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Background: Epidemiologically, high-density lipoprotein (HDL) cholesterol levels associate in-
versely with risk of ischemic cardiovascular disease. Whether this is a causal relation is unclear.

Methods: We studied 10,281 participants in the Copenhagen City Heart Study (CCHS) and 50,523
participants in the Copenhagen General Population Study (CGPS), of which 991 and 1,693 partic-
ipants, respectively, had developed myocardial infarction (MI) by August 2010. Participants in the
CCHS were genotyped for all six variants identified by resequencing lecithin-cholesterol acyltrans-
ferase in 380 individuals. One variant, S208T (rs4986970, allele frequency 4%), associated with HDL
cholesterol levels in both the CCHS and the CGPS was used to study causality of HDL cholesterol
using instrumental variable analysis.

Results: Epidemiologically, in the CCHS, a 13% (0.21 mmol/liter) decrease in plasma HDL cholesterol
levels was associated with an 18% increase in risk of MI. S208T associated with a 13% (0.21 mmol/
liter) decrease in HDL cholesterol levels but not with increased risk of Ml or other ischemic end
points. The causal odds ratio for Ml for a 50% reduction in plasma HDL cholesterol due to S208T
genotype in both studies combined was 0.49 (0.11-2.16), whereas the hazard ratio for Ml for a 50%
reduction in plasma HDL cholesterol in the CCHS was 2.11 (1.70-2.62) (Pcomparison = 0-03).

Conclusion: Low plasma HDL cholesterol levels robustly associated with increased risk of Ml but
genetically decreased HDL cholesterol did not. This may suggest that low HDL cholesterol levels per
se do not cause M. (J Clin Endocrinol Metab 97: E248-E256, 2012)

pidemiologically, high-density lipoprotein (HDL)
cholesterol levels associate inversely with risk of isch-
emic cardiovascular disease (1), an association that has led
to the hypothesis that low levels of HDL cholesterol di-
rectly cause atherosclerosis. Whether this hypothesis is
correct is intensively debated (2-8). Large homogeneous
studies of the general population testing whether geneti-
cally altered HDL cholesterol levels associate with the ex-
pected cardiovascular risk may help to test causality and
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thus to evaluate HDL cholesterol raising as an antiathero-
genic strategy.

A recent genome-wide association study (GWAS) in-
cluding more than 100,000 individuals identified a single-
nucleotide polymorphism (SNP) in the lecithin-cholesterol
acyltranferase (LCAT) gene as the strongest marker of
isolated variation in HDL cholesterol levels (9). This in-
dicates that common variants in LCAT associated with
levels of HDL cholesterol would be suitable instruments

Abbreviations: ABCA1, ATP binding cassette transporter A1; APOA1, apolipoprotein A-;
CCHS, Copenhagen City Heart Study; CGPS, Copenhagen General Population Study; Cl,
confidence interval; GWAS, genome-wide association study; HDL, high-density lipopro-
tein; ICVD, ischemic cerebrovascular disease; IHD, ischemic heart disease; IS, ischemic
stroke; LCAT, lecithin-cholesterol acyltranferase; LDL, low-density lipoprotein; MI, myo-
cardial infarction; SNP, single-nucleotide polymorphism.
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for a formal causality test of HDL cholesterol levels for
cardiovascular risk using a Mendelian randomization ap-
proach. Under the assumptions of Mendelian randomiza-
tion, the existence of a causal relationship between HDL
cholesterol levels and ischemic cardiovascular disease
would imply that associations between a gene variant and
HDL cholesterol levels will translate into the risk of dis-
ease expected from the effect on HDL cholesterol (10).
Monogenic HDL cholesterol deficiencies are caused by
loss-of-function mutations in genes encoding apolipopro-
tein A-I (APOAT1), ATP binding cassette transporter A1l
(ABCAT1),and LCAT. In contrastto ABCA1 and APOA1
heterozygotes (6, 11), LCAT heterozygotes have not been
extensively studied in population-based settings (5). To
clarify whether heterozygozity for loss-of-function muta-
tions exist at a given frequency in the general population
and to obtain an unbiased effect of genetic variation in
LCAT on lipids and lipoprotein levels and on risk of isch-
emic cardiovascular disease (2), studies of the general pop-
ulation are needed.

Therefore, we tested the following hypotheses: 1) the
genetic variation in LCAT affects the levels of lipids, li-
poproteins, and apolipoproteins in the general popula-
tion; and 2) genotypes that are associated with lifelong
reductions in HDL cholesterol are associated with an in-
creased risk of ischemic cardiovascular disease and in par-
ticular myocardial infarction (MI), suggesting direct cau-
sality of HDL cholesterol. These hypotheses were tested in
the Copenhagen City Heart Study (CCHS; n = 10,281)
and in the Copenhagen General Population Study (CGPS;
n = 50,523).

Materials and Methods

Subjects

The studies were approved by the institutional review boards
and Danish ethical committees (no. KF-100.2039/91, KF-01-
144/01, H-KF-01-144/01) and conducted according to the Dec-
laration of Helsinki. Informed consent was obtained from all
participants. All the participants were white and of Danish de-
scent. No participants appeared in more than one of the two
studies, permitting independent confirmation of the findings in
each group.

The Copenhagen City Heart Study

This is a prospective study of the general population ini-
tiated in 1976-1978 with follow-up examinations in 1981-
1983,1991-1994, and 2001-2003. Individuals were selected
based on the national Danish Civil Registration System to
reflect the adult Danish population aged 20-80+ yr. Data
were obtained from a questionnaire, a physical examination,
and blood samples. Blood samples for DNA extraction were
available on 10,281 participants attending the 1991-1994
and/or 2001-2003 examinations.
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The Copenhagen General Population Study

This is a prospective study initiated in 2003 with ongoing
enrollment. For the present study, we used CGPS cross-section-
ally to include all available events occurring from the establish-
ment of the national Danish Patient Registry and national Dan-
ish Causes of Death Registry in 1976 to the end of follow-up in
2010. Participants were recruited from the general population
and were examined as in the CCHS. At the time of genotyping,
50,523 had been included.

Gene resequencing

Genomic DNA was isolated from frozen whole blood of the
participants in the CCHS with the 2% lowest (n = 190) and 2%
highest (n = 190) HDL cholesterol levels for age and gender
(QiaAmp4 DNA blood minikit; QLAGEN GmbH, Hilden, Ger-
many). Seven PCR fragments were amplified covering 498 bp
upstream of exon 1, all six exons of LCAT, and exon-intron
boundaries (LCAT consensus sequence NC_000016.9). AlIPCR
products were subsequently sequenced on an ABI 3730 DNA
analyzer (Applied Biosystems Inc., Foster City, CA).

Genotyping

The ABIPRISM 7900HT sequence detection system (Applied
Biosystems) was used to genotype the CCHS for all six LCAT
variants identified by resequencing [g.-293G>A, g.-249A>G,
g.-128G>A, 1VS2-10delC, S208T (rs4986970), and L369L
(rs5923)], and the CGPS for the common genetic variant S208T
with effect on HDL cholesterol levels. TagMan-based assays
were used.

Lipids, lipoproteins, and apolipoproteins

Colorimetric and turbidimetric assays were used to measure
HDL cholesterol, total cholesterol, nonfasting plasma levels of trig-
lycerides, apolipoprotein A-I, and apolipoprotein B (Roche Molec-
ular Biochemicals, Mannheim, Germany, and Konelab, Helsinki,
Finland). Low-density lipoprotein (LDL) cholesterol was calculated
using the Friedewald equation (12) when plasma triglycerides were
less than 4.00 mmol/liter (<354.00 mg/dl), and otherwise measured
directly (Thermo Fisher Scientific, Waltham, MA).

Events

Information on diagnoses of ischemic heart disease (IHD)
(World Health Organization; International Classification of Dis-
ease, 8th edition, p. 410-414; 10th edition, p. 120-125) was
collected and verified by reviewing all hospital admissions and
diagnoses entered in the national Danish Patient Registry and all
causes of death entered in the national Danish Causes of Death
Registry. IHD was fatal or nonfatal MI or characteristic symp-
toms of stable angina pectoris, including revascularization pro-
cedures (13). A diagnosis of MI followed the changing defini-
tions over time. After year 2000, the diagnosis was based on
either one of the following: 1) typical rise and fall of biochemical
markers of myocardial necrosis [troponin or creatine kinase
muscle brain fraction (CK-MB)] with at least one of the follow-
ing: ischemic symptoms, development of pathological Q waves
on the electrocardiogram, or electrocardiogram changes indic-
ative of ischemia or coronary artery intervention; or 2) patho-
logical findings of an acute, healed or healing MI (14).

Potential cases with ischemic cerebrovascular disease (ICVD)
including ischemic stroke (IS) were gathered from the national
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Danish Patient Registry and the national Danish Causes of Death
Registry (World Health Organization; International Classifica-
tion of Diseases, 8th edition, p. 431-438; 10th edition, p. 160-
169, G45). In the CCHS, for each person registered with ICVD,
hospital records were requested. Experienced neurologists re-
viewed and validated all potential cases as described previously
(15). The diagnostic criteria for ICVD were IS, transient ischemic
attack (focal neurological symptoms lasting less than 24 h), or
amaurosis fugax (transient blindness on one eye only).

Follow-up ended in August 2010 and was 100% complete,
i.e. no individual was lost to follow-up in either study.

Other covariates

Diabetes mellitus, hypertension, and smoking were dichoto-
mized and defined as diabetics (self-reported disease, use of an-
tidiabetic medication, nonfasting plasma glucose >11.00 mmol/
liter), hypertension (systolic blood pressure =140 mm Hg or
diastolic blood pressure =90 mm Hg and/or use of antihyper-
tensive drugs), and smokers as current smoking. Body mass in-
dex was measured weight (kilograms) divided by measured
height squared (square meters). Use of lipid-lowering therapy
was self-reported.

Statistical analysis

Data were analyzed using Stata/SE statistical software (ver-
sion 10.1; StataCorp, College Station, TX). Two-sided P < 0.05
was considered significant. A Mann-Whitney U test and a Pear-
son x* test were used for two-group comparisons for continuous
and categorical variables, respectively. For trend tests, groups of
individuals were classified by LCAT genotypes and ranked 0, 1,
and 2 with 0 (noncarriers) as the reference group. Power calcu-
lations assuming one-sided P < 0.05 were performed using
NCSS 2001 and PASS 2000 software (NCSS, Kaysville, UT).

To test our first hypothesis that the common genetic variation
in LCAT (g.-293G>A, S208T, and L369L) affected levels of
lipids, lipoproteins, and apolipoproteins in the general popula-
tion, we used nonparametric Mann-Whitney U and trend tests
across genotypes with two and three groups, respectively.

To test our second hypothesis that the genotypes associated
with lifelong reductions in HDL cholesterol are associated with
a risk of ischemic cardiovascular disease in the general popula-
tion, we used Cox proportional hazards regression models, with
age as the time scale and the use of left truncation (delayed entry),
to estimate the hazard ratios of IHD, MI, ICVD, and IS in the
prospective CCHS; individuals diagnosed with an end point be-
fore entry were excluded from the Cox regression analyses, and
those dying during follow-up were censored at their death date.
In the cross-sectional CGPS and in both studies combined, lo-
gistic regression analysis was used to estimate odds ratios. Mul-
tifactorial adjustment was for age, gender, hypertension, diabe-
tes mellitus, and smoking. To test causality directly, we first
examined whether S208T associated with the risk of MI, the
mostexact diagnosis of ICVD, to the extent predicted by its effect
on HDL cholesterol levels. We used the observed increases in
hazard ratios for MI associated with a 1-mmol decrease in HDL
cholesterol levels in the CCHS to predict hazard ratios for MI.
The predicted hazard ratios as a function of HDL cholesterol
levels were corrected for regression dilution bias (16). Second,
instrumental variable analysis by two-stage least squares regres-
sion was used to assess the potential causal relationship between
the decreased HDL cholesterol levels and the increased risk of MI
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using HDL cholesterol-associated genotypes as instruments for
decreased levels of HDL cholesterol in an additive model.
Strengths of the instrument (association of genotype with plasma
HDL cholesterol) were evaluated by F statistics from the first-
stage regression, in which F greater than 10 indicates sufficient
strength to ensure the validity of the instrument variable analysis,
whereas R? in percent is used as a measure of the percent con-
tribution of genotype to the variation in HDL cholesterol levels
(17). The risk associated with a 50% reduction in HDL choles-
terol levels (observational or genetic) was calculated using the
logarithms of HDL cholesterol to base 2 in regression models,
multiplying the observational regression coefficient by —1, and
exponentiating them to give the hazard/odds ratios. We used
Altman’s method (18) to compare the causal estimate from the
instrumental variable analysis with the observational increased
risk of MI from the conventional epidemiology. As we a priori
tested one hypothesis, we used a one-sided test.

Results

Characteristics of participants and resequencing of
LCAT

Characteristics of subjects in the CCHS and in the
CGPS without any ischemic events, with IHD, or with
ICVD are shown in Table 1. Individuals with ITHD and
ICVD were older and more often men, had lower HDL
cholesterol and apolipoprotein A-T levels, and higher tri-
glyceride levels, were more obese, were more often on
lipid-lowering therapy, and more often had hypertension
or diabetes compared with control subjects. In the CGPS,
80% of THD and ICVD patients were on lipid-lowering
therapy, resulting in lower levels of total cholesterol, LDL
cholesterol, and apolipoprotein B compared with all other
groups.

Resequencing of the regulatory and coding regions of
LCAT in individuals from the CCHS with the 2% lowest
(n = 180) and 2% highest (n = 180) plasma HDL cho-
lesterol levels identified six genetic variants [Table 2 (19—
21)]. All six variants were genotyped in the CCHS, three
were rare (g.-249A>G, g.-128G>A, and IVS2-10delC,
allele frequency 0.01-0.03%), and three were relatively
common (g.-293G>A, S208T, L369L, allele frequency
0.3-5%) (Table 2). None of the common variants were in
linkage disequilibrium (R 0-0.2%). The common vari-
ant associated with HDL cholesterol levels, S208T, was
further genotyped in the CGPS. Genotype frequencies did
not differ from those predicted by the Hardy-Weinberg
equilibrium (P = 0.24-0.99).

Genetic variation in LCAT and plasma levels of
lipids, lipoproteins, and apolipoproteins

Lipids, lipoproteins, and apolipoproteins for the com-
mon variants, g.-293G>A, S208T, and L369L, are pre-
sented in Fig. 1. Compared with the corresponding non-
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TABLE 1. Characteristics of participants by disease status in the Copenhagen City Heart Study and the
Copenhagen General Population Study

Copenhagen City Heart Study Copenhagen General Population Study
No event IHD ICVD No event IHD ICVD

N 7,532 2,090 1,067 44,378 4,105 2,650
Women (%) 58 48?2 527 57 397 472
Age (yr) 54 (39-66) 68 (60-74)7 68 (62-74)? 55 (46-65) 67 (60-76)° 70 (61-78)?
HDL cholesterol (mmol/liter) 1.5 (1.2-1.9) 1.4(1.1-1.7)7 1.5(1.2-1.97 1.6(1.3-2.0) 1.5(1.2-1.87 1.6(1.2-1.9P
Apolipoprotein A-I (mg/dl) 142 (124-162) 135 (118-156)7 139 (121-161) 156 (139-177) 151 (133-170)7 155 (137-175)7
Total cholesterol (mmol/liter) 5.8 (5.0-6.7) 6.4(5.6-7.3)° 6.4(5.6-7.2)7 56(4.9-6.3) 5.3(4.5-6.1)7 54(4.6-6.2)7
LDL cholesterol (mmol/liter) 3.5(2.8-4.3) 4.0(3.2-4.8° 3.9(3.2-4.7° 3.2(2.6-39) 29(2.2-3.6) 3.0(2.3-3.7)7
Apolipoprotein B (mg/dl) 83(69-100) 93 (79-110)" 93 (79-109)7 107 (88-131) 107 (86—131)° 106 (86-129)7
Triglycerides (mmol/liter) 1.4 (1.0-2.0) 1.8 (1.3-2.6)° 1.8(1.3-2.5° 1.4(1.0-2.1) 1.6 (1.1-2.47° 1.5(1.1-2.2)°
Body mass index (kg/m?) 24 (22-27) 26 (24-29)° 26 (24-29)° 25 (23-28) 27 (24-30)° 26 (24-29)°
Lipid-lowering therapy (%) 0 3° 27 6 417 337
Hypertension (%) 44 72° 767 58 807 807
Smoking (%) 46 49 46 22 23 252
Diabetes mellitus (%) 3 82 92 3 119 92

Values are median (interquartile range) or percentage. A Mann-Whitney U test or Pearson y? test was used for continuous and categorical traits,
respectively. The risk factors, hypertension, smoking, and diabetes mellitus, were dichotomized and defined as diabetes (self-reported disease, use
of antidiabetic medication, and/or nonfasting plasma glucose >11.0 mmol/liter), hypertension (systolic blood pressure =140 mm Hg or diastolic
blood pressure =90 mm Hg and/or use of antihypertensive therapy), and smokers as current smokers.

7P <0.01.
bp<0.05.
carriers, S208T homozygotes had 0.21 mmol/liter (P for  Similar effects were seen in the CGPS (P for trend <0.001)
trend = 0.004) and 14 mg/dl (P for trend = 0.006) reduc-  (Fig. 1, upper right panels). No other associations between
tions in plasma HDL cholesterol and apolipoprotein A-I ~ g.-293G>A, S208T, and L369L and lipids, lipoproteins,
levels in the CCHS, respectively (Fig. 1, upper left panels).  and apolipoproteins or between S208T and biochemical

TABLE 2. Genetic variation in regulatory and coding regions of the LCAT gene in individuals with the lowest 2%
and highest 2% HDL cholesterol levels among 10,281 participants in the Copenhagen City Heart Study

No. of alleles (allele frequency)

Low High Previous
Gene Nucleotide Amino acid HDL-C HDL-C CCHS P Functional reports/
region substitution” residue® (n = 380) (n = 380) (n = 20,562) value region rs no.
LCAT
Promoter —293 G>A — 2 3 65 (0.003) 1.00 —242 bp from TATA-box; New
—201 bp from element
Bd
Promoter —249 A>G — 0 1 2 1.00 —198 bp from TATA-box; New
—157 bp from element
Bd
Promoter —128 G>A — 1 0 4 1.00 —77 bp from TATA-box;  New
—36 bp from element
Bd
Intron 2 IVS2-10 del C — 0 1 6 1.00 —10 bp from intron-exon  New
boundary
Exon 5 694 T>A S208T 12 (0.03) 7(0.02) 776(0.04) 0.35 Near N228°¢ rs4986970
Exon 6 1177 C>T 369 L 25(0.07) 21(0.06) 1045 (0.05) 0.65 Near catalytic residues” rs5923

For P values, Fisher’s exact test evaluated genotype frequencies in low vs. high HDL cholesterol groups. HDL-C, HDL cholesterol.

2 Nucleotide 1 denotes A in the start codon ATG in exon 1. A dash in front of the promoter variants indicates the number of nucleotides 5
upstream of the start codon ATG.

b Residue 1 denotes the first amino acid in the mature LCAT protein, excluding a signal peptide of 24 residues. A dash indicates that genetic
variants outside the translated region do not affect an amino acid residue.

€ The closest resemblance to a TATA box is the sequence GATAA 51 bp upstream of the ATG site (19).

9 Elements A (—46 to —74) and B (—76 to —92) bind transcription factors Sp1 and Sp3, respectively (20).

€ N228 has been proposed to be one of the residues involved in apolipoprotein A-l activation in addition to residues P10 and T123 (21).
75181, D345, and H377 are proposed to be the catalytic residues (21).
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FIG. 1. Mean plasma lipid and lipoprotein levels as a function of the common
genetic variants in LCAT, g.-293G>A, S208T, and L369L in the CCHS and S208T in
the CGPS. Values shown are mean = sem. The P values are by a nonparametric
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apolipoprotein A-I levels above the 50% per-
centile, whereas three of four g.-128G>A
heterozygotes had HDL cholesterol and apo-
lipoprotein A-Tlevels below the 50% percentile
for age and gender (Supplemental Fig. 1, red
dots). No other associations between g.-
249A>G, g.-128G>A, and IVS-10delC and
lipids, lipoproteins, and apolipoproteins were
observed (Supplemental Fig. 1).

Common genetic variation in LCAT and
risk of IHD, M, ICVD, and IS

We determined the risk of ischemic cardio-
vascular disease for the S208T variant, which
robustly associated with reduced HDL choles-
terol levels, in both the CCHS and CGPS. The
hazard and odds ratios for IHD, MI, ICVD, or
IS (multifactorially adjusted) did not differ sig-
nificantly from 1.0 for any of the individual
genotypes (Fig. 2). All the risk estimates ad-
justed for age and gender were similar only to
multifactorially adjusted hazard and odds ra-
tios. We had 80% statistical power to exclude
odds ratios of 1.1 or more for S208T heterozy-
gotes and 1.9 or more for S208T homozygotes
for any cardiovascular event in the two studies
combined.

Potential causal effect of HDL
cholesterol levels on the risk of Ml

First, assuming that reduced HDL choles-
terol levels have a causal effect on the risk of
MI, genetically reduced HDL cholesterol levels
should confer a similar increase in the risk of
MI as that observed for reduced HDL choles-
terol levels in the general population. For ex-
ample, the reduction of 0.21 mmol/liter (13%)
in HDL cholesterol observed in S208T ho-
mozygotes (Fig. 3, left panel) would theoreti-
cally predict an 18% increase in risk of MI
[hazard ratio 1.18; 95% confidence interval
(CI) 1.12-1.24, multifactorially adjusted] (Fig.
3,middle panel). However, the observed risk of
MI as a function of the S208T genotype in the

Mann-Whitney U test and by a trend test across genotypes for two- and three-group

comparisons, respectively.

markers of inflammation, glucose metabolism, and kidney
disease were observed (Fig. 1 and Supplemental Table 1,
published on The Endocrine Society’s Journals Online
web site at http://jcem.endojournals.org).

One of two g.-249A>G heterozygotes and five of six
IVS2-10delC heterozygotes had HDL cholesterol and

combined study of 54,551 individuals did not

differ significantly from 1.0 (P for trend =

0.52). The risk estimates adjusted for age and
gender only were similar to multifactorially adjusted haz-
ard and odds ratios.

Second, we also examined a potential causal effect of
decreased HDL cholesterol levels on increased risk of MI
using instrumental variable analysis by generalized least
squares regression. A 50% reduction in HDL cholesterol
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Copenhagen City Heart Study

Copenhagen General Population Study
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HDL cholesterol levels are not causally
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FIG. 2. Risk of IHD, MI, ICVD, and IS as a function of LCAT S208T genotype in the CCHS and
the CGPS. Hazard ratios and odds ratios were multifactorially adjusted for age, sex, diabetes,
smoking, and hypertension. P values are from Cox regression trend test.

levels due to the S208T genotype in the combined study
associated with a causal odds ratio of 0.49 (95% CI0.11-
2.16, genetic/instrumental variable estimate), whereas the
observational hazard ratio associated with a 50% reduc-
tion of HDL cholesterol levels of 2.11 (95% CI1.70-2.62,
observational/epidemiological estimate) in the CCHS (ob-
servational vs. instrumental hazard/odds ratio, P = 0.03;
Fig. 4). The strength of S208T as an instrumental variable
was F = 18 [F statistics >10 indicates sufficient strength
of the instrument (17)].

Discussion

The principal findings of the present study are that com-
mon genetic variation in LCAT associated with decreased
HDL cholesterol levels did not associate with increased
risk of ICVD. Low HDL cholesterol levels robustly asso-
ciated with an increased risk of MI; however, genetically
decreased HDL cholesterol did not. This may suggest that

0040102051 2 4 8
Odds ratio (95% confidence interval)

terol levels but with no other lipids and
lipoproteins [APOA1, hepatic lipase
(LIPC), and endothelial lipase (LIPG)]
do not support that genetic effects on
plasma levels of HDL cholesterol per se
associate with the expected risk of car-
diovascular disease (8, 22-25). Additionally, the GWAS
of more than 100,000 individuals show that only genetic
variants with effects on atherogenic lipids and lipopro-
teins [LDL cholesterol, apolipoprotein B, triglyceride rich
lipoproteins, and lipoprotein(a)] are consistently associ-
ated with cardiovascular risk, whereas genetic variants
with isolated effects on HDL cholesterol are not (9). The
present data on LCAT support these findings by contrib-
uting with a formal statistical test of causality, suggesting
that plasma levels of HDL cholesterol do not cause MI, the
most exact diagnosis of ischemic cardiovascular disease.
Because the data from epidemiological studies of the in-
verse relationship between low HDL cholesterol levels and
risk of ischemic cardiovascular disease is confounded by
high triglycerides, marking the presence of atherogenic
remnant lipoproteins (26 -30) and because increasing ge-
netic evidence that anisolated increase or decrease in HDL
cholesterol does not translate into the expected risk (8, 9),
causality for HDL cholesterol levels is at present not sup-

Genotype Change Change No. of Mean *SE Theoretically predicted Observed risk of Mi No. of
in HDL-C in HDL-C partici- risk of MI in all studies partici-
level level pants pants
mmol/L %
S208T P for trend P for trend
TT 0 0 9,5247 T 0,004 052 50,605
TA 0.06 4 7341 I 3,866
AA 0.21 13 1920 - 80

0.0 13 14 15 16
HDL cholesterol
(mmol/L)

(95% confidence interval)

0.2 05 1 2 4 0.2 05 1 2 4

Odds ratio
(95% confidence interval)

Hazard ratio

FIG. 3. Effect of LCAT S208T genotype on HDL cholesterol levels and theoretically predicted and observed risks of MI. Differences in plasma levels
of HDL cholesterol in the CCHS are shown as a function of LCAT S208T genotype as change in millimoles per liter and percentage and as mean =
Se, with noncarriers as the reference group (left panel). Theoretically predicted risks of Ml as a function of change in HDL cholesterol in the CCHS
are shown as hazard ratios as a function of LCAT genotypes (middle panel). Observed risks of Ml in the combined study according to LCAT
genotypes are shown as odds ratios (right panel). Hazard ratios and odds ratios were multifactorially adjusted for age, sex, diabetes, smoking, and
hypertension. P values are from nonparametric and Cox regression trend tests. HDL-C, HDL cholesterol.
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a Pcomparison
Plasma HDL cholesterol (|
(Observational/epidemiological estimate)
Genetically reduced | C ] 0.03
HDL cholesterol
(Instrumental variable estimate)
0.1 03 05 1 3

Hazard/odds ratio (95% confiodence interval)

Hazard/odds ratio (95% CI)
for MI for a 50% reduction P

Peomparison

Model F R’ observational versus

in HDL cholesterol levels instrumental

Observational/epidemiological - - 2.11(1.70-2.62) <0.001 -
estimate

Genetic/instrumental variable estimate

LCAT S208T 18 0.1% 0.49 (0.11-2.16) 0.35 0.03

FIG. 4. Study summary of the causal effect of reduced HDL cholesterol on the
increased risk of MI. This was tested in 54,551 individuals from the general
population, the CCHS and the CGPS combined. The causal effect of reduced HDL
cholesterol on the risk of Ml was estimated by the association between the
genetically reduced HDL cholesterol and the risk of Ml using instrumental variable
analysis by two-stage least squares regression and given as an odds ratio with 95%
confidence interval (A and B, lower estimate). This risk is compared with the
observed epidemiologically increased risk of Ml associated with reduced HDL
cholesterol levels in the general population, the CCHS, given as a hazard ratio with
95% confidence interval (A and B, upper estimate). F statistics (evaluation of
strength of instrument) and R? (contribution of genotype to variation in HDL
cholesterol levels in percent) are from the first-stage regression analysis. The
Pcomparison Value is between the observational estimate from conventional
epidemiology and the causal estimate from instrumental variable analysis.
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population prospectively (2). Despite the use of
a stringent extreme group resequencing strat-
egy, the present large population study was un-
fortunately unable to answer this question be-
cause no carriers of loss-of-function mutations
in LCAT were identified, suggesting that
LCAT mutations associated with low HDL
cholesterol are exceedingly rare in the general
population, as also observed earlier in a smaller
population-based study (34).

Two groups have independently shown that
rare alleles of HDL genes are differentially dis-
tributed in the extreme tails of the HDL cho-
lesterol distribution in the general population
(34, 35). In the CCHS, 6% of Caucasians with
the lowest 1% HDL cholesterol levels for age
and gender were heterozygous for loss-of-func-
tion mutations in ABCA1 (35), and results
were similar in the Dallas Heart Study in dif-
ferent racial groups (34). In the latter study,
APOA1 and LCAT were also resequenced,
and one heterozygous APOAI mutation car-
rier was identified (0.5 % in the low HDL cho-
lesterol group) but no carriers of LCAT muta-
tions. Recently Haase ez al. (23) showed that by
using the direct gene product of APOA1, apo-
lipoprotein A-I in plasma, 3% of Caucasians
with the lowest 1% apolipoprotein A-I levels

ported. Taken together, these data do not favor isolated
HDL cholesterol raising as an attractive antiatherogenic
strategy.

Monogenic isolated HDL deficiencies with large reduc-
tions in levels of HDL cholesterol are not in general asso-
ciated with increased risk of ischemic cardiovascular dis-
ease (2, 5). This has convincingly been shown for
heterozygotes of loss-of-function mutations in ABCA1
and APOAT1 (6, 31) but remains an unanswered question
for LCAT heterozygotes (32, 33). In a Dutch study, 47
heterozygotes for LCAT mutations presented with a mean
36% decrease in HDL cholesterol levels, a 23% increase
in triglyceride levels, a 2.1-fold increase in C-reactive pro-
tein levels, and a 5.4% increased mean carotid intima-
media thickness compared with family controls (32).Inan
Italian study, 28 heterozygotes and 12 homozygotes for
LCAT mutations presented with mean 33 and 84% de-
creases in HDL cholesterol levels, 29 and 145% increases
in triglyceride levels, but unexpectedly with 12 and 20%
decreases in mean carotid intima-media thickness (33). A
way to obtain an unbiased estimate of the association be-
tween heterozygosity for loss-of-function mutations in
LCAT and risk of ischemic cardiovascular disease is to
examine heterozygous carriers identified in the general

for age and gender in the general population
were heterozygous for loss-of-function mutations in
APOAT1. This suggests that proximity between gene and
gene product enhances the chance of detecting loss-of-
function mutations in extreme group resequencing. There-
fore, we cannot exclude that a few mutation carriers have
remained undetected because we used HDL cholesterol
levels as the extreme phenotype instead of the direct gene
product, levels of LCAT. However, because we know
from studies of LCAT-deficient patients that LCAT levels
and HDL cholesterol levels correlate well (36-38), this is
not likely to have confounded our data. Thus, by using a
systematic screening approach of extreme levels of HDL
cholesterol in the general population samples, previous
data (34) as well as the present data suggest that loss-of-
function mutations in LCAT are exceedingly rare in the
general population.

In a Mendelian randomization approach, naturally oc-
curring genetic variation can be used as instruments to
assess causality provided that several requirements are sat-
isfied (10). First, suitable genetic variants for the study of
the intermediate phenotype of interest (in casu plasma
HDL cholesterol levels) need to be identified. The first
stage of the instrumental variable analysis ensured that the
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S208T SNP had sufficient strength to be used as the genetic
instrument [F = 18, F > 10 ensures sufficient strength
(17)]. Also, a recent GWAS including more than 100,000
individuals identified a SNP in LCAT as the strongest
marker of isolated alterations in HDL cholesterol levels
(9), supporting that common genetic variantsin LCAT are
suitable instruments to use in Mendelian randomization
studies of HDL cholesterol. Second, reliable genotype-to-
intermediate phenotype and genotype-to-disease associa-
tions need to be established. These associations were ob-
tained in two studies including more than 60,000
individuals. Third, the selected genetic instrument must
not display pleiotropic effects. We cannot exclude all po-
tential pleiotropic effects because it is likely that other
alternative pathways exist (other than the HDL choles-
terol level) for LCAT to exert a potential effect on cardio-
vascular disease (39, 40). Ex vivo studies of normal
healthy volunteers (40) and carriers of loss-of-function
mutations in LCAT (39) suggest that LCAT exerts anti-
oxidant functions independent of the HDL cholesterol
level. Whether such ex vivo findings have an impact in
humans 7 vivo remains to be determined. We have, how-
ever, not identified any associations between S208T ge-
notype and other lipids, lipoproteins, and apolipoproteins
or any well-known cardiovascular risk factors or any
available biochemical quantities involved in inflamma-
tion, glucose metabolism, and kidney disease in approx-
imately 60,000 individuals. This supports that S208T in
LCAT hasanisolated HDL phenotype in humans and thus
is a suitable instrument to use in a Mendelian randomiza-
tion design.

In conclusion, low plasma HDL cholesterol levels ro-
bustly associated with an increased risk of MI, but genet-
ically decreased HDL cholesterol due to LCAT variation
did not. This adds to the emerging genetic evidence that the
inverse relation between HDL cholesterol levels and ICVD
observed in epidemiological studies may not be causal.
Finally, loss-of-function mutationsin LCAT are rare in the
general population.
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