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Abstract: Dyslipidemia is a major risk factor for cardiovascular disease (CVD), which is the leading
cause of morbidity and mortality in type 2 diabetes (T2DM). Statins have played a crucial role in its
management, but residual risk remains since many patients cannot achieve their desired low-density
lipoprotein cholesterol (LDL-C) level and up to 20% of patients are statin-intolerant, experiencing
adverse events perceived to be caused by statins, most commonly muscle symptoms. Recently,
great advances have been made in nonstatin treatment with ezetimibe, a cholesterol absorption
inhibitor, and proprotein convertase subtilisin/kexin type 9 (PCSK9) monoclonal antibodies (mAbs),
all showing a proven benefit with an excellent safety profile in cardiovascular outcome trials.
This review summarizes the key aspects and the evolving role of these agents in the management
of dyslipidemia in patients with T2DM, along with a brief introduction of novel drugs currently
in development.
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1. Introduction

Cardiovascular disease (CVD) is the leading cause of morbidity and mortality in individuals
with type 2 diabetes (T2DM) [1,2]. In the Finnish study, which showed that T2DM is a coronary
heart disease (CHD) equivalent, type 2 diabetic patients without prior myocardial infarction (MI) and
nondiabetic patients with prior MI had a similar incidence of MI and risk of CHD death. Furthermore,
when less stringent criteria for prior CHD (MI, angina pectoris, or ischemic electrocardiogram changes)
were used, T2DM carried a larger risk than prior CHD [3,4]. Diabetic dyslipidemia, characterized by
increased triglyceride (TG) level and decreased high-density lipoprotein cholesterol (HDL-C) level,
is a major risk factor for CVD. Although low-density lipoprotein cholesterol (LDL-C) level is typically
normal, small dense LDL particles, which are more atherogenic since they are more likely to undergo
glycation and oxidation, are more prevalent in T2DM [5].

CARDS (Collaborative Atorvastatin Diabetes Study) [6] and the Heart Protection Study [7]
have shown the efficacy of statins in diabetic patients, and in the Cholesterol Treatment Trialists’
meta-analysis of diabetic patients, statins reduced major vascular events by 21% and all-cause mortality
by 9% for each 38.7 mg/dL (1.0 mmol/L) reduction in LDL-C [8]. Major guidelines recommend statins
for the treatment of dyslipidemia in T2DM [2,9–12], but even with high-dose statins, 12.7% and 40.4%
of patients do not achieve LDL-C levels below 100 mg/dL and 70 mg/dL, respectively [13]. Moreover,
in clinical practice, statin-associated muscle symptoms occur in up to 20% of patients and contribute
to their discontinuation [14]. New treatment strategies are needed, and this review focuses on recent
advances in nonstatin treatment, with special attention to proprotein convertase subtilisin/kexin type
9 (PCSK9) monoclonal antibodies (mAbs).
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2. Search Strategy

We searched PubMed, ClinicalTrials.gov, and other sources for articles published in English
between 1 January 2000 and 1 April 2018, using the search terms “dyslipidemia”, “type 2 diabetes”,
“PCSK9”, “evolocumab”, and “alirocumab”. We also searched the reference lists of articles identified
by this search strategy along with manually selected articles known to the authors.

3. Nonstatin Lipid-Lowering Therapies

3.1. Ezetimibe

Ezetimibe reduces cholesterol absorption by inhibiting Niemann-Pick C1-Like 1 (NPC1L1) protein
in the small intestine and hepatocytes [15,16]. In the IMPROVE-IT (Improved Reduction of outcomes:
Vytorin Efficacy International Trial) [17], the first trial to show an improvement in cardiovascular
(CV) outcomes with the addition of a nonstatin drug to a statin, 18,144 patients who had been
hospitalized for an acute coronary syndrome (ACS) within the preceding 10 days were randomized to
simvastatin–ezetimibe combination therapy or simvastatin monotherapy. With a median follow-up
of 6 years, the addition of ezetimibe to simvastatin reduced LDL-C by 16 mg/dL and resulted in
a 6.4% reduction (32.7% vs. 34.7%; hazard ratio (HR) 0.936; 95% confidence interval (CI) 0.89–0.99;
p = 0.016) in the primary endpoint, which was a composite of CV death, MI, unstable angina requiring
hospitalization, coronary revascularization, or stroke, compared to simvastatin monotherapy (Table 1).
There were no differences in adverse events, including muscle-related events.

Table 1. Cardiovascular outcome trials of nonstatin drugs.

Variable IMPROVE-IT [17] FOURIER [18] ODYSSEY Outcomes [19]

No. of patients 18,144 27,564 18,924
No. of patients with

diabetes 4933 (27%) 11,031 (40%) [20] 5444 (29%)

Mean age (years) 64 63 58

Clinical
characteristics ACS within 10 days ASCVD and LDL-C ≥70 mg/dL or

non-HDL-C ≥100 mg/dL on statin

ACS within 12 months; LDL-C ≥70
mg/dL or non-HDL-C ≥100 mg/dL

or ApoB ≥80 mg/dL on
high-intensity statin

Intervention
Simvastatin 40 mg and

ezetimibe 10 mg vs.
simvastatin 40 mg

Evolocumab 140 mg q 2w or 420 mg q 4w
vs. placebo

Alirocumab 75–150 mg q 2w vs.
placebo

Primary endpoint
CV death, MI, stroke,

hospitalization for UA,
coronary revascularization

CV death, MI, stroke, hospitalization for
UA, coronary revascularization

CHD death, MI, ischemic stroke,
hospitalization for UA

Median f/u (years) 6 2.2 2.8
Achieved LDL-C

(mg/dL) 53.7 vs. 69.5 30 vs. 92 53.3 vs. 101.4

Primary endpoint 32.7% vs. 34.7%; HR 0.936
(95% CI 0.89–0.99); p = 0.016

9.8% vs. 11.3%; HR 0.85 (95% CI 0.79–0.92);
p < 0.001

9.5% vs. 11.1%; HR 0.85 (95% CI
0.78–0.93); p = 0.0003

3-point MACE (CV
death, MI, stroke)

22.2% vs. 20.4%; HR 0.90
(95% CI 0.84–0.96); p = 0.003

5.9% vs. 7.4%; HR 0.80 (95% CI 0.73–0.88);
p<0.001

10.3% vs. 11.9%; HR 0.86 (95% CI
0.79–0.93); p = 0.0003 *

CV death 6.8% vs. 6.9%; HR 1.00 (95%
CI 0.89–1.13); p = 1.00

1.8% vs. 1.7%; HR 1.05 (95% CI 0.88–1.25);
p = 0.62

2.5% vs. 2.9%; HR 0.88 (95% CI
0.74–1.05); p = 0.15

All-cause death 15.3% vs. 15.4%; HR 0.99
(95% CI 0.91–1.07); p = 0.78

3.2% vs. 3.1%; HR 1.04 (95% CI 0.91–1.19);
p = 0.54

3.5% vs. 4.1%; HR 0.85 (95% CI
0.73–0.98); p = 0.026

Adverse events Similar safety in both groups Injection-site reactions: 2.1% vs. 1.6%
Neutralizing antibodies: 0% in both groups

Injection site reactions: 3.8% vs. 2.1%
Neutralizing antibodies: 0.4% vs. 0.1%

ACS = acute coronary syndrome; AMI = acute myocardial infarction; ApoB = apolipoprotein B;
ASCVD = atherosclerotic cardiovascular disease; CHD = coronary heart disease; CI = confidence interval;
CV = cardiovascular; FOURIER = Further Cardiovascular Outcomes Research with PCSK9 Inhibition in Subjects
with Elevated Risk; HR = hazard ratio; HDL-C = high-density lipoprotein cholesterol; IMPROVE-IT = Improved
Reduction of outcomes: Vytorin Efficacy International Trial; LDL-C = low-density lipoprotein cholesterol;
MACE = major adverse cardiovascular events; MI = myocardial infarction; UA = unstable angina; * 3-point MACE
for all-cause death, MI, stroke.

Of the study subjects, 4933 (27%) had diabetes at baseline, and compared to patients without
diabetes, ezetimibe was associated with an enhanced benefit ((HR 0.86; 95% CI 0.78–0.94 for patients
with diabetes) vs. (HR 0.98; 95% CI 0.92–1.04 for patients without diabetes); p value = 0.023 for
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interaction) in the primary endpoint with similar safety outcomes [21]. In addition, in a prespecified
analysis which compared outcomes stratified by achieved LDL-C level at 1 month, the adjusted HRs for
the primary endpoint favored lower achieved LDL-C groups (HRs of 1.0, 0.82, 0.80, and 0.79 for LDL-C
>70, 50–69, 30–49, and <30 mg/dL, respectively; p for trend <0.001) without an increase in adverse
events [22]. These results suggest the benefit of the addition of ezetimibe in diabetic patients after an
ACS and perhaps also in patients with stable clinical atherosclerotic cardiovascular disease (ASCVD).

3.2. PCSK9 Inhibitors

In 2003, gain-of-function mutations in PCSK9 were reported as a cause of hypercholesterolemia [23].
Soon after, low LDL-C in individuals with loss-of-function mutations in PCSK9 was reported [24], and a
moderate lifelong reduction in LDL-C (15–28%) resulted in a substantial reduction in the incidence of
CHD by 47–88% [25]. Furthermore, individuals with no circulating PCSK9 and very low LDL-C due to
compound heterozygous loss-of-function mutations in PCSK9 were apparently healthy [26], making
PCSK9 inhibition a very attractive target for LDL-C-lowering therapy.

Plasma LDL-C binds to LDL receptors expressed on the surface of hepatocytes and is internalized
by endocytosis [27]. LDL receptors are usually recycled to the cell surface, but when PCSK9 binds with
LDL receptors, LDL receptors are delivered to lysosomes for degradation, resulting in lower expression
of LDL receptors and an increase in LDL-C [28]. Therapeutic approaches targeting extracellular PCSK9
(e.g., mAbs) and intracellular PCSK9 (e.g., small interfering RNAs (siRNAs)) are currently under
investigation, but mAbs have been the most successful strategy thus far [29].

3.2.1. Monoclonal Antibodies

Evolocumab and alirocumab, two subcutaneous agents currently available on the market,
have been studied in numerous populations, including familial hypercholesterolemia, diabetes,
and statin intolerance, as monotherapy and in combination with statins. In a meta-analysis of
phase 2 and 3 studies, treatment with PCSK9 mAbs reduced LDL-C by 55% [30]. Moreover,
OSLER (Open-Label Study of Long-Term Evaluation against LDL Cholesterol) 1 and 2 [31] and
ODYSSEY LONG TERM (Long-term Safety and Tolerability of Alirocumab in High Cardiovascular
Risk Patients with Hypercholesterolemia Not Adequately Controlled with Their Lipid-Modifying
Therapy) [32], which were long-term studies of 1 to 1.5 years, have shown a significant reduction in
CV events of roughly 50%. However, the number of CV events was small, and confirmation in trials
adequately powered to examine CV outcomes are eagerly awaited. The results of FOURIER (Further
Cardiovascular Outcomes Research with PCSK9 Inhibition in Subjects with Elevated Risk) [18] and
ODYSSEY Outcomes [19] have been recently reported and are discussed below.

3.2.2. Cardiovascular Outcomes Trial: FOURIER

FOURIER [18] included 27,564 patients with ASCVD and LDL-C≥ 70 mg/dL who were receiving
statin therapy. Patients were randomly assigned to evolocumab (140 mg every 2 weeks or 420 mg
monthly) or placebo, and at 48 weeks, evolocumab reduced LDL-C by 59% compared to placebo,
from a median baseline value of 92 mg/dL to 30 mg/dL. With a median follow-up of 2.2 years,
evolocumab significantly reduced the primary endpoint, which was a composite of CV death, MI,
stroke, hospitalization for unstable angina, or coronary revascularization, by 15% (9.8% vs. 11.3%;
HR 0.85; 95% CI 0.79–0.92; p < 0.001), and the key secondary endpoint, which was a composite of CV
death, MI, or stroke, by 20% (5.9% vs. 7.4%; HR 0.80; 95% CI 0.73–0.88; p < 0.001) (Table 1). Although
the magnitude of the risk reduction in the primary and key secondary endpoints appeared to grow
over time, there were no significant differences in CV death (HR 1.05; 95% CI 0.88–1.25) and all-cause
mortality (HR 1.04; 95% CI 0.91–1.19).

Diabetes was present at baseline in 11,031 (40%) patients, and in a prespecified secondary
analysis [20], similar efficacy in the primary and key secondary endpoints was observed in patients
with and without diabetes. However, since patients with diabetes had a higher baseline risk, they
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seemed to have a greater absolute risk reduction in the primary endpoint over 3 years ((2.7%; number
needed to treat 37) vs. (1.6%; number needed to treat 62); p = 0.60 for interaction). This benefit was
driven largely by a greater absolute risk reduction in coronary revascularization, and there was no
difference in the absolute risk reduction for the key secondary endpoint.

3.2.3. Cardiovascular Outcomes Trial: ODYSSEY Outcomes

ODYSSEY Outcomes [19] included 18,924 patients who had been hospitalized for an ACS 1 to
12 months prior to randomization. After a run-in period of 2 to 16 weeks on high-intensity statins,
patients with LDL-C ≥ 70 mg/dL, non-HDL-C ≥ 100 mg/dL, or apolipoprotein B ≥ 80 mg/dL
were randomized to alirocumab (75 mg every 2 weeks) or placebo. A target LDL-C level of
25 to 50 mg/dL was specified, with up-titration of alirocumab to 150 mg every 2 weeks in
patients with LDL-C ≥ 50 mg/dL and a blinded switch to placebo in patients who consistently had
LDL-C < 15 mg/dL.

In the on-treatment analysis, which excluded LDL-C values after premature treatment
discontinuation or blinded switch to placebo, alirocumab reduced LDL-C by 61% from a mean
LDL-C of 96.4 mg/dL to 42.3 mg/dL at 1 year, and by 54.7% from a mean LDL-C of 101.4 mg/dL to
53.3 mg/dL at 4 years. With a median follow-up of 2.8 years, alirocumab significantly reduced the
primary endpoint, which was a composite of CHD death, MI, ischemic stroke, or unstable angina
requiring hospitalization, by 15% (9.5% vs. 11.1%; HR 0.85; 95% CI 0.78–0.93; p = 0.0003), and the
secondary composite endpoint of all-cause death, MI, or ischemic stroke by 14% (10.3% vs. 11.9%;
HR 0.86; 95% CI 0.79–0.93; p = 0.0003) (Table 1). Although all-cause death was significantly lower with
alirocumab, there were no significant differences in CHD death and CV death.

In a prespecified secondary analysis stratified by baseline LDL-C, patients with
LDL-C ≥ 100 mg/dL appeared to gain the most benefit, with reductions in the primary and
secondary endpoints, although the p value for interaction was not significant. Roughly 30% of patients
had diabetes and considering that diabetes is associated with higher mortality after an ACS [33], a
greater absolute risk reduction might have been seen in this population, and we await the results of
further analysis.

3.2.4. Safety of Monoclonal Antibodies and Low LDL-C

Cholesterol is an essential component of all cell membranes and is critical to the maintenance of
normal cell functions, such as gonadal hormones, adrenal function, and brain function. Therefore,
theoretical concerns have been raised regarding the extremely low level of LDL-C achieved with
PCSK9 mAbs [34]. Both evolocumab and alirocumab were safe and well tolerated in FOURIER [18]
and ODYSSEY Outcomes [19], although longer follow-up periods are needed since both trials had
a relatively short follow-up period of less than 3 years. A prespecified secondary analysis of
FOURIER [35] showed a highly significant monotonic relationship between achieved LDL-C and
major CV outcomes, without a significant association with safety outcomes, which is in accordance
with the results of a secondary analysis from IMPROVE-IT [22]. Currently, evolocumab has been
studied for up to 4 years in the open-label OSLER-1 extension study and has shown a good safety
profile [36]. An open-label extension study of FOURIER is ongoing, which will investigate 6600
subjects for 5 years and will provide more information regarding its long-term safety (NCT03080935,
NCT02867813). Key adverse events are briefly discussed below.

3.2.5. Muscle-Related Events

In FOURIER [18], rates of muscle-related events were similar between evolocumab and placebo
(5.0% vs. 4.8%, respectively). Details of ODYSSEY Outcomes [19] have not been reported yet, but in
ODYSSEY LONG TERM [32], alirocumab had a higher rate of myalgia compared to placebo (5.4% vs.
2.9%, respectively).
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3.2.6. Injection Site Reactions

In FOURIER [18] and ODYSSEY Outcomes [19], injection site reactions were rare, but were
significantly more frequent with both evolocumab (2.1% vs. 1.6%) and alirocumab (3.8% vs. 2.1%)
compared to placebo.

3.2.7. Antidrug Antibodies

The development of bococizumab, a humanized mAb with approximately 3% of the murine
sequence remaining, was discontinued in part due to the development of a high rate of antidrug
antibodies which diminished the magnitude and durability of LDL-C reduction [37]. In contrast,
evolocumab and alirocumab are fully humanized mAbs, and in FOURIER [18], only 0.3% of patients
developed new antidrug antibodies, and development of neutralizing antibodies did not occur in any
patient. In ODYSSEY Outcomes [19], neutralizing antibodies developed in 0.4% and 0.1% of patients
in the alirocumab and placebo group, respectively, and slight attenuation of LDL-C lowering over time
was observed in the trial. Further analyses are needed to elucidate whether neutralizing antibodies had
a negative effect or if it was mainly due to the trial design with a specified down-titration algorithm
at low LDL-C levels. In a previous report of 4747 patients from 10 trials of alirocumab, neutralizing
antibodies were observed in 1.3% of patients, but reductions in LDL-C were maintained over time
regardless of neutralizing antibody status [38].

3.2.8. Neurocognitive Events

In FOURIER [18] and ODYSSEY Outcomes [19], there were no significant differences in
neurocognitive events for both evolocumab (1.6% vs. 1.5%) and alirocumab (1.5% vs. 1.8%) compared
to placebo. Cognitive function was prospectively assessed in a subgroup of patients from FOURIER
in EBBINGHAUS (Evaluating PCSK9 Binding Antibody Influence on Cognitive Health in High
Cardiovascular Risk Subjects) [39] using the Cambridge Neuropsychological Test Automated Battery
(CANTAB), a computerized cognitive assessment tool that uses touch-screen neuropsychological tests
of cognition that are specifically designed to assess central nervous system disorders and cognitive
function. A total of 1204 patients were followed for a median of 19 months, and there were no significant
differences in the CANTAB score between patients who received evolocumab and placebo. The ongoing
5-year extension of FOURIER includes CANTAB assessments in approximately 500 patients who had
also participated in EBBINGHAUS and will provide longer-term data regarding cognition. A clinical
trial of alirocumab is also ongoing, with prospective CANTAB assessments in 2200 patients with a
follow-up period of 2 years (NCT02957682). Lastly, a recently reported mendelian randomization
study provides reassurance, as genetic variants in PCSK9 and 3-hydroxy-3-methylglutaryl-coenzyme
A reductase (HMGCR, the target of statins) showed no causal effects of low LDL-C on the risk of
Alzheimer’s disease, Parkinson’s disease, and dementia [40].

3.2.9. New-Onset Diabetes

Meta-analyses of randomized trials have shown a dose-dependent relationship between statins
and risk of incident diabetes, with a higher risk in patients receiving intensive-dose therapy compared
with moderate-dose therapy (OR 1.12; 95% CI 1.04–1.22) [41,42]. Mendelian randomization studies
with genetic variants in PCSK9 have also shown an increased risk of diabetes [43,44], and whether
PCSK9 mAbs carry a risk of development of diabetes has been a matter of concern. In a prespecified
secondary analysis of FOURIER [20], evolocumab did not increase the risk of new-onset diabetes in
patients without diabetes at baseline (HR 1.05; 95% CI 0.94–1.17), including in those with prediabetes
(HR 1.00; 95% CI 0.89–1.13). Levels of HbA1c and fasting plasma glucose were similar between the
evolocumab and placebo groups over time in patients with diabetes, prediabetes, or normoglycemia.
In ODYSSEY Outcomes [19], alirocumab did not increase the risk of new-onset diabetes in patients



Diseases 2018, 6, 44 6 of 13

without diabetes at baseline (9.6% vs. 10.1%) and did not have an adverse effect of worsening diabetes
or diabetic complications in patients with diabetes at baseline (18.8% vs. 21.2%).

3.2.10. Cost-Effectiveness

The efficacy and safety of evolocumab and alirocumab in FOURIER [18] and ODYSSEY
Outcomes [19] are very promising, but with a hefty price tag of $14,000 per year in the United
States. Three cost-effectiveness analyses [45–47] incorporating data from FOURIER have been reported,
with an incremental cost-effectiveness ratio (ICER) of $268,600 to $450,000 per quality-adjusted life-year
(QALY), and a 60% to 70% reduction from current prices would be needed to achieve a societally
acceptable ICER of $100,000 per QALY [48].

3.2.11. Intracellular PCSK9 Inhibitors: Inclisiran

Inclisiran is a long-acting, subcutaneously delivered siRNA targeting PCSK9 messenger RNA
(mRNA) [49]. It is attached to an N-acetylgalactosamine moiety, which facilitates selective uptake into
liver cells via the asialoglycoprotein receptor [50]. After binding intracellularly to the RNA-induced
silencing complex (RISC), it specifically cleaves mRNA encoding PCSK9 [49].

In ORION-1 [51], a phase 2 study of inclisiran, 501 patients at high risk for CVD, of which 118
(24%) patients had diabetes at baseline, with elevated LDL-C despite maximum tolerated dose of
statins were randomized to receive a single dose of placebo or 200, 300, or 500 mg inclisiran or two
doses (on days 1 and 90) of placebo or 100, 200, or 300 mg inclisiran. Inclisiran reduced PCSK9 and
LDL-C levels in a dose-dependent manner, and at 6 months, LDL-C reductions of 27.9% to 41.9%
after a single dose and 35.5% to 52.6% after two doses (p < 0.001 for all comparisons vs. placebo)
were observed. The two-dose 300 mg inclisiran regimen produced the greatest reduction in LDL-C
with a mean reduction of 64.2 mg/dL from baseline, with 48% and 66% of patients achieving LDL-C
<50 mg/dL and <70 mg/dL, respectively. There seemed to be no adverse events related to inclisiran,
but 5% of patients who received inclisiran experienced injection-site reactions whereas no injection-site
reactions occurred in patients assigned to placebo.

Whether there is a clinically meaningful difference in intracellular and extracellular PCSK9
inhibition remains unknown. However, inclisiran has the advantage of a twice-yearly injection and a
lower manufacturing cost when compared with PCSK9 mAbs, which require an injection every 2 to
4 weeks with a substantial cost burden [52]. ORION-10 (NCT03399370) and ORION-11 (NCT03400800),
phase 3 studies recruiting a combined total of 3,000 patients with ASCVD and elevated LDL-C despite
maximum tolerated dose of statins, are ongoing, and ORION-4 [53], a randomized CV outcome trial of
inclisiran in 15,000 patients with stable ASCVD and LDL-C ≥ 100 mg/dL with a median follow-up of
5 years, is planned.

3.3. Bempedoic Acid

Bempedoic acid (ETC-1002) is a once-daily, orally administered prodrug that inhibits adenosine
triphosphate citrate lyase (ACL), a key enzyme upstream of HMGCR involved in the synthesis of
fatty acids and cholesterol [54,55]. It also activates 5′-adenosine monophosphate-activated protein
kinase (AMPK), reducing the activity of acetyl-CoA carboxylase (ACC) and HMGCR, the rate-limiting
enzymes of fatty acid and cholesterol synthesis, respectively [55]. The activation of AMPK also
targets phosphoenolpyruvate carboxykinase and glucose-6-phosphatase, enzymes with a crucial role
in gluconeogenesis and liver glucose production [55] and seems to have a favorable effect on glucose
regulation in animal models [56]. In the liver, the prodrug is activated by very long-chain acyl-CoA
synthetase-1 (ASCVL1), but since skeletal muscle does not express ASCVL1, it remains in its inactive
form and can potentially avoid the myotoxicity associated with statins [54].

In phase 2 clinical trials, bempedoic acid has shown significant LDL-C reductions of up to 50%
when combined with ezetimibe [57], and in patients with type 2 diabetes [56], it was associated
with a nonsignificant reduction in fasting and postprandial glucose concentrations, along with a
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nonsignificant tendency of improved glycemic control in a 24-h continuous glucose monitoring
assessment compared to placebo. A phase 3 CV outcome trial involving 12,600 high-risk patients who
are statin intolerant is ongoing (CLEAR Outcomes; NCT02993406).

3.4. Fibrates

Fibrates are agonists of peroxisome proliferator-activated receptor alpha (PPARα), mediating
transcription factors that control lipoprotein metabolism [58]. They improve the lipid profile of
diabetic dyslipidemia by decreasing TG level and increasing HDL-C level, but recent trials have
failed to show a benefit in outcomes, both with monotherapy [59] and in addition to a statin [60].
In the ACCORD (Action to Control Cardiovascular Risk in Diabetes) lipid trial [60], the addition
of fenofibrate to simvastatin in high-risk patients with T2DM did not reduce the primary endpoint,
which was a composite of MI, stroke, or CV death, with a mean follow-up of 4.7 years. However,
in a prespecified subgroup analysis, a possible benefit for patients with both a high baseline TG
level ≥ 204 mg/dL and a low baseline level of HDL-C ≤ 34 mg/dL was suggested, with similar
post hoc subgroup analysis in the FIELD (Fenofibrate Intervention and Event Lowering in Diabetes)
study [61]. PROMINENT (Pemafibrate to Reduce Cardiovascular OutcoMes by Reducing Triglycerides
IN patiENts with diabeTes; NCT03071692), a CV outcome trial of pemafibrate is currently underway,
and will investigate 10,000 patients with T2DM who have TG level ≥ 200 mg/dL and HDL-C
level ≤ 40 mg/dL despite concomitant statin therapy.

3.5. Omega 3 Fatty Acids

Omega 3 fatty acids (eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA)) decrease
TG level, but they have produced even more inconsistent results than fibrates [62]. We await the
results of two ongoing CV outcome trials, REDUCE-IT (Reduction of Cardiovascular Events with
Icosapent Ethyl-Intervention Trial; NCT01492361) and STRENGTH (A Long-Term Outcomes Study
to Assess STatin Residual Risk Reduction With EpaNova in HiGh Cardiovascular Risk PatienTs With
Hypertriglyceridemia; NCT02104817), which will evaluate the effect of omega 3 fatty acids on top of
statins in high-risk patients with mixed dyslipidemia.

4. Therapeutic Strategies for Dyslipidemia in Patients with Type 2 Diabetes

Some guidelines recommend an LDL-C treatment target, while others recommend a specific
statin intensity without an LDL-C target (Table 2) [2,9–12]. However, they all agree on statins as the
first-line treatment, and problems arise when patients cannot achieve their target LDL-C level or
are statin-intolerant. First and foremost, accurate identification of true statin intolerance is of vital
importance, since many patients are able to tolerate statins when rechallenged. Statin-associated muscle
symptoms are usually not of pharmacological origin, but rather a consequence of patient perceptions
that statins can cause muscle symptoms, combined with the high background prevalence of muscle
symptoms in middle-aged and elderly patients [14]. In GAUSS-3 (Goal Achievement After Utilizing
an Anti-PCSK9 Antibody in Statin Intolerant Subjects 3) [63], 511 patients intolerant to multiple statins
were rechallenged in a double-blinded manner with one half of the patients randomized to atorvastatin
20 mg and the other half randomized to placebo for the first 10 weeks, with subsequent crossover to
the alternate treatment group. During this rechallenge phase, 26.5% of patients experienced muscle
symptoms with placebo but not with atorvastatin, supporting the aforementioned notion, although
true statin intolerance clearly exists in some patients as 42.6% of patients experienced muscle symptoms
with atorvastatin but not with placebo.

Ezetimibe should be used in patients who fail to achieve their target LDL-C level with statins
alone or are statin-intolerant in view of the benefits proven in IMPROVE-IT [17]. We prefer ezetimibe
over PCSK9 mAbs due to its oral administration and low cost, and PCSK9 mAbs should be reserved for
very high-risk patients with clinical ASCVD and LDL-C above their target level despite concomitant
use of statins and ezetimibe. Gemfibrozil, a type of fibrate, inhibits statin glucuronidation and
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leads to the elevation of plasma statin concentration. Therefore, it should not be combined with
statins because of an increased risk of myotoxicity [64]. In contrast, fenofibrate does not have a
significant effect on statin glucuronidation, and there was no increased risk in the ACCORD lipid trial
where fenofibrate–simvastatin combination therapy was investigated [60]. The addition of fenofibrate
may be considered in high-risk patients with elevated TG level and low HDL-C level despite statin
treatment, taking into account the suggested benefit in the subgroup analyses of ACCORD lipid [60]
and FIELD [61].

Table 2. Recommendations for treatment of dyslipidemia in patients with T2DM.

(a) Guidelines with LDL-C treatment target recommendations

ASCVD (+)
ASCVD (−) and
Other CVD Risk

Factors (+)

ASCVD (−) and
Other CVD Risk

Factors (−)
Nonstatin Treatment

2017 AACE/ACE
[11] LDL-C < 55 mg/dL LDL-C < 70 mg/dL LDL-C < 100 mg/dL If LDL-C above target, consider ezetimibe.

If ASCVD (+), also consider PCSK9 mAb.

ASCVD (+)
ASCVD (−) and
Other CVD Risk

Factors (+)

ASCVD (−) and
Other CVD Risk

Factors (−)
Nonstatin Treatment

2016 ESC/EAS [10]
(2017 update on

PCSK9 mAb [65])
LDL-C < 70 mg/dL LDL-C < 70 mg/dL

(age > 40 years) LDL-C < 100 mg/dL
If LDL-C above target, consider ezetimibe.

If LDL-C > 100 mg/dL in ASCVD (+),
also consider PCSK9 mAb. *

CHD (+) CHD (−) Nonstatin Treatment

2017 JAS [12]
LDL-C <100 mg/dL

(LDL-C <70 mg/dL in
very high-risk patients)

LDL-C < 120 mg/dL
(age 40–74 years)

If LDL-C above target, consider
combination therapy (no specific drug

indicated).

(b) Guidelines with statin intensity recommendations

ASCVD (+) or LDL-C ≥ 190 mg/dL ASCVD (−) and
LDL-C 70–189 mg/dL Nonstatin Treatment

2013 ACC/AHA [9]
(2017 update on

nonstatin
treatment [66])

High-intensity statin
(moderate-intensity statin

if age > 75 years)

Moderate-intensity
statin

(age 40–75 years)

If <50% LDL-C reduction, consider
ezetimibe.

If ASCVD (+), also consider PCSK9 mAb.

ASCVD (+) ASCVD (−) Nonstatin Treatment

2018 ADA [2] High-intensity statin
Moderate-intensity

statin
(age ≥ 40 years)

If LDL-C ≥ 70 mg/dL in ASCVD (+),
consider ezetimibe or PCSK9 mAb.

AACE/ACE = American Association of Clinical Endocrinologists/American College of Endocrinology;
ACC/AHA = American College of Cardiology/American Heart Association; ADA = American Diabetes
Association; ASCVD = atherosclerotic cardiovascular disease; CAD = coronary artery disease; CVD = cardiovascular
disease; ESC/EAS = European Society of Cardiology/European Atherosclerosis Society; JAS = Japan Atherosclerosis
Society; LDL-C = low-density lipoprotein cholesterol, mAb = monoclonal antibody; PCSK9 = proprotein convertase
subtilisin/kexin type 9; * LDL-C threshold, the starting value on which treatment decisions for a PCSK9 mAb are
based, which is different from the LDL-C goal, the aim of therapeutic intervention.

5. Conclusions

Statins have been and will remain the cornerstone of treatment of dyslipidemia in patients with
diabetes. However, residual risk remains, and nonstatin treatment with ezetimibe and PCSK9 mAbs
has an evolving role with proven benefits on CV outcomes. As the most potent LDL-C-lowering agent
available on the market, PCSK9 mAbs have huge expectations, but their long-term safety remains to
be established, and their prices must come down for them to be cost-effective. Inclisiran would be
a huge addition to our arsenal especially if their market price is much cheaper than PCSK9 mAbs.
The potential of bempedoic acid to avoid the myotoxicity of statins with a favorable effect on glucose
metabolism is exciting, and we eagerly await the results of CV outcome trials of fibrates and omega
3 fatty acids to further understand the role of high TG level in CVD. We have made huge progress
but much remains to be done, and further advances to improve the care of our patients should
be anticipated.



Diseases 2018, 6, 44 9 of 13

Author Contributions: K.S. contributed to data interpretation and wrote the first draft of the manuscript.
Y.S. conceptualized the study. All authors reviewed the manuscript and approved the final version.

Funding: The authors received no specific funding for this work. Article Processing Charge was sponsored
by MDPI.

Acknowledgments: The authors thank Wendy Gray, self-employed, for English editing.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Ryden, L.; Grant, P.J.; Anker, S.D.; Berne, C.; Cosentino, F.; Danchin, N.; Deaton, C.; Escaned, J.; Hammes, H.P.;
Huikuri, H.; et al. ESC Guidelines on diabetes, pre-diabetes, and cardiovascular diseases developed in
collaboration with the EASD: The Task Force on diabetes, pre-diabetes, and cardiovascular diseases of the
European Society of Cardiology (ESC) and developed in collaboration with the European Association for the
Study of Diabetes (EASD). Eur. Heart J. 2013, 34, 3035–3087. [CrossRef] [PubMed]

2. American Diabetes Association. 9. Cardiovascular Disease and Risk Management: Standards of Medical
Care in Diabetes-2018. Diabetes Care 2018, 41, S86–S104. [CrossRef]

3. Haffner, S.M.; Lehto, S.; Ronnemaa, T.; Pyorala, K.; Laakso, M. Mortality from coronary heart disease in
subjects with type 2 diabetes and in nondiabetic subjects with and without prior myocardial infarction.
N. Engl. J. Med. 1998, 339, 229–234. [CrossRef] [PubMed]

4. Juutilainen, A.; Lehto, S.; Ronnemaa, T.; Pyorala, K.; Laakso, M. Type 2 diabetes as a “coronary heart disease
equivalent”: An 18-year prospective population-based study in Finnish subjects. Diabetes Care 2005, 28,
2901–2907. [CrossRef] [PubMed]

5. Verges, B. Pathophysiology of diabetic dyslipidaemia: Where are we? Diabetologia 2015, 58, 886–899.
[CrossRef] [PubMed]

6. Colhoun, H.M.; Betteridge, D.J.; Durrington, P.N.; Hitman, G.A.; Neil, H.A.; Livingstone, S.J.; Thomason, M.J.;
Mackness, M.I.; Charlton-Menys, V.; Fuller, J.H. Primary prevention of cardiovascular disease with
atorvastatin in type 2 diabetes in the Collaborative Atorvastatin Diabetes Study (CARDS): Multicentre
randomised placebo-controlled trial. Lancet 2004, 364, 685–696. [CrossRef]

7. Collins, R.; Armitage, J.; Parish, S.; Sleigh, P.; Peto, R. MRC/BHF Heart Protection Study of
cholesterol-lowering with simvastatin in 5963 people with diabetes: A randomised placebo-controlled
trial. Lancet 2003, 361, 2005–2016. [PubMed]

8. Kearney, P.M.; Blackwell, L.; Collins, R.; Keech, A.; Simes, J.; Peto, R.; Armitage, J.; Baigent, C.
Efficacy of cholesterol-lowering therapy in 18,686 people with diabetes in 14 randomised trials of statins:
A meta-analysis. Lancet 2008, 371, 117–125. [CrossRef] [PubMed]

9. Stone, N.J.; Robinson, J.G.; Lichtenstein, A.H.; Bairey Merz, C.N.; Blum, C.B.; Eckel, R.H.; Goldberg, A.C.;
Gordon, D.; Levy, D.; Lloyd-Jones, D.M.; et al. 2013 ACC/AHA guideline on the treatment of blood
cholesterol to reduce atherosclerotic cardiovascular risk in adults: A report of the American College of
Cardiology/American Heart Association Task Force on Practice Guidelines. J. Am. Coll. Cardiol. 2014, 63,
2889–2934. [CrossRef] [PubMed]

10. Catapano, A.L.; Graham, I.; De Backer, G.; Wiklund, O.; Chapman, M.J.; Drexel, H.; Hoes, A.W.; Jennings, C.S.;
Landmesser, U.; Pedersen, T.R.; et al. 2016 ESC/EAS Guidelines for the Management of Dyslipidaemias.
Eur. Heart J. 2016, 37, 2999–3058. [CrossRef] [PubMed]

11. Jellinger, P.S.; Handelsman, Y.; Rosenblit, P.D.; Bloomgarden, Z.T.; Fonseca, V.A.; Garber, A.J.; Grunberger, G.;
Guerin, C.K.; Bell, D.S.H.; Mechanick, J.I.; et al. American Association of Clinical Endocrinologists
and American College of Endocrinology Guidelines for Management of Dyslipidemia and Prevention
of Cardiovascular Disease. Endocr. Pract. 2017, 23, 1–87. [CrossRef] [PubMed]

12. Japan Atherosclerosis Society. Japan Atherosclerosis Society (JAS) Guidelines for Prevention of Atherosclerotic
Cardiovascular Diseases, 2017 ed.; Japan Atherosclerosis Society: Tokyo, Japan, 2017.

13. Boekholdt, S.M.; Hovingh, G.K.; Mora, S.; Arsenault, B.J.; Amarenco, P.; Pedersen, T.R.; LaRosa, J.C.;
Waters, D.D.; DeMicco, D.A.; Simes, R.J.; et al. Very low levels of atherogenic lipoproteins and the risk for
cardiovascular events: A meta-analysis of statin trials. J. Am. Coll. Cardiol. 2014, 64, 485–494. [CrossRef]
[PubMed]

http://dx.doi.org/10.1093/eurheartj/eht108
http://www.ncbi.nlm.nih.gov/pubmed/23996285
http://dx.doi.org/10.2337/dc18-S009
http://dx.doi.org/10.1056/NEJM199807233390404
http://www.ncbi.nlm.nih.gov/pubmed/9673301
http://dx.doi.org/10.2337/diacare.28.12.2901
http://www.ncbi.nlm.nih.gov/pubmed/16306552
http://dx.doi.org/10.1007/s00125-015-3525-8
http://www.ncbi.nlm.nih.gov/pubmed/25725623
http://dx.doi.org/10.1016/S0140-6736(04)16895-5
http://www.ncbi.nlm.nih.gov/pubmed/12814710
http://dx.doi.org/10.1016/s0140-6736(08)60104-x
http://www.ncbi.nlm.nih.gov/pubmed/18191683
http://dx.doi.org/10.1016/j.jacc.2013.11.002
http://www.ncbi.nlm.nih.gov/pubmed/24239923
http://dx.doi.org/10.1093/eurheartj/ehw272
http://www.ncbi.nlm.nih.gov/pubmed/27567407
http://dx.doi.org/10.4158/EP171764.APPGL
http://www.ncbi.nlm.nih.gov/pubmed/28437620
http://dx.doi.org/10.1016/j.jacc.2014.02.615
http://www.ncbi.nlm.nih.gov/pubmed/25082583


Diseases 2018, 6, 44 10 of 13

14. Newman, C.B.; Tobert, J.A. Statin intolerance: Reconciling clinical trials and clinical experience. JAMA 2015,
313, 1011–1012. [CrossRef] [PubMed]

15. Altmann, S.W.; Davis, H.R., Jr.; Zhu, L.J.; Yao, X.; Hoos, L.M.; Tetzloff, G.; Iyer, S.P.; Maguire, M.; Golovko, A.;
Zeng, M.; et al. Niemann-Pick C1 Like 1 protein is critical for intestinal cholesterol absorption. Science 2004,
303, 1201–1204. [CrossRef] [PubMed]

16. Temel, R.E.; Tang, W.; Ma, Y.; Rudel, L.L.; Willingham, M.C.; Ioannou, Y.A.; Davies, J.P.; Nilsson, L.M.; Yu, L.
Hepatic Niemann-Pick C1-like 1 regulates biliary cholesterol concentration and is a target of ezetimibe.
J. Clin. Investig. 2007, 117, 1968–1978. [CrossRef] [PubMed]

17. Cannon, C.P.; Blazing, M.A.; Giugliano, R.P.; McCagg, A.; White, J.A.; Theroux, P.; Darius, H.; Lewis, B.S.;
Ophuis, T.O.; Jukema, J.W.; et al. Ezetimibe Added to Statin Therapy after Acute Coronary Syndromes.
N. Engl. J. Med. 2015, 372, 2387–2397. [CrossRef] [PubMed]

18. Sabatine, M.S.; Giugliano, R.P.; Keech, A.C.; Honarpour, N.; Wiviott, S.D.; Murphy, S.A.; Kuder, J.F.; Wang, H.;
Liu, T.; Wasserman, S.M.; et al. Evolocumab and Clinical Outcomes in Patients with Cardiovascular Disease.
N. Engl. J. Med. 2017, 376, 1713–1722. [CrossRef] [PubMed]

19. Steg, P.G. Evaluation of Cardiovascular Outcomes after an Acute Coronary Syndrome during Treatment
with Alirocumab—ODYSSEY OUTCOMES. In Proceedings of the American College of Cardiology Annual
Scientific Session (ACC 2018), Orlando, FL, USA, 10–12 March 2018.

20. Sabatine, M.S.; Leiter, L.A.; Wiviott, S.D.; Giugliano, R.P.; Deedwania, P.; De Ferrari, G.M.; Murphy, S.A.;
Kuder, J.F.; Gouni-Berthold, I.; Lewis, B.S.; et al. Cardiovascular safety and efficacy of the PCSK9
inhibitor evolocumab in patients with and without diabetes and the effect of evolocumab on glycaemia
and risk of new-onset diabetes: A prespecified analysis of the FOURIER randomised controlled trial.
Lancet Diabetes Endocrinol. 2017, 5, 941–950. [CrossRef]

21. Giugliano, R.P.; Cannon, C.P.; Blazing, M.A.; Nicolau, J.C.; Corbalan, R.; Spinar, J.; Park, J.G.; White, J.A.;
Bohula, E.; Braunwald, E. Benefit of Adding Ezetimibe to Statin Therapy on Cardiovascular Outcomes and
Safety in Patients With vs. Without Diabetes: Results from IMPROVE-IT. Circulation 2017. [CrossRef]

22. Giugliano, R.P.; Wiviott, S.D.; Blazing, M.A.; De Ferrari, G.M.; Park, J.G.; Murphy, S.A.; White, J.A.;
Tershakovec, A.M.; Cannon, C.P.; Braunwald, E. Long-term Safety and Efficacy of Achieving Very Low Levels
of Low-Density Lipoprotein Cholesterol: A Prespecified Analysis of the IMPROVE-IT Trial. JAMA Cardiol.
2017, 2, 547–555. [CrossRef] [PubMed]

23. Abifadel, M.; Varret, M.; Rabes, J.P.; Allard, D.; Ouguerram, K.; Devillers, M.; Cruaud, C.; Benjannet, S.;
Wickham, L.; Erlich, D.; et al. Mutations in PCSK9 cause autosomal dominant hypercholesterolemia.
Nat. Genet. 2003, 34, 154–156. [CrossRef] [PubMed]

24. Cohen, J.; Pertsemlidis, A.; Kotowski, I.K.; Graham, R.; Garcia, C.K.; Hobbs, H.H. Low LDL cholesterol in
individuals of African descent resulting from frequent nonsense mutations in PCSK9. Nat. Genet. 2005, 37,
161–165. [CrossRef] [PubMed]

25. Cohen, J.C.; Boerwinkle, E.; Mosley, T.H., Jr.; Hobbs, H.H. Sequence variations in PCSK9, low LDL, and
protection against coronary heart disease. N. Engl. J. Med. 2006, 354, 1264–1272. [CrossRef] [PubMed]

26. Zhao, Z.; Tuakli-Wosornu, Y.; Lagace, T.A.; Kinch, L.; Grishin, N.V.; Horton, J.D.; Cohen, J.C.; Hobbs, H.H.
Molecular characterization of loss-of-function mutations in PCSK9 and identification of a compound
heterozygote. Am. J. Hum. Genet. 2006, 79, 514–523. [CrossRef] [PubMed]

27. Goldstein, J.L.; Brown, M.S. A century of cholesterol and coronaries: From plaques to genes to statins. Cell
2015, 161, 161–172. [CrossRef] [PubMed]

28. Zhang, D.W.; Lagace, T.A.; Garuti, R.; Zhao, Z.; McDonald, M.; Horton, J.D.; Cohen, J.C.; Hobbs, H.H.
Binding of proprotein convertase subtilisin/kexin type 9 to epidermal growth factor-like repeat A of low
density lipoprotein receptor decreases receptor recycling and increases degradation. J. Biol. Chem. 2007, 282,
18602–18612. [CrossRef] [PubMed]

29. Preiss, D.; Mafham, M. PCSK9 inhibition: The dawn of a new age in cholesterol lowering? Diabetologia 2017,
60, 381–389. [CrossRef] [PubMed]

30. Karatasakis, A.; Danek, B.A.; Karacsonyi, J.; Rangan, B.V.; Roesle, M.K.; Knickelbine, T.; Miedema, M.D.;
Khalili, H.; Ahmad, Z.; Abdullah, S.; et al. Effect of PCSK9 Inhibitors on Clinical Outcomes in Patients With
Hypercholesterolemia: A Meta-Analysis of 35 Randomized Controlled Trials. J. Am. Heart Assoc. 2017, 6.
[CrossRef] [PubMed]

http://dx.doi.org/10.1001/jama.2015.1335
http://www.ncbi.nlm.nih.gov/pubmed/25756433
http://dx.doi.org/10.1126/science.1093131
http://www.ncbi.nlm.nih.gov/pubmed/14976318
http://dx.doi.org/10.1172/JCI30060
http://www.ncbi.nlm.nih.gov/pubmed/17571164
http://dx.doi.org/10.1056/NEJMoa1410489
http://www.ncbi.nlm.nih.gov/pubmed/26039521
http://dx.doi.org/10.1056/NEJMoa1615664
http://www.ncbi.nlm.nih.gov/pubmed/28304224
http://dx.doi.org/10.1016/S2213-8587(17)30313-3
http://dx.doi.org/10.1161/circulationaha.117.030950
http://dx.doi.org/10.1001/jamacardio.2017.0083
http://www.ncbi.nlm.nih.gov/pubmed/28291866
http://dx.doi.org/10.1038/ng1161
http://www.ncbi.nlm.nih.gov/pubmed/12730697
http://dx.doi.org/10.1038/ng1509
http://www.ncbi.nlm.nih.gov/pubmed/15654334
http://dx.doi.org/10.1056/NEJMoa054013
http://www.ncbi.nlm.nih.gov/pubmed/16554528
http://dx.doi.org/10.1086/507488
http://www.ncbi.nlm.nih.gov/pubmed/16909389
http://dx.doi.org/10.1016/j.cell.2015.01.036
http://www.ncbi.nlm.nih.gov/pubmed/25815993
http://dx.doi.org/10.1074/jbc.M702027200
http://www.ncbi.nlm.nih.gov/pubmed/17452316
http://dx.doi.org/10.1007/s00125-016-4178-y
http://www.ncbi.nlm.nih.gov/pubmed/28025677
http://dx.doi.org/10.1161/JAHA.117.006910
http://www.ncbi.nlm.nih.gov/pubmed/29223954


Diseases 2018, 6, 44 11 of 13

31. Sabatine, M.S.; Giugliano, R.P.; Wiviott, S.D.; Raal, F.J.; Blom, D.J.; Robinson, J.; Ballantyne, C.M.;
Somaratne, R.; Legg, J.; Wasserman, S.M.; et al. Efficacy and safety of evolocumab in reducing lipids
and cardiovascular events. N. Engl. J. Med. 2015, 372, 1500–1509. [CrossRef] [PubMed]

32. Robinson, J.G.; Farnier, M.; Krempf, M.; Bergeron, J.; Luc, G.; Averna, M.; Stroes, E.S.; Langslet, G.; Raal, F.J.;
El Shahawy, M.; et al. Efficacy and safety of alirocumab in reducing lipids and cardiovascular events. N. Engl.
J. Med. 2015, 372, 1489–1499. [CrossRef] [PubMed]

33. Donahoe, S.M.; Stewart, G.C.; McCabe, C.H.; Mohanavelu, S.; Murphy, S.A.; Cannon, C.P.; Antman, E.M.
Diabetes and mortality following acute coronary syndromes. JAMA 2007, 298, 765–775. [CrossRef] [PubMed]

34. Olsson, A.G.; Angelin, B.; Assmann, G.; Binder, C.J.; Bjorkhem, I.; Cedazo-Minguez, A.; Cohen, J.; von
Eckardstein, A.; Farinaro, E.; Muller-Wieland, D.; et al. Can LDL cholesterol be too low? Possible risks of
extremely low levels. J. Intern. Med. 2017, 281, 534–553. [CrossRef] [PubMed]

35. Giugliano, R.P.; Pedersen, T.R.; Park, J.G.; De Ferrari, G.M.; Gaciong, Z.A.; Ceska, R.; Toth, K.;
Gouni-Berthold, I.; Lopez-Miranda, J.; Schiele, F.; et al. Clinical efficacy and safety of achieving very low
LDL-cholesterol concentrations with the PCSK9 inhibitor evolocumab: A prespecified secondary analysis of
the FOURIER trial. Lancet 2017, 390, 1962–1971. [CrossRef]

36. Koren, M.J.; Sabatine, M.S.; Giugliano, R.P.; Langslet, G.; Wiviott, S.D.; Kassahun, H.; Ruzza, A.; Ma, Y.;
Somaratne, R.; Raal, F.J. Long-term Low-Density Lipoprotein Cholesterol-Lowering Efficacy, Persistence,
and Safety of Evolocumab in Treatment of Hypercholesterolemia: Results up to 4 years from the Open-Label
OSLER-1 Extension Study. JAMA Cardiol. 2017, 2, 598–607. [CrossRef] [PubMed]

37. Ridker, P.M.; Tardif, J.C.; Amarenco, P.; Duggan, W.; Glynn, R.J.; Jukema, J.W.; Kastelein, J.J.P.; Kim, A.M.;
Koenig, W.; Nissen, S.; et al. Lipid-Reduction Variability and Antidrug-Antibody Formation with
Bococizumab. N. Engl. J. Med. 2017, 376, 1517–1526. [CrossRef] [PubMed]

38. Roth, E.M.; Goldberg, A.C.; Catapano, A.L.; Torri, A.; Yancopoulos, G.D.; Stahl, N.; Brunet, A.; Lecorps, G.;
Colhoun, H.M. Antidrug Antibodies in Patients Treated with Alirocumab. N. Engl. J. Med. 2017, 376,
1589–1590. [CrossRef] [PubMed]

39. Giugliano, R.P.; Mach, F.; Zavitz, K.; Kurtz, C.; Im, K.; Kanevsky, E.; Schneider, J.; Wang, H.; Keech, A.;
Pedersen, T.R.; et al. Cognitive Function in a Randomized Trial of Evolocumab. N. Engl. J. Med. 2017, 377,
633–643. [CrossRef] [PubMed]

40. Benn, M.; Nordestgaard, B.G.; Frikke-Schmidt, R.; Tybjaerg-Hansen, A. Low LDL cholesterol, PCSK9
and HMGCR genetic variation, and risk of Alzheimer’s disease and Parkinson’s disease: Mendelian
randomisation study. BMJ 2017, 357, j1648. [CrossRef] [PubMed]

41. Sattar, N.; Preiss, D.; Murray, H.M.; Welsh, P.; Buckley, B.M.; de Craen, A.J.; Seshasai, S.R.; McMurray, J.J.;
Freeman, D.J.; Jukema, J.W.; et al. Statins and risk of incident diabetes: A collaborative meta-analysis of
randomised statin trials. Lancet 2010, 375, 735–742. [CrossRef]

42. Preiss, D.; Seshasai, S.R.; Welsh, P.; Murphy, S.A.; Ho, J.E.; Waters, D.D.; DeMicco, D.A.; Barter, P.;
Cannon, C.P.; Sabatine, M.S.; et al. Risk of incident diabetes with intensive-dose compared with
moderate-dose statin therapy: A meta-analysis. JAMA 2011, 305, 2556–2564. [CrossRef] [PubMed]

43. Schmidt, A.F.; Swerdlow, D.I.; Holmes, M.V.; Patel, R.S.; Fairhurst-Hunter, Z.; Lyall, D.M.; Hartwig, F.P.;
Horta, B.L.; Hypponen, E.; Power, C.; et al. PCSK9 genetic variants and risk of type 2 diabetes: A mendelian
randomisation study. Lancet Diabetes Endocrinol. 2017, 5, 97–105. [CrossRef]

44. Ference, B.A.; Robinson, J.G.; Brook, R.D.; Catapano, A.L.; Chapman, M.J.; Neff, D.R.; Voros, S.;
Giugliano, R.P.; Davey Smith, G.; Fazio, S.; et al. Variation in PCSK9 and HMGCR and Risk of Cardiovascular
Disease and Diabetes. N. Engl. J. Med. 2016, 375, 2144–2153. [CrossRef] [PubMed]

45. Kazi, D.S.; Penko, J.; Coxson, P.G.; Moran, A.E.; Ollendorf, D.A.; Tice, J.A.; Bibbins-Domingo, K. Updated
Cost-effectiveness Analysis of PCSK9 Inhibitors Based on the Results of the FOURIER Trial. JAMA 2017, 318,
748–750. [CrossRef] [PubMed]

46. Fonarow, G.C.; Keech, A.C.; Pedersen, T.R.; Giugliano, R.P.; Sever, P.S.; Lindgren, P.; van Hout, B.; Villa, G.;
Qian, Y.; Somaratne, R.; et al. Cost-effectiveness of Evolocumab Therapy for Reducing Cardiovascular Events
in Patients With Atherosclerotic Cardiovascular Disease. JAMA Cardiol. 2017, 2, 1069–1078. [CrossRef]
[PubMed]

http://dx.doi.org/10.1056/NEJMoa1500858
http://www.ncbi.nlm.nih.gov/pubmed/25773607
http://dx.doi.org/10.1056/NEJMoa1501031
http://www.ncbi.nlm.nih.gov/pubmed/25773378
http://dx.doi.org/10.1001/jama.298.7.765
http://www.ncbi.nlm.nih.gov/pubmed/17699010
http://dx.doi.org/10.1111/joim.12614
http://www.ncbi.nlm.nih.gov/pubmed/28295777
http://dx.doi.org/10.1016/S0140-6736(17)32290-0
http://dx.doi.org/10.1001/jamacardio.2017.0747
http://www.ncbi.nlm.nih.gov/pubmed/28291870
http://dx.doi.org/10.1056/NEJMoa1614062
http://www.ncbi.nlm.nih.gov/pubmed/28304227
http://dx.doi.org/10.1056/NEJMc1616623
http://www.ncbi.nlm.nih.gov/pubmed/28304229
http://dx.doi.org/10.1056/NEJMoa1701131
http://www.ncbi.nlm.nih.gov/pubmed/28813214
http://dx.doi.org/10.1136/bmj.j1648
http://www.ncbi.nlm.nih.gov/pubmed/28438747
http://dx.doi.org/10.1016/S0140-6736(09)61965-6
http://dx.doi.org/10.1001/jama.2011.860
http://www.ncbi.nlm.nih.gov/pubmed/21693744
http://dx.doi.org/10.1016/S2213-8587(16)30396-5
http://dx.doi.org/10.1056/NEJMoa1604304
http://www.ncbi.nlm.nih.gov/pubmed/27959767
http://dx.doi.org/10.1001/jama.2017.9924
http://www.ncbi.nlm.nih.gov/pubmed/28829863
http://dx.doi.org/10.1001/jamacardio.2017.2762
http://www.ncbi.nlm.nih.gov/pubmed/28832867


Diseases 2018, 6, 44 12 of 13

47. Arrieta, A.; Hong, J.C.; Khera, R.; Virani, S.S.; Krumholz, H.M.; Nasir, K. Updated Cost-effectiveness
Assessments of PCSK9 Inhibitors From the Perspectives of the Health System and Private Payers: Insights
Derived From the FOURIER Trial. JAMA Cardiol. 2017, 2, 1369–1374. [CrossRef] [PubMed]

48. Bonow, R.O.; Harrington, R.A.; Yancy, C.W. Cost-effectiveness of PCSK9 Inhibitors: Proof in the Modeling.
JAMA Cardiol. 2017, 2, 1298–1299. [CrossRef] [PubMed]

49. Fitzgerald, K.; White, S.; Borodovsky, A.; Bettencourt, B.R.; Strahs, A.; Clausen, V.; Wijngaard, P.; Horton, J.D.;
Taubel, J.; Brooks, A.; et al. A Highly Durable RNAi Therapeutic Inhibitor of PCSK9. N. Engl. J. Med. 2017,
376, 41–51. [CrossRef] [PubMed]

50. Nordestgaard, B.G.; Nicholls, S.J.; Langsted, A.; Ray, K.K.; Tybjaerg-Hansen, A. Advances in lipid-lowering
therapy through gene-silencing technologies. Nat. Rev. Cardiol. 2018. [CrossRef] [PubMed]

51. Ray, K.K.; Landmesser, U.; Leiter, L.A.; Kallend, D.; Dufour, R.; Karakas, M.; Hall, T.; Troquay, R.P.; Turner, T.;
Visseren, F.L.; et al. Inclisiran in Patients at High Cardiovascular Risk with Elevated LDL Cholesterol. N. Engl.
J. Med. 2017, 376, 1430–1440. [CrossRef] [PubMed]

52. Khvorova, A. Oligonucleotide Therapeutics—A New Class of Cholesterol-Lowering Drugs. N. Engl. J. Med.
2017, 376, 4–7. [CrossRef] [PubMed]

53. Inclisiran Marches on: ORION-4 Cardiovascular Outcomes Study Launches. Available online: https:
//www.pcsk9forum.org/inclisiran-marches-orion-4-cardiovascular-outcomes-study-launches/ (accessed
on 1 April 2018).

54. Pinkosky, S.L.; Newton, R.S.; Day, E.A.; Ford, R.J.; Lhotak, S.; Austin, R.C.; Birch, C.M.; Smith, B.K.;
Filippov, S.; Groot, P.H.; et al. Liver-specific ATP-citrate lyase inhibition by bempedoic acid decreases LDL-C
and attenuates atherosclerosis. Nat. Commun. 2016, 7, 13457. [CrossRef] [PubMed]

55. Lemus, H.N.; Mendivil, C.O. Adenosine triphosphate citrate lyase: Emerging target in the treatment of
dyslipidemia. J. Clin. Lipidol. 2015, 9, 384–389. [CrossRef] [PubMed]

56. Gutierrez, M.J.; Rosenberg, N.L.; Macdougall, D.E.; Hanselman, J.C.; Margulies, J.R.; Strange, P.;
Milad, M.A.; McBride, S.J.; Newton, R.S. Efficacy and safety of ETC-1002, a novel investigational low-density
lipoprotein-cholesterol-lowering therapy for the treatment of patients with hypercholesterolemia and type 2
diabetes mellitus. Arterioscler. Thromb. Vasc. Biol. 2014, 34, 676–683. [CrossRef] [PubMed]

57. Thompson, P.D.; MacDougall, D.E.; Newton, R.S.; Margulies, J.R.; Hanselman, J.C.; Orloff, D.G.;
McKenney, J.M.; Ballantyne, C.M. Treatment with ETC-1002 alone and in combination with ezetimibe
lowers LDL cholesterol in hypercholesterolemic patients with or without statin intolerance. J. Clin. Lipidol.
2016, 10, 556–567. [CrossRef] [PubMed]

58. Staels, B.; Dallongeville, J.; Auwerx, J.; Schoonjans, K.; Leitersdorf, E.; Fruchart, J.C. Mechanism of action of
fibrates on lipid and lipoprotein metabolism. Circulation 1998, 98, 2088–2093. [CrossRef] [PubMed]

59. Keech, A.; Simes, R.J.; Barter, P.; Best, J.; Scott, R.; Taskinen, M.R.; Forder, P.; Pillai, A.; Davis, T.;
Glasziou, P.; et al. Effects of long-term fenofibrate therapy on cardiovascular events in 9795 people with type
2 diabetes mellitus (the FIELD study): Randomised controlled trial. Lancet 2005, 366, 1849–1861. [CrossRef]

60. Ginsberg, H.N.; Elam, M.B.; Lovato, L.C.; Crouse, J.R., 3rd; Leiter, L.A.; Linz, P.; Friedewald, W.T.; Buse, J.B.;
Gerstein, H.C.; Probstfield, J.; et al. Effects of combination lipid therapy in type 2 diabetes mellitus. N. Engl.
J. Med. 2010, 362, 1563–1574. [CrossRef] [PubMed]

61. Scott, R.; O’Brien, R.; Fulcher, G.; Pardy, C.; D’Emden, M.; Tse, D.; Taskinen, M.R.; Ehnholm, C.; Keech, A.
Effects of fenofibrate treatment on cardiovascular disease risk in 9795 individuals with type 2 diabetes
and various components of the metabolic syndrome: The Fenofibrate Intervention and Event Lowering in
Diabetes (FIELD) study. Diabetes Care 2009, 32, 493–498. [CrossRef] [PubMed]

62. Reiner, Z. Hypertriglyceridaemia and risk of coronary artery disease. Nat. Rev. Cardiol. 2017, 14, 401–411.
[CrossRef] [PubMed]

63. Nissen, S.E.; Stroes, E.; Dent-Acosta, R.E.; Rosenson, R.S.; Lehman, S.J.; Sattar, N.; Preiss, D.; Bruckert, E.;
Ceska, R.; Lepor, N.; et al. Efficacy and Tolerability of Evolocumab vs. Ezetimibe in Patients With
Muscle-Related Statin Intolerance: The GAUSS-3 Randomized Clinical Trial. JAMA 2016, 315, 1580–1590.
[CrossRef] [PubMed]

64. Franssen, R.; Vergeer, M.; Stroes, E.S.; Kastelein, J.J. Combination statin-fibrate therapy: Safety aspects.
Diabetes Obes. Metab. 2009, 11, 89–94. [CrossRef] [PubMed]

http://dx.doi.org/10.1001/jamacardio.2017.3655
http://www.ncbi.nlm.nih.gov/pubmed/29049467
http://dx.doi.org/10.1001/jamacardio.2017.3656
http://www.ncbi.nlm.nih.gov/pubmed/29049827
http://dx.doi.org/10.1056/NEJMoa1609243
http://www.ncbi.nlm.nih.gov/pubmed/27959715
http://dx.doi.org/10.1038/nrcardio.2018.3
http://www.ncbi.nlm.nih.gov/pubmed/29417937
http://dx.doi.org/10.1056/NEJMoa1615758
http://www.ncbi.nlm.nih.gov/pubmed/28306389
http://dx.doi.org/10.1056/NEJMp1614154
http://www.ncbi.nlm.nih.gov/pubmed/28052224
https://www.pcsk9forum.org/inclisiran-marches-orion-4-cardiovascular-outcomes-study-launches/
https://www.pcsk9forum.org/inclisiran-marches-orion-4-cardiovascular-outcomes-study-launches/
http://dx.doi.org/10.1038/ncomms13457
http://www.ncbi.nlm.nih.gov/pubmed/27892461
http://dx.doi.org/10.1016/j.jacl.2015.01.002
http://www.ncbi.nlm.nih.gov/pubmed/26073398
http://dx.doi.org/10.1161/ATVBAHA.113.302677
http://www.ncbi.nlm.nih.gov/pubmed/24385236
http://dx.doi.org/10.1016/j.jacl.2015.12.025
http://www.ncbi.nlm.nih.gov/pubmed/27206943
http://dx.doi.org/10.1161/01.CIR.98.19.2088
http://www.ncbi.nlm.nih.gov/pubmed/9808609
http://dx.doi.org/10.1016/S1567-5688(06)81349-8
http://dx.doi.org/10.1056/NEJMoa1001282
http://www.ncbi.nlm.nih.gov/pubmed/20228404
http://dx.doi.org/10.2337/dc08-1543
http://www.ncbi.nlm.nih.gov/pubmed/18984774
http://dx.doi.org/10.1038/nrcardio.2017.31
http://www.ncbi.nlm.nih.gov/pubmed/28300080
http://dx.doi.org/10.1001/jama.2016.3608
http://www.ncbi.nlm.nih.gov/pubmed/27039291
http://dx.doi.org/10.1111/j.1463-1326.2008.00917.x
http://www.ncbi.nlm.nih.gov/pubmed/18518891


Diseases 2018, 6, 44 13 of 13

65. Landmesser, U.; Chapman, M.J.; Stock, J.K.; Amarenco, P.; Belch, J.J.F.; Boren, J.; Farnier, M.; Ference, B.A.;
Gielen, S.; Graham, I.; et al. 2017 Update of ESC/EAS Task Force on practical clinical guidance for proprotein
convertase subtilisin/kexin type 9 inhibition in patients with atherosclerotic cardiovascular disease or in
familial hypercholesterolaemia. Eur. Heart J. 2017. [CrossRef] [PubMed]

66. Lloyd-Jones, D.M.; Morris, P.B.; Ballantyne, C.M.; Birtcher, K.K.; Daly, D.D., Jr.; DePalma, S.M.;
Minissian, M.B.; Orringer, C.E.; Smith, S.C., Jr. 2017 Focused Update of the 2016 ACC Expert Consensus
Decision Pathway on the Role of Non-Statin Therapies for LDL-Cholesterol Lowering in the Management of
Atherosclerotic Cardiovascular Disease Risk: A Report of the American College of Cardiology Task Force on
Expert Consensus Decision Pathways. J. Am. Coll. Cardiol. 2017, 70, 1785–1822. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1093/eurheartj/ehx549
http://www.ncbi.nlm.nih.gov/pubmed/29045644
http://dx.doi.org/10.1016/j.jacc.2017.07.745
http://www.ncbi.nlm.nih.gov/pubmed/28886926
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Search Strategy 
	Nonstatin Lipid-Lowering Therapies 
	Ezetimibe 
	PCSK9 Inhibitors 
	Monoclonal Antibodies 
	Cardiovascular Outcomes Trial: FOURIER 
	Cardiovascular Outcomes Trial: ODYSSEY Outcomes 
	Safety of Monoclonal Antibodies and Low LDL-C 
	Muscle-Related Events 
	Injection Site Reactions 
	Antidrug Antibodies 
	Neurocognitive Events 
	New-Onset Diabetes 
	Cost-Effectiveness 
	Intracellular PCSK9 Inhibitors: Inclisiran 

	Bempedoic Acid 
	Fibrates 
	Omega 3 Fatty Acids 

	Therapeutic Strategies for Dyslipidemia in Patients with Type 2 Diabetes 
	Conclusions 
	References

