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New targets and emerging thera
pies for reducing LDL cholesterol
Scott M. Lilly and Daniel J. Rader
Purpose of review

Effective therapies for lowering LDL-cholesterol reduce the

incidence of cardiovascular disease and provide associated

decreases in morbidity and mortality. Progress in our

understanding of metabolism and innovations in drug

design have jointly identified promising new drug targets

and alternative approaches to old targets. This review

focuses on the mechanism, safety and efficacy of emerging

LDL-cholesterol lowering therapies.

Recent findings

Decreasing apolipoprotein B expression or preventing the

formation of a stable lipoprotein structure by inhibiting

microsomal triglyceride transfer protein attenuates the

secretion of atherogenic lipoproteins containing

apolipoprotein B into the plasma. Increases in LDL

receptor-mediated cholesterol clearance occur when

hepatic cholesterol stores are reduced secondary to

inhibition of squalene synthase or LDL receptor degradation

is disrupted by reduced activity of proprotein convertase

subtilisin kexin type 9. Each of these developing therapies

demonstrably reduces LDL-cholesterol levels.

Summary

The emergence of modalities that act in series and in

parallel with available agents may allow more effective

LDL-cholesterol lowering in those patients intolerant of

current therapy, and may permit decremental reductions in

LDL-cholesterol for those unable to achieve aggressive

LDL-cholesterol goals using existing agents.
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Introduction
Serum LDL levels are proportionate to the risk of ather-

osclerotic cardiovascular disease. Interventions that

effectively lower LDL impart morbidity and mortality

benefits referable to a decreased incidence of fatal myo-

cardial infarction and other cardiovascular events. The

definition of ‘at risk’ continues to expand, redefining the

population of patients that stand to benefit from

reductions in low-density lipoprotein cholesterol

(LDL-C). The amount of LDL-C reduction providing

maximum benefit is also a focus of ongoing clinical trials,

and guidelines have routinely adopted more aggressive

goals, and recent data support lowering these goals even

further [1]. Moreover, the response to available LDL-C

lowering therapies is highly variable, and the efficacy and

tolerability of monotherapy and combination therapy

will become even more limiting as goals become more

aggressive. Collectively, the expanding target population,

the progressively lower LDL-C goals, and the patient-

specific variability in response and tolerability illustrate

the need for additional therapies. The present article

reviews four classes of LDL-C lowering therapies in

development and the available data regarding their safety

and efficacy (Table 1).

Inhibition of apolipoprotein B
Apolipoprotein B (apoB) is a large protein that forms the

backbone of all lipoproteins other than high-density

lipoprotein. From a single apoB gene, the intestine

synthesizes a shorter form known as apoB-48 and the

liver a longer form known as apoB-100 as a result of

editing of the messenger ribonucleic acid (mRNA) in the

intestine (but not the liver) at a specific codon to a

nonsense (stop) codon. The apoB-100 protein provides

key structural integrity to circulating very-low density

lipoproteins (VLDL) and LDL, and also serves as the

ligand for the LDL receptor (Fig. 1). Plasma apoB

concentration is proportionate to the concentration of
production of this article is prohibited.
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Table 1 Relative efficacy, advantages, disadvantages and clinical status of emerging LDL-C lowering therapies

Therapy
Efficacy as LDL-C
lowering therapy Potential advantages Potential disadvantages Clinical trialsa

apoB inhibition
ISIS-301012

(apoB ASO)
Up to 50% reductions

in LDL-C
Additive to existing

therapy, infrequent
dosing

ASO therapies not
conventional, need
for SQ injection,
injection site reactions

Phase II; orphan drug
development for patients
with homozygous familial
hypercholesterolemia

MTP inhibition
AEGR-733

(BMS-201038)
Up to 50% reductions

in LDL-C
Additive to existing therapy,

potential for weight loss
Variable increases in

hepatic fat, potential
GI side effects

Phase II; orphan drug
development for patients
with homozygous familial
hypercholesterolemia

Imlitapide (AEGR-427)b 20% reductions
in LDL-C

Limited available clinical
data – advantages and
disadvantages are
theoretical and referable
to class

Phase II

SLx-4090, Dirlotapide No efficacy studies
to date

Theoretically no
hepatotoxicity, additive
to ezetimibe,
weight loss

May be less efficacious
compared with hepatic
MTP inhbition,
risk of steatorrhea

Phase II

Squalene synthase
inhibition

TAK-475 Nearly 30% reduction
in LDL-C

Decreased statin-associated
myopathy, efficacy
incremental to statins,
devoid of pleiotropic
statin effects

Efficacy inferior to statins,
theoretically devoid of
pleiotropic statin effects

Phase III

PCKS9 inhibition
PCSK9 ASO or

siRNA
No human studies to date,

38% reduction in LDL-C
in animal studies

Theoretically additive to or
synergistic with statins,
human genetic data
suggest CV benefit
and safety

ASO/RNAi therapies
not conventional,
requires intact LDL receptor

Preclinical

ASO, antisense oligonucleotides; CV, cardiovascular; GI, gastrointestinal; LDL-C, low-density lipoprotein cholesterol; MTP, microsomal triglyceride
transfer protein; RNAi, RNA interference; SQ, subcutaneous.
a Data from clinicaltrials.gov as of 31 July 2007.
b Limited clinical trial data in public domain.
circulating atherogenic lipoproteins and a predictor of

cardiovascular risk [2]. Mutations which result in

decreased affinity of apoB for the LDL receptor result

in familial defective apoB, an autosomal dominant

hypercholesterolemia with impaired clearance of plasma

LDL and increased risk of atherosclerotic cardiovascular

disease [3]. Conversely, mutations in apoB that reduce

translation or secretion, or enhance the catabolism of

apoB are associated with reduced plasma LDL-C levels

and reduced risk of coronary heart disease [4].

Inhibiting translation of apoB transcripts would theoreti-

cally decrease the concentration of circulating athero-

genic lipoproteins by impairing the hepatic assembly of

VLDL. ‘Second-generation’ antisense oligonucleotides

(ASO) are chemically modified to have a greater affinity

for target mRNAs than their first-generation predecessors

and concentrate in the liver [5]. The efficacy of an ASO

targeted to apoB (apoB-ASO) was initially demonstrated

in mice [6,7]. Large time and dose-dependent reductions

in hepatic apoB mRNA were achieved, along with large

and statistically significant reductions in total cholesterol,

LDL-C and apoB, independently of functional LDL

receptors [6]. A humanized form of this ASO was

produced by ISIS Pharmaceuticals (ISIS-301012, Carls-
opyright © Lippincott Williams & Wilkins. Unauth
bad, CA, USA), and validated in mice models expressing

transgenic human apoB-100 [7].

In a phase I multiple-dose study in subjects with mild

dyslipidemia, subcutaneous injection of ISIS-301012

reduced plasma apoB by up to 50% and LDL-C by up

to 44% [8��]. The effect was prolonged; apoB and LDL-C

remained below baseline for up to 3 months after the last

dose. In a subsequent phase II dose-ranging study, healthy

patients with elevated LDL-C responded to seven weekly

subcutaneous injections of ISIS-301012 with dose-depen-

dent reductions in LDL-C of up to 70% [9]. When

administered to patients on chronic statins but not at

LDL-C goal, weekly administration of ISIS-301012 eli-

cited up to 47% reduction in LDL-C [10]. A comparable

effect was demonstrated with weekly 300-mg injections in

three patients with homozygous familial hypercholester-

olemia [11], suggesting a potentiallyeffective treatment for

this serious condition. Overall, the effects of ISIS-301012

are dose-dependent, show divergence from placebo as

early as 48 h, and can persist for several weeks after the

last exposure. Adverse effects with ISIS-301012 have

included some local erythema at the injection site. The

reported incidence of hepatic transaminase elevations

in clinical trials has been relatively low to date, and
orized reproduction of this article is prohibited.
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Figure 1 Targets of emerging LDL-lowering therapies

Squalene synthase inhibitors inhibit de-novo cholesterol synthesis downstream of the departure of isoprenoid intermediates. Subsequent depletion of
intracellular cholesterol increases LDL receptor surface expression and LDL clearance from the blood stream. MTP inhibitors functionally inhibit
apolipoprotein assembly in the endoplasmic reticulum, while ASO-apoB reduces apolipoprotein substrate – both effectively reducing the secretion of
VLDL from the hepatocyte into the plasma, with subsequent reductions in circulating LDL. PCSK9 is secreted in vivo, and limits LDL receptor
expression by marking the receptor for intracellular degradation. Quantitative disruption of PCSK9 limits LDL receptor degradation, increases LDL
receptor expression, and increases plasma LDL clearance.
concordant with the lack of apparent triglyceride accumu-

lation in animal models [6]. Ongoing clinical investigations

aim to clarify the necessity of a ‘loading’ period prior to

weekly injections, to assess the effect on hepatic lipid, and

to evaluate an oral formulation. If the larger ongoing

trials reveal a similar safety profile and efficacy as these

earlier trials, apoB-ASO could benefit the population

of patients unable to achieve LDL-C goals on existing

therapies.

An alternative to ASOs could be the administration of

small-interferingRNA(siRNA)molecules complementary

to apoB mRNA. Indeed, siRNAs to apoB significantly

reduced the expression of apoB mRNA and the plasma

concentration of apoB-containing lipoproteins in nonhu-

man primates [12��]. The development of siRNA-based

approaches to targeting apoB is less advanced than ASO-

apoB, but a somewhat promising alternative approach.

Inhibition of the microsomal triglyceride
transfer protein
Microsomal triglyceride transfer protein (MTP) is an

endosomal protein concentrated in hepatocytes and intes-
opyright © Lippincott Williams & Wilkins. Unautho
tinal enterocytes. MTP mediates the transfer of choles-

terol esters and triglycerides to nascent apoB – a step that

stabilizes apoB secondary structure, diverts the lipoprotein

from ubiquitination-degradation, and provides a scaffold

for the subsequent addition of neutral lipids (Fig. 1). These

steps are required for the secretion of apoB-containing

lipoproteins from enterocytes and hepatocytes [13]. Com-

plete absence of MTP results in abetalipoproteinemia,

characterized by the absence of circulating apoB and

markedly decreased LDL-C [14,15]. This discovery led

to the concept that small-molecule MTP inhibitors would

disrupt chylomicron (enterocyte) and VLDL (hepatocyte)

assembly and secretion, with consequent reductions in

circulating LDL [16].

Subjects with homozygous familial hypercholesterolemia

have LDL-C levels exceeding 500 mg/dl, a lack of func-

tional LDL receptors (limiting the efficacy of statin

therapy), and a major risk of atherosclerotic disease in

childhood and early adulthood [17]. An MTP inhibitor

was shown to be effective in reducing cholesterol in the

rabbit model of this disorder [18]. A clinical trial in six

subjects with homozygous familial hypercholesterolemia
rized reproduction of this article is prohibited.
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was performed with the MTP inhibitor BMS-201038

(Bristol-Myers Squibb, New York, NY, USA) using a

dose-titration scheme over 4 months to a maximal dose

of 1 mg/kg body weight [19��]. It demonstrated large and

statistically significant decreases in total cholesterol

(�58%), LDL-C (�51%), and apoB (�55%) at the

highest dose. Kinetic studies demonstrated a marked

reduction in LDL apoB production. At the highest dose,

liver transaminases and hepatic fat were increased in four

of the six subjects, but returned to baseline in three of

four subjects within 4 weeks off drug. High-dose MTP

inhibition may thus be developed as an orphan drug

approach for homozygous familial hypercholesterolemia

patients, given their high level of cardiovascular risk.

Lower doses of MTP inhibition could potentially have a

role in treating patients unable to reach LDL-C goal on

present therapies, with a lower risk of hepatic side effects.

BMS-201038 (developed as AEGR-733 by Aegerion

Pharmaceuticals, Bridgewater, NJ, USA) was evaluated

at doses significantly lower (5–10 mg) in subjects with

LDL-C ranging from 130 mg/dl to 250 mg/dl, alone and in

combination with ezetimibe [20]. In this population,

MTP inhibition resulted in a significant dose-dependent

decrease in LDL-C (�19% to �30%), which was additive

to that achieved with ezetimibe (�20% ezetimibe alone,

�35% to �46% combined) and coincident with decre-

mental reductions in total cholesterol and apoB. Overall,

there was no difference in the rate of discontinuations in

the group treated with ezetimibe 10 mg alone compared

with those patients treated with 10 mg ezetimibe plus

10 mg of AEGR-733. Up to 20% of those treated with up

to 10 mg AEGR-733, however, did experience liver trans-

aminase elevations. Another MTP inhibitor, CP-346086

(Pfizer Inc., Groton, CT, USA), was reported to effec-

tively reduce total cholesterol by 47% and LDL-C by

72% in healthy human volunteers [21]. Implitapide is

another MTP inhibitor with proven efficacy in animals

[22] that is in clinical development. Inhibition of hepatic

MTP clearly reduces LDL-C levels, but further work is

necessary to establish the therapeutic window for

efficacy in LDL-C reduction versus risk of hepatic fat

accumulation [16].

In order to circumvent the hepatic effects of MTP inhi-

bition, nonabsorbable, enterocyte-selective inhibitors of

MTP have been developed. Animal studies revealed that

SLx-4090 (Surface Logix, Brighton, MA, USA) was

undetectable in the serum of mice after chronic adminis-

tration with doses that reliably reduced LDL-C. Phase I

studies with SLx-4090 recently demonstrated the absence

of plasma drug after doses as high as 800 mg daily, while

significant reductions in postprandial triglyceridemia

(�50%) occurred with doses as low as 50 mg [23].

Dirlotapide (Pfizer Inc., Groton, CT, USA) is another

enterocyte-selective MTP inhibitor, presently marketed
opyright © Lippincott Williams & Wilkins. Unauth
as a canine weight-loss therapy and providing significant

(�51%) reductions in total cholesterol in preclinical

animal studies [24,25]. Although intestinal-specific MTP

inhibitors are likely to be effective in treating hyper-

chylomicronemia, their efficacy as LDL-C lowering

agents is uncertain.

Inhibition of squalene synthase
Squalene synthase catalyzes the conversion of farnesyl

pyrophosphate to squalene and represents the point at

which cholesterol intermediates are strictly committed to

cholesterol synthesis (Fig. 1). Like inhibitors of 3-hydroxy-

3-methylglutaryl-CoA (HMG-CoA) reductase, they

decrease cellular cholesterol, the consequent secretion

of atherogenic lipoproteins, and induce homeostatic

increases in plasma LDL clearance [26]. Unlike the

statins, squalene synthase inhibition occurs after the diver-

gence of isoprenoid intermediates to nonsterol pathways

(Fig. 1) and therefore does not limit the prenylation of

membrane-directed proteins – a process that has been

implicated in both the putatively favorable pleiotropic

effects as well as the adverse myopathic effects of statins

[27,28].

In animal models, including LDL receptor deficient mice

and nonhuman primates, squalene synthase inhibition

causes reductions in non-HDL cholesterol that are com-

parable to statins [29–31]. TAK-475 (Takeda Pharma-

ceuticals, Deerfield, IL, USA) has been developed for use

in humans, and has progressed through early clinical trials.

In a randomized, blinded study of healthy human volun-

teers with LDL-C levels between 130 and 210 (n¼ 321),

TAK-475 significantly and dose-dependently reduced

LDL-C at 8 weeks compared with placebo (maximum

�27%), but was less efficacious than 10 mg of atorvastatin

(–37%) [32]. A subsequent study indicated that TAK-475

provided decremental reductions in total cholesterol

(�13%) and LDL-C (�20%) in healthy subjects

(n¼ 172) on chronic atorvastatin but not at LDL-C goal

[33]. Of the collective 277 patients randomized to

TAK-475 in these studies, there was one incident of

transient liver enzyme elevation. Ongoing phase III trials

include the evaluation of TAK-475 as monotherapy, in

combination with low and high-dose statins, and in those

with familial hypercholesterolemia.

The absence of significant adverse events in these studies

is encouraging, and the lack of apparent myopathy is a

potential benefit of squalene synthase inhibitors. Indeed,

animal and cell culture models have convincingly

implicated the depletion of isoprenoid intermediates in

statin-associated myopathy, and demonstrated a protec-

tive effect when isoprenoids are replenished directly or by

TAK-475 given in tandem with high-dose statins

[30,34,35��]. By providing serial inhibition of the choles-

terol biosynthetic pathway, squalene synthase inhibition
orized reproduction of this article is prohibited.
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added to statin therapy may permit greater inhibition of

de-novo cholesterol synthesis, and thus greater LDL-C

reduction, than statin therapy alone.

Proprotein convertase subtilisin kexin type 9
inhibition
PCSK9 is a serine protease that is expressed in the human

liver and negatively modulates LDL receptor expression

[36]. PCSK9 transcription is induced by low intracellular

cholesterol (like that associated with statin therapy), and

undergoes autocatalytic cleavage in the endoplasmic

reticulum. Once released into the plasma it binds to

the LDL receptor in competitive fashion and diverts

the receptor from the recycling pathway to the degradative

pathway [37–40] (Fig. 1). Gain-of-function variants of

PCSK9 that bind to the LDL receptor with greater affinity

have been identified in humans with autosomal dominant

hypercholesterolemia [41]. In contrast, loss-of-function

mutations in PCSK9 have been shown to result in

substantially reduced LDL-C levels [42]. There is a

spectrum of PCSK9 sequence variations that have a range

of effects on reducing LDL-C levels and also range con-

siderably in frequency [43,44]. Importantly, these con-

ditions are associated with substantial reductions in the

incidence of atherosclerotic cardiovascular disease [45��].

Accordingly, mice with a transgenic disruption of PCSK9

have increases in hepatic LDL receptor expression,

increased LDL clearance rates, and a significantly greater

response to statins [46].

Serine protease activity is not required for PCSK9-

mediated decreases in LDL receptor surface expression

[47], making the development of small molecule inhibitors

challenging. One experimental approach has focused

on quantitative reductions in PCSK9 expression with

ASO administration to achieve LDL-C lowering effects.

ISIS-394814 was administered subcutaneously for 6 weeks

to mice fed a high-fat diet [48]. PCSK9 mRNA was

reduced 90% in tandem with two-fold increases in LDL

receptor expression and significant decreases in total

cholesterol (�52%) and LDL-C (�38%). These effects

were abolished in LDL receptor deficient mice, demon-

strating that the effects are in fact mediated by the LDL

receptor. Based on the success of PCSK9 inhibition in

primate and nonprimate animal models, it seems likely

that ASO-PCSK9 will enter clinical development. As with

apoB, another approach to targeting PCSK9 could be with

siRNA-based approaches [12��].

Adverse effects of PCSK9 inhibition remain speculative,

but are theoretically minor when inferred from descrip-

tions of individuals with loss of function mutations. It is

encouraging that the phenotypic variability in these

individuals seems restricted to cholesterol metabolism,

and devoid of gross maladaptive features. Indeed, a

compound heterozygote with loss-of-function mutations
opyright © Lippincott Williams & Wilkins. Unautho
in both PCSK9 alleles has been reported to have a very

low LDL-C but is in good health [49�]. Given reductions

of up to 40% in baseline plasma cholesterol in hetero-

zygotes with dysfunctional PCSK9, even submaximal

inhibition of PCSK9 may provide effective LDL-C

reduction. The upregulation of PCSK9 by statins may

limit their efficacy, and the addition of a PCSK9

inhibitor to a statin could blunt this homeostatic response

and result in additive or even synergistic reduction of

LDL-C.

Conclusion
The expanding target population, the lowering of LDL-C

goals and the difficulty achieving the LDL-C goals pre-

sently in place, collectively represent the unmet medical

need for additional tolerable and effective LDL-C low-

ering therapies. The therapies described herein can

decrease atherogenic lipoprotein secretion or increase

LDL clearance by impinging upon new targets, potentially

circumventing issues that limit the tolerability of available

agents, and providing incremental benefits when efficacy

is the primary barrier to achieving LDL-C goals (Table 1).

The discovery of new targets coupled with the develop-

ment and refinement of directed therapies represents a

convergence of basic and clinical science that holds

promise for the prevention of cardiovascular disease in a

variety of at-risk populations.

References and recommended reading
Papers of particular interest, published within the annual period of review, have
been highlighted as:
� of special interest
�� of outstanding interest

Additional references related to this topic can also be found in the Current
World Literature section in this issue (p. 658).

1 Grundy SM, Cleeman JI, Merz CN, et al. Implications of recent clinical trials for
the National Cholesterol Education Program Adult Treatment Panel III Guide-
lines. J Am Coll Cardiol 2004; 44:720–732.

2 Van der Steeg WA, Boekholdt SM, Stein EA, et al. Role of the apolipoprotein
B-apolipoprotein A-I ratio in cardiovascular risk assessment: a case–control
analysis in EPIC-Norfolk. Ann Intern Med 2007; 146:640–648.

3 Humphries SE, Whittall RA, Hubbart CS, et al. Genetic causes of familial
hypercholesterolaemia in patients in the UK: relation to plasma lipid levels and
coronary heart disease risk. J Med Genet 2006; 43:943–949.

4 Schoenfeld G, Lin X, Yue P. Familial hypobetalipoproteinemia: genetics and
metabolism. Cell Mol Life Sci 2005; 62:1372–1378.

5 Yu RZ, Kim TW, Hong A, et al. Cross-species pharmacokinetic comparison
from mouse to man of a second-generation antisense oligonucleotide, ISIS
301012, targeting human apolipoprotein B-100. Drug Metab Dispos 2007;
35:460–468.

6 Crooke RM, Graham MJ, Lemonidis KM, et al. An apolipoprotein B antisense
oligonucleotide lowers LDL cholesterol in hyperlipidemic mice without caus-
ing hepatic steatosis. J Lipid Res 2005; 46:872–884.

7 Lemonidis KM, Whipple CP, Graham MJ, et al. A human apolipoprotein B
antisense inhibitor reduces aortic sinus plaque volume in LDL receptor
deficient, human apolipoprotein B-100 transgenic mice. In: Proceedings of
the 7th Annual Arteriosclerosis, Thrombosis and Vascular Biology, 27–29
April 2006, Denver CO; presentation 2.

8

��
Kastelein JJ, Wedel MK, Baker BF, et al. Potent reduction of apolipoprotein B
and low-density lipoprotein cholesterol by short-term administration of an
antisense inhibitor of apolipoprotein B. Circulation 2006; 114:1729–1735.

ASO-apoB (ISIS-301012) provided significant LDL-C reduction in healthy volun-
teers with mild hypercholesterolemia. This provided an important proof of concept
in humans that ASO-apoB effecively reduces LDL-C levels.
rized reproduction of this article is prohibited.



C

New targets and therapies for LDL cholesterol Lilly and Rader 655
9 Stein E, Bradley JD, Chuang E, et al. Statin-like, dose-dependent reductions in
LDL-C and apolipoprotein B with ISIS 30101, an antisense inhibitor of
apolipoprotein B, in subjects with polygenic hypercholesterolemia [abstract].
J Am Coll Cardiol 2007; 49:333A.

10 Kastelein JJ, Akdim F, Trip M, et al. ISIS 301012, an antisense inhibitor of
apolipoprotein B, produces significant additional reduction of LDL-C and
apolipoprotein B in hypercholesterolemic subjects on statins not meeting
target [abstract]. J Am Coll Cardiol 2007; 49:393A.

11 ISIS Pharmaceuticals. ISIS Pharmaceuticals updates its positive phase 2 data
for ISIS 301012 in familial hypercholesterolemia patients. Press release, 17
May 2007. http://ir.isispharm.com/releasedetail.cfm?ReleaseID=244309
[accessed 12 September 2007].

12

��
Zimmermann TS, Lee AC, Akinc A, et al. RNAi-mediated gene silencing in
nonhuman primates. Nature 2006; 441:111–114.

One injection of siRNA directed to apoB in nonhuman primates significantly
decreased LDL-C within 24 h, provided a maximal 80% LDL-C reduction, and
had an effect lasting for at least 11 days (the study endpoint).

13 Gordon DA, Jamil H. Progress towards understanding the role of microsomal
triglyceride transfer protein in apolipoprotein-B lipoprotein assembly. Biochim
Biophys Acta 2000; 1486:72–83.

14 Sharp D, Blinderman L, Combs KA, et al. Cloning and gene defects in
microsomal triglyceride transfer protein associated with abetalipoproteinae-
mia. Nature 1993; 365:65–69.

15 Rader DJ, Brewer HB Jr. Abetalipoproteinemia. New insights into lipoprotein
assembly and vitamin E metabolism from a rare genetic disease. J Am Med
Assoc 1993; 270:865–869.

16 Burnett JR, Watts GF. MTP inhibition as a treatment for dyslipidaemias: time
to deliver or empty promises? Expert Opin Ther Targets 2007; 11:181–189.

17 Rader DJ, Cohen J, Hobbs HH. Monogenic hypercholesterolemia: new
insights in pathogenesis and treatment. J Clin Invest 2003; 111:1795–
1803.

18 Wetterau JR, Gregg RE, Harrity TW, et al. An MTP inhibitor that normalizes
atherogenic lipoprotein levels in WHHL rabbits. Science 1998; 282:751–
754.

19

��
Cuchel M, Bloedon LT, Szapary PO, et al. Inhibition of microsomal triglyceride
transfer protein in familial hypercholesterolemia. N Engl J Med 2007;
356:148–156.

MTP inhibition resulted in an approximate 50% decrease in LDL-C in humans with
familial hypercholesterolemia, providing important proof of concept for MTP
inhibition.

20 Samaha FF, McKenney J, Bloeden LT. Efficacy and safety of the MTP-inhibitor,
AEGR-733, as monotherapy and in combination with ezetimibe [abstract].
Circulation 2006; 114:II-289.

21 Chandler CE, Wilder DE, Pettini JL, et al. CP-346086: an MTP inhibitor that
lowers plasma cholesterol and triglycerides in experimental animals and in
humans. J Lipid Res 2003; 44:1887–1901.

22 Ueshima K, Akihisa-Umeno H, Nagayoshi A, et al. Implitapide, a microsomal
triglyceride transfer protein inhibitor, reduces progression of atherosclerosis
in apolipoprotein E knockout mice fed a Western-type diet: involvement of the
inhibition of postprandial triglyceride elevation. Biol Pharm Bull 2005;
28:247–252.

23 Prince WT. First human experience and proof of concept for an enterocyte-
specific microsomal triglyceride transfer protein inhibitor. Program and
Abstracts from the American Heart Association 2006 Annual Scientific
Sessions, 12–15 November 2006, Chicago, IL; oral presentation. Available
online: http://www.medscape.com/viewarticle/55135.

24 Li J, Bronk BS, Dirlam JP, et al. In vitro and in vivo profile of 5-[(40-trifluoromethyl-
biphenyl-2-carbonyl)-amino]-1H-indole-2-carboxylic acid benzylmethyl carba-
moylamide (dirlotapide), a novel potent MTP inhibitor for obesity. Bioorg Med
Chem Lett 2007; 17:1996–1999.

25 Elliot D (ed.). The Second Royal Canin USA Scientific Meeting: Health risks
through nutrition. Beaver Creek, Colorado, 14–16 May 2007; p. 31.

26 Tavridou A, Kaklamanis L, Megaritis G, et al. Pharmacological characterization
in vitro of EP2306 and EP2302, potent inhibitors of squalene synthase and
lipid biosynthesis. Eur J Pharmacol 2006; 535:34–42.

27 Muhlhauser U, Zolk O, Rau T, et al. Atorvastatin desensitizes beta-adrenergic
signaling in cardiac myocytes via reduced isoprenylation of G-protein gamma-
subunits. Faseb J 2006; 20:785–787.

28 Lipinski MJ, Abbate A, Fuster V, Vetrovec GW. Drug insight: statins for
nonischemic heart failure – evidence and potential mechanisms. Nat Clin
Pract Cardiovasc Med 2007; 4:196–205.
opyright © Lippincott Williams & Wilkins. Unauth
29 Nishimoto T, Amano Y, Tozawa R, et al. Lipid-lowering properties of TAK-475,
a squalene synthase inhibitor, in vivo and in vitro. Br J Pharmacol 2003;
139:911–918.

30 Nishimoto T, Tozawa R, Amano Y, et al. Comparing myotoxic effects
of squalene synthase inhibitor, T-91485, and 3-hydroxy-3-methylglutaryl
coenzyme A (HMG-CoA) reductase inhibitors in human myocytes. Biochem
Pharmacol 2003; 66:2133–2139.

31 Amano Y, Nishimoto T, Tozawa R, et al. Lipid-lowering effects of TAK-475, a
squalene synthase inhibitor, in animal models of familial hypercholesterolemia.
Eur J Pharmacol 2003; 466:155–161.

32 Piper E, Price G, Chen Y. TAK-475, a squalene synthase inhibitor, improves
lipid profile in hyperlipidemic subjects [abstract]. Circulation 2006; 114:II-
288.

33 Perez A, Kupfer S, Chen Y. TAK-475 to atorvastatin provides incremental lipid
benefits. Circulation 2006; 114:II-113.

34 Charlton-Menys V, Durrington PN. Squalene synthase inhibitors: clinical
pharmacology and cholesterol-lowering potential. Drugs 2007; 67:11–16.

35

��
Nishimoto T, Ishikawa E, Anayama H, et al. Protective effects of a squalene
synthase inhibitor, lapaquistat acetate (TAK-475), on statin-induced myotoxi-
city in guinea pigs. Toxicol Appl Pharmacol 2007; 223:39–45.

Provided evidence that coadministration of a squalene synthase inhibitor and a
statin reduces the incidence of statin-associated increases in muscle lesions and
serum creatine kinase in guinea pigs.

36 Horton JD, Cohen JC, Hobbs HH. Molecular biology of PCSK9: its role in LDL
metabolism. Trends Biochem Sci 2007; 32:71–77.

37 Costet P, Cariou B, Lambert G, et al. Hepatic PCSK9 expression is regulated
by nutritional status via insulin and sterol regulatory element-binding protein
1c. J Biol Chem 2006; 281:6211–6218.

38 Fisher TS, Lo Surdo P, Pandit S, et al. PCSK9-dependent LDL receptor
regulation: Effects of pH and LDL. J Biol Chem 2007; 282:20502–20512.

39 Qian YW, Schmidt RJ, Zhang Y, et al. Secreted PCSK9 downregulates low
density lipoprotein receptor through receptor-mediated endocytosis. J Lipid
Res 2007; 48:1488–1498.

40 Zhang DW, Lagace TA, Garuti R, et al. Binding of proprotein convertase
subtilisin/kexin type 9 to epidermal growth factor-like repeat A of low density
lipoprotein receptor decreases receptor recycling and increases degradation.
J Biol Chem 2007; 282:18602–18612.

41 Abifadel M, Varret M, Rabes JP, et al. Mutations in PCSK9 cause autosomal
dominant hypercholesterolemia. Nat Genet 2003; 34:154–156.

42 Cohen J, Pertsemlidis A, Kotowski IK, et al. Low LDL cholesterol in individuals
of African descent resulting from frequent nonsense mutations in PCSK9. Nat
Genet 2005; 37:161–165.

43 Kotowski IK, Pertsemlidis A, Luke A, et al. A spectrum of PCSK9 alleles
contributes to plasma levels of low-density lipoprotein cholesterol. Am J Hum
Genet 2006; 78:410–422.

44 Hallman DM, Srinivasan SR, Chen W, et al. Relation of PCSK9 mutations
to serum low-density lipoprotein cholesterol in childhood and adulthood
(from the Bogalusa Heart Study). Am J Cardiol 2007; 100:69–72.

45

��
Cohen JC, Boerwinkle E, Mosley TH Jr, Hobbs HH. Sequence variations in
PCSK9, low LDL, and protection against coronary heart disease. N Engl J
Med 2006; 354:1264–1272.

Established the prevelance of PCSK9 loss of function mutations in the black and
white US population, and identified related decreases in LDL-C (�28% and
�15%, respectively) and cardiovascular events (�88% and �47%, respectively).

46 Rashid S, Curtis DE, Garuti R, et al. Decreased plasma cholesterol and
hypersensitivity to statins in mice lacking Pcsk9. Proc Natl Acad Sci U S A
2005; 102:5374–5379.

47 McNutt MC, Lagace TA, Horton JD. Catalytic activity is not required for
secreted PCSK9 to reduce LDL receptors in HepG2 cells. J Biol Chem 2007;
282:20799–20803.

48 Graham MJ, Lemonidis KM, Whipple CP, et al. Antisense inhibition of
proprotein convertase subtilisin/kexin type 9 reduces serum LDL in hyperlipi-
demic mice. J Lipid Res 2007; 48:763–767.

49

�
Zhao Z, Tuakli-Wosornu Y, Lagace TA, et al. Molecular characterization
of loss-of-function mutations in PCSK9 and identification of a compound
heterozygote. Am J Hum Genet 2006; 79:514–523.

This report depicts an individual with two inactivating mutations in PCSK9 and
undetectable serum PCSK9 levels. She was described as healthy and fertile with
an LDL-C of 14. This underscores the potential safety of pharmacological PCSK9
inhibition as an LDL-C lowering therapy.
orized reproduction of this article is prohibited.

http://ir.isispharm.com/releasedetail.cfm?ReleaseID=244309
http://www.medscape.com/viewarticle/55135

	New targets and emerging therapies for reducing LDL™cholesterol
	Introduction
	Inhibition of apolipoprotein B
	Inhibition of the microsomal triglyceride transfer protein
	Inhibition of squalene synthase
	Proprotein convertase subtilisin kexin type 9 inhibition
	Conclusion
	References and recommended reading


