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    Chapter 7   
 Statins and Mipomersen: Mechanisms 
of Action and Patient Tolerability       

       Jing     Pang    ,     Dick     C.     Chan    , and     Gerald     F.     Watts    

           Introduction 

 Statins are the frontline therapy for hypercholesterolaemia and confer signifi cant 
reductions in cardiovascular mortality and morbidity in both primary and second-
ary prevention [ 1 ]. However, patients with refractory hypercholesterolaemia, in 
particular those with familial hypercholesterolaemia (FH), have diffi culty in 
achieving their therapeutic targets on statin alone [ 2 ]. Currently available lipid-
lowering agents, such as bile acid sequestrants, fi brates, ezetimibe and niacin, 
have limited effi cacy as monotherapy or in combination with a statin in lowering 
low-density lipoprotein (LDL) cholesterol to the target levels in such patients [ 3 ]. 
Several newer agents that lower LDL cholesterol concentration are in the late 
stages of drug development or being used as orphan drugs [ 3 ]. One of these new 
therapies is mipomersen, which has been approved by the US Food and Drug 
Administration (FDA), adjunct to lipid-lowering therapy and diet, for the treat-
ment of homozygous FH [ 4 ]. We review the effi cacy and safety issues of 
mipomersen and its potential as combination therapy with statins, with emphasis 
on the management of hypercholesterolaemia in FH.  
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    Hypercholesterolaemia: Dysregulation of Apolipoprotein 
B-100 (apoB) Metabolism 

 Understanding the pathophysiology of hypercholesterolaemia requires a brief 
review of apoB metabolism [ 5 ]. ApoB is a key structural and functional component 
of lipoprotein metabolism. It is involved in the assembly and secretion of very low- 
density lipoprotein (VLDL) from the liver. Apolipoprotein B-100 (apoB) is coded 
by the  APOB  gene and by a single mRNA transcript. ApoB is synthesised in the 
liver and functions to deliver triglycerides from the liver to the circulation. VLDL 
and its lipoprotein remnants, intermediate-density lipoprotein (IDL) and LDL, con-
tain a single molecule of apoB per particle. Hence, plasma apoB concentration is an 
indicator of the total number of atherogenic lipoproteins including Lp(a). Elevated 
plasma apoB is a risk factor for atherosclerosis and is a predictor of atherosclerotic 
cardiovascular disease [ 6 ]. 

 Owing to the central role of apoB in lipid metabolism, interventions that target 
apoB metabolism are critical. As indicated later, statins lower LDL cholesterol 
and apoB by enhancing the clearance of apoB-containing particles. Hence, inhibit-
ing apoB synthesis, and the subsequent production of VLDL and LDL, provides a 
complimentary approach to statins for reducing elevated levels of LDL cholesterol 
and apoB. Antisense technology offers a form of treatment whereby a strand of 
DNA binds to the mRNA produced by the gene of a specifi c protein and thereby 
inhibits translation and the production of the protein. An advantage to this approach 
is the reduced potential of drug interactions, particularly for patients on multiple 
agents. Dyslipoproteinaemias due to elevated hepatic secretion of apoB may theo-
retically benefi t from this form of therapy.  

    Severe Familial Hypercholesterolaemia 

 Patients with severe FH are at high risk of premature coronary artery disease (CAD) 
owing to elevated LDL cholesterol and apoB concentrations from birth [ 3 ]. FH 
results principally from mutations in the LDL receptor (LDLr) that impair LDL 
catabolism. Over 1700 mutations in the LDLr have been described worldwide; the 
severity of the disorder is in part associated with the residual activity of the LDLr. 
Patients with null mutations show poorer responses to statin treatment [ 7 ]. Statins 
are effi cacious in lowering LDL cholesterol in FH. Despite best standard statin 
treatment, most homozygous and severe heterozygous FH patients do not achieve 
the recommended plasma concentrations of LDL cholesterol required for abolish-
ing the risk of CAD: LDL cholesterol <2.5 mmol/L (absence of CHD or othermajor 
risk factors) and <1.8 mmol/L (presence of CHD or other major risk factors) [ 3 ]. 
Bile acid sequestrants, ezetimibe and fi brates are also relevant options as add-on 
therapy and/or in cases of statin intolerance. Small studies have supported combina-
tion treatment in FH [ 8 – 11 ], although there have been no outcome studies to date. 
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 Beyond LDL, increased residual risk of CAD in FH relates to elevated plasma 
concentrations of lipoprotein(a) [Lp(a)] [ 12 ]. Lp(a) is a macromolecular complex 
assembled from LDL and apolipoprotein (a) (apo[a]). It is a quantitative genetic trait 
and is a causal and independent risk factor for cardiovascular disease in both the 
general population and patients with FH [ 13 ]. The atherogenicity of Lp(a) may, in 
part, be mediated by oxidised phospholipids, which associate with small apo(a) iso-
forms [ 14 ]. The apo(a) genes can predict the majority of the variation of Lp(a) levels 
in plasma [ 15 ], with large differences among different ethnic groups [ 16 ]. Lp(a) is 
refractory to lifestyle and standard lipid-lowering therapies. The only potentially 
effective drug for lowering Lp(a) is niacin, but severe side effects preclude its use 
[ 17 ]. Mipomersen has been shown to reduce plasma Lp(a) in FH patients by 20–30 % 
[ 18 ,  19 ]. Hence, reduction of Lp(a) with mipomersen presents an additional benefi t 
that complements the LDL-cholesterol-lowering effect of this agent.  

    Statins 

 Statins can lower plasma LDL cholesterol by 20–55 % depending on statin type and 
dose. However, current therapeutic guidelines have lowered the optimal LDL cho-
lesterol target to <1.8 mmol/L for high-risk coronary heart disease [ 20 ,  21 ], empha-
sising value and use of high-intensity statin therapy. Future guidelines may 
recommend more stringent targets, especially with clinical trial evidence demon-
strating lower risk of cardiovascular events with an LDL cholesterol of <1.3 mmol/L 
[ 22 ]. However, a signifi cant proportion of patients are statin intolerant [ 23 ], particu-
larly with higher doses, with side effects including myalgia, myositis, rhabdomy-
olysis, hepatotoxicity, peripheral neuropathy [ 24 ] and new-onset type 2 diabetes 
[ 25 ,  26 ]. The proportion of statin-associated muscle symptoms is estimated to be 
between 7 and 29 % [ 27 ]. With the exception of dose reduction and re-challenge, 
there is little evidence to guide the management of statin-intolerant patients [ 27 , 
 28 ]. Since statin-related adverse events are dose dependent, high-risk patients on 
high-intensity statins are a particularly vulnerable group. 

 The mechanism of action of statins on lipid metabolism fundamentally relies on 
the decreased conversion of HMG-CoA to mevalonic acid by competitive inhibition 
of HMG-CoA reductase, a rate-limiting enzyme in hepatic cholesterol synthesis. 
The resulting reduction in intracellular cholesterol content stimulates LDL receptor 
synthesis and LDL catabolism [ 29 ]. The effect of statins on Lp(a) is modest and 
inconsistent [ 13 ]. Long-term statin use can lower Lp(a) by approximately 20 %, 
although this does not appear to correlate with changes in carotid atherosclerosis in 
heterozygous FH subjects [ 30 ]. 

 Because statins are not effective in lowering LDL cholesterol to recommended 
levels and are not generally effective on Lp(a), new therapies have been developed. 
This is particularly relevant for patients with severe FH, such as those with homo-
zygous and compound heterozygous FH, where LDL receptor functions are either 
absent or dysfunctional. Mipomersen reduces circulating LDL levels by directly 
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targeting apoB synthesis, an effect that does not require functional LDL receptor 
activity. By contrast, proprotein convertase subtilisin/kexin type 9 (PCSK9) inhibi-
tion has limited effi cacy in patients with no LDL receptor function [ 31 ].  

    Mipomersen 

 Mipomersen (ISIS-301012, Kynamro TM ) is a second-generation antisense oligonu-
cleotide (ASO) designed to directly inhibit the synthesis of apoB-100 by targeting 
its mRNA. Mipomersen is a 2’-O-methoxyethyl chimeric 20-mer oligonucleotide 
complementary to the coding region of human apoB-100 mRNA, modifi ed to with-
stand almost all nuclease degradation [ 32 ]. Once the apoB ASO binds to the apoB 
mRNA, its degradation is triggered by ribonuclease H (RNAase H), and protein 
translation is inhibited. Subsequently, the synthesis of the apoB protein is decreased, 
with lowering in the level of plasma circulating apoB-containing lipoproteins such 
as VLDL and LDL (see Fig.  7.1 ). ASOs are metabolised independently of CYP450, 
an important advantage in relation to drug interactions [ 33 ]. Mipomersen is primar-
ily excreted in the urine after nuclease metabolism [ 34 ].  

 ApoB-100 antisense was originally tested in mice models of hypercholesterolae-
mia. In LDLr-defi cient mice, this antisense therapy lowered LDL cholesterol, con-
sistent with its mechanism of action, and ameliorated atherosclerosis without 
causing hepatic steatosis [ 35 ,  36 ]. The fi rst human study by Kastelein et al. (2005) 
showed a maximum of 35 % reduction of LDL cholesterol concentration and 50 % 
reduction in apoB levels after 4 weeks of multiple-dosing regime in patients with 
mild dyslipidaemia [ 37 ]. However, the majority (72 %) of patients experienced ery-
thema at the injection site. Similarly, another phase I monotherapy trial demon-
strated up to 61 % reductions in LDL cholesterol and apoB levels with 300 mg/week 
doses of mipomersen in subjects with mild-to-moderate hypercholesterolaemia, 
with injection site reactions experienced at least once in each subject [ 38 ]; 18 % of 
subjects showed consecutive transaminase elevations greater than three times the 
upper limit of normal. The majority who had increased hepatic transaminase were 
receiving the 400 mg/week regimen. 

 Mipomersen has now been evaluated by several phase II and III trials assessing its 
effi cacy, safety, tolerability and utility in patients with severe hypercholesterolaemia as 
monotherapy (in statin-intolerant subjects) and when combined with statin therapy. 
These trials continue to demonstrate signifi cant reductions in LDL cholesterol and apoB 
levels [ 18 ,  19 ,  39 – 44 ]. A summary of the trials reported to date is shown in Table  7.1 .

      Mipomersen for Familial Hypercholesterolaemia 

 Five mipomersen trials have focused on FH. Akdim et al. (2010) investigated the 
effi cacy of mipomersen (dose range 50–300 mg/week) over a period of 6 weeks in 
44 patients with heterozygous FH. Signifi cant reductions in LDL cholesterol were 

J. Pang et al.



77

found with the 200 and 300 mg dosing regimens, with maximal reductions 21 and 
33 % from baseline, respectively. Extended treatment to 13 weeks with weekly 
doses of 300 mg mipomersen resulted in 37 % reduction in both LDL cholesterol 
and apoB [ 40 ]. Similarly, Visser et al. (2010) demonstrated, in 21 heterozygous 
FH patients with a 13-weekly mipomesen regime at a dose of 200 mg/week, a 
reduction of 22 and 20 % for LDL cholesterol and apoB, respectively [ 41 ]. In a 
randomised trial of 124 heterozygous FH with coronary artery disease, Stein et al. 
(2012) showed a 28 and 26 % reduction in LDL cholesterol and apoB concentra-
tions, respectively, after 26 weeks of weekly 200 mg mipomersen injections [ 19 ]. 
A trend towards an increase in intrahepatic triglyceride content was found in both 
studies [ 19 ,  41 ]. 

a

b

  Fig. 7.1    Mechanism of action of statin and mipomersen. ( a ) Mipomersen specifi cally binds the 
apoB mRNA sequence to provide a substrate for RNase H, which hydrolyses the apoB mRNA 
strand and inhibits apoB synthesis. ( b ) Statins competitively inhibit HMG-CoA reductase, a rate- 
limiting enzyme in hepatic cholesterol synthesis, the reduced intracellular cholesterol content 
induces LDL receptor production and increases LDL catabolism. On the other hand, Mipomersen 
inhibitors apoB synthesis and reduces the production of atherogenic apoB-containing lipoproteins 
by the liver (Adapted from [ 55 ])       
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 In a phase III study involving 51 homozygous FH all on maximally tolerated 
conventional therapy, mipomersen (200 mg/week) decreased LDL cholesterol by 
25 %, and apoB was similarly reduced by 27 % after 26 weeks [ 18 ]. In October 
2012, the US Food and Drug Administration (FDA) approved mipomersen, adjunct 
to lipid-lowering therapy and diet, for the treatment of homozygous FH under a 
Risk Evaluation and Mitigation Strategies (REMS) program. However, Mipomersen 
was not approved for use in Europe by the Committee for Medicinal Products for 
Human Use (CHMP) of the European Medicines Agency (EMA) (see detailed rea-
sons under the subsection on adverse reactions). 

 Finally, the most recent mipomersen report in FH is a 2 year interim analysis of open-
label extension trial. The effi cacy and safety was similar to previous randomised pla-
cebo-controlled trials. 200 mg weekly injections of mipomersen for up to 104 weeks 
demonstrated 28 % LDL cholesterol and 31 % apoB reductions. In a subgroup of 
patients who had undergone liver magnetic resonance imaging, there was also an incre-
mental increase in liver fat in the fi rst 6–12 months. However, regression towards base-
line with continued mipomersen beyond 1 year denotes metabolic adaptation [ 45 ].  

    Mipomersen for Severe Hypercholesterolaemia 

 Four trials have studied patients with primary hypercholesterolaemia that was not 
specifi cally ascribed to FH; two were carried out on a background of statins and the 
others as monotherapy. The fi rst of these trials reported that mipomersen (5 weeks, 
7 doses of 100–400 mg/week) in hypercholesterolaemic subjects on stable statin 
therapy was associated with a 21–52 and 19–54 % reduction (across the dose ranges) 
in plasma LDL cholesterol and apoB concentrations, respectively [ 39 ]. In the same 
study, a subgroup of patients was assigned to 15 doses of 200 mg/week mipomersen 
over 13 weeks. A 36 % reduction in both LDL cholesterol and apoB levels was 
shown [ 39 ]. In another study, Visser et al. (2012) found that weekly 200 mg admin-
istration of mipomersen to high-risk statin-intolerant patients reduced plasma LDL 
cholesterol and apoB by 47 and 46 %, respectively, after 26 weeks [ 42 ]. Liver fat 
content was signifi cantly increased, with hepatic steatosis confi rmed in two subjects 
who had undergone liver biopsy [ 42 ]. 

 McGowan et al. (2012) demonstrated that in severe hypercholesterolaemic 
patients on maximally tolerated lipid-lowering therapy, 200 mg/week of mipomersen 
(over 26 weeks) reduced LDL cholesterol and apoB by 36 % [ 43 ]. The most recent 
study by Thomas et al. (2013) randomised 157 high-risk patients with severe hyper-
cholesterolaemia (LDL cholesterol ≥2.6 mmol/l on a maximally tolerated statin 
dose) to mipomersen and placebo; randomisation was stratifi ed so that a minimum 
of 40 % of patients in each group would have type 2 diabetes. After 26 weeks of 
200 mg weekly mipomersen, LDL cholesterol and apoB levels were lowered by 36 
and 37 %, respectively [ 44 ]. Elevations in transaminases and liver fat occurred in 
some patients, but like other studies, these levels returned towards baseline after 
cessation of treatment.  

7 Statins and Mipomersen: Mechanisms of Action and Patient Tolerability
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    Mipomersen and Lipoprotein(a) 

 A recent study in subjects with varying baseline levels of plasma Lp(a) (34.0–56.3 mg/
day) from four phase III trials examined the effect of mipomersen on Lp(a). Mipomersen 
was shown to consistently and signifi cantly lower Lp(a) levels by a median of 26.4 % 
across patient groups, despite varying baseline Lp(a) levels [ 46 ]. The mechanism of 
Lp(a) lowering by mipomersen remains to be demonstrated but is likely to involve the 
reduced production of Lp(a) [ 47 ]. The cardiovascular benefi t of treating elevated Lp(a) 
is unknown. Clinical trial evidence is needed to determine whether Lp(a) lowering 
affects cardiovascular outcomes, although this will require a specifi c Lp(a)-lowering 
therapy, such as Lp(a) apheresis or apo(a) antisense therapy [ 47 ]. Other new agents 
such as PCSK9 inhibitors, lomitapide and anacetrapib (a CETP inhibitor) also have 
Lp(a)-lowering effects, with reductions of 31 % (in heterozygous FH) [ 48 ], 19 % (in 
homozygous FH) [ 49 ] and 32 % (in heterozygous FH) [ 50 ], respectively. The mecha-
nisms of action of these agents on Lp(a) metabolism is also unclear.  

    Mipomersen: Adverse Reactions, Contraindications, Economics 

 Mipomesen is not metabolised by enzymes such as CYP450, and pharmacokinetic 
studies reveal no clinically relevant interactions with the clearance of statins and 
ezetimibe [ 51 ]. However, injection-site reactions occur in the majority of cases, and 
every patient experiences at least one injection-site reaction [ 52 ]. Other side effects 
associated with mipomersen include mild-to-moderate infl uenza-like symptoms 
and hepatic transaminase elevation (alanine transaminase and aspartate transami-
nase). Table  7.2  summarises these events from four phase III trials.

   The main safety concern with mipomersen is increased hepatic steatosis [ 19 ,  41 , 
 43 ]. The negative recommendation by the EMA was based on this. The EMA also 
noted that a high proportion of patients stopped taking mipomersen within 2 years, 
owing to side effects, and this applied even in the patients with homozygous FH. This 
was considered important as mipomersen was intended for long-term treatment of 
severe hypercholesterolaemia. The long-term consequences of liver toxicity and pos-
sible irreversible liver damage still need to be addressed. Additionally, a higher rate 
of cardiovascular events was observed in those on mipomersen compared with pla-
cebo. Hence, in the opinion of the EMA, the potential cardiovascular benefi t did not 
appear to outweigh its cardiovascular risk (Table  7.3 ).

   The current contraindications for use of mipomersen include severe hepatic 
impairment or active liver disease. In terms of the use by women of reproductive 
potential, mipomersen is a category B agent, meaning that animal reproduction 
studies have failed to demonstrate a risk to the fetus. However, there are no adequate 
studies in pregnant or lactating women. There is as yet no approved indication of 
use of mipomersen in paediatric patients, although there have been no differences in 
adverse events in paediatric compared with adult groups [ 18 ,  52 ]. 
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 There are other therapeutic approaches to controlling severe refractory hyper-
cholesterolaemia including lomitapide, apheresis, PCSK9 inhibitors and CETP 
inhibitors. Unlike mipomersen, lomitapide has received orphan drug designation 
by both the FDA and EMA. Lomitapide taken orally is an inhibitor of CYP3A4, 
and hence able to interact with a number of drugs (including some statins); it also 
interacts with drugs that are metabolised by p-glycoprotein (including colchicine, 
dabigatran, digoxin, sitagliptin, macrolide antibiotic, antifungals and protease 
inhibitors). By contrast, mipomersen does not exhibit such interactions. 
Lomitapide is also associated with signifi cant gastrointestinal adverse effects and 
increases in hepatic fat levels [ 53 ]. Mipomersen is expected to cost $176,000/
year. In comparison, lomitapide is expected to be more expensive, at an estimated 
$250,000/year or more and additionally has a pregnancy category X (i.e. positive 
evidence of human fetal risk based on adverse reaction data, and the risks involved 
in use of the drug in pregnant women clearly outweigh potential benefi ts) from the 
FDA. Furthermore, weekly apheresis costs approximately $208,00/year (exclud-
ing costs of travel to apheresis sites) [ 52 ]. Based on current data, it is estimated 
that almost half of the LDL apheresis patients could avoid apheresis with the addi-
tion of mipomersen [ 54 ]. 

   Table 7.3    Principal contraindications, adverse reactions and drug interactions (Adapted from [ 56 ,  57 ])   

  Contraindications  
 Moderate or severe hepatic impairment 
 Acute liver disease 
  Adverse reactions  
 Injection-site reactions 
 Infl uenza-like symptoms 
 Nausea 
 Headache 
 Angina 
 Palpitations 
 Elevated transaminase levels 
 Hepatic steatosis 
  Drug interactions  
 No clinically relevant drug interactions with warfarin, simvastatin or ezetimibe 
  Advantages  
 Pregnancy category B 
  Disadvantages  
 Subcutaneous administration 
 Elimination half-life of 1–2 months 
 Boxed warning for hepatotoxicity 
 REMS program 
 Must be refrigerated 
 Not yet evaluated in patients receiving LDL apheresis or in paediatric patients; use in these 
settings is not recommended 
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 Ultimately, the long-term outcomes of mipomersen treatment are unclear. Long- 
term data are required to justify the cardiovascular benefi t and hepatic safety profi le 
of mipomersen.   

    Conclusion 

 Statins and mipomersen have different pharmacodynamic effects on lipid metabo-
lism which makes the combination rational for the treatment of refractory hyper-
cholesterolaemia. The complementary mechanisms of action, whereby statins 
increase LDL catabolism and mipomersen inhibits apoB synthesis, provide a good 
basis for combination treatment. The effi cient dose-dependent reduction in plasma 
LDL cholesterol concentrations achieved by mipomersen therapy is highly signifi -
cant. However, the risk of hepatic steatosis and injection-site reactions continues to 
remain a concern that bears on the clinical use of this agent. Studies of longer dura-
tion with greater numbers of participants are needed to investigate the signifi cance 
of the sequelae of hepatic transaminase elevation and hepatic triglyceride accumula-
tion. It is important to investigate whether accumulation of liver fat over time pro-
gresses to hepatic infl ammation, cirrhosis and liver failure. This is important if 
mipomersen is extended to more common lipid disorders, such as mixed hyperlipi-
daemias in the setting of diabetes or insulin resistance that are per se associated with 
steatohepatitis. Despite the favourable effects of mipomersen on Lp(a), the cardio-
vascular benefi t of treating elevated Lp(a) remains untested. New formulations of 
mipomersen that do not cause injection-site reactions are essential to increase the 
acceptability of this form of therapy by patients. The cost of mipomersen also needs 
to be lowered substantially. 

 Further studies of combination therapy with ezetimibe bile acid sequestrants, 
fi brates and including apheresis are required. Balancing the appropriateness of 
mipomersen therapy in respect of effi cacy, acceptability and cost-effectiveness is 
fundamental and remains to be fully established.     
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