OPEN @ ACCESS Freely available online @ PLOS ‘ ONE

Evidence from a Randomized Trial That Simvastatin, but
Not Ezetimibe, Upregulates Circulating PCSK9 Levels

Heiner K. Berthold"?*?, Nabil G. Seidah®”, Suzanne Benjannet?, loanna Gouni-Berthold*

1 Charité University Medicine Berlin, Evangelical Geriatrics Center Berlin (EGZB), Berlin, Germany, 2 Charité University Medicine Berlin, Virchow Clinic Campus, Lipid Clinic
at the Interdisciplinary Metabolism Center, Berlin, Germany, 3 Laboratory of Biochemical Neuroendocrinology, Clinical Research Institute of Montreal, Montreal, Quebec,
Canada, 4 University of Cologne, Center for Endocrinology, Diabetes and Preventive Medicine, Cologne, Germany

Abstract

Background: Proprotein convertase subtilisin/kexin type 9 (PCSK9) is a secreted inhibitor of the low-density lipoprotein
(LDL) receptor and an important regulator of LDL metabolism. Elevated PCSK9 levels have been associated with
cardiovascular risk. The purpose of this study was to investigate how ezetimibe and simvastatin, alone and in combination,
affect PCSK9 circulating concentrations.

Methods: A single center, randomized, open-label parallel 3-group study in healthy men (mean age 32*9 years, body mass
index 25.7+3.2 kg/m?) was performed. Each group of 24 subjects was treated for 14 days with either simvastatin 40 mg/d,
ezetimibe 10 mg/d, or with both drugs. Multivariate analysis was used to investigate parameters influencing the change in
PCSK9 concentrations under treatment.

Results: The baseline plasma PCSK9 concentrations in the total cohort were 5220 ng/mL with no statistically significant
differences between the groups. They were increased by 6885% by simvastatin (P=0.0014), by 10£38% by ezetimibe
(P=0.51) and by 67£91% by simvastatin plus ezetimibe (P=0.0013). The increase in PCSK9 was inversely correlated with
baseline PCSK9 concentrations (Spearman’s R=-0.47, P<<0.0001) and with the percent change in LDL cholesterol
concentrations (Spearman’s R=-0.30, P<<0.01). In multivariate analyses, only baseline PCSK9 concentrations (f=-1.68, t=—
4.04, P<0.0001), percent change in LDL cholesterol from baseline (f=1.94, t=2.52, P=0.014), and treatment with
simvastatin (P=0.016), but not ezetimibe (P=0.42), significantly influenced changes in PCSK9 levels. Parameters without
effect on PCSK9 concentration changes were age, body mass index, body composition, thyroid function, kidney function,
glucose metabolism parameters, adipokines, markers of cholesterol synthesis and absorption, and molecular markers of
cholesterol metabolism.

Conclusions: Ezetimibe does not increase circulating PCSK9 concentrations while simvastatin does. When added to
simvastatin, ezetimibe does not cause an incremental increase in PCSK9 concentrations. Changes in PCSK9 concentrations
are tightly regulated and mainly influenced by baseline PCSK9 levels and changes in LDL cholesterol.
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Introduction hepatic LDL receptor (LDLR) and targets it for degradation [2].
Gain-of-function mutations of PCSK9 are associated with familial
hypercholesterolemia and premature cardiovascular disease [3],

ezetimibe, a cholesterol absorption inhibitor, lower low-density while PCSK9 deficiency leads to low LDL cholesterol concentra-
lipoprotein (LDL) cholesterol by 40-60% and 20%, respectively.

These drugs are often administered together in order to achieve a
further decrease in LDL cholesterol levels, when clinically

Both, statins, which are cholesterol synthesis inhibitors, and

tions and protection against cardiovascular disease [4]. PCSK9
concentrations have been associated with response to statins [5]
and with major cardiovascular events [6]. Statins have been shown

necessary [1] o ) ) to upregulate both LDLR and PCSK9 [7]. In turn, increases in
Proprotein .convertase subt-ﬂlsm'/ kexm' type 9. (PC$K9) IS a PCSKY concentrations may limit the beneficial effects of statins
secreted protein produced mainly in the liver, which binds to the [8,9], although this observation is not supported by all studies [10].
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Figure 1. CONSORT flow diagram: Flow of participants through the trial.

doi:10.1371/journal.pone.0060095.g001

These data indicate that the function of circulating PCSK9 is
physiologically and clinically significant. Therefore, it would be of
interest to investigate how lipid-modifying pharmacological agents
affect PCSK9 concentrations. While statins have been shown to
increase PCSKO [10], there are very few data regarding the effects
of ezetimibe (alone or combined with a statin) on PCSK9
concentrations [11]. Moreover, it is unknown what other
parameters influence changes in PCSK9 concentrations under
lipid-lowering therapy. The present randomized study examined
the effect of ezetimibe, alone or in combination with simvastatin,
on circulating PCSK9 levels.

Methods

Study Design and Subjects

The study design has been published before [12,13]. The
protocol for this trial and supporting CONSORT checklist are
available as supporting information; see Checklist S1 and Protocol
S1. In brief, 72 healthy male subjects were randomized to 3
treatment groups to receive in an open-label design for 14 days at
an allocation ratio of 1:1:1 either ezetimibe 10 mg/d, simvastatin
40 mg/d, or both drugs. Randomization was performed according
to a predetermined random list (balanced 6-block design) by use of
sealed envelopes. Inclusion criteria were age between 18 and 60
years, body mass index (BMI) between 18.5 and 30 kg/m?, fasting
LDL cholesterol concentrations <190 mg/dL, fasting triglycerides
<250 mg/dL and normal blood pressure (<140/90 mmHg).
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Excluded from the study were subjects who had received lipid-
lowering drugs within 12 weeks prior to study entry, those with a
history of excessive alcohol intake, liver disease, renal dysfunction
(glomerular filtration rate <60 mL/min), rheumatologic disease,
coronary heart disease, diabetes or other endocrine disorders,
eating disorders, history of recent substantial (>10%) weight
change, history of obesity (BMI>35 kg/m? or taking medications
known to affect lipoprotein metabolism, glucose metabolism, or
the immune system. All patients were advised to keep their usual
dietary habits throughout the trial. Blood was drawn in the
morning after a 12-h fast at days 1 (before the initiation of
treatment) and 15 (at the end of the 2-week treatment period). The
original trial has been registered at ClinicalTrials.gov
NCT00317993. The study was performed at the outpatient clinic
of the University of Cologne in 2005 and the protocol was
approved by the Ethics Committee of the University of Cologne,
and all subjects gave written informed consent. The sponsors had
no influence on study design, analyses or interpretation of the data.

Analytical Measurements

Human PCSK9 concentrations were measured as previously
described [14]. The polyclonal antibody used was prepared in
rabbit and directed against affinity purified proPCSK9 (aa 31—
454) produced in bacteria [15]. The antibody recognizes both the
prosegment (aa 31-152) and the catalytic subunit (aa 153-454) of
PCSK9 and not its C-terminal CHRD (aa 455-672). In short,
LumiNunc Maxisorp white assay plates (Nunc, Denmark) were
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coated with 0.5 ug per well of our human PCSK9 antibody by
incubation at 37°C for 3 h in PBS (10 mM NaPOy,, 0.15 M NaCl,
pH 7.4) containing sodium azide (1 g/L), then stored at 4°C. The
plates were washed six times before use with PBS-containing
Tween 20 (0.5 mL/L) and then incubated for 1 h at room
temperature with blocking buffer (PBS, casein 0.1%, merthiolate
0.01%). Calibrators were prepared using serial dilutions of
recombinant PCSK9 in dilution buffer (PBS, urea 1.8 M, 0.25%
BSA, 0.5 ml/L Tween 20, and 0.01% merthiolate). Plasma
samples were diluted 1:20 in dilution buffer without BSA.

PLOS ONE | www.plosone.org

Table 1. Baseline data in the three treatment groups.

Ezetimibe 10 mg/day

plus simvastatin
Parameter Ezetimibe 10 mg/day Simvastatin 40 mg/day 40 mg/day P value*
Anthropometric and clinical parameters
Age (years) 28.6*+6.6 31.9+8.38 34.1+11.2 0.11
Body mass index (kg/m?) 25.0+3.3 264+3.2 25.8+3.1 0.35
Body fat (%) 20.6+5.4 22.5%57 21.1£6.2 0.48
Estimated glomerular filtration rate (mL/min) 132+19 14326 129+26 0.11
Thyroid stimulating hormone (mU/L) 1.59+0.79 1.54+0.66 1.83+0.99 0.42
High-sensitivity CRP (mg/L) 0.63+0.74 1.10%1.20 0.53+0.69 0.072
Plasma PCSK9 (ng/mL) 51.0+19.9 47.2+18.2 56.9+21.0 0.24
Lipoproteins
Total cholesterol (mg/dL) 180+28 194+34 194+41 0.30
LDL cholesterol (mg/dL) 105+23 113+30 116*+35 0.40
HDL cholesterol (mg/dL) 64+13 65+18 61+14 0.66
Triglycerides (mg/dL) 78+32 10145 10648 0.051
Glucose metabolism and adipokines
Fasting glucose (mg/dL) 87*6 86+7 89+9 0.34
Fasting insulin (mU/L) 113136 8.7x25 9.7%5.1 0.56
HOMA index" 25+28 1.9%+0.7 21%1.1 0.57
Leptin (ug/mL) 26+2.9 34+3.0 28*25 0.63
High-molecular weight adiponectin (ug/mL) 28*23 2.8+2.1 25*1.6 0.86
Non-cholesterol sterols
Lathosterol** 127+37 156+45 13033 0.022
Desmosterol** 67*13 74*15 78+31 0.19
Cholestenol** 11*4 15£5 12+4 0.008
Cholestanol** 150+32 140+26 145+26 0.49
Sitosterol** 125+42 131%53 123%34 0.79
Campesterol** 206+77 211199 208*73 0.98
Campesterol/lathosterol (mg/mg) 1.81+0.99 1.53+1.06 1.91+1.82 0.59
Molecular markers of cholesterol metabolism
LDL receptor protein (PBMC)jr 17.9+8.6 16.5+7.6 184+11.8 0.81
HMG-CoA reductase mRNA' 3.35+1.07 3.21%1.53 3.28*1.44 0.94
LDL receptor mRNA" 0.59+0.44 0.45+0.25 0.52+0.23 0.33
NPC1L1 mRNA' 25*19 45+58 28+20 0.17
PCSK9 mRNAY 1.71+0.15 1.680.09 1.69+0.10 0.59
Values are means * SDs.
*ANOVA P value.
**The data indicate the ratio of the respective non-cholesterol sterol to cholesterol (ug/mg) x100.
jHomeostasis model assessment.
*LDL receptor protein is given as flow cytometry-specific fluorescence, calculated by subtracting the nonspecific fluorescence intensity from the total fluorescence
:nGt:::tg;(pression is given as number of the respective mRNA copies divided by the number of copies of the TATA housekeeping gene mRNA.
doi:10.1371/journal.pone.0060095.t001

Calibrators and plasma samples were incubated for 30 min in a
water bath at 46°C prior to plate addition (100 pL) in duplicate.
We found that pre-incubation at 46°C enhances the antigen
recognition by the antibody. The plates were incubated overnight
at 37°C with shaking. After washing, 100 uL of human PCSK9-
Ab-HRP diluted 1:750 was added and incubation continued for
3 h at 37°C with shaking. Finally, after washing, 100 uL of
substrate (SuperSignal™ ELISA Femto Substrate, Pierce) was
applied to each well. Chemiluminescence was quantitated on a
Pherastar luminometer (BMG Labtech). A standard curve was
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established using a conditioned medium containing recombinant
human PCSK9 as described previously [14], where the linear
portion of the assay occurs between 2.5-20.0 ng/mL of human
PCSKO9.

Analytical details for the determination of non-cholesterol
sterols (as markers of cholesterol synthesis and absorption) and
quantitative real-time PCR of mRNAs of HMG-CoA reductase,
LDL receptor, Niemann-Pick Cl-like protein 1 (NPC1L1), and
PCSKY9 from plasma mononuclear cells as well as flow-cytometry
for cell surface LDLR protein expression have been described in
detail previously [1]. All other biochemical analyses were made in
the core laboratory of the Cologne University Medical Center
using standard laboratory procedures [16].

PLOS ONE | www.plosone.org

Table 2. Baseline mean values and correlation analyses between baseline values and baseline PCSK9 concentrations.
Parameter Mean = SD Spearman’s rho P value
Anthropometric and clinical parameters

Age (years) 31.5%£9.2 0.19 0.12
Body mass index (kg/m?) 25.7+3.2 0.06 0.61
Body fat (%) 21.3%5.6 0.03 0.80
Estimated glomerular filtration rate (mL/min) 135+25 0.06 0.49
Thyroid stimulating hormone (mU/L) 1.65+0.82 -0.11 0.34
High-sensitivity CRP (mg/L) 0.75+0.93 -0.01 0.92
Lipoproteins

Total cholesterol (mg/dL) 189+35 0.13 0.28
LDL cholesterol (mg/dL) 111+30 0.10 0.39
HDL cholesterol (mg/dL) 64*15 0.30 0.01*
Triglycerides (mg/dL) 95+43 -0.16 0.18
Glucose metabolism and adipokines

Fasting glucose (mg/dL) 88+8 0.05 0.70
Fasting insulin (mU/L) 99+84 0.04 0.71
HOMA index" 22+1.8 0.07 0.57
Leptin (ug/mL) 3.0+2.8 0.08 0.52
High-molecular weight adiponectin (ug/mL) 27*20 0.18 0.13
Non-cholesterol sterols

Lathosterol** 138+40 -0.24 0.04*
Desmosterol** 7114 -0.20 0.09*
Cholestenol** 12.8+4.5 -0.25 0.03*
Cholestanol** 145+28 0.13 0.26
Sitosterol** 126+43 0.10 0.39
Campesterol** 208+83 0.13 0.29
Campesterol/lathosterol (mg/mg) 1.75+1.33 0.21 0.08*
Molecular markers of cholesterol metabolism

LDL receptor protein (PBMC)* 17.6+9.3 -0.26 0.04*
HMG-CoA reductase mRNA" 33*13 0.17 0.17
LDL receptor mRNA® 0.52+0.32 -0.03 0.78
NPC1L1 mRNA" 33+£31 -0.21 0.09*
PCSK9 mRNA 1.7%0.1 0.06 0.60
Values are means *+ SDs, Spearman’s correlation coefficients rho between baseline plasma PCSK9 concentrations and clinical or biochemical parameters, and the
associated P values. *indicates P values <0.10.

**The data indicate the ratio of the respective non-cholesterol sterol to cholesterol (ug/mg) x100.

jHomeostasis model assessment.

*LDL receptor protein is given as flow cytometry-specific fluorescence, calculated by subtracting the nonspecific fluorescence intensity from the total fluorescence
:rgzzzltg;(pression is given as number of the respective mRNA copies divided by the number of copies of the TATA housekeeping gene mRNA.
doi:10.1371/journal.pone.0060095.t002

Statistical Analyses

Statistical analyses were performed using Stata 12 (StataCorp
LP, College Station, TX). Descriptive data are given as means *
SD or proportions (in percent), unless otherwise indicated. The
primary outcome parameter of the parent trial was change in LDL
cholesterol. The primary outcome parameter of the current post-
hoc analysis is change in PCSK9 concentrations. Thus, no sample
size calculation was performed for this latter outcome. Associations
between baseline PCSK9 concentrations and baseline clinical and
biochemical parameters were examined using correlation analyses
(Spearman’s rank test). Bivariate regression models were per-
formed to investigate which parameters (baseline and on-
treatment values) influence the change of PCSK9 concentrations

March 2013 | Volume 8 | Issue 3 | e60095



o 1009 =3 Ezetimibe
< 80 - .
© = Simvastatin
8 60 ,

3 XX Simva+Eze
g 407

o

&= 204

o

2 0

S

S 20

E -40

S -60-

0 _god LDL cholesterol PCSK9

Figure 2. Change in LDL cholesterol and PCSK9 from baseline
according to treatment groups. Data are means * SEM. The
decrease in LDL cholesterol was significant in all groups (all P<0.0001),
the increase in PCSK9 was significant in the simvastatin and in the
combination groups (P<<0.005), but not in the ezetimibe group.
doi:10.1371/journal.pone.0060095.9g002

from baseline. In a final model, multivariate regression analyses
were performed. In these analyses, also the baseline values and the
effects of the 2 treatments, ezetimibe and simvastatin, were
modeled. Statistical significance was assumed at P<<0.05 using 2-
sided tests.

Results

Figure 1 shows the flow of participants through the trial. Within
the total cohort, PCSK9 baseline concentrations were
51.7£19.9 ng/mL with no statistically significant difference
between the 3 groups. Table 1 summarizes the baseline clinical
and biochemical data in the three groups. There were no
important differences between the groups. Table 2 shows the
results of the correlation analyses between baseline parameters and
PCSK9 concentrations. Mean baseline LDL cholesterol concen-
trations were 111%£30 mg/dL with no significant difference
between the 3 groups. As expected, LDL cholesterol decreased
by 22, 41 and 60% in the ezetimibe, simvastatin and ezetimibe
plus simvastatin groups, respectively (Figure 2). The changes in
PCSK9 concentrations were +9.9+38% (n.s.), +67.8+85.2%
(P=0.0012) and +67.3%£90.7% (P=0.0013) in the 3 groups,
respectively (Figure 2).

Baseline PCSK9 levels were not influenced by age, body mass
index, percent body fat, estimated glomerular filtration rate,
thyroid-stimulating hormone, or high-sensitivity CRP (Table 2).
There was a significant positive correlation with HDL cholesterol
and weak but non-significant positive correlations with total and
LDL cholesterol, with parameters of glucose metabolism (fasting
glucose and insulin, HOMA index) and with adipokines (leptin,
high-molecular weight adiponectin). The correlations with mark-
ers of endogenous cholesterol synthesis (lathosterol, desmosterol
and cholestenol) were negative and significant, while correlations
with markers of cholesterol absorption (cholestanol, sitosterol and
campesterol) were slightly positive but non-significant. There was a
significant positive correlation with the overall ratio of campesterol
to lathosterol. A high c¢/I ratio was shown previously to indicate a
high rate of intestinal absorption of cholesterol, whereas a low
ratio indicates a low absorption [17]. There was a significant
negative correlation with LDLR protein expression.

The increase in PCSKY was strongly inversely correlated with
baseline PCSK9 (Spearman’s 70 =—0.47, P<<0.0001) and with the
percent change in LDL cholesterol (Spearman’s 7o =-0.30,
P<0.01), (Figure 3). The effects of individual parameters shown
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Figure 3. Change in PCSK9 from baseline according to baseline
PCSK9 and baseline LDL cholesterol. (A) Correlation between
baseline PCSK9 concentrations (log-transformed) and percent change in
PCSK9 from baseline in the total cohort (N=72). (B) Correlation
between percent change in LDL cholesterol and percent change in
PCSK9 from baseline in the total cohort (N=72). The R values shown are
the ones from linear regression analyses. The corresponding R values
from Spearman’s rank correlation analyses are -0.47 (P<<0.0001) or —
0.30 (P<<0.001), respectively.

doi:10.1371/journal.pone.0060095.g003

in Table 2 on the percent change in PCSK9 levels were further
investigated in multiple regression analyses. All analyses were
performed using baseline and change of the respective parameter
during treatment. Adjustments were made for baseline PCSK9
concentrations and drug treatment. In the final model, only
baseline PCSK9 concentrations (ff =—1.68, ¢t=-4.04, P<0.0001)
and the percent change in LDL cholesterol from baseline
(f=1.94, t=2.52, P=0.014) had a significant influence on change
in PCSKY concentrations. Moreover, simvastatin (P=0.016), but
not ezetimibe (P=0.42), had a statistically significant effect. The
parameters of the final model explained a substantial and
significant proportion of the variance in change of PCSK9
concentrations (R?=0.31, F4,67)=7.62, P<0.00001).

As shown in Figure 4, the strongest increase in plasma PCSK9
was observed in subjects with low baseline PCSK9 (<40 ng/mL)
and a pronounced LDL cholesterol-lowering effect under treat-
ment (=50% from baseline). In subjects with high baseline PCSK9
(=60 ng/mL), PCSK9 concentrations were hardly affected (20 to
+23%), even in the presence of pronounced LDL-lowering. Vice
versa, when PCSK9 was low at baseline (<40 ng/mL), even a
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Figure 4. Change in PCSK9 concentrations (in percent from baseline) according to baseline PCSK9 concentrations and change in
LDL cholesterol (in percent from baseline). Subjects were divided approximately in tertiles: baseline PCSK9<40 ng/mL, 40 to <60 ng/mL, or
=60 ng/mL; change in LDL cholesterol from baseline <30%, 30 to <50%, or =50%.

doi:10.1371/journal.pone.0060095.g004

moderate LDL cholesterol decrease (30 to 50% from baseline) led
to robust upregulation in PCSK9 concentrations (up to 120%).
Multivariate analyses indicated that significant changes in PCSK9
by lipid-lowering medication were seen only in subjects receiving
simvastatin (either as monotherapy or in combination), but not in
subjects receiving ezetimibe.

Further, to test the hypothesis that individuals with higher
baseline levels of PCSK9 respond less well to simvastatin [18] and
vice versa [19], we examined the relationship between PCSK9 levels
and responses to ezetimibe, simvastatin and ezetimibe plus
simvastatin (Figure 5). No significant correlations were observed
between baseline PCSK9 levels and the response to LDL-lowering
treatment.

Discussion

The current randomized trial investigated the effects of the 2
lipid-lowering drugs simvastatin and ezetimibe, alone and in
combination, on PCGSK9 concentrations. A multitude of clinical,
biochemical and molecular parameters were assessed as covariates.
The average baseline PCSK9 concentrations were very similar to
the levels observed by others using the same method of PCSK9
measurement [10,14]. The main finding of this study is that the
change in PCSK9 concentrations induced by lipid-lowering is
influenced mostly by baseline PCSK9 and by the decrease in LDL
cholesterol. Other clinical and biochemical parameters had no
effect. Of the 2 drugs tested, only simvastatin had significant effects
on PCSK9 levels. Interestingly, the increase in PCSK9 levels
observed with the standard dose of simvastatin, 40 mg/d, was not
further enhanced by the addition of ezetimibe despite its
incremental effect on LDL cholesterol lowering. Moreover,
ezetimibe monotherapy had no significant effect on PCSK9
concentrations, in concordance to recent findings of Lakoski et al.
[20], although it lowered LDL cholesterol levels by 20%.

PLOS ONE | www.plosone.org

A possible explanation for these findings is that, since statins
upregulate PCSK9 expression, treatment with 40 mg simvastatin
daily for 2 weeks is sufficient to maximally increase circulating
PCSK9 concentrations to a plateau, with no further increase
possible by further LDL cholesterol lowering. Huigen et al. also
observed this plateau effect when comparing atorvastatin 10 mg
and 80 mg [6]. On the other hand, a low dose of a statin,
simvastatin 10 mg daily, has been found insufficient to increase
PCSK9 levels [20]. Thus, PCSK9 seems to be tightly regulated
within a certain range of statin-induced LDL cholesterol
decrease. Ezetimibe may not increase PCSK9 concentrations
because of its weak LDL-lowering effects, which seemingly are
not strong enough to upregulate PCSK9 expression. Alternative-
ly, a reason may be the absence of pleiotropic effects in
comparison to statins. Statins may stimulate PCSK9 expression
independently of lipid-lowering —e.g., they upregulate PPAR-a/
B/7v/8, which are involved in the regulation of PCSK9 expression
in the liver [21,22]. The latter argument may also explain why
further LDL-lowering by ezetimibe when added to a statin does
not result in further PCSKY increase. The correlation we
observed between change in plasma PCSK9 levels and the
percent reduction of LDL cholesterol from baseline is in
accordance to recent findings by others [14,23]. We surmise
that this correlation is driven by parallel upregulation of PCSK9
and LDLR mRNAs in response to the intracellular LDL
cholesterol-lowering effect of statins.

Our study has limitations. Firstly, no a priori power
calculations were made for changes in PCSK9 concentrations
because the primary outcome parameter of the parent trial was
change in LDL cholesterol. Secondly, treatment duration was
relatively short. However, longer treatment periods with
ezetimibe have shown similar results [20] and the maximal
LDL cholesterol-lowering effect of statins and ezetimibe is
achieved within 2 weeks [24,25]. Furthermore, due to the
relatively small size of our study existing associations may have
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been underestimated or missed. Our findings need to be
confirmed in larger trials. The open-label design of the parent
study may have introduced bias. Finally, PBMC might not
accurately reflect hepatic PCSK9 gene and protein expression
under all circumstances or with all forms of pharmacological
intervention. However, recent evidence strongly supports the
use of PBMC for the study of genes related to hepatic

PLOS ONE | www.plosone.org

cholesterol metabolism [26,27] and PBMC have been used for
this purpose in many studies [1,28-30]. Moreover their use has
been advocated as a convenient means to provide organ
specific data without organ tissue itself [31,32].

Strengths of the study include its randomized design, robust
statistical methodology, blinded measurements of plasma PCSK9
concentrations, and the use of a ‘drug-naive’ population, devoid of
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co-medications and co-morbidities, which could potentially alter
lipid metabolism, and excellent treatment adherence (pill count
99.1%). Moreover, this is the first randomized trial examining
multiple clinical and biochemical parameters possibly modulating
PCSKY9 concentrations, ranging from gene expression to markers
of cholesterol absorption and synthesis, to adipokines, glucose
metabolism and other parameters, in one cohort.

Conclusions

In conclusion, the current data support and expand previous
reports suggesting that ezetimibe, alone or combined with
simvastatin, is not associated with an increase in PCSK9. These
findings may help identify those individuals that would benefit
most from treatment with PCSK9 antibodies, which are in clinical
development. Finally, our results indicate that changes in PCSK9
concentrations during lipid-lowering treatment are tightly regu-
lated and are mainly influenced by baseline PCSK9 levels and
statin-induced changes in LDL cholesterol, underlining the
relevance of genetic variations in PCSKO9.

References

1. Gouni-Berthold I, Berthold HK, Gylling H, Hallikainen M, Giannakidou E, et
al. (2008) Effects of ezetimibe and/or simvastatin on LDL receptor protein
expression and on LDL receptor and HMG-CoA reductase gene expression: a
randomized trial in healthy men. Atherosclerosis 198: 198-207.

2. Seidah NG, Prat A (2012) The biology and therapeutic targeting of the
proprotein convertases. Nat Rev Drug Discov 11: 367-383.

3. Davignon J, Dubuc G (2009) Statins and ezetimibe modulate plasma proprotein
convertase subtilisin kexin-9 (PCSK9) levels. Trans Am Clin Climatol Assoc 120:
163-173.

4. Cohen JC, Boerwinkle E, Mosley TH Jr, Hobbs HH (2006) Sequence variations
in PCSKY, low LDL, and protection against coronary heart disease. N Engl J
Med 354: 1264-1272. 354/12/1264 [pii];10.1056/NEJM0a054013 [doi].

5. Dubuc G, Chamberland A, Wassef H, Davignon J, Seidah NG, et al. (2004)
Statins upregulate PCSK9, the gene encoding the proprotein convertase neural
apoptosis-regulated convertase-1 implicated in familial hypercholesterolemia.
Arterioscler Thromb Vasc Biol 24: 1454-1459. 10.1161/
01.ATV.0000134621.14315.43 [doi];01.ATV.0000134621.14315.43 [pii].

6. Huijgen R, Boekholdt SM, Arsenault BJ, Bao W, Davaine JM, et al. (2012)
Plasma PCSK9 levels and clinical outcomes in the TNT (Treating to New
Targets) trial: a nested case-control study. J Am Coll Cardiol 59: 1778-1784.
S0735-1097(12)00795-4 [pii];10.1016/j jacc.2011.12.043 [doi].

7. Tibolla G, Norata GD, Artali R, Meneghetti F, Catapano AL (2011) Proprotein
convertase subtilisin/kexin type 9 (PCSK9): from structure-function relation to
therapeutic inhibition. Nutr Metab Cardiovasc Dis 21: 835-843. S0939-
4753(11)00161-X [pii];10.1016/j.numecd.2011.06.002 [doi].

8. Careskey HE, Davis RA, Alborn WE, Troutt JS, Cao G, et al. (2008)
Atorvastatin increases human serum levels of proprotein convertase subtilisin/
kexin type 9. J Lipid Res 49: 394-398. M700437-JLR200 [pii];10.1194/
jIr.M700437-JLR200 [doi].

9. Seidah NG (2009) PCSK9 as a therapeutic target of dyslipidemia. Expert Opin
Ther Targets 13: 19-28. 10.1517/14728220802600715 [doi].

10. Awan Z, Seidah NG, MackFadyen JG, Benjannet S, Chasman DI, et al. (2012)
Rosuvastatin, proprotein convertase subtilisin/kexin type 9 concentrations, and
LDL cholesterol response: the JUPITER trial. Clin Chem 58: 183-189.
clinchem.2011.172932 [pii];10.1373/clinchem.2011.172932 [doi].

11. Konrad R]J, Troutt JS, Cao G (2011) Effects of currently prescribed LDL-C-
lowering drugs on PCSK9 and implications for the next generation of LDL-C-
lowering agents. Lipids Health Dis 10: 38. 1476-511X-10-38 [pii];10.1186/
1476-511X-10-38 [doi].

12. Berneis K, Rizzo M, Berthold HK, Spinas GA, Krone W, et al. (2010) Ezetimibe
alone or in combination with simvastatin increases small dense low-density
lipoproteins in healthy men: a randomized trial. Eur Heart J 31: 1633-1639.
ehql81 [pii];10.1093/eurheartj/ehq181 [doi].

13. Berthold HK, Naini A, Di Mauro S, Hallikainen M, Gylling H, et al. (2006)
Effect of ezetimibe and/or simvastatin on coenzyme Q10 levels in plasma: a
randomised trial. Drug Saf 29: 703-712.

14. Dubuc G, Tremblay M, Pare G, Jacques H, Hamelin J, et al. (2010) A new
method for measurement of total plasma PCSKO: clinical applications. J Lipid
Res 51: 140-149. M900273-JLR200 [pii];10.1194/jlr.M900273-JLR200 [doi].

15. Nassoury N, Blasiole DA, Tebon OA, Benjannet S, Hamelin J, et al. (2007) The

Cellular Trafficking of the Secretory Proprotein Convertase PCSK9 and Its
Dependence on the LDLR. Traffic 8: 718-732.

PLOS ONE | www.plosone.org

Simvastatin but Not Ezetimibe Upregulates PCSK9

Supporting Information

Checklist SI CONSORT Checklist.
(DOC)

Protocol S1 Trial Protocol.
(PDF)

Acknowledgments

We would like to thank Nadine Spenrath and Doris Vollmar for their
excellent technical assistance. Some data of biochemical analyses were
published previously [1] and were used in the current study. We would like
to acknowledge the respective contributions of Drs. H. Gylling and M.
Hallikainen (Kuopio and Helsinki), S. Stier and Y. Ko (Bonn), D. Patel and
A.K. Soutar (London), U. Seedorf (Miinster), C.S. Mantzoros (Boston), J.
Plat (Maastricht), and M.-C. Asselin (Montreal).

Author Contributions

Conceived and designed the experiments: HKB IGB. Performed the
experiments: HKB IGB. Analyzed the data: HKB NGS IGB. Contributed
reagents/materials/analysis tools: NGS SB. Wrote the paper: HKB NGS
SB IGB.

16. Gouni-Berthold I, Berthold HK, Chamberland JP, Krone W, Mantzoros CS
(2008) Short-term treatment with ezetimibe, simvastatin or their combination
does not alter circulating adiponectin, resistin or leptin levels in healthy men.
Clin  Endocrinol (Oxf) 68: 536-541. CEN3080 [pii];10.1111/j.1365-
2265.2007.03080.x [doi].

17. Miettinen TA, Tilvis RS, Kesaniemi YA (1990) Serum plant sterols and
cholesterol precursors reflect cholesterol absorption and synthesis in volunteers
of a randomly selected male population. Am J Epidemiol 131: 20-31.

18. Berge KE, Ose L, Leren TP (2006) Missense mutations in the PCSK9 gene are
associated with hypocholesterolemia and possibly increased response to statin
therapy. Arterioscler Thromb Vasc Biol 26: 1094-1100.
01.ATV.0000204337.81286.1c [pii];10.1161/01.ATV.0000204337.81286.1c
[doi].

19. Naoumova RP, Tosi I, Patel D, Neuwirth C, Horswell SD, et al. (2005) Severe
hypercholesterolemia in four British families with the D374Y mutation in the
PCSKY gene: long-term follow-up and treatment response. Arterioscler Thromb
Vasc Biol 25: 2654-2660. 01.ATV.0000190668.94752.ab [pii];10.1161/01.AT-
V.0000190668.94752.ab [doi].

20. Lakoski SG, Xu F, Vega GL, Grundy SM, Chandalia M, et al. (2010) Indices of
cholesterol metabolism and relative responsiveness to ezetimibe and simvastatin.
J Clin Endocrinol Metab 95: 800-809. jc.2009-1952 [pii];10.1210/j¢.2009-1952
[doi].

21. Han L, Li M, Liu Y, Han C, Ye P (2012) Atorvastatin may delay cardiac aging
by upregulating peroxisome proliferator-activated receptors in rats. Pharmacol-
ogy 89: 74-82. 000335783 [pii];10.1159/000335783 [doi].

22. Sanderson LM, Boekschoten MV, Desvergne B, Muller M, Kersten S (2010)
Transcriptional profiling reveals divergent roles of PPARalpha and PPARbeta/
delta in regulation of gene expression in mouse liver. Physiol Genomics 41: 42—
52.00127.2009 [pii];10.1152/physiolgenomics.00127.2009 [doi].

23. Welder G, Zinch I, Pacanowski MA, Troutt JS, Cao G, et al. (2010) High-dose
atorvastatin causes a rapid sustained increase in human serum PCSK9 and
disrupts its correlation with LDL cholesterol. J Lipid Res 51: 2714-2721.
jIir.M008144 [pii];10.1194/j1r. M008144 [doi].

24. Knapp HH, Schrott H, Ma P, Knopp R, Chin B, et al. (2001) Efficacy and safety
of combination simvastatin and colesevelam in patients with primary
hypercholesterolemia. Am J Med 110: 352-360. S0002-9343(01)00638-6 [pii].

25. Bays HE, Moore PB, Drehobl MA, Rosenblatt S, Toth PD, et al. (2001)
Effectiveness and tolerability of ezetimibe in patients with primary hypercho-
lesterolemia: pooled analysis of two phase II studies. Clin Ther 23: 1209-1230.

26. Aggarwal D, Freake HC, Soliman GA, Dutta A, Fernandez ML (2006)
Validation of using gene expression in mononuclear cells as a marker for hepatic
cholesterol metabolism. Lipids Health Dis 5: 22. 1476-511X-5-22 [pii];10.1186/
1476-511X-5-22 [doi].

27. Powell EE, Kroon PA (1994) Low density lipoprotein receptor and 3-hydroxy-3-
methylglutaryl coenzyme A reductase gene expression in human mononuclear
leukocytes is regulated coordinately and parallels gene expression in human
liver. J Clin Invest 93: 2168-2174. 10.1172/JCI117213 [doi].

28. Medina MW, Gao F, Ruan W, Rotter JI, Krauss RM (2008) Alternative splicing
of 3-hydroxy-3-methylglutaryl coenzyme A reductase is associated with plasma
low-density lipoprotein cholesterol response to simvastatin. Circulation 118:
355-362. CIRCULATIONAHA.108.773267 [pii];10.1161/CIRCULATIO-
NAHA.108.773267 [doi].

March 2013 | Volume 8 | Issue 3 | e60095



29. Pocathikorn A, Taylor RR, Mamotte CD (2010) Atorvastatin increases

expression of low-density lipoprotein receptor mRNA in human circulating
mononuclear cells. Clin Exp Pharmacol Physiol 37: 471-476. CEP5337
[pii];10.1111/j.1440-1681.2009.05337 x [doi].

30. Jones JL, Park Y, Lee J, Lerman RH, Fernandez ML (2011) A Mediterranean-

style, low-glycemic-load diet reduces the expression of 3-hydroxy-3-methylglu-
taryl-coenzyme A reductase in mononuclear cells and plasma insulin in women
with metabolic syndrome. Nutr Res 31: 659-664. S0271-5317(11)00157-6
[pii];10.1016/j.nutres.2011.08.011 [doi].

PLOS ONE | www.plosone.org

31.

32.

Simvastatin but Not Ezetimibe Upregulates PCSK9

Monte AA, Vasiliou V, Heard KJ (2012) Omics Screening for Pharmaceutical
Efficacy and Safety in Clinical Practice. ] Pharmacogenomics Pharmacopro-
teomics S5.

de Mello VD, Kolehmanien M, Schwab U, Pulkkinen L, Uusitupa M (2012)
Gene expression of peripheral blood mononuclear cells as a tool in dietary
intervention studies: What do we know so far? Mol Nutr Food Res 56: 1160
1172. 10.1002/mnfr.201100685 [doi].

March 2013 | Volume 8 | Issue 3 | e60095



