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1
Although the word cholesterol is derived from two ancient Greek words, chole 
(bile) and stereos (solid), cholesterol was only first discovered in bile in 1769 by 
the French scientist François Poulletier de la Salle. The first to name the compound 
was the chemist Michel Eugène Chevreul, who called it “cholestérine” in reference 
to the gallstones he examined. Since about a century it is known that cholesterol is 
transported in the blood stream by means of lipoproteins. The first lipoprotein to 
be isolated was high-density lipoprotein (HDL) in 1929, followed by low-density 
lipoprotein (LDL) in 1950. Later on, other lipoproteins like very-low density 
lipoproteins (VLDL), chylomicrons (CM) and intermediate-density lipoproteins 
(IDL) were isolated. The first steps in understanding the metabolism of these 
lipoproteins were taken in 1974 when the earlier postulated LDL-receptor (LDLR) 
was identified. This contributed to the delineation of Familial Hypercholesterolemia 
as a genetic disease, as well as to the elucidation of hepatic cholesterol metabolism. 
It subsequently led to the discovery of hydroxymethylglutaryl (HMG)-coA reductase 
and statins, entering an era of decreasing cardiovascular disease (CVD) risk by 
lowering plasma cholesterol levels. 

Lipids and lipoproteins
As an introduction to the chapters in this thesis, the lipid and lipoprotein metabolism 
will be briefly discussed here. There are three main lipids, namely cholesterol 
(also called cholesterol ester), triglycerides (TG) and phospholipids. These are not 
soluble in water and must therefore be carried in lipoproteins. Lipoproteins are 
categorized based on their density in ultracentrifugation. The largest lipoproteins 
are chylomicrons (CM), followed by very-low density lipoproteins (VLDL), 
intermediate-density lipoproteins (IDL, also called remnants), low-density 
lipoproteins (LDL) and high-density lipoproteins (HDL). All lipoproteins carry 
apolipoprotein (apo) E, with the exception of LDL and certain subtypes of HDL (1). 
Furthermore, lipoproteins carry either apoA (HDL) or apoB (CM, VLDL, remnants 
and LDL).
 TG are present in lipid-rich food. After ingestion of a fatty meal the amount 
of TG in the plasma increases. TG are absorbed by chylomicrons and VLDL and 
can be degraded by almost all tissues in the body. However before the tissues can 
use them, they need to be hydrolyzed into 3 fatty acids and 1 glycerol. This is 
done by lipoprotein lipase (LPL) in the endothelium or hepatic lipase (HL) in the 
liver. TG hydrolysation reduces the size of chylomicrons and VLDL particles to 
remnants. Remnants enter the liver. Here they are removed by hepatic receptors into 
bile, or where they are converted into LDL. When remnants are neither removed 
or converted they stay in the plasma, where TG is exchanged for cholesterol esters 
from HDL particles by cholesteryl ester transfer protein (CETP). This results in 
cholesterol enriched remnants, increasing their  atherogenicity, and TG enriched 
HDL particles, increasing their catabolism and subsequently reducing HDL-C 
levels.
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Cholesterol is used for several physiological processes such as hormone production, 
vitamin D production, production of bile acids and creation and maintenance of cell 
membranes. Part of the plasma cholesterol is absorbed from dietary sources and 
the rest is produced in the liver and other tissues such as the intestines. Besides the 
physiological functions of cholesterol, it also plays a role in the pathophysiological 
process of atherosclerosis, which is the most common cause of cardiovascular 
disease (2). Atherosclerosis is the process of cholesterol deposition in the arterial 
wall, which leads to inflammation and eventually to the development of a plaque. 
Cholesterol can enter the arterial wall through the endothelial layer when the 
particles that carry the cholesterol are small enough to do so (2). The only particles 
that seem to be small enough for this are remnants and LDL particles, which explains 
their strong association with atherosclerosis and CVD (3). 

Lipids and cardiovascular risk
Lowering plasma concentrations of apoB-containing lipoproteins is an important 
part of cardiovascular risk management. For more than fifty years cholesterol has 
been known as a causal factor in the development of atherosclerosis (4). Reduction 
of low-density lipoprotein cholesterol (LDL-C) has repeatedly been shown to reduce 
cardiovascular disease (CVD) risk in both young and old patients, primary and 
secondary prevention and in patients with and without diabetes (5-8). The causal 
role of LDL-C in the development of atherosclerosis and subsequent cardiovascular 
morbidity and mortality is further supported by data from Mendelian randomization 
studies (9). Although other lipid abnormalities such as high triglycerides (TG) and 
low levels of high-density lipoprotein cholesterol (HDL-C) are also associated with 
an increased risk of CVD in epidemiological studies (10, 11), recent pharmacological 
intervention studies targeting TG or HDL-C did not reveal a decreased CVD risk, 
casting doubt on their causal role in atherosclerosis (12-15). TG themselves barely 
enter atherosclerotic plaques and may therefore merely be a marker for increased 
levels of triglyceride rich lipoproteins (TRL: VLDL, CM, remnants) and an indicator 
of presence of small-dense LDL (16). The relation between low HDL-C and 
hypertriglyceridemia, and the lack of reduction in CVD when increasing HDL-C, 
might indicate that HDL-C is also a marker for CVD risk instead of a causal factor 
(17). However, the reversed cholesterol transport function of HDL and the fact that 
HDL-C levels might not appropriately reflect changes in HDL function, warrant 
further research (17). 
 With the introduction of statins, and most recently proprotein convertase 
subtilisin/kexin type 9 (PCSK9) inhibitors, LDL-C can be brought to very low 
levels. However, even in patients with low LDL-C there is residual risk, which is 
determined by several factors including high apoB and low apoA levels (18). The 
role of these lipoproteins (specifically HDL and remnants) in atherosclerosis and 
CVD is addressed in this thesis.
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Plasma cholesterol levels are influenced by genetic and non-genetic factors. 
Important non-genetic factors are obesity and the associated insulin resistance and 
diabetes mellitus, nephrotic syndrome and hormonal factors such as hypothyroidism 
and pregnancy. Variations in genes associated with cholesterol metabolism can 
have both beneficial and detrimental effects, depending on the affected gene and 
the type of mutation (e.g. gain- or loss-of-function mutation). Due to the fact that 
genetic mutations are present from birth they are a good model to study the long-
term effects of lipid disorders. The inheritance of alleles is a random process that 
is independent from other characteristics of a person. This principle can be used to 
study the effect of genetic mutations on cholesterol levels and clinical endpoints 
such as diabetes mellitus or CVD (19). An example are mutations in the CETP gene 
that cause inhibition of CETP. As mentioned before, CETP exchanges cholesterol 
esters in HDL for TG in triglyceride rich lipoproteins (TRL), leading to reduced 
levels of HDL-C in the plasma (20). Inhibition of CETP is therefore associated with 
increased HDL-C levels. Deletirious mutations that inhibit the function of CETP 
can be used as a model to study the long term effects of CETP inhibition and the 
subsequent HDL increase. Various studies have shown this way that genetically low 
levels of CETP are associated with a decreased CVD risk in the general population 
(21, 22). 
 Interestingly however, pharmacological CETP inhibition did not show a reduction 
in CVD risk in clinical trials, despite a substantial increase in plasma HDL-C (12, 
13). This failure to reduce CVD risk might be explained by off-target effects, 
such as an increase in systolic blood pressure by the CETP inhibitor torcetrapib, 
or a CRP increase by dalcetrapib. Another explanation might be a lack of effect 
on HDL functionality (23). A post-hoc analysis of the torcetrapib trial showed an 
improved glycemic control in type 2 diabetes mellitus (T2DM) patients using a 
CETP inhibitor (24), which is in line with a case-control study that showed that 
T2DM patients more often have a mutation that increases CETP activity compared 
to patients without T2DM (25). HDL is associated with improved insulin sensitivity 
(26) and increased HDL-C plasma levels by genetic CETP inhibition might therefore 
be associated with better insulin sensitivity. A way to investigate this is to study the 
effect of genetic CETP inhibition on HDL-C levels and subsequent T2DM risk in 
observational (cohort) studies.

Apolipoprotein E and Familial Dysbetalipoproteinemia 
Apolipoprotein E (apoE) is present on TRL (VLDL, chylomicrons and remnants) 
and on some subspecies of HDL. It is a lipid transporter and a ligand for hepatic 
receptors (LDLR and the heparan sulfate proteoglycan receptor, HSPG-R) that 
are involved in remnant clearance. The apolipoprotein E gene (APOE) explains 
up to 15% of the variance in normal lipoprotein profiles (27). The APOE locus 
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has three main variants, namely ε2, ε3 and ε4, which results in three homozygous 
(ε2ε2, ε3ε3 and ε4ε4) and three heterozygous (ε2ε3, ε3ε4 and ε4ε2) genotypes. 
The ε3ε3 form is considered wildtype, as it is the most frequent APOE genotype 
in humans (28). The ε2ε2 genotype is associated with increased triglycerides (TG) 
and reduced levels of LDL-C, while the ε4ε4 genotype is associated with increased 
LDL-C levels as well as an increased risk of Alzheimer’s disease (29). Compared 
to ε3ε3 subjects, ε4 carriers have an increased risk for coronary heart disease 
(CHD) and stroke, while ε2 carriers have a decreased risk for CHD and stroke (28, 
30). On the other hand, the ε2ε2 genotype is associated with the development of 
Familial Dysbetalipoproteinemia (FD), a genetic disorder that is associated with a 
high prevalence of CVD, especially CHD and peripheral artery disease (PAD). The 
association between PAD and the ε2ε2 genotype has not been investigated.
 About 15% of the people with an ε2ε2 genotype develop FD (31). The prevalence 
of FD is approximately 1 in 850 individuals in the general population (32). It is 
associated with the accumulation of atherogenic remnants in the plasma and with an 
increased risk of (premature) atherosclerosis and CVD (33). Patients with FD have a 
decreased postprandial clearance of TG, which is a risk factor for CVD (16).  Thus, 
although most people with an ε2ε2 genotype have a protective lipid profile with 
low LDL-C levels, some develop a highly atherogenic lipid disorder characterized 
by remnant accumulation and premature vascular disease. An important catalyzing 
factor driving the development of dyslipidemia in ε2ε2 carriers seems to be insulin 
resistance associated with adiposity. 
 Pathophysiologically, the ε2 variant of the apoE protein has a decreased binding 
affinity for the LDLR in the liver, which leads to reduced clearance of remnants by 
this receptor. In most ε2ε2 subjects this can be compensated for by the other remnant 
clearing receptor: the HSPG-R. Risk factors associated with the development 
of FD are insulin resistance, obesity and endocrine factors like hypothyroidism 
and menopause. It is thought that these secondary factors cause FD through 
overproduction or decreased clearance of VLDL, but the exact mechanisms have not 
been elucidated.
 The most common genotype associated with FD is ε2ε2, which is recessively 
inherited, but 10% of the FD patients have a dominantly inherited mutation. 
Autosomal dominant FD has a slightly different pathophysiology than recessive FD. 
This especially concerns the binding affinity of apoE to the hepatic receptors: the 
ε2ε2 genotype is associated with decreased binding of apoE2 to the LDLR, while 
mutations in dominant FD are usually associated with decreased binding to the 
HSPG-R (34). An analysis of these differences may lead to more insight into the 
mechanism of remnant clearance and the pathogenesis of FD.
 Generally, LDL-C is the lipid treatment target of choice for the prevention of 
CVD. However, LDL-C might not be an appropriate treatment target in FD, since FD 
patients have no or little LDL (35). This is due to an impaired conversion of VLDL 
(remnants) to LDL (31). In general practice LDL-C is usually estimated with the 
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1
Friedewald formula that uses total cholesterol, HDL-C and TG. However, Friedewald 
mentioned FD as an exception for the use of his formula, because the formula 
underestimates the cholesterol content in VLDL in FD, thereby overestimating 
LDL-C (36). Alternative methods such as a homogenous “direct” LDL measurement 
or non-denaturing polyacrylamide gradient gel electrophoresis (PGGE, a method 
that estimates LDL-C based on neutral lipid density) might be more accurate.
 Instead of LDL-C, a more optimal treatment target for FD patients is non-HDL-
cholesterol (non-HDL-C). Usually non-HDL-C consists of the total amount of 
cholesterol in all apoB carrying particles including LDL. However, since patients with 
FD have little to no LDL, in FD non-HDL is mostly a marker for cholesterol in TRL, 
including remnants. Observational data in FD are scarce and usually include small 
numbers of patients. The largest cohort to date included 162 FD patients and found 
that the development of FD is to a large extent determined by hyperinsulinemia (32). 
It is not known how many FD patients meet the non-HDL-C treatment target or which 
lipid lowering treatment they use. More information is needed about the prevalence of 
vascular risk factors and vascular disease as well as treatment and treatment targets in 
these patients. 

Treatment of Familial Dysbetalipoproteinemia
Treatment guidelines recommend statin and fibrate combination therapy in FD, 
but it is not known how often this recommendation is prescribed. Two studies that 
investigated the effect of combined statin and fibrate therapy on fasting lipid levels 
in FD, found that in patients that did not respond sufficiently to statin therapy, 
addition of a fibrate further improved their lipid levels, though the results were not 
statistically significant (37, 38). However, because fibrate therapy was only given to 
those with an insufficient response to statin monotherapy, it is not known what the 
effect will be of adding a fibrate in all FD patients. Furthermore, FD patients have a 
decreased post-prandial clearance of TG. It is not known whether adding a fibrate to 
standard lipid lowering therapy would improve post-prandial lipids in FD patients. 
 Although the statin-fibrate combination therapy recommendation in FD is based 
on best available evidence, this treatment regimen has never been shown to reduce 
CVD risk. In large clinical trials, fibrate on top of statin lowered TG and increased 
HDL-C, but did not reduce CVD in patients with T2DM (14). However, two meta-
analyses have found that fibrates reduce CVD risk in patients with atherogenic 
dyslipidemia (i.e. high TG and low HDL-C levels), but not in patients without 
atherogenic dyslipidemia (39). This indicates that the original fibrate trials might 
not have included the right patients. To find the patients in whom fibrate treatment 
is effective one should look beyond subgroup analyses and predict absolute 
treatment effect based on multivariable risk prediction models that include various 
patient characteristics (40). This way the distribution of fibrate treatment effect in 
individual patients can be investigated, leading to more personalized and evidence-
based treatment decisions.
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Aims of this thesis
The general objective of this thesis is to evaluate the association between lipid-
genes, lipids and lipoproteins, and clinical outcomes such as cardiovascular disease 
and type 2 diabetes mellitus. 

Specifically the objectives are:
 » To evaluate the relation between genes involved in cholesterol metabolism and 

clinical outcomes such as cardiovascular disease and type 2 diabetes mellitus in 
patients with (a high risk of) CVD.
 » To evaluate the relation between the apolipoprotein E gene and plasma lipids and 

cardiovascular disease in patients with (a high risk of) CVD.
 » To evaluate diagnostic and therapeutic aspects of both recessive and dominant 

Familial Dysbetalipoproteinemia.

Outline of this thesis
The first part of this thesis considers the association between genes, lipids and 
cardiovascular disease. In chapter 2 three case reports concerning genetic 
lipidology are presented. The first describes a family in which two members have a 
loss-of-function mutation in both ABCA1 and APOA1 genes. The consequence for 
their HDL-C levels and cardiovascular risk is described. The second case report 
is about the differential diagnosis of tendon xanthoma, according to a case of 
cerebrotendinous xanthomathosis (CTX). The third case report describes a young 
female with severe pancreatitis due to hypertriglyceridemia based on two loss-of-
function mutations in LPL and APOA5 genes as well as being overweight and using 
oral contraceptives. Chapter 3 continues on the subject of HDL-C metabolism by 
investigating the effect of a loss-of-function mutation in the CETP gene, on HDL-C 
levels, insulin resistance and the incidence of T2DM and recurrent CVD in patients 
with vascular disease.
 Chapter 4 investigates the influence of obesity and the metabolic syndrome on the 
relation between APOE genotype and lipid levels in patients with CVD. Furthermore, 
determinants of presence of FD in ε2ε2 subjects and ε2 carriers are investigated. 
Chapter 5 investigates the relation between APOE genotypes and peripheral artery 
disease in patients at high risk for (recurrent) CVD. Furthermore, the prevalence 
and incidence of other types of CVD are studied in relation to the APOE genotype.   
Lipid disorders characterized by high TG and low HDL-C, called atherogenic 
dyslipidemia, can be treated with fibrates. Although fibrates do not reduce CVD 
risk in all T2DM patients, they do seem effective in T2DM patients with atherogenic 
dyslipidemia. In chapter 6 a multivariable CVD risk prediction model for T2DM 
patients is validated in two external datasets and individualized prediction is used 
to show the distribution of 5-year risk of major cardiovascular events and absolute 
treatment effect of fibrates in almost 17,000 patients with T2DM. 
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The second part of this thesis concerns Familial Dysbetalipoproteinemie (FD). 
About 15% of the people with an ε2ε2 genotype develops FD, which is the genetic 
background in 90% of the FD cases. The other 10% is caused by autosomal 
dominant mutations in the APOE gene. Chapter 7 reviews the physiology of 
remnant clearance and the pathophysiology of autosomal dominant FD (ADFD). 
This analysis includes a new hypothesis about the pathogenesis of recessive FD. 
Furthermore, a systematic review of all ADFD mutations that have been described in 
the literature is provided and diagnostic challenges and therapeutic options in (AD) 
FD are discussed. Chapter 8 describes the prevalence of vascular risk factors and 
vascular disease in the largest cohort of FD patients to date worldwide. Attainment 
of treatment targets and the use of lipid lowering medication are described and 
determinants of treatment target attainment are identified. The next chapter deals 
with a diagnostic problem in FD, namely the use of the Friedewald formula to 
calculate LDL-C. Because FD patients have high levels of remnant cholesterol and 
little or no LDL-C, this formula might provide erroneous results. Other methods 
such as direct measurement of LDL-C with a homogeneous assay or non-denaturing 
polyacrylamide gradient gel electrophoresis might be better alternatives. This is 
investigated in chapter 9. FD patients have increased postprandial TG and non-
HDL-C levels which are both associated with increased vascular risk. Chapter 
10 describes the results from a randomized, placebo controlled, crossover trial in 
15 FD patients, that investigated the effect of adding bezafibrate to standard lipid 
lowering therapy on postprandial and fasting lipid levels. 
 Finally, in chapter 11 the results of this thesis are discussed and in chapter 12 a 
summary of the results is provided.
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Letter to the editor
Mutations in genes involved in the metabolism of high-density lipoprotein cholesterol 
(HDL-C), including apolipoprotein A-1 (APOA1), ATP-binding cassette sub-family 
A-1 (ABCA1) and lecithin–cholesterol acyltransferase (LCAT), are associated with 
decreased levels of HDL-C and increased cardiovascular risk (1). The prevalence 
of these mutations in patients with HDL-C levels <10th percentile is 4.5%, 9.0% 
and 15.7% for APOA1, ABCA1 and LCAT respectively (1). Concurrent presence of 
two of these mutations within one individual has not been reported in the literature 
before. We describe two patients who presented with premature atherosclerosis and 
extremely low levels of HDL-C, secondary to concurrent mutations in APOA1 and 
ABCA1 genes, and provide a detailed description of their family members. 
 A 49 year old male suffered from a myocardial infarction at age 48 years 
necessitating emergency PCI (percutaneous coronary intervention), re-coronary 
angiography with stent placement and eventually coronary bypass surgery. 
Biochemical results showed a fasting HDL-C <0.20 mmol/L, triglycerides (TG) 1.4 
mmol/L and low-density lipoprotein cholesterol (LDL-C) 2.6 mmol/L (calculated 
with the Friedewald formula (2)) (Table 1 and Figure 1). The patient had no 
previous medical history and no other cardiovascular risk factors. A computed 
tomography (CT) of the heart showed calcified plaques in all coronary arteries 
(Figure 2, Panel 1). The coronary artery calcium (CAC) score was 3663, which 
corresponds to a 99th MESA (Multi-Ethnic Study of Atherosclerosis) percentile for 
age and gender. The second patient was the 45 year old sister of the index patient. 
She had no medical history or cardiovascular risk factors. Her HDL-C was 0.28 
mmol/L, TG 0.5 mmol/L and LDL-C 2.4 mmol/L (Friedewald). Her CT showed an 
eccentric calcification of the LAD coronary artery (Figure 2, Panel 2). The CAC 
score was 59, corresponding to a 99th MESA percentile.
 After performing genetic analysis in both patients we found simultaneous 
mutations in APOA1 and ABCA1 genes. The mutations were an AAG (Lysine) 
deletion in exon 4 (c.391_393deletion; p.Lys131del) of the APOA1 gene and an 
ABCA1 missense mutation (c.4429T>C; p.C1477R) in exon 31. After performing 
additional cardiovascular and genetic analysis in both parents, all siblings and three 
cousins of the two patients, we found five patients with an APOA1 mutation, three 
patients with an ABCA1 mutation and one family member with no mutation in either 
APOA1 or ABCA1 (Table 1 and Figure 1). In the APOA1 mutation carriers mean 
HDL-C was 1.00 ± 0.35 mmol/L and in the ABCA1 mutation carriers mean HDL-C 
was 0.86 ± 0.47 mmol/L. Manifest vascular disease was present in one other patient 
(patient #3), who underwent surgery at age 66 for an abdominal aortic aneurysm and 
suffered a myocardial infarction at age 72.
 Low plasma levels of HDL-C are a known risk factor for cardiovascular disease 
(CVD). A large meta-analysis of 61 prospective studies found a strong, independent, 
inverse relation between HDL-C and risk of cardiovascular events (3). Some doubts 
have arisen however, as recent clinical trials have failed to show a decrease in CVD 
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risk with various HDL-C increasing pharmacological agents. A study in patients 
with genetically (very) low HDL-C levels (<10th percentile) found that HDL-C 
levels <5th percentile were significantly associated with increased cardiovascular 
risk, while HDL-C levels >5th percentile were not associated with CV risk. They 
put forth that perhaps only (genetically) very low levels of HDL-C (<5th percentile) 
confer risk for CVD (1). The findings from the present report are in line with this 
hypothesis. First, individuals with two concurrent HDL-C lowering mutations had a 
more pronounced HDL-C decrease than individuals with only one mutation. Second, 
both patients with mutations in APOA1 and ABCA1 genes had increased coronary 
artery calcium (CAC) scores and high MESA percentiles. CAC score and MESA 
percentile are markers of (sub)clinical cardiovascular disease and when increased 
they are associated with an increased risk for future coronary heart disease (4, 5). 
 Mutations in genes coding for the apoA-1 and ABCA-1 proteins impair their 
physiological function in HDL-C metabolism. ApoA-1 enters the plasma as a 
nascent (lipid-free) HDL-C particle. Through binding to the ABCA-1 transporter on 
peripheral cells, nascent HDL-C particles acquire free cholesterol and phospholipids. 
Subsequently these particles undergo free cholesterol esterification via LCAT 
activity which upgrades the particle from alpha-status to maturity. The mutations 
described in this report have been described previously. The c.391deletion in the 
APOA1 gene was found to be associated with low levels of HDL-C and premature 
vascular disease (6). The c.4429T>C mutation in the ABCA1 gene is one of the 
mutations associated with Tangier disease when homozygous (7). 
 In conclusion, this family case report underscores the notion that genetically 
(very) low levels of HDL-C are associated with the development of atherosclerotic 
vascular disease. In patients with very low levels of HDL-C, genetic causes should 
be considered and extensive cardiovascular screening should be performed to timely 
diagnose premature atherosclerosis and possibly prevent vascular disease.
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Figure 1: Pedigree chart of the family.

Figure 2: CT images of case 1 (panel 1) and case 2 (panel 2). 
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Introduction
Xanthomas (from Greek ξανθός = yellow) are depositions of yellow colored 
material in connective tissue of the skin, tendons or fasciae (1). After  lipid particles 
are trapped in the vascular wall and oxidized and internalized by macrophages 
to form foam cells, they can migrate to perivascular tissue such as tendons (1). 
Xanthomas are thus the result of hyperlipoproteinemia. Typical locations for tendon 
xanthomas are the extensor tendons of the fingers, the extensor elbow tendon, the 
patellar tendon and, most importantly, the Achilles tendon (1). The most common 
cause of tendon xanthomas is Familial Hypercholesterolemia (FH). This autosomal 
dominant disorder leads to increased levels of LDL-cholesterol (LDL-C) and an 
increased risk of premature cardiovascular disease (2). The FH phenotype is caused 
by mutations in the LDL-receptor gene, the apolipoprotein B gene or the proprotein 
convertase subtilisin/kexin type 9 (PCSK9) gene. Although FH is the most common 
cause of tendon xanthomas, the differential diagnosis of xanthomas includes other 
hereditary disorders such as sitosterolemia and cerebrotendinous xanthomatosis 
(CTX). Sitosterolemia is an autosomal recessive disorder that causes increased 
plasma levels of sterols due to a defect in the regulatory plant sterol transporters 
sterolin-1 (ABCG5) and sterolin-2 (ABCG8) (3). These transporters normally re-
secrete plant sterols (including sitosterol) back into the intestinal lumen (3). CTX is 
a disorder characterized by lipid accumulation in the brain and other tissues of the 
body, including tendons (4, 5). 
 In this case report, we present a 48-year-old patient who presented with severe 
tendon xanthomas that were not caused by FH.

Case report
A 48-year old Caucasian male was referred to the Vascular Medicine outpatient 
clinic for recurrent tendon xanthomas despite multiple excisions in the last 20 years. 
The subject gave permission for publication of this case report and a waiver for 
approval from the ethics committee was obtained. His medical history revealed 
bilateral cataract extraction at the age of 20 years. He had no history of neonatal 
jaundice or chronic diarrhea. The patient had severe walking difficulties due to 
his Achilles tendon xanthomas requiring specially made shoes. He had no familial 
history of high (LDL) cholesterol, tendon xanthomas or premature atherosclerosis. 
At physical examination xanthomas of hands, knees and Achilles tendons were seen 
with diameters ranging from 2 to 10 cm (figure 1). Neurologic examination revealed 
a spastic walking pattern and decreased coordination of the legs. Biceps and radius 
tendon reflexes were normal, as well as the knee tendon reflex. The Achilles tendon 
reflex was absent and the Babinski reflex showed an extension pattern. The patient’s 
total cholesterol was 5.9 mmol/L and his LDL-C was 4.2 mmol/L. According to 
the Simon Broome criteria (6) FH was deemed unlikely and other disorders of the 
differential diagnosis were considered. The presence of juvenile cataract lead to the 
suspicion of CTX. In line with this, increased plasma levels of cholestanol were 
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found (43.0 μmol/L, reference range 0.06 - 9.6 μmol/L). A MRI-scan of the brain 
with axial FLAIR-images showed mild atrophy and multiple hyperintense lesions 
in the semioval center, both dentate nuclei and the globus pallidus, with extension 
into the periventricular white matter frontoparietal, occipital and temporal (figure 
2). Histology of one of the Achilles tendon xanthoma showed lipid crystal clefts 
and foamy macrophages (figure 3). The diagnosis CTX was confirmed with 
DNA analysis that revealed two pathogenic mutations in CYP27A1: a splice-site 
mutation (c.844+1 1G>A, protein unknown) and a missense mutation  (c.1183C>T, 
p.Arg395Cys (7)). The patient was an only child and there were no other known 
family members with CTX. There was evidence of consanguinity, because the 
great-great-grandfather and the great-great-grandmother of the index patient were 
brother and sister. Chenodeoxycholic acid (CDCA) 250 mg three times a day 
and simvastatin 40 mg once daily were started, followed by resection of the left 
Achilles tendon xanthoma one year later. Thirty months after the surgery there was 
no sign of recurrence of the Achilles tendon xanthoma and no obvious neurological 
deterioration. Plasma LDL-C was reduced to 2.7 mmol/L and plasma cholestanol 
to 13 μmol/L. Although the cholestanol was still above the upper limit of normal, 
probably caused by fact that the patient had not taken his CDCA treatment for 
three days prior to the measurement, the absence of clinical deterioration led to the 
conclusion that treatment of the patient was adequate. 

Figure 1: Xanthomas of the Achilles- (1), patellar- (2) and finger tendons (3).
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Figure 2: MRI-scan with axial FLAIR-images showing hyperintensities in both dentate nuclei 

(1); and the frontal (2) and parietal (3) periventricular white matter.

Figure 3: Histology of Achilles tendon xanthoma showing lipid crystal clefts (1) and foamy 

macrophages (2)
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Discussion
When patients present with (severe) tendon xanthomas the most likely diagnosis is 
FH. However, the tendon xanthomas in this patient were caused by CTX, which is 
a rare autosomal recessive disease with a worldwide prevalence of approximately 
5 per 100,000 people (4). It was first described in 1937 (8). The disorder is caused 
by a genetic defect in the cytochrome P450 subfamily 27 A1 gene (CYP27A1) and 
is characterized by abnormal cholestanol storage in the brain and other tissues, like 
tendons or the lens (leading to juvenile cataract). The underlying pathophysiologic 
mechanism of CTX is a reduced production of sterol 27-hydroxylase (CYP27A1). 
The CYP27A1 protein is necessary for the production of the two primary bile acids 
chenodeoxycholic acid (CDCA) and cholic acid (CA). Bile acids are synthesized 
using cholesterol, making it one of the most important mechanisms for elimination 
of cholesterol from the body (9). There are two bile acid production pathways. 
In the classical pathway (accounting for about 94% of human bile acid synthesis) 
7α-hydroxylase (CYP7A1) converts cholesterol into 7-hydroxycholesterol (7-
OH-C), which is subsequently converted into CDCA and CA by CYP27A1. In 
the alternative pathway (accounting for about 6% of human bile acid synthesis) 
cholesterol is first converted by CYP27A1 into 27-hydroxycholesterol (27-OH-C). 
This and other oxysterols then become substrates for CYP7A1 for synthesis of CDCA 
and CA (10). CDCA is an inhibitor of CYP7A1 and regulates its own production 
through negative feedback. A mutation in CYP27A1 leads to reduced production 
of CDCA, which leads to upregulation of CYP7A1. The excess levels of 7-OH-
c cannot be converted into bile acids and are instead converted into 7α-hydroxy-
4-cholesten-3-one, which is a precursor of cholestanol and bile alcohol (4). The 
symptoms of CTX result from progressive cholestanol accumulation after birth. 
Cholestanol is a sterol similar to cholesterol, but with lower (physiologic) plasma 
concentrations. It causes reduced cell membrane fluidity and dysfunction of the 
calcium channel in neuronal cells, which can induce cell death (11). Reductions in 
27-OH-C can also cause neurological symptoms, because it is an important inhibitor 
of cholesterol synthesis and a regulator of cholesterol metabolism in the brain (12). 
 There are two forms of CTX based on neurological symptoms: the classic form 
and the spinal form (7). Symptoms of the classic form include dementia, ataxia, 
depression, seizures and Parkinson. The spinal form is characterized by slowly 
progressive myelopathy, spinal cord demyelination, spasticity and juvenile cataract 
(13). The clinical course of the spinal form is usually milder than that of the classical 
form (7). Non-neurological symptoms of CTX include tendon xanthomas, neonatal 
jaundice, skeletal abnormalities, atherosclerosis and cardiovascular disease, chronic 
diarrhea and hypothyroidism (4). Most CTX patients are diagnosed in their mid-
thirties, although the first symptoms may present during childhood or adolescence 
(7). Common laboratory findings are increased plasma levels of cholestanol and 
urinary bile alcohols. Typical MRI findings in CTX are cerebellar atrophy, white 
matter alterations and hyperintensities of both dentate nuclei (14). Most mutations 
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of the CYP27A1 gene are found in exons 6-8 (15). Treatment of CTX includes 
supplementation of CDCA alone or in combination with a statin, thereby restoring 
the normal negative feedback mechanism on bile acid production while decreasing 
cholesterol production. Although other bile acids can be used for the treatment of 
non-neurological symptoms of CTX, CDCA has been shown to be the only bile acid 
that reduces neurological symptoms and therefore it is the therapy of choice. Other 
treatment of CTX is mainly aimed at symptom relieve. When patients are diagnosed 
early in life and supplementation of CDCA is started timely, neurological and other 
symptoms can be prevented or deterioration of symptoms can be stopped (16). 
However, the life expectancy of patients with CTX is decreased, mainly because of 
neurological deterioration. In a case series of 25 CTX patients followed-up for four 
years after diagnosis, seven patients remained stable and 15 patients progressed (the 
clinical course of three patients was unknown). In total five patients died despite 
adequate treatment with an average age of death of 52 years (7).
 In summary, CTX is a rare disease caused by a mutation in the CYP27A1 gene. 
When patients present with recurrent tendon xanthomas and FH is ruled out, 
clinicians should consider CTX as a possible diagnosis. 
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Abstract
Hypertriglyceridemia is a risk factor for cardiovascular disease and pancreatitis. 
The case report describes a 44-year old woman who was admitted to the intensive 
care with pancreatitis caused by hypertriglyceridemia. Genetic analysis revealed 
mutations in LPL and APOA5 genes, with a corresponding lipoprotein lipase activity 
of 45% compared to normal. This case report provides the differential diagnosis of 
hypertriglyceridemia, describes possible TG increasing factors such as obesity and 
oral contraceptive use and summarizes treatment options in hypertriglyceridemia. 
The patient in the case report achieved near-normal TG values with a low-fat diet 
only, illustrating the importance of lifestyle measures.
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Introduction
Increased plasma triglycerides (TG) are associated with cardiovascular disease 
and pancreatitis. A large meta-analysis of prospective studies showed an overall 
odds ratio (OR) for coronary heart disease (CHD) of 1.72 (95%CI 1.56-1.90) 
for the highest versus the lowest tertile of log-TG (1). Furthermore, Mendelian 
randomisation studies showed that subjects with a polymorphism in the 
apolipoprotein A5 gene (APOA5) or the lipoprotein lipase gene (LPL) had increased 
TG plasma concentrations and an increased risk for CHD (OR 1.18, 95%CI 1.11-
1.26 and OR 1.33, 95%CI 1.14-1.56 respectively) compared to subjects without a 
polymorphism (2). Very high levels of TG are also associated with an increased risk 
for acute pancreatitis. A systematic review found that 9 ± 7% of acute pancreatitis 
is caused by severe hypertriglyceridemia (defined as TG >11.3 mmol/L); and 14 ± 
10% of patients with severe hypertriglyceridemia develop pancreatitis (3).
The present case report describes a 44 year old woman who was admitted to the 
Intensive Care Unit (ICU) with acute pancreatitis due to severe hypertriglyceridemia 
based on the presence of two heterozygous mutations in LPL and APOA5 genes: a 
phenomenon that has not been described before.

Case report
A 44 year old woman presented at the emergency department with severe epigastric 
pain, nausea and vomiting. The patient had a history of hypertriglyceridemia 
attributed to metabolic syndrome, pneumonia (7 years previously) and a caesarean 
section. She had been pregnant twice, without complications. She was a non-
smoker. She used an oral contraceptive (ethynilestradiol/drospireno 20 mcg/3mg) 
and ezetimibe 10 mg daily. Physical examination showed an overweight woman in 
pain, with absent bowel sounds, no rigidity or rebound tenderness, but severe pain 
on palpation of the epigastric area. Her body mass index was 29.7 kg/m2 and blood 
pressure 120/65 mmHg. Laboratory results showed increased amylase (1133 IU/L), 
bilirubin (18 µmol/L) and leucocytes (16.6*10^9/L). Fasting triglycerides were 
increased at 28 mmol/L. The biliary tract was normal as examined with ultrasound. 
The diagnosis of pancreatitis was made. After admission she became hypotensive 
and developed anuria, for which she was transferred to the ICU.  There she developed 
a Klebsiella oxytoca pneumonia with respiratory insufficiency necessitating 
intubation and antibiotic treatment. During the following weeks the condition of the 
patient gradually improved and she was discharged from the hospital. 
 At admission, diagnostic work-up of the cause of the hypertriglyceridemia 
excluded diabetes  (fasting glucose 5.7 mmol/L,  HbA1c of 30 mmol/mol). The patient 
did not use alcohol, there was no proteinuria and TSH was 1.3 mU/L; respectively 
ruling out alcohol-induced hypertriglyceridemia, nephrotic syndrome and 
hypothyroidism. The apolipoprotein E (apoE) genotype was ε2ε3, making Familial 
Dysbetalipoproteinemia unlikely. After the common causes of hypertriglyceridemia 
were ruled out the patient was referred to an academic hospital. A post-heparin 
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lipoprotein lipase (LPL) test showed impaired LPL activity with a TG reduction 
after 15 minutes of only 6% (figure 1), whereas a post-heparin TG reduction of 
>20% is considered normal (4). Quantification of the LPL activity was 45% relative 
to a pooled normal activity of 100% (figure 2). Gradient gel electrophoresis showed 
a continuous range of lipoproteins from the size of large VLDL to small LDL and a 
reduction in particle size after heparin injection, indicating some lipolytic activity. 
Genetic analysis revealed mutations in the LPL (P58R, CCC>CGC exon 2) and 
APOA5 (161+5 G>C intron 2) genes. The mother of the patient had increased 
TG (>20 mmol/L) and, according to memory, the maternal grandfather also had 
hypertriglyceridemia. Neither lipoprotein nor genetic testing was performed in her 
family. Screening for subclinical atherosclerosis revealed no carotid sclerosis, an 
ankle-brachial index of 1.14 and a maximum abdominal aorta diameter of 1.69 cm. 
The patient was initially treated with gemfibrozil 600 mg twice daily, but stopped 
due to hair loss. The patient was referred to a dietician who started her on a low-fat 
diet. With diet alone her plasma TG concentration decreased to 2.4 mmol/L. She 
was advised not to use oral contraceptive medication due to potential triglyceride 
elevating properties. However, gynaecological abdominal pain led to re-introduction 
of an oral contraceptive and to an increase in TG to 10 mmol/L (figure 3). The oral 
contraceptive was discontinued. 
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Figure 1: In vivo LPL test showing post-heparin TG reduction in the patient (black line). The 

dark shaded area indicates normal post-heparin TG reduction (>20%).

 

Figure 2: In vitro LPL test showing the post-heparin TG reduction of the patient (squares) 

compared to pooled healthy controls (triangles). 
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Discussion
Severe hypertriglyceridemia is a clinically relevant problem, as it confers an 
increased risk for pancreatitis and CVD. Hypertriglyceridemia has an unadjusted 
prevalence in the general population of 33%, 18%, 1.7% and 0.4% for fasting 
TG levels of ≥1.7 mmol/L, ≥2.3 mmol/L, ≥5.7 mmol/L and ≥11.3 mmol/L 
respectively (5). The differential diagnosis of the causes of hypertriglyceridemia 
includes obesity, diabetes mellitus, metabolic syndrome, alcohol use, hormone 
supplementation therapy, pregnancy, hypothyroidism, nephrotic syndrome, use of 
certain medications such as antitretroviral agents, beta-blockers or glucocorticoids, 
Familial Dysbetalipoproteinemia and (genetic) LPL dysfunction. 
 In plasma, TG are mainly carried in chylomicrons, produced by the intestine after 
a meal, and very low-density lipoproteins (VLDL), produced by the liver. During 
their circulation, these triglyceride-rich lipoproteins (TRL) bind to the endothelial 
surface where lipoprotein lipase (LPL) lipolyzes and removes (part of) their TG 
content, reducing the TRL to remnants (6). Remnants contain TG and cholesterol and 
enter the arterial intima, where cholesterol can interact with macrophages to form 
atherosclerotic plaques (7). TG accumulate in atherosclerotic plaques in very small 
amounts and are therefore mainly a marker for the number of TRL and remnants 
in the plasma (8). LPL is predominantly synthesized in adipose- and muscle tissue. 
After maturation and dimerization it is transferred to endothelial cells by GPIHBP1 
(9). Apolipoprotein A5 (apoA5) and apoC2 enhance the catabolism of TRL by 
activating LPL (10), while apoC3 and angiopoietin-like protein 4 (ANGPTL4) both 
inhibit LPL (11). 
 Heterozygosity for LPL or APOA5 usually does not cause clinically overt 
hypertriglyceridemia, because in recessive disorders the presence of one ‘normal’ 
allele is enough to exert sufficient LPL activity to maintain normal TG levels. 
However, severe hypertriglyceridemia in a compound heterozygote with two 
mutations in one LPL allele has been described before, suggesting that dominant 
transmission is possible in some families (12). Another explanation for the severe 
hypertriglyceridemia in our patient might be the presence of secondary TG-
increasing factors, in this case obesity and the use of an oral contraceptive. Oral 
contraceptives decrease LPL and hepatic lipase activity (13) and estrogen promotes 
hepatic VLDL production (13). Therefore, in women with a decreased LPL activity 
the use of oral contraceptives should be avoided. Pregnancy itself may also pose a 
risk due to a physiological TG increase. 
 Hypertriglyceridemia is the third cause of pancreatitis after alcohol abuse and 
gallstones. TG levels ≥10 mmol/L are considered to be a risk factor for pancreatitis. 
The mechanism through which hypertriglyceridemia causes pancreatitis is not 
completely understood, although it is postulated that during lipolysis of TG by 
pancreatic lipase, excess free fatty acids are released that cannot all be bound to 
plasma albumin and instead self-aggregate into micelles that cause inflammation 
and ischemia (14). Another hypothesis is that the high amount of TG in the blood 
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leads to hyperviscosity, ischemia and acidosis in pancreatic capillaries (14).
The new 2016 ESC/EAS dyslipidemia guidelines recommend treatment when TG 
are raised above 2.3 mmol/L (15). When TG are mildly to moderately increased (2.3-
10 mmol/L) in a high risk individual, statin treatment is the first therapy of choice 
(15). When TG is >2.3 mmol/L despite statin treatment, addition of fenofibrate can 
be considered (15). In both cases, LDL-C or non-HDL-C is the treatment target. 
If TG are >10 mmol/L protection against pancreatitis is warranted and TG <1.7 
mmol/L should be aimed for. Most patients with high TG levels respond well to a 
low-fat diet, that contains 10-15 grams of fat daily (16). Weight loss also reduces 
TG levels (17). The pharmacological treatment of hypertriglyceridemia includes 
fibrates, that reduce TG with approximately 20-50% (18). Fibrate therapy reduces 
CVD risk in patients with high TG, low HDL-C or both (RR 0.75, 95%CI 0.65-
0.86; RR 0.84, 95%CI 0.77-0.91; and RR 0.71, 95%CI 0.62-0.82 respectively), but 
not in patients with normal TG or HDL-C (RR 0.96, 95%CI 0.85-1.09) (19). Other 
treatment options are niacin and omega-3 fatty acids. A meta-analysis showed that 
niacin significantly reduced the risk of CVD (RR 0.66, 95% CI 0.49-0.89) (20). In 
some cases orlistat, a pancreatic lipase inhibitor, can reduce TG levels and thereby 
the risk of pancreatitis (16).
 In conclusion, this case report illustrates the clinical relevance of severe 
hypertriglyceridemia, which led to pancreatitis. When the most common causes 
of hypertriglyceridemia are ruled out, genetic causes should be considered and 
cardiovascular screening performed. Caution should be used with TG increasing 
factors such as oral contraceptives. Despite the double heterozygote LPL mutation, 
with a corresponding LPL-function of 45%, our patient achieved near-normal TG 
values with lifestyle measures only (low-fat diet), without using lipid-lowering 
medication.
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Abstract
Introduction
Genetic variants of cholesteryl ester transfer protein (CETP) might be associated with 
insulin resistance and incident type 2 diabetes mellitus (T2DM). We investigated 
the relation between a single nucleotide polymorphism (SNP rs3764261) located 
in the CETP gene and HDL cholesterol (HDL-C), measures of insulin resistance, 
incident T2DM and risk of recurrent cardiovascular events in patients with manifest 
cardiovascular disease (CVD).

Methods
SMART is a prospective cohort study performed in patients with clinically manifest 
CVD (n=5601). CETP genotype was divided in three groups: 2640 wild type patients 
(GG), 2420 heterozygotes for rs3764261 (GT) and 541 homozygotes for rs3764261 
(TT). Regression analyses were performed using an additive model.

Results
The study population consisted of 4656 patients without T2DM and 945 patients 
with T2DM at baseline. Presence of rs3764261 was associated with increased 
HDL-C in patients without T2DM (β 0.106, 95%CI 0.083-0.128) and with T2DM 
(β 0.043, 95%CI 0.007-0.078). During a median follow up of 7.2 years (IQR 4.7-
10.2) 427 incident T2DM occurred. Presence of rs3764261 was not related to 
incident T2DM (HR 0.96, 95%CI 0.83-1.11) in patients without T2DM at baseline. 
Furthermore, presence of rs3764261 was not related to insulin resistance (glucose, 
insulin, HOMA-IR, HbA1c) or recurrent CVD (HR 0.92, 95%CI 0.84-1.02) in 
patients with vascular disease.

Conclusion
Presence of CETP SNP rs3764261 is associated with increased HDL-C, but not with 
insulin resistance and incident T2DM in patients with clinical manifest vascular 
disease. Furthermore, no effect of rs3764261 on the risk of recurrent CVD was 
observed.
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Introduction
CETP (cholesteryl ester transfer protein) transfers cholesterol esters from high-
density lipoprotein cholesterol (HDL-C) to apolipoprotein B containing lipoproteins 
in exchange for triglycerides. Loss-of-function mutations in the CETP gene (CETP) 
are associated with reduced plasma CETP levels, increased plasma HDL-C levels and 
a decreased risk of myocardial infarction in the general population (1-3). Currently, 
pharmacological agents that inhibit the function of CETP are being investigated. 
In addition to vascular disease, single nucleotide polymorphisms (SNPs) in CETP 
that are associated with lower levels of circulating CETP have been suggested to 
decrease the risk of developing T2DM (4, 5) and improve glucose sensitivity (6). 
In further support of this notion, a post-hoc analysis of the ILLUMINATE trial that 
investigated the effect of CETP inhibitor Torcetrapib added to atorvastatin compared 
to atorvastatin alone, reported a significant improvement in glycemic control in 
diabetic patients treated with Torcetrapib (7). The relation between plasma CETP 
and insulin resistance might in part be influenced by HDL-C, which is shown by the 
fact that genetic variants associated with increased fasting insulin (e.g. rs2943634 
in the insulin receptor substrate-1 (IRS1) gene) are associated with lower HDL-C 
levels in non-diabetic individuals (8) and low levels of HDL-C are associated with 
presence of type 2 diabetes mellitus (T2DM) and poor glycemic control (9). This 
association is probably bidirectional. Mechanisms by which HDL can influence 
insulin resistance are stimulation of β-cell insulin secretion (10); activation of 
the AMP activated protein kinase signaling pathway (11); and reduction of excess 
intracellular lipid storage by reverse cholesterol transport (12).
 In the present study in patient with vascular disease, we evaluated whether 
presence of CETP SNP rs3764261, that is associated with decreased levels of 
circulating CETP, would improve insulin resistance and decrease the risk of 
developing T2DM. Furthermore we evaluated whether presence of this SNP was 
associated with a decreased risk of recurrent cardiovascular events.

Methods
Study design
The Secondary Manifestations of ARTerial disease (SMART) study is an ongoing 
single-center cohort study that started in 1996. Patients newly referred to the 
University Medical Center Utrecht for treatment of manifest arterial disease were 
included. The design and rationale of the SMART study is described in detail 
elsewhere (13). 
 All patients gave their written informed consent for participation in this study. 
The study was approved by the Medical Ethical Research Committee of the 
University Medical Center Utrecht in 1996 and again in 2014 (reference number 
“METC13/597”). 
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Vascular screening at baseline
At inclusion in SMART, subjects completed a standardized health questionnaire 
covering medical history, symptoms of- and risk factors for CVD, current 
medication use, smoking habit and alcohol intake. Current smoking was defined 
as self-reported current smoking. Alcohol use was defined as self-reported current 
or recently stopped alcohol consumption and no alcohol use was defined as never 
or past alcohol consumption. A standardized diagnostic protocol was performed, 
including physical examination and laboratory tests. Vascular disease at baseline 
was defined as presence of coronary artery disease (CAD), cerebrovascular disease, 
peripheral arterial disease (PAD) or abdominal arterial aneurysm (AAA). Diabetes 
mellitus (DM) at baseline was defined as a referral diagnosis of DM, self-reported 
use of glucose-lowering agents, a known history of DM or a fasting plasma glucose 
level ≥7.0 mmol/L at baseline. Patients with type 1 DM were excluded. Glucose 
lowering medication use was defined as the self-reported use of oral glucose 
lowering medication or insulin. Metabolic syndrome (MetS) was defined using the 
updated ATP III criteria (14) as having at least three of the following metabolic 
abnormalities: waist circumference >102 cm for males and >88 cm for females; 
triglycerides ≥1.7 mmol/L (150 mg/dL); HDL cholesterol <1.05 mmol/L (40 mg/dL) 
for males and HDL-c <1.30 mmol/L (50 mg/dL) for females; systolic blood pressure 
≥130 mmHg or diastolic blood pressure ≥85 mmHg; fasting plasma glucose ≥5.6 
mmol/L. 

Measurement of metabolic parameters at baseline
Total cholesterol (TC), triglycerides (TG) and fasting glucose were measured with 
a commercial enzymatic dry chemistry kit (Johnson & Johnson, New Brunswick, 
USA) and HDL cholesterol (HDL-C) was measured with a commercial enzymatic 
kit (Boehringer, Mannheim, Germany). Non-HDL cholesterol (non-HDL-C) 
was calculated as total cholesterol (TC) - HDL-C. LDL-C was calculated with 
Friedewald’s formula (15). Insulin was measured with an immunometric technique 
on an IMMULITE 1000 Analyzer (Diagnostic Products Corporation, LA, USA) 
from 2003 onwards. Therefore in 2387 (43%) patients no information about insulin 
was available. Glycated hemoglobin (HbA1C) was measured in all T2DM patients 
using high performance liquid chromatography on a HA-8180 analyzer (Menarini 
Diagnostics, Florence, Italy).

Measures of insulin resistance
Next to plasma glucose and insulin, quantitative insulin sensitivity check index 
(QUICKI) was used to express insulin sensitivity. It was calculated using the 
formula: 1/(log(insulin in mU/L)+log(glucose in mg/dL) (16). To express glucose 
resistance in the absence of an insulin measurement we used the triglyceride and 
glucose (TyG) index (ln(plasma TG*plasma glucose)) (17). Insulin resistance was 
expressed as HOmeostasis Model Assessment parameter of Insulin Resistance 
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(HOMA-IR). HOMA-IR was calculated in patient without T2DM: fasting serum 
glucose (mmol/L)*fasting serum insulin (mIU/L) / 22.5 (18). 

CETP genotyping
To determine CETP genotype a single-nucleotide polymorphism (SNP; NCBI SNP 
rs3764261) was genotyped in all patients. This SNP was identified in a genome wide 
association study (GWAS) to be associated with increased HDL-C (19). Presence 
of SNP rs3764261 was labeled as “T” and presence of a wild type allele with “G”. 
Based on this, patients were divided into three groups: wild type (GG), heterozygote 
for rs3764261 (GT) and homozygote for rs3764261 (TT). DNA was isolated from 
10 mL of EDTA (citrate)-augmented blood stored at -80°C, and amplified with 
polymerase chain reaction (PCR). Genotyping was performed with a 5’ nuclease/
Taqman assay on coded DNA specimens without knowledge of the diagnosis. PCRs 
with fluorescent allele-specific oligonucleotide probes (Applied Biosystems, Foster 
City, CA, USA) were performed on a PTC-225 thermal cycler (Biozym, Hessisch 
Oldendorf, Germany), and fluorescence end point reading for allelic discrimination 
was performed on an ABI 7900 HT (Applied Biosystems). 

Follow-up 
Patients received a questionnaire about hospitalization and outpatient clinic visits 
biannually. Follow-up for T2DM was added to this questionnaire in June 2006. 
Patients that were included in the SMART study between 1996 and June 2006 
received a questionnaire by mail in 2006, to ask them if they had been diagnosed 
with T2DM since inclusion. T2DM and vascular events were audited and classified 
by an independent endpoint committee consisting of three physicians. A vascular 
event was defined as occurrence of cardiovascular death, ischemic or hemorrhagic 
stroke or myocardial infarction. After a possible event was reported, the endpoint 
committee examined and verified the diagnosis by review of relevant hospital 
discharge letters and laboratory- and radiologic findings. Death and cause of death 
were verified with relatives of the patient, general practitioner or medical specialist. 
For incident recurrent CVD, data from 5601 patients with CVD were used. From the 
5601 patients, 307 patients (5.5%) were lost to follow up and 395 patients (7.0%) 
died from other causes; these patients were censored. For incident T2DM data of 
4240 patients with CVD without DM at baseline for whom follow-up data on T2DM 
were available were used. Of the 4240 patients, 188 (4.4%) were lost to follow-up 
because they had moved out of the area or withdrew from the study and 399 (9.4%) 
died.

Data analyses
Continuous variables are shown as mean with standard deviation or median with 
interquartile range when appropriate. Categorical variables are shown as number 
with percentage (Table 1). For cross-sectional analysis of the relation between 
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presence of rs3764261 and continuous variables linear regression models were 
used and β-coefficients were presented with 95% confidence interval (95%CI). 
For insulin and HOMA-IR linearity was established after log transformation. For 
longitudinal analyses, Cox proportional hazard models were used after checking 
appropriate assumptions, and hazard ratios (HR) were presented with 95%CI. For 
T2DM prevalence a logistic regression model was used, with odds ratio (OR) and 
95%CI. For all regression analyses an additive model with CETP genotype as 
continuous determinant was used and wild type (GG) was selected as the reference 
category. Analyses with CETP genotype as a categorical variable can be found 
in the supplementary material. Although confounding is usually not an issue in 
research concerning genes due to the random process of inheritance (Mendelian 
randomization), we decided to present an unadjusted and a minimally adjusted 
model. In addition to age and sex we adjusted for alcohol use, because alcohol use 
is associated with increased HDL-C and decreased LDL-C (20), possibly through 
inhibiting CETP (21). We also analyzed the relation between HDL-C and clinical 
endpoints and investigated whether age and sex modified the relation between 
the rs3764261 and clinical endpoints. To account for missing data at random, 
single imputation by weighted probability matching using additive regression, 
bootstrapping, and predictive mean matching was used (22). Insulin before 2003 
was not imputed. Missing values ranged from 0.18% for BMI to 4.46% for waist 
circumference. P values <0.05 were considered statistically significant. Statistical 
analyses were performed using SPSS 21 (SPSS Inc. Chicago, IL, USA). 

Results 
Baseline characteristics
We included a total of 5601 patients with clinical manifest vascular disease 
at baseline (Table 1). Mean age was 60.0±10.3 years and 26% was female. The 
average BMI was 26.8±3.9 kg/m2. The most common type of CVD was CAD (60% 
of patients). T2DM was present in 945 patients (17%). Hypertension was present in 
24% (n=1320) of patients, 33% of the patients smoked (n=1844) and 53% fulfilled 
the criteria for metabolic syndrome (n=2971).

CETP genotype
SNP rs3764261 was measured in all 5601 patients: 2640 patients (47%) had the wild 
type genotype (GG), 2420 patients (43%) were heterozygote for rs3764261 (GT) 
and 541 patients (10%) were homozygote (TT). There were no differences in age 
or sex across the CETP genotypes (Table 1). HDL-C was higher in patients with 
rs3764261 (GT 1.24±0.37 mmol/L and TT 1.33±0.40 mmol/L) compared to wild 
type patients (GG 1.18±0.35 mmol/L). LDL-C was not different across the different 
CETP genotypes (GG 2.97±1.05 mmol/L; GT 2.95±1.04 mmol/L; TT 2.90±1.01 
mmol/L). T2DM was equally prevalent in patients homozygote for rs3764261 
(n=103, 19%), heterozygote patients (n=391, 16%) and wild type (n=451, 17%). 
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Relation between rs3764261 and HDL-C and insulin resistance
Presence of rs3764261 significantly increased HDL-C in patients without T2DM 
(β 0.106, 95%CI 0.083-0.128) and in patients with T2DM (β 0.043, 95%CI 0.007-
0.078, Table 2). Rs3764261 did not influence glucose, insulin, QUICKI or TyG index 
in patients with or without T2DM (Table 2). Furthermore, no effect on HOMA-IR 
was seen in patients without T2DM (β 0.001, 95%CI -0.035-0.037) or on HbA1c 
in patient with T2DM (β 0.041, 95%CI -0.077-0.159). Results were similar when 
analyzing CETP genotype as a categorical variable (supplementary material).

Relation between rs3764261 and risk of T2DM and recurrent 
vascular disease 
In 4240 patients without T2DM at baseline for whom follow-up data were available, 
median follow-up for incident T2DM was 7.2 years (IQR 4.7-10.2 years) in which 
427 new cases of T2DM occurred. Presence of SNP rs3764261 did not affect the 
risk of incident T2DM compared to wild type (HR 0.96, 95%CI 0.83-1.11, Table 3). 
To assess T2DM prevalence, patients with T2DM at baseline (n=945) and incident 
T2DM cases (n=427) were combined, but no relation between CETP genotype and 
T2DM prevalence was found (OR 1.01, 95% 0.92-1.11). In patients with CVD at 
baseline (n=5601), median follow-up for recurrent CVD was 6.7 years (IQR 4.3-9.9) 
in which 985 new cardiovascular events occurred. The risk of recurrent CVD was 
not different in patients with CETP SNP rs3764261 compared to patients without 
SNP rs3764261 (HR 0.92, 95%CI 0.84-1.02, Table 4). Results were similar when 
analyzing CETP genotype as a categorical variable (supplementary material). Age 
and sex did not modify the relation between CETP genotype and both outcomes (P 
for interaction for incident T2DM 0.53 (age) and 0.85 (sex); P for interaction for 
recurrent CVD 0.20 (age) and 0.52 (sex)). A 1 mmol/L increase in HDL-C did not 
influence the risk of T2DM (HR 0.94, 95%CI 0.64-1.39) in patients without T2DM 
at baseline for whom follow-up data were available (n=4240), but was related with 
a lower CVD risk (HR 0.76, 95%CI 0.58-0.99) in patients with CVD at baseline 
(n=5601).
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Table 2: Additive effect of presence of CETP SNP rs3764261 (T) on HDL-cholesterol and 

measures of insulin resistance in patients with vascular disease, stratified for presence of 

T2DM at baseline

No T2DM (N= 4656) T2DM (N=945)

Difference per additional T allele
 (95%CI)

Difference per additional T allele
 (95%CI)

HDL-C (mmol/L) 0.106 (0.083-0.128)* 0.043 (0.007-0.078)*

Glucose (mmol/L) 0.007 (-0.041-0.055) -0.011 (-0.275-0.253)

(log)Insulin (mIU/L) -0.010 (-0.028-0.008) 0.025 (-0.016-0.066)

QUICKI 0.001 (-0.001-0.004) -0.002 (-0.007-0.002)

TyG index -0.019 (-0.056-0.018) -0.011 (-0.089-0.067)

(log)HOMA-IR 0.001 (-0.035-0.037) -

HbA1c (%) - 0.041 (-0.077-0.159)

Abbreviations: T2DM= Type 2 diabetes mellitus; N=number; GG=wild type; GT= heterozygote 

for SNP rs3764261; TT= homozygote for SNP rs3764261; 95%CI=95% confidence interval; 

HDL-C=high-density lipoprotein cholesterol; QUICKI=quantitative insulin sensitivity check 

index; TyG=triglycerides and glucose index; HOMA-IR=Homeostasis Model Assessment – 

Insuline Resistance; HbA1c=Glycated Hemoglobin.

Models were adjusted for age, sex and current alcohol use.* P-value <0.05.

Table 3: Risk of incident type 2 diabetes mellitus (T2DM) according to CETP genotype in 

patients with vascular disease without DM at baseline (n=4240)

Number of patients Number of events

Wildtype (GG) 1983 206

Heterozygote (GT) 1840 178

Homozygote (TT) 417 43

Hazard ratio per additional T allele (95% CI)1 0.96 (0.83-1.11)

Abbreviations: GG= wild type, GT= heterozygote for SNP rs3764261, TT= homozygote for SNP 

rs3764261, T2DM = type 2 diabetes mellitus, 95% CI = 95% confidence interval. 1 Hazard ratio 

with 95% confidence interval, adjusted for age, sex and current alcohol use. 
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Table 4: Risk of recurrent cardiovascular disease (CVD) according to CETP genotype in patients 

with vascular disease (n=5601)

Number of patients Number of events

Wildtype (GG) 2640 482

Heterozygote (GT) 2420 421

Homozygote (TT) 541 82

Hazard ratio per additional T allele (95% CI)1 0.92 (0.84-1.02)

Abbreviations: GG= wild type, GT= heterozygote for SNP rs3764261, TT= homozygote for SNP 

rs3764261, CVD = cardiovascular disease, 95% CI = 95% confidence interval. 1Hazard ratio with 

95% confidence interval, adjusted for age, sex and current alcohol use. 

Discussion
In patients with clinical manifest vascular disease, the CETP loss-of-function SNP 
rs3764261 was related to higher plasma levels of HDL-C, but not with a difference 
in measures of insulin resistance or the risk of T2DM, compared to patients without 
SNP rs3764261. Furthermore, in the present study no protective effect of presence 
of SNP rs3764261 on the risk of recurrent CVD was observed. 
 SNP rs3764261 is located upstream of the CETP gene and is associated with 
CETP mRNA expression and transcription in the liver (23). It is related to higher 
plasma levels of HDL-C (19, 24). In the present study, HDL-C was 0.06 mmol/L 
higher in patients heterozygote for rs3764261 (GT) in CETP and 0.15 mmol/L higher 
in patients homozygote for rs3764261 (TT) compared to wild type patients (GG). A 
large meta-analysis that investigated the effect of the CETP loss-of-function SNP 
TaqIB found a similar association with HDL-C levels (25).
 In the present study in patients with clinical manifest vascular disease no relation 
between CETP SNP rs3764261 and insulin resistance in patients with and without 
T2DM was found. Presence of rs3764261 was also not associated with the risk of 
T2DM. A study in healthy adults ≥ 30 years, found that the presence of at least one 
B2 allele of the Taq1B SNP in CETP was associated with lower insulin levels and 
HOMA-IR (6) and a decreased risk of T2DM (5). This illustrates that CETP loss-
of-function SNPs might affect glycemic control and T2DM in a general population. 
However, genome wide association studies found no relation between rs3764261 
and T2DM (OR 1.01, 95%CI 0.97-1.05) (26). A post hoc analysis in T2DM 
patients of the ILLUMINATE trial, that investigated the effect of CETP inhibitor 
Torcetrapib, showed decreased fasting glucose and insulin levels and an improved 
insulin resistance (HOMA-IR) in patients treated with a CETP inhibitor (7). These 
findings might be explained by the fact that ILLUMINATE included patients with 
T2DM with and without CVD. Furthermore, HOMA-IR was calculated for patients 
with T2DM who used insulin, although HOMA-IR is not reliable in these patients 
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(27). The T2DM patients in the Torcetrapib group of the ILLUMINATE trial used 
less insulin at baseline (9.04 vs 10.0%) and started insulin therapy less often during 
follow-up compared to the atorvastatin only group (5.04% vs 5.90%) (7). Therefore 
use of insulin is the most likely reason that plasma insulin levels and HOMA-IR 
were lower in patients using Torcetrapib compared to atorvastatin. 
 Initially it was hypothesized that presence of the CETP loss-of-function SNP 
rs3764261 would reduce the risk of recurrent CVD events in patients with a prior 
history of CVD due to an increase in HDL-C plasma levels (28, 29). However, the 
results of this study could not confirm this hypothesis. This is in line with a study 
that investigated the risk of recurrent coronary heart disease in 3,717 patients with 
acute coronary syndrome or coronary artery bypass grafting (CABG), that found 
no association between CETP loss-of-function SNPs (Taq1B and -2708G>A) and 
recurrent myocardial infarction, revascularization or mortality (30). In low risk 
populations, such as the Women’s Genomic Health study in healthy women (2) and 
the Copenhagen City Heart Study in the general population of Copenhagen (3), a 
decreased risk for myocardial infarction and CVD was reported in persons with a 
CETP loss-of-function SNP (Taq1B and -629C>A) (2, 3). This was further supported 
by a recent meta-analysis investigating the relation between Taq1B and the risk 
of myocardial infarction in patients without CVD, that concluded that presence of 
mutant Taq1B was associated with a lower risk of developing myocardial infarction 
(31). Genetically low CETP might therefore reduce CVD risk in a primary prevention 
setting but this effect might be not be present in patients with previous CVD. The 
most likely explanation is that the HDL-C increasing properties of a CETP SNP are 
not large enough to have an effect on CVD risk in patients with established vascular 
disease who are usually exposed to other, more important, risk factors. Although 
genetic studies have been used in the past to predict the effect of pharmacological 
agents (32, 33) and our results might therefore put the effects of pharmacological 
CETP inhibition on lowering recurrent CVD risk in patients with vascular disease 
into question, the CETP inhibitors currently under investigation have (much) larger 
average HDL-C increasing and LDL-C decreasing effects compared to CETP loss-
of-function SNPs (34) and therefore their effect might be large enough to confer a 
decreased CVD risk. 
 Some limitations of this study need to be considered. First, information on 
incident T2DM was collected retrospectively for patients included before June 
2006 and we therefore miss information about T2DM status in patients who died 
or were lost to follow-up before this time, which may have induced bias. Secondly, 
plasma insulin was only measured from 2003 onwards and therefore HOMA-IR and 
QUICKI could not be calculated in patients that were included before this time. 
Third, plasma CETP levels were not measured. So although presence of the CETP 
SNP rs3764261 was associated with higher plasma levels of HDL-C, we were not 
able to confirm it did indeed cause decreased levels of circulating CETP in the 
plasma. 
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To conclude, presence of CETP SNP rs3764261 is associated with increased HDL-C, 
but not with insulin resistance and incident T2DM in patients with clinical manifest 
vascular disease. Furthermore, no effect of rs3764261 on the risk of recurrent CVD 
was observed.
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Supplementary material

Table S1: Effect of CETP genotype on HDL-C and measures of insulin resistance in patients 

with vascular disease, stratified for presence of T2DM at baseline, with CETP genotype as a 

categorical variable

No T2DM (N= 4656) T2DM (N=945)

GT vs GG1

Mean difference 
 (95%CI)

TT vs GG2

Mean difference 
 (95%CI)

GT vs GG1

Mean difference 
 (95%CI)

TT vs GG2

Mean difference 
 (95%CI)

HDL-C (mmol/L) 0.076 (0.049-0.104)* 0.213 (0.168-0.259)* 0.029 (-0.021-0.079) 0.096 (0.018-0.173)*

Glucose (mmol/L) 0.010 (-0.045-0.065) 0.074 (-0.020-0.168) -0.035 (-0.423-0.354) -0.008 (-0.583-0.566)

(log)Insulin (mIU/L) -0.001 (-0.022-0.019) 0.000 (-0.034-0.034) 0.000 (-0.060-0.060) 0.072 (-0.021-0.165)

QUICKI 0.000 (-0.003-0.003) -0.001 (-0.01-0.004) 0.000 (-0.006-0.006) -0.007 (-0.016-0.002)

TyG index 0.001 (-0.042-0.043) -0.03 (-0.099-0.044) -0.074 (-0.189-0.041) 0.034 (-0.47-0.216)

(log)HOMA-IR -0.006 (-0.056-0.044) 0.010 (-0.072-0.093) -

HbA1c (%) - - 0.012 (-0.162-0.186) 0.105 (-0.158-0.367)

Abbreviations: T2DM= Type 2 diabetes mellitus; N=number; GG=wild type; GT= heterozygote 

for SNP rs3764261; TT= homozygote for SNP rs3764261; 95%CI=95% confidence interval; 

HDL-C=high-density lipoprotein cholesterol; QUICKI=quantitative insulin sensitivity check 

index; TyG=triglycerides and glucose index; HOMA-IR=Homeostasis Model Assessment – 

Insuline Resistance; HbA1c=Glycated Hemoglobin.

Models were adjusted for age, sex and current alcohol use.* P-value <0.05. 
1 Mean difference between presence of one (GT) copy of CETP SNP rs3764261 and wild type (GG). 
2 Mean difference between presence of two (TT) copies of CETP SNP rs3764261 and wild type 

(GG).

Table S2: Risk of incident type 2 diabetes mellitus (T2DM) according to CETP genotype in 

patients with vascular disease without DM at baseline

Number of patients Number of events Hazard ratio
(95% CI) 1

Wildtype (GG) 1983 206 Reference

Heterozygote (GT) 1840 178 0.92 (0.75-1.13)

Homozygote (TT) 417 43 0.97 (0.70-1.36)

Abbreviations: GG= wild type, GT= heterozygote for SNP rs3764261, TT= homozygote for 

SNP rs3764261, T2DM = type 2 diabetes mellitus, 95% CI = 95% confidence interval. 1 

Hazard ratio with 95% confidence interval, adjusted for age, sex and current alcohol use. 
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Table S3: Risk of recurrent cardiovascular disease (CVD) according to CETP genotype in patients 

with vascular disease

Number of patients Number of events Hazard ratio
(95% CI) 1

Wildtype (GG) 2640 482 Reference

Heterozygote (GT) 2420 421 0.94 (0.82-1.07)

Homozygote (TT) 541 82 0.83 (0.66-1.05)

Abbreviations: GG= wild type, GT= heterozygote for SNP rs3764261, TT= homozygote for SNP 

rs3764261, CVD = cardiovascular disease, 95% CI = 95% confidence interval. 1 Hazard ratio 

with 95% confidence interval, adjusted for age, sex and current alcohol use. 
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Abstract
Introduction
APOE genotypes are associated with different plasma lipid levels. People with the 
APO ε2 genotype can develop a disorder called Familial Dysbetalipoproteinemia 
(FD). A possible predisposing factor for FD is adiposity. We evaluated whether and 
to what extent APOE genotype modifies the relation between adiposity and lipids 
in patients with manifest arterial disease and we looked at possible determinants of 
FD in ε2 homo- and heterozygote patients.

Methods
This prospective cohort study was performed in 5450 patients with manifest arterial 
disease from the Secondary Manifestations of ARTerial disease (SMART) study. 
APOE genotype was measured in all patients and revealed 58 ε2 homozygotes, 663 
ε2 heterozygotes, 3181 ε3 homozygotes and 1548 ε4 carriers. The main dependent 
variable was non-HDL cholesterol (non-HDL-C). The relation between adiposity 
(including body mass index (BMI), waist circumference (WC), visceral adipose 
tissue (VAT) and metabolic syndrome (MetS)) and lipids was evaluated with linear 
regression analyses. Determinants of FD were evaluated using logistic regression.

Results
There was significant effect modification by the APOE genotype on the relation 
between non-HDL-C and BMI, WC, VAT and MetS. There was an association 
between BMI and non-HDL-C in ε2 homozygotes (β 0.173, 95%CI 0.031-0.314, 
p=0.018) and ε4 carriers (β 0.033, 95%CI 0.020-0.046, p<0.001). In all genotypes 
there was an effect of WC, VAT and MetS on non-HDL-C, but these effects were 
most distinct in ε2 homozygotes (WC β 0.063, 95%CI 0.015-0.110, p=0.011; VAT β 
0.580, 95%CI 0.270-0.889, p=0.001; MetS β 1.760, 95%CI 0.668-2.852, p=0.002). 
Determinants of FD in ε2 homo- and heterozygotes were VAT and MetS.

Conclusion
APOE genotype modifies the relation between adiposity and plasma lipid levels in 
patients with vascular disease. The relation between adiposity and lipids is present 
in all patients, but it is most distinct in ε2 homozygote patients. Abdominal fat and 
MetS are determinants of FD.
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Introduction
Apolipoprotein E (APOE) genotype is a genetic factor associated with plasma lipid 
levels (1, 2). There are three different APOE alleles, ε2, ε3 and ε4, with a prevalence 
of 7%, 82% and 11% respectively in the general population (3). These alleles form 
six genotypes of which the ε3/ε3 genotype is the most common (62.3%) and is 
therefore considered wildtype (3). The APOE gene codes for the apoE protein. This 
protein is responsible for the transport of apoE-containing lipids (e.g. chylomicrons 
and very low density lipoprotein cholesterol (VLDL-C)) in the plasma and serves 
as a ligand for the receptor mediated uptake of these particles in the liver. Different 
APOE genotypes are associated with different lipid profiles (3). For example, 
the ε2/ε2 genotype is associated with low total cholesterol (TC) and low-density 
lipoprotein cholesterol (LDL-C), while carriers of the ε4 allele (including ε3/ε4 and 
ε4/ε4) have high TC and LDL-C (3). Gender and modifiable factors like obesity, 
waist-to-hip ratio, dietary fat composition, smoking and alcohol consumption 
can explain 15% of the interindividual variance in total cholesterol (TC) in ε2/ε2 
patients compared to only 5.6% in ε3/ε3 patients (4). 
 Of ε2 homozygote people 10-18% develops a disease called Familial 
Dysbetalipoproteinemia (FD), also known as type III hyperlipoproteinemia (5, 
6). In contrast to normolipidemic ε2 homozygotes, FD is associated with elevated 
plasma total cholesterol (TC) and (postprandial) triglycerides (TG) (7). The adult 
treatment panel (ATP) III guidelines recommend the use of non-high-density 
lipoprotein (non-HDL-C; defined as TC minus HDL-C) as primary treatment target 
in these patients instead of LDL-C. FD predisposes to premature development of 
atherosclerosis (5, 8, 9) and coronary- and peripheral artery disease (6-8, 10). The 
fact that not all patients with ε2/ε2 develop FD suggests that additional factors are 
required for the development of dyslipidemia in these patients (9, 11, 12). Studies 
that looked at determinants of FD in ε2 homozygotes found that FD patients had a 
higher body mass index (BMI) and plasma insulin compared to normolipidemic ε2 
homozygotes (6, 7). Age and sex have also been described as possible determinants 
of FD (5, 9, 13).
 These observations led to the hypothesis that APOE genotype modifies the effect 
of adiposity on plasma lipids. Furthermore we expect that adiposity and other 
patient characteristics such as age and sex are determinants for (presence of) FD.
In this study we evaluated whether APOE genotype modifies the relation between 
plasma lipid levels and measures of adiposity and fat distribution (BMI, WC, 
visceral adipose tissue (VAT) and metabolic syndrome (MetS)) in patients with 
manifest vascular disease. Plasma lipids were non-HDL-C; TC; LDL-C and TG. 
Furthermore, determinants of presence of FD in ε2 homo- and heterozygotes were 
evaluated.
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Methods
Study design and patients
The Secondary Manifestations of ARTerial disease (SMART) study is an ongoing 
single-center cohort study that started in 1996. Newly referred patients to the 
University Medical Center Utrecht for treatment of manifest arterial disease or 
vascular risk factors were included. The design and rationale of the SMART study 
is described in detail elsewhere (14). For the current study we used data of 5796 
patients with manifest vascular disease at inclusion, which included coronary artery 
disease (CAD), cerebrovascular disease (CVD), peripheral arterial disease (PAD) 
and abdominal arterial aneurysm (AAA). Individuals with missing data for APOE 
genotype were excluded (n=284). There we no differences in patient- (age, gender, 
BMI, WC and abdominal fat) and clinical characteristics (DM, TC, HDL-C, non-
HDL-C, TG) between patients with- and without an APOE measurement. Patients 
with type I DM and patients with a creatinine >300μmol/L were also excluded, 
resulting in a cohort of 5450 complete cases. A post-hoc power analysis showed 
a power of 89% in ε2 homozygote patients (N=58) with non-HDL-C as main 
dependent variable (15, 16). All patients gave their written informed consent and 
the Ethics Committee of the institution approved the study.

Vascular screening at baseline 
At inclusion in SMART, subjects completed a standardized health questionnaire 
covering medical history, symptoms of and risk factors for cardiovascular disease, 
current medication use, smoking habits and alcohol intake. A standardized 
diagnostic protocol was performed, including physical examination and laboratory 
tests. Body mass index (BMI) was calculated by dividing weight by height squared. 
WC was measured standing up halfway between the lower costal margin and the 
iliac crest. Blood pressure (BP) was measured twice manually at the upper arm 
using appropriate cuff size. Visceral adipose tissue (VAT) and subcutaneous 
adipose tissue (SAT) thickness were measured using ultrasonography (10-MHz 
linear-array transducer (Ultramark 9, Advanced Technology Laboratories Bethel, 
WA, USA) by well-trained and certified ultrasound technicians at the Department 
of Radiology (17). Ultrasonography was introduced in the SMART study program 
from 2000 onwards. Therefore data from 1195 patients were missing. TC, TG 
and fasting glucose were measured with a commercial enzymatic dry chemistry 
kit (Johnson & Johnson, New Brunswick) and HDL cholesterol (HDL-C) was 
measured with a commercial enzymatic kit (Boehringer, Mannheim, Germany). 
Thyroid stimulating hormone (TSH) measurements were done by a third generation 
assay using a Centaur analyzer (Leverkusen, Bayer, Germany) and from 2006 
onwards a DXi analyzer (Beckman Coulter, Woerden, the Netherlands). ApoB 
measurements were included from 2006 onwards. Non-HDL cholesterol (non-
HDL-C) was calculated as total cholesterol minus HDL-C. LDL-C was calculated 
with Friedewald’s formula (18). The use of lipid lowering medication was defined 
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as the self-reported use of statins, fibrates, bile acid sequestrants or nicotinic acid 
at baseline. Alcohol use was defined as self-reported current or recently stopped 
alcohol consumption and no alcohol use was defined as never or past alcohol 
consumption. Diabetes mellitus type 2 (T2DM) was defined as a referral diagnosis 
of T2DM, self-reported use of glucose-lowering agents, a known history of T2DM 
or a fasting plasma glucose level ≥7.0 mmol/l at baseline. Hypertension was defined 
as a referral diagnosis of hypertension, self-reported use of antihypertensive 
agents, a known history of hypertension or a high BP at baseline (systolic BP 
≥140 mmHg or diastolic BP ≥90 mmHg). Hypothyroidism was defined as a plasma 
TSH level >5.00 mU/l or self-reported use of thyroid hormone supplementation. 
Metabolic syndrome was defined using the ATP III criteria (19) as having at least 
three of the following metabolic abnormalities: WC >102 cm for males and >88 cm for 
females; triglycerides ≥1.7 mmol/l (150 mg/dl); HDL-C <1.03 mmol/l (40 mg/dl) for 
males and HDL-C <1.29 mmol/l (50 mg/dl) for females; systolic blood pressure ≥130 
mmHg or diastolic blood pressure ≥85 mmHg; fasting plasma glucose ≥5.6 mmol/l.  
FD was defined as TC >5.0 mmol/l and TG >3 mmol/l (definition according to 
Blom et al (20)) or according to ESC/EAS guidelines (apoB/TC ratio <0.15g/l/
mmol/l (21)). The first definition by Blom et al. was used to establish determinants 
of FD.

APOE genotype
To determine the APOE genotype (APOE e2, e3, e4 alleles), DNA was isolated 
from 10 mL of EDTA (citrate)-augmented blood stored at -80°C, and amplified with 
polymerase chain reaction (PCR). Two single-nucleotide polymorphisms (SNPs; 
NCBI SNPs rs7412 & rs429358) were genotyped. Genotyping was performed with 
the 5’ nuclease/Taqman assay. PCRs with fluorescent allele-specific oligonucleotide 
probes (Applied Biosystems, Foster City, CA, USA) were performed on a PTC-
225 thermal cycler (Biozym, Hessisch Oldendorf, Germany), and fluorescence end 
point reading for allelic discrimination was performed on an ABI 7900 HT (Applied 
Biosystems). Genotyping for APOE was performed on coded DNA specimens 
without knowledge of the diagnosis. 

Data analyses 
Results are shown separately for ε2 homozygotes (ε2/ε2), ε2 heterozygotes (ε2/ε3 
and ε2/ε4), ε3 homozygotes (ε3/ε3) and ε4 carriers (ε3/ε4 and ε4/ε4). Mean values 
with standard deviations are shown for each continuous variable in the baseline 
table (table 1). Variables with a skewed distribution are shown as median with 
interquartile range. Categorical variables are shown as numbers with percentages. 
The main dependent variable of this study was non-HDL-C. Secondary dependent 
variables were TC, LDL-C and TG. Log transformation was performed in the case 
of a non-normal distribution. 
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Interaction between APOE genotype and measures of adiposity on the relation 
with lipids was calculated by adding the interaction term for each APOE genotype 
and measure of adiposity (e.g. ε2 heterozygote*BMI) to a linear regression 
model. P-values for the change in F statistic between the model with and without 
interaction terms are shown as p for interaction. When interaction was present, 
stratification for APOE genotype was applied and β-coefficients for the relation 
between measures of adiposity and lipids were shown. The relation between clinical 
variables and presence of Familial Dysbetalipoproteinemia (FD) was assessed for 
ε2 homo- and heterozygotes using logistic regression. All analyses were conducted 
with adjustment for age, sex and use of lipid lowering medication. 
 To account for missing data, single imputation by weighted probability matching 
using additive regression, bootstrapping, and predictive mean matching was used 
(22). Missing values were 0.7%, 1.3% and 0.6% for HDL-C, LDL-C and TG. 
For WC, VAT and SAT these were 4.4%, 2.8% and 3.5%. Since information on 
APOE genotype was available in all patients, no imputation was performed for 
this variable. P values <0.05 were considered statistically significant. To correct 
for multiple testing in the interaction analyses we used the Bonferroni correction. 
Statistical analyses were performed using SPSS 20 (SPSS Inc. Chicago, IL, USA). 

Results
Baseline characteristics, APOE allele frequency and prevalence of 
FD
The APOE genotype frequency was 58 ε2/ε2 (1.1%), 536 ε2/ε3 (9.8%), 127 ε2/ε4 (2.3%), 
3181 ε3/ε3 (58.4%), 1415 ε3/ε4 (26.0%) and 133 ε4/ε4 (2.4%). Baseline characteristics 
stratified for four genotype groups (E2 homozygote (ε2/ε2), E2 heterozygote  
(ε2/ε3, ε2/ε4), E3 homozygote (ε3/ε3) and E4 carriers (ε3/ε4, ε4/ε4) are outlined 
in table 1. Regarding the expected genotype frequencies according to the Hardy-
Weinberg equilibrium, we found that the ε2/ε2 genotype was overrepresented in our 
sample. Patients with the ε2/ε2 genotype were older than other genotypes. Patients 
with ε2/ε2 were also more frequently female, smoked less often and had a higher 
BMI. PAD, metabolic syndrome and hypothyroidism were more prevalent in ε2/ε2. 
The prevalence of FD in ε2/ε2 was 29% when using the definition of TC >5mmol/l 
in combination with TG >3mmol/l (“TC>5/TG>3-definition”(20)) and was 77% 
when using the definition according to ESC guidelines (defined as apoB/TC ratio 
<0.15g/l/mmol/l (21)). In ε2 heterozygotes 8% and 13% met the criteria for FD 
phenotype using the “TC>5/TG>3” and the ESC definitions respectively. All FD 
prevalences can be found in supplementary table 1 (table S1) in the supplementary 
material.
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Table 1: Clinical characteristics of study participants according to APOE genotype

E2 homozygotes
ε2ε2 (N=58)

E2 heterozygotes
ε2ε3/ε2ε4 (N=663)

E3 homozygotes
ε3ε3 (N=3 181)

E4 carriers
ε3ε4/ε4ε4 (N=1 548)

Age (years) 62.5 ± 10 61 ± 11 60 ± 10 60 ± 10

Female (%, n) 43 (25) 26 (171) 26 (813) 25 (387)

BMI (kg/m2) 27.5 ± 4.2 26.7 ± 3.8 26.9 ± 3.9 26.6 ± 3.9

Waist circumference (cm) 95.8 ± 13.3 95.5 ± 11.4 95.7 ± 11.9 94.9 ± 11.5

VAT (cm) 8.92 ± 2.38 9.21 ± 2.51 9.26 ± 2.56 8.99 ± 2.52

SAT (cm) 2.60 ± 1.08 2.38 ± 1.48 2.38 ± 1.27 2.43 ± 1.29

Current smoking (%, n) 21 (12) 37 (244) 32 (1029) 33 (512)

Alcohol use (%, n) 72 (42) 71 (473) 71 (2255) 72 (1109)

Type of cardiovascular 
disease:
CVD (%, n)
PAD (%, n)
CAD (%, n)
AAA (%, n)

22 (13)
38 (22)
53 (31)
10 (6)

29 (191)
21 (141)
59 (391)
11 (72)

30 (939)
20 (635)
60 (1900)
9 (270)

28 (433)
19 (294)
62 (963)
8 (128)

Hypertension (%, n) 28 (16) 25 (168) 24 (755) 22 (336)

Diabetes mellitus type 2 
(%, n) 12 (7) 17 (110) 17 (544) 17 (255)

Metabolic syndrome (%, n) 55 (32) 44 (293) 44 (1402) 43 (663)

Hypothyroidism (%, n) 7 (4) 4 (29) 4 (135) 4 (64)

Lipid-lowering medication 
(%, n) 72 (42) 56 (371) 64 (2041) 67 (1032)

Total cholesterol (mmol/L) 5.80 ± 2.23 4.80 ± 1.17 4.94 ± 1.23 4.98 ± 1.19

HDL-C (mmol/L) 1.32 ± 0.38 1.25 ± 0.38 1.21 ± 0.36 1.21 ± 0.37

Non-HDL-C (mmol/L) 4.48 ± 2.26 3.55 ± 1.19 3.72 ± 1.24 3.77 ± 1.18

LDL-C (mmol/L) 2.71 ± 1.31 2.74 ± 0.99 2.98 ± 1.05 3.03 ± 1.04

Triglycerides (mmol/L)¹ 2.37 (1.54-3.66) 1.51 (1.10-2.11) 1.40 (1.00-2.00) 1.40 (1.00-2.00)

ApoB (mmol/L) 0.68 ± 0.30 0.77 ± 0.22 0.86 ± 0.25 0.88 ± 0.25

HOMA-index¹ 2.74 (1.45-3.67) 2.44 (1.55-3.86) 2.66 (1.68-4.27) 2.38 (1.56-3.73)

Abbreviations: APOE = apolipoprotein E; BMI = body mass index; VAT = visceral adipose 

tissue; SAT = subcutaneous adipose tissue; CVD = cerebrovascular disease; PAD = peripheral 

artery disease; CAD = coronary artery disease; AAA = abdominal aortic aneurysm;  

HDL-C = high-density lipoprotein cholesterol; LDL-c = low-density lipoprotein cholesterol; 

ApoB = apolipoprotein B; HOMA = Homeostatic model assessment. ¹ Median with interquartile 

range.
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APOE genotype modification of the relation between adiposity and 
plasma lipid levels
Effect modification of APOE genotype was determined by adding the interaction term 
of each APOE genotype with the measure of adiposity (e.g. ε2 heterozygotes*WC) 
to the model with non-HDL-C as dependent variable. This was repeated for TC, 
LDL-C and (log)TG.
 APOE genotype modified the effect of BMI (p for interaction <0.001), WC (p 
for interaction <0.001), visceral adipose tissue (VAT) (p for interaction <0.001) 
and MetS (p for interaction <0.001) on non-HDL-C and TC. A sensitivity analysis 
for the use of lipid lowering medication showed similar results (table S2). After 
Bonferroni correction, the effects of adiposity on LDL-C and log(TG) were not 
modified by APOE genotype. The relation between subcutaneous adipose tissue 
(SAT) and lipids was not modified by APOE genotype. 
 The relation between adiposity and plasma lipids for those measures of adiposity 
in which APOE genotype significantly modified the relation (BMI, WC, VAT 
and MetS) are shown in figure 1 (numbers to this figure can be found in table 
S3). There was an association between BMI and non-HDL-C in ε2 homozygotes 
(β 0.173, 95% CI 0.031-0.314, p=0.018) and ε4 carriers (β 0.033, 95% CI 0.020-
0.046, p<0.001), but not in ε2 heterozygotes and ε3/ε3. In all genotypes there was 
a relation between WC, VAT and MetS and non-HDL-C. As can be seen in figure 
1, the relations between measures of adiposity and plasma lipids were most distinct 
in ε2 homozygotes. For non-HDL-C these associations were β 0.063 (0.015-0.110, 
p=0.011) for WC; β 0.580 (0.270-0.889, p=0.001) for VAT; and β 1.760 (0.668-
2.852, p=0.002) for MetS. For WC and VAT the weakest association with non-
HDL-C was found in ε3 homozygotes (β 0.008, 0.004-0.011, p<0.001 for WC;  and 
β 0.060, 0.043-0.077, p<0.001 for VAT). The weakest association between MetS 
and non-HDL-C was found in ε4 carriers (β 0.489 (0.387-0.590, p<0.001) (table 
S3). 

Determinants of presence of FD in ε2 homo- and heterozygotes
Risk factors for presence of FD according to Blom et al (defined as TC >5 mmol/l 
+ TG >3 mmol/l (20)) were BMI (OR 1.17, 95%CI 1.00-1.37), WC (OR 1.06, 
95%CI 1.00-1.11), VAT (OR 2.36, 95%CI 1.26-4.43) and MetS (OR 30.6, 95%CI 
3.3-283.9) in ε2/ε2. In ε2 heterozygotes these were VAT (OR 1.20, 95%CI 1.05-
1.38) and MetS (OR 8.8, 95%CI4.0-19.0) (figure 2). The large OR’s for MetS were 
mainly driven by low HDL-C and high plasma glucose (low HDL-C OR 4.92 (1.36-
17.84); high glucose OR 5.20 (1.33-20.37) in ε2 homozygotes). Age, sex and T2DM 
were no risk factors for presence of FD in ε2 homo- and heterozygotes.
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Figure 1: Relation between measures of adiposity and plasma lipids according to the APOE 

genotype. The figure shows the relation (expressed as b-coefficient) between four measures 

of adiposity (BMI; waist circumference; abdominal fat; and metabolic syndrome) and plasma 

lipids (TC; non-HDL-C; LDL-C; and TG (all in mmol/l)), stratified for four APOE genotypes. 

*b -coefficient corresponding to a significant effect with p<0.05. ** b -coefficient corresponding 

to a significant effect with p <0.01.
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Figure 2: Determinants of FD. OR = odds ratio; CI= confidence interval; BMI = body mass index; 

T2DM = type 2 diabetes mellitus.
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Discussion
In the present study APOE genotype modified the relation between adiposity and 
plasma non-HDL-C in patients with clinically manifest vascular disease. APOE 
genotype also modified the relation between adiposity and TC. The relation between 
adiposity and plasma lipids was most distinct in patients with the ε2/ε2 genotype 
compared to other genotypes. 
 This is the first APOE study that used the ATP III suggested non-HDL-C as 
primary outcome measure, instead of TC (10). Presence of FD in ε2 homo- and 
heterozygotes was associated with patient characteristics related to adiposity, 
namely BMI, WC, VAT and MetS in ε2/ε2 and VAT and MetS in ε2 heterozygotes. 
The effect modification of adiposity by APOE genotype was found for non-HDL-C 
and TC, but not for LDL-C and TG. TC and non-HDL-C are related (non-HDL-C = 
TC - HDL-C); therefore the comparable effects found for non-HDL-C and TC were 
expected. 
 The ε2/ε2 genotype is relatively rare in the general population with a prevalence 
of 0.7%. In the present study in patients with clinically manifest vascular disease we 
found an ε2/ε2 genotype prevalence of 1.1%. As FD is associated with an increased 
cardiovascular risk, a higher prevalence in patients with vascular disease was not 
unexpected. FD has a prevalence of 0.1% in the general population and 10-18% 
among patients with ε2/ε2. In our study we found that 13 out of 17 (76%) ε2/ε2 
patients of whom apoB measurements were available, fulfilled the ESC screening 
definition for FD (21). Using the FD phenotype definition of TC>5 mmol/l and 
TG>3mmol/L (20), 29% of ε2 homozygotes in our study had FD. The prevalence of 
a FD phenotype was 8% in ε2 heterozygotes and 6% in ε3/ε3 and ε4 carriers. Both 
the high prevalence of FDand  the ε2/ε2 overrepresentation in a group of patients 
with vascular disease support the notion that FD confers an increased vascular risk. 
Patients with the ε2/ε2 genotype only produce the apoE2 isoform of apoE, that 
has a low affinity for the LDL-receptor (LDLR) (<2% compared to wildtype (13)) 
leading to impaired lipoprotein remnant clearance (20) and subsequently higher 
plasma concentrations of VLDL-C and chylomicron (CM) remnants.
 In spite of this, most ε2/ε2 patients have normal or low plasma lipids, probably 
due to upregulation of the LDLR in response to the low LDLR affinity of apoE2 
(5). However, when the system is stressed by increased production and/or decreased 
clearance of VLDL-C and CM remnants, it can lead to the development of FD (6, 9). 
VLDL-C production is increased when there is an increased supply of free fatty acids 
to the liver, which is the case in obesity and the metabolic syndrome (23-25). This 
mechanism is a probable explanation why BMI, waist circumference, abdominal fat 
and MetS have a greater effect on non-HDL-C in ε2/ε2 patients compared to other 
genotypes, as shown in the present study. Although the effect of adiposity on TG 
is also most distinct in ε2/ε2 patients, no significant interaction with APOE was 
found for (log)TG. The large variation of TG within the APOE genotype strata in 
combination with a small number of patients in the ε2/ε2 group might be the reason 
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for the non-significant findings, instead of a true absence of such an interaction.
The findings of this study are in line with findings from studies in healthy 
individuals. In the absence of vascular disease, presence of an ε2 allele significantly 
modifies the relation between BMI and plasma lipids and the association between 
adiposity and TC appears stronger in ε2 carriers (4). Although ε2 carriers usually 
have decreased coronary heart disease (CHD) risk, the protective effect of ε2 on 
CHD is no longer present in overweight or obese subjects (4, 26). An earlier cross-
sectional study did not find interaction of APOE genotype and BMI regarding TC 
and LDL-C (27). This study did not look at non-HDL-C and TG.
 In line with our finding that adiposity increases the risk of presence of FD in ε2/
ε2, it was observed that high BMI and hyperinsulinemia were more prevalent in 
hyperlipidemic ε2/ε2 patients compared to normolipidemic ε2/ε2 patients (6, 7).
Several limitations of this study need to be considered. Plasma lipids were based on 
a single measurement, which makes it impossible to adjust for natural fluctuations 
in lipid concentrations. Another limitation is that plasma lipids are subject to 
treatment. To overcome this, we have adjusted all analyses for the use of lipid-
lowering medication. 
 In conclusion, APOE genotype modifies the effect of adiposity (BMI, waist 
circumference, VAT and MetS) on non-HDL-C and TC. The association between 
adiposity and lipids is most distinct in patients with the ε2/ε2 genotype. Furthermore, 
adiposity and MetS, but not age, sex or T2DM, increase the risk of presence of FD 
in ε2 homo- and heterozygotes.
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Supplementary material

Table S1: Prevalence of FD lipid phenotype according to APOE genotypes using different 

definitions

E2 homozygotes
ε2ε2

E2 heterozygotes
ε2ε3/ε2ε4 

E3 homozygotes
ε3ε3

E4 carriers
ε3ε4/ε4ε4

N FD % (N) N FD % (N) N FD % (N) N FD % (N)

ESC guideline 
(apoB/TC ratio < 0.15) 17 77 (13) 241 13 (32) 1240 8 (100) 586 7 (42)

Blom et al (TC>5/TG>3) 58 29 (17) 663 8 (53) 3181 6 (190) 1548 6 (96)
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Table S3: Relation between clinical variables and plasma lipids according to APOE genotype 

(adjusted for age, sex and lipid lowering medication)

E2 homozygotes
ε2ε2 (N=58)

E2 heterozygotes
ε2ε3/ε2ε4 (N=663)

E3 homozygotes
ε3ε3 (N=3181)

E4 carriers
ε3ε4/ε4ε4 (N=1548)

Non-HDL-C

BMI 0.173 (0.031 - 0.314)* 0.020 (-0.003 - 0.042) 0.009 (-0.001 - 0.019) 0.033 (0.020 - 0.046)*

Waist 0.063 (0.015 - 0.110)* 0.017 (0.009 - 0.025)* 0.008 (0.004 - 0.011)* 0.012 (0.007 - 0.017)*

Abdominal fat 0.580 (0.270 - 0.889)* 0.100 (0.064 - 0.136)* 0.060 (0.043 - 0.077)* 0.073 (0.050 - 0.096)*

Metabolic syndrome 1.760 (0.668 - 2.852)* 0.773 (0.572 - 0.894)* 0.534 (0.458 - 0.610)* 0.489 (0.387 - 0.590)*

TC

BMI 0.148 (0.010 - 0.287)* -0.012 (-0.033 - 0.010) -0.012 (-0.021 -  -0.002)* 0.012 (-0.001 - 0.026)

Waist 0.056 (0.010 - 0.103)* 0.006 (-0.002 - 0.013) 0.000 (-0.004 - 0.004) 0.005 (0.000 - 0.010)*

Abdominal fat 0.534 (0.234 - 0.835)* 0.052 (0.016 - 0.089)* 0.027 (0.010 - 0.044)* 0.046 (0.022 - 0.069)*

Metabolic syndrome 1.532 (0.454 - 2.610)* 0.386 (0.224 - 0.548)* 0.237 (0.160 - 0.314)* 0.187 (0.083 - 0.291)*

LDL-C

BMI 0.031 (-0.066 - 0.127) -0.002 (-0.020 - 0.017) -0.011 (-0.020 - -0.003)* 0.010 (-0.002 - 0.022)

Waist 0.021 (-0.010 - 0.052) 0.005 (-0.001 - 0.012) -0.001 (-0.004 - 0.002) 0.004 (0.000 - 0.009)

Abdominal fat 0.085 (-0.236 - 0.407) 0.042 (0.011 - 0.073)* 0.006 (-0.009 - 0.021) 0.019 (-0.002 - 0.039)

Metabolic syndrome 0.285 (-0.478 - 1.049) 0.255 (0.116 - 0.395)* 0.111 (0.045 - 0.177)* 0.080 (-0.013 - 0.172)

(Log)TG

BMI 0.022 (0.006 - 0.038)* 0.013 (0.009 - 0.018)* 0.012 (0.010 - 0.014)* 0.016 (0.013 - 0.190)*

Waist 0.008 (0.003 - 0.014)* 0.006 (0.005 - 0.008)* 0.005 (0.004 - 0.006)* 0.006 (0.005 - 0.007)*

Abdominal fat 0.065 (0.031 - 0.100)* 0.033 (0.026 - 0.041)* 0.031 (0.028 - 0.035)* 0.035 (0.030 - 0.040)*

Metabolic syndrome 0.284 (0.171 - 0.396)* 0.237 (0.207 - 0.267)* 0.228 (0.214 - 0.242)* 0.238 (0.219 - 0.258)*

*Significant at the a=0.05 level.
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Abstract
Introduction
The apolipoprotein E gene (APOE) is associated with coronary heart disease and 
stroke, but the relation with peripheral artery disease (PAD) is unknown. We 
investigated the relation of APOE genotype with PAD and other types of vascular 
disease.

Methods
The cross-sectional association between APOE genotype and ankle-brachial index 
(ABI) and vascular disease prevalence; and the prospective relation with incident 
PAD and other types of vascular disease (coronary artery disease, stroke and vascular 
mortality) were evaluated in 7418 patients from the Secondary Manifestations of 
ARTerial disease (SMART) study. This is a prospective cohort study in patients 
with cardiovascular disease or a cardiovascular risk factor. Analyses were adjusted 
for age and sex.

Results
Mean age was 56.7 ± 12.4 years and 68% of the patients was male. APOE genotype 
frequencies were ε2ε2 1.3%; ε2ε3 9.9%; ε2ε4 2.4%; ε3ε3 56.9%; ε3ε4 26.7% and 
ε4ε4 2.8%. Median follow-up time was 8.1 years (IQR 5.4-11.4) in which 452 new 
PAD events occurred. The ε2ε2 genotype was significantly associated with a lower 
ABI (regression coefficient -0.04, 95%CI 
-0.07 to -0.01), increased PAD prevalence (prevalence ratio 1.54, 95%CI 1.01-2.17) 
and a higher risk of incident PAD (HR 2.31, 95%CI 1.29-4.12) compared with ε3ε3. 
No relations between APOE genotypes and other vascular disease were observed. 

Conclusion
Of the six APOE genotypes, the ε2ε2 variant is associated with an increased risk for 
PAD in patients at high risk for cardiovascular disease. No association was observed 
between APOE genotype and coronary artery disease, stroke or vascular mortality 
in this population.
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Introduction
Peripheral artery disease (PAD) is associated with a high risk of cardiovascular 
comorbidity, such as lower extremity amputation, coronary artery disease and 
cerebrovascular disease, and mortality (1). The apolipoprotein E gene (APOE) 
is associated with coronary heart disease and stroke, but the relation with PAD 
is unknown. There are six different APOE genotypes: three homozygote (ε2ε2, 
ε3ε3, ε4ε4) and three heterozygote (ε2ε3, ε3ε4, ε2ε4). The ε3ε3 genotype is 
considered wildtype, as it is the most common with a prevalence of 62% in the 
general population (2). Patients with an ε2ε2 genotype have the lowest low-density 
lipoprotein cholesterol (LDL-C) levels and the highest triglycerides (2) and non-
high-density lipoprotein cholesterol (non-HDL-C) levels (3) compared with other 
APOE genotypes. Large meta-analyses show that the risks for CHD (2) and stroke 
(4) are similar in ε2ε2 and ε3ε3 patients. Patients with ε4ε4 have the highest levels 
of LDL-C and have an increased risk for coronary heart disease (CHD) (2), but 
not for stroke (4), compared with ε3ε3. There was no relation between APOE 
genotype and PAD in elderly Japanese-American men (5). However, this study 
only included patients with ε2ε3, ε3ε3 and ε3ε4 genotypes. Patients who underwent 
carotid endarterectomy compared with healthy controls had a lower prevalence 
of the ε2 allele, suggesting a protective role for apo ε2 in the development of 
carotid atherosclerosis (6). In this study also no ε2ε2 patients were included. 
Approximately 15% of patients with an ε2ε2 genotype develops a disorder called 
Familial Dysbetalipoproteinemia (FD), which is associated with an increased risk 
of PAD (7). A study in 62 patients with FD found a prevalence of 6.5% for PAD 
compared with 0.3% in healthy controls (8). A recent observational study in 305 FD 
patients reported a PAD prevalence of 11% (9).
 The aim of the present study was to investigate the relation between APOE 
genotype and PAD in patients at high risk of cardiovascular disease. Furthermore 
the relation between APOE genotype and coronary heart disease, cerebrovascular 
disease, abdominal aorta aneurysm and vascular mortality was studied.

Methods
The SMART study
The Secondary Manifestations of ARTerial disease (SMART) study is an ongoing 
single-center cohort study that started in 1996 in patients who were newly referred 
to the University Medical Center Utrecht for the treatment of clinical manifestations 
of arterial disease or for the treatment of major vascular risk factors. The rationale 
and design of the SMART study have been described in detail previously (10). In 
short, all eligible patients underwent a standardized vascular screening program 
and were screened for additional risk factors and severity of atherosclerosis. For 
the current study, patients were divided into two groups based on referral diagnosis 
and vascular history (10). The first group consisted of patients with manifest 
cardiovascular disease defined as manifest PAD, coronary artery disease (CAD), 
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cerebrovascular disease (CVD) and/or abdominal aorta aneurysm (AAA). PAD was 
defined as a history of surgery or angioplasty of the arteries supplying the lower 
extremities or intermittent claudication or rest pain at inclusion confirmed by a 
resting ankle-brachial index (ABI) <0.9 in at least one leg. Intermittent claudication 
was defined as a Fontaine classification (11) of two and critical ischemia was 
defined as a Fontaine classification of three or four. The Fontaine classification 
was only available for patients that were included in the SMART study with PAD 
(N=878) and not for patients with a history of PAD that were included in the study 
for another reason (N=204). CAD was defined as myocardial infarction, angina 
pectoris with coronary stenosis on angiography, coronary artery bypass graft 
surgery or coronary angioplasty in the past or at inclusion. CVD was defined as 
transient ischemic attack or stroke at inclusion or in the past. AAA was defined as a 
history of aneurysm of the abdominal aorta (AAA; distal aortic diameter ≥3 cm) or 
previous AAA surgery. The second group consisted of patients with hyperlipidemia, 
hypertension and/or diabetes mellitus (DM). Hyperlipidemia was defined as a 
referral diagnosis of hyperlipidemia, use of lipid-lowering drugs, a known history 
of hyperlipidemia, or high cholesterol levels (total cholesterol ≥5.0 mmol/L, low-
density lipoprotein cholesterol (LDL-C) ≥3.0 mmol/L). DM was defined as a referral 
diagnosis of DM, self-reported use of glucose-lowering agents, a known history of 
DM or a fasting plasma glucose level ≥7.0 mmol/L at baseline. Hypertension was 
defined as a referral diagnosis of hypertension, self-reported use of antihypertensive 
agents, a known history of hypertension or a high blood pressure (BP) at baseline 
(systolic BP ≥140 mmHg, diastolic BP ≥90 mmHg). Between September 1996 and 
March 2014, 9345 patients were enrolled in the SMART study. APOE genotype was 
measured in 2010, as a consequence it was available in 7418 (79%) patients. The 
Ethics Committee of the institution approved the study and all patients gave their 
written informed consent.

Vascular screening at baseline
At inclusion, subjects completed a questionnaire covering medical history, symptoms 
of and risk factors for cardiovascular disease, family history, current medication 
use, smoking habits, and alcohol intake. A standardized diagnostic protocol was 
performed, including physical examination and laboratory tests. Body mass index 
(BMI) was calculated as kg/m2. Waist circumference was measured standing up 
halfway between the lower costal margin and the iliac crest. Total cholesterol, 
HDL-cholesterol and triglycerides were measured with commercial enzymatic kits. 
LDL-C was calculated with Friedewald’s formula when triglycerides were below 
4.5 mmol/L (12). Non-HDL-C was calculated by subtracting HDL-C from total 
cholesterol. Metabolic syndrome was defined using the ATP III criteria (13) as 
having at least three of the following metabolic abnormalities: waist circumference 
>102 cm for males and >88 cm for females; triglycerides ≥1.7 mmol/L (150 mg/dL); 
HDL-cholesterol <1.03 mmol/L (40 mg/dL) for males and HDL-C <1.30 mmol/l (50 
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mg/dL) for females; systolic blood pressure ≥130 mmHg, diastolic blood pressure 
≥85 mmHg or treatment for hypertension; fasting plasma glucose ≥5.6 mmol/L or 
use of glucose lowering drugs. Ultrasonography was performed with a 10-MHz 
linear-array transducer (ATL Ultramark 9) by certified ultrasound technicians at 
the Department of Radiology in an accredited vascular laboratory using validated 
techniques. The resting ankle-brachial index (ABI) was measured with the subject 
in supine position with an 8-Mhz Doppler probe connected to an IMEXLAB 9000 
Vascular Diagnostic System (Golden, CO, USA). Blood pressure (BP) was taken 
once at each arm using a semiautomatic oscillometric device. The value of the 
highest systolic BP measured at the ankles was divided by the highest BP measured 
in the arms.  

APOE genotype
DNA was isolated from 10 mL of EDTA (citrate)-augmented blood stored at -80°C, 
and amplified with polymerase chain reaction (PCR). To determine the APOE 
genotype two single-nucleotide polymorphisms (SNPs; NCBI SNPs rs7412 and 
rs429358) were genotyped on coded DNA specimens. Presence of two copies of 
rs7412 was defined as the ε2ε2 genotype, while two copies of rs429358 was ε4ε4. 
Absence of both SNPs was associated with the ε3ε3 genotype. Genotyping was 
performed with the 5’Kaspar platform by KBioScience (Hoddesdon, England). 
Genotyping for APOE was performed without knowledge of the diagnosis. 

Incidence of cardiovascular disease
Patients were asked to complete a questionnaire on hospitalization and outpatient 
clinic visits biannually (10). A peripheral artery event was defined as amputation of 
(part of) the foot or lower extremity or a surgical or endovascular revascularization 
procedure of the lower extremity arteries. Other vascular events were coronary 
artery events, ischemic stroke, aortic artery events and vascular death (for definitions 
see supplementary table 1 (table S1) of the supplementary material). When an 
event was reported, hospital discharge letters and results of relevant laboratory and 
radiology examinations were collected. Death was reported by relatives and cause 
of death was obtained from the general practitioner or treating specialist. All events 
were audited independently by three physicians of the Outcome Event Committee 
(OEC). In case of disagreement, the opinion of other members of the OEC was 
sought and final adjudication was based on the majority of the classifications 
obtained. Follow-up time was defined as the time between date of inclusion until 
first event, death from any cause, loss to follow-up, or end of follow-up in March 
2015.

Data-analyses
Patient characteristics were calculated stratified for APOE genotype. Differences 
in mean ABI between APOE genotypes were calculated using a one-way ANOVA 
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test. For the cross-sectional analyses, linear regression was used for the association 
between APOE genotype and ABI, after exclusion of all patients with PAD at baseline 
(N=1082). Patients with PAD at baseline were excluded because a low ABI (≤0.9) 
was one of the definitions used for PAD prevalence. There were 1082 patients with 
PAD of whom 811 had ABI <0.9 and 108 had ABI ≥1.4. The last group was excluded 
because these high values might be due to incompressible vessels. Log-binomial 
regression analysis was used for the association between APOE genotype and PAD 
prevalence, expressed as prevalence ratios (PR). For the prospective analyses of 
incident PAD and other types of vascular disease, Cox proportional hazards analyses 
were performed to estimate hazard ratios (HR) for the association between APOE 
and new vascular events. The e3e3 genotype was used as the reference category. 
Three models were used: a crude model; a model adjusted for age and sex; and a 
model adjusted for age, sex, systolic blood pressure, diabetes mellitus, body-mass 
index, HDL-C, LDL-C and current smoking. A subgroup analysis for patients with 
a risk factor (hypertension, type 2 DM (T2DM) or hyperlipidemia) and patients with 
manifest vascular disease (PAD, CAD, ischemic stroke or AAA) was performed. 
Finally, several patient characteristics (smoking, systolic blood pressure, BMI, 
waist circumference, non-HDL-C, LDL-C, triglycerides, glucose and C-reactive 
protein) were added one at the time to a Cox regression model adjusted for age 
and sex to analyse their effect on the relation between APOE genotype and PAD. 
To account for missing data at random, single imputation by weighted probability 
matching using additive regression, bootstrapping, and predictive mean matching 
was performed (14). Missing data ranged from 0% in age, sex and history of DM to 
0.7% in HDL-C. For the statistical analyses, R, version 3.1.1 (R Development Core 
Team, Vienna, Austria) was used. 

Results
Baseline characteristics and APOE genotype frequencies
Of the 7418 patients who were included, 5340 (72%) had cardiovascular disease 
and 2078 (28%) had no cardiovascular disease, but had a cardiovascular risk factor 
(807 with hyperlipidemia, 426 with T2DM and 821 with hypertension). The mean 
age was 56.7±12.4 years and 68% of patients was male (table 1). APOE genotype 
frequencies were ε2ε2 1.3%; ε2ε3 9.9%; ε2ε4 2.4%; ε3ε3 56.9%; ε3ε4 26.7% and 
ε4ε4 2.8%. In total 31% of patients were currently smoking, varying from 22% in 
ε2ε2 to 36% in ε2ε4. The number of packyears was lowest in ε2ε2 (9.0 years, IQR 
0-24.8 years) and highest in ε2ε4 (19.7 years, IQR 3.5-35.3 years). 

Cross-sectional analyses: APOE genotype, ankle brachial index and 
PAD prevalence
The mean ankle-brachial index (ABI) was 1.05±0.23 in ε2ε2 compared with an 
overall mean of 1.12±0.18 (table 1). The difference in mean ABI between the six 
APOE genotypes was statistically significant (P=0.0072). The ε2ε2 genotype was 
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associated with a significantly lower ABI compared with ε3ε3 adjusted for age and 
sex (regression coefficient (B) -0.04, 95%CI -0.07 to -0.01, P=0.01). The subgroup 
analysis showed a significantly lower ABI in ε2ε2 patients with clinical manifest 
vascular disease (B -0.08, 95%CI -0.12 to -0.04, P<0.001), but not in ε2ε2 patients 
with a cardiovascular risk factor (B 0.00, 95%CI -0.03 to 0.04, P=0.96; P value 
for interaction <0.001). The other APOE genotypes were not associated with ABI. 
There were 812 patients with intermittent claudication of whom 17 had the ε2ε2 
genotype (18% versus 11% in the total population); 66 patients had critical ischemia 
of whom 2 had the ε2ε2 genotype (2.1% versus 0.9% in the total population, table 
S2). 
 The prevalence of PAD varied from 13% in ε3ε4 to 22% in ε2ε2. The most 
prevalent type of vascular disease was CAD, ranging from 33% in ε2ε2 patient 
to 44% in ε3ε3 (table S3). The ε2ε2 genotype was associated with an increased 
prevalence of PAD adjusted for age and sex (PR 1.54, 95%CI 1.01-2.17). Prevalence 
ratios for PAD prevalence in ε2ε3, ε2ε4, ε3ε4 and ε4ε4 were PR 0.98 (95%CI 
0.81-1.17); PR 1.18 (95%CI 0.84-1.59); PR 0.94 (95%CI 0.82-1.07); and PR 0.90 
(95%CI 0.60-1.26) respectively, compared with ε3ε3. Additional adjustment for 
cardiovascular risk factors did not change the results (table S3). The ε2ε2 genotype 
was associated with a decreased prevalence ratio for ischemic stroke compared to 
ε3ε3 after adjustment for age and sex (PR 0.63, 95%CI 0.36-0.99). 
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Prospective analyses: APOE genotype and incident vascular disease
During a median follow up of 8.1 years (IQR 5.4-11.4) 452 new PAD events 
occurred. The ε2ε2 genotype was related with an increased risk of PAD events 
after adjustment for age and sex (HR 2.31, 95%CI 1.29-4.12, table 2). The relation 
between other APOE genotypes and PAD was not significantly different compared 
with ε3ε3. Furthermore, APOE genotypes were not related with a higher risk of 
CAD, stroke, AAA or vascular death with or without adjustment for confounders 
(table 2 and table S4). Of the 37 ε2ε2 patients with a cardiovascular risk factor 
two developed PAD (HR 2.78, 95%CI 0.65-11.89). In the 58 ε2ε2 patients with 
manifest cardiovascular disease 10 PAD incidents occurred (17%) compared with 
232 PAD events (7%) in 3105 ε3ε3 patients with cardiovascular disease (HR 2.41, 
95%CI 1.28-4.56). The p-value for interaction between the APOE ε2ε2 genotype 
and presence of manifest vascular disease on PAD incidence was 0.18. The risk of 
incident peripheral revascularizations was increased in patients with ε2ε2 compared 
with ε3ε3 patients (HR 2.65, 95%CI 1.48-4.75). There was one amputation in the 
ε2ε2 group which was not related with a significantly increased risk of incident 
amputation in the ε2ε2 genotype compared to ε3ε3 (HR 0.69, 95%CI 0.09-4.95). 
The other APOE genotypes were not related to incident amputation or peripheral 
revascularizations compared to ε3ε3 (table S5).

Effect of patient characteristics on the relation between ε2ε2 and 
incident PAD
The relation between ε2ε2 and PAD was attenuated after additional adjustment for 
non-HDL-C (HR 1.77, 95%CI 0.98-3.21, P=0.06) (figure 1). Additional adjustment 
for smoking increased the risk of incident PAD in patients with ε2ε2 compared 
with ε3ε3, when compared with the reference model (HR 2.71, 95%CI 1.51-4.85, 
P<0.001), as did adjustment for diabetes mellitus, waist circumference, LDL-C and 
C-reactive protein (figure 1). 
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Figure 1: Effect of different patient characteristics on prospective relation between ε2ε2 and 

PAD.

Patient characteristics were added one at a time to the model adjusted for sex and age. 

Reference category was ε3ε3.

HR = hazard ratio; CI = confidence interval; diabetes = diabetes mellitus; SBP = systolic blood 

pressure; BMI = body-mass index; waist = waist circumference; non-HDL-C = non high-density 

lipoprotein cholesterol; LDL-C = low-density lipoprotein cholesterol; CRP = C-reactive protein. 

Discussion
In patients with clinical manifest vascular disease or a cardiovascular risk factor, the 
ε2ε2 genotype is related with a more than two times increased risk of new peripheral 
artery disease compared with the ε3ε3 genotype. This relation is partially explained 
by non-HDL-C. No relation between APOE genotype and the risk of incident 
coronary artery disease, ischemic stroke, abdominal aorta aneurysm or vascular 
mortality was found. The ε2ε2 genotype is also cross-sectionally associated with 
lower ABI and increased PAD prevalence.
 Apolipoprotein E is present on chylomicron and very low-density lipoprotein 
(VLDL) remnants and is responsible for the transport and clearance of these particles 
by binding to the hepatic LDL receptor (LDLR) and extracellular syndecan-1 heparan 
sulfate proteoglycans (HSPG). The present study found a significant association 
between the ε2ε2 variant of the APOE gene and PAD. Apolipoprotein E2 has a 
low affinity for the LDLR (<2% compared with E3) (15) which means that in ε2ε2 
individuals apoE carrying particles cannot be cleared by the LDLR. HSPG remnant 
clearance is usually not impaired which explains the normal lipid levels in most 
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ε2ε2 individuals. However, in combination with additional factors such as insulin 
resistance and obesity, presence of an apo ε2 allele is associated with increased 
non-HDL-C levels (16) and the development of Familial Dysbetalipoproteinemia 
(FD) (7). Non-HDL-C consists of LDL-C, VLDL-C, chylomicrons and remnants. 
In an insulin resistant state, HSPG remnant clearance is inhibited by sulfatase-2 
(Sulf2) (11). Adiposity and insulin resistance in ε2ε2 individuals can therefore 
lead to combined malfunction of LDLR and HSPG which subsequently leads to 
lipoprotein remnant accumulation in the plasma. Remnants are small and can 
easily enter the subendothelial space of the vascular wall, where they interact with 
macrophages to form foam cells: the first step of atherosclerotic plaque formation 
(17). The combined malfunction of LDLR and HSPG is a possible explanation 
for the development of FD in about 15% of the patients with ε2ε2. The relation 
between ε2ε2 and PAD found in this study is probably associated with presence of 
FD, because FD is associated with premature PAD (9). 
 The worldwide prevalence of PAD is approximately 5% at age 45-49 years and 18% 
at age 85-89 years (18). Important risk factors for PAD are smoking, hypertension, 
diabetes mellitus and hypercholesterolemia, which account for 75% of the population 
attributable risk (19). Non-HDL-C is a better predictor for cardiovascular outcomes 
than LDL-C (20), especially in ε2ε2 individuals who have low LDL-C levels but 
high cardiovascular risk. This apparent paradox between LDL-C levels and vascular 
risk in ε2ε2 subjects is also illustrated in a meta-analysis that showed a linear 
relation between levels of LDL-C and stroke prevalence, with the exception of ε2ε2 
subjects, who had the lowest LDL-C (0.75 mmol/L lower than ε3ε3) but were not at 
decreased risk for stroke (OR 1.09, 95%CI 0.84-1.43) compared with ε3ε3 (4). An 
indication of the severity of peripheral artery disease can be obtained by looking at 
the type of peripheral vascular event, i.e. peripheral artery revascularizations or limb 
amputations. Another way of expressing PAD severity is critical ischemia versus 
intermittent claudication. This study showed that the ε2ε2 genotype was associated 
with increased risk of peripheral revascularization procedures, but not amputations. 
The absence of a relation with amputations is most likely due to the low number of 
amputations. The percentage of patients with intermittent claudication and critical 
ischemia at baseline was higher in ε2ε2 compared to the other genotypes. Overall, 
the ε2ε2 genotype seems to be related with both mild and severe PAD. 
 The relation between ε2ε2 and PAD might be partly explained by non-HDL-C, 
because the significant risk for PAD in ε2ε2 subjects was attenuated after adjustment 
for non-HDL-C. The opposite was true for LDL-C, which is a known risk factor for 
PAD and low in ε2ε2 subjects and therefore leads to an increased risk for PAD in 
ε2ε2 after adjustment. Adjustment for smoking and diabetes mellitus also increased 
the risk of PAD in ε2ε2 subjects. This might be due to the fact that subjects with 
ε2ε2 were more often included with a risk factor than with manifest cardiovascular 
disease (61% vs 39%) and therefore had a more beneficial risk profile compared 
with patients with manifest cardiovascular disease.
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Although ε4ε4 patients had the highest values of LDL-C, no increased risk for PAD 
or any other type of cardiovascular disease was observed. Subjects with ε2ε3 had 
lowest non-HDL-C values, but no decrease in vascular risk. This is not in line with a 
meta-analysis in healthy individuals that found an increased risk for coronary heart 
disease (CHD) in ε4ε4 individuals (OR 1.22, 95%CI 1.08-1.38) and a lower CHD 
risk in ε2ε3 subjects (OR 0.82, 95%CI 0.72-0.92) (2). Furthermore, no relation 
between APOE genotype and ischemic stroke was observed. A meta-analysis that 
compared patients with ischemic stroke to controls found that the ε2ε3 genotype 
protected against stroke (OR 0.85, 95%CI 0.78-0.92) (4). The discrepancy with 
our findings could be due to the fact that the present study concerns a high risk 
population with 72% of subjects having a history of manifest cardiovascular 
disease, while the association between APOE and vascular disease might especially 
concern healthy individuals in whom other risk factors do no (yet) play a major 
role. Another reason might be a difference in the definitions that were used. For 
example, we defined CHD as myocardial infarction, CABG, PTCA or sudden death 
(table S1) while Bennet et al. defined CHD as myocardial infarction or coronary 
stenosis (2). In a study in patients undergoing coronary angiography, ε2 carriers had 
a lower cardiovascular mortality compared with ε4 carriers (HR 0.67, 95%CI 0.48-
0.96) (21). However, the authors did not evaluate individual APOE genotypes; used 
ε4 carriers as the reference group instead of ε3ε3; and did not provide the number 
of ε2ε2 individuals included in the study, which means that the decreased mortality 
might mainly be caused by ε2ε3 patients. 
 Regarding the expected genotype frequencies according to the Hardy-Weinberg 
equilibrium we found that the ε2ε2 genotype was overrepresented and the ε2ε3 
genotype underrepresented in our sample (table S6). Due to the relation between 
APOE genotype, lipids and subsequent vascular disease and the selection criteria of 
the SMART cohort, this imbalance was not unexpected.
 Strengths of our study are the large number of patients with different clinical 
manifestations of vascular disease and cardiovascular risk factors; the prospective 
cohort design; and the long follow up period. A limitation of the study is that no 
information was available about physical exercise training for PAD, because physical 
exercise training is used more and more frequently as a therapy for PAD. However, 
this will most likely not have affected the results because in clinical practice the 
choice between exercise training or a surgical procedure is independent from APOE 
genotype. A second limitation is the small number of PAD events in the ε2ε2 group. 
For this reason all models were only minimally adjusted, which is appropriate when 
confounding is not an issue due to Mendelian randomization of the determinant (in 
this case the APOE gene) (22). Third, the Fontaine classification was not available 
for patients that were not included in the SMART study for PAD. Furthermore, 
information about artery incompressibility during ABI measurement was missing. 
Fourth, because this is the first article to study the relation between ε2ε2 genotype 
and PAD, the results will have to be validated in other high risk populations.
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To conclude, of the six APOE gene variants ε2ε2 is related with an increased risk 
for PAD in patients with clinical manifest vascular disease and cardiovascular risk 
factors and this relation is partially explained by non-HDL-C. There was no relation 
between APOE genotype and the risk of coronary artery disease, stroke, abdominal 
aorta aneurysm or vascular mortality in these patients.
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Supplementary material

Table S1: Definitions of vascular outcomes

Outcome Definition

Peripheral artery disease Amputation of toe, foot or (part of ) leg
Operation, percutaneous transluminal angioplasty (PTA) or stenting of leg artery

Coronary artery disease Myocardial infarction (fatal and non-fatal), defined as having at least two of the following criteria:
Chest pain for at least 20 minutes, not disappearing after administration of nitrates
ST-elevation > 1 mm in two following leads or a left bundle branch block on the electrocardiogram
Troponin elevation above clinical cut-off values or creatinine kinase (CK) elevation of at least two 
times the normal value of CK and a myocardial band-fraction > 5% of the total CK
Coronary artery bypass graft (CABG) or percutaneous transluminal coronary angioplasty (PTCA) 
Sudden death: unexpected cardiac death occurring within one hour after onset of symptoms, or 
within 24 hours given convincing circumstantial evidence

Ischemic stroke Relevant clinical features for at least 24 hours causing an increase in impairment of at least one 
grade on the modified Ranking scale, with or without a new cerebral infarction on CT or MRI (fatal 
and non-fatal)

Aortic artery disease Non-fatal rupture of aortic aneurysm
Operation, PTA or stenting of aorta

Vascular death Death from stroke, myocardial infarction, congestive heart failure, abdominal aortic aneurysm 
rupture and vascular death of other causes

Table S2: Intermittent claudication and critical ischemia according to APOE genotype

Number of patients 
Intermittent claudication 
(%, N)

Critical ischemia 
(%, N)

ε2ε2 95 18 (17) 2.1 (2)

ε2ε3 737 11 (82) 1.1 (8)

ε2ε4 181 13 (24) 1.1 (2)

ε3ε3 4223 11 (468) 0.9 (38)

ε3ε4 1977 10 (202) 0.8 (16)

ε4ε4 205 9 (19) 0.0 (0)

Total 7418 11 (812) 0.9 (66)
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Table S3: Cross-sectional association between APOE genotype and prevalent vascular disease 

using three models

ε3ε3 ε2ε2 ε2ε3 ε2ε4 ε3ε4 ε4ε4

N=4223 N=95 N=737 N=181 N=1977 N=205

PR (95%CI) PR (95%CI) PR (95%CI) PR (95%CI) PR (95%CI) PR (95%CI)

PAD  (N, %) 625 (15) 21 (22) 108 (15) 32 (18) 270 (14) 26 (13)

Model I Ref. 1.49 (0.98-2.12) 0.99 (0.82-1.19) 1.19 (0.85-1.61) 0.92 (0.81-1.05) 0.86 (0.58-1.21)

Model II Ref. 1.54 (1.01-2.17)* 0.98 (0.81-1.17) 1.18 (0.84-1.59) 0.94 (0.82-1.07) 0.90 (0.60-1.26)

Model III Ref. 1.80 (1.05-2.86)* 1.01 (0.81-1.24) 1.20 (0.81-1.70) 0.92 (0.79-1.06) 0.82 (0.53-1.22)

CAD   (N, %) 1855 (44) 31 (33) 306 (42) 76 (42) 859 (43) 89 (43)

Model I Ref. 0.74 (0.51-1.04) 0.95 (0.84-1.06) 0.96 (0.75-1.19) 0.99 (0.91-1.07) 0.99 (0.79-1.21)

Model II Ref. 0.80 (0.55-1.12) 0.93 (0.82-1.05) 0.93 (0.74-1.17) 1.01 (0.93-1.10) 1.04 (0.84-1.28)

Model III Ref. 0.84 (0.55-1.21) 0.90 (0.80-1.02) 0.92 (0.72-1.15) 1.04 (0.95-1.12) 1.10 (0.87-1.36)

Stroke  (N, %) 920 (22) 13 (14) 154 (21) 31 (17) 396 (20) 33 (16)

Model I Ref. 0.63 (0.36-0.99)* 0.96 (0.82-1.11) 0.79 (0.55-1.06) 0.92 (0.83-1.02) 0.74 (0.53-0.99)*

Model II Ref. 0.63 (0.36-0.99)* 0.94 (0.80-1.08) 0.79 (0.56-1.06) 0.94 (0.85-1.04) 0.78 (0.55-1.04)

Model III Ref. 0.77 (0.42-1.28) 0.92 (0.77-1.09) 0.80 (0.55-1.13) 0.93 (0.82-1.06) 0.80 (0.54-1.12)

AAA  (N, %) 257 (6) 7 (7) 60 (8) 13 (7) 107 (5) 11 (5)

Model I Ref. 1.21 (0.53-2.29) 1.34 (1.01-1.74)* 1.18 (0.65-1.93) 0.89 (0.71-1.10) 0.88 (0.46-1.50)

Model II Ref. 1.49 (0.66-2.71) 1.25 (0.95-1.60) 1.11 (0.62-1.77) 0.97 (0.78-1.19) 1.07 (0.56-1.79)

Model III Ref. 1.07 (0.33-2.52) 1.32 (0.97-1.75) 1.14 (0.60-1.95) 0.94 (0.74-1.18) 1.04 (0.54-1.82)

Model I: crude analyses; Model II: adjusted for age and sex; Model III: adjusted for age, sex, 

systolic blood pressure, diabetes mellitus, BMI, HDL cholesterol, LDL cholesterol and current 

smoking; * P-value <0.05

Abbreviations: PAD=peripheral artery disease; CAD=coronary artery disease; AAA=abdominal 

aortic aneurysm; PR=prevalence ratio; 95%CI=95% confidence interval; N=number; 

Ref=reference category
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Table S4: Prospective relation between APOE genotype and incident vascular disease using three models

ε3ε3 ε2ε2 ε2ε3 ε2ε4 ε3ε4 ε4ε4

N=4223 N=95 N=737 N=181 N=1977 N=205

HR (95%CI) HR (95%CI) HR (95%CI) HR (95%CI) HR (95%CI) HR (95%CI)

PAD  (N, %) 258 (6) 12 (13) 51 (7) 14 (8) 107 (5) 10 (5)

Model I Ref. 2.14 (1.20-3.82)* 1.14 (0.84-1.54) 1.25 (0.73-2.13) 0.87 (0.69-1.09) 0.78 (0.41-1.46)

Model II Ref. 2.31 (1.29-4.12)* 1.13 (0.84-1.53) 1.24 (0.72-2.12) 0.91 (0.73-1.14) 0.88 (0.47-1.66)

Model III Ref. 3.59 (1.83-7.05)* 1.10 (0.80-1.52) 1.20 (0.68-2.10) 0.89 (0.71-1.13) 0.85 (0.44-1.66)

CAD   (N, %) 857 (20) 17 (18) 157 (21) 42 (23) 416 (21) 28 (14)

Model I Ref. 0.81 (0.50-1.32) 1.02 (0.86-1.21) 1.11 (0.81-1.51) 1.03 (0.91-1.15) 0.66 (0.45-0.96)*

Model II Ref. 0.84 (0.52-1.36) 1.01 (0.85-1.19) 1.05 (0.77-1.43) 1.06 (0.94-1.19) 0.72 (0.49-1.05)

Model III Ref. 1.15 (0.68-1.95) 1.03 (0.86-1.23) 1.08 (0.78-1.49) 1.06 (0.94-1.19) 0.74 (0.50-1.09)

Stroke  (N, %) 160 (4) 3 (3) 30 (4) 8 (4) 69 (3) 8 (4)

Model I Ref. 0.78 (0.25-2.46) 1.07 (0.72-1.58) 1.13 (0.56-2.31) 0.90 (0.68-1.19) 1.03 (0.51-2.09)

Model II Ref. 0.76 (0.24-2.40) 1.07 (0.72-1.58) 1.10 (0.55-2.26) 0.95 (0.71-1.26) 1.20 (0.59-2.44)

Model III Ref. 1.20 (0.38-3.79) 1.11 (0.74-1.67) 1.16 (0.57-2.38) 0.93 (0.69-1.24) 1.07 (0.50-2.28)

AAA  (N, %) 153 (4) 5 (5) 32 (4) 6 (3) 80 (4) 9 (4)

Model I Ref. 1.40 (0.57-3.41) 1.21 (0.82-1.77) 0.89 (0.39-2.01) 1.09 (0.83-1.43) 1.17 (0.60-2.29)

Model II Ref. 1.53 (0.63-3.73) 1.20 (0.82-1.75) 0.86 (0.38-1.95) 1.16 (0.88-1.51) 1.32 (0.67-2.59)

Model III Ref. 2.66 (1.08-6.52) 1.37 (0.92-2.03) 0.55 (0.20-1.49) 1.16 (0.87-1.53) 1.07 (0.50-2.29)

Vasc mort   (N, %) 373 (9) 8 (8) 78 (11) 15 (8) 178 (9) 14 (7)

Model I Ref. 1.35 (0.64-2.86) 0.80 (0.58-1.09) 1.12 (0.62-2.06) 0.91 (0.75-1.12) 1.23 (0.72-2.11)

Model II Ref. 1.48 (0.70-3.13) 0.75 (0.55-1.03) 1.07 (0.59-1.96) 0.84 (0.68-1.02) 1.08 (0.63-1.85)

Model III Ref. 1.51 (0.62-3.70) 0.62 (0.44-0.87)* 0.87 (0.45-1.70) 0.77 (0.62-0.95) 1.27 (0.71-2.29)

Model I: crude analyses; Model II: adjusted for age and sex; Model III: adjusted for age, sex, systolic blood 

pressure, diabetes mellitus, BMI, HDL cholesterol, LDL cholesterol and current smoking; * P-value <0.05

Abbreviations: PAD=peripheral artery disease; CAD=coronary artery disease; AAA=abdominal aortic 

aneurysm; Vasc mort=vascular mortality; HR=hazard ratio; 95%CI=95% confidence interval; N=number; 

Ref=reference category
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Table S5: Prospective relation between APOE genotype and incident peripheral artery disease 

(PAD)

Lower extremity 
amputation

Peripheral revascularization 
procedures

N (ev/tot) HR, 95%CI N (ev/tot) HR, 95%CI

ε3ε3 62/4223 1.00 (reference) 225/4223 1.00 (reference)

ε2ε2 1/95 0.69 (0.09-4.95) 12/95 2.65 (1.48-4.75)*

ε2ε3 14/737 1.29 (0.72-2.31) 45/737 1.15 (0.84-1.59)

ε2ε4 4/181 1.44 (0.52-3.97) 12/181 1.20 (0.67-2.15)

ε3ε4 32/1977 1.14 (0.74-1.74) 91/1977 0.89 (0.70-1.13)

ε4ε4 3/205 1.10 (0.34-3.51) 10/205 1.00 (0.53-1.89)

N=number; ev/tot=events/total, HR= hazard ratio adjusted for sex and age. * P-value <0.05.

Table S6: Hardy Weinberg equilibrium

Observed 
frequencies

Expected 
frequencies

N % N %

ε2ε2 95 1.28 42 0.56

ε2ε3 737 9.94 834 11.24

ε2ε4 181 2.44 192 2.59

ε3ε3 4223 56.93 4197 56.58

ε3ε4 1977 26.65 1932 26.04

ε4ε4 205 2.76 222 3.00

N=number; %=percentage
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Individualized treatment effect prediction of fenofibrate in diabetes

Abstract
Introduction
On average, treatment with fenofibrate does not reduce the incidence of major 
cardiovascular events (MCVE) in patients with type 2 diabetes mellitus (T2DM). 
However, average effects reported by trials comprise patients who respond poorly 
and who respond well to fenofibrate. Our aim was to determine absolute treatment 
effect of fenofibrate in individual T2DM patients based on the FIELD and ACCORD 
randomized clinical trials.

Methods
To estimate absolute individual risk, the FIELD risk model for 5-year MCVE in 
T2DM patients was externally validated in the ACCORD study and the SMART 
observational cohort. Five year MCVE risk and fenofibrate treatment effect 
were estimated in 17,142 T2DM patients from FIELD, ACCORD and SMART. 
Individualized treatment effect, expressed as absolute risk reduction (ARR), was 
calculated as 5-year MCVE risk minus on-treatment risk. Number needed to treat 
(NNT) was calculated as 100% / ARR. Results were stratified for patients with and 
without dyslipidemia.

Results
External validation of the FIELD risk model showed good calibration and moderate 
discrimination in ACCORD (C-statistic 0.67, 95%CI 0.65-0.69) and SMART 
(C-statistic 0.66, 95%CI 0.63-0.69). Median 5-year MCVE risk in all three studies 
combined was 6.7% (IQR 4.0-11.7%) in patients without (N=13,224), and 9.4% 
(IQR 5.4-16.1%) in patients with (N=3,918) dyslipidemia. The median fenofibrate 
ARR was 2.15% (IQR 1.23-3.68%) in patients with dyslipidemia, corresponding 
to a NNT of 47, and  0.22% (IQR 0.13-0.38%) in patients without dyslipidemia 
(NNT=455). Of patients with dyslipidemia 54% had an ARR ≥2% (NNT<50) while 
97% of patients without dyslipidemia had an ARR <1% (NNT>100). 

Conclusion
In individual patients with T2DM there is a wide range of absolute treatment effect of 
fenofibrate on MCVE risk. Individualized treatment effect prediction of fenofibrate 
on MCVE risk reduction in T2DM can be used to guide clinical decision making. 
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Introduction
Patients with type 2 diabetes mellitus (T2DM) have a high risk of cardiovascular 
disease (CVD) (1). Although statins reduce cardiovascular morbidity and mortality 
significantly by reducing low-density lipoprotein cholesterol (LDL-C), the 
remaining residual risk underscores the clinical need for additional treatment options 
(2). Fibrates specifically target the dyslipidemia seen in T2DM by reducing plasma 
triglycerides (TG) by 30%, and increasing high-density lipoprotein cholesterol 
(HDL-C) by 10% (3). The FIELD and ACCORD trials, both placebo controlled 
randomized clinical trials, investigated the effect of fenofibrate in patients with 
T2DM and showed no overall reduction in cardiovascular disease (CVD). The 
FIELD trial reported an 11% reduction in coronary events (i.e. coronary disease 
mortality and non-fatal myocardial infarction (MI)) in patients using fenofibrate 
(HR 0.89, 95%CI 0.75-1.05) (4), and the ACCORD trial reported an 8% reduction 
in major cardiovascular events (MCVE, i.e. non-fatal myocardial infarction, non-
fatal stroke and cardiovascular death; HR 0.92, 95%CI 0.79-1.08) in patients using 
fenofibrate on a background of statin therapy (5). Although the average benefit of 
fenofibrate was not statistically significant, it is conceivable that there are patients 
in whom fenofibrate does convey clinical benefit. 
 Subgroup analyses are a frequently used method to address this issue. A significant 
treatment effect of fenofibrate was reported in the FIELD study in females, in 
patients under 65 years, in patients without CVD, in patients with low HDL-C and 
in patients with low LDL-C (4), while in the ACCORD trial there were indications 
of potential benefit for males and patients with atherogenic dyslipidemia (defined 
as TG >2.3 mmol/L and HDL-C <0.9 mmol/L) (5). Based on these findings, the 
American Diabetes Association (ADA) guideline does generally not recommend 
statin/fibrate combination therapy, except in men with TG >2.3 mmol/L and HDL-C 
<0.9 mmol/L (6). However, the subgroup analyses on which this recommendation 
is based, often overestimate treatment effect (7) and study only one patient 
characteristic at the time (8), thereby not taking into account that treatment effect 
usually depends on several, often correlated, patient characteristics. This can lead 
to confounded interpretations (9). 
 Individualized treatment prediction is a method to overcome disadvantages of 
subgroup analyses and facilitate the translation from randomized clinical trials to 
individual patients (10-15). The method considers both favorable and unfavorable 
risk factors simultaneously and takes average relative effects presented by trials 
one step further, by expressing treatment effect in terms of absolute risk reduction 
for individual patients. Thiscan support the process of shared decision making and 
might increase treatment adherence in clinical practice (16, 17).
 The aim of the present study was to predict absolute treatment effect of fenofibrate 
on major cardiovascular events in individual T2DM patients from the FIELD and 
ACCORD randomized clinical trials and the SMART observational cohort study.
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Methods
FIELD, ACCORD and SMART
The FIELD trial evaluated the effect of fenofibrate compared with placebo in 
9,795 patients with T2DM between the age of 50-75 years who were not taking 
statin therapy at study entry. Detailed information about the study design has been 
published previously (18). The primary outcome were coronary events (coronary 
disease mortality and non-fatal myocardial infarction (MI)), which occurred in 
544 patients during a 5 year median follow-up. In total 859 patients suffered a 
major cardiovascular event (MCVE) defined as non-fatal MI, nonfatal stroke or 
cardiovascular mortality. 
 The ACCORD lipid trial consisted of 5,518 patients with T2DM and investigated 
the effect of fenofibrate in combination with atorvastatin compared to atorvastatin 
plus placebo (5, 19). The primary outcome was MCVE, which occurred 601 times 
after a median follow-up of 4.7 years.
 The SMART study is an ongoing longitudinal cohort study that started in 1996 
and included 1,829 T2DM patients with and without cardiovascular disease (20). 
In the SMART cohort the composite endpoint MCVE was observed in 334 patients 
with a median follow-up time of 5.8 years. In all three studies written informed 
consent was obtained from all participants and the Ethical Boards of the institutions 
approved the studies.

Missing data
In FIELD missing data were 0.2 % for duration of T2DM and 0.3% for urinary 
albumin creatinine ratio (UACR). In ACCORD missing data ranged from 0.1% for 
current smoking to 4.3% in UACR. In SMART missing data ranged from 0.05% 
for triglycerides and HDL-C, to 7% in UACR. To account for missing data in the 
predictors, single imputation by bootstrapping and predictive mean matching was 
used (aregImpute in R, Hmisc package) (21). 

Model derivation and validation
To develop the FIELD model for the prediction of 5-year absolute risk reduction for 
MCVE by fenofibrate, Cox proportional hazards models for time to MCVE were 
used, with time to event in years. To prevent overfitting, predictors were prespecified 
based on presence in ≥ 3 CVD prediction models for patients with T2DM (19). The 
initial model included the following variables at baseline: fenofibrate treatment, 
age, sex, ethnicity, diabetes duration, current smoking, previous CVD, use of 
antihypertensive medication, HbA1c, systolic blood pressure, non-HDL-C, HDL-C, 
TG, UACR, dyslipidemia, eGFR (MDRD formula) and interaction terms between 
these predictors and fenofibrate. Fenofibrate use was forced in the model. Model 
selection was based on backward selection using the Wald chi-square statistic for 
removal of variables, based on which ethnicity, TG and dyslipidemia dropped out 
of the model. Continuous variables were checked for non-normality by visual 
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inspection of the Martingale residual distribution, which led to log transformation 
of UACR and HDL-C. The Cox proportional hazard assumption was tested and met 
for all predictors. The final model is shown in box 2.
 Model validation was performed in the ACCORD lipid trial and the SMART 
observational cohort study. To ensure adequate risk stratification, the final model 
was recalibrated for baseline survival in ACCORD and SMART to take differences 
in baseline survival (e.g. by a difference in background lipid-lowering therapy) 
into account. Model performance was tested with calculation of the C-statistic for 
discrimination and with calibration plots for predicted versus observed MCVE risk 
(expressed as event free survival). 

Individualized treatment effect prediction
To demonstrate the application of the prediction model in a large and heterogeneous 
group of patients that best resembled clinical practice, patient data from FIELD, 
ACCORD and SMART were combined (N=17,142). Results were stratified for 
the presence of dyslipidemia, which was defined as TG >2.3 mmol/L and HDL-C 
<1.00 mmol/L for men and <1.30 mmol/L for women. First, 5-year MCVE risk was 
calculated by setting treatment status to zero in the FIELD risk model for all patients 
(irrespective of their actual treatment status). Second, absolute risk reduction (ARR) 
was calculated as MCVE risk minus on-treatment risk. ARR can also be expressed 
as number needed to treat (NNT = 100/ARR (in %)). Subgroup-specific hazard 
ratios (HR) for the effect of fenofibrate on 5-year MCVE risk in patients with and 
without dyslipidemia were derived from the combined FIELD and ACCORD data 
using Cox-proportional hazards models. These were HR 0.97 (95%CI 0.86-1.09) 
for patients without dyslipidemia and HR 0.77 (95%CI 0.64-0.94) for patients with 
dyslipidemia. On-treatment risk was calculated by multiplying 5-year MCVE risk 
with the subgroup-specific HR for patients with and without dyslipidemia. Third, 
patients were stratified according to treatment effect. The analyses were performed 
in R, version 3.2.2 (R Core Team, Vienna, Austria; package ‘rms’) and SAS version 
9.3.

Results
Baseline characteristics
The FIELD trial included 9,795 patients, the ACCORD trial 5,518 patients and the 
SMART cohort 1,829 patients with T2DM. The mean age was 62.2 ± 7.3 years in the 
total population and 66% were men (table 1). Of the FIELD participants 22% had 
a history of cardiovascular disease (CVD) and the median duration of T2DM was 
5 years (IQR 2-10 years). In ACCORD, 37% of the patients had a history of CVD 
with a median duration of T2DM of 9 years (IQR 5-15 years). In SMART, 66% had 
a history of CVD and the median T2DM duration was 10 years (IQR 5-15 years). 
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External validation of the prediction model
The FIELD risk model for the 5-year treatment effect of fenofibrate on MCVE in 
patients with T2DM is provided in Box 1. External validation showed moderate 
discrimination with a C-statistic of 0.67 (95%CI 0.65-0.69) and 0.68 (95% 0.64-
0.72) in ACCORD and SMART respectively. Calibration between observed and 
predicted 5-year MCVE risk was well balanced in both studies (figure 1). 

Five-year MCVE-risk and treatment effect of fenofibrate
In a pooled analysis of FIELD, ACCORD and SMART, the median 5-year MCVE 
risk was 9.4% (IQR 5.4-16.2%) and 6.7% (IQR 4.0-11.7%) in patients with and 
without dyslipidemia respectively (figure 2). There was a wide range in absolute 
treatment effect of fenofibrate, with a median absolute risk reduction (ARR) of 
2.15% (IQR 1.24-3.69%, NNT=47) in patients with dyslipidemia and 0.22% (IQR 
0.13-0.38%, NNT=455) in patients without dyslipidemia (figure 3).
 Of patients with dyslipidemia, 54% had an ARR ≥2% (NNT ≤50). Patients with 
dyslipidemia and an ARR ≥2% (NNT ≤50), had a median MCVE risk of 15.4% 
(IQR 11.7-22.5%) and a median ARR of 3.52% (IQR 2.37-5.13%). In patients with 
dyslipidemia and ARR <2%, the median MCVE risk was 5.2 % (IQR 3.8-6.8%) 
and the median ARR was 1.18% (0.86-1.55%). Of patients with dyslipidemia, 16% 
(N=634) had an ARR <1.0%. The median MCVE risk in these patients was 3.26% 
(IQR 2.63-3.90%) and median ARR 0.74% (IQR 0.60-0.89%, NNT=135). 
 Of patients without dyslipidemia, 97% had ARR by fenofibrate of <1% (NNT 
>100). In these patients the median MCVE risk was 6.6% (IQR 3.9-11.2%) and 
ARR 0.21% (IQR 0.13-0.36%, table 2). The median MCVE risk in patients without 
dyslipidemia with an ARR ≥1% (NNT ≤100) was 36.8% (IQR 33.6-42.9%). An 
example of how ARR is calculated can be found in Box 2.
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Table 1: Baseline characteristics

FIELD ACCORD SMART Total

N=9795 N=5518 N=1829 N=17142

Age (years) 62.2±6.9 62.8±6.6 60.3±10.2 62.2±7.3

Males (%, N) 63 (6138) 69 (3824) 70 (1272) 66 (11234)

Duration of T2DM (years) 5 [2-10] 9 [5-15] 4 [1-9] 6 [3-11]

Previous CVD (%, N) 22 (2131) 37 (2016) 69 (1260) 32 (5407)

Current smoking (%, N) 9 (922) 15 (803) 25 (456) 13 (2181)

Antihypertensive medication (%, N) 58 (5659) 82 (4530) 62 (1130) 66 (11319)

Systolic blood pressure (mmHg) 140±15 134±17 145±21 139±17

Diastolic blood pressure (mmHg) 82±9 74±10 83±12 79±10

BMI (kg/m2) 30.7±5.5 32.3±5.3 29.0±5.0 31.0±5.5

Waist circumference (cm) 104±13 108±14 101±13 105±13

Total cholesterol (mmol/L) 5.0±0.7 4.5±1.0 4.8±1.4 4.9±0.9

HDL-C (mmol/L) 1.10±0.26 0.99±0.20 1.13±0.33 1.06±0.26

Non-HDL-C (mmol/L) 3.9±0.7 3.5±1.0 3.7±1.4 3.9±0.9

Triglycerides (mmol/L) 1.73 [1.34-2.32] 1.82 [1.28-2.59] 1.7 [1.2-2.5] 1.75 [1.30-2.42]

LDL-C (mmol/L) 3.1±0.7 2.6±0.8 2.8±1.1 2.9±0.8

HbA1c (%) 6.9 [6.1-7.8] 8.1 [7.6-8.8] 6.8 [6.2-7.7] 7.4 [6.5-8.3]

Glucose (mmol/L) 8.91±2.60 9.71±2.90 8.71±2.92 9.15±2.76

eGFR (ml/min/1.73m2) 88±18 90±22 78±22 87±20

UACR (mg/mmol) 1.10 [0.60-2.95] 1.58 [0.79-5.20] 1.43 [0.85-3.06] 1.25 [0.68-3.50]

Numbers are mean ± standard deviation or median [interquartile range]. 

Abbreviations: N=number; T2DM=type 2 diabetes mellitus; CVD=cardiovascular disease; 

BMI=body-mass index; HDL-C=high-density lipoprotein cholesterol; LDL-C=low-density 

lipoprotein cholesterol; HbA1c= glycosylated hemoglobin type A1C; eGFR=estimated 

glomerular filtration rate calculated with the MDRD formula; UACR= urinary albumin 

creatinine ratio. 
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Box 1. Prediction model for the estimation of ARR of fenofibrate on 
MCVE in T2DM

5-year MCVE risk (%) = 1 - 0.9285881 ^ exp(linear predictor) * 100%

linear predictor = 0.0447 x age in years + 0.4056 [if male] + 0.6475 [if previous 
CVD]+ 0.0126 x duration of DM in years + 0.5336 [if currently smoking] 
+ 0.2484 [if using anti-hypertensive medication] + 0.0085 x systolic blood 
pressure in mmHg + 0.1406 x Hba1c in % + 0.2206 x non-HDL cholesterol in 
mmol/L - 0.7643 x log(HDL cholesterol in mmol/L) - 0.0045 x MDRD in mL/
min/1.73m2 + 0.1295 x log(urine albumin/creatinine ratio) - 6.1166

On-treatment risk (%) = 5-year MCVE risk (%) * 0.97 [if no dyslipidemia] or 0.77 
[if dyslipidemia]
Absolute risk reduction (ARR, %) = 5-year MCVE risk (%) - On-treatment risk (%)

Figure 1. External calibration of the FIELD risk score in the ACCORD and SMART studies. 

Calibration of observed versus predicted 5-year event free survival for MCVE within deciles 

of predicted risk.
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6Figure 2. Distribution of predicted 5-year MCVE risk in T2DM patients with and without dyslipidemia.

Figure 3. Distribution of individual treatment effect of fenofibrate on MCVE risk in T2DM patients with and 

without dyslipidemia. Treatment effect is expressed as absolute risk reduction (ARR). 
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Table 2: Patient characteristics according to treatment effect in T2DM patients with and 

without dyslipidemia

No dyslipidemia (N=13224) Dyslipidemia (N=3918)

ARR<1.0%
N=12891

ARR≥1.0%
N=333

ARR<2.0%
N=1814

ARR≥2.0%
N=2104

5-year MCVE risk (%) 6.6 [3.9-11.2] 36.9 [33.5-42.6] 5.2 [3.8-6.9] 15.4 [11.7-22.5]

ARR (%) 0.21 [0.13-0.36] 1.19 [1.08-1.38] 1.18 [0.87-1.56] 3.51 [2.66-5.13]

Age (years) 62.3±7.2 70.1±5.8 58.4±6.3 63.7±6.9

Males (%, N) 66 (8543) 93 (308) 45 (814) 75 (1569)

Duration of T2DM (years) 6 [2-11] 14 [7-21] 4 [2-8] 8 [4-13]

Previous CVD (%, N) 29 (3765) 95 (316) 9 (162) 55 (1164)

Current smoking (%, N) 11 (1458) 36 (120) 8 (144) 22 (459)

Antihypertensive medication (%, N) 64 (8244) 91 (302) 58 (1052) 82 (1721)

Systolic blood pressure (mmHg) 139±17 153±19 134±15 142±18

Diastolic blood pressure (mmHg) 80±10 77±13 80±9 79±11

BMI (kg/m2) 30.7±5.6 29.2±4.4 32.5±5.5 31.8±5.1

Waist circumference (cm) 104±14 105±13 106±13 108±13

Total cholesterol (mmol/L) 4.8±0.9 4.9±1.0 5.1±0.9 5.2±1.1

HDL-C (mmol/L) 1.12±0.26 0.95±0.18 0.93±0.16 0.84±0.14

Non-HDL-C (mmol/L) 3.7±0.8 3.9±1.0 4.2±0.8 4.3±1.0

Triglycerides (mmol/L) 1.54 [1.21-1.92] 1.70 [1.35-2.07] 2.90 [2.55-3.47] 3.10 [2.61-3.90]

LDL-C (mmol/L) 2.9±0.8 3.1±0.9 2.7±0.8 2.8±0.9

HbA1c (%) 7.3 [6.4-8.2] 8.3 [7.5-9.3] 7.2 [6.3-8.1] 8.0 [7.2-8.9]

Glucose (mmol/L) 8.93±2.68 9.98±3.06 9.15±2.59 10.31±3.02

eGFR (ml/min/1.73m2) 88±20 72±18 92±20 82±22

UACR (mg/mmol) 1.15 [0.65-2.92] 11.75 [4.40-49.60] 1.01 [0.60-2.03] 2.70 [1.13-10.38]

Numbers are mean ± standard deviation or median [interquartile range]. Abbreviations: 

ARR=absolute risk reduction; N=number; T2DM=type 2 diabetes mellitus; CVD=cardiovascular 

disease; BMI=body-mass index; HDL-C=high-density lipoprotein cholesterol; LDL-C=low-

density lipoprotein cholesterol; HbA1c= glycosylated hemoglobin type A1C; eGFR=estimated 

glomerular filtration rate calculated with the MDRD formula; UACR= urinary albumin 

creatinine ratio.
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Box 2. Example of individual treatment effect calculation.

No dyslipidemia
Absolute 5-year risk for MCVE   10%
Hazard ratio no dyslipidemia   0.97
On-treatment 5-year risk   0.97*10% = 9.7%
Individual absolute risk reduction (ARR)  10% - 9.7% = 0.3%
Individual number needed to treat (NNT)  100/0.3 = 333

Dyslipidemia
Absolute 5-year risk for MCVE   10%
Hazard ratio no dyslipidemia   0.77
On-treatment 5-year risk   0.77*10% = 7.7%
Individual absolute risk reduction (ARR)  10% - 7.7% = 2.3%
Individual number needed to treat (NNT)  100/2.3 = 43

Discussion
In this study we estimated the individualized treatment effect of fenofibrate on 
5-year MCVE risk for 17,142 patients with T2DM from the FIELD and ACCORD 
randomized trials and the SMART observational cohort study. There was a wide 
distribution in absolute treatment effect of fenofibrate on MCVE risk reduction in 
individual T2DM patients. More than half (54%) of the patients with dyslipidemia 
had a substantial treatment effect (ARR >2%, NNT <50) and nearly all (97%) 
patients without dyslipidemia had a small treatment effect (<1%, NNT>100). Using 
these methods the absolute treatment effect of fenofibrate on 5-year MCVE risk 
reduction can be predicted for individual patients with T2DM based on readily 
available clinical characteristics.
 Patients with T2DM have a high residual cardiovascular risk, even when risk 
factors are adequately treated according to guidelines (2). Therefore, additional 
treatment options to reduce cardiovascular risk are needed. However, overtreatment 
is undesirable, especially in T2DM patients who usually already use many 
medications including oral hyperglycemic drugs and/or insulin. Before adding 
additional drugs, such as fenofibrate, both physician and patient want to know what 
the expected benefit will be for that specific patient. The ADA guideline does not 
generally recommend statin/fibrate combination to lower CVD risk (6), because the 
FIELD and ACCORD trials did not show a statistical significant overall reduction 
in CVD with fenofibrate in patients with T2DM. However, two meta-analyses 
of trials that included patients with and without T2DM, did find a significant 
reduction in CVD by fibrates in a subgroup of patients with dyslipidemia (HR 0.70, 



126

Individualized treatment effect prediction of fenofibrate in diabetes

95%CI 0.60-0.81 and HR 0.72, 95%CI 0.61-0.85) (22, 23). A subgroup analysis of 
ACCORD in patients with dyslipidemia (defined as TG>2.3 mmol/L and HDL-C 
<0.9 mmol/L) did also suggest possible treatment benefit. This indicates that there 
might be variability in the treatment effect of fibrates with a possible advantage for 
patients with dyslipidemia. Based on the results from ACCORD, the ADA guideline 
recommends to add fenofibrate in men with dyslipidemia (6). However, this is 
still based on group-level relative risk reductions for single patient characteristics. 
To translate this group-level evidence to individual patients in clinical practice, 
multivariable models as presented in this article can be used to estimate absolute 
risk reduction (ARR) in MCVE by fenofibrate for individual T2DM patients. 
Using ARR or number needed to treat (1/ARR) can benefit communication with a 
patient and subsequently facilitate shared decision making and improve treatment 
adherence (16, 17). Although the use of individualized treatment effect prediction in 
clinical practice might seem complicated, we show that estimation of the individual 
treatment effect of fenofibrate in a patient with T2DM is as simple as multiplying the 
estimated individual 5-year MCVE risk by the average relative treatment effect for 
patients with or without dyslipidemia. This method enables physicians to practice 
evidence based personalized medicine in clinical practice. 
 External validation of the FIELD risk model showed moderate discrimination, 
but good calibration in both the ACCORD randomized clinical trial and in “real-life 
patients” from the SMART observational cohort study, after recalibration of baseline 
survival. One of the reasons that there was a difference in baseline survival might 
be the fact that in FIELD patients were not on background therapy with statins. For 
individualized treatment effect prediction it is especially important that the predicted 
risks are in agreement with the observed risks and therefore calibration is the most 
important performance measure in this regard (12). This indicates that the FIELD risk 
model can be used to estimate 5-year MCVE risk for individual patients with T2DM. 
 We found that, overall, patients with dyslipidemia had a larger treatment effect of 
fenofibrate than patients without dyslipidemia. This is due to a larger relative treatment 
effect, which is line with two meta-analyses that found a higher relative benefit of 
fibrate in patients with dyslipidemia (22, 23). Furthermore, patients with dyslipidemia 
generally have a higher 5-year MCVE risk than patients without dyslipidemia, due to 
the fact that both low HDL-C and high TG levels are independently related to increased 
CVD risk (24-26), which is also associated with a higher absolute treatment effect. 
However, some patients without dyslipidemia also had a considerable fenofibrate 
treatment effect (ARR ≥1%, NNT <100), and 16% of patients with dyslipidemia had a 
small treatment effect (ARR<1%, NNT>100). These results show that simply treating 
all patients with dyslipidemia and none without dyslipidemia with fenofibrate does 
not necessarily tailor the right treatment to the right patients. Therefore, treatment 
recommendations should go beyond group-level trial results and use individualized 
treatment effect prediction to guide clinical decision making. 
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  Some limitations with regard to this study should be considered. First, the 
prediction model presented here was developed using data from clinical trials, 
which might limit generalizability to patients with T2DM in clinical practice, 
because clinical trial patients tend to have less co-morbidity, better adherence and 
a larger expected treatment benefit (27). However, validation of the FIELD risk 
model in the SMART observational cohort showed good risk calibration, indicating 
that generalization to real-life patients is probably fairly accurate. Furthermore, 
by using pooled data from FIELD, ACCORD and SMART, we created a large 
and heterogeneous group of T2DM patients that resembles the wide variety of 
patients seen in clinical practice. Second, the cut-offs for TG and HDL-C to define 
dyslipidemia have not been generally established. We used sex-specific HDL-C 
cutoffs (HDL-C <1.00 mmol/L for men and <1.30 mmol/L for women) as in the 
definition for metabolic syndrome (28) and as used in the FIELD trial (29); and 
a TG cut-off of  >2.3 mmol/L based on the definition for moderately increased 
triglycerides of the 2012 Endocrine Society guideline (30); and the 2016 ESC/EAS 
guidelines that recommend considering lipid lowering treatment when TG levels 
are >2.3 mmol/L (31). The two meta-analyses that investigated the effect of fibrates 
on CVD also used the TG cut-off of >2.3 mmol/L, but one used an HDL-C cut-
off of <0.9 mmol/L and the other of <1.0 mmol/L to define dyslipidemia (22, 23). 
These differences in dyslipidemia definition might complicate the generalizability 
of our results. Third, predictions are made for a 5-year period, while patients and 
physicians might want information for a longer period or even life-time. The 5-year 
time period was chosen due to the available follow-up data in the derivation and 
validation sets, but longer term predictions would have been of added value. 
 In conclusion, in individual patients with T2DM there is a wide range in the 
absolute treatment effect of fenofibrate on MCVE risk. Individualized treatment 
effect prediction, in this case of fenofibrate on MCVE risk reduction in T2DM, can 
be used to guide clinical decision making. 
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Abstract
Familial Dysbetalipoproteinemia (FD) is a genetic disorder of lipoprotein 
metabolism associated with an increased risk for premature cardiovascular disease. 
In about 10% of the cases FD is caused by autosomal dominant mutations in the 
apolipoprotein E gene (APOE). This review article provides a pathophysiological 
framework for autosomal dominant FD (ADFD) and discusses diagnostic challenges 
and therapeutic options. The clinical presentation and diagnostic work-up of ADFD 
are illustrated by two cases: a male with premature coronary artery disease and 
a p.K164Q  mutation in APOE and a female with mixed hyperlipidemia and a 
p.R154H mutation in APOE. ADFD is characterized by a fasting and postprandial 
mixed hyperlipidemia due to increased remnants. Remnants are hepatically cleared 
by the low-density lipoprotein receptor and the heparan sulfate proteoglycan 
receptor (HSPG-R). Development of FD is associated with secondary factors like 
insulin resistance that lead to HSPG-R degradation through sulfatase 2 activation. 
Diagnostic challenges in ADFD are related to the clinical presentation; lipid 
phenotype; dominant inheritance pattern; genotyping; and possible misdiagnosis as 
Familial Hypercholesterolemia. FD patients respond well to lifestyle changes and 
to combination therapy with statins and fibrates. To conclude, diagnosing ADFD 
is important in order to adequately treat patients and their family members. In 
patients presenting with mixed hyperlipidemia, (autosomal dominant) FD should be 
considered as part of the diagnostic work-up.
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Introduction
Familial Dysbetalipoproteinemia (FD) is a genetic lipid disorder characterized by 
a combination of a lipoprotein phenotype and a genotype that consists of mutations 
in the apolipoprotein E gene (APOE). The lipid phenotype is characterized by 
increased triglyceride-rich lipoprotein (TRL) remnants (1), that lead to increased 
plasma levels of total cholesterol and triglycerides (mixed hyperlipidemia). Due 
to the use of different definitions for FD, the prevalence varies from 1:10.000 to 
1:150 in the general population (2). FD is associated with premature cardiovascular 
disease (CVD) (3-6). A case control study showed that patients with FD had a 10-fold 
increased risk for premature coronary artery disease compared to population-based 
controls (5). The most common types of CVD in patients with FD are peripheral 
artery disease (PAD) and coronary artery disease (CAD). A cross-sectional study 
in 305 European known FD patients showed a CAD prevalence of 19%; a PAD 
prevalence of 11%; and a cerebrovascular disease prevalence of 4% (7). A study in 
105 FD patients from South Africa showed a prevalence of ischemic heart disease 
of 45% and a PAD prevalence of 19% (8). A third study with 113 Dutch FD patients 
showed a vascular disease prevalence of 41% (4).
 TRL comprise very low-density lipoproteins (VLDL), chylomicrons (CM) and 
their remnants. The APOE gene codes for the apolipoprotein E (apoE) that is present 
on TRL where it acts as ligand for hepatic receptors. The APOE gene locus has three 
main variants, namely ε2, ε3 and ε4, which results in three homozygous (ε2ε2, ε3ε3 
and ε4ε4) and three heterozygous (ε2ε3, ε3ε4 and ε4ε2) genotypes. The ε3ε3 form 
is considered wildtype, as it is the most frequent APOE genotype in humans (9). The 
ε2 allele is associated with high triglycerides and reduced low-density lipoprotein 
cholesterol (LDL-C). This is most pronounced in ε2ε2 (9). The low levels of LDL-C 
are mainly caused by decreased conversion of VLDL to LDL (10). Approximately 
15% of subjects with an ε2ε2 genotype develops FD (10). The development of FD 
is associated with secondary risk factors such as obesity and insulin resistance (11). 
Carriers of only one ε2 allele generally do not develop a lipid disorder, making FD 
a recessive disease. However, about 10% of the patients with FD have a mutation 
in APOE with a dominant or co-dominant inheritance pattern (12). Diagnosing 
autosomal dominant FD (ADFD) is important for several reasons. Firstly, in general 
ADFD patients have the same atherogenic lipid profile as recessive FD (high levels 
of TRL remnants) and therefore they are probably exposed to the same increased 
risk of atherosclerosis and CVD. Secondly, there are specific lipid treatment targets 
and lipid-lowering treatments for FD that will be discussed in greater detail later in 
this article. Thirdly, diagnosing ADFD will have consequences for family members 
due to the dominant inheritance of the disease. 
 These and other issues concerning diagnosis and treatment of ADFD will be 
addressed in this article, which is illustrated by two cases with ADFD. Furthermore, 
we provide a pathophysiological framework by briefly summarizing remnant 
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metabolism and by giving a description of the possible role of heparan sulfate 
proteoglycan receptors (HSPG-R) in the pathophysiology of FD.  

Cases
The first index patient was a 58 year old male Flemish immigrant to South Africa 
who was found to have hypercholesterolemia on a screening test, shortly before 
being diagnosed with CAD and undergoing coronary artery bypass graft (CABG) 
surgery. At the age of 35 years he presented with severe angina pectoris and ischemic 
changes on an electrocardiogram. He had a diet with moderate fat intake, was a 
non-smoker and consumed little alcohol. His mother also had premature CAD as 
well as hypercholesterolemia. On physical examination there were no stigmata of 
dyslipidemia such as eruptive- or palmar xanthoma, although he did mention that 
his mother had striking yellow palmar creases. His body mass index (BMI) was 28 
kg/m2. The lipid investigations revealed a fasting triglyceride (TG) concentration 
of 3.6 mmol/L and a total cholesterol (TC) concentration of 9.3 mmol/L. The 
lipoprotein (a) concentration was 17 mg/L. Agarose gel electrophoresis revealed 
a broad beta band, characteristic of FD. Analysis of the extracted DNA by PCR 
revealed an APO ε3/ε4 genotype by restriction enzymatic digests. Sequencing 
of APOE identified substitution of glutamine for lysine at amino acid 146 of the 
mature protein (p.K146Q or p.K164Q when including the 18 amino acid peptide). 
The patient responded to gemfibrozil 300 mg twice a day with a fasting TG of 3.5 
mmol/L, TC of 5.2 mmol/L and high-density lipoprotein cholesterol (HDL-C) of 
1.0 mmol/L. He had a repeat CABG at age 68 years and was well at 80 years of 
age. At the time of presentation both children (daughters) carried the mutation and 
were healthy, premenopausal and normolipidemic. However, the  polyacrylamide 
gradient gel electrophoresis (PGGE) of a recent sample from the elder daughter, 
now postmenopausal, had staining in the VLDL and IDL regions typical for FD. 
 The second index patient was a 63 year old woman from Thailand, who lived 
in the Netherlands and presented with hyperlipidemia. She had a history of auto-
immune hyperthyroidism and Behçet’s disease with retinal vasculitis. She had 
the metabolic syndrome but no hypertension, type 2 diabetes mellitus (T2DM) or 
vascular disease. She had no history of eruptive xanthomas and did not use lipid-
lowering medication. Her father died at age 62 years from a heart attack. She had 
two brothers who suffered a myocardial infarction around the age of 60 years. Her 
BMI was 24 kg/m2 and her waist circumference 88 cm. Her TC was 8.9 mmol/L, 
LDL-C 5.6 mmol/L (calculated with the Friedewald formula which is not valid in 
FD), HDL-C 2.32 mmol/L and TG 2.3 mmol/L. Her apolipoprotein B (apoB)/TC 
ratio was 0.13 g/mmol (13). Routine APOE genotyping revealed an abnormal band 
pattern. A full APOE gene sequence revealed a substitution of arginine by histamine 
at amino acid 136 (p.R154H). In two of her three children, a son and a daughter, 
the same mutation was found. Both children carrying the mutation had an apoB/
TC ratio <0.15 g/mmol, metabolic syndrome and their lipid profiles suggested  FD 
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based on the diagnostic algorithm of apoB dyslipoproteinemias (14). PGGE was 
performed in these three patients while on statin treatment (figure 1). The PGGE 
results revealed that the index patient had a typical FD band pattern with staining of 
neutral lipid in the intermediate density size range and insignificant staining in the 
LDL particle size range. The plasma from the affected children also had practically 
no staining in the LDL region but staining in the intermediate density lipoproteins 
(IDL) and VLDL-2 particle range, indicating early-stage FD. The index patient was 
treated with atorvastatin 40 mg and ezetimibe 10 mg, which reduced her TG to 2.4 
mmol/L and TC to 5.3 mmol/L. The son was treated with atorvastatin 10 mg and the 
daughter received lifestyle advice. 

Figure 1: Non-denaturing polyacrylamide gradient gel electrophoresis (PGGE). The two lanes 

labeled “C” are control lanes: the left for large low-density lipoprotein (LDL) and the right for 

very-low density lipoprotein (VLDL)-1 and small LDL. Lane 1 is from the husband of the index 

case, who had an ε3ε3 genotype and diabetes, but no FD. It shows faint staining in the large 

LDL region and staining predominantly in the VLDL-1 region as is common in diabetes. Lane 2 

is from the index patient with autosomal dominant Familial Dysbetalipoproteinemia (ADFD) 

and demonstrates VLDL-1 and, more intensely, VLDL-2 and intermediate density lipoprotein 

(IDL) staining, as well as insignificant staining in the LDL regions. Lane 3 and 5 are from the 

daughter and son respectively who both have the p.R154H mutation and metabolic syndrome. 

These lanes show some small LDL and staining in the IDL and VLDL-2 regions, indicating early-

stage FD. Lane 4 is from the unaffected daughter, which shows an intense staining in the 

intermediate LDL size and no staining in VLDL or IDL regions.
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Physiology of remnant metabolism
TRL (CM and VLDL) undergo hydrolysis of their TG content by lipases. This 
reduces them to remnant lipoproteins (intermediate density lipoprotein, IDL) which 
are smaller in size and have a proportional increase in their cholesterol content. 
There are two lipases, namely lipoprotein lipase (LPL) for large lipoprotein particles 
and hepatic lipase (HL) for small(er) lipoproteins (15). LPL is present on capillary 
endothelium in most organs, such as the heart, skeletal muscles and adipose tissue 
(15) and HL is present in the space of Disse in the liver. Remnants, like LDL particles, 
are atherogenic. One reason for this is that they are small enough to penetrate the 
arterial wall where they can be taken up by macrophages to become foam cells that 
are characteristic of early stage atherosclerotic plaques. Furthermore, remnants are 
associated with impaired vasodilatation, inflammatory properties, plaque disruption 
and thrombus formation (16). 
 There are two forms of VLDL, VLDL-1 and VLDL-2,  based on the ultracentrifuge 
Svedberg flotation (Sf) rate (17). Both types of VLDL are produced by the liver as 
apoB100 particles. VLDL-1 is larger, TG-rich and is especially produced in insulin 
resistant conditions (18), while VLDL-2 is smaller and denser and is overproduced 
in the case of the nephrotic syndrome (19). Although VLDL-1 is larger than VLDL-
2 because it contains more TG, it is associated with small, dense LDL and probably 
also with small remnants, because most of the TG content is hydrolyzed by lipases 
(20). VLDL-1 and its remodelled products are more atherogenic than VLDL-2 
and its remodelled products, because they are associated with increased uptake in 
macrophages and activation of endothelial cells (2). CM contain apoB48 that are 
produced in the intestine in response to a meal after which they transport dietary TG 
to peripheral tissues (21). 
 Apolipoprotein E (apoE) is present on the surface of VLDL, CM and their 
remnants (TRL), on most HDL particles and on some subspecies of LDL (22). 
Most VLDL particles are produced by the liver with 10-20 apoE molecules on their 
surface (22), while CM acquire apoE from HDL particles in the plasma (21). ApoE 
is a ligand for the LDLR in the liver, which binds both apoB100 and apoE, and for 
the hepatic syndecan-1 HSPG-R (23, 24). Although LDL and VLDL remnants both 
contain apoB100, only properly composed and sized LDL particles have the right 
configuration for apoB100 to bind to the LDLR (25). In hypertriglyceridemia, some 
VLDL particles are produced without apoE, so they can only be cleared by the 
LDLR after conversion to LDL (22).
 Heparan sulphate proteoglycans contain a single transmembrane, polypeptide 
strand (core protein) to which sugar polymers are attached, called heparan sulfates. 
The function of these heparan sulfates is to capture lipoproteins as well as other 
ligands (26). There are several species of HSPG in the liver. The one involved in 
remnant clearance is the syndecan 1 HSPG-R (27), which is abundant in the space 
of Disse (26). 
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VLDL and CM carry neutral lipids, which consist of TG and cholesteryl esters (CE). 
The TG content of CM is about 90% (21) and that of VLDL approximately 80% 
(28). Cholesteryl ester transfer protein (CETP) exchanges TG in TRL particles for 
CE in HDL and LDL particles, leading to CE enrichment of TRL and TG enrichment 
of HDL and LDL. TG lipolysis of TG-enriched HDL leads to smaller HDL particles 
and a more rapid catabolism of HDL (29). This is one of the reasons why high 
plasma levels of TG are usually accompanied by low levels of HDL-C (30). 
 Remnant clearance involves three steps (figure 2) (23, 31). When small enough 
to pass the fenestrations, remnants are first sequestrated in the space of Disse by 
binding of apoE to the HSPG-rich cell surface of hepatocytes. Secondly, further 
TG lipolysis takes places by HL which is resident at the HSPG and serves as an 
additional bridging molecule between the lipoproteins and HSPG (32). About half 
of VLDL remnants, especially the small cholesterol rich ones, are formed into LDL 
(33). During the conversion of VLDL to LDL, apoE is lost from most LDL particles 
(34). The main source of LDL depends on plasma TG levels: when TG levels are 
high, most LDL is produced directly by the liver; when TG levels are low, most 
LDL arises from VLDL conversion (34). In the third step of remnant clearance, the 
VLDL-remnants that are not converted into LDL and all the CM remnants are taken 
up by binding of apoE to the syndecan-1 HSPG-R and the LDLR (26, 32). 

Figure 2: Physiology of remnant clearance. Remnant clearance in the hepatic space of Disse in 

three steps: 1. Sequestration of remnants by binding of apolipoprotein E to the heparan sulfate 

proteoglycan receptor (HSPG-R) on hepatocytes; 2. Hydrolysis of the remnant triglyceride-

content by hepatic lipase reducing the remnants in size; 3. Clearance of remnants by the 

HSPG-R and low-density lipoprotein receptor (LDLR) by endocytosis.
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In vivo studies in patients with homozygous Familial Hypercholesterolemia 
(FH) showed that absence of the LDLR did not lead to remnant accumulation 
(33). Absence of the LDLR was however associated with prolonged presence of 
lipoproteins in the space of Disse in mice (26). On the other hand, mice lacking the 
syndecan-1 HSPG core protein have substantial remnant accumulation and delayed 
postprandial remnant clearance, even when LDLR are present (35). The severe 
remnant accumulation in the absence of the HSPG-R seems to indicate that the 
HSPG-R plays a more important role in remnant clearance than the LDLR. 

Heparan sulfate proteoglycans:  the missing link in FD pathogenesis?
FD is characterized by a combination of a lipoprotein phenotype (i.e. increased  
remnants, which results in mixed hyperlipidemia) and a genotype that consists of a 
mutation in the APOE gene. As mentioned before, most of the FD patients have the 
recessive ε2ε2 genotype and only 10% has a dominant mutation. Table 1 lists all 
currently known mutations associated with ADFD. The methods for the systematic 
literature search can be found in the supplementary material. 
 The APOE gene consists of two domains; the amino-terminal domain (residues 
1-191) and the carboxyl-terminal domain (residues 225-229). The binding sites for 
both the LDLR and HSPG-R are located in the amino-terminal domain on residues 
136-150 (31). This region is rich in arginine and lysine, rendering positive charges to 
interact with the negative charge in the binding domain of the LDLR and HSPG. The 
carboxyl-terminal domain is the lipid binding site. The ε2 isoform differs from ε3 by 
an arginine by cysteine substitution at residue 158 (Arg158>Cys, or p.R176C). The 
cysteine at residue 158 disrupts the normal salt bridging by arginine at position 150 of 
the mature protein, that is necessary for apoE to bind to the LDLR (36). This leads to 
a low binding affinity for the LDLR (<2% compared to apoE3) and impaired remnant 
clearance by the LDLR. Most people with an ε2ε2 genotype have low to normal 
lipid levels and a lower than average vascular risk (9). In these people remnants are 
probably mainly cleared by the HSPG-R, for which apoE2 has a 60% binding affinity 
compared to apoE3 (23). Interestingly though, 15% of people with ε2ε2 develop FD, 
indicating that they are somehow no longer able to clear remnants properly. This can 
be due to decreased binding and uptake of remnants or to overproduction of TRL. 
The question is what mechanisms are responsible for this transition from a vascular 
protective lipoprotein phenotype to the very high risk disorder of FD. Studies have 
shown that the development of FD is related to presence of environmental, hormonal 
and genetic secondary factors like obesity, insulin resistance (11), hypothyroidism, 
nephrotic syndrome, estrogen depletion (10) and genetic variants in, for example, 
APOC3 (37) or APOA5 genes (4). Pregnancy (38) and certain medications like 
olanzapine (39) have also been implicated. There are several mechanisms through 
which these factors can cause FD, such as an increased production of VLDL, a 
decrease in the number of LDLR or inhibition of TG lipolysis (10). Here we propose 
an additional mechanism namely diminution of uptake through the HSPG-R (40). 
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The first indication that the HSPG-R might play a role in the pathogenesis of FD was 
provided by the observation that apoE of FD patients with three relatively common 
autosomal dominant mutations (Arg145>Cys; Arg142>Cys and apoE-Leiden), 
did not have a reduced LDLR affinity that is typical for the apoE2 variant (23). 
Although the apoE LDLR binding in these patients was still only 20-40% compared 
to apoE3, the most intriguing finding was a decreased binding affinity of apoE for 
the HSPG-R, which was 0-30% compared to apoE3. The authors concluded that 
the genetically impaired binding to HSPG-R had to be related to the development 
of FD, especially because only half of the apoE was affected due to the dominant 
inheritance of the mutation. 
 The severity of the HSPG-R binding impairment by dominant mutations is 
associated with the severity of FD. This was observed in a study in which reduction 
in cell binding of several dominant APOE mutations showed a parallel reduction in 
HSPG binding, indicating that the severity of the reduced ligand function of apoE 
(leading to the FD phenotype) is directly related to the severity of reduction in 
HSPG binding (41). This means that impaired HSPG-R binding can cause the FD 
lipid profile and influence its clinical severity. 
 In recessive FD apoE2 binds to the HSPG-R with an affinity of 60%, which 
is enough to ensure adequate remnant clearance under normal conditions of 
lipoprotein production. Recently it was shown that in an insulin resistant state, 

Figure 3: Pathophysiology of remnant clearance in Familial Dysbetalipoproteinemia. 1. Under 

normal conditions apolipoprotein E2 does not bind to the low-density lipoprotein receptor 

(LDLR), but the heparan sulfate proteoglycan receptor (HSPG-R) can compensate for this. 2. In 

an insulin resistant state (which is often caused, at least partly, by obesity), Sulfatase 2 (Sulf2) 

is activated, which inhibits the HSPG-R.
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remnant accumulation can be caused by inhibition of the HSPG-R. Insulin resistance 
is associated with activation of a gene called heparan sulfate 6-O-endosulfatase-2 
(SULF2) that codes for the Sulf2 protein. Increased expression of SULF2 was found 
to cause degradation of the HSPG-R in mice (40). Furthermore, in humans single 
nucleotide polymorphisms that reduce SULF2 expression are related to decreased 
fasting and postprandial triglycerides (42).
 We hypothesize that this mechanism is the link between secondary risk factors 
like insulin resistance, obesity and metabolic syndrome and the development of FD 
in patients with ε2ε2. We postulate that in healthy ε2ε2 patients the very limited 
remnant clearance by the LDLR is ameliorated or compensated for by the HSPG-R. 
However, when the HSPG-R is diminished by insulin resistance, this compensation 
is no longer present and remnants will start to accumulate, eventually leading to the 
development of FD (figure 3). 

Diagnostic challenges in autosomal dominant Familial 
Dysbetalipoproteinemia 
Although FD is uncommon, it should be considered as part of any differential 
diagnosis of mixed dyslipidemia (i.e. TC >5.0 mmol/L and TG >2.0 mmol/L). 
Although unknown, a small cross-sectional assessment of 39 FD patients from a 
cohort study with patients with (a high risk of) CVD, indicated that approximately 
75% of the FD cases are undiagnosed in clinical practice (unpublished data). When 
FD is suspected, a routine APOE genotype analysis should be performed. Most 
FD patients have an ε2ε2 genotype, but autosomal dominant FD (ADFD) can be 
considered when the result from the APOE genotype analysis is not ε2ε2 in spite of 
a high suspicion of FD. The diagnosis of ADFD may be overlooked due to different 
aspects of the diagnostic process, namely 1) the clinical presentation; 2) alternative 
explanations for the lipid and lipoprotein phenotype; 3) the dominant inheritance 
pattern of premature atherosclerosis and dyslipidemia; 4) the vast array of options 
for biochemical diagnosis of the lipoprotein phenotype; 5) the absence of ε2ε2 on 
genotyping.; and finally, 6) ADFD can be mistaken for  FH. These aspects will be 
discussed here. 

A wide variety in clinical presentations
The first complicating factor in diagnosing ADFD is the wide variety in clinical 
presentations. About half of the FD patients presents with xanthoma, usually 
eruptive xanthomata or palmar crease xanthoma (8). In a cohort of 105 South African 
FD patients, 20% had palmar crease xanthoma, 18% had cutaneous xanthoma and 
13% had tendon xanthoma (8). Palmar crease xanthoma are pathognomonic for FD 
(8). Complications of FD such as premature atherosclerosis or pancreatitis due to 
hypertriglyceridemia can also be the first clinical sign for the presence of FD, as 
was the case in the first index patient described in this article who presented with 
angina at 35 years and a myocardial infarction at the age of 58 years.
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Alternative explanations for lipid phenotype can mask the presence of FD
FD should be considered as part of any differential diagnosis of mixed dyslipidemia. 
In a cohort of 305 known FD patients from 4 European countries (of whom 74% 
received lipid-lowering medication) the mean TC was 5.58 mmol/L (SD 2.39) and 
the median TG was 2.79 mmol/L (IQR 1.80-4.00) (7). The differential diagnosis 
of mixed dyslipidemia includes, among others, a high fat diet, type 2 diabetes 
mellitus (T2DM), impaired renal function and hypothyroidism. These are also 
secondary factors associated with the development of FD and therefore often 
occur simultaneously with FD. This might lead to a situation in which physicians 
consider one of these disorders as the (only) cause of mixed dyslipidemia, thereby 
failing to consider FD as an underlying cause. For example, in a patient with fasting 
TC of 6.8 mmol/L, TG of 3.5 mmol/L and a newly diagnosed T2DM, physicians 
might not attribute the dyslipidemia to FD because T2DM is considered to be the 
underlying cause. Therefore, we recommend to rule out FD when other explanations 
are unavailable or insufficient. Biochemical options to diagnose FD are described 
in point 4, below.

Dominant inheritance pattern in a disease that is usually recessive 
A third complicating factor is the dominant inheritance pattern of ADFD. Most 
physicians view FD as a recessive disease, and might therefore not think of ADFD 
when they encounter a patient that has a family history of premature vascular 
disease and/or lipid abnormalities with a dominant inheritance pattern (affected first 
degree relatives). However, ADFD should be considered when no other reason for 
premature vascular disease can be found and the lipid phenotype of the patient fits 
ADFD. 

What biochemical diagnostic method to choose for diagnostic work up of 
ADFD?
There are many ways to diagnose the lipid phenotype in FD, which vary in reliability 
and practicality. Since there is usually no difference in lipid profile between 
recessive FD and ADFD  the same diagnostic methods can be used for both. 
 The first to describe the FD lipoprotein phenotype were Fredrickson et al. (43), 
who named it type III hyperlipoproteinemia and defined it as a hypertriglyceridemia 
in combination with cholesterol-rich VLDL. They used a VLDL-cholesterol/TG 
ratio >0.30 to diagnose type III hyperlipoproteinemia (44). When TRL reside in the 
plasma for an extended  time, the amount of cholesterol rich remnants in the plasma 
will increase due to two processes described in the section on remnant metabolism, 
namely the hydrolysis of TG by lipases, reducing TRL to remnants and, second, 
by CETP activity, which leads to cholesterol enrichment of TRL in exchange for 
TG. The atherogenicity of remnants is enhanced by their cholesterol content,  since 
triglycerides themselves seldom accumulate in atherosclerotic plaques (45). The 
presence of cholesterol enriched VLDL by ultracentrifugation is still considered the 
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gold standard for the diagnosis of FD (1). However, ultracentrifugation requires much 
time, is costly and no longer routinely performed in most clinical laboratories. A useful 
and reliable alternative to ultracentrifugation is non-denaturing polyacrylamide 
gradient gel electrophoresis (PGGE). This method separates lipoproteins according 
to size (46). In short, a polyacrylamide gel is cast by mixing two solutions with a 
low and high acrylamide content to create a gradient gel. EDTA-plasma samples 
are pre-stained with Sudan black before loading the samples that are run for 12-
18 hours at 4°Celsius at 120 Volt. PGGE shows specific patterns in FD patients, 
namely less (or no) staining in the LDL-size range and distinctive staining in the 
VLDL-2 (small VLDL) range, which includes both VLDL-2 particles and VLDL-1 
remnants and in the intermediate density lipoprotein (IDL) range, which includes 
VLDL-1 and VLDL-2 remnants (figure 1, number 2). LDL is undetectable in 43% 
of all FD patients and in 72% of untreated FD patients (46). The absence of LDL 
particles in FD patients is mainly due to impaired conversion of VLDL to LDL (47, 
48). This process is LDLR independent, because in mice without LDLR apoE2 still 
led to decreased levels of LDL-C (10). In PGGE, an area under the curve (AUC) 
can be calculated per density range to quantify the band pattern. An IDL-range AUC 
/ LDL-range AUC ratio of >0.5 (roughly indicating that there are twice as many 
remnants than LDL particles) has a sensitivity of 89% and a specificity of 100% for 
FD (46). Another newly developed method is “wash” ultracentrifugation that uses 
saline layering to separate VLDL from other lipoproteins, thereby “washing” the 
VLDL fraction so that it becomes less contaminated. For diagnosing FD (VLDL-
cholesterol/VLDL-triglyceride ratio ≥ 0.30) it had a sensitivity of 82% and a 
specificity of 94% compared to classic ultracentrifugation (2). 

Diagnostic guides for FD that use routine laboratory measurements are also 
available. The two most substantiated definitions are an apoB (g/L) / TC (mmol/L) 
ratio  <0.15, which has an AUC-ROC of 0.98, a sensitivity of 89% (95%CI 78-96%) 
and a specificity of 97% (95%CI 94-98%) for diagnosing FD (13). The second is a 
recently developed algorithm based on apoB (g/L), TC (mmol/L) and TG (mmol/L) 
which has an AUC-ROC of 0.99 for diagnosing FD (14, 49). Other definitions that 
have been used are a TC (mmol/L)  / TG (mmol/L) ratio of 2:1 (1);  or TC > 5 
mmol/L and TG >3 mmol/L (50). 

Routine genotyping methods may not detect ADFD
The protein structure and hence function of apoE can be examined in two ways. 
Isoelectric focusing of isolated apoE uses the difference in electric charge between 
ε2, ε3 and ε4 to determine the APOE genotype, although APOE mutations can 
variably affect charge. The second method determines the APOE genotype with 
allele-specific PCR for two single nucleotide polymorphisms that code for ε2 and 
ε4 (SNPs; NCBI SNPs rs7412 & rs429358).  Therefore, if the subject is not ε2ε2, 
sequencing of an exon 4 amplicon or even a full APOE gene sequence needs to be 
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performed to diagnose ADFD. Table 1 shows a comprehensive list off all currently 
known mutations in the APOE gene associated with ADFD.

ADFD may be mistaken for Familial Hypercholesterolemia 
Due to the dominant inheritance pattern, the positive family history, the presence 
of xanthomas and the high levels of plasma TC, ADFD can be mistaken for FH. 
The most well-known characteristic of FH is a high LDL-C plasma level. Although 
most FD patients have no or little LDL cholesterol, they can have falsely increased 
LDL-C values when the Friedewald formula is used to calculate LDL-C (51). The 
Friedewald formula (LDL-C = TC – HDL-C – TG/2.2 (when mmol/L is used, in the 
case of mg/dL it is 5)) subtracts the cholesterol content in HDL and VLDL from 
the total cholesterol content (TC) to estimate the fasting plasma concentration of 
LDL-C. Cholesterol in VLDL is estimated by dividing the total TG concentration 
by 2.2 (mmol/L). However, in FD the cholesterol content in VLDL particles and 
remnants is increased, with the result that the Friedewald formula underestimates 
cholesterol in VLDL and overestimates cholesterol in LDL (51). 
 Therefore, in the case of hypercholesterolemia in combination with (even 
mild) hypertriglyceridemia, it is good to consider ADFD as part of the differential 
diagnosis when gene analysis does not reveal mutations associated with FH.

Treatment of autosomal dominant FD
No intervention studies have been performed specifically in ADFD patients, but 
most case reports about ADFD report a good response to therapies generally used to 
treat recessive FD. When a diagnosis of any type of FD is made, dietary advice is 
the first treatment step. A crossover study that compared a low-glycemic diet with 
a low-fat diet in overweight patients with FD, found a greater reduction in weight 
and TC, LDL-C and TG by the low-glycemic diet (52). Furthermore, secondary 
factors such as obesity, insulin resistance and hypothyroidism should be prevented 
or treated.
 The primary treatment goal in FD is a non-high-density lipoprotein cholesterol 
(non-HDL-C) <3.3 mmol/L. Non-HDL-C is an easy to use equivalent to the 
cholesterol content in LDL and TRL (45). Increased levels of non-HDL-C are 
associated with CVD (53), in both patients with and without FD (2). However, 
only 40% of diagnosed FD patients have a non-HDL-C <3.3 mmol/L, indicating 
that there is room for improvement. Another treatment goal that can be used is TG 
<2.0 mmol/L; a target that is currently met by only 34% of FD patients (7). Most 
physicians only treat isolated hypertriglyceridemia when TG are higher than 10 
mmol/L to prevent pancreatitis, although moderately increased TG (>2.0 mmol/L) 
are associated with increased risk of CVD (45). LDL-C and apoB are inappropriate 
treatment targets in FD, due to the issues concerning LDL-C described previously. 
 Pharmacological options for FD include statins and fibrates. Statins upregulate 
LDLR expression, which leads to increased clearance of apoB and apoE carrying 
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lipoproteins, including remnant particles. This effect might be stronger in ADFD 
compared to recessive FD, because apoE from ADFD patients has a stronger affinity 
for the LDLR. Furthermore, statins reduce secretion of cholesterol in VLDL. 
Although the TG lowering effect of fibrates is still not completely understood, 
peroxisome proliferator-activated receptor (PPAR) -α is activated that upregulates 
LPL activity and therefore increases the lipolysis of TG in TRL (54). Other effects 
of fibrates are increased oxidation of fatty acids and reduced production of VLDL 
(54). The treatment of choice for FD is combination therapy of statins and fibrates 
(55). Although this combination did not result in an overall clinical benefit in a large 
trial in patients with T2DM, a subgroup analysis of patients with dyslipidemia (TG 
≥2.30 mmol/L and HDL-C ≤0.88 mmol/L) did show significant benefit of adding 
fenofibrate to simvastatin (HR 0.79, 95%CI 0.63-0.99) (56). A meta-analysis that 
investigated the effect of fibrates compared to placebo in patients with atherogenic 
dyslipidemia (high TG, low HDL) also found a significant effect of fibrates (pooled 
HR 0.68, 95%CI 0.54-0.84) (57). 
 The optimal treatment strategy in FD has only been investigated in small clinical 
trials. Simvastatin (20 or 40 mg per day) in combination with gemfibrozil (450 mg 
per day) in 19 patients with FD was more effective in lowering fasting plasma lipids 
(TC, TG, LDL-C, HDL-C and VLDL-C) than simvastatin alone (58). This was also 
found for the combination of lovastatin and clofibrate compared to lovastatin alone 
(59). Postprandial clearance of VLDL and CM remnants is reduced in FD (60), 
exposing them to postprandial hypercholesterolemia and hypertriglyceridemia; both 
associated with increased cardiovascular risk (45). Fibrates reduce postprandial TG 
(61), therefore it is to be expected that adding a fibrate to statin therapy will also 
reduce postprandial hyperlipidemia in FD. However, this has not been investigated.
The final component of ADFD treatment is family counseling, because first degree 
relatives of ADFD patients have a 50% risk of developing ADFD. When diagnostic 
characteristics of ADFD (e.g. mixed hyperlipidemia, palmar crease xanthoma) are 
present in family members of ADFD patients, an APOE gene sequence should be 
performed and, when ADFD is confirmed, adequate treatment initiated. 

Conclusion
Autosomal Dominant Familial Dysbetalipoproteinemia (ADFD) is an uncommon, 
but potentially hazardous lipid disorder, associated with remnant lipoprotein 
accumulation, fasting and postprandial mixed hyperlipidemia and premature 
cardiovascular disease. The pathophysiology of FD is characterized by increased 
plasma levels of atherogenic remnants due to impaired clearance by the LDL 
receptor (LDLR) and the heparan sulfate proteoglycan receptor (HSPG-R) in the 
liver. LDLR clearance is genetically impaired in FD, while impaired clearance by 
the HSPG-R is caused by secondary factors, such as insulin resistance, that inhibit 
HSPG-R through sulfatase 2 activation. 



149

7

 Due to the high vascular risk associated with ADFD and the availability of 
effective and specific treatment options it is important to adequately diagnose and 
treat ADFD patients and their family members. The diagnosis might however prove 
difficult and physicians should bear in mind the diagnostic challenges described in 
this article. The most important clinical finding in FD is mixed dyslipidemia. 
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Supplementary material

Systematic search for table 1
Date: 21-03-2016
Terms:  ((mutation OR variant OR gene) AND (apolipoprotein e OR apoe NOT 
mice) AND (familial dysbetalipoproteinemia OR hyperlipoproteinemia type III OR 
dysbetalipoproteinemia OR remnant disease)) 
Results: 195 hits --> 104 articles not selected based on preliminary screen of title 
and abstract --> 39 articles not selected because they did not concern a case report 
on autosomal dominant familial dysbetalipoproteinemia (e.g. recessive inheritance, 
review, second publication on same case, biochemical paper, other disorders like 
lipoprotein glomerulopathy or apoE deficiency) --> 61 articles selected (on 30 
different dominant mutations)
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Abstract
Introduction
Familial dysbetalipoproteinemia (FD), also known as type III hyperlipoproteinemia, 
is a genetic dyslipidemia characterized by elevated very low density lipoprotein 
(VLDL) and chylomicron remnant particles that confers increased risk of 
cardiovascular disease (CVD). The objective of this study was to evaluate the 
prevalence of vascular risk factors, CVD, lipid values, treatment and lipid targets in 
patients with FD across Europe.

Methods
This cross-sectional study was performed in 305 patients with FD from seven 
academic hospitals in four European countries. Information was collected from 
clinical records. 

Results
Patients mean (± standard deviation) age was 60.9 ± 14.4 years, 201 (66%) were 
male, 69 (23%) had diabetes mellitus (DM) and 87 (29%) had a prior history of 
CVD. Mean body mass index was 28.5 ± 5.0 kg/m2. Lipid-lowering medication was 
used by 227 (74%) patients (27% usual dose (theoretical low-density lipoprotein 
cholesterol (LDL-C) reduction ≤40%) and 46% intensive dose (theoretical LDL-C 
reduction >40%)). Non high-density lipoprotein cholesterol (non-HDL-C) levels 
below treatment target (<3.3 mmol/L) were present in 123 (40%) patients and 
163 patients (53%) had LDL-C levels below target (<2.5 mmol/L). No significant 
determinants were found for having non-HDL-C levels below target, while a prior 
history of CVD (OR 1.90, 95%CI 1.05-3.47) and presence of DM (OR 2.00, 95%CI 
1.08-3.70) were associated with having LDL-C levels below treatment target.

Conclusion 
The majority of FD patients had non-HDL-C levels above the treatment target of 
3.3 mmol/L. Intensive dose lipid-lowering medication was used by only half of the 
patients, leaving them at increased cardiovascular risk.
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Introduction
Familial dysbetalipoproteinemia (FD), or type III hyperlipoproteinemia, is a rare 
form of hereditary hyperlipoproteinemia. It is a complex lipid disorder with a 
prevalence in the general population of approximately 1 per 1000 persons (1-3). 
FD is associated with elevated fasting and postprandial plasma triglycerides (TG) 
due to the presence of chylomicron- and very low density lipoprotein (VLDL) 
remnants and, as a consequence, predisposes to premature atherosclerosis (3). 
Remnant particles are residues of VLDL and chylomicrons after lipolysis of their 
lipid content by lipoprotein lipase. They are small and can therefore enter the vessel 
wall where they interact with macrophages to form foam cells, which is the first step 
of atherosclerosis (4, 5). Large population studies have shown that remnants are 
associated with an increased risk of cardiovascular disease (CVD) (6). 
 The underlying genetic defect of FD is settled in the gene encoding apolipoprotein 
E  (APOE). Apolipoprotein E (apoE) is present on high-density lipoproteins, 
chylomicrons, VLDL particles and their remnants and plays a significant role in 
lipid transport and cholesterol metabolism by acting as a ligand for the low-density 
lipoprotein receptor (LDLR) (2). The APOE gene locus (APOE) has three main variants, 
namely ε2, ε3 and ε4. These three alleles result in three homozygous (ε2ε2, ε3ε3 and 
ε4ε4) and three heterozygous (ε2ε3, ε3ε4 and ε4ε2) genotypes. The ε3ε3 genotype 
is considered wildtype, as it is the most frequent APOE genotype in humans (2). 
The homozygous APOε2 genotype (ε2ε2) is the most common underlying genetic 
defect of FD (1) and has a prevalence of 7 per 1000 persons in the general population 
(2). APOε2 differs from the wildtype APOε3 in that it has a cysteine substitution for 
arginine on locus 158 (Arg158Cys) of APOE. The apoE2 isoform of the apoE protein 
has a low affinity for the LDLR (<2% receptor binding activity compared to apoE3 
(7)). Ten to twenty percent of the patients with an ε2ε2 genotype develop overt 
clinical FD (1, 3). Clinical signs are eruptive xanthoma and palmar crease xanthoma, 
that are considered to be diagnostic for FD (1). The fact that most patients with a 
homozygous ε2 genotype do not develop FD implies that additional genetic and 
non-genetic factors predispose to the development of FD, such as mutations in genes 
involved in lipolysis including APOC3 and LPL (lipoprotein lipase) (8), presence 
of obesity and metabolic syndrome (9), hypothyroidism, estrogen deficiency in 
menopause and diabetes mellitus (DM) (3). Other genotypes that underlie FD have 
been described, such as APOε3 Leiden (c.415_435dup, p.(Glu121_Gly127dup)) (10), 
APOε2Christchurch (c.460C>A, p.(Arg136Ser)) (11) and some other variants (1). The 
Arg136Ser mutation is more prevalent in southern European countries compared to 
western Europe (12). 
 None of the guidelines about dyslipidemia and cardiovascular risk management 
give specific recommendations about treatment target or choice of lipid-lowering 
medication in FD (13-15), although the European Society of Cardiology/European 
Atherosclerosis Society (ESC/EAS) guideline does propose a combination of statins 
and fibrates (16). This guideline also recommends using non HDL cholesterol 
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(non-HDL-C) treatment target as a secondary treatment target beside low-density 
lipoprotein cholesterol (LDL-C) in hypertriglyceridemic patients (16, 17). 
 The present study was initiated to evaluate the prevalence of cardiovascular risk 
factors, CVD and the prescription of lipid-lowering medication in a large cohort of 
FD patients. Furthermore, determinants of lipid levels below treatment target (non-
HDL-C <3.3 mmol/L and LDL-C <2.5 mmol/L) were evaluated.

Materials and methods 
Study subjects
Patients were included in the study when FD was diagnosed in the period between 
1989 and 2013. Diagnoses were made in a clinical setting and were all genetically 
confirmed. Patients with APOε2ε2 genotype or apoE2E2 phenotype (using 
isoelectric focusing) were identified by electronic hospital laboratory registries. 
In some patients FD diagnosis was based on presence of the APOε2 (Arg136Ser) 
genotype. We retrospectively collected all medical records from identified patients 
by using electronic and paper patient files. Methods for identification of FD patients 
and specific information about definitions used are described per academic center 
in the supplementary material. The study was conducted in seven Academic 
Centers in four European countries: The Departments of Vascular Medicine of 
the University Medical Center Utrecht (UMCU), the Academic Medical Center 
Amsterdam (AMC), the Radboud University Medical Center Nijmegen (Radboud 
UMC), and the University Medical Center Groningen (UMCG) in the Netherlands; 
the Lipid Clinics of the Oslo University Hospital in Norway, the University of 
Genoa in Italy and the Department of Endocrinology and Nutrition Service of the 
Hospital Clínic in Barcelona, Spain. The Medical Ethics Review Committee of the 
UMCU approved the study and data analyses were performed at the UMCU. A 
total of 346 patients with a diagnosis of FD were initially selected for evaluation 
of which 41 were excluded because no information on plasma lipid concentrations 
was available.

Definitions and guidelines
Patient- and clinical characteristics that were retrieved included age, sex, method 
used for diagnosis (defined as genotyping or phenotyping through iso-electric 
focusing), date of diagnosis (defined as the date of APOE geno- or phenotyping), 
prior history of CVD (defined as coronary artery disease (CAD), peripheral artery 
disease (PAD), abdominal aorta aneurysm (AAA) or cerebrovascular disease), 
current smoking, diabetes mellitus (DM; defined as use of glucose lowering 
medication or a reported diagnosis of DM), hypertension (defined as systolic 
blood pressure >140 mmHg, diastolic blood pressure >90 mmHg, use of blood-
pressure lowering medication or a reported diagnosis of hypertension in patient 
file), hypothyroidism (defined as thyroid stimulating hormone (TSH) level 
>5 U/L, use of thyroid hormone replacement therapy or a reported diagnosis of 
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hypothyroidism in patient file), genetically confirmed diagnosis of heterozygous 
familial hypercholesterolemia (heFH), family history of CVD (defined as first 
degree relative with CVD prior to the age of 55 years in men and 60 years in 
women), body mass index (BMI) calculated as weight in kilograms (kg) divided 
by height in meters (m) squared, and use of lipid-lowering medication (defined 
as use of statins, fibrates, ezetimibe or nicotinic acid). Usual dose lipid-lowering 
medication was defined as medication that theoretically lowered LDL-C by ≤ 40% 
and intensive dose lipid-lowering medication was defined as a theoretical LDL-C 
lowering effect of >40% (supplementary table 1 (table S1) in the supplementary 
material) (18). Laboratory results included total cholesterol (TC), high-density 
cholesterol (HDL-C), measured LDL-C, triglycerides (TG), apolipoprotein B 
(apoB), fasting glucose, plasma creatinine, aspartate aminotransferase (ASAT), 
alanine aminotransferase (ALAT), creatinine kinase (CK) and proteinuria (defined 
as a urinary microalbumin/creatinine-ratio of  >2.5 mg/mmol for men and >3.5 mg/
mmol for women (19) or a protein dipstick with “positive” or “trace” result). When 
no measured LDL-C was available and TG were lower than 8.0 mmol/L, LDL-C 
was calculated using the Friedewald formula (20). There were 19 patients with TG 
levels between 4.5 and 8.0 mmol/L in which we used the Friedewald formula to 
estimate LDL-C. In 30 patients with TG levels between 4.5 and 8.0 mmol/L, mean 
measured LDL-C levels were 3.90 ± 2.30 mmol/L compared to 4.21±2.69 mmol/L 
using the Friedewald formula. The difference between calculated and measured 
LDL-C was thus less than 10% suggesting that calculated LDL-C could be used 
in the 19 patients with TG >4.5 mmol/L without measured LDL-C. Non-HDL-C 
was calculated using the formula TC – HDL-C (16). Triglyceride-rich lipoprotein 
cholesterol (TRL-C) was estimated using the formula TC – HDL-C – LDL-C, for 
which measured or calculated LDL-C was used (21). The apoB/TC ratio is suggested 
by the ESC/EAS guidelines as a screening test for FD (16) and was calculated 
by dividing apoB by TC. Metabolic syndrome was defined using the updated ATP 
III criteria (22) as having at least three of the following metabolic abnormalities: 
waist circumference >102 cm for men and >88 cm for women or BMI >30 kg/m2; 
triglycerides ≥1.7 mmol/L (150 mg/dL); HDL-C <1.05 mmol/L (40 mg/dL) for men 
and HDL-C <1.30 mmol/L (50 mg/dL) for women; systolic blood pressure ≥130 
mmHg or diastolic blood pressure ≥85 mmHg; fasting plasma glucose ≥5.6 mmol/L. 
The treatment targets for non-HDL-C (<3.3 mmol/L), LDL-C (<2.5 mmol/L) and 
triglycerides (<2.0 mmol/L) were defined using the ESC/EAS and ATP III guidelines 
for individuals at high risk for CVD (13, 16, 23). For HDL-C treatment targets, the 
ATP III metabolic syndrome definition was used (HDL-C >1.05 mmol/L for men 
and >1.30 mmol/L for women (22)).

Data analyses
Patient characteristics and risk factors are shown in table 1 stratified for patients 
with non-HDL-C levels below and at or above the treatment target of 3.3 mmol/L. 
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Categorical variables are given as number of patients and percentages. Continuous 
variables are shown as mean with standard deviation (SD) or median with 
interquartile range (IQR) when appropriate.
 Logistic regression was performed to evaluate the association between clinical 
variables (age, sex, prior history of CVD, current smoking, presence of DM, 
hypertension, family history of CVD, BMI and proteinuria) and presence of lipid 
levels below treatment target (non-HDL-C, HDL-C, LDL-C and TG). Three models 
were used: first a model without adjusting for possible confounders, second a model 
adjusting for age and sex and third a model with additional adjustment for the use 
of lipid-lowering medication, presence of CVD and Academic Center. Logistic 
regression was also used to search for determinants of CVD in patients with FD. 
To reduce the risk for bias that is associated with complete case analysis in 
incomplete datasets, missing data for HDL-C (N=5, 1.6%) were multiple imputed 
(5x) by weighted probability matching using additive regression and predictive 
mean matching (24). P-values <0.05 were considered statistically significant. All 
descriptive and statistical analyses were carried out using IBM SPSS Inc., version 
20 (Chicago, IL, USA). Graphs were made with R statistical software version 3.1.1 
for Windows and the add-on packages foreign, Hmisc and plotrix. 
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Table 1: Baseline table stratified for lipid levels below and above non-HDL-C treatment target 

(<3.3 mmol/L) in patients with FD

Non-HDL 
cholesterol  
<3.3 mmol/l
n=123 (40%)

Non-HDL 
cholesterol  
≥3.3 mmol/l
n=182 (60%)

All patients

n=305 (100%)

Age (years, sd) 60.7 ± 14.1 61.1 ± 14.7 60.9 ± 14.4

Male sex (N, %) 84 (68) 117 (64) 201 (66)

APOE diagnosis:

Apo ε2ε2-genotype N, %) 103 (84) 132 (73) 235 (77)

Apo ε2ε2 phenotype (N, %) 17 (14) 45 (25) 62 (20)

Apo ε3ε3 (Arg136ser) genotype (N, %) 3 (2) 5 (3) 8 (3)

Prior history of CVD (N, %) 38 (31) 49 (27) 87 (29)

Coronary artery disease (N, %) 28 (23) 30 (16) 58 (19)

Peripheral artery disease (N, %) 15 (12) 19 (10) 34 (11)

Cerebrovascular disease (N, %) 5 (4) 6 (3) 11 (4)

Abdominal aortic anuerysm (N, %) 4 (3) 3 (2) 7 (2)

Smoking (N, %) 26 (21) 31 (17) 57 (19)

Diabetes mellitus (N, %) 34 (28) 35 (19) 69 (23)

Hypertension (N, %) 66 (54) 91 (50) 157 (52)

(Subclinical) hypothyroidism (N, %) 19 (15) 17 (9) 36 (12)

Heterozygous Familial Hypercholesterolemia (N, %) 7 (6) 4 (2) 11 (4)

Family history of CVD (N, %) 39 (32) 46 (25) 85 (28)

Metabolic syndrome (N, %) 57 (63) 92 (82) 149 (74)

BMI (kg/m2,  sd, (N)) 28.2 ± 5.7 (91) 28.7 ± 4.3 (120) 28.5 ± 5.0 (211)

Total cholesterol (mmol/l,  sd ) 3.85 ± 0.64 6.75 ± 2.43 5.58 ± 2.39

Non-HDL-C (mmol/l,  sd ) 2.50 ± 0.56 5.55 ± 2.44 4.31 ± 2.44

HDL-C (mmol/l,  sd) 1.35 ± 0.42 1.21 ± 0.32 1.27 ± 0.37

LDL-C (measured,  mmol/l,  sd , (N)) 1.61 ± 0.55 (87) 3.48 ± 1.76 (100) 2.61 ± 1.63 (187)

LDL-C (Friedewald, mmol/l,  sd ) 1.58 ± 0.55 3.46 ± 1.53 2.68 ± 1.53

TRL-C1 (mmol/l) 0.89 ± 0.44 1.90 ± 1.28 1.48 ± 0.13

Triglycerides (mmol/l, IQR) 1.79 (1.40-2.77) 3.60 (2.45-5.00) 2.79 (1.80-4.00)

ApoB (g/L,  sd , (N)) 0.62 ± 0.34 (82) 0.86 ± 0.33 (121) 0.76 ± 0.35 (203)

ApoB/TC ratio (g/mmol, sd) 0.16 ± 0.09 0.14 ± 0.05 0.15 ± 0.07

ALAT (U/L,  sd ) 38 ± 21 36 ± 24 37 ± 23

Creatine kinase (U/L, IQR) 109 (71-172) 113 (82-169) 111(78-170)

Creatinine (μmol/l, IQR) 82 (73-97) 83 (71-97) 82 (71-97)

Proteinuria (N, %) 19 (15) 27 (15) 46 (15)
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Non-HDL 
cholesterol  
<3.3 mmol/l
n=123 (40%)

Non-HDL 
cholesterol  
≥3.3 mmol/l
n=182 (60%)

All patients

n=305 (100%)

No lipid-lowering medication (N, %) 19 (15) 59 (32) 78 (26)

Lipid-lowering medication (N, %) 104 (85) 123 (68) 227 (74)2

Usual dose (N, %) 30 (24) 52 (29) 82 (27)

Intensive dose (N, %) 73 (59) 67 (37) 140 (46)

(Any) statin: 86 (70) 108 (59) 194 (64)

Simvastatin (N, %) 22 (18) 34 (19) 56 (18)

Rosuvastatin (N, %) 17 (14) 12 (7) 29 (10)

Atorvastatin (N, %) 46 (37) 49 (27) 95 (31)

Other (N, %) 1 (1) 13 (7) 14 (5)

(Any) fibrate 31 (25) 30 (17) 61 (20)

Gemfibrozil (N, %) 11 (9) 11 (6) 22 (7)

Ciprofibrate (N, %) 8 (7) 7 (4) 15 (5)

Fenofibrate (N, %) 10 (8) 9 (5) 19 (6)

Bezafibrate (N, %) 2 (2) 3 (2) 5 (2)

Ezetimibe (N, %) 18 (15) 23 (13) 41 (13)

Nicotinic acid (N, %) 0 (0) 3 (2) 3 (1)

Treatment targets:

Non-HDL-C <3.3 mmol/L (N, %) 123 (100) 0 (0) 123 (40)

HDL-C ♂ >1.05/ ♀ >1.30 mmol/L (N, %) 91 (74) 107 (59) 198 (65)

LDL-C <2.5 mmol/L (N, %) 118 (96) 45 (25) 163 (53)

Triglycerides <2.0 mmol/L (N, %) 79 (64) 25 (14) 104 (34)

Abbreviations: sd = standard deviation; IQR = interquartile range; FD = Familial 

Dysbetalipoproteinemia; APOE = apolipoprotein E; CVD = cardiovascular disease; BMI = body 

mass index; non-HDL-C = non high-density lipoprotein cholesterol; LDL-C = low-density 

lipoprotein cholesterol; HDL-C = high-density lipoprotein cholesterol; apoB = apolipoprotein 

B; ALAT = alanine aminotransferase.
1 Triglyceride-rich lipoprotein cholesterol was calculated as follows: TC – HDL-C – LDL-C 

(measured or calculated).
2 Patients in whom the dosage of their lipid-lowering medication was unknown (n=5) were not 

included in the medication dose classification.

Table 1: Continued
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Results
Patient characteristics
Data of 305 patients were used in the analyses: 70 patients from UMCU, 81 from 
AMC, 59 from Oslo University Hospital, 26 from University of Genoa, 24 from 
UMCG, 23 from Hospital Clínic Barcelona and 22 from Radboud UMC. The mean 
(± SD) age of the patients was 60.9 ± 14.4 years and there were 201 (66%) men (table 
1). CVD was present in 87 patients (29%), CAD in 58 (19%), PAD in 34 (11%), 
cerebrovascular disease in 11 (4%) and AAA in 7 (2%) patients. The prevalence of 
current smoking was 19% (n=57), of DM 23% (n=69), of hypertension (HT) 52% 
(n=157) and of metabolic syndrome 74% (n=149). Mean BMI was 28.5 ± 5.0 kg/m2.

Lipids and lipid treatment targets
Mean non-HDL-C was 4.31 ± 2.44 mmol/L, mean LDL-C was 2.68  ± 1.53 mmol/L 
and median TG was 2.79 mmol/L (IQR 1.80-4.00 mmol/L). Apolipoprotein B 
(apoB) concentrations were available from 203 patients. In these patients mean 
apoB was 0.76 ± 0.35 g/L, the median ratio between apoB and TC (apoB/TC ratio) 
was 0.13 g/mmol (IQR 0.05-0.67) and 62% had an apoB/TC ratio <0.15 g/mmol. 
Non-HDL-C levels were <3.3 mmol/L in 40% (n=123) of the patients. Lipid levels 
were above treatment target in 198 (65%) patients for HDL-C (>1.05 mmol/L for 
men and >1.30 mmol/L for women). Lipid levels were below treatment target 
in 163 patients (53%) for LDL-C (<2.5 mmol/L); and in 104 patients (34%) for 
TG (<2.0 mmol/L). The proportion of patients with lipid levels that did not meet 
treatment targets stratified for sex is shown in figure 1. Of all patients, 227 (74%) 
used lipid-lowering medication. Mean non-HDL-C and LDL-C levels in patients 
not on lipid-lowering medication were 5.31 ± 3.21 mmol/L and 3.31 ± 1.60 mmol/L 
respectively, compared to 3.97 ± 2.00 mmol/L and 2.48 ± 1.44 mmol/L in patients 
on lipid-lowering medication. Of the patients on lipid-lowering medication, 140 
(62%) patients used an intensive dose lipid lowering medication (table S1). Most 
patients used statin monotherapy (n=129, 42%) and 24 patients (8%) used only a 
fibrate. Combination therapy of statin and fibrate was used by 31 (10%) patients 
who had a mean non-HDL-C of 4.56 ± 2.81 mmol/L. Among patients that used both 
a statin and a fibrate, 40% had non-HDL-C levels below treatment target and 55% 
had LDL-C levels below treatment target. Statin and ezetimibe combination was 
used by 33 patients (11%). 

Determinants of lipid levels below or above lipid treatment target
In patients with non-HDL-C levels below treatment target, the prevalence of 
DM, metabolic syndrome and a family history of CVD was 28%, 63% and 32% 
respectively whereas in patients with non-HDL-C levels at or above treatment target 
the prevalence was 19%, 82% and 25% respectively. Lipid-lowering medication was 
used by 85% of patients with lipid levels below and by 68% of patients with lipid 
levels above non-HDL-C treatment target. Moreover, 59% of the patients with non-
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HDL-C <3.3 mmol/L were treated with intensive dose lipid-lowering medication 
and only 37% of patients with non-HDL-C ≥3.3 mmol/L. The number of patients 
that used a combination of statin and fibrate therapy was 10% in patients with non-
HDL-C levels above target and 11% in the group with levels below target. 26% of 
patients using lipid-lowering medication and having LDL-C levels below treatment 
target had non-HDL-C levels above treatment target.

Figure 1: Proportion of patients with lipid levels below treatment target for different plasma 

lipids and stratified for sex.
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Before and after adjustment for age, sex, lipid-lowering medication, CVD and 
Academic Center, no determinants for presence of non-HDL-C levels below 
treatment target (<3.3 mmol/L) were observed  (table 2). Determinants for LDL-C 
levels <2.5 mmol/L were prior history of CVD (OR 1.90, 95%CI 1.05-3.47) and 
presence of DM (OR 2.00, 95%CI 1.08-3.70). Determinants for HDL-C levels 
above treatment target (>1.05 mmol/L in men and >1.30 mmol/L in women) were 
age (OR 1.22 per 10 years, 95%CI 1.02-1.47); current smoking (OR 0.44, 95%CI 
0.24-0.82); presence of DM (OR 0.37, 95%CI 0.21-0.70); and BMI (OR 0.92 per 
kg/m2, 95%CI 0.87-0.98). BMI was also found to be a determinant for TG levels 
<2.0 mmol/L (OR 0.88 per (log)mmol/L, 95%CI 0.81-0.95).

Table 2: Determinants of lipid levels below treatment target in 305 patients with FD

Model I
OR (95%CI)

Model II
OR (95%CI)

Model III
OR (95%CI)

Non-HDL-C <3.3 mmol/L 

Age (per 10 years) 0.96 (0.82-1.13) 0.97 (0.83-1.15) 0.93 (0.77-1.12)

Sex (male) 1.20 (0.74-1.95) 1.17 (0.71-1.94) 1.16 (0.69-1.95)

Prior history of CVD (yes) 1.21 (0.73-2.01) 1.32 (0.76-2.29) 1.16 (0.65-2.05)

Current smoking (yes) 1.31 (0.73-2.33) 1.27 (0.70-2.29) 1.02 (0.55-1.89)

Diabetes mellitus (yes) 1.60 (0.94-2.75) 1.67 (0.97-2.90) 1.49 (0.84-2.64)

Hypertension (yes) 1.16 (0.73-1.83) 1.23 (0.76-2.01) 0.98 (0.57-1.68)

Family history of CVD (yes) 1.37 (0.83-2.28) 1.38 (0.83-2.30) 1.18 (0.70-2.00)

BMI (per kg/m2) 0.98 (0.93-1.04) 0.98 (0.93-1.04) 0.97 (0.92-1.03)

Proteinuria (yes) 1.05 (0.56-1.98) 1.09 (0.57-2.07) 1.17 (0.58-2.35)

LDL-C <2.5 mmol/L

Age (per 10 years) 0.94 (0.80-1.10) 0.96 (0.82-1.14) 0.85 (0.71-1.02)

Sex (male) 1.35 (0.84-2.19) 1.31 (0.80-2.16) 1.32 (0.79-2.21)

Prior history of CVD (yes) 1.90 (1.12-3.20)* 1.90 (1.12-3.20)* 1.90 (1.05-3.47)*

Current smoking (yes) 1.54 (0.83-2.85) 1.47 (0.78-2.75) 1.12 (0.58-2.16)

Diabetes mellitus (yes) 2.31 (1.29-4.14)* 2.49 (1.37-4.51)* 2.00 (1.08-3.70)*

Hypertension (yes) 1.38 (0.87-2.19) 1.54 (0.95-2.51) 1.02 (0.59-1.75)

Family history of CVD (yes) 1.47 (0.87-2.48) 1.50 (0.89-2.53) 1.20 (0.70-2.08)

BMI (per kg/m2) 0.99 (0.93-1.04) 0.99 (0.94-1.05) 0.98 (0.92-1.04)

Proteinuria (yes) 1.46 (0.75-2.85) 1.59 (0.81-3.13) 1.29 (0.62-2.70)

HDL-C >1.05 mmol/L for men and >1.30 mmol/L for women

Age (per 10 years) 1.20 (1.02-1.42)* 1.21 (1.02-1.43)* 1.22 (1.02-1.47)*

Sex (male) 0.91 (0.55-1.50) 1.05 (0.63-1.77) 1.06 (0.63-1.79)
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Model I
OR (95%CI)

Model II
OR (95%CI)

Model III
OR (95%CI)

Prior history of CVD (yes) 1.11 (0.66-1.88) 0.87 (0.49-1.54) 0.82 (0.46-1.48)

Current smoking (yes) 0.44 (0.25-0.80)* 0.48 (0.27-0.88)* 0.44 (0.24-0.82)*

Diabetes mellitus (yes) 0.46 (0.27-0.80)* 0.40 (0.23-0.71)* 0.37 (0.21-0.70)*

Hypertension (yes) 1.19 (0.75-1.91) 1.01 (0.61-1.67) 0.99 (0.57-1.71)

Family history of CVD (yes) 1.23 (0.72-2.09) 1.27 (0.74-2.18) 1.25 (0.72-2.17)

BMI (per kg/m2) 0.93 (0.88-0.99)* 0.92 (0.87-0.98)* 0.92 (0.87-0.98)*

Proteinuria (yes) 0.81 (0.43-1.55) 0.75 (0.39-1.44) 0.78 (0.38-1.57)

Triglycerides <2.0 mmol/L

Age (per 10 years) 1.05 (0.89-1.23) 1.03 (0.87-1.23) 1.08 (0.89-1.31)

Sex (male) 0.85 (0.52-1.39) 0.87 (0.52-1.46) 0.86 (0.51-1.46)

Prior history of CVD (yes) 0.82 (0.48-1.40) 0.75 (0.42-1.34) 0.75 (0.41-1.37)

Current smoking (yes) 0.96 (0.52-1.77) 1.00 (0.54-1.86) 0.89 (0.46-1.71)

Diabetes mellitus (yes) 0.96 (0.54-1.69) 0.93 (0.52-1.65) 0.95 (0.52-1.74)

Hypertension (yes) 0.77 (0.48-1.23) 0.71 (0.43-1.17) 0.71 (0.41-1.23)

Family history of CVD (yes) 1.01 (0.59-1.70) 1.00 (0.59-1.70) 0.96 (0.55-1.67)

BMI (per kg/m2) 0.89 (0.82-0.96)* 0.89 (0.82-0.95)* 0.88 (0.81-0.95)*

Proteinuria (yes) 0.64 (0.32-1.30) 0.61 (0.30-1.25) 0.86 (0.40-1.84)

Abbreviations: FD = Familial Dysbetalipoproteinemia; OR=odds ratio; 95%CI=95% confidence 

interval; non-HDL-C=non high-density lipoprotein cholesterol; LDL-C=low-density lipoprotein 

cholesterol; HDL-C= high-density lipoprotein cholesterol; CVD=cardiovascular disease; 

BMI=body mass index. 

* p<0.05

Model I: Unadjusted.

Model II: Adjusted for age and sex.

Model III: Adjusted for age and sex, use of lipid-lowering medication, presence of CVD and 

Academic Center. 

Determinants for presence of CVD
Presence of CVD was more often seen at higher age (OR 2.36 per 10 years, 95%CI 
1.78-3.12), in current smokers (OR 2.16, 95%CI 1.01-4.61), in patients with DM 
(OR 2.32, 95%CI 1.24-4.35), in patients with hypertension (OR 4.06, 95%CI 2.07-
7.94), in the presence of proteinuria (OR 4.11, 95%CI 1.88-9.01), and with higher 
triglycerides (OR 1.93 per 1 mmol/L log-transformed triglycerides, 95%CI 1.15-
3.25) (table 3, model 3). 

Table 2: Continued
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Table 3: Determinants of presence of CVD in 305 patients with FD

 

Model I
OR (95%CI)

Model II
OR (95%CI)

Model III
OR (95%CI)

Age (per 10 years) 2.20 (1.72-2.81)* 2.32 (1.78-3.03)* 2.36 (1.78-3.12)*

Sex (male) 0.74 (0.44-1.24) 1.44 (0.78-2.64) 1.58 (0.84-2.99)

Current smoking (yes) 1.20 (0.64-2.23) 2.49 (1.19-5.21)* 2.16 (1.01-4.61)*

Diabetes mellitus (yes) 3.09 (1.76-5.42)* 2.79 (1.52-5.14)* 2.32 (1.24-4.35)*

Hypertension (yes) 6.81 (3.71-12.5)* 5.33 (2.80-10.18)* 4.06 (2.07-7.94)*

Family history of CVD (yes) 1.68 (0.98-2.87) 2.12 (1.16-3.87)* 1.77 (0.95-3.31)

BMI (per kg/m2) 0.98 (0.92-1.03) 0.96 (0.90-1.03) 0.96 (0.89-1.02)

Proteinuria (yes) 4.22 (2.20-8.08)* 4.33 (2.08-9.00)* 4.11 (1.88-9.01)*

HDL-C (per mmol/L) 0.69 (0.35-1.38) 0.44 (0.20-1.01) 0.43 (0.18-1.05)

LDL-C (per mmol/L) 0.80 (0.66-0.98)* 0.73 (0.57-0.92)* 0.80 (0.63-1.02)

Non-HDL-C (per mmol/l) 0.93 (0.83-1.04) 0.95 (0.84-1.08) 1.02 (0.89-1.17)

(log)TG (per mmol/L) 1.31 (0.87-1.96) 1.72 (1.06-2.78)* 1.93 (1.15-3.25)*

Apo-B (per g/L) 0.87 (0.35-2.22) 0.75 (0.26-2.17) 0.83 (0.29-2.43)

Abbreviations: CVD = cardiovascular disease; FD = Familial Dysbetalipoproteinemia; OR=odds 

ratio; 95%CI=95% confidence interval; BMI=body mass index; non-HDL-C=non high-density 

lipoprotein cholesterol; LDL-C=low-density lipoprotein cholesterol; HDL-C= high-density 

lipoprotein cholesterol; TG=triglycerides; Apo-B=apolipoprotein B.  

* p<0.05

Model I: Unadjusted.

Model II: Adjusted for age and sex.

Model III: Adjusted for age and sex, use of lipid-lowering medication and Academic Center. 

Discussion
In this large European cross-sectional study in FD patients we observed a high 
prevalence of lipid- and non-lipid risk factors. Furthermore, 60% of FD patients 
had non-HDL-C levels above treatment target: 1/3 of these patients used no lipid-
lowering medication and only 1/3 used intensive dose lipid-lowering medication.
The high prevalence of cardiovascular risk factors and CVD that was observed is 
comparable with other studies. In a case-control study of 653 patients with familial 
premature CAD and 1029 control subjects of similar age and sex, the prevalence 
of FD was 3.4% (n=22) in cases compared to 1.0% (n=10) in controls (25). In 
that study, the risk for CAD in patients with FD was nearly 10 times higher (OR 
9.7; 95%CI 3.4-27.6) compared to healthy controls. Furthermore, patients with FD 
and CAD had higher TC and triglycerides, but similar LDL-C and HDL-C levels, 
compared to CAD patients without FD (25). In a cross-sectional study of 162 FD 
patients from a Dutch population sample, the prevalence of CVD was 36% for CAD 
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and 19% for PAD (26). The prevalence of CVD in the present study was 19% for 
CAD and 11% for PAD, while in a general western population aged 40-70 years the 
prevalence of CAD was 9% and that of PAD was 4% (27, 28). This suggests that 
although FD results in an increased CVD risk in general, it might be particularly 
associated with PAD (7, 29, 30). 
 Plasma non-HDL-C reflects the cholesterol content of all triglyceride rich 
lipoproteins, including VLDL, chylomicrons and remnant particles as well as TG and 
LDL. In patients with FD the primary metabolic abnormality is defective clearance 
of large triglyceride-rich apoE-containing lipoproteins (chylomicrons and VLDL) 
and their remnants. Non-HDL-C is, therefore, considered to be a good indicator 
of vascular risk and an obvious treatment target in patients with FD. However, 
most clinicians still use LDL-C as the main lipid target for most patients, including 
patients with FD. LDL-C does not appropriately reflect CVD risk in patients with 
FD, because the ε2ε2 genotype is associated with lower LDL-C levels compared to 
other APOE genotypes (2). There are three potential mechanisms that contribute to 
lower LDL-C concentrations in FD patients. First, the decreased LDLR affinity of 
apoE2 may cause an upregulation of the LDLR or, second, it may lead to preferential 
binding of particles containing only apoB (such as LDL), because LDLR binds 
both apoE and apoB. Third, apoE2 might decrease conversion of VLDL to LDL, 
thereby reducing LDL-C levels (3, 31). Guidelines consider non-HDL-C and apoB 
as secondary treatment targets beside LDL-C (16). However, total plasma apoB is 
decreased in FD (for similar reasons as LDL-C) and is therefore not appropriate 
as treatment target in FD. In our study 59% of patients receiving lipid-lowering 
medication had LDL-C levels below treatment target of <2.5 mmol/L, compared to 
46% that had non-HDL-C levels below treatment target (<3.3 mmol/L). Among the 
treated patients that had LDL-C levels <2.5 mmol/L, 26% had non-HDL-C of  >3.3 
mmol/L. These findings indicate that non-HDL-C is not (yet) widely used in clinical 
practice as a treatment target for patients with FD. 
 Many physicians treat FD patients according to perceived cardiovascular risk, 
as is advocated by cardiovascular guidelines. This is illustrated by our finding that 
determinants of attaining LDL-C treatment target were a prior history of CVD and 
presence of DM. Like heterozygous Familial Hypercholesterolemia (heFH), FD 
is associated with increased risk of premature atherosclerosis and CVD (5, 25), 
although hypercholesterolemia in heFH is present from birth while dyslipidemia 
in FD arises later in life due to predisposing factors. In both diseases, estimating 
cardiovascular risk with conventional risk algorithms underestimates the actual 
risk. We suggest that FD patients should be considered as high risk independently 
from other cardiovascular risk factors, and that lipid-lowering treatment should be 
initiated upon diagnosis when non-HDL-C exceeds 3.3 mmol/L. 
 In the present study it was observed that 78 (26%) FD patients used no lipid-
lowering medication. This might reflect the fact that FD patients are sensitive to 
change in diet. In a study of 16 FD patients, a lipid-lowering diet reduced LDL-C by 
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24% and apoB by 17%, and a diet with low glycemic index resulted in a significant 
further reduction (32). Another reason might be that in some patients FD was still 
in an early stage. Of the patients that did use lipid-lowering medication but still 
had lipid levels above non-HDL-C treatment target, 42% used usual dose lipid-
lowering medication (theoretical LDL-C reduction ≤40%) and 54% used intensive 
dose lipid-lowering medication (theoretical LDL-C reduction >40%), indicating 
that lipid-lowering medication is underused in these patients. The effect of lipid-
lowering treatment in patients with FD has only been investigated in small clinical 
trials. A randomized cross-over study in FD patients that compared the effect of 
gemfibrozil and simvastatin on plasma lipids, showed that gemfibrozil lowered 
non-HDL-C by 28% and simvastatin by 39% (33). However, gemfibrozil was more 
effective in lowering VLDL triglycerides compared to simvastatin (50% versus 
13%) (33). Another cross-over study in patients with FD found that lovastatin 
and clofibrate lowered non-HDL-C by 50% and 46% respectively. In this study, 
patients with ongoing hypercholesterolemia after the first treatment phase received 
a combination of lovastatin and clofibrate, which was effective in further reducing 
VLDL-C and LDL-C by 27% and 3% respectively compared to lovastatin alone 
(34). When cholesterol levels are above target, clinical guidelines recommend to 
1. increase statin dose; 2. switch to a more potent statin; or 3. add another LDL-C 
lowering drug like ezetimibe (16). The use of fibrates is mainly recommended for 
prevention of pancreatitis (when TG>10 mmol/L) (16). From a lipid point of view 
the recommended pharmacological treatment of patients with FD would be statin-
fibrate combination therapy (16, 35). The present study shows that combination 
therapy in FD is indeed not often applied in clinical practice: only 10% of all FD 
patients used a statin in combination with a fibrate. Of patients on statin-fibrate 
combination therapy, 40% reached their non-HDL-C target, compared to 44% and 
67% of the patients on statin- and fibrate monotherapy respectively. This suggests 
that clinicians might only switch to combination therapy in patients that remain 
severely hypertriglyceridemic and/or hypercholesterolemic on monotherapy instead 
of prescribing combined statin-fibrate therapy to all FD patients that do not meet the 
non-HDL-C target. 
 The main strength of this study, which is the largest study performed in patients 
with FD to date, is the generalizability of the findings, because it was performed in 
seven different hospitals across four European countries. However, although seven 
centers across Europe participated, some ethnic groups might be underrepresented. 
Furthermore, the prevalence of risk factors and CVD might be overestimated, 
because FD is usually diagnosed in patients that have an indication for lipid 
screening, like presence of DM or prior CVD. However, this would not affect the 
association between determinants and presence of lipid levels below treatment target 
as described in this article. Furthermore we did not use a pre-specified definition for 
FD, except a (genetically) confirmed presence of APOε2ε2, because the diagnosis 
was made in a clinical setting. This might have led to some variety in the clinical 
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presentation at time of diagnosis of FD, although all centers used similar clinical 
characteristics to diagnose FD (appendix, section 2, supplementary material). 
A final limitation, which follows from the cross-sectional design of this study, is 
prevalence-incidence bias, which refers to the fact that any risk factor that results 
in death will be underrepresented and determinants that prolong the duration of 
disease will be overrepresented (36). 
 In conclusion, the prevalence of CVD and lipid- and non-lipid risk factors such as 
obesity and DM is high in FD patients. The majority of FD patients has non-HDL-C 
levels above treatment target of 3.3 mmol/L and less than half uses intensive dose 
lipid lowering medication. These findings illustrate that lipid-lowering medication 
is underused in these high-risk patients, leaving them at increased cardiovascular 
risk.  
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Appendix
Description of methods used per participating center

1. Patient selection
How were patients selected? How and when was the diagnosis familial 
dysbetalipoproteinemia (FD) made? 

• UMCU: All patients that had an ε2ε2 genotype were subtracted from clinical 
chemical laboratory database archives starting from January 1st 1998. Furthermore 
all patients with an ε2ε2 genotype from the Secondary Manifestations of ARTerial 
disease (SMART) prospective cohort that started in 1996 were collected and 
included in this study. The last diagnosis was made in 2012.

• AMC: All patients that had an ε2ε2 genotype were subtracted from laboratory 
archives from the DNA research laboratory and the clinical chemical laboratory. 
Diagnoses were made between 1989 and 2012.

• UMCN: All patients with a recorded ε2ε2 phenotype as measured by isoelectric 
focusing, subtracted from paper laboratory archives, for whom an electronic 
patient number could be obtained. Diagnoses were made between 1989 and 
2011.

• UMCG: All patients that had an ε2ε2 genotype were subtracted from the clinical 
chemical laboratory database archives. Diagnoses were made between 2000 and 
2011.

• Oslo: All patients that had an ε2ε2 genotype were subtracted from the clinical 
chemical laboratory database archives. Diagnoses were made between 1987 and 
2013.
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• Genoa: All patients that had an ε2ε2 genotype were subtracted from the clinical 
chemical laboratory database archives. Diagnoses were made between 1991 and 
2013.

• Barcelona: Patients were selected from the lipid clinic database based on the 
presence of a genetically confirmed diagnosis of FD. Diagnoses were made 
between 1996 and 2012.

2. Clinical practice
In what patients was an APOE genotype analysis requested in your hospital? Based 
on which clinical symptoms did you suspect or diagnose FD? 

• UMCU: APOE screening was performed in patients with a lipoprotein profile 
that was suspicious for FD (high TC and high TG) in combination with a family 
history of cardiovascular disease or dyslipidemia and/or clinical symptoms such 
as tuberoeruptive- or palmar xanthomas or pancreatitis. In some patients APOE 
screening was performed in the context of clinical research.

• AMC: APOE screening was performed based on a clinical suspicion 
(hypertriglyceridemia, familial dyslipidemia, unexplained dyslipidemia etc.) or 
in a research setting.

• UMCN: APOE screening was performed in patients with plasma lipids 
suspicious for FD (high TC and high TG) in combination with a family history 
of cardiovascular disease or dyslipidemia and/or clinical symptoms such as 
tuberoeruptive- or palmar xanthomas or pancreatitis. In addition, the algorithm 
proposed by Sniderman et al (1) was used to identify patients with a high 
probability of having FD (apoB <1.2g/L à TG ≥1.5 mmol/L à TG/apoB ratio <10 
à TC/apoB ratio ≥6.2).

• UMCG: APOE screening was performed in patients with hypertriglyceridemia 
with or without premature atherosclerosis, sometimes in combination with a 
family history of cardiovascular disease.

• Oslo: Patients were selected to undergo APOE screening when they had high total 
cholesterol in combination with hypertriglyceridemia or otherwise unexplained 
dyslipidemia.

• Genoa: Patients were selected to undergo APOE screening when attending the 
Lipid Clinic with an aberrant lipoprotein profile.

• Barcelona: All patients with familial or severe combined hyperlipidemia (TC, 
TG) received a routine APOE genotype screening.

3. Guidelines
What (treatment) guidelines did you use? What lipid treatment targets were used in 
your clinic for patients with FD?
Note: The ESC/EAS guidelines recommend LDL-c as primary treatment target, and 
non-HDL-c as a secondary treatment target in patients with hypertriglyceridemia. 
No specific treatment target for patients with FD is mentioned in these guidelines.
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• UMCU: The ATP-III and ESC/EAS guidelines were used to write a local protocol 
for the diagnosis and treatment of dyslipidemia. The treatment target mentioned 
in this protocol is LDL-c <2.5mmol/l. When triglycerides are high, the secondary 
treatment target is TG <8.00mmol/l to prevent pancreatitis. Specific treatment 
targets for FD are not mentioned.

• AMC: ESC/EAS guidelines were used. No local guidelines were present.  The 
treatment target was LDL-c <2.5mmol/l.

• UMCN:  ESC/EAS guidelines were used. No local guidelines were present. 
Non-HDL-c <3.3mmol/L was used as lipid target in patients with FD.

• UMCG: ESC/EAS guidelines were used. No local guidelines were present. Non-
HDL-c <3.3mmol/L was used as lipid target in patients with FD.

• Oslo: ESC/EAS and ATP III guidelines were used as a guide, not as a protocol. 
No local guidelines were present. Treatment targets were LDL-c <2.5mmol/l 
and triglycerides (<2.00mmol/L).

• Genoa: ESC/EAS guidelines with relative targets were used. No local guidelines 
were present. Non-HDL-c <3.3mmol/L was used as lipid target in patients with 
FD.

• Barcelona: ESC/EAS guidelines were used, but because no specific treatment 
targets for patients with FD have been formally established in these guidelines, 
no specific treatment targets were used in the treatment of FD-patients in this 
clinic. For treatment evaluation TC and TG (<1.7mmol/L) were used. 

4. Data collection
How were data collected? Were paper- or electronic patient files used? In the case of 
electronic files, were paper files extracted from the archives in the case of missing 
data? 

• UMCU: From all selected patients electronic patient files were reviewed. These 
electronic files also contain scans of the paper files. These scans were evaluated.

• AMC: From all selected patients electronic patient files were reviewed. These 
electronic files also contain scans of the paper files. These scans were evaluated.

• UMCN: From all selected patients electronic patient files were reviewed. When 
data were missing paper files were extracted from the archives and reviewed.

• UMCG: From all selected patients electronic patient files were reviewed. When 
data were missing paper files were extracted from the archives and reviewed.

• Oslo: Both paper- and electronic files were used.
• Genoa: Electronic files were used for data collection. 
• Barcelona: Paper files were used for all patients. Laboratory results were 

retrieved from electronic files when they were not included in the paper files.

5. Definitions
What definitions were used for: Cardiovascular disease; Diabetes Mellitus; 
Hypertension; Hypothyroidism; Family history of CVD; and Alcohol use? Only 
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mention the ones that are different from the definitions described in the protocol.
• UMCU: Definitions were as described in the protocol.
• AMC: Definitions were as described in the protocol.
• UMCN: Definitions were as described in the protocol.
• UMCG: Definitions were as described in the protocol.
• Oslo: Definitions were as described in the protocol.
• Genoa: Definitions were as described in the protocol.
• Barcelona: Definitions were as described in the protocol.

6. Laboratory measurements
How were laboratory measurements done? What units were used?
Note: All given methods are the methods that were most recently used in the 
laboratories of the Academic Centers. These methods may have changed over time.

• UMCU: Total cholesterol (mmol/L), HDL-c (mmol/L), TG (mmol/L) and glucose 
(mmol/L) were measured using enzymatic colorimetric methods (AU5811 
analysers, Beckman and Coulter). LDL-c (mmol/L) was calculated using the 
Friedewald formula. ApoB (g/L) analyses were done using a nephelometer 
(BN ProSpec, Siemens). Serum creatinine, urinary creatinine (mmol/24h) and 
creatine kinase (CK, U/L), ALAT (U/L) and ASAT (U/L) were measured on 
an AU5811 (Beckman Coulter). Micro-albumin (mg/24h) was measured using 
immune turbidimetric methods (AU5811, Beckman and Coulter). Proteinuria 
was measured using a dipstick (Dual Golflength Reflection Aution Max, 
Menarini). APOE genotype was determined by isolating DNA and amplifying it 
with polymerase chain reaction (PCR). To determine the APOE genotype (APOE 
e2, e3, e4 alleles) two single-nucleotide polymorphisms (SNPs; NCBI SNPs 
rs7412 & rs429358) were genotyped. Genotyping was performed with the 5’ 
nuclease/Taqman assay. PCRs with fluorescent allele-specific oligonucleotide 
probes (Applied Biosystems, Foster City, CA, USA) were performed on a PTC-
225 thermal cycler (Biozym, Hessisch Oldendorf, Germany), and fluorescence 
end point reading for allelic discrimination was performed on an ABI 7900 HT 
(Applied Biosystems). 

• AMC: Colorimetric enzymatic methods were used for TC, TG and HDL-c 
and Friedewald for LDL-c. Immunonephelometric methods were used for 
apolipoproteins. Creatinine was measured colorimetrically with kreatinase. 
Immunoassays were used for C-peptide, TSH and T4. Glucose, ASAT, ALAT 
and creaturine were measured using spectrophotometric methods and for micro-
albumin immunoturbidimetrical measurements were used. APOE genotype 
was determined by PCR (LightCycler). In the research laboratory PCR with 
restriction fragment length polymorphisms (RFLP) was used. Units used were 
TSH (mU/L), TC (mmol/L), HDL-c (mmol/L), LDL-c (mmol/L), TG (mmol/L), 
apoB (g/L), insulin (pmol/L), HbA1c before 2011 (%), HbA1c after 2011 (mmol/
mol), glucose (mmol/L), C-peptide (pmol/L), creatinine (umol/L), T4 (nmol/L), 



184

Risk factors and lipid targets in Familial Dysbetalipoproteinemia

ASAT (U/L), ALAT (U/L), CK (U/L), creaturine (umol/kg/24h), microalbumin 
(mg/mmol/24h).

• UMCN: Plasma total cholesterol (TC), high density lipoprotein-cholesterol 
(HDL-c), serum triglycerides (TG) and glucose concentrations were determined 
using commercially available enzymatic reagents (AEROSET® System, Abbott, 
Chicago Illinois). Low-density lipoprotein-cholesterol (LDL-c) levels were 
calculated with the Friedewald formula. Total plasma apoliprotein B (apoB) 
concentration was determined by immunonephelometry. The APOE phenotype 
was determined by using a rapid micro-method based on isoelectric focusing 
of delipidated plasma before and after cysteamine treatment followed by 
immunoblotting, using a polyclonal anti-APOE antiserum.

• UMCG: Lipids were measured using routine biochemical assays. For lipids these 
were enzymatic methods and nephelometric methods for apolipoproteins. APOE 
genotype was analyzed using the modified Hixson method (2) (RFLP). First 
PCR-based amplification of DNA was done.  Then primers were added and after 
30 cycles in a thermocycler, Hhal was added to digest the PCR products. Gel 
electrophoresis was used to separate restriction fragments, followed by ethidium 
bromide staining and visualization on an ultraviolet radioimmunoassay.

• Oslo: Different standard methods were used to perform blood analyses at 
the routine laboratory at Department of Medical Biochemistry at the Oslo 
University Hospital, Rikshospitalet, Norway. At screening serum thyroxin 
(TSH, μg/L), plasma glucose (mmol/L), serum creatinine kinase (CK, U/L), 
alanine-aminotransferase (ALAT, U/L) and aspartate-aminotransferase (ASAT, 
U/L) were measured. At all visits plasma total-, LDL- and HDL-cholesterol 
and triglycerides (all in mmol/L) were measured using enzymatic colorimetric 
tests (Roche Diagnostics), and apolipoprotein (apo)-A1 (g/L), apoB (g/L) 
and CRP (mg/L) were determined using an immunoturbidimetric method on 
Modular platform (Roche Diagnostics). APOE ε2, ε3 and ε4 genotypes were 
performed using LightCycler APOE Mutation Detection Kit (Roche). The assay 
was performed as specified by the supplier; except that the measurements were 
performed in the total assay volume (20 μL) and not in 10 μL as suggested by 
the supplier. The laboratory was participating in an external quality assurance 
program (Equalis, Uppsala, Sweden) which included APOE genotyping.

• Genoa: Lipids and apolipoproteins were analyzed in the laboratory of the Lipid 
Clinic. Enzymatic methods were used for lipids and nephelometric methods 
were used for apolipoproteins. All other measurements were done in the central 
laboratory of the hospital. APOE genotype was done using the method described 
by Hixson (2). First PCR-based amplification of DNA was performed.  Then 
primers were added and after 30 cycles in a thermocycler, Hhal-I (New England 
BioLabs-Celbio) was added to digest the PCR products. Gel electrophoresis on 
polyacrylamide gel was used to separate restriction fragments.
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• Barcelona: Standard enzymatic methods were used. When TG were >400 mg/dL 
(4.5 mmol/L) lipoprotein separation was performed using ultracentrifugation. 
For all laboratory values the unit was mg/dl, except for CK, ALAT, ASAT for 
which U/L was used. APOE genotype was determined using DNA amplification 
following the Hixson method (2). First primers were added and the reaction 
mixture was heated for denaturation. Digestion was done using CfoI (Boehringer 
Mannheim, Germany) after which polyacrylamide gel electrophoresis was 
performed. Staining was done using bromide and visualization with UV 
illumination (3).

Table S1: Division of lipid-lowering medication in usual / intensive dose according to 

theoretical LDL-C reduction (4-7)

Dose
(theoretical LDL-C reduction) Lipid-lowering medication in this category

Usual dose
(1-40%)

pravastatin 10-40 mg, fluvastatin 20-80 mg
monotherapy with ezetimibe, fibrates or bile acid sequestrants (or any combination of 
these)

simvastatin 10 and 20 mg, atorvastatin 10 mg

Intensive dose
(≥40%)

simvastatin 40-80 mg, atorvastatin (any dose higher than 10 mg),  
rosuvastatin (any dose)
combination of simvastatin or atorvastatine with ezetimibe 10 mg

LDL-C = low-density lipoprotein cholesterol
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Introduction
Plasma low-density lipoprotein cholesterol (LDL-C) is an important modifiable 
risk factor for cardiovascular disease (CVD). In routine clinical practice LDL-C is 
calculated using the Friedewald formula (box 1). 

In his original paper, Friedewald mentioned three exceptions to the use of his 
formula: non-fasting samples, triglycerides (TG) > 4.0 mmol/L and Familial 
Dysbetalipoproteinemia (FD) (type III hyperlipoproteinemia) (1). The European 
guidelines recently abandoned the fasting state, and the Friedewald formula can be 
reliably used up to TG of 9.0 mmol/L (2). The third exception, however, remains. 
FD is a genetic disorder in which remnants of VLDL and chylomicrons accumulate 
and confer a high risk of premature CVD. The FD phenotype is characterized by high 
TG, high total cholesterol (TC) and low LDL-C. Most FD patients are homozygous 
for apoE2 (ε2ε2 genotype). Low LDL-C levels in FD are a consequence of impaired 
conversion of VLDL to LDL, due to reduced lipolysis, because apoE2 displaces 
apoC2, the cofactor of lipoprotein lipase, and hepatic lipase action on remnants is 
impaired (3).

 In this study we compared three methods for quantification of plasma LDL-C 
namely the Friedewald formula, a direct homogeneous enzymatic assay, and 
polyacrylamide gradient gel electrophoresis (PGGE), in patients with genetically 
confirmed FD. 

Methods
TC and TG were measured with commercial enzymatic chemistry kits (Johnson 
& Johnson, New Brunswick), as was HDL-cholesterol (HDL-C) (Boehringer, 
Mannheim, Germany). The homogeneous enzymatic LDL-C assay measures LDL-
specific cholesterol after selective surfactant protection of LDL and removal of 
cholesterol from other lipoproteins (4). Non-denaturing polyacrylamide gradient 
gels (PGGE) separated (Sudan Black) pre-stained lipoproteins according to size in 
which LDL ranging from large to small species identifies LDL. The area under the 
curve (AUC) for LDL was used to estimate cholesterol concentration by comparing 
to dilutions of ultracentrifugally prepared LDL (5).  

Box 1: Friedewald formula (1)
LDL-C = TC – HDL-C – TG/5 (mg/dL) or TG/2.2 (mmol/L)
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Results
Treated FD patients had a median (interquartile range) LDL-C of 2.08 (1.74-2.73) 
mmol/L using the Friedewald formula, 1.70 (1.45-2.43) mmol/L with the direct 
LDL-C assay and 0.77 (0.25-2.22) mmol/L with PGGE (table 1). In healthy (non-
fasting) volunteers the median LDL-C values were 3.25 (2.69-3.96) mmol/L; 2.89 
(2.47-4.27) mmol/L; and 4.09 (3.13-4.88) mmol/L for the Friedewald, direct and 
PGGE methods respectively. In FD patients the mean Friedewald-derived LDL-C 
was significantly higher than the direct and PGGE methods (table 1). There was no 
correlation of LDL-C between the Friedewald and PGGE methods  (r=0.13, P=0.68), 
nor between direct and PGGE methods (r=0.08, P=0.80), whilst correlation was 
found between Friedewald and direct measurements (r=0.79, P<0.01). In healthy 
controls, Friedewald LDL-C was lower compared to the direct LDL-C method, with 
no other significant differences, and there was a significant correlation between 
the Friedewald and direct measurements (r=0.90, P=0.02), but not between the 
Friedewald and PGGE (r=0.48, P=0.33) or PGGE and direct measurements (r=0.69, 
P=0.13). 

Discussion
The results confirm overestimation of LDL-C by the Friedewald formula in FD 
patients, compared to the direct homogeneous enzymatic LDL assay and gel 
electrophoresis. This overestimation is because the Friedewald formula ascribes a 
fixed proportion of cholesterol relative to plasma triglycerides (TG (in mg/dL)/5 
or TG (in mmol/L)/2.2) under normal conditions. In FD the cholesterol content in 
VLDL (remnants) is (much) higher, leading to underestimation of VLDL-C and 
subsequent overestimation of LDL-C. The LDL-C underestimation of the Friedewald 
formula in healthy controls is most likely also due to the fixed VLDL-C/VLDL-TG 
proportion. In a non-fasting state TG are carried in VLDL and chylomicrons, while 
the Friedewald formula assumes all TG are carried in VLDL only. 
 The direct LDL-C assay determines LDL-C with a lipoprotein-specific surfactant. 
Such LDL-C results correlated well with ultracentrifugation in both normo- and 
hypertriglyceridemic subjects (r= 0.96 and 0.93 respectively) (4). However, fast 
protein liquid chromatography showed contamination of VLDL in the LDL fraction 
of healthy subjects (4). This contamination might be enhanced in patients with 
FD, because VLDL remnants approach the size of LDL. The “lipoprotein specific” 
surfactant might therefore bind both LDL and VLDL remnants, collectively reacting 
as “LDL-C”. The reliability of the direct LDL method has not been investigated in 
FD and should be validated in this population, preferably by ultracentrifugation. 
This need is underscored by the finding in 64 FD patients that 43% of all and 72% 
of untreated patients had no detectable LDL-sized particles on PGGE. A ratio of 
>0.5 between intermediate-density lipoprotein AUC and LDL-AUC on PGGE, had 
a sensitivity of 89% and specificity of 100% for diagnosing FD (5). 
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In conclusion, we confirm that the Friedewald formula overestimates LDL-C in 
FD patients compared to other LDL quantification methods, and that its use in FD 
should be avoided. Furthermore, the direct LDL assay should be validated in FD. 

Table 1: Characteristics of FD patients and healthy controls, including results from 3 different 

LDL-C quantification methods

FD patients 
N=12

Healthy controls
N=6

Age (years ± SD) 60.2 ± 10.6 57.2 ± 10.1

Males (%, N) 83 (10) 83 (5)

Cardiovascular disease (%, N) 33 (4) 0 (0)

T2DM (%, N) 17 (2) 0 (0)

Hypertension (%, N) 25 (3) 17 (1)

BMI (kg/m2) 27.4±1.8 24.7±2.7

ε2ε2 genotype (%, N) 92 (11) unknown

Lipid-lowering medication (%, N) 83 (10) 0 (0)

Fasting (%, N) 100 (12) 0 (0)

TC (mmol/L) 5.59 ± 1.97 5.63 ± 0.66

Non-HDL-C (mmol/L) 4.24 ± 2.00 4.23 ± 0.78

HDL-C (mmol/L) 1.34 ± 0.34 1.39 ± 0.17

TG (mmol/L) 2.9 [1.9-4.3] 2.0 [1.4-2.8]

Low-density lipoprotein cholesterol (LDL-C)

Friedewald (mmol/L) 2.08 [1.74-2.73] 3.25 [2.69-3.96]

Direct (mmol/L) 1.70 [1.45-2.43] 2.89 [2.47-4.27]

PGGE (mmol/L) 0.77 [0.25-2.22] 4.09 [3.13-4.88]

LDL-C comparisons (P-values)

Friedewald vs direct 0.028* 0.028*

Friedewald vs PGGE 0.023* 0.753

Direct vs PGGE 0.084 0.173

Continuous variables are expressed as mean ± standard deviation or median [interquartile 

range]. Comparisons were made with a Wilcoxon signed rank test. * P-value <0.05.

Abbreviations: T2DM = type 2 diabetes mellitus; BMI = body-mass index; TC = total cholesterol; 

Non-HDL-C= non-high-density lipoprotein cholesterol (TC – HDL-C); HDL-C = high-density 

lipoprotein cholesterol; TG = triglycerides; Friedewald = Friedewald formula (see Box 1); Direct 

= direct LDL assay; PGGE = non-denaturing polyacrylamide gradient gel electrophoresis. 
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Abstract
Introduction
Familial Dysbetalipoproteinemia (FD) is a genetic disorder that is associated with 
impaired postprandial lipid clearance. This study assessed the effect of adding 
bezafibrate daily to standard lipid-lowering therapy on postprandial and fasting 
lipid levels in patients with FD. 

Methods
In this randomized, placebo-controlled, double blind, crossover trial, patients with 
genetically confirmed FD received bezafibrate retard 400 mg and placebo for 6 
weeks each, in randomized order, in addition to standard lipid-lowering therapy 
(statin, ezetimibe and/or lifestyle). We assessed post fat-load lipids, expressed 
as area under the curve (AUC) and incremental area under the curve (iAUC, i.e. 
corrected for fasting values); as well as fasting levels and safety outcomes. 

Results
Adding bezafibrate to standard lipid-lowering treatment did not reduce post-fat load 
non-HDL-C iAUC (1.78±4.49 mmol.hr/L vs. 1.03±2.13 mmol.hr/L, P=0.57), but 
did reduce post-fat load TG iAUC (8.05±3.32 mmol.hr/L vs. 10.61±5.92  mmol.
hr/L, P=0.03) and apolipoprotein B (apoB) (0.64±0.62 g.hr/L vs. 0.93±0.71 g.hr/L, 
P=0.01) compared to placebo. Furthermore, bezafibrate significantly improved the 
AUC and fasting levels of non-HDL-C, TG, TC, HDL-C and apoB. Bezafibrate 
increased insulin iAUC and decreased fasting insulin, but did not affect insulin AUC. 
Bezafibrate was associated with a lower eGFR compared to placebo (78.4±11.4 ml/
min/1.73m2 vs. 86.1±5.85 ml/min/1.73m2, P=0.002).

Conclusion
In patients with FD, the addition of bezafibrate to standard lipid-lowering therapy 
resulted in lower fasting and post-fat load plasma lipids. Combination therapy 
of statin/fibrate could be considered as standard lipid-lowering treatment in FD 
patients.
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Introduction
Familial Dysbetalipoproteinemia (FD) is characterized by an increased risk 
of premature vascular disease due to accumulation of atherogenic lipoprotein 
remnants in the circulation (1). The prevalence of FD in the general population is 
approximately 1 in 850 individuals (2, 3).
 The treatment target in FD is non high-density lipoprotein cholesterol (non-
HDL-C = total cholesterol (TC) minus HDL-C) instead of low-density lipoprotein 
cholesterol (LDL-C) (4), because FD patients usually have low to normal LDL-C 
plasma levels and normal HDL-C concentration (5). The recommended treatment 
in guidelines for FD is statin/fibrate combination therapy, because statins reduce 
very-low-density lipoprotein (VLDL) production and decrease CVD risk while 
fibrates reduce triglycerides (TG) (6, 7). However, in clinical practice only 10% 
of the FD patients is treated with statin/fibrate combination (4), which is probably 
due to an ongoing debate about the efficacy of fibrate therapy in reducing clinical 
endpoints (8), and the risk of adverse events, such as myalgia and rhabdomyolysis 
during statin/fibrate combination therapy (9). Furthermore, clinical trial evidence 
to substantiate treatment decisions in FD is scarce. Two clinical trials that included 
a total of 31 FD patients, showed that statin/fibrate combination therapy decreased 
fasting levels of TC, TG and VLDL cholesterol (VLDL-C) in 12 patients that 
remained hypercholesterolemic on monotherapy with either fibrate or statin (10, 
11). With regard to postprandial lipids, a study that evaluated the effect of statins 
on postprandial fat clearance in 5 FD patients, showed significant reductions in 
both VLDL synthesis and absolute cholesterol absorption compared to no statin 
treatment, but no improvement in the delayed postprandial fat clearance (12). 
Fenofibrate has been shown to reduce post-prandial TG levels compared to placebo 
in T2DM patients, but has not been investigated in FD (13).
 To assess whether addition of bezafibrate retard 400 mg daily to standard lipid-
lowering therapy would reduce fasting and post-fat load lipid levels compared 
to placebo in FD, we performed a randomized, placebo controlled, double blind, 
crossover study. 

Material and methods
Patients
Study subjects were recruited from patients who attended the outpatient clinic of 
the department of Vascular Medicine at the University Medical Center Utrecht for 
hyperlipidemia or primary/secondary prevention of vascular disease. After genetic 
confirmation of FD, patients were asked by their treating physician to participate 
in the study. Inclusion criteria were a genetically confirmed ε2ε2 genotype or 
autosomal dominant mutation in APOE in combination with (at least) one of the 
following clinical characteristics: (history of) presence of xanthoma, apolipoprotein 
B (apoB)/TC ratio <0.15 or use of lipid-lowering medication. All patients were 
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over 18 years and received standard treatment for FD, which included lifestyle 
measures with or without pharmacological therapy with statin and/or ezetimibe. 
Women were only included if they were post-menopausal. Exclusion criteria were 
current use of- or intolerance to fibrates; use of oral anticoagulants; history of 
cholelithiasis or previous cholecystectomy; uncontrolled diabetes mellitus (HbA1c 
> 69 mmol/mol); increased hepatic enzymes (>1.5 times upper limit of normal 
(ULN)); impaired renal function (eGFR CKD-EPI <60 ml/min/1.73m2); increased 
levels of creatinine kinase (CK >3 x ULN); or use of a CYP3A4 inhibitor. The study 
was conducted in accordance with the principles of the Declaration of Helsinki and 
Good Clinical Practice. The Medical Ethics Review Committee of the institution 
approved the study and all participants provided written informed consent prior to 
study enrollment. This was an investigator initiated study not financially supported 
by a for profit organization.

Study design
The study was a monocenter, randomized, double blind, placebo controlled, 
crossover study. Randomization for treatment order was performed in blocks of 4. 
Patients and staff were blinded for treatment order and outcome measures. Patients 
received bezafibrate retard 400 mg once daily for a period of 6 weeks and placebo 
once daily for a period of 6 weeks in random order (figure 1). There was a washout 
period of 2 weeks to control for carryover effects in which patients received no 
study medication. Since the half-life of bezafibrate is less than 4 hours, a period of 
two weeks ensures complete washout of the drug. Patients were instructed not to 
change their diet, alcohol use, medication use or physical activity during the study. 
At the start of the first treatment period (baseline) and after both treatment periods, 
patients visited the hospital to receive an oral fat load after an overnight fast. The 
fat load consisted of unsweetened fresh cream with a fat content of 35% (mass/
volume). Cream was administered at a dose of 110g of fat per square meter of body 
surface area, with a maximum of 500 ml. Before and 2, 3, 4, and 6 hours following 
the fat load venous blood samples were collected. During this period patients were 
allowed to drink water. Endpoints were (incremental) post-fat load and fasting 
concentrations of non-HDL-C, TG, TC, HDL-C, apoB, insulin, glucose and high 
sensitive C-reactive protein (hsCRP). Safety and tolerability were also assessed.
 The sample size was based on an expected reduction in (incremental) post-
prandial non-HDL-C of 15% for bezafibrate compared to placebo and a median 
Cohen’s effect size. For a parallel group design with a power of 80% this resulted 
in a sample size (N) of 92 patients. To calculate the sample size for a crossover 
design we used the formula ((1-ρ)*N)/2 with 0.7 for ρ, the correlation between 
measurements (14). This resulted in a required sample size of 14 patients for this 
trial, which we increased to 15 patients to compensate for any loss-to-follow up 
(which did not occur).
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Figure 1: Study design.

Definitions and measurements
Cardiovascular disease at baseline was defined as a history of coronary artery 
disease (angina pectoris, myocardial infarction, coronary artery bypass graft 
(CABG) or percutaneous intervention (PCI)), cerebrovascular disease (ischemic or 
hemorrhagic stroke or transient ischemic attack), peripheral arterial disease (leg 
claudication or peripheral revascularization) or abdominal aortic aneurysm (AAA). 
Diabetes mellitus type 2 (T2DM) was defined as self-reported presence of T2DM, 
use of glucose-lowering agents, a fasting plasma glucose level ≥7.0 mmol/l or 
HbA1c >48 mmol/mol at screening (15). Hypertension was defined as self-reported 
presence of hypertension, use of antihypertensive agents, or a high blood pressure 
(BP) at baseline (systolic BP ≥140 mmHg or diastolic BP ≥90 mmHg). BP was 
measured once at the upper right and left arm using appropriate cuff size. The 
mean value of the two measurements was reported. Body mass index (BMI) was 
calculated by dividing mass (in kilograms) by height (in meters) squared. Waist 
circumference (WC) was measured halfway between the lower costal margin and 
the iliac crest when standing. Metabolic syndrome (MetS) was defined using the 
ATP III criteria as having at least three of the following metabolic abnormalities 
(16): waist circumference >102 cm for males and >88 cm for females; fasting 
triglycerides ≥1.7 mmol/l (150 mg/dl); HDL cholesterol <1.03 mmol/l (40 mg/dl) 
for males and HDL-c <1.29 mmol/l (50 mg/dl) for females; systolic blood pressure 
≥130 mmHg or diastolic blood pressure ≥85 mmHg; fasting plasma glucose ≥5.6 
mmol/l. Insulin resistance was expressed as HOmeostasis Model Assessment 
parameter of Insulin Resistance (HOMA-IR). HOMA-IR was calculated as fasting 
serum glucose (mmol/L)*fasting serum insulin (mIU/L) / 22.5 (17).
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Laboratory analyses
Laboratory samples were analyzed on coded specimens without knowledge of 
treatment allocation. TC, TG and fasting glucose were measured with a commercial 
enzymatic dry chemistry kit (Johnson & Johnson, New Brunswick, USA) and 
HDL-C was measured with a commercial enzymatic kit (Boehringer, Mannheim, 
Germany). Non-HDL-C was calculated as TC minus HDL-C. Glycated hemoglobin 
(HbA1C) was measured using high performance liquid chromatography on a HA-
8180 analyzer (Menarini Diagnostics, Florence, Italy). Insulin was measured with 
an immunometric technique on an IMMULITE 1000 Analyzer (Diagnostic Products 
Corporation, LA, USA). Serum hsCRP was measured by immunonephelometry 
(Nephelometer Analyzer BN II, Dade-Behring, Germany). Thyroid stimulating 
hormone (TSH) measurements were done by a Dxi analyzer (Beckman Coulter, 
Woerden, the Netherlands). Creatinine, creatine kinase (CK), aspartate 
aminotransferase (ASAT) and alanine aminotransferase (ALAT) were measured 
with an enzymatic colorimetric assay (DxAU 5811, Beckman Coulter, Brea, CA, 
USA). The glomerular filtration rate (GFR) was estimated with the Modification of 
Diet in Renal Disease (MDRD) formula (18). 

Data analyses
Baseline variables were presented as mean with standard deviation or median with 
interquartile range when appropriate. Categorical variables were shown as number 
with percentage. Post-fat load lipids were expressed as area under the curve (AUC) 
and incremental area under the curve (iAUC). AUC (in mmol.hr/L) was calculated 
with the trapezoid rule for post-fat load measurements (at 0, 2, 3, 4 and 6 hours). The 
iAUC was calculated to adjust the AUC for the fasting value, by subtracting 6 (hours) 
times the fasting value (at timepoint 0) from the AUC. 
 Differences in mean iAUC, AUC and fasting values between the two treatment arms 
were calculated using a paired t-test, or a Wilcoxon signed rank sum test in case of 
non-linearity. Carryover and period effects were assessed with an independent samples 
t-test. There were no missing values. P values <0.05 were considered statistically 
significant. For the statistical analyses R version 3.1.1 (R Development Core Team, 
Vienna, Austria) and SPSS version 21 (Chicago, Illinois, USA) were used. 

Results
Baseline characteristics
Fifteen patients were included, 2 women and 13 men (table 1). The mean age was 
60.5±10.1 years. One patient was included with a dominant type of FD (K146Q 
mutation), the other 14 patients had the ε2ε2 genotype. Four patients had (a history 
of) xanthoma. Four patients had T2DM, four patients had hypertension and five 
patients had a history of cardiovascular disease. Lipid lowering medication consisted 
of statin only (N=9) or statin plus ezetimibe (N=4). Two patients were on a low-fat 
diet only. Mean BMI was 27.3±2.0 kg/m2.
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Table 1: Baseline characteristics.

All patients (n=15)

Age 61.5 ± 10.0

Male sex (N, %) 13 (87)

APOE genotype
ε2ε2
Dominant

14 (93)
1 (8)

History of xanthoma (N, %) 4 (27)

Cardiovascular disease
CAD (N, %)
PAD (N, %)
CVA (N, %)
AAA (N, %)

5 (33)
1 (7)
1 (7)
2 (13)
1 (7)

Current smoking (N, %) 0 (0)

Type 2 diabetes (N, %) 4 (27)

Hypertension (N, %) 4 (27)

Metabolic syndrome (N, %) 9 (60)

Family history of CVD (N, %) 5 (33)

Lipid-lowering treatment:
Diet only (N, %)
Statin only (N, %)
Statin + ezetimibe (N, %)

2 (13)
8 (53)
5 (33)

Body-mass index (kg/m2) 27.1 ± 2.0

Waist circumference (cm) 101 ± 7

Systolic blood pressure (mmHg) 138 ± 13

Diastolic blood pressure (mmHg) 86 ± 7

HbA1c (mmol/mol) 37.3 ± 4.0

Creatinine (µmol/L) 76 ± 13

eGFR (ml/min/1.73m2) 85 ± 7

Creatine kinase (U/L) 136 ± 47

ASAT (U/L) 35 ± 7

ALAT (U/L) 34 ± 13

TSH (mIU/L) 1.90 ± 1.16

Post-fat load lipids
Addition of bezafibrate to standard lipid lowering treatment did not reduce 
non-HDL-C iAUC  compared to placebo (1.78 ± 4.49 mmol.hr/L vs 1.03 ± 
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2.13 mmol.hr/L, P=0.57), but did decrease TG iAUC (8.05 ± 3.32 mmol.hr/L 
vs 10.61 ± 5.92 mmol.hr/L, P=0.03) and apoB iAUC (0.64 ± 0.62 g.hr/L vs. 
0.93 ± 0.71 g.hr/L, P=0.01). Bezafibrate also increased insulin iAUC (21.9 ± 
14.7 mIU.hr/L vs 4.0 ± 28.5 mIU.hr/L, P=0.03) and HOMA-IR (4.40 ± 4.11 vs  
-0.37 ± 6.92, P=0.03). No differences in iAUC of TC, HDL-C, glucose or hsCRP 
were observed (table 2). There were no carry-over (P=0.23) or period effects 
(P=0.50). 
 The AUC of non-HDL-C was significantly reduced by addition of bezafibrate 
compared to placebo (16.4 ± 4.7 mmol.hr/L vs 22.2 ± 7.6 mmol.hr/L, P=0.002), 
as were TG AUC (15.8 mmol.hr/L, IQR 14.0-22.2 mmol.hr/L vs 24.5 mmol.hr/L, 
IQR 19.3-31.3 mmol.hr/L, P<0.001), TC AUC (24.9 ± 5.5 mmol.hr/L vs 29.8 ± 8.5 
mmol.hr/L, P= 0.007) and apoB AUC (3.55 ± 0.97 g.hr/L vs. 4.53 ± 1.41 g.hr/L, 
P<0.001). The HDL-C AUC was increased (8.33 ± 1.55 mmol.hr/L vs 7.34 ± 1.81 

Figure 2: Postprandial lipid levels after treatment with bezafibrate (triangles) and placebo 

(squares).
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mmol.hr/L, P=). No differences in the AUC of glucose, insulin, HOMA-IR or hsCRP 
were observed (figure 2) (table 3).

Fasting lipids
Treatment with bezafibrate significantly lowered fasting plasma concentrations 
of non-HDL-C (2.43 ± 0.96 mmol/L vs. 3.53 ± 1.35 mmol/L, P=0.008), TG 
(1.50 mmol/L, IQR 1.20-1.90 mmol/L vs. 2.60 mmol/L, IQR 2.19-3.40 mmol/L, 
P=0.001), TC (4.02 ± 0.91 mmol/L vs 4.78 ± 1.42 mmol/L, P=0.014), and apoB 
(0.49 ± 0.10 g/L vs. 0.60 ± 0.17g/L, P=0.002) compared to placebo. HDL-C levels 
were significantly increased compared to placebo (1.38 ± 0.27 mmol/L vs. 1.25 
± 0.32 mmol/L, P=0.002). Bezafibrate reduced fasting insulin levels compared to 
placebo (9.9 mIU/L, IQR 8.2-12.5 mIU/L vs. 12.0 mIU/L, IQR 10.8-17.5 mIU/L), 
P=0.045), but did not affect fasting glucose or hsCRP levels (table 4). 

Safety and tolerability
All 15 patients completed both treatment periods and bezafibrate was generally 
well tolerated. There were no serious adverse events and none of the patients 
discontinued treatment. Side effects occurred in seven patients; one developed 
myalgia in combination with a CK of 1781 U/L (table S1 of the supplementary 
material). Bezafibrate was associated with a higher serum creatinine compared to 
placebo (86.2 ± 14.7 umol/L vs 76.1 ± 10.3 umol/L, P<0.001) and an accompanying 
lower eGFR (78.4 ± 11.4 ml/min/1.73m2  vs. 86.13 ± 5.85 ml/min/1.73m2, P=0.002). 
Other safety parameters did not differ between bezafibrate and placebo (table 5). 

Table 2: Post-fat load iAUC after 6 weeks of bezafibrate compared to placebo

Placebo Bezafibrate P-value

iAUC iAUC 

Non-HDL-C (mmol.hr/L) 1.03 ± 2.13 1.78 ± 4.49 0.5719

TG (mmol.hr/L) 10.61 ± 5.92 8.05 ± 3.32 0.0266*

TC (mmol.hr/L) 1.18 ± 1.44 0.76 ± 0.69 0.3491

HDL-C (mmol/L) -0.16 ± 0.42 0.03 ± 0.24 0.0717

ApoB (g.hr/L) 0.93 ± 0.71 0.64 ± 0.62 0.0098*

Glucose (mmol.hr/L) -2.78 ± 2.26 -1.88 ± 1.47 0.1565

Insulin (mIU.hr/L) 4.0 ± 28.5 21.9 ± 14.7 0.0275*

HOMA-IR -0.37 ± 6.92 4.40 ± 4.11 0.0304*

hsCRP (mg.hr/L) -0.54 ± 0.98 -0.02 ± 1.14 0.3036

* P-value <0.05. Mean ± SD.
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Table 3: Post-fat load AUC after 6 weeks of bezafibrate compared to placebo

Placebo Bezafibrate P-value

AUC AUC 

Non-HDL-C (mmol.hr/L) 22.2 ± 7.6 16.4 ± 4.7 0.0022*

TG (mmol.hr/L) 24.5 (19.3-31.3) 15.8 (14.0-22.2) 0.0001*

TC (mmol.hr/L) 29.8 ± 8.5 24.9 ± 5.5 0.0070*

HDL-C (mmol/L) 7.34 ± 1.81 8.33 ± 1.55 <0.0001*

ApoB (g.hr/L) 4.53 ± 1.41 3.55 ± 0.97 0.0007*

Glucose (mmol.hr/L) 31.98 ± 3.45 32.56 ± 3.47 0.3938

Insulin (mIU.hr/L) 83.5 (63.0-115.2) 81.4 (66.7-112.2) 0.8469

HOMA-IR 21.2 (15.4-26.9) 19.7 (15.5-25.8) 0.9341

hsCRP (mg.hr/L) 8.30 (6.13-18.42) 8.80 (5.63-13.27) 0.7615

* P-value <0.05. Mean ± SD or median (interquartile range).

Table 4: Fasting concentrations after 6 weeks of bezafibrate compared to placebo

Placebo Bezafibrate P-value

Non-HDL-C (mmol/L) 3.53 ± 1.35 2.43 ± 0.96 0.0079*

TG (mmol/L) 2.60 (2.19-3.40) 1.50 (1.20-1.90) 0.0012*

TC (mmol/L) 4.78 ± 1.42 4.02 ± 0.91 0.0144*

HDL-C (mmol/L) 1.25 ± 0.32 1.38 ± 0.27 0.0017*

ApoB (g/L) 0.60 ± 0.17 0.49 ± 0.10 0.0020*

Glucose (mmol/L) 5.79 ± 0.77 5.74 ± 0.64 0.6796

Insulin (mIU/L) 12.0 (10.8-17.5) 9.9 (8.2-12.5) 0.0445*

HOMA-IR 3.1 (2.7-4.3) 2.9 (2.1-3.2) 0.1726

hsCRP (mg/L) 1.40 (1.05-3.10) 1.40 (0.95-2.40) 1.00

* P-value <0.05. Mean ± SD or median (interquartile range).

Table 5: Safety outcomes after 6 weeks of bezafibrate compared to placebo

Placebo Bezafibrate P-value

ASAT (U/L) 34.1 ± 8.2 44.4 ± 40.2 0.3405

ALAT (U/L) 30.7 ± 11.8 31.1 ± 9.6 0.9259

CK (U/L) 124 (103 - 143) 139 (103 - 194) 0.1182

Creatinine (µmol/L) 76.1 ± 10.3 86.2 ± 14.7 0.0005*

eGFR (ml/min/1.73m²) 86.13 ± 5.85 78.4 ± 11.4 0.0021*

* P-value <0.05. Mean ± SD or median (interquartile range).
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Discussion
In this study we investigated the effect of adding bezafibrate to standard lipid-
lowering therapy on fasting and post fat-load lipid levels in patients with FD. 
Adding bezafibrate did not reduce post-fat load non-HDL-C iAUC, but did reduce 
post-fat load iAUC of TG and apoB compared to placebo. Furthermore, bezafibrate 
significantly improved the post-fat load AUC as well as fasting plasma levels of 
non-HDL-C, TG, TC, HDL-C and apoB. Bezafibrate lowered fasting insulin levels, 
and increased the iAUC, but not the AUC, of insulin and HOMA-IR. Post-fat load 
and fasting glucose and hsCRP were not affected. Finally, bezafibrate was associated 
with a reduced eGFR. 
 After an oral fat load the production of chylomicrons (CM) in the intestine and 
hepatic production of very low-density lipoproteins (VLDL) is increased, which is 
reflected by postprandial hypertriglyceridemia, while TC and LDL-C change little 
(19). Non-fasting hypertriglyceridemia (>5 mmol/L) is associated with a 17-fold 
increased risk of myocardial infarction, a 5-fold increased risk of ischemic stroke 
and a 4-fold increased risk of death in the general population (20). Non-fasting TG 
remains an independent risk factor for CVD, even after adjustment for TC, HDL-C 
and insulin resistance, in contrast to fasting TG levels (21), probably because it 
reflects impaired clearance and accumulation of remnants. Since TG is not present 
in atherosclerotic plaques, the association between plasma TG and CVD is more 
likely mediated by remnants and their cholesterol (22). Remnant lipoproteins are the 
residues of CM and VLDL after lipolysis of their TG content. Like LDL particles, 
remnants have apoB on their phospholipid shell and are small enough to penetrate 
the vascular wall, to evoke an inflammatory reaction that leads to atherosclerotic 
plaques (20). ApoB is associated with CVD risk (23), because the apoB plasma 
concentration is a direct reflection of the number of LDL and remnant lipoproteins 
(24). FD patients have an impaired post-prandial clearance of remnant lipoproteins, 
as expressed by high post-fat load TG and cholesterol levels (25). Fenofibrate is 
associated with a decrease in postprandial TG and apoB48 in hypertriglyceridemic 
subjects (13), which is in line with the present study where we show that addition 
of bezafibrate to standard lipid-lowering therapy reduced post-fat load levels of TG 
and apoB, indicating improved post-prandial clearance of remnant lipoproteins. 
 Studies in FD patients that compared statin to fibrate therapy found that statins 
lower LDL-C levels and to a lesser degree TG, but do not increase HDL-C, while 
fibrates improve TG and HDL-C, but not LDL-C (26-28). Both statins and fibrates 
reduce apoB, although statins reduce apoB more effectively (33% versus 17%) 
(28). Adding a fibrate to statin therapy in FD patients resulted in improved fasting 
levels of TC, TG and HDL-C compared to statin monotherapy, but these changes 
were non-significant (10, 11), which was probably due to insufficient power 
because fibrate was only added in patients who did not sufficiently respond to 
statin monotherapy. In general, the European dyslipidemia guideline recommends 
initiating treatment for hypertriglyceridemia when TG levels are >2.3 mmol/L (7). 
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The guideline mentions that in FD “most cases respond well to treatment with a 
statin or, if dominated by high TG, a fibrate”; and that “often a combination of a 
statin and a fibrate may be needed” (7). Our study is the first to compare the effect 
of adding a fibrate to standard lipid lowering therapy on post-fat load and fasting 
lipids in all FD patients and shows a significant beneficial effect on post-prandial 
TG and apoB levels and on fasting non-HDL-C, TG, TC, HDL-C and apoB levels. 
The lipid lowering effect of bezafibrate is in line with a meta-analysis of 20 trials 
that included 25,655 patients (including 4,984 patients on bezafibrate) that showed 
that fibrates reduce (fasting) plasma TG and TC and increase HDL-C (29); and 
with a postprandial study that found increased lipolysis and remnant removal by 
bezafibrate in patients with diabetes mellitus (30). 
 Bezafibrate is pan-PPAR agonist that affects lipid metabolism and also improves 
glucose uptake and reduces hepatic glucose production (31). These findings are in 
line with our observation that fasting insulin was lower after bezafibrate treatment 
compared to placebo, as was observed in T2DM patients (32). However, we also 
found an increase in incremental post-fat load insulin levels after bezafibrate 
therapy. T2DM is associated with an impaired incretin response leading to reduced 
pancreatic insulin secretion shortly after a meal (first hour) (33, 34). A study in 
diabetic mice showed that bezafibrate improved the efficacy of incretin based 
therapies leading to improved glycemic control and pancreatic beta-cell morphology 
(35). The actual exposure of a patient to insulin is expressed by the AUC, which 
was the same between bezafibrate and placebo in our study. This is line with a study 
in T2DM patients (32), but in contrast with a study in mildly hypertriglyceridemic 
patients that found a decrease in insulin AUC after bezafibrate therapy (36).
 The efficacy of adding a fibrate to statin therapy to reduce CVD is debated, due 
to the results of the ACCORD randomized trial, in which no reduction in major 
cardiovascular events was found in patients with T2DM when fenofibrate was 
added to statin therapy (8). FD was not specifically identified in such studies to 
evaluate cardiovascular risk. A large meta-analysis of fibrate studies showed that 
fibrates decreased the risk of non-fatal MI (HR 0.78, 95%CI 0.69-0.89), but not 
all-cause mortality (HR1.05, 95%CI 0.95-1.15) (29), however separate effects of 
fibrate/statin combination therapy were not reported. Bezafibrate has been shown to 
reduce thoracic and abdominal aorta plaque volumes measured with MRI in patients 
with dyslipidemia and hypertriglyceridemia without CVD (37). Furthermore, meta-
analyses in patients with high plasma TG or atherogenic dyslipidemia (high TG, 
low HDL-C) with and without diabetes and from both primary and secondary 
prevention, showed that fibrates significantly decreased CVD in these subgroups 
(38, 39). This subgroup effect was also found in ACCORD (8). FD patients usually 
have high TG levels and it is therefore reasonable to hypothesize that bezafibrate 
added to standard lipid lowering therapy reduces CVD risk in FD. This hypothesis 
should be tested in a randomized clinical trial. 
 In the present study it was shown that bezafibrate was associated with a lower 
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glomerular filtration rate (eGFR) compared to placebo. This is a common finding 
in patients on fibrates and the decreased kidney function is completely reversible 
after cessation of therapy (40). A study in patients with an eGFR within the normal 
or mildly impaired range, found a decreased incidence of CVD of 3% (P<0.001) 
with every 10 ml/min/1.73 m2 eGFR increase (41), indicating the beneficial effect 
of a higher eGFR. However, in patients with chronic kidney failure, fibrates were 
associated with a reduction in CV death  (HR 0.60, 95%CI 0.38-0.98) and did not 
confer an increased risk of end-stage renal disease (HR 0.85, 95%CI 0.49-1.49) 
despite a decreased eGFR (-2.67 ml/min/1.73m2, P=0.01) (42). These studies 
indicate that, although kidney function should be closely monitored, mildly reduced 
kidney function per se is not a contra-indication for the use of fibrates. Besides 
this, four patients in the present study developed myalgia with one of them having 
increased serum CK levels. The combination of fibrate and statin is associated with 
a higher incidence of myalgia and rhabdomyolysis (9), although the latter is rare. 
During statin/fibrate combination therapy monitoring of kidney function, muscle 
related side effects and CK levels is recommended.
The strength of this study is that there were no missing data and all participants 
completed both treatment periods of the cross-over study. Potential limitations of 
this study are the small sample size, although the crossover design greatly improves 
efficacy and minimizes variation between groups. Nevertheless, the sample size 
limits the possibilities for subgroup analyses. Furthermore, no information on the 
TG and cholesterol content of VLDL was available and no direct LDL measurements 
were performed. Although this information could have improved the understanding 
of specific lipid effects of bezafibrate and statins, these measurements are usually 
also not available in routine clinical practice. Last, the number of women in this 
trial was low and therefore generalization to female FD patients should be done 
with care. 
 In conclusion, in patients with FD, the addition of bezafibrate to standard 
lipid-lowering therapy resulted in lower fasting and post-fat load plasma lipids. 
Combination therapy of statin and fibrate could be considered as standard lipid-
lowering treatment in FD patients.
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Supplementary material

Table S1: Reported side effects

Pt Side-effect Study drug Background lipid lowering therapy

1 Gastro-intestinal complaints Bezafibrate Lifestyle + simvastatin 40 mg + ezetimibe 10 mg

2 Increase in former complaints of fatigue 
and flatulence

Placebo Lifestyle + atorvastatin 10 mg

3 Myalgia + CK 1718 U/L Bezafibrate Lifestyle 

4 Myalgia Placebo + Bezafibrate Lifestyle + atorvastatin 20 mg

5 Myalgia Placebo + Bezafibrate Lifestyle + simvastatin 40 mg

6 Myalgia Placebo Lifestyle

7 Gastro-intestinal complaints Placebo Lifestyle + atorvastatin 10 mg + ezetimibe 10 
mg
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Cardiovascular diseases (CVD) are very common worldwide, with yearly increasing 
morbidity and mortality (1). Many (modifiable) risk factors for CVD have now been 
identified, including smoking, hypertension, diabetes mellitus, metabolic syndrome, 
obesity, physical inactivity and hyperlipidemia. The main focus of research in the 
field of hyperlipidemia has been on low-density lipoprotein cholesterol (LDL-C). 
Reduction of LDL-C with lipid-lowering drugs reduces CVD over a large range 
of patient groups with various comorbidities (2-5). With the recent introduction of 
proprotein convertase subtilisin kexin 9 (PCSK9) inhibitors in addition to statins 
and ezetimibe, LDL-C can be very effectively reduced, reaching levels as low as 
those in young children (6). 
 Obviously the LDL problem is not really “solved”, due to practical- and 
economical issues, as well as, therapy adherence. Many patients with high LDL-C 
levels due to genetic causes are diagnosed late in life, often after a first CV event, 
and do not reach LDL-C treatment targets with high intensity statins, ezetimibe 
and/or PCSK9 inhibition and thus remain at high risk (7). Furthermore, although 
many statins are generically available at low cost, the total costs of lipid-lowering 
treatment are still high and for the novel lipid-lowering therapies cost-effectiveness 
is not obvious in all patient groups (8). Finally, even in the case of (very) low 
LDL-C levels there is residual risk (9). Risk factors for residual risk after high 
intensity statin treatment are low levels of high-density lipoproteins (HDL) and 
high levels of triglyceride-rich lipoproteins (TRL: chylomicrons (CM), very-low-
density lipoproteins (VLDL) and remnants) (10, 11). A better understanding of the 
role of HDL and TRL in atherosclerosis might eventually lead to improved treatment 
strategies to further reduce the residual risk in patients at high risk for CVD.
 This thesis aimed to investigate the relation between genetic causes of (un)
favorable lipoprotein profiles, especially with regard to HDL and TRL, and several 
important clinical cardiovascular endpoints, such as diabetes mellitus (DM) and 
CVD.

Key findings
Genetic lipid disorders and cardiovascular disease

1. Genetically very low HDL-C can cause premature CVD; and genetically high 
triglycerides (TG) can cause pancreatitis.

2. Genetic inhibition of cholesteryl ester transfer protein (CETP) increases HDL-C 
but does not improve insulin resistance or decrease the risk of DM and recurrent 
events in patients with CVD.

3. The combined presence of adiposity and the apo ε2ε2 genotype is associated 
with a more atherogenic lipid profile than either condition alone.  

4. The apo ε2ε2 genotype is associated with an increased risk of peripheral artery 
disease (PAD), but not with coronary artery disease (CAD), stroke, abdominal 
aortic aneurysm or vascular mortality in patients at high risk of CVD.
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5. There is a wide range in absolute treatment effect of fenofibrate on the risk of 
major cardiovascular events (MCVE) in individual type 2 DM (T2DM) patients 
as shown by individualized treatment effect prediction.

Familial Dysbetalipoproteinemia (FD)
6. Inhibition of the hepatic HSPG receptor by secondary risk factors such as insulin 

resistance might be one of the mechanisms that causes FD in individuals with 
the apo ε2ε2 genotype.

7. The majority (60%) of FD patients does not meet the non-HDL-C lipid target of 
<3.3 mmol/L and only 11% uses statin and fibrate combination therapy.

8. In FD, the Friedewald formula overestimates LDL-C, whereas direct LDL-C 
measurement and gel electrophoresis provide better results.

9. Adding bezafibrate to standard lipid lowering treatment does not reduce 
incremental post-fat load non-HDL-C, but does significantly reduce incremental 
post-fat load triglycerides (TG) and apolipoprotein B (apoB).

High-density lipoproteins
High-density lipoproteins (HDL) are the smallest lipoproteins. Their main function 
is to transport cholesterol from peripheral tissues back to the liver. Other properties 
of HDL include anti-inflammatory actions on leucocytes and endothelial cells; 
improved endothelial function through stimulating production of nitric oxide; 
cytoprotection (prevention of apoptosis); and antithrombotic effects (12). These 
characteristics imply a strictly beneficial effect of higher HDL levels on CVD risk. 
However, there is some discussion about the causality of low HDL-C levels and 
incident T2DM and CVD.

Is HDL-cholesterol related to DM?
In observational studies, high levels of HDL-C are related to a reduced risk of 
T2DM (13). This relation between HDL-C and glucose metabolism is partly due to 
beneficial effects of HDL-C such as stimulation of β cells (14). Furthermore, lifestyle 
factors associated with T2DM, like high fat intake and low physical activity, can 
also lead to reduced HDL-C. One of the most recent HDL-C increasing therapies 
are CETP inhibitors, of which torcetrapib was the first. Although torcetrapib did 
not reduce CVD despite a marked increase in HDL-C, a post-hoc analysis did 
show improved glycemic control in T2DM patients on torcetrapib compared to 
placebo (15, 16). However, in chapter 3 we show that genetic inhibition of CETP 
in patients with previous CVD was not associated with a lower prevalence of 
insulin resistance in T2DM, or with a reduced risk of developing T2DM, despite a 
significant increase in HDL-C. The absence of a protective effect of genetic high 
HDL-C might be because the effect of the CETP mutation on HDL-C levels was 
too small to yield an effect. On the other hand, a large Mendelian randomization 
study did also not show a relation between a CETP mutation and incident T2DM 
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(17). Therefore the relation between CETP inhibition, HDL-C and T2DM warrants 
further research.

Is HDL-cholesterol related to CVD?
In large cohort studies high plasma levels of HDL-C are associated with decreased 
CVD risk (18). However, the causal relation between HDL-C and CVD is debated 
as several recent pharmacological intervention studies failed to show a reduction 
in CVD despite significant increases in plasma concentrations of HDL-C (15, 
19-21). Although the first study in 1975 with niacin found an increase in HDL-C 
and a significant reduction in CVD (22), other studies with niacin, fibrates and 
CETP inhibitors (all increasing HDL-C on a background of statins) did not show 
a reduction in CVD (15, 20, 23, 24). Our results in chapter 3 are in line with this, 
as we did not find a reduction in recurrent CVD risk in patients with CVD and a 
CETP mutation, despite a significant increase in HDL-C. In contrast, Mendelian 
randomization studies have shown that CETP mutations (and subsequent high 
HDL-C levels) are associated with a reduced risk in CVD in the general population 
(25-27). The case report in chapter 2, which describes two young individuals with 
very low HDL-C levels based on concomitant mutations in APOA1 and ABCA1, 
supports a causal relation between genetically (very) low HDL-C and CVD because 
it both patients had an increased coronary artery calcium (CAC) score compared 
to people of the same age and sex  and one of them even had extensive premature 
cardiovascular disease (28). Apparently, as the low HDL-C levels in these patients 
are present from birth (due to their genetic origin) the CVD risk is increased in these 
patients. Genetically very low HDL-C levels due to mutations in ABCA1, APOA1 
or LCAT have been shown to be associated with CVD before (29). The absence of 
a protective effect of elevated HDL-C on incident CVD as presented in chapter 3 
might be caused by selection bias because a first CV event can have (partially) been 
caused by low HDL-C. By selecting participants on presence of a prior event one also 
selects on HDL-C levels, which will eliminate the effect of HDL-C on any new CV 
event in the selected sample (30). Furthermore, the absence of an effect in chapter 
3 might be due to the relative small effect on HDL-C associated with the CETP 
SNP. Although pharmacological CETP inhibition is associated with higher HDL-C 
levels, it does not increase HDL particle number (HDL-P) (31). Recent studies 
have shown that HDL-P is a strong predictor for CVD risk, even when adjusted for 
HDL-C (32, 33). Whether HDL-C will be a treatment target to reduce residual CVD 
risk when LDL-C levels are already low, is currently unknown but seems dependent 
on a better understanding of the precise mechanism behind the strong, independent 
association between HDL-C and CVD as observed in epidemiological studies. 
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Triglyceride-rich lipoproteins
TG are associated with increased CVD risk (34) and pancreatitis (35). TG are 
carried in TRL, that consist of CM, VLDL and remnant lipoproteins. VLDL and 
CM consist for ~85-90% of TG and remnants for ~50%. Remnants are the remains 
of CM and VLDL after their TG content is hydrolyzed by lipoprotein lipase (LPL), 
a process that is stimulated by apolipoprotein A5 (APOA5). Chapter 2 illustrates 
how mutations in LPL and APOA5 genes led to LPL deficiency, and, in combination 
with obesity and oral contraceptive use, to hypertriglyceridemia and pancreatitis 
in a young woman. TG increase the risk of pancreatitis, but they are barely found 
in atherosclerotic plaques. The association between TRL and CVD is therefore 
probably mediated by remnant cholesterol, for which TG is a marker (36). Remnant 
lipoproteins share similarities with LDL that lead to similar atherogenic properties, 
i.e. remnant lipoproteins are small enough to pass the vascular endothelial layer 
where atherosclerotic plaque formation takes place and the cholesterol content of 
remnants is involved in atherosclerosis. T2DM is characterized by an increase in 
(postprandial) remnant lipoproteins (37). Improving knowledge about remnant 
metabolism and subsequently developing treatment options to lower remnant 
lipoprotein cholesterol, might decrease residual risk in these patients. Familial 
Dysbetalipoproteinemia (FD) is characterized by extreme remnant accumulation in 
the plasma, due to a genetic defect impairing remnant clearance, and subsequently 
with an increased prevalence of CVD at a young age. Therefore, FD is a good 
‘model’ to study remnant metabolism; possible treatment options; and their effect 
on (residual) CVD risk.

What is the cardiovascular risk in FD patients?
FD is associated with a high CVD prevalence. This is shown in chapter 8, where we 
studied the prevalence of different types of CVD in a large, contemporary FD cohort 
of 305 patients with a mean age of 60.9 ± 14.4 years. There was a prevalence of 19% 
for CAD, 11% for PAD, 4% for stroke and 2% for abdominal aortic aneurysm. Other 
cross-sectional studies have shown prevalences ranging from 36-47% for CAD and 
19-20% for PAD (38, 39). A case-control study showed a 5-fold increased risk of 
having FD in CAD cases versus population controls (40). The increased CVD risk in 
FD is mainly caused by cholesterol-rich remnants, that have several pro-atherogenic 
properties that link them to atherosclerosis and CVD (41). FD is most commonly 
associated with the ε2ε2 genotype. The effect of the six APOE genotypes is different 
for different types of vascular disease. In chapter 5 we show that the ε2ε2 genotype 
is associated with an increased risk for PAD, but not for CAD, stroke, abdominal 
aortic aneurysm or vascular mortality. This is in line with meta-analyses that found 
that the ε2ε2 genotype is not associated with CAD or stroke (42, 43). In these 
meta-analyses ε2 carriers had a reduced CAD and stroke risk. Both ε2 hetero- and 
homozygotes have low LDL-C levels (42) and the absence of a protective effect on 
CAD and stroke risk in ε2 homozygotes is most likely caused by the presence of 
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FD (and remnant lipoproteins), although this has not been investigated. The relation 
with FD might also explain the fact that ε2ε2 patients have an increased risk of 
PAD. In other words the risk of PAD in FD patients was high enough to cause an 
increased risk in all ε2ε2 subjects, with and without FD. Why ε2ε2 was associated 
with PAD and not CAD, although both CAD and PAD are prevalent in FD patients 
is unknown. To investigate whether the high risk of PAD in ε2ε2 is indeed due to 
FD and to study the incidence of other types of CVD in FD, large longitudinal 
cohort studies should be performed. Furthermore, the mechanism linking FD (and 
remnants) to PAD should be further elucidated.

What causes FD in people with the ε2ε2 genotype?
Only 15% of the patients with the ε2ε2 genotype develop FD (38). The main risk 
factors associated with FD are obesity, metabolic syndrome and insulin resistance. 
This is shown in chapter 4, where we found a strong interaction between the 
ε2ε2 genotype and obesity and metabolic syndrome on lipid levels. Furthermore, 
an increased risk for FD in the presence of obesity and metabolic syndrome was 
observed. The relation between development of FD in ε2ε2 and insulin resistance 
is in line with other studies (42, 43). In chapter 7 we further elucidated the 
effect of adiposity and insulin resistance on remnant clearance by reviewing the 
pathophysiology of autosomal dominant types of FD (ADFD). In recessive FD, 
the binding affinity of apoE to the LDL-receptor (LDLR) is reduced due to the 
ε2ε2 genotype. In many types of ADFD, however, the binding of apoE to the 
heparan sulfate proteoglycan receptor (HSPG-R) is reduced. This reduced HSPG-R 
binding leads to a more pronounced lipoprotein phenotype than in recessive FD, 
indicating that the HSPG-R might play a more important role in remnant clearance 
than the LDLR. This is confirmed in animal studies that found pronounced remnant 
accumulation in HSPG-R knock-out mice (44), while in patients with a LDLR loss-
of-function mutation no remnant accumulation was observed (45). The HSPG-R 
pathway also provides important clues for the pathophysiology of recessive FD, 
especially with regard to the role of adiposity in developing FD in patients with an 
ε2ε2 genotype. Recent studies in mice found that, in an insulin resistant state, the 
SULF2 gene is activated, leading to increased sulfatase 2 protein (Sulf2) production, 
which causes degradation of the HSPG-R receptor. The impairment of HSPG-R 
leads to decreased remnant clearance and subsequent remnant accumulation. Sulf2 
activation might be the cause for increased plasma remnants (and therefore high 
TG levels) in patients with T2DM (46). Furthermore it was shown that inhibition of 
Sulf2 could reverse this process, normalizing the amount of remnants (47). 
 The concept of Sulf2 activation by insulin resistance is very interesting because 
it provides a possible explanation for why some people with the ε2ε2 genotype get 
FD and others do not. Only when Sulf2 is activated by the metabolic syndrome 
and/or insulin resistance (both of which are associated with obesity), HSPG-R are 
degraded and remnants will start to accumulate. Especially in combination with the 
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increased release of free fatty acids from adipocytes leading to the substrate-driven 
production of VLDL that is associated with insulin resistance (48), the already low-
capacity system will be overloaded.  It would be very interesting to study HSPG-R 
remnant clearance and the effect of Sulf2 activation in FD patients compared to 
normolipidemic ε2ε2 individuals, to evaluate if the role of insulin-resistance-related 
HSPG-R degradation is indeed a cause of FD. Also the effect of Sulf2 inhibition 
in T2DM warrants additional study in men. Furthermore, the effect of several risk 
factors on the development of FD in healthy ε2ε2 patients should be investigated in 
a longitudinal setting. 

What lipid-lowering therapy should be used in FD?
Despite a better understanding of the TRL driven pathogenesis of vascular disease 
in FD, there are no clinical trials or observational studies about the effect of lipid-
lowering treatment on CVD risk in FD. Therefore, to address the critical question 
for FD patients whether and which (combination of) lipid lowering results in lower 
CVD risk, two methods can be used: generalization or extrapolation. 
 Generalization, using a single fact to make a broader statement, can be done by 
applying information gathered in other patient groups than FD. FD is characterized 
by high TG and often caused by insulin resistance, making patients with T2DM a 
suitable group for comparison. In patients with T2DM, the recommended treatment 
for hypertriglyceridemia in addition to statins is fibrate therapy (49), and this is also 
the recommended treatment for FD (50). As the effect of fibrate therapy on CVD 
risk in FD has never been studied, we used information from existing clinical trials 
that investigated the effect of fibrate on CVD risk in T2DM patients. In chapter 6 
we illustrated how information from the FIELD and ACCORD randomized clinical 
trials can be used to calculate the expected absolute treatment effect of fenofibrate on 
MCVE risk for individual T2DM patients. We found that the treatment effect varied 
widely in individual T2DM patients, with the largest effect in patients with a high 
5-year MCVE risk and/or atherogenic dyslipidemia (high TG, low HDL). Although, 
obviously, FD patients and T2DM are not the same (FD patients usually have low 
LDL-C levels for example), the results in T2DM can be (carefully) generalized to 
FD, because both are associated with high TG and insulin resistance (38, 51). To 
investigate the effect of fibrate use on relevant clinical endpoints in a large (sub)
group of FD patients, a large randomized clinical trial should be performed.
 The second option to determine whether and how to treat lipids in FD patients 
is extrapolation, i.e. using observations about a known situation and using them 
to predict what might happen as a result. This can be done by using intermediate 
endpoints such as cholesterol levels. High levels of non-HDL-C or TG are associated 
with CVD and reduction of these lipids might therefore lead to a reduction in CVD 
risk (34, 52). Current trials in FD all evaluated (fasting) lipid levels (53-60). These 
studies led to the guideline enforced recommendation to treat FD with a statin in 
combination with a fibrate (49, 50). In chapter 8 we show that only 11% of the 
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FD patients is treated this way, while 26% of the FD patients does not use any 
lipid-lowering drug. To investigate if adding a fibrate to standard lipid-lowering 
therapy in FD is indeed better than standard lipid-lowering therapy (lifestyle, statin 
and/or ezetimibe) alone, we performed a randomized, placebo controlled, crossover 
trial, described in chapter 10. This study showed that although the incremental 
post-fat load concentration of non-HDL-C was not different between bezafibrate 
and placebo, bezafibrate did significantly reduce incremental post-fat load levels of 
TG and apoB. Furthermore, addition of bezafibrate lowered fasting levels of non-
HDL-C, TG, TC, apoB and insulin and increased fasting HDL-C; and improved the 
overall post-prandial lipid exposure of non-HDL-C, TG, TC, apoB and HDL-C.  
 These are important clinical observations knowing that in the Western world 
people spent 18 hours per day in a postprandial state (61). Although these results 
indicate that fibrates might have a beneficial effect on post-prandial lipids in FD, 
further research that includes other endpoints, such as intima media thickness or 
flow-mediated vasodilatation, or other lipid outcomes, such as cholesterol and TG 
in chylomicrons, VLDL and remnants, could further improve our understanding of 
post-prandial lipid metabolism and its effect on CVD risk.

What is the appropriate treatment target in FD?
When a doctor and patient have decided on the appropriate treatment, treatment 
targets become important. Current lipid guidelines recommend LDL-C as the 
primary treatment target (49). However, most FD patients, due to the inherent lipid 
metabolism disturbance, have no or (very) low levels of LDL-C (62). Using LDL-C 
as treatment target could therefore falsely lead to appeasement while CVD risk is 
still very high. Guidelines recommend using non-HDL-C as a second treatment 
target after LDL-C, but, due to the reasons mentioned above, in FD it should be the 
primary treatment target. Non-HDL-C target can be calculated as the LDL-C target 
for that patient plus 0.8 mmol/L. This means that the non-HDL-C target should 
be <3.4 mmol/L for high-risk patients and <2.6 mmol/L in very high-risk patients 
(49). Chapter 8 shows that only 40% of the FD patients has a non-HDL-C <3.3 
mmol/L. In comparison, 53% of the patients has a LDL-C <2.5 mmol/L. In patients 
with a LDL-C <2.5 mmo/L, 27% had a non-HDL-C >3.3 mmol/L, indicating that 
approximately 1 in 4 FD patients that are at LDL-C target still have increased non-
HDL-C and are therefore still at increased risk for CVD. These results illustrate that 
there is room for improvement in the treatment of FD. 

(How) should LDL-C be used in FD?
Chapter 9 concerns LDL-C quantification in FD. As mentioned before, LDL-C 
is low in FD due to a reduced conversion of remnants to LDL-C. This is caused 
by inhibition of lipolysis by apoE2, either through inhibition of apoC2, which is 
a cofactor of lipoprotein lipase, or by inhibition of hepatic lipase (63, 64). As we 
show in chapter 9, calculating LDL-C with the Friedewald formula overestimates 
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LDL-C levels in FD, because the cholesterol content of VLDL is much higher in FD 
than in healthy individuals. Although direct measurement of LDL-C also yielded 
higher LDL-C levels compared to gel electrophoresis, these differences were not 
statistically significant. The overestimation of LDL-C by the Friedewald formula was 
not observed in healthy controls, indicating this is indeed an FD-specific problem. 
Therefore, in FD patients, LDL-C should not be calculated with the Friedewald 
formula, irrespective of TG levels. To quantify LDL-C, direct measurements or gel 
electrophoresis should be used and non-HDL-C should be used to guide therapy.

Clinical implications of this thesis
This thesis has several clinical implications. In general, physicians that are faced 
with (symptoms or consequences of) lipid abnormalities should consider genetic 
causes when other common causes are ruled out. As mentioned before, LDL-C is a 
very important lipid target in the prevention of CVD, but with the current treatment 
options for LDL-C reduction, the focus shifts to other causes of (residual) risk. 
Important lipid related risk factors associated with residual risk when LDL-C is low, 
are low HDL-C and high TRL. Although (genetically) low levels of HDL-C have 
been shown to be associated with increased CVD, pharmacologically increasing 
HDL-C, on a background therapy with statins, has so far not led to a reduction in 
CVD risk. Furthermore, TRL and especially remnant lipoproteins are associated with 
CVD risk. Studying FD as a model disease for remnant accumulation might lead to 
improved understanding of remnant metabolism and additional treatment options 
for residual CVD risk. FD is a relatively common genetic disorder, associated with 
a high CVD risk, such as CAD and PAD. Increased remnant levels are expressed as 
high plasma TG and non-HDL-C levels. The most frequent genetic background of 
FD is the ε2ε2 genotype. Obesity and metabolic syndrome should be prevented or 
treated in patients with ε2ε2 to prevent the development of FD. Patients with ε2ε2 
have a high risk of PAD and additional risk factors, like smoking, should therefore 
be minimized in these patients. Adequate diagnosis and treatment of FD is very 
important. In 10% of the cases, FD is caused by autosomal dominant (AD) mutations 
in APOE. ADFD is characterized by the same clinical characteristics as recessive 
FD, except for a dominant inheritance pattern and abnormal APOE genotype results.
 The treatment target in FD is non-HDL-C instead of LDL-C. If LDL-C needs to be 
determined in FD, and that is rarely the case in FD patients, the Friedewald formula 
should not be used, but instead LDL-C should be measured with a direct assay or 
gel electrophoresis. In patients with FD adding a fibrate to standard lipid-lowering 
therapy improves fasting and postprandial plasma lipids compared to standard lipid-
lowering therapy alone. In T2DM patients, the treatment effect of fenofibrate in 
terms of absolute risk reduction in MCVE varies widely and depends mainly on 
5-year MCVE risk and the presence of atherogenic dyslipidemia. Individualized 
treatment effect prediction can be used to guide clinical decision-making. 



225

11

Future research 
Future research concerns four major topics. 

1. The (causal) relation between HDL and cardiovascular disease, which should 
focus on HDL particles and HDL functionality. Additionally the exact role and 
regulation of CETP should be further elucidated. 

2. The association between remnants, atherosclerosis and (different types of) 
CVD. New therapeutics aimed at reducing remnants and remnant cholesterol 
might be able to reduce residual CVD risk in the future. The role of the HSPG-R 
and sulfatase 2 might be very promising in this regard. 

3. The role of fibrates on top of statins in CVD prevention. A randomized clinical 
trial that includes patients with atherogenic dyslipidemia and FD patients 
should be performed. 

4. Familial Dysbetalipoproteinemia, in which pending questions concern: 
A. the association between the FD phenotype and the ε2ε2 genotype; 
B. the role of HSPG-R degradation in the development of FD;
C. the exact prevalence of FD in the general population; 
D. the (prospective) effect of risk factors on the development of FD in ε2ε2 

subjects;
E. accurate and feasible diagnosis of FD;  
F. the incidence of (different types of) CVD in FD; 
G. the effect of sulfatase-2 inhibitors in FD;
H. the effect of statin/fibrate combination therapy on CVD risk in FD.
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Summary
Cardiovascular disease (CVD) is a large worldwide medical burden, with yearly 
increasing morbidity and mortality. An important risk factor for CVD are high 
cholesterol levels, with low-density lipoprotein cholesterol (LDL-C) as the main 
focus of research. The introduction of statins has led to a great reduction in 
LDL-C associated risk and new agents such as ezetimibe and PCSK9 inhibitors are 
expected to add to this risk reduction even more. However, even in the case of low 
LDL-C levels, patients face residual risk. Important lipid related risk factors for 
residual risk are low levels of high-density lipoproteins (HDL) and high levels of 
triglyceride-rich lipopoproteins (TRL). This thesis aimed to investigate the relation 
between genetic causes of (un)favorable lipoprotein profiles, especially with regard 
to HDL and TRL, and several important clinical endpoints, such as diabetes mellitus 
(DM) and cardiovascular disease.
 In chapter 2.1 we described two patients with very low levels of HDL due to 
concurrent mutations in ABCA1 and APOA1 (both HDL lowering mutations). One of 
these patients had a myocardial infarction at 48 years and both he and his sister had 
an increased coronary artery calcium score compared to people of the same age and 
sex. This indicates that (very) low levels of HDL are associated with an increased 
CVD risk. In chapter 3 we further investigated the association between HDL 
and type 2 diabetes mellitus (T2DM) and CVD. Cholesteryl ester transfer protein 
(CETP) is responsible for exchange of triglycerides (TG) and cholesteryl esters 
(CE) between HDL and TRL. Increased CETP levels are associated with decreased 
HDL levels. Genetic inhibition of the CETP gene (CETP) by loss-of-function 
mutations is associated with a decreased risk of CVD in the general population, but 
pharmacological CETP inhibitors have not been shown to reduce cardiovascular 
risk. HDL is also associated with glucose metabolism and insulin resistance. High 
levels of HDL are associated with a decreased risk of T2DM and a post hoc analysis 
of one of the CETP inhibitor trials found improved glycemic control in T2DM 
patients treated with CETP inhibition. In chapter 3 we investigated the effect of 
a loss-of-function mutation in CETP on the prevalence of insulin resistance and 
T2DM and the risk of developing T2DM and recurrent events in patients with CVD. 
We found that genetic CETP inhibition was associated with a significant increase 
in HDL-C, but not with a decreased risk of T2DM (HR 0.96, 95%CI 0.83-1.11) or 
insulin resistance (i.e. fasting glucose, insulin, HOMA-IR or Hba1c) in patients with 
manifest vascular disease. Furthermore, genetic CETP inhibition did not reduce 
the risk of recurrent cardiovascular events (HR 0.92, 95%CI 0.84-1.02). Overall, 
these two chapters illustrate the two contradictory sides of the HDL-C discussion. 
Further research into the functionality of HDL might elucidate some of the pending 
questions about the causality of HDL in CVD. 
 TG are associated with CVD and pancreatitis. The risk of pancreatitis is 
illustrated in chapter 2.3, where we describe a young female with pancreatitis due 
to hypertriglyceridemia based on concurrent mutations in LPL and APOA5 (both 



236

TG increasing mutations). TG are carried in TRL, that consist of chylomicons 
(CM), very low-density lipoproteins (VLDL) and remnants. Remnants are the 
remains of CM and VLDL after their TG content is hydrolyzed by lipases. They 
have been shown to be associated with atherosclerosis and CVD. A model disease 
for remnant accumulation is Familial Dysbetalipoproteinemia (FD), in which 
remnants accumulate due to a mutation in apolipoprotein E (APOE). The most 
common genotype associated with FD is the APOE ε2ε2 genotype. In chapter 4 
we found that this genotype strongly interacts with obesity on non-HDL-C levels, 
meaning that obese individuals with the ε2ε2 genotype have higher lipid levels 
than their non-obese counterparts. This was also found for the metabolic syndrome. 
Furthermore, we found that abdominal fat and metabolic syndrome were associated 
with a higher odds of having FD in persons with the ε2ε2 or ε2ε3 genotype. Of 
individuals with an ε2ε2 genotype, approximately 15% develops FD. In chapter 
7 we further elaborated on the cause of FD by reviewing the pathophysiology of 
autosomal dominant FD (ADFD), that causes FD in approximately 10% of the cases. 
In ADFD not the binding of apoE to the LDL receptor (LDLR), but the binding to 
the heparan sulfate proteoglycan receptor (HSPG-R) is impaired. T2DM is also 
associated with remnant accumulation. Recently it was discovered that in insulin 
resistant mice, remnant accumulation was caused by upregulation of sulfatase 2 
(SULF2), which leads to HSPG-R degradation. The most important risk factor for 
FD is insulin resistance, and the development from normolipidemia to overt remnant 
accumulation in people with ε2ε2 might therefore be caused by SULF2 activation 
and HSPG-R degradation. 
 In chapter 5 we investigated the association between APOE genotype and 
different types of CVD and vascular mortality in patients at high risk of CVD. We 
found that patients with the ε2ε2 genotype had an increased risk of PAD (HR 2.31, 
95%CI 1.29-4.12), but no other associations were found. In chapter 8 we found a 
prevalence of 23% for DM and 74% for metabolic syndrome in 305 FD patients 
from 4 European countries. The prevalence of CAD was 19%; of  PAD 11%; and of 
stroke 4%. Treatment and treatment targets were also evaluated in these patients. 
We found that 26% did not use any lipid lowering medication, and 46% were on 
high intensity medication. Only 11% used the guideline recommended combination 
of statin and fibrate. We found that 60% of the patients had non-HDL cholesterol 
(non-HDL-C) levels above the recommended treatment target of >3.3 mmol/L 
for high risk patients. These results show that many FD patients are undertreated. 
Non-HDL-C should be used as a treatment target in FD, because LDL cholesterol 
(LDL-C) is usually low or absent in FD. This is due to impaired conversion of 
remnants to LDL caused by the ε2ε2 genotype. Another reason not to use LDL-C as 
treatment target in FD is that it is usually estimated with the Friedewald formula. 
In chapter 9 we showed that this formula overestimates LDL-C in FD patients, 
compared to a direct LDL-C assay and polyacrylamide gel electrophoresis, so if 
using LDL-C in FD, it should not be estimated with the Friedewald formula.
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Concerning the optimal treatment of hypertriglyceridemia, we investigated the effect 
of fibrates in patients with T2DM and FD. In chapter 6 we used trial data to predict 
the individual absolute treatment effect of fenofibrate on major cardiovascular events 
(MCVE) for 17,142 patients with T2DM. We found that the individual treatment effects 
varied widely and were largest for patients with atherogenic dyslipidemia (high TG, 
low HDL) and for patients with a high 5-year risk of MCVE. Finally, in chapter 10 we 
described the results from a randomized, placebo controlled, crossover trial in 15 FD 
patients. Addition of bezafibrate to standard lipid lowering therapy (lifestyle, statin 
and/or ezetimibe) resulted in a significant reduction of post fat-load TG and apoB 
levels, as well as significantly improved fasting levels of non-HDL-C, TG, TC, HDL- 
C, apoB and insulin compared to placebo. Bezafibrate was associated with a lower 
eGFR compared to placebo and one patient had myalgia with CK increase up to 1700 
U/L. However, bezafibrate was generally well tolerated, no serious adverse events 
took place and all patients completed both treatment periods. These results indicate 
that, if tolerated, FD patients should be treated with fibrate and statin combination.

Conclusion
Important risk factors for residual cardiovascular risk are low HDL and high TRL 
plasma levels. The causality between HDL and CVD is debated, which is illustrated 
by our findings that genetically low HDL was associated with premature CVD in two 
patients with concurrent HDL-lowering mutations, but the risk of DM and recurrent 
CVD was not decreased by genetic CETP inhibition in patients with manifest 
vascular disease, despite increased HDL levels. Further research into HDL and CETP 
functionality might clarify these contradictions. 
 TG can cause pancreatitis directly, which is shown by the patient with two 
concurrent TG increasing mutations who developed pancreatitis. Furthermore, TG 
are associated with vascular disease via their association with remnant cholesterol. 
FD is a model disease for remnant accumulation. The genetic background of FD is a 
mutation in APOE. The development of FD is associated with secondary risk factors, 
such as obesity, insulin resistance and metabolic syndrome, that might cause FD 
through HSPG-R degradation by SULF2 upregulation. The risk of PAD is increased 
in patients with the ε2ε2 genotype and the prevalence of CVD in patients with FD 
is high. The treatment target in FD is non-HDL-C but many patients with FD have 
lipid levels above treatment target. This might be due to inadequate treatment, as only 
10% gets the recommended combination of statin and fibrate. Addition of a fibrate to 
standard lipid-lowering therapy in FD results in better post-prandial and fasting lipid 
levels compared to placebo. In patients with T2DM the absolute effect of fibrate varies 
widely and depends mainly on the 5-year risk of major cardiovascular events and the 
presence of atherogenic dyslipidemia (high TG, low HDL). In FD, LDL-C should not 
be estimated with the Friedewald formula, but measured with a direct method or gel 
electrophoresis.
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Nederlandse samenvatting (voor niet ingewijden)
Hart- en vaatziekten zijn wereldwijd een groot probleem. Onder hart- en vaatziekten 
verstaan we onder andere een hart aanval, een beroerte of vernauwde beenvaten. De 
oorzaak hiervan is meestal aderverkalking. Risicofactoren voor het krijgen van hart- 
en vaatziekten zijn onder andere roken, overgewicht, te weinig lichaamsbeweging 
en een te hoog cholesterol. Er zijn verschillende soorten cholesterol. Er is slecht 
cholesterol, zoals LDL (low-density lipoprotein) en remnants, en er is goed 
cholesterol, namelijk HDL (high-density lipoprotein). LDL cholesterol krijgt 
in de medische wereld vooralsnog de meeste aandacht omdat in grote studies is 
aangetoond dat het risico op hart- en vaatziekten lager wordt als het LDL cholesterol 
wordt verlaagd. Echter, als je een laag LDL cholesterol hebt wil dat niet zeggen dat 
je geen hart- en vaatziekten meer kunt krijgen. Er blijft helaas bijna altijd nog risico 
‘over’. Dit risico wordt onder andere bepaald door hoeveel goed (HDL) en ander 
slecht cholesterol (remnants) je hebt. Dit proefschrift beschrijft de relatie tussen die 
andere soorten cholesterol (HDL en remnants) met hart- en vaatziekten en daaraan 
gerelateerde aandoeningen zoals suikerziekte (diabetes).
 Het eerste gedeelte van dit proefschrift gaat over genetische afwijkingen in relatie 
tot hart- en vaatziekten. Veranderingen (mutaties) in genen die te maken hebben met 
cholesterol, kunnen leiden tot afwijkingen in cholesterolwaarden. In hoofdstuk 2.1 
worden bijvoorbeeld een broer en zus beschreven die allebei twee mutaties hebben 
in HDL genen, waardoor hun HDL cholesterol zeer laag is. De broer kreeg daardoor 
een hartaanval op zijn 47ste en beiden hadden ze op jonge leeftijd al verkalkte 
bloedvaten rondom het hart. Dit duidt erop dat een laag HDL cholesterol tot hart- en 
vaatziekten leidt. In hoofdstuk 3 hebben we een andere mutatie onderzocht die het 
HDL cholesterol verhoogt. Echter, dit voorkwam het optreden van suikerziekte of 
(nieuwe) hart- en vaatziekten niet. Een reden hiervoor kan zijn dat het onderzoek 
plaatsvond in mensen die al hart- en vaatziekte hadden. 
 Een gen dat invloed heeft op remnants is apolipoproteïne E (APOE). Er zijn 
6 verschillende soorten APOE, namelijk ε2ε2, ε2ε3, ε2ε4, ε3ε3, ε3ε4 en ε4ε4. In 
hoofdstuk 4 laten we zien dat de ε2ε2 vorm van APOE het effect van overgewicht 
op cholesterol versterkt. Met andere woorden, als je overgewicht hebt én ε2ε2 heb 
je een extra hoge kans op het hebben van veel slecht cholesterol. Daarnaast staat 
in hoofdstuk 5 dat de ε2ε2 vorm ook het risico op vernauwing van de beenvaten 
verhoogt in mensen met een hoog risico op hart- en vaatziekten.
 Het tweede gedeelte van dit proefschrift gaat over de aandoening Familiaire 
Dysbetalipoproteïnemie, afgekort als FD. Mensen met FD hebben een grote 
hoeveelheid remnants in hun bloed, wat bij hen vaak leidt tot hart- en vaatziekten op 
jonge leeftijd. In 90% van de gevallen wordt FD veroorzaakt door de ε2ε2 vorm van 
APOE in combinatie met een andere risicofactor, zoals overgewicht of suikerziekte. 
Hoofdstuk 7 gaat over de 10% van de gevallen dat FD niet wordt veroorzaakt 
door de ε2ε2 vorm. Door het bestuderen van de verschillen in ziektemechanismen 
tussen die twee vormen, kunnen we meer leren over hoe remnants aderverkalking 
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veroorzaken. In hoofdstuk 8 hebben we de (tot nu toe) grootste groep patiënten 
met FD onderzocht. Uit het onderzoek bleek dat 60% van de patiënten met FD 
hun gewenste cholesterol waardes niet halen en dat maar 10% van de mensen de 
aanbevolen cholesterol verlagende behandeling krijgt. In hoofdstuk 10 hebben we 
onderzocht wat het effect is van de aanbevolen cholesterol verlagende behandeling 
(statine plus fibraat) op cholesterolwaarden voor en na het eten in patiënten met FD. 
We vonden dat de aanbevolen behandeling bijna alle cholesterolwaarden verbeterde, 
zowel voor en na het eten. Sommige patiënten hadden tijdens het onderzoek 
wel last van bijwerkingen van de medicijnen zoals maag- en darmklachten of 
spierpijn. Daarom is het belangrijk dat een patiënt samen met de arts bespreekt 
welke behandeling het meest wenselijk is. Een methode die daarbij kan helpen is 
beschreven in hoofdstuk 6. Hier wordt gedemonstreerd hoe het te verwachten effect 
van een medicijn kan worden voorspeld voor een individuele patiënt aan de hand 
van zijn of haar unieke eigenschappen. Hieruit blijkt dat iedereen anders op de 
gegeven medicatie reageert. Deze voorspelling kan worden gebruikt om samen met 
een arts te beslissen om wel of niet met een medicijn te starten.
 Samenvattend laat dit proefschrift zien dat er naast LDL cholesterol nog 
andere soorten cholesterol zijn, zoals HDL en remnants, die effect hebben op het 
ontstaan van hart- en vaatziekten. Afwijkende cholesterolwaarden kunnen worden 
veroorzaakt door genetische veranderingen. Zo kan de ε2ε2 vorm van het APOE gen 
bijvoorbeeld de aandoening FD veroorzaken. De optimale behandeling voor FD is 
statine en fibraat, maar of ook voor deze behandeling wordt gekozen moet altijd in 
overleg tussen patiënt en arts besloten worden.
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