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chapter

Introduction
LDL-c lowering

Cardiovascular disease (CVD) is still the cause of most morbidity and mortality 
worldwide. Low-density lipoprotein cholesterol (LDL-c) plays a pivotal role in 
atherogenesis. In line numerous epidemiologic studies have unambiguously 
demonstrated a positive linear relationship between LDL-c and the risk of CVD. 
As a consequence, LDL-c-lowering strategies have become the cornerstone of 
CVD prevention. At present, statins or 3-hydroxy-3-methylglutaryl coenzyme A 
(HMG-CoA) reductase inhibitors are the most effective LDL-c-lowering drugs. In a 
series of primary and secondary prevention trials, it was consistently shown that 
reducing LDL-c with statins resulted in profound decreases in cardiovascular event 
rates. After recent trials demonstrating a larger reduction in CVD risk by even more 
intensive lipid-lowering interventions1;2, the Third National Cholesterol Education 
Program advised more stringent LDL-c-target levels for the treatment of patients 
at risk of developing CVD3. However, the incremental LDL-c-lowering capacity 
when up titrating statins is limited and, moreover, increasing the dose leads to 
a clear increase in side effects4. In addition, more patients seem to experience 
side effects even at lower statin dose, precluding the long-term use of even 
moderately dosed statins. Therefore, alternative therapeutic approaches capable 
of effectively lowering LDL-c, as monotherapy or in combination with statins, are 
required. Apolipoprotein B (apoB) synthesis inhibition with mipomersen, is such a 
novel therapeutic approach5. 

Metabolic syndrome

Although statins significantly reduce CVD risk, high risk patients who are treated 
with statins to desirable LDL-c goals continue to have residual CVD risk. This may 
especially be the case in patients with the metabolic syndrome6;7. The metabolic 
syndrome is a cluster of medical disorders including central obesity, metabolic 
dyslipidemia (elevated plasma triglycerides (TGs) and decreased plasma 
high-density lipoprotein cholesterol (HDL-c) levels), elevated blood pressure, and 
an increased fasting plasma glucose3. The metabolic syndrome is associated with 
increased risk for CVD and type 2 diabetes mellitus and is an increasing concern 
for public health worldwide. Treatment of the metabolic syndrome is directed 
towards its individual components whereas weight loss is currently the only 
overall effective treatment option. Development of novel therapeutic strategies 
targeting the metabolic syndrome is hampered by its complex pathophysiology, 
which is only partly elucidated. 

Introduction and outline of this thesis
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Whereas visceral adiposity is an established risk factor for the metabolic 
syndrome, more recently non-alcoholic fatty liver disease (NAFLD) has emerged 
as an additional independent risk factor8;9. NAFLD is the result of TG accumulation 
in the liver. Evidence from stable isotope studies indicates that serum free fatty 
acids (FFAs) resulting from lipolysis of visceral adipose tissue are the main source 
of hepatic TG in NAFLD. In addition, de novo hepatic lipogenesis is significantly 
increased whereas hepatic fatty acid oxidation is decreased in subjects with 
NAFLD, all contributing to the accumulation of intrahepatic fat10. 
All the above mentioned processes are direct consequences of central obesity and 
peripheral insulin resistance. In turn, fat accumulation in the liver has also been 
suggested to be causally involved in a variety of metabolic derangements. For 
example, fatty liver increases very-low- density lipoprotein (VLDL)-apolipoprotein 
B secretion resulting in hypertriglyceridemia (HTG), and decreases insulin 
clearance causing hyperinsulinemia11. Furthermore NAFLD is believed to be 
causally related to hepatic insulin resistance through interference with the insulin 
signaling cascade in liver tissue12. But if hepatic fat accumulation per se causes 
insulin resistance remains subject for debate. 
Paralleling the increased prevalence of the metabolic syndrome, NAFLD has 
become the most common cause of chronic liver disease worldwide. Whereas 
steatosis observed in NAFLD usually remains stable, 30-40% of patients with 
simple steatosis progress to non alcoholic steatohepatitis (NASH) whereas 
74% of NASH patients progress to more severe liver injury including fibrosis 
and cirrhosis13. Increased adiposity, insulin resistance and oxidative stress are 
believed to contribute to the progression of NASH to fibrosis but its mechanisms 
are poorly understood14.

Hypertriglyceridemia

TGs are lipid fractions used for energy storage. TGs are both synthesized by the 
liver as well as derived from external sources through uptake from the intestine. 
TGs are transported into VLDL and chylomicrons and are hydrolyzed in muscle, 
heart and adipose tissue by lipoprotein lipase (LPL) into free fatty acids for uptake. 
Since plasma TGs reflect the daily consumption of dietary fat they are highly 
variable. In addition life style factors such as alcohol intake but also the presence 
of insulin resistance are important determinants of plasma TG concentrations.
The metabolic syndrome is characterized by an atherogenic lipid profile of high 
serum TG levels together with low serum HDL-c and the presence of small, dense 
LDL-c particles. Studies have reported that the relationship between small, dense 
LDL particles and CVD risk largely depends on the presence of the metabolic 
dyslipidemia15;16. In fact, high TGs and low HDL-c now constitute two of the 
five risk factors of the metabolic syndrome3. Both elevated TGs as well as low 
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HDL-c levels have been associated with coronary heart disease(CHD)17;18. In line 
the guideline committees have added non-HDL-c as a secondary goal for those 
with TG levels above 200 mg/dL (1.5 mmol/L)3. However, the evidence for TGs as 
an independent risk factor for CVD remains somewhat controversial since data 
obtained from large epidemiological studies, have not always been equivocal19;20. 
These inconclusive findings have been attributed to either the high variability in 
TG levels during the day, the increased presence of additional CVD risk factors, or 
the strong correlation between plasma TG and HDL-c levels. With respect to the 
latter, randomized placebo controlled intervention trials will not bring a solution 
since current available interventions such as fibrates, statins and nicotinic acid do 
not only affect TG but also LDL-c and HDL-c levels. 

Whereas metabolic dyslipidemia is mainly associated with mildly elevated plasma 
TG levels, disorders such as LPL deficiency and familial partial lipodystrophy 
(FPLD) are characterized by extreme HTG (TG>10mmol/l) and associated 
pancreatitis. Whereas LPL is the key enzyme in TG catabolism, absence of LPL 
activity invariably leads to severe HTG. Most of these LPL deficient patients carry 
missense mutations in LPL which render the enzyme catalytically inactive21. But 
besides LPL deficiency several other rare los of function mutations have been 
described in patients with severe HTG including mutations in the genes encoding 
apolipoprotein C2 (APOC2), Apolipoprotein AV (APOA5), glycosyl-phosphatidyl 
inositol-anchored HDL binding protein 1 (GPIHBP1) and lipase maturation factor 
(LMF1)22-25. Recent genome wide association studies (GWAS) replicated some of 
these known loci but also indentified novel promising loci associated with plasma 
TG levels for example common SNP’s in the genes encoding tribbles homolog 1 

(TRIB1), glucokinase regulator (GCKR) and angiopoietin-like 4 (ANGPLT4). However 
the majority of the phenotypic variation underlying HTG remains unidentified. 
Identification of novel genes attributing to HTG may improve our insight in the 
molecular basis of HTG and should enable diagnosis, prognosis, response to 
therapy, development of novel therapeutic strategies and might improve risk 
prediction. For example, genetic risk scores may provide an alternative approach 
to assess the relationship between circulating TG levels and risk for CVD. 

Parts of this introduction have been published before in Current Cardiology Reports 2008;10:512–

520 

Introduction and outline of this thesis
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Outline of this thesis
This thesis consists of three parts. Although the subjects of each part may 
seem divergent, they are in fact interrelated and all focus on different aspects of 
dyslipidemia. 

Part I focuses on apoB synthesis inhibition, a novel treatment strategy for 
lowering LDL-c. Mipomersen is a second generation anti-sense targeting apoB. 
ApoB is an essential component of LDL-c and all other atherogenic lipoprotein 
particles and as a consequence apoB synthesis inhibition may be an attractive 
approach to lower LDL-c. Mipomersen is designed to lower LDL-c in patients at 
high risk for CVD who are either not on target despite the use of statins or who are 
intolerant to statins. The drug has shown to produce potent reductions in LDL-c 
and all other atherogenic lipids. Whereas mipomersen is generally well tolerated, 
safety concerns have focused on potential hepatic fat accumulation. Our research 
contains Phase II randomized controlled trials to study the safety and efficacy of 
mipomersen in different patient groups. 

Part II of this thesis consists of 2 chapters describing research on rare 
dyslipidemic disorders and the metabolic syndrome. The first chapter contains 
the results of a hyperinsulinemic euglycemic clamp study in patients with familial 
hypobetalipoproteinemia (FHBL). Patients with FHBL have extremely low levels 
of apoB and LDL-c. They are in fact the “natural variant” of apoB synthesis 
inhibition. The majority of patients with FHBL are characterized by severe hepatic 
steatosis. But, unlike NAFLD, patients with FHBL develop hepatic steatosis mainly 
independent from metabolic derangements. FHBL patients therefore provide 
the opportunity to investigate the relation between intrahepatic triglyceride 
(IHTG)-content and insulin sensitivity in humans. In this chapter we compared 
insulin sensitivity in FHBL patients to healthy matched controls.
The second chapter of this part focuses on FPLD, a rare metabolic disorder 
associated with dyslipidemia. Patients with FPLD have an abnormal distribution 
of subcutaneous fat resulting in severe metabolic derangements. In line with the 
extreme phenotype approach, studying patients with FPLD may help to improve 
our understanding of the more common metabolic syndrome. FPLD, however, 
may not be readily recognized due to similarities with the metabolic syndrome. 
We show how to identify cases of FPLD amongst non-obese patients with type 2 
diabetes mellitus and marked insulin resistance. 

Part III focuses on TGs. The first chapter of part III deals with the association 
between metabolic dyslipidemia and CHD. We evaluate the risk of CHD associated 

12
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with metabolic dyslipidemia, defined as elevated plasma TG and low HDL-c levels, 
in men and women enrolled in the EPIC-Norfolk prospective study. The other 
chapters of part III contain research on the genetic background of HTG. In chapter 
10 we looked for mutations in candidate genes in patients with severe HTG. We 
also performed a non-biased GWAS in patients with HTG to identify common 
variants associated with high TG levels. These results are described in chapter 11. 

Introduction and outline of this thesis
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Abstract
Purpose of review

Mipomersen is a second generation antisense oligonucleotide developed to 
inhibit the synthesis of apolipoprotein B-100 in the liver. In this review we will 
summarize the results of recent preclinical and clinical studies addressing safety 
and low-density lipoprotein cholesterol (LDL-c) lowering efficacy of this promising 
new compound.

Recent findings

In phase III clinical trials, mipomersen has been shown to significantly reduce LDL-c 
in patients with homozygous and heterozygous familial hypercholesterolemia (FH) 
on maximally tolerated lipid-lowering therapy. Injections site reactions, flu-like 
symptoms and increases in liver transaminases were the main adverse events. 
A recent safety study, designed to investigate the effects of mipomersen on 
intrahepatic triglyceride content, failed to show evidence of clinically relevant 
hepatic steatosis after 13 weeks of treatment. 

Summary

Mipomersen is a promising new agent to lower LDL-c in patients at increased 
risk of cardiovascular disease (CVD) and/or intolerant to statins. Whereas safety 
concerns have focused on hepatic fat accumulation, to date no evidence of clinically 
relevant increases of intrahepatic triglyceride content are reported. Ongoing and 
future studies are eagerly awaited to assess the impact of mipomersen on hepatic 
triglyceride content after prolonged exposure.   
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chapterIntroduction

Cardiovascular disease (CVD) is the most prevalent condition in western society 
and is associated with premature morbidity and mortality. The most important risk 
factor for CVD is low-density lipoprotein-cholesterol (LDL-c). As a consequence 
LDL-c lowering is the main focus of the current treatment guidelines in the 
management of CVD-risk1. Many clinical end-point trials have substantiated that 
LDL-c lowering is associated with a decreased CVD risk with more aggressive 
lowering being associated with the most significant CVD risk reduction2-4. As a 
result, clinical practice guidelines continue to lower LDL-c goals for patients at 
high risk for CVD. Target goals for patients with existing CVD and additional risk 
factors are now set at <70 mg/dL (<1.8 mmol/L)1. A substantial proportion of 
patients remain, however, unable to achieve these target goals for LDL-c5-7 despite 
the introduction of powerful statins and the use of combination lipid-lowering 
therapy. This includes both patients with familial hypercholesterolemia (FH), who 
have extremely high baseline LDL-c levels and are at increased risk of premature 
atherosclerotic disease8;9 but also patients who are intolerant to statins mostly 
due to severe myalgia or myosistis10. Therefore, alternative therapeutic strategies, 
effectively lowering LDL-c as monotherapy or on top of statins, are required 
for patients at high risk of CVD who are not on target or intolerant to statins. 
Mipomersen, an apolipoprotein B (apoB) synthesis inhibitor, has been put forward 
as a promising new candidate to meet this emerging need1;11;12.

Apolipoprotein B
ApoB is a large protein that occurs in the plasma in two isoforms, apoB48 and 
apoB100. ApoB48 is exclusively expressed in the intestine and is present on 
chylomicrons and chylomicron remnants. ApoB100 is mainly expressed in the liver 
and is present on all atherogenic lipoprotein particles for example very-low-density 
lipoprotein (VLDL), intermediate-density lipoprotein (IDL), LDL and Lipoprotein 
a [Lp(a)]. ApoB100 is required for the formation of VLDL in the liver; binding of 
apoB to the microsomal transport protein (MTP) results in the incorporation of 
lipids into the apoB100 molecule and leads to the formation of triglyceride-rich 
VLDL particles13. In the bloodstream VLDL triglycerides are hydrolyzed by the 
enzyme lipoprotein lipase (LPL)14. The action of LPL results in the transformation 
of triglyceride-rich VLDL into IDL and eventually cholesterol-rich LDL. Following 
secretion by the liver, apoB remains tightly bound to its lipoprotein particle15. 
Therefore a single apoB molecule can be found on all atherogenic lipoprotein 
particles for example VLDL, IDL and LDL16. In clinical practice, apoB can be used 

Apolipoprotein B synthesis inhibition; results from clinical trials
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as a marker to estimate the total number of atherogenic lipoprotein particles. 
Furthermore elevated apoB is a hallmark of several inherited disorders associated 
with atherosclerosis17;18. In contrast, patients with extremely low levels of apoB 
(<5thpercentile) due to familial hypo-beta lipoproteinemia (FHBL), seem to be 
protected against CVD19;20. On the basis of these observations apoB has been 
proposed to be an attractive target to reduce CVD risk. Mipomersen, an apoB 
synthesis inhibitor, is the first agent available for human use to directly target 
apoB. 

Figure 1  Antisense mechanism of action  

A) Sequence-specific recognition by Watson-Crick base pair interactions, B) RNase H is an 
endogenous nuclease that hydrolyzes the RNA strand of a DNA:RNA duplex. Reduction in target 
mRNA levels by ASOs that support the RNase H mechanism has proven to correlate directly with 
reduction in target protein levels.  

Figure 2  Mipomersen is functionalized to support endogenous RNase H activity. 

22
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chapterAntisense oligonucleotides (ASOs) are short, single-stranded, synthetic analogs of 

natural nucleic acids that inhibit production of a target protein through sequence-
specific binding to the cognate messenger RNA (mRNA) (figure 1). Binding of 
an ASO to a complementary mRNA, by Watson-Crick hybridization, induces 
selective degradation of the mRNA and prohibits translation of the selected 
mRNA into protein. Degradation of the mRNA is largely mediated by endogenous 
RNase-H which recognizes the mRNA-ASO complex (figure 2)12. Mipomersen is 
a second-generation ASO designed to specifically inhibit synthesis of the human 
apolipoprotein B-100 by the liver. Second-generation antisense inhibitors are 
characterized by greater potency, reduced potential for non specific side effects 
and longer half-life, compared to the first-generation ASO21. After subcutaneous 
administration, ASO’s distribute predominantly to the kidney and the liver12. 
The latter makes ASO’s suitable for the inhibition of apoB100 since apoB100 
is selectively synthesized in the liver. Synthesis of apoB48 in the intestine is 
unaffected by ASO’s. Cytochrome P450 is not involved in mipomersen metabolism 
and potential drug-drug interactions are anticipated to be minimal22.

Clinical experience
After thorough evaluation of both pharmacokinetics and efficacy of antisense 
drugs in animal models, mipomersen has been investigated in clinical trials. 
In Phase I and II studies in multiple patient populations including primary 
hypercholesterolemia and FH, mipomersen has been shown to result in significant 
dose-dependent and prolonged reductions in LDL-c (24-70%) either when used 
as a single agent or in combination with other lipid-lowering medicine23-25. In 
addition to LDL-c, mipomersen lowered serum apoB, non-high density lipoprotein 
cholesterol (non-HDL-C), triglycerides and Lp(a). A dose of 200 mg mipomersen 
once weekly administered subcutaneously was selected for further evaluation in 
Phase III clinical trials. Reductions in LDL-c lasted up to 4 weeks after the last 
dose, corresponding to a mean terminal half-life of mipomersen of approximately 
30 days. Consistent with the long half-life it is estimated that steady-state will not 
be achieved before 6 months of treatment. Pharmacokinetic studies showed no 
clinically relevant interactions of mipomersen with the disposition and clearance 
of simvastatin or ezetimibe, and vice versa, supporting the use of mipomersen in 
combination with oral lipid-lowering agents26. 

Recently the results of the first phase III clinical trials have been presented. A 
double blind randomized placebo-controlled global multicentre trial was designed 
to determine safety and efficacy of mipomersen on top of lipid-lowering drugs 
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in patients with homozygous FH27. A total of 51 patients were randomized 2:1 to 
200 mg mipomersen or placebo. After 26 weeks of treatment, a mean reduction 
in LDL-c was observed of 25% in the mipomersen-treated group versus 3% for 
placebo (p<0.001). In addition patients treated with mipomersen experienced 
a 27% reduction in apoB and a 21% reduction in total cholesterol. Statistically 
significant reductions were also observed in other atherogenic lipids, including 
triglycerides (18%) and Lp(a) (31%). Reduction in LDL-c in this study showed wide 
variability with changes ranging from 2% to -82%, with a majority of patients 
exhibiting an 18% or greater reduction in LDL-c. The treatment effect was 
independent of baseline LDL-c, age, race or sex. Although four patients carrying 
the same LDL-receptor gene mutations demonstrated smaller changes in LDL-c 
concentration compared to other participants, in general, there was no correlation 
between the LDL receptor mutation and response to therapy.  

Preliminary data from a second phase III trial were consistent with the results 
of previous clinical trials28. This double-blind randomized placebo controlled 
study was conducted in 124 patients with heterozygous FH and a history of 
coronary heart disease on maximally tolerated statin therapy. After 26 weeks 
of treatment the mean reduction from baseline for LDL-c was 28%. Average 
LDL-c at baseline for all patients was 150 mg/dL (3.9 mmol/L) compared to 
104 mg/dL (2.7 mmol/L) at the end of the study for all patients treated with 
mipomersen. The LDL-c treatment goal for high risk patients of <100 mg/
dL (2.5 mmol/L) was achieved by 45% of the mipomersen-treated patients.  

Lp(a) is an LDL-like particle that is synthesized by the liver and consists of an 
apoB molecule covalently linked to a large glycoprotein, apolipoprotein(a)29. Since 
apoB is an essential component for the synthesis of Lp(a), the reductions in Lp(a) 
observed at higher doses of mipomersen, are most likely the result of reduced 
availability of apoB in the liver following apoB synthesis inhibition. Although the 
physiological function of Lp (a) remains unknown, Lp(a) has been identified as a 
risk factor for CVD30. Unfortunately Lp(a) concentrations are unresponsive to statin 
therapy31. Hence, mipomersen could represent a novel therapeutic approach 
targeting Lp(a). Nevertheless, since agents exclusively lowering Lp(a) are not 
available, it remains to be established if Lp(a) reductions may truly contribute to 
cardiovascular benefit. 
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Mipomersen is well tolerated. Common adverse events include injection site 
reactions (ISRs), flu-like symptoms and increases in alanine aminotransferase 
(ALT). These side effects are generally no reason for discontinuation of treatment. 
The most common adverse events are ISR following subcutaneous administration 
of mipomersen. More than 90% of the patients experience ISRs. ISRs are generally 
characterized by a painless transient erythema that occurs within 24 hours after 
the injection. ISRs do not worsen on repeated dosing. Histological analysis has 
shown activated polymorphonuclear leukocytes and macrophages. There was 
no evidence for necrosis, abscess formation, ulceration or giant cell reactions. In 
addition to the acute responses at injection sites, there have been two types of 
delayed responses for example hyperpigmentation and reappearance of erythema. 
Hyperpigmentation may be a common response to skin injury for people with 
high Fitzpatrick skin classifications32. However, the pathophysiological concept 
for reappearance of the erythema is unknown. In clinical studies of other ASO’s 
similar injection site responses have been observed. Whereas measurements 
for antibodies thus far have all been negative, careful monitoring will be needed 
to ensure that long-term administration of mipomersen does not lead to 
auto-immunity or treatment resistance. 
Flu-like symptoms have been reported for some patients in the clinical studies. 
The flu-like symptoms appear shortly after mipomersen injection, resolve 
within 1-2 days and are generally limited to the first few doses of mipomersen. 
Flu like symptoms after mipomersen administration may be secondary to 
pro-inflammatory activation although, thus far, no significant changes in hsCRP 
during mipomersen therapy have been reported. 

The most important long-term safety concerns regarding apoB synthesis inhibition 
have focused on potential intrahepatic triglyceride accumulation. Since apoB is 
essential for the transport of VLDL from the liver, lowering apoB concentration 
may result in reduced secretion of triglyceride-rich VLDL-particles from the liver. 
Inhibition of VLDL export from the liver may lead to accumulation of triglycerides 
in the liver. In fact this was the case with the inhibition of MTP, a protein acting 
in the same pathway as apoB33. Pharmacological inhibition of MTP has been 
shown to result in significant increases in intrahepatic triglyceride content in both 
experimental animals and humans34;35. Furthermore, the majority of patients with 
FHBL, the ‘natural variant’ of low apoB, are characterized by profound hepatic 
steatosis36;37. 
By contrast, preclinical studies with apoB synthesis inhibition did not result in 
hepatic triglyceride accumulation11;12. Interestingly, in these animal models, 
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intrahepatic triglyceride concentrations were even lower in the animals treated 
with apoB synthesis inhibition compared to placebo-treated animals. Results from 
microarray analysis of liver mRNA from these experimental models suggested a 
compensatory decrease in fatty acid synthesis combined with an increase in fatty 
acid oxidation during apoB synthesis inhibition11. Such effects may in part explain 
the absence of intrahepatic triglyceride concentration following apoB synthesis 
inhibition in animal models.
In human, increases in ALT >3x the upper limit of normal have been observed in 
~10% of patients, particularly following treatment with higher doses of mipomersen. 
ALT increases were accompanied by lesser aspartate aminotransferase increases 
but not by increases in total bilirubin, alkaline phosphatase, prothrombin time or 
by decreases in albumin. The laboratory findings were also not accompanied by 
symptoms or other clinical signs suggestive of impairment of hepatic function. 
After discontinuation of treatment, transaminases returned to normal in all 
patients.
The exact cause for transaminase elevations during mipomersen treatment is thus 
far unclear. Transaminase increases have been suggested to result from a direct 
pharmacologic effect of mipomersen, but increased transaminases may also 
point to the accumulation of fat in the liver. Indeed, hepatic stetaosis was detected 
during follow-up of patients with elevated liver enzymes following mipomersen 
treatment. Unfortunately baseline values were absent in most of these patients 
and since hepatic steatosis is prevalent in the general population38, a definite 
causal relationship between mipomersen administration and hepatic steatosis 
could not be established.

To evaluate the effects of mipomersen on intrahepatic triglyceride-content, a 
randomized, double-blind, placebo-controlled study was designed in 21 patients 
with heterozygous FH on conventional lipid lowering therapy39. Patients received 
a weekly subcutaneous dose of 200 mg mipomersen or placebo for 13 weeks 
while continuing conventional lipid-lowering therapy. The primary endpoint was 
change in intrahepatic triglyceride-content as measured by localized proton 
magnetic resonance spectroscopy (¹H-MRS). One in 10 patients (10%) in the 
mipomersen-treated group developed mild hepatic steatosis (5.7%) which was 
reversible following mipomersen discontinuation. For the group, there was a 
trend towards an increase in intrahepatic triglyceride content. Whereas this study 
clearly shows the absence of a profound steatotic response of the liver following 
mipomersen treatment, it should be taken into account that this study does have 
some limitations. First the group size was modest and patients at increased risk 
for hepatic steatosis were excluded from the trial. Second, treatment period was 
relatively short given that tissue concentrations of mipomersen do not reach 
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chaptersteady state before 26 weeks of treatment. Since apoB concentration in the liver 

may determine the extent of hepatic triglyceride accumulation, the findings from 
this study do not exclude the possibility of mipomersen inducing hepatic stetaosis 
following a longer treatment period. 
Steatosis observed in non alcoholic fatty liver disease (NAFLD) usually follows 
a benign course although with the development of non-alcoholic steatohepatitis 
the risk of progression into fibrosis and cirrhosis increases40;41. However, hepatic 
steatosis following apoB lowering may differ from NAFLD. In fact, although 
long-term follow-up data on FHBL patients are scarce, it is believed that FHBL 
rarely if even, results in progressive liver disease42. Nevertheless, the increased 
hepatic triglyceride content in FHBL may increase the susceptibility to the effects 
of metabolic factors such as insulin resistance and abdominal fat and alcohol43. 
Since hepatic steatosis is a potentially serious adverse event, future studies should 
focus on the effects of long term use of mipomersen on intrahepatic triglyceride 
content including patients with increased risk of hepatic steatosis.

Future 
At present a randomized placebo controlled phase II study is being conducted, 
investigating safety and efficacy of mipomersen in 30 patients intolerant 
to statins and at high risk for CVD. Furthermore two phase III trials evaluating 
the administration of mipomersen 200 mg for 26 weeks are currently ongoing 
in respectively 58 patients with severe hypercholesterolemia and in 158 
hypercholesterolemic patients at high risk for coronary heart disease. With 
proven LDL-c lowering efficacy, future trials will focus predominantly at safety and 
compliance of long-term administration of the compound. 

Conclusion
Mipomersen is a first-in-class apoB synthesis inhibitor currently in phase III 
development as a new treatment strategy to lower LDL-c in patients at high risk 
of CVD not on target or intolerant to statins. Mipomersen administration, either 
alone or on top of statins, has been shown to result in significant reductions in 
LDL-c and all other atherogenic lipoprotein particles including Lp(a). Mipomersen 
is well tolerated. Safety concerns related to the drug centre around potential 
hepatic triglyceride accumulation. Whereas increases in liver enzymes have been 
observed to date, proof of significant hepatic steatosis has not become evident. 
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Future safety studies evaluating the effects of long-term use on intrahepatic 
triglyceride content are required prior to broader use of this compound.  
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Abstract
Background

A randomized, double-blind, placebo-controlled, dose-escalation study was 
conducted to examine the efficacy and safety of mipomersen (ISIS 301012), 
an antisense inhibitor of apolipoprotein B (apoB), when added to conventional 
lipid-lowering therapy for patients with heterozygous familial hypercholesterolemia. 

Methods

A total of 44 patients were enrolled and were separated into 4 cohorts, with doses 
ranging from 50 to 300 mg (4:1 active treatment/placebo ratio). Patients received 
8 doses subcutaneously during a 6-week treatment period. Patients assigned to 
the 300 mg dose continued for an additional 7 weeks with once-per-week dosing. 
The primary efficacy end point was the percentage of change from baseline to 
Week 7 in low-density lipoprotein cholesterol (LDL-c). Safety was assessed using 
the laboratory test results and according to the incidence, severity, and relation of 
adverse events to drug dose. 

Results

Mipomersen produced significant reductions in LDL-c and other atherogenic 
apolipoprotein B-containing lipoproteins. After 6 weeks of treatment, the LDL-c 
level was reduced by 21% from baseline in the 200 mg/week dose group 
(p<0.05) and 34% from baseline in the 300 mg/week dose group (p<0.01), 
with a concomitant reduction in apolipoprotein B of 23% (p<0.05) and 33% 
(p<0.01), respectively. Injection site reactions were the most common adverse 
event. Elevations in liver transaminase levels (>3 times the upper limit of normal) 
occurred in 4 (11%) of 36 patients assigned to active treatment; 3 of these patients 
were in the highest dose group. 

Conclusion

In conclusion, mipomersen has an incremental LDL-c lowering effect when added 
to conventional lipid-lowering therapy. 
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Introduction
A substantial proportion of patients at high risk for cardiovascular disease 
(CVD) remain unable to achieve optimal low-density lipoprotein cholesterol 
(LDL-c) concentrations despite the advent of potent statins and the use of 
combination lipid-lowering therapy1-6. This group has included patients with 
familial hypercholesterolemia (FH), which is characterized by baseline LDL-c 
levels readily >500 mg/dL (13.0 mmol/L)4. In these patients a 50% to 60% 
reduction in LDL-c using statin-ezetimibe combination therapy has still resulted 
in LDL-c levels >200 mg/dL (5.2 mmol/L)2;7. Because increasing the statin dose 
offers limited additional efficacy at the expense of significant increases in side 
effects8, additional LDL-c-lowering therapies acting through compensatory 
mechanisms, are needed9;10. Mipomersen is a second- generation antisense 
oligonucleotide designed to inhibit synthesis of the human apolipoprotein B-100 
(apoB) by the liver11-14. ApoB is an essential component of LDL-c and all other 
atherogenic lipoproteins15;16. In previous clinical trials, mipomersen produced 
dose-dependent and prolonged reductions in LDL-c in healthy volunteers17;18 and 
in patients with mild to moderate hypercholesterolemia19. In the present report, 
we have described the results of a randomized, double-blind, placebo-controlled, 
dose-escalation, Phase II study designed to evaluate the efficacy and safety of 
mipomersen when combined with conventional lipid-lowering therapy in patients 
with familial hypercholesterolemia.

Methods
The present study was designed by the academic investigators in cooperation 
with the study sponsor, Isis Pharmaceuticals (Carlsbad, California). All data were 
generated by the academic investigators. The clinical database was maintained 
by the sponsors. Although we allowed the sponsor to review the report, all data 
analyses and interpretation of the results were done by the academic investigators. 
This trial has been registered at Clinicaltrials.gov as NCT00281008.

Study participants

The eligible participants were men and women aged 18 to 75 years with 
heterozygous FH, as defined by a documented history of untreated LDL-c >200 
mg/dL (5.2 mmol/L) and the existence of at least one of the following attributes: 
the presence of a known mutation in the LDL receptor gene; the presence of 
tendinous or cutaneous xanthomas; an adult first-degree relative with documented 
LDL-c >190 mg/dL (4.9 mmol/L) or a child <18 years old with LDL-c >130 mg/dL 

ApoB inhibition in familial hypercholesterolemia

35

proefschrift Visser woe.indb   35 28-7-2011   15:48:34



(3.4 mmol/L) before lipid-lowering therapy; or a history of early coronary artery 
disease in a first-degree relative (male <55 years; female <60 years). The study 
participants had a fasting LDL-c of >130 mg/dL (3.4 mmol/L) and triglycerides <400 
mg/dL (4.6 mmol/L) at screening. The patients received stable conventional lipid 
lowering therapy for >4 weeks and consumed a low-fat diet for >8 weeks before 
the first dose of the study drug and throughout the study. Those subjects with 
a recent cardiovascular event or related surgical intervention were excluded, as 
were those with documented history of hepatic, renal, or uncontrolled endocrine 
disorders. The subjects with a serum creatine phosphokinase level of >3 times 
the upper limit of normal (ULN) or hepatic transaminase levels of >2 times the 
ULN at screening were also excluded from the trial. All participants gave written 
informed consent before enrollment.

Study design

A multicenter, randomized, placebo-controlled, double blind, dose-escalation 
design was used for this Phase II study. The eligible participants were randomized 
4:1, active treatment to placebo, by dose cohort. The study included 4 dose 
cohorts of 50, 100, 200, or 300 mg/week of mipomersen (~10 patients per cohort). 
The 50- and 100 mg/week cohorts were enrolled first, in parallel, followed by 
sequential enrollment of the 200- and 300 mg/week cohorts. Enrollment of the 
next cohort was initiated on demonstration of a satisfactory safety profile after 6 
weeks of dosing (Week 7) in the preceding cohorts. The design was amended to 
allow patients in the 300 mg/week dose group to continue weekly dosing for >13 
weeks. The patients, investigators, and study staff were unaware of the treatment 
assignments, with the exception of the pharmacist who prepared the study drug. 
The study drug was administered by subcutaneous injection at a dose of 50, 
100, 200, or 300 mg on days 1, 4, 8, and 11, followed by once-weekly injections 
on days 15, 22, 29, and 36 (6-week treatment period). Patients in the 300mg/
week dose cohort continued weekly dosing on days 43, 50, 57, 64, 71, 78, and 
85 (13-week treatment period). The study drug was supplied as a 1-ml solution 
containing 200 mg of mipomersen or 0.9% sterile saline in a 2-ml glass vial by Isis 
Pharmaceuticals. 
The local institutional review boards approved the study, which was performed 
in compliance with the standards of Good Clinical Practice (CPMP/ICH/135/95), 
the Declaration of Helsinki in its revised edition (Washington 2002), and the 
requirements of the European Clinical Trial Directive 2001/20/EC (amendment 
regulations SI 2006/2984). 
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Lipid and lipoprotein analysis

The laboratory evaluations included routine hematology, blood chemistry, and 
urinalysis. A full physical examination was performed at screening, Week 7 
(50-, 100-, and 200 mg/week cohorts), and Week 15 (300 mg/week cohort). A 
12-lead electrocardiogram was recorded at screening, Week 7 (all cohorts), and 
Week 15 (300 mg/week cohort). The electrocardiograms were evaluated by an 
independent cardiologist. The subjects’ vital signs were recorded at each visit 
during the treatment period and at the post-treatment evaluation (Weeks 7 and 
15). The patients were followed up for 5 months after their last dose of study 
drug. During this follow-up period, the patients returned to the study center for 
clinical evaluation and laboratory tests once per month for the first 3 months. In 
the absence of abnormalities, the patients were then monitored by telephone 
interview for the remainder of the follow-up period. 
The fasting blood samples were analyzed for lipids and lipoproteins using 
MedPace (Cincinnati, Ohio). ApoB, apo-lipoprotein A1, and lipoprotein(a) [Lp(a)] 
concentrations were determined by rate nephelometry. The total cholesterol 
and triglyceride (TG) concentrations were measured by standard enzyme-based 
colorimetric assays. High-density lipoprotein cholesterol was determined using 
an enzymebased colorimetric assay after dextran-sulfate precipitation. Very-low-
density lipoprotein (VLDL)-cholesterol, LDL-c, and non–high-density lipoprotein 
cholesterol were calculated. The plasma concentrations of mipomersen 
were analyzed using a validated hybridization-dependent enzymelinked 
immunosorbent assay method at PPD Development (Richmond, Virginia). The 
lower limit of quantitation was 0.23 ng/ml. The pharmacokinetic parameters for 
mipomersen were calculated using noncompartmental analysis (WinNonlin, 
version 5.2, Pharsight, Mountain View, California) for each patient’s plasma drug 
concentration–time profile obtained by serial blood sampling before and after the 
last dose. The plasma through concentrations were determined from samples 
collected approximately 7 days after the previous dose throughout the treatment 
period. The area under the plasma concentration–time curve was calculated from 
0 to 48 hours after the administered dose using the linear trapezoidal rule. Blood 
samples were also collected during the follow-up period to determine the drug 
terminal elimination half-life.

Statistical analysis and calculations

The pre specified primary efficacy end point was the percentage of reduction in 
LDL-c from baseline to Day 43 (Week 7) per dose group compared to the pooled 
placebo group. Exploratory analysis of other lipid and lipoprotein parameters 
was performed on Day 43 for each dose group and Day 99 (Week 15) for the 
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300 mg/week dose group. The safety end points were evaluated by treatment 
group and included all adverse and serious adverse events, laboratory test results, 
vital signs, and electrocardiographic findings. Safety was assessed according to 
the incidence, severity, and dose relation of the events and by changes in these 
parameters. 
The sample size was determined by a standard deviation (SD) of 18 for the 
percentage of change from baseline for LDL-c, as derived from previous clinical 
data sets. According to this variance, a sample size of 8, for both the pooled 
placebo and 300 mg/week dose groups, would provide 80% power to detect a 
30% difference in a change from baseline for LDL-c between the 2 treatment 
groups using a t test with a 0.05 2-sided significance level. 
The study end points were analyzed on the intent-to-treat population (n=44). 
Missing values were imputed by identifying the assessment closest to 2 weeks 
after the last dose of the study drug. Descriptive statistics are presented for the 
lipid parameters by treatment group. Baseline was defined as the average of all 
screening values combined with the predose day 1 measurement. The percentage 
of change in each lipid parameter from baseline to day 43 (Week 7) for all dose 
groups was compared to the data from the pooled placebo group using the exact 
Wilcoxon rank sum test. An analysis of the changes from baseline to Day 99 (Week 
15) for the 300 mg/week dose group was performed using the paired t test or sign 
test. The software used for the analyses was Statistical Analysis Systems, version 
8.2 (SAS Institute, Cary, North Carolina).

Results
Study participants

Of the 55 screened patients, 44 were enrolled in the study, at one site in The 
Netherlands and six sites in the United States, from February 2006 to April 2007 
(figure 1). The demographics and baseline lipid-lowering therapy by treatment 
group are summarized in table 1. Of the 44 patients, 39 completed the treatment 
period of the study protocol. The 5 patients who did not complete the treatment 
period were assigned to mipomersen. Of these 5 patients, 4 discontinued dosing 
because of an adverse event (n=3) or stopping rule (n=1). One patient withdrew 
consent. Also, 5 patients did not enter the follow-up period because of enrollment 
in an open-label extension study (clinical trial no. NCT00477594). 

Efficacy

Statistically significant reductions in apoB and LDL-c were observed in the 200 
and 300 mg/week dose groups after 6 weeks of treatment with mipomersen 
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(table 2). The mean reduction in apoB from baseline to Week 7 was 23% in 
the 200 mg/week dose group and 33% in the 300 mg/week dose group, with 
parallel reductions in LDL-c of 21% and 34%, respectively. In addition, reductions 
in Lp(a) and TGs were demonstrated in the 200 and 300 mg/week dose groups; 
however, these reductions were not statistically significant. Extended treatment 
to 13 weeks with weekly doses of 300 mg mipomersen resulted in significant 
mean reductions from baseline to Week 15 of 37% in apoB and 37% in LDL-c 
(table 3). Lp(a) was lowered by 29%. The LDL-c and apoB levels remained below 
baseline for >3 months after the last dose in the 4 patients who completed both 
the treatment and the follow-up periods of the study. 

Safety

One serious adverse event occurred during the study. This event was a single 
episode of syncope, which occurred during the follow-up period and was considered 

Figure 1  Flow of study participants

* Other denotes exclusion based on medical condition or laboratory test criteria. 
† OLE denotes enrolled in open-label extension study.
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unrelated to the study drug by the investigators. Three patients discontinued 
active treatment because of one or more adverse events. These events included 
injection site reactions and influenza-like symptoms. Another patient discontinued 
dosing because of a stopping rule (total urine protein >1.0 g/24 hr) after six 300 
mg doses of mipomersen. This patient entered the trial with an elevated serum 
creatinine (2.24 mg/dL) and positive findings from a urinary dipstick test (>30 mg/
dL). No change in renal function (creatinine 1.86 to 2.29 mg/dL) or urinary protein 
excretion (protein/creatinine ratio 1.49 before and 1.06 at 3 weeks after the last 
dose) was observed during the trial, implying that the abnormal values resulted 
from the pre-existing chronic renal disease. The most common adverse event 

Table 1 Patient demographics and baseline characteristics

Placebo 
n(=8)

Dose (mg/wk)

50 mg/wk
(n= 8)

100 mg/wk
(n=8)

200 mg/wk
(n=11)

300 mg/wk
(n=9)

Total
(n=44)

Gender (M:F)

  Male 6 5 5 4 6 26

  Female 2 3 3 7 3 18

Age (years) 54 ± 10 49 ± 12 53 ± 11 56 ± 13 47 ± 7 52 ± 11

BMI (kg/m2) 28 ± 3 28 ± 4 31 ± 5 28 ± 8 32 ± 6 29 ± 6

Lipid-Lowering Medications ( n (%) )

Statin 8 (100) 6 (75) 7 (88) 11 (100) 9 (100) 41 (93)

Ezetimibe 6 (75) 3 (38) 7 (88) 7 (64) 8 (89) 31 (70)

Bile Acid Sequestrant 2 (25) 0 (0) 0 (0) 3 (27) 1 (11) 6 (14)

Other 1 (13) 0 (0) 0 (0) 1 (9) 2 (22) 4 (9)

Lipid Parameters (mg/dL) 

LDL cholesterol 171 ± 47 207 ± 76 174 ± 40 164 ± 30 174 ± 35 177 ± 47

Very-low-density lipoprotein 
cholesterol

35 ± 17 25 ± 8 27 ± 10 28 ± 12 34 ± 14 30 ± 13

Non-high-density lipoprotein 
cholesterol

205 ± 53 231 ± 74 204 ± 52 192 ± 38 208 ± 43 207 ± 51

High-density lipoprotein 
cholesterol

40 ± 6 48 ± 10 50 ± 15 54 ± 16 41 ± 7 47 ± 12

Total cholesterol 246 ± 57 279 ± 75 254 ± 52 246 ± 38 249 ±41 254 ± 52

Triglycerides 156 114 131 137 178 127

(82 – 310) (84 – 220) (82 – 213) (55 – 219) (80 – 284) (55 – 310)

Apolipoprotein A1 141 ± 23 153 ± 26 157 ± 31 152 ± 29 141 ± 18 149 ± 26

Apolipoprotein B 143 ± 31 148 ± 37 144 ± 38 130 ± 26 152 ± 24 143 ± 31

Lipoprotein (a) 67 ± 87 21 ± 22 68 ± 77 25 ± 25 80 ± 45 51 ± 59

Data are presented as the mean ± SD. Triglycerides are presented as the median (min – max). 
To convert cholesterol and triglycerides values to mmol/L, multiply values by 0.0259 and 0.0113 
respectively. M denotes male; F, female; VLDL, very-low density lipoprotein; LDL, low-density 
lipoprotein; HDL, high-density lipoprotein.
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was an injection site reaction after subcutaneous dosing of mipomersen (table 
4). The reactions were most frequently described as mild erythema occurring 
within 24 hours after injection. No evidence was found of a dose-dependent 
association in adverse events. Of the 36 patients dosed with mipomersen, 4 
(11%; 1 at 50 mg/week and 3 at 300 mg/week) and 1 (13%) of 8 patients dosed 

Table 2  Percent change in lipids and lipoproteins after 6 weeks of treatment

Lipid parameter Dose (mg/week)

Placebo
(n = 8)

50
(n = 8)

100
(n = 8)

200
(n = 11)

300
(n = 9)

LDL cholesterol 0 ± 23 -13 ± 15 - 11 ± 10 -21 ± 23 a -34 ± 18 b

VLDL cholesterol -7 ± 18 -5 ± 29 21 ± 42 -14 ± 28 -6 ± 61

Non-HDL cholesterol -1 ± 22 -12 ± 16 - 8 ± 11 -21 ± 19 a -31 ± 20 a

HDL cholesterol 8 ± 17 -1 ± 13 - 3 ± 20 -1 ± 13 6 ± 11

Total Cholesterol -0 ± 17 -10 ± 14 - 7 ± 11 -16 ± 15 a -25 ± 17 a

Triglycerides -16 (-27 – 25) 6 (-60 – 25) 6 (-25 – 90) -23 (-48 – 48) -22 (-62 – 137)

Apolipoprotein A1 -0 ± 8 -3 ± 5 - 4 ± 16 -2 ± 9 -2 ± 11

Apolipoprotein B -1 ± 17 -10 ± 12 - 8 ± 11 -23 ± 19 a -33 ± 22 b

Lipoprotein (a) -3 ±21 -3 ±10 - 15 ± 10 -17 ± 19 -24 ± 26

Data are presented as the mean ± standard deviation of the percent change from baseline on day 
43 by dose group. Triglycerides are presented as the median percent change from baseline and 
range (min – max). a P-value <0.05, b p-value <0.01.  To convert cholesterol and triglycerides values 
to mmol/L, multiply values by 0.0259 and 0.0113 respectively.  HDL, high-density lipoprotein; LDL, 
low-density lipoprotein; VLDL, very-low density lipoprotein.

Table 3  Effects on plasma lipid and lipoprotein levels after 13-weeks of 300 mg/wk mipomersen

Lipid Parameter
(mg/dL) 

Baseline
(n = 9)

Day 99
(n = 9)

Change

Absolute    %

LDL cholesterol 174 ± 35 109 ± 40 - 66 ± 41 b - 37 ± 21 c

VLDL cholesterol 34 ± 14 23 ± 7 -11 ± 15 - 22 ± 37

Non-HDL cholesterol 208 ± 43 131 ± 38 - 77 ± 53 b - 35 ± 20 c

HDL cholesterol 41 ± 7 43 ± 9 2 ± 7 4 ± 16

Total Cholesterol 249 ± 41 174 ± 42 - 75 ± 53 b - 29 ± 18 b

Triglycerides 178 (80 – 284) 111 (75 – 193) -70 (-173 – 41) -38 (-61 – 49)

Apolipoprotein A1 141 ± 18 144 ± 20 2 ± 21 2 ± 16

Apolipoprotein B 152 ± 24 95 ± 35 - 57 ± 38 b - 37 ± 22 b

Lipoprotein (a) 80 ± 45 63 ± 56 - 17 ± 24 - 29 ± 30 a

Data are presented as the mean ± standard deviation. Triglycerides are presented as the median 
and range (min – max).  To convert cholesterol and triglycerides values to mmol/L, multiply values 
by 0.0259 and 0.0113 respectively. Significant differences between baseline and day 99 values 
were determined using the Paired T-test (Sign test for triglycerides). a P-value <0.05, b p-value 
<0.01, c p-value <0.001. HDL, high-density lipoprotein; LDL, low-density lipoprotein; VLDL, very-
low density lipoprotein.
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with placebo experienced elevations in serum alanine aminotransferase (ALT) 
levels of >3 times the ULN. No concomitant elevations in total bilirubin >2 times 
the ULN were observed. Other measures of liver function (eg, prothrombin and 
albumin) remained normal. The ALT levels remained at >3 times the ULN on >2 
consecutive occasions >7 days apart for the 3 patients dosed with 300 mg/week 
mipomersen. The maximum alanine aminotransferase elevations ranged from 
172 to 216 IU/L. The alanine aminotransferase levels remained elevated (>3 times 
the ULN) for 2 to 19 weeks after dosing. Additional evaluation of these patients 
included computed tomography, which revealed evidence of a steatotic liver in 
2 patients and hepatomegaly without steatosis in 1 patient. Baseline computed 
tomographic scans were not available to determine a causal relation between the 
hepatic abnormalities and treatment with mipomersen. No elevations occurred 
in serum creatine phosphokinase levels. Other than the values from the 1 patient 
who discontinued dosing because of the stopping rule, the serum chemistry 
and urinary protein excretion levels did not show evidence of abnormal changes 
or effects on kidney function from treatment with mipomersen. No clinically 
significant changes were seen in vital signs, electrocardiographic findings, or 
other laboratory evaluation results. 
The maximum and total (area under the plasma concentration– time curve was 
calculated from 0 to 48 hours after the administered dose) plasma mipomersen 

Table 4  Adverse events by dose group (mipomersen treated >10%)

Event N (%) Dose (mg/week) Total

Placebo
n = 8

50
n = 8

100
n = 8

200
n = 11

300
n = 9

Mipomersen
n = 36

Injection Site Reaction * 2 (25) 8 (100) 8 (100)  11 (100) 8 (89) 35 (97)

Headache 0 (0) 2 (25) 1 (13) 5 (46) 0 (0) 8 (22)

Nasopharyngitis 2 (25) 1 (13) 1 (13) 4 (36) 1 (11) 7 (19)

Myalgia 1 (13) 2 (25) 1 (13) 3 (27) 0 (0) 6 (17)

Nausea 1 (13) 1 (13) 1 (13) 3 (27) 1 (11) 6 (17)

Urinary Tract Infection 0 (0) 2 (25) 2 (25) 1 (9) 0 (0) 5 (14)

Fatigue 0 (0) 1 (13) 1 (13) 2 (18) 0 (0) 4 (11)

Diarrhea 0 (0) 0 (0) 1 (13) 1 (9) 2 (22) 4 (11)

Back Pain 0 (0) 2 (25) 1 (13) 0 (0) 1 (11) 4 (11)

Muscle Stiffness 0 (0) 4 (50) 0 (0) 0 (0) 0 (0) 4 (11)

Arthralgia 0 (0) 1 (13)     1 (13) 2 (18) 0 (0) 4 (11)

Value (n) denotes the number of patients with at least one event. Percent of the total number of 
patients (%) by treatment group is in parenthesis. * Injection site reaction includes the following 
preferred MedDRA terms (% mipomersen-treated patients, N = 36): erythema (69%), pruritis 
(33%), irritation (33%),discolouration (31%), pain (25%), reaction (25%), swelling (19%), bruising 
(19%), induration (17%), warmth (8%), discomfort (8%), rash (8%), inflammation (3%) and 
haematoma (3%).
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concentrations were generally dose dependent. The mean ± SD maximum 
concentration value was 0.53 ± 0.32, 1.45 ± 0.98, 4.04 ± 2.45, and 3.68 ± 2.42 
μg/ml, respectively. The mean ± SD area under the plasma concentration–time 
curve calculated from 0 to 48 hours after the administered dose was 6.06 ± 
2.34, 14.5 ± 5.04, 60.1 ± 27.7, and 51.4 ± 21.3 μg-hr/ml by dose from 50 to 300 
mg mipomersen, respectively. The mean through concentrations ranged from 
3.9 to 30.5 ng/mL after the 6-week treatment period in the 50 to 300 mg/week 
dose groups. Extended treatment in the 300 mg/week dose group resulted in 
an increase in the mean through concentration to 46.8 ng/mL. The mean plasma 
terminal elimination half-life ranged from 25 to 34 days across the 4 dose groups. 

Discussion
In the present study, we found that apoB synthesis inhibition by mipomersen 
produced significant reductions in LDL-c in patients with FH receiving conventional 
lipid-lowering therapy. However, 4 of 36 patients, 3 of whom received the 300 
mg/week dose, experienced elevations in transaminases >3 times the ULN, with 
signs of steatosis on abdominal computed tomography. Although the present 
findings support the use of mipomersen at a dose of 200 mg/week in a Phase 
III program, additional studies are warranted to elucidate the relation between 
the transaminase elevations and steatotic changes in the liver after mipomersen 
administration. 

The effect of mipomersen on LDL-c and other apoB-containing lipoproteins was 
dose dependent, with statistically significant reductions demonstrated in the 200 
and 300 mg/week dose groups after 6 weeks of treatment. These reductions 
were achieved with a background of high doses of statins with or without other 
lipid-lowering agents (eg, ezetimibe or resins). However, the present study was 
powered to detect large differences (>30%) in LDL-c in the highest dose group. 
Therefore, the sample sizes in the lower dose groups might have been too small to 
detect more moderate reductions in LDL-c with adequate power. LDL-c remained 
at less than the baseline level for a minimum of 2 to 3 months after the last dose in 
the patients who had completed treatment and follow-up in the 200 and 300 mg/
week dose groups. This prolonged response was attributed to the drug elimination 
half-life of approximately 30 days. 
Mipomersen also reduced Lp(a) levels by 20% to 30%, particularly in the higher 
dose groups. These findings extend those from previous studies in primates, in 
which reductions in Lp(a) of >35% were reported20. Lp(a) is an LDL-like particle 
synthesized by the liver that consists of an apoB molecule covalently linked to 
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a large glycoprotein, apolipoprotein(a)21.Observational studies have consistently 
revealed that Lp(a) increases are associated with an increased coronary heart 
disease risk (odds ratio ~1.7)22. However, Lp(a) is resistant toward commonly used 
therapeutic interventions. To date, only niacin, estrogen, and N-acetylcysteine 
have been shown to reduce Lp(a) concentrations23-26. The reduction of Lp(a) levels 
after mipomersen treatment was most likely related to the reduced availability 
of apoB in the liver, an essential constituent for the synthesis of Lp(a). Because 
selective Lp(a)-reducing agents are absent, it remains to be established whether, 
and to what extent, the Lp(a) reduction observed during apoB antisense mRNA 
inhibition can be expected to contribute to the cardiovascular benefit. 

In contrast to earlier studies of healthy volunteers and those with mild 
dyslipidemia17-19, statistically significant decreases in TG levels were not observed 
in the present study. This might have been because of the high variability of TG 
levels combined with the small sample size. In addition, 75% of subjects had a 
baseline TG level of <200 mg/dL (2.3 mmol/L). In contrast, in other pharmacologic 
interventions, greater TG reductions were achieved in patients with higher baseline 
levels27;28. Thus, the effect of mipomersen on TG levels requires additional 
testing in patients with hypertriglyceridemia at baseline. Elevations in ALT 
levels can be associated with a change in hepatic lipid metabolism and hepatic 
TG accumulation29. Such an effect has been observed with the inhibition of the 
microsomal triglyceride transfer protein30;31, a protein involved in VLDLD synthesis 
downstream of apoB. In contrast, antisense inhibition of apoB has been without 
this effect, at least in specific mouse and monkey models13;14.In the liver of these 
models, compensatory changes, including a reduction in fatty acid synthesis and 
an increase in fatty acid oxidation, were observed after antisense inhibition of 
apoB. In the present study, 2 of the 3 patients in the highest dose group, who 
had had persistent elevations in ALT levels (>3 times the ULN), also had evidence 
of hepatic steatosis on computed tomography. However, the significance of this 
finding remains unclear in the absence of baseline computed tomographic scans, 
because the prevalence of hepatic steatosis in the general population has been 
estimated at 20% to 30%32. In a randomized, double-blind, placebo-controlled 
study of 21 patients with FH, we recently reported the effect of mipomersen 
on liver fat content, assessed using magnetic resonance spectroscopy (Chapter 
4)33. That study revealed a trend toward an increase in intrahepatic triglyceride 
content after 13 weeks of treatment33. Additional studies to address this issue are 
ongoing, both dedicated studies of liver fat changes and long-term safety studies. 

Patients in the present study received mipomersen in a background of conventional 
lipid-lowering therapy, including high doses of statins. In this respect, no clinically 
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evident interactions were found between mipomersen and the other lipid-lowering 
agents. Also, 7 of the 8 patients who received the highest dose of mipomersen 
also were receiving a maximum statin dose. The lack of clinically significant drug– 
drug interactions is consistent with the results from a Phase I study, in which 
concomitant administration of mipomersen with either simvastatin or ezetimibe 
had no significant effect on the respective pharmacokinetic properties34. This 
result is also consistent with the distinct mechanism by which mipomersen is 
metabolized by nucleases35.
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Abstract
Background 
To investigate the impact of mipomersen, an apolipoprotein B-100 (apoB) synthesis 
inhibitor, on intrahepatic triglyceride content (IHTG-content), we conducted a 
randomized, double-blind, placebo-controlled study in 21 patients with Familial 
Hypercholesterolemia (FH). 

Methods

Subjects received a weekly subcutaneous dose of 200 mg mipomersen or 
placebo for 13 weeks while continuing conventional lipid lowering therapy. The 
primary endpoint was change in intrahepatic triglyceride (IHTG)-content from Week 
0 to Week 15 as measured by localized proton magnetic resonance spectroscopy 
(¹H-MRS). 

Results

Thirteen weeks of mipomersen administration reduced low-density lipoprotein 
cholesterol by 22.0 (17.8)% and apoB by 19.9 (17.4)% (both p<0.01). One of 10 
patients (10%) in the mipomersen treated group developed mild hepatic steatosis 
at Week 15, which was reversible following mipomersen discontinuation. For the 
group, there was a trend towards an increase in IHTG-content (placebo; baseline: 
1.2% and Week 15: 1.1%; change -0.1 (0.9). Mipomersen; baseline: 1.2 % and 
Week 15: 2.1%; change 0.8 (1.7) (p=0.0513)).

Conclusion

Mipomersen administration for 13 weeks to subjects with FH is associated with a 
trend towards an increase in IHTG-content. Future studies evaluating the effects 
of long-term use of mipomersen reaching more profound reductions in apoB are 
required prior to broader use of this compound.  
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Introduction
ApoB is the main structural component of all atherogenic lipid particles and is 
obligatory for the secretion of VLDL from the liver1;2. As a consequence apoB 
synthesis inhibition has been put forward as a potentially valuable approach to 
achieve target levels for low-density lipoprotein cholesterol (LDL-c) in subjects 
with heterozygous familial hypercholesterolemia (FH) who are characterized by 
profoundly elevated baseline cholesterol levels and are unable to achieve target 
levels with conventional lipid lowering therapy3;4. In previous clinical trials, 
mipomersen, a second generation antisense oligonucleotide targeted to human 
apoB, has been shown to induce dose-dependent reductions in all apoB containing 
lipoproteins. A drug elimination half-life of ~30 days resulted in a prolonged 
pharmacological effect and the drug was overall well tolerated5-7. 

Intrinsic to its mechanism of action, apoB synthesis inhibition may result in an 
impaired secretion of triglyceride-rich VLDL-particles from the liver, potentially 
leading to accumulation of triglycerides in the liver. In fact, inhibition of microsomal 
triglyceride transfer protein (MTP), a protein involved in VLDL synthesis 
downstream of apoB, has been shown to result in hepatic steatosis in both 
experimental animals and humans8;9. Indeed, hepatic enzyme increases have been 
observed during treatment with mipomersen, particularly following treatment 
with higher doses. In line with this observation, during follow up of some patients 
with elevated liver enzymes, hepatic steatosis was detected (Chapter 3). Since 
baseline values in these patients were absent and hepatic steatosis is prevalent in 
the general population10, a definite causal relationship between administration of 
mipomersen and hepatic steatosis could not be established. 

Insight into the long-term sequelae of apoB synthesis inhibition can be 
obtained indirectly from the lessons learned from a ‘natural variant’ of low apoB 
concentrations, known as familial hypobetalipoproteinemia (FHBL). FHBL is 
primarily caused by mutations in the apoB gene resulting in truncated forms of 
apoB11. FHBL subjects are characterized by extremely low levels of apoB and 
plasma LDL-c and appear to be protected against atherosclerotic disease12. The 
majority of patients with FHBL are characterized by severe hepatic steatosis13;14. 
In contrast, hepatic steatosis is absent in a particular subset of patients with 
FHBL who are not characterized by truncated forms of apoB13. Therefore, the 
relation between decreased availability of apoB and intrahpeatic triglyceride 
(IHTG)-content is not completely clear. 

Effect of apoB synthesis inhibition on liver triglyceride content
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To evaluate the effects of mipomersen on IHTG-content, a randomized, double-
blind, placebo-controlled study was designed in patients with heterozygous FH on 
conventional lipid lowering therapy. In addition we evaluated IHTG-content over 
time in a ‘positive control group’ of subjects with FHBL. 

Methods
Study Participants

Twenty-one subjects with heterozygous FH were selected for the treatment group. 
Men and women between the age of 18 and 75 with a diagnosis of heterozygous 
FH were eligible. FH had to be diagnosed either by genotyping or by fulfilling 
the criteria for the diagnosis of FH as outlined by the World Health Organization 
(Familial Hypercholesterolemia (FH): report of the World Health Organization, 
1998). LDL-c was >100 mg/dL (2.6 mmol/L), plasma triglyceride levels <200 
mg/dL (2.2 mmol/L), HbA1c <6%, plasma glucose ≤5.8 mmol/L, alanine amino 
transferase (ALT) ≤1.5 x ULN and total bilirubin ≤1.0 x ULN at screening. All 
patients had been using stable lipid lowering therapy for at least three months 
prior to screening. Alcohol consumption had to be less than three units (30 g) 
per day and 12 units (120 g) per week for male subjects, and less than two units 
(20 g) per day and eight units (80 g) per week for female subjects. Patients with 
IHTG-content exceeding 5% at baseline were excluded from the trial. In addition, 6 
subjects with FHBL were included as a ‘positive control’ group that did not receive 
treatment. The participants in the FHBL group had to have documented disease 
due to an apoB-gene mutation, triglyceride levels <2.26 mmol/L (200 mg/dL), 
HbA1c <6.0%, ALT ≤3.0 x ULN and total bilirubin ≤1.0 x ULN at screening. 
All study participants were enrolled at one site in the Netherlands, the Academic 
Medical Centre in Amsterdam. The study protocol was approved by the local 
institutional review board. All subjects gave written informed consent. The study 
was performed in compliance with the standards of Good Clinical Practice (CPMP/
ICH/135/95) and the declaration of Helsinki (Washington 2002).

Study design
Subjects with FH were selected to investigate the effects of mipomersen 200 
mg/wk for 13 weeks on IHTG-content assessed using ¹H-MRS. Patients were 
randomized at a 1:1 ratio, active to placebo. Patients, investigators and study staff 
were blinded to the treatment assignment with the exception of the pharmacist 
who prepared the study drug. Study drug was administered subcutaneously on 
Days 1,8,15, 22, 29, 36, 43, 50, 57, 64, 71, 78 and 85 (13-week treatment-period). 
The 200 mg/wk dose was selected based on safety and efficacy data from 
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previous clinical trials. IHTG-content was assessed at baseline, at Week 4 and 
at Week 15. Since ALT elevations observed in previous clinical trials clustered 
around Week 4, this time point was chosen for the first follow-up ¹H-MRS. The 
main safety endpoint included change in IHTG-content from baseline to Week 
15. Pre-specified efficacy endpoints included percent reduction in LDL-c and 
apoB from baseline. Due to the long half-life of mipomersen, efficacy and safety 
endpoints were analyzed two weeks after the last dose of study drug at Week 
15. The treatment period was followed by a five months evaluation period with 
monthly visits. As a comparator for the ¹H-MRS values observed in patients using 
apoB antisense inhibition, we simultaneously assessed IHTG-content in 6 patients 
with FHBL.

Lipid and lipoprotein analysis

Fasting blood samples were analyzed for lipids and lipoproteins by MedPace 
(Cincinnati, OH, USA). ApoB, apoA1 and lipoprotein (a) (Lpa) concentrations were 
determined by rate nephelometry; and total cholesterol (TC) and triglycerides (TGs) 
were measured by standard enzyme-based colorimetric assays. HDL-cholesterol 
was determined by an enzyme-based colorimetric assay after dextran-sulfate 
precipitation. LDL- cholesterol and non-HDL cholesterol were calculated.

¹H-MRS

¹H-MRS was used to quantify IHTG-concentration. ¹H-MRS is a non-invasive 
technique by which liver triglyceride concentrations can be quantified. This 
technique has been shown to be well correlated with liver biopsy data in healthy 
individuals and patients with hepatic steatosis15. ¹H-MRS was performed at 
screening, at the end of Week 4 and at Week 15, two weeks after the last dose of 
mipomersen. Two voxels of 20 x 20 x 20 mm (8000 mm3) were positioned in the 
right lobe of the liver. Spectra were acquired on a 3.0 Tesla MRI scanner (Philips 
Medical Systems, Best, the Netherlands) using first order iterative shimming, a 
PRESS sequence with TE/TR=35/2000 ms and 64 signal acquisitions. The water 
and fat resonance peaks, located at 4.65 and 1.3 ppm were integrated using 
jMRUI software16 and relative fat content was expressed as a ratio of the fat peak 
area over the cumulative water and fat peak areas. Calculated peak areas of water 
and fat were corrected for T2 relaxation (T2water=34ms, T2fat=68ms)17 and 
the percentage hepatic fat content was calculated according to Szczepaniak et 
al.10.Reproducibility of ¹H-MRS to measure IHTG-content using this method has 
been shown to be high for “between-weeks” measurements in fatty livers18. An 
IHTG-concentration of >5.6% was accepted as the ULN10. 

Effect of apoB synthesis inhibition on liver triglyceride content
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Safety Monitoring

Safety and tolerability of mipomersen was assessed by determining the incidence, 
severity and possible relationship to the study drug of adverse events and 
laboratory parameters, including blood chemistry, routine hematology, coagulation 
and urinalysis. Vital functions were recorded on visits for Days 36, 60, 64 and 78. 
Full physical examination was performed at screening, Week 15 and Week 25 and 
a 12-lead electrocardiogram was recorded at screening, Week 4 and Week 15. 
Subjects returned to the study center two weeks after the last dose of study drug 
for evaluation of liver triglyceride content by ¹H-MRS. If IHTG-content appeared 
to be more than 10% or showed an increase of 100% relative to screening values 
or if ALT levels were >2.0 x ULN, results were submitted to the Data and Safety 
Monitoring Board (DSMB). Subsequently the DSMB recommended whether 
another ¹H-MRS evaluation should be performed at Week 25. 

Statistical analysis and calculations

Study endpoints were analyzed on the intention-to-treat population, consisting of 
all 21 subjects randomized as well as on the 6 FHBL positive controls. Missing 
lipid parameter and liver triglyceride content values at Day 99 were replaced by 
the last observation carried forward method (LOCF). Demographic and baseline 
characteristics were summarized using descriptive statistics. Baseline was defined 
as the last value prior to the first dose both for lipid parameters and IHTG-content. 
Efficacy endpoints were analyzed two weeks after the last dose, at Day 99 with a 
window of +6/-7 days. Percentage change from baseline for lipid parameters and 
absolute change from baseline for IHTG-content were compared between the two 
treatment groups using the analysis Exact Wilcoxon Rank Sum test with a 0,050 
two-sided significance level. Sample size was based upon a standard deviation of 
0.65 in the absolute percentage change for IHTG-content and analysis of the data 
between the two treatment groups18. Under these assumptions a sample size of 
7 per group would provide 80% power to detect a 2% difference in change for 
IHTG-content with a 0,050 two-sided significance level. Software utilized for the 
analyses was SAS version 8.2 (SAS Institute, Cary, North Carolina, USA).

Results

Study subjects

Twenty-one subjects with heterozygous FH and fulfilling all other entry criteria 
were randomly assigned to either mipomersen (n=10) or placebo (n=11) 
treatment. Demographics and baseline lipid-lowering therapy by treatment group 
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are summarized in table 1. Baseline lipid parameters were comparable between 
the treatment groups (table 2). All subjects were on stable lipid-lowering therapy 
(table 1). Twenty subjects completed the study protocol. One mipomersen-treated 
subject discontinued treatment after the first dose due to flu-like symptoms. 

Efficacy

Thirteen weeks of treatment with mipomersen 200 mg/wk resulted in significant 
reductions in apoB of 19.9% (p<0.001) with a mean apoB at Week 15 of 104.7 mg/
dL (1.0 mmol/L) and concomitant reductions in LDL-c of 22% (p<0.01) with a mean 
LDL-c at Week 15 of 118.1 mg/dL (3.0 mmol/L) (table 3) 

¹H-MRS

Baseline IHTG-content was similar between the two treatment groups with a mean 
of 1.2% and a range of 0.2-3.2% for the placebo and 0.3-3.8% for the treatment 
group (table 4). Thirteen weeks of treatment with mipomersen resulted in a mean 
change from baseline for IHTG-content of 0.8 percentage points compared to 

Table 1 Demographics and baseline lipid-lowering therapy

Rx
n(%)

Placebo
n=11

Mipomersen
n=10

FHBL
n=6

Gender (M:F)ª 03:08 06:04 05:01

Age b 46 (1) 49 (12) 49 (16)

BMI b 26 27 30

Statin (mg/day) c 

Atorvastatin

20 1 (10)

40 1 (9) 2 (20)

80 4 (36) 1 (10)

Rosuvastatin

5 2 (18)

20 1 (9) 1 (10)

40 2 (18) 4 (40)

Simvastatin

80 1 (10)

Pravastatin

40 1 (9)

Ezetemibe

10 7 (64) 9 (90)

Other 1 (9) 1(10)

ª M: male F: female. b Age and BMI values are the mean (standard deviation). c Values represent 
number of subjects (%) by statin type and dose.

Effect of apoB synthesis inhibition on liver triglyceride content
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-0.1 percentage points in the placebo group at Week 15 (p=0.0513). One subject 
treated with mipomersen exceeded the upper limit of normal for IHTG-content of 
5.6%. In this particular subject, IHTG-content increased from 0.6% at baseline to 
5.7% at Week 15. During follow-up IHTG- content dropped to 5.6% at Week 25 and 
to 2.5% at Week 35 (figure 1A). In two other subjects in the mipomersen group 
and in 3 subjects in the placebo group, additional IHTG-content measurements 
at Week 25 were performed on recommendation of the DSMB because of 
increases in IHTG-content of >100% relative to screening values. Both subjects in 

Table 2 Baseline lipid parameters

Lipids 
(mg/dL)

Placebo
(n = 11)

Mipomersen
(n = 10)

FHBL
(n =6)

LDL-c 155 ± 31 155 ± 37 46 ±18

VLDL-c 18 ± 6 20 ± 7 8 ± 3

Non-HDL-c 173 ± 35 175 ± 38 54 ± 19

HDL-c 46 ± 10 47 ± 13 56 ± 6

TC 219 ± 29 222 ± 37 110 ± 20

TG ª 91 (52 – 133) 102 (51 – 166)  32 (23 -63)

Apo A1 144 ± 19 149 ± 26 156 ± 20

Apo B 124 ± 24 131 ± 29 35 ± 10

Lp(a) 50 ± 62 78 ± 74 22 ± 22

Data are presented as the mean ± standard deviation. ª Data presented as median (min – max). 
VLDL-c denotes VLDL-cholesterol; LDL-c denotes LDL-cholesterol; HDL-c denotes HDL-cholesterol; 
TG denotes triglycerides; TC denotes total cholesterol.

Table 3 Percent change in lipid parameters after 13-weeks of treatment analyzed at Week 15 

Change from baseline 
Lipid parameter (%)

Placebo
(n = 11)

Mipomersen
(n = 10)

LDL-c 1.0 ± 16.5 - 22.0 ± 17.8 c

VLDL-c - 3.1 ± 24.8 - 13.2 ± 13.8

Non-HDL-c 0.4 ± 16.3 - 21.3 ± 16.6 b

HDL-c 7.5 ± 12.7 4.0 ± 9.2

TC 1.9 ± 14.9 - 16.4 ± 13.4 c

TGª - 7 (-45.9 to 42.3) - 16.3 (-35.1 to 9.8)

Apo A1 2.2 ± 12.0 - 1.3 ± 8.6

Apo B 5.7 ± 13.1 - 19.9 ± 17.4 d

Lp(a) 8.0 ± 16.1 - 19.6 ± 14.9 d

VLDL-c denotes VLDL-cholesterol; LDL-c denotes LDL-cholesterol; HDL-c denotes HDL-cholesterol; 
TG denotes triglycerides; TC denotes total cholesterol. Data are presented as the mean ± standard 
deviation. ª Data presented as the median (min – max). b p-value <0.05 compared to placebo using 
the Exact Wilcoxon Rank sum test.  c p-value <0.01 compared to placebo using the Exact Wilcoxon 
Rank sum test.  d p-value <0.001 compared to placebo using the Exact Wilcoxon Rank sum test.

56

proefschrift Visser woe.indb   56 28-7-2011   15:48:38



4
chapter

the mipomersen treatment group showed reduction in IHTG-content at Week 25 
compared to Week 15 (figure 1A and 2A). 
¹H-MRS measurements in FHBL subjects at baseline showed a mean IHTG-content 
of 22.6% with a range of 13.2-30.1%. Mean change from baseline to Week 15 for 
this group was 0.7 percentage points (table 4 and figure 3).

Safety

No serious adverse events occurred in this study. The most common adverse 
events were injection site reactions (ISR) following subcutaneous administration 
of mipomersen (table 5). ISRs were generally characterized by erythema that 
occurred within 24 hours after the injection. ISRs did not worsen on repeated 
dosing. All subjects treated with mipomersen experienced at least one ISR. Of all 
injections with mipomersen 19% (22/118) resulted in ISR compared to 9% (13/142) 
in the placebo group. Other adverse events with a more than 10% incidence 
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Figure 1 IHTG-content (A) en ALT (B) in time for the placebo treatment group 

Figure 2 IHTG-content (A) and ALT (B) in time for mipomersen treatment group 
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in the mipomersen treatment group were influenza-like illness, influenza, 
nasopharyngitis, headache, fatigue, mylagia, back pain, abdominal pain, nausea 
and cough. There were no clinically significant increases in ALT (>3x ULN) (figure 
1B and 2B) or other measures of liver function, such as prothrombin time, albumin 
or bilirubin. Vital signs, electrocardiogram and urinalysis did not show any clinically 
significant changes.  

Discussion
Mipomersen at a dose of 200 mg/wk for thirteen weeks in patients with FH 
achieved incremental reductions in LDL-c with a concomitant trend towards 
increased IHTG-content, which did not reach statistical significance. New-onset 

Table 4 Changes in intrahepatic triglyceride content

IHTG-Content 
(%)

FHBL No-Dosing
(n=6)

HeFH Placebo
(n=11)

Mipomersen
(n=10)

Baseline

Mean ± SD 21.9 ± 6.5 1.2 ± 1.0 1.2 ± 1.0

Range 13.2 – 30.1 0.2 – 3.2 0.3 – 3.8

Week 4

Mean ± SD 21.7 ± 5.9 1.2 ± 1.1 1.0 ± 0.5

Range 11.9- 27.6 0.2-3.3 0.4-1.9

Week 15

Mean ± SD 22.6 ± 6.8 1.1 ± 0.8 2.1 ± 1.5

Range 12.7 – 31.0 0.2 – 2.5 0.8-5.7

Change from baseline to Week 15 

Mean ± SD 0.7 ±  2.1 -0.1 ± 0.9 0.8 ± 1.7 ª

Range -2.0 – 4.3 -1.5 – 1.3 -1.7 - 5.1

ª p-value = 0.0513 compared to placebo using the Exact Wilcoxon Rank sum test.
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hepatic steatosis was observed in one patient, which was reversible after 
discontinuation of the compound. There were no increases in hepatic transaminase 
levels exceeding 3 x ULN. 

The findings in this study may have divergent implications. On the one hand, there 
was no profound change in IHTG-content following 13 weeks of apoB synthesis 
inhibition. This observation is in apparent contradiction with the severe hepatic 
steatosis observed in patients with FHBL as well as patients receiving MTP 
inhibition8;9. With respect to the FHBL population, it should be taken into account 
that this disorder is genotypically and phenotypically heterogeneous19. The vast 
majority of FHBL variants are caused by mutations in the apoB gene resulting 
in the formation of truncated forms of apoB. The truncated apoB particles are 
secreted at lower rate and more rapidly cleared from the plasma resulting in 
circulating apoB levels approximately 25% of normal20-22 with a concomitant 
3-5 fold increase in hepatic triglyceride content13;14. In contrast mutations linked 
to the 3p21 locus result in qualitatively normal and only quantitatively abnormal 
apoB. Due to decreased secretion of apoB this FHBL variant is associated with 
circulating apoB plasma levels of approximately 44% of normal22. Interestingly, 
in these FHBL patients hepatic steatosis is not present23. The genes involved 
in this particular FHBL variant have not been identified yet and unfortunately 
the mechanism for the absence of fatty liver in FHBL linked to 3p21 remains 
unknown24. Therefore, the relation between decreased availability of apoB and 
IHTG-content is not fully elucidated. 
The second comparison concerns the use of MTP inhibitors. MTP mediates the 
transfer of triglycerides on to the apoB particles prior to export from the liver25. In 

Table 5 Treatment-Emergent Adverse Events (>10 % Mipomersen)

Event Placebo Mipomersen

n (%) ( n= 11) (n = 10)

Injection Site Reaction 8 (73) 10 (100)

Influenza-like Illness 2 (18) 7 (70)

Influenza 1 (9) 3 (30)

Nasopharyngitis 4 (36) 3 (30)

Headache 6 (55) 3 (30)

Fatigue 5 (46) 2 (20)

Myalgia 1 (9) 2 (20)

Back Pain 0 (0) 2 (20)

Upper Abdominal Pain 0 (0) 2 (20)

Nausea 0 (0) 2 (20)

Cough 0 (0) 2 (20)

Effect of apoB synthesis inhibition on liver triglyceride content
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both experimental models and clinical trials, the inhibition of MTP was associated 
with profound increases in IHTG-content8;9. These findings fueled the concept 
that interference with triglyceride-rich VLDL secretion from the liver may invariably 
contribute to hepatic steatosis. Yet, although apoB acts in the same pathway 
as MTP, the present observation does not support severe steatotic responses 
following mipomersen administration. In line with these findings, apoB synthesis 
inhibition did not result in hepatic triglyceride accumulation in specific mouse 
and monkey models, in contrasts to the use of MTP inhibitors in these same 
models26;27. The latter has mechanistically been ascribed to a compensatory 
decrease in fatty acid synthesis combined with an increase in fatty acid oxidation 
during apoB synthesis inibition, as was suggested by results from microarray 
analysis of liver mRNA from these experimental models27. Such effects may in part 
explain the heterogeneous findings between these two treatment strategies26. 

On the other hand, it should be taken into account that in the current trial a trend 
towards an increase IHTG-content was observed, accompanied by one subject 
progressing into new-onset hepatic steatosis in spite of a relatively modest group 
size. In this respect, it should be noted that the present study was designed to 
detect large differences in IHTG-content between the two treatment groups, 
similar to the severe increases reported following MTP-inhibition8. In addition, 
lipid reductions were less than those reported in previous clinical trials with 
mipomersen. In an earlier study, treatment with mipomersen 200 mg/wk resulted 
in reductions of apoB of 36 % compared to 19.9% in the present study. In addition 
increases in ALT of >3 x ULN were observed in 50% of the study subjects in this 
cohort28. In the latter trial, however, a loading dose consisting of two additional 
doses of mipomersen, was administered during week one. A dose of 200 mg 
of mipomersen weekly without a loading dose regimen has been suggested to 
produce steady state tissue concentrations no earlier than after 26 weeks of 
treatment29. Since tissue concentrations after thirteen weeks of treatment are 
thought to be in the range of 70% of steady state, an additional reduction in 
apoB can be expected following prolonged exposure. Taking into account that 
the degree of apoB synthesis inhibition may determine the extent of hepatic 
triglyceride accumulation, the present findings do not rule out the possibility of 
a steatotic response following prolonged treatment with mipomersen. Steatotic 
changes following inhibition of VLDL-excretion by the liver may, however, differ 
from hepatic steatosis observed in patients with non-alcoholic fatty liver disease 
(NAFLD)30. In fact, although long-term follow up data on liver safety in FHBL is 
scarce, hepatic fat accumulation in patients with FHBL has not been associated 
with liver disease31. Conversely, in NAFLD, progression to fibrosis, cirrhosis and 
even hepatocellular carcinoma has been reported32;33. Although the present 
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observation of minor changes in IHTG-content does not raise safety concerns, 
these findings do require further validation following prolonged treatment with 
mipomersen, particularly in subjects at increased risk of hepatic steatosis.

ApoB synthesis inhibition is an attractive target to establish incremental LDL-c 
lowering on top of statin therapy in patients with FH. However, the tendency 
towards an increase in IHTG-content combined with one patient with new-onset 
hepatic steatosis in the mipomersen group, as observed in the present study, 
underscores the need for additional safety studies. Specifically the effect 
of mipomersen on IHTG-content needs to be evaluated following prolonged 
treatment duration and in a larger number of subjects including those at increased 
risk of hepatic steatosis. 

Effect of apoB synthesis inhibition on liver triglyceride content
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Abstract
Background 

A randomized, double-blind, placebo-controlled study was conducted to 
investigate the safety and efficacy of mipomersen, an apolipoprotein B-100 
(apoB) synthesis inhibitor, in patients who are statin-intolerant and at high risk for 
cardiovascular disease (CVD). 

Methods 

Thirty-three subjects, not receiving statin therapy because of statin intolerance, 
received a weekly subcutaneous dose of 200 mg mipomersen or placebo (2:1 
randomization) for 26 weeks. The primary endpoint was percent change in LDL-c 
from baseline to Week 28. Other efficacy endpoints were percent change in apoB 
and Lp(a). Safety was determined using the incidence of treatment-emergent 
adverse events (AE) and clinical laboratory evaluations. 

Results 

After 26 weeks of mipomersen administration, LDL-c was reduced by 47 ± 18% 
(p<0.001 vs placebo). ApoB and Lp(a) were also significantly reduced by 46% and 
27%, respectively (p<0.001 vs placebo). Four mipomersen (19%) and 2 placebo 
subjects (17%) discontinued dosing prematurely due to AEs. Persistent liver 
transaminase increases ≥ 3 x the upper limit of normal were observed in 7 (33%) 
subjects assigned to mipomersen. In selected subjects liver fat content was 
assessed, during and after treatment, using magnetic resonance spectroscopy. 
Liver fat content in these patients ranged from 0.8 to 47.3%. Liver needle biopsy 
was performed in two of these subjects, confirming hepatic steatosis with minmial 
inflammation or fibrosis.  

Conclusion 

The present data suggest that mipomersen is an effective therapeutic option in 
statin intolerant patients at high risk for CVD, although longer-term follow-up of 
liver safety is required.
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Introduction 
Statin-induced low-density lipoprotein cholesterol (LDL-c) lowering is the first-line 
treatment in patients at increased risk for cardiovascular disease (CVD)1. Whereas 
statins are well tolerated, adverse events such as liver transaminase increases, 
myalgia and, in rare cases, rhabdomyolysis may occur. In fact, myalgia, the most 
common adverse event following statin treatment, has been reported in up to 
10% of patients2;3. In a minority of these patients, the severity of statin-induced 
side effects may lead to discontinuation of therapy. The incidence of statin 
‘intolerance’ is rising, most likely reflecting the use of higher statin doses required 
to achieve more stringent LDL-c targets1 whereas adverse effects of statins are 
dose-dependent4. Currently available alternatives to lower LDL-c levels in statin 
intolerant patients include switching to other statins, non-daily or low-dosing 
regimens4, and the use of non-statin LDL-lowering drugs such as ezetemibe and 
bile acid-binding resins5. The efficacy of these therapeutic strategies is, however, 
limited. LDL-aphaeresis may be an option where available. 
Mipomersen is a second generation antisense oligonucleotide which inhibits the 
synthesis of apolipoprotein B-100 (apoB)6. ApoB is the main structural component 
of all atherogenic lipid particles and is required for the secretion of very-low-density 
lipoprotein (VLDL) from the liver7;8. In previous clinical trials, mipomersen has been 
shown to induce dose-dependent reductions in LDL-c and all other apoB containing 
lipoproteins in patients with various extents of hypercholesterolemia including 
patients with homozygous and heterozygous familial hypercholesterolemia (FH), 
either as monotherapy or on top of statins9-12. Mild to moderate injection site 
reactions and flu-like symptoms are the adverse events most commonly observed 
with mipomersen. In addition, liver transaminase increases have been observed. 
Since previous attempts to inhibit VLDL production with microsomal transport 
protein (MTP) inhibitors were complicated by profound increases in intrahepatic 
triglyceride (IHTG)-content13, safety concerns regarding mipomersen have 
focused on the liver14.  

In the present report we describe the results of a randomized, double-blind, 
placebo-controlled Phase II study designed to evaluate the safety and efficacy of 
mipomersen administration for 26 weeks in statin-intolerant subjects at high risk 
for CVD. 

ApoB synthesis inhibition in statin intolerant subject
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Methods

Study participants

Thirty-four hypercholesterolemic subjects, who were statin intolerant and at high 
risk for CVD events, were asked to participate. High risk was defined as meeting 
National Cholesterol Education Program Adult Treatment Panel III (NCEP-ATP III) 
criteria, i.e., coronary heart disease (CHD) or a CHD risk equivalent ≥20% 10-year 
risk for CHD1. Heterozygous Familial hypercholesterolemia (FH) subjects at or 
above a certain age (≥30 for men and ≥45 for women) were also classified as high 
risk15-17. FH was diagnosed either by genotyping or by fulfilling the criteria for the 
diagnosis of FH as outlined by the World Health Organization (FH: report of the 
World Health Organization, 1998).
Statin intolerance was defined as the inability to tolerate any dose of at least 2 
different statins due to serious side effects of any kind. Side effects were of such 
severity that either the treating physician discontinued treatment or the subject 
declined continuation of statin therapy. Subjects with known intolerances to 
other lipid-lowering drugs were excluded from participation. Participants had 
discontinued statins at least 6 weeks prior to the screening visit. Participants 
did not use other lipid lowering drugs unless the dose had been stable for >8 
weeks prior to screening. At screening, fasting LDL-c was ≥3.4 mmol/L (130 mg/
dL) and plasma triglyceride (TG) levels <2.3 mmol/L (210 mg/dL). HbA1c was ≤8.0, 
ALT ≤1.5 x upper limit of normal (ULN) and serum creatine phosphokinase (CPK) 
<3 x ULN. Alcohol consumption had to be ≤3 units (30 g) per day and ≤12 units 
(120 g) per week for male subjects, and ≤2 units (20 g) per day and ≤8 units (80 
g) per week for female subjects. All study participants were enrolled at one site in 
the Netherlands. The study protocol was approved by the local institutional review 
board. All subjects gave written informed consent. The study was performed in 
compliance with the standards of Good Clinical Practice (CPMP/ICH/135/95) and 
the declaration of Helsinki (Washington 2002). During the study, the protocol was 
amended in order to allow the inclusion of subjects with FH as well as subjects 
with controlled type 2 diabetes mellitus.

Study Design 

Statin intolerant subjects at high CVD risk were selected to investigate the 
safety and efficacy of mipomersen 200 mg/wk for 26 weeks. Participants were 
randomized at a 2:1 ratio, active to placebo. Participants, investigators and study 
staff were blinded to the treatment assignment with the exception of the personnel 
who prepared the study drug. Study drug was administered subcutaneously 
weekly from Week 1 until Week 26. The 200 mg/wk dose was selected based 

68

proefschrift Visser woe.indb   68 28-7-2011   15:48:40



5
chapter

on safety and efficacy data from previous clinical trials14. Pre-specified efficacy 
endpoints included percent change in LDL-c from baseline to 2 weeks after the last 
dose (Week 28 for those who completed 26 weeks of treatment). Other endpoints 
included percent change in total cholesterol, apoB, HDL-C, TG, non-HDL-C, VLDL, 
LDL/HDL ratio, Apo A1 and lipoprotein a (Lp(a)) concentrations as well as change 
in particle size and number from baseline to 2 weeks after the last dose. Safety 
was determined using the incidence of treatment-emergent adverse events (AEs), 
clinical laboratory evaluations, vital signs, electrocardiograms (ECGs), and physical 
examination findings. Due to the long half-life of mipomersen, the treatment 
period was followed by a 6 month evaluation period with visits at Weeks 28, 32, 
40, and 50. Subjects withdrawn from the study before receiving 11 doses of study 
drug were replaced.

Lipid and lipoprotein analysis

Fasting blood and urine samples were taken after at least 10 hours of fasting at 
visit during weeks 1, 3, 5, 7, 9, 11, 13, 17, 21, 25, 28, 32, 40 and 50. Fasting blood 
samples were analyzed for lipids and lipoproteins by MedPace (Cincinnati, OH). 
ApoB, apoA1 and Lp(a) concentrations were determined by rate nephelometry; 
and total cholesterol (TC) and TG were measured by standard enzyme-based 
colorimetric assays. HDL-C was determined by an enzyme-based colorimetric 
assay after dextran-sulfate precipitation. LDL-c and non-HDL-C were calculated. 
Lipoprotein particles were analyzed by nuclear magnetic resonance spectroscopy 
as described previously18. 

Safety Monitoring

Safety and tolerability of mipomersen was assessed by determining the 
incidence, severity and possible relationship to the study drug of adverse events 
and laboratory parameters, including blood chemistry, routine hematology, 
coagulation and urinalysis. Vital signs were recorded at Weeks 1, 2, 3, 5, 7, 9, 11, 
13, 15, 17, 21, 25, 28, 32, 40 and 50. Full physical examination was performed at 
Screening, Week 13, Week 28 and Week 50. A 12-lead electrocardiogram was 
recorded at Screening and at Week 28. 

Liver assessment

3-Tesla proton magnetic resonance spectroscopy (MRS) was used to quantify 
IHTG-concentration. Initially, MRS was recommended for subjects with persistent 
liver transaminase levels ≥3 x ULN. Since MRS measurements were not 
prespecified in the original protocol, pretreatment baseline MRS measurements 
were not performed in this study. Following the observation of moderate hepatic 
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steatosis in one patient, MRS measurement was performed in all subjects who 
had experienced ALT levels ≥2 x ULN at any time during treatment. If IHTG content 
was ≥10%, MRS measurements were repeated around Week 28 and Week 50. 
In case hepatic steatosis persisted, MRS was repeated until IHTG-content was 
<10% or stabilized. 
MRS was performed by placing 2 voxels in the right lobe of the liver. MRS is 
a non-invasive and highly reproducible technique (ICC >0.99) by which liver 
triglyceride concentrations can be quantified19. This technique has been shown to 
have a good correlation with liver biopsy data in healthy individuals and patients 
with hepatic steatosis20;21. IHTG-concentration >5.6% was defined as reflecting 
hepatic steatosis22. IHTG-content values were quantified by one assessor who 
was masked to treatment assignment. 
Subjects with persistent transaminase increases ≥2x ULN and an IHTG-content of 
≥20% during treatment were referred to a hepatologist for further evaluation. In 
patients requiring liver biopsy, hepatic macrovesicular steatosis and steatohepatitis 
score was determined according to Kleiner et al.23. A Kleiner score of ≥5 was 
considered compatible with steatohepatitis. 

Statistical analysis and calculations

A sample size of 30 patients (20 mipomersen and 10 placebo) was planned for this 
study based upon the assumption that the standard deviation (SD) of the percent 
change in LDL-c was ≤20%. A 2-sided t-test with an alpha level of 0.05 was 
expected to provide ≥90% power to detect a 30% difference in LDL-c percent 
reduction between the 2 groups (35% reduction for the mipomersen group and 
5% reduction for the placebo group).
Study endpoints were analyzed on the intention-to-treat population, consisting of 
all 33 subjects randomized and treated. Demographic and baseline characteristics 
were summarized using descriptive statistics. For the efficacy parameters baseline 
was defined as the mean of the value at screening and the last value prior to the 
first dose. For the safety parameters baseline was defined as the last value prior 
to the first dose. Primary efficacy timepoint (PET) was defined as the visit closest 
to 2 weeks after the last dose of study treatment. 

Percentage change from baseline for lipid parameters were compared between 
the 2 treatment groups using the t-test or the Wilcoxon Rank Sum test for data with 
a skewed distribution. Since baseline values for IHTG-content were absent and 
hepatic steatosis is prevalent in the general population, we used the difference 
between the highest and lowest IHTG-content measured during follow up in each 
individual from the active treatment group to estimate the increase in IHTG-content 
attributable to mipomersen. In a post-hoc analysis, comparison of each patient’s 
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highest and lowest IHTG-content was tested using the Wilcoxon signed rank test.  
Spearman’s rank correlation coefficients were calculated to asses the relationship 
between ALT increases, change in IHTG-content and apoB levels.  Software 
utilized for the analyses was SAS version 9.2 (SAS Institute, Cary, North Carolina, 
USA). Data were expressed as mean ± SD unless specified otherwise.   

Results

Study subjects

Thirty-four subjects with high CVD risk were enrolled from 42 candidates screened 
(figure 1). Screened candidates were excluded because of TG ≥2.3 mmol/L and 2 
because of ALT levels >1.5 x ULN. One subject assigned to mipomersen was not 
eligible to participate because of corticosteroid use. This subject was excluded 
from participation before the start of treatment. Twenty-seven of the 33 subjects 
(82%) treated completed the study protocol and 33 subjects were analyzed. Four 
mipomersen treated subjects discontinued treatment, due to a stopping rule 
(n=1 [4%]) or an adverse event (n=3 [14%]), whereas 2 (17%) placebo treated 
subjects discontinued treatment due to adverse events (figure 1). Three subjects 
discontinued treatment before Week 11, 1 from the mipomersen and 2 from the 
placebo treatment group, and were replaced. 
Of the 33 subjects who were analyzed, 12 had a history of CVD, 2 subjects 
had type 2 diabetes mellitus and 19 subjects fulfilled the inclusion criteria for 
FH. Subjects were randomly assigned to either mipomersen (n=22) or placebo 
(n=12). Demographics and baseline lipid-lowering therapy by treatment group are 

Figure 1 Flow of study participants
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summarized in table 1. Baseline lipid parameters were comparable between the 
treatment groups. All subjects using lipid lowering drugs were on stable therapy 
from 8 weeks prior to screening and throughout the study. 

Table 1 Patient demographics and baseline characteristics

Placebo Mipomersen

Demographics n=12 n=21

Gender (M:F), n (%) 4 (33) : 8 (67) 11 (52) : 10 (48)

Age a (years) 52 (39-68) 55 (46-69)

BMI a (kg/m2) 26 (22-29) 27 (21-32)

Metabolic syndrome, n (%) 8 (67) 9 (43)

FH, n (%) 8 (67) 11 (52)

DMII, n (%) 1 (8) 1 (5)

CVD, n (%) 5 (42) 7 (33)

Lipid lowering therapy, n (%)

Any lipid lowering medication 6 (50) 12 (57)

Ezetemibe 3 (25) 7 (33)

Colesevalam 0 (0) 2 (10)

Ciprofibrate 1 (8) 0 (0)

Nicotinic acid 2 (17) 1 (5)

Fish oil or Omega-3 triglycerides 2 (17) 4 (19)

Serum aminotransferase activity, U/L

ALTb 25.0 ± 6.7 26.5 ± 11.8

ASTb 23.8 ± 4.0 25.5 ± 11.6

aData are expressed as median (min-max). bData are expressed as mean ± SD. M denotes male; F, 
female; FH, familial hypercholesterolemia; DMII, type 2 diabetes; CVD, cardiovascular disease.

Efficacy

Efficacy results are summarized in table 2 and figure 2. Treatment with mipomersen 
200 mg/wk resulted in significant reductions in LDL-c of 47% (±18) (p<0.001) 
with a range of -19% to -77%. Seven of the 21 (33%) subjects in the mipomersen 
treatment group achieved LDL-c levels <2.6 mmol/L (100 mg/dl), whereas 5 (24%) 
subjects achieved LDL-c levels <1.8 mmol/L (70 mg/dl). The observed reductions 
in LDL-c corresponded to mean apoB reductions of 46% (±20) (p<0.001) with 
a mean apoB of 1.0 (±0.5) g/L (100 mg/dL) at endpoint. Mipomersen treatment 
also significantly lowered total cholesterol, triglycerides and Lp(a) but did not 
affect HDL-c and apoA1. Mipomersen differentially lowered LDL-particle numbers 
with largest reductions in the small LDL particles (-56%±47; p=0.001) and more 
modest reductions in the large LDL particles (-4%±116; p<0.017) (table 3 and 
figure 3).
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Safety

Two serious adverse events (SAEs) were reported during the study. One was 
an on-treatment SAE of acute myocardial infarction in the placebo treatment 
group, which led to discontinuation of study drug. A second SAE of coronary 
artery re-stenosis was reported during the post-treatment follow-up period in the 
mipomersen treatment group. Both SAEs resolved by the end of study. 

Table 2  Lipid concentrations at baseline and primary efficacy timepoint

Lipid Parameter 
(mmol/L)

Placebo (n = 12) Mipomersen 200 mg (n = 21)

Baseline PET % Change Baseline PET % Change

LDL-cholesterol 6.3 ± 1.7  6.1 ± 1.4 -2 ± 8 6.3 ± 2.4 3.3 ± 1.9 -47 ± 18b

ApoB (g/L) 1.8 ± 0.4 1.7 ± 0.4 -4 ± 8 1.8 ± 0.5 1.0 ± 0.5 -46 ± 20b

Total cholesterol 8.3 ± 1.7 8.1 ± 1.4 -2 ± 6 8.3 ± 2.4 5.2 ± 2.0 -37 ± 15b

Non-HDL-cholesterol 7.1 ± 1.7 6.9 ± 1.4 -2 ± 7 7.0 ± 2.4 3.8 ± 2.1 -46 ± 18b

Triglyceridea 1.5 (1.2, 1.9) 1.6 (1.2, 1.9) 6 (-10, 22) 1.5 (1.1, 2.2) 1.0 (0.8, 1.3) -28 (-50, -10)c

Lp(a) 0.4 ± 0.8 0.4 ± 0.9 0 ± 9 0.5 ± 0.5 0.4 ± 0.5 -27 ± 31c

VLDL-cholesterol 0.8 ± 0.3 0.8 ± 0.3 4 ± 27 0.7 ± 0.3 0.5 ± 0.2 -27 ± 31c

LDL/HDLa 4.8 (3.8, 6.2) 5.0 (3.9, 6.7) 4 (-10, 11) 5.0 (3.8, 6.0) 2.5 (1.4, 2.9) -48 (-69, -37)b

ApoA1 1.5 ± 0.2 1.5 ± 0.3 -1 ± 11 1.5 ± 0.3 1.5 ± 0.2   0 ± 12

HDL-cholesterol 1.3 ± 0.3 1.3 ± 0.4 -2 ± 13 1.3 ± 0.3 1.4 ± 0.3 8 ± 17

Primary efficacy timepoint (PET) was Week 28 or the visit closest to 14 days after the last dose for 
subjects who discontinued dosing early. Data are expressed as mean±SD. To convert cholesterol 
and triglyceride values to mg/dL multiply by 38.67 and 88.57, respectively. P-values are for the 
difference between percentage change from baseline for mipomersen and placebo using the 
two-sided t-test when the change from baseline had a normal distribution, or otherwise by using the 
Wilcoxon rank-sum test. a Data are expressed as median (interquartile range). 
b p value <0.001, c p value <0.01.

Figure 2 Effect of mipomersen on apoB (a) and LDL-c (b) over time

LDL-c is presented as the mean percent change from baseline ± 95%CI. Dotted line represents end 
of treatment period.
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In the active treatment group, 4 subjects discontinued treatment due to one or 
more adverse events. These events included flu-like symptoms (n=1), malaise 
(n=1) and myalgia (n=1). One subject from the active treatment group met a 
stopping rule for liver transaminase increases of ≥5 x ULN. In this subject ALT 
increased ≥10 x ULN in Week 8. Further evaluation with MRS showed an IHTG- 
content of 0.8% in Week 9, which is not compatible with hepatic steatosis (ULN= 
5.6%). Serology for viral hepatitis or auto-immune hepatitis was negative. Liver 
transaminase levels returned to normal within 4 weeks. One subject from the 
placebo treatment group discontinued treatment due to diarrhoea.
The most common adverse events were injection site reactions (ISR) following 
subcutaneous administration of the study drug. Twenty (95%) subjects treated with 
mipomersen compared to 10 (83%) subjects on placebo treatment experienced at 
least one ISR. 

Table 3  LDL particle numbers and size at baseline and primary efficacy timepoint

Placebo Mipomersen 200 mg

LDL Particle Baseline 
(n=12)

PET
 (n=12)

% Change 
(n=12) 

Baseline 
(n=20)

PET 
(n=20)

% Change 
(n=20)

Total number, 
nmol/L 

2347 ± 742 2293 ± 594 -0.7 ± 11 2207 ± 962 1086 ± 875 -49 ± 22a

IDL 135 ± 64 134 ± 91 14 ± 71 75 ± 78 47 ± 44 32 ± 212

Large LDL 807 ± 459 800 ± 417 15 ± 64 917 ± 439 563 ± 210 -4 ± 116 b

Small LDL 1406 ± 854 1359 ± 665 13 ± 48 1215 ± 1033 476 ± 807 -56 ± 47a

Particle size, nm 21.0 ± 1.0 20.9 ± 0.8 -0.1 ± 2.5 21.2 ± 0.9 21.9 ± 0.8 3.3 ± 3.9b

Primary efficacy timepoint (PET) was Week 28 or the visit closest to 14 days after the last dose 
for subjects who discontinued dosing early. Data are expressed as mean ± SD. Total LDL particle 
number includes IDL (23-27 nm), Large LDL (21.2-23 nm) and Small LDL (18-21.2 nm) subclasses. 
P-values are for the difference between change from baseline for mipomersen and placebo using 
the Exact Wilcoxon Rank Sum test. a p-value <0.001, b p-value <0.05. 
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Figure 3 Effect of mipomersen on 
LDL particle subclass distribution
Mipomersen differentially 
lowered LDL-particle numbers 
with largest reductions in the 
small LDL particles and more 
modest reductions in the large 
LDL particles. Small LDL includes 
medium small LDL (19.8-21.2 nm), 
and very small LDL (18-19.8 nm)
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Increases in ALT above the ULN were more common in the mipomersen treatment 
group (n=17 [81%]) compared to the placebo treatment group (n=3 [25%]). 
Persistent increases in ALT (≥3x ULN on 2 consecutive occasions at least 7 days 
apart) were observed in 7 subjects (33%) from the active treatment group. In the 
mipomersen treatment group, ALT concentrations at PET were found to correlate 
to apoB concentrations at PET (r=-0.644; p=0.002) but not to change in apoB 
concentrations from baseline to PET (r=0.309; p=0.173). ALT increases were 
often accompanied by lesser AST increases but not by increases in total bilirubin, 
alkaline phosphatase, prothrombin time or by decreases in albumin. There were 
no symptoms or other clinical signs suggestive of impaired hepatic function. After 
discontinuation of treatment, transaminases returned to normal (<1.5 x ULN) in all 
subjects. All persistent increases in ALT >3 x ULN were considered to be probably 
related to the study drug by the investigators. 
Vital signs, electrocardiography and urinalysis did not show any clinically significant 
changes. There were no significant differences in percentage change in CRP over 
time between the active and placebo treatment group (data not shown).

Hepatic MRS

MRS was performed in 14 of 21 subjects from the active treatment group and 
in 1 of 12 subjects from the placebo treatment group, because of an increase 
in ALT of at least ≥2 x ULN. Pretreatment baseline MRS measurements were 
not performed. Results for on-treatment and post-treatment MRS are shown in 
figure 4. Highest IHTG-contents were measured around Week 28. In 2 subjects 
the first MRS was performed a few weeks after completion of treatment in Week 
28. The median of the highest IHTG-content measured in all 14 mipomersen 
treated subjects was 24.4% ranging from 0.8 to 47.3%. Hepatic steatosis (IHTG- 
content >5.6%) was detected in 12 of the 14 subjects treated with mipomersen 
and in 1 of 1 placebo-treated subjects. The median absolute change from highest 
IHTG-content to lowest IHTG-content at follow-up was -17.7% (-6.4 to -38.0; n=12, 
p=0.0005). This change was correlated to apoB levels at PET (r=0.601; p=0.04, 
n=12).During follow-up subjects showed either stabilization or reduction in IHTG- 
content (figure 4). 

Liver biopsy

Four subjects characterized by IHTG-content >20% with concomitant ALT ≥2 x 
ULN on 2 consecutive visits were referred to a hepatologist for further evaluation. 
In the 2 subjects with rapidly progressive steatosis on MRS a liver biopsy was 
performed. The first biopsy was performed in a subject with an ALT ≥2 x ULN 
and IHTG-content that increased from 17.8% in Week 4 to 34.7% in Week 18 
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with a maximum of 42.0% in Week 26. Liver biopsy was performed in Week 22 
and showed severe macrovesicular steatosis in >66% of the hepatocytes, with 
minimal lobular inflammation, few ballooning cells and minimal fibrosis (NAS 
activity score: 5/8, fibrosis grade 1). This subject discontinued treatment in Week 
23 because of flu like symptoms. A liver biopsy was performed in a second subject 
with an IHTG-content of 23.7% in Week 10, increasing up to 47.3% in Week 30 
with concomitant ALT elevations >3 x ULN on 2 consecutive visits. Needle biopsy 
was performed in Week 21 and showed severe macrovesicular hepatic steatosis 
and minimal lobular inflammation, few ballooning cells, but no significant fibrosis 
(NAS activity score 5/8, fibrosis grade 0).

Discussion
In subjects intolerant to statins and at high risk for CVD, mipomersen achieved 
robust reductions in both LDL-c and apoB and was overall well tolerated. A 
significantly elevated IHTG-content was observed predominantly in subjects with 
concomitant ALT increases ≥2 x ULN, which was reversible after discontinuation 
of treatment. Liver biopsies performed in 2 cases confirmed hepatic steatosis, 
with no indication of severe steatohepatitis. Pending long-term safety data, these 
findings suggest that mipomersen is an effective therapeutic strategy in patients 
who are statin-intolerant and at high risk for CVD 

Efficacy

LDL-c reductions achieved in the present study were comparable to those 
achieved by high doses of potent statins such as atorvastatin and rosuvastatin24; 

25. These profound reductions in LDL-c exceeded those achieved in most previous 
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Figure 4 Change in IHTG-content 
IHTG-content for all subjects 
with increases in ALT >2 ULN 
(n=15). Week 28/ET represents all 
measurements performed closest to 
week 28. Follow-up represents the 
lowest value measured during follow-
up (Week 50,70 or 90). Horizontal 
dotted line represents ULN of 5,6% 
for IHTG-content.

 Subject from the placebo group, 
refused follow up because of 
claustrophobia.

s Measurement for Week 28/ET 
performed after Week 35.
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clinical trials with mipomersen 200 mg/wk on top of lipid lowering therapy9;11; 

12;26-28, whereas equipotent reductions were observed following mipomersen 
administration in a Phase II clinical trial in patients with mild to moderate 
hyperlipidemia not using statins10. In addition, results from previous studies 
suggest that LDL-c reductions in patients with FH are less profound compared to 
patients with moderate hypercholesterolemia. Although these observations may 
imply a role for the LDL receptor in contributing to the LDL-c-lowering effect of 
mipomersen, studies in LDL-receptor knock-out mice did not show attenuation of 
mipomersens’ efficacy29.
 
Based on its mechanism of action, mipomersen also achieved a significant 
reduction in apoB (-46%). Since apoB provides a reliable prediction of all 
atherogenic lipoproteins and, in line, has been shown to be a better predictor of 
CVD-risk compared to LDL-c1;30, the potent reduction of apoB by apoB synthesis 
inhibition can even be expected to offer additional cardiovascular benefit on top 
of its LDL-c lowering effects31. In support, mipomersen differentially lowered LDL 
particle numbers, with largest reductions in the number of small LDL particles. 
The predominance of small-dense LDL particles contributes importantly to the 
atherogenicity of the LDL fraction32. The latter may bear particular relevance for 
patients characterized by elevated levels of small-dense LDL-c such as patients 
with type 2 diabetes mellitus and the metabolic syndrome33.

Safety

In the present study ISRs and flu like symptoms were amongst the most common 
adverse events. Markedly, these adverse events did not interfere with continued 
dosing. In fact, overall adherence to mipomersen exceeded 80% at the end of 
the study. These data compare favorably to adherence rates in statin intolerant 
patients using alternative dosing regiments of different statins (ranging from 50 
to 80%) whereas LDL-c reductions in these trials were much less profound34-36. 

Persistent increases in liver transaminases ≥3 x ULN were observed in 33% of 
the subjects whereas any ALT increase was observed in >80% of the subjects 
assigned to mipomersen. These numbers exceed those reported in earlier studies, 
in which persistent ALT increases ≥3 x ULN were observed in 6 to 15% of the 
subjects9;11;12;26;27;37. ALT increases following mipomersen treatment may result 
from a direct pharmacologic effect or may be related to hepatic fat accumulation. 
In support of the latter, hepatic steatosis was observed in a substantial proportion 
of subjects from the mipomersen treatment group who had ALT increases ≥2x 
ULN (12 of 14).

ApoB synthesis inhibition in statin intolerant subject
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Results from earlier trials did not provide consistent evidence for the induction 
of hepatic steatosis. In preclinical animal model studies, no increases in hepatic 
transaminases were observed. In these models, impaired hepatic VLDL excretion 
did not result in IHTG accumulation due to compensatory mechanisms including 
downregulation of hepatic fatty acid synthase (i.e., de novo lipogenesis) combined 
with increased fatty acid oxidation rate due to AMP-kinase upregulation29;38. In 
subsequent Phase II clinical trials, hepatic steatosis was reported only incidentally, 
predominantly in subjects with persistent elevations of liver transaminases12;26. In 
a dedicated study, we evaluated the impact of mipomersen treatment during 12 
weeks on IHTG-content in subjects with FH. Mipomersen results in a trend towards 
increased IHTG-content37. Preliminary data from Phase III data in heterozygous FH 
patients reported an absolute median increase in percent liver fat of 4.9% (IQR 
1.3-13.3%) following 26 weeks of mipomersen administration27. 

Several factors may have contributed to the apparently high incidence of hepatic 
steatosis in the present study. First, a recent post-hoc analysis of the GREACE 
study, a prospective, randomized, controlled trail with atorvastatin versus usual 
care, reported that statins reduce transaminase increases in patients with 
suspected NAFLD39. Similarly, others have reported that statins may also reverse 
ultrasonographic evidence of NAFLD40;41. Since the subjects in the present study 
did not tolerate statin therapy, this may have resulted in a higher susceptibility for 
hepatic fat accumulation compared to participants in most previous trials in which 
statin therapy was mandatory9;11;12;26. Second, we observed more profound 
reductions in apoB in the present study compared to previous clinical trials with 
mipomersen, at similar dose and with similar treatment duration (-26% to -37% 
compared to -47% in the present study)11;12;27;28;42. Interestingly, liver fat changes 
correlated with the level of apoB at PET, compatible with the concept that impaired 
excretion of VLDL may enhance accumulation of triglycerides in the liver. Thus, the 
higher reductions in apoB in the present study may have contributed to the higher 
incidence of hepatic steatosis. Third, it should be noted that in most previously 
published Phase II clinical trials with mipomersen, assessment of liver fat was 
performed only if ALT levels increased ≥3 x ULN on 2 consecutive occasion. In the 
present study we already observed steatotic changes in subjects with milder ALT 
elevations. As a consequence hepatic steatosis following prolonged treatment 
with mipomersen may have previously been underreported in those subjects with 
only modest ALT increases.

Biopsies

Results from 2 liver biopsies confirmed the presence of significant hepatic 
steatosis with only minimal inflammatory changes. LDL-c levels were reduced 
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substantially up to 60% from baseline in both subjects with minimum levels 
measured at 85 and 51 mg/dL. Whereas minimal fibrosis was observed in 1 biopsy, 
the lack of a baseline biopsy makes it difficult to interpret this finding. Since the 
biopsy was performed after 21 weeks of treatment, the observed fibrosis could 
theoretically be related to the study drug. However, IHTG-content was already 
elevated in Week 4 in this particular subject, therefore these changes may also 
reflect preexistent abnormalities.
Steatosis observed in non alcoholic fatty liver disease (NAFLD), the most common 
cause of hepatic fat accumulation in the general population, remains stable in 
most patients. However, approximately 25-30% of patients with NALFD progress 
to non-alcoholic steatohepatitis (NASH)43. NASH patients progress to more severe 
liver injury including fibrosis and cirrhosis in 30% and 25% of cases respectively44. 
Interestingly, evidence is accumulating to show that hepatic steatosis following 
apoB synthesis inhibition may differ from NAFLD. For example, the majority of 
patients with familial hypobetalipoproteinemia (FHBL), the “genetic homologue” 
of apoB synthesis inhibition, are also characterized by hepatic steatosis37;45;46. 
By contrast, reports on fibrosis and cirrhosis in these patients are scarce46;47. 
Our recent finding that hepatic steatosis in FHBL was not associated with insulin 
resistance lends further support to the concept that liver fat accumulation 
associated with apoB inhibition is without metabolic sequelae and therefore 
distinctly differs from NAFLD (Chapter 7)48. This concept needs to be validated in 
long-term safety studies following prolonged mipomersen administration. 

Limitations

Several aspects of our study deserve closer attention. First, determination of 
IHTG-content was only performed in subjects with liver transaminase increases 
and not at predetermined timepoints. As a consequence baseline and highest 
values as well as values for IHTG-content in subjects without liver transaminase 
increases were missing. Therefore, the effect of mipomersen on IHTG-content 
remains incomplete. Second, conclusions based on the biopsy findings are 
hampered by its small sample size, the short treatment duration and the lack 
of pretreatment biopsy. Therefore, in future clinical trials with mipomersen, 
measurement of IHTG-content should be performed in all participants, at baseline 
and at predefined time points during long-term treatment. In addition more liver 
biopsies may be required following prolonged treatment to fully explore the 
effects of apoB synthesis inhibition on liver tissue.
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Summary

In summary, in subjects who are statin-intolerant and at high risk for CVD, 
mipomersen effectively lowered LDL-c and apoB and was overall well tolerated. 
Whereas mipomersen treatment, in some patients, was associated with persistent 
transaminase increases and intrahepatic fat accumulation, inflammatory 
changes in liver tissue appeared to be minimal, indicating no evidence of severe 
steatohepatitis. Therefore, pending long term safety data, apoB synthesis 
inhibition may offer an effective therapeutic strategy for patients at high risk for 
CVD with statin intolerance for whom currently no alternative option is available to 
effectively lower LDL-c.
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Abstract
Background
Hepatic steatosis is strongly associated with hepatic and whole-body insulin 
resistance. It has proved difficult to determine whether hepatic steatosis itself is a 
direct cause of insulin resistance. In patients with familial hypobetalipoproteinaemia 
(FHBL), hepatic steatosis is a direct consequence of impaired hepatic VLDL 
excretion, independently of metabolic derangements. Thus, patients with FHBL 
provide a unique opportunity to investigate the relation between increased liver 
fat and insulin sensitivity.

Methods 
We included seven male participants with FHBL and seven healthy matched 
controls. Intrahepatic triglyceride content and intramyocellular lipid content were 
measured using localised proton magnetic resonance spectroscopy (¹H-MRS). 
A two-step hyperinsulinaemic–euglycaemic clamp, using stable isotopes, was 
assessed to determine hepatic and peripheral insulin sensitivity. 

Results
¹H-MRS showed moderate to severe hepatic steatosis in patients with FHBL. 
Basal endogenous glucose production (EGP) and glucose levels did not differ 
between the two groups, whereas insulin levels tended to be higher in patients 
compared with controls. Insulin-mediated suppression of EGP during lower dose 
insulin infusion and insulin-mediated peripheral glucose uptake during higher 
dose insulin infusion were comparable between FHBL participants and controls. 
Baseline fatty acids and lipolysis (glycerol turnover) at baseline and during the 
clamp did not differ between groups.

Conclusion
In spite of moderate to severe hepatic steatosis, people with FHBL do not display 
a reduction in hepatic or peripheral insulin sensitivity compared with healthy 
matched controls. These results indicate that hepatic steatosis per se is not a 
causal factor leading to insulin resistance.
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Introduction
Non-alcoholic fatty liver disease (NAFLD) is a common feature of obesity and 
the metabolic syndrome1;2. NAFLD is the result of hepatic fat accumulation due 
to an increased flux of NEFA through the portal vein, reduced hepatic fatty acid 
oxidation and increased hepatic de novo lipogenesis, all of which are associated 
with central obesity and insulin resistance3. Hyperinsulinaemic–euglycaemic 
clamp studies have shown that increased intrahepatic triglyceride (IHTG)-content 
strongly correlates with insulin resistance in liver, skeletal muscle and adipose 
tissue across a large range of liver fat percentages. Therefore, even small 
amounts of IHTG-content were associated with metabolic dysfunction1;4–8. In 
addition, results of animal studies have shown that hepatic fat accumulation may 
interfere with insulin signalling in the liver through activation of protein kinase C 
9;10, suggesting a direct causal relationship between hepatic fat accumulation and 
insulin resistance. However, in obese humans it has been difficult to determine 
whether hepatic fat accumulation per se causes insulin resistance since both are 
features of metabolic derangements.

Familial hypobetalipoproteinaemia (FHBL) is a rare disorder of lipoprotein 
metabolism (estimated prevalence ranges from 1 in 500 to 1 in 1000) and 
is characterised by low-density lipoprotein cholesterol (LDL-c) and total 
apolipoprotein B (apoB) levels below the 5th percentile11;12. Approximately 50% 
of FHBL patients are carriers of a mutation in the APOB gene11 leading to the 
formation of a dysfunctional form of apoB. Since apoB is the main component of 
VLDL, mutations in APOB gene give rise to a defective VLDL export system with 
a reduced capacity to export triglyceride from the liver. As a consequence, mean 
triglyceride content in the livers of FHBL participants, measured using localised 
proton magnetic resonance spectroscopy (¹H-MRS), is approximately three- to five 
fold higher compared with that of controls13. Occasional reports on liver biopsies 
in FHBL patients have revealed moderate to severe steatosis, in some patients 
associated with mild inflammation and fibrosis11;14. However, hepatic triglyceride 
accumulation in FHBL, unlike in NAFLD, occurs predominantly independently of 
obesity-induced metabolic derangements15. For this reason FHBL patients provide 
a unique opportunity to investigate the relation between IHTG-content and insulin 
sensitivity in humans.
In a previous study, hepatic steatosis in non-obese FHBL patients was associated 
with larger areas under the insulin curves of a 2 hour glucose tolerance test when 
compared with healthy controls, although the difference was not statistically 
significant13;15. In another study, insulin sensitivity, assessed using the HOMA 
index, was similar in non-obese patients with FHBL compared with healthy 
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controls14. More recently, Amaro et al.16 showed that, during a hyperinsulinaemic–
euglycaemic clamp, hepatic and peripheral insulin sensitivity did not differ 
between three obese participants with FHBL and six obese controls without 
hepatic steatosis.

In the present report we describe the results of an extensive study of glucose 
and fat metabolism in patients with FHBL. We performed a two-step 
hyperinsulinaemic–euglycaemic clamp with stable isotopes to determine hepatic 
and peripheral insulin sensitivity and total triglyceride lipolysis. In addition we 
measured IHTG-content and intramyocellular lipid (IMCL)-content by magnetic 
resonance spectroscopy (MRS) and determined body fat distribution using dual 
energy x-ray absorptiometry and abdominal computed tomography.

Methods
Subjects 

We included seven male patients with documented FHBL and hepatic steatosis 
and seven healthy controls. We were not able to recruit more participants because 
of the low prevalence of FHBL and the strict inclusion criteria. Four of the FHBL 
patients had the same mutation in the APOB gene (11712delC). Two of these 
patients were brothers. The mutations identified in the other FHBL patients were 
2534 delA, Q1309X and 2783 delC, respectively17. Patients and controls were 
matched for age, sex, BMI and waist circumference. Persons who performed 
regular exercise above sedentary level and those who were regularly using >3 
units of alcohol per day or any recreational drug during the last 30 days were 
excluded from participation. Participants did not have any somatic illnesses, nor 
did they use supplements or medication influencing glucose or lipid metabolism. 
Oral glucose tolerance tests were within the normal range (<7.8 mmol/L) according 
to the criteria of the ADA18. All control participants had a normal routine blood 
examination.
Written informed consent was obtained from all participants. The study protocol 
was approved by the local institutional review board. Patients were recruited 
from the outpatient clinic of the Academic Medical Center, Amsterdam, the 
Netherlands. Healthy volunteers were recruited via local advertisements.

Hyperinsulinaemic–euglycaemic clamp 

After an overnight fast, participants were admitted to the metabolic ward of the 
Academic Medical Center at 07:30 hours. Prior to the study day, all participants 
consumed at least 250 g of carbohydrates for 3 days and refrained from vigorous 
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exercise for 1 week. A catheter was inserted into an antecubital vein for infusion 
of stable isotope tracers, insulin and glucose. Another catheter was inserted into 
a contralateral hand vein and kept in a thermoregulated (60ºC) Plexiglas box for 
sampling of arterialised venous blood. Saline was infused as NaCl 0.9% at a rate 
of 50 ml/h to sustain catheter patency. [6,6-²H2]Glucose and [1,1,2,3,3-2H5]glycerol 
were infused as tracers (>99% enriched; Cambridge Isotopes, Andover, MA, USA) 
to study glucose kinetics and lipolysis (total triglyceride hydrolysis), respectively.
At time 0 (08:00 hours) blood samples were drawn for determination of background 
enrichments. A primed continuous infusion of isotopes was then started ([6,6-²H2]
glucose and [1,1,2,3,3-2H5]-glycerol, both at a rate of 0.11 μmol kg−1 min−1, with 
a priming dose equivalent to 80 min of infusion) and continued until the end of 
the study. After an equilibration time of 2.5 h, three blood samples were taken 
for the measurement of isotope enrichments and one for the measurement of 
glucoregulatory hormones and NEFA. Thereafter, a two-step hyperinsulinaemic–
euglycaemic clamp was started. A continuous infusion of insulin (Actrapid 100 U/
ml; Novo Nordisk Farma, Alphen aan de Rijn, the Netherlands) was started for 
2 h and 10 min at the rate of 20 mU [m2 body surface area]–1 min–1, followed 
by an infusion of insulin at a rate of 60 mU [m2 body surface area]–1 min–1 for 
another 2 h and 10 min. Plasma glucose levels were measured every 5 min at 
the bedside. Glucose was infused as 20% glucose at a variable rat, to maintain a 
plasma glucose concentration of 5.0 mmol/L. [6,6-²H2]Glucose was added to the 
20% glucose solution to achieve glucose enrichments of 1% to approximate the 
values for enrichment reached in plasma and thereby minimise changes in isotopic 
enrichment due to changes in the infusion rate of exogenous glucose19. During 
the last 40 min of both hyperinsulinaemic periods, blood samples were drawn 
at 10 min intervals for determination of isotope enrichments, glucoregulatory 
hormones and NEFA. During the study day, participants remained fasted but were 
allowed to drink water.

Body composition and indirect calorimetry
Body composition was measured by bioelectrical impedance analysis (Maltron 
BF906; Maltron, Rayleigh, UK). Peripheral and trunk fat mass were quantified by 
dual-energy x-ray absorptiometry (QDR-4500W, software version whole body 
v8.26A: 5, Hologic, Bedford, MA, USA).
For determination of visceral and abdominal fat mass, a standardised single 
slice abdominal CAT-scan was performed through the level of the fourth lumbar 
vertebra (MX8000, Brilliance, Philips, the Netherlands).
Oxygen consumption (VO2) and CO2 production (VCO2) were measured with 
the ventilated hood technique (model 2900; Sensormedics, Anaheim, CA, USA). 
VO2 and VCO2were measured continuously during the final 30 min of the basal 
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state and during the final 30 min of step 2 of the hyperinsulinaemic–euglycaemic 
clamp. The mean values of VO2 and VCO2 during the final 20 min were used for the 
calculation of glucose and fat oxidation.

In vivo ¹H-MRS

IHTG-content was measured by ¹H-MRS. We hypothesised that the reduced 
delivery of VLDL triglycerides to peripheral tissues in FHBL might be associated with 
reduced storage of triglycerides in skeletal muscle. Therefore, we also measured 
intramyocellular lipid content in the soleus muscle. Measurements were performed 
after an overnight fast, within a 2 week time frame before or after the clamp test. For 
logistical reasons, scanning was performed at two separate sites with two different 
scanners. ¹H-MRS spectra were acquired using a 3.0 T Magnetom Trio (Siemens, 
Erlangen, Germany) and a 3.0 T Intera (Philips, Best, the Netherlands). Identical 
scanning parameters were used in both situations. During the measurements, 
participants remained in the supine position within the MRI scanner.
For the measurement of IMCL-content, the soleus muscle of the right leg was 
positioned within the homogeneous volume of the magnet. Scout images were 
acquired in order to position the volume of interest 15 cm beneath the tibia 
plateau. Two-dimensional chemical shift imaging MRS data were collected using 
a point-resolved spectroscopy sequence (PRESS) with the following parameters: 
repetition time (TR) 1100 ms, echo time (TE) 30 ms, 10 mm slice thickness, 32×32 
matrix size, field of view16×16 cm, acquisition time 13 min, one acquisition. 
Spectra with and without water suppression were obtained. A number of voxels 
ranging from 5 to 27 inside the soleus were selected for further analysis and were 
processed using the freely available 3DiCSI package (version 1.9.11; Columbia 
University, New York, NY, USA). The number of voxels selected for analysis was 
similar between the two sites. Chemical shifts were reported using water as 
the internal standard at 4.65 ppm. Average spectra were then processed using 
specialised computer software (jMRUI 2.2)20. Three peaks were line-fitted: IMCL 
(CH2) and extramyocellular lipid content (CH2 and CH3) peaks. Lipid content was 
calculated from the peak areas of IMCL CH2 (methylene) at 1.3 ppm. IMCL contents 
were then expressed as the percentage of water content. In one FHBL patient 
quantification of IMCL content was impossible because of a large extramyocellular 
lipid content.
IHTG-content was obtained using single-voxel ¹H-MRS, using a body array coil as 
the transmitter and phased surface coils as receivers. MRS measurements were 
acquired during breathhold, using single-voxel stimulated acquisition mode (TE/
TR 20/3000 ms, six acquisitions). Volumes of interest in the liver were located 
away from major vascular structures and bile ducts. Voxel size was 27 mm3. The 
water and fat resonance peaks, located at 4.65 and 1.3 ppm, were integrated 
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using jMRUI software20 and relative fat content was expressed as the ratio of the 
fat peak area over the cumulative water and fat peak areas. Calculated peak areas 
of water and fat were corrected for T2 relaxation (T2water, 34 ms, T2fat, 68 ms) (21) 
and the percentage hepatic fat content was calculated according to Szczepaniak 
et al.22.

Glucose and lipid metabolism measurements

Plasma glucose concentrations were measured with the glucose oxidase method 
using a Biosen C-line plus glucose analyser (EKF Diagnostics, Barbleben/
Magdeburg, Germany). Plasma NEFA concentrations were determined with 
an enzymatic colorimetric method (NEFA-C test kit; Wako Chemicals, Neuss, 
Germany) with intra-assay variation of 1%, inter-assay variation of 4–15% and a 
detection limit of 0.02 mmol/L. [6,6-2H2]Glucose enrichment (tracer-to-tracee 
ratio) was measured as described by Ackermans et al.23. [6,6-2H2]Glucose 
enrichment intra-assay variation was 0.5–1% with an inter-assay variation of 1% 
and a detection limit of 0.04%. [1,1,2,3,3-2H5]Glycerol enrichment was determined 
as described earlier24. Intra-assay variation was 1-3% for glycerol and 4% for 
[1,1,2,3,3-2H5]glycerol; inter-assay variation was 2-3% for glycerol and 7% for 
[1,1,2,3,3-2H5]glycerol.

The glucoregulatory hormones insulin and cortisol were determined on an 
Immulite 2000 system (Diagnostic Products, Los Angeles, CA, USA). Insulin 
was measured with a chemiluminescent immunometric assay with intra-assay 
variation of 3–6%, inter-assay variation of 4–6% and detection limit of 15 pmol/L. 
Cortisol was measured with a chemiluminescent immunoassay with intra-assay 
variation of 7–8%, inter-assay variation of 7–8% and a detection limit of 50 nmol/L. 
Glucagon was determined with the Linco 125I RIA (Linco Research, St Charles, 
MO, USA) with an intra-assay variation of 9–10%, inter-assay variation of 5–7% 
and detection limit of 15 ng/L.

Calculations and statistics

HOMA of insulin resistance (HOMA-IR) was calculated using the formula described 
previously by Matthews at el.25. Endogenous glucose production (EGP) and 
peripheral glucose uptake (rate of disappearance [Rd]) were calculated using the 
modified forms of the Steele equations as described previously19;26. EGP and Rd 
were expressed as μmol (kg FFM)−1 min−1 (FFM, fat-free mass). Insulin clearance 
was calculated as the rate of insulin infusion (mU [m2 body surface area]-1 min-1) 
divided by the mean plasma insulin concentration during the clamp27. Total 
triglyceride hydrolysis/lipolysis (glycerol turnover) was calculated using formulas 
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for steady-state kinetics adapted for stable isotopes24;26 and was expressed as 
μmol (kg FFM)−1 min−1.
Resting energy expenditure (REE), glucose oxidation and fat oxidation rates were 
calculated from VO2 and VCO2 as reported previously28. Non-oxidative glucose 
disposal was calculated as the difference between total glucose disposal and 
glucose oxidation.
All data were analysed with non-parametric tests. Comparisons between groups 
were performed using the Mann–Whitney U test. SPSS version 14.0.2 (SPSS, 

Chicago, IL, USA) was used for statistical analysis. Data are presented as median 
(minimum–maximum). 

Results
Study participants

We included seven male FHBL participants and seven healthy male controls. 
All patients were matched to controls for age, BMI and WHR. The baseline 
characteristics of the participants are listed in table 1. As expected, there was a 
significant difference in plasma levels of apoB, total cholesterol and triglyceride. In 
addition, plasma levels of alanine aminotransferase and aspartate aminotransferase 
were above the reference value, of 45 and 40 U/L respectively, in some FHBL 
patients but not in controls. The HOMA index tended to be higher in FHBL patients 
compared with controls, although the difference was not statistically significant.

Table 1 Baseline characteristics of FHBL patients and healthy controls

Characteristic FHBL (n=7) Control (n=7) p value

Age (years) 47 (22–61) 45 (22–60) NS

BMI ((kg/m²) 27 (22–32) 26 (20–36) NS

WHR (cm) 1.02 (0.97–1.05) 1.01 (0.94–1.12) NS

Total cholesterol (mmol/L) 1.94 (1.39–2.81) 4.75 (3.47–5.23) <0.01

Triglyceride (mmol/L) 0.14 (0.05–0.49) 0.76 (0.40–1.07) <0.01

ApoB (mmol/L) 0.24 (0.12–0.4) 0.83 (0.54–0.90) <0.01

HDL (mmol/L) 1.19 (0.7–1.53) 1.3 (0.79–1.83) NS

HOMA index 1.58 (0.21–2.35) 0.76 (0.23–1.58) NS

Aspartate aminotransferase (U/L) 39 (22–49) 28 (14–34) <0.05

Alanine aminotransferase (U/L) 62 (22–106) 23 (10–32) 0.05

C-reactive protein (mg/L) 1.4 (0.50–3.10) 1.0 (0.50–6.20) NS

Data are median (range). N.S denotes not significant.
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Body composition and ¹H-MRS

Participants with FHBL did not differ in body composition from their matched 
controls (table 2). ¹H-MRS -measurements showed moderate hepatic steatosis in 
all participants with FHBL and mild steatosis in two control patients. As expected, 
IHTG-content was significantly higher in participants with FHBL  (29.8% [15.9–38.0%]) 
compared with controls (0.8% [0.0–12.4%] ) (p<0.005) (figure 1a). One FHBL patient 
showed a substantially higher IMCL-content compared with all other participants but 
median IMCL concentrations did not significantly differ between groups (patients 
7.7% [4.5–10.1%], controls 5.1% [3.3–21.4%]; not significant) (figure 1b).

0

10

20

30

40

A

FHBL Control

IH
T

G
-c

o
n

te
n

t 
(%

)

0

5

10

15

20

25

B

FHBL Control

IM
C

L
 c

o
n

te
n

t 
(%

)

The horizontal line represents the median. A Intrahepatic triglyceride (IHTG)-content (p<0.005). B 
Intramyocellular lipid content (IMCL)-content (NS)

Figure 1 IHTG- and IMCL content assessed by MRS in participants with FHBL and healthy 
controls

Glucose metabolism

Data on glucose metabolism are summarised in table 3. At baseline, plasma 
glucose was comparable between groups, whereas insulin levels tended to be 
higher in participants with FHBL compared with controls.
EGP at baseline was 11.5 (10.1–13.2) μmol (kg FFM)-1 min-1 in patients and 13.0 
(11.4-14.0) μmol(kg FFM)-1 min-1 in controls (p=0.3). Insulin infusion during the 
first step of the clamp procedure increased plasma insulin concentrations 
to 199 (177–302) pmol/L in FHBL participants and to 162 (132-294) pmol/L in 
healthy controls (p=0.2). During the second step of the clamp procedure insulin 
concentrations increased to 615 (572-836) pmol/L in FHBL and to 504 (426-712) 
pmol/L in control participants (p=0.1).
Plasma levels for other glucoregulatory hormones, e.g. cortisol and glucagon, 
were comparable between groups both in the basal state and during the clamp 
(data not shown).
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The ability of insulin to suppress endogenous glucose production was not 
impaired in FHBL patients compared with controls. At lower levels, insulin-
mediated suppression of EGP was 68.6% (59.3-82.8%) in patients and 72.9% 
(56.8-86.9%) in controls (p=0.9) (figure 2a). During higher dose insulin infusion 
EGP was completely suppressed in both groups.
The ability of insulin to increase peripheral glucose disposal was also not 
significantly impaired in patients with FHBL compared with controls (figure 2b). 
Correction of Rd for plasma insulin did not have an effect on our results (data not 

Table 3 Glucose and fat metabolism at baseline and during the clamp

Variable Basal state Clamp 1 Clamp 2

FHBL Control p value FHBL Control p value FHBL Control p value

Glucose (mmol/L) 5.5 (4.2–5.6) 5.0 (4.0–5.5) NS 5.1 (4.8–5.2) 4.9 (4.6–5.1) NS 4.9 (4.7–5.2) 4.9 (4.8–5.3) NS

Insulin (pmol/L) 53 (8–71) 24 (8–83) NS 199 (177–302) 162 (132–294) NS 615 (572–836) 504 (426–712) NS

EGP (μmol[ kg FFM]-1 min-1) 11.5 (10.1–13.2) 13.0 (11.4–14.0) NS 3.1 (1.5–5.2) 2.2 (1.3–6.4) NS –a –a

Rd (μmol [kg FFM]-1 min-1) – – – 22.4 (16.2–32.6) 22.5 (18.8–42.9) NS 57.5 (48.2–73.7) 65.0 (44.3–82.9) NS

Insulin clearance (mU [m2 body surface area]-1 
min-1 [pmol/L]-1)

0.10 (0.07–0.15) 0.10 (0.08–0.14) NS 0.12 (0.07–0.15) 0.12 (0.08–0.14) NS

Glucose oxidation (μmol [kg FFM]-1 min-1) 6.8 (5.1–11.1) 9.1 (5.2–11.9) NS – – 22.6 (16.4–25.7) 26.1 (16.9–37.1) NS

NOGD (μmol[ kg FFM]-1 min-1) 3.2 (2.1–8.1) 3.7 (0.0–6.3) NS – – 33.1 (28.2–55.5) 42.0 (26.5–52.1) NS

REE (kJ/day) 7125 (6113-9874) 7280 (6653–8786) NS – – 7908 (65147–9945) 7862 (6991–9803) NS

NEFA (mmol/L) 0.47 (0.18–0.49) 0.40 (0.29–0.82) NS 0.08 (0.03–0.18) 0.05 (0.03–0.18) NS 0.03 (0.01–0.06) 0.01 (0.01–0.05) NS

Lipolysis (μmol kg-1 min-1) 1.6 (1.5–1.9) 1.7 (1.2–2.5) NS 0.8 (0.4–1.0) 0.6 (0.4–1.1) NS 0.6 (0.3–0.9) 0.4 (0.3–0.8) NS

Fat oxidation (μmol [kg FFM]-1 min-1) 1.8 (1.2–2.1) 1.7 (1.0–1.9) NS – – 0.6 (0.5–1.2) 0.4 (0.0–1.0) NS

Data are median (range). N.S. denotes not significant. To convert from μmol kg-1 min-1 to mg kg-1 
min-1, multiply by 0.18 aEndogenous glucose production was completely suppressed in both groups 
during high-dose insulin infusion NOGD, non-oxidative glucose disposal.

Table 2 Body fat composition

Variable FHBL Controls p value

Body weight (kg) 86 (70–110) 87 (71–114) NS

Body fat (%) 26 (19–30) 23 (12–35) NS

Lean body mass (kg) 61 (49–77) 64 (58–67) NS

Peripheral fat mass (kg) 8.4 (5.7–14.1) 8.6 (3.9–16.6) NS

Trunk fat mass (kg) 11.7 (6.1–16.7) 10.8 (3.6–19.9) NS

Abdomen

Subcutaneous adipose tissue (cm2) 189.31 (148.43–429.06) 203.35 (47.76–504.59) NS

Visceral adipose tissue (cm2) 124.20 (38.71–180.71) 106.61(26.46–218.99) NS

Visceral:subcutaneous adipose tissue ratio 0.62 (0.26–1.19) 0.55 (0.22–1.08) NS

Data are median (range). N.S denotes not significant.
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Table 3 Glucose and fat metabolism at baseline and during the clamp

Variable Basal state Clamp 1 Clamp 2

FHBL Control p value FHBL Control p value FHBL Control p value

Glucose (mmol/L) 5.5 (4.2–5.6) 5.0 (4.0–5.5) NS 5.1 (4.8–5.2) 4.9 (4.6–5.1) NS 4.9 (4.7–5.2) 4.9 (4.8–5.3) NS

Insulin (pmol/L) 53 (8–71) 24 (8–83) NS 199 (177–302) 162 (132–294) NS 615 (572–836) 504 (426–712) NS

EGP (μmol[ kg FFM]-1 min-1) 11.5 (10.1–13.2) 13.0 (11.4–14.0) NS 3.1 (1.5–5.2) 2.2 (1.3–6.4) NS –a –a

Rd (μmol [kg FFM]-1 min-1) – – – 22.4 (16.2–32.6) 22.5 (18.8–42.9) NS 57.5 (48.2–73.7) 65.0 (44.3–82.9) NS

Insulin clearance (mU [m2 body surface area]-1 
min-1 [pmol/L]-1)

0.10 (0.07–0.15) 0.10 (0.08–0.14) NS 0.12 (0.07–0.15) 0.12 (0.08–0.14) NS

Glucose oxidation (μmol [kg FFM]-1 min-1) 6.8 (5.1–11.1) 9.1 (5.2–11.9) NS – – 22.6 (16.4–25.7) 26.1 (16.9–37.1) NS

NOGD (μmol[ kg FFM]-1 min-1) 3.2 (2.1–8.1) 3.7 (0.0–6.3) NS – – 33.1 (28.2–55.5) 42.0 (26.5–52.1) NS

REE (kJ/day) 7125 (6113-9874) 7280 (6653–8786) NS – – 7908 (65147–9945) 7862 (6991–9803) NS

NEFA (mmol/L) 0.47 (0.18–0.49) 0.40 (0.29–0.82) NS 0.08 (0.03–0.18) 0.05 (0.03–0.18) NS 0.03 (0.01–0.06) 0.01 (0.01–0.05) NS

Lipolysis (μmol kg-1 min-1) 1.6 (1.5–1.9) 1.7 (1.2–2.5) NS 0.8 (0.4–1.0) 0.6 (0.4–1.1) NS 0.6 (0.3–0.9) 0.4 (0.3–0.8) NS

Fat oxidation (μmol [kg FFM]-1 min-1) 1.8 (1.2–2.1) 1.7 (1.0–1.9) NS – – 0.6 (0.5–1.2) 0.4 (0.0–1.0) NS

Data are median (range). N.S. denotes not significant. To convert from μmol kg-1 min-1 to mg kg-1 
min-1, multiply by 0.18 aEndogenous glucose production was completely suppressed in both groups 
during high-dose insulin infusion NOGD, non-oxidative glucose disposal.

shown). Insulin clearance did not differ significantly between patients and controls 
during either step of the clamp.
REE, the basal rate of glucose oxidation and the insulin-stimulated increase in 
glucose oxidation and non-oxidative glucose disposal were similar between 
groups (table 3).

NEFA and lipolysis

In the basal state, circulating concentrations of NEFAs were not different between 
patients and control participants (table 3). Likewise, lipolysis (glycerol turnover) 
and lipid oxidation were comparable between patients and controls both in the 
basal state and during the clamp.
Baseline lipolysis corrected for REE did not have an effect on the results (data not 
shown). Furthermore, lipolysis tended to be less suppressed by insulin in patients 
60% (37-73%) compared with controls 66% (55-75%), although the difference was 
not statistically significant (p=0.09) (figure 2c).
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Discussion
In the present study we show that patients with FHBL, despite the presence of 
moderate to severe hepatic steatosis, do not display a decrease in hepatic or 
peripheral insulin sensitivity compared with unaffected, matched controls. This 
indicates that hepatic triglyceride accumulation in itself is not causally related to 
hepatic or peripheral insulin resistance.

In the basal state, HOMA-IR tended to be higher in FHBL patients compared 
with controls. Since glucose levels were similar between patients and controls, 
the difference in HOMA-IR is probably explained by higher basal insulin levels in 
patients than in controls and is most likely caused by reduced insulin clearance and 
not by increased insulin secretion. This would be in line with earlier observations 
in non-diabetic participants, in whom hepatic fat accumulation was shown to 
be associated with impaired insulin clearance, independently of obesity27. A 
tendency towards higher insulin levels in FHBL patients was also observed during 
the hyperinsulinaemic clamp. Although calculation of insulin clearance during the 
clamp failed to show a significant difference between patients and controls, this 

Figure 2  Clamp results in participants with FHBL and healthy controls
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finding further supports the concept that insulin clearance may be decreased in 
patients with FHBL.
It should be noted that when Rd was corrected for circulating plasma insulin 
levels, peripheral insulin sensitivity in FHBL patients did not differ from that in 
controls. Thus, despite a possible difference in insulin clearance, insulin-mediated 
peripheral glucose uptake was not impaired in patients with FHBL.

Two of the seven patients in the control group showed mild hepatic steatosis, of 
12% and 8%, respectively. One could argue that increased IHTG-content in these 
patients might, to some extent, have skewed the data. However, since patients 
and controls were matched, individuals could not be excluded from analysis.
In a recent small study it was shown that both the hepatic insulin sensitivity index 
(inverse of the product of the basal EGP and fasting plasma insulin concentration) 
and the insulin-mediated increase in Rd did not differ between three obese 
participants with FHBL and six obese controls without hepatic steatosis16. In that 
study only a high-dose insulin infusion (50 mU/m2) was used during the clamp. 
In the present study we extended these findings in a larger number of patients, 
including both lean and obese FHBL patients, and carefully matched controls. 
Moreover, by using both a high- and a low-dose insulin infusion we were able to 
unambiguously demonstrate that FHBL does not affect hepatic insulin sensitivity. 
In addition, we show that FHBL does not lead to impaired sensitivity in other 
target pathways of insulin, e.g. glucose oxidation, non-oxidative glucose disposal, 
lipolysis and lipid oxidation. Thus, our data provide strong evidence to show that 
in patients with FHBL hepatic steatosis is a determinant of neither hepatic nor 
peripheral (muscle or adipose tissue) insulin resistance.

The lack of hepatic insulin resistance in FHBL in spite of severe steatosis may be 
surprising. Absence of insulin resistance has, however, been observed previously 
in animal models of hepatic steatosis29. In these animals, overabundance of 
hepatic diacylglycerol acyltransferase, an enzyme catalysing the final step in 
triglyceride synthesis30; deletion of long-chain fatty acid elongase family member 
6, (ELOVL6), a microsomal enzyme involved in the elongation of fatty acids31; 
deletion of microsomal triglyceride transfer protein, responsible for the assembly 
of triglyceride-rich lipoproteins32; and pharmacological blockade of hepatic fatty 
acid β-oxidation33, have all been associated with the induction of hepatic steatosis 
without hepatic or peripheral insulin resistance.

If hepatic steatosis in itself does not cause insulin resistance, factors other than 
hepatic triglyceride accumulation must be responsible for the close relation 
between these two entities in epidemiological studies1;4,6-8. Thus, hepatic 
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steatosis and insulin resistance could represent two separate manifestations of 
the same metabolic derangements, such as chronic inflammation, endoplasmic 
reticulum stress or stress caused by other as yet unidentified, metabolites34;35. 
Recent studies have put forward the concept that lipid metabolites such as fatty 
acids, long-chain acyl-CoAs, diacylglycerol and ceramides rather than triglycerides 
themselves36;37 are determinants of the onset of insulin resistance29;38-40. In this 
scenario, hepatic steatosis in FHBL may be the result of a harmless accumulation 
of triglycerides, whereas NAFLD is the result of an accumulation of toxic lipid 
metabolites leading to insulin resistance. In the present study, circulating 
concentrations of NEFA were similar in FHBL patients compared with controls.
Furthermore, the association between hepatic steatosis and insulin resistance 
may have a genetic basis. For example, polymorphisms in APOC3 have recently 
been shown to be associated with both NAFLD and insulin resistance, whereas 
the single-nucleotide polymorphism rs738409 in PNPLA3 was associated with 
increased liver fat but not with insulin resistance41;42. Unfortunately, the results 
of the present study do not provide answers to explain the true mechanism 
underlying the relationship between hepatic steatosis and insulin resistance.

Hepatic steatosis has been suggested to be causally related to hepatic as well 
as peripheral insulin resistance. In the present study, we convincingly show in 
a unique human model of severe fatty liver disease that hepatic steatosis is not 
associated with hepatic or peripheral insulin resistance. Whereas the results of 
the present study do not unravel the exact mechanisms underlying the complex 
relationship between these two highly prevalent metabolic disorders, further 
studies focusing on the comparison of different hepatic steatosis models in large 
cohorts are required.
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Abstract
Background 
Familial partial lipodystrophy (FPLD) is a rare metabolic disorder with clinical 
features that may not be readily recognised. As FPLD patients require a specific 
therapeutic approach, early identification is warranted. In the present study we 
aimed to identify cases of FPLD among non-obese patients with type 2 diabetes 
mellitus and marked insulin resistance. 

Methods
We searched the databases of three diabetic outpatient clinics for patients with 
marked insulin resistance, arbitrarily defined as the use of ≥100 U insulin/day, 
and BMI ≤27 kg/m2. In all patients, metabolic variables and anthropomorphic 
measurements were evaluated and DNA was sequenced for mutations in the 
genes encoding lamin A/C (LMNA), peroxisome proliferator-activated receptor γ 
(PPARγ) (PPARG) and cell death-inducing DFFA-like effector c (CIDEC). 

Results
Out of 5,221 diabetic individuals, 24 patients fulfilled all criteria. Twelve patients 
were willing to participate, of whom five showed clinical features of lipodystrophy. 
In three of these patients the clinical diagnosis of FPLD was confirmed by 
the presence of mutations in LMNA or PPARG; one patient harboured a novel 
heterozygous mutation (Y151C) in PPARG. The Y151C mutant displayed impaired 
DNA-binding capacity and hence reduced transcriptional activity compared with 
wild-type PPARγ. Dominant-negative activity was absent. 

Conclusion
The combination of BMI ≤27 kg/m2 and the use of >100 U insulin/day increases the 
chance of identifying lipodystrophy. Thus careful assessment of clinical features 
of FPLD should be considered in these patients, allowing earlier therapeutic 
interventions.
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Introduction
Familial partial lipodystrophy (FPLD) is an autosomal dominant disorder 
characterised by abnormal distribution of subcutaneous fat accompanied by a 
variable degree of metabolic derangements, including marked insulin resistance 
and severe hypertriglyceridemia, with recurrent episodes of pancreatitis. FPLD 
is a heterogeneous disorder and diagnosis is predominantly based on clinical 
features. A number of genetic defects underlying these clinical entities have 
been described, but the majority of mutations are rare coding-sequence variants 
in either LMNA or in PPARG1-3. Although the exact numbers for estimation of 
prevalence are lacking, FPLD has always been considered to be rare. But whereas 
generalised lipodystrophies can be readily detected because of the characteristic 
features from birth onwards, lipodystrophy in FPLD may be overlooked because 
of the overlap of clinical phenotype with the more common presentation of type 2 
diabetes mellitus.
The identification of FPLD patients carries distinct therapeutic consequences. Patients 
with FPLD require intensive measures to prevent pancreatitis and early cardiovascular 
disease and may benefit from leptinreplacement therapy4. Furthermore, identification 
of FPLD patients may lead to the discovery of novel causative genes that may 
lead to new treatment targets and improve our understanding of the physiological 
mechanisms underlying lipodystrophy.
In the present study we aimed to identify novel cases of FPLD in non-obese 
patients (BMI ≤27 kg/m2) with type 2 diabetes mellitus and marked insulin 
resistance, arbitrarily defined as total insulin dose ≥100 U/day.

Methods
In the databases of three diabetic outpatient clinics (n=5,221) we searched for 
patients >18 years old with type 2 diabetes mellitus, a normal to moderately 
elevated BMI (≤27 kg/m2) and marked insulin resistance, defined as the use of 
insulin ≥100 U/day. Medical records from patients selected from the databases 
were first screened for eligibility. Patients unable to visit the study centre because 
of a poor medical condition as well as patients with any other explanation for 
severe insulin resistance (e.g. patients with HIV-induced lipodystrophy) were 
excluded from the study. Patients fulfilling all inclusion and exclusion criteria were 
invited to our research clinic. Here, the participant’s complete medical history 
was evaluated and fasting blood samples were drawn for biochemical analysis 
and DNA extraction. All participants underwent a complete physical examination 
with careful assessment of the presence of FPLD stigmata. Upper arm fat was 
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assessed by skinfold thickness measurement and interpreted using normal ranges, 
adjusting for age and sex5. The combination of marked insulin resistance together 
with skinfold thickness <10th percentile was considered to be compatible with 
the phenotypical diagnosis of lipodystrophy6. The study was approved by the 
institutional review board of the Academic Medical Centre in Amsterdam, the 
Netherlands. All participants gave written informed consent.

Genomic DNA was isolated from blood samples containing EDTA. The coding 
exons of PPARG, CIDEC and LMNA (exon 8–9) plus intron–exon boundaries 
were sequenced using a BigDye Terminator v 1.1 cycle sequencing kit (Applied 
Biosystems, Foster City, CA, USA) on an ABI Prism 3730 DNA analyser (Applied 
Biosystems). Primer sequences are available upon request. Functional analysis of 
the novel variant was performed as described previously by our group 7.
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Figure 1  Patient selection
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Results
From a total of 5,221 patients with a diagnosis of diabetes, 24 patients met 
all the inclusion and exclusion criteria. Of these 24 patients, 12 were willing 
to participate (figure 1). Five of the 12 non-obese patients with marked insulin 
resistance had a lipodystrophic phenotype (table 1). Thus our selection criteria 
increased the likelihood of identifying FPLD >400-fold, from 5/5,221 to 5/12. The 
characteristics of the study participants are described in table 1. Participants 
S2 and S5 were included in the study despite having a BMI >27 kg/m2 at the 

T1 weighted images were obtained from mutant and son showing moderate lipoatrophy at different 
sites. A: Scans of the neck showing a layer of subcutaneous (sc) fat measuring 2.2 cm and 2.3 cm. B: 
Cross-section at the gluteal region, showing sc fat measuring 2.1 cm and 1.4 cm. C: Cross-section at 
the level of upper leg region, showing a dorsal layer of sc fat measuring 0.7 cm and 0.5 cm. 

B

C

Figure 2  MRI tissue scans of subjects with Y151C mutation

A
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centre visit, as eligibility was based on data from the patient’s medical records 
which, for both participants showed a BMI ≤27 kg/m2. Two of the patients with a 
lipodystrophic phenotype (S11 and S12) had previously been diagnosed with FPLD 
confirmed by mutations in PPARG (R194W)7 and LMNA (R482W) (E. S. Stroes, 
unpublished observations). The third participant (S8) had a history of systemic 
lupus erythematosus and chronic corticosteroid use, which in itself may explain 
the severe insulin resistance and abnormal skinfold thickness measurement8. 
The fourth patient (S9) had clinical features of FPLD, including lipodystrophy, but 
no mutations in PPARG, LMNA or CIDEC. DNA analysis of the fifth patient (S10) 
resulted in the identification of a novel functional mutation in PPARG, establishing 
the diagnosis of FPLD. 
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Table 1   Patient’s Characteristics

Patients without a lipodystrophic phenotype Patients with a lipodystrophic phenotype

S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12

Age (years) 54 64 74 67 51 67 70 52 58 61 34 39

Sex M M M M M M F F F F F F

Ethnicity SEA Af NeE NeE EE Turk Af NeE SEA NeE Turk UK

BMI (kg/m2) 26 30 27 25 28 26 27 25 25 23 24 25

Insulin (U/day) 104 120 102 120 106 126 114 104 176 142 125 400

Pancreatitis - - - - - - - + - + + +

Hypertension - + + + + + + + - + + +
CVD + - + - + - - + - + - +

Triglycerides (mmol/L)a 7.4 9.9 1.3 3.3 2.4 2.0 3.8 6.0 3.4 43.3 44.7 94.0

WH ratio 1.02 0.99 1.05 1.05 1.03 1.03 1 0.97 1 0.95 0.91 0.92

Leptin (ng/mL) 3.8 10.5 13.7 11.0 9.0 8.9 23.2 9.9 27.7 6.1 - 21.6

Free Androgen Indexb - 62.9 1.1 47.2 35.6 45.2 3.5 0.4 1.8 2.3 8.2 4.6

Gynecological history - - - - - - - - ovariectomy 
after torsion

2 successful 
pregnancies

PCOS, 1 
successful 
pregnancy

PCOS

Tricpes skinfold (percentile) <50th <75th <75th <90th <90th <90th <25th <5th <10th <5th <10th <5th

Arm fat area (percentile) <75th <90th <75th <90th <90th <90th <25th <10th <25th <5th <25th <5th

Buffalo hump - - - - - - + - + - + +

Muscular hypertrophy - - - - - - - - - + + +

Cushingoid appearance - - - - - - - - - + + -

Hirsutism (grade 0-4) 0 0 0 0 0 0 0 0 0 0 2 0

Acanthosis nigricans - + - - - - + - + - + -

Mutation  LMNA/PPARG/CIDEC - - - - - - - - - PPARG PPARG LMNA

F: female, M: Male, BMI: Body mass index, PCOS: polycystic ovary syndrome, SEA: South East 
Asian, Af: African, NeE: North Eastern Europe, EE: Eastern Europe, Turk; Turkish, UK: United 
Kingdom. a Highest triglyceride levels documented, b Reference value for women 0.00-8.0 for men 
20.0-90.00.
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The index patient was a 61 year old female of Dutch ancestry who participated 
in the Olympics as an athlete. Menarch occurred at age 14, followed by regular 
menstrual cycles. She gave birth to a healthy son and daughter at the age of 23 
and 28 respectively. At the age of 43 she was diagnosed with hypertension and 
hypertriglyceridemia with eruptive xanthomas. At the age of 49 she underwent a 
partial pancreatectomy following an episode of necrotizing pancreatitis. Shortly 
thereafter she developed diabetes mellitus, which was originally attributed 
to insulin deficiency after a pancreatectomy. At the age of 60 she underwent 
endovascular stent graft placement because of a significant atherosclerotic 
stenosis in the iliac tract. At the age of 57 the proband was referred to our lipid 
clinic for management of uncontrolled hypertriglyceridemia despite a combination 
of fibrate and statin therapy. On physical examination she was lean (BMI: 22 kg/m2) 
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Figure 3   The FPLD-associated Y151C mutation reduces DNA binding, and hence  transcriptional 
activity of PPARg 
a: The electropherogram tracing shows both alleles from the proband (Y151C; PPARg2 numbering) 
compared with corresponding genomic DNA sequence from a healthy subject. The position of the 
mutation in the DBD is indicated by the arrow. Nucleotide and amino acid sequence is shown below 
the electropherogram tracings. b: Family pedigree. A diagonal indicates not genotyped. Half-filled 
symbols indicate subjects with the heterozygous Y151C mutation. Unaffected subjects are indicated 
by unfilled symbols. The proband is indicated by an arrow. c: Left panel: Global structure of the 
PPARg-RXR-DNA complex. The DBDs and Ligand binding domains (LBDs) of PPARg and RXR are 
shown, with the zinc ions in the PPARg DBD. Square box indicates the region magnified in right 
panel. Right panel: PPARg-DNA interaction. Magnified view of helices of PPARg-DBD localized 
around the zinc ions, with Y151 indicated in stick format. Starting structure of PPARg was adapted 
from the Protein Data Bank entry 3DZY. Figures were generated using PyMOL 0.99rc6 open 
source software. d: Impaired DNA binding of Y151C. In vitro translated RXR or PPARg2 (WT or 
mutant) proteins were incubated with [32P]-labelled probe in absence or presence of 5x unlabelled 
probe (WT or mutant) as indicated. Protein-DNA complexes were separated from unbound DNA 
on non-denaturing SDS-polyacrylamide gels and visualized by autoradiography of dried gels. e: 
The FPLD3-associated Y151C mutation reduces the transcriptional activity of PPARg2. U2OS cells 
were transfected with expression vector encoding PPARg2 WT or PPARg2 Y151C respectively, and 
3XPPRE-tk-Luc reporter (left panel) or a Fabp4-Luc reporter (right panel). Activation of the luciferase 
reporter, in the absence or presence of 1 M rosiglitazone, is expressed as fold induction over that 
with empty vector in the absence of ligand, after normalisation for Renilla luciferase activity. Results 
are averages of at least 3 independent experiments assayed in duplicate  standard error of the 
means. f: The FPLD3-associated Y151C mutation fails to display dominant negative activity. U2OS 
cells were transfected with  3xPPRE-tk-Luc reporter and incubated with different concentrations 
of rosiglitazone, as indicated. wt PPARg2 (black bars), wt PPARg2 plus an equal amount of wt 
PPARg2 (light grey bars), wt PPARg2 plus the Y151C mutant (dark grey bars), or wt PPARg2 plus the 
dominant negative L496A/E499A mutant (white bars) and incubated with different concentrations 
of rosiglitazone, as indicated. Reporter activities are presented relative to the activity of wt PPARg2 
in the presence of 1 M rosiglitazone. Results are averages of at least 3 independent experiments 
assayed in duplicate  standard error of the means.

A novel heterozygous FPLD3-associated mutation in the PPARG gene. Alignment of the amino acid 
sequence surrounding Y151C in human PPARg2 with other PPARs and nuclear receptors showing 
that tyrosine 151 is completely conserved amongst species. Also indicated are the zinc-coordinating 
cysteine residues.

Figure 4  A novel heterozygous FPLD3-associated mutation in the PPARG gene 
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with a blood pressure of 145/70 mmHg. Laboratory analysis after an overnight fast 
showed a total cholesterol of 3.25 mmol/L (126 mg/dL), triglycerides of 36.7 mmol/L 
(3251 mg/dL), HDL-c 0.7 mmol/L (27 mg/dL) and apolipoproteinB levels of 0.84 
mmol/L (84 mg/dL), consistent with severe chylomicronemia. Post-heparin testing 
for lipoprotein lipase (LPL) activity showed normal LPL activity and no genomic 
DNA sequence changes were seen in the LPL gene. Glycated hemoglobin was 
8.9% and insulin levels were elevated indicating insulin resistance as the primary 
cause for the presence of diabetes mellitus. The start of multiple daily injections 
of insulin totaling 140 U/day resulted in improved glycaemic control. On physical 
examination there was a clear excess of subcutaneous fat on the face, neck, trunk 
and abdomen with a lack of subcutaneous fat on the extremities. Triceps skinfold 
was <5th percentile even as upper arm fat area. Magnetic Resonance Imaging 
(MRI) tissue scans confirmed these findings showing excessive and relatively 
symmetrical deposition of subcutaneous fat on the face neck and upper trunk 
with disproportionate depletion of subcutaneous fat in the lower body (figure 2). 
No other abnormalities related to FPLD were observed in this patient, there was 
no acanthosis nigricans or hirsutsim. The proband’s mother, deceased at the age 
of 84, had a history of hypertriglyceridemia and hypertension. 
The proband’s youngest sister is 50 years old, with lipodystrophy, hypertriglyce-
ridemia and hypertension. She had no diabetes mellitus but fasting glucose 
(5.1 mmol/L) and insulin (138 pmol/L) levels suggested the presence of insulin 
resistance. Furthermore, the plasma glucose after an oral glucose load of 75 
grams was 8.3 mmol/l, indicating the presence of impaired fasting glucose.
The proband’s son is 39 years old with prominent muscularity and accumulation of 
subcutaneous facial, neck and abdominal fat despite normal anthropometry. MRI 
tissue scans showed lipodystrophy at various anatomical sites (figure 2). He also 
had a history of hypertriglyceridemia and hypertension. He had no diagnosis of 
type 2 diabetes mellitus but fasting plasma glucose (4.9 mmol/L) and insulin levels 
(90 pmol/L) suggested the presence of insulin resistance. We have no clinical data 
of the proband’s nephew. 

S10 had a heterozygous A-to-G mutation in exon 5 of the PPARG gene (figure 3a), 
resulting in a Y151C substitution in the PPARγ2 isoform. DNA sequence analysis 
of family members of the index patient showed the same mutation in the patient’s 
son, sister and nephew (figure 3b).
Tyrosine 151 is located in the DNA-binding domain (DBD) of PPARγ and is 
completely conserved amongst species and well conserved among nuclear 
receptors (figure 4). Crystal structure studies of the PPARγ–retinoidX receptor, 
α (RXRα) heterodimer bound to DNA indicate that Y151 is in direct contact with 
the DNA backbone (figure 3c). In vitro experiments showed the Y151C mutant to 
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display reduced DNA binding and transcriptional activity (figure 3d–e). As shown 
in figure 3f, PPARγ2 Y151C failed to display dominant-negative activity.

Discussion
In the present study, we show an increase in the incidence of FPLD in 
non-obese patients with type 2 diabetes mellitus and marked insulin resistance. 
Characterisation of 12 participants fulfilling these criteria resulted in the 
identification of five patients with lipodystrophic features. In three patients the 
diagnosis of FPLD was supported by mutations in PPARG or LMNA, with one patient 
harbouring a novel heterozygous PPARG mutation (Y151C). These data indicate 
that thorough evaluation for FPLD should be considered in non-obese patients 
with marked insulin resistance. However, the numbers in our study may deviate 
from the actual incidence of FPLD. First, the small number of eligible patients 
willing to participate in the study may have resulted in a positive ‘selection’ bias. 
Second, our stringent inclusion criteria may have increased the false-negative 
rate. The aim of the present study was to find an effective method to select rare 
cases of FPLD from a large group of individuals with the common type 2 diabetes 
mellitus. To effectively increase the chances of identifying FPLD, we aimed to 
select patients with an unusual phenotype, namely non-obese patients with marked 
insulin resistance. Our inclusion criteria may, however, have been too stringent as 
neither absence of marked insulin resistance nor the presence of obesity excludes 
the presence of FPLD. It should be noted that lipodystrophy may be more easily 
recognised in patients with increased BMI because of the accentuated differences 
in subcutaneous fat in extremities versus trunk when patients become obese. 
Thus, although our selection criteria may serve as a guideline, the presence of other 
typical features of FPLD, in any patient, should still alert clinicians to the possibility 
of lipodystrophy. To date, 15 different FPLD-associated mutations in the coding 
region of PPARG have been reported9. Here we identified a novel heterozygous 
tyrosine-to-cysteine mutation located in the region of the PPARG gene encoding 
the DBD (Y151C). The mutation was shown to result in reduced DNA binding and 
reduced transcriptional activity, while direct dominant negative activity was absent. 
Tyrosine 151 is located in the DBD of PPARγ and is completely conserved amongst 
species and within the nuclear receptor superfamily. Interestingly, mutation of the 
analogous position in the androgen receptor (Y571) to histidine or cysteine has been 
associated with various forms of the androgen insensitivity syndrome (Androgen 
Receptor Gene Mutations Database; http://androgendb.mcgill.ca). Like the PPARγ 
Y151C mutant reported in this study, the androgen receptor Y571H mutant displayed 
impaired DNA-binding capacity and hence reduced transcriptional activity10. These 
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findings underscore the importance of this conserved tyrosine residue in DNA 
binding by nuclear receptors.
In summary, our results indicate that careful assessment of the clinical features of 
FPLD should be considered in non-obese patients with marked insulin resistance, 
allowing earlier therapeutic interventions.
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Abstract
Background
The association of metabolic syndrome and risk of CHD is now well established. 
The association between ‘metabolic dyslipidemia’ as defined by high triglycerides 
(TGs) and low high-density lipoprotein cholesterol (HDL-c) levels and the risk of 
coronary heart disease (CHD) risk is not known. The aim of this study was to 
investigate the association between metabolic dyslipidemia, and risk of CHD in 
apparently healthy men and women. 

Methods
Metabolic dyslipidemia was defined by combination of increased TG levels (≥150 
mg/dl) and low HDL-c levels (≤50 mg/dL for women and ≤40 mg/dL for men). 
In the EPIC-Norfolk prospective population study, 21,340 participants without 
diabetes (9326 men and 12,014 women) were followed for a mean of 11.4 years 
during which 2075 CHD events occurred. Three multivariate models were used 
adjusting for other metabolic risk factors including low-density lipoprotein 
cholesterol (LDL-c).

Results
Compared to men with normal HDL-c and normal TG, men with metabolic 
dyslipidemia had an increased risk for CHD (HR: 1.61; 95% CI: 1.40-1.86). The 
increased risk remained significant after adjustment for LDL-c and other metabolic 
risk factors. Among women, metabolic dyslipidemia was associated with increased 
CHD risk (HR: 1.78; 95% CI: 1.47-2.15). This association was lost when the model 
was additionally adjusted for other metabolic syndrome risk factors. In men and 
women Kaplan-Meier survival curves according to HDL-c and TG levels revealed 
that participants with metabolic dyslipidemia had poorer survival compared to 
people without metabolic dyslipidemia (logrank <0.001 for each).

Conclusion
Metabolic dyslipidemia is associated with an increased risk of CHD. This 
relationship was independent from LDL-c and other risk factors of the metabolic 
syndrome in men, but not in women. A better management of this phenotype via 
lifestyle modification or pharmacotherapy may be warranted.
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Introduction
Type 2 diabetes mellitus and the metabolic syndrome are associated with an 
atherogenic lipoprotein-lipid profile characterized by hypertriglyceridemia, low 
high-density lipoprotein cholesterol (HDL-c) and a preponderance of small-dense, 
low-density lipoprotein (LDL) particles. This particular lipid profile is often referred 
to as the atherogenic triad or atherogenic dyslipidemia1. However, since other 
dyslipidemias are also atherogenic2, we shall refer to this abnormal lipid pattern 
prevalent in patients with metabolic disorders as ‘metabolic dyslipidemia’. Studies 
have reported that the relationship between small-dense LDL particles and CHD 
risk largely depends on the presence of the metabolic dyslipidemia3,4. High 
triglycerides (TG) (TG ≥150 mg/dL or ≥1.69 mmol/L) and low HDL-c (≤50 mg/dL 
or ≤1.0 mmol/L for women and ≤40 mg/dL or ≤0.9 mmol/L for men) represent 
two of the five risk factors of the metabolicsyndrome5. Although the risk of CHD 
associated with either high TG levels or low HDL-c levels have been evaluated 
extensively6;7, the risk associated with the combination of low HDL-c and high TG 
levels remains largely unknown. We therefore sought to evaluate the risk of CHD 
associated with metabolic dyslipidemia, defined as low levels of HDL-c and high 
TG levels in men and women enrolled in the EPIC-Norfolk prospective population 
study, a cohort representative of a contemporary Western population.

Methods
Study population

EPIC-Norfolk is a prospective population study of 25,663 men and women aged 
45 to 79 years residing in Norfolk, United Kingdom, who completed a baseline 
questionnaire survey and attended a clinic visit8. Participants were recruited 
from age and sex registers of general practices in Norfolk as part of the 10-country 
collaborative EPIC, which was designed to investigate dietary and other determinants 
of cancer. Additional data were obtained in EPIC-Norfolk so that determinants of 
other diseases such as CHD could also be assessed. The design and methods 
of EPIC-Norfolk are described in detail elsewhere8. In short, eligible participants 
were recruited by mail. At the baseline survey between 1993 and 1997, participants 
completed a detailed health and lifestyle questionnaire. All participants were flagged 
for death certification at the United Kingdom Office of National Statistics, and vital 
status was ascertained for the entire cohort. In addition, hospitalized participants 
were identified by using their unique National Health Service number through data 
linkage with the East Norfolk Health Authority database, which identifies all hospital 
contacts throughout England and Wales for residents of Norfolk. CHD was defined 
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as codes 410 to 414 of the International Classification of Diseases, Ninth Revision. 
Participants were identified as having CHD during follow-up if they had a hospital 
admission or died with CHD as an underlying cause. Previous validation studies 
in our cohort indicate high specificity for such case ascertainment9. The study 
was approved by the Norwich District Health Authority Ethics Committee, and all 
participants gave signed informed consent.

Follow-up and outcome events

We excluded all participants who reported a history of heart attack or stroke or 
use of lipid-lowering drugs at the baseline clinic visit. Cases were participants 
who developed fatal or nonfatal CHD during follow-up through 31 March 2007, 
an average of 10.9 years. Controls were study participants who remained free 
of any cardiovascular disease during follow-up. Whenever possible, 2 controls 
were matched to each case by age (within 5 years), sex, and time of enrollment 
period (within 3 months). At the baseline survey, participants completed a detailed 
health and lifestyle questionnaire, and additional data collection was performed 
by trained nurses at a clinic visit. Habitual physical activity was assessed using 
two questions referring to activity during the past year. The first question asked 
about physical activity at work, the second about the amount of time spent in 
hours per week in activities: cycling and leisure time physical activities such as 
jogging or swimming, in winter and summer separately. A simple physical activity 
index was devised to allocate individuals to four categories of usual increasing 
physical activity: inactive, moderately inactive, moderately active and active. This 
index was validated against heart rate monitoring in 173 individuals over 1 year10. 

Biochemical analyses

Serum concentrations of total cholesterol, HDL-c, and TG were measured in fresh 
serum samples with the RA1000 (Bayer Diagnostics, Basingstoke, UK), and LDL 
cholesterol (LDL-c) concentrations were calculated with the Friedewald formula11. 
Samples were analyzed in random order to avoid systemic bias. Researchers and 
laboratory personnel had no access to identifiable information, and could identify 
samples by number only. HbA1c measurements were performed in approximately 
half the cohort when funding became available as described previously12.

Statistical analyses

For the present analysis, we excluded all participants with known diabetes mellitus 
and prevalent CHD. Subjects were divided into four different groups according 
to triglyceride and HDL-c levels. For TG levels, the cut-off value was 150 mg/dL 
for both men and women and for HDL-c the cut-off value was 50 mg/dL for men 

124

proefschrift Visser woe.indb   124 28-7-2011   15:48:52



8
chapter

and 40 mg/dL for women, as suggested by the National Cholesterol Education 
Program-Adult Treatment Panel III (NCEP-ATPIII). Values below these cut-off values 
were considered ‘normal’ for TGs and ‘low’ for HDL-c. Values higher than these 
cut-off values were considered ’high’ for TGs and ‘normal’ for HDL-c. Differences 
between baseline characteristics of subjects within each group were analyzed 
using ANOVA. To estimate the relationship between metabolic dyslipidemia and 
CHD risk, hazard ratios (HR) and associated
95% confidence intervals (95%CI) were calculated using a Cox proportional hazard 
model. The group with normal TG and HDL-c was used as reference. Four different 
models were used. Model 1 adjusted for physical activity, age, smoking (never, 
past, current) and hormone therapy (women only). Model 2 additionally adjusted 
for LDL-c. Model 3 additionally adjusted for waist circumference, systolic blood 
pressure. Model 4 additionally adjusted for HbA1c; HbA1c was not available for 
the full cohort. Kaplan-Meier survival curves according to TG and HDL-c levels 
were assessed in men and women of the entire cohort. Statistical analyses were 
performed by using SPSS software, version 10.0 (SPSS, Inc, Chicago, Illinois).

Results
Out of the 21,240 participants (9226 men and 12,014 women) without CHD and 
diabetes at baseline, 2075 experienced CHD events during followup (1307 men 
and 768 women). As expected, most baseline characteristics differed significantly 
between the four groups (table 1). Only age was comparable between the four 
groups among men. Participants with metabolic dyslipidemia were more likely to 
smoke and to have higher adiposity indices such as BMI and waist circumference 
as well as an increased systolic and diastolic blood pressure (p<0.001 for 
each). While total cholesterol levels were increased in participants carrying the 
metabolic dyslipidemia, only women with metabolic dyslipidemia were more 
likely to have higher LDL-c and HbA1c levels compared to women classified on 
the basis of other lipid combinations. Participants with metabolic dyslipidemia 
had an increased risk of future CHD (HR=1.61; 95%CI: 1.40-1.86 for men and 
HR=1.78; 95% CI: 1.47-2.15 for women) when compared to the reference group 
(table 2). This risk remained significantly elevated upon adjustment for LDL-c 
(model 2) and additional adjustment for the systolic blood pressure and waist 
circumference (model 3). Among men, presence of the metabolic dyslipidemia 
was still associated with 50% increased risk for CHD even after adjustment for 
HbA1c (model 4). We also found that men with either high or normal TG levels 
were at increased CHD risk if they had low HDL-c levels, even in the multivariate 
analyses. Among women, although metabolic dyslipidemia was associated with 
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an increased CHD risk, women with high TG and normal HDL-c and women with 
normal TG and low HDL-c levels were also found to be at increased risk. In fact 
women of these subgroups were at increased risk even after adjustment for 
model 4 whereas women carrying the metabolic dyslipidemia were found to be 
at increased risk after adjustment for model 3, but not after adjustment for model 
4. Finally, Kaplan-Meier survival curves according to TG and HDL-c levels were 
assessed in the entire cohort. Figure 1 shows that participants carrying metabolic 
dyslipidemia had poorer survival than participants with normal triglyceride and 
HDL-c levels. 

Table 1  Characteristics of 21,240 participants of EPIC Norfolk Cohort

HDL cholesterol levels Normal/ Normal/ Low/ Low/ P-value

Triglyceride levels Normal High Normal High

Men (n = 9226) 4014 2385 929 1998

Age, y 59 ± 9 59 ± 9 59 ± 10 59 ± 9 0.08

BMI, kg/m2 25.5 ± 2.9 26.8 ± 3.1 26.5 ± 3.2 27.6 ± 3.2 < 0.001

Waist circumference, cm 92 ± 9 97 ± 9 96 ± 9 99 ± 9 < 0.001

Smoking, % - Current 11.4 10.7 14.7 14.1 < 0.001

 -  Past 51.1 58.4 49.3 53.1

 -  Never 37.5 30.9 36.0 32.9

Systolic blood pressure, mmHg 135 ± 17 139 ± 17 135 ± 18 138 ± 17 < 0.001

Diastolic blood pressure, mmHg 83 ± 11 86 ± 11 83 ± 11 85 ± 11 < 0.001

Total cholesterol, mmol/L 5.8 ± 1.0 6.5 ± 1.1 5.3 ± 1.0 6.1 ± 1.0 < 0.001

LDL-c, mmol/L 3.8 ± 0.9 4.1 ± 1.0 3.8 ± 0.9 4.0 ± 1.0 < 0.001

HDL-c, mmol/L 1.4 ± 0.3 1.3 ± 0.2 0.9 ± 0.1 0.9 ± 0.1 < 0.001

Triglycerides, mmol/L 1.2 (0.9-1.4) 2.3 (2.0-2.7) 1.4 (1.1-1.6) 2.6 (2.1-3.2) < 0.001

HbA1c, % 5.2 ± 0.6 5.3 ± 0.8 5.2 ± 0.6 5.3 ± 0.7 < 0.001

Women, n= 12,014 7027 2211 1247 1529

Age, y 57 ± 9 62 ± 9 56 ± 9 61 ± 9 < 0.001

BMI, kg/m2 25.1 ± 3.6 27.3 ± 4.3 26.7 ± 4.5 28.5 ± 4.5 < 0.001

Waist circumference, cm 79 ± 9 85 ± 10 83 ± 11 89 ± 11 < 0.001

Smoking, % - Current 10.2 10.6 13.7 15.4 < 0.001

 -  Past 32.1 33.9 28.8 29.4

 -  Never 57.7 55.4 57.5 55.1

Systolic blood pressure, mmHg 131 ± 18 139 ± 18 130 ± 17 139 ± 19 < 0.001

Diastolic blood pressure, mmHg 79 ± 11 84 ± 11 79 ± 11 84 ± 11 < 0.001

Total cholesterol, mmol/L 6.1 ± 1.1 7.0 ± 1.1 5.7 ± 1.1 6.7 ± 1.2 < 0.001

LDL-c, mmol/L 3.8 ± 1.0 4.3 ± 1.1 4.0 ± 1.1 4.5 ± 1.1 < 0.001

HDL-c, mmol/L 1.8 ± 0.4 1.6 ± 0.3 1.1 ± 0.1 1.1 ± 0.1 < 0.001

Triglycerides, mmol/L 1.1 (0.8-1.4) 2.2 (1.9-2.6) 1.3 (1.0-1.5) 2.5 (2.1-3.0) < 0.001

HbA1c, % 5.1 ± 0.6 5.4 ± 0.8 5.1 ± 0.7 5.5 ± 0.9 < 0.001

Data are presented as mean ± SD, percentage (number) or median (interquartile range).
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Discussion
In this prospective cohort study, we observed that metabolic dyslipidemia 
(low HDL-c and high TG) was a CHD risk factor in both men and women. Even 
after adjustment for LDL-c the risk of CHD in participants with the metabolic 
dyslipidemia, remained elevated. Among men, the metabolic dyslipidemia was 

Table 2  Risk of future coronary heart disease (CHD) among men and women 

HDL cholesterol levels Normal Normal Low Low

Triglyceride levels Normal High Normal High

Men CHD Events (n= 1307) 443 361 153 350

HR for future CHD1 1.0 1.35 (1.17-1.55) 1.50 (1.24-1.80) 1.61 (1.40-1.86)

HR for future CHD2 1.0 1.24 (1.08-1.43) 1.54 (1.28-1.85) 1.56 (1.36-1.80)

HR for future CHD3 1.0 1.15 (1.00-1.32) 1.49 (1.23-1.79) 1.43 (1.24-1.66)

*HR for future CHD4 Cases/
controls

168/1694
1.0

152/985
1.18 (0.95-1.48)

59/331
1.67 (1.24-2.25)

139/769
1.50 (1.19-1.90)

Women CHD Events (n= 768) 320 212 74 162

HR for future CHD1 1.0 1.50 (1.26-1.79) 1.54 (1.20-1.99) 1.78 (1.47-2.15)

HR for future CHD2 1.0 1.43 (1.20-1.71) 1.49 (1.16-1.93) 1.66 (1.37-2.02)

HR for future CHD3 1.0 1.31 (1.09-1.56) 1.42 (1.10-1.83) 1.42 (1.16-1.74)

*HR for future CHD4 Cases/
controls  

123/3246
1.0

91/940
1.43 (1.08-1.90)

27/522 
1.57 (1.03-2.40)

52/601 
1.32 (0.93-1.86)

Hazard Ratio (95% CI)
Model 1 adjusted for age, smoking (never, past, current) and hormone therapy (women only) and 
activity. 
Model 2 additionally adjusted for low-density lipoprotein cholesterol (LDL-c). 
Model 3 additionally adjusted for waist circumference, systolic blood pressure.
*Model 4 additionally adjusted for HbA1c; HbA1c was not available for the full cohort.

Figure 1  Kaplan-Meier survival curves according to TG and HDL-c levels
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still associated with an elevated CHD risk after controlling for other risk factors 
associated with the metabolic syndrome. In women, the association between 
metabolic dyslipidemia and elevated CHD risk remained statistically significant 
after adjustment for potential confounders such as LDL-c, waist circumference 
and systolic blood pressure, but not after further adjustment for HbA1c. 

Our observation that metabolic dyslipidemia is an independent risk factor for CHD 
even beyond LDL-c is consistent with a recently published study showing that 
the presence of low HDL-c and high TG was an independent predictor of CHD in 
a relatively small population of patients with known CHD (n=284)13. That study 
however included patients with diabetes, did not compare four categories defined 
by both TG and HDL-c levels and did not control for waist circumference and blood 
pressure. A post-hoc analysis of the Scandinavian Simvastatin Survival Study 
showed that patients with the lipid triad of elevated levels of LDL-c, low levels of 
HDL-c and high levels of TG had an increased risk for CHD events compared to 
patients with isolated LDL-c elevation14. 

The large number of participants enrolled in this study enabled us to look into 
the sex-specific combinations of TG and HDL-c levels. In men, we found that 
participants with low HDL-c with high or normal TG levels had virtually the same 
odds of eventually developing CHD. We also observed that TG levels were not 
predictive of CHD in men with normal HDL-c. These observations clearly highlight 
the role of low HDL-c levels as an important CHD risk factor, independently from 
all other markers of atherogenic dyslipidemia/metabolic syndrome. Although we 
found that women carrying the metabolic dyslipidemia had a CHD risk that was 
slightly higher than men in univariate analyses, the relationship between metabolic 
dyslipidemia and CHD risk appeared to be more dependent on underlying risk 
factors such as HbA1c levels. In fact, in the final model of adjustment, women with 
metabolic dyslipidemia were not found to be at increased risk whereas women 
with high TG and normal HDL-c levels and women with normal TG and low HDL-c 
levels were at increased risk. Based on these observations, the cardioprotective 
role of HDL-c was observed in both men and women whereas high TG levels, 
without low HDL-c levels, were predictive of CHD only in women. The reasons 
for these unexpected findings in women need to be validated in other population 
studies. These results are consistent with the hypothesis that risk factors of CHD 
are interdependent in the metabolic syndrome and that the metabolic syndrome 
might confer cardiovascular risk beyond what can be explained by its individual 
components15. 
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A number of aspects of our study warrant further discussion. Strengths of our study 
include the large number of participants and the fact that follow-up was long. It is 
also important to note that participants were recruited from an unrestricted and 
homogeneous population. We excluded people who had previously experienced 
myocardial infarction or stroke or documented diabetes, thus limiting the impact 
of such events on the relationship of metabolic dyslipidemia and CHD risk. 
A potential limitation of the present study remains in the fact that biochemical 
analyses were performed in nonfasting serum samples that were obtained at a 
non-uniform time of the day. Therefore, we did not measure blood glucose and 
used HbA1c, which levels do not vary in the postprandial state, as a surrogate 
marker of fasting glucose. HbA1c levels were only available for 50% of the 
subjects, which resulted in a substantial loss of statistical power when HbA1c was 
used in regression analyses (model 4). The non-uniform time of blood sampling 
might also have affected serum TG levels. Indeed a study has shown that fasting 
TG was associated with increased risk of CHD in men16. While other large scale 
cohorts have shown that nonfasting TG was also a risk factor for CHD for both 
women17 and men18. We were unable to adjust for diet variables since they were 
not available for every participant in the cohort. However, our simultaneous 
adjustment for physical activity and waist circumference may cover the majority of 
confounding introduced by dietary variables. 

In conclusion, in men and women of this cohort representative of a contemporary 
Western population, we found that, metabolic dyslipidemia is a predictor of 
CHD independent from LDL-c. The relationship between metabolic dyslipidemia 
and CHD risk was independent from the other risk factors associated with the 
metabolic syndrome in men, but not in women. Based on the results of the 
present study, a better management of this phenotype via lifestyle modification or 
pharmacotherapy may be warranted in order to lower the risk associated with this 
atherogenic phenotype. On similar lines the Residual Risk Reduction Initiative was 
recently introduced to address this highly relevant clinical issue19.
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Abstract 
Background

The severe forms of hypertriglyceridemia (HTG) are caused by functional mutations 
in genes leading to loss of function of the lipoprotein lipase (LPL) protein. In 
most patients with severe HTG  (TG >10 mmol/L) it is a challenge to define the 
underlying cause for severe HTG. 

Methods

In the present study we investigated the molecular basis of severe HTG in 86 
patients (type 1 and type 5) referred to our Lipid Clinic. The coding regions of 
LPL, APOC2, APOA5 and 2 novel genes: Lipase Maturation Factor 1 (LMF1) and 
GPI-anchored HDL binding protein 1 (GPIHBP1) were sequenced. 

Results

In 46 patients (54%) rare DNA sequence variants were identified, comprising 19 
variants in LPL, 1 in APOC2, 2 in APOA5, 4 in GPIHBP1 and 8 in LMF1. In 22 patients 
(25%) only common variants in LPL (p.Asp36Asn, p.Asn318Ser, p.Ser474Ter) and 
APOA5 (p.Ser19Trp) could be identified, whereas in 18 patients (21%) not a single 
mutation was found. In vitro validation revealed that the mutations in LMF1 were 
not associated with compromised LPL function. Consistent with this, five of the 
eight LMF1 variants were also found in a control population and therefore cannot 
account for the observed phenotype. In summary, the prevalence of mutations 
in LPL leading to severe HTG was approximately 34% in our cohort and mostly 
restricted to patients with type 1 hyperlipidemia. Mutations in GPIHBP1 (n=3), 
APOC2 (n=1) and APOA5 (n=2) were rare but the associated clinical phenotype 
was severe.

Conclusion

Routine sequencing of candidate genes in severe HTG improves our insight into 
the molecular basis of this pehnortype, associated with acute pancreatits, and 
may help to guide future individualized therapeutic strategies.
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Introduction
Severe hypertriglyceridemia (HTG) is characterized by plasma triglycerides (TG) 
>10,0 mmol/L (886 mg/dL)1. Clinical features in patients with severe HTG often 
include recurrent pancreatitis, eruptive xanthomas and lipemia retinalis2;3. Both 
genetic and life style factors contribute to plasma TG concentration although the 
genetic component remains largely undefined4.
Lipoprotein Lipase (LPL) deficiency is a major cause of severe HTG. LPL has 
the unique ability to hydrolyze circulating TGs which are packaged either in 
chylomicrons (dietary lipids) or in very-low density lipoproteins (VLDL) (lipids of 
hepatic origin). LPL is present at the cell surface of endothelial cells of the small 
capillaries of tissues that require fatty acids for their source of energy (heart and 
skeletal muscle) or use them for storage (adipose tissue). A complete or near 
complete absence of catalytically active LPL from the circulation invariably leads 
to severe HTG. 

HTG is a hallmark of both Frederickson type 1 and type 5 hyperlipidemias. Type 
5 hyperlipidemia encompasses patients with a mixed hyperlipidemic phenotype 
including elevated levels of both chylomicron and VLDL remnant particles5. 
The molecular basis of type 5 hyperlipidemia is not fully elucidated yet but 
heterozygosity for functional mutations in LPL as a background, has been found. 
Type 1 hyperlipidemia, or congenital LPL deficiency, is a rare disorder with an 
estimated prevalence of 1 in half a million in the general population. Type 1 
hyperlipidemia is a monogenic disorder which is frequently caused by loss of 
function mutations in LPL resulting in severe chylomicronemia. Interestingly, 
mutations in the gene encoding ApoCII (APOC2), an essential cofactor for LPL 
activity, and Apo A-V (APOA5), a modulator of LPL function, have also been 
reported in patients with severe HTG6;7. Most recently, two new proteins were 
identified that were also shown to be necessary for proper LPL function: Lipase 
Maturation Factor 1 (LMF1) and Glycosyl-Phosphatidyl Inositol-anchored HDL 
Binding Protein 1 (GPIHBP1). LMF1 has been shown to be essential for the 
maturation of both LPL and hepatic lipase (HL) to their fully functional forms8. 
Recently, two homozygous nonsense mutations in LMF1 were identified, leading 
to a combined lipase deficiency and severe HTG8;9. GPIHPB1 has been identified 
as the endothelial cell surface protein that provides a platform for TG lipolysis and 
that facilitates LPL trafficking towards the endothelial cell surface10;11. To date 3 
mutations in GPIHBP1 have been reported in patients with severe HTG12-14. These 
homozygous mutations were shown to abolish LPL binding to GPIHBP1 and to 
impair TG lipolysis. In addition a putative GPIHBP1 binding site has been identified 
in LPL, which lies downstream of the heparin binding site between amino acids 
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443-462. The identification of this binding site provides an explanation for the 
severe HTG phenotype in patients with a missense mutation in this region of LPL15. 
Since therapeutic interventions aimed at lowering TG in patients with severe HTG 
are often ineffective and might partially depend upon upon the exact molecular 
pathophysiology, insight into the molecular basis of severe HTG may guide 
individualized therapeutic strategies. Moreover, with the development of mRNA 
inhibition of apoCIII, small molecule inhibitors for acyl CoA:monoacylglycerol 
O-tranferase (MGAT), diacylglycerol O-acyltransferase (DGAT) 1 and DGAT2, as 
well as antibodies against angiopoietin-like protein 3 (ANGPTL3) and fibroblast 
growth factor (FGF) 21, the knowledge of the molecular basis of severe HTG might 
gain in significance. 
In the present study we set out to define the molecular and clinical abnormalities 
in 86 patients with severe HTG presented at a tertiary referral center. The coding 
regions of LPL, APOC2, APOA5, GPIHBP1 and LMF1 were sequenced. 

Methods

Study participants

For the present study 86 patients, fulfilling the criteria of severe HTG (TG >10 
mmol/L), referred to the Lipid Clinic at the Academic Medical Center Amsterdam, 
were included. Forty-three patients with a postheparin LPL activity ≤30% were 
identified as type 1 hyperlipidemia. Subjects with an APOE E2/E2 genotype, 
excessive alcohol abuse and/or prolonged uncontrolled diabetes (HbA1C >8.5%) 
were excluded. Additionally, 327 population based controls were studied16. 
Written informed consent was obtained from all patients. 

Lipid Analysis and postheparin LPL activity

Blood samples were drawn after an overnight fast. For lipid and apolipoprotein 
analysis blood was drawn into EDTA-coated tubes. Postheparin plasma was 
collected in heparin coated tubes, 15 minutes after an intravenous heparin bolus 
(50 IU/kg bodyweight, Leo, Breda, the Netherlands)12. Blood was put on ice directly 
after withdrawal. Plasma was isolated after centrifugation at 3000 rpm at 40 C for 
15 minutes and aliquoted for storage at -800 C until further analyses. Total plasma 
cholesterol, TG, high density lipoprotein cholesterol (HDLc), and low-density 
lipoprotein cholesterol (LDLc) levels were determined with commercial kits 
(Wako, Japan). Plasma apoB, apoCII, and apoCIII levels were measured with 
commercial assays (Randox, Westburg, USA).  All analyses were performed on a 
Cobas Mira autoanalyzer (Roche, Basel, Switzerland). LPL mass was measured 
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using a commercially available kit (Markit-M LPL, Dainippon Pharmaceutical Co, 
Osaka, Japan). LPL and HL activity were analyzed as described previously13. 
In short, lipase activity assays were performed using gum acacia-stabilized [3H]
trioleylglycerol as a substrate. HL activity was determined after inhibition of 
LPL for 2 h at 40C with a mouse monoclonal antibody directed against human 
LPL (5D2, a generous gift of J.D. Brunzell, MD PhD, Seattle, USA). Fatty acids 
were extracted as calcium salts and counted in a liquid scintillation counter. LPL 
activity was calculated by subtracting total lipase activity from HL activity. Lipase 
activities are expressed as percentage of control postheparin ‘pool’ obtained from 
postheparin plasma of 20 healthy individuals.

Analysis of candidate genes 

Genomic DNA was extracted from 10 ml whole blood on an AutopureLS apparatus 
according by the manufacturer’s instructions (Gentra Systems, Minneapolis, MN, 
USA). For sequence reactions, primer pairs were designed using Primer3 software 
to cover all coding regions and intron-exon boundaries of LPL (NM _ 000237.2), 
LMF1 (NM _ 022773.2), GPIHBP1 (NM _ 178172.3), APOC2 (NM _ 000483.3) 
and APOA5 (NM _ 052968.3). An M13 tail was added to each primer (forward: 
5¢-GTTGTAAAACGACGGCCACT-3¢; reverse: 5¢-CACAGGAAACAGCTATGACC-3¢) 
to facilitate DNA sequencing. Sequence reactions were performed as described11. 
Nucleotides were numbered as suggested by the Human Genome Variation 
Society (www.hgvs.org/mutnomen). APOE genotyping was performed using 
allelic discrimination using pre-designed primers (Applied Biosystems, Foster 
City, CA, USA). PCR was performed according to the manufacturer’s protocol in 
a CFX96 PCR apparatus (BioRad, California, CA, USA) using tagman assay mix 
(Applied Biosystems, Foster City, CA, USA). In the control population, sequencing 
was performed as described16.
All variants were checked in dbSNP 123 and the 1000 genome databases for 
rs-numbers. Common variants had a MAF >0.05. Mutations were defined as 
missense, nonsense or frameshift changes in genomic DNA sequences. For 
all mutations, in silico analyses were performed with the Polyphen and SIFT 
programs to predict the functional consequences of the observed amino acid 
substitutions17. 

Functional analysis of LMF1 mutations

Functional analysis of LMF1 mutations was performed as described18. In short, 
human LMF1 cDNA including a c-myc N-terminal epitope tag was subcloned into 
the pcDNA3.1 expression vector (Invitrogen, Carslbad, CA, USA). Mutations were 
introduced by site directed mutagenesis (Stratagene, California, CA, USA). The 
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expression vectors were co-transfected with a plasmid encoding human LPL into 
a homozygous cld mutant (i.e. LMF1-deficient) mouse hepatocyte cell line. To 
normalize for transcription efficiency we used a secreted human placental alkaline-
phosphatase (SEAP) reporter gene subcloned into the pM1 expression vector 
(X-extremeGENE Roche, Switzerland®). An LPL/SEAP plasmid master mix was 
prepared and used throughout all assay experiments performed. LMF1 matures 
the LPL protein and is thus essential for activation of the protein8. Therefore LMF1 
function was assessed by measuring the rate of secretion of active LPL into the 
cell culture medium normalized by SEAP activity. Two LMF1 mutants, p.Tyr439Ter8 
and p.Trp464Ter9, which have previously been shown to affect LMF1 function, 
were used as a control. All data were normalized against the results of wild type 
LMF1.

Table 1  Characteristics of 86 patients with severe HTG

Characteristic Type 1 Type 5

Male/ Female, N 30/13 29/14

Age, yr 37 (1 - 69) 45 (17-69)

BMI, kg/m2 26 (20 - 35) 28 (20-42)

ApoE genotype, N

E3E3 19 15

E2E3 6 10

E4E3 8 8

E4E4 1 3

E2E4 1 3

Pancreatitis, N 20 15

Triglycerides, mmol/L 41.5 (11.5 - 175.0) 32.0 (10.1-128.1)

Cholesterol, mmol/L 6.5 (1.3 - 15.3) 5.6 (3.1-15.0)

HDL colesterol, mmol/L 0.7 (0.1 - 1.9) 0.8 (0.1-1.7)

LDL cholesterol, mmol/L 2.3 (0.6 - 6.1) 2.7 (0.4-5.3)

Apolipoprotein B, mg/dL 75 (23 - 137) 100 (50-163)

Apolipoprotein AI, mg/dL 109 (61 - 190) 130 (64-184)

Apolipoprotein CII, mg/dL 19.0 (0.2 - 48.8) 13.2 (1.5-25.9)

Apolipoprotein CIII, mg/dL 37.3 (10.1 - 98.7) 23.0 (6.4- 40.1)

LPL activity, (%) 5.3 (0 - 27) 94 (32->100)

Data are presented as mean (min-max). Triglyceride and LPL activity are presented as median 
(min-max) based on highest plasma triglyceride level recorded. Data were available for ApoE 
genotype, Chol, HDLc, LDLc, apoB, apoAI, apoCII, apoCIII and LPL activity from 74, 66, 59, 48, 57, 
59, 35, 36 and 75 individuals respectively. 
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Results
Patient characteristics and lipid and apolipoprotein measurements are summarized 
in table 1. We included 43 patients with type 1 and 43 patients with type 5 
hyperlipidemia. In all patients maximal plasma TG level was ≥10 mmol/L. By 
definition, type 1 patients had strongly impaired postheparin plasma LPL activity 
levels (<30% of control). Plasma apoB levels were higher in patients with type 5 as 
compared to type 1 hyperlipidemia, reflecting the presence of both chylomicron- 
and VLDL remnant particles. Increased levels of plasma apoCII and apoCIII were 
measured in both groups. Pancreatitis was common in both patient groups, 20 
patients with type 1 and 15 patients with type 5 hyperlipidemia had a history of 
pancreatitis.

Figure 1  Distribution of genetic variants in candidate genes for severe HTG

Hom: homozygous, CH: compound heterozygous, htz: heterozygous

A.   All patients (N=86) 
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LPL

GPIHBP1
LMF1
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B.   Type 1 hyperlipidemia (N=43)  Type 5 hyperlipidemia (N=43) 
LPL -CH 

LPL -htz 
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Genetic Analyses of Candidate Genes

We identified 19 known (14 in LPL; 1 in APOC2; 1 in APOA5; 2 in GPIHBP1) and 
16 novel mutations (5 in LPL; 1 in APOA5; 2 in GPIHBP1; 8 in LMF1) in 46 patients 
(54%) (table 2). In 22 patients (25%) only common variants in LPL (p.Asp36Asn; 
p.Asn318Ser, p.Ser474Ter) and APOA5 (p.Ser19Trp) were found. In the remaining 
18 patients (21%) no sequence variants were identified (figure 1A).

LPL

Sequencing LPL rendered 14 different known mutations in 22 patients (table 
2). Thirteen patients were carrier of a homozygous mutation in LPL, 4 patients 
carried a compound heterozygous mutation and 5 patients carried a single 
heterozygous mutation. Among the 5 novel mutations in LPL, the p.Gly161Glu and 
p.Val206Ala mutations were predicted to be ‘probably damaging’ by Polyphen and 
‘deleterious’ in SIFT, whereas the p.Ala427Thr mutation (rs5934) was predicted 
to be ‘benign’ or ‘tolerated’ (Polyphen and SIFT). Two frame shift mutations, i.e. 
LPL p.Leu301SersfX3 and p.His348GlnfsX43, caused a premature stop. All novel 
mutations were absent from the control population. Characteristics of the carriers 
of the novel sequence variants are shown in table 3. In line with the in silico 
predictions, the carriers of the p.Leu301SersfX3 and p.Gly161Glu mutations had 
reduced postheparin LPL activity. For the patient carrying the p.His348GlnfsX43 
mutation, LPL activity measurement was not available. The carriers of the 
p.Ala427Thr mutation and the p.Val206Ala had normal postheparin plasma 
LPL activity. Data of two additional carriers of the p.Ala427Thr mutation were 
incomplete and therefore not presented in table 3. 
Three common coding variants in LPL were identified, including p.Asp36Asn 
(rs1801177, n=6), p.Asn318Ser (rs268, n=12) and p.Ser474Ter (rs328, n=8) (table 
2). The rs1801177 and rs268 variants were significantly more frequent in patients 
as compared to controls. In contrast, the rs328 variant was found at a higher 
frequency in the control population, which is in line with its proposed gain of 
function.  

APOC2 and APOA5

Three family members were found to be homozygous for a nonsense mutation 
in APOC2 (p.Val40Ter) resulting in a concomitant absence of apoCII protein. The 
complete characterization of the mutation was described in detail elsewhere7;19. 
We identified 1 patient with a heterozygous mutation in APOA5, p.Gly271Cys. 
This case has been discussed previously20. In addition, a novel heterozygous 
mutation in APOA5, p.Thr133Arg, was found in a patient with LPL mass but no 
postheparin plasma LPL activity. Polyphen and SIFT predicted the variant to be 
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Table 2  Genetic variants identified in candidate genes in severe HTG patients

Gene ExonVariation Position Polyphen/ 
SIFT 

prediction

Loss
of 

function

Ref Hom Htz Freq 
in controls 

(N (%))

LPL 2 p.Asp36Asn* 
(rs1801177)

c.106G>A Pos/ tol yes 28 0 6 (7%) 9 (1.4%)

3 p.Val96Leu c.286G>C Prob/ tol yes 29 0 4 -

4 p.Gly161Glu c.482G>A Prob/ del - 1 0 -

p.Gly166Ser c.496G>A Prob/ tol yes 30 1 0 -

p.Gly181Ser c.541G>A Prob/ del yes 31 3 0 -

p.Asp183Gly 
(rs118204064)

c.548A>G Prob/ del yes 32 5 0 -

5 p.Pro184Arg c.551C>G Prob/ del yes 33 1 0 -

p.Arg197His c.590G>A Prob/ tol 22 0 1 -

p.Val206Ala c.617T>C Prob/ del - 0 1 -

p.Gly215Glu 
(rs118204057)

c.644G>A Pos/ del yes 34 0 4 -

p.Ile252Thr 
(rs118204080)

c.755T>C Prob/ del yes 35 0 1 -

6 p.Arg270Cys 
(rs118204077)

c.808C>T Prob/ del yes 36 0 1 -

p.Arg270His 
(rs118204062)

c.809G>A Prob/ del yes 35 0 1 -

p.Asp277Asn 
(rs118204068)

c.829G>A Prob/ del yes 37 0 1 -

p.Ser278Cys c.833C>G Prob/ del yes 30 0 1 -

p.Leu301SerfsX3 c.901del yes - 0 1 -

p.Asn318Ser 
(rs268)

c.953A>G Ben/ tol yes 28 2 10 (14%) 4 (0.6%)

7 p.His348GlnfsX43 c.1044 _ 1050del yes - 0 1 -

p.Leu380AlafsX2 c.1138 _ 1139del yes 38 2 0 -

p.Thr379Ile 
(rs76708715)

c.1136C>T Ben/ tol 39 0 1 -

8 p.Ala427Thr 
(rs5934)

c.1279G>A Ben/ tol - 0 3 -

9 p.Ser474Ter 
(rs328)

c.1421C>G gain 28 2 6 (9.3%) 42 (12.8%) 

APOC2 2 p.Val40Ter c.118del yes 7 2 1 -

APOA5 2 p.Ser19Trp 
(rs3135506)

c.56C>G Pos/ del 2 16 (21%) 30 (9.2%)

p.Gly271Cys c.811G>T Ben/ del 20 0 1 -

3 p.Thr133Arg c.398C>G Prob/ del - 0 1 -

GPIHBP1 3 p.Cys65Tyr c.194G>A Prob/ del yes 13 1 0 -

4 p.Thr108Arg c.323C>G Pos/ tol - 1 0 -

p.Gln115Pro c.344A>C Prob/ del yes 12 1 0 -

p.Ser144Phe 
(rs783672430)

c.431C>T Pos / del - 0 1 -
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‘probably damaging’ and ‘deleterious’ and the variant was absent from the control 
population. The common variant in APOA5, p.Ser19Trp (rs3135506), was found in 
18 patients in our cohort, including 2 homozygous carriers (table 2). The observed 
frequency of this common variant was significantly higher in HTG patients 
compared to controls (21% vs 9.2%). 

GPIHBP1

Two homozygous missense mutations in GPIHBP1 (p.Gln115Pro and p.Cys65Tyr) 
were identified in our cohort, both resulting in a complete absence of binding 
of LPL to GPIHBP112;13. We also identified a novel homozygous mutation, 
p.Thr108Arg, in a 1 year old child with a history of severe HTG and pancreatitis 
(table 3). This mutation was located adjacent to a cysteine residue at position 
110 and was predicted to be ‘possibly damaging’ or ‘tolerated’. The mutation 
was absent from the control population. On a very restricted formula diet, the 
plasma TG concentration was 4.3 mmol/L. Plasma LPL activity measurements 
were unfortunately not available for this young child. In addition, a heterozygous 
missense mutation in GPIHBP1, p.Ser144Phe (rs78367243) was found. The in 
silico prediction programs predicted this mutation to be ‘possibly damaging/
deleterious’ and the variant was not found in controls. However the patient had 
normal postheparin plasma LPL activity levels. 

LMF1

Eight novel missense variants in LMF1 were found in 15 patients, including 
1 homozygous mutation (p.Arg523His) (tables 2 and 3). A search in the most 
recent dbSNP132 database learned that 3 of the identified LMF1 variants were 

Gene ExonVariation Position Polyphen/ 
SIFT 

prediction

Loss
of 

function

Ref Hom Htz Freq 
in controls 

(N (%))

LMF1 1 p.Gly36Asp 
(rs111980103)

c.107G>A Ben/ tol - 0 7 (8%) 65 (19.9%)

5 p.Arg230Gln c.689G>A Ben/ tol No1 - 0 1 -

6 p.Arg264Cys c.790C>T Prob/ del No1 - 0 2 -

7 p.Arg351Gln c.1052G>A Ben/ tol No1 - 0 2 (2.3%) 2 (0.3%)

p.Arg354Trp c.1060C>T Pos / del No1 - 0 3 (3.5%) 13 (4.0%)

8 p.Arg364Gln 
(rs35168378)

c.1092G>A Prob/ del No1 - 0 3 (3.5%) 13 (2.1%)

11 p.Arg523His c.1568G>A Pos/ tol No1 - 1 0 -

p.Pro562Arg 
(rs4984948)

c.1685C>G Prob/ del No1 - 0 1 (1%) 3 (0.5%)

1Evidence provided in current study. Pos: possibly damaging, Prob: probably damaging,  ben:benign, 
del: deleterious, tol: tolerated
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LMF1 function was tested in vitro in cld hepatocytes co-expressing LPL and LMF1. Wild Type 
LMF1 protein shows release of LPL activity in the medium. This was set as 1. LMF1-W464X and 
LMF1-Y439X result in loss of LMF1 function and thus severely hampered release of active LPL. All 
newly diagnosed LMF1 variants show a normal release of active LPL and thus do not affect LMF1 
function. Means ± SE are shown. * p<0.05

Figure 2  Functional analysis of LMF1 mutants
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described before (table 2). The variants p.Arg264Cys, p.Arg354Trp, p.Arg364Gln, 
p.Arg523His and p.Pro562Arg were predicted to be ‘probably damaging’ by 
Polyphen and ‘deleterious’ by SIFT. LMF1 sequence analysis in controls revealed 
that the p.Gly36Asp (rs111980103) variant was common but occurred with a 
higher frequency in controls (19.9%) compared to HTG patients (8%) whereas the 
p.Arg354Trp and the p.Arg364Gln variants occurred at similar frequency in cases 
and controls (3.5% vs 4.0% and 3.5% vs 2.1%). In 2 patients, carrying both LPL 
and LMF1 mutations, postheparin plasma LPL activity was reduced, whereas in 
single LMF1 mutation carriers, postheparin plasma LPL levels were normal or only 
moderately reduced (table 3). 
Functionality was assessed for all LMF1 variants except the p.Gly36Asp. LMF1 
variants were expressed in cld-hepatocytes in combination with a LPL expression 
vector. None of the LMF1 variants resulted in reduced LPL activity in the cell 
medium. In contrast, 2 previously characterized nonsense mutations (p.Tyr439Ter 
and p.Tyr464Ter) significantly abolished LPL activity in the medium (figure 2). 
Therefore, these mutations cannot account for the severe HTG phenotype. 

Type 1 and type 5 hyperlipidemia

In figure 1B we evaluated the data according to type 1 and type 5 phenotypes. Of 
patients with type 1 hyperlipidemia, 51% carried a mutation in LPL of whom 62% 
(n=13) carried a homozygous mutation. In addition 16% of type 1 patients had 
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a homozygous loss of function mutation in either APOC2, GPIHBP1 or APOA5.  
Of all type 1 patients, 21% carried only a common variant in LPL or APOA5, 
whereas in 12% of type 1 patients no genetic aberrations were found. In type 5 
hyperlipidemia patients the occurrence of a genetic variant in LPL only accounted 
for 19% of the cases. One patient carried a heterozygous mutation in APOA5 and 
in 2 other patients, mutations in LMF1 were the only genetic variants identified. 
In 32% of the type 5 patients, only common SNPs in LPL and APOA5 were found 
whereas in 37% of these patients no genetic variations could be identified. Thus, 
the genetic background in type 5 HTG patients requires additional sequencing 
efforts to identify the mutations responsible for the HTG phenotype.

Discussion
We identified rare genomic variants in 46 (54%) patients with severe HTG through 
sequencing five candidate genes known to be involved in LPL function. In total 19 
known disease-causing mutations and 16 novel mutations were identified in LPL, 
APOC2, APOA5 and GPIHBP1. In 29 (34%) patients a mutation in LPL was the sole 
underlying cause of HTG. Mutations in APOC2, APOA5 and GPIHBP1 were rare 
and were cumulatively found in only 11% of the patients. The 8 novel mutations 
in LMF1 were not associated with reduced LPL activity. These findings imply that 
DNA screening in a cohort of severe HTG, at least in lipid referral centers, is an 
efficient strategy to unravel the molecular diagnosis of HTG and may help to guide 
future individualized therapeutic strategies. 

Table 3  Novel missense and nonsense variants in LPL, APOA5, GPIHBP1 and LMF1 and 
biochemical characteristics of each patient 

Gene Mutation Second mutation Gender Age (yrs) BMI
(kg/m2)

Pancreatitis max TG, 
mmol/L

LPL mass,
ng/ml

LPL act,
% 

LPL p.Gly161Glu Hom LPL: p.Asn318Ser Htz M 39 23 Yes 19.2 223 60

p.Val206Ala Htz F 53 20 No 34.6 n.a >100

p.Leu301SerfsX3 Hom LPL: p.Asn318Ser Htz F 39 31 No 22.3 n.a 23*

p.Hos348ProfsX43 Htz M 52 23 No 17.6 n.a n.a

p.Ala427Thr Htz LMF1: p.Gly36Asp Htz F 51 30 No 90.8 132 >100

APOA5 p.Thr133Arg Htz M 49 27 Yes 85.3 65 0*

GPIHBP1 p.Thr108Arg Hom M 1 n.a. Yes n.a. n.a n.a

p.Ser144Phe Htz F 45 45 Yes 35.8 10 >100

LMF1 p.Arg230Gln Htz LMF1: p.Arg523His Hom M 31 23 No 51.8 n.a >100

p.Arg264Cys Htz LMF1: p.Gly36Asp Htz M 40 29 Yes 15.4 n.a 79

LPL activity (mU/ml) is given as percentage of plasma pool. Htz: heterozygous, Hom: homozygous, 
M: male, F: female, n.a: not available. TG-max: maximal plasma TG levels available. BMI, body mass 
index.  *type 1 hyperlipidemia.
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Table 3  Novel missense and nonsense variants in LPL, APOA5, GPIHBP1 and LMF1 and 
biochemical characteristics of each patient 

Gene Mutation Second mutation Gender Age (yrs) BMI
(kg/m2)

Pancreatitis max TG, 
mmol/L

LPL mass,
ng/ml

LPL act,
% 

LPL p.Gly161Glu Hom LPL: p.Asn318Ser Htz M 39 23 Yes 19.2 223 60

p.Val206Ala Htz F 53 20 No 34.6 n.a >100

p.Leu301SerfsX3 Hom LPL: p.Asn318Ser Htz F 39 31 No 22.3 n.a 23*

p.Hos348ProfsX43 Htz M 52 23 No 17.6 n.a n.a

p.Ala427Thr Htz LMF1: p.Gly36Asp Htz F 51 30 No 90.8 132 >100

APOA5 p.Thr133Arg Htz M 49 27 Yes 85.3 65 0*

GPIHBP1 p.Thr108Arg Hom M 1 n.a. Yes n.a. n.a n.a

p.Ser144Phe Htz F 45 45 Yes 35.8 10 >100

LMF1 p.Arg230Gln Htz LMF1: p.Arg523His Hom M 31 23 No 51.8 n.a >100

p.Arg264Cys Htz LMF1: p.Gly36Asp Htz M 40 29 Yes 15.4 n.a 79

LPL activity (mU/ml) is given as percentage of plasma pool. Htz: heterozygous, Hom: homozygous, 
M: male, F: female, n.a: not available. TG-max: maximal plasma TG levels available. BMI, body mass 
index.  *type 1 hyperlipidemia.

The prevalence of LPL variants in our cohort was higher compared to previous 
observations. Wang et al sequenced LPL, APOC2 and APOA5 in 110 non-diabetic 
subjects with severe HTG21. They reported a heterozygous mutation in LPL or 
APOC2 in 10% of the patients. Wright et al identified mutations in LPL in 8 out of a 
total of 19 (42%) patients with severe HTG. The majority of patients was, however, 
carrier of the frequent missense mutations: p.Asp36Asn and p.Asn318Ser22. In 
the present study we found rare mutations in LPL in 35% (30/86) of the patients, 
after exclusion of these frequent variants. The relatively high prevalence of rare 
mutations in our cohort may be due to ‘selection’ bias since patients with the 
most severe phenotype are often referred to a tertiary lipid clinic. 
Most of the LPL variants identified in our cohort were loss of function mutations 
with previously documented functional impairment. Several novel variants are 
proposed to be functional based upon bioinformatic analysis and the presence of 
a significant decrease in postheparin LPL activity in the mutation carrier. 
A substantial number of patients in our cohort of severe HTG, in particular patients 
with type 5 hyperlipidemia, carried mutations in LPL that have been described 
to cause only mild elevation in plasma TG levels. However, milder LPL variants 
may result in more severely disturbed TG metabolism when in the presence 
of exogenous challenges (high-fat diet, obesity, diabetes, alcohol) or in case 
additional common genomic variants are present.
The p.Ser474Ter was found in 8 patients (9%) in our cohort, which is lower than 
in the control popolation but in line with observations in other HTG cohorts21;23. 
The p.Ser474Ter has proven to be a gain of function mutation with therapeutic 
potential as shown in a recent gene-therapy trial in patients with LPL deficiency24. 
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However the presence of this variant in our cohort suggests that the p.Ser474Ter 
variant is not “protective” in patients with severe HTG.

Variants in APOC2, APOA5 and GPIHBPI were rare. One mutation in APOC2 was 
found, leading to a premature stop codon7. Since apoCII is an essential co-factor 
for LPL to exhibit its activity in plasma, deficiency of apoCII protein ultimately 
leads to a severe LPL deficiency phenotype. 
We identified only 1 known and 1 novel heterozygous mutation in APOA5 
(p.Thr133Arg). The novel variant was predicted to be likely functional by Polyphen. 
In line, the patient had reduced postheparin plasma LPL activity. However, 
the exact role of APOA5 mutations in HTG remains controversial6. It has been 
postulated that rare variants in APOA5 only impact on TG levels if present in a 
homozygous form or when present with other common APOA5 variants20. The 
common variant in APOA5, p.Ser19Trp (rs3135506), was found in 21% of the 
patients, which is 2-fold higher than the frequency reported in other populations 
but in line with previous findings reporting elevated allele frequencies for this 
common variant in HTG21;25;26. 
We have identified 3 homozygous mutations and 1 heterozygous mutation 
in GPIHBP1. All variants were located in the Ly-6 domain, which is the part of 
the protein that is essential for LPL binding27. This mutated form of GPIHBP1 
reaches the cell surface in cell culture experiments but it lacks the ability to bind 
LPL12-14. However, the patient in our cohort carrying the heterozygous mutation, 
Ser144Phe, had normal postheparin LPL activity and mass. In an earlier study we 
already observed that heterozygosity for the loss of function mutation, p.Cys65Tyr, 
in GPIHBP1, did not affect plasma TG levels13. Together these findings imply that 
heterozygous mutations in GPIHBP1 may not be enough to be the underlying 
cause of the severe HTG phenotype. 
 
In the present HTG cohort we also sequenced the recently identified LMF1 
gene. Eight novel variants were found in fifteen patients. LMF1 is a membrane 
bound protein, localized in the endoplasmic reticulum, which is essential for the 
maturation of both LPL and HL to its functional forms8. Thus, loss of function 
mutations in LMF1 are expected to affect LPL activity. Whereas some of the 
variants identified in our cohort were predicted to be likely functional by Polyhen, 
no abnormal postheparin plasma LPL activities were measured in single LMF1 
mutation carriers. In line, in vitro testing revealed that the none of the mutations 
in LMF1 abolished the secreted LPL activity. Collectively these data indicate that 
LMF1 function may only be impaired in the presence of homozygous nonsense 
mutations that completely disrupt the functional unit of the protein. 
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The number of patients without any genetic abnormalities or only common 
variants in the candidate genes was higher in type 5 compared to type 1 
hyperlipidemia patients. These findings are in accordance with the definition 
of type 1 hyperlipidemia. Whereas type 1 hyperlipidemia is believed to be a 
monogenetic disorder, type 5 hyperlipidemia has recently been suggested to be 
a more complex polygenetic trait including genetic determinants of more modest 
TG variation16. 

Study limitations

Several limitations in the present study deserve closer attention. First, the novel 
variants in LPL, APOA5 and GPIHBP1 identified in the present cohort, were not 
functionally assessed. However, the combination of in silico prediction, absence 
from the control population, presence in the hypertriglyceridemic phenotype and 
the presence of decreased postheparin plasma LPL activity may, in most cases, 
be sufficient to suggest the presence of a causal relationship. 
Second, we selected candidate genes for the present analysis which were known 
to affect LPL activity. In view of the focus on LPL, however, non-LPL related 
causes may have been missed. It will be interesting to perform whole exome 
sequencing to elucidate novel genetic variants particularly in those patients 
in whom no LPL-related abnormalities have been identified. These studies are 
currently underway.

Clinical Implications

With the exception of a low-fat diet, therapeutic strategies to lower TG levels 
in patients with severe HTG are characterized by a relative lack of efficacy. 
Conventional pharmacological therapies, with the exception of omega-3 fatty 
acids, lower plasma TG levels predominantly by stimulation of LPL activity, thereby 
rendering these strategies less effective in case of severely dysfunctional LPL or 
its major cofactors. Due to the costs of genetic analyses and the low prevalence 
of severe HTG, in-depth diagnostic strategies are not routinely used in out-patient 
clinics. In the present study, we show that in carefully selected groups with severe 
HTG a molecular diagnosis is feasible and effective. By unravelling the molecular 
underlying ‘defect’, differential therapeutic strategies may be developed. For 
example, in case of a defect in GPIHBP1 where LPL itself is unaffected, we 
successfully employed a heparin infusion to facilitate LPL to become active in the 
absence of GPIHBP1. Consequently plasma TG levels were strongly reduced. This 
illustrates the concept that stabilization of the LPL protein increases its activity 
in vivo13. In line, LPL gene therapy has been used successfully in patients with 
genetic LPL deficiency24. Long-term follow-up is currently ongoing to definitively 
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confirm the long-term benefit and safety. In addition, some patients with severe 
HTG may benefit from the development of novel treatment strategies such as 
mRNA inhibitors targeting apoCIII, small molecule inhibitors for MGAT, DGAT1 and 
DGAT2 as well as antibodies against ANGPTL3 and FGF21.
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Abstract
Genome-wide association studies (GWAS) have identified multiple loci associated 
with plasma lipid concentrations1–5. Common variants at these loci together 
explain <10% of variation in each lipid trait4;5. Rare variants with large individual 
effects may also contribute to the heritability of lipid traits6;7; however, the extent 
to which rare variants affect lipid phenotypes remains to be determined. Here we 
show an accumulation of rare variants, or a mutation skew, in GWAS-identified 
genes in individuals with hypertriglyceridemia (HTG). Through GWAS, we 
identified common variants in APOA5, GCKR, LPL and APOB associated with HTG. 
Resequencing of these genes revealed a significant burden of 154 rare missense 
or nonsense variants in 438 individuals with HTG, compared to 53 variants in 327 
controls (p=6.2 × 10-8), corresponding to a carrier frequency of 28.1% of affected 
individuals and 15.3% of controls (p=2.6 × 10-5). Considering rare variants in these 
genes incrementally increased the proportion of genetic variation contributing to 
HTG.
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Introduction, Results and Discussion
GWAS have identified novel and known loci associated with population-based 
plasma lipid concentrations1-5. Despite the robustness of these associations, the 
proportion of variability explained by GWAS-identified loci is relatively modest, 
<10% in most studies4;5. Although vastly expanded study sample sizes con tinue 
to reveal new associations, each newly associated variant has an incrementally 
smaller effect size and contributes only marginally to the cumulative variation of 
each lipid phenotype6. This suggests that GWAS of population-based subjects 
may be reaching the limits of their ability to reveal genetic variation underlying 
complex traits. A question that has arisen is whether additional forms of genetic 
variation, such as rare variants with large individual effects, could contribute to 
the heritability of complex traits such as plasma lipid concentrations6;7. Although 
the mechanistic basis for the associa tion between lipid traits and most of the 
common variants discov ered in GWAS is still largely unknown, it remains possible 
that rare variants in GWAS-identified genes may contribute significantly to lipid 
phenotypes. 
Studying subjects at the extremes of a quantitative phenotype distribution 
has proven useful in identifying functional rare ariants8-12. Using missense-
accumulation analysis in genes defined a priori as likely to contain rare variants, 
studies can statistically quantify a burden of mutations in subjects with severe 
phenotypes, before func tional assessment of each variant. Primary HTG is one 
such complex polygenic disease, broadly defined by fasting plasma triglyceride 
concentrations above the ninety-fifth percentile13. Resequencing of triglyceride-
modulating candidate genes has implicated both common and rare variants in 
HTG disease pathophysiology9;14-16; however, the majority of phenotypic variation 
underlying severe HTG remains unattributed17. 

Our objectives were (i) to perform an unbiased GWAS of individuals with HTG 
to identify common variants associated with HTG, and (ii) to resequence coding 
regions of candidate genes in loci reaching genome-wide significance to evaluate 
the burden of rare variants in individuals with HTG compared with controls. 
Here we show that loci found to be associated with HTG by GWAS also harbor a 
significant excess of rare variants. 

In total, 555 individuals with HTG and 1,319 controls were included in two 
cohorts of the study: the GWAS cohort included 463 affected individuals and 
1,197 controls, and the sequencing cohort included 438 affected individuals 
and 327 controls. Individuals with HTG were unrelated subjects diagnosed with 
Fredrickson hyperlipoproteinemiaphenotypes 2B (MIM 144250), 3 (MIM 107741), 
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4 (MIM 144600) or 5 (MIM 144650), ascertained primarily from a single tertiary 
referral lipid clinic. The mean plasma triglyceride concentration of individuals with 
HTG was 14.3 mmol/L (1267 mg/dL). We chose controls with maximum recorded 
fasting plasma triglyceride concentrations <2.3 mmol/L (204 mg/dL) to exclude 
undiagnosed HTG. All study subjects were of self-declared European ancestry; 
subjects deviating from European ancestry as determined by multidimensional 
scaling using whole-genome SNP data were removed from sequencing analysis. 
As expected, clinical characteristics of individuals with HTG were less favorable 
than those of controls, with worse lipid profiles and an increased prevalence of 
type 2 diabetes (table 1). 

The HTG phenotype was tested for association with >2.1 million SNPs using an 
additive multivariate logistic regression model. This model appropriately adjusted 
for sex, body-mass index, diabetes status and ten principal components of 
ancestry. Four loci were associated with HTG (p<5 × 10-7): APOA5, GCKR, LPL and 
APOB (table 2). Most associations with HTG were mediated by the same genomic 
loci associated with fasting plasma triglyceride concentration in population-based 
GWAS5: APOA5 and GCKR were associated at the same lead SNP, and LPL was 
associated with the same haplo type block. In contrast, the HTG-associated SNPs 
in APOB were ~123 kb upstream of the gene, which would be consistent with 
the involvement of regulatory elements in the overexpression of triglyceride-rich 
lipoproteins in HTG pathophysiology. Investigation of subthreshold association 
signals did not provide any additional insight into novel HTG-associated genes. 

Next, we tested the hypothesis that common genetic variants in remaining known 
triglyceride-associated loci are similarly associated with HTG5. Only three loci were 
replicated at a Bonferroni-corrected significance threshold of p<0.005: MLXIPL, 
TRIB1 and ANGPTL3 (table 2). Positive replication of these triglyceride-associated 

Table 1  Baseline clinical attributes of the study sample

N Female (%) T2D (%) Age (years) BMI (kg/m2) TC (mmol/L) HDL-c (mmol/L) LDL-c (mmol/L) TG (mmol/L)

GWAS cohort HTG 463 30.7 25.7 50.9 ± 13.0 29.9 ± 4.9 8.2 ± 3.9 0.9 ± 0.3 - 14.3 ± 19.8

Control 1197 40.4 0.4 47.8 ± 11.1 26.4 ± 4.6 5.3 ± 1.3 1.4 ± 0.4 3.4 ± 1.2 1.1 ± 0.7

Resequencing cohort HTG 438 33.2 28.1 51.3 ± 13.1 30.0 ± 4.9 8.7 ± 4.3 0.9 ± 0.3 14.2 ± 19.0

Control 327 50.5 4.1 49.9 ± 15.1  6.8 ± 4.5 4.9 ± 0.8 1.3 ± 0.4 3.2 ± 0.9 1.2 ± 0.4

BMI, body mass index; GWAS, genome-wide association study; HDL-C, high-density lipoprotein 
cholesterol; HTG, hypertriglyceridemia; LDL-C, low-density lipoprotein cholesterol; TC, total 
cholesterol; TG, triglycerides; T2D, type 2 diabetes. There are 346 HTG patients and 205 low 
triglyceride controls common between both cohorts. Lipid measurements were conducted after 
a 12-h fasting period. Values are mean ± standard deviation. LDL cholesterol is not accurately 
calculated using the Friedewald equation for HTG patients when plasma triglyceride concentration 
exceeds 4.5 mmol/L.
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loci, combined with trends toward significance at FADS1-FADS2- FADS3 (p=0.05) 
and NCAN-CILP2-PBX4 (p=0.07), suggest that additional riglyceride-modulating 
loci may also be involved in HTG pathophysiology; however, smaller effect sizes 
probably limit their detection. 

Table 1  Baseline clinical attributes of the study sample

N Female (%) T2D (%) Age (years) BMI (kg/m2) TC (mmol/L) HDL-c (mmol/L) LDL-c (mmol/L) TG (mmol/L)

GWAS cohort HTG 463 30.7 25.7 50.9 ± 13.0 29.9 ± 4.9 8.2 ± 3.9 0.9 ± 0.3 - 14.3 ± 19.8

Control 1197 40.4 0.4 47.8 ± 11.1 26.4 ± 4.6 5.3 ± 1.3 1.4 ± 0.4 3.4 ± 1.2 1.1 ± 0.7

Resequencing cohort HTG 438 33.2 28.1 51.3 ± 13.1 30.0 ± 4.9 8.7 ± 4.3 0.9 ± 0.3 14.2 ± 19.0

Control 327 50.5 4.1 49.9 ± 15.1  6.8 ± 4.5 4.9 ± 0.8 1.3 ± 0.4 3.2 ± 0.9 1.2 ± 0.4

BMI, body mass index; GWAS, genome-wide association study; HDL-C, high-density lipoprotein 
cholesterol; HTG, hypertriglyceridemia; LDL-C, low-density lipoprotein cholesterol; TC, total 
cholesterol; TG, triglycerides; T2D, type 2 diabetes. There are 346 HTG patients and 205 low 
triglyceride controls common between both cohorts. Lipid measurements were conducted after 
a 12-h fasting period. Values are mean ± standard deviation. LDL cholesterol is not accurately 
calculated using the Friedewald equation for HTG patients when plasma triglyceride concentration 
exceeds 4.5 mmol/L.

Variants above gene maps were identified in HTG patients and variants below gene maps were 
identified in controls. Rare variants are coloured according to their identification in control 
subjects or previous identification in subjects of unknown clinical status (black), exclusivity to 
HTG patients or controls (light gray), or proven biological dysfunction or truncation (dark gray). 
Nomenclature refers to functional protein sequences. Only exons 26 and 29 were resequenced in 
APOB. Gene maps are roughly to scale, although differ in scale between genes. GWAS, genome-
wide association study; HTG, hypertriglyceridemia; TG, triglyceride 

Figure 1  Rare variants identified by resequencing GWAS-identified genes in HTG patients and 
controls
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We next hypothesized that HTG-associated genes would harbor rare variants 
related to HTG disease causation. The protein-coding sequences of APOA5, GCKR, 
LPL and exons 26 and 29 (67.8%) of APOB were resequenced in individual subjects 
as the regions most likely to harbor protein-compromising muta tions. Across the 
four genes, 80 distinct rare variants were identified with minor allelefrequencies 
<1% in controls (figure 1 and supplementary table 1). A significant accumulation 
of rare variants was identified in individuals with HTG (table 3), including 154 
total variants in 438 HTG diploid genomes, compared to 53 total variants in 327 
control diploid genomes (p=6.2 × 10-8), corresponding to a significantly higher 
car rier frequency of 28.1% in individuals with HTG compared to 15.3% in controls 
(p=2.6 × 10-5). A more restricted analysis of rare variants found exclusively in 
either individuals with HTG or controls, deliber ately removing all reported variants 
without demonstrated functional compromise, similarly revealed a significant 
burden of 47 variants in affected individuals, compared to nine variants in controls 
(p=2.4 × 10-5); this corresponds to a significantly higher carrier frequency of 
10.3% in individuals with HTG compared to 2.8% in controls (p=4.4 × 10-5). The 
fasting plasma triglyceride concentrations of carriers with HTG ranged from 3.10 
to 88.5 mmol/L (275 to 7839 mg/dL) whereas those of control carriers ranged from 
0.45 to 1.93 mmol/L (40 to 171 mg/dL). No associations were discerned between 
such attributes as the gene, mutation type or mutation position and the plasma 
triglyceride concentration or HTG phenotype. 

Table 2  Genetic loci associated with HTG

Locus SNP CHR Position Allele MAF MAF (95% CI) P-value

APOA5 rs964184 11 116.2 G 0.33 0.14 3.28 (2.61-4.14) 5.4 X 10-24

GCKR rs1260326 2 2.8 T 0.52 0.41 1.75 (1.45-2.12) 6.5 X 10-9

LPL rs7016880 8 19.9 C 0.03 0.10 0.32 (0.21-0.49) 2.0 X 10-7

APOB rs4635554 2 21.2 G 0.39 0.31 1.67 (1.38-2.02) 2.0 X 10-7

MLXIPL rs714052 7 72.5 G 0.07 0.13 0.44 (0.31-0.62) 0.000003

TRIB1 rs2954029 8 126.6 T 0.37 0.46 0.71 (0.59-0.86) 0.0004

ANGPTL3 rs10889353 1 62.9 C 0.27 0.32 0.73 (0.59-0.89) 0.002

NCAN rs17216525 19 19.5 T 0.07 0.09 0.71 (0.50-1.00) 0.05

FADS rs174547 11 61.3 C 0.40 0.33 1.20 (0.99-1.44) 0.07

XKR6 rs7819412 8 11.1 G 0.46 0.50 0.87 (0.72-1.05) 0.14

PLTP rs7679 20 44.0 C 0.20 0.19 1.17 (0.94-1.47) 0.16

CHR, chromosome; CI, confidence interval; HTG, hypertriglyceridemia; MAF, minor allele frequency; 
OR, odds ratio; SNP, single nucleotide polymorphism. Association was tested using an additive 
multivariate logistic regression model, entering sex, body mass index, diabetes status, and 10 
principal components of ancestry as covariates. The top four loci surpassed a pre-specified 
threshold for genome-wide significance of p<5X10-7. Remaining loci were replicated from GWAS 
meta-analysis of population-based TG concentrations5, using a Bonferroni corrected significance 
threshold of p<0.005.
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The strength of association between HTG and genomic loci did not predict the 
mutation accumulation observed in the resequenced genes. LPL harbored the 
largest relative proportion of rare variants, followed by GCKR, APOB and APOA5; 
these had, respectively, 30.9, 10.7, 9.3 and 4.5 rare variants per kilobase of coding 
sequence in individuals with HTG, and 5.6, 2.7, 4.3 and 0.9 rare variants per kilobase 
of coding sequence in controls. The burden of rare vari ants found in individuals 
with HTG is highly suggestive of pheno type causation, an idea supported by 
several truncation mutations, in silico predictions of deleterious effects, and bona 
fide character ized deleterious mutations (supplementary table 1). The majorityof 
subjects carried only one rare variant; however, subjects with multiple rare 
variants were also significantly over-represented among individuals with HTG 
(6.6% of carriers among affected individuals compared with 0.9% of carriers 
among controls; p=3.7 × 10-5). Any given rare variant in affected individuals is 
not necessarily sufficient to cause HTG, but rare variants probably contribute to 
the biochemical heterogeneity observed among affected people. For instance, 
the APOB R3500W variant causes hypercholesterolemia18, but we found it in an 
individual with Fredrickson hyperlipoproteinemia phenotype 2B, defined by both 
plasma triglyceride and total cholesterol in excess of the ninety-fifth per centile. 

Table 3  Rare variant accumulation in HTG patients and controls

All mutatons Missense/Indels Nonsense

HTG Controls HTG Controls HTG Controls

Total allleles 876 654 876 654 876 654

All Variants APOA5 5 1 3 1 2 0

GCKR 220 5 14 4 6 1

LPL 44 8 43 8 1 0

APOB 85 39 84 39 1 0

Total 154 53 146 52 9 1

p=6.2X10-8 p=3.2X10-7 p=0.051

Exclusive Variants APOA5 4 0 2 0 2 0

GCKR 9 0 7 0 2 0

LPL 19 2 18 2 1 0

APOB 15 7 14 7 1 0

Total 47 9 42 9

p=2.4X10-5 p=1.4X10-4 p=0.075

GWAS, genome-wide association study; HTG, hypertriglyceridemia. Exclusive variants refer to rare 
variants found exclusively in HTG cases or low triglyceride controls; previously reported variants 
without characterized functional compromise are deliberately excluded. Fisher’s exact test was used 
to calculate the significance of rare variant accumulation in HTG patients, defining nominal statistical 
significance as a two-sided p < 0.05. Mutation counts and annotations are found in Supplemental 
Table 1.
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For this individual, APOB R3500W is more likely contributing to the elevated total 
cholesterol phenotype, but the mutation is a part of his genetic background that led 
to his ascertainment through the lipid clinic. This person exemplifies our working 
hypothesis that both common and rare genetic determinants in triglyceride-
associated genes together contribute to the phenotypic heterogeneity underlying 
HTG. 

Finally, we assessed the contribution of genetic and clinical vari ables to the total 
variation in HTG diagnosis, using the individuals included in both the GWAS and 
resequencing cohorts. A comprehen sive logistic regression model including 
clinical variables and both common and rare genetic variants explained 41.6% 
of total variation in HTG diagnosis: clinical variables explained 19.7%, common 
genetic variants in seven HTG-associated loci explained 20.8%, and rare genetic 
variants in four HTG-associated loci explained 1.1%. These data suggest that rare 
variants found in four GWAS-identified genes incrementally contribute to the 
unexplained genetic variation contributing to HTG pathophysiology. 

In summary, we performed a GWAS and resequencing of HTG-associated genes 
and found a significant accumulation of missense and nonsense mutations that 
contribute to the unexplained genetic component of HTG. Our results suggest 
that a complex genetic architecture of both common and rare variants in a 
spectrum of triglyceride-associated genes is responsible for HTG. Future studies 
using high-throughput next-generation sequencing are required to determine 
whether these associations extend to additional HTG- associated genes, including 
MLXIPL, TRIB1 and ANGPTL3, and to triglyceride-associated genes identified 
by epidemiological-scale GWAS of population-based samples. It also remains 
possible that rare variants in triglyceride-modulating genes that have not yielded 
signals in GWAS, such as GPIHBP1 or LMF1, will further contribute to HTG 
phenotypes19,20. Functional analyses may more accurately define the extent of 
dysfunction of rare variants identified in individuals with HTG and their role in 
disease causation, and higher-level analyses, including studies of gene-gene and 
gene-environment interactions, will determine the combined impact of multiple 
genetic variants on plasma triglyceride concentration in individuals with HTG. Our 
study shows that an accumulation of rare variants is present in GWAS- identified 
genes and that these contribute to the heritability of com plex traits among 
individuals at the extreme of a lipid phenotype. 
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Methods 
Subjects

The project was approved by the University of Western Ontario Institutional 
Review Board (protocol 07920E) and by ethics boards at collaborating institutions. 
All subjects provided informed consent for blood sampling, DNA analysis and 
collection of clinical, biochemical and other demographic data. All subjects in 
this study were unrelated and of self-declared European ancestry. The GWAS 
included 463 individuals with HTG and 1,197 controls. Affected individuals were 
obtained predominantly from a single tertiary referral lipid clinic (92% of affected 
individuals) in London, Ontario, Canada, or from a tertiary referral lipid clinic in 
Amsterdam. Controls were subjects with familial hypercholesterolemia (4% of 
controls) obtained from a single tertiary referral lipid clinic in London, Ontario, 
Canada, or normal healthy controls obtained from population-based studies, 
including the Study of Health Assessment and Risk in Ethnic Groups21 (18%) and 
the Myocardial Infarction Genetics Consortium22 (78%). We chose controls with 
plasma triglyceride concentration <2.3 mmol/L (204 mg/dL) to exclude potentially 
undiagnosed HTG, but controls were otherwise not phenotypically selected. 
Subjects with familial hypercholesterolemia were included as negative controls 
only in the GWAS. The resequencing cohort included 438 individuals with HTG and 
327 healthy controls: affected individuals were obtained only from the lipid clinic in 
London, Ontario, Canada, and healthy controls included only healthy subjects from 
the Study of Health Assessment and Risk in Ethnic Groups. Biochemical analyses 
were conducted separately in each cohort, as previously described14;21;22.

Genome-wide association study

All subjects were genotyped using Affymetrix Genome-Wide Human SNP Array 
6.0 according to protocols of the London Regional Genomics Centre or the Broad 
Institute. Imputation was conducted using HapMap CEU phased haplotypes in 
MACH23. All genotypes were filtered for minor allele frequency >1%, Hardy 
Weinberg p<0.0001, and 95% call rate or imputation quality r2>0.4. Identity-
by-state calculations, multidimensional scaling and association testing were 
conducted in PLINK24. Genome-wide significance was prespecified as p<5 × 10-7; 
nominal significance for replication of known triglyceride-associated SNPs was 
a Bonferroni-corrected threshold p<0.005. Covariates entered into all analyses 
included sex, body-mass index, diabetes status and ten principal components of 
ancestry as generated by Eigenstrat25;26.
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Sequencing and mutation accumulation

All genes were bidirectionally sequenced in individual samples using an ABI 
3730 Automated DNA Sequencer and called using automated software (Applied 
Biosystems). Rare variants were manually curated, confirmed by repeat analysis 
and annotated in silico for functional effects using PolyPhen. Rare variants were 
defined as having minor allele frequencies <1% in controls. Carriers were defined 
as having at least one rare variant. Rare-variant accumulation was compared 
between individuals with HTG and controls using Fisher’s exact test, with nominal 
significance defined as a two-sided p<0.05. All subjects in the resequencing 
cohort were sequenced fully across the translated coding sequences of 
APOA5 (NCBI NG _ 015894.1 and NP _ 443200.2), GCKR (NM _ 001486.3 and 
NP _ 001477.2), LPL (NG _ 008855.1 and NP _ 000228.1), and exons 26 and 
29 of APOB (NG _ 011793.1 and NP _ 000375.2) (67.8%). Subjects missing 
sequencing data in any one gene were removed before analysis. Our intention 
was to identify rare missense and nonsense variants potentially responsible for 
HTG disease causation; accordingly, we excluded intronic variants, UTR variants 
and synonymous variants from mutation-accumulation analyses. Controls were 
population-based and not phenotypically selected on the basis of extremely low 
plasma triglyceride concentration; thus, they do not represent a supernormal 
control group in which protective rare variants would be enriched upon 
resequencing. Exclusive variants were defined as rare variants found exclusively in 
individuals with HTG or in controls (not both), with deliberate exclusion of variants 
previously reported without demonstrated functional compromise. Mutation-
accumulation analyses compared either the number of observed rare alleles with 
the number of reference alleles, or the number of rare-variant carriers with the 
number of noncarriers, in individuals with HTG and controls.

Genetic variation explained

Subjects included in this analysis were common to both GWAS and resequencing 
cohorts. The proportion of genetic variation explained was calculated from the 
residuals of a multivariate logistic regression model, using discrete case-control 
status as the dependent variable, with a published SAS version 9.2 macro written 
for this purpose27. Independent variables included the clinical covariates age, sex, 
body-mass index and diabetes status as either continuous or discrete variables, 
common variants as continuous variables of HTG risk–associated alleles at each 
of the seven HTG-associated loci, and rare variants as a continuous variable 
including the number of rare variants carried by each subject.
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Supplemental Table 1  Annotation of rare variants found in GWAS-identified genes 

Mutation New/ 
Known

HTG C Damaging?* Published Dysfunction

APOA5 p.N66S New 1 0 Possibly

p.G185C Known 1 0 Possibly Reduced LPL activation by ~23%1

p.Q305X New 1 0 Truncation

p.A315V Known 1 1 Benign

p.D332Vfs336X New 1 0 Truncation

GCKR p.Q8 _ H9insRF New 1 0 Insertion

p.L37Q New 1 0 Benign

p.R51G New 1 0 Possibly

p.R51Q New 1 1 Benign

p.G65 _ Q66fs88X New 1 0 Truncation

p.E77G New 1 0 Possibly

p.Q234P New 6 3 Possibly

p.M344I New 1 0 Benign

p.T379Nfs414X New 4 1 Truncation

p.D414E New 1 0 Possibly

p.H438Y New 1 0 Possibly

p.R540X New 1 0 Truncation

LPL p.Q-12Efs11X Known 1 0 Truncation

p.E11G New 1 1 Probably

p.D25H Known 1 0 Probably

p.W86R Known 1 0 Probably Causative of chylomicronemia, 
LPL activity <3%2 

p.E11G New 1 1 Probably

p.T186A New 0 1 Probably

p.G188E Known 10 0 Possibly Causative of chylomicronemia, 
LPL activity < 1%3 

p.I194T Known 1 0 Probably Causative of chylomicronemia, 
LPL activity < 1%4 

p.P207L Known 1 0 p.P207L Causative of chylomicronemia, 
LPL activity < 1%5

p.R243C Known 1 0 Probably

p.R243H Known 1 0 Probably Abolished enzyme activity6

p.I249V New 0 1 Benign

p.C275F New 1 0 Probably

p.N291S Known 24 5 Benign LPL activity ~60%7 

p.V318I New 1 0 Benign

APOB p.Y1385H New 1 0 Possibly

p.C1395Y Known 1 1 Benign

p.G1590E New 1 1 Probably

p.R1662H Known 2 0 Benign

p.K1703T New 0 1 Possibly

p.D1827N New 0 1 Possibly

p.V2019I Known 0 1 Possibly

p.A2172T New 1 0 Benign

p. del2186D New 3 4 Deletion
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Mutation New/ 
Known

HTG C Damaging?* Published Dysfunction

p.R2192C New 1 0 Probably

p.S2217N New 1 0 Benign

p.L2239M New 1 0 Benign

p.V2286I Known 2 1 Benign

p.M2331I New 1 0 Possibly

p.S2402T Known 1 0 Benign

p.A2429D Known 1 0 Benign

p.V2512I Known 2 3 Benign

p.E2539K Known 5 0 Benign

p.E2539D New 1 0 Benign

p.R2685C New 0 1 Possibly

p.P2794L Known 6 2 Probably

p.I2850Y New 1 0 Possibly

p.K2958E New 1 0 Benign

p.T3020R Known 1 0 Benign

p.P3216S New 1 0 Benign

p.S3252G Known 4 0 Possibly

p.M3253V New 1 1 Possibly

p.S3267P Known 3 0 Possibly

p.Q3405E Known 5 3 Benign

p.Y3435C Known 1 0 Probably

p.D3472N New 1 0 Benign

p.R3500W Known 1 0 Probably Causative of familial defective 
apolipoprotein B-1008

p.T3540M New 0 1 Benign

p.V3718I New 1 1 Benign

p.I3741T New 1 0 Possibly

p.D3768N New 0 1 Possibly

p.S3774T New 3 3 Benign

p. T3799M Known 1 1 Possibly

p.V3804F New 0 1 Benign

p.V4101M Known 3 3 Benign

p.S4206T Known 1 0 Benign

p.V4238A New 8 3 Benign

p.I4287V Known 6 4 Benign

p.M4293V New 1 0 Benign

p.V4367A Known 1 0 Benign

p.S4403T Known 1 0 Benign

p.I4455V New 0 1 Benign

p.T4457M Known 6 0 Possibly

p.F4486Ifs4488X New 1 0 Truncation

*Polyphen was used to predict the deleterious nature of non-synonymous variants; other mutation 
types are indicated. For novel annotation: position + 27.
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Part 1
Part 1 of this thesis focused on the assessment of the safety and efficacy of apoB 
synthesis inhibition with mipomersen, a novel strategy to lowering low-density 
lipoprotein cholesterol (LDL-c). 
In Chapter 2 we start with a summary of the results of the most relevant preclinical 
and clinical studies investigating mipomersen, an apoB synthesis inhibitor for the 
lowering of LDL-c, available thus far. In all these studies mipomersen administration 
was shown to effectively reduce LDL-c and was overall well tolerated with 
injection site reactions, flu-like symptoms and increases in liver transaminases as 
the main adverse events. Clinically relevant increases in intrahepatic triglyceride 
(IHTG)-content were not reported.
In Chapter 3, 4 and 5 we present results of randomized double-blind placebo 
controlled Phase II studies in which we evaluated the safety and efficacy of 
mipomersen. Whereas statins are first line medication for the prevention of 
cardiovascular disease (CVD), future use of mipomersen will most probably be 
restricted to patients with very high levels of LDL-c despite optimal statin therapy. 
In Chapter 3 we therefore studied the efficacy and safety of mipomersen when 
added to conventional lipid-lowering therapy in 44 patients with heterozygous 
familial hypercholesterolemia (FH). Patients received 8 doses subcutaneously 
over a 6-week treatment period. Mipomersen produced significant reductions 
in LDL-c (-21%) and all other atherogenic apoB-containing lipoproteins and there 
were no clinically significant drug-drug interactions. The positive results of this 
study showing significant efficacy of mipomersen on top of potent statin therapy, 
paved the way for further development of mipomersen as part of the LDL-c 
lowering treatment strategy in patients with severe LDL-c elevations, including 
patients with FH. 
Since profound increases in IHTG-content were observed following another 
compound targeting hepatic secretion of VLDL (MTP-inhibitors) we questioned 
whether mipomersen treatment would also result in hepatic steatosis. Chapter 
4 describes the results of a study specifically designed to investigate the impact 
of mipomersen on IHTG-content in patients with FH. We found that mipomersen 
administration for 13 weeks to subjects with FH does not result in a significant 
increase in IHTG-content. However a trend towards an increased IHTG-content 
was observed accompanied by one subject progressing into new-onset hepatic 
steatosis in spite of a relatively modest group size, exclusion of subjects at 
increased risk of developing hepatic steatosis and less profound lipid reductions 
than those reported in previous clinical trials with mipomersen. It was concluded 
that the effect of mipomersen on IHTG-content needed to be further evaluated, 
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following prolonged treatment duration and in a larger number of subjects 
including those at increased risk of hepatic steatosis.
In Chapter 5 we investigated the safety and efficacy of mipomersen in another 
patient group that may benefit from alternative LDL-c lowering: statin intolerant 
patients at high risk for CVD. Twenty six weeks of treatment with 200 mg of 
mipomersen resulted in significant reductions in LDL-c with a mean of 47%. Only 
4 of the 33 subjects discontinued treatment prematurely due to study related 
adverse events. Persistent liver transaminase increases ≥3 x upper limit of 
normal (ULN) in subjects assigned to mipomersen treatment (33%) were twice 
as common compared with previous clinical trials. When IHTG content was 
measured in 1 placebo treated subject and in 14 mipomersen treated subjects 
with increases in alanine aminotransferase (ALT) of >2 x ULN, hepatic steatosis 
was detected in 1 subjects from the placebo treated group and in 12 subjects from 
the active treatment group with a significant reduction in IHTG-content following 
discontinuation of treatment (-17.7%). Liver needle biopsy performed in 2 subjects, 
detected severe hepatic steatosis with minimal inflammatory changes. Whereas 
mipomersen administration resulted in profound hepatic steatosis, we suggested 
that more progressive liver disease may be absent. We concluded that pending 
long term safety effects, apoB synthesis inhibition may offer an alternative 
therapeutic strategy for patients at high risk for CVD for whom currently no other 
therapeutic options are available. 

The antisense technology in general has the ability to inhibit unique targets with 
high specificity. Furthermore antisense drugs have an optimal distribution within 
liver, kidney and atherosclerotic plaques, and lack interaction with the cytochrome 
P450 system. Therefore, the antisense technology may be an exciting and 
valuable novel therapeutic modality. Mipomersen, the antisense drug described 
in this thesis, is the most advanced of antisense inhibitiors for the treatment of 
CVD. Mipomersen has shown impressive efficacy results, comprising profound 
reductions in LDL-c and all other atherogenic lipid particles, including Lp(a). But, 
although short term and longer term efficacy data are encouraging, the safety of this 
compound remains to be further investigated. Future studies should be performed 
to minimize the incidence of injection site reactions (ISR), since ISR may impact 
long term adherence. The nature of hepatic enzyme increases should be sort ought 
since it is still unclear whether ALT increases are a direct pharmacological effect or 
if they are related to hepatic fat accumulation. And, most importantly, the effects of 
mipomersen administration on IHTG-content should be thoroughly evaluated. In this 
thesis we describe profound hepatic steatosis following mipomersen treatment in 
statin intolerant patients. Whereas hepatic steatosis was not detected in previous 
clinical trials it will be of interest to evaluate what may explain for this discrepancy. 
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Has hepatic steatosis previously been underreported? Are statin intolerant patients 
at increased risk for hepatic steatosis compared to hypercholesterolemic patients 
or patients with FH? Do statins reduce efficacy of mipomersen and are statins 
protective for fat accumulation? Phase III studies with mipomersen in patients 
with heterozygous FH and severe hypercholesterolaemia are incorporating MRS 
to measure IHTG-content. These studies, in addition to two open-label extension 
trials, which are monitored regularly by a Data Safety Monitoring Board, may 
provide answers to some of these questions. 
In chapter 5 we propose the concept that hepatic steatosis without metabolic 
sequelae may distinctly differ from NAFLD and may not progress to more severe 
liver disease. This would imply that hepatic steatosis following apoB synthesis 
inhibition may not result in fibrosis or cirrhosis provided metabolic disturbances 
are absent. But evidence for this concept is thus far minimal and it needs further 
validation in extended safety studies including biopsy data. 
In conclusion, long term tolerability and safety data will be crucial for the further 
development of mipomersen. Awaiting long term safety effects, administration of 
mipomersen should continue but only under carefully monitored conditions and 
only to patients at high risk for CVD in whom no alternative therapeutic strategies 
are available and in whom therefore the benefit may outweigh the risk. 

Part II
In part II of this thesis we described the results from research on 2 rare dyslipidemic 
disorders and the metabolic syndrome. Chapter 6 describes the results of a study 
investigating the relationship between hepatic steatosis and insulin resistance. 
Hyperinsulinaemic euglycaemic clamp studies have shown that increased IHTG- 
content strongly correlates with insulin resistance across a large range of percent 
liver fat. In contrast, we show with a 2-step hyperinsulinemic euglycemic clamp 
using stable isotopes that in patients with famililal hypobetalipoproteinemia 
(FHBL), who have severe hepatic steatosis, both hepatic and peripheral insulin 
sensitivity does not differ from healthy matched controls. We conclude that 
hepatic steatosis per se is not directly related to insulin resistance and suggest that 
liver fat accumulation without metabolic sequelae distinctly differs from NAFLD. 
Our observations are important for further understanding of the mechanisms 
underlying the metabolic syndrome. However many questions remain unanswered. 
For example, what other factors beyond TG accumulation are responsible for the 
close relation between hepatic steatosis and insulin resistance as observed in 
epidemiological studies? Comparing microarray expression profiles in liver biopsy 
material from patients with different types and degrees of hepatic steatosis (e.g. 
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NAFLD, NASH, hepatitis, mipomersen), may be a valuable method to investigate 
this research question. In addition, this strategy may also identify risk factors for 
more progressive liver disease. These findings would especially be of interest for 
the further development of the apoB synthesis inhibitor, mipomersen, described 
in Part 1. 
In Chapter 7 we show an increase in the incidence of familial partial lipodystrophy 
(FPLD) in non-obese patients (BMI ≤27 kg/m2) with type 2 diabetes mellitus and 
marked insulin resistance (>100 U insulin/day). Amongst 5221 patients with type 
2 diabetes mellitus we identified 5 patients with lipodystrophic features. One 
of these patients harboured a novel heterozygous mutation (Y151C) in PPARG 
which was functionally assessed. We show that haploinsufficient mutations may 
be sufficient to produce a lipodystrophic phenotype and suggest that thorough 
evaluation for FPLD should be considered in non-obese diabetic patients with 
marked insulin resistance. Of interest, analysis of the pedigree revealed that 
clinical features of the affected subjects varied considerably. In contrast to the 
index patient, the proband’s sister and her son were only mildly affected, with 
clinical features such as hypertriglyceridemia (HTG) and hypertension but no 
diabetes mellitus. This clinical heterogeneity within one kindred is consistent with 
observations from other families with PPARG mutations and may be the result of 
both genetic as well as environmental factors. It will be of interest to follow the 
clinical course of the affected family members in our kindred to determine if they 
will eventually develop a phenotype similar to the index patient. 
Identification of FPLD patients enables the discovery of novel causative genes 
that eventually may lead to new treatment targets. In addition, studying these rare 
patients at the extreme end of the phenotypic spectrum may provide insights into 
the role of adipose tissue in metabolic homeostasis in general and may help to 
improve our understanding of the more common metabolic syndrome.

Part III
Part III of this thesis describes research on triglycerides (TGs). In Chapter 8 we 
evaluated the risk for coronary heart disease (CHD) in patients with metabolic 
dyslipidemia (elevated plasma TG and low HDL-c levels). Men with metabolic 
dyslipidemia had an increased risk for CHD compared to men with normal HDL-c 
and normal TGs (HR: 1.63; 95% CI: 1.42-1.87) and risk remained significant after 
adjustment for LDL-c and other metabolic syndrome risk factors. Of interest, we 
found that risk of developing CHD was similar in men with low HDL-c and high 
or normal TG levels. We also observed that in men with normal HDL-c, TG levels 
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were not predictive of CHD. These observations suggest low HDL-c levels to be an 
important CHD risk factor in men. 
Among women, metabolic dyslipidemia was also associated with increased CHD 
risk (HR: 1.80; 95% CI: 1.49-2.18). Although risk in women was higher compared 
to men, the association was lost when the model was additionally adjusted for 
other metabolic syndrome risk factors. In men and women Kaplan-Meier survival 
curves according to HDL and TG levels revealed that participants with metabolic 
dyslipidemia had poorer survival (p<0.001 ).
We conclude that in both men and women metabolic dyslipidemia is a predictor 
of CHD independent from LDL-c. Furthermore the relationship between metabolic 
dyslipidemia and CHD risk is independent from the other risk factors associated 
with the metabolic syndrome in men, but not in women. These findings confirm 
that patients with low HDL-c and high TG levels should be protected against 
CHD. In addition these results support the concept that risk factors of CHD are 
interdependent in the metabolic syndrome and that the metabolic syndrome 
might present cardiovascular risk beyond what can be explained by its individual 
components.
Chapter 9 describes the results of sequencing the promoter and coding regions 
of TG candidate genes in 86 consecutive patients referred to our lipid clinic 
for evaluation and treatment of severe hypertriglyceridemia (HTG). In 46 (54%) 
patients we identified rare DNA sequence variants including 19 variants in LPL, 
1 in APOC2, 2 in APOA5, 4 in GPIHBP1 and 8 in LMF1.  In 22 patients (25%) we 
identified only common variants in LPL and APOA5 whereas in 18 patients (21%) 
not a single mutation was found, suggesting the involvement of unknown genes. 
In vitro validation revealed that the mutations in LMF1 were not associated with 
compromised LPL function. Consistent with this, five of the eight genomic variants  
in LMF1 were also found in a control population and therefore cannot account for 
the severe HTG phenotype. We conclude that genetic variation in LPL is the most 
important contributor to the phenotype of severe HTG. In contrast, mutations in 
GPIHBP1, APOC2 and APOA5 are rare whereas mutations in LMF1 do not seem 
to contribute substantially. These results show that in carefully selected groups 
with severe HTG, molecular diagnosing is feasible and effective. This finding may 
be of clinical relevance since molecular diagnosing may in the near future allow 
for individually tailored therapeutic strategies in severe HTG patients. In future 
studies it will be of interest to perform whole exome sequencing in those patients 
without functional mutations to elucidate the causal mutation.
In Chapter 10 we performed a non-biased GWAS in 463 patients with HTG and 
1197 controls. GWAS revealed that common variants in APOA5, GCKR, LPL and 
APOB were associated with the HTG phenotype. Resequencing these genes 
identified a significant difference in the presence of variants between patients 
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and controls: in 438 HTG patients we identified 154 rare missense or nonsense 
variants whereas in 327 controls 53 variants were identified (p=6.2x10-8). 
These findings corresponded to a carrier frequency of 28.1% of HTG patients 
and 15.3% of controls (p=2.6x10-5). A more restricted analysis, including only 
rare variants found exclusively in either HTG patients or controls and removing 
all previously reported non functional variants, revealed 47 variants in HTG 
patients compared to 9 variants in controls (p=2.4x10-5); this corresponds to a 
significantly increased carrier frequency of 10.3% in HTG patients compared 
to 2.8% in controls (p=4.4x10-5). A logistic regression model including clinical 
variables and both common and rare genetic variants explained 41.6% of total 
variation in HTG diagnosis: clinical variables explained 19.7%, common genetic 
variants in 7 HTG-associated loci explained 20.8% and rare genetic variants in 4 
HTG-associated loci explained 1.1%. Thus we demonstrate that loci found to be 
associated with HTG by GWAS using common variants also harbour a significant 
excess of rare variants. All together these findings confirm the hypothesis that 
both rare and common variants in TG-associated genes together contribute to the 
phenotypic heterogeneity underlying HTG.

Future Perspectives

LDL-c lowering

LDL-c is the mainstay of CVD prevention. But, despite the presence of effective 
LDL-c lowering drugs, the number of patients unable to reach LDL-c targets as 
defined by the current guidelines, is expanding. Therefore, alternative LDL-lowering 
modalities are urgently required. In the present thesis, we presented results from 
clinical trials evaluating the safety and efficacy of mipomersen, an apoB synthesis 
inhibitior. Whereas we show mipomersen to effectively lower LDL-c, its safety 
remains to be further elucidated in prolonged safety studies prior to broader use 
of this compound. In fact positive results in future safety studies will be crucial 
for further development of mipomersen. But apoB is not the only promising novel 
target for drug therapy and antisense is not the only novel therapeutic modality. 
For example MTP inhibitors, PCSK9 inhibitors (antibodies, siRNAs and lock-nucleic 
acid ASOs) as well as thyromimetics such as eprotirome have demonstrated 
significant reductions in LDL-c levels in clinical or preclinical trials1-3. Further 
studies examining the efficacy and safety of all of these agents are needed to 
determine their potential clinical applicability. 
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Metabolic syndrome

Whereas LDL-c will remain the mainstay of CVD prevention, the drastic increase in 
the incidence of obesity will expand the role of metabolic syndrome risk factors. 
The battle against overeating and physical inactivity will however not be easy 
to win since changing life style and behavior has been shown to be extremely 
difficult. Currently there are several effective therapeutic options available to 
target some of the individual components of the metabolic syndrome however 
pharmacological agents for the prevention or management of the metabolic 
syndrome itself have been limited and unsatisfactory. Most of these drugs 
address weight reduction by targeting appetite at the central nervous system. 
But higher incidence of depressive symptoms or cardiovascular side-effects 
(rimonabant, orlistat, sibutramine) has limited the use of these compounds4. Thus, 
there is clearly a significant unmet medical need for safe and effective therapies 
to prevent the metabolic derangements that are associated with increased central 
adiposity. Of interest, currently thyromimetic analogous are in development to 
provide such an overall treatment strategy5. 
In conclusion insight into the metabolic consequences of obesity is particularly 
relevant for the development of novel treatment strategies directed towards the 
prevention and treatment of metabolic syndrome sequelae. Studying patients with 
rare monogenetic phenotypes, such as patients with FPLD or FHBL may improve 
the understanding of this complex disorder. 

Triglycerides 

Plasma TG levels are re-emerging as an independent risk factor for CVD. But 
treatment, especially of patients with moderate to severe HTG, is often challenging. 
More complete understanding of pathways involved in TG metabolism may 
therefore help to identify new directions for therapeutic interventions. In addition, 
identified genetic variants may improve risk prediction. For example genetic risk 
scores may predict the risk of developing HTG or CVD when added to existing risk 
scores, which could both prompt early intervention. 
Whereas recent GWAS studies have identified known and novel loci associated 
with HTG, genetic variation at these loci explains only 10% of overall TG variation 
within the population. Novel identified loci may have even smaller effect sizes. 
Therefore, since GWAS may be reaching its limit for detecting novel TG associated 
loci, future studies should focus on alternative genetic strategies, such as family 
studies, animal studies, or rare variant sequencing, to provide more complementary 
information for understanding pathways in TG metabolism.    
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Deel I
Deel I van dit proefschrift beschrijft de resultaten van klinische studies naar 
de veiligheid en effectiviteit van apoB synthese inhibitie met mipomersen, een 
nieuwe methode voor het verlagen van LDL-c.
Hoofdstuk 2 begint met een samenvatting van alle resultaten van de meest 
relevante preklinische en klinische studies met mipomersen die tot dan toe 
waren gepubliceerd. In al deze studies werd aangetoond dat mipomersen het 
LDL-c effectief verlaagt en dat het geneesmiddel over het algemeen goed wordt 
verdragen. De meest voorkomende bijwerkingen waren huidreacties op de plaats 
van injectie, griepachtige verschijnselen en stijgingen in de levertransaminase 
waarden. Klinisch relevante toenames in levervet werden niet gemeld. 
In hoofdstuk 3, 4 en 5 presenteren we de resultaten van dubbel-blind 
gerandomiseerde placebo gecontroleerde studies waarin we de veiligheid en 
effectiviteit van mipomersen hebben onderzocht. 
Omdat statine het eerste keus geneesmiddel is voor de preventie van hart- en 
vaatziekten (HVZ) is het waarschijnlijk dat mipomersen in de toekomst zal worden 
voorgeschreven aan patiënten met hoge LDL-c waarden ondanks optimale 
statine-therapie, of aan patiënten die een statine niet verdragen. Daarom 
onderzochten we in Hoofdstuk 3 de veiligheid en effectiviteit van de toediening 
van mipomersen bovenop conventionele cholesterol verlagende medicatie. 
Patiënten met heterozygote familiaire hypercholesterolemie (FH) kregen 8 
subcutane injecties met mipomersen verspreid over een periode van 6 weken. 
Mipomersen behandeling resulteerde in significante verlagingen van het LDL-c 
(21%) en van alle andere atherogene lipoproteine deeltjes en er was geen sprake 
van klinisch significante interacties tussen de verschillende geneesmiddelen. 
Deze positieve resultaten maakten de weg vrij voor verdere ontwikkeling van 
mipomersen als onderdeel van de behandelingstrategie in patiënten met ernstige 
LDL-c verhogingen, zoals patiënten met FH. 
Omdat een eerdere therapeutische strategie voor de remming van VLDL secretie 
(MTP-inhibitie) resulteerde in ernstige leververvetting, vroegen wij ons af of apoB 
synthese inhibitie een soortgelijk effect zou hebben op de lever. Hoofdstuk 
4 beschrijft de resultaten van een studie die speciaal werd ontworpen om de 
effecten van mipomersen op de intrahepatische triglyceriden (IHTG) concentratie 
te onderzoeken in patiënten met FH. We toonden aan dat de toediening van 
mipomersen gedurende 13 weken aan patiënten met FH niet resulteert in een 
significante stijging van de IHTG concentratie. Wel was er sprake van een trend 
in de richting van een toename in de IHTG concentratie en er was één patiënt 
die leversteatose ontwikkelde. Echter er was maar een kleine patiëntengroep, 
patiënten met een verhoogd risico op leversteatose werden uit het onderzoek 
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gehouden en er was slechts een milde daling in het apoB in vergelijking met 
voorgaande studies. We concluderen dat het effect van mipomersen op IHTG 
concentratie verder moet worden onderzocht, zowel na langdurige behandeling 
als in grotere patiëntengroepen en in patiënten met een verhoogd risico op 
leversteatose. 
In Hoofdstuk 5 onderzochten we de veiligheid en effectiviteit van mipomersen 
in een andere patiëntengroep die mogelijk zal profiteren van alternatieve 
behandeling voor de verlaging van plasma LDL-c, namelijk patiënten met statine 
intolerantie. Zesentwintig weken behandeling met 200 mg/week mipomersen 
resulteerde in significante daling in het plasma LDL-c van gemiddeld -47%. Vier 
van de 33 patiënten stopte voortijdig met de behandeling vanwege bijwerkingen. 
Persisterende leverenzymstoornissen van ≥3 x de normaalwaarde kwamen 
tweemaal zoveel voor in vergelijking met eerdere studies (33%). IHTG concentratie 
werd gemeten met magnetic resonance spectroscopy (MRS) in 15 patiënten met 
leverenzymstoornissen > 2 x boven de normaalwaarde. In 12 van deze patiënten 
uit de mipomersen behandelingsgroep werd leversteatose vastgesteld. Na het 
staken van de behandeling was er sprake van een significante afname in IHTG 
concentratie (-17.7%). Levernaaldbiopten werden verricht in 2 patiënten met 
persisterende leverenzymstoornissen en een IHTG concentratie van >20%. Deze 
biopten bevestigden het beeld van ernstige leversteatose, echter met slechts 
minimale inflammatoire veranderingen. Deze data tonen aan dat mipomersen 
toediening weliswaar resulteerde in leversteatose, maar dat er mogelijk geen 
sprake is van progressievere leverziekte. We concluderen dat, afhankelijk van de 
resultaten van langere termijn veiligheidsstudies, apoB synthese inhibitie een 
effectieve behandelingstrategie zou kunnen zijn voor patiënten met een hoog 
risico op HVZ voor wie op dit moment geen alternatieve behandelingen voor 
handen is. 

De antisense technologie biedt de mogelijkheid om zeer specifiek unieke targets 
te remmen. Bovendien hebben antisense medicamenten een optimale distributie 
en er is geen interactie met het cytochroom P450 systeem. Daarom lijkt de 
antisense technologie een spannende en waardevolle nieuwe therapeutische 
benadering. Mipomersen, de antisense beschreven in dit proefschrift, is het 
verst in ontwikkeling van alle antisense inhibitors voor de behandeling van HVZ. 
Mipomersen heeft indrukwekkende resultaten laten zien, met forse verlagingen 
in het LDL-c en in alle overige atherogene lipiden deeltjes, waaronder Lp(a). 
Maar, hoewel de korte en langere termijn resultaten voor de effectiviteit van 
mipomersen veelbelovend zijn, moet de veiligheid van dit nieuwe geneesmiddel 
nog beter worden onderzocht. Toekomstige studies zullen moeten uitzoeken 
hoe huidreacties te voorkomen zijn omdat deze op de langere termijn mogelijk 
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de therapietrouw zouden kunnen beïnvloeden. De oorzaak van de leverenzym-
stoornissen is tot op heden niet opgehelderd en er zal moeten worden uitgezocht 
of de stijging in de leverenzymen het gevolg is van een direct farmacologisch 
effect of van levervet stapeling. Maar de prioriteit zou moeten liggen bij onderzoek 
naar de effecten van apoB synthese inhibitie op de levervet concentratie. 
In dit proefschrift zagen we forse leversteatose ontstaan na toediening van 
mipomersen aan statine intolerante patiënten. In eerdere klinische studies werd 
leververvetting echter niet gemeld. Het zou interessant zijn om uit te zoeken welke 
verklaringen er te vinden zijn voor deze discrepantie. Werd leversteatose eerder 
ondergerapporteerd? Zijn statine intolerante patiënten gevoeliger voor levervet 
stapeling vergeleken met hypercholesterolemische patiënten of patiënten met 
FH? Reduceert statine de effectiviteit van mipomersen of beschermt statine tegen 
levervetstapeling? Fase III studies met mipomersen, die op het moment worden 
uitgevoerd in patiënten met FH en ernstige hypercholersterolemie, meten de IHTG 
concentratie aan het begin en tijdens de studie. De resultaten van deze studies, 
samen met 2 open-label extensie studies die regelmatig worden gecontroleerd 
door de Data Safety Monitoring Board, zullen mogelijk in de toekomst antwoord 
geven op enkele van deze vragen. 
In hoofdstuk 5 lanceren we het concept dat leversteatose zonder metabole 
ontregeling wezenlijk verschilt van non alcoholic fatty liver disease (NAFLD) en 
dat het mogelijk niet leidt tot progressievere leverziekten. Als dit klopt, zou dat 
betekenen dat leversteatose als gevolg van apoB synthese inhibitie niet resulteert 
in fibrose of cirrose zolang er geen sprake is van metabole ontregelingen. Echter 
bewijs voor dit concept is tot op heden minimaal en zal verder moeten worden 
gevalideerd in langdurige veiligheidsstudies, met leverbiopten. 
Concluderend zullen lange termijn verdraagzaamheid- en veiligheidsresultaten 
cruciaal zijn voor de verdere ontwikkeling van mipomersen. In afwachting van 
de langere termijn veiligheidsresultaten zou de toediening van mipomersen door 
moeten gaan. Echter alleen onder zeer goed gecontroleerde omstandigheden 
en alleen in patiënten met een hoog risico op HVZ voor wie geen alternatieve 
behandelingsmogelijkheden voor handen zijn en voor wie de voordelen mogelijk 
opwegen tegen de risico’s. 

Deel II
In deel II van dit proefschrift beschrijven we de resultaten van onderzoek naar 2 
zeldzame dyslipidemische aandoeningen en het metabool syndroom. Hoofdstuk 
6 beschrijft de resultaten van een studie naar de relatie tussen leversteatose en 
insuline resistentie. Hyperinsulinemische euglycemische clamp studies hebben 
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aangetoond dat toename in IHTG concentratie sterk gecorreleerd is aan insuline 
resistentie, over een brede range aan levervetpercentages. In tegenstelling tot 
deze eerdere bevindingen tonen wij in dit hoofdstuk aan, met gebruik van een 
hyperinsulinemische euglycemische clamp en stabiele isotopen, dat in patiënten 
met familial hypobetalipoproteinemie (FHBL) en ernstige leversteatose, zowel de 
hepatische als de perifere insuline resistentie niet verschilt van die van gezonde 
controles. Wij concluderen dat leversteatose per se niet direct gerelateerd is 
aan insuline resistentie en suggereren dat levervetstapeling zonder metabole 
aandoeningen wezenlijk verschilt van NAFLD. Onze bevindingen zijn van belang 
voor een beter begrip van de mechanismen die ten grondslag liggen aan het 
metabool syndroom. Echter vele vragen blijven onbeantwoord. Bijvoorbeeld, als 
levervet zelf niet de oorzaak is, welke factoren zijn dan wel verantwoordelijk voor 
de sterke relatie tussen levervet en insuline resistentie zoals werd beschreven 
in epidemiologische studies? Het vergelijken van micorarray expression profielen 
in leverbiopt materiaal van patiënten met lever steatose van wisselend type en 
ernst (o.a. NAFLD, NASH, hepatitis, mipomersen) zou mogelijk een waardevolle 
methode zijn om deze vraag te beantwoorden. Deze bevindingen zouden in 
het bijzonder van belang kunnen zijn voor de verdere ontwikkeling van de apoB 
synthese inhibitor, mipomersen, beschreven in deel I van dit proefschrift. 
In Hoofdstuk 7 tonen we een toename in de incidentie van FPLD in niet obese 
patiënten ((BMI ≤27 kg/m2) met type 2 diabetes mellitus en ernstige insuline 
resistentie (>100 U insulin/day). Onder 5221 patiënten met type 2 diabetes 
mellitus identificeerden we 5 patiënten met lipodystrofische kenmerken. Een 
van deze patiënten was drager van een nieuwe heterozygote mutatie (Y151C) 
in PPARG waarvan de functionaliteit kon worden aangetoond. We laten zien 
dat haploinsufficiente mutaties voldoende kunnen zijn om een lipodystrofisch 
fenotype ten toon te spreiden en we suggereren dat grondige evaluatie naar 
kenmerken van FPLD zou moeten worden overwogen in patiënten met type 2 
diabetes mellitus zonder overgewicht en met ernstige insuline resistentie. 
Analyse van de familie stamboom van de index patiënt liet zien dat de klinische 
kenmerken van FPLD varieerde tussen de familieleden, in vorm en ernst. 
Deze klinische heterogeniteit binnen een familie is in overeenstemming met 
observaties in eerdere families met PPARG mutaties en zou het resultaat kunnen 
zijn van zowel genetische als omgevingsfactoren. Het zou interessant zijn om 
de individuele familieleden te blijven volgen om vast te stellen of ze uiteindelijk 
hetzelfde fenotype zullen ontwikkelen als de index patiënt. 
Identificatie van FPLD patiënten maakt het mogelijk om nieuwe causale 
genen te ontdekken die dan op hun beurt zouden kunnen leiden tot nieuwe 
behandelingsstrategieën. Bovendien kan onderzoek in deze zeldzame patiënten 
aan het uiteinde van het fenotypisch spectrum resulteren in inzichten in de rol van 
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vetweefsel in de metabole homeostase en op die manier bijdragen aan een beter 
begrip van het veel voorkomende metabool syndroom.

Deel III 
In deel III beschrijven we de resultaten van onderzoek naar triglyceriden (TG). 
In Hoofdstuk 8 hebben we onderzoek gedaan naar het risico op coronair lijden 
in patiënten met metabole dyslipidemie. Mannen met metabole dyslipidemie 
hadden een verhoogd risico op coronair lijden in vergelijking met mannen met een 
normaal high-density lipoprotein cholesterol (HDL-c) en normale TG ((HR: 1.63; 
95% CI: 1.42-1.87) en dit risico bleef significant na aanpassingen voor LDL-c en 
andere metabole risico factoren. Opmerkelijk genoeg vonden we dat het risico op 
coronair lijden hetzelfde was in mannen met een laag HDL-c en hoge TG of een 
laag HDL-c en normale TG en dat in mannen met een normaal HDL-c de plasma 
TG concentratie niet voorspellend was voor coronair lijden. Deze bevindingen 
suggereren dat, in mannen, laag HDL-c concentraties een belangrijke risicofactor 
zijn voor coronair lijden. Onder vrouwen was metabole dyslipidemie ook 
geassocieerd met een hoger risico op coronair lijden (HR: 1.80; 95% CI: 1.49-2.18). 
Hoewel het risico in vrouwen hoger was dan in mannen, verloor de associatie 
alle kracht na aanpassing voor LDL-c en andere risicofactoren voor het metabool 
syndroom. In zowel mannen als vrouwen toonden Kaplan-Meier overlevingscurves 
voor HDL-c and TG concentraties aan, dat personen met metabole dyslipidemie 
een slechtere overleving hadden (p<0.001). We concluderen dat, zowel in mannen 
als in vrouwen, metabole dyslipidemie een voorspeller is voor coronair lijden, 
onafhankelijk van de LDL-c waarden. In mannen is deze relatie ook onafhankelijk 
van andere risicofactoren voor het metabool syndroom, in vrouwen niet. Deze 
bevindingen bevestigen dat personen met een laag HDL-c en hoge TG beschermd 
moeten worden tegen coronair lijden. Bovendien ondersteunen deze resultaten 
het concept dat risicofactoren voor coronair lijden in het metabool syndroom 
elkaar versterken en dat daarom het metabool syndroom als geheel een betere 
voorspeller is van het risico op coronair lijden, dan wat kan worden verklaard door 
de individuele risico factoren van het metabool syndroom. 
Hoofdstuk 9 beschrijft de resultaten van sequencing van de promotor en coderende 
regionen van TG kandidaat genen in 86 patiënten die naar onze kliniek werden 
verwezen voor de evaluatie en behandeling van ernstige hypertriglyceridemie 
(HTG). In 46 (54%) van deze patiënten vonden we zeldzame DNA varianten 
waaronder 19 varianten in LPL, 1 in APOC2, 2 in APOA5, 4 in GPIHBP1 en 8 in 
LMF1. In 22 patiënten (25%) vonden we alleen veel voorkomende varianten 
in LPL en APOA5 terwijl in 18 patiënten (21%) helemaal geen mutaties werden 
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gevonden. Deze laatste bevindingen zijn suggestief voor de betrokkenheid van 
nog onbekende genen. In totaal vonden we 19 bekende mutaties en 16 nieuwe 
varianten in LPL, APOC2, APOA5, GPIHBP1 and LMF1. Echter in vitro validatie 
van de nieuwe genetische varianten in LMF1 toonde aan dat deze mutaties niet 
geassocieerd waren met verminderde LPL activiteit. In overeenstemming met 
deze bevindingen werden vijf van de acht LMF1 mutaties ook gevonden in de 
controle populatie. We concluderen dat genetische variatie in LPL de belangrijkste 
bijdrage levert aan het fenotype van ernstige HTG. Mutaties in GPIHBP1, APOC2 
en APOA5 zijn zeldzaam maar resulteren in een ernstig fenotype terwijl mutaties 
in LMF1 niet substantieel lijken bij te dragen. Deze resultaten tonen aan dat in 
zorgvuldig geselecteerde groepen met ernstige HTG, een moleculaire diagnose 
haalbaar en effectief kan zijn. Deze bevindingen zijn klinisch relevant omdat 
moleculaire diagnostiek in de nabije toekomst zou kunnen leiden tot individueel 
aangepaste therapeutische strategieën in patiënten met ernstige HTG. In de 
toekomst zullen we in patiënten in wie geen functionele mutaties konden worden 
aangetoond, het hele genoom sequencen.
In Hoofdstuk 10 hebben we een “non-biased GWAS” uitgevoerd in 463 patiënten 
met HTG en 1197 controles. De GWAS toonde aan dat veel voorkomende 
varianten in APOA5, GCKR, LPL and APOB geassocieerd waren met het HTG 
fenotype. Resequencing van deze genen identificeerde een significant verschil 
in de aanwezigheid van varianten tussen patiënten en controles: in 438 HTG 
patiënten vonden we 154 zeldzame missense of nonsense varianten ten op 
zichtte van 53 van deze varianten in 327 controles (P=6.2x10-8). Deze bevindingen 
kwamen overeen met een dragerfrequentie van 28.1% in de patiënten en 15.3% 
in de controles (P=2.6x10- 5). Een analyse met alleen zeldzame varianten die 
exclusief werden gevonden in HTG patiënten of in controles, en na verwijdering 
van alle eerder gerapporteerde functionele varianten, resulteerde in 47 varianten 
in patiënten ten op zicht van 9 varianten in de controles (p=2.4x10-5); dit komt 
overeen met een significante toename in dragerfrequentie van 10.3% in patiënten 
ten op zicht van 2.8% in controles (p=4.4x10-5). Een logistisch regressie model 
met daarin zowel klinische variabelen als veelvoorkomende en zeldzame 
genetische varianten verklaarden 41.6% van de totale variatie in HTG diagnoses: 
klinische variabelen verklaarden 19.7%, veel voorkomende genetische variabelen 
in 7 HTG geassocieerde loci verklaarden 20.8% en zeldzame genetische varianten 
in 4 HTG geassocieerde loci verklaarden 1.1%. Daarmee tonen we aan dat loci die 
door GWAS geassocieerd zijn met HTG, niet alleen veel voorkomende varianten 
maar ook een significant overschot aan zeldzame varianten dragen. Samen tonen 
deze resultaten aan dat zowel zeldzame als veel voorkomende varianten in TG 
geassocieerde genen bijdragen aan de fenotypische heterogeniteit onderliggend 
aan HTG. 
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Dankwoord
Nu ik aan het eind ben gekomen van dit promotietraject, ontkom (ook) ik er niet aan 
een woord van dank te richten tot de vele mensen die een aandeel hebben gehad 
in de totstandkoming van dit proefschrift. Promoveren voelt soms eenzaam, maar 
je doet het niet alleen. Zonder anderen tekort te doen wil ik graag enkele mensen 
in het bijzonder bedanken. 

Allereerst zou ik alle patiënten en vrijwilligers willen bedanken voor hun bereidheid 
tot deelname aan alle studies. Zonder deelnemers is klinisch onderzoek niet 
mogelijk. Mijn dank is groot.

Mijn promotor en co-promoter, prof dr. E.S.G. Stroes en dr. G.M. Dallinga-Tie, wil ik 
bedanken voor hun begeleiding tijdens mijn promotietraject. Erik, je enthousiasme 
is ongekend, je gedachtestroom razend snel en dat wat je bedenkt voer je het liefst 
morgen al uit. Daar heb ik wel even aan moeten wennen! Ik wil je bedanken voor 
al je lessen, zowel op wetenschappelijk als op klinisch gebied. Geesje, je denkt 
vaak net zo snel als je loopt en je energie lijkt onuitputtelijk! De passie waarmee je 
werkt is inspirerend. Ik heb veel bewondering voor het wereldwijde netwerk dat je 
hebt opgebouwd en de manier waarop jij je handhaaft tussen de “grote mannen” 
van lipidenland! Ik wil je bedanken voor alle tijd die je hebt gestoken in het HTG 
project en de stukken die daar uit zijn voortgekomen.
 
Prof. dr. J.J.P. Kastelein, beste John, jij gaf me vier jaar geleden de mogelijkheid 
dit promotietraject te starten. Al snel daarna gaf je het stokje door aan Erik, maar 
je bleef op de achtergrond betrokken bij het schrijven van de antisense stukken, 
mijn dank daarvoor.

De leden van de promotiecommissie, dr. H.Monajemi, dr. M.J. Serlie, prof. dr. 
U.H.W. Beuers, prof. dr. T. van der Poll, prof. dr. A.F. Stalenhoef en prof. dr. J.A. 
Romijn wil ik hartelijk danken voor het beoordelen van mijn proefschrift en de 
bereidheid zitting te nemen in de commissie. 

Alle co-auteurs wil ik bedanken voor hun bijdrage. In het bijzonder wil ik Nicolette 
Lammers bedanken voor de samenwerking aan de FHBL studie, dat het toch nog 
is gelukt! 

Dames en heer van het trialburo, in het bijzonder Michelle en Hans, jullie hulp bij 
de antisense studies is onmisbaar geweest. Dank voor alle kopjes thee/koffie de 
vele dropjes en de kletspraatjes. Ik heb met veel plezier met jullie samengewerkt. 

Dankwoord
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Mijn keuze voor de afdeling Vasculaire geneeskunde vier jaar geleden had (onder 
andere) te maken met het imago van de afdeling, het zou er zo gezellig zijn. Die 
beloften is helemaal waar gemaakt! Alle collega’s van F4 en van G1 wil ik bedanken 
voor de geweldige tijd die ik met ze heb gehad, op de afdeling, borrels, feestjes, 
congressen, etentjes en het ski-weekend: Joyce (zonder jou, geen F4!), Kees, 
Paul, Fatima, Hans Avis, Raphael, Debbie, Ester, Danny, Olav, Onno, Bas, Bregje, 
Lysette, Renee, Nanne, Ronne, Jorge, Han, Carlijne, Roeland, Ankie, Alinda, Sara, 
Aart (Mr google translate), Anne, Katrijn, Michiel, Max, Meeike, Jeroen, Remco, 
Suthesh (Oudekerk moet binnekort wel weer lukken!), Geerte, Corien, Karim, 
Menno, Brigitte, Josien, Daan, Danka, Ruud, Elise, Fouad, Maurits, Steffie, Fatima, 
Pauline en Mandy, jullie waren super fijne collega’s! Bezemkastgenoten Lily en 
Diederik, mijn dank is groot voor de eindeloze malen dat jullie, met de deur dicht, 
mijn gejammer, gezeur, woede, verdriet, frustratie of ander gezever hebben willen 
aanhoren. Het hielp meestal, ik zal het missen! En Hans Mooij, of moet ik zeggen 
de Volvo, die mij zoveel weken bijna dagelijks naar het AMC heeft gereden, ben ik 
ook bijzonder veel dank verschuldigd, goed gezelschap, een vers kopje koffie en 
gereden worden, kan niet beter! En natuurlijk de studentes Steffie Hemelaar en 
Elise Kropman, dank voor al het werk dat jullie hebben verzet! 

En dan mijn paranimfen. Anniek, jij was er al bij op mijn allereerste dag in het 
AMC, daarna samen gestudeerd, co-schappen gelopen, naar Suriname geweest 
(klaverjasverslaving opgelopen) en promotie onderzoek gedaan, zonder jouw 
strak georganiseerde agenda was alles vast een stuk minder soepel verlopen! 
Straks ook weer samen internist in opleiding, maar eerst nog even bruidsmeisje 
op je huwelijk, ik kijk er naar uit! Jel, allerbeste vriendinnetje en collega-arts. 
Onvoorwaardelijke vriendschap zal wel niet bestaan, maar zo voelt het wel. Ik kan 
me geen betere paranimfen voorstellen, dank dat jullie dit voor mij willen doen!

Lieve vriendjes en vriendinnetjes, schoonfamilie en familie, in het bijzonder pap, 
mam, Wouter, Wietske en Yvonne, jullie zijn slechts op de achtergrond betrokken 
geweest, maar jullie zijn er voor me als ik jullie nodig heb, daar ben ik jullie heel 
dankbaar voor! 

En ondanks dat je lak hebt aan tradities zijn de laatste woorden voor jou, lieve 
Don, dank voor je eindeloze geduld, je vrolijkheid, je eigenheid en je “bakken” met 
liefde. Je maakt me gelukkig!
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