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Reduction in low-density lipoprotein cholesterol (LDL-C) is associated
with a decrease in coronary heart disease (CHD). Statins are currently the
most effective medications for LDL-C lowering; however, there continues
to be a residual risk for cardiovascular events. Proprotein convertase sub-
tilisin/kexin type 9 (PCSK9) is a protease that promotes LDL receptor deg-
radation, leading to an increase in LDL-C blood levels. Patients with
PCSK9 gain-of-function mutations can have up to a 20-fold increase in
associated CHD compared with patients without these mutations. Con-
versely, patients with PCSK9 loss-of-function mutations can have up to an
88% reduction in CHD without any deficits in neurologic or physiologic
functions. PCSK9 can be modulated by current antihyperlipidemic thera-
pies. In particular, statins lead to an increase in PCSK9, which may atten-
uate their full lipid-lowering effects. These attributes have made PCSK9
inhibition a desirable target for future drug therapies. Current investiga-
tional modalities inhibiting PCSK9 will also be discussed.
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The current standard of care for low-density
lipoprotein cholesterol (LDL-C) lowering and
subsequent decreased risk of coronary heart
disease (CHD) is the use of 3-hydroxy-3-meth-
ylglutaryl coenzyme A (HMG-CoA) reductase
inhibitors (statins). Statin therapy is associated
with an approximate 30% reduction in CHD
risk.1 Despite the lipid-lowering efficacy of sta-

tins, a 70% residual risk for cardiovascular
events remains. Thus, the need for additional
LDL-C lowering agents continues to be a high
priority. According to the National Health and
Nutrition Examination Survey data on lipid
management from 2005–2008, 11 million peo-
ple being treated for hyperlipidemia did not
achieve their goal LDL-C based on the National
Cholesterol Education Program—Adult Treat-
ment Panel III guidelines.2 Many factors contrib-
ute to inadequate therapy, including poor or
insufficient therapeutic response and adverse
effects in response to statins and other lipid-low-
ering therapies. Continued research into new
mechanisms and molecules for LDL-C lowering
remains important and necessary.
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Physiology of Proprotein Convertase Subtilisin/
Kexin Type 9

Proprotein convertase subtilisin/kexin type 9
(PCSK9) is a 692–amino acid protease secreted
into the plasma primarily by the liver. PCSK9
binds to hepatic low-density lipoprotein recep-
tors (LDLRs) via the epidermal growth factor–
like repeat A (EGF-A) domain and prevents
LDLR recycling to the cell surface after endocy-
tosis3 (Figure 1). This process results in a reduc-
tion in LDLRs on the surface of hepatocytes,
decreased cellular uptake of LDL-C, and higher
plasma LDL-C levels.6 Once in the bloodstream,

PCSK9 can modulate and reduce LDLR expres-
sion in the liver, intestines, kidneys, lungs, pan-
creatic islet cells, and adipose tissues.7–10 This
enzyme was first discovered in 2003 and was
originally named neural apoptosis-regulated con-
vertase 1 (NARC-1), because it was found in the
cerebellum and brain telencephalon cells.11

Although discovered in the brain, over time
researchers have found PCSK9 does not modu-
late LDLRs in the brain or adrenal glands
despite there being a high level of LDLRs in
these areas.7, 10 The liver is the primary pro-
ducer and target of PCSK9. The entire role of
PCSK9 and its biological purpose in these other
tissues have yet to be clearly defined and remain
a focus of ongoing research.
PCSK9 transcription is regulated and modu-

lated by several different factors. The most impor-
tant and predominant transcriptional activator of
PCSK9 is sterol response element-binding protein
2 (SREBP-2).12 Low intracellular cholesterol acti-
vates SREBP-2, leading to PCSK9 expression and
LDLR degradation. Other inducers of PCSK9
include activated hepatocyte nuclear factor-1a
(HNF-1a), liver X receptor, and insulin.13, 14 On
the other hand, downregulators of PCSK9, which
lead to LDLR activation and reduced plasma
LDL-C levels, include inflammation, fasting, and
lipopolysaccharides such as LDL-C.12, 13, 15–17

The half-life of PCSK9 is short at approximately
5 minutes and increases to approximately
15 minutes in the absence of LDLRs, suggesting
that PCSK9 removal and metabolism are depen-
dent on the hepatically produced LDLRs.7

PCSK9 may also play a role in triglyceride
metabolism by promoting the degradation of very
low-density lipoprotein (VLDL) receptors as evi-
denced in several murine models.18–21 VLDL
serves to deliver fatty acids derived from triglycer-
ide-rich lipoproteins to peripheral tissues, includ-
ing the heart, skeletal muscle, and adipose.22 Two
studies have shown that PCSK9 levels are corre-
lated with triglyceride levels in humans; however,
additional roles of PCSK9 need further study.23, 24

Role of PCSK9 in the Epidemiology of Heart

Disease

PCSK9 gene mutations were first discovered
as a cause of familial hypercholesterolemia in a
French family in 2003.25 Before this, familial
hypercholesterolemia and its subtype, autosomal
dominant hypercholesterolemia, had historically
been linked to mutations in LDLRs and the
LDLR-binding region of apolipoprotein B-100.26

(a)

(b)

Figure 1. Comparison of a normal low-density lipoprotein
receptor (LDLR) life cycle and interaction with proprotein
convertase subtilisin/kexin type 9 (PCSK9). (a) As a result of
elevated low-density lipoprotein cholesterol (LDL-C [LDLc])
plasma levels, the liver (1) produces LDLRs that (2) bind
LDL-C on the hepatocyte cell surface. (3) Endocytosis of the
LDLR and bound cholesterol occur. (4) The LDL-C is then
lysed, and (5) the LDLR is recycled back to the cell surface
to bind more LDL-C. (b) (1) The PCSK9 precursor is
produced in the nucleus, then (2) is autocatalytically
processed in the endoplasmic reticulum to the active form.
(3) In the plasma, active PCSK9 binds to the epidermal
growth factor–like repeat A domain of the LDLR and (4) and
(5) subsequently targets it for lysosomal destruction within
the hepatocyte instead of recycling the LDLR back to the cell
surface. In normal physiology, PCSK9 works with LDLR to
maintain lipid homeostasis. (Adapted from references 4 and
5.) proPCSK9 is the inactive form of PCSK9 (protein).
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With the discovery of gain-of-function (GOF)
mutations for PCSK9, it is now estimated that
2–3% of familial hypercholesterolemia cases are
secondary to a PCSK9 GOF mutation. At least
seven different GOF mutations have been impli-
cated in influencing familial hypercholesterol-
emia, with the most severe clinical phenotype
associated with heterozygous D374Y mutation
(rs137852912).27 In a cohort of English patients
with autosomal dominant hypercholesterolemia,
the odds ratio of having CHD was 1.84 for an
LDLR mutation (95% confidence interval [CI],
1.10–3.06, p=0.05) and 19.96 (95% CI, 1.88–
211.55, p=0.01) for having the D374Y GOF
mutation compared with patients with no detect-
able mutations after adjusting for age, sex,
smoking, and systolic blood pressure.28 The
D374Y mutation results in a 5- to 30-fold
increased affinity for the LDLR than for wild-
type PCSK9, making it about 10 times more
active in mediating LDLR endosomal degrada-
tion. This ultimately leads to higher LDL-C lev-
els and increased CHD risk.26, 29, 30

Conversely, loss-of-function (LOF) PCSK9
mutations, most commonly R46L (rs11591147),
Y142X (rs67608943), or C679X (rs28362286),
lead to lower LDL-C levels and a significantly
reduced risk of CHD.31 Approximately 2–3% of
all humans are heterozygous for PCSK9 LOF
mutations with a correlating 15–40% reduction
in plasma LDL-C and 50–90% reduction in risk
of CHD over 50 years.31, 32 In one of the largest
trials assessing PCSK9 mutations in a cohort of
patients, the Atherosclerosis Risk in Communi-
ties (ARIC) study, a cohort of black and white
subjects were retrospectively reviewed based on
the presence or absence of PCSK9 LOF sequence
variations.31 In the 3363 black subjects, 2.6% of
the subjects had a Y142X mutation (0.8%) or a
C679X mutation (1.8%), leading to a 28% reduc-
tion in mean LDL-C and an 88% reduced risk of
CHD (p=0.008 for the reduction; hazard ratio
[HR] 0.11; 95% CI 0.02–0.81, p=0.03). Of the
9524 white subjects examined, 3.2% of subjects
with an R46L mutation had an associated 15%
reduction in LDL-C and a 47% reduction in the
risk of CHD (HR 0.50; 95% CI 0.32–0.79;
p=0.003). These three variants were also studied
in subjects aged 4–38 years in the Bogalusa Heart
Study.33 The purpose was to collect data on the
effects of PCSK9 mutations in a younger patient
population. As with the white adults in the ARIC
study, younger white adult carriers of the R46L
mutation had a lower LDL-C level than did non-
carriers (78.9 � 21.8 vs 89.7 � 24.9 mg/dl,

p=0.027) at their first examination (mean age
9.4 � 3.2 yrs). Likewise, black children (mean
age 9.0 � 3.0 yrs at their baseline appointment)
who were carriers of Y142 or X679 alleles had
lower LDL-C levels than did noncarriers
(77.3 � 15.1 vs 91.4 � 23.9 mg/dl, p=0.043).
These results showed that LOF PCSK9 variants
are associated with lower LDL-C levels starting
early in childhood in patients with wild-type
PCSK9 mutations. The LOF-induced, long-term
reduction in LDL-C level may result in a greater
protective effect against CHD compared with
patients with wild-type or GOF PCSK9 muta-
tions.
Another study that may substantiate a greater

than expected decrease in CHD based on long-
term reduction in LDL-C is a meta-analysis com-
paring patients with and without the PCSK9
R46L variant.34 This study examined the effects
of this mutation on LDL-C level, risk of ische-
mic heart disease (IHD), and mortality. LDL-C
level was reduced in carriers versus noncarriers
by 12% (17 mg/dl). Based on results of a meta-
analysis performed by the authors correlating a
39-mg/dl lowering of LDL-C level with reduc-
tion in IHD, the anticipated reduction in IHD
based on the observed reduction in LDL-C
would be 5% (HR 0.95, 95% CI 0.93–0.98).
However, the actual reduction in IHD risk was
greater than expected at 28% (HR 0.72, 95% CI
0.62–0.84, p value for difference of predicted vs
observed <0.001) in this analysis. This study
observed that the PCSK9 LOF genotype may be
a better predictor of IHD risk than LDL-C level
measurements quantified for an adult.
The PCSK9 R46L variant has also been found

to contribute to the interindividual LDL-C low-
ering response to statin therapy.35 In an analysis
of the Justification for the Use of Statins in Pre-
vention: An Intervention Trial Evaluating Rosu-
vastatin (JUPITER) trial data, overall treatment
with rosuvastatin 20 mg/day in compliant
patients resulted in a median reduction in LDL-C
level of 54 mg/dl, with a large interquartile
range of 40–66 mg/dl. Four single nucleotide
polymorphisms were associated with genome-
wide reduction in LDL-C level, including PCSK9
(p<5 9 10�8). A direct relationship between the
number of allele mutations and median absolute
reduction in LDL-C level was observed. Patients
with more LDL-C lowering alleles in these four
single nucleotide polymorphisms had higher
median reductions in LDL-C level: 40 mg/dl for
three or fewer 3 alleles up to a 64-mg/dl reduc-
tion for eight alleles (p=6.2 9 10�20 for the
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trend). Because a reduction in cholesterol level
is associated with a reduction in vascular events,
genetic variations such as R46L may account for
differences in risk among patients treated with
statins.36

Most interestingly, as noted in the ARIC trial
and in several other studies, patients without
PCSK9 appear to be healthy and with normal
physiologic function, even with extremely low
LDL-C levels.26, 31, 37 Case reports discuss
patients with LDL-C levels of 14 and 15 mg/dl
as a result of LOF mutations who lack any phys-
ical, functional, or neurologic alterations.38, 39

Similarly, patients with PCSK9-associated hypo-
betalipoproteinemia, a heterogeneous group of
monogenic disorders characterized by very low
plasma LDL-C levels, lack functional and neuro-
logic disorders. These findings are in stark con-
trast to hypobetalipoproteinemia caused by
apolipoprotein B or microsomal transfer protein,
which can cause malnutrition, steatorrhea, liver
steatosis, and neurologic disorders.40, 41

As other physiologic roles of PCSK9 are dis-
covered outside the primary mechanism of
LDLR regulation, research involving the role of
PCSK9 in alternative disease states could also be
warranted. PCSK9 is being assessed in clinical
trials for its relevance as a potential biomarker
in acute coronary syndrome (ClinicalTrials.gov
identifier NCT01109706). In addition, the effect
of PCSK9 on VLDL receptors could affect the
treatment of mixed dyslipidemias associated
with metabolic syndrome and diabetes mellitus.
PCSK9 inhibition may reduce vascular exposure
to triglyceride-rich lipoproteins and prevent
hepatic steatosis.18, 21 Furthermore, recent
research attempting to elucidate the mechanism
linking hepatic insulin signaling to normal, sus-
tained LDLR levels found that insulin receptor
knockdown in mice leads to decreased hepatic
mammalian target of rapamycin complex 1 sig-
naling, decreased LDLR expression, and
increased PCSK9 expression.42 Ultimately, this
results in increased LDL-C levels. This may pro-
vide some insight into the mechanism causing
mammalian target of rapamycin inhibitor–
induced LDL-C elevations seen in transplant
patients.

Influence of Current Antihyperlipidemic Drugs
on PCSK9

The effects of current hypolipidemic agents on
PCSK9 levels have been studied extensively. Sev-
eral studies show that statin treatment promotes

a significant increase in plasma PCSK9 levels
from baseline to 47%, depending on the dose
and potency of the statin (Figure 2)43–48 For
example, after initiation of atorvastatin 10 mg/
day in a small cohort, circulating PCSK9 levels
increased by an average of 7.4%.44 In addition,
atorvastatin 40 mg/day and rosuvastatin 20 mg/
day resulted in increases in PCSK9 levels of 34%
and 28–35%, respectively.47, 49 Statin-induced
PCSK9 increases generally occur rapidly, and
high PCSK9 levels are maintained during statin
therapy. In a study of patients given atorvastatin
80 mg/day, a 47% increase in PCSK9 levels was
seen at 4 weeks and was sustained through the
remaining 12 weeks of treatment.48 The
increases in PCSK9 have been inversely corre-
lated with reductions in LDL-C.44

The proposed mechanism for PCSK9 eleva-
tion is an increase in SREBP-2, a transcription
factor, via statins. This leads to both an
increase in LDLRs and an increase in PCSK9.
Although an increase in LDLRs is desirable for
cholesterol lowering, the subsequent increase
in PCSK9 level can attenuate LDLR numbers
and thus the LDL-C lowering effects of the sta-
tin. Initial dosing of statin medications results
in a projected decrease of at least 27% in
LDL-C level. However, an increase in the sta-
tin dose has a lower than expected further
reduction in LDL-C: only 6–7%. This phenom-
enon has been termed the “rule of 7.”50 A cur-
rent hypothesis surrounding this phenomenon
is that statin-induced increases in PCSK9 atten-

Figure 2. Percent increase in proprotein convertase
subtilisin/kexin type 9 (PCSK9) level from baseline after
administration of daily doses of statins in clinical trials. Data
are shown in ascending order of statin potency for low-
density lipoprotein cholesterol lowering, starting with the
least potent statin (simvastatin 40 mg) to the most potent
statins (equipotent rosuvastatin 20 mg and atorvastatin
80 mg).43–48 Sim = simvastatin; Ator = atorvastatin; Rosu =
rosuvastatin.
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uate the ability of the drugs to reduce LDL-C
to their full potential.51, 52 Drugs that inhibit
PCSK9 may provide a synergistic LDL-C lower-
ing benefit when used in combination with a
statin.
Fibrates also have been shown to influence

PCSK9 plasma levels; however, trial results are
conflicting. Fibrates are peroxisome proliferator
activated receptor-a agonists that upregulate
genes, leading to an increase in high-density
lipoprotein cholesterol (HDL-C) production and
secretion while also reducing VLDL and triglyc-
eride secretion. This class of drugs is primarily
used to treat hypertriglyceridemia and to lower
HDL-C. The exact mechanism in relation to
changes in PCSK9 is unknown, and clinical
studies have shown both an increase and a
decrease in PCSK9 levels as result of fibrate
use44, 53–57 (Table 1).
Minimal data are available at this time regard-

ing the effects of ezetimibe monotherapy on
PCSK9 levels; however, one study did show that
plasma PCSK9 levels are further increased when
ezetimibe is combined with statin therapy
(Table 2).58 The use of ezetimibe as an antihy-
perlipidemic medication has fallen out of favor
due to a lack of evidence for cardiovascular risk
reduction.60–62 No data have been published
assessing any potential impact of bile acid resins,
niacin, or any other cholesterol-lowering medi-
cation on PCSK9 levels.

Medications in the Pipeline Involving PCSK9
Inhibition

The large reduction in LDL-C and risk of
CHD without any apparent associated adverse
effects observed in patients with PCSK9 LOF
mutations has made PCSK9 a desirable target for
pharmacologic lipid lowering. Likewise, a
PCSK9-inhibiting agent may be able to attenuate
the increase in PCSK9 levels resulting from the
use of current antihyperlipidemic therapies, in
particular, statins. The use of concomitant thera-
pies may create a larger, more consistent, and
predictable LDL-C lowering response. There are
currently four proposed mechanisms for PCSK9
inhibition (Figure 3). The majority of the infor-
mation and data to date are from animal studies.
Human data are still in preclinical, phase I, and
phase II trials (Table 3).
One of the most promising and sought-after

mechanisms is the use of oligonucleotides, either
antisense oligonucleotides or small interfering
RNA. Oligonucleotides induce PCSK9 messenger

RNA degradation and disrupt gene translation,
resulting in the silencing of the gene. Preclinical
human data on the investigational compound
ALN-PCS02 (Alnylam Pharmaceuticals, Inc.,
Cambridge, MA) shows silencing of PCSK9 mes-
senger RNA in the liver and reduced plasma
PCSK9 protein levels of up to 90% after an
intravenous infusion (NCT01437059). A reduc-
tion in LDL-C of greater than 50% was attained
rapidly and lasted for several weeks after a sin-
gle dose. Also, there were no serious adverse
events or liver enzyme level elevations. Preclini-
cal trials of SPC-5001 (Santaris Pharma A/S,
Horsholm, Denmark), an antisense oligonucleo-
tide, were promising, with decreases in LDL-C
level of 74%; however, phase I trials were termi-
nated for undisclosed reasons (NCT01350960).
Phase I trials of a similarly constructed com-
pound, BMS-844421 (Bristol-Myers Squibb, New
York, NY, and Isis Pharmaceuticals, Carlsbad,
CA), were also terminated for undisclosed rea-
sons (NCT01082562).
A second proposed target is to attack the

PCSK9 protein itself and inhibit the self-cleavage
of proPCSK9. Because self-cleavage is necessary
for binding of PCSK9 to the LDLR, LDLR atten-
uation will not occur. This is the same mecha-
nism seen with the LOF variant Q152H.63 The
amino acid substitution occurs in the cleavage
site and prevents autocatalytic cleavage of
PCSK9. This results in retention of the protein
within the endoplasmic reticulum and a 48%
reduction in LDL-C. Although plausible, chemi-
cals tested with these mechanisms have not
made it past phase I trials.
The most extensively investigated mechanism

to date is the use of a neutralizing monoclonal
antibody. These antibodies bind directly to
PCSK9 in a region close to that involved in the
interaction with the LDLR, thus preventing the
binding of PCSK9 to LDLR. Several experimental
antibodies structurally mimic the LDLR EGF-A
domain or bind directly to the EGF-A domain,
preventing PCSK9 binding.64, 65

AMG 145 (Amgen Inc., Thousand Oaks, CA)
is a subcutaneously injected human monoclonal
antibody that binds directly to human PCSK9 to
prevent binding to the LDLR. Results from phase
I trials showed a reduction in plasma LDL-C by
50–70% after a single dose.66 Duration of effect
is dose dependent, and the LDL-C nadir
occurred within 2 weeks of dosing in healthy
volunteers. The LDL-C level was lowered even
further when used in addition to statin therapy
in another phase I study.67 No discontinuations
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Table 1. Effect of Fibrates on PCSK9 in Clinical Trials

Intervention Treatment Duration (wks)
Change in Serum
PCSK9 Level (%) Comments

Fenofibrate 160 mg/day
and/or atorvastatin 10 mg/day
in patients with diabetes mellitus,
TG > 150 mg/dl, and
LDL-C > 100 mg/dl
(26 patients randomized;
17 completed study)53

12 wks (6 wks with
fenofibrate or atorvastatin
followed by 6 wks of
atorvastatin + fenofibrate)

Day 1: atorvastatin:
+24% (p<0.01);
fenofibrate:
no significant
change (p=NS)
Week 6: atorvastatin:
+14% (p� 0.01);
fenofibrate: +26%
(p� 0.01)
Atorvastatin + fenofibrate:
+42% from baseline
at 3 wks (p=NS)
+19% at 6 wks (p� 0.01)

Micronized fenofibrate
67 mg t.i.d. (n=9)
and gemfibrozil 600 mg
b.i.d. (n=10)
(12 men, 7 women)44

24 wks Fenofibrate + gemfibrozil:
+17.01% (p=0.031)
Atorvastatin:
+7.40% (p=0.033)

Inverse correlation
between percent
changes in the levels
of PCSK9 and LDL-C
(r = �0.558, p=0.013),
attributable to significant
association between these
two parameters in the
men (r = �0.622,
p=0.031) but not in the
women (r = �0.464,
p=0.302)

Fenofibrate 200 mg/day vs
placebo in patients
with low HDL-C
(< 45 mg/dl for men
or < 50 mg/dl for women),
TG 150–600 mg/dl,
and LDL-C < 160 mg/dl
(n=39)54

12 wks Fenofibrate: +25% from
baseline (p=0.01)
Placebo: no change
from baseline

Fenofibrate-induced
increases in serum
PCSK9 levels were
highly correlated with
fenofibrate-induced
changes in HDL-C, TG,
and LDL-C levels

Bezafibrate 400 mg/day or
fenofibrate 200 mg/day
in patients with impaired
glucose tolerance or
T2DM (open, randomized,
4-phase crossover study [n=14])55

20 wks (one fibrate
for 8 wks, then
discontinued for
4 wks, then
switched to other
fibrate for 8 wks)

Bezafibrate: +39.7%
(p<0.001)
fenofibrate: +66.8%
(p<0.001)

Both bezafibrate and
fenofibrate decreased
TG from baseline:
�38.3% with
bezafibrate (p<0.001)
and �32.9% with
fenofibrate (p<0.01)
and increased HDL-C
from baseline: +18.0%
with bezafibrate
(p<0.001) and +11.7%
with fenofibrate (p<0.001)

Fenofibrate 200 mg/day in
patients with diabetes
mellitus (FIELD study [n=115])56

6 wks Fenofibrate: �8.5%
(p=0.041 vs
pretreatment)

PCSK9 concentrations
correlated with TC
(r = 0.45, p=0.006)
and LDL-C (r = 0.54,
p=0.001) but not
with TG or HDL-C

Fenofibrate 145 mg/day vs
placebo in statin-treated
T2DM patients (double-blind,
crossover study
[13 men, 2 women])57

12 wks Fenofibrate: �13% vs
placebo (p<0.05)

Proprotein convertase subtilisin/kexin type 9 = PCSK9; NS = not statistically significant; TG = triglycerides; LDL-C = low density lipoprotein
cholesterol; HDL-C = high-density lipoprotein cholesterol; T2DM = type 2 diabetes mellitus; FIELD = Fenofribrate Intervention and Event
Lowering in Diabetes; TC = total cholesterol.
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as a result of adverse events were found, with
only one case of transaminase elevation greater
than 3 times the upper limit of normal (ULN).
Six phase II trials are currently evaluating AMG
145 for long-term reduction in LDL-C and safety
(Table 3). Likewise, LGT209 (Novartis Pharma-
ceuticals Corp., East Hanover, NJ,) and PF-
04950615 (formerly RN316; Pfizer Inc., New
York, NY) are both monoclonal antibodies in
phase II trials (NCT01350141, NCT01243151,
NCT01342211).
The investigational compound furthest along

in the clinical trial process is REGN727, also
known as SAR236552 (Regeneron Pharmaceuti-
cals, Tarrytown, NY, and Sanofi-Aventis, Cam-
bridge, MA), with several completed phase I and
phase II trials. Phase I trials included both sin-
gle-dose studies and a multidose study to assess
efficacy and optimal dosing.68 The single-dose
studies randomized 40 participants to intrave-
nous therapy in a 3:1 manner, with 8 subjects in
each group for doses of 0.3, 1, 3, 6, and 12 mg/kg
and 32 others to receive subcutaneous therapy,
again in a 3:1 manner, with 8 subjects in each
group for doses of 50, 100, 150, and 250 mg.
All participants were healthy volunteers between
18 and 65 years old with a body mass index of
18–30 kg/m2 and LDL-C greater than 100 mg/dl
who were not receiving any other lipid-lowering
agents. In the multidose study, patients were ran-
domized into three distinct arms: heterozygous
familial hypercholesterolemia, LDL-C greater than
100 mg/dl, and receiving atorvastatin (n=21;
6 placebo; 15 REGN727); nonfamilial hypercho-

lesterolemia, LDL-C greater than 100 mg/dl, and
receiving atorvastatin (n=30; 6 placebo; 24
REGN727); and nonfamilial hypercholesterol-
emia, LDL-C greater than 130 mg/dl, and receiv-
ing a modified diet only (n=10; 2 placebo; 8
REGN727). All participants were between 18 and
65 years old, had a body mass index of 18–
35 kg/m2, and had no known atherosclerotic
vascular disease or diabetes mellitus. Participants
within each arm were randomized to receive
REGN727 50, 100, or 150 mg subcutaneously on
weeks 0, 4, and 6. The primary end point for all

Table 2. Effect on Ezetimibe on PCSK9 in Clinical Trials

Intervention Treatment Duration Change in Serum PCSK9 Level (%)

Cross-sectional study
(n=454) in 254 healthy
controls (117 men,
137 women),
59 hypercholesterolemic
patients without drug
therapy, 98 patients
receiving statins
(55 atorvastatin,
27 rosuvastatin,
14 simvastatin, and
2 pravastatin), 39 patients
receiving statins + ezetimibe,
and 4 patients receiving
ezetimibe58, 59

> 3 mo Hyperlipidemic patients: +11% vs
controls (p<0.04)
Statin monotherapy: +45% vs
controls (p<0.001)
Statin + ezetimibe: +77% vs controls (p<0.001)
Statin + ezetimibe: +22% vs statin
monotherapy (p=0.001)
Ezetimibe: no significant difference
vs controls (p=NS)

Ezetimibe 10 mg/day vs simvastatin
40 mg/day vs
ezetimibe + simvastatin
(72 healthy men)43

14 days Ezetimibe: +0.09 � 12.4% (p=0.80)
Simvastatin: +3.3 � 11.6% (p=0.11)
Ezetimibe + simvastatin: +5.5 � 9.5% (p=0.0129)

PCSK9 = proprotein convertase subtilisin/kexin type 9; NS = not statistically significant.

Figure 3. Four potential drug therapy targets within the
low-density lipoprotein receptor (LDLR)–proprotein
convertase subtilisin/kexin type 9 (PCSK9) pathway have
been proposed: (1) reduction of the PCSK9 messenger
RNA (e.g., small interfering RNA or antisense
oligonucleotide–mediated gene silencing); (2) inhibition of
autocleavage in the endoplasmic reticulum from proPCSK9
to the active form; (3) prevention of PCSK9 excretion from
the cell or direct binding of PCSK9 in the circulation; and
(4) inhibition of the LDLR-PCSK9 binding at the plasma
membrane (e.g., monoclonal antibody to PCSK9). LDLc =
low-density lipoprotein cholesterol.
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phase I trials was the incidence and severity of
treatment adverse effects. Secondary end points
included relative and absolute change in LDL-C
and total cholesterol, as well as serum lipid and
lipoprotein levels.
REGN727 was found to be relatively safe in

both the single-dose and multidose studies, with
the most common adverse effects being head-
ache and mild injection-site reactions. No sub-
ject discontinued the study early due to serious
adverse events. No subject experienced liver tox-
icity as evidenced by no subjects with aspartate
aminotransferase or alanine aminotransferase
levels greater than 3 times ULN. Five out of the
39 subjects receiving REGN727 and also on
atorvastatin (13%) had an increase in their crea-
tine kinase (CK) levels of greater than 3 times
the ULN; however, no CK levels greater than 10
times the ULN were seen.
These phase I trials also shed light on impor-

tant efficacy measures. In the single-dose trials,

all doses in both the intravenous and subcutane-
ous groups resulted in a statistically significant
reduction in LDL-C levels from baseline versus
placebo (p<0.001). A dose–response relationship
was seen in the lowering of LDL-C, with a maxi-
mum mean reduction of 65.4% in the intrave-
nous group and 45.7% in the subcutaneous
group. Likewise, the LDL-C lowering duration
was also affected by dose, with the full effect of
the intravenous 12 mg/kg dose maintained for
64 days compared with 22 days in the 250-mg
subcutaneous group. Time to maximal benefit
was seen in approximately 2 weeks. This is gen-
erally faster than the approximate 4 weeks previ-
ously observed with statins. In addition, patients
with the four highest doses in the intravenous
group and the three highest doses in the subcu-
taneous group reached a mean LDL-C or less
than 70 mg/dl.
Similar results were found in the multidose

trial. At week 8, REGN727 significantly reduced

Table 3. Proprotein Convertase Subtilisin/Kexin Type 9–Inhibiting Agents in the Pipelinea

Investigational Agent Manufacturer Stage of Development

Ongoing Trials
(ClinicalTrials.
gov identifier)b

Antisense oligonucleotides
BMS-844421 Bristol-Myers Squibb and

Isis Pharmaceuticals
Phase I NCT01082562; terminated for

undisclosed reasons
SPC-5001 Santaris Pharma A/S Phase I NCT01350960; terminated for

undisclosed reasons
Small interfering RNA
ALN-PCS02 Alnylam Pharmaceuticals, Inc. Phase I NCT01437059; anticipated

completion September 2012
Monoclonal antibodies
AMG 145 Amgen Inc. Phase II and III NCT01375751 (phase II);

anticipated completion July 2012
NCT01375764 (phase II);
anticipated completion July 2012
NCT01375777 (phase II);
anticipated completion April 2012
NCT01380730 (phase II);
anticipated completion May 2012
NCT01439880 (phase II);
anticipated completion May 2016
NCT01516879 (phase II);
anticipated completion April 2014
NCT01624142 (phase III);
anticipated completion April 2016

LGT209 Novartis Pharmaceuticals
Corporation

Phase II Anticipated completion 2017

PF-04950615
(formerly RN316)

Pfizer Inc. Phase II NCT01350141; anticipated
completion February 2012
NCT01342211; anticipated
completion March 2012

REGN727
(also known as SAR236552)

Regeneron Pharmaceuticals
and Sanofi-Aventis

Phase III (recruiting) NCT01507831; anticipated
completion January 2015

aAll investigational agents that have been tested in clinical trials, to date, are included.
bDescriptions of each trial are available from the ClinicalTrials.gov Web site (http://clinicaltrials.gov).
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LDL-C levels in all arms, and a dose–response
relationship was seen. Interestingly, the effects
of REGN727 appeared to be additive to atorvast-
atin and not synergistic. Similar mean percent
reductions were seen in the patients receiving
both subcutaneous REGN727 150 mg and ator-
vastatin compared with those not receiving ator-
vastatin (�55.7% in the patients with familial
hypercholesterolemia taking atorvasatin versus
–64.7% in the patients with nonfamilial hyper-
cholesterolemia taking atorvastatin versus –57.0%
in the patients with nonfamilial hypercholesterol-
emia not taking atorvastatin). Finally, the duration
of maximal effect was longer in patients not taking
atorvastatin. This could support the theory that
statins stimulate production of PCSK9, leading to
an increased clearance of REGN727.
In a double-blind, placebo-controlled random-

ized phase II trial, 183 patients with LDL-C lev-
els greater than 100 mg/dl who were receiving
stable doses of atorvastatin (10–40 mg for �
6 wks) were randomized to subcutaneous pla-
cebo every 2 weeks; REGN727 50, 100, or
150 mg every 2 weeks; or REGN727 200 or
300 mg every 4 weeks alternating with placebo
every 2 weeks for a treatment duration of
12 weeks.69 The primary efficacy end point was
change in LDL-C levels, with secondary end
points consisting of safety outcomes and changes
in other laboratory markers. Similar to the phase
I trials, LDL-C level was reduced by 39.6–72.4%
in all treatment arms versus 5.1% with placebo
at week 12 (p<0.001 for all doses), and a dose–
response relationship existed. From 89%–100%
of the REGN727 recipients versus 16% of placebo
recipients achieved a target LDL-C of less
than 100 mg/dl, whereas an LDL-C of less
than 70 mg/dl was achieved by 46–100% of the
REGN727 recipients versus 3% of placebo recip-
ients. Interestingly, the group receiving the dos-
age of subcutaneous REGN727 150 mg every 2
weeks achieved the lowest LDL-C level and was
the only group to have 100% of recipients
achieve an LDL-C level of less than 70 mg/dl.
Overall, the every-2-weeks dosing schedule
appeared more advantageous than the every-4-
weeks regimens despite using higher doses in
the every-4-weeks groups. Six patients prema-
turely discontinued REGN727 as a result of
adverse events: one in the 100-mg every-2-weeks
group (neutropenia), one in the 150-mg every-2-
weeks group (fatigue), three in the 200-mg
every-4-weeks group (injection-site rash, chest
pain, and combined headache and nausea), and
one in the 300-mg every-4-weeks group (leuko-

cytoclastic vasculitis). The leukocytoclastic vas-
culitis resolved after discontinuation of the
medication and steroid therapy. No adverse
effect–related discontinuations occurred in the
placebo group; however, one patient did have
CK levels greater than 10 times the ULN,
whereas no patients experienced this adverse
effect in the REGN727 groups. No elevations
in aspartate aminotransferase or alanine amino-
transferase levels were seen in this study.
The results of these trials are limited by the

small number of participants, use of relatively
healthy volunteers without major comorbidities,
and short trial duration. The results of the
actively recruiting phase III trial are highly
anticipated, as this will help to answer some of
the questions regarding long-term safety and
efficacy with this investigational compound.
The use of the current PCSK9-inhibiting

modalities may be limited by their intravenous
and subcutaneous use. Oral administration is
often the preferred route by patients because it
is noninvasive and easy to self-administer. Multi-
ple administrations of the medication will be
necessary because the therapy is intended for
long-term use. Safety and tolerability are other
important concepts in the approval and use of a
drug. Adverse effects in animal models have
been minimal with the exception of one study in
which mice with hepatocytes lacking PCSK9 had
impaired liver regeneration after a partial hepa-
tectomy.70 Caution must be used, however, in
extrapolating results from animal models to
humans. As previously noted, several humans
with PCSK9 LOF mutations lacked neurologic
or functional alterations. Likewise, adverse
effects noted thus far in early phase I and II tri-
als have been minimal. Long-term, large-scale
trials will be needed to establish the long-term
safety profile of PCSK9 inhibitors.

Conclusion

Optimal reduction in LDL-C continues to be a
problem for certain cohorts of patients with
hypercholesterolemia in whom statin therapy is
not tolerated or LDL-C goals are not met despite
maximal drug doses. PCSK9 inhibition repre-
sents a potential new approach for LDL-C lower-
ing, as monotherapy or in addition to statins,
with minimal adverse effects experienced to
date. More research is needed as much is still
unknown concerning PCSK9’s mechanism of
action, regulation, and factors affecting its func-
tion. Likewise, clinical trials evaluating the use
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of PCSK9 inhibition are still in their early stages,
and more data are needed before the place in
therapy of this new class of drugs is realized.

Addendum

Four phase II trials of AMG 145 have been pub-
lished following their presentation at the Ameri-
can Heart Association 2012 Conference. The
trials involve patients with familial hypercholes-
terolemia (RUTHERFORD, NCT01375751), sta-
tin-intolerant patients (GAUSS, NCT01375764),
patients with elevated low-density lipoprotein
cholesterol (LDL-C) but in whom treatment was
not mandated by National Cholesterol Education
Program Adult Treatment Panel III (NCEP ATP-
III) criteria (MENDEL, NCT01375777) and
hypercholesterolemic subjects not optimally man-
aged on statin therapy with or without ezetimibe
(LAPLACE-TIMI 57, NCT01380730).71–74

In GAUSS, statin intolerance was defined as
“the inability to tolerate at least one statin at
any dose OR an inability to increase statin dose
above weekly maximums of rosuvastatin 35 mg
(5 mg/day); atorvastatin 70 mg (10 mg/day);
simvastatin 140 mg (20 mg/day); pravastatin
140 mg (20 mg/day); lovastatin 140 mg (20 mg/
day); or fluvastatin 280 mg (40 mg/day),
because of intolerable myalgia (muscle pain,
soreness, weakness, or cramps) or myopathy
(myalgia plus elevated creatinine kinase) and
having symptom improvement or resolution
with statin discontinuation.”71

Exclusion criteria for all trials included: heart
failure defined as New York Heart Association
Class III or IV or left ventricular ejection frac-
tion (LVEF) less than 30%; major cardiovascu-
lar, cerebrovascular, pulmonary, or venous event
within 3 months of randomization; currently on
anticoagulants, corticosteroids or cyclosporine
within 3 months of randomization; uncontrolled
cardiac arrhythmia or thyroid disease; stage 2
hypertension or worse; renal dysfunction defined
as estimated glomerular filtration rate less than
30 ml/min, liver disease defined as AST or
ALT > 2 9 upper limit of normal (ULN) or cre-
atinine kinase > 3 9 ULN; use of apheresis or
lipid lowering medications not otherwise tested
in the trials; triglycerides greater than 400 mg/
dl; type I diabetes mellitus (T1DM) and newly
diagnosed type II diabetes mellitus (T2DM) or
with a hemoglobin A1c > 8.5%. In addition,
patients in the MENDEL trial were excluded if
their 10-year Framingham risk score for coro-
nary heart disease was greater than 10%.

Results for all four trials can be found in
Table 1. For all AMG 145 doses, maximum
LDL-C reduction was seen at 2 weeks and main-
tained throughout the rest of the trial regardless
of dosing every 2 or 4 weeks. Importantly, maxi-
mal LDL-C reduction with statin use is 62%
using rosuvastatin 40 mg daily. LDL-C reduc-
tions of up to 66.1% were seen in high-risk
patients already on statin therapy but not at goal
(LAPLACE TIMI-57) and up to 63% in patients
unable to tolerate statin therapy (GAUSS). Like-
wise, a clinically significant goal for reduced car-
diovascular events in patients at high risk for
cardiovascular disease in practice is a goal LDL-C
of less than 70 mg/dl. Up to 93% of patients not
at goal at baseline but already on a statin were
able to meet this goal with the use of AMG 145
at 12 weeks compared to only 1.3% of patients
on placebo, essentially statin therapy alone.72

Similarly, up to 65% of familial hypercholester-
olemia (FH) patients, a population historically
known to be difficult to manage with statin
therapy alone or in combination with other
lipid-lowering medications, achieve a LDL-C of
less than 70 mg/dl using AMG 145 compared to
zero patients on placebo.74 AMG 145 may prove
to be an option for patients unable to tolerate
statins by providing adequate LDL-C reduction
to achieve LDL-C goals without having the
myalgias and myopathies often limiting the use
of statin therapy.
Most commonly noted adverse effects seen in

all four trials were nasopharyngitis, headache,
injection-site reactions, cough, and nausea. No
patients stopped treatment due to treatment-
related serious adverse events in any of the tri-
als. No relationship was found between the
number or severity of ADRs and dosing or dose
frequency.
A few limitations of these trials are their rela-

tively short duration and small sample sizes for
each group. Also, these trials lack any hard out-
comes related to prevention of cardiovascular
events. These outcomes hope to be better delin-
eated and evaluated in the upcoming phase III
trials. The exclusion criteria were generally
broad for all the trials as well. Several patient
populations were excluded that may commonly
be seen in practice in high risk cardiovascular
patients. The results of these trials and the use
of AMG 145 may not be applicable or extrapo-
lated to these populations. In GAUSS and MEN-
DEL, the use of ezetimibe was unblinded and
may contribute to an imbalance in ADR report-
ing. Finally in GAUSS, the definition for “statin

456 PHARMACOTHERAPY Volume 33, Number 4, 2013



intolerance” is subjective; however, a standard
definition is lacking and no current guidance
exists for appropriate treatment of these
patients.
REGN727/SAR236553 (REGN727) also had

another phase II trial published at the end of
2012. This multicenter, double-blind, placebo-
controlled trial included 92 patients with a
LDL-C � 100 mg/dl after treatment with 10 mg
of atorvastatin daily for at least 7 weeks.75 These
patients were randomized to 8 weeks of treat-
ment with one of three regimens: high-dose
atorvastatin (80 mg daily) plus REGN727
150 mg subcutaneously (SQ) once every
2 weeks (n=30), low-dose atorvastatin (10 mg
daily) plus REGN727 150 mg SQ once every
2 weeks (n=31), or high-dose atorvastatin plus
placebo SQ once every 2 weeks (n=31). Patients
were then followed for an additional 8 weeks
after treatment completion. Patients were
excluded if they had T1DM, T2DM treated with
insulin or poorly controlled (HgA1c � 8.5%),
baseline AST/ALT > 2 9 ULN, triglycerides
> 350 mg/dl, any cardiovascular or cerebrovas-
cular event or procedure within 6 months before
the screening visit, uncontrolled thyroid disease
within 12 weeks prior to randomization, or were
on other antihyperlipidemic medications. Note
these criteria are similar to exclusion criteria
used in the AMG 145 phase I and II trials to
date.
Baseline characteristics of all patients included

mean age of 56.9 years (25% were greater than
65 yrs old), 40% male, 87% white, average body
mass index 29.5, 15% with controlled T2DM,
51% with hypertension, 5% with cerebrovascular
disease, 4% with CAD or PVD, mean LDL-C of
122.6 mg/dl, and mean total cholesterol of
203.4 mg/dl.
Eighty patients (87%) completed the 8 week

treatment period. Of the 92 patients randomized,
four did not have LDL-C levels available after
the baseline values and therefore were not
included in the modified intention to treat anal-
ysis. Percent reduction from baseline LDL-C at
8weeks (least-squares mean [�S]) was
73.2 � 3.5% in the atorvastation 80 mg plus
REGN727 group compared to 17.3 � 3.5% in
the placebo group (p<0.001) and 66.2 � 3.5%
in the atorvastatin 10 mg plus REGN727 group
(p=0.16). Similar to AMG 145, low LDL-C was
achieved by week 2 following the first dose of
REGN727 and was maintained throughout the
remainder of treatment. Interestingly, no differ-
ence was seen when comparing the two doses of

statins in addition to REGN727; therefore, goal
LDL-C may be achievable in patients while uti-
lizing lower statin doses. This could decrease
the side effects and intolerances seen with statin
therapy. The additional 25% reduction seen at
2 weeks after patients changed to atorvastatin
80 mg plus placebo from atorvastatin 10 mg
during the run-in phase would be predicted by
the rule of 7 (approximate 7% additional
decrease in LDL-C for each doubling of statin
dose). All patients who received REGN727
(100%) attained a LDL-C less than 100 mg/dl
versus only 52% of patients on placebo. Simi-
larly, 90% of all patients who received REGN727
achieved a LDL-C less than 70 mg/dl compared
to only 17% of those on placebo. Other changes
in lipid parameters seen were a modest increase
in HDL in the REGN727 plus atorvastatin
80 mg compared with statin therapy alone
(p=0.005) and a decrease in both triglyceride
and LPa levels (p<0.001 for both).
Similar adverse drug reaction percentages

were experienced across the groups: 61% of
patients in the placebo arm, 45% in the
REGN727 plus atorvastatin 10 mg group, and
60% in the REGN727 plus atorvastatin 80 mg
group (p=non-significant). Permanent discontin-
uation of treatment due to adverse events
occurred in four patients in the placebo arm,
one patient in the REGN727 plus atorvastatin
80 mg arm. One patient with an AST value
> 3 9 ULN and one patient with a bilirubin
> 3 9 ULN were in the REGN727 plus atorvast-
atin 80 mg group. However, the placebo group
had a patient with a CK level > 3 9 ULN. Five
patients prematurely discontinued study treat-
ment owing to an adverse event that occurred
during treatment, four in placebo group and one
in the REGN727 plus atorvastatin 80 mg group.
More gastrointestinal side effects and musculo-
skeletal disorders were seen in the placebo
group compared to the REGN727 groups; how-
ever, more dizziness and headaches were found
in the REGN727 plus atorvastatin 80 mg group
than the placebo group. In general, REGN727
was well tolerated during the 8 weeks of therapy
and is comparable to prior trials.
Overall, adding REGN727 to either 10 or

80 mg of atorvastatin resulted in a significantly
greater reduction in LDL-C compared to ator-
vastatin alone in patients with primary hyper-
cholesterolemia. A few limitations of the study
were its small sample size and short duration.
Also, the patient population included was low-
risk for cardiovascular disease; therefore, results
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of the study many not be applicable to all hyper-
cholesterolemia patients.
Finally, more data has come available in terms

of the effect of ezetimibe on PCSK9 levels (Table
2). In GAUSS, the absolute value of free PCSK9
at baseline in the ezetimibe group was 389.9
ng/ml with a mean value at 12 weeks of 376.2
ng/ml (95% confidence interval, CI 343.6 -
408.9 ng/dl).71 This is an absolute reduction
from baseline by 15.6 ng/ml (CI �46.4 - 15.2)
and 1.5% (CI �10.1 - 7.2%) reduction from
baseline. These results suggest a negligible effect
of ezetimibe on PCSK9 levels and this is compa-
rable to prior data in humans.
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