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of total cholesterol (TC) and low-density lipoprotein choles-
terol (LDL-C), the presence of tendon xanthomas, and pre-
mature atherosclerosis. Defects in genes that code for 
proteins involved in the hepatic clearance of LDL-C under-
lie this hereditary disorder ( 1 ). In fact, more than a 1,000 
different mutations in the genes coding for the LDL-recep-
tor ( LDLR , MIM +606945), apolipoprotein B ( APOB , MIM 
+107730), and proprotein convertase subtilisin/kexin type 
9 ( PCSK9 , MIM +607786) are now known to cause FH ( 1–3 ). 
If left untreated, the risk of cardiovascular disease is severely 
increased ( 4 ), but the prognosis of FH can be improved 
substantially with cholesterol-lowering treatment ( 5 ). 

 The identifi cation of a mutation that underlies FH in a 
particular kindred enables genetic testing of family mem-
bers for the presence of the same mutation and makes it 
possible to initiate effective medical management before 
the cardiovascular consequences of FH become clinically 
manifest ( 4 ). This notion has led to the implementation of 
a nationwide genetic cascade screening program for FH in 
the Netherlands, and since 1994, approximately 20,000 in-
dividuals with FH have been found and treated ( 6 ). 

 However, molecularly diagnosed FH patients do not al-
ways exhibit a hypercholesterolemic phenotype. In fact, 
15% of the heterozygous mutation carriers identifi ed by 
our national screening program show pretreatment LDL-C 
levels below the 75 th  percentile for age and gender ( 7 ). 
The reasons why some individuals with a confi rmed FH 
genotype lack the hypercholesterolemia phenotype are 
largely unknown. 

 We hypothesized that such nonpenetrance of an FH 
mutation could, in part, be explained by variation in 
PCSK9 activity. PCSK9 is a natural inhibitor of the LDLR: 
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 Statistical analysis 
 Differences in demographic and clinical characteristics among 

the three predefi ned groups (FH low, FH high, and control) 
were evaluated using linear or logistic regression analysis. Linear 
regression analysis was applied to evaluate the association be-
tween PCSK9 and patient characteristics, LDL-C, or cIMT, and to 
assess differences in plasma PCSK9 levels among the three pre-
defi ned groups. Multivariable regression models were applied to 
adjust for potential confounders. Inclusion in a fi nal model was 
determined by backward stepwise elimination. 

 All analyses were performed using the generalized estimating 
equations (GEE) method to account for correlations within fami-
lies. The exchangeable correlation structure was used for these 
models. The main study outcome pertains to the individuals who 
remained untreated until the study visit. For transparency, we 
also analyzed the entire population of participants, including in-
dividuals who initiated statin treatment after genetic diagnosis 
(see the supplementary data). 

 Variables with a skewed distribution were log-transformed be-
fore statistical analyses. A  P -value < 0.05 was considered statisti-
cally signifi cant. Data were analyzed with SPSS for Windows 16.0.2 
(Chicago, IL). 

 RESULTS 

 Study population 
 Among the screened population, 2,016 individuals met 

inclusion criteria for the original study. Recruitment was 
discontinued when a suffi cient number of individuals with 
and without genetic FH were enrolled. A total of 421 indi-
viduals provided written informed consent to participate 
in the original study. Of these 421 individuals, 378 were 
included for the subanalysis of PCSK9 levels: 13 individ-
uals without FH were excluded because they were older 
than 53 years, and for 30 individuals, we did not have spare 
plasma to measure PCSK9. The median period between 
genetic testing was 11 (IQR: 8–14) months. 

 As expected, carriers were more often treated with stat-
ins after diagnosis than were noncarriers, and those from 
the FH-high group had initiated statin treatment more of-
ten than the individuals from the FH-low group (see sup-
plementary Table I). In total, 267 individuals (71%) were 
still untreated at the time of the study visit. Clinical charac-
teristics of the untreated participants, subdivided into the 
three groups, are summarized in   Table 1  .  LDL-C levels 
were comparable between the individuals from the FH-low 
and control groups, whereas levels were signifi cantly higher 
in the FH-high group. Accordingly, the mean IMT of the 
three segments of the left and right carotid arteries was 
greater in the FH-high group than in the FH-low group 
and the control group. 

 Plasma PCSK9 levels in the predefi ned groups and the 
association with LDL-C 

 Because of the substantial effect of statin treatment on 
PCSK9 levels (supplementary Table   II), our main study 
outcome was based on the untreated individuals. The un-
treated individuals from the FH-low group   (n = 94) had sig-
nifi cantly lower mean PCSK9 levels [152 (137–167) ng/ml] 
compared with untreated individuals from the FH-high 
group [n   = 61, 186 (165–207) ng/ml,  P  = 0.010] and controls 

it binds to the hepatic LDLR and thereby directs it toward 
lysosomal degradation rather than to recycling to the cell 
membrane ( 8, 9 ). The presence of a specifi c gain-of-func-
tion mutation in  PCSK9  aggravates the hypercholester-
olemia phenotype exerted by a concurrent pathogenic 
 LDLR  mutation ( 10, 11 ). Conversely, low activity of PCSK9 
could lead to increased presence of LDLR at the hepatic 
cell surface and, consequently, to increased clearance of 
plasma LDL-C. This would theoretically reduce the extent 
of cholesterol elevation caused by an  LDLR  mutation. 

 To test this hypothesis, we measured plasma PCSK9 lev-
els in individuals who underwent DNA testing for genetic 
FH ( 12 ). 

 METHODS 

 Study population and design 
 The study population derived from participants of a previous 

single center cross-sectional study, described in detail elsewhere 
( 12 ). In short, we recruited individuals from the database of the 
national screening program for autosomal dominant hypercho-
lesterolemia. Men and women between 18 and 55 years   of age 
were eligible for the original study if they were genetically tested   
for the specifi c pathogenic ( 13 )  LDLR  or  APOB  mutation resid-
ing within their family between January 2007 and January 2010 
and if they had a known lipid profi le. Individuals were excluded 
if they were unable to participate within 18 months after the ge-
netic test. Individuals using cholesterol-lowering medication be-
fore genetic testing and probands, who were primarily clinically 
diagnosed, were excluded. Individuals from whom we failed to 
obtain suffi cient plasma  , required for PCSK9 measurements, 
were also excluded. 

 Individuals who had been identifi ed with a pathogenic muta-
tion were categorized based on their untreated LDL-C level at 
genetic diagnosis. Mutation carriers with a LDL-C level below the 
age- and sex-specifi c 75 th  percentile were referred to as “FH low”; 
those with LDL-C above the 90 th  percentile were referred to as 
“FH high.” A third group, consisting of fi rst-degree relatives neg-
ative for the familial  LDLR  or  APOB  mutation, was referred to as 
“control.” 

 The selected individuals who consented made a single study 
visit to the Academic Medical Center in Amsterdam within 
18 months after the genetic test. The study was approved by the 
local Ethics Committee. 

 Biochemical analyses and cIMT assessment 
 Blood samples were obtained for analysis of lipid measures 

and spare plasma between 8 AM and 10 AM after an overnight 
fast. These samples were collected in 7 ml EDTA Vacutainer® 
(K3E 15% 0.084 ml; BD Vacutainer Systems, Plymouth, UK) ve-
nous blood collection tubes using standard phlebotomy prac-
tices. Immediately after collection, tubes were gently inverted fi ve 
times, and then centrifuged at 1,500–2,000  g  for 15 min. The su-
pernatant plasma was centrifuged again in similar fashion. The 
plasma was transferred into 2 ml freezer vials in 0.5 ml aliquots. 
The samples were frozen at  � 80°C and shipped on dry ice. PCSK9 
concentrations were measured in triplicate using the CY-8079 
ELISA kit (Cyclex, Nagano, Japan), according to the manufac-
turer’s protocol. 

 The medical history was recorded and physical examination per-
formed according to a standardized procedure ( 13 ). Carotid arter-
ies were examined with ultrasound to assess intima-media thickness 
(cIMT), using methodology previously described in detail ( 14 ). 
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 We also associated plasma PCSK9 levels with LDL-C 
levels at the study visit for the 155 untreated individuals 
with genetic FH. The multivariable analysis revealed that 
the mean percentile LDL-C for each mutation and 
PCSK9 levels were the only two variables that remained 
independently associated with LDL-C levels after back-
ward elimination (  Table 2  ).  A separate analysis for associa-
tion between PCSK9 and LDL-C plasma levels between the 
different mutation classes was performed. However, this 
did not lead to additional insight, due to the few number 
of individuals in most mutation classes (data not shown). 
Thus, low LDL-C levels in untreated individuals with ge-
netic FH were primarily observed in those who carried a 
 LDLR  or  APOB  gene mutation that is generally associated 
with mild hypercholesterolemia and/or in those who had 
low plasma levels of PCSK9. 

 Association between plasma PCSK9 levels and cIMT 
in control individuals 

   Table 3    depicts the association between mean cIMT and 
clinical characteristics in the 112 untreated individuals with-
out FH. In the multivariable regression analysis, PCSK9 levels 
remained statistically signifi cantly associated with cIMT after 
backward elimination. In contrast, the individual compo-
nents of the lipid profi le did not remain statistically signifi -
cantly associated in the multivariable model. Thus, plasma 
PCSK9 levels were positively associated with cIMT even af-
ter adjustment for the lipid profi le and other traditional 
cardiovascular risk factors. 

 DISCUSSION 

 In the present study, PCSK9 levels were measured in a 
cross-sectional study of individuals who had genetic FH, 
with or without severely elevated LDL-C levels, and con-
trols. Our fi ndings demonstrate that PCSK9 levels were 
signifi cantly lower in normocholesterolemic FH patients 
than in the two other groups. Moreover, PCSK9 levels were 
closely associated with LDL-C levels across all groups. 

[n = 112, 177 (164–190) ng/ml,  P  = 0.013] (  Fig. 1  ).  As sup-
plementary Table II shows, PCSK9 levels are associated 
with several patient characteristics, which were not equally 
represented among the three predefi ned groups. There-
fore, we adjusted for these characteristics (age, sex, body 
mass index, and systolic blood pressure) by means of a 
multiple linear regression analysis. 

 On treatment, mean PCSK9 levels (95% CI) were signifi -
cantly lower for the 16 individuals from the FH-low group 
compared with the 92 FH patients from the FH-high 
group [167 (135–199) ng/ml vs. 219 (201–238) ng/ml, 
 P  = 0.006]. For the entire cohort of both treated and un-
treated individuals (for characteristics, see supplementary 
Table I), PCSK9 plasma levels were again signifi cantly 
lower in the FH-low group compared with the FH-high 
group ( P  = 0.001) and the control   group ( P  = 0.004), and 
levels did not statistically differ between the FH-high and 
control groups ( P  = 0.52): mean PCSK9 plasma levels (95% 
CI) were 183 (169–197) ng/ml, 154 (141–168) ng/ml, 
and 204 (189–219) ng/ml for the control, FH-low, and 
FH-high groups, respectively (supplementary Fig. I). 

 TABLE 1. Characteristics   of the untreated study participants 

Control FH Low FH High
Control vs. 

FH Low
Control vs. 
FH High

FH Low vs. 
FH High

 n = 112  n = 94  n = 61  P  P  P 
Males [number (%)] 54 (48) 37 (39) 25 (40) 0.20 0.36 0.84
Age (years) 40.7 ± 8.1 36.7 ± 8.4 33.9 ± 8.6 <0.001 <0.001 0.054
Hypertension [number (%)] 10 (9) 5 (5) 4 (7) 0.33 0.63 0.72
Diabetes [number (%)] 0 (0) 0 (0) 1 (2) — 0.17 0.21
Current smoker [number (%)] 23 (21) 16 (17) 18 (30) 0.52 0.19 0.066
Body mass index (kg/m 2 ) 25.6 ± 4.1 25.6 ± 5.3 24.3 ± 4.8 0.95 0.098 0.097
Systolic blood pressure (mmHg) 128 ± 15 124 ± 13 122 ± 14 0.038 0.014 0.54
Lipid profi le (mmol/l)
At genetic FH test
 pLDL (IQR) 40 (19–65) 45 (20–63) 97 (95–98) 0.89 <0.001 <0.001
At study visit
 TC 5.3 ± 1.1 5.4 ± 1.1 7.1 ± 1.2 0.24 <0.001 <0.001
 LDL-C 3.3 ± 0.9 3.5 ± 1.0 5.3 ± 1.1 0.11 <0.001 <0.001
 HDL-C 1.5 ± 0.4 1.5 ± 0.4 1.4 ± 0.4 0.65 0.83 0.55
 Triglycerides (IQR) 0.9 (0.6–1.4) 0.7 (0.5–1.1) 0.7 (0.5–1.1) 0.024 0.012 0.69
Mean cIMT  a   (SE) (mm) 0.63 ± 0.008 0.62 ± 0.009 0.67 ± 0.013 0.38 0.009 0.001

pLDL, percentile LDL-C for age and gender.
  a   Adjusted for age, gender, body mass index, systolic blood pressure, and smoking.

  Fig.   1.  Mean PCSK9 levels in the three groups of untreated par-
ticipants. The groups were categorized based on genetic FH muta-
tion status and LDL-cholesterol level: the group where mutation 
was absent (control) and for FH heterozygotes, the untreated LDL-
cholesterol percentile, either below the 75 th  percentile (FH low) or 
above the 90 th  percentile (FH high) for age and gender. Data were 
based on a model adjusted for age, sex, body mass index, and sys-
tolic blood pressure.   



982 Journal of Lipid Research Volume 53, 2012

 TABLE 2. Association between LDL-C levels at the study visit and clinical characteristics in the 155 untreated 
participants with genetic FH 

Univariate Multivariable

 B  95% CI  P  B  95% CI  P 

Age (years) 0.006  � 0.019 to 0.031 0.65 — — —
Gender (male)  � 0.013  � 0.448 to 0.421 0.95 — — —
Body mass index (kg/m 2 )  � 0.008  � 0.049 to 0.034 0.71 — — —
Mean pLDL-specifi c mutation  a  0.045 0.033 to 0.056 <0.001 0.042 0.030 to 0.053 <0.001
PCSK9 (pg/ml) 4.56 1.93 to 7.19 0.001 3.11 0.78 to 5.40 0.009

B, unstandardized coeffi cient of regression model; CI, confi dence interval.
  a   Average percentile LDL-C for age and sex for all untreated individuals carrying a specifi c FH or FDB 

mutation in order to estimate the severity of that specifi c mutation, as previously described in detail (see Ref. 
 13 ).

 TABLE 3. Association between cIMT and clinical characteristics for untreated controls 

Univariate Multivariable

 B  95% CI  P  B  95% CI  P 

Age (years) 0.008 0.006 to 0.010 <0.001 0.007 0.005 to 0.009 <0.001
Gender (male) 0.057 0.014 to 0.100 0.010 0.062 0.027 to 0.098 0.001
Body mass index (kg/m 2 ) 0.009 0.004 to 0.014 0.001 0.005 0.000 to 0.009 0.039
Systolic blood pressure 

(mmHg)
0.003 0.001 to 0.004 0.001 — — —

Tobacco use (pack years) 0.003 0.001 to 0.005 0.008 — — —
LDL-cholesterol (mmol/l) 0.044 0.022 to 0.067 <0.001 — — —
HDL-cholesterol (mmol/l)  � 0.026  � 0.120 to –0.008 0.026 — — —
Triglycerides  a  0.043 0.003 to 0.082 0.036 — — —
PCSK9 (pg/ml) 0.46 0.17 to 0.75 0.002 0.28 0.034 – 0.53 0.026

B, unstandardized coeffi cient of regression model; CI, confi dence interval.
  a   Log-transformed before analysis.

Consequently, a reasonable assumption would be that low 
plasma PCSK9 activity might lead to lower LDL-C levels in 
heterozygous FH. 

 To our knowledge, this study is the fi rst to compare 
plasma levels of PCSK9 between FH patients with and FH 
patients without severely elevated LDL-C levels. However, 
several groups have reported on the effect of genetic varia-
tion in the PCSK9 gene on the phenotype of FH. ( 10, 11, 
15 ) Abifadel and colleagues showed that individuals who 
coinherited pathogenic mutations in both  PCSK9  and 
 LDLR  had higher LDL-C levels than did their relatives with 
either mutation alone ( 10 ). Conversely, Strom and col-
leagues studied the effect of a loss-of-function  PCSK9  mu-
tation, R46L, in FH ( 15 ). Of 1,130 FH patients screened, 
they   identifi ed the R46L mutation in 30 individuals, who 
had 6% lower TC levels than did those without the R46L 
mutation. These results of the association between genetic 
variation in PCSK9 and LDL-C levels support our fi ndings, 
as we observed that FH patients with low levels of PCSK9 
also have low LDL-C levels. 

 A crucial question is what causes this variation in PCSK9 
levels. Loss-of-function mutations in  PCSK9  might be a 
likely explanation ( 15 ). We recently genotyped  PCSK9  in a 
cohort of 77 heterozygous FH patients who were selected 
for low LDL-C levels. Just like Strom and colleagues ( 15 ), 
we found the R46L variant in  PCSK9  in one (1.3%) of 
those patients ( 16 ). Thus, genetic variation in PCSK9 does 
contribute to a variable FH phenotype, but the explained 
percentage remains disappointingly low ( 10, 15 ). In addi-
tion to genetic variation, other factors may affect plasma 

levels of PCSK9, of which only a fraction has been identi-
fi ed ( 17 ). 

 We also showed that high PCSK9 levels are associated 
with more pronounced carotid atherosclerosis, apparently 
independent of lipid levels. Moreover, we recently showed 
that plasma levels of PCSK9 were positively associated with 
recurrent coronary events in patients with stable coronary 
heart disease treated with a low dose atorvastatin in a 
nested case control study in the Treating to New Targets 
trial (Huijgen et al., unpublished observations). These 
fi ndings, combined with the fact that decreased PCSK9 ac-
tivity is associated with lower LDL-C levels and a reduced 
risk of coronary heart disease ( 18 ), support the inhibition 
of PCSK9 as a target of great signifi cance. In fact, several 
agents are already being investigated in humans ( 19–24 ). 

 Several limitations of our study merit discussion. First, 
this is an observational study, and therefore, a causal rela-
tionship between low plasma PCSK9 levels and lack of a 
hypercholesterolemia phenotype cannot be proved. Sec-
ond, a substantial number of participants initiated statin 
treatment between the genetic FH diagnosis and study 
visit. Because statin treatment results in increased PCSK9 
levels, this hinders the interpretation of our fi ndings 
( 25–27 ). Nevertheless, we could demonstrate that PCSK9 
levels were lower in FH patients with low LDL-C levels than 
in those with hypercholesterolemia, both in treated and 
untreated individuals. This fi nding supports the notion 
that the differences in plasma PCSK9 levels between 
groups are not solely due to the effect of statin treatment. 
Last, our cohort of FH patients consisted of carriers of a 
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myriad of pathogenic  LDLR  and  APOB  mutations. As a 
consequence, we were unable to perform meaningful sta-
tistics on the effect of specifi c types of  LDLR  mutations. 
The PCSK9 plasma levels remained a predictor of plasma 
LDL-C levels, however, after adjustment for the mean per-
centile of LDL-C induced by specifi c mutations. Thus, the 
severity of the FH mutation cannot be the only explana-
tion for the association that we observed between plasma 
PCSK9 levels and LDL-C levels. In line with our fi ndings, 
plasma PCSK9 levels were observed to be strongly and pos-
itively associated with LDL-C levels in a cohort of 260 non-
treated FH heterozygotes from South Africa carrying 
one single  LDLR  mutation (Lambert et al., unpublished 
data). 

 In conclusion, plasma PCSK9 levels likely contribute to 
low LDL-C levels in FH heterozygotes. Therefore, the re-
sults of pharmaceutical inhibition of PCSK9 in FH patients 
are eagerly awaited.  

 The authors thank all study participants, as well as Francine 
Petrides for her excellent technical assistance. 
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