion.
Atorvastatin and rosuvastatin decrease the generation of
VLDL-ApoCIII and intensify its metabolism [50–52].
Pioglitazone reduces ApoCIII levels through its action as a

peroxisome proliferator-activated receptors (PPARy) agonist
[53]. However, none of the above mentioned therapies
achieve a direct, robust reduction in ApoCIII plasma levels.

Volanesorsen

ApoCIII levels can be reduced significantly by a pharmaco-
logic inhibitor of ApoCIII mRNA, volanesorsen (formally
ISIS-APOCIIIRx and ISIS-304801). Volanesorsen is a new
targeted form of therapy that has shown promising results on
loweringApoCIII levels as well as TG concentrations in phase
1, 2, and recently, in phase 3 studies [25•]. It is classified as a
second-generation antisense oligonucleotide (ASO) which
acts by selectively binding to ApoCIII mRNA and blocking
protein synthesis as well as limiting mRNA availability due to
enhanced ribonuclease H1-mediated degradation of the target
mRNA [54•]. The result is a substantial reduction in ApoCIII
production in the liver (Fig. 1).

On July 6, 2015, the US Food and Drug Administration
granted Orphan Drug Designation to volanesorsen for the
treatment of patients with familial chylomicronemia syn-
drome (FCS). At present, there are eight studies of
volanesorsen found in www.clinicaltrials.gov, including pre-
clinical and clinical trials. Pre-clinical data with multiple ro-
dent models and nonhuman primates showed ASO-mediated
suppression of ApoCIII resulting in robust lowering of TG
and VLDL levels [54•]. Importantly, in all of the preclinical
studies, ApoCIII ASOwas well tolerated and safe [54•]. Phase
1 clinical trials in healthy human volunteers showed concor-
dant results with substantial (parenteral) dose and time-
dependent decrement in plasma ApoCIII levels and TG levels
(Table 1), without hepatic steatosis or transaminase elevation
[54•]. Several phase 2 trials were conducted in patients with
severe or uncontrolled hypertriglyceridemia [55••], in patients
with FCS [56•, 57••], and in patients with type 2 diabetes
[58•]. A phase 2 study of volanesorsen was a randomized,
double-blind, placebo-controlled, dose-ranging trial with and
without the addition of fibrate therapy. As a single agent,
volanesorsen led to the reduction in plasma ApoCIII of 40 to
80%, and plasma TG levels dropped by 30 to 71% on a dose-
dependent fashion. As an add-on to fibrates, volanesorsen
resulted in reduction of ApoCIII levels by 60 to 71% and
reduction of TG levels by 51 to 64% (Table 2) [55••].
Another phase 2 study of volanesorsen in patients with
hypertriglyceridemia, including FCS, monotherapy with
100, 200, and 300 mg/dose resulted in reduction of ApoB-
ApoCIII, ApoCIII-AI, and ApoCIII-LP(a) complex levels by
80% while the add-on to fibrate group resulted in reduction of
ApoCIII-ApoB, ApoCIII-A1, and ApoCIII-Lp(a) complex
levels by 75%. Similar reduction of the complex levels was
found in the FCS group with 300 mg dose [56•]. Importantly,
ApoCIII-ApoB levels correlated well with total ApoCIII, TG,
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Table 1 Volanesorsen phase 1
clinical trial (monotherapy, 50,
100, 200, 400 mg, sc) in healthy
human volunteers

% Changes from baseline 1 week after last dose (day 29)

Placebo (n = 4) 50 mg (n = 3) 100 mg (n = 3) 200 mg (n = 3) 400 mg (n = 3)

ApoCIII − 11.0 − 19.7 − 17.3 − 70.5* > − 77.5*

TG 28.5 − 19.5 − 25.0 − 43.1 43.8

HDL-C 28.5 19.5 0.0 13.9 8.0

LDL-C 5.5 18.4 − 3.6 − 3.2 − 3.9

ApoCIII apolipoprotein CIII, HDL-C high-density lipoprotein-cholesterol, LDL-C low-density lipoprotein-cho-
lesterol, TG triglyceride

*Significant statistic difference compared with placebo [54•]
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Fig. 1 Metabolism of triglycerides. Chylomicrons are formed in the
small intestine from dietary fat and contain triglycerides, Apo B48,
ApoCIII, ApoCII, and ApoE. Chylomicrons enter the circulation, where
they are hydrolyzed by lipoprotein lipase (LPL), which is activated by
ApoCII and is inhibited by ApoCIII. Angiopoietin-like protein 3
(ANGPTL3) and angiopoietin-like protein 4 (ANGPTL4) (an antibody
against ANGPTL4T is identified). Free fatty acids, which are produced
by hydrolysis of triglycerides, are either used in muscle cells as source of
energy or resynthesized into triglycerides and stored in adipose cells.
Chylomicron remnant particles, also rich in triglycerides, are removed
from the circulation by the liver. Triglycerides are also synthesized in
liver cells and, together with ApoB100, ApoCIII, ApoCII, and ApoE,
form very low-density lipoprotein (VLDL) particles, which are secreted

in blood. VLDL particles are also hydrolyzed by LPL which is activated
by ApoCII and is inhibited by ApoCIII and transformed into
intermediate-density lipoprotein (IDL) particle. IDL particles are either
catabolized in the liver or transformed into low-density lipoprotein (LDL)
particle by LPL. Mechanism of action of volanesorsen (inset). ApoCIII
inhibits LPL and hepatic lipase; thus, it inhibits hepatic uptake of
triglyceride-rich lipoprotein (TRL) remnants (hepatocyte-VLDL
remnants and enterocyte-chylomicron remnants). Volanesorsen is
designed to specifically stimulate the catabolism of TRLs via LPL-
independent pathway of triglyceride metabolism by targeting ApoCIII
antisense oligonucleotide, thus lowering plasma ApoCIII levels.
Reprinted and modified from Reiner [12] with permission
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VLDL-C, VLDL-ApoCIII, chylomicron-ApoCIII, chylomi-
cron-TG, chylomicron-cholesterol, and LDL-C. A pilot phase
2 study was conducted in three FCS patients receiving
300 mg/week subcutaneous injection for 13 weeks [57••].
Plasma ApoCIII levels in the three patients were reduced by
70 to 90% and TG levels by 56 to 86% after 13 weeks of
treatment (Table 3). In 2016, a randomized, double-blind,
placebo-controlled trial with volanesorsen was published in
15 adult patients with type 2 diabetes (HbA1c > 7.5%
[58 mmol/mol]) and hypertriglyceridemia (TG > 200 and
< 500 mg/dL) [58•]. The results of the study showed that
volanesorsen (300 mg/week, subcutaneously for 15 weeks)
decreased ApoCIII (− 88%), TG (− 69%), VLDL-ApoCIII
(− 90%), and increased HDL-C (+ 43%) compared with pla-
cebo [58•]. Additionally, these changes correlated well with
improvement of insulin sensitivity [58•]. The Bruneck study
was a prospective, population-based survey of the epidemiol-
ogy and pathogenesis of atherosclerosis and cardiovascular
disease [15•, 59•]. In a subsequent work by the Bruneck in-
vestigators, mass spectrometry was used in plasma samples
gathered from two human intervention trials, one of which
was randomized [55••, 57••]. They were able to demonstrate

that ApoCIII mRNA inhibition by volanesorsen reduced plas-
ma levels of ApoCIII by > 75%, ApoCII, triacylglycerol, di-
acylglycerols, and TG.

Phase 3 clinical trials include APPROACH [60••] study (A
study of ISIS-APOCIIIRx in patients with FCS,
NCT02211209), the COMPASS [61] study (A study of
volanesorsen in patients with hypertriglyceridemia,
NCT02300233), the BROADEN study (a study of volanesorsen
in patients with partial lipodystrophy, NCT02527343), and the
Approach Open Label Study (A study of volanesorsen in pa-
tients with FCS, NCT02658175). These studies are designed
to investigate whether volanesorsen, when compared to pla-
cebo, is able to reduce plasma TG levels in patients with
FCS, severe hypertriglyceridemia, and partial lipodystrophy.
While the BROADEN trial is ongoing, with estimated pri-
mary completion in September 2017 and data release in
2019, both the APPROACH and the COMPASS trials have
successfully met their primary endpoint as detailed below
[60••, 61].

In December of 2016, the results of the COMPASS trial
[61] were released, showing a statistically significant mean
reduction in TG levels in patients treated with volanesorsen

Table 2 Volanesorsen phase 2
clinical trial in patients with
hypertriglyceridemia

% Changes from baseline

Monotherapy, 100,200,300 mg/week, sc. 13 weeks Add-on to fibrate

Placebo
(n = 16)

100 mg
(n = 11)

200 mg
(n = 13)

300 mg
(n = 11)

Placebo
(8)

200 mg
(n = 8)

300 mg
(n = 10)

ApoCIII + 4 − 40* − 64* − 80* − 2* − 60* − 80*

TG + 20 − 31* − 53* − 71* − 8* − 51* − 64*

HDL-C + 1 + 27* − 36* − 46* 6 51* 52*

ApoCIII apolipoprotein CIII, TG triglyceride, HDL-C high-density lipoprotein-cholesterol

*Significant statistic difference compared with placebo [55••]

Table 3 Volanesorsen phase 2
clinical trial (monotherapy,
300 mg/week, sc, 13 weeks) in
patients with familial
chylomicronemia syndrome

Parameter
(mg/dL)

Patient no. Baseline* Primary
endpoint†

%Changes from baseline % Changes
from baseline

ApoCIII 1 18.9 5.5 − 13.4 − 71

2 35.1 3.4 − 31.4 − 90

3 19.8 3.5 − 16.3 − 83

TG 1 1406 616.5 − 789.5 − 56

2 2083 287.5 − 1795.5 − 86

3 2043 734.5 − 1308.5 − 64

HDL-C 1 16 24.0 8.0 50

2 8 21.0 13.0 163

3 14 17.0 3.0 21

ApoCIII apolipoprotein CIII, TG triglyceride, HDL-C high-density lipoprotein-cholesterol

*Baseline is defined as day 8 for measurement

†The primary endpoint is defined as the average of day 85 (pre-dose) and day 92 results [57••]
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when compared to placebo (71.2 vs 0.9% reduction,
p < 0.0001) which was sustained through 26 weeks of treat-
ment. In this randomized controlled trial of 113 patients with
severe hypertriglyceridemia, the average baseline TG level
was 1261 mg/dl. Most patients were treated with volanesorsen
(82%), including three of the patients with FCS achieved TG
levels of < 500 mg/dl after 13 weeks of treatment (p < 0.0001,
as compared to 14% of patients in the placebo group). Injection
site reactions (ISR) were the most common adverse event in
the treatment group. Theywere mostly mild but enough to lead
to discontinuation of treatment in 13% of patients. No deaths
and no serious platelet-related events were reported.

Consistent with the results of the COMPASS study, the
APPROACH trial also met its primary endpoint [60••]. This
study lasted 52 weeks, involved 66 patients with FCS and an
average TG level of 2209 mg/dL. The mean reduction in TG
levels was 77% in the volanesorsen group as compared to a
mean increment in 18% (p < 0.0001) in the placebo-treated
group. The authors also observed a reduction in the frequency
of pancreatitis attacks and abdominal pain in the treatment
arm. ISR was the most common adverse event along with
thrombocytopenia, both of which combined led to a discon-
tinuation rate of treatment of 30% (ten of 33 patients). Despite
reaching their endpoint with the COMPASS andAPPROACH
trials, these results are preliminary and safety remains an issue.
Large CHD outcome results will be needed to determine if
these drugs will finally make it to the finish line and become
the first TG-lowering medicine to reduce mortality.

Additional Targets to Lower Triglycerides

The understanding of the physiology behind LPL regulation
coupled with human genetic evidence has identified other
possible targets in the battle to lower TG levels. Analogous
to ApoCIII, angiopoietin-like proteins (ANGPTL) are also
established regulators of LPL. LOF mutation in the
ANGPTL4 gene is significantly associated with lower TG
levels as well as lower risk of coronary artery disease [62,
63]. Similarly, LOF variants in ANGPTL3 are associated with
lower TG, LDL, and HDL-C in large population studies [64,
65]. In a recently published study involving ANGPTL3 exon
sequencing in a large healthy adult population followed by a
trial of the monoclonal antibody against ANGPTL3
evinacumab in healthy human volunteers with elevated LDL
and TG levels, both genetic and therapeutic inhibition of
ANGPTL3 in humans was associated not only with reduction
in LDL, HDL-C, and TG but also with a decreased risk of
CAD [66].

In contrast, ApoA5 (apolipoprotein A-V) seems to confer
protection and loss-of-function mutation in its gene was
shown to be related to higher TG levels and a higher myocar-
dial infarction risk [63, 67]. Monoclonal antibodies against

ANGPTL4 and ANGPTL4 are in development as a therapy
to lower TRL and potentially influence the progression of
atherosclerosis through yet another novel mechanism.

Conclusions

Genome-wide association studies have been instrumental in
the identification of therapeutic hypotheses to further decrease
the progression of atherosclerosis. Evidence is accumulating
that targeting TRL may be a treatment target not addressed by
current lipid-lowering therapies. Activation or enhancement
of lipoprotein lipase may be a key mechanism to accomplish
not only reductions in TRL. There is now clear evidence that
ApoCIII is not only strongly associated with TRL but is also
linked to inflammation, proliferation, and the progression of
atherosclerosis. Volanesorsen is an antisense inhibitor of
ApoCIII production and effectively reduces plasma ApoCII
and TG concentrations in the rare syndrome of FCS.
Discovery of the ApoCIII inhibitor volanesorsen opens a
new era of lipid-lowering drugs targeting TRL and potentially
serving as non-statin agents to reduce the progression and
consequences of atherosclerosis.
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