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Background

A low plasma level of low-density lipoprotein (LDL) cholesterol is associated with 
reduced risk of coronary heart disease (CHD), but the effect of lifelong reductions 
in plasma LDL cholesterol is not known. We examined the effect of DNA-sequence 
variations that reduce plasma levels of LDL cholesterol on the incidence of coronary 
events in a large population.

Methods

We compared the incidence of CHD (myocardial infarction, fatal CHD, or coronary 
revascularization) over a 15-year interval in the Atherosclerosis Risk in Communi-
ties study according to the presence or absence of sequence variants in the propro-
tein convertase subtilisin/kexin type 9 serine protease gene (PCSK9) that are associ-
ated with reduced plasma levels of LDL cholesterol.

Results

Of the 3363 black subjects examined, 2.6 percent had nonsense mutations in PCSK9; 
these mutations were associated with a 28 percent reduction in mean LDL choles-
terol and an 88 percent reduction in the risk of CHD (P = 0.008 for the reduction; 
hazard ratio, 0.11; 95 percent confidence interval, 0.02 to 0.81; P = 0.03). Of the 9524 
white subjects examined, 3.2 percent had a sequence variation in PCSK9 that was 
associated with a 15 percent reduction in LDL cholesterol and a 47 percent reduc-
tion in the risk of CHD (hazard ratio, 0.50; 95 percent confidence interval, 0.32 to 
0.79; P = 0.003).

Conclusions

These data indicate that moderate lifelong reduction in the plasma level of LDL 
cholesterol is associated with a substantial reduction in the incidence of coronary 
events, even in populations with a high prevalence of non–lipid-related cardiovas-
cular risk factors.
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Experimental, genetic, and epidemi-

ologic data support the concept that an 
elevated plasma level of low-density lipo-

protein (LDL) cholesterol is a primary causal fac-
tor in the pathogenesis of coronary heart disease 
(CHD). Population-based studies consistently dem-
onstrate a positive correlation between plasma 
levels of LDL cholesterol and the prevalence of 
CHD, and all five single-gene disorders that result 
in elevated LDL levels are associated with prema-
ture coronary atherosclerosis.1

The question regarding the reverse situation 
naturally arises. If elevations in LDL cholesterol 
cause CHD, do reductions in LDL cholesterol pre-
vent this disease? Reductions in plasma LDL cho-
lesterol levels have been strongly associated with 
a reduced incidence of coronary events in clinical 
trials,2 but the long-term effects of low LDL cho-
lesterol levels on coronary atherosclerosis have 
been less clearly defined. Data from cross-section-
al and cohort studies are consistent with the hy-
pothesis that low levels of LDL cholesterol are 
protective,3 but these data are potentially con-
founded by other factors related to low LDL cho-
lesterol levels that may independently contribute 
to reductions in cardiovascular events. Studies of 
genetic disorders that specifically lower the plas-
ma level of LDL cholesterol, such as heterozygous 
familial hypobetalipoproteinemia, would provide 
an ideal system in which to assess the conse-
quences of low LDL cholesterol levels indepen-
dently of other factors that may modify disease 
progression. These disorders are uncommon and 
genetically heterogeneous, however, and it has not 
been possible to determine their effects on CHD.

Recently, we found that approximately 2 per-
cent of black subjects have one of two nonsense 
mutations (426C→G, encoding Y142X [replacement 
of the tyrosine at position 142 with a stop codon], 
and 2037C→A, encoding C679X [replacement of 
the cysteine at position 679 with a stop codon]) 
in PCSK9, the proprotein convertase subtilisin/
kexin type 9 serine protease gene.4 These two 
nonsense mutations are associated with a 40 per-
cent reduction in mean LDL cholesterol.4 Both 
nonsense mutations are rare among white sub-
jects. We also identified a PCSK9 sequence varia-
tion (137G→T, encoding R46L [replacement of 
the arginine at position 46 with leucine]) that is 
more common among white subjects (prevalence, 
3.2 percent) than among black subjects (0.6 per-

cent) and that is associated with a 21 percent 
decrease in plasma LDL cholesterol levels.5

The molecular mechanisms by which these 
sequence variations in PCSK9 reduce the LDL cho-
lesterol level are not known. PCSK9 is a glyco-
protein that is expressed at its highest levels in 
the liver, intestine, and kidney.6 Overexpression 
of PCSK9 or the mouse orthologue in the livers 
of mice results in a marked reduction in LDL 
receptors in this organ,7-10 which is the main path-
way for the removal of LDL from the plasma, and 
a corresponding increase in circulating LDL cho-
lesterol levels. Conversely, mice lacking Pcsk9 
have increased levels of hepatic LDL receptors, 
and they remove LDL from the plasma at an ac-
celerated rate.11 Thus, high levels of PCSK9 lead 
to high plasma levels of LDL cholesterol, whereas 
low levels of PCSK9 lead to low LDL cholesterol 
levels.

The relatively high prevalence of LDL-lower-
ing sequence variations in PCSK9 provided the 
opportunity to analyze the effects of specific, 
lifelong reduction in LDL cholesterol levels on the 
risk of CHD. Here we report the effects of these 
sequence variations on the incidence of CHD in 
the Atherosclerosis Risk in Communities (ARIC) 
study, a longitudinal, biracial cohort study de-
signed to assess subclinical and clinical athero-
sclerosis.12

Me thods

Subjects

The ARIC study is a prospective study of athero-
sclerosis initiated in 1987. The study comprises 
four communities (Jackson, Miss.; Minneapolis; 
Forsyth County, N.C.; and Washington County, 
Md.), each of which recruited a randomly select-
ed cohort of approximately 4000 persons 45 to 
64 years of age.12 The subjects participated in 
four triennial examinations and were interviewed 
annually by telephone. Records of hospitaliza-
tions and deaths were abstracted as previously 
described.13 The follow-up data in this study in-
clude events up to January 1, 2003. The protocol 
for the study was approved by the institutional 
review boards of all centers, and all participants 
provided written informed consent that included 
consent for genetic studies.

A total of 15,792 participants underwent an 
extensive initial examination, which included col-
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lection of medical, social, and demographic data. 
Race or ethnic group was determined by self-
identification; participants described themselves 
as black or white in response to a questionnaire 
on which the available categories were black, 
white, Indian, or Asian. The data used in this 
study included the data from black participants 
(predominantly, those living in Jackson) and white 
participants in whom lipoproteins were measured 
after a fast at baseline and subsequently moni-
tored. The exclusion criteria included use of lipid-
lowering drugs (454 persons) and the presence 
of symptomatic cardiovascular disease (1430 per-
sons) at baseline. Plasma lipids and lipoproteins 
were assayed in the ARIC central lipid labora-
tory with commercial reagents, as previously de-
scribed.14 The lipid and lipoprotein levels and 
risk-factor profiles used in this study were ob-
tained at baseline. Hypertension was defined by a 
systolic blood pressure of 140 mm Hg or higher, 
a diastolic blood pressure of 90 mm Hg or higher, 
or use of antihypertensive medication. Diabetes 
mellitus was defined by a fasting glucose level of 
126 mg per deciliter (7 mmol per liter) or higher, 
a nonfasting glucose level of 200 mg per deciliter 
(11 mmol per liter) or higher, use of hypoglyce-
mic agents, or a history of physician-diagnosed 
diabetes mellitus. Cigarette smoking was assessed 
by standardized questionnaires, and current smok-
ers were classified as positive for smoking.

CHD and Carotid-Artery Intima–Media 
Thickness

The incidence of CHD was determined by con-
tacting participants annually, by identifying hos-
pitalizations and deaths during the previous year, 
and by surveying discharge lists from local hospi-
tals and death certificates from state vital-statis-
tics offices for potential cardiovascular events. All 
cardiovascular events were adjudicated by inde-
pendent physician-scientists, as described previ-
ously.15 CHD was defined as a definite or proba-
ble myocardial infarction, a silent myocardial 
infarction detected by electrocardiographic inter-
val changes consistent with an intercurrent is-
chemic event, death due to CHD, or a coronary-
revascularization procedure (coronary bypass 
graft, coronary angioplasty, or coronary atherec-
tomy). Carotid-artery intima–media thickness, a 
measure of subclinical atherosclerosis that pre-
dicts incident CHD,13 was determined at baseline 

with the use of B-mode ultrasonography, as pre-
viously described.16

Genotyping

Fluorogenic 5'-nucleotidase assays for the PCSK9 
alleles encoding Y142X, C679X, and R46L were 
developed with the use of the TaqMan system 
(Applied Biosystems). The assays were performed 
on a 7900HT Fast Real-Time PCR instrument 
with probes and reagents purchased from Ap-
plied Biosystems. Among the 13,761 eligible sub-
jects (10,045 whites and 3716 blacks), there were 
419 (255 whites and 164 blacks) from whom ge-
nomic DNA was not available, and genotypes were 
missing because of assay failure for the R46L 
variant (2.9 percent), the Y142X variant (2.7 per-
cent), and the C679X variant (2.9 percent). The 
ARIC genotyping laboratory uses a 5 percent blind 
replicate quality-assurance program for genotype 
determinations; the agreement for the variants 
described here was 100 percent.

Statistical Analysis

Routine comparisons of risk-factor levels between 
carriers of a PCSK9 variant and noncarriers were 
performed with contingency chi-square tests for 
discrete variables and t-tests for continuous vari-
ables. The number of coronary events was not 
adjusted according to age and sex because these 
variables did not differ between carriers and non-
carriers. Cox proportional-hazards modeling was 
used to test the null hypothesis that the incidence 
rate of CHD did not differ between carriers and 
noncarriers. In this analysis, the dependent vari-
able was the time to an event. The analysis prop-
erly accounted for participants who were lost to 
follow-up or who had not had an event by the end 
of the study period. Therefore, the analysis in-
cluded all eligible persons who entered the fol-
low-up period, except for 45 persons who spe-
cifically asked that their DNA not be used for 
research. Hazard ratios based on the regression 
coefficients from the Cox modeling procedure 
are reported.

R esult s

The frequencies of the PCSK9142X and the PCSK9679X 
alleles among black subjects were 0.8 percent and 
1.8 percent, respectively (Table 1). Thus, approxi-
mately 1 of every 40 black subjects in the ARIC 
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study had a nonsense mutation in PCSK9 — a fre-
quency similar to that observed in two other pop-
ulations.4 Both nonsense mutations were rare 
among white subjects: of 9537 white subjects 
tested, only 2 had the PCSK9142X allele and 4 had 
the PCSK9679X allele. Therefore, analysis of these 
nonsense mutations was restricted to black sub-
jects. The prevalence of non–lipid-related risk 
factors was similar in carriers and noncarriers, 
with the exception of hypertension, which was 
more common in noncarriers (55 percent vs. 37 
percent, P = 0.001) (Table 1). Plasma levels of total 
cholesterol, triglycerides, and LDL cholesterol were 
significantly lower among subjects with a non-
sense mutation in PCSK9, but the levels of high-

density lipoprotein (HDL) cholesterol were simi-
lar in carriers and noncarriers.

The distribution of plasma levels of LDL cho-
lesterol among black carriers of a PCSK9 variant 
was shifted toward lower levels (Fig. 1A). The 
mean plasma LDL cholesterol level was 28 percent 
lower in the carriers than in the noncarriers (Ta-
ble 1). Not all subjects with a nonsense mutation 
had a low plasma level of LDL cholesterol (the 
levels ranged from 36 to 258 mg per deciliter 
[0.9 to 6.7 mmol per liter]), but 81 percent had 
an LDL cholesterol level below the 50th percen-
tile for black subjects.

Among black subjects who did not have a non-
sense mutation, 9.7 percent had a coronary event 

Table 1. Nonsense Mutations in PCSK9 and Cardiovascular Risk Factors among 3363 Black Participants in the Study.*

Variable Noncarriers Carriers P Value†

PCSK9142X PCSK9679X PCSK9142X or 
PCSK9679X

Mutation status — no. of subjects (%) 3278 (97.4) 26 (0.8) 60 (1.8) 85 (2.6)‡

Age — yr§ 53±6 54±6 53±6 54±6 0.61

Male sex — % 37 42 27 31 0.22

Body-mass index 29.6±6.1 28.7±4.4 29.7±5.5 29.5±5.2 0.88

Total cholesterol — mg/dl 215±44 177±44 172±45 173±44 <0.001

Triglycerides — mg/dl 113±81 97±38 94±39 94±38 0.04

LDL cholesterol — mg/dl 138±42 103±39 100±45 100±43 <0.001

HDL cholesterol — mg/dl 55±17 55±14 54±17 55±16 0.72

Hypertension — %¶ 55 42 36 37 0.001

Diabetes — %∥ 18 12 13 13 0.26

Smoking — %** 30 38 23 27 0.62

Carotid-artery intima–media thickness 
— mm

0.73±0.16 0.72±0.17 0.69±0.11 0.70±0.13 0.04

Coronary heart disease — no. of subjects 319 0 1 1 0.008

Stroke — no. of subjects (%) 217 (6.6) 3 (11.5) 3 (5.0) 6 (7.1) 0.87

Death — no. of subjects (%) 580 (17.7) 4 (15.4) 8 (13.3) 12 (14.1) 0.39

* Plus–minus values are means ±SD. To convert the values for cholesterol to millimoles per liter, multiply by 0.02586. 
To convert the values for triglycerides to millimoles per liter, multiply by 0.01129.

† P values are for the comparison between noncarriers and persons carrying either the PCSK9142X or PCSK9679X variant. 
P values for sex, hypertension, diabetes, smoking, and coronary events were calculated with use of the chi-square test. 
P values for age, body-mass index, total cholesterol, triglycerides, LDL cholesterol, HDL cholesterol, and carotid-artery 
intima–media thickness were calculated with use of the t-test.

‡ One subject had both the PCSK9142X and PCSK9679X alleles.
§ Age at the inception of the study is shown.
¶ Hypertension was defined by a systolic blood pressure of 140 mm Hg or higher, a diastolic blood pressure of 90 mm Hg 

or higher, or use of antihypertensive medication.
∥ Diabetes mellitus was defined by a fasting serum glucose level of 126 mg per deciliter (7 mmol per liter) or higher, a 

nonfasting glucose level of 200 mg per deciliter (11 mmol per liter) or higher, use of hypoglycemic agents, or a history 
of physician-diagnosed diabetes mellitus.

** Cigarette smoking was assessed by standardized questionnaires. Smoking status was classified as positive for per-
sons who were current smokers.
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during the 15-year follow-up period (Fig. 1B). In 
contrast, CHD developed in only 1 of the 85 black 
participants (1.2 percent) who had a nonsense 
mutation (P = 0.008). According to Cox propor-
tional-hazards modeling, the hazard ratio for 
CHD among carriers as compared with noncar-
riers, after adjustment for age and sex, was 0.11 
(95 percent confidence interval, 0.02 to 0.81; 
P = 0.03). The incidence of disease remained sig-
nificantly lower among carriers than among non-
carriers (P<0.05) when hypertension and diabe-
tes were added to the model. The only carrier in 
whom CHD developed was a black man who was 
obese (body-mass index [the weight in kilograms 
divided by the square of the height in meters], 34), 
had hypertension (blood pressure, 186/85 mm Hg), 
and was a smoker. He also had an Lp(a) lipopro-
tein level above the 95th percentile for his race 
and sex as well as a family history of CHD. De-
spite a very low plasma level of LDL cholesterol 

(53 mg per deciliter [1.4 mmol per liter]), he died 
at the age of 68 years, within 24 hours after his 
first myocardial infarction.

The frequency of PCSK946L heterozygosity was 
3.2 percent among white subjects (Table 2) and 
0.7 percent among black subjects. A total of eight 
white subjects were homozygous for the PCSK946L 
allele. The age, sex distribution, body-mass index, 
and prevalences of hypertension, diabetes, and 
smoking were not significantly different between 
white subjects with the PCSK946L allele and those 
without it (Table 2). As was observed for the 
nonsense mutations, the R46L substitution was 
associated with a significant reduction in plasma 
levels of total cholesterol (9 percent) and LDL 
cholesterol (15 percent). The mean plasma level 
of LDL cholesterol was slightly lower among the 
8 white subjects who were homozygous for the 
PCSK946L allele than among the 293 white subjects 
who were heterozygotes (112±46 mg per deciliter 
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Figure 1. Distribution of Plasma LDL Cholesterol Levels (Panel A) and Incidence of Coronary Heart Disease (Panel B) 
among Black Subjects, According to the Presence or Absence of a PCSK9 142X or PCSK9 679X Allele.

In Panel A, the distribution of plasma LDL cholesterol levels at baseline among 3278 black subjects who did not 
have a PCSK9142X or PCSK9679X allele (top) is compared with the distribution of levels among the 85 black subjects 
who had one of these two alleles (bottom). Panel B shows the percentage of participants from these two groups 
who had no evidence of coronary heart disease at baseline and in whom coronary heart disease developed during 
the 15-year follow-up period. To convert values for LDL cholesterol to millimoles per liter, multiply by 0.02586.
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[2.9±1.2 mmol per liter] vs. 116±33 mg per deci-
liter [3.0±0.8 mmol per liter]); therefore, the two 
groups were pooled in subsequent analyses. The 
distribution of plasma LDL cholesterol levels 
among persons heterozygous or homozygous for 
the R46L-encoding allele was shifted toward lower 
levels (Fig. 2A), although the magnitude of the 
shift was smaller than that observed with the 
nonsense mutations (Fig. 1A).

Despite its more moderate LDL-lowering effect, 
the PCSK946L allele was associated with a signifi-
cant reduction in the incidence of CHD (Fig. 2B). 
Persons who were heterozygous or homozygous 
for PCSK946L had a 47 percent reduction in the rate 
of coronary events (6.3 percent vs. 11.8 percent). 
The hazard ratio for CHD among PCSK946L carriers 
relative to noncarriers, after ad justment for age and 
sex, was 0.5 (95 percent confidence interval, 0.32 
to 0.79; P = 0.003). CHD developed in only 1 of 25 

blacks who were heterozygous for the PCSK946L al-
lele. This woman was an obese (body-mass index, 
35), nondiabetic, nonhypertensive smoker who had 
an LDL cholesterol level of 111 mg per deciliter (2.9 
mmol per liter) and an HDL cholesterol level of 
27 mg per deciliter (0.7 mmol per liter). She re-
ported no family history of heart disease and had 
a myocardial infarction at the age of 53 years.

To determine whether the three PCSK9 alleles 
associated with lower plasma levels of LDL cho-
lesterol were also associated with a reduced risk 
of carotid atherosclerosis, we compared carriers 
and noncarriers with respect to carotid-artery 
intima–media thickness, a surrogate measure of 
coronary atherosclerosis. The mean intima–media 
thickness was slightly but significantly lower 
among carriers than among noncarriers, both in 
the group of black subjects (Table 1) and in the 
group of white subjects (Table 2).

Table 2. The R46L-Encoding Allele of PCSK9 and Cardiovascular Risk Factors among 9524 White Subjects in the Study.*

Variable Noncarriers Carriers of PCSK9 46L P Value†

Mutation status — no. of subjects (%) 9223 (96.8) 301 (3.2)

Age — yr‡ 54±6 54±6 0.56

Male sex — % 45 46 0.84

Body-mass index 26.9±4.9 26.8±4.5 0.51

Total cholesterol — mg/dl 214±40 194±37 <0.001

Triglycerides — mg/dl 133±87 135±89 0.79

LDL cholesterol — mg/dl 137±37 116±33 <0.001

HDL cholesterol — mg/dl 51±17 52±17 0.64

Hypertension — %§ 25.0 24.6 0.87

Diabetes — %¶ 8.0 7.3 0.68

Smoking — %∥ 24.6 25.2 0.80

Carotid-artery intima–media thickness — mm 0.73±0.18 0.71±0.16 0.005

Coronary heart disease — no. of subjects 1089 19 0.003

Stroke — no. of subjects (%) 267 (2.9) 9 (3.0) 0.92

Death — no. of subjects (%) 988 (10.7) 25 (8.3) 0.18

* Plus–minus values are means ±SD. To convert the values for cholesterol to millimoles per liter, multiply by 0.02586. To 
convert the values for triglycerides to millimoles per liter, multiply by 0.01129.

† P values are for the comparison between noncarriers and persons carrying the PCSK946L variant. P values for sex, hyper-
tension, diabetes, and smoking were calculated with use of the chi-square test. P values for age, body-mass index, total 
cholesterol, triglycerides, LDL cholesterol, HDL cholesterol, and carotid-artery intima–media thickness were calculated 
with use of the t-test.

‡ Age at the inception of the study is shown.
§ Hypertension was defined by a systolic blood pressure of 140 mm Hg or higher, a diastolic blood pressure of 90 mm Hg 

or higher, or use of antihypertensive medication.
¶ Diabetes mellitus was defined by a fasting serum glucose level of 126 mg per deciliter (7 mmol per liter) or higher, a 

nonfasting glucose level of 200 mg per deciliter (11 mmol per liter) or higher, use of hypoglycemic agents, or a history 
of physician-diagnosed diabetes mellitus.

∥ Cigarette smoking was assessed by standardized questionnaires. Smoking status was classified as positive for persons 
who were current smokers.
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Discussion

The principal finding of this study is that sequence 
variations in PCSK9 associated with lower plasma 
levels of LDL cholesterol conferred protection 
against CHD. The reduced incidence of CHD as-
sociated with LDL-lowering PCSK9 alleles was ob-
served in two different populations. A graded 
association between reduced LDL cholesterol lev-
els and a decreased risk of coronary events was 
found: the nonsense mutations that lowered plas-
ma levels of LDL cholesterol by about 40 mg per 
deciliter (1.0 mmol per liter) were associated with 
an 88 percent reduction in the incidence of CHD, 
whereas the PCSK946L allele, which lowered LDL 
cholesterol levels by about 20 mg per deciliter 
(0.5 mmol per liter), was associated with a 50 per-
cent reduction in CHD. The reductions in CHD 
associated with these PCSK9 sequence variations 
were larger than those predicted from LDL-low-
ering trials,2 presumably reflecting the beneficial 

effects of lifelong reductions in plasma LDL cho-
lesterol. These data suggest that relatively moder-
ate reductions in LDL cholesterol level (20 to 40 mg 
per deciliter) would markedly reduce the incidence 
of CHD in the population if sustained over a 
lifetime.

In several observational studies in large popu-
lations, reduced plasma levels of LDL cholesterol 
have been associated with reduced rates of CHD.17,18 
What has not been clear from these studies is 
the extent to which the risk reduction is directly 
attributable to lower plasma levels of LDL cho-
lesterol and the extent to which it is due to con-
founding effects from factors associated with 
LDL cholesterol levels, such as body weight, diet, 
medical therapy, or hormonal status. The identi-
fication of LDL-lowering alleles of PCSK9 that 
were sufficiently common allowed us to stratify 
subjects according to genotype and to assess the 
association between these alleles and coronary 
events.
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Figure 2. Distribution of Plasma LDL Cholesterol Levels (Panel A) and Incidence of Coronary Events (Panel B) 
among White Subjects, According to the Presence or Absence of a PCSK946L Allele.

In Panel A, the distribution of plasma LDL cholesterol levels at baseline among 9223 white subjects who did not have 
a PCSK946L allele (top) is compared with the distribution of levels among the 301 white subjects who were either hetero-
zygous or homozygous for this allele (bottom). Panel B shows the percentage of participants from these two groups 
who had no evidence of coronary heart disease at baseline and in whom coronary heart disease developed during 
the 15-year follow-up period. To convert values for LDL cholesterol to millimoles per liter, multiply by 0.02586.
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The possibility exists that the nonsense muta-
tions and R46L-encoding allele of PCSK9 reduce 
CHD by a mechanism unrelated to the LDL-low-
ering effect. We found no evidence that the ob-
served association between the PCSK9 nonsense 
mutations or R46L-encoding variant and the 
reduction in CHD was due to a difference in 
non–lipid-related risk factors. Nonsense muta-
tions in PCSK9 were not associated with cardio-
vascular risk factors (other than LDL cholesterol 
level) in a prior study.4 Among black subjects in 
the current study, hypertension was the only risk 
factor that was significantly less prevalent in 
carriers of a PCSK9 variant than in noncarriers. 
Among white subjects, the prevalences of all the 
major cardiovascular risk factors, including hyper-
tension, were similar in carriers and noncarriers. 
These data are consistent with the notion that 
reductions in the incidence of CHD associated 
with sequence variations in PCSK9 are related to 
LDL-lowering effects. Nonetheless, PCSK9 may 
also have direct atherogenic effects that are in-
dependent of plasma levels of LDL cholesterol.

Anecdotal observations of atherosclerotic dis-
ease in persons with heterozygous familial hypo-
betalipoproteinemia have raised the possibility 
that low plasma levels of LDL cholesterol may 
not prevent cardiovascular disease in the pres-
ence of other cardiovascular risk factors.19 In the 
current study, nonsense mutations in PCSK9 were 
associated with an 88 percent reduction in inci-
dent CHD among black subjects, despite the very 
high prevalence of non–lipid-related cardiovas-
cular risk factors in this population. More than 
one half of the black participants in the ARIC 
study had hypertension, almost one third smoked, 
and nearly 20 percent had diabetes. The signifi-
cant reduction in the incidence of CHD among 
black subjects with the nonsense mutations sug-
gests that a lifelong history of reduced LDL cho-
lesterol levels significantly lowers the risk of CHD, 
even in the presence of multiple risk factors.

Several studies have estimated the potential 
effect of cholesterol-lowering interventions on the 
burden of CHD in the population. A recent meta-
analysis of 58 trials indicated that an LDL choles-
terol reduction of 38.7 mg per deciliter (1.0 mmol 
per liter) reduces the risk of coronary events by 
36 percent after five years.2 Similar estimates 
were obtained from an analysis of the 10 largest 
cohort studies of plasma cholesterol and CHD.2 
The decrease in LDL cholesterol levels in those 

studies is similar to the reduction associated with 
the two nonsense mutations in PCSK9 (37 mg per 
deciliter [1.0 mmol per liter]), but in the current 
study the corresponding reduction in CHD was 
substantially larger (88 percent). Even the more 
moderate reduction in LDL cholesterol levels as-
sociated with the PCSK946L allele (about 20 mg per 
deciliter) was associated with a reduction in CHD 
(47 percent) that is similar to that achieved in 
statin trials (36 percent).2 Adjustment according 
to the plasma LDL cholesterol level did not sub-
stantially alter the hazard ratio for CHD among 
persons with the nonsense mutations (from 0.11 
to 0.15) or with the R46L-encoding sequence 
variation (from 0.50 to 0.60). This result suggests 
that a single measurement of plasma LDL cho-
lesterol does not capture the effect of a lifetime 
of reduced plasma levels. These data suggest that 
lifelong reduction of LDL levels confers greater 
benefit than does a similar reduction instituted 
later in life. This finding is consistent with the 
observation that coronary atherosclerosis devel-
ops early in life20-23 and suggests that earlier 
introduction of an intervention that lowers lipid 
levels even moderately may confer increased pro-
tection from CHD.24

The participants described in the current re-
port were 45 to 64 years old at the inception of 
the study and were followed for an average of 15 
years. The study does not address whether the 
cardioprotective effects of the LDL-lowering PCSK9 
sequence variations persist in older age groups. 
The difference between carriers and noncarriers 
in the incidence of heart disease may decline with 
aging, as the absolute rates of disease increase. 
Moreover, it is not known whether the beneficial 
effect of decreased LDL cholesterol levels on car-
diovascular disease results in an overall reduction 
in mortality rates. The number of deaths observed 
during the follow-up period was slightly lower 
among carriers than among noncarriers both in 
black subjects and in white subjects, but the dif-
ference did not reach statistical significance. Fur-
ther investigation in the ARIC study populations 
and in cohorts of elderly persons will be required 
to answer these questions.

Statins are the cornerstone of cholesterol-
lowering therapy for the prevention of CHD. 
Recent clinical trials have shown that the reduc-
tion in the rate of coronary events is directly re-
lated to the magnitude of the reduction in LDL 
cholesterol levels.2 Ironically, statin treatment 
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increases the expression of both the LDL-recep-
tor gene (LDLR) and PCSK9.25 The increased 
expression of PCSK9 may attenuate the LDL-low-
ering effect of statins. Observations in genetically 
modified mice suggest that inhibition of PCSK9 
activity would enhance the LDL-lowering effects 
of statins.11 These findings, together with the re-
sults of the current study, make PCSK9 an attrac-
tive new target for LDL-lowering therapy.

Supported by the Donald W. Reynolds Foundation, the W.M. 
Keck Foundation, and the Le Ducq Foundation; by a grant (HL 
20948) from the National Institutes of Health; and as a collabora-
tive study by contracts (N01-HC-55015, N01-HC-55016, N01-HC-
55018, N01-HC-55019, N01-HC-55020, N01-HC-55021, and N01-
HC-55022) with the National Heart, Lung, and Blood Institute.

No potential conflict of interest relevant to this article was 
reported.

We are indebted to the staff and participants of the ARIC 
study for their important contributions and to Michael Brown, 
Joseph Goldstein, Scott Grundy, James DeLemos, and Darren 
McGuire for helpful discussions.

References

Third Report of the National Choles-
terol Education Program (NCEP) Expert 
Panel on Detection, Evaluation, and Treat-
ment of High Blood Cholesterol in Adults 
(Adult Treatment Panel III): final report. 
Circulation 2002;106:3143-421.

Law MR, Wald NJ, Rudnicka AR. 
Quantifying effect of statins on low den-
sity lipoprotein cholesterol, ischaemic 
heart disease, and stroke: systematic re-
view and meta-analysis. BMJ 2003;326:
1423-7.

Stamler J, Daviglus ML, Garside DB, 
Dyer AR, Greenland P, Neaton JD. Rela-
tionship of baseline serum cholesterol 
levels in 3 large cohorts of younger men 
to long-term coronary, cardiovascular, and 
all-cause mortality and to longevity. JAMA 
2000;284:311-8.

Cohen J, Pertsemlidis A, Kotowski IK, 
Graham R, Garcia CK, Hobbs HH. Low 
LDL cholesterol in individuals of African 
descent resulting from frequent nonsense 
mutations in PCSK9. Nat Genet 2005;
37:161-5. [Erratum, Nat Genet 2005;37:
328.]

Kotowski IK, Pertsemlidis A, Luke A, 
et al. A spectrum of PCSK9 alleles contrib-
utes to plasma levels of low-density lipo-
protein cholesterol. Am J Hum Genet 
2006;78:410-22.

Seidah NG, Benjannet S, Wickham L, 
et al. The secretory proprotein convertase 
neural apoptosis-regulated convertase 1 
(NARC-1): liver regeneration and neuronal 
differentiation. Proc Natl Acad Sci U S A 
2003;100:928-33.

Maxwell KN, Breslow JL. Adenoviral-
mediated expression of Pcsk9 in mice re-
sults in a low-density lipoprotein receptor 
knockout phenotype. Proc Natl Acad Sci 
U S A 2004;101:7100-5.

Park SW, Moon YA, Horton JD. Post-
transcriptional regulation of low density 
lipoprotein receptor protein by proprotein 

1.

2.

3.

4.

5.

6.

7.

8.

convertase subtilisin/kexin type 9a in mouse 
liver. J Biol Chem 2004;279:50630-8.

Lalanne F, Lambert G, Amar MJ, et al. 
Wild-type PCSK9 inhibits LDL clearance 
but does not affect apoB-containing lipo-
protein production in mouse and cultured 
cells. J Lipid Res 2005;46:1312-9.

Benjannet S, Rhainds D, Essalmani R, 
et al. NARC-1/PCSK9 and its natural mu-
tants: zymogen cleavage and effects on 
the low density lipoprotein (LDL) receptor 
and LDL cholesterol. J Biol Chem 2004;
279:48865-75.

Rashid S, Curtis DE, Garuti R, et al. 
Decreased plasma cholesterol and hyper-
sensitivity to statins in mice lacking Pcsk9. 
Proc Natl Acad Sci U S A 2005;102:5374-9.

The ARIC Investigators. The Athero-
sclerosis Risk in Communities (ARIC) 
Study: design and objectives. Am J Epide-
miol 1989;129:687-702.

Chambless LE, Folsom AR, Sharrett 
AR, et al. Coronary heart disease risk pre-
diction in the Atherosclerosis Risk in Com-
munities (ARIC) study. J Clin Epidemiol 
2003;56:880-90.

Brown SA, Hutchinson R, Morrisett J, 
et al. Plasma lipid, lipoprotein cholesterol, 
and apoprotein distributions in selected 
US communities: the Atherosclerosis Risk 
in Communities (ARIC) Study. Arterioscler 
Thromb 1993;13:1139-58.

ARIC manual of operations. No. 2. 
Cohort component procedures. Chapel Hill: 
University of North Carolina, ARIC Coor-
dinating Center, School of Public Health, 
1987.

Bond MD, Bernes RW, Wilmoth SK, 
Chambless LE. High-resolution B-mode 
ultrasound scanning methods in the 
Atherosclerosis Risk in Communities Study 
(ARIC). J Neuroimaging 1991;1:68-73.

Stamler J, Wentworth D, Neaton JD. Is 
relationship between serum cholesterol 
and risk of premature death from coronary 

9.

10.

11.

12.

13.

14.

15.

16.

17.

heart disease continuous and graded? 
Findings in 356,222 primary screenees of 
the Multiple Risk Factor Intervention Trial 
(MRFIT). JAMA 1986;256:2823-8.

Chen Z, Peto R, Collins R, MacMahon 
S, Lu J, Li W. Serum cholesterol concentra-
tion and coronary heart disease in popu-
lation with low cholesterol concentrations. 
BMJ 1991;303:276-82.

Welty FK, Ordovas J, Schaefer EJ, Wil-
son PW, Young SG. Identification and mo-
lecular analysis of two apoB gene muta-
tions causing low plasma cholesterol 
levels. Circulation 1995;92:2036-40.

Napoli C, Glass CK, Witztum JL, 
Deutsch R, D’Armiento FP, Palinski W. 
Influence of maternal hypercholesterolae-
mia during pregnancy on progression of 
early atherosclerotic lesions in childhood: 
Fate of Early Lesions in Children (FELIC) 
study. Lancet 1999;354:1234-41.

McGill HC Jr, McMahan CA. Determi-
nants of atherosclerosis in the young: 
Pathobiological Determinants of Athero-
sclerosis in Youth (PDAY) Research Group. 
Am J Cardiol 1998;82:30T-36T.

Enos WF, Holmes RH, Beyer J. Coro-
nary disease among United States soldiers 
killed in action in Korea; preliminary re-
port. JAMA 1953;152:1090-3.

McNamara JJ, Molot MA, Stremple JF, 
Cutting RT. Coronary artery disease in 
combat casualties in Vietnam. JAMA 
1971;216:1185-7.

McGill HC Jr, McMahan CA. Starting 
earlier to prevent heart disease. JAMA 
2003;290:2320-2.

Dubuc G, Chamberland A, Wassef H, 
et al. Statins upregulate PCSK9, the gene 
encoding the proprotein convertase neu-
ral apoptosis-regulated convertase-1 impli-
cated in familial hypercholesterolemia. 
Arterioscler Thromb Vasc Biol 2004;24:
1454-9.
Copyright © 2006 Massachusetts Medical Society.

18.

19.

20.

21.

22.

23.

24.

25.

The New England Journal of Medicine 
Downloaded from nejm.org on February 19, 2019. For personal use only. No other uses without permission. 

 Copyright © 2006 Massachusetts Medical Society. All rights reserved. 


