Published in WWW.ENDOTEXT.ORG © 2018


Cholesterol Lowering Drugs

Kenneth R Feingold MD, Professor of Medicine, University of California- San Francisco; San Francisco VA Medical Center, Metabolism 111F, VA Medical Center, 4150 Clement St, San Francisco, CA 94121, Kenneth.feingold@ucsf.edu 
Carl Grunfeld MD, PhD, Professor of Medicine, University of California- San Francisco; Chief of the Metabolism and Endocrine Section and Associate Chief of Staff for Research and Development- San Francisco VA Medical Center, Metabolism 111F, VA Medical Center, 4150 Clement St, San Francisco, CA 94121

Updated December 5, 2018

[bookmark: _Hlk531771497]ABSTRACT

There are currently six different classes of drugs available for lowering cholesterol levels. There are currently seven HMG-CoA reductase inhibitors (statins) approved for lowering cholesterol levels and they are the first line drugs for treating lipid disorders and can lower LDL cholesterol levels by as much as 60%. Statins also are effective in reducing triglyceride levels in patients with hypertriglyceridemia. Statins lower LDL levels by inhibiting HMG-CoA reductase activity leading to decreases in hepatic cholesterol content resulting in an up-regulation of hepatic LDL receptors, which increases the clearance of LDL. The major side effects are muscle complications and an increased risk of diabetes. The different statins have varying drug interactions. Ezetimibe lowers LDL cholesterol levels by approximately 20% by inhibiting cholesterol absorption by the intestines leading to the decreased delivery of cholesterol to the liver, a decrease in hepatic cholesterol content, and an up-regulation of hepatic LDL receptors. Ezetimibe is very useful as add on therapy when statin therapy is not sufficient or in statin intolerant patients. Ezetimibe has few side effects. Bile acid sequestrants lower LDL cholesterol by10-30% by decreasing the absorption of bile acids in the intestine which decreases the bile acid pool consequently stimulating the synthesis of bile acids from cholesterol leading to a decrease in hepatic cholesterol content and an up-regulation of hepatic LDL receptors. Bile acid sequestrants can be difficult to use as they decrease the absorption of multiple drugs, may increase triglyceride levels, and cause constipation and other GI side effects. They do improve glycemic control in patients with diabetes, which is an additional benefit. PCSK9 monoclonal antibodies lower LDL cholesterol by 50-60% by binding PCSK9, which decreases the degradation of LDL receptors. PCSK9 inhibitors also decrease Lp(a) levels. PCSK9 inhibitors are very useful when maximally tolerated statin therapy does not reduce LDL sufficiently and in statin intolerant patients. PCSK9 inhibitors have very few side effects. Mipomersen and lomitapide are approved for lowering LDL levels in patients with Homozygous Familiar Hypercholesterolemia. Mipomersen is a second-generation apolipoprotein anti-sense oligonucleotide that decreases apolipoprotein B synthesis resulting in a reduction in the formation and synthesis of VLDL. Lomitapide inhibits microsomal triglyceride transfer protein decreasing the formation of chylomicrons in the intestine and VLDL in the liver. Both mipomersen and lomitapide have the potential to cause liver toxicity and therefore they were approved with a risk evaluation and mitigation strategy (REMS) to reduce risk.  

INTRODUCTION

This chapter will discuss the currently available drugs for lowering total cholesterol levels, especially LDL cholesterol: statins, ezetimibe, bile acid sequestrants, PCSK9 inhibitors, lomitapide, and mipomersen. We will not discuss the effect of lifestyle changes or food additives, such as phytosterols, on LDL cholesterol as this is addressed in detail in the chapter entitled “Lifestyle Changes: Effect of Diet, Exercise, Functional Food, and Obesity Treatment, on Lipids and Lipoproteins” (1). Additionally, we will not discuss guidelines for determining who to treat, how aggressively to treat, or targets of treatment as these issues are discussed in detail in the chapter entitled “Risk Assessment and Guidelines for the Management of High Blood Cholesterol” (2).

STATINS

Introduction

In the 1970s Dr. Akira Endo, working at Sankyo, discovered that compounds isolated from fungi inhibited the activity of HMG-CoA reductase, a key enzyme in the synthesis of cholesterol (3). Further studies at Merck led to the development of the first HMG-CoA reductase inhibitor, lovastatin, approved in 1987 for the treatment of hypercholesterolemia (4). There are currently seven HMG-CoA reductase inhibitors (statins) approved in the United States for lowering cholesterol levels. Three statins are derived from fungi (lovastatin, simvastatin, and pravastatin) and four statins are synthesized (atorvastatin, rosuvastatin, fluvastatin, and pitavastatin). Most of these statins are now generic drugs and therefore they are relatively inexpensive. Which particular statin one elects to use may depend on the degree of cholesterol lowering needed and the potential of drug-drug interactions. Statins are the first line drugs for treating lipid disorders and therefore one of the most widely utilized class of drugs. Statins have revolutionized the field of preventive cardiology and make an important contribution to the reduction in atherosclerotic cardiovascular events. 

Effect on Statins on Lipid and Lipoprotein Levels

The major effect of statins is lowering LDL cholesterol levels. The effect of the various statins at different doses on LDL cholesterol levels is shown in Table 1. As can be seen in Table 1 different statins have varying abilities to lower LDL cholesterol with maximal reductions of approximately 60% seen with rosuvastatin 40mg. Doubling the dose of a statin results in an approximate 6% further decrease in LDL cholesterol levels. The percent reduction in LDL cholesterol levels is similar in patients with high and low starting LDL cholesterol levels but the absolute decrease is greater if the starting LDL cholesterol is high. Because of this profound ability of statins to lower LDL cholesterol levels, treatment with these drugs as monotherapy is often sufficient to lower LDL cholesterol below target levels. 

	Table 1: Approximate Effect of Different Doses of Statins on LDL Cholesterol Levels

	% LDL Reduction
	Simvastatin
  (Zocor)
	Atorvastatin
   (Lipitor)
	Lovastatin
(Mevacor)
	Pravastatin
(Pravachol)
	Fluvastatin
  (Lescol)
	Rosuvastatin
   (Crestor)
	Pitavastatin
   (Livalo)

	27
	10mg
	-
	20mg
	20mg
	40mg
	-
	-

	34
	20mg
	10mg
	40mg
	40mg
	80mg
	-
	1mg

	41
	40mg
	20mg
	80mg
	80mg
	-
	-
	2mg

	48
	80mg
	40mg
	-
	-
	-
	10mg
	4mg

	54
	-
	80mg
	-
	-
	-
	20mg
	-

	60
	-
	-
	-
	-
	-
	40mg
	-


Data modified from package inserts

As would be predicted from the effect of statins on LDL cholesterol levels, statins are also very effective in lowering non-HDL cholesterol levels (LDL cholesterol is the major contributor to non-HDL cholesterol levels) (5, 6). In addition statins also lower plasma triglyceride levels (7, 8). The ability of statins to lower triglyceride levels correlates with the reduction in LDL cholesterol (8). Statins that are most efficacious in lowering LDL cholesterol are also most efficacious in lowering plasma triglyceride and VLDL cholesterol levels. Notably the percent reduction in plasma triglyceride levels is dependent on the baseline triglyceride levels (8). For example, in patients with normal triglyceride levels (<150mg/dl), simvastatin 80mg per day lowered plasma triglyceride levels by 11%. In contrast, if plasma triglyceride levels were elevated (> 250mg/dl), simvastatin 80mg per day lowered triglyceride levels by 40% (8). In patients with both elevated LDL cholesterol and triglyceride levels statin therapy can be very effective in improving the lipid profile and are therefore the first line class of drugs to treat patients with mixed hyperlipidemia unless the triglyceride levels are markedly elevated (>500-1000mg/dl). As expected, given the ability of statins to lower LDL cholesterol and triglyceride/VLDL  levels, statin therapy is very effective in lowering apolipoprotein B levels (5, 6). 

Of note despite the ability of statins to lower LDL cholesterol, non-HDL cholesterol, and apolipoprotein B levels, statins do not lower Lp(a) levels (9). Finally statins modestly increase HDL cholesterol levels (7, 10, 11). In most studies HDL cholesterol levels increase between 5-10% with statin therapy. Interestingly, while low dose atorvastatin increases HDL levels similar to other statins at high doses the effect of atorvastatin is blunted with either very modest increases or no change observed (10). 

Non-Lipid Effects of Statins

In addition to effects on lipid metabolism statins also have pleiotropic effects that may not be directly related to alterations in lipid metabolism (12). For example, statins are anti-inflammatory and consistently decrease CRP levels (13). Other pleiotropic effects of statins include anti-proliferative effects, antioxidant properties, anti-thrombosis, improving endothelial dysfunction, and attenuating vascular remodeling (12). Whether these pleiotropic effects contribute to the beneficial effects of statins in preventing cardiovascular disease is uncertain and much of the beneficial effect of statins on cardiovascular disease can be attributed to reductions in lipid levels.

Mechanism Accounting for the Statin Induced Lipid Effects

Statins are competitive inhibitors of HMG-CoA reductase, which leads to a decrease in cholesterol synthesis in the liver. This inhibition of hepatic cholesterol synthesis results in a decrease in cholesterol in the endoplasmic reticulum resulting in the movement of sterol regulatory element binding proteins (SREBPs) from the endoplasmic reticulum to the golgi where they are cleaved by proteases into active transcription factors (14). The SREBPs then translocate to the nucleus where they increase the expression of a number of genes including HMG-CoA reductase and, most importantly, the LDL receptor (14). The increased expression of HMG-CoA reductase restores hepatic cholesterol synthesis towards normal while the increased expression of the LDL receptor results in an increase in the number of LDL receptors on the plasma membrane of hepatocytes leading to the accelerated clearance of apolipoprotein B and E containing lipoproteins (LDL and VLDL) (Figure 1) (14). The increased clearance of LDL and VLDL accounts for the reduction in plasma LDL cholesterol and triglyceride levels. In patients with a total absence of LDL receptors (Homozygous Familiar Hypercholesterolemia) statin therapy is not very effective in lowering LDL cholesterol levels.
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Figure 1: Mechanism for the Decrease in LDL Levels 

In addition to lowering LDL and VLDL levels by accelerating the clearance of lipoproteins some studies have also shown that statins reduce the production and secretion of VLDL particles by the liver (15). This could contribute to the decrease in triglyceride levels. The mechanism by which statins increase HDL cholesterol levels is not clear.

Pharmacokinetics and Drug Interactions

Statins have different pharmacokinetic properties which can explain clinically important differences in safety and drug interactions (16-19). Most statins are lipophilic except for pravastatin and rosuvastatin, which are hydrophilic. Lipophilic statins can enter cells more easily but the clinical significance of this difference is not clear. Most of the clearance of statins is via the liver and GI tract (16-18). Renal clearance of statins in general is low with atorvastatin having a very low renal clearance making this particular drug the statin of choice in patients with significant renal disease. The half-life of statins varies greatly with lovastatin, pravastatin, simvastatin, and fluvastatin having a short half-life (1-3 hours) while atorvastatin, rosuvastatin, and pitavastatin having a long half-life (16-19). In patients intolerant of statins, the use of a long acting statin every other day or 2 times per week has been employed. Short acting statins are most effective when administered in the evening when HMG-CoA reductase activity is maximal while the efficacy of long acting statins is equivalent whether given in the AM or PM (20). In patients who prefer to take their statin in the morning one should use a long acting statin.

A key difference between statins is their pathway of metabolism. Simvastatin, lovastatin, and atorvastatin are metabolized by the CYP3A4 enzymes and drugs that affect the CYP3A4 pathway can alter the metabolism of these statins (16-19, 21). Fluvastatin is metabolized mainly by CYP2C9 with a small contribution by CYP2C8 (16-18, 21). Pitavastatin and rosuvastatin are minimally metabolized by the CYP2C9 pathway (16-18, 21). Pravastatin is not metabolized at all via the CYP enzyme system (16-18).

Drugs that inhibit CYP3A4 can impede the metabolism of simvastatin, lovastatin, and to a smaller extent atorvastatin resulting in high serum levels of these drugs (16-19, 21). These higher levels are associated with adverse effects particularly muscle toxicity. Drugs that inhibit CYP3A4 include intraconazole, ketoconazole, erythromycin, clarithromycin, HIV protease inhibitors (amprenavir, darunavir, fosamprenavir, indinavir, nelfinavir, ritonavir, and saquinavir), amiodarone, diltiazem, verapamil, and cyclosporine (16-19, 21). It should be noted that grapefruit juice contains compounds that inhibit CYP3A4 and the consumption of grapefruit juice can significantly increase statin blood levels (22). The inhibition of CYP3A4 by grapefruit juice is dose dependent and increases with the concentration and volume of grapefruit juice ingested. One glass of grapefruit juice everyday can influence the metabolism of statins that are metabolized by the CYP3A4 pathway (22). If a patient requires treatment with a drug that inhibits CYP3A4 the clinician has a number of options to avoid potential drug interactions. One could use a statin that is not metabolized via the CYP3A4 system such as pravastatin or rosuvastatin, one could use an alternative drug to the CYP3A4 inhibitor (for example instead of using erythromycin use azithromycin), or one could temporary suspend for a short period of time the use of the statin that is metabolized by the CYP3A4 pathway (this is particularly useful when a short course of treatment with an antifungal or antibiotic is required). Drugs that inhibit CYP2C9 do not seem to increase the toxicity of fluvastatin, pitavastatin, or rosuvastatin probably because metabolism via the CYP2C9 pathway is not a dominant pathway.

Most statins are transported into the liver and other tissues by organic anion transporting polypeptides, particularly OATP1B1 (16-18, 21). Drugs, such as clarithromycin, ritonavir, indinavir, saquinavir, and cyclosporine that inhibit OATP1B1 can increase serum statin levels thereby increasing the risk of statin muscle toxicity (16-18, 21). Fluvastatin is the statin that is least affected by OATP1B1 inhibitors. In fact fluvastatin 40mg per day has been studied in patients receiving renal transplants concomitantly treated with cyclosporine and over a five year study period the risk of myopathy or rhabdomyolysis was not increased in the fluvastatin treated patients compared to those treated with placebo (23). 

Gemfibrozil inhibits the glucuronidation of statins, which accounts for a significant portion of the metabolism of most statins (21). This can lead to the reduced clearance of statins and elevated blood levels increasing the risk of muscle toxicity (21). The only statin whose metabolism is not altered by gemfibrozil is fluvastatin (21). Notably, fenofibrate, another fibrate that has very similar effects on lipid and lipoprotein levels as gemfibrozil, does not inhibit statin glucuronidation (21). Therefore, in patients on statin therapy who also need treatment with a fibrate one should use fenofibrate and not gemfibrozil in combination with statin therapy. Studies have shown that fenofibrate combined with statins does not increase toxicity (24).

There are other drug interactions with statins whose mechanisms are unknown. For example, the lopinavir/ritonavir combination used to treat HIV increases rosuvastatin levels by 2-5 fold and atazanavir/ritonavir increases rosuvastatin levels by 2-6 fold (25-29). Similarly, the tipranavir/ritonavir combination increases rosuvastatin levels 2 fold and atorvastatin levels 8 fold (28). When HIV patients are on these drugs other statins should be used to lower LDL cholesterol levels.

Thus, despite the excellent safety record of statins, careful attention must be paid to the potential drug-drug interactions. For additional information see Kellick et al (19, 21). 

Effect of Statin Therapy on Clinical Outcomes 

A large number of studies using a variety of statins in diverse patient populations have shown that statin therapy reduces atherosclerotic cardiovascular disease. The Cholesterol Treatment Trialists have published meta-analyses derived from individual subject data. Their first publication included data from 14 trials with over 90,000 subjects (30). There was a 12% reduction in all-cause mortality in the statin treated subjects, which was mainly due to a 19% reduction in coronary heart disease deaths. Non-vascular causes of death were similar in the statin and placebo groups indicating that statin therapy and lowering LDL cholesterol did not increase the risk of death from other causes such as cancer, respiratory disease, etc. Of particular note there was a 23% decrease in major coronary events per 1 mmol/L (39mg/dl) reduction in LDL cholesterol. Decreases in other vascular outcomes including non-fatal MI, coronary heart disease death, vascular surgery and stroke were also reduced by 20-25% per 1 mmol/L (39mg/dl) reduction in LDL cholesterol. Additionally, analysis of these studies demonstrated that the greater the reduction in absolute LDL cholesterol levels the greater the decrease in cardiovascular events.  For example, while a 40mg/dl decrease in LDL cholesterol will reduce coronary events by approximately 20%, an 80mg/dl decrease in LDL cholesterol will reduce events by approximately 40%. These results support aggressive lipid lowering with statin therapy. 

Of note the decrease in the number of events begins to be seen in the first year of therapy indicating that the ability of statins to reduce events occurs relatively quickly and increases over time. The ability of statins to reduce cardiovascular events was seen in a wide diversity of patients including those with and without a history of prior cardiovascular disease, patients over age 65 and younger than age 65, males and females, and patients with and without a history of diabetes or hypertension. Additionally, the beneficial effects of statins were seen regardless of the baseline lipid levels. Subjects with elevated or low LDL cholesterol, HDL cholesterol, or triglyceride levels all had similar decreases in the relative risk of cardiovascular events.

A subsequent publication by the Cholesterol Treatment Trialists has focused on five studies with over 39,000 subjects that have compared usual vs. intensive statin therapy (31). It was noted that there was a 0.51mmol/L (20mg/dl) further reduction in LDL cholesterol in the intensively treated subjects. This further decrease in LDL cholesterol resulted in a15% reduction in cardiovascular events. The strong numerical relationship between decreases in LDL cholesterol levels and the reduction in cardiovascular events provides evidence indicating that much of the beneficial effect of statins is accounted for by lipid lowering. 

In addition, the authors added 7 additional trials to their original comparison of statin treatment vs. placebo for a total of 21 trials with over 129,000 subjects. In this larger cohort a 1mmol/L (39mg/dl) decrease in LDL was associated with a 21% reduction in major cardiovascular events. As seen previously the benefits of statin therapy were seen in a wide variety of subjects including patients older than age 75, obese patients, cigarette smokers, patients with decreased renal function, and patients with low and high HDL cholesterol levels. Additionally, a reduction of cardiovascular events with statin therapy was seen regardless of baseline LDL cholesterol levels.

A more recent meta-analysis by the Cholesterol Treatment Trialists examined the effect of statins in 27 trials that included 46,675 women and 127,474 men (32). They found that statin therapy was similarly effective in reducing cardiovascular events in both men and women. Thus, there is an overwhelming database of randomized clinical outcome trials showing the benefits of statin therapy in reducing cardiovascular disease, which, coupled with their excellent safety profile, has resulted in statins becoming a very widely used class of drugs and first line therapy for the prevention of cardiovascular disease.  

Effect of Statins Therapy on Clinical Outcomes in Specific Patient Groups

PRIMARY PREVENTION 

While there is no doubt that individuals with pre-existing cardiovascular disease require statin therapy, the use of statins for primary prevention was initially debated. There are now a large number of statin primary prevention studies. The Cholesterol Treatment Trialists reported that statin therapy was very effective in reducing cardiovascular events in subjects without a history of vascular disease and the magnitude of risk reduction was similar to subjects with a history of cardiovascular events (31). Additionally, vascular deaths were reduced by statin treatment even in subjects without a history of vascular disease. As expected, non-vascular deaths were not altered in these subjects without a history of pre-existing vascular disease. Additionally, the Cholesterol Treatment Trialists compared the benefits of statin therapy based on baseline risk of developing cardiovascular disease (<5%, ≥5% to <10%, ≥10% to <20%, ≥20% to <30%, ≥30%) (33). The proportional reduction in major vascular events was at least as big in the two lowest risk categories as in the higher risk categories indicating that subjects at low risk benefit from statin therapy. Similar to the Cholesterol Treatment Trialists analysis, a Cochrane review published in 2013 on the effect of statins in primary prevention patients reached the following conclusion: “Reductions in all-cause mortality, major vascular events, and revascularisations were found with no excess adverse events among people without evidence of CVD treated with statins” (34). Recently, an additional study (HOPE-3 trial) has been completed that focused on intermediate risk patients without cardiovascular disease. In this trial 12,705 men and women who had at least one risk factor for cardiovascular disease were randomized to 10mg rosuvastatin vs. placebo (35). Rosuvastatin treatment resulted in a 27% reduction in LDL cholesterol levels and a 24% decrease in cardiovascular events providing additional evidence that statin treatment can reduce events in primary prevention patients. It is therefore clear that statins are effective in safely reducing events in primary prevention patients. 

The key issue is “which primary prevention patients should be treated” and this is still controversial.  It should be noted that the higher the baseline risk the greater the absolute reduction in events with statin therapy. For example, in a high-risk patient with a 20% risk of developing a vascular event, a 25% risk reduction will result in a 15% risk of an event (absolute decrease of 5%). In contrast in a low risk patient with a 4% risk of developing a vascular event, a 25% risk reduction will result in a 3% risk (absolute decrease of only 1%). Thus, the absolute benefit of statin therapy over the short term will depend on the risk of developing cardiovascular disease. 

Additionally, based on the Cholesterol Treatment Trialists results the reduction in cardiovascular events is dependent on the absolute decrease in LDL cholesterol levels. Thus, the effect of statin treatment will be influenced by baseline LDL levels. For example, a 50% decrease in LDL is 80mg/dl if the starting LDL is 160mg/dl and only 40mg/dl if the starting LDL is 80mg/dl. Based on studies showing that a decrease in LDL of 1 mmol/L (40mg/dl) reduces cardiovascular events by ~20% the relative benefit of statin therapy will be greater in the patient with the starting LDL of 160mg/dl (40% decrease in events) than in the patient with the starting LDL of 80mg/dl (20% decrease in events). Thus, decisions on treatment need to factor in both relative risk and baseline LDL levels. 

Finally, it should be recognized that clinical trials represent short term reductions in LDL cholesterol levels (typically 2-5 years) in a disorder that begins early in life and progresses over decades. Life-long decreases in LDL cholesterol levels due to genetic polymorphisms are associated with a much greater reduction in cardiovascular events than would be expected based on the clinical trial results (36). These results suggest that earlier and longer lasting therapy that decreases LDL cholesterol levels will result in a greater reduction in cardiovascular events (37). 

ELDERLY

The Cholesterol Treatment Trialists reported that cardiovascular events were reduced by 22% in subjects age 65 years or younger, 22% in subjects 66 to 75 years old, and 16% for those older than 76 years for every 1mmol/L (39mg/dl) decrease in LDL cholesterol (31). The Cholesterol Treatment Trialists results included both primary and secondary prevention trials and there has been questions of whether the benefit of statins applied to primary prevention in the elderly patients. In a meta-analysis of eight randomized controlled trials focusing on primary prevention of cardiovascular disease in subjects ≥65 years of age (n= 25,952), it was reported that statins significantly reduced the risks of composite major adverse cardiovascular events (RR 0.82, 95% CI 0.74-0.92 (38). A meta-analysis of the Jupiter trial and HOPE trial, two primary prevention trials, examined the effect of statin therapy on patients over 70 years of age (n=8,781) (39). A 26% reduction in nonfatal myocardial infarction, nonfatal stroke, or cardiovascular death was observed (HR, 0.74; 95% CI, 0.61–0.91; P=0.0048).

Thus, current data indicate that statin induced reductions in LDL cholesterol will decrease cardiovascular events in the elderly. The STAtins in Reducing Events in the Elderly (STAREE) study is currently recruiting 10,000 healthy men and women over 70 years of age in Australia who will be randomized to atorvastatin 40mg per day or placebo (NCT: 02099123). The results of this study will provide further information on the role of statin therapy in the elderly. Unfortunately, studies on the very old (>80-85 year) are not available. For additional information on lipid lowering in the elderly see the chapter entitled “Management of Dyslipidemia in the Elderly” (40). 

WOMEN

As noted above a recent meta-analysis by the Cholesterol Treatment Trialists examined the effect of statins in 27 trials that included 46,675 women and 127,474 men (32). They found that statin therapy was similarly effective in reducing cardiovascular events in both men and women. 

ASIANS

Pharmacokinetic data have shown that the serum levels of statins are higher in Asians than in Caucasians (41). Moreover, Asians achieve similar LDL lowering at lower statin doses than Caucasians (41). Therefore, the statin dose used should be lower in Asians. For example, the starting dose of rosuvastatin is 5mg in Asians as compared to 10mg in Caucasians. Additionally, the maximum recommended dose of statin is lower in Japan vs. the United States (Table 2). In contrast, studies suggest that South Asian patients may be treated with atorvastatin and simvastatin at doses typically applied to white patients (42).

	Table 2: Maximum Statin Dose in Japan and United States

	Statin
	Japan
	United States

	Atorvastatin
	40
	80

	Fluvastatin
	60
	80

	Pravastatin
	20
	80

	Rosuvastatin
	20
	40

	Simvastatin
	20
	40


 
DIABETES

Statin trials, including both primary and secondary prevention trials, have consistently shown the beneficial effect of statins on cardiovascular disease in patients with diabetes (43). The Cholesterol Treatment Trialists analyzed data from 18,686 subjects with diabetes (mostly type 2 diabetes) from 14 randomized trials (44). In the statin treated group there was a 9% decrease in all-cause mortality, a 13% decrease in vascular mortality, and a 21% decrease in major vascular events per 1mmol/L (39mg/dl) reduction in LDL cholesterol. The beneficial effect of statin therapy was seen in both primary and secondary prevention patients. The effect of statin treatment on cardiovascular events in patients with diabetes was similar to that seen in non-diabetic subjects. It should be noted that while the data for patients with type 2 diabetes is robust, the number of patients with type 1 diabetes in these trials is relatively small and the results less definitive. Also, of note is that information on young patients with diabetes (< age 40) is very limited. Thus, these studies indicate that statins are beneficial in reducing cardiovascular disease in patients with diabetes. For addition details on the treatment of dyslipidemia in patients with diabetes see the chapter entitled “Diabetes and Dyslipidemia” (43).

RENAL DISEASE

The Cholesterol Treatment Trialists examined the effect of renal function on statin effectiveness. They reported that the relative risk reduction for cardiovascular events was similar if the eGFR was < 60ml/min as compared to > 90 or 60-90 (31). In a follow-up analysis it was reported that the relative risk reduction per 1mMol/l (~39mg/dl) decrease in LDL cholesterol levels with statin therapy was 0·78 for an eGFR ≥60 mL/min, 0·76 for an eGFR 45 to <60 mL/min, 0·85 for an eGFR 30 to <45 mL/min, and 0·85 for an eGFR <30 mL/min in patients not on dialysis (45). In patients on dialysis the relative risk reduction was 0·94 (99% CI 0·79-1·11). Similarly, a meta-analysis of 57 studies with >143,000 participants with renal disease not on dialysis reported a 31 % reduction in major cardiovascular events in statin treated subjects compared to placebo groups (46). Thus, in patients with renal disease not on dialysis, treatment with statins is beneficial and should be utilized in this population at high risk for vascular disease.

In contrast to the above results, studies examining the role of statins in dialysis patients have not found a benefit from statin therapy. The Deutsche Diabetes Dialyse Studie (4D) randomized 1255 type 2 diabetic subjects on hemodialysis to either 20 mg atorvastatin or placebo (47). The LDL-cholesterol reduction was similar to that seen in non-dialysis patients but there was no significant reduction in cardiovascular death, nonfatal myocardial infarction, or stroke in the atorvastatin treated compared to the placebo group. Similarly, A Study to Evaluate the Use of Rosuvastatin in Subjects on Regular Hemodialysis (AURORA) randomized 2776 subjects on hemodialysis to rosuvastatin 10 mg or placebo (48). Again, the LDL-cholesterol lowering in dialysis patients was similar to that seen in other studies but there was no significant effect on the primary endpoint of cardiovascular death, nonfatal myocardial infarction, or stroke. A meta-analysis of 25 studies involving 8289 dialysis patients found no benefit of statin therapy on major cardiovascular events, cardiovascular mortality, all-cause mortality, or myocardial infarction, despite efficacious lipid lowering. The reason for the failure of statins in patients on maintenance dialysis is unclear but could be due to a number of factors including the possibility that the marked severity of atherosclerosis in end stage renal disease may limit reversal, that different mechanisms of atherosclerosis progression occurs in dialysis patients (for example an increased role for inflammation, oxidation, or thrombosis), or that cardiovascular events in this patient population may not be due to atherosclerosis. We would recommend continuing statin therapy in patients on dialysis who have been previously treated with statins but not initiating therapy in the rare statin naïve patient beginning dialysis.

Statins are primarily metabolized in the liver and therefore the need to adjust the statin dose is not usually needed in patients with renal disease until the eGFR is < 30ml/min. The effect of renal dysfunction on statin clearance varies from statin to statin (49). For some statins such as atorvastatin, there is no need to adjust the dose in renal disease because there is limited renal clearance (49). However, for other statins it is recommended to adjust the dose in patients when the eGFR is < 30ml/min. In patients with an eGFR < 30ml/min the maximum dose of rosuvastatin is 10mg, simvastatin 40mg, pitavastatin 2mg, pravastatin 20mg, lovastatin 20mg, and fluvastatin 40mg per day (49).

For additional information on the treatment of dyslipidemia in patients with renal disease see the chapter entitled “Dyslipidemia in Chronic Kidney Disease” (49).

CONGESTIVE HEART FAILURE 

In the Corona study 5011 patients with systolic heart failure were randomly assigned to receive 10 mg of rosuvastatin or placebo per day (50). While rosuvastatin treatment reduced LDL cholesterol levels by 45% compared to placebo, rosuvastatin did not decrease death from cardiovascular causes, nonfatal myocardial infarction, or nonfatal stroke. Similarly, the GISSI-HF trial randomized 4574 patients with congestive heart failure to 10mg of rosuvastatin or placebo (51). The primary endpoints were time to death, and time to death or admission to hospital for cardiovascular reasons and these were similar in the statin and placebo groups Why statin treatment was not beneficial in patients with congestive heart failure is unknown.

LIVER DISEASE 

Many patients with liver disease, particularly those with nonalcoholic fatty liver disease (NAFLD), are at high risk for cardiovascular disease and therefore require statin therapy (52). There have been concerns that these patients would not tolerate statin therapy and that statin therapy would worsen their underlying liver disease. Fortunately, there are now studies of statin therapy in patients with abnormal liver function tests and underlying liver disease at baseline (52-54). With a variety of statins, studies have demonstrated no significant worsening of liver disease and in fact several studies have suggested improvement in liver function tests with statin therapy (54). This is true for patients with hepatitis C, NAFLD/NASH, and primary biliary cirrhosis. Additionally, in the GREACE trial, statin treatment reduced cardiovascular events in patients with moderately abnormal liver function tests (transaminases < 3x the upper limit of normal) (55). Thus, in patients with mild liver disease without elevations in bilirubin or abnormalities in synthetic function, statins are safe and reduce the risk of cardiovascular disease.  

For additional information on the treatment of dyslipidemia in patients with liver disease see the chapter entitled “Lipid and Lipoprotein Metabolism in Liver Disease” (52)

Statin Side Effects

DIABETES 

After many years of statin use it was recognized that statins increase the risk of developing diabetes. In a meta-analysis of 13 trials with over 90,000 subjects, there was a 9% increase in the incidence of diabetes during follow-up among subjects receiving statin therapy (56). All statins appear to increase the risk of developing diabetes. In comparisons of intensive vs. moderate statin therapy, Preiss et al observed that patients treated with intensive statin therapy had a 12% greater risk of developing diabetes compared to subjects treated with moderate dose statin therapy (57). Older subjects, obese subjects, and subjects with high glucose levels were at a higher risk of developing diabetes while on statin therapy (43). Thus, statins may be unmasking and accelerating the development of diabetes that would have occurred naturally in these subjects at some point in time. In patients without risk factors for developing diabetes, treatment with statins does not appear to increase the risk of developing diabetes. 

In patients with diabetes, an analysis of 9 studies with over 9,000 patients with diabetes reported that the patients randomized to statin therapy had a 0.12% higher A1c than the placebo group indicating that statin therapy is associated with only a very small increase in A1c levels in patients with diabetes that is unlikely to be clinically significant (58). Individual studies, such as CARDS and the Heart Protection Study, have also shown only a very modest effect of statins on A1c levels in patients with diabetes (59, 60). 

The mechanism by which statins increase the risk of developing diabetes is unknown. A study has demonstrated that a polymorphism in the gene for HMG-CoA reductase that results in a decrease in HMG-CoA reductase activity and a small decrease in LDL levels is also associated with an increase in body weight and plasma glucose and insulin levels (61). Additionally, a cross sectional study that compared the change in BMI in individuals on statins to individuals not on statins observed an increased BMI in the subjects taking statins (+1.3 in stain users vs. + 0.4 in non-users over a 10 year period; p=0.02) (62). These observations suggest that the inhibition of HMG-CoA reductase per se may be leading to the statin induced increased risk of diabetes via weight gain. However, a large number of studies have now shown that polymorphisms in a variety of different genes that lead to a decrease in LDL cholesterol levels are associated with an increase in diabetes suggesting that decreases in LDL cholesterol levels per se alter glucose metabolism and increase the risk of diabetes (63). How decreased LDL cholesterol levels effect glucose metabolism is unknown. Clearly further studies are required to understand the mechanisms by which statins increase the risk of developing diabetes. 

In balancing the benefits and risks of statin therapy it is important to recognize that an increase in plasma glucose levels is a surrogate marker for an increased risk of developing micro and macrovascular disease (i.e. an increase in plasma glucose per se is not an event but rather increases the risk of future events). In contrast, statin therapy is preventing actual clinical events that cause morbidity and mortality. Furthermore, it may take many years for an elevated blood glucose to induce diabetic complications while the reduction in cardiovascular events with statin therapy occurs relatively quickly. Patients on statin therapy, particularly those with risk factors for the development of diabetes, should be periodically screened for the development of diabetes with measurement of fasting glucose levels or A1c levels.

CANCER

Analysis of 14 trials with over 90,000 subjects by the Cholesterol Clinical Trialists did not demonstrate an increased risk of cancer or any specific cancer with statin therapy (30). An update with an analysis of 27 trials with over 174,000 participants also did not observe an increase in cancer incidence or death (32). Additionally, no differences in cancer rates were observed with any particular statin.

COGNITIVE DYSFUNCTION 

Several randomized clinical trials have examined the effect of statin therapy on cognitive function and have not indicated any increased risk (64-66). The Prosper Trial was designed to determine whether statin therapy will reduce cardiovascular disease in older subjects (age 70-82) (67). In this trial cognitive function was assessed repeatedly and no difference in cognitive decline was found in subjects treated with pravastatin compared to placebo (67, 68). In the Heart Protection Study over 20,000 patients were randomized to simvastatin 40mg or placebo and again no significant differences in cognitive function was observed between the statin vs. placebo group (69). Additionally, a Cochrane review examined the effect of statin therapy in patients with established dementia and identified 4 studies with 1154 participants (70). In this analysis no benefit or harm of statin therapy on cognitive function could be demonstrated in this high-risk group of patients. Thus, while the FDA has mandated warnings regarding statin induced cognitive dysfunction, randomized clinical trials do not indicate a significant association.

LIVER DISEASE 

It was in initially thought that statins induced liver dysfunction and it was recommended that liver function tests be routinely obtained while patients were taking statins. However, studies have now shown that the risk of liver function test abnormalities in patients taking statins is very small (53). For example, in a survey of 35 randomized studies involving > 74,000 subjects, elevations in transaminases were seen in 1.4% of statin treated subjects and 1.1% of controls (71). Similarly, in a meta-analysis of > 49,000 patients from 13 placebo controlled studies, the incidence of transaminase elevations greater than three times the upper limit of normal was 1.14% in the statin group and 1.05% in the placebo group (72). Moreover, even when the transaminase levels are elevated, repeat testing often demonstrates a return towards normal levels (73). The increases in transaminase levels with statin therapy are dose related with high doses of statins leading to more frequent elevations (74). At this time, routine monitoring of liver function tests in patients taking statins is no longer recommended. However, obtaining baseline liver function tests prior to starting statin therapy is indicated (53). If liver function tests are obtained during statin treatment, one should not be overly concerned with modestly elevated transaminase levels (less than 3x the upper limit of normal) (53). If the transaminase is greater than 3x the upper limit of normal the test should be repeated and if it remains > 3x the upper limit of normal, statin therapy should be stopped and the patient evaluated (53).

A more clinically important issue is whether statins lead to an increased risk of liver failure. Studies have suggested that the incidence of liver failure in patients taking statins is very similar to the rate observed in the general population (approx. 1 case per 1 million patient years) (75, 76). Thus, statin therapy causing serious liver injury is a very rare event. 

MUSCLE 

The most common side effect of statin therapy is muscle symptoms. These can range from life threatening rhabdomyolysis to myalgias (Table 3) (77).

	Table 3: Spectrum of Statin Induced Muscle Disorders (Adapted from J. Clinical Lipidology 8:S58-71, 2014)

	Myalgia- aches, soreness, stiffness, tenderness, cramps with normal CK levels

	Myopathy- muscle weakness with or without increased CK

	Myositis- muscle inflammation

	Myonecrosis- mild (CK >3x ULN); moderate (CK> 10x ULN); severe (CK> 50x ULN)

	Rhabdomyolysis- myonecrosis with myoglobinuria or acute renal failure



Many patients will discontinue the use of statins due to muscle symptoms. Risk factors associated with an increased incidence of statin associated muscle symptoms are listed in Table 4 (78, 79). 

	Table 4: Risk factors for Statin Myopathy

	Medications that alter statin metabolism

	Older age

	Female

	Hypothyroidism

	Excess alcohol

	Vitamin D deficiency

	History of muscle disorders

	Renal disease

	Liver disease

	Personal or family history of statin intolerance

	Low BMI

	Polymorphism in SLCO1B1 gene

	High dose statin

	Drug-drug interactions



In most randomized clinical trials, the incidence of myalgia was similar in the statin and placebo groups (see table 5) (80). For example, in the AFCAPS/TexCAPS trial in the 3,301 subjects treated with 20-40mg lovastatin, 2,053 reported musculoskeletal symptoms (81). However, in the 3,301 subjects in the placebo group 1,971 also reported musculoskeletal symptoms. Similarly, in the Jupiter trial, where 18,902 subjects were randomized to rosuvastatin 20mg per day or placebo 16% of the subjects treated with rosuvastatin had muscle symptoms (82). However, in the placebo group muscle symptoms occurred in 15.4% of subjects. 
                                                        
	Table 5: Muscle Disorders in Randomized Controlled Statin Trials

	
	Myalgia %
	Myopathyb %      
	Rhabdomyolysisc %


	Trial
	Drug
	Dose
	Sa
	Pa
	S
	P
	S
	P

	4S
	Simva
	20-40
	3.7
	3.2
	0.05
	0
	0
	0

	WOSCOPS
	Prava
	40
	3.5
	3.7
	0
	0
	0
	0

	HPS
	Simva
	40
	NR
	NR
	0.07
	0.02
	0.04
	0.01

	PROSPER
	Prava
	40
	1.2
	1.1
	0
	0
	0
	0

	CARDS
	Atorva
	10
	4.0
	4.8
	0
	0
	0
	0

	ASPEN
	Atorva
	10
	3.0
	1.6
	0
	0
	0.08
	0.08

	SPARCL
	Atorva
	80
	5.5
	6.0
	0.3
	0.3
	0.1
	0.1

	JUPITER
	Rosuva
	20
	7.9
	6.9
	0.1
	0.1
	0.01
	0


a- S= statin, P= placebo; b- muscle pain of weakness with CK > 10x ULN; c- myopathy with CK > 40x ULN and/or renal impairment; d- HPS asked about muscle symptoms at each visit

While the results of the randomized trials suggest that muscle symptoms are not induced by statin therapy, in typical clinical settings a significant percentage of patients are unable to tolerate statins due to muscle symptoms (in many studies as high as 5-25% of patients) (83-85). Recently there was a randomized trial that explored the issue of myopathy with statin therapy in great detail (86). In this trial the effect of atorvastatin 80mg a day vs. placebo for 6 months on creatine kinase (CK), exercise capacity, and muscle strength was studied in 420 healthy, statin-naive subjects. Atorvastatin treatment led to a modest increase in CK levels (20.8U/L) with no change observed in the placebo group. None of the subjects had an elevation of CK > 10x the upper limits of normal. There were no changes in muscle strength or exercise capacity with atorvastatin treatment. However, myalgia was reported in 19 subjects (9.4%) in the atorvastatin group compared to 10 subjects (4.6%) in the placebo group (p=0.05).  In this study “myalgia” was considered to be present if all of the following occurred: (1) subjects reported new or increased muscle pain, cramps, or aching not associated with exercise; (2) symptoms persisted for at least 2 weeks; (3) symptoms resolved within 2 weeks of stopping the study drug; and (4) symptoms reoccurred within 4 weeks of restarting the study medication. Notably these myalgias were not associated with elevated CK levels. In the atorvastatin group the myalgias tended to occur soon after therapy (average 35 days) whereas in the placebo group myalgias occur later (average 61 days). In the atorvastatin group the symptoms were predominantly localized to the legs and included aches, cramps, and fatigue, whereas in the placebo group they were more diverse including whole body fatigue, foot cramps, worsening of pain in previous injuries, and groin pain. A number of conclusions can be reached from this study. First, statin treatment does in fact increase the incidence of myalgias. Second, a substantial number of patients treated with placebo will also develop myalgias. Third, clinically differentiating statin induced myalgias from placebo induced myalgias is difficult, as there are no specific symptoms, signs, or biomarkers that clearly distinguish between the two.  It should be recognized that the patient population typically treated with statins (patients 50-80 years of age) often have muscle symptoms in the absence of statin therapy and it is therefore difficult to be certain that the muscle symptoms described by the patient are actually due to statin therapy.

In a very small study in the Annals of Internal Medicine eight patients with “statin related myalgia” were re-challenged with statin or placebo and there were no statistically significant differences in the recurrence of myalgias on the statin or placebo (87). This approach has been expanded upon in two larger studies. In 120 patients with “statin induced myalgia” patients were randomized in a double blinded crossover trial to either simvastatin 20mg per day or placebo and the occurrence of muscle symptoms was determined (88). Only 36% of these patients were confirmed to actually have statin induced myalgia (presence of symptoms on simvastatin without symptoms on placebo). In a similar study, Nissen and colleagues studied 491 patients with “statin induced myalgia” treating with either atorvastatin 20mg per day or placebo in a double-blind crossover trial (89). In this trial 42.6% of patients were confirmed to have statin induced muscle symptoms. Thus, while statin induced myalgias are a real entity careful studies have shown that in the majority of patients with “statin induced muscle symptoms” the symptoms are not actually due to statin therapy. In the clinic it is difficult to be certain whether the muscle symptoms are actually due to true statin intolerance or to other factors. The approach to treating these patients will be discussed later in this chapter (Treatment of Stain Intolerant Patients). While some patients will not tolerate statin therapy due to myalgias, this side effect does not appear to result in serious morbidity or long-term consequences. 

Fortunately, the more serious muscle related side effects of statin therapy are rare (table 5). In a meta-analysis of 21 statin vs. placebo trials there was an excess risk of rhabdomyolysis of 1.6 patients per 100,000 patient years or a standardized rate of 0.016/patient years (73). Other studies report a rate of rhabdomyolysis between 0.03- 0.16 per 1,000 patient years (90). Similarly, the risk of statin induced myositis (muscle symptoms with an increase in CK 10 times the upper limits of normal) is also very low (table 5). In an analysis of 21 randomized trials myositis occurred in only 5 patients per 100,000 person years or 0.05/1000 patient years (73). The higher the dose of statin used the greater the risk of myositis and rhabdomyolysis. In a comparison of five trials that compared high dose statin vs. low dose statin there was an excess risk of rhabdomyolysis of 4 per 10,000 people treated (31). The likely basis for an increased risk of myositis or rhabdomyolysis is elevated statin blood levels, which are more likely to occur with high doses of statins. In the development of statins, manufacturers have studied higher doses that are not approved for clinical use.  For example, simvastatin and pravastatin at 160mg per day were studied but discontinued due to an increased incidence of muscle side effects (91, 92). The use of simvastatin 80mg per day, a previously approved dose, was restricted due to an increased risk of muscle side effects. Similarly, pitavastatin at doses greater than 4mg per day was investigated, but development was abandoned when an increased risk of rhabdomyolysis was observed. Along similar lines, in many of the patients that develop rhabdomyolysis, the etiology can be linked to the use of other drugs that alter statin metabolism thereby increasing statin blood levels (79). For example, prior to drug interactions being recognized the use of cyclosporine, gemfibrozil, HIV protease inhibitors, and erythromycin in conjunction with certain statins was linked with the development of rhabdomyolysis (79). Finally, common variants in SLCO1B1, which encodes the organic anion-transporting polypeptide OATP1B1, are strongly associated with an increased risk of statin-induced myopathy (93). OATP1B1 facilitates the transport of statins into the liver and certain polymorphisms are associated with an increased risk of developing statin induced muscle disorders, due to the decreased transport of statins into the liver resulting in increased blood levels (94).  The exact mechanism by which elevated blood levels induce muscle toxicity remains to be elucidated.

Recently it has been recognized that a very small number of patients taking statins develop a progressive autoimmune necrotizing myopathy, which is characterized by progressive symmetric proximal muscle weakness, elevated CK levels (typically >10x the ULN), and antibodies against HMG-CoA reductase (95). It is estimated that this occurs in 2 or 3 per 100,000 patients treated with a statin (95). This myopathy may begin soon after initiating statin therapy or develop after a patient has been on statins for many years (95). Muscle biopsy reveals necrotizing myopathy without severe inflammation (95). In contrast to the typical muscle disorders induced by statin therapy, the autoimmune myopathy progresses despite discontinuing therapy. Spontaneous improvement is not typical and most patients will need to be treated with immunosuppressive therapy (glucocorticoids plus methotrexate, azathioprine, or mycophenolate mofetil) (95). It should be recognized that this disorder can occur in individuals that have not been exposed to statin therapy (96). Statins likely potentiate the development of this disorder in susceptible individuals, perhaps by increasing HMG-CoA reductase levels.

From the above certain conclusions can be reached. First, the risk of serious muscle disorders due to statin therapy is very small, particularly if one is aware of the potential drug interactions that increase the risk. Second, the muscle toxicity is usually linked to elevated statin blood levels and the higher the dose of the statin the more likely the chance of developing toxicity. Third, myalgias in patients taking statins are very common and can be due to statin treatment. However, in the individual patient, it is very difficult to know if the myalgia is actually secondary to statin therapy and in many patients the myalgias are not due to the statin therapy. Fourth, the muscle symptoms that occur in association with statin treatment are a major reason why patients discontinue statin use and therefore better diagnostic algorithms and treatments are required to allow patients to better comply with these highly effective treatments to reduce cardiovascular disease.  

Contraindications

Statins are contraindicated in pregnant women or lactating women. In women of child bearing age birth control should be discussed and statins should be discontinued prior to conception. In addition, liver function tests should be obtained prior to initiating statin treatment and moderate to severe liver disease is a contraindication to statin therapy (53).  

Summary

An enormous data base has accumulated which demonstrates that statins are very effective at reducing the risk of cardiovascular disease and that statins have an excellent safety profile. The risk benefit ratio of treating patients with statins is very favorable and has resulted in this class of drugs being widely utilized to lower serum lipid levels and to reduce the risk of cardiovascular disease and death.
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Introduction

Ezetimibe (Zetia) inhibits the absorption of cholesterol by the intestine thereby resulting in modest decreases in LDL cholesterol levels (97). Ezetimibe is primarily used in combination with statin therapy when statin treatment alone does not lower LDL levels sufficiently. It may also be used as monotherapy to lower LDL cholesterol levels in patients with statin intolerance. Finally, it is the drug of choice in patients with the rare genetic disorder sitosterolemia (discussed in detail in the chapter “Rare Genetic Disorders Altering Lipoproteins”) (98). 

Effect of Ezetimibe on Lipid and Lipoprotein Levels

Pandor and colleagues have published a meta-analysis of ezetimibe monotherapy that included 8 studies with 2,722 patients (99). They reported that ezetimibe decreased LDL cholesterol levels by 18.6%, decreased triglyceride levels by 8.1%, and increased HDL cholesterol levels by 3% compared to placebo. In a pooled analysis by Morrone and colleagues of 27 studies with 11, 714 subjects treated with ezetimibe in combination with statin therapy similar results were observed (100). Specifically, LDL cholesterol levels were decreased by 15.1%, non-HDL cholesterol levels by 13.5%, triglycerides by 4.7%, apolipoprotein B levels by 10.8%, and HDL cholesterol levels were increased by 1.6%. The combination of a high dose potent statin plus ezetimibe can lower LDL cholesterol levels by 70% (101). The effect of ezetimibe on lipid parameters occurs quickly and can be seen after 2 weeks of treatment. In patients with Heterozygous Familial Hypercholesterolemia who have marked elevations in LDL cholesterol levels, the addition of ezetimibe to statin therapy resulted in similar changes with a further 16.5% decrease in LDL cholesterol levels (102). Thus, in comparison with statins, ezetimibe treatment produces modest decreases in LDL cholesterol levels (15-20%). In addition to these changes in lipid parameters, ezetimibe in combination with a statin decreased hs-CRP by 10-19% compared to statin monotherapy (103, 104). However, ezetimibe alone does not decrease hs-CRP levels (104).

Mechanisms Accounting for the Ezetimibe Induced Lipid Effects

NPC1L1 (Niemann-Pick C1-like 1 protein) is highly expressed in the intestine with the greatest expression in the proximal jejunum, which is the major site of intestinal cholesterol absorption (105, 106). Knock out animals deficient in NPC1L1 have been shown to have a decrease in intestinal cholesterol absorption (105). Ezetimibe binds to NPC1L1 and inhibits cholesterol absorption (97, 105, 106). In animals lacking NPC1L1, ezetimibe has no effect on intestinal cholesterol absorption, demonstrating that ezetimibe’s effect on cholesterol absorption is mediated via NPC1L1 (97, 106). Thus, a major site of action of ezetimibe is to block the absorption of cholesterol by the intestine (97, 106). Cholesterol in the intestinal lumen is derived from both dietary cholesterol (approximately 25%) and biliary cholesterol (approximately 75%); thus the majority is derived from the bile (106). As a consequence, even in patients that have very little cholesterol in their diet, ezetimibe will decrease cholesterol absorption. While ezetimibe is very effective in blocking intestinal cholesterol absorption it does not interfere with the absorption of triglycerides, fatty acids, bile acids, or fat-soluble vitamins including vitamin D and K.

When intestinal cholesterol absorption is decreased the chylomicrons formed by the intestine contain less cholesterol and thus the delivery of cholesterol from the intestine to the liver is diminished (107). This results in a decrease in the cholesterol content of the liver, leading to the activation of SREBPs, which enhance the expression of LDL receptors resulting in an increase in LDL receptors on the plasma membrane of hepatocytes (Figure 1) (107). Thus, similar to statins the major mechanism of action of ezetimibe is to decrease the levels of cholesterol in the liver resulting in an increase in the number of LDL receptors leading to the increased clearance of circulating LDL (107). In addition, the decreased cholesterol delivery to the liver may also decrease the formation and secretion of VLDL (107).

In addition to NPC1L1 expression in the intestine this protein is also expressed in the liver where it mediates the transport of cholesterol from the bile back into the liver (108). The inhibition of NPC1L1 in the liver will result in the increased secretion of cholesterol in bile and thereby could also contribute to a decrease in the cholesterol content of the liver and an increase in LDL receptor expression and a decrease in VLDL production. 

Pharmacokinetics and Drug Interactions

Following absorption by intestinal cells ezetimibe is rapidly glucuronidated. The glucuronidated ezetimibe is then secreted into the portal circulation and rapidly taken up by the liver where it is secreted into the bile and transported back to the intestine (97). This enterohepatic circulation repeatedly returns ezetimibe to its site of action (note glucuronidated ezetimibe is a very effective inhibitor of NPC1L1) (97). Additionally, this enterohepatic circulation accounts for the long duration of action of ezetimibe and limits peripheral tissue exposure (97). Ezetimibe is not significantly excreted by the kidneys and thus the dose does not need to be adjusted in patients with renal disease.

Ezetimibe is not metabolized by the P450 system and does not have many drug interactions (97). It should be noted that cyclosporine does increase ezetimibe levels.

Effect of Ezetimibe Therapy on Clinical Outcomes 

There have been a limited number of ezetimibe clinical outcome trials. Two have studied the effect of ezetimibe in combination with a statin vs. placebo making it virtually impossible to determine if ezetimibe per se has beneficial effects. However, one study has compared ezetimibe plus a statin vs. a statin alone.

SEAS TRIAL

The SEAS Trial was a randomized trial of 1873 patients with mild-to-moderate, asymptomatic aortic stenosis (109). The patients received either simvastatin 40mg per day in combination with ezetimibe 10mg per day vs. placebo daily. The primary outcome was a composite of major cardiovascular events, including death from cardiovascular causes, aortic-valve replacement, non-fatal myocardial infarction, hospitalization for unstable angina pectoris, heart failure, coronary-artery bypass grafting, percutaneous coronary intervention, and non-hemorrhagic stroke. Secondary outcomes were events related to aortic-valve stenosis and ischemic cardiovascular events. Simvastatin plus ezetimibe lowered LDL cholesterol levels by 61% compared to placebo. There were no significant differences in the primary outcome between the treated vs. placebo groups. Similarly, the need for aortic valve replacement was also not different between the treated and placebo groups. However, fewer patients had ischemic cardiovascular events in the simvastatin plus ezetimibe treated group than in the placebo group (hazard ratio, 0.78; 95% CI, 0.63 to 0.97; P=0.02), which was primarily accounted for by a decrease in the number of patients who underwent coronary-artery bypass grafting. The design of this study does not allow for one to determine if the beneficial effect on ischemic cardiovascular events typically produced by statin therapy was enhanced by the addition of ezetimibe.

SHARP TRIAL

The SHARP Trial was a randomized trial of 9270 patients with chronic kidney disease (3023 on dialysis and 6247 not on dialysis) with no known history of myocardial infarction or coronary revascularization (110). Patients were randomly assigned to simvastatin 20 mg plus ezetimibe 10 mg daily vs. placebo. The primary outcome was first major atherosclerotic event (non-fatal myocardial infarction or coronary death, non-hemorrhagic stroke, or any arterial revascularization procedure). Treatment with simvastatin plus ezetimibe resulted in a decrease in LDL cholesterol of 0·85 mmol/L (~34mg/dl). This decrease in LDL cholesterol was associated with a 17% reduction in major atherosclerotic events. In patients on hemodialysis there was a 5% decrease in cardiovascular events that was not statistically significant. Unfortunately, similar to the SEAS Trial, it is impossible to tell whether the addition of ezetimibe improved outcomes above and beyond what would occur with statin treatment alone.

IMPROVE-IT TRIAL

The IMPROVE-IT Trial tested whether the addition of ezetimibe to statin therapy would provide an additional beneficial effect in patients with the acute coronary syndrome (111). The IMPROVE-IT Trial was a large trial with over 18,000 patients randomized to simvastatin 40mg per day vs. simvastatin 40mg per day + ezetimibe 10mg per day. On treatment LDL cholesterol levels were 70mg/dl in the statin alone group vs. 54mg/dl in the statin + ezetimibe group. There was a small but significant 6.4% decrease in major cardiovascular events (cardiovascular death, MI, documented unstable angina requiring rehospitalization, coronary revascularization, or stroke) in the statin + ezetimibe group (HR 0.936 CI (0.887, 0.988) p=0.016). Cardiovascular death, non-fatal MI, or non-fatal stroke were reduced by 10% (HR 0.90 CI (0.84, 0.97) p=0.003). There was a significant 21% reduction in ischemic stroke (HR, 0.79; 95% CI, 0.67-0.94; P=0.008) and a nonsignificant increase in hemorrhagic stroke (HR, 1.38; 95% CI, 0.93-2.04; P=0.11) (112). Patients with a prior stroke were at a higher risk of stroke recurrence and the risk of a subsequent stroke was reduced by 40% (HR, 0.60; 95% CI, 0.38-0.95; P=0.030) with ezetimibe added to simvastatin therapy (112). In patients with diabetes or other high risk factors the benefits of adding ezetimibe to statin therapy was enhanced (113). In fact, patients without DM and at low or moderate risk demonstrated no benefit with the addition of ezetimibe to simvastatin (113). Similarly, patients who also had peripheral arterial disease or a history of cerebral vascular disease also had the greatest absolute benefits from the addition of ezetimibe (114). Thus, the addition of ezetimibe to statin therapy is of greatest benefit in patients at high risk (for example patients with diabetes, peripheral vascular disease, cerebrovascular disease, etc.).

The results of this study have a number of important implications. First, it demonstrates that combination therapy may have benefits above and beyond statin therapy alone. Second, it provides further support for the hypothesis that lowering LDL per se will reduce cardiovascular events. The reduction in cardiovascular events was similar to what one would predict based on the Cholesterol Treatment Trialists results. Third, it suggests that lowering LDL levels into the 50s will have benefits above and beyond lowering LDL levels to the 70mg/dl range in patients with diabetes or other factors that result in a high risk for cardiovascular events. These results have implications for determining goals of therapy and provide support for combination therapy.

Side Effects

Ezetimibe has not demonstrated significant side effects. In monotherapy trials, the effect on liver function tests was similar to placebo. In a meta-analysis by Toth et al. of 27 randomized trials in > 20,000 participants evaluating statin plus ezetimibe vs. statin alone the incidence of liver function test abnormalities was slightly greater in the combination therapy group (statin alone- 0.35% vs. statin plus ezetimibe 0.56%) (115). In contrast, Luo and colleagues in a meta-analysis of 20 randomized with > 14,000 subjects did not observe a difference in liver function tests in the ezetimibe plus statin vs. statin alone group (116). With regards to muscle side effects, a meta-analysis of seven randomized trials by Kashani and colleagues found that monotherapy with ezetimibe or ezetimibe in combination with a statin did not increase the risk of myositis compared to placebo or monotherapy with a statin (117). Similarly, Luo et al also did not observe that combination therapy with ezetimibe and a statin increased the risk of myositis (116). In a meta-analysis by Savarese et al. of 7 randomized long term studies including SEAS, SHARP, and IMPROVE-IT, the incidence of cancer was similar in patients treated with ezetimibe vs. patients not treated with ezetimibe (118). This confirms a previous study that also did not demonstrate an increased cancer risk in the three largest ezetimibe trials (119). Ezetimibe does not appear to have adverse effects on fasting glucose levels or A1c levels (120).

Thus, over many years of use ezetimibe has been shown to be a very safe drug without major side effects. 

Contraindications

Ezetimibe is contraindicated in patients with active liver disease. The use of ezetimibe during pregnancy and lactation has not been studied.  

Summary

Ezetimibe has a modest ability to lower LDL cholesterol levels and can be a very useful adjunct to statin therapy. When added to statin therapy it will lower the LDL cholesterol by an additional 15-20% which is equivalent to three titrations of the statin dose (for example adding ezetimibe is equivalent to increasing atorvastatin from 10mg to 80mg per day). Additionally, the combination of a high dose of a potent statin (rosuvastatin 40mg per day) with ezetimibe was able to lower the LDL by approximately 70%, which will allow many patients to reach their LDL goal (104). In patients intolerant of statins who either cannot take a statin or can only take low doses of a statin, ezetimibe is extremely useful in further lowering LDL cholesterol. The ease of taking ezetimibe and the lack of serious side effects make it an obvious second choice drug after statins to lower LDL.   
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Introduction

There are three bile acid sequestrants approved for use in the United States. The first bile acid sequestrant, cholestyramine (Questran), was developed in the 1950s and was the second drug available to lower cholesterol levels (niacin was the first drug). Colestipol (Colestid) was developed in the 1970s and is very similar to cholestyramine. In 2000, Colesevelam was approved. Colesevelam has enhanced binding and affinity for bile acids compared to cholestyramine and colestipol and therefore can be given in much lower doses reducing some side effects (121). Because these drugs work by binding bile acids they are most effective when taken with meals.

Effect of Bile Acid Sequestrants on Lipid and Lipoprotein Levels

The major effect of bile acid sequestrants is to lower LDL cholesterol levels in a dose dependent fashion. Depending upon the specific drug and dose the decrease in LDL cholesterol ranges from approximately 5 to 30% (121-123). The effect of monotherapy with bile acid sequestrants on LDL cholesterol levels observed in various studies is shown in table 6.

	Table 6: Effect of Bile Acid Sequestrants on LDL Cholesterol

	Drug
	LDL lowering

	Cholestyramine 4g/day
	7% decrease

	Cholestyramine 24g/day
	28% decrease

	Colestipol 4g/day
	12% decrease

	Colestipol 16g/day
	24% decrease

	Colesevelam 3.8g/day
	15% decrease

	Colesevelam 4.3g/day
	18% decrease


  
Bile acid sequestrants are typically used in combination with statins and the addition of bile acid sequestrants to statin therapy will result in a further 10% to 25% decrease in LDL cholesterol levels (121-123). Combination therapy can result in a 60% reduction in LDL cholesterol levels when high doses of potent statins are combined with high doses of bile acid sequestrants. Bile acid sequestrants will also further lower LDL cholesterol levels by as much as 18% when added to statins and ezetimibe (124). This is particularly useful in patients with Heterozygous Familial Hypercholesterolemia who can have very high LDL cholesterol levels at baseline. Additionally, in patients who are statin intolerant, the combination of a bile acid sequestrant and ezetimibe resulted in an additional 10-20% decrease in LDL cholesterol compared to either drug alone  (125, 126). Thus, both in monotherapy and in combination with other drugs that lower LDL cholesterol levels, bile acid sequestrants are very effective in lowering LDL cholesterol levels

Bile acid sequestrants have a very modest effect on HDL cholesterol levels, typically resulting in a 3-9% increase (121-123). The effect of bile acid sequestrants on triglyceride levels varies (121-123). In patients with normal triglyceride levels, bile acid sequestrants increase triglyceride levels by a small amount. However, as baseline triglyceride levels increase, the effect of bile acid sequestrants on plasma triglyceride levels becomes greater, and can result in substantial increases in triglyceride levels. In patients with triglycerides > 400mg/dl the use of bile acid sequestrants is contraindicated.

Non-Lipid Effects of Bile Acid Sequestrants

Bile acid sequestrants have been shown to reduce fasting glucose and hemoglobin A1c levels (127). Colesevelam has been most intensively studied and in a number of different studies colesevelam has decreased A1c levels by approximately 0.5-1.0% in patients also treated with a variety of glucose lowering drugs including metformin, sulfonylureas, and insulin. The Food and Drug Administration (FDA) has approved colesevelam for improving glycemic control in patients with type 2 diabetes.

Bile acid sequestrants decrease CRP. For example, Devaraj et al have shown that colesevelam decreases hs-CRP by 18% compared to placebo (128). In combination with a statin, colesevelam reduced hs-CRP levels by 23% compared to statin alone (129).  

Mechanisms Accounting for Bile Acid Sequestrants Induced Lipid Effects

Bile acid sequestrants bind bile acids in the intestine, preventing their reabsorption in the terminal ileum leading to the increased fecal excretion of bile acids (130). This decrease in bile acid reabsorption reduces the size of the bile acid pool, which stimulates the conversion of cholesterol into bile acids in the liver (130). This increase in bile acid synthesis decreases hepatic cholesterol levels leading to the activation of SREBPs that up-regulate the expression of the enzymes required for the synthesis of cholesterol and the expression of LDL receptors (130). The increase in hepatic LDL receptors results in the increased clearance of LDL from the circulation leading to a decrease in serum LDL cholesterol levels (Figure 1). Thus, similar to statins and ezetimibe, bile acids lower plasma LDL cholesterol levels by decreasing hepatic cholesterol levels, which stimulates LDL receptor production and thereby accelerates the clearance of LDL from the blood.

The key regulator of bile acid synthesis is FXR (farnesoid X receptor), a nuclear hormone receptor that forms a heterodimer with RXR to regulate gene transcription (131, 132). Bile acids down-regulate cholesterol 7α hydroxylase, the first enzyme in the bile acid synthetic pathway by several FXR mediated mechanisms. In the ileum, bile acids via FXR stimulate the production of FGF19, which is secreted into the portal vein and inhibits cholesterol 7α hydroxylase expression in the liver (131). Additionally, in the liver, bile acids activate FXR leading to the increased expression of SHP (small heterodimer partner), which inhibits the transcription of cholesterol 7α hydroxylase (132). Thus, a decrease in bile acids will lead to the decreased activation of FXR in the liver and intestines and thereby result in an increase in cholesterol 7α hydroxylase expression and the increased conversion of cholesterol to bile acids resulting in a decrease in hepatic cholesterol content.

Decreased activation of FXR can also explain the adverse effects of bile acid sequestrants on triglyceride levels (133, 134). Activation of FXR increases the expression of apolipoprotein C-II, apolipoprotein A-V, and the VLDL receptor, proteins that decrease plasma triglyceride levels while decreasing the expression of apolipoprotein C-III, a protein that is associated with increases in plasma triglycerides (133, 134). Thus, activation of FXR would be expected to decrease triglyceride levels as increases in apolipoprotein C-II, apolipoprotein A-V, and the VLDL receptor and decreases in apolipoprotein C-III would reduce plasma triglyceride levels. With bile acid sequestrants the activation of FXR would be reduced and decreases in the expression of apolipoprotein C-II, apolipoprotein A-V, and the VLDL receptor and increased expression of apolipoprotein C-III would increase plasma triglyceride levels.

The mechanism by which treatment with bile acid sequestrants improves glycemic control is unclear.  

Pharmacokinetics and Drug Interactions

Bile acid sequestrants are not absorbed and not altered by digestive enzymes and thus their primary effects are localized to the intestine (121-123). It should be noted that bile acid sequestrants can indirectly have systemic effects by decreasing the reabsorption of bile acids and thereby reducing the exposure of cells to bile acids, which are biologically active compounds.

Unfortunately, in the intestine bile acid sequestrants can impede the absorption of many other drugs (121-123). This is particularly true for cholestyramine and colestipol which are used in large quantities (maximum doses- cholestyramine 24 grams per day; colestipol 30 grams per day). In contrast, colesevelam, which requires a much lower quantity of drug because of its high affinity and binding capacity for bile salts, has less of an effect on the absorption of other drugs (recommended dose of colesevelam 3.75 grams/day). Of particular note colesevelam does not interfere with absorption of statins, fenofibrate, or ezetimbe. A list of some of the drugs whose absorption is affected by cholestyramine or colestipol is shown in table 7 and a list of drugs whose absorption is affected by colesevelam is shown in table 8.

	Table 7:  Some of the Drugs Affected by Cholestyramine/Colestipol 

	Statins
	Ezetimibe
	Gemfibrozil
	Fenofibrate

	Thiazides
	Furosemide
	Spironolactone
	Digoxin

	Warfarin
	L-thyroxine
	Corticosteroids
	Vitamin K

	Cyclosporine
	Raloxifine
	NSAIDs
	Sulfonylureas

	Aspirin
	Beta blockers
	Tricyclic
	



	Table 8: Some of the Drugs Affected by Colesevelam

	L-thyroxine
	Cyclosporine
	Glimepiride
	Glipizide

	Glyburide
	Phenytoin
	Olmesartan
	Warfarin

	Oral contraceptives
	
	
	



It is currently recommended that medications should be taken either 4 hours before or 4 hours after taking bile acid sequestrants. This is particularly important with drugs that have a narrow toxic/therapeutic window, such as thyroid hormone, digoxin, or warfarin. It can be very difficult for many patients, particularly those on multiple medications, to take bile acid sequestrants given the need to separate pill ingestion. 

Cholestyramine and colestipol may also interfere with the absorption of fat-soluble vitamins. Taking a multivitamin 4 hours before or after these drugs can reduce the likelihood of a vitamin deficiency.

Effect of Bile Acid Sequestrants on Clinical Outcomes

The Lipid Research Clinics Coronary Primary Prevention Trial (LRC-CPPT) of cholestyramine vs. placebo was the first large drug study to explore the effect of specifically lowering LDL cholesterol on cardiovascular outcomes (135). LRC-CPPT was a multicenter, randomized, double-blind study in 3,806 asymptomatic middle-aged men with primary hypercholesterolemia. The treatment group received cholestyramine 24 grams per day and the control group received a placebo for an average of 7.4 years. In the cholestyramine group total and LDL cholesterol was decreased by 8.5% and 12.6% as compared to the placebo group. In the cholestyramine group there was a 19% reduction in risk (p < 0.05) of the primary end point accounted for by a 24% reduction in definite CHD death and a 19% reduction in nonfatal myocardial infarction. In addition, the incidence rates for new positive exercise tests, angina, and coronary bypass surgery were reduced by 25%, 20%, and 21%, respectively, in the cholestyramine group. The reduction in events correlated with the decrease in LDL cholesterol levels (136). Of note, compliance with cholestyramine 24 grams per day was limited with many patients taking much less than the prescribed doses. These results indicate that lowering LDL cholesterol with bile acid sequestrant monotherapy will reduce cardiovascular disease.

In addition to the LRC-CPPT clinical outcome study, two studies have examined the effect of cholestyramine monotherapy on angiographic changes in the coronary arteries. The National Heart, Lung, and Blood Institute Type II Coronary Intervention Study and the St Thomas Atherosclerosis Regression Study reported that cholestyramine decreased the progression of atherosclerosis (137, 138). There are a number of studies that have employed bile acid sequestrants in combination with other drugs and have shown a reduction in the progression of atherosclerosis or an increase in the regression of atherosclerosis but given the use of multiple drugs it is difficult to attribute the beneficial effects to the bile acid sequestrants (139-141). Unfortunately, there are no clinical outcome studies comparing statins alone vs. statins plus bile acid sequestrants.

Side Effects

Bile acid sequestrants do not have major systemic side effects as they are not absorbed and remain in the intestinal tract. However, they do cause gastrointestinal (GI) side effects (121-123). Constipation is a very common side effect and can be severe. In addition, patients will often complain of bloating, abdominal discomfort, and aggravation of hemorrhoids. Because of GI distress, a significant number of patients will discontinue therapy with bile acid sequestrants. These GI side effects are much more common with cholestyramine and colestipol compared to colesevelam, which is much better tolerated. One can reduce or ameliorate these GI side effects by increasing hydration, adding fiber to the diet (psyllium), and using stool softeners. Notably, bile acid sequestrants do not cause liver or muscle problems.

One should also be aware that bile acid sequestrants can be difficult for many patients to take. Colestipol and colesevelam pills are large and can be difficult for some patients to swallow. Additionally, patients need to take a large number of these pills (colesevelam- 6 pills per day; colestipol- as many as 16 pills per day). The granular forms of cholestyramine and colestipol do not dissolve and are ingested as a suspension in liquid. Many patients find mixing with water leads to an unpalatable mixture that is difficult to take. Sometimes mixing with fruit juice, apple sauce, mash potatoes, etc. make the mixture more palatable. The suspension form of colesevelam with either 1.875 or 3.75 grams is preferred by many patients. 

As noted, earlier bile acid sequestrants can increase triglyceride levels, particularly in patients with elevated baseline triglyceride levels. 

Contraindications 

Bile acid sequestrants usually should be avoided in patients with pre-existing GI disorders. Bile acid sequestrants are contraindicated in patients with recent or repeated intestinal obstruction and patients with plasma triglyceride levels > 400mg/dl. In contradistinction from other lipid lowering drugs, bile acid sequestrants are not contraindicated during pregnancy or lactation (category B) (142). In women of child bearing age who are planning to become pregnant bile acid sequestrants can be a good choice to lower LDL levels.

Summary

Bile acid sequestrants are useful secondary drugs for the treatment of elevated LDL cholesterol levels. They are typically used in combination with statin therapy as a second line drug or as an addition to statin plus ezetimibe therapy as a third line drug. In statin intolerant patients the combination of ezetimibe and a bile acid sequestrant is frequently employed. Bile acid sequestrants can be difficult drugs for patients to take due to GI side effects, difficulty taking the medication, and the need to avoid taking these drugs with other medications. To improve compliance with these drugs the clinician needs to spend time educating the patient on how to take these drugs and how to avoid side effects.
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Introduction

In 2015 two monoclonal antibodies that inhibit PCSK9 (proprotein convertase subtilisin kexin type 9) were approved for the lowering of LDL cholesterol levels. Alirocumab (Praluent) is produced by Regeneron/Sanofi and evolocumab (Repatha) is produced by Amgen (143, 144). Alirocumab is administered as either 75mg or 150mg subcutaneously every 2 weeks or 300mg once a month while evolocumab is administered as either 70mg subcutaneously every 2 weeks or 420mg subcutaneously once a month. 

Effect of PCSK inhibitors on Lipid and Lipoprotein Levels

There are a large number of studies that have examined the effect of PCSK9 inhibitors on lipid and lipoprotein levels. A meta-analysis of 24 studies comprising 10,159 patients reported a reduction in LDL cholesterol levels of approximately 50% and in an increase in HDL of 5-8% (145). Notably, in 12 RCTs with 6,566 patients, Lp(a) levels were reduced by 25-30% (145). It should be recognized that most LDL cholesterol lowering drugs (statins, ezetimibe, and bile acid sequestrants) do not lower Lp(a) levels. PCSK9 inhibitors have not been shown to decrease hs-CRP levels (146). 

MONOTHERAPY 

Both alirocumab and evolocumab have been studied as monotherapy vs. ezetimibe. In the Mendel-2 study patients were randomly assigned to evolocumab, placebo, or ezetimibe (147). In the evolocumab group, LDL cholesterol levels decreased by 57% while in the ezetimibe group LDL cholesterol levels decreased by 18% compared to placebo. Additionally, non-HDL cholesterol was decreased by 49%, apolipoprotein B by 47%, triglycerides by 5.3% (NS), and Lp(a) by 18.5% while HDL levels increased by 5.5% in the evolocumab treated subjects. In a study of alirocumab vs. exetimibe, LDL cholesterol levels were reduced by 47% in the alirocumab group and 16% in the ezetimibe group (148). In addition, alirocumab decreased non-HDL cholesterol by 41%, apolipoprotein B by 37%, triglycerides by 12%, and Lp(a) by 17% and increased HDL by 6%. Thus, PCSK9 monoclonal antibodies are very effective in lowering pro-atherogenic lipoproteins when used in monotherapy and have a more robust effect than ezetimibe.

IN COMBINATION WITH STATINS 

In the Odyssey Combo I study, patients on maximally tolerated statin therapy were randomized to alirocumab or placebo (149). Similar to monotherapy results, when alirocumab was added to statin therapy there was a further decrease in LDL cholesterol levels by 46%, non-HDL cholesterol by 38%, apolipoprotein B by 36%, and Lp(a) by 15% with an increase in HDL of 7% and no change in triglyceride levels. In the Odyssey Combo II study, patients on maximally tolerated statin therapy were randomized to alirocumab vs. ezetimibe (150). Alirocumab reduced LDL levels by 51% while ezetimibe reduced LDL by 21%, demonstrating that even when added to statin therapy, alirocumab has a significantly greater ability to reduce LDL cholesterol levels than ezetimibe. In Odyssey Combo II, non-HDL cholesterol levels were decreased by 42%, apolipoprotein B by 41%, triglycerides by 13%, and Lp(a) by 28% while HDL increased by 9% in the alirocumab treated group. In the Laplace-2 study, evolocumab was added to various statins used at different doses (151). It didn’t make any difference which statin was being used (atorvastatin, rosuvastatin, or simvastatin) or what dose (atorvastatin 10mg or 80mg; rosuvastatin 5mg or 40mg); the addition of evolocumab resulted in an approximately 60% further decrease in LDL cholesterol levels beyond statin alone. Additionally, the Laplace-2 trial also showed that evolocumab was much more potent than ezetimibe when added to statin therapy (evolocumab resulted in an approximately 60% decrease in LDL vs. while ezetimibe resulted in an approximately 20-25% reduction).

IN COMBINATION WITH STATINS AND EZETIMIBE  

When evolocumab was added to patients receiving atorvastatin 80mg and ezetimibe 10mg there was 48% further reduction in LDL cholesterol levels indicating that even in patients on very aggressive lipid lowering therapy the addition of a PCSK9 inhibitor can still result in a marked reduction in LDL cholesterol (152). In addition to decreasing LDL cholesterol there was also a 41% decrease in non-HDL cholesterol, a 38% decrease in apolipoprotein B, and a 19% decrease in Lp(a) when evolocumab was added to statin plus ezetimibe therapy.

PATIENTS WITH HETEROZYGOUS FAMILIAL HYPERCHOLESTEROLEMIA  

Both alirocumab and evolocumab have been tested in patients with Heterozygous Familial Hypercholesterolemia (153, 154). In the Rutherford-2 trial, evolocumab lowered LDL cholesterol by 60%, non-HDL cholesterol by 56%, apolipoprotein B by 49%, Lp(a) by 31%, and triglycerides by 22% while increasing HDL by 8% (153). In the Odyssey FH I and FH II studies, alirocumab lowered LDL cholesterol by approximately 55%, non-HDL cholesterol by ~50%, apolipoprotein B by ~43%, Lp(a) by ~19% and triglycerides by ~14% while increasing HDL by ~7% (154). Thus, in these difficult to treat patients PCSK9 monoclonal antibodies were still very effective at lowering pro-atherogenic lipoproteins.

PATIENTS WITH HOMOZYGOUS FAMILIAL HYPERCHOLESTEROLEMIA  

Evolocumab resulted in a 21-31% decrease in LDL levels compared to placebo in patients with Homozygous Familial Hypercholesterolemia (155, 156). The response to therapy appears to be dependent on the underlying genetic cause. Patients with mutations in the LDL receptor leading to the expression of defective receptors respond to therapy whereas patients with mutations leading to negative receptors have a poor response (155-157). Given the mechanism by which PCSK9 inhibitors lower LDL cholesterol levels it is not surprising that patients that do not have any functional LDL receptors will not respond to therapy (see section on Mechanism of Lipid Lowering)

STATIN INTOLERANT PATIENTS  

A number of studies have examined the effect of PCSK9 monoclonal antibodies in statin intolerant patients (myalgias) and compared the response to ezetimibe treatment (89, 158, 159). As expected, treatment with a PCSK9 inhibitor was more effective in lowering LDL cholesterol levels than ezetimibe. Importantly, muscle symptoms were less frequent in the PCSK9 treated patients than those treated with ezetimibe, indicating that PCSK9 monoclonal antibodies will be an effective treatment choice in statin intolerant patients with myalgias. 

PATIENTS WITH DIABETES  

A meta-analysis of three trials with 413 patients with type 2 diabetes found that in patients with type 2 diabetes evolocumab caused a 60% decrease in LDL cholesterol compared to placebo and a 39% decrease in LDL cholesterol compared to ezetimibe treatment (160). In addition, in patients with type 2 diabetes, evolocumab decreased non-HDL cholesterol 55% vs. placebo and 34% vs. ezetimibe) and Lp(a) (31% vs. placebo and 26% vs. ezetimibe). These beneficial effects were not affected by glycemic control, insulin use, renal function, and cardiovascular disease status. Thus, PCSK9 inhibitors are effective therapy in patients with type 2 diabetes and the beneficial effects on pro-atherogenic lipoproteins is similar to what is observed in non-diabetic patients.

PATIENTS WITH HYPERTRIGLYCERIDEMIA  

There are no studies that have examined the effect of PCSK9 monoclonal antibodies in patients with marked elevations in triglyceride levels (>400mg/dl).


Mechanism Accounting for the PCSK9 Inhibitor Induced Lipid Effects

The linkage of PCSK9 with lipoprotein metabolism was first identified by Abifadel and colleagues in 2003, when they demonstrated that certain mutations in PCSK9 could result in the phenotypic appearance of Familiar Hypercholesterolemia (161). Subsequent studies demonstrated that gain of function mutations in PCSK9 are an uncommon cause of Familiar Hypercholesterolemia (143, 144, 162). In 2005 it was shown that loss of function mutations in PCSK9 resulted in lower LDL cholesterol levels and this decrease in LDL cholesterol levels is associated with a reduction in the risk of cardiovascular events (163, 164). 

The main route of clearance of clearance of plasma LDL is via LDL receptors in the liver (165). When the LDL particle binds to the LDL receptor the LDL particle- LDL receptor complex is taken into the liver by endocytosis (165). The LDL particle and the LDL receptor then disassociate and the LDL lipoprotein particle is delivered to lysosomes where it is degraded and the LDL receptor returns to the plasma membrane (Figure 2) (165). After endocytosis LDL receptors recirculate back to the plasma membrane over 100 times. 

PCSK9 is predominantly expressed in the liver and secreted into the circulation. Once extracellular, PCSK9 can bind to the LDL receptor and alter the metabolism of the LDL receptor (166, 167). Instead of the LDL receptor recycling to the plasma membrane the LDL receptor bound to PCSK9 remains associated with the LDL particle and is delivered to the lysosomes where it is also degraded (Figure 2) (166, 167). This results in a decrease in the number of plasma membrane LDL receptors resulting in the decreased clearance of circulating LDL leading to elevations in plasma LDL cholesterol levels. 

The PCSK9 monoclonal antibodies bind PCSK9 preventing the PCSK9 from interacting with LDL receptors and thereby preventing PCSK9 from inducing LDL receptor degradation (166, 167). The decreased LDL receptor degradation results in an increase in hepatic LDL receptors on the plasma membrane leading to the increased clearance of LDL and decreases in plasma LDL cholesterol levels (168, 169). Thus, similar to statins, ezetimibe, and bile acid sequestrants, PCSK9 inhibitors are reducing plasma LDL cholesterol levels by up-regulating hepatic LDL receptors. The difference is that PCSK9 inhibitors are decreasing the degradation of LDL receptors while statins, ezetimibe, and bile acid sequestrants stimulate the production of LDL receptors.

[image: ]
Figure 2: PCSK9 Directs LDL Receptor to Degradation in Lysosome

The expression of PCSK9 is stimulated by SREBP-2 (166, 167). Statins and other drugs that lower hepatic cholesterol levels lead to the activation of SREBP-2 and thereby increase plasma PCSK9 levels (166, 167). Inhibition of PCSK9 with monoclonal antibodies is more effective in lowering plasma LDL cholesterol levels in patients on statin therapy due to the higher levels of plasma PCSK9 in these individuals.

The mechanism by which PCSK9 inhibitors reduce Lp(a) levels is unclear. It has been postulated that increasing hepatic LDL receptor levels in the setting of marked reductions in circulating LDL levels will result in the clearance of Lp(a) by liver LDL receptors (170). Whether this entirely explains the decrease in Lp(a) is unclear given that in patients with Homozygous Familiar Hypercholesterolemia the absolute LDL cholesterol levels are not profoundly reduced but Lp(a) levels still decrease.  

Pharmacokinetics and Drug Interactions

PCSK9 monoclonal antibodies are eliminated primarily by cellular endocytosis, phagocytosis, and target-mediated clearance. They are not metabolized or cleared by the liver or kidneys and therefore there is no need to adjust the dose in patients with either liver or kidney disease. There are no interactions with the cytochrome P450 system or transport proteins and thus the risk of drug-drug interactions is minimal. Currently there are no reported drug-drug interactions with PCSK9 monoclonal antibodies.

Effect of PCSK9 Inhibitors on Clinical Outcomes

There are four large outcome trials with PCSK9 inhibitors (Table 9). 
 
Table 9: PCSK9 Outcome Trials
	
	Number
	Drug
	Patient Population

	ODYSSEY
	18,924
	Alirocumab
	Post-acute coronary syndrome; LDL>70

	FOURIER
	27,564
	Evolocumab
	Stable cardiovascular disease; LDL>70

	SPIRE-1
	16,817
	Bococizumab
	High risk patients; LDL 70-100

	SPIRE-2
	10,621
	Bococizumab
	High risk patients; LDL > 100



FOURIER TRIAL

The FOURIER trial was a randomized, double-blind, placebo-controlled trial of evolocumab vs. placebo in 27,564 patients with atherosclerotic cardiovascular disease and an LDL cholesterol level of 70 mg/dl or higher who were on statin therapy (171). The primary end point was cardiovascular death, myocardial infarction, stroke, hospitalization for unstable angina, or coronary revascularization and the key secondary end point was cardiovascular death, myocardial infarction, or stroke. The median duration of follow-up was 2.2 years. Baseline LDL cholesterol levels were 92mg/dl and evolocumab resulted in a 59% decrease in LDL levels (LDL cholesterol level on treatment approximately 30mg/dl). Evolocumab treatment significantly reduced the risk of the primary end point (hazard ratio, 0.85; 95% confidence interval (CI), 0.79 to 0.92; P<0.001) and the key secondary end point (hazard ratio, 0.80; 95% CI, 0.73 to 0.88; P<0.001). The results were consistent across key subgroups, including the subgroup of patients in the lowest quartile for baseline LDL cholesterol levels (median, 74 mg/dl). Of note, a similar decrease in cardiovascular events occurred in patients with diabetes treated with evolocumab and glycemic control was not altered (172). Additionally, in patients with peripheral arterial disease evolocumab also reduced cardiovascular events (173). Further analysis has shown that in the small number of patients with a baseline LDL cholesterol level less than 70mg/dl, evolocumab reduced cardiovascular events to a similar degree as in the patients with an LDL cholesterol greater than 70mg/dl (174). The lower the on-treatment LDL cholesterol levels (down to levels below 20mg/dl), the lower the cardiovascular event rate, suggesting that greater reductions in LDL cholesterol levels will result in greater reductions in cardiovascular disease (175). Finally, the relative risk reductions with evolocumab for the cardiovascular events tended to be greater in high-risk subgroups (20% for those with a more recent MI, 18% with multiple prior MI, and 21% with residual multivessel coronary artery disease), whereas the relative risk reduction was 5% to 8% in patients without these risk factors (176). This observation suggests that certain groups of patients will derive greater benefit from the addition of a PCSK9 inhibitor.

[bookmark: _Hlk531357092]It should be noted that that the duration of the FOURIER trial was very short and it is well recognized from previous statin trials that the beneficial effects of lowering LDL cholesterol levels takes time with only modest effects observed during the first year of treatment. In the FOURIER trial the reduction of cardiovascular death, myocardial infarction, or stroke was 16% during the first year but was 25% beyond 12 months. Thus, long-term benefit may be greater than observed during the study.

SPIRE TRIALS

Two trials examined the effects of bococizumab, another PCSK9 inhibitor, on cardiovascular outcomes (177, 178). In one trial patients with cardiovascular disease or at high risk for cardiovascular disease with LDL cholesterol levels greater than 70mg/dl on statin therapy were randomized to bococizumab or placebo (SPIRE 1; n= 16,817)). In the second trial, similar patients were studied except LDL cholesterol levels were greater than 100mg/dl and some patients were statin intolerant (SPIRE 2; n= 10,621). The primary end point was nonfatal myocardial infarction, nonfatal stroke, hospitalization for unstable angina requiring urgent revascularization, or cardiovascular death. The trials were stopped early after a median follow-up of 7 months in SPIRE 1 and 12 months in SPIRE 2 due to high rates of development of antidrug antibodies, which markedly reduced the magnitude and durability of the decrease in LDL cholesterol levels (177, 178). In SPIRE 1 baseline LDL cholesterol levels were 94mg/dl while in SPIRE 2 LDL cholesterol levels were 133mg/dl. At 14 weeks LDL cholesterol levels were reduced by approximately 55% in the bococizumab treated groups. In patients with lower baseline LDL cholesterol levels (SPIRE 1) bococizumab treatment did not reduce cardiovascular events (hazard ratio, 0.99; 95% CI 0.80 to 1.22; P=0.94). However, in patients with higher LDL cholesterol levels (SPIRE 2) cardiovascular disease was reduced by bococizumab treatment (hazard ratio, 0.79; 95% CI, 0.65 to 0.97; P=0.02). In patients with Familiar Hypercholesterolemia a similar magnitude of risk reduction for cardiovascular events occurred with the PCSK9 inhibitor (179). Thus, in patients with higher LDL cholesterol levels who were treated for 12 months, lowering LDL cholesterol levels with a PCSK9 inhibitor decreased cardiovascular outcomes. Due to high rates of antidrug antibodies further development of bococizumab is not planned.

ODYSSEY TRIAL

The ODYSSEY trial was a multicenter, randomized, double-blind, placebo-controlled trial involving 18,924 patients who had an acute coronary syndrome 1 to 12 months earlier, an LDL cholesterol level of at least 70 mg/dl, a non-HDL cholesterol level of at least 100 mg/dl, or an apolipoprotein B level of at least 80 mg/dl while on high intensity statin therapy or the maximum tolerated statin dose (180). Patients were randomly assigned to receive alirocumab 75 mg every 2 weeks or matching placebo. The dose of alirocumab was adjusted to target an LDL cholesterol level of 25 to 50 mg/dl. The primary end point was a composite of death from coronary heart disease, nonfatal myocardial infarction, fatal or nonfatal ischemic stroke, or unstable angina requiring hospitalization. During the trial LDL cholesterol levels in the placebo group was 93-103mg/dl while in the alirocumab group LDL cholesterol levels were 40mg/dl at 4 months, 48mg/dl at 12 months, and 66mg/dl at 48 months (the increase with time was due to discontinuation of alirocumab or a decrease in dose). The primary endpoint was reduced by 15% in the alirocumab group (HR 0.85; 95% CI 0.78 to 0.93; P<0.001). In addition, total mortality was reduced by 15% in the alirocumab group (HR 0.85; 95% CI 0.73 to 0.98). The absolute benefit of alirocumab was greatest in patients with a baseline LDL cholesterol level greater than 100mg/dl. In patients with an LDL cholesterol level > than 100mg/dl the number needed to treat with alirocumab to prevent an event was only 16. It should be noted that similar to the other PCSK9 outcome trials the duration of this trial was very short (median follow-up 2.8 years) which may have minimized the beneficial effects. Additionally, because alirocumab 75mg every 2 weeks was stopped if the LDL cholesterol level was < 15mg/dl on two consecutive measurements the beneficial effects may have been blunted (7.7% of patients randomized to alirocumab were switched to placebo). 

SUMMARY OF OUTCOME TRIALS

It should be noted that that the duration of the PCSK9 outcome trials were relatively short and it is well recognized from previous statin trials that the beneficial effects of lowering LDL cholesterol levels takes time with only modest effects observed during the first year of treatment. In the FOURIER trial the reduction of cardiovascular death, myocardial infarction, or stroke was 16% during the first year but was 25% beyond 12 months. In the ODYSSEY trial the occurrence of cardiovascular events was similar in the alirocumab and placebo group during the first year of the study with benefits of alirocumab appearing after year one. Thus, the long-term benefits of treatment with a PCSK9 inhibitor may be greater than that observed during these relatively short-term studies.

GLAGOV TRIAL

While not an outcome trial the GLAGOV trial provides further support for the benefits of further lowering of LDL cholesterol levels with a PCSK9 inhibitor added to statin therapy (181). This trial was a double-blind, placebo-controlled, randomized trial of evolocumab vs. placebo in 968 patients presenting for coronary angiography. The primary efficacy measure was the change in percent atheroma volume (PAV) from baseline to week 78, measured by serial intravascular ultrasonography (IVUS) imaging. Secondary efficacy measures included change in normalized total atheroma volume (TAV) and percentage of patients demonstrating plaque regression. As expected, there was a marked decrease in LDL cholesterol levels in the evolocumab group (Placebo 93mg/dl vs. evolocumab 37mg/dl; p<0.001). PAV increased 0.05% with placebo and decreased 0.95% with evolocumab (P < .001) while TAV decreased 0.9 mm3 with placebo and 5.8 mm3 with evolocumab (P < .001). There was a linear relationship between achieved LDL cholesterol and change in PAV (i.e. the lower the LDL cholesterol the greater the regression in atheroma volume down to an LDL cholesterol of 20mg/dl). Additionally, evolocumab induced plaque regression in a greater percentage of patients than placebo (64.3% vs 47.3%; P < .001 for PAV and 61.5% vs 48.9%; P < .001 for TAV). 

Side Effects

The major side effect of PCSK9 monoclonal antibodies has been injection site reactions including erythema, itching, swelling, pain, and tenderness. Allergic reactions have been reported and as with any protein there is potential immunogenicity. In general side effects have been minimal, which is not surprising, as monoclonal antibodies do not typically have off target side effects. Since PCSK9 does not appear to have important functions other than regulating LDL receptor degradation, it is not surprising that inhibiting PCSK9 function has not resulted in major side effects. 

A meta-analysis of 20 randomized controlled trials with 68,123 subjects found a very modest effect on fasting glucose (mean difference 1.88 mg/dL) and A1c levels (mean difference 0.032%) and did not observe an increased risk of developing diabetes (182). It should be recognized that the duration of these trials was relatively short (median follow-up 78 weeks) and therefore further long-term studies are required. 

In the large outcome trials (ODYSSEY and FOURIER) there was no significant difference between the PCSK9 treated group vs. the placebo group with regard to adverse events (including new-onset diabetes and neurocognitive events). The only exception was the expected increase in injection-site reactions in the patients treated with a PCSK9 inhibitor. Additionally, in a subgroup of patients from the FOURIER trial a prospective study of cognitive function (EBBINGHAUS Study) was carried out and no significant differences in cognitive function was observed over a median of 19 months in the PCSK9 treated vs. placebo group (183). It should be recognized that while short-term treatment with PCSK9 inhibitors have not demonstrated any significant side effects it is possible that long-term use could lead to unexpected side-effects. 

An issue of concern is whether lowering LDL to very low levels has the potential to cause toxicity. In a number of the PCSK9 studies a significant number of patients have had LDL cholesterol levels < 25mg/dl. For example, in the Odyssey long term study 37% of patients on alirocumab had two consecutive LDL cholesterol levels below 25mg/dl and in the Osler long term study in patients treated with evolocumab 13% had values below 25mg/dl (184, 185). In these short term PCSK9 studies, toxicity from very low LDL cholesterol levels has not been observed. Additionally, in patients with Familial Hypobetalipoproteinemia LDL levels can be very low and these patients do not have any major disorders (98). Similarly, there are rare individuals who are homozygous for loss of function mutations in the PCSK9 gene and they also do not appear to have major medical issues (144). Finally, in a number of statin trials there have been patients with very low LDL cholesterol levels and an increased risk of side effects has not been  consistently observed in those patients (186-188). Thus, with the limited data available there does not appear to be a major risk of markedly lowering LDL cholesterol levels.   

Contraindications

Other than a history of a hypersensitivity to these drugs there are currently no contraindications.

Summary

PCSK9 monoclonal antibodies robustly reduce LDL cholesterol levels when used as monotherapy, in combination with statins, or when added to the combination of statins + ezetimibe. In distinction to most other cholesterol lowering drugs the PCSK9 inhibitors also decrease Lp(a) levels. Outcome studies have clearly demonstrated that decreasing LDL cholesterol levels with PCSK9 inhibitors reduces cardiovascular events. The side effect profile appears to be very favorable and there are no drug-drug interactions. The major limitation is the very high expense of these drugs, which has limited their widespread use. 

[bookmark: _Hlk531793741][bookmark: _Hlk531771755]LOMITAPIDE

Introduction

Lomitapide (Juxtapid), a selective microsomal triglyceride transfer protein inhibitor, was approved in December 2012 for lowering LDL cholesterol levels in adults with Homozygous Familial Hypercholesterolemia (189-191). As will be discussed below it lowers LDL cholesterol levels by an LDL receptor independent mechanism.

Effect on Lomitapide on Lipid and Lipoprotein Levels

The effect of lomitapide on lipid and lipoprotein levels has been studied in patients with Homozygous Familial Hypercholesterolemia. The pivotal study was a 78 week single arm open label study in 29 patients receiving treatment for Homozygous Familial Hypercholesterolemia (192). Lomitapide was initiated at 5mg per day and was up-titrated to 60mg per day based on tolerability and liver function tests. On an intention to treat basis, LDL cholesterol was decreased by 40% and apolipoprotein B by 39%. In patients who were taking lomitapide, LDL cholesterol levels were reduced by 50%. In addition to decreasing LDL cholesterol levels, non-HDL cholesterol levels were decreased by 50%, Lp(a) by 15%, and triglycerides by 45%. Interestingly HDL and apolipoprotein A-I levels were decreased by 12% and 14% respectively in this study.

The effect of lomitapide has also been studied in patients without Homozygous Familial Hypercholesterolemia. A study by Samaha and colleagues compared the effect of ezetimibe and lomitapide in patients with elevated cholesterol levels (193). Patients were treated with ezetimibe alone, lomitapide alone, or the combination of ezetimibe and lomitapide. Ezetimibe monotherapy led to a 20–22% decrease in LDL cholesterol levels, lomitapide monotherapy led to a dose dependent decrease in LDL-cholesterol levels (19% at 5.0 mg, 26% at 7.5 mg and 30% at 10 mg). Combined therapy produced a larger dose-dependent decrease in LDL cholesterol levels (35%, 38% and 46%, respectively).  Additionally, lomitapide decreased triglycerides by 10%, non-HDL cholesterol by 27%, apolipoprotein B by 24%, and Lp(a) by 17%.

The above studies demonstrate that lomitapide decreases LDL cholesterol, non-HDL cholesterol, triglycerides, and Lp(a) levels.

Mechanism Accounting for the Lomitapide Induced Lipid Effects

Lomitapide is a selective inhibitor of microsomal triglyceride transfer protein (MTP) (189-191). MTP is located in the endoplasmic reticulum of hepatocytes and enterocytes where it plays a key role in transferring triglycerides onto newly synthesized apolipoprotein B leading to the formation of VLDL and chylomicrons (194). Loss of function mutations in both alleles of MTP results in abetalipoproteinemia, which is characterized by the virtual absence of apolipoprotein B, VLDL, chylomicrons, and LDL in the plasma due to the failure of the liver and intestine to produce VLDL and chylomicrons (98). Lomitapide by inhibiting MTP activity reduces the secretion of chylomicrons by the intestine and VLDL by the liver leading to a decrease in LDL, apolipoprotein B, triglycerides, non-HDL cholesterol, and Lp(a) (189-191).  

Pharmacokinetics and Drug Interactions
 
Lomitapide is extensively metabolized in the liver by the CYP3A4 pathway (189, 190). Therefore, lomitapide is contraindicated in patients on strong CYP3A4 inhibitors and lower doses should be used in patients on weak inhibitors. Of particular note, in patients on atorvastatin the maximal dose of lomitapide is 30mg per day and lomitapide should not be used in patients taking more than 20mg of simvastatin (189, 190). Lomitapide can increase warfarin levels and therefore close monitoring is required. Finally, given the risk of liver abnormalities (see side effect section) the avoidance of alcohol or a reduction in alcohol intake is prudent.

Effect of Lomitapide on Clinical Outcomes

There are no clinical outcome trials but it is presumed that lowering LDL cholesterol levels in patients with Homozygous Familial Hypercholesterolemia will reduce cardiovascular events.

Side Effects

As expected from its mechanism of action lomitapide causes side effects in the GI tract and liver. In the GI tract diarrhea, nausea, vomiting, and dyspepsia occur very commonly (189-191). In the pivotal study in patients with Homozygous Familial Hypercholesterolemia, 90% of the patients developed GI symptoms during drug titration (192). GI side effects are potentiated by high fat meals and it is therefore recommended that dietary fat be limited. Approximately 10% of patients will discontinue lomitapide, mostly from diarrhea. Lomitapide also reduces the absorption of fat soluble vitamins and therefore patients need to take vitamin supplements (189, 190). Additionally, it may also block the absorption of essential fatty acids and it is therefore recommended that supplements of essential fatty acids also be provided (at least 200 mg linoleic acid, 210 mg alpha-linolenic acid (ALA), 110 mg eicosapentaenoic acid (EPA), and 80 mg docosahexaenoic acid (DHA) (189, 190). 

Blocking the formation of VLDL in the liver can lead to fatty liver with elevated liver enzymes (189-191). Approximately 30% of patients will develop increased transaminase levels but in the small number of patients studied this has not resulted in liver failure. After stopping the drug, the transaminases have returned to normal. Whether long term treatment with lomitapide will lead to an increase in liver disease is unknown. There is a single case of a patient with lipoprotein lipase deficiency who was treated for 13 years with lomitapide who developed steatohepatitis and fibrosis (195). To reduce the risk of liver dysfunction it is important that patients avoid or limit alcohol intake and avoid drugs that inhibit Cyp3A4 activity.

Because of the high potential risk of serious complications the FDA has mandated several measures to ensure that patients are closely followed and monitored for liver toxicity ((Risk Evaluation and Mitigation Strategy (REMS) Program) (189, 190). ALT, AST, alkaline phosphatase, and total bilirubin should be measured before initiating treatment. During the first year, liver function tests should be measured prior to each increase in dose or monthly, whichever occurs first. After the first year, liver function tests should be measured at least every 3 months and before any increase in dose.  

Contraindications

[bookmark: _Hlk531199572]Lomitapide should not be used during pregnancy and in patients with moderate or severe liver disease. In addition, it should not be used in patients on strong CYP3A4 inhibitors.

Summary
 
Lomitapide is approved only for the treatment of lipid disorders in patients with Homozygous Familiar Hypercholesterolemia. The frequent GI side effects and the potential risk of serious liver disease greatly limit the use of this drug and it should be reserved for the small number of patients in which more benign therapies are not sufficient in lowering LDL cholesterol into a reasonable range. It is used as an adjunct to other lipid lowering therapies in patients with Homozygous Familiar Hypercholesterolemia. 

MIPOMERSEN

Introduction

Mipomersen (Kynamro) is a second generation apolipoprotein B antisense oligonucleotide that was approved in January 2013 for the treatment of patients older than 12 years with Homozygous Familiar Hypercholesterolemia (190, 191, 196). It is administered as a 200mg subcutaneous injection once a week (190, 191, 196). As will be discussed below, it lowers LDL cholesterol levels by an LDL receptor independent mechanism.

Effect on Mipomersen on Lipid and Lipoprotein Levels

In the pivotal trial, 51 patients with Homozygote Familial Hypercholesterolemia on treatment were randomized to additional treatment with mipomersen (n= 34) or placebo (n=17) and followed for 26 weeks (197). Mipomersen lowered LDL cholesterol levels by 21% and apolipoprotein B levels by 24% compared to placebo.  In addition, non-HDL cholesterol was decreased by 21.6%, triglycerides by 17%, and Lp(a) by 23% while HDL and apolipoprotein A-I were increased by 11.2% and 3.9% respectively. 

Mipomersen has also been studied in patients with Heterozygous Familial Hypercholesterolemia. In a double-blind, placebo-controlled, randomized trial patients on maximally tolerated statin therapy were treated weekly with subcutaneous mipomersen 200 mg or placebo for 26 weeks (198). LDL cholesterol levels decreased by 33% in the mipomersen group compared to placebo. Additionally, mipomersen significantly reduced apolipoprotein B by 26%, triglycerides by 14%, and Lp(a) by 21% compared to placebo with no significant changes in HDL cholesterol levels. In an extension follow-up study the beneficial effects of mipomersen were maintained for at least 2 years (199).  

In a meta-analysis of 8 randomized studies with 462 subjects with either non-specified hypercholesterolemia or Heterozygous Familial Hypercholesterolemia, Panta and colleagues reported that mipomersen decreased LDL cholesterol levels by 32% compared to placebo (200). Additionally, non-HDL cholesterol was decreased by 31%, apolipoprotein B by 33%, triglycerides by 36%, and Lp(a) by 26% with no effect on HDL levels. 

Mechanism Accounting for the Mipomersen Induced Lipid Effects

Apolipoprotein B 100 is the main structural protein of VLDL and LDL and is required for the formation of VLDL and LDL (165). Familiar Hypobetalipoproteinemia is a genetic disorder due to a mutation of one apolipoprotein B allele that is characterized by very low concentrations of LDL and apolipoprotein B due to the decreased production of lipoproteins by the liver (98). Mipomersen, an apolipoprotein B antisense oligonucleotide, mimics Familiar Hypobetalipoproteinemia by inhibiting apolipoprotein B 100 production in the liver by pairing with apolipoprotein B mRNA preventing its translation (190, 191, 196). This decrease in apolipoprotein B synthesis results in a decrease in hepatic VLDL production leading to a decrease in LDL levels.

Pharmacokinetics and Drug Interactions

No significant drug interactions have been reported. Given the risk of liver abnormalities (see side effect section) the avoidance of alcohol or a reduction in alcohol intake would be prudent.

Effect of Mipomersen on Clinical Outcomes

There are no clinical outcome trials but it is presumed that lowering LDL cholesterol levels in patients with Homozygous Familial Hypercholesterolemia will reduce cardiovascular events.

Side Effects

The most common side effect is injection site reactions, which occur in 75-98% of patients and typically consist of one or more of the following: erythema, pain, tenderness, pruritus and local swelling (190, 191, 196).  Additional, influenza like symptoms, which typically occur within 2 days after an injection, occur in 30-50% of patients and include one or more of the following: influenza-like illness, pyrexia, chills, myalgia, arthralgia, malaise or fatigue which result in a substantial percentage of patients discontinuing therapy (190, 191, 196). 

A major safety concern is liver toxicity (190, 191, 196). By inhibiting VLDL formation and secretion the risk of fatty liver is increased. Fatty liver has been observed in 5-20% of patients treated with mipomersen (190, 191, 196). In 10-15% of patients treated with mipomersen increases in transaminases occur (190, 191, 196). Additionally, liver biopsies from 7 patients after a minimum of 6 months of mipomersen therapy have demonstrated the presence of fatty liver although there was no inflammation despite elevations in liver enzymes (201). Fortunately, when treatment is discontinued liver function tests and fatty liver return to normal.

Because of the high potential risk of serious complications the FDA has mandated several measures to ensure that patients are closely followed and monitored for liver toxicity (Risk Evaluation and Mitigation Strategy (REMS) Program) (190, 191, 196). Liver function should be measured prior to initiating therapy and monthly during the first year and every 3 months after the first year.

Contraindications

[bookmark: _Hlk531199540]Mipomersen is contraindicated in patients in patients with liver disease or severe renal disease. Mipomersen is not recommended for use during pregnancy or lactation. In animal studies mipomersen has not resulted in fetal abnormalities.

Summary

Mipomersen is approved only for the treatment of lipid disorders in patients with Homozygous Familiar Hypercholesterolemia. The potential risk of serious liver disease greatly limits the use of this drug and therefore it should be reserved for the small number of patients in which more benign therapies are not sufficient in lowering LDL cholesterol into a reasonable range. It is used as an adjunct to other lipid lowering therapies in patients with Homozygous Familiar Hypercholesterolemia. 

[bookmark: _Hlk531793790]APPROACH TO TREATING PATIENTS WITH HYPERCHOLESTEROLEMIA

Introduction

The issues of deciding who to treat, how aggressive to treat, and the goals of therapy are discussed in detail in the chapter “Risk Assessment and Guidelines for the Management of High Blood Cholesterol” and therefore will not be addressed in this chapter (2). Additionally, the role of life style changes to lower LDL cholesterol is discussed in great depth in chapter “Lifestyle Changes: Effect of Diet, Exercise, Functional Food, and Obesity Treatment, on Lipids and Lipoproteins” and therefore will also not be addressed here (1). Rather we will focus on how to use the drugs discussed in this chapter to treat various categories of patients. The factors to consider when deciding which drugs are appropriate to use for lowering plasma LDL cholesterol levels are; the efficacy in lowering LDL cholesterol levels, the effect on other lipid and lipoprotein levels, the ability to reduce cardiovascular events, the side effects of drug therapy, the ease of complying with the drug regimen, and the cost of the drugs. Many statins and ezetimibe are generic drugs and therefore they are relatively inexpensive. PCSK9 inhibitors are expensive (approx. $5-14,000 per year) while mipomersen, and lomitapide are very expensive drugs (>$100,000 per year). 


Isolated Hypercholesterolemia with Cardiovascular Disease

[bookmark: _Hlk531376068]In patients with isolated hypercholesterolemia and cardiovascular disease, initial drug therapy should be high dose statin therapy (atorvastatin 40-80mg or rosuvastatin 20-40mg). In patients with cardiovascular disease one should aim to lower the LDL cholesterol to below 70mg/dl or by > than 50%. Some experts based on studies comparing statin alone vs. statin + ezetimibe or statin + a PCSK9 inhibitor would recommend a more aggressive LDL goal in high risk patients (LDL cholesterol <55mg/dl). If statin therapy alone is not sufficient adding ezetimibe is a reasonable next step. Ezetimibe is easy to take, has few side effects, will modestly lower LDL cholesterol, and has been shown in combination with statins to further reduce cardiovascular events. High dose statin and ezetimibe will lower LDL cholesterol by as much as 70%, which will lower LDL cholesterol to goal in the vast majority of patients who do not have a genetic basis for their elevated LDL cholesterol levels. If the combination of statin plus ezetimibe does not lower the LDL to goal one can add a third drug. If the LDL is close to goal one could add a bile acid sequestrant such as colesevelam. If the LDL is not very close to goal one could instead use a statin plus a PCSK9 inhibitor, which together will result in marked reductions in LDL cholesterol levels. If the patient has diabetes with a moderately elevated A1c level using a bile acid sequestrant such as colesevelam instead of ezetimibe or in combination with ezetimibe could improve both glycemic control and further lower LDL levels. If the cost of PCSK9 inhibitors decrease the earlier use of these drugs will become feasible.

Isolated Hypercholesterolemia in Primary Prevention 

[bookmark: _Hlk531375710]In patients with isolated hypercholesterolemia (LDL cholesterol < 190mg/dl) without cardiovascular disease initial drug therapy is with a generic statin. The statin dose should be chosen based on the percent reduction in LDL required to lower the LDL level to below the target goal (typically < 100mg/dl) or to decrease LDL cholesterol by the desired percent. As discussed earlier, the side effects of statin therapy increase with higher doses so one should not automatically use high doses, but instead should choose a dose balancing the benefits and risks. Generic statins are inexpensive drugs and are very effective in both lowering LDL cholesterol levels and reducing cardiovascular events. Additionally, they have an excellent safety profile. If the initial statin dose does not lower LCL cholesterol sufficiently, one can then increase the dose. If the maximal statin dose does not lower LDL cholesterol sufficiently adding ezetimibe is a reasonable next step if the LDL cholesterol level is in a reasonable range and an additional 20-25% reduction in LDL will be sufficient. High dose statin and ezetimibe will lower LDL cholesterol by as much as 70%, which will lower LDL cholesterol to goal in the vast majority of patients who do not have a genetic basis for their elevated LDL cholesterol levels. If the combination of statin plus ezetimibe does not lower the LDL to goal one can add a third drug, such as colesevelam. If the patient has diabetes with a moderately elevated A1c level using colesevelam instead of ezetimibe or in combination with ezetimibe could improve both glycemic control and further lower LDL levels.

Mixed Hyperlipidemia

In patients with mixed hyperlipidemia (elevated LDL cholesterol and triglyceride levels) Initial drug therapy should also be a generic statin unless triglyceride levels are greater than 500-1000mg/dl. If triglycerides are > 500-1000mg/dl initial therapy is directed at lowering triglyceride levels (202). In addition to lowering LDL cholesterol levels, statins are also very effective in lowering triglyceride levels particularly when the triglycerides are elevated. If LDL is not lowered sufficiently ezetimibe is a reasonable next step. Bile acid sequestrants are not appropriate drugs in patients with hypertriglyceridemia. The great uncertainty is what to do when the LDL levels are at goal but the triglycerides and non-HDL cholesterol are still elevated. Should one add a fibrate, niacin, or fish oil to lower triglycerides and non-HDL cholesterol levels? At this time experts have diverse opinions but hopefully, future studies will clarify the appropriate approach. This issue is discussed in detail in the chapter on triglyceride lowering drugs (202).

Heterozygous Familial Hypercholesterolemia

In patients with Heterozygous Familial Hypercholesterolemia or other disorders with very elevated LDL cholesterol levels (>190mg/dl), high doses of a potent statin such as atorvastatin 40-80mg or rosuvastatin 20-40mg are the first step to lower LDL cholesterol levels. In many patients this will not be sufficient. If the LDL cholesterol levels are close to goal then adding ezetimibe is a reasonable next step. However, if the LDL cholesterol still needs to be markedly reduced a PCSK9 inhibitor may be a better choice as these drugs can markedly lower LDL cholesterol levels.

Statin Intolerance 

Statin intolerance is frequently due to myalgias but on occasion can be due other issues, such as increased liver or muscle enzymes, cognitive dysfunction, or other neurological disorders. The percentage of patients who are “statin intolerant” varies greatly but in clinical practice a significant number of patients have difficulty taking statins. 

As discussed earlier it can be difficult to determine if the muscle symptoms that occur when a patient is taking a statin are actually due to the statin or are unrelated to statin use. The first step in a “statin intolerant patient” is to take a careful history of the nature and location of the muscle symptoms and the timing of onset in relation to statin use to determine whether the presentation fits the typical picture for statin induced myalgias. The characteristic findings with a statin induced myalgia are shown in table 10 and findings that are not typical for statin induced myalgia are shown in table 11. The disappearance of symptoms within a few weeks of stopping statins and the reappearance after restarting statins is very suggestive of the symptoms being due to true statin intolerance. An on-line tool (htpp://too;s.acc.org/statinintolerance/#!/) and an app produced by the ACC/AHA is available. This tool characterizes patients based on 8 criteria into possible vs. unlikely to have statin induced muscle symptoms (table 12)

	Table 10: Characteristic Findings with Statin Induced Myalgia

	Symmetric

	Proximal muscles

	Muscle pain, tenderness, weakness, cramps

	Symptom onset < 4 weeks after starting statin or dose increase

	Improves within 2-4 weeks of stopping statin

	Cramping is unilateral and involves small muscles of hands and feet

	Same symptoms occur with re-challenge within 4 weeks 




	Table 11: Symptoms Atypical in Statin Induced Myalgia

	Unilateral

	Asymmetric

	Small muscles

	Joint or tendon pain

	Shooting pain, muscle twitching or tingling

	Symptom onset > 12 weeks

	No improvement after discontinuing statin



	Table 12: Diagnosis of Statin Associated Muscle Symptoms

	Symptom timing

	Symptom type

	Symptom location

	Sex

	Age

	Race/ethnicity

	CK elevation > 5 times the upper limit of normal

	Known risk factors for statin induced muscle symptoms and non-statin causes of muscle symptoms



One should also check a CK level but this is almost always in the normal range. If the CK is not elevated and the symptoms do not suggest a statin induced myalgia one can often reassure the patient and continue statin therapy. This is often successful and studies have shown that many patients that stop taking statins due to “statin induced myalgia” can be successfully treated with a statin. If the CK is elevated it should be repeated after instructing the patient to avoid exercise for 48 hours. Also, the CK levels should be compared to CK levels prior to starting therapy. If the CK remains elevated (3x upper limit of normal) the statin should be discontinued. Similarly, if the CK is normal but the symptoms are suggestive of a statin induced myalgia the statin should also be discontinued.  The next step is to determine if one can identify reversible factors that could be increasing statin toxicity (hypothyroidism, drug interactions).  If none are identified the next step after the myalgias have resolved is to try a low dose of a different statin that is metabolized by a different pathway (for example instead of atorvastatin, which is metabolized by the CYP3A4 pathway, rosuvastatin, which has a different pathway of metabolism). Because statin side effects are dose related, a low dose of a statin may often be tolerated. One can also try several different statins as sometimes a patient may tolerate one statin and not others. A meta-analysis has shown that every other day administration of statins is as effective as daily administration in lowering lipid levels and therefore is a very reasonable strategy (203). In some instances, using a long acting statin (rosuvastatin or atorvastatin) 1-3 times per week can work (we usually start with once per week and then slowly increase frequency as tolerated) (204). In these circumstances (low doses or 1-3 times per week) the reduction in LDL cholesterol may not be sufficient but one can use combination therapy with other drugs such as ezetimibe, bile acid sequestrants, or PCSK9 inhibitors to achieve LDL target goals.

Many providers have combined Coenzyme Q10 with statins to prevent statin induced myalgias. However, randomized trials with Coenzyme Q10 supplementation have not consistently shown benefit (205, 206). A recent trial, which carefully screened patients to make sure they actually had statin induced myalgias, failed to show a benefit from Coenzyme Q10 supplementation (88) It has also been recommended that vitamin D supplementation be used to prevent statin induced myalgias but there are no randomized trials demonstrating benefit (207).

If after trying various approaches a patient still has myalgias and is unable to tolerate statin therapy one needs to utilize other approaches to lower LDL levels. Similarly, if there are other reasons why a patient cannot take a statin, such as developing muscle pathology, one will also need to utilize other approaches to lower LDL levels. These patients can be treated with ezetimibe, bile acid sequestrants, or PCSK 9 inhibitors either as monotherapy or in combination to achieve LDL goals.

There are patients who will refuse statins and other drug therapy because they do not believe in taking pharmaceuticals but will take natural products. In these patients we have employed red yeast rice, which decreases LDL cholesterol because it contains a form of lovastatin (208, 209). It is effective but one should recognize that the quality control is not similar to the standards of pharmaceutical products and that there can be batch to batch variations. Furthermore, there is a risk of drug-drug interactions if used with inhibitors of CYP3A4. However, in this particular patient population, who refuses to take statins or other drugs, this can be a reasonable alternative. If a patient just refuses statins (usually based on a belief that statins are toxic) we will employ other cholesterol lowering drugs. 

CONCLUSIONS

With currently available drugs to lower LDL cholesterol levels we are now able to markedly reduce LDL cholesterol levels and achieve our LDL goals in the vast majority of patients and thereby reduce the risk of cardiovascular disease. Patients with Homozygous Familial Hypercholesterolemia and some patients with Heterozygous Familial Hypercholesterolemia still present major clinical challenges and it can be very difficult in these patients to achieve LDL goals.
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