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Lipoprotein(a) is an underrecognized, but significant genetic risk factor for atheroscle-
rotic cardiovascular disease (ASCVD), shown to be causal from data from prospective
epidemiologic studies, Mendelian randomization, and genome wide association studies [1].
With therapies in development targeting reduction of lipoprotein(a), it is important to better
understand the strength of its prediction, especially in relation to other lipid and non-lipid
determinants of cardiovascular outcomes.

What is not clear is its relative importance to other prognostic factors in persons with
ASCVD. Moreover, not well-described is the relative importance of lipoprotein(a) once
LDL-C is well-controlled in statin-treated ASCVD patients, given that this is the current
standard of care in such patients. Most studies have not quantitatively reported on the
relative contribution of lipoprotein(a) with other risk factors for the prediction of ASCVD
events, even though such analyses are available. We examined this issue in a secondary
analysis of the previously reported “Atherothrombosis Intervention in Metabolic Syndrome
with Low HDL/High Triglycerides: Impact on Global Health Outcomes (AIM-HIGH)”
clinical trial [2]. This trial studied 3414 participants aged 45 years or older with documented
ASCVD including either coronary artery disease, cerebrovascular or carotid disease, or
symptomatic peripheral arterial disease in addition to having atherogenic dyslipidemia de-
fined as: (1) low density lipoprotein-cholesterol (LDL-C) of less than or equal to 160 mg/dL
(4.1 mmol/L); (2) high density lipoprotein-cholesterol (HDL-C) of less than or equal to
40 mg/dL (1.0 mmol/L) for men or less than or equal to 50 mg/dL (1.3 mmol/L) for
women; and (3) triglycerides greater than or equal to 150 mg/dL (1.7 mmol/L) and less
than or equal to 400 mg/dL (4.5 mmol/L). Subjects were on statin therapy (40 mg sim-
vastatin) and randomized to niacin versus placebo. The trial terminated early (at a mean
follow-up of 3 years) due to a lack of efficacy for niacin in reducing ASCVD risk.

In our analysis of 3271 subjects with complete risk factor information, we created a
5-year risk prediction model (validated by 10-fold cross validation) for recurrent ASCVD
events incorporating key variables of interest for the prediction of subsequent ASCVD
events. We had follow-up for ASCVD events up to 6 years (mean 4.2 years), during which
16% of patients suffered a recurrent ASCVD event [3]. Our modelling considered key
variables known to be associated with CVD and were available at baseline in our study,
including age, sex, race, body mass index, blood pressure, LDL-C, HDL-C, triglycerides,
lipoprotein(a), apolipoprotein A1, apolipoprotein B, smoking status, alcohol consumption,
family history of cardiovascular disease (CVD), glycated hemoglobin, atrial fibrillation,
serum creatine, homocysteine, specific ASCVD conditions (previous myocardial infarction,
stroke, heart failure, carotid, or peripheral arterial disease), antihypertensive or diabetes
drugs, aspirin use, previous use of higher versus lower intensity statins, body mass index,
non-HDL-C, estimated glomerular filtration rate, pulse pressure, and treatment assign-
ment. We allowed variables to enter if they were p < 0.15 in significance. In the final
prediction model, based on Wald Chi-square values, lipoprotein(a) was the strongest predictor of
recurrent ASCVD events (Chi-sq = 18.2, p < 0.0001), followed by family history of cardio-
vascular disease (Chi-sq = 10.7, p = 0.001), homocysteine (Chi-sq = 9.5, p = 0.002), alcohol
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use (inversely) (Chi-sq = 6.0, p = 0.014), diabetes (Chi-sq = 5.9, p = 0.015), and male sex
(Chi-sq =5.0, p = 0.025). In our study, a 1 SD of lipoprotein(a) increment (37 nmol/L, or
approximately 15 mg/dL) was associated with a 7% increase of ASCVD risk among our
cohort of statin-treated patients with prior ASCVD. Of interest, neither age nor LDL-C
entered the multivariable model; given that subjects were on statin therapy and LDL-C was
well-controlled in many participants, the more limited range in LDL-C may have precluded
its entry into the model. It is also possible other variables that were not available to us such
as time since prior CVD event or number or severity of prior events could also have been
important predictors of residual risk. To the best of our knowledge, our report is unique
in quantifying lipoprotein(a) as the strongest predictor of ASCVD events, specifically in a
secondary prevention population with known ASCVD on statin therapy.

As our study involved persons with ASCVD on statin therapy, it is possible that
lipoprotein(a) is a stronger predictor of ASCVD in persons on statin therapy compared to
not being on statin therapy. In a previously published meta-analysis of seven statin trials,
Willeit et al. [4] showed lipoprotein(a) to predict future ASCVD event more strongly in those
on statin treatment as compared to on placebo, with multivariable adjusted HR'’s for those
with lipoprotein(a) >50 mg/dL vs. <50 mg/dL of 1.47 and 1.26, respectively (p = 0.03 for
interaction). Moreover, in our subsequent report from the AIM-HIGH trial [5] we showed
among statin-treated patients with ASCVD that compared to lipoprotein(a) <15 mg/dL,
those with levels of >70 mg/dL had an adjusted HR for first recurrent events of 1.77 and
total recurrent events of 1.51 (both p < 0.0001). Also, is lipoprotein(a) a stronger predictor
in primary or secondary prevention? While our study included only persons with known
ASCVD, in the UK Biobank [6] a lipoprotein(a) of >150 nmol/L was present in 12.2% of
those without and 20.3% of those with pre-existing ASCVD and was associated with HR,
1.50 (95% CI, 1.44-1.56) and HR, 1.16 (95% CI, 1.05-1.27) for incident ASCVD, respectively,
showing lipoprotein(a) to be a stronger risk factor in primary prevention. However, in this
study lipoprotein(a) was a weaker predictor for those on statins compared to those not on
statins (interaction p < 0.0001). In a more recent report among 413,734, participants from
UK Biobank [7], adding Lp(a) to a prediction model containing traditional CVD risk factors
in the primary prevention group improved the C-index by 0.0017 (95% CI 0.0008-0.0026)
and population attributable fractions (PAF) in the whole cohort of 5.8% and 3.0% were
associated with Lp(a) values above 100 nmol/L and above 175 nmol/L, respectively.
Moreover, in a meta-analysis of 17 studies including 283,328 patients specifically with
known coronary disease, elevated lipoprotein(a) level was independently associated with
the future risk of cardiac events (RR 1.78; 95% CI 1.31-2.42) as well as overall cardiovascular
events (RR 1.29; 95% CI 1.17-1.42) [8]. A smaller study of only 258 patients [9] who
had severe carotid and/or lower extremity disease, a lipoprotein(a) level >30 mg/dL did
appear to be among the strongest predictors of the primary and secondary composite
cardiovascular disease endpoints in multivariable analysis, with only prior myocardial
infarction and/or ischemic stroke (and not age, sex, or other risk factors) also predicting
outcomes. However, these studies did not rank the order of importance of variables in
the prediction of future cardiovascular outcomes. In a much older study of examining the
relative strength of predictors of angiographically-defined coronary artery disease, age,
family history, apolipoprotein B, and lipoprotein(a) (in that order) were identified to be the
most important predictors of coronary disease [10].

While our analysis from the AIM-HIGH cohort is a selected clinical trial sample, it
provides evidence, at least in persons with known ASCVD on statin therapy, that lipopro-
tein(a) may be among the most important predictors of future cardiovascular disease
outcomes. Future studies should report the relative contribution of lipoprotein(a) with
other predictors for cardiovascular disease outcomes both among primary and secondary
prevention cohorts and according to use of statin therapy. A better understanding of the
relative strength of lipoprotein(a) in relation to other risk factors for predicting ASCVD
events can serve to help inform future efforts to improve screening for and potentially
treating elevated lipoprotein(a).
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Abstract: Dyslipidemia, especially a circulating non-optimal level of cholesterol, is one of the most
important risk factors for atherosclerotic cardiovascular disease (ASCVD), which accounts for the
most deaths worldwide. Maintaining a healthy level of blood cholesterol is an important prevention
strategy for ASCVD, through lifestyle intervention or cholesterol-lowering therapy. Over the past
three decades, the epidemiology and management of dyslipidemia has changed greatly in many
countries. Therefore, it is necessary to understand the current epidemiologic features of dyslipidemia
and challenges from a global perspective.

Keywords: dyslipidemia; epidemiology; guidelines; therapy; management

1. Introduction

Circulating non-optimal cholesterol, including increased low-density lipoprotein
cholesterol (LDL-C) and remnant cholesterol carried by triglyceride-rich lipoproteins, com-
prises the main type of dyslipidemia worldwide and is a major risk factor for atherosclerotic
cardiovascular disease (ASCVD) [1]. It has been well demonstrated that atherosclerosis is
causally associated with the retention of low-density lipoprotein (LDL) in the intima, which
is the main deliverer of cholesterol to the focal areas of the artery wall. Cholesterol in LDL
induces the activation of vascular endothelial cells, which subsequently recruit monocytes
into the sub-endothelial space, and promote macrophage activation and inflammatory
response in the arterial intima. Furthermore, these macrophages engulf LDL in the intima
and turn into foam cells, giving rise to atherosclerotic lesions and eventually triggering
ischemic heart disease (IHD), ischemic stroke, and other ASCVDs [2-4]. Additionally,
remnant cholesterol carried by triglyceride-rich lipoproteins is also recognized to play
a causal role in atherosclerosis development, similarly to LDL-C [5]. Non-high-density
lipoprotein cholesterol (non-HDL-C), including LDL-C and remnant cholesterol, has been
considered as cholesterol carried by both atherogenic lipoproteins. Therefore, LDL-C and
non-HDL-C have been widely used as lipid-lowering targets. Effective treatment strategies
for lowering LDL-C, including statin monotherapy, statin with ezetimibe, or statin with
proprotein convertase subtilisin/kexin type 9 (PCSK9) inhibitors, have contributed to the
reduction of further ASCVD events proportional to the absolute reduction in LDL-C [6-8].
However, ASCVD still remains the top cause of death globally, despite advances in control-
ling dyslipidemia in many countries. It is important to understand the global epidemiologic
features and advances in the management of dyslipidemia, so as to identify the key issues
or barriers of alleviating current and future burdens of dyslipidemia-related disease. Many
studies have reported on the epidemiology trends in dyslipidemia and its management
at the country or region level [9,10], and a few studies have analyzed lipid levels and
changes overtime on a global scale [11,12]. However, a review article summarizing the
current knowledge combined with the epidemiology and management of dyslipidemia
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from a global perspective is lacking. Therefore, in this review, we will summarize the
developments in global trends in the epidemiology and management of dyslipidemia.

The data presented in this review are mainly identified from four sources. The first
data source is an open database of population-based data on risk factors collected by the
Non-communicable diseases (NCD) Risk Factor Collaboration (NCD-RisC) [13], a world-
wide network of health scientists that provides rigorous and timely data. The second data
source is the open database of the Global Burden of Disease (GBD) study in the Global
Health Data Exchange of the Institute for Health Metrics and Evaluation [14], with available
information on the mortality rate, number, and proportion of deaths from various diseases
at global, regional, and country levels. The third source is the MEDLINE database, which
we searched for relevant publications regarding the epidemiology and management of
dyslipidemia in the past 10 years, studies on the burden of disease associated with dys-
lipidemia, and country-specific guidelines on dyslipidemia management. The final source
is the international guideline library of the Guidelines International Network (GIN) [15],
which contains the latest guidelines across the globe.

Through investigation of the available data and published reports, we identify features
of the global trends on the epidemiology and management of dyslipidemia worldwide, as
described below.

2. Global Epidemiology of Dyslipidemia

The NCD-RisC study is the largest worldwide study so far on the global distribution
of blood cholesterol and changing trends [13]. This study pooled data of 102.6 million
individuals aged 18 years and older collected from 1127 population-based studies in
200 countries and territories, including 48 studies from Sub-Saharan Africa; 28 from Central
Asia, the Middle East, and North Africa; 6 from South Asia; 16 from East and Southeast
Asia; 17 from Oceania; 3 from high-income Asia-Pacific countries; 35 from Latin America
and the Caribbean; 27 from high-income Western countries; and 20 from Central and
Eastern Europe. The NCD-RisC study provided comparisons of the age-standardized
mean total cholesterol (TC) and non-HDL-C among countries and regions from 1980 to
2018 [13]. Globally, little or no change was observed between 1980 and 2018 in the global
age-standardized mean of TC and non-HDL-C, yet substantial differences exist among
countries and regions, as reported in the latest two articles [11,12].

Based on the data from the NCD-RisC study, we summarized non-HDL-C levels
and their changes across countries and exhibited the features for the global epidemiology
of non-HDL-C levels. Over the past four decades, the median value of the global age-
standardized mean non-HDL-C was almost unchanged in men rising from 3.36 mmol/L
[interquartile range, 2.82-3.90 mmol /L] in 1980 to 3.37 mmol/L [3.04-3.59] in 2018, and
decreased slightly in women from 3.44 mmol/L [interquartile range, 2.83-3.91 mmol /L] in
1980 to 3.34 mmol/L [3.08-3.54] in 2018 across the 200 countries. However, the majority of
countries with the highest levels of age-standardized mean non-HDL-C in 1980 experienced
significant declines. As shown in Figure 1A,B, the top 10 countries with the highest age-
standardized mean levels of non-HDL-C levels in 1980 were mainly high-income countries
in Western Europe and Singapore, which had age-standardized mean levels of non-HDL-C
of >4.7 mmol/L in men and >4.5 mmol/L in women.

These countries underwent the largest reduction over the past four decades, with
age-standardized mean levels of non-HDL-C decreasing more than 1.0 mmol/L from 1980
to 2018 (Figure 2).
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Figure 1. Top 10 countries with the highest and lowest age-standardized mean non-HDL-C levels
in 1980 and 2018 for men and women. (A), Top 10 countries with the highest age-standardized
mean non-HDL-C in men. (B), Top 10 countries with the highest age-standardized mean non-HDL-
C in women. (C), Top 10 countries with the lowest age-standardized mean non-HDL-C in men.
(D), Top 10 countries with the lowest age-standardized mean non-HDL-C for women. Data obtained
from NCD-RisC study. Available online: https://www.ncdrisc.org (accessed on 1 July 2022) [13].
Abbreviations: non-HDL-C, non-high-density lipoprotein cholesterol.

The age-standardized mean levels of non-HDL-C in these European countries de-
creased to the global average level in 2018 (Figure 1A,B). By contrast, the age-standardized
mean non-HDL-C in Singaporean women ranked the highest at 5.0 mmol/L in 1980 across
200 countries (Figure 1B), yet this number reduced to 3.7 mmol/L, which decreased to 11th,
in 2018. On the other hand, the top 10 countries with the highest age-standardized mean
non-HDL-C levels in 2018 were predominantly composed of developing countries from
Southeast Asia, Western Asia, and Oceania. These countries had lower age-standardized
mean non-HDL-C levels (<3.8 mmol/L) in 1980, and have experienced a large increase over
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while the lower quartile of age-standardized mean non-HDL-C from 1980 to 2018 in-
creased, for men from 2.82 mmol/L to 3.04 mmol/L, and for women from 2.83 mmol/L
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data of the NCD-RisC study is collected at the national level, which cannot describe the
epidemiology of dyslipidemia in ethnically and culturally heterogeneous populations. It is
necessary to explore the influence of genetic and endemic factors on the epidemiology of
dyslipidemia in the future.
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Figure 2. Top 10 countries with the largest increases and decreases of age-standardized mean non-
HDL-C levels from 1980 to 2018 for men and women. (A), Top 10 countries with the largest increase
and decrease of age-standardized mean non-HDL-C in men. (B), Top 10 countries with the largest
increase and decrease of age-standardized mean non-HDL-C in women. Data obtained from NCD-
RisC study. Available online: https://www.ncdrisc.org (accessed on 1 July 2022) [13]. Abbreviations:
non-HDL-C, non-high-density lipoprotein cholesterol.

3. ASCVD Attributed to Dyslipidemia

The estimations of burden of ASCVD attributed to high LDL-C levels worldwide were
based on data available in the GBD database [14]. According to the estimations of the GBD
study in 2019, a total of 3.78 million deaths from IHD worldwide were attributable to high
LDL-C levels, accounting for 44.3% of IHD deaths. While 0.61 million deaths from ischemic
stroke were attributable to high LDL-C levels, accounting for 22.4% of ischemic stroke
deaths [14]. Globally, these numbers have increased since 1990 (Figure 3).
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Figure 3. Change in deaths from ischemic heart disease and ischemic stroke attributable to high
low-density lipoprotein cholesterol by region in 1990 and 2019. (A), Change in deaths from ischemic
heart disease attributable to high low-density lipoprotein in men. (B), Change in deaths from ischemic
heart disease attributable to high low-density lipoprotein in women. (C), Change in deaths from
ischemic stroke attributable to high low-density lipoprotein in men. (D), Change in deaths from
ischemic stroke attributable to high low-density lipoprotein in women. Data obtained from GBD
database available on https://vizhub.healthdata.org/gbd-results/ (accessed on 1 July 2022) [14].
Abbreviations: IHD, ischemic heart disease.

The most important feature of this trend was the substantial increase in deaths at-
tributable to high LDL-C levels in Asian countries. A consistent result was found in the
NCD-RisC study [11]. The study reported that from 1990 to 2017, the number of deaths
attributable to high non-HDL-C more than tripled in East Asia and more than doubled in
Southeast Asia. The number of deaths attributable to high non-HDL-C in East, Southeast
and South Asia accounted for 25% of deaths attributable to high non-HDL-C worldwide in
1990 and rose to about 50% in 2017.

Global age-standardized death rates (ASDRs) for IHD and ischemic stroke attributable
to high LDL-C levels had a 35.1% reduction and 34.2% reduction in men, and a 38.1%
reduction and 42.8% reduction in women over the last 30 years, respectively. Most West-
ern countries/territories corresponded to the global trends, with a decrease in ASDRs
attributable to high LDL-C over the past three decades. However, for Asian countries,
the ASDRs for IHD and ischemic stroke attributable to high LDL-C did not decrease
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over the same 30 years and even significantly increased in Central Asia and East Asia
(Figures 4 and 5).
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Figure 5. Change in age-standardized death rates per 100,000 of the general population from ischemic
stroke attributable to high low-density lipoprotein cholesterol between 1990 and 2019 by region for
men (A) and women (B). Data obtained from GBD database available on https://vizhub.healthdata.
org/gbd-results/ (accessed on 1 July 2022) [14]. Abbreviations: ASDRs, age-standardized death rates.

On the other hand, many African countries have experienced no change in ASDRs
attributable to high LDL-C since 1990, and remained low in 2019. Considerable heterogene-
ity exists both within and between populations worldwide, despite the similarly huge and
growing burden of cardiovascular disease (CVD), reaffirming the need to reprioritize the
global management and control of non-optimal cholesterol within populations.

4. Management of Dyslipidemia

From a global perspective, the use of lipid-lowering medications in high risk people
has been recommended by all relevant CVD prevention guidelines issued by professional
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societies of different countries or regions. The increasing availability and utility of statins
have greatly contributed to the reduction of LDL-C related ASCVD burden. Education
of the public to improve awareness about dyslipidemia-related CVD risk, increasing the
opportunity for lipid testing and ASCVD risk assessment, and developing and updating
clinical guidelines on dyslipidemia are also key issues to improve dyslipidemia manage-
ment. In the past 20 years, such factors have resulted in considerable changes in lipid levels
in many countries worldwide [17,18]. However, regions with different social demographic
features show discrepancies in the management strategies of dyslipidemia.

4.1. Guidelines for Dyslipidemia Management

As highlighted in the data on the global epidemiology of dyslipidemia and burden
of cardiovascular disease, there is considerable variation in dyslipidemia-related ASCVD
risk across countries. Thus, the anticipated benefits in terms of CVD prevention as a conse-
quence of effective implementation of either population-wide lifestyle change strategies
or treatment of high risk individuals with cholesterol-lowering medication differ across
ethnically and culturally heterogeneous populations. In this review, we summarize the
differences in guidelines for the management of plasma lipid disorders issued by different
countries or professional organizations [19-35]. Newly updated guidelines for most coun-
tries have been published after 2015 and are therefore based on relatively recent research
evidence to provide time-sensitive guidance. Clinical guidelines have an essential role in
guiding clinical practice by providing physicians with recommendation based on these lat-
est data. As a guide to management strategies, there are some similarities in the guidelines
issued by Western and non-Western countries.

All guidelines support lifestyle modification as an effective method to manage lipid
level. Most clinical guidelines across countries recommend treatment strategies as a func-
tion of CVD risk assessment and untreated LDL-C levels for the purpose of keeping LDL-C
within the specific target values. Almost all guidelines recommend LDL-C as the primary
treatment target, and non-HDL-C and/or apolipoprotein B as the secondary treatment
target [19-21,23,24,27,30,34]. Additionally, statins are the first-line agents in all guidelines.
The addition of ezetimibe is recommended by most countries when the LDL-C goal is not
achieved with the maximum tolerated dose of statins. Due to the successes of recent clini-
cal trials, PCSK9 inhibitors are also recommended in some guidelines [19,21,24,27-30,34].
Besides the two nonstatin widely recommended in some guidelines, bile acid sequestrants
may be considered as an add-on drug with statins to reduce LDL-C. Fibrates are recom-
mended to lower triglyceride levels [21,23-25,27-30,34], but there are still no trials to show
the cardiovascular benefit of fibrates except for meta-analysis of high triglyceride and low
HDL-C groups [36], and recently the Pemafibrate to Reduce Cardiovascular Outcomes
by Reducing Triglycerides in Patients with Diabetes study has been discontinued as pe-
mafibrate was reported to be unlikely to reduce CVD risk [37]. Additionally, niacin is
recommended for treatment of hypertriglyceridemia in some guidelines, yet this agent is
not recommended in combination with statin therapy due to a lack of additional benefits for
CVD prevention in patients who have achieved LDL-C goals [29,30]. Pure eicosapentaenoic
acid (EPA) can lower CVD risk in persons with moderately high triglyceride levels on
statin therapy, which is the conclusion of the Japan EPA Lipid Intervention Study and
the Reduction of Cardiovascular Events with Icosapent Ethyl-Intervention Trial [38,39].
Icosapent Ethyl is recommended to be used in combination with statins for specific pa-
tients with moderately high triglyceride levels in some guidelines [23,34]. Many agents
for dyslipidemia treatment are under study. For example, acyl-coenzyme A: cholesterol
acetyltransferase (ACAT) inhibitor was reported to decrease cholesteryl ester accumulation
in macrophages in animal studies [40]. However, randomized controlled trials (RCT) using
non-selective ACAT inhibitors failed to show benefits in the changes in coronary atheroma
volume and carotid intima-media thickness [40], and no evidence from RCT for CVD
outcomes is available.
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However, some differences are also observed between guidelines issued by different
countries and organizations at various time points. First, risk assessments are based on
different lists of risk factors in different guidelines, even though some of the risk factors
have neither enough data for CVD risk prediction and have not been evaluated in most risk-
predictive models, nor an available interventional approach. As reported in our previous
review on cardiovascular risk assessment [41], among the 10 guidelines on dyslipidemia,
the risk-factor list ranged from five risk factors (including age, sex, systolic blood pressure,
TC, and smoking) to 13 risk factors. Second, these guidelines recommend different algo-
rithms to categorize CVD risk, which might be based on considerations of feasibility and
practicability in local practice. An exponential model including 186 countries evaluated
that using the same CVD risk estimation to initiate statins use, irrespective of age, sex, and
country, is not appropriate globally. Considering current characteristics of the national
population and safety in medication treatment to determine treatment strategy might be
the optimal solution [42]. Third, different guidelines recommended different definitions
of "high risk’. The varying recommendations for risk assessment among country-specific
guidelines are generally central to treatment decision-making in clinical practice. However,
these notable differences in the definition of high risk between guidelines may lead to
an individual categorizing in a completely different risk bracket according to different
guidelines developed by different organizations in different countries or regions, or even
different guidelines developed in the same country or region. Fourth, the LDL-C treatment
goals are also different among guidelines recommended by a comprehensive cardiovascular
risk reduction strategy. In the 2019 European Society of Cardiology (ESC) / European
Atherosclerosis Society (EAS) guidelines for the management of dyslipidemias [34], the
LDL-C target goal is <55 mg/dL for individuals with very high risk in primary or secondary
prevention. In patients with ASCVD who experienced a second vascular event within
2 years, it is recommended to lower LDL-C to less than 40 mg/dL (Table S1), which is
consistent with the recommendations for patients who have extreme risk of Polish Lipid
Association published in 2021 [27]. This further risk stratification for patients with ASCVD
is considered in more and more countries.

The initial doses of statins recommended by the guidelines also differ. Most country-
specific guidelines recommend the dose of statins should be based on baseline ASCVD
risk and expected LDL-C reduction of that risk [22,24,27,28,35], while some countries only
mentioned the initial dose in very high and high risk individuals [25,26]. High-intensity
statins or a maximally tolerated dose of statins are the most common therapeutic dose for
individuals with very high and/or high CVD risk [20,21,25,30,32-34]. Moderate-intensity
statins are recommended in Chinese guideline considering the safety of the high-intensity
statins in the Chinese population [19].

Another aspect that merits special concern is the screening for genetic dyslipidemias.
For example, as an important type of genetic dyslipidemias, screening for familial hyper-
cholesterolemia (FH) has been recommended by the guidelines issued by the American
Association of Clinical Endocrinologists and American College of Endocrinology, the Na-
tional Institute for Health and Care Excellence, Japan Atherosclerosis Society, the Chinese
Society of Cardiology and Philippine Heart Association [19,20,23-25,28-30,33-35]. How-
ever, the majority of national guidelines worldwide have no such recommendation, leaving
room for enhanced detection of FH.

Inconsistencies in the recommendations for the management of dyslipidemia might
be a contributing factor to low implementation in clinical practice. Additionally, for some
countries in most parts of Africa and Eastern Europe, no local clinical practice guidelines
exist for dyslipidemia.

4.2. Treatment and Control of Dyslipidemia

For the global population, advocating a healthy lifestyle, understanding the harm
of dyslipidemia, and preventing the occurrence of dyslipidemia in early stages are the
cornerstones of ASCVD prevention. For individuals with a high risk of ASCVD and
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patients with established ASCVD, the key point is to ensure the use of lipid-lowering drugs
and improve the treatment and control rate of dyslipidemia. However, the treatment and
control rates show great differences across various countries.

Substantial decreases in non-HDL-C levels and subsequent reductions in the ASCVD
burden in high-income Western countries during the past 30 years were partly owing to
the contribution of lipid-lowering therapy. One study used data from the National Health
and Nutrition Examination Survey from 2011 to 2012 and found that the treatment and
control rate of dyslipidemia in the United States of America (USA) reached 54.1% and
66.0%, respectively [43]. The use of lipid-lowering drugs, especially statins has increased,
which may be attributable to the availability of generic statins and reduced drug prices in
health care systems. A retrospective longitudinal cohort study conducted from 2002 to 2013
in 157,000 adults aged 40 years and older in the USA [44] demonstrated that statins use in
the general population increased 79.8%, especially the proportion of generic statins, from
8.4% in 2002-2003 to 81.8% in 2012-2013. However, the uptake of statins was suboptimal
among patients with established ASCVD, at 49.8% in 2002-2003 and 58.1% in 2012-2013.
The total expenditures and out-of-pocket expenditures associated with statins decreased,
and further substitution of brand-name statins to generic statins may yield greater savings.
In addition to the cornerstone role of statins in reducing ASCVD risk, the role of lipid
lowering treatment beyond statins cannot be ignored. There is considerable evidence
supporting the benefits of nonstatin cholesterol-lowering medications in combination with
statins, especially cholesterol absorption inhibitors (ezetimibe) and PCSK9 inhibitors [45,46].
Nonstatin use in the USA adult population has also increased by 124%, from 2.5% in
2002-2003 to 5.6% in 2012-2013, and 15.9% of high-intensity statin users also used nonstatin
in 20122013 [47].

By contrast, among countries in East and Southeast Asia (for example, China and
Malaysia) that have had substantial increases in non-HDL-C levels and dyslipidemia-
related ASCVD risk over the past 30 years, the treatment and control rates are unsatisfied. In
the China Chronic Disease and Risk Factor Surveillance conducted among 163,641 Chinese
adults aged > 18 years from 2013 to 2014, 11.2% were at high or very high risk of ASCVD.
Among them, 74.5% individuals with high risk and 93.2% individuals with very high risk
did not achieve their LDL-C lowering targets. Among the population with high and very
high ASCVD risk that did not achieve their LDL-C lowering targets, only 5.5% and 14.5%
received lipid-lowering drugs, respectively [48]. Although several studies have shown that
the rate of statin utilization in Chinese patients with acute myocardial infarction during
hospital admission has improved substantially in recent years [49], low adherence of statin
use was found after discharge. A nationwide registry study with 192 participating hospitals
from 2014 to 2018 among 6523 Chinese patients with acute coronary syndrome and a
history of myocardial infarction or revascularization found that 50.8% were receiving lipid-
lowering therapy before hospitalization (statin monotherapy in 98.4%, combination therapy
in 1.2%), and only 30.1% of patients had LDL-C < 70 mg/dL at admission [50]. These
studies suggest that statins use is inadequate in these regions. This seems to be related to
many factors, including the availability and affordability of medications in hospitals or
clinics at different levels, quality of care from medical service providers, and adherence
to treatment by patients. The availability of medications is of utmost importance. One
nationwide study assessed the availability of lipid-lowering medications in a survey of
3041 primary care institutions from 2016 to 2017, which included 145 community health
centers, 384 community health stations from urban areas, 243 township health centers, and
2269 village clinics from rural areas in 31 Chinese provinces [51]. The availability of statins
at these primary care institutions was only 49.7%, and village clinics had the lowest statin
availability (43.7%) among the four types of institutions. This study was the first to address
this important issue in a nationwide survey in these regions. The marked deficiencies in
statins availability at primary care institutions are not consistent with the health needs
of the population and have implications for patients” health, which may mostly restrict
the impact of lipid-lowering medication on reducing the CVD burden. Except concerning
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the marked underuse of lipid-lowering drugs for those meeting treatment criteria, more
importantly, lipid-lowering therapy would certainly result in a higher economic burden
from a public health perspective. In Western countries, statins therapy is cost-effective or
cost-saving, especially in people with high CVD risk [52-54]. In China, with the intervention
of government policy in recent years, the cost-effectiveness of lipid-lowering medication
has significantly improved in Chinese population [55,56].

Effective community-based prevention strategies that promote lifestyle modification
(e.g., dietary improvement and regular physical activity) are also needed to control dys-
lipidemia in the whole population and prevent the occurrence of dyslipidemia at an early
stage. Understanding dyslipidemia related CVD risk and regular monitoring of blood
lipids is also crucial. A large survey from 2007 to 2010 conducted in 43,368 Chinese adults
aged > 18 years reported that the awareness rate for dyslipidemia was 31.01% [57]. These
data suggest the need to raise awareness of dyslipidemia among the general population
and clinicians and increase the capacity of primary care institutions to screen and diagnose
dyslipidemia in community residents.

5. Summary

This review provides a comprehensive overview of the global dyslipidemia epidemic
and its management. The current features of epidemics of dyslipidemia include: (1) Dif-
ferences in age-standardized non-HDL-C levels have been diminishing across countries
over the past four decades, yet marked geographic differences in non-HDL-C levels still
exist. (2) The global trend is that distribution of high non-optimal cholesterol has changed
from high-income countries to some developing countries in East Asia and Southeast
Asia. (3) Different countries and regions are in different stages of transition with respect
to ASCVD burden, with decreased IHD and ischemic stroke deaths attributable to high
LDL-C levels in high-income Western countries and a greatly increased burden of THD
and ischemic stroke deaths across Asian countries during this period. (4) This overview of
cardiovascular risk assessment and dyslipidemia management from a global perspective
can potentially guide countries in the development of their own risk assessment models
and formulation of recommendations in their own guidelines according to the local re-
quirements. (5) Notable differences exist in the treatment and control rate of dyslipidemia
between different regions and countries, which emphasizes the need for consistent efforts
to increase the compliance with medical treatment.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/jcm11216377/s1, Table S1: Differences of guideline recommenda-
tions for management of plasma lipid disorders [11,19-35,58].
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Abstract: Dyslipidemia is a treatable risk factor for atherosclerotic cardiovascular disease that can
be addressed through lifestyle changes and/or lipid-lowering therapies. Adherence to statins can
be a clinical challenge in some patients due to statin-associated muscle symptoms and other side
effects. There is a growing interest in integrative cardiology and nutraceuticals in the management of
dyslipidemia, as some patients desire or are actively seeking a more natural approach. These agents
have been used in patients with and without established atherosclerotic cardiovascular disease. We
provide an updated review of the evidence on many new and emerging nutraceuticals. We describe
the mechanism of action, lipid-lowering effects, and side effects of many nutraceuticals, including
red yeast rice, bergamot and others.

Keywords: apolipoprotein B; atherosclerosis; cardiometabolic; cardiovascular disease; cardiovascular
risk reduction; complementary medicine; integrative medicine; lipoprotein (a)

1. Introduction

Atherosclerotic cardiovascular disease (ASCVD) refers to the accumulation of plaque
in arteries, leading to cardiovascular disease, cerebrovascular disease, and peripheral
arterial disease. The complex interplay of many factors can lead to the pathogenesis of
ASCVD. Chronic inflammation is one of these important aspects and is also involved
in the erosion and rupture of unstable plaque [1]. Endothelial dysfunction is another
important aspect in the pathogenesis of ASCVD and is primarily mediated by nitric oxide
and prostacyclins [2,3]. It can be non-invasively evaluated via flow-mediated dilation
(FMD), but further research is needed to elucidate how dyslipidemia affects FMD values [3].
Diabetes mellitus type 2 (DM2) is also a risk factor associated with microvascular and
macrovascular disease. It is also associated with lower high-density lipoprotein cholesterol
(HDL-C) and elevated triglycerides (TG), nitrotyrosine, nitrated low-density lipoprotein-
cholesterol (LDL-C), and nitrated HDL-C, which are associated with an increased risk for
cardiovascular disease [4].

Dyslipidemia is an important treatable risk factor for ASCVD, and the estimated
global prevalence of elevated cholesterol, according to the World Health Organization,
is about 40% [5]. It is strongly associated with a lifetime exposure to elevated LDL-C in
longitudinal studies [1,6,7]. Patients with a LDL-C > 4.91 mmol/L (>190 mg/dL) should
be evaluated for familial hypercholesterolemia, which is frequently underdiagnosed, as
about 85% of those with the autosomal dominant genetic disorder are unaware of their
diagnosis [8]. Other derangements in the lipid profile may be considered risk-enhancing
factors, which may favor initiation or intensification of therapy in certain patients. Such
factors include persistently elevated TG of >2.0 mmol/L (>175 mg/dL), apolipoprotein B
(apoB) > 130 mg/dL, or lipoprotein (a) (Lp(a)) > 50 mg/dL or 125 nmol /L [1].

Statins, which are 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase
inhibitors, are the cornerstone in the management of dyslipidemia and are frequently
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first-line therapeutics [9]. Robust evidence demonstrates that statins, ezetimibe, and pro-
protein convertase subtilisin/kexin type 9 (PCSK9) inhibitors substantially reduce ASCVD
risk [6,7,9,10].

However, adherence to statin therapy can be a clinical challenge because some patients
can develop side effects, such as statin-associated muscle symptoms (SAMS) [11]. Some
degree of statin intolerance is reported in 5-30% of patients and contributes to reduced
statin adherence [10]. Furthermore, some patients are hesitant to starting a statin due to
concern for potential side effects.

More patients are actively seeking integrative therapies, including nutraceuticals, from
clinicians with expertise in integrative cardiology [12]. The estimated global prevalence
of dietary supplement and nutraceutical use in patients with cardiovascular disease is
36% [13]. Nutraceuticals can be considered in the management of dyslipidemia for their
lipid-lowering effects in patients who are not on statins or other LDL-lowering therapies
due to a desire for a more natural approach. They can also be considered as adjunctive
treatments to conventional LDL-lowering therapies that have not achieved lipid thresholds.
Nutraceuticals can also be considered in patients with SAMS or other side effects, although
they are not without their own side effects. Thus, clinicians have a need for high-quality
evidence-based recommendations relating to the use of nutraceuticals [14,15].

Due to the growing interest in the field of integrative cardiology, many new clinical
trials, systemic reviews, and meta-analyses have recently been published on nutraceuti-
cals. We review the updated literature on novel and emerging nutraceuticals used in the
management of dyslipidemia and their lipid-lowering effects.

2. Methods

A literature review was performed searching Pubmed, Scopus, and Google Scholar.
A search for the most recent published meta-analysis, systemic reviews, and randomized
control trials (RCT) was performed for each nutraceutical. Publications not written in
English or lacking accompanying English translations were excluded.

The level of evidence and strength of recommendations for particular lipid-lowering
therapies were evaluated and graded according to predefined scales in the legend of Table 1,
which also shows a summary of LDL-lowering effects of nutraceuticals [16].

Table 1. Nutraceuticals and their LDL-Lowering Effects.

. Lipid
Nutraceutical Class Le.vel of MeChaI.usm of Daily Dose Lowering Safety Drug
Evidence Action Interactions
Effect
Downregulates the Well tolerated
mRNA of SREBP-1c [16] Precautions
. and fatty acid 100 to 450 mg LDL-C: =5 to during No known drug
Anthocyanins b A synthase, resulting in [18] —10% [16] pregnancy (poly-  interactions [16]
less fat accumulation hydramnios)
in adipocytes [17] [19]
GI discomfort, 5 .
Inhibit HMG-CoA skin reactions, Ang;illlal;etlc
reductase [16,20], and asthma . 8s
induce pathways exacerbations antihypertensive
Artichoke . ce p Y 500 to 2800 mg LDL-C: -5 to drugs, and
Ila A involving SREBP and o [16,22]
Leaf Extract X [21] —15% [16] L CYP2B6 and
ACAT, [20] increase Insufficient data CPY2C19

excretion of bile acids
[21]

in pregnant or
breastfeeding
patients [22]

inducers and
inhibitors [22]
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Table 1. Cont.

. Lipid
Nutraceutical Class Le'vel of Mechat}lsm of Daily Dose Lowering Safety Drug
Evidence Action Effect Interactions
PCSKO9-I [23],
upregulates the Anticoagulants,
hepatic LDL receptor GI symptoms, anti- platelets,
by activing the Jun headaches, and antidiabetic
amino-terminal elevated drugs,
kinase and transaminases antihypertensive
extracellular signal [30,31] No drugs, central
regulated kinases serious liver nervous system
. [16,24] 200to 1500 mg  LDL-C: —15to  injury [16,29,31] depressants,
Berberine I A Decreased GI [29] —20% [16] Kernicterus in cyclosporine,
reabsorption of infants [31] CYP substrates
cholesterol, enhanced Pregnant women, (CYP2C9,
fecal excretion, breastfeeding CYP2De6,
increased hepatic bile mothers, and CYP3A4), dex-
acid formation, [25] infants should tromethorphan,
activates AMPK, avoid [22] and tacrolimus
[26,27] inhibits [22]
NADPH [28]
Inhibits HMG-CoA .
reductase, ACAT [16] Galn(ﬁsrcn(ﬁgcffe e
pancreatic cholesterol it L1 .
ester hydrolase, [32] cramps Little Antidiabetic
Bereamot Ia A activates AMPK, 126] 200 to 1500 mg LDL-C: =7 to safety data in drugs due to
g a dical-scaveng/ing [16] —40% [34] patients who are hypoglycemia
activity, [16] increases bg:;‘gg:z;?; [22]
fecal excretion of bile 2] g
acids [16,33]
Decreases TG Fishy body odor,
synthesis b minor nausea, or
doe e o bl LDL-C: —0.14 Gl discomfort
oo faj e mmol/L; 95% [22,36] Safe in
©raty ! CI, -0.22 to patients who are .
increases 500 mg to —0.06 regnant or Thyroid
L-carnitine IIb A mitochondrial i ) preg . hormones and
o 6 g [35] TG: —0.11 breastfeeding X
oxidation of long 1/L: 95% 1 warfarin [22]
hain fatty acids, and mmol/L; 95% Parentera
Cincreases. roduétion €l -0.18 to carnitine
of apoli Op rotein Al —0.03 [35] supplementation
P }3[31:5’] is safe in infants
[22,37,38]
Weight loss,
hypoglycemia,
anemia, thrombo-
cytopenia,
trarell:{r?itre\:ses Levothyroxine,
Upregulates gene TC: —0.17 clovated ’ insulin,
Chromium I A expression of PPAR-y 40 to 1000 mcg mmol/L; 95% creatinine metformin, and
and LDL receptor [39] CI,-0.27 to thabdomvol ’ ; other anti-
[39] —0.07 [40] SmMyo yeis, diabetic
and dermatitis medication [41]
Safe during
pregnancy and in
women
breastfeeding
[41]
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Table 1. Cont.

. Lipid
Nutraceutical Class Le'vel of Mechat}lsm of Daily Dose Lowering Safety Drug
Evidence Action Effect Interactions
Should not be
Interferes with GI used in patients
absorption by with allergies to
binding to negatively crustaceans or
charged fatty acids . _ro shellfish [42] .
Chitosan 1Ib A and bile acids and 0.3 to 3 g [43] LDL[%] 5% GI discomfort V?;chalﬁ:lu[‘;;i
disrupting the Insufficient data
emulsification of on use in patients
neutrally charged who are pregnant
cholesterol [42] or breastfeeding
[22]
Anticoagulants,
TG: —0.0032 Insomnia, GI insulin, and
mmol/L; 95% discomfort, cancer
Reduce oxidative CI, -0.0063 to dizziness, treatments
Coenzyme 30 to 250 mg —0.0001 [45] headache, Beta-blockers can
1T A stress and restores . .
Q10 coenzyme Q10 [44] [45] HDL-C: 0.03 dyspepsia, inhibit enzyme
Y mmol/L; 95% photophobia, reactions
CI, 0.01 to 0.06 irritability, and involving
[46] fatigue [47] coenzyme Q10
[47]
GI discomfort,
hepatotoxicity
Promotes cholestercl patiens whoare  anti patelet
Con]qgatec;l b A efflux I?y ncreasing 0.5t07 g [49] LDL-C: —5% pregnant [51] drugs, and anti-
Linoleic Acid expression of ABCA1 [16] fhicient d h .
and ABCG1 [48] Insufficient data ypertensives
in patients [22]
breastfeeding
[22]
Inhibits intestinal Al;(yeli:lsng
NPCI1L1 cholesterol GI discomfort amlg di 1;1
transporter [22,56] miodipine,
. X . anticoagulants,
expression by Precautions in anti- platelets
inhibiting the patients who are antigiabetic .
Curcumin b A SREBP2 transcription 50mgto6g LDL-C: —5% pregnant or drugs, CYP3A4
factor, [52] [55] [16] breastfeeding as substrates
downregulates levels greater sulfasala inle
PCSK9 expression, than dietary ltlacrolimzus .
[53] upregulates levels may be talinolol ’
ABCA1 expression unsafe [22] . !
[54] tamoxifen, and
warfarin [22]
Soluble Fiber
GI discomfort,
Inhibits HMG-CoA obstructions in
reductase, reduces GI the bowel or
cholesterol esophagus,
absorption, [57] LDL: —0.35 [22,58] reduce .
- . 959 ; May be issues
increases the 1to 15 g per mmol/L; 95% absorption of . )
Glucomannan Ila A X . . . with absorption
conversion of bile day [16,58] CI,-0.46 to vitamin E of medicines [22]
—0.25 [58] Insufficient data

acids into cholesterol
through increased
7-«- hydroxylase

activity [16]

in patients who
are pregnant or
breastfeeding
[22]
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Table 1. Cont.

. Lipid
Nutraceutical Class Le'vel of Mechat}lsm of Daily Dose Lowering Safety Drug
Evidence Action Interactions
Effect
Viscosity reduces LDL-C: —0.27 I'nsuff1'c1er1t data antihypertensives
cholesterol in patients who .
N . mmol/L; 95% and immunosup-
B-Glucan Ila A absorption, increases 3 to 25 g [16,60] are pregnant or
. . - CI, —0.35 to . pressant drugs
bile acid excretion ~0.20 [60] breastfeeding 22]
[59] ’ [22]
GI discomfort,
obstruction of
the esophagus or
bowel [22.'61] Penicillin,
Safe during .
Prevents GI . metformin,
LDL-C: —0.45 pregnancy as it .
cholesterol mmol/L; 95 treats estradiol, and
Guar Gum Ila A absorption, increases 30 to 100 g [61] g ° . . digoxin May
N R . CIL, -0.61 to intrahepatic Lo
bile acid extraction X inhibit the
—0.29 [61] cholestasis of .
[61] absorption of
pregnancy [62] oral drugs [22]
Insufficient data §
in patients who
are breastfeeding
[22]
GI discomfort,
mild
anaphylactic
allergic reactions,
bowel Carbamazepine,
Reduces GI LDL-C: —0.33 obstructions, and digoxinp .
. absorption 2t0 20 g per mmol/L; 95% esophageal SR
Psyllium lia A cholesterol, binds to day [63] CI, -0.38 to obstructions ezgz)lfrl{ﬁl;thalz?/
bile acids [63] —0.27[63] [16,22,64] 1,
. olanzapine [22]
Safe during
pregnancy or
while
breastfeeding
[65]
GI symptoms, Anti-
Inhibits HMG-CoA body odor, hypertensive
reductase, garlicy breath, drugs,
acetyl-CoA aftertaste, and anti-diabetic
synthetase, squalene- increased drugs, atazanavir,
monooxygenase, and bleeding risk CYP2E1/CYP3A4
Garlic Ia A potentially non- 03t020¢g LCL-C: =5 to [16,68] inducers and
Extract acetylated CoA, [66] [16,67] —10% [16] Possibly unsafe inhibitors,
GI absorption of fatty when used in isoniazid,
acids and cholesterol, higher levels in protease
increases the patients who are inhibitors,
excretion of bile acids pregnant or saquinavir,

[16]

breastfeeding
[22]

tacrolimus, and
warfarin [22]
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Table 1. Cont.

. Lipid
Nutraceutical Class Le'vel of Mechat}lsm of Daily Dose Lowering Safety Drug
Evidence Action Interactions
Effect
GI discomfort, .
. 5-fluorouracil,
transitory blood adenosine, anti-
pressure L
. coagulants, anti-
elevations, latelots
rashes arI:tidiabetlic
Inhibits expression of thrombotic d .
o . rugs, statins,
nitric oxide synthase, thrombocy- beta agonists
[69] activates AMPK, topenic purpura, borteiomib ’
Green Tea Ila A inhibits HMG-CoA 100 mg t0 20 & LCL-C: -5 [16] hep atotoxicity, carbamazepine,
reductase, [16,69] per day [16,69] hypokalemia, cimetidine
inhibits the [16,22,69] clozapine !
reabsorption of bile Higher doses lisi?l (F lril/
acids [16,70] associated with lithitllgm .
iron and folate stimulan;s
deficiency; use [
. . verapamil, and
with precaution valproate acid
in pregnant P 22]
patients [16,71]
GI discomfort, .

M skin rash, and Alkylating
odulates fat rarely insulin agents,
synthesis, au to?,mmune anticoagulants,

mitochondrial - LDL-C: —0.28 syndrome Safe anti- platelet
Alpha Lipoic b A oxidation of fat, 300 to 1800 mg mmol/L; 95% 4 drurin drugs,
Acid clearance of TG-rich [73] CI, —0.50 to reonanc 8 [74] antidiabetic
lipoproteins in the —0.06 [73] preghancy drugs, antitumor
. N Insufficient data F
liver, and adipose TG in patients antibiotics, and
accumulation [72] P . levothyroxine
breastfeeding
122] [22]
Inhibits HMG-CoA
receptor and PCSK9
activity. Refs. [75,76],
upregulates SREBP-2 GI discomfort
via Likely safe to use No known
Lupl'n a A phosphatldyhnosﬁol— <35 [78] LDL—S: —5to in patients who interactions with
Protein 3- kinase, alpha —12% [16] are pregnant or drugs [22]
serine/threonine- breastfeeding &
protein kinase, and [22]
glycogen synthase
kinase-3 beta kinase
pathways [77]
GI discomfort,
flushing,
confusion,
hypotension,
hyperreflexia, Aminoglycosides,
respiratory antacids,
depression, bisphosphonates,
Reglats HG.Con iypealemia il chne
reductase expression, LDL-C: —0.18 }I;Il)llmonar; . ketar,ni;ge xin,
Magnesium 11 A upregulates 3510500 mg mimol/L; 95% edema, and levodopa,
cholesterol [80] CI, -0.30 to . .
cardiac arrest carbidopa,
7a-hydroxylase and —0.05 [81] .
LCAT expression [79] [82,83] potassium-
Safe during sparing diuretics,
pregnancy at quinolones,
appropriate sulfonylurea, and

doses [22,83]
Appears safe to
use during
breastfeeding
[22]

tetracyclines [22]
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. Lipid
Nutraceutical Class Le'vel of Mechat}lsm of Daily Dose Lowering Safety Drug
Evidence Action Interactions
Effect
GI hemorrhage,
peptic ulcers,
myopathy,
Inhibits rhabdomyol.yms,
diacylel 1 gout, flushing,
iacylglycero! A . !
skin lesions, skin
acyltransferase-2, X X
g infections, lower
which decreases TG respirator Statins, isoniazid,
synthesis and LDL-C ) TG: —28.6%; . opratory ' ’
- . . . <2 g daily X infections, and and
Niacin 1Ib A by increasing hepatic LDL-C: . . .
: [85,86] o increased pyrazinamide
apoB degradation, —12.0% [86] L
. incidence of [1,88]
raises HDL-C by .
R . . diabetes and
stimulating hepatic e
apolipoprotein A-T hospitalizations
p roduction [84] for diabetes [85]
p No restrictions
for pregnant or
breast feeding
patients [87]
GI discomfort,
elevated alkaline-  anticoagulants,
Reduces GI phosphate, AST, anti- platelets,
cholesterol 2030;}§rt0 ALT, gamma- antidiabetic
abst_n_*ptlon, increases powders, LDL-C: —0.48 glutamyl drugs, ar}tlhyper-
Ni biliary excretion, oro transferase [89] tensives,
igella capsules, and mmol/L; 95% 5
X IIb A reduces cholesterol Safe to use cyclosporine,
Sativa s extracts 1to 5 CI, -0.58 to . R .
synthesis, inhibits mL for oil —0.37 [90] during diuretics,
lipid oxidation, suSpensio ns ’ pregnancy [91] immunosuppres-
upregulates LDL P Insufficient data sants, and
[90] - ;
receptors [89] during serotonergic
breastfeeding drugs [22]
[22]
No known
adverse effects of
Reduces lipid olive extract No
peroxidation, 136.2 mg known data on
increases bile oleuropei n LDL-C: -0.19 about the levels No known
Olive Extract 1Ib excretion, and and 6.4 mg =+ SD 0.56 consumed interactions [94]
inhibits HMG-CoA hydroxyty mmol/L [93] through olive
reductase and ACAT rosol [93] extract in those
[92] who are pregnant
or breastfeeding
[94]
Inhibits GI
absorption, increases No reported side
excretion of bile effects [10,97]
Gamma- acids, inhibits HMG- 100 to 300 mg LDL-C: -5 to No saf ety daﬁi No known drug
oryzanol 1ib CoA reductase, [16,22] —10% [16] on patients who interactions [22]
Y inhibits platelet 4 are pregnant or
aggregation, [95] breastfeeding
alters the gut [22]
microbiome [96]
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Mechanism of Lipid Drug
Nutraceutical Class . Daily Dose Lowering Safety 2
Action Interactions
Effect
gastrointestinal
symptom [98]
Safe in children
Inhibits HMG-CoA and in patients
reductase and acetyl- with chronic
) CoA carboxylase, (g, 1900 mg  LDL-C: —11%  <dneydisease, oy on drug
Pantethine 1Ib which are involved in 98] 98] including interactions [22]
TG synthesis and dialysis [99,100] nteractt
lipoprotein Insufficient data
metabolism [98] in patients who
are pregnant or
breastfeeding
[22]
Reduces synthesis of
hepatic VLDL,
endogenous fatty
acids, substrates GI discomfort,
available for TG new- onset atrial
synthesis, and fibrillation and Anticoagulants,
activity of atrial flutter, anti- platelet
Polyunsaturated diacylglycerol - fishy aftertaste drugs, aptlhyper—
acyltransferase or TG: —0.36 [103,105] Safe to tensives,
n-3 Fatty I S <4 g[102,103] . .
Acids phosphatidic acid mmol/L [104]  use in pregnancy contraceptives,
phosphohydrolase, [106] cyclosporine,
which are involved in Likely safe and tacrolimus
TG synthesis, during [22]
promotes [3- breastfeeding
oxidation of fatty [22]
acids and increase
phospholipid
synthesis [101]
Decreases GI GI discomfort
cholesterol [107] Precaution
absorption, increases in patients who
bile acid excretion, are pregnant L.
. . S Digoxin,
Pectin b [107,108] decreases 6 [107] LDL-C: —5to (binds to vitamin lovastatin, and
HMG-CoA reductase, —10% [16] B12) [109] -
. X . tetracyclines [22]
increases cholesterol Safe in patients
7-a- hydroxylase in who are
the liver, modulates breastfeeding
gut microbiome [108] [22]
Inhibit cholesterol
absorption in GI tract
dl?y competing Wlth Well tolerated
ietary cholesterol in
. and safe [16,69]
the formation of .
. . Safe to use in
dietary micelles, regnancy [113]
Phytosterols Ia decreasing apoB 400mgto3 g LDL-C: -8 to FnsgfficieZt data No known drug
y secretion from [16,110] —16% [16,69] interactions [22]

enterocytes and
hepatocytes,
increases expression
of ABCA1 and
ABCGI1 level
[110-112]

on their use in
those
breastfeeding
[22]
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. Lipid
Nutraceutical Class Le'vel of Mechat}lsm of Daily Dose Lowgring Safety Drug
Evidence Action Effect Interactions
GI discomfort,
Promotes bile acid tachycardia,
production and myalgia,
lipolysis via hypertension,
inhibiting the headache,
expression of dizziness,
farnesoid X somnolence, 5 .
receptor-small LDL-C: —0.71 insomnia, Angfliagietlc
Policosanol b A heterodlfnerApartner 5t020 mg mmol/L; 95% polyd-lpsm, beta-blockers,
and activating the [116] CI,-1.02 to nocturia, dry nitroprusside
Takeda G- coupled —0.40 [116] skin, rashes, and P ) ¢
. X . and warfarin [22]
protein receptor weight gain [116]
5-AMPK signaling Safe to use in
pathway, which pregnancy
inhibits HMG-CoA [117,118]
reductase activity Insufficient data
[114,115] in breastfeeding
[22]
Lactobacillus and
Bifidobacterium
increase bile acid
excretion [119]
Lacticaseibacillus
decreases NPC1L1 GI discomfort,
cholesterol infections from
transporter yeast
expression and Saccharomyces
L increase cholesterol LDL-C: —5% cervisiae Safe in Insufficient data
Probiotics Tib A efflux via increased Tto6g[16122] [16] infants and [16]
expression of ABCA1 patients who are
[120] pregnant or
Lactobacillus breastfeeding
rhamnosus JL1 [123]
activates the AMPK
pathway and inhibits
PPAR-y and
SREBP-1C gene
expression [121]
Gastrointestinal
discomfort,
rashes, and
allergic reactions
[17,20,21]

Formulations . CYPP450
with citrinin are mcLu;ers or
nephrotoxic and mn ; 1t0ri,

hepatotoxic anti urllgda S

R <3 mg of o [14,20,21] macrofides,
ed Yeast I A HMG-CoA reductase monacolin K) LDL-C: —15% No elevations in cyclosporine,

Rice Extract inhibitor [124] to —25% [16] . fibrates, niacin,
[14] transaminases or
kidney nefazodone,
impairment mh'g)'rotease .
[14,17,20,21] ibitors, statins,

Precautions with
pregnancy [125]
Unknown if safe
to use during
breastfeeding
[126]

and verapamil
[16,126]
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Increase bleeding
Likely safe to
consume during Garlic, ginger,
Activates silent pregnancy and ginkgo,
information breastfeeding nattokinase,
regulation 2 homolog provided not anticoagulants,
1, suppresses hepatic consumed from anti- platelet
upregulation of . alcohol. drugs and those
genes associated in 250 to 3000 m. ];?IZS/E 09;:27 In patients with involving the
Resveratrol T A lipogenesis and [129,130] 8 CI -0.286 o malignancies cytochrome P450
prevent the 4 - é 005 [131] that grow in system, such as
downregulation of : response to CYP1A1,
genes involved with estrogen, such as CYP1A2,
lipolysis, [127] breast cancer, CYP1B1,
suppresses foam cell uterine cancer, CYP2C19,
formation [128] ovarian cancer, it CYP2E1, and
is advised that CYP3A4 [129]
patients should
limit intake [129]
Increases expression
of PPAR-«, PPAR-y,
and ABCA1, Well tolerated Anticoagulants
decreases expression LDL-C: —0.40 Safe to use in anti- pl§ telets !
Sea of SREBP-2, mmol/L; 95% pregnancy [134] . 4
Buckthorn Tib A promotes expression 0.75 mL [133] CI,-0.76 to Little data in anc}f:;\stilggsper—
of CPT1A, which is —0.04 [133] patients who 22]
involved in breastfeed [22]
increasing lipolysis
and -oxidation [132]
GI discomfort,
headache,
ureteric calculi,
and hemolytic
Increases lipolysis anemia, transient
and (- oxidation via LDL-C: —0.27 ischemia attack, Antidiabetic
the upregulation of 140 to 700 m. mmol /L' 9'5% myocardial drugs, morphine,
Silymarin 1Ib A CPT1, [135] increases [137] & CL -0 4’9 to infarction, and tamoxifen,
cholesterol efflux via - d 05'[1 37] cardiovascular sirolimus, and
increases expression : death [137] warfarin [22]
of ABCA1 [136] Insufficient data
in patients who
are pregnant or
breastfeeding
[138]
Activates heme
oxygenase-1 GI discomfort,
(atheroprotective bleeding, rashes,
enzyme involved in elevated Anticoagulants,
heme catabolic transaminases, anti- platelets,
pathway in LDL-C: —5 to and cholestasis antidiabetic
Spirulina Ila A endothelial cells), 1to0 10 g [69] 5% h 6,691 [22,140] Little drugs, and
[16,69] antioxidant, ! safety data in immunosuppres-
anti- inflammatory, patients who are sant drugs
and pregnant or [22]

radical-scavenging
properties, [16] alters
gut microbiome [139]

breastfeeding
[22]
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. Lipid
Nutraceutical Class Le'vel of Mechat}lsm of Daily Dose Lowgring Safety Drug
Evidence Action Effect Interactions
GI discomfort,
menstrual
complaints,
headaches,
Inhibits HMG-CoA dlf;;;fsss[’z;?d
reductase, reduces Chronic use of
P&\iigafersogeillrel,a[giil] higher doses of Antidiabetic
excretion, cholesterol soy protein may drugs,
hesis inhibition affect fertility antihypertensive
synt frf;ielasels ! ’ and thyroid drugs, diuretics,
transcription of the function [16,69] estrogens,
Soybean Ia A LDL recentor. 25to 120 mg LDL-C: =3 to Decreased progesterone,
Protein [142,143] incieaées [16,69] —10% [16] absorption of tamoxifen,
aI;OB receptor divalent and levothyroxine,
activity, decreases trivalent metals, monoamine
hepatic ;ynthesis of such as ca} cium, . .0 %idase
holesterol and copper, iron, inhibitors, and
li cholest . magnesium, and warfarin [22]
ipoprotein secretion, Zinc [143]
[143] alters the gut Avoid durin
microbiome [144] pregnancy Usego ¢
soy is likely safe
during
breastfeeding
[22]
Bleeding, heart
failure,
hemorrhagic
cerebral vascular Alkylating
Inhibits HMG-CoA accidents, agents,
reductase, promotes HDL-C: 0.15 prostate cancer, anticoagulants,
scavenging for free 400 to 800 UT mmol /L" 9'5% and all- cause anti- platelets,
Vitamin E IIb A radicals, and 116] ClL 0.07 tc,) 023 mortality cyclosporine,
activates PPAR -«, -3, . ‘[1 48] : [147,149] CYP3A4
and -y receptors Safe in substrates, niacin,
[145-147] pregnancy [106] and selumetinib
Likely safe [22]
during
breastfeeding
[22]

Definition of level of evidence. Level A: Data derived from multiple randomized clinical trials or their meta-
analysis. Level B: Data derived from a single randomized clinical trial or large nonrandomized studies. Level C:
Consensus or opinion of experts and/or small studies, retrospectives studies, or registries. Definition of classes of
recommendation. Class I: Evidence and/or general agreement that a given treatment or procedure is beneficial,
useful, and effective. Is recommended/ is indicated. Class II: Conflicting evidence and/or a divergence of opinion
about the usefulness/efficacy of the given treatment or procedure. Class ITa: Weight of evidence/opinion is
in favor of usefulness/ efficacy. Should be considered. Class IIb: Usefulness/efficacy is less well established
by evidence/opinion. May be considered. Class III Evidence or general agreement that the given treatment or
procedure is not useful/ effective and, in some cases, may be harmful. Is not recommended (no efficacy on lipid
profile). Abbreviations: Acyl-coenzyme A cholesterol acyltransferase (ACAT), adenosine triphosphate-binding
cassette (ABC), alanine-aminotransferase (ALA), adenosine monophosphate-activated protein kinase (AMPK),
aspartate-aminotransferase (AST), carnitine palmitoyl transferase 1 (CPT1), gastrointestinal reabsorption (GI),
high-density lipoprotein cholesterol (HDL-C), 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA), lecithin
cholesterol acyltransferase (LCAT), low-density lipoprotein cholesterol (LDL-C), messenger ribonucleic acid
(mRNA), nicotinamide adenine dinucleotide phosphate (NADPH), Niemann-Pick C1-like 1 (NPC1L1), peroxisome
proliferator-activated receptor (PPAR), proprotein convertase subtilisin/kexin type 9 inhibitor (PCSK9I), red yeast
rice (RYR), sterol regulatory element-binding proteins (SREBP), total cholesterol (TC), triglycerides (TG).

3. Nutraceuticals and Their Main Effects on LDL-C
3.1. Red Yeast Rice Extract

Red yeast rice (RYR) extract is a traditional Chinese supplement that is produced via
fermenting yeast (Monascus purpureus) grown on white rice and contains sterols, isoflavones,
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and polyketides such as monacolin K [14-16,126]. The lactone form of monacolin K is
structurally identical to lovastatin and requires conversion into the active hydroxyl acid
form via the small intestine and liver [16,126]. RYR extract consumption results in the
reduction of circulating atherogenic LDL-C particles, which is associated with a substantial
reduction in the risk of cardiovascular events. Thus, RYR extract formulations may have
a role in preventing cardiovascular disease. Besides monacolin K, RYR extract contains a
wide (and variable) range of chemical constituents and several monacolins (M, L, J, and X)
that may also contribute in varying degrees to the lipid-lowering effect [14]. Monacolin K
is an HMG-CoA reductase inhibitor and increases clearance of serum LDL-C [124]. The
typical dosage of RYR extract ranges from 1.2 to 2.4 g daily. This is equivalent to about
4.8 to 10 mg of monacolin K, depending on the formulation [16]. The International Lipid
Expert Panel (ILEP) recommends a daily dose of <3 mg monacolins [14].

The expected LDL-C reduction is about —15% to —25% [16]. In a recent meta-analysis
of 30 RCTs, 5440 participants were treated with RYR extract compared to placebo. Those
in the RYR extract arm experienced a reduction in total cholesterol (TC) (—0.74 mmol/L;
95% confidence interval [CI], —0.71 to —0.22), TG (—0.45 mmol/L; 95% CI, —0.70 to —0.21),
LDL-C (—0.42 mmol/L; 95% CI, —0.78 to —0.06) and an increase in HDL-C (0.14 mmol/L;
95% CI, 0.09 to 0.20) [150]. In another meta-analysis of 15 RCTs with 1012 participants,
RYR extract lowered apoB (—5.45 x 10~* mmol/L; 95% CI, —6.90 x 10~* to —4.00 x 107%)
compared to placebo [151].

Another meta-analysis investigated RYR extract’s impact on cardiovascular outcomes,
and it included a total of seven RCTs in China with 10,699 participants with dyslipidemia
who were not on statins. The authors found that RYR extract reduces the risk of a non-fatal
myocardial infarction (MI) (relative risk [RR] = 0.42; 95% CI, 0.34 to 0.52), revascularization
(percutaneous coronary intervention and coronary artery bypass graft) (RR = 0.58; 95%
CI, 0.48 to 0.71), and sudden death (RR = 0.71; 95% CI, 0.53 to 0.94) when compared to
placebo. However, there was no significant difference in fatal MI [152].

Some of the more common adverse side effects can include gastrointestinal discomfort,
rashes, and allergic reactions [125,151,152]. The prevalence of increased liver transaminases
or muscle symptoms in RYR extract is comparable to that of statins [14,151,152]. Although
citrinin is a nephrotoxic and hepatotoxic metabolite produced during the fermentation of
RYR, a meta-analysis of 53 RCTs with 8535 participants did not demonstrate significant
kidney impairment or elevated transaminases with RYR extract [14,126,151,152]. There
are rare reports of rhabdomyolysis in patients with a prior history of rhabdomyolysis or
polypharmacy use with RYR extract, statins, and antidepressants [126]. However, multiple
meta-analyses of RCTs have shown no serious adverse reactions from RYR extract requiring
hospitalizations when compared to statins and placebo [14,151,152].

Although the United States (US) Food and Drug Administration (FDA) has released a
statement that statins may be considered in certain pregnant patients, such as those with
homozygous familial hypercholesterolemia, special precautions should be taken with the
use of RYR extract during pregnancy [125]. Citrinin-free formulations should be used,
as citrinin is teratogenic [16]. The IELP recommends a minimum dose of citrinin. The
no-observed-adverse-effect level is <0.2 ug/kg body weight per day, which is <14 pg/day
for a 70 kg person [14]. It is unknown if RYR extract is safe during breastfeeding. Special
precautions should also be taken in patients with hepatobiliary disorders [126]. Other
potential interactions include those with food, CYPP450 inducers or inhibitors, antifungals,
macrolides, cyclosporine, fibrates, niacin, nefazodone, protease inhibitors, statins, and
verapamil [16,126].

Formulations containing RYR extract, however, have been the subject of greater regu-
latory scrutiny—particularly in regions where lovastatin is only available as a prescription.
Some believe selling a product containing monacolin K is equivalent to selling a prescrip-
tion pharmaceutical product. The US FDA determined in 1998 that RYR products that
contain more than trace amounts of monacolin K are unapproved new drugs and cannot
be sold legally as dietary supplements [14]. The European Food Safety Authority (EFSA)
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does not permit the sale or supply of RYR preparations that contain >3 mg of monacolin
K [153]. The 2021 European Society of Cardiology guidelines on cardiovascular disease
prevention in clinical practice recommend against using RYR extract [154].

In summary, RYR preparations have been shown to be safe and effective in improving
lipid profiles and, to some extent, in reducing the risk of cardiovascular events. However,
they should not replace conventional treatments (statins, ezetimibe, and PCSK9 inhibitors),
as higher-quality long-term outcomes data exist. Of note, RYR extract may be considered in:
(1) patients with statin intolerance, (2) patients with dyslipidemia ineligible for statin ther-
apy, and (3) patients with a strong preference for RYR extract over conventional treatment.
When recommending RYR products to patients, it is important to ensure that the product
has been produced according to the principles of good manufacturing practice, to ensure
consistency of dose of the active ingredient and the absence of harmful contaminants [14].

3.2. Berberine

Berberine is a quaternary benzylisoquinoline alkaloid used in China [16,25]. It can be
isolated from the bark, fruit, root, rhizome, and stem of various plant genera, including
Berberis, Coptis, and Hydrastis [16]. Berberine inhibits PCSK9, resulting in less degradation
of the hepatic LDL receptor and improved clearance of serum LDL-C [23]. Berberine also
upregulates the hepatic LDL receptor and thus serum LDL-C clearance at the level of the
messenger ribonucleic acid by activating the Jun amino-terminal kinase and extracellular
signal regulated kinases [16,24]. Other secondary mechanisms involve decreased gastroin-
testinal reabsorption of cholesterol, enhanced fecal excretion, and increased hepatic bile
acid formation [25]. Berberine activates adenosine monophosphate-activated protein kinase
(AMPK), which inhibits cholesterol and triglyceride synthesis, promotes hepatic fatty acid
oxidation, and reduces lipogenic gene expression [26,27]. Berberine also inhibits nicoti-
namide adenine dinucleotide phosphate, which is involved in cholesterol synthesis [28].
The typical dosage of berberine is 200 to 1500 mg per day [29].

The expected LDL-C reduction is about —15 to —20% [16]. A meta-analysis of
19 RCTs and cross-sectional trials with 1372 participants found that berberine reduced TC
(=1.17 mmol/L; 95% CI, —1.28 to —1.06), LDL-C (—1.06 mmol/L; 95% CI, —1.17 to —0.96)
and TG (—0.60 mmol/L; 95% CI, —0.71 to —0.50) and increased HDL-C (0.24 mmol/L;
95% CI, 0.14-0.34) [29].

Side effects include gastrointestinal symptoms, headaches, and elevated transami-
nases [30,31]. No serious liver injury was reported in adults [16,29,31]. Kernicterus may be
more common in infants taking berberine [31]. Pregnant women, breastfeeding mothers,
and infants should avoid berberine. Interactions are possible with anticoagulants, anti-
platelets, antidiabetic drugs, antihypertensive drugs, central nervous system depressants,
cyclosporine, CYP substrates (CYP2C9, CYP2D6, and CYP3A4), dextromethorphan, and
tacrolimus [22].

3.3. Bergamot (Citrus bergamia)

Bergamot (Citrus bergamia Risso) is a Mediterranean citrus fruit that is rich in flavonoids,
which can be purified from the peel to produce bergamot polyphenolic fraction (BPF) [16,33].
These flavonoids can inhibit HMG-CoA reductase and acyl-coenzyme A cholesterol acyl-
transferase, which are involved in cholesterol production and transportation, respec-
tively [16]. BPF inhibits pancreatic cholesterol ester hydrolase, which is involved in the
esterification of cholesterol [32]. Other flavonoids, such as melitidin, neoeriocitrin, and
rutin, have been shown to inhibit LDL-C oxidation and to inhibit cholesterol triglyceride
synthesis via AMPK [26]. These flavonoids may potentially have anti-atherosclerotic prop-
erties through radical-scavenging activity [16]. BPF may also reduce intestinal absorption
of cholesterol via increased fecal excretion of bile acids [16,33]. The typical dosage is 500 to
1500 mg per day [16].

The expected LDL-C reduction is about —7 to —40%. In a systematic review of
12 studies with 870 participants, BPF decreased TC (—12.3 to —31.3%), LDL-C (7.6 to
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—40.8%), and TG (—11.5 to —39.5%) and increased HDL-C (1.0 to 6.5%). The authors
found a dose-dependent response, with higher doses of BPF associated with increased
lipid-lowering reductions [34].

Bergamot is associated with gastrointestinal discomfort and muscle cramps. Safety
data on patients who are pregnant or breastfeeding are scant. There may be interactions
with antidiabetic drugs due to hypoglycemia [22].

3.4. Garlic Extract

Garlic is an herb used in traditional Indian and Chinese medicine and is sold as
raw garlic, extracted oil, or powdered tablets. It contains allicin (diallyl thiosulfinate),
which inhibits HMG-CoA reductase, acetyl-CoA synthetase, squalene-monooxygenase,
and potentially non-acetylated CoA [66]. Garlic may inhibit intestinal absorption of fatty
acids and cholesterol and increase the excretion of bile acids [16]. The typical dosage ranges
from about 0.3 to 20 g [16,67].

The expected LDL-C reduction is —5 to —10% [16]. In a recent network meta-analysis
of 26 RCTs with 1620 participants, those in the garlic arm showed a decrease in TC
(—0.25 mmol/L; 95% CI, —0.38 to —0.11), LDL-C (—0.21 mmol/L; 95% CI, —0.31 to —0.11),
and TG (—0.14 mmol/L; 95% CI, —0.22 to —0.05) and an increase in HDL-C (0.03 mmol/L;
95% CI, 0.00 to 0.07) compared to placebo [15]. In another meta-analysis of six trials, garlic
extract was shown to increase serum Lp(a) (54.59%; 95% CI, 30.47 to 78.71) in the trials that
lasted longer than 12 weeks [155].

Garlic extract has been shown to affect coronary plaque. In an RCT, 55 participants
with metabolic syndrome were randomized to supplementation with aged garlic extract
versus placebo and followed for a year. There was a relative reduction of about 30% in mean
low-attenuation plaque percent (—1.5% =+ 2.3; p < 0.01) on cardiac computed tomography
angiography, when compared to baseline. However, there were no changes in the total
plaque volume, dense calcium, or non-calcified plaque between the two groups [156].
Another recent RCT focused on aged garlic extract in participants with DM2. After 1 year
follow up, those in the supplementation arm saw a similar 29% relative reduction in low-
attenuation plaque percent compared to their baseline on cardiac computed tomography
angiography. When compared to placebo, those in the supplementation arm also had a
higher reduction in median low-attenuation plaque percent (—0.02% =+ 18.8; p = 0.0415).
However, there were no changes in the volumes of total plaque, fibrous plaque, or fibrofatty
plaque between the two arms [157].

Garlic extract is associated with gastrointestinal symptoms, body odor, garlicy breath,
aftertaste, and increased bleeding risk [16,68]. It is possibly unsafe when used in higher
levels in patients who are pregnant or breastfeeding. Garlic extract may have potential in-
teractions with anti-hypertensive drugs, anti-diabetic drugs, atazanavir, CYP2E1/CYP3A4
inducers and inhibitors, isoniazid, protease inhibitors, saquinavir, tacrolimus, and war-
farin [22].

3.5. Artichoke Leaf Extract

Artichokes are native to the Mediterranean region and can be a part of the Mediter-
ranean diet. Many antioxidants can be derived from artichoke leaf extract, including caffeic
acid, flavonoids, volatile sesquiterpene, and mono- and dicaffeoylquinic acid (cynarin and
chlorogenic acid) [16,21,158]. There are two proposed mechanisms of action. Flavonoids,
such as luteolin, may inhibit HMG-CoA reductase, which is involved in cholesterol synthe-
sis [16,20]. They may also induce pathways involving the sterol regulatory element-binding
proteins (SREBP) and the acyl-coenzyme A cholesterol acyltransferase, resulting in a reduc-
tion in cholesterol [20]. There may also be an increase in the gastrointestinal excretion of
bile acids. The typical dosage for artichoke leaf extract can range from 500 to 2800 mg per
day [21].

The expected LDL-C reduction is about —5 to —15% [16]. A network meta-analysis of
11 RCTs of artichoke leaf extract with 775 participants found a reduction in TC (—0.46 mmol/L;
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95% CI, —0.69 to —0.23), LDL-C (—0.39 mmol/L; 95% CI, —0.54 to —0.24), and TG
(—0.19 mmol/L; 95% CI, —0.32 to —0.06). There were no significant changes with HDL-C [15].

Reported side effects include gastrointestinal discomfort, skin reactions, and potential
asthma exacerbations [16,22]. However, there are no reports of significant side effects [21].
Data on use in pregnant or breastfeeding patients are insufficient. There may be interactions
with antidiabetic drugs, antihypertensive drugs, and CYP2B6 and CPY2C19 inducers and
inhibitors [22].

3.6. Green Tea

Green tea is derived from the leaves of the Camellia sinensis plant and can be con-
sumed as tea or green tea extract. Green tea is rich in catechins, which are flavonoids
and include epicatechin, epicatechin-3-gallate, epigallocatechin, epigallocatechin-3-gallate,
gallocatechin, catechin gallate, and gallocatechin gallate [159]. There are multiple potential
mechanisms of action for green tea. It inhibits the expression of inducible nitric oxide
synthase [69]. Green tea also activates AMPK and inhibits HMG-CoA reductase [16,69]. It
is postulated that green tea inhibits the reabsorption of bile acids in the ilium, resulting in
the increased biliary excretion of cholesterol and higher LDL receptor expression on the
liver [16,70]. The typical dosage ranges from 100 to 500 mg per day [16,69].

The average expected decrease in LDL-C is about —5% [16]. A network meta-analysis
of 25 RCTs with 1487 participants comparing green tea extract versus placebo revealed that
those in the green tea arm had a significant decrease in TC (—0.18 mmol/L; 95% CI, —0.33
to —0.04) and LDL-C (—0.17 mmol/L; 95% CI, —0.28 to —0.07). There were no significant
changes in HDL-C or TG [15].

Green tea extract is generally well tolerated. Common side effects include gastroin-
testinal discomfort, transitory blood pressure elevations, and rashes [16,69]. Rare se-
rious adverse effects include thrombotic thrombocytopenic purpura, hepatotoxicity, or
hypokalemia [22]. At higher doses, green tea may lead to iron and folate deficiency by
binding and reducing their absorption. In turn, special precautions may need to be taken
in pregnant patients [16]. There may be an increased risk of miscarriage when consuming
200 mg or more of caffeine per day [71]. There may be some interactions with 5-fluorouracil,
adenosine, anti-coagulants, anti-platelet drugs, antidiabetic drugs, statins, beta agonists,
bortezomib, carbamazepine, cimetidine, clozapine, lisinopril, lithium, stimulants, vera-
pamil, valproate acid, and more [22].

3.7. Olive Extract

Olive trees (Olea europaea) are native to the Mediterranean, and their fruits and leaves
can be used to create olive extract [93,94]. The extract contains phenolic compounds, such
as hydroxytyrosol, L-tyrosol, and secoiridoid oleuropein [93]. Olive extract reduces lipid
peroxidation, increases bile excretion, and inhibits HMG-CoA reductase and acetyl-CoA
cholesterol acyltransferase activity [92]. The typical dosage can range up to about 136.2 mg
oleuropein and 6.4 mg hydroxytyrosol per day [93].

In a randomized, double-blind, controlled, crossover trial, 60 participants with hyper-
tension were randomized into the placebo versus the olive leaf extract arm for 6 weeks. Par-
ticipants then underwent a 4 week washout period and were assigned to the crossover arm
for an additional 6 weeks. The authors found that olive leaf extract resulted in reductions
of TC (—0.32 £ SD 0.70 mmol/L; p = 0.002), LDL-C (—0.19 £ SD 0.56 mmol/L; p = 0.017)
and TG (—0.18 £ SD 0.48; p = 0.008) compared to the control arm. However, there were no
significant changes in HDL-C [93].

There are no known adverse effects of olive extract. Although presumably safe to
consume during pregnancy and while breastfeeding, there are no known data on the levels
consumed through olive extract. There are no known interactions with medications [94].
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3.8. Gamma-Oryzanol

Gamma-oryzanol is extracted from the bran of rice (Oryza sativa L.), which has been
used in Islamic traditional medicine. The main mechanism of cholesterol reduction is
via inhibition of gastrointestinal cholesterol absorption and increased fecal excretion of
bile acids. Gamma-oryzanol has been shown to inhibit HMG-CoA reductase and platelet
aggregation [95]. Gamma-oryzanol may also affect serum lipid levels by altering the gut
microbiome [96]. The typical dosage ranges from 100 to 300 mg daily [16,22].

The expected LDL-C reduction is about —5 to —10% [16]. In a meta-analysis of
14 studies with 270 participants being treated with rice bran oil, those in the nutraceutical
arm had a decrease in TG (—0.10 mmol/L; 95% CI, —0.20 to —0.004), TC (—0.19 mmol/L;
95% CI, —0.29 to —0.11), and LDL-C (—0.20 mmol/L; 95% CI, —0.29 to —0.04). There was
no significant change in HDL-C [97].

There are no reported side effects with gamma-oryzanol [16,97]. There are no safety
data on patients who are pregnant or breastfeeding, and there are no known drug interac-
tions [22].

3.9. Soybean Protein

Soybean, also known as Glycine max, is a legume that traditionally has been consumed
in Asian countries but has seen an increased adoption in the West. It contains high protein,
polyunsaturated fatty acid (PUFA), and fiber [160]. Soy protein has many potential lipid-
lowering mechanisms. (3-conglycinin, a soy peptide, inhibits HMG-CoA reductase and
reduces the amount of PCSK9 protein in the liver [141]. Soybean protein hydrolysate has
been shown to reduce cholesterol absorption via increased bile acid excretion, cholesterol
synthesis inhibition, and increased transcription of the LDL receptor [142,143]. Soy protein
has been shown to increase apoB receptor activity and to decrease hepatic synthesis of
cholesterol and lipoprotein secretion [143]. Soybeans have also been shown to alter the gut
microbiome by increasing Bifidobacteriaceae, Deferribacteraceae, and Clostridiales, which may
play a role in soy protein’s lipid-lowering properties [144]. The typical dosage ranges from
25 to 120 mg daily [16,69].

The expected LDL-C reduction is about —3 to —10% [16]. A meta-analysis of 43 clinical
trials with 2607 total participants that were given either dietary or supplementary soy versus
placebo found that those in the soy arm experienced a decrease in TC (—0.17 mmol/L;
95% CI, —0.24 to —0.09) and LDL-C (—0.12 mmol/L; 95% CI, —0.17 to —0.07). The authors
did not find a dose-dependent correlation with the lipid-lowering effect [161]. Another
meta-analysis of 10 RCTs with 973 participants found that soy isoflavone supplementation
did not significantly change Lp(a) [162].

Common side effects include gastrointestinal discomfort, menstrual complaints,
headaches, dizziness, and rashes [22]. Chronic use of higher doses of soy protein may
affect fertility and thyroid function [16,69]. There may be decreased absorption of divalent
and trivalent metals, such as calcium, copper, iron, magnesium, and zinc, due to phytic
acid in soybeans [143]. Due to the potential estrogen effects, supplemental soy protein
should be avoided during pregnancy. However, there are no limitations in dietary soy.
Use of soy is likely safe during breastfeeding. There may be interactions with antidiabetic
drugs, antihypertensive drugs, diuretics, estrogens, progesterone, tamoxifen, levothyroxine,
monoamine oxidase inhibitors, and warfarin [22].

3.10. Lupin Protein

Lupin is another legume that grows natively in Australia, the Mediterranean re-
gion, and South America. Lupin protein inhibits both HMG-CoA receptor and PCSK9
activity [75,76]. It upregulates SREBP-2 via phosphatidylinositol-3-kinase, alpha serine/
threonine-protein kinase, and glycogen synthase kinase-3 beta kinase pathways in the
liver [77]. The typical dosage is about 35 g or less per day [78].
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The expected LDL-C reduction is about -5 to —12% [16]. In an RCT where 33 patients
with dyslipidemia were randomized to receive 25 g per day of lupin protein isolate versus
placebo, LDL-C (—0.35 & 0.54 mmol/L) decreased in patients with TC > 6.6 mmol/L [78].

The most common side effects include gastrointestinal discomfort. It is likely safe to
use in patients who are pregnant or breastfeeding. There are no known interactions with
drugs [22].

3.11. Policosanol

Policosanol is extracted from sugarcane (Saccharum officinarum L.) wax, wheat germ,
beeswax, and rice. It is a mixture of aliphatic alcohols, including tetratriacontanol, dotri-
acontanol, triacontanol, tetracosanol, hexacosanol, heptacosanol, octacosanol, and nona-
cosanol [116]. Policosanol promotes bile acid production and lipolysis via inhibiting the
expression of farnesoid X receptor-small heterodimer partner and activating the Takeda G-
coupled protein receptor 5-AMPK signaling pathway, which inhibits HMG-CoA reductase
activity [114,115]. The typical dose ranges from 5 to 20 mg [116].

In a meta-analysis of 22 RCTs with 1886 participants with dyslipidemia, policosanol
supplementation was associated with a decrease in TC (—0.58 mmol/L; 95% CI, —0.87 to
—0.30) and LDL-C (—0.71 mmol/L; 95% CI, —1.02 to —0.40) and an increase in HDL-C
(0.13 mmol/L; 95% CI, 0.09 to 0.16). There was no significant change in TG [116].

Common side effects of policosanols include gastrointestinal discomfort, tachycardia,
myalgia, hypertension, headache, dizziness, somnolence, insomnia, polydipsia, nocturia,
dry skin, rashes, and weight gain [116]. Animal models appear to show that policosanol is
safe to use in pregnancy [117,118]. Data on the safety of policosanol in patients who are
breastfeeding remain insufficient. There are possible interactions with antidiabetic drugs,
beta-blockers, nitroprusside, and warfarin [22].

3.12. Phytosterols

Phytosterols are plant-derived compounds that are found in all plant foods, partic-
ularly in vegetable oils, nuts, seeds, and grains [163]. Phytosterol is a broad term that
encompasses both plant sterols and stanols, and the most common phytosterols are campes-
terol, sitosterol, and stigmasterol [110,163]. Their structure is similar to that of cholesterol.
Phytosterols inhibit cholesterol absorption in the gastrointestinal tract by competing with
dietary cholesterol in the formation of dietary micelles, decreasing secretion of apoB from
enterocytes and hepatocytes, and increasing cholesterol efflux via increased expression of
adenosine triphosphate-binding cassette (ABC) protein Al and ABCG1 levels [110-112].
The typical dosage ranges from 400 mg to 3 g per day [16,110].

The expected LDL-C reduction is about -8 to —16% [16,69]. In a meta-analysis of eight
RCTs with 297 participants with dyslipidemia, plant sterol and stanol supplementation was
found to lower LDL-C (—0.31 mmol/L; 95% CI, —0.39 to —0.23). The authors found that
there were no significant differences between supplemented or dietary phytosterols [110].
In another larger meta-analysis of 51 clinical trials with 3786 participants who were random-
ized to dietary phytosterols versus placebo, there was a decrease in LDL-C (—0.34 mmol/L;
95% CI, —0.38 to —0.30) and TG (—0.05 mmol/L; 95% CI, —0.09 to —0.01) in the phytosterol
arm. The increase in HDL-C was not significant [163].

Plant sterols/stanols had the highest certainty of evidence as assessed by the Journal
of Clinical Epidemiology (JCE) Grading of Recommendations Assessment, Development
and Evaluation (GRADE) [15]. This was also reflected in recent ILEP guidelines that gave
IIa recommendations, which acknowledged the moderate effects and quality of trials [69].

Phytosterols are generally well tolerated and safe [16,69]. Phytosterols are safe to
use in pregnancy [113]. However, data on their use in those breastfeeding are insufficient.
There are no known drug interactions that are clinically significant [22].
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3.13. Viscous Dietary Fibers

Viscous dietary fibers are an umbrella term used for a variety of complex polysaccha-
rides found in oats, barley, legumes (lentils, lima beans, kidney beans, and pinto beans),
fruits (apples, pears, plums, and citrus fruits), and vegetables (broccoli, Brussels sprouts,
carrots, and green peas), seeds, and nuts that are resistant to digestion in the small intes-
tine [164]. The US FDA and EFSA have both confirmed the lipid-lowering capabilities of
soluble fiber [60,165]. Soluble fibers have different mechanisms of action and efficacy in
their lipid lowering capacity [164].

3.13.1. B-Glucan

3-glucan is a soluble fiber found in the endospermic cell walls of oats and is produced
during the ripening process. Due to the increased viscosity of $-glucan, this reduces
the absorption of cholesterol from the gastrointestinal tract. It also increases gastroin-
testinal elimination via bile acid excretion [59]. Typical daily consumption ranges from
3 to 25 g [16,60].

In a meta-analysis of 13 RCTs that randomized 927 patients with dyslipidemia to
receive a diet enriched with oat 3-glucan versus placebo, the authors found a decrease in
TC (—0.24 mmol/L; 95% CI, —0.28 to —0.20) and LDL-C (—0.27 mmol/L; 95% CI, —0.35 to
—0.20). However, there was no significant change in TG or HDL-C [60].

-glucans are typically well tolerated. Data on their use in patients who are pregnant
or breastfeeding are insufficient. There may be interactions with antihypertensives and
immunosuppressant drugs [22].

3.13.2. Psyllium

The husk of Plantago seed contains psyllium, which is a soluble fiber that forms a
viscous gel. Psyllium reduces absorption of cholesterol via the gastrointestinal tract and
binds to bile acids, which increases intestinal excretion of cholesterol and increases hepatic
LDL receptor expression. Typical consumption can range from 2 to 20 g per day [63].

In a meta-analysis of 28 clinical trials involving 1924 patients with and without dyslipi-
demia, the authors found a reduction in LDL-C (—0.33 mmol/L; 95% CI, —0.38 to —0.27),
non-HDL-C (—0.39 mmol/L; 95% CI, —0.50 to —0.27), and apoB (—0.05 g/L; 95% CI, —0.08
to —0.03) [63].

Side effects include gastrointestinal discomfort, mild anaphylactic allergic reactions,
bowel obstructions, and esophageal obstructions [16,22,64]. Increased water consumption
reduces obstructions [164]. Psyllium is safe to use during pregnancy or while breastfeed-
ing [65]. There may be drug interactions with carbamazepine, digoxin, estradiol, lithium,
metformin, and olanzapine [22].

3.13.3. Glucomannan

Glucomannan is a dietary fiber found in the tuber root of Amorphophallus konjac, which
has been used as both food and medicine in Asia. It inhibits HMG-CoA reductase and
reduces absorption of cholesterol in the gastrointestinal tract [57]. Glucomannan also
increases the conversion of bile acids into cholesterol through increased 7-«-hydroxylase
activity [16]. The typical dosage ranges from 1 to 15 g per day [16,58].

In a meta-analysis of 12 RCT with 370 participants with and without dyslipidemia that
were treated with dietary glucomannan versus placebo, the authors found a decrease in
LDL-C (—0.35 mmol/L; 95% CI, —0.46 to —0.25) and non-HDL-C (—0.32 mmol/L; 95% CI,
—0.46 to —0.19). However, there was no significant change in apoB [58].

Glucomannan is associated with gastrointestinal discomfort and obstructions in the
bowel or esophagus [22,58]. It may also reduce the absorption of vitamin E. Data on its use
in patients who are pregnant or breastfeeding are insufficient. There may be issues with
the absorption of other medicines when glucomannan is used [22].
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3.13.4. Guar Gum

Guar, also known as Cyamopsis tetragonoloba or Cyamopsis psoraloides, is natively grown
in India, Pakistan, North Africa, and South America [61,166]. It contains guar gum, which
is a fermentable and soluble fiber consisting of galactose and mannose. Guar gum has a
wide range of applications, as it is used in food (emulsifiers or thickeners), cosmetics, paper,
textiles, toiletry, water treatment, and solar cells [166]. It works by preventing absorption
of cholesterol in the gastrointestinal tract and increasing bile acid extraction. The typical
dosage ranges from 30 to 100 g per day [61].

In a meta-analysis of 25 clinical trials with 1095 participants, there was a decrease in
TC (—0.53 mmol/L; 95% CI, —0.69 to —0.36) and LDL-C (—0.45 mmol/L; 95% CI, —0.61 to
—0.29). There was no significant change in TG or HDL-C [61].

Guar gum is generally well tolerated, and side effects include gastrointestinal discom-
fort and obstruction of the esophagus or bowel [22,61]. It is safe to use during pregnancy, as
it treats intrahepatic cholestasis of pregnancy [62]. However, data on its use in patients who
are breastfeeding remain insufficient. There may be interactions with penicillin, metformin,
estradiol, and digoxin. It also may inhibit the absorption of other oral drugs [22].

3.13.5. Pectin

Pectins are soluble fibers that are found in citrus and apples. They can be commercially
extracted from the pulp waste in the juice pressing process. They are used as thickeners
and food stabilizers in jams, marmalades, yogurts, desserts, and more [107]. Pectins work
by decreasing cholesterol absorption in the gastrointestinal tract and increasing excretion
of bile acids [107,108]. They also decrease HMG-CoA reductase and increase cholesterol
7-o-hydroxylase in the liver. Pectins also modulate the gut microbiome by increasing
Lactobacillus, Bifidobacterium, and Bacteroides [108]. Typical consumption can be about
6 g per day [107].

Various degrees of esterification of pectins, molecular weight, and sourcing from ap-
ples or citrus can impact the lipid-lowering capacity of pectins [107]. The expected LDL-C
reduction is about —5 to —10% [16,107]. In a randomized, crossover design trial of 90 partic-
ipants with dyslipidemia, the authors found a decrease in TC (—5.41 4 7.27%) and LDL-C
(—8.05 £ 9.31%) in patients treated with pectins from citrus with high degrees of esterifi-
cation. Similarly, there was a decrease in TC (—6.54 & 6.49%) and LDL-C (—9.26 + 9.71%)
with pectins from apples with high degrees of esterification. The authors found that pectins
with higher degrees of esterification lowered TC and LDL-C more effectively than pectins
with lower degrees of esterification. They also found that there was no significant difference
in the TC and LDL-C lowering capabilities of pectins from citrus or apples. There was no
significant change in TG or HDL-C from any type of pectin [107].

Pectins are generally well tolerated. Gastrointestinal discomfort is common in citrus
pectins with higher degrees of esterification compared to pectins from apples [107]. Precau-
tions should be taken in patients who are pregnant, as pectins bind to vitamin B12. This
may exacerbate vitamin B12 deficiencies and potentially lead to higher risks of spina bifida
in fetuses [109]. Pectins should be safe to use in patients who are breastfeeding. There may
be interactions with digoxin, lovastatin, and tetracyclines [22].

3.14. Nigella Sativa

Nigella sativa (N. sativa), also known as black caraway, black cumin, or black seed,
is a flower that is grown natively in Eastern Europe, the Middle East, North Africa, and
South Asia [90]. It has been used as Islamic traditional medicine and has many modern
applications, as it is used in cosmetics, food, and pharmaceuticals. N. sativa contains thymo-
quinone, flavonoids, and PUFAs such as linoleic and oleic acids. These can be made into
a powder, extract, or oil suspension [89,90]. N. sativa works by reducing gastrointestinal
absorption of cholesterol, increasing biliary excretion, reducing cholesterol synthesis, in-
hibiting lipid oxidation, and upregulating LDL receptors [89]. Typical daily doses can range
from 200 mg to 3 g for powders, capsules, and extracts or 1 to 5 mL for oil suspensions [90].
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In a meta-analysis of 37 trials with 2531 participants, N. sativa supplementation
was associated with a reduction in TC (—0.43 mmol/L; 95% CI, —0.54 to —0.32), LDL-
C (—0.48 mmol/L; 95% CI, —0.58 to —0.37), and TG (—0.18 mmol/L; 95% CI, —0.23 to
—0.12) and an increase in HDL-C (0.05 mmol/L; 95% ClI, 0.03 to 0.07) [90].

N. sativa is well tolerated and generally safe. It may be associated with gastroin-
testinal discomfort and elevated alkaline-phosphate, aspartate-aminotransferase, alanine-
aminotransferase, and gamma-glutamyl transferase [89]. Despite this, N. sativa appears
to be safe to use during pregnancy [91]. The data on its use during breastfeeding remain
insufficient. There may be possible drug interactions with anticoagulants, anti-platelet
drugs, antidiabetic drugs, antihypertensives, cyclosporine, diuretics, immunosuppressants,
and serotonergic drugs [22].

3.15. Silymarin

Silymarin contains a group of flavonolignans, including silibinin, silybin, silydianin,
silychristin, and isosilybin [137]. It is extracted from the fruit of Silybum marianum, also
known as milk thistle, which is native to Europe [138]. Silymarin has been shown to
increase lipolysis and (3-oxidation via the upregulation of carnitine palmitoyl transferase
1 (CPT1) [135]. It has also been shown to increase cholesterol efflux via the increased
expression of ABCA1 [136]. The typical dosage ranges from 140 to 700 mg per day [137].

In a meta-analysis of 11 RCTs of 816 participants with diabetes or liver disease, sily-
marin supplementation was found to decrease TC (—0.45 mmol/L; 95% CI, —0.80 to —0.10),
LDL-C (—0.27 mmol/L; 95% CI, —0.49 to —0.05), and TG (—0.29 mmol/L; 95% CI, —0.53 to
—0.05) and to increase HDL-C (0.09 mmol/L; 95% CI, 0.02 to 0.15) [137].

Silymarin is typically well tolerated. However, side effects of silymarin include
gastrointestinal discomfort, headache, ureteric calculi, and hemolytic anemia. Reported
serious adverse events include transient ischemia attack, M1, and cardiovascular death [137].
Safety data on its use in patients who are pregnant or breastfeeding are not available [138].
There are possible interactions with antidiabetic drugs, morphine, tamoxifen, sirolimus,
and warfarin [22].

3.16. Sea Buckthorn

Sea buckthorn (Hippophae rhamnoides L.) is a plant found natively in northeastern Eu-
rope, Russia, China, Tibet, and Mongolia. It has been used in traditional Tibetan medicine
and has been gaining popularity as a fruit juice [133]. It contains flavonoids, including
isorhamnetin, kaempferol, and quercetin [132,133]. They increase the expression of per-
oxisome proliferator-activated receptor (PPAR)-«, PPAR-y, and ABCA1 and decrease the
expression of SREBP-2. Sea buckthorn promotes the expression of CPT1A, which is in-
volved in increasing lipolysis and (3-oxidation [132]. The typical dose of sea buckthorn seed
oil is about 0.75 mL [133].

In a meta-analysis of 13 RCTs with 1167 participants, sea buckthorn supplementation
decreased TC (—0.35 mmol/L; 95% CI, —0.64 to —0.05), TG (—0.72 mmol/L; 95% CI,
—1.13 to —0.32), and LDL-C (—0.40 mmol/L; 95% CI, —0.76 to —0.04) and increased HDL-
C (0.37 mmol/L; 95% CI, 0.06 to 0.68) [133].

Sea buckthorn is generally well tolerated. Animal models appear to show that sea
buckthorn is safe to use in pregnancy [134]. However, there are limited data on its use in
patients who breastfeed. There may be drug interactions with anticoagulants, anti-platelets,
and antihypertensives [22].

3.17. Anthocyanins

Anthocyanins are antioxidants and are red, blue, or purple pigmented flavonoids [18].
They are used in food coloring and are found in fruits, flowers, roots, stems, leaves,
and vegetables of blueberries, black rice, cherries, purple cabbage, purple grapes, and
raspberries [16,18]. They have been shown to downregulate the messenger ribonucleic
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acid expression of SREBP-1c and fatty acid synthase, resulting in less fat accumulation in
adipocytes [17]. Typical dosages range from 100 to 450 mg daily [18].

The expected LDL-C reduction is about —5 to —10% [16]. In a meta-analysis of 20 trials
with 1311 participants, the authors found a decrease in LDL-C (—0.19 mmol/L; 95% CI,
—0.31 to —0.06) and TG (—0.20 mmol/L; 95% CI, —0.33 to —0.07) and an increase in HDL-C
(0.09 mmol/L; 95% CI, 0.02 to 0.15). There was no significant change in TC [18].

Anthocyanins are generally well tolerated [16]. However, precautions should be taken
with anthocyanins during pregnancy. There was a single case report of polyhydramnios
discovered at 37 weeks of gestation from the prenatal closure of the ductus arteriosus after
the maternal ingestion of MonaVie, which is a juice blend containing anthocyanins [19].

3.18. Spirulina

Arthrospira maxima, known commercially as spirulina, is a cyanobacterium containing
amino acids, beta-carotene, polyphenols, vitamins, and PUFA [140]. C-phycocyanin, the
main component involved in the lipid-lowering effect of spirulina, is a photosynthetic
pigment that is used as a natural blue food coloring. The mechanism of action involves
activating heme oxygenase-1, which is an atheroprotective enzyme involved in the heme
catabolic pathway in endothelial cells [16,69]. C-phycocyanin also has antioxidant, anti-
inflammatory, and radical-scavenging properties [16]. PUFAs from spirulina affect the gut
microbiome, which may alter lipid metabolism [139]. The typical dosage ranges from 1 to
10 g per day [69].

The average expected decrease in LDL-C is about —5 to —15% [16,69]. One meta-
analysis of eight clinical trials with 420 patients with diabetes found a decrease in TC
(—0.30 mmol/L; 95% CI, —0.55 to —0.05), TG (—0.19 mmol/L; 95% CI, —0.34 to —0.04), and
LDL-C (—0.24 mmol/L; 95% CI, —0.41 to —0.07). However, there was no significant change
in HLD-C [15].

Side effects include gastrointestinal discomfort, bleeding, rashes, elevated transam-
inases, and cholestasis [22,140]. There are limited data on the safety in patients who are
pregnant or breastfeeding. There may be interactions with anticoagulants, anti-platelet
drugs, antidiabetic drugs, or immunosuppressant drugs [22].

3.19. Probiotics

Probiotics are live bacteria and yeast that are typically found in fermented foods and
may alter the gut microbiome [122,123]. The most common microorganisms found in
probiotics include Lactobacillus, Bifidobacterium, Saccharomyces, Streptococcus, Enterococcus,
Escherichia, and Bacillus [123]. Lactobacillus and Bifidobacterium have been shown to increase
the excretion of bile acids from the gastrointestinal tract via bile salt hydrolase enzymatic
activity. This makes bile acids less water-soluble and thus more easily excreted by removing
the amino acid moiety through deconjugation [119]. Lacticaseibacillus has also been shown to
decrease Niemann-Pick C1-like 1 (NPC1L1) cholesterol transporter expression and increase
cholesterol efflux via increased expression of ABCA1 [120]. Lactobacillus rhamnosus JL1 has
also been shown to activate the AMPK pathway and inhibit PPAR-y and SREBP-1C gene
expression [121]. Probiotics can be delivered via capsules, yogurt, or fermented milk [122].
The typical dosage in capsules can range from 1 to 6 g per day [16,122].

The expected LDL-C reduction by probiotics is about —5% [16]. In a meta-analysis of
16 RCTs with 1429 non-obese participants with dyslipidemia, probiotics were associated
with a decrease in TC (—0.34 mmol/L; 95% CI, —0.45 to —0.23) and LDL-C (—0.26 mmol/L;
95% CI, —0.36 to —0.17). No significant change was observed in TG or HDL-C [122].

Probiotics are generally safe and well tolerated. Side effects include gastrointestinal
discomfort and infection, especially with probiotic formulations containing the yeast Sac-
charomyces cerevisiae. Probiotics are safe to use in infants and patients who are pregnant or
breastfeeding [123].
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3.20. Alpha Lipoic Acid

Alpha lipoic acid (ALA), also known as thioctic acid, is an antioxidant found in
spinach, broccoli, tomatoes, red meat, and liver [72]. It is an essential cofactor for mitochon-
drial pyruvate dehydrogenase and x-ketoglutarate dehydrogenase [167]. ALA has been
shown to modulate fat synthesis, mitochondrial 3-oxidation of fat, clearance of TG-rich
lipoproteins in the liver, and adipose TG accumulation [72]. The typical dosage ranges
from 300 to 1800 mg per day [73].

In a meta-analysis of 12 RCTs with 548 patients, those in the ALA arm saw a de-
crease in TC (—0.28 mmol/L; 95% CI, —0.54 to —0.02), LDL-C (—0.28 mmol/L; 95% CI,
—0.50 to —0.06), and TG (—0.35 mmol/L; 95% CI, —0.56 to —0.14). No significant changes
in HDL-C were observed [73].

Adverse effects of ALA include gastrointestinal discomfort, skin rash, and rarely,
insulin autoimmune syndrome. ALA is safe to use in patients who are pregnant [74].
However, there are insufficient data on its use in patients who are breastfeeding. ALA
may interact with alkylating agents, anticoagulants, anti-platelet drugs, antidiabetic drugs,
antitumor antibiotics, and levothyroxine [22].

3.21. Conjugated Linoleic Acid

Conjugated linoleic acid is a trans-fatty acid produced by bacteria in the gastrointesti-
nal tract of ruminant animals via the metabolism of PUFAs and monounsaturated fatty
acids. It is found in dairy products and meats from cows and sheep [49]. Conjugated
linoleic acid promotes cholesterol efflux by increasing expression of cholesterol transporters
ABCA1 and ABCGI [48]. Typical dosages range from 0.5 to 7 g per day [49].

The expected LDL-C reduction is about —5% [16]. In a meta-analysis of 15 clinical
trials, conjugated linoleic acid supplementation was associated with a decrease in LDL-C
(—0.22 mmol/L; 95% CI, —0.36 to —0.08). There were no significant changes in TC, TG, or
HDL-C [49].

Conjugated linoleic acid is associated with gastrointestinal discomfort and hepatotoxi-
city [50]. It is safe to use in patients who are pregnant [51]. However, there are insufficient
data on its use in patients who are breastfeeding. Possible drug interactions include those
with anticoagulants, anti-platelet drugs, and antihypertensives [22].

3.22. Chitosan

Chitosan is a polysaccharide derived from chitin, which is found in crustaceans [42,43].
Due to its positively charged amino group, chitosan interferes with gastrointestinal ab-
sorption by binding to negatively charged fatty acids and bile acids and disrupting
the emulsification of neutrally charged cholesterol [42]. Typical dosages range from
0.3 to 3 g per day [43].

The expected LDL-C reduction is about -5% [16]. In a meta-analysis of 11 RCTs
with 1011 participants, chitosan supplementation was associated with a decrease in TC
(—1.39 mmol/L; 95% CI, —2.17 to —0.62), LDL-C (—0.83 mmol/L; 95% CI, —1.64 to —0.01),
and TG (—1.06 mmol/L; 95% CI, —1.67 to —0.45). There was no significant change in
HDL-C [43].

Chitosan should not be used in patients with allergies to crustaceans or shellfish [42].
Other side effects include gastrointestinal discomfort. There are insufficient data on its use
in patients who are pregnant or breastfeeding. Possible drug interactions include those
with acyclovir or warfarin [22].

3.23. Pantethine

Pantethine is a compound produced endogenously via pantothenic acid, which is also
known as vitamin B5 [16,98]. The mechanism of action is believed to include cysteamine
and involves the inhibition of HMG-CoA reductase and acetyl-CoA carboxylase, which are
involved in TG synthesis and lipoprotein metabolism. However, further research is needed
to elucidate the full mechanism. The typical dosage is about 600 to 1200 mg per day [98].
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In a triple-blinded RCT with 30 participants, those in the pantethine arm saw a decrease
in TC (—6%), LDL-C (—11%), and apoB (—8%). However, there were no significant changes
in HDL-C, TG, or Lp(a). The main side effect of pantethine is gastrointestinal symptom [98].
Pantethine can be used in children and in patients with chronic kidney disease, including
those on dialysis [99,100]. There are insufficient data on its use in patients who are pregnant
or breastfeeding. There are no known drug interactions [22].

4. Nutraceuticals and Their Effects on Other Lipid Targets
4.1. Polyunsaturated n-3 Fatty Acids

Eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) are long-chain PUFAs
that are found naturally in fish, krill, squid, eggs, algae, flaxseeds, walnuts, clary sage, and
various other edible seeds. The EFSA acknowledges that consumption of EPA and DHA
may lower serum triglyceride levels [102]. These PUFAs work by reducing the synthesis
of hepatic VLDL, endogenous fatty acids, substrates available for TG synthesis, and the
activity of diacylglycerol acyltransferase or phosphatidic acid phosphohydrolase, which
are involved in TG synthesis. They also promote 3-oxidation of fatty acids and increase
phospholipid synthesis [101].

Formulations can include over-the-counter supplements, which can contain higher
levels of saturated fat. Prescriptions are purified pharmaceutical-grade formulations that
contain less saturated fats. Both supplements and prescription formulations can contain
a combination of EPA and DHA. However, only prescription formulations contain solely
EPA. It should be noted that the over-the-counter supplements are not equivalent to the
prescription formulations, as only purified EPA has also been shown to reduce plaque
volume [168]. For both supplements and prescription formulations, the typical dosage is
<4 g per day of EPA and DHA [102,103]. For prescription formulations containing only
EPA, the typical dosage is <4 g per day [105].

In a meta-analysis of 46 RCTs with 4991 participants with DM2, those in the fish oil
supplementation arm saw a decrease in TC (—0.22 mmol/L; 95% CI, —0.32 to —0.11) and
TG (—0.36 mmol/L; 95% CI, —0.48 to —0.25) and an increase in HDL-C (0.05 mmol/L;
95% CI, 0.02 to 0.08). There was no significant change in LDL-C [169]. Another meta-
analysis of 33 RCTs with 2704 participants with metabolic syndrome investigated the
individual effects of DHA and EPA supplementation versus control. Those in the EPA
supplementation arm saw a decrease in TC (—0.24 mmol/L; 95% CI, —0.43 to —0.05) and
LDL-C (—0.13 mmol/L; 95% CI, —0.25 to —0.01). There was no significant change in HDL-
C with EPA supplementation. In the DHA supplementation arm, there was a decrease in
TG (—0.29 mmol/L; 95% CI, —0.37 to —0.21) and an increase in TC (0.14 mmol/L; 95% CI,
0.03 to 0.25), LDL-C (0.26 mmol/L; 95% CI, 0.15 to 0.38) and HDL-C (0.07 mmol/L; 95% CI,
0.04 to 0.09) [104].

There are strong data supporting the use of prescription EPA formulations. The Japan
EPA Lipid Intervention Study (JELIS) trial was a large open-label RCT with 18,645 partici-
pants of Japanese descent with dyslipidemia. All patients were on 10 mg of pravastatin
or 5 mg of simvastatin. They were randomized to receive 1.8 g per day of prescription
EPA or placebo. The authors found a significant reduction in TG (23%) and major adverse
cardiovascular events (MACE) (HR, 0.81; 95% CI, 0.69 to 0.95) in the EPA arm [170].

Another landmark RCT, the Reduction of Cardiovascular Events with Icosapent Ethyl-
Intervention Trial (REDUCE-IT), further cemented the use of prescription EPA formulations
in treating elevated triglycerides. A total of 8179 participants who had fasting TG between
1.53 to 5.64 mmol/L (135 to 499 mg/dL) and were already on a statin were randomized to
4 g of prescription EPA. The authors found a reduction in TG (—18.3%), HDL-C (—2.6%),
non-HDL-C (—3.6%), high sensitive-CRP (—13.9), and MACE (HR, 0.75; 95% CI, 0.68 to
0.83) in the EPA arm [105].

Similar results have not been reproduced with omega-3 fatty acids containing both EPA
and DHA. The Long-Term Outcomes Study to Assess Statin Residual Risk with Epanova
in High Cardiovascular Risk Patients with Hypertriglyceridemia (STRENGTH) trial was
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a large RCT with 13,078 patients who were at high risk of cardiovascular disease. They
were randomized to 4 g of omega-3 FA, consisting of both prescription EPA and DHA
versus corn oil. This trial was terminated early due to futility as no difference was observed
in MACE (HR, 0.99; 95% CI, 0.90 to 1.09; p = 0.84) despite a significant decrease in TG
(—19.0%; 95% CI, —39.2 to —6.4%) [103].

Prescription and supplemental DHA and EPA are associated with gastrointestinal
discomfort and new-onset atrial fibrillation and atrial flutter. Those sourced from fish
or krill can have a fishy aftertaste [103,105]. DHA and EPA are safe to use in pregnancy,
as they are frequently in prenatal vitamins [106]. They are also likely safe to use during
breastfeeding. Possible drug interactions include those with anticoagulants, anti-platelet
drugs, antihypertensives, contraceptives, cyclosporine, and tacrolimus [22].

4.2. Niacin

Many clinicians use nicotinic acid (niacin or vitamin B3) in patients who are statin
intolerant in the management of hypertriglyceridemia, despite it no longer being rec-
ommended for LDL-C reduction [1,7]. It inhibits diacylglycerol acyltransferase-2, which
decreases TG synthesis and LDL-C by increasing hepatic apoB degradation. It raises HDL-
C by stimulating hepatic apolipoprotein A-I production [84]. Typical dosages are <2 g
daily [85,86].

The Atherothrombosis Intervention in Metabolic Syndrome with Low HDL/High
Triglycerides: Impact on Global Health Outcomes (AIM-HIGH) trial was a large multi-
center RCT that was terminated early due to the lack of efficacy. A total of 3414 participants
with cardiovascular disease on simvastatin (and ezetimibe if LDL-C was >2.07 mmol/L
[80 mg/dL]) were randomized to receive 1500 to 2000 mg niacin versus placebo. After
3 years, there was no difference in MACE (HR, 1.02; 95% CI, 0.87 to 1.21; p = 0.79) despite
the niacin group experiencing an increase in HDL-C (25.0%) and a decrease in TG (—28.6%)
and LDL-C (—12.0%) [86].

In the Heart Protection Study 2-Treatment of HDL to Reduce the Incidence of Vascular
Events (HPS2-THRIVE) trial, 25,673 participants with established atherosclerotic cardio-
vascular disease were randomized to 2 g extended release niacin and laropiprant (used
to minimize flushing from niacin) versus placebo. All participants received simvastatin
(and ezetimibe if TC was >135 mg/dL or 3.5 mmol/L). Despite an increase in HDL-C
(0.16 mmol/L) and a reduction in LDL-C (—0.25 mmol/L) and TG (—0.37 mmol/L) in the
niacin arm, there were no significant differences in composite major vascular events (HR,
0.96; 95% CI, 0.90 to 1.03; p = 0.29). The authors did find a 10% reduction in revascularization
procedures (RR, 0.90; 95% CI, 0.82 to 0.99; p = 0.03) in the niacin arm [85].

A meta-analysis of 17 studies with 35,760 participants with cardiovascular disease or
dyslipidemia found that niacin monotherapy reduced the risk of acute coronary syndrome
(RR, 0.74; 95% CI, 0.58 to 0.96), cerebral vascular accident (RR, 0.74; 95% CI, 0.59 to 0.94),
and revascularization (RR, 0.79; 95% CI, 0.64 to 0.98) compared to participants not on
statins [171]. Another meta-analysis of 14 RCTs with 9013 participants found that those in
the niacin arm experienced a reduction in Lp(a) (—22.9%, 95% CI, —27.3 to —18.5) [172].

Due to the AIM-HIGH and HPS2-THRIVE trials, the US FDA withdrew the indica-
tion for extended-release niacin for co-administration with statins [173]. The European
Medicines Agency has suspected all use of extended-release niacin and laropiprant, and
niacin is no longer recommended to treat dyslipidemia in the European Union [7,174]. Sim-
ilarly, the American multisociety guidelines recommend against using niacin for its LDL-C
lowering capacity, but it may be considered in patients with severe hypertriglyceridemia [1].

Niacin is associated with increased gastrointestinal hemorrhage, peptic ulcers, myopa-
thy, rhabdomyolysis, gout, flushing, skin lesions, skin infections, and lower respiratory
infections. There is also an increased incidence of diabetes and hospitalizations for diabetes
complications [85]. There are no restrictions with niacin for pregnant or breast feeding
patients, as it is associated with a lower risk of congenital abnormalities [87]. There may be
interactions with statins, isoniazid, and pyrazinamide [1,88].
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4.3. L-Carnitine

L-carnitine is a hydrophilic quaternary ammonium cation that is found in meat, fish,
poultry, and dairy. It is synthesized in the brain, liver, and kidneys [35]. L-carnitine sup-
plementation, when concomitantly given with coenzyme Q10, may reduce SAMS [175].
L-carnitine decreases TG synthesis by decreasing available free fatty acids, increases mito-
chondrial oxidation of long-chain fatty acids, and increases production of apolipoprotein
A1l. The typical oral dosage ranges from 500 mg to 3 g and can be as high as 6 g per day [35].

In a meta-analysis of 55 RCTs with 3058 participants, those in the L-carnitine supple-
mentation arm saw a reduction in TC (—0.22 mmol/L; 95% CI, —0.35 to —0.09), LDL-C
(—0.14 mmol/L; 95% CI, —0.22 to —0.06), and TG (—0.11 mmol/L; 95% CI, —0.18 to —0.03)
and an increase in HDL-C (0.04 mmol/L; 95% CI, 0.01 to 0.07). The authors found that
higher doses of L-carnitine (>2 g) yielded a greater reduction in TC and LDL-C [35].
Another meta-analysis of four RCTs with 218 participants found that oral L-arginine sup-
plementation lowered Lp(a) (—0.09 mmol/L; 95% CI, —0.10 to —0.08) [176].

L-carnitine is generally well-tolerated. Patients may have fishy body odor, minor
nausea, or other gastrointestinal discomfort [22,36]. L-carnitine supplementation in those
who are pregnant and breastfeeding is safe, and parenteral carnitine supplementation
is safe in infants [22,37,38]. There may be drug interactions with thyroid hormones and
warfarin [22].

4.4. Vitamin E

Vitamin E is a fat-soluble vitamin with antioxidant properties. It has been shown to
slow atherosclerotic plaque progression in patients with dyslipidemia when supplemented
with vitamin C [177]. There are eight distinct chemical compounds, including «-, 3-, y-,
and 8-tocopherol and «-, 3-, y-, and &-tocotrienol [16]. Vitamin E lowers lipids by inhibiting
HMG-CoA reductase, promoting scavenging for free radicals, and activating the PPAR -«,
-, and -y receptors [145-147]. The typical dosage ranges from 400 to 800 UI per day [16].

In a meta-analysis of 16 RCTs with 803 participants, the authors found that vitamin E
increased HDL-C (0.15 mmol/L; 95% CI, 0.07 to 0.23) compared to placebo. They found a
dose-dependent response, with higher doses of vitamin E supplementation correlating with
higher increases in HDL-C. There were no significant changes in TC, LDL-C, or TG [148].

Vitamin E supplementation is associated with an increased risk of bleeding, heart
failure, hemorrhagic cerebral vascular accidents, prostate cancer, and all-cause mortal-
ity [147,149]. Vitamin E supplementation is safe in pregnant women, as it is frequently used
in prenatal vitamins [106]. It is also likely safe during breastfeeding. There are possible
drug interactions with alkylating agents, anticoagulants, anti-platelet drugs, cyclosporine,
CYP3A4 substrates, niacin, and selumetinib [22].

5. Inconsistent Data Regarding Nutraceuticals and Dyslipidemia
5.1. Resveratrol

Resveratrol (3,5,40-trihydroxystilbene) is a non-flavonoid polyphenol compound pri-
marily found in red grapes, raspberries, mulberries, blueberries, knotweed, and peanuts. It
is also found in some juices and wines made from these fruits [129,130]. It potentially has
antioxidant, anti-inflammatory, anti-apoptotic, and anti-cancer properties [130]. Resveratrol
is an activator of the silent information regulation 2 homolog 1 and has been shown to
suppress the hepatic upregulation of genes associated with lipogenesis and prevent the
downregulation of genes involved in lipolysis [127]. It also may inhibit atherosclerosis by
suppressing foam cell formation [128]. Typical dosages range from 250 to 3000 mg per
day [129,130].

The LDL-C lowering effects of resveratrol have been mixed. One meta-analysis
performed by Akbari et al. with 31 RCTs and 1722 participants investigated resveratrol
in patients with metabolic syndrome and other related risk factors. Akbari et al. found a
significant reduction in TC (—0.20 mmol/L; 95% CI, —0.33 to —0.06) but not in LDL-C, TG,
or HDL-C. Notably, this meta-analysis included other pill combinations that contained other
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nutraceuticals in addition to resveratrol [178]. In another recent meta-analysis, Cao et al.
only included RCTs where resveratrol was the sole nutraceutical used. Studies including
other nutraceutical combinations with resveratrol were excluded. A total of 17 RCTs
and 968 participants with metabolic syndrome and similar risk factors were included
in their analysis. Cao et al. found in the resveratrol arm a significant reduction in TC
(—=0.27 mmol/L; 95% CI, —0.33 to —0.17), TG (—0.10 mmol/L; 95% CI, —0.14 to —0.05),
and LDL-C (—0.147 mmol/L; 95% CI, —0.286 to —0.008) but not HDL-C. They also found a
dose-dependent response with a higher reduction in LDL-C in those taking resveratrol for
12 weeks or longer and in those with diabetes [131].

Resveratrol may increase bleeding. It is likely safe to consume during pregnancy and
breastfeeding, provided that the resveratrol is not consumed from beverages with alcohol.
In patients with malignancies that grow in response to estrogen, such as breast, uterine, and
ovarian cancer, it is advised that patients limit their intake due to resveratrol potentially
acting on estrogen receptors. Resveratrol may have interactions with garlic, ginger, ginkgo,
nattokinase, anticoagulants, anti-platelet drugs, and those involving the cytochrome P450
system, such as CYP1A1, CYP1A2, CYP1B1, CYP2C19, CYP2E1, and CYP3A4 [129].

5.2. Curcumin

Curcumin is a yellow polyphenolic compound found in the dried rhizomes of turmeric
(Curcuma longa), which is natively grown in Southeast Asia [55,56]. It has been used in
traditional Chinese and Indian medicine and has commercial applications, such as be-
ing used as a food additive or in cosmetics [179]. Curcumin inhibits intestinal NPC1L1
cholesterol transporter expression by inhibiting the SREBP2 transcription factor [52]. It also
increases LDL-C clearance by increasing LDL receptor expression through the downregula-
tion of PCSK9 expression [53]. Lastly, curcumin increases cholesterol efflux by upregulating
ABCAL1 expression [54]. Typical dosages can range from 50 mg to 6 g per day [55].

The expected LDL-C reduction is about —5% [16]. In a meta-analysis by Sahebkar et al.
of five RCTs and 133 participants from a heterogeneous population, curcumin supplemen-
tation did not significantly change TC, TG, LDL-C or HDL-C [55]. However, another meta-
analysis, by Altobelli et al., focused on patients with diabetes and included five RCTs with
476 participants. In the curcumin arm, there was a decrease in TC (—0.30 mmol/L; 95% CI,
—0.53 to —0.07), LDL-C (—0.28 mmol/L; 95% CI, —0.52 to —0.04), and TG (—0.57 mmol/L;
95% CI, —0.83 to —0.31). However, there was no significant change in HDL-C [180]. Another
meta-analysis, which included 10 RCTs with 683 participants, focused on patients with
nonalcoholic fatty liver disease. Here, Khalili et al. found a decrease in TC (—0.81 mmol/L;
95% CI, —1.34 to —0.27) and TG (—0.49 mmol/L; 95% CI, —0.71 to —0.27) in the curcumin
arm compared to placebo. However, no significant changes in LDL-C or HDL-C were
found [179].

Curcumin supplementation is generally well tolerated and safe, and the most common
side effect is gastrointestinal discomfort [22,56]. However, precautions should be taken
in patients who are pregnant or breastfeeding, as levels greater than dietary levels may
be unsafe. There may be drug interactions with alkylating agents, amlodipine, anticoagu-
lants, anti-platelet drugs, antidiabetic drugs, CYP3A4 substrates, sulfasalazine, tacrolimus,
talinolol, tamoxifen, and warfarin [22].

5.3. Magnesium

Magnesium is a naturally occurring mineral. Intravenous magnesium has been linked
to lower left ventricular failure, lower mortality from ischemic heart disease, and lower
all-cause mortality [82]. Magnesium downregulates HMG-CoA reductase expression and
upregulates cholesterol 7x-hydroxylase and lecithin cholesterol acyltransferase expres-
sion [79]. Typical oral dosages can range from 35 to 500 mg per day [80].

In a meta-analysis of 12 RCTs with 677 participants with diabetes, magnesium supple-
mentation lowered LDL-C (—0.18 mmol/L; 95% CI, —0.30 to —0.05) but did not significantly
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affect TC, HDL-C, or TG [80]. Other studies have not found a significant change in the lipid
profile of patients without diabetes [81].

Side effects of hypermagnesemia include gastrointestinal discomfort, flushing, con-
fusion, hypotension, hyperreflexia, respiratory depression, hyperkalemia, hypocalcemia,
pulmonary edema, and cardiac arrest [82,83]. Magnesium is safe to use during pregnancy
and actually has therapeutic indications when given at appropriate doses [22,83]. It ap-
pears safe when the total oral intake does not exceed 350 mg per day. There may be an
increase in fetal mortality when intravenously used for tocolysis. There were no increases
in fetal mortality when given for preeclampsia or eclampsia. When given intravenously
or intramuscularly for more than 5 to 7 days, there may be an increased risk for neonatal
fractures or osteopenia. Magnesium appears safe to use during breastfeeding. There may
be drug interactions with aminoglycosides, antacids, bisphosphonates, calcium channel
blockers, digoxin, ketamine, levodopa, carbidopa, potassium-sparing diuretics, quinolones,
sulfonylurea, and tetracyclines [22].

5.4. Chromium

Chromium(III) is an essential trace mineral found in fruits, vegetables, grains, meat,
beer, and wine [41]. It is involved in lipid metabolism, and chromium deficiency is associ-
ated with dyslipidemia [181]. Chromium upregulates gene expression of PPAR-y and LDL
receptor. Typical dosages range from 40 to 1000 mcg per day [39].

In a meta-analysis with 40 RCTs and 1966 participants, chromium supplementation
was associated with only a decrease in TC (—0.17 mmol/L; 95% CI, —0.27 to —0.07). There
were no significant changes in LDL-C, TG, or HDL-C [39]. In another meta-analysis with
24 RCTs focusing on 1418 patients with diabetes, chromium supplementation was found to
decrease TC (—0.20 mmol/L; 95% CI, —0.29 to —0.11) and increase HDL-C (0.06 mmol/L;
95% CI, 0.01 to 0.11). There was no significant change in LDL-C or TG [40].

Chromium supplementation may lead to weight loss, hypoglycemia, anemia, throm-
bocytopenia, elevated transaminases, elevated creatinine, rhabdomyolysis, and dermatitis.
Chromium supplementation is safe during pregnancy and in women breastfeeding. Drug
interactions include those with levothyroxine, insulin, metformin, and other anti-diabetic
medications [41].

5.5. Coenzyme Q10

Coenzyme Q10 (ubidecarenone, ubiquinone, or vitamin Q10) is a benzoquinone
compound produced in the body. The highest concentrations are found in the heart, liver,
kidneys, and pancreas [47]. Statins can lower coenzyme Q10 levels, and the National Lipid
Association has endorsed coenzyme Q10 supplementation in a select group of patients
who develop SAMS [47,182]. L-carnitine can be used in addition to coenzyme Q10 to help
with SAMS [175]. Coenzyme Q10 is thought to reduce oxidative stress and replenish low
coenzyme Q10 stores [44]. Typical dosages of coenzyme Q10 can range from 30 to 250 mg
per day [45].

There are conflicting data on its lipid-lowering effects, which are minimal if present.
In a meta-analysis of eight RCTs with 526 patients with known coronary artery disease,
participants were randomized to placebo versus coenzyme Q10. In the arm with coenzyme
Q10 supplementation, there was a decrease in TC (—0.03 mmol/L; 95% CI, —0.05 to —0.01)
and an increase in HDL-C (0.03 mmol/L; 95% ClI, 0.01 to 0.06). However, there were
no significant changes in LDL-C, TG, or Lp(a) [46]. Conversely, a larger meta-analysis
of 21 controlled trials with 1039 participants with metabolic syndrome found conflicting
results. In the intervention arm, those being treated with coenzyme Q10 experienced a
reduction in TG (—0.0032 mmol/L; 95% CI, —0.0063 to —0.0001). However, there were no
significant changes in TC, HLD-C, or LDL-C [45].

In the Intervention With Selenium and Q10 on Cardiovascular Mortality and Cardiac
Function in the Elderly Population in Sweden (KiSel-10) study, 443 Swedish participants
between the ages of 70 to 87 years were randomized to receive placebo versus 200 mg coen-
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zyme Q10 and 200 pg selenium supplementation for 4 years. Participants were followed
for 12 years, and those in the supplement arm had a significant reduction in cardiovascular
mortality compared to the placebo arm (HR 0.59; 95% CI, 0.42 to 0.81; p = 0.001) [183,184].

Coenzyme Q10 is generally well tolerated with no serious adverse events. Insomnia,
gastrointestinal discomfort, dizziness, headache, dyspepsia, photophobia, irritability, and
fatigue have been reported. Coenzyme Q10 may have interactions with anticoagulants,
insulin, and certain cancer treatments. Beta-blockers can inhibit enzyme reactions involving
coenzyme Q10 [47].

6. Lifestyle Changes and the Impact on Dyslipidemia
The Mediterranean Diet

The Mediterranean diet mimics the food pattern typically consumed in areas sur-
rounding the Mediterranean Sea. It can consist of plentiful fruits, vegetables, nuts, and
grains. It can also comprise low to moderate amounts of dairy, poultry, fish, and eggs. The
primary source of fat is derived from olive oil. Red or processed meats are less frequently
consumed [185]. The Mediterranean diet is endorsed by the guidelines from multiple
societies, including the European Society of Cardiology, European Association of Pre-
ventive Cardiology, American College of Cardiology, American Heart Association, and
others [154,186].

In a meta-analysis of 38 studies with 4658 participants, those who had a Mediterranean
diet showed a decrease in TC (—0.15 mmol/L; 95% CI, —0.26 to —0.04), TG (—0.14 mmol/L;
95% CI, —0.18 to —0.10), and LDL-C (—0.21 mmol/L; 95% CI, —0.35 to —0.08). There was
also an increase in HDL-C (0.03 mmol/L; 95% CI, 0.01 to 0.06) [187].

In the Prevencién con Dieta Mediterrdnea (PREDIMED) trial, 7447 participants from
Spain with high cardiovascular risk were randomized into three arms, including Mediter-
ranean diet supplemented with extra-virgin olive oil, Mediterranean diet supplemented
with nuts, or a low-fat diet (control). Martinez-Gonzalez et al. followed the participants
for about 5 years. Compared to the control arm, participants in the arms where their
Mediterranean diets were supplemented with extra-virgin olive oil and nuts, respectively,
experienced a 30% and 28% reduction in the combined endpoints of MI, stroke, and car-
diovascular death. However, this was largely driven by the reduction in stroke, as there
were no significant reductions in MI or cardiovascular death [188]. Martinez-Gonzalez et al.
performed a post hoc analysis on the same PREDIMED cohort that focused on a “provege-
tarian” plant-based food pattern compared to those mostly consuming meat, fish, eggs, and
dairy products. They found that those in the highest quintile for vegetable consumption
had a 41% reduction in all-cause mortality compared to those with the lowest vegetable
consumption [189].

Similarly, another meta-analysis of seven prospective cohort studies with 37,879 par-
ticipants from Europe and the US also found a smaller but significant (15%) reduction
in all-cause mortality in those following the Mediterranean diet. However, there was
no significant reduction in cardiovascular mortality with the Mediterranean diet versus
control. A subgroup analysis focusing on those consuming a Mediterranean diet also found
that those living in the Mediterranean area had a more significant reduction in all-cause
mortality compared to those from non-Mediterranean areas (14% versus 5%) [190].

7. Discussion

Nutraceuticals are a wide variety of compounds with various mechanisms of action,
including inhibiting HMG-CoA reductase activity, inhibiting acyl-coenzyme A cholesterol
acyltransferase, preventing cholesterol absorption from the gastrointestinal tract, promoting
lipolysis, and more. The lipid-lowering effects of many nutraceuticals have been investi-
gated in many rigorous clinical trials, systemic reviews, and meta-analyses. Many of these
studies focused on primary prevention in patients with dyslipidemia, metabolic syndrome,
and diabetes.
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7.1. Comparisons of the Effectiveness of Nutraceuticals

Although a large amount of data regarding nutraceutical interventions exists, ques-
tions still remain regarding the comparative efficacy of nutraceuticals; this is attributed
to the paucity of head-to-head trials comparing various nutraceuticals. A network meta-
analysis (NMA) is considered the highest level of evidence-based medicine because it
enables simultaneous comparison of interventions and provides indirect evidence of the
comparative efficacy of various nutraceuticals [191].

A recent NMA by Osadnik et al. included 131 RCTs with over 13,062 participants
and ranked the lipid-lowering effects of 10 nutraceuticals, including artichoke leaf extract,
berberine, bergamot, garlic, green tea extract, policosanols, plant sterols and stanols, RYR
extract, spirulina, and silymarin. Each nutraceutical was ranked according to p-score values.
This NMA demonstrated that all analyzed nutraceuticals, except for policosanols in studies
outside of Cuba, were more effective in lowering LDL-C than placebo [15].

Bergamot, RYR extract, artichoke, berberine, and plant sterols were ranked as the most
effective in lowering LDL-C and TC by Osadnik et al. Bergamot was the most effective
in lowering LDL-C and TC compared to the other nutraceuticals, and RYR extract was
ranked as the second most effective supplement. Berberine and artichoke leaf extract were
almost equally effective at reducing LDL-C and TC. In comparison with RYR and bergamot,
berberine and artichoke leaf extract were ranked as slightly less effective.

Bergamot, berberine, and RYR extract were the three nutraceuticals that effectively
raised HDL-C in the NMA performed by Osadnik et al. Bergamot was the most effective at
raising HDL-C, followed by berberine and then RYR extract in terms of their effectiveness.
Bergamot, RYR extract, silymarin, berberine, spirulina, artichoke leaf extract, and garlic
were all shown to decrease TG levels, with bergamot being the most effect at lowering TG.

Osadnik et al. reported that the lipid-lowering effect of phytosterols was modest
and ranked them fifth in their NMA. They might be more effective when combined with
other nutraceuticals and exert a synergistic effect due to their various mechanisms of
action. Phytosterols had the highest certainty of evidence as assessed by GRADE. Of note,
Osadnik et al. reported that the results of Cuban trials on policosanols were questionable
because similar results were not able to be reproduced in trials outside of Cuba. These
disparate results reveal that more research is needed to investigate the true lipid-lowering
potential of phytosterols [15].

7.2. Outcomes Data

RYR extract has the most data to support its use in patients with dyslipidemia. RYR
extract supplementation is associated with a reduction in non-fatal MI, coronary revascular-
ization, and sudden death [152]. These studies were primarily conducted in patients of Han
Chinese descent, and caution should be taken when extrapolating to other patient populations.

Coenzyme Q10 can be used in patients who develop SAMS [182]. Despite the incon-
sistent data on the lipid-lowering efficacy, the KiSel-10 study demonstrated that Swedish
patients between the ages of 70 to 87 years experienced a reduction in cardiovascular
mortality when supplemented with both coenzyme Q10 and selenium [183,184]. Caution
should be exercised when trying to extrapolate these results to other patient populations.

Mediterranean diets that are high in extra-virgin olive oil and nuts are the food pat-
terns with the strongest evidence for reduction of MACE, due primarily to a reduction in
stroke [188]. Similarly, the plant-based Mediterranean diet has also been shown to reduce
all-cause mortality but currently is not shown to reduce cardiovascular mortality [189,190].
When examining those who follow the Mediterranean diet, those living in the Mediter-
ranean had a higher reduction in all-cause mortality than those living outside of the
Mediterranean, suggesting that other factors may be at play in reducing all-cause mortal-
ity [190].

Aged garlic extract has been shown to reduce the low-attenuation plaque percentage in
patients with metabolic syndrome and DM2. These reductions were seen in serial imaging on
cardiac computed tomography angiography after only 1 year of supplementation [156,157].
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Further studies are needed to investigate the potential MACE reduction in patients taking
aged garlic extract.

Niacin is no longer recommended for LDL-C reduction but may be considered for the
treatment of hypertriglyceridemia in patients who are statin-intolerant [1,7]. Older studies
have shown that niacin can reduce the risk of acute coronary syndrome, cerebral vascular
accident, and revascularization in patients not on statins. Because statins were not used,
those older studies do not reflect modern methodology and likely do not represent current-
day patients receiving the standard-of-care [171]. The AIM-HIGH and HPS2-THRIVE trials
confirmed this by showing that there was no benefit in the reduction of cardiovascular
and cerebrovascular events when niacin was added on top of statin therapy [85,86]. The
HPS2-THRIVE trial did show a reduction in coronary revascularization procedures [85].

Many nutraceuticals lack outcomes data. In turn, it should be highlighted that nu-
traceuticals do not replace the use of statins or detract from the importance of other
lipid-lowering therapies. The controversial Supplements, Placebo or Rosuvastatin Study
(SPORT) trial showed that rosuvastatin quickly lowered LDL-C more than either fish oil,
cinnamon, garlic, turmeric, plant sterol, or red yeast rice extract over a 4 week period. The
authors did not find a significant change in LDL-C with all six nutraceuticals compared to
placebo. However, this study may have been underpowered, as it only had 190 participants
among eight parallel arms in the follow-up period of 4 weeks [192].

7.3. Regulation of Nutraceuticals/Supplements

Nutraceutical preparations are often marketed as “food supplements”. Therefore, they
are not regulated in the same manner as pharmaceuticals, so long as manufacturers do
not make any specific health-related efficacy claims about their nutraceutical products. A
common concern is the wide variation in quality, as there may be potential contaminants
in formulations. There also may be differences in the amount of the actual marketed
nutraceutical between different manufacturers or even within each single manufacturer due
to batch-to-batch variations. Therefore, the results from one study may not be extrapolated
to the exact nutraceutical formulation purchased by patients. Greater regulation is likely to
result in the more widespread availability of high-quality preparations [14,15].

7.4. Future Research

There is a need for more high-quality RCTs, systematic reviews, and meta-analyses
that investigate the lipid-lowering effects of nutraceuticals. Some nutraceutical studies are
not as rigorous as pharmaceutical clinical trials, as they may have fewer patients enrolled.
More work is needed to explore the impact of many nutraceuticals on biomarkers such
as apoB, apolipoprotein A1, Lp(a), and others. In addition, more research is specifically
needed to investigate the potential effects on plaque burden, MACE, and other outcomes.
Furthermore, caution should be exercised when extrapolating the results to various ethnic
groups or target populations with different medical conditions. Although many trials
were run in primary prevention patients, more research is needed to investigate the use
of nutraceuticals in secondary prevention. However, nutraceuticals may still serve an
important role in the management of dyslipidemia, especially in patients with statin
intolerance. They can also be used in patients who are interested in a more integrative
approach with compounds that are extracted or purified from naturally occurring fruits,
vegetables, plants, and meats. They can be added on top of statins and other conventional
lipid-lowering therapies.

8. Conclusions

Bergamot and RYR extract appear to be the most effective nutraceuticals in terms of
LDL-C reduction [15]. There are a wide variety of nutraceuticals that exhibit their lipid-
lowering effects via different mechanisms of action [16,69]. A plant-based Mediterranean
diet can also be incorporated into a patient’s lifestyle in order to provide a holistic approach
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to addressing dyslipidemia [187]. These integrative therapies may potentially help mitigate
modifiable cardiovascular risk factors and potentially lower a patient’s ASCVD risk burden.

There is an ever-growing body of research on the lipid-lowering effects of nutraceuti-
cals, as there are many clinical trials, systematic reviews, and meta-analyses. Interestingly,
the SPORT trial has raised more questions about the potential lipid-lowering effects of
nutraceuticals [192]. It is important to highlight that statins cannot be replaced by nu-
traceuticals, as statins remain the cornerstone of lipid-lowering therapy [16,69]. More
studies are needed to investigate the lipid-lowering effects using robust modern clinical
trial methodology involving statins.

Only a few integrative therapies have data on cardiovascular outcomes. Aged garlic
extract has been shown to reduce low-attenuation plaque [156,157]. However, only RYR
extract, coenzyme Q10 (when supplemented with selenium), and the Mediterranean diet
have been shown to have some mortality benefits [152,183,184,188]. Hence, more research
is needed to investigate the impact of other nutraceuticals on cardiovascular risk on a
long-term basis using modern clinical research methodology.

Nutraceuticals used to treat dyslipidemia have been gaining popularity with both
patients and clinicians [12]. They can be used in patients who have SAMS or other side
effects from statins. They can be considered in patients with dyslipidemia but who are
ineligible for statin therapy. Nutraceuticals can also be used when patients have a strong
preference over conventional therapies. They can be used as the initial therapy or as an
adjunct therapy on top of pharmaceuticals or other nutraceuticals [14,16,69]. Since many
nutraceuticals come from all around the world, some patients may prefer nutraceuticals for
cultural, ritualistic, or religious reasons. It is important that clinicians be able to provide
culturally competent care that aligns with their patients” values and beliefs.

Integrative cardiologists are uniquely equipped to guide this emerging field of medicine
and the use of nutraceuticals in the management of dyslipidemia. There is a potential
opportunity to reduce ASCVD risk and to promote cardiovascular prevention [12]. Clini-
cians can help patients obtain accurate information and continue to generate the science
to support the clinical use of nutraceuticals. There is a lot of exciting work to be done to
further explore the evolving story of lipid management.
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Abstract: Over the last half-century, discussions on the exact targets for low-density lipoprotein
cholesterol (LDL-C) reduction have evolved towards a more aggressive approach with lower LDL-C
targets, particularly for high-risk patients with pre-existing atherosclerotic cardiovascular disease
(ASCVD). A wealth of cardiovascular outcome trials have shown the efficacy of statin therapy in
general, as well as the incremental impact of high-intensity statin therapy in particular. More recent
trials have further demonstrated the impact of non-statin therapies, including ezetimibe, proprotein
convertase subtilisin/kexin type 9 inhibitors, and, most recently, bempedoic acid, on reducing ASCVD
outcomes. The availability of these and other newer therapies has prompted clinicians to strive for
lower LDL-C targets to address residual ASCVD risk after statin therapy. This paper will provide an
overview of the historical trends in lipid management and therapeutics and review the current state
of evidence for lower LDL-C targets in clinical guidelines and recommendations.

Keywords: dyslipidemia; low density lipoprotein cholesterol; guidelines; cardiovascular disease

1. Background

Cardiovascular disease (CVD) continues to be the leading cause of mortality in the
United States and globally, accounting for about one-fourth of all deaths [1,2]. Whereas age,
sex, family history, and genotype are fixed risk factors for cardiovascular disease, modifiable
predictors of CVD include an unhealthy diet, hypertension, obesity, type 2 diabetes mellitus,
and dyslipidemia—defined as the imbalance of lipids such as triglycerides, high-density
lipoprotein cholesterol (HDL-C), and low-density lipoprotein cholesterol (LDL-C) [1-6].

Compelling data indicate that aggressive lipid-lowering therapy further reduces the
risk of atherosclerotic cardiovascular disease (ASCVD) events, especially among individuals
with established CVD [7]. The Cholesterol Treatment Trialists Collaboration has shown
an approximately 20% reduction in the risk for cardiovascular disease events for every
1 mmol/L (approximately 40 mg/dL) reduction in LDL-C [8]. Moreover, lipid-lowering
therapy is associated with reductions in cardiovascular events in populations with a high
coronary event risk (>30% risk: 22% reduction in major coronary events per mmol/L
reduction in LDL-C) and individuals with diabetes mellitus (21% reduction in major
vascular events per mmol/L reducing in LDL-C) [8-10]. Since 1988 and beginning with the
Third Adult Treatment Panel of the National Cholesterol Education Program (ATP-III), there
has been an evolution in guidelines calling for lower LDL-C targets, especially in higher-
risk populations, which has corresponded with the publication of key clinical trials of both
statin and non-statin therapies. The goal of this review is to synthesize this evolution of
evidence and guidelines over the last several decades and provide a summary of the latest
recommendations for aggressive lipid control in cardiovascular disease risk reduction.
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2. LDL-C as a Predictor of CVD

The relationship between cholesterol and CVD was first elucidated as early as the
mid-20th century. In 1939, Carl Muller observed that individuals with familial hyper-
cholesterolemia had extreme arterial plaque deposition and faced a very high risk for
cardiovascular death [11,12]. In 1952, John Gofman discovered that patients with a history
of myocardial infarction (MI) have higher levels of low-density serum cholesterol than
healthy individuals [13]. By 1977, the Framingham Heart Study had established serum
LDL-C as an independent risk factor for ASCVD [14].

Cholesterol and triglycerides are insoluble molecules that must be complexed with
proteins to be transported within circulation. Lipoproteins have a hydrophobic core of
cholesterol and triglycerides surrounded by a hydrophilic membrane consisting of free
cholesterol, phospholipids, and apolipoproteins. Plasma lipoproteins are grouped into
categories based on size, lipid composition, and associated apolipoproteins. Chylomicrons,
the largest lipoproteins, are formed from dietary triglycerides and metabolized by muscle
and adipose tissue into chylomicron remnants which are absorbed by the liver. The
liver’s endogenous pathway of cholesterol metabolism begins with the formation of very
low-density lipoproteins (VLDL) which are subsequently metabolized into indeterminate-
density lipoproteins (IDL) and further catabolized into LDL-C [15].

Biochemical studies link LDL-C and atherosclerosis via cholesterol penetration and
retention in the arterial endothelium. LDL-C is oxidized and subsequently targeted by
scavenger macrophages that become cytokine-secreting foam cells. Inflammation and
atherosclerotic progression lead to the formation of intravascular plaque, which can cause
myocardial ischemia and infarction [16-18].

The liver can initiate reverse cholesterol transport via the release of high-density
lipoprotein (HDL) particles that acquire cholesterol from circulation. By absorbing excess
cholesterol and returning it back to the liver, this mechanism reduces and inhibits the
formation of atherosclerotic plaques [19]. Low serum HDL-C is associated with a higher
risk for ASCVD; however, a very high HDL-C has not been shown to be protective against
ASCVD [20-22].

Familial hypercholesterolemia (FH) is an autosomal dominant condition characterized
by high serum cholesterol and as much as a 20-fold increased risk of ASCVD. Deleterious
mutations in the LDL-C receptor itself or apolipoprotein B (apoB), the major ligand between
LDL-C particles and their receptor, can predispose individuals to extremely high serum
LDL-C. Additionally, gain-of-function mutations in proprotein convertase subtilisin/kexin
type 9 (PCSK9), an enzyme that mediates LDL-C receptor degradation, resulting in very
high LDL-C levels, are also an etiology for FH [23]. Patients with heterozygous FH tend to
have LDL-C > 190 mg/dL in adults or >160 mg/dL in children while homozygous FH
often presents with LDL-C > 400 mg/dL [24-27]. Heterozygous FH is relatively common
in the general population (approximately 1 in 250-300) while homozygous FH is found
in approximately 1 in 250,000-300,000 [24,28,29]. The ASCVD risk in individuals with FH
is proportionate to the cumulative LDL-C burden, and treatment options consist of lipid-
lowering pharmacotherapies, including statins and non-statin therapies (e.g., ezetimibe,
PCSK9 inhibitors, inclisiran, and evinacumab), as well as plasma apheresis [30-32].

Serum LDL-C levels in many adults are influenced by diet, and a diet low in fat
and cholesterol is the foundation of treatment for dyslipidemia. The average American
serum LDL-C in 2000 was 127.9 mg/dL and has progressively decreased to 110.5 mg/dL
in 2020 [33]. Though the decrease over time is encouraging, this may reflect the better
treatment of dyslipidemia rather than prevention. Studies in different human populations
demonstrate that the average American LDL-C is far from optimal. Cholesterol panels
of hunter—gatherer populations, such as the Hadza of Tanzania and Pacific Islanders of
Pukapuka and Tokelau, show that these groups have significantly lower serum cholesterol
and a lower prevalence of cardiovascular disease compared to the US population [34-36].
A survey of the Tsimane of Bolivia, a population with the lowest documented prevalence
of atherosclerosis, revealed that individuals have an average LDL-C of 72 mg/dL [37,38].
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3. LDL-Cholesterol-Lowering Pharmacotherapy and Cardiovascular Outcomes Benefit

Diet and lifestyle modification can often sufficiently mitigate risk in individuals at a
low risk for CVD, but higher-risk individuals and those with existing ASCVD often need
pharmacologic treatment [39—41]. There has been a wealth of pharmacologic therapies
addressing reductions in total and LDL-C, now spanning nearly 75 years (Table 1). As
early as the mid-1950s, the water-soluble vitamin niacin (nicotinic acid) was identified
as a pharmacologic therapy for lowering cholesterol [42-44]. Around the same time, the
bile acid sequestrant cholestyramine was developed as another LDL-C-lowering strategy,
showing significant reductions in both LDL-C and cardiovascular mortality in the Lipid
Research Clinics Coronary Primary Prevention Trial [45]. Fibrates such as gemfibrozil
showed early promise as an additional therapy in the Helsinki Heart Study, demonstrating
a significant reduction in coronary heart disease [46]. However, these results were later
complicated by the FIELD and ACCORD studies, and more recently by the PROMINENT
trial, which did not show the benefit of fibrate therapy alone or when added to statin
therapy [47-49].

Table 1. LDL-lowering Pharmacotherapies.

Drug Y:‘;;rfof,];A Mei‘:g(l)snm of Major Randomized Controlled Trials
Coronary Drug Project: Patients with a history of myocardial
infarction on nicotinic acid had an 11% lower mortality
compared to those on placebo [50].
Nicotinic acid Mechanism not Atherothrombosis Intervention in Metabolic Syndrome
o 1950s * . with Low HDL/High Triglycerides: Impact on Global
(Niacin) well defined & 8y P
Health Outcomes (AIM-HIGH) and Heart Protection Study
2-Treatment of HDL to Reduce the Incidence of Vascular
Events (HPS2-THRIVE) did not demonstrate reductions in
vascular events compared to statin monotherapy [51,52].
seBﬁzsilc‘:rllts Increased cholesterol Lipid Research Clinics Coronary Primary Prevention Trial
( Cho?es tyramine 19708 * metabolism via bile (LRC-CPPT): Colestipol reduced the risk of coronary heart
Colese}:/elam ! excretion disease mortality by 24% in middle-aged men with primary
Colestipol) ’ hypercholesterolemia [45].
Helsinki Heart Study: Gemfibrozil was associated with a
Promote 34% reduction in incident coronary heart disease in
Fibrates receptor-mediated middle-aged men with dyslipidemia [46].
(Gemfibrozil 19708 * LDL-E clearance and FIELD (Fenofibrate Event Lowering and Intervention in
Fenofibra te), increased catabolism of Diabetes) and ACCORD (Action to Control Cardiovascular
LDL-C Risk in Diabetes) did not show significant reductions in
cardiovascular events with fenofibrate monotherapy or in
combination with other lipid-lowering medications [47,48].
Air Force/Texas Coronary Atherosclerosis Prevention
Lovastatin 1987 Competitive inhibitor of ~ Study (AFCAPS/TEXCAPS): Lovastatin reduced the risk of
HMG-CoA reductase major coronary events by 37% in patients with moderately
elevated cholesterol [53].
Cholesterol and Recurrent Events (CARE): Pravastatin
Competitive inhibitor of decreased the incidence of fatal coronary events or nonfatal
Pravastatin 1991 P myocardial infarction by 24% in patients with myocardial

HMG-CoA reductase

infarction who had plasma total cholesterol levels below
240 mg/dL [54].
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Table 1. Cont.

Drug Year of FDA Mechar.usm of Major Randomized Controlled Trials
Approval Action
Treating to New Targets (TNT): Intense lipid lowering with
. Competitive inhibitor of 80 mg/day atorvastatin showed a 22% relative risk reduction
Atorvastatin 1996 . . . .
HMG-CoA reductase in cardiovascular events over treatment with 10 mg/day in
patients with stable coronary heart disease [55].
e Scandinavian Simvastatin Survival Study (4S): Simvastatin
. . Competitive inhibitor of . . o N .
Simvastatin 1998 treatment was associated with a 30% reduction in death in
HMG-CoA reductase . . .
patients with coronary heart disease [56].
Justification for the Use of Statins in Prevention: An
e Intervention Trial Evaluating Rosuvastatin (JUPITER):
. Competitive inhibitor of . : o -
Rosuvastatin 2003 HMG-CoA reductase Rosuvastatin decreased cardiovascular events by 44% in
patients with LDL-C < 130 mg/dL but elevated C-reactive
protein [57].
Improved Reduction of Outcomes: Vytorin Efficacy
o International Trial IMPROVE-IT): Ezetimibe-simvastatin
Ezetimibe 2004 Inhibitor of the NPCILI therapy provided reduction in LDL-C, with a 6% relative risk
cholesterol transporter I -
reduction in adverse cardiovascular outcomes compared to
statin monotherapy [58].
. Phase III trials in patients with homozygous familial
Microsomal . . .
Lomitapide 2012 triglyceride transfer hypercholesterolemia on current lipid-lowering therapy
Yotein inhibitor demonstrate a 50% LDL-C reduction (8.7 mmol/L
p to 4.3 mmol/L) at 26 weeks [59].
. . A randomized controlled trial of individuals with familial
Small interfering hypercholesterolemia on lipid-lowering therapy showed a
Mipomersen 2013 RNA inhibitor of yp Ster pid-lowering therapy sho
apolipoprotein B 36% reduction in LDL-C and significant reductions in
P apolipoprotein B [60].
Evaluation of Cardiovascular Outcomes After an Acute
Coronary Syndrome During Treatment with Alirocumab
Alirocumab 2015 Monoclonal antibody ~ (ODYSSEY OUTCOMES): Alirocumab treatment resulted in
inhibitor of PCSK9 a relative risk reduction of 15% for ASCVD events compared
to the placebo in acute coronary syndrome patients on statin
therapy [61].
Further Cardiovascular Outcomes Research with PCSK9
. Inhibition in Subjects with Elevated Risk (FOURIER):
Monoclonal antibody . . R
Evolocumab 2015 inhibitor of PCSK9 Evolocumab treatment was associated with a relative risk
reduction of 15% for ASCVD events in patients with ASCVD
on statin therapy [62].
Cholesterol Lowering via Bempedoic Acid, an
ACL-Inhibiting Regimen (CLEAR OUTCOMES):
Adenosine Bempedoic acid compared to placebo given to patients with
Bempedoic Acid 2020 triphosphate-citrate statin intolerance showed a reduction in the primary endpoint
lyase inhibitor of death from cardiovascular causes, nonfatal myocardial
infarction, nonfatal stroke, or coronary revascularization of
13% [63].
. Evinacumab for Homozygous Familial
Mon?;ﬁlg?tloilg;b()dy Hypercholesterolemia (ELIPSE HoFH): Evinacumab
Evinacumab 2021 angionoietin-like decreases LDL-C by 49% in patients with homozygous
& p E) tein 3 familial hypercholesterolemia (average LDL-C 255.1 mg/dL)

on a maximum background lipid-lowering therapy [64].
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Table 1. Cont.

Drug Year of FDA Mechar}lsm of Major Randomized Controlled Trials
Approval Action
Inclisiran for Participants with Atherosclerotic
Cardiovascular Disease and Elevated Low-density
. Small interfering RNA  Lipoprotein Cholesterol (ORION-10 and 11): Inclisiran
Inclisiran 2021

inhibitor of PCSK9 reduces LDL-C by 50% in ASCVD patients on maximally
tolerated statin [65]. Cardiovascular outcomes trials
are ongoing.

* Date reflects approximate period of significant adoption. HMG-CoA reductase, Hydroxymethylglutaryl coen-
zyme A reductase; PCSK9, Proprotein convertase subtilisin/kexin type 9.

The advent of statins, competitive inhibitors of hydroxymethylglutaryl coenzyme A
(HMG-Co0A) reductase, revolutionized how clinicians treat elevated LDL-C and reduce
ASCVD risk and spurred the growth of clinical lipidology. In 1987, lovastatin became the
first statin approved for human use. Statin therapy quickly became the cornerstone of lipid
management, and other pharmaceuticals have been approved for further reducing LDL-C.
The 1994 Scandinavian Simvastatin Survival Study (4S) demonstrated a dramatic 30% mor-
tality reduction and a 42% reduction in major coronary events from simvastatin treatment
in patients with coronary heart disease [56]. Similarly, the 1996 Cholesterol and Recurrent
Events (CARE) trial of secondary prevention with pravastatin found a 24% reduction in
recurrent cardiovascular events in patients who had experienced a prior MI [54]. In 1998,
the AFCAPS/TEXCAPS study, a primary prevention trial, showed a 37% reduction in major
coronary events from lovastatin treatment in patients with average to moderately elevated
LDL-C [53]. In 2001, the MIRACL study showed that more intensive statin therapy with
atorvastatin (compared to pravastatin) resulted in a further reduction in cardiovascular
risk, although the endpoint was highly impacted by the reduction in hospitalization for
unstable angina [66]. The Treating to New Targets (TNT) trial compared high-intensity
statin therapy (atorvastatin 80 mg) to moderate-intensity therapy (atorvastatin 10 mg) in
patients at a high risk for ASCVD, finding that high-intensity statin therapy further reduced
cardiovascular events by 22% compared to moderate-intensity therapy [55]. The 2008
JUPITER trial investigated the use of rosuvastatin in individuals with LDL-C < 130 mg/dL
but elevated C-reactive protein levels (>2 mg/L) as a measure of systemic inflammation,
finding a 44% reduction in vascular events and a 54% reduction in MI compared to the
control [57]. The Cholesterol Treatment Trialists’ meta-analysis of 27 randomized controlled
trials of statin therapy further supported the value of statin therapy in safely reducing the
risk of MI, coronary death, ischemic stroke, and coronary revascularization in a wide range
of patients [8].

Ezetimibe, an inhibitor of the NPC1L1 cholesterol transporter, was approved by the
FDA in 2004 as another agent for dyslipidemia. The IMPROVE-IT trial demonstrated
that ezetimibe-simvastatin therapy further reduces LDL-C and adverse cardiovascular
outcomes compared to statin monotherapy [58]. However, this trial was carried out in
select very-high-risk ASCVD patients with an acute coronary syndrome (ACS) in the past
10 days and took 7 years to show only a modest (despite being statistically significant)
benefit of a 6% relative risk reduction in the primary endpoint [58].

The advent of the proprotein convertase subtilisin/kexin type 9 (PCSK9) inhibitors
has dramatically impacted the lipid therapy landscape in recent years. They provide an
additional 50-60% LDL-C reduction beyond statin therapy, allowing for the achievement
of LDL-C levels often below 30 mg/dL and, in some patients, below 10 mg/dL, lower
than what has previously been seen from existing therapies. In 2015, alirocumab, the
first FDA-approved monoclonal antibody inhibitor of PCSK9, was approved as another
treatment for hyperlipidemia [61,67]. This was followed by the approval of evolocumab,
whose effects on atherosclerosis were first demonstrated by the GLAGOV trial, showing
that, in patients with angiographic coronary disease treated with statins, individuals taking
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the PCSK9 inhibitor evolocumab had significantly decreased LDL-C and a reduction in
plaque atheroma volume compared to those on the placebo [68]. A reduction in ASCVD
outcomes from PCSK9 inhibitor therapy was first demonstrated by the FOURIER trial,
showing a 15% relative risk reduction with evolocumab-treated patients achieving median
LDL-C levels of 30 mg/dL [62]. This was then followed by the ODYSSEY Outcomes trial,
also showing a 15% risk reduction from treatment with alirocumab.

In 2020, bempedoic acid, an inhibitor of adenosine triphosphate citrate lyase, received
approval as another lipid-lowering drug. This therapy lowers LDL-C by 15-20% as a
monotherapy and by approximately 35% in a fixed-dose combination therapy with ezetim-
ibe. In the recently reported CLEAR OUTCOMES trial, bempedoic acid reduced LDL-C by
an average of 21.1% compared to the placebo in patients who were unable or unwilling to
take statins owing to unacceptable adverse effects. The trial demonstrated a relative risk
reduction of 13% in the primary endpoint (death from cardiovascular causes, nonfatal MI,
nonfatal stroke, or coronary revascularization) in those taking bempedoic acid compared to
the placebo in the overall trial population, but with a more striking 30% reduction in risk
demonstrated among the primary prevention subgroup [63,69].

One year later, the small-interfering RNA inclisiran was approved for individuals who
require additional LDL-C lowering. In Phase 3 clinical trials, inclisiran was associated with
an approximately 50% time-averaged reduction in LDL-C [65]. Of interest, a recent analysis
of 3655 patients followed for 18 months in a phase III trial of incisliran showed the therapy
to be associated with a 26% risk reduction in major adverse cardiovascular events [70].
Ongoing cardiovascular outcome trials of inclisiran in both the high-risk primary and
secondary prevention populations will be important for demonstrating the clinical benefit
of this therapy beyond statin therapy.

4. Early Years of Cholesterol Treatment Guidelines

The first set of cholesterol treatment guidelines from the National Cholesterol Educa-
tion Program was released in 1988. The Adult Treatment Panel (ATP) I guidelines focused
on adults aged 20 years and over. Individuals with high (>240 mg/dL) or borderline-high
(200239 mg/dL) total cholesterol with definite coronary heart disease (CHD) or at least two
risk factors (male sex, family history of premature CHD, cigarette smoking, hypertension,
low HDL-C, diabetes mellitus, definite cerebrovascular or peripheral vascular disease, or
severe obesity) were recommended to undergo lipoprotein analysis that included LDL-C
calculation [71]. At the time, primary prevention solely involved dietary therapy. If individ-
uals continued to have LDL-C > 130 mg/dL after 6 months, pharmacologic intervention
with bile acid sequestrants and/or nicotinic acid was recommended. Statins were not yet
recommended since their impact on CV death and the long-term safety profile had not yet
been established.

The 1993 ATP II recommendations suggested HDL-C screening in all individuals,
not just those with high total cholesterol. Like ATP I, these guidelines stratified patients
based on total cholesterol and LDL-C. However, the LDL-C treatment goal in those with
CHD was decreased from <130 mg/dL to <100 mg/dL. The risk factors for CHD were
slightly changed to include men > 45 years, women > 55 years, women who had undergone
premature menopause without estrogen replacement therapy, and HDL-C < 35 mg/dL.
Statins (lovastatin, pravastatin, simvastatin, atorvastatin, rosuvastatin, and pitavastatin)
were finally added to the list of effective pharmacologic treatments, but caution in young
individuals was recommended due to the lack of long-term safety data [72].

The 2001 ATP III guidelines recommended that clinicians focus on LDL-C as the
primary target for therapy [73]. These new guidelines used Framingham algorithms for
the prediction of 10-year absolute CHD risk to stratify patients for treatment goals and
recommended a full lipid panel be performed instead of just total cholesterol and HDL-C.
The LDL-C treatment target for individuals with CHD was maintained at <100 mg/dL, but
individuals with diabetes, peripheral artery disease, or a >20% 10-year risk of CHD were
also recommended for treatment. These guidelines also recognized statins for dyslipidemia
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treatment given their growing evidence of benefit. The European Society of Cardiology
(ESC) and the European Atherosclerosis Society (EAS) released similar guidelines in 2003,
recommending a treatment target of <100 mg/dL for patients with clinically established
CVD [74]. In 2004, the ATP III guidelines were updated after numerous statin trials solidi-
fied statins as an effective treatment for dyslipidemia [75]. In addition to the <100 mg/dL
treatment target, an optional treatment goal of LDL-C < 70 mg/dL was added for individu-
als with CHD plus multiple major or poorly controlled risk factors (especially diabetes) or
ACS. This target of <70 mg/dL remained the clinical standard for over a decade.

The 2006 American College of Cardiology (ACC)/American Heart Association (AHA)
guidelines similarly adopted an LDL-C treatment goal of <100 mg/dL for all individuals
on lipid-lowering pharmacotherapy (a Class I recommendation) and an optional target
of <70 mg/dL for individuals with CHD and other clinical forms of atherosclerotic dis-
ease [76]. The 2007 ESC/EAS guidelines similarly continued the LDL-C treatment target of
<100 mg/dL but added an optional treatment target of <80 mg/dL, if feasible [77]. The 2011
update to these guidelines based treatment recommendations on the 10-year predicted risk
from the SCORE algorithm and recommended an LDL-C treatment target of <70 mg/dL in
those at the highest risk [78]. This recommendation was unchanged in the 2016 update [79].

LDL-C reduction is a key strategy in secondary ASCVD prevention [80-82]. While
statins are the first-line pharmacotherapy in LDL-C management, many patients at risk for
ASCVD who have been prescribed statin therapy have not achieved appropriate LDL-C
lowering. An earlier reduction in LDL-C in patients with ACS could be an important aspect
of secondary prevention, especially considering that the greatest risk for recurrent events
occurs during the month following the initial event [83,84]. Studies have demonstrated
that a combination therapy of a statin plus an additional lipid-lowering agent can produce
immense reductions in LDL-C and longer survival for individuals at a high risk for ASCVD.
The EVOPACS study demonstrated that in patients previously hospitalized for ACS with
elevated LDL-C, PCSK9 inhibitor therapy evolocumab enabled 95.7% of patients to achieve
the 70 mg/dL target, compared to 37.6% of placebo group patients [85]. While the study did
not identify a decrease in ACS events over the 8-week timeframe, some organizations such
as the Lipid Association of India (LAI) have released recommendations for intense LDL-C
lowering in patients who have experienced ACS, using ezetimibe and PCSK9 inhibitors to
reach the target LDL-C of 30 mg/dL [86]. The ongoing EVOLVE-MI trial of evolocumab is
testing the efficacy of evolocumab if given within 10 days of hospitalization for ACS for
reducing subsequent ASCVD events.

5. Lower and More Aggressive LDL-Cholesterol Targets

Over the last decade, treatment targets have shifted to lower treatment and greater
reduction targets for lipid-lowering therapy (Figure 1). While the 2013 ACC/AHA guide-
line recognized that most clinicians used LDL-C targets of <100 mg/dL and <70 mg/dL
for the primary and secondary prevention of ASCVD, respectively, the guideline removed
specific targets due to the lack of clinical trials testing specific LDL-C targets and focused
instead on statin intensity, which prior clinical trials utilized in their design, showing the
superiority of high-intensity statin over lower intensities. Higher-risk persons such as those
with ASCVD, LDL-C > 190, diabetes, and multiple risk factors, or those with >20% 10-year
ASCVD risk, were recommended high-intensity statin to reduce LDL-C by at least 50%,
with those of an intermediate risk or diabetes without multiple risk factors recommended
moderate-intensity statin designed to lower LDL-C 30-49% [87].

In 2017, the American Association of Clinical Endocrinologists and American College
of Endocrinology released dyslipidemia guidelines advising that individuals at an extreme
risk for ASCVD should have an LDL-C goal of <55 mg/dL [88].

In 2018, the ACC/AHA /Multispecialty cholesterol guidelines did not specify tar-
get LDL-C values for the same reasons as the 2013 guidelines but instead recommended
moderate-intensity statin treatment for those of borderline (5- < 7.5%) and intermediate
(7.5- < 20%) 10-year ASCVD risk (especially in the presence of additional risk enhancing fac-
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vention and all those with ASCVD. The “threshold” concept was also introduced as an
alternative to using targets, where if the LDL-C was still at or above 70 mg/dL despite
maximally tolerated statin therapy, further non-statin therapy was recommended [80]. This
guideline also proposed further risk stratification of those with ASCVD into those at a
very high risk (based on the presence of two or more ASCVD events or one event and
multiple high-risk conditions) or not at very high risk. A more recent 2022 ACC Expert
Consensus Report further reduced this threshold for the consideration of non-statin therapy
to 55 mg/dL for patients with clinical ASCVD at a very high risk [82]. It recommended
that ezetimibe or a PCSK9 inhibitor be considered first (because of the already published
clinical outcome data at the time of writing), followed by bempedoic acid or inclisiran.
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Figure 1. History of Cholesterol Guidelines and LDL-Cholesterol Treatment Targets. CHD, coronary
heart disease; ASCVD, atherosclerotic cardiovascular disease; BEL, best evidence level; HoFH,
Homozygous Familial Hypercholesterolemia; ATP, Adult Treatment Panel; ACC, American College
of Cardiology; AHA, American Heart Association; ESC, European Society of Cardiology; EAS,
European Atherosclerosis Society; AACE, American Association of Clinical Endocrinologists; ACE,
American College of Endocrinology; LAI, Lipid Association of India.

The 2019 ESC/EAS guidelines similarly recommended an LDL-C treatment goal of
<55 mg/dL for very-high-risk individuals (a Class I recommendation) but lowered this
even further to <40 mg/dL in patients with ASCVD who experience a second vascular
event within two years (not necessarily of the same type, such as a stroke) (a Class IIb
recommendation) [89].

The 2020 LAI guidelines for dyslipidemia recommended LDL-C treatment targets
based upon an individual’s risk group. A treatment target of 100 mg/dL was suggested for
individuals with a low or intermediate risk, and one of 70 mg/dL was suggested for indi-
viduals with a high risk. A target of 50 mg/dL was recommended for individuals at a ‘very
high risk’, defined as pre-existing ASCVD, diabetes with two or more risk factors/target
organ damage, or homozygous FH. For individuals with an extreme risk—those with CAD
and one or more feature of a high-risk group (i.e., diabetes mellitus with zero to one other
major ASCVD risk factors, CKD stage 3B or 4, coronary calcium score > 300 HU, lipoprotein
(a) > 50 mg/dL or 125 nmol/L, etc.)—a treatment target of 50 mg/dL was recommended,
with an optional goal of 30 mg/dL. Individuals at an extreme risk with recurrent ACS,
polyvascular disease, or an additional ‘very high risk’ factor were recommended the most
intense treatment target of 30 mg/dL [90].
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6. Benefits and Risks of Very Low LDL-Cholesterol

There have been previously reported observational data suggesting an increased risk
of coronary heart disease (CHD) and stroke mortality with low LDL-C levels. A recent
study published in the Journal of the American Heart Association examined over fourteen
thousand participants in the National Health and Nutrition Examination Survey (NHANES)
over 20 years and found an increased risk of all-cause mortality (HR 1.45, 95% CI 1.10-1.93)
in those with LDL-C <70 mg/dL compared to those with LDL-C 100-129.9 mg/dL, control-
ling for demographic factors and comorbidities [91]. However, this observed relationship
could be confounded by subclinical comorbidities not adjusted for. Moreover, clinical
trials achieving low LDL-C levels, as described earlier, have not corroborated these results.
However, some have shown such an association to occur in those who also have elevated
high-sensitivity CRP levels > 2 mg/dL [92,93]. An earlier analysis also warned of a poten-
tial association between LDL-C < 70 mg/dL and the incidence of intracranial hemorrhage
(ICH) stroke [94]; this association persists whether using LDL-C 70-99.9 mg/dL or LDL-C
100-129.9 mg/dL as the reference mark [95,96].

Notably, this association of very low LDL-C with higher rates of adverse events has
not been corroborated by contemporary clinical trials. For example, the EBBINGHAUS
study demonstrated no difference in effects on cognitive function with increased lipid
lowering using evolocumab [97,98]; however, it is realized that we do not have such data
from a longer-term follow-up. Furthermore, there are competing data suggesting that
there are further cardiovascular and mortality benefits conferred with aggressive LDL-C
reduction. Although the IMPROVE-IT trial found a non-significant trend towards increased
hemorrhagic stroke in those treated to a lower LDL-C goal with ezetimibe and simvastatin,
a subsequent 2017 analysis showed significant reductions in major adverse cardiovascular
events (MACE) with LDL-C < 30 mg/dL compared to >70 mg/dL, without a concomitant
increase in rates of neurocognitive events, hemorrhagic stroke, or non-CVD deaths [58,99].
The American Heart Association recently published a scientific statement on LDL-C low-
ering and the risk for dementia and hemorrhagic stroke, stating that achieving very low
LDL-C does not increase the risk for hemorrhagic stroke and that the risk of a hemor-
rhagic stroke associated with statin therapy in patients without a history of cerebrovascular
disease is small and consistently nonsignificant [100].

Notably, with lower LDL-C levels achieved in more recent trials, further benefits in
ASCVD risk reduction have also been observed, further solidifying the LDL-C hypothesis.
A subgroup analysis of the 2004 PROVE-IT TIMI 22 study showed that individuals who
achieved LDL-C < 40 mg/dL had an even greater benefit for ASCVD risk reduction (HR
0.61 compared to individuals with LDL-C 80-100 mg/dL) than those who achieved LDL-
C 40-60 mg/dL (HR 0.67) [101]. The ODYSSEY OUTCOMES trial used alirocumab for
extreme lipid lowering and demonstrated a 15% reduction in ASCVD events in those with
a target LDL-C of 25-50 mg/dL. [61] The GLAGOV trial [68] showed greater reduction in
plaque atheroma volume (regression of atherosclerosis) with the lower the LDL-C achieved
down to 20 mg/dL with no evidence of a threshold effect. The FOURIER Trial compared
the addition of PCSK9 inhibition with evolocumab to statin therapy with a placebo and
found that the additional lowering of LDL-C to a median of 30 mg/dL resulted in a 15%
reduction in the primary composite endpoint of cardiovascular death, MI, hospitalization
for ACS, and coronary revascularization without a significant increase in adverse events;
further reductions in cardiovascular risk were also demonstrated in this study, achieving
LDL-C levels of <10 mg/dL, with no evidence of a threshold below which there was no
further benefit [62]. These outcomes provide foundational evidence for the more aggressive
LDL-C targets in recent international guidelines; however, more research is needed to
evaluate and quantify the risks of very low LDL-C.

7. Non-HDL Cholesterol and Apolipoprotein B as Secondary Treatment Targets

Statins and other lipid-lowering therapies are effective in lowering LDL-C, as well
as apolipoprotein B (apoB) and non-HDL cholesterol; however, clinical trials (and thus
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guidelines) have all focused on LDL-C as the primary efficacy endpoint. Serum apoB
correlates with the amount of circulating LDL but can also carry other atherogenic lipid
particles not reflected when measuring LDL-C. Similarly, non-HDL cholesterol is a more
inclusive measurement of atherogenic lipids compared to LDL-C. Analyses of major statin
trials report significant decreases in apoB and non-HDL with statin use, though some
suggest that statin treatments reduce LDL-C by a greater percentage than apoB and non-
HDL [102,103].

Recent data have indicated that apoB and non-HDL cholesterol may be more accurate
predictors of ASCVD risk compared to LDL-C in statin-treated patients [104]. One meta-
analysis predicts that ASCVD risk assessment strategies centered on non-HDL cholesterol
and apoB would prevent 300,000 to 500,000 more ischemic cardiac events over 10 years
compared to assessment based on LDL-C [105]. The ACC, AHA, ESC, and National Lipid
Association (NLA) already recognize apoB and non-HDL as risk-enhancing factors for
ASCVD [78,89,90,106]. In 2015, the NLA released dyslipidemia guidelines specifying both
LDL-C and non-HDL cholesterol as primary treatment targets and recommended a treat-
ment goal of <100 mg/dL for non-HDL cholesterol, one of <70 mg/dL for LDL-C, and a
secondary optional apoB target of <80 mg/dL for individuals with a very high ASCVD
risk [106]. The 2016 ESC/EAS dyslipidemia guidelines similarly specified a treatment target
of <100 mg/dL non-HDL cholesterol and <80 mg/dL apoB for patients with a high total
cardiovascular risk as a Class Ila recommendation [79]. The 2022 ACC Expert Consensus
decision pathway recommended the consideration of nonstatin therapy if non-HDL choles-
terol exceeds the LDL-C treatment target by 30 mg/dL (non-HDL cholesterol > 85 mg/dL
for adults with clinical ASCVD at a very high risk) [82]. Whether non-HDL cholesterol or
apoB eventually will replace LDL-C as the primary lipid measure for ASCVD risk remains
to be seen and will depend on more robust data and the consideration of testing costs.

8. Conclusions

While the pathophysiology of atherosclerotic plaque formation and its relation to
serum levels of LDL-C have long been known, the optimal degree of LDL-C reduction
remains an important topic of consideration. While some studies have suggested an
increased risk of adverse events, particularly hemorrhagic stroke with aggressive LDL-C
reduction, this association has not been consistently demonstrated. Updates to several
international guidelines have sourced data from numerous large trials in the last decade
to inform new recommendations for lower LDL-C targets that have been demonstrated
to confer a further reduction in cardiovascular morbidity and mortality. Guidelines are
by nature destined for obsolescence, and emerging evidence aiding in the quantification
of ideal LDL-C targets for moderate- and high-risk patients will have important clinical
practice implications for years to come.
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Abstract: The dyslipidemia guidelines of the three major societies have been revised recently in light
of new evidence. LDL-C is the primary target in the ESC, AHA /ACC/Multisociety and Canadian
Cardiovascular Society (CCS) guidelines. These guidelines uniformly recommend intensifying lipid-
lowering treatment with increased risk; however, the risk estimation systems are different across
the guidelines. The ESC guidelines have LDL-C goals which have become more stringent over the
years and advocate the use of statin and, if necessary, non-statin therapies to obtain these goals.
AHA/ACC/Multisociety guidelines have LDL-C thresholds and advocate combination therapy
less liberally and for selected patients. All three guidelines acknowledge the importance of shared
decision making. Despite some divergent approaches and recommendations, the main principles and
messages are the same across the guidelines. To combat the epidemic of cardiovascular disease, our
focus should be not on the differences but on implementing the guidelines in our region.

Keywords: dyslipidemia; risk management; secondary prevention; primary prevention

1. Introduction

Despite modern therapies, atherosclerotic cardiovascular disease (ASCVD) is still the
leading cause of mortality in most parts of the world [1]. The retention of apoprotein
B-containing lipoproteins is the main driver of the initiation and progression of atheroscle-
rotic plaques [2]. Lowering atherogenic lipids can change the trajectory of the disease
favorably and prevent CV events. In light of new evidence on the causality of apoprotein
B-containing lipoproteins and, mainly, LDL-C, guidelines for the management of dys-
lipidemia have been updated. The aim of this article is to systematically compare the
2018 AHA /ACC/Multisociety (MS) Blood cholesterol management guideline [3], the 2021
ESC Prevention of CV Disease Guidelines, endorsed by 12 European Societies [4], and
the 2021 Canadian Cardiovascular Society’s (CCS) [5] management of dyslipidemia for
cardiovascular disease guidelines for basic approaches to dyslipidemias and the prevention
of ASCVD.

2. Risk Estimation Tools and Definition of Risk Categories

All three guidelines base the intensity of their recommendations on the degree of risk.
However, the best risk estimation system is the one that is derived from the population
it is going to be used on. For this reason, guidelines differ in their risk calculation sys-
tems. The ESC guidelines define patients with ASCVD, diabetes mellitus (DM), chronic
kidney disease (CKD) and individuals with specific risk factors as high and very high-risk
groups automatically. Individuals who do not have these characteristics are considered as
apparently healthy people, and management is determined according to risk estimation by
the SCORE system. The most recent ESC guidelines have updated the risk stratification.
SCORE2 is a new algorithm which is derived, calibrated and validated to predict 10-year
risk of first-onset CVD in European populations, overcoming some of the limitations posed
by the previous SCORE system. The previous SCORE only calculated the 10-year risk
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of fatal events, whereas SCORE2 calculates the 10-year risk of total CV events. To im-
prove the accuracy of risk prediction in adults over the age of 65, the new SCORE2-Older
Persons (SCORE2-OP) model, which is competing-risk-adjusted, is recommended. Manage-
ment is determined according to age, risk score and region. According to CVD mortality
rates published by the WHO, regions are defined into four groups as low-risk countries,
moderate-risk countries, high-risk countries, and very high-risk countries (Table 1).

Table 1. Classification of countries according to risk levels described by the WHO.

Risk Categories Countries
Belgium, Denmark, France, Israel, Luxembourg, Norway, Spain, the
Netherlands, the United Kingdom, Switzerland
Austria, Cyprus, Finland, Germany, Greece, Iceland, Ireland, Italy, Malta,
Portugal, San Marino, Slovenia, and Sweden
Albania, Bosnia and Herzegovina, Croatia, Czech Republic, Estonia,
Hungary, Kazakhstan, Poland, Slovakia, and Turkey
Algeria, Armenia, Azerbaijan, Belarus, Bulgaria, Egypt, Georgia,
Kyrgyzstan, Latvia, Lebanon, Libya, Lithuania, Montenegro, Morocco,
Republic of Moldova, Romania, Russian Federation, Serbia, Syria, The
Former Yugoslav Republic (Macedonia), Tunisia, Ukraine, and Uzbekistan

Low-risk
Moderate-risk

High-risk

Very high-risk

In the AHA/ACC/MS guidelines, risk scores are calculated with Pooled Cohort
Equations (PCEs). PCEs calculate the 10-year risk of developing ASCVD by including
non-fatal myocardial infarction or coronary heart disease (CHD) death and fatal or non-fatal
stroke, among people free from ASCVD.

The CCS uses the Framingham Risk Score (FRS) system as a risk assessment tool
and divides individuals into three groups: low-risk (FRS < 10%), intermediate-risk (FRS
10-19.9%) and high-risk (FRS > 20%), and bases recommendations according to the risk
level. The risk stratification methods are summarized in Table 2.

Table 2. Comparison of risk categories according to guidelines.

ESC GUIDELINES AHA/ACC/MS CCS GUIDELINES

RISK
CATEGORIES

GUIDELINES
10-year SCORE2/SCORE2-OP
percentages (fatal and
non-fatal CVD risk)

FRS 10-year CHD RISK
Low-risk FRS: <10%
Intermediate-risk FRS:

10-year risk ASCVD 10-19.9% or

<50 years: <2.5 0/o, 2.5-7.5%, percentages (fatal and LDL-C > 3.5 mmol /L or
>7.5% non-fatal ASCVD)
o o Non-HDL-C > 4.2 mmol/L or
50-69 years: <5%, 5-10%,
>10% High: >20% ApoB = 1.05 g/L or
>70 years: <7.5%, 7.5-15%, Intermediate: >7.5-<20% Mer; %050 and ith
>15% Borderline: 5-<7.5% tromen = pLyears with
Low: <5% additional risk factors or with

presence of other risk
modifiers
High-risk FRS: > 20%

(Low-to-moderate-risk,
high-risk and very high-risk,
respectively)

3. Risk Modifiers and Risk-Enhancing Factors

Risk-modifying/enhancing factors are important in making shared decisions regard-
ing treatment initiation and the intensification of recommendations, especially in borderline
and low-to-intermediate-risk adults. While there are divergent approaches in the ESC,
AHA/ACC/MS and CCS guidelines, the basic approach is to clarify the patient’s current
risk level and refine recommendations according to risk modifiers (Table 3).
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Table 3. Risk-modifying and enhancing factors.

Family history of premature CVD (men:

<55 years and women: <60 years)

Family history of premature ASCVD

(males: <55 years; females: <65 years)

Family history of premature coronary
artery disease

Obesity and central obesity

ABI <0.9

Abdominal obesity

Physical inactivity
Social deprivation and psychosocial
stress, including vital exhaustion.

High-risk race/ethnicities (e.g., South

Asian ancestry)

Physical inactivity
Psychosocial factors

Chronic immune-mediated
inflammatory disorder.

Treatment for human
immunodeficiency virus infection.

Metabolic syndrome

Primary hypercholesterolemia
(LDL-C, 160-189 mg/dL [4.1-4.8
mmol/L); non-HDL-C 190-219

Excessive alcohol consumption

e Major psychiatric disorders mg/dL [4.9-5.6 mmol/L])
e Left ventricular hypertrophy. e  Persistently elevated, primary Coronary Artery Calcium score [CAC] >
e  Chronic kidney disease. hypertriglyceridemia (>175 mg/dL) 0 Agatston Units (AUs)
e Atrial fibrillation optimally, three determinations
e  Obstructive sleep apnea syndrome e  Chronic kidney disease
e  Non-alcoholic fatty liver disease e  Chronic inflammatory conditions
. Migraine with aura such as psoriasis, RA, or HIV/AIDS
Biomarkers
e  Elevated high-sensitivity C-reactive
protein (>2.0 mg/L)
e  Elevated Lp(a): A relative indication
for its measurement is family .
Biomarkers

Sex-specific conditions:
Pregnancy-related hypertension
Preeclampsia/Eclampsia
Erectile dysfunction

history of premature ASCVD. An

Lp(a) > 50 mg/dL or >125 nmol/L

constitutes a risk-enhancing factor,
especially at higher levels of Lp(a)
Elevated ApoB > 130 mg/dL: A

High-sensitivity C-reactive protein
> 2.0 Mmol/L
High Lipoprotein(A) [Lp(a)] >

50 mg/dL [>100 Nmol/L]
relative indication for its

measurement would be triglyceride

>200 mg/dL. A level > 130 mg/dL

corresponds to an LDL-C > 160

mg/dL and constitutes a

risk-enhancing factor.

Sex-specific Conditions:
Premature menopause (before age of 40)
Pregnancy-associated conditions
(preeclampsia, eclampsia)

Sex-pecific conditions: Pregnancy-related
hypertension
Preeclampsia/eclampsia

Recent studies have demonstrated the importance of the Coronary Artery Calcium
(CAC) score to improve risk prediction. The ESC guideline states that CAC scoring may
be considered to improve risk classification around treatment decision thresholds. Plaque
detection by carotid ultrasound is an alternative when CAC scoring is unavailable or not
feasible. AHA /ACC/MS guidelines give recommendations for the possible use of the CAC
score if the decision about statin treatment is uncertain in intermediate and borderline-risk
adults. If the CAC score is above 100, it is reasonable to initiate statin treatment. If the CAC
score is 1 to 99, it is reasonable to use statins in individuals > 55 years. If the CAC score is
zero, there is no need to use statins (unless smoking, premature CVD history and DM are
present), but reassessment is suggested in 5-10 years.

The CCS suggest that the CAC score might be considered for two major situations:
risk classification of asymptomatic adults > 40 years in the intermediate-risk group if
the treatment plan is uncertain and for low-risk individuals who have a family history
of premature ASCVD events to reevaluate the risk level. It is not recommended to use
the CAC score for patients already under statin treatment and asymptomatic low-risk
individuals.
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Population studies have shown that some of ethnic groups have a higher risk of CVD
events [6]. The ESC guidelines recommend using a country and ethnicity-specific risk
calculator. Because of the variation of risk levels between ethnic groups, multiplying the
calculated risk level by 1.3 for South Asians, 1.1 for other Asians and by 0.7 for Black
African and Chinese populations is recommended. ACC/AHA /MS guidelines underline
some racial/ethnic issues and differences between Asian Americans, Hispanic/Latino
Americans and Black/African Americans and recommend considering the different ethnic
features of individuals to make a decision in treatment and when adjusting the intensity of
statin treatment. The CCS recommends earlier screening for some specific groups such as
South Asians. It also emphasizes the extremely high level of Lp(a) in the South Asian and
Latin American populations.

4. Lipid Measurement

All guidelines recommend LDL-C level measurements as the primary lipid analysis
method and recommends using the non-fasting plasma lipid profile for screening in the
general population. However, LDL-C levels may be miscalculated in non-fasting measure-
ments in groups who have high triglyceride (TG) levels. For this reason, fasting or the direct
measurement of LDL-C is recommended for individuals with high TG levels (especially
patients with metabolic syndrome, diabetes mellitus or familial hypertriglyceridemia) [7,8].
AHA /ACC/MS guidelines emphasize fasting lipid profile measurement, especially if TG
levels are 400>mg/dL (or >4.5 mmol/L).

Patients with diabetes mellitus, obesity or metabolic syndrome have a residual lipid
risk, which can be captured by non-HDL-C and ApoB measurements [8]. The ESC rec-
ommends non-HDL-C and ApoB measurements in all individuals with high TG levels,
diabetes mellitus, obesity and metabolic syndrome. Conversely, AHA/ACC/MS guide-
lines do not routinely recommend ApoB measurement because of cost-effectiveness is-
sues. It emphasizes the importance of ApoB measurement, especially in individuals with
TG > 200 mg/dL. The CCS guidelines recommend non-HDL-C or ApoB measurement if
LDL-C > 1.5 mmol/L.

The Lp(a) level is a genetically determined, causal and prevalent risk factor for ASCVD.
It has been shown that individuals with an Lp(a) level > 180 mg/dL (>430 nmol/L) have a
similar ASCVD event risk as individuals with heterozygous FH [9,10]. The ESC guidelines
recommend Lp(a) measurements once in each individual’s lifetime. Lp(a) measurement is
especially recommended in individuals with a family history of premature ASCVD. Lp(a)
levels may also be used to define and reclassify patients in moderate-to-high-risk patients.
The AHA/ACC/MS guidelines recommend Lp(a) measurement in individuals with a
family history or a history of premature ASCVD and consider a Lp(a) level > 50 mg/dL
(125 nmol/L) as a risk-enhancing factor. The CCS guidelines also recommend measuring
Lp(a) at least once in a lifetime.

5. Primary Prevention

All three guidelines highlight the importance of lifestyle and a heart-healthy diet as
the first step in prevention in all individuals. All guidelines also emphasize the importance
of being physically active and avoiding a sedentary life. Individuals are encouraged to
exercise at a moderate-to-high intensity several times a week. The ESC guidelines also
recommend performing resistance exercises 2-3 days a week to reduce all-cause mortality.

The causality of LDL-C is well established; therefore, it is the primary target of ther-
apy in all guidelines [11]. Since the publication of previous guidelines, large RCTs with
combination therapy have shown that lowering LDL-C below 70 mg/dL leads to better CV
outcomes in high-risk patients. For this reason, LDL-C goals have become more stringent
in the recent ESC guidelines. In addition, Lp(a) measurement is recommended once in a
lifetime for all individuals. For a primary prevention in individuals categorized as “the ap-
parently healthy people”, the ESC guidelines personalize therapy according to the age and
SCOREZ2 risk of the patient and risk modifiers. The ESC guidelines recommend targeting the
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ultimate goals of >50% LDL-C reduction from baseline and an LDL-C goal of <1.4 mmol/L
(55 mg/dL) in very high-risk groups, <1.8 mmol/L (<70 mg/dL) in high-risk groups, a
goal of <2.6 mmol/L (<100 mg/dL) in moderate-risk groups and a goal of <3.0 mmol/L
(<116 mg/dL) in low-risk groups. The guidelines recommend a stepwise approach, with
consideration of CVD risk, treatment benefit, comorbidities, frailty and patient preferences.
First-line treatment should be a high-intensity statin prescribed up to the highest tolerated
dose to reach the LDL-C goals set for the specific risk group. If goals are not achieved,
despite maximally tolerated statin dosage, a combination of ezetimibe is recommended.
For the very high-risk group, if LDL-C goals are not achieved under statin and ezetimibe
treatment, PCSK9 inhibitors are recommended. The ESC guidelines recommend treatment
intensification until goals are reached. The ESC guidelines recommend lower LDL-C levels
than the recommended treatment thresholds in the AHA /ACC/MS and CCS guidelines.
These goals have been determined from the recent trials with combination therapy showing
further benefit when LDL-C is lowered beyond 70 mg/dL.

The AHA/ACC/MS and CCS guidelines recommend starting statin treatment and
intensification according to LDL-C thresholds. In the AHA /ACC/MS guidelines, lifestyle
changes and healthy behaviors are recommended in low and borderline-risk groups. In
the 2018 ACC/AHA/MS guidelines, the statin-benefit groups remain the same as the
previous guidelines, but for secondary prevention, the LDL-C threshold has been defined
as >70 mg/dL, where the addition of a non-statin lipid-lowering drug to statin treatment
is recommended. The new guidelines place emphasis on shared decision making and
using the calcium score to aid decisions. In the intermediate-risk group, statin initiation
is recommended and an LDL-C reduction of 30-49% is targeted. If the patient is in the
gray zone for treatment decisions, a Coronary Artery Calcium (CAC) score assessment is
reasonable to use for the determination of statin therapy. Moderate-intensity statin therapy
is recommended in adults 40 to 75 years of age with diabetes mellitus or LDL-C > 70 to
<190 mg/dL. In high-risk groups and in those with an LDL-C level > 190 mg/dL, high-
intensity statin initiation is recommended and an LDL-C reduction of >50% is targeted.
An assessment of response and adherence to treatment after 4-12 weeks and 3-12 months
following statin initiation is recommended and, according to the evaluation, treatment
intensification is recommended, if needed. Ezetimibe or PCSK9 inhibitors are suggested in
a manner of cost effectiveness and shared decision making with patients. In patients at a
very high-risk whose LDL-C level remains >70 mg/dL (>1.8 mmol/L) and patients with
severe primary hypercholesterolemia on maximally tolerated statin and ezetimibe therapy,
adding a PCSK9 inhibitor is deemed reasonable.

The 2022 ACC Expert Consensus Decision Pathway on the Role of Nonstatin Therapies
for LDL-Cholesterol Lowering provides additional guidance on the newer non-statin
therapies [12]. For adults with ASCVD at very high-risk, if the patient does not have a
>50% reduction or LDL-C < 55 mg/dL or non-HDL-C<85 mg/dL, despite maximally
tolerated statin therapy, ezetimibe and/or PCSK9 inhibitors are recommended as first-line
non-statin agents. As the second line of treatment, bempedoic acid and/or inclisiran may
be considered. Agents that may be used to treat HoFH under care of a lipid specialist are
evinacumab, lomitapide or LDL apheresis.

In primary prevention, if LDL-C is still >190 mg/dL, despite maximally tolerated
statins, to achieve a >50% LDL-C reduction and LDL-C < 100 mg /dL or
non-HDL-C < 130 mg/dL, non-statin agents, ezetimibe and /or PCSK-9 inhibitors are the
first line of treatment, bempedoic acid or inclisiran are the second line and evinacumab,
lomitapide and/or LDL apheresis the third line, respectively.

In adults without ASCVD or diabetes with an LDL-C level of 70-189 mg/dL, and
if the patient has a >20% risk, and in adults with diabetes without ASCVD and with an
LDL-C < 190 mg/dL, if a >50%reduction in the LDL-C level or LDL-C < 70 mg/dL or
non-HDL-C < 100 mg/dL are not achieved, despite statin therapy, ezetimibe addition may
be considered. The conditions requiring treatment intensification with non-statin agents
are shown in Table 4.
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Table 4. LDL-C goals and thresholds for beginning combination therapy with non-statin agents.

PRIMARY PREVENTION SECONDARY PREVENTION

Despite maximally tolerated statin dosage,
>50% LDL-C reduction from baseline and
LDL-C goal of

ESC <1.4 mmol/L (55 mg/dL) in very high-risk groups, If LDL-C > 55 mg/dL, despite maximally tolerated
Guidelines <1.8 mmol/L (<70 mg/dL) in high-risk groups, statin dosage, addition of ezetimibe or PCSK9

<2.6 mmol/L (<100 mg/dL) in moderate-risk groups inhibitors after ezetimibe initiation is recommended.

<3.0 mmol/L (<116 mg/dL) in low-risk groups

is not achieved, treatment intensification with non-statin

agents is recommended.

In adults without ASCVD or diabetes with

~ )— 1 1 > 00 1
I;I]?; Clevel of 70-189 mg/dL, if patient has >20% risk, Patients with ASCVD and at very high-risk adults
. iohorisk if >50% .

In adults with diabetes without ASCVD and with with ASCVD at very high-risk, if >50% reductl.on of

LDL-C < 190 mg/dL I&DL-C level othDL-C < 55 mg/dL are not achieved

. o O . espite statin therapy, non-statin agents are
AHA/ACC/MS if >50% reduction in LDL-C level or LDL-C < 70 mg/dL recommended.

Guideline *

or non-HDL-C < 100 mg/dL are not achieved, despite
statin therapy, ezetimibe additon may be reasonable.
In adults without ASCVD and LDL-C > 190 mg/dL,
if >50% reduction in LDL-C level or

LDL-C < 100 mg/dL or non-HDL-C < 130 mg/dL are
not achieved, despite statin therapy, non-statin agents

For patients with ASCVD but without very high-
risk, if >50% reduction of LDL-C level or LDL-C <
70 mg/dL are not achieved despite statin therapy
non-statin agents are recommended.

are recommended.

Despite maximally tolerated statin dose,

LDL-C > 2.0 mmol/L or

ApoB > 0.8 g/L or

Non-HDL-C > 2.6 mmol/L, ezetimibe and /or

PCSK-9 inhibitors are recommended;

Despite maximally tolerated statin dose with or without
ezetimibe, for patients with heterozygous FH without
clinical ASCVD, if LDL-C > 2.5 mmol/L or <50%
reduction from baseline; or

ApoB > 0.85 g/L or non-HDL-C > 3.2 mmol/L) PCSK-9

CCS
Guideline

Despite maximally tolerated statin dose,
LDL-C > 1.8-2.2 mmol/L or

ApoB > 0.7-0.8 g/dL or

Non-HDL-C > 2.4-2.9 mmol/L

PCSK9 inhibitors with or without ezetimibe ar
recommended.

Despite maximally tolerated statin dose,
LDL-C > 2.2 mmol/L or

ApoB > 0.8 g/L or

Non-HDL-C > 2.9 mmol/L,

PCSKO9 inhibitors with or without ezetimibe are

inhibitors are recommended.

recommended.

* Based on the 2022 ACC Expert Consensus Decision Pathway on the Role of Nonstatin Therapies for LDL-
Cholesterol Lowering in the Management of Atherosclerotic Cardiovascular Disease Risk.

Screening recommendations have continued in the CCS guidelines, recommending
blood cholesterol screening in all individuals aged >40 years or with risk factors. Thresh-
olds have been defined for treatment initiation and intensification. CAC score measurement
is recommended for screening in asymptomatic and intermediate-risk patients >40-years-
old. In the CCS guidelines, for primary prevention, patients are divided into three groups
according to the FRS. In low-risk groups, lifestyle changes are first-line recommendations,
and statin initiation is not recommended. Individuals without high-risk conditions who
may benefit from statin therapy are the following: (a) LDL-C > 5.0 mmol/L or Apo B
> 1.45 g/L or non-HDL-C > 5.8 mmol/L, (b) FRS 5-9.9% with LDL-C > 3.5 mmol/L or
non-HDL-C > 4.2 mmol/L or ApoB > 1.05 g/L, with additional risk modifiers such as
Lp(a) > 50 mg/dL, CAC > 0 AU and familial or genetic dyslipidemias. Statin treatment is
recommended along with lifestyle changes for intermediate-risk individuals (FRS 10-19%)
with LDL-C > 3.5 mmol/L and high-risk patients (FRS > 20%). Despite maximally toler-
ated statin dose, if LDL-C > 2.0 mmol/L, or ApoB > 0.8 g/L or non-HDL-C > 2.6 mmol/L
are present, treatment intensification is recommended with ezetimibe.

All guidelines agree that therapy needs to be intensified in patients as the risk increases.
The major difference between these guidelines is that there are defined LDL-C goals in the
European guidelines, which are more stringent for patients at high risk or above compared
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to other guidelines. All guidelines agree that statins are recommended as the first-line
treatment, and non-statin treatment (ezetimibe and PCSK-9 inhibitors) are the second-line
treatment. The AHA /ACC/MS and CCS guidelines recommend cost-effective approaches
for treatment intensification in primary prevention.

6. Secondary Prevention

All guidelines recommend immediate lipid-lowering treatment initiation in secondary
prevention. The ESC guidelines define patients who have ASCVD to be automatically at
very high-risk and recommends at least a 50% reduction from baseline, with a goal of below
55 mg/dL. If the patient experiences a recurrent ASCVD event within 2 years after the
first event, an LDL-C goal below 40 mg/dL may be considered. After high-intensity statin
initiation, patients are evaluated in 4-6 weeks for treatment response. If the LDL-C level
is above 55 mg/dL, despite maximally tolerated statin dosage, the addition of ezetimibe
or initiation of PCSK9 inhibitors after ezetimibe is recommended for add-on therapy. The
ESC guidelines are more liberal in recommending non-statin therapies to obtain the goal.
In addition to lipid lowering, the ESC guidelines have introduced the consideration of
anti-inflammatory therapy in the form of low-dose colchicine (0.5 mg o0.d.) in patients with
ASCVD, poorly controlled risk factors or those who experience recurrent events on optimal
medical therapy, according to new studies [13].

The AHA /ACC/MS guidelines recommend high-intensity statin treatment and a 50%
reduction in LDL-C level or, if not tolerated, moderate-intensity statin treatment and a
30-49% reduction in the LDL-C level in high-risk patients with ASCVD. If the desired
reduction is not achieved, the first option is the addition of ezetimibe. If LDL-C levels are
70 mg/dL (1.8 mmol/L) or higher or the non-HDL-C level is 100 mg/dL (2.6 mmol/L) or
higher under the statin and ezetimibe combination, the addition of an PCSK9 inhibitor may
be considered.

The CCS guidelines also recommend high-intensity statin treatment for secondary
prevention. If LDL-C remains >1.8-2.2 mmol /L or non-HDL-C > 2.4-2.9 mmol /L or ApoB
> 0.7-0.8 g/L, while receiving the maximally tolerated statin dose, PCSK9 inhibitors with
or without ezetimibe are recommended. If LDL-C remains > 2.2 mmol/L or non-HDL-C
> 2.9 mmol/L or ApoB > 0.8 g/L, while receiving the maximally tolerated statin dose,
PCSK9 inhibitors with or without ezetimibe are recommended.

7. Very High-Risk Patients

There is no universal consensus on the definition of very high-risk patients, but it is
recommended to intensify preventive approaches for these patients in all guidelines. The
very high-risk patient category definition is different between guidelines (Table 5).
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Table 5. Definitions of very high-risk patients.

ESC GUIDELINES

AHA/ACC/MS GUIDELINES

CCS GUIDELINES

To have one of these conditions below

Two or more major ASCVD events OR
One major event and >1 high-risk
condition

To have one of these conditions below

e Documented clinical ASCVD

e Unequivocal ASCVD on imaging
predictive of ASCVD events

o Type 2 diabetes mellitus with target
organ damage (microalbuminuria,
retinopathy, or neuropathy), or at least
three major risk factors, or early onset
T1DM of long duration (>20 y)

o Severe CKD (eGFR < 30 mL/min per
1.73 m?).

e A calculated SCORE > 10% or 10-year
risk of fatal CVD

o FH with ASCVD or with another major
risk factor

Major ASCVD events

o Recent ACS (within the past 12 months)
o History of MI (other than the recent
ACS event listed above)

e History of ischemic stroke

e Symptomatic peripheral arterial disease
(history of claudication with ABI

<0.85, or previous revascularization or
amputation)

High-risk conditions

o Age > 65 years

o Diabetes mellitus

e Hypertension

o CKD (eGFR 15-59 mL/min per 1.73 m?)
o History of congestive heart failure

o Current smoking

e Heterozygous FH

e History of prior coronary artery bypass
surgery or percutaneous

coronary intervention outside of the
major ASCVD event(s)

o Persistently elevated

LDL-C > 100 mg/dL (2.6 mmol/L),
despite maximally

tolerated statin therapy and ezetimibe

Recent acute coronary event (ACS):
o Hospitalized index ACS to 52 weeks
post index ACS

Clinically evident ASCVD and any of the
following;:

o Diabetes mellitus or metabolic
syndrome

e Polyvascular disease (vascular disease
in >2 arterial beds)

e Symptomatic PAD

o Recurrent MI

o MI in the past 2 years

o Previous CABG surgery

e LDL-C > 2.6 mmol/L or heterozygous
FH

e Lipoprotein(a) > 60 mg/dL

(120 nmol /L)

High-risk conditions for primary
prevention:

e CKD

o Diabetes mellitus in patients > 40 years
or patients > 30 years and with 15 or
more years’ duration of diabetes or with
microvascular complications

e Abdominal aortic aneurysm > 3.0 cm or
previous aortic aneurysm surgery.

8. Familial Hypercholesterolemia

LDL-C is not only causal but also has a cumulative effect. There is a logarithmic
increase between the exposure time and the risk of developing ASCVD. Earlier intervention
prevents LDL-C accumulation and changes the trajectory of the disease. Patients with
familial hypercholesterolemia (FH) have genetically elevated LDL-C levels and are exposed
to elevated LDL-C from early on in life [14]. It is particularly important to diagnose FH
early and start treatment. The ESC guidelines automatically classify individuals with FH
as being at high-risk and recommend a >50% reduction from baseline, with an LDL-C
goal of <70 mg/dL. If individuals have FH and one or more additional risk factor such
as diabetes mellitus, coronary artery disease or chronic kidney disease, they are classified
as being at very high-risk, and the goal is a >50% reduction from baseline and an LDL-C
goal of <1.4 mmol/L (55 mg/dL). To reach this goal, maximally tolerated statin treatment
and, if not at goal, a combination with ezetimibe, is recommended. PCSK-9 inhibitors
may be added into therapy if the goal is still not reached. The AHA /ACC/MS guidelines
define patients with primary severe hypercholesterolemia (LDL-C levels > 190 mg/dL
[>4.9 mmol/L]) as a statin-benefit group with a high-risk of ASCVD, recommending
high-intensity statins. If the LDL-C level is above 2.6 mmol/L (>100 mg/dL), despite
statins, it is deemed reasonable to add ezetimibe. If LDL-C is still above 100 mg/dL,
the addition of PCSK-9 inhibitors may be considered. The CCS guidelines categorize
FH patients as being at high-risk and having a condition requiring statins. If the LDL-C
level is above 2.5 mmol/L, despite statins, ezetimibe or PCSK9 inhibitors may be added.
PCSK-9 inhibitors are recommended in the following patients: (a) In heterozygous FH
patients without clinical ASCVD and LDL-C levels >2.5 mmol/L, if a >50% reduction

82



J. Clin. Med. 2022, 11, 7249

of LDL-C levels, or ApoB > 0.85 g/L or non-HDL-C > 3.2 mmol/L. (b) In heterozygous
FH patients with ASCVD whose target LDL-C levels remain >1.8 mmol/L, or ApoB >
0.7 g/L or non-HDL-C > 2.4 mmol/L, despite a maximally tolerated statin and ezetimibe
combination.

9. Other Specific Groups
9.1. Diabetes Mellitus

In all the guidelines, diabetes is given special consideration. The ESC guidelines
divide diabetic patients into three categories according to concomitant risk factors, target
organ damage and age. Patients with well-controlled short-duration diabetes (no evidence
of target organ damage or ASCVD risk factors) are classified as moderate-risk; patients
without ASCVD or target organ damage not fulfilling moderate-risk criteria are high-risk;
while patients with at least three risk factors or type 1 diabetes of a >20 years duration are
classified as very-high risk. Other patients between very high and moderate-risk groups
are identified as high-risk groups. LDL-C goals depend on the risk. The AHA/ACC/MS
guidelines divide diabetes patients into moderate or high-risk groups and recommend
moderate-intensity statin treatment to all patients with diabetes. In diabetics at a higher
risk, especially those with multiple risk factors or those 50 to 75 years of age, it is deemed
reasonable to use a high-intensity statin to reduce the LDL-C level by >50%. The CCS
considers patients > 40 years of age and patients > 30 years with a 15-year or more duration
of diabetes or with microvascular complications to be at high-risk and recommends statin
initiation initially, with add-on ezetimibe if necessary.

9.2. Chronic Kidney Disease

The ESC guidelines define CKD patients to be at high risk (¢GFR 30-59 mL/min per
1.73 m?) and very high-risk (eGFR < 30 mL/min per 1.73 m?). Statins or statin-ezetimibe use
is recommended in all CKD patients not on dialysis. The AHA/ACC/MS guidelines define
CKD (estimated glomerular filtration rate 15-59 mL/min per 1.73 m?) as a risk enhancing
factor and underline that statin initiation is reasonable in patients not treated with dialysis
or renal transplantation. The CCS recommends statin initiation to all patients with a GFR
< 60 mL/min/1.73 m? and with a preserved GFR but who have an increased urinary
albumin-to-creatinine ratio (>3 mg/mmol) for at least 3 months. The CCS guidelines
define patients with CKD (>50 years) as being in the in high-risk category and recommends
statin and / or ezetimibe therapy for patients not treated with dialysis or who have a kidney
transplantation (patients with eGFR < 60 mL/min/1.73 m? and preserved eGFR). In all
guidelines, statin continuation is recommended in patients treated with hemodialysis who
are already on statins, but statin initiation is not recommended.

9.3. Hypertriglyceridemia

In the ESC guidelines, there are no TG goals, but TG level <1.7 mmol/L (<150 mg/dL)
indicates a lower cardiovascular risk. To address atherogenic triglyceride-rich lipoproteins
such as remnants, the ESC guidelines have secondary goals of non-HDL-C < 2.2, 2.6, and
3.4 mmol/L (<85, 100, and 130 mg/dL) for very-high, high, and moderate-risk people,
respectively. ApoB secondary goals are <65, 80, and 100 mg/dL for very high, high, and
moderate-risk people, respectively.

The ESC guidelines recommend statin treatment as the first line of treatment in high-
risk individuals with plasma fasting TG levels > 2.3 mmol /L (>200 mg/dL), despite lifestyle
changes. In high-risk patient groups who have achieved LDL-C goals but have TG levels
> 2.3 mmol/L (>200 mg/dL), fibrates may be considered in addition to statin treatment.
Furthermore, the ESC guidelines recommend considering the combination of n-3 PUFAs
(icosapent ethyl 2 g twice a day) with statins in high and very high-risk patient groups with
TG levels between 1.5 and 5.6 mmol /L (135-499 mg/dL).

The AHA /ACC/MS guidelines recommend optimizing diet and lifestyle as the first
step, ruling out secondary causes of hypertriglyceridemia, and considering statin therapy
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in those with moderate hypertriglyceridemia and elevated 10-year ASCVD risk. The
more recent ACC 2021 expert consensus on the management of ASCVD risk reduction in
patients with persistent hypertriglyceridemia also recommends considering icosapent ethyl
in high-risk patients [15].

The CCS also recommends the use of high-dose icosapent ethyl to decrease the risk of
CV events in patients with ASCVD, or with diabetes and >1 CVD risk factors, who have
an elevated fasting triglyceride level of 1.5-5.6 mmol/L, despite treatment with maximally
tolerated statin therapy.

10. Conclusions

The ESC, AHA /ACC/MS and CCS guidelines are based on the principle that LDL-C
lowering is a key strategy to prevent CV events. Although divergent interpretations of the
evidence result in some differences in treatment recommendations, the main principles
are similar [16]. All guidelines strongly advocate that LDL-C should be our primary
target and the intensity of treatment should increase as the risk of the patient increases.
The ESC guidelines take into account contemporary evidence from combination therapy
and imaging trials, setting more stringent LDL-C goals for high-risk patients than any
other guidelines. The validity and safety of this approach have been demonstrated by
the recent FOURIER-OLE trial [17]. Furthermore, having LDL-C goals motivates the
patient and the physician. The shared decision-making approach, as well as using imaging
for risk discrimination, recommended in the AHA /ACC/MS and CCS guidelines, is an
important step forward. Instead of focusing on differences, we should aim to implement
guidelines as much as possible. A universal problem is the under implementation of the
guidelines and nonadherence to lifestyle and medications. Real-life registries all over the
world highlight the underuse of statins in high doses and combination therapy, as well as
discontinuation of medications, resulting in the underachievement of goals. Euroaspire III,
IV and V studies have provided important information about the under implementation of
guidelines and the underachievement of goals across Europe [18,19]. Only a third of the
patients achieved their LDL-C goals in Euroaspire V [20]. The more recent Da Vinci trial
confirmed these findings and also pointed out the underutilization of combination therapy
and high-intensity statins [21].

We are entering a new era of precision medicine, with the aim of delivering the right
treatments, at the right time, to the right person [22]. Lifelong exposure to CVD risk factors
is better captured by genetic susceptibility since genetic risk is accumulated continuously
over a person’s life span [23,24]. The future of risk prediction and management lies in
shifting from population-based risk scores towards personalized risk prediction, where
genetic, omics and imaging information is integrated to personalized lifetime risk prediction
and management.

The significant reductions in cardiovascular events that we see in trials can be achieved
in real-world patient care if we are able to significantly improve the implementation of
the evidence-based treatments and achieve recommended lipid targets based on these and
other international guidelines.
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Abstract: This review provides an overview of pediatric dyslipidemia emphasizing screening and
treatment recommendations. The presence of risk factors for cardiovascular disease in childhood
poses significant risk for the development of atherosclerotic cardiovascular disease and cardiovascular
events in adulthood. While atherogenic dyslipidemia is the most common dyslipidemia seen in
children and can be suspected based on the presence of risk factors (such as obesity), familial
hypercholesterolemia can be found in children with no risk factors. As such, universal cholesterol
screening is recommended to identify children with these disorders in order to initiate treatment and
reduce the risk of future cardiovascular disease. Treatment of pediatric dyslipidemia begins with
lifestyle modifications, but primary genetic dyslipidemias may require medications such as statins. As
pediatric lipid disorders often have genetic or familial components, it is important that all physicians
are aware that cardiovascular risk begins in childhood, and can both identify these disorders in
pediatric patients and counsel their adult patients with dyslipidemia to have their children screened.

Keywords: dyslipidemia; pediatric; atherosclerotic cardiovascular disease; familial hypercholes-

terolemia; cholesterol screening; universal screening

1. Introduction

Atherosclerotic cardiovascular disease (ASCVD) and its long-term sequelae are the
leading cause of death worldwide [1]. The pathologic process of atherosclerosis begins in
youth and increases risk for cardiac events such as heart disease, myocardial infarction,
and stroke later in life. Risk factors for ASCVD that are found in childhood include lifestyle
factors, medical conditions which increase risk (such as obesity or diabetes), as well as
genetic conditions which increase lipid levels, such as Familial Hypercholesterolemia (FH).
The purpose of this article is to discuss screening and treatment recommendations for
pediatric dyslipidemias. It is known that ASCVD risk factors present during childhood are
very likely to track into adulthood and are associated with increased risk for cardiovascular
events in adulthood [2,3]. Recently, this association between childhood risk factors and
adult ASCVD events was demonstrated [4]. Children with an average age of 11.8 years
underwent evaluation including body mass index (BMI), total cholesterol (TC), triglycerides
(TG), systolic blood pressure (SBP), and smoking and were reevaluated 35 years later.
At a mean age of 46 years, 3.8% of participants had an ASCVD event, and 0.8% had
a fatal event. The association between events and risk factors was significant for each
individual risk factor, and was even greater when combining risk factors. Importantly, this
study demonstrated duration of cholesterol elevation is predictive of ASCVD events. This
highlights the importance of early recognition and intervention in pediatric patients to
prevent future ASCVD events.

As pediatric dyslipidemias can be identified via screening and have long-lasting
impact, we present the following summary of the different disorders and evidence-based
treatments to help facilitate care to patients and families. It is important to note that normal
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lipid and lipoprotein concentrations are different between children and adults. Pediatric
reference ranges are listed in Table 1 [5].

Table 1. Reference Ranges for Pediatric Lipid and Lipoprotein Concentrations.

Acceptable Borderline High
Total Cholesterol <170 170-199 >200
LDL-C <110 110-129 >130
HDL-C >45 40-45 <40
Non-HDL-C <120 120-144 >145
Triglycerides
0-9 years old <75 75-99 >100
10-19 years old <90 90-129 >130
Apolipoprotein B <90 90-109 >110
Apolipoprotein A-I >120 115-120 <115
All values are in mg/dL.

2. Heterozygous Familial Hypercholesterolemia (HeFH)

Familial Hypercholesterolemia is an autosomal dominant genetic condition that results
in elevated LDL-C levels starting at birth. In its heterozygous form, it is the most common
severe genetic dyslipidemia in pediatric patients. A global meta-analysis estimated the
prevalence in the general population is 1 in 311 [6], while data in the US have shown rates
to be as high as 1 in 250 adults [7].

2.1. Diagnosis

Several sets of criteria have been developed to diagnose HeFH; however, most were
developed primarily for adults and so their use in children can be limited (Table 2). All
sets of criteria rely on elevated LDL-C and many incorporate family history and physical
exam findings indicative of elevated cholesterol (primarily tendinous xanthomas or arcus
cornealis). However, physical exam findings associated with hypercholesterolemia are
vanishingly rare in children with HeFH. In fact, if such physical findings are identified in a
child, the clinician should consider rarer dyslipidemias, including homozygous familial
hypercholesterolemia, sitosterolemia, or cerebrotendinous xanthomatosis as more likely
than HeFH.

For ease of diagnosis, the American Heart Association recommended clinical criteria
for diagnosis of HeFH in children, including LDL-C > 160 mg/dL in a child with family
history of elevated cholesterol or premature ASCVD in a parent or grandparent, or LDL-C >
190 mg/dL (irrespective of family history), once secondary causes of hypercholesterolemia
are excluded [8]. Genetic testing can be utilized to aid in diagnosis but is not required to
make a clinical diagnosis of HeFH. However, a recent study found an association between
receiving a genetic diagnosis of FH and willingness to be treated with a statin medication,
suggesting a genetic diagnosis of HeFH may be perceived differently by patients and their
families [9].
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Table 2. Diagnostic criteria for heterozygous familial hypercholesterolemia in children [10]. Reprinted
with permission from Peterson AL, McNeal CJ, and Wilson DP. Prevention of atherosclerotic cardio-
vascular disease in children with familial hypercholesterolemia. Curr Atheroscler Rep. 2021 Aug
27;23(10):64. 2021, Springer Nature.

Simon Broome criteria [11]

Definite or Probable diagnosis of HeFH requires elevated cholesterol:

e  Total cholesterol > 260 mg/dL or LDL-C > 155 mg/dL if < 15 years
° Total cholesterol > 290 mg/dL or LDL-C > 190 mg/dL if > 16 years

PLUS

One or more additional findings:

Definite HeFH: additional findings

1. Tendon xanthoma in the child, first-degree relative, or second-degree relative

2. Genetic testing of a confirmed pathogenic variant (LDLR, ApoB, or PCSK9)

POSSIBLE HeFH: additional findings

1. Family history of myocardial infarction < 60 years in a first-degree relative or <50 years in a second-degree relative 2. Family
history of a total cholesterol > 290 mg/dL in a first or

MEDPED criteria [12]

A child is considered to have HeFH if total cholesterol meets or exceeds the threshold listed below. Thresholds vary based upon
whether or not there is a first-, second-, or third-degree relative known to have HeFH.

Child’s age Does the child have one or more relatives with HeFH?
<19 years Yes No
First degree Second degree Third degree N/A
Total cholesterol >220 mg/dL >230 mg/dL >240 mg/dL >270 mg/dL

Dutch lipid clinic network criteria [13]

Diagnosis of HeFH is based on the total number of points obtained.
Definite HeFH, >8 points. Probable HeFH, 6-8 points. Possible HeFH, 3-5 points. Unlikely HeFH, <3 points

Criterion: Points:

Family history:

First-degree relative with known premature ASCVD (<55 years in men, <60 years in women), OR

first-degree relative with LDL-C > 95%ile !
First_—degr_ee relative with te.ndinous xanthomata and/or arcus cornealis, OR pediatric first degree 5
relative with LDL-C > 95%ile

Clinical history:

Patient with premature ASCVD (<55 years in men, <60 years in women) 2
Patient with premature cerebral or peripheral vascular disease 1
Physical Examination:

Tendinous xantomata 6
Arcus cornealis with onset prior to 45 years 4
Patient’s cholesterol levels:

LDL-C > 330 mg/dL 8
LDL-C 250-329 mg/dL 5
LDL-C 190-249 mg/dL 3
LDL-C 155-189 mg/dL 1
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Table 2. Cont.

Genetic testing

Pathogenic variant in LDLR, APOB, or PCSK9 8

American Heart Association criteria [8]

Children (<18 years) with LDL-C > 160 mg/dL AND
Family history of elevated cholesterol or premature ASCVD AND
No evidence of secondary causes of hypercholesterolemia

2.2. Treatment of Pediatric HeFH

The first step in treatment of any pediatric dyslipidemia is addressing lifestyle factors,
which may be exacerbating dyslipidemia, and accelerating risk factor development (Table 3).
Specifically, for pediatric HeFH and for patients with other forms of elevated LDL-C, it is
important to emphasize a diet that limits saturated fats, trans fats, and dietary cholesterol [5,
14]. If these initial dietary modifications are unsuccessful, adherence to the CHILD-2
LDL-C diet [5] with further restriction of saturated fat and dietary cholesterol as well as
emphasizing increased fiber intake may provide further LDL-C lowering benefit [14]. These
measures should be implemented with the goal of optimizing diet and exercise for at least
3-6 months before considering medications in most circumstances.

Table 3. Lifestyle modifications for Pediatric Dyslipidemias [14-16]. Adapted from the following:
1. Williams, L.A.; Wilson, D.P. Nutritional Management of Pediatric Dyslipidemia. In Endotext;
Feingold, K.R., Anawalt, B., Boyce, A., et al., Eds.; MDText.com, Inc.: 2000. Available online:
http:/ /www.ncbi.nlm.nih.gov/books /NBK395582/ (accessed on 30 June 2022). Piercy, K.L.; Troiano,
R.P; Ballard, R.M.; Carlson SA, Fulton JE, Galuska DA, George SM, Olson RD. The Physical Activity
Guidelines for Americans. JAMA 2018, 320, 2020-2028. 3. U.S. Department of Agriculture; U.S.
Department of Health and Human Services. Dietary Guidelines for Americans, 2020-2025, 9th ed.;
2020. Available online: DietaryGuidelines.gov (accessed on 30 June 2022).

Activity

Increase physical activity

Recommend 60 min daily of moderate to vigorous physical activity
which increases the heart rate, such as running, walking, dancing,
biking, swimming, or sports like soccer or tennis.

Include muscle strengthening

Recommend 3 days per week, which can be integrated with the 60 min
of daily activity above. This could include activities such as climbing on
playground equipment, jumping rope, gymnastics, or skiing or
snowboarding.

Diet

Emphasize nutritionally dense foods

Encourage diets rich in a variety of fruits and vegetables, whole grains,
proteins such as lean meat, seafood, and eggs, legumes, unsalted nuts
and seeds, as well as dairy products including fat-free or low-fat
options, yogurt, and cheese in appropriate portion sizes

Decrease saturated fat and trans fat intake

Saturated fats are included in red or fatty meats (such as sausage or
bacon), high- fat dairy products, butter and other cooking fats. Trans
fats are often found in processed foods and snacks including such as
baked or fried goods.

Minimize sugar-sweetened beverages

Common sugar-sweetened beverages include soda, sports drinks, and
coffee or tea drinks with added sugars. Consuming excess amounts of
otherwise healthy beverages (such as fruit juice or chocolate milk) can
be unwitting sources of sugar in the diet as well.
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Table 3. Cont.

Increase beverages without added sugars

Encourage beverages such as water, fat-free or low-fat plain milk, or
lactose free or fortified soy milk alternatives.

Eat the whole fruit

Try to eat fruits in whole forms when possible. While 100% fruit juice
can be part of a healthy diet, it is lower in fiber than its whole fruit
counterpart, and can be very calorie dense. Stick to the serving sizes to
avoid excess sugar intake!

Behaviors

Smoking

Counsel children and parents about smoking cessation and encourage
against initiating smoking.

Although pharmacotherapy is rarely required to treat most pediatric dyslipidemia,
HeFH is the most common indication for lipid lowering therapy use in pediatrics. Similar
to adults, most pediatric patients with HeFH will require medications to meet LDL-C
reduction goals. The first line agents for pediatric HeFH are statins, all of which are
FDA-approved for use in pediatrics.

The vast majority of pediatric HeFH patients achieve LDL-C reduction goals with
statin monotherapy. Before a statin is considered, most eligible pediatric patients have
LDL-C > 160 mg/dL after 3-6 months of lifestyle modifications. For most pediatric patients
with HeFH, statin dose is titrated to LDL-C level with the goal of LDL-C < 130 mg/dL on
treatment [17]. Table 4 shows pediatric-specific considerations when prescribing statins.

Statins have been found to be safe and effective in pediatric populations, with studies
showing effective LDL-C reduction and minimal side effects in the short to intermediate
term [13,17-22]. Luirink et al. (2019) performed a 20-year follow-up of pediatric HeFH
patients treated with pravastatin and found that these patients had lower rates of ASCVD-
related cardiac events than their affected parents who had not started statins until early
adulthood. Of the 213 participants followed, only four discontinued the medication due
to side effects, and no participants reported serious adverse effects such as rhabdomyoly-
sis [22]. Anagnostis et al. (2020) found no adverse events related to statin use, with over
50% of patients meeting LDL-C reduction goals with a high-dose statin [20].

Table 4. Dosing and Expected Effect of Statins Currently Approved for Use in Children and Adoles-
cents.

Atorvastatin

Fluvastatin Lovastatin Pravastatin Simvastatin Rosuvastatin Pitavastatin

Ages approved

by FDA

>10 years

>10 years >10 years >8 years >10 years >8 years >8 years

Approved

Pediatric Doses

5mg, 10 mg, 20
mg, 40 mg

20 mg, 40 mg, 10 mg, 20 mg, 10 mg, 20 mg, 5mg, 10 mg, 20 mg, 40 5mg, 10 mg, 20 1mg, 2mg, 4
80 mg 40 mg, 80 mg 40 mg mg mg mg

Expected LDL
reduction at
maximum
pediatric dose
(%) [23]

>50%

30-49% 30-49% 30-49% 30-49% >50% 38%

Supplied as

10 mg, 20 mg,
40 mg, 80 mg
tablets

5mg, 10 mg, 20
mg, 40 mg
tablets; 5 mg, 10
mg, 20 mg, 40
mg
sprinkle
capsule

10 mg, 20 mg,
20 mg and 40 40 mg tablets; 10 mg, 20 mg,
mg capsules; 80 20 mg, 40 mg, 40 mg, 80 mg
mg XR tablet 60 mg XR tablets
tablets

5mg, 10 mg, 20 mg, 40
mg, 80 mg tablets;
Suspension: 20 mg/5 mL,
40 mg/5 mL

1mg,2mg, 4
mg tablets

Notes

Simvastatin 80 mg
If LDL-C If LDL-C If LDL-C should not be used due
reduction > reduction > reduction > to myopathy risk. If
50% is needed, 50% is needed, 50% is needed, LDL-C reduction goal
select a higher select a higher select a higher cannot be achieved with
intensity statin intensity statin intensity statin simvastatin 40 mg,
(atorvastatin or (atorvastatin or (atorvastatinor  switch to higher intensity
rosuvastatin) rosuvastatin) rosuvastatin) statin (atorvastatin or
rosuvastatin)
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If statin monotherapy does not sufficiently lower LDL-C levels, other medications can
be considered as secondary agents. The most common non-statin agent used for pediatric
HeFH is ezetimibe, which is FDA approved for youth 10 years of age and older for HeFH. Its
most common application is for additional LDL reduction while on statin therapy; however,
it can be used as monotherapy for pediatric FH. Evolocumab, a proprotein subtilisin/kexin
type 9 (PCSK9) inhibitor, is approved for additional LDL-C reduction in pediatric patients
with HeFH who are 10 years and older. The HAUSER-RCT study demonstrated 44.5%
reduction in LDL-C compared to placebo in pediatric patients aged 10-17 years old on
a background of stable lipid lowering therapy, with similar incidence of adverse events
between evolocumab and placebo [24,25].

Other medications used to treat adults with HeFH are currently undergoing pediatric
trials. The ODDYSSEY KIDS trial of alirocumab in pediatric patients with HeFH demon-
strated LDL-C reductions of 45% in individuals taking higher doses with favorable adverse
effect profiles [26]. The ORION-16 trial investigating inclisiran vs. placebo for treatment of
pediatric HeFH is underway [27].

3. Atherogenic Dyslipidemia

Atherogenic dyslipidemia is the most common dyslipidemia in childhood and is highly
associated with childhood obesity or metabolic syndrome, affecting 33% of overweight and
43% of obese children [28]. Similar to adults, it is also commonly found in children who
have insulin resistance, type 2 diabetes mellitus, and/or non-alcoholic fatty liver disease
(NAFLD) [5,23,29-31].

3.1. Diagnosis

A fasting lipid panel can readily diagnose atherogenic dyslipidemia. The results are
characterized by elevations in TG levels and decreased levels of HDL-C, a pattern similar
to adults. In children, LDL-C levels are generally normal, although the LDL that is present
is in the form of the more atherogenic small dense LDL particles. Importantly, the normal
ranges for TG are different for children compared to adults; for children 0-9 years old, TG
< 75 mg/dL is normal, and for children and adolescents 10-19 years old, TG < 90 mg/dL is
normal [5]. See Table 1 for pediatric lipid and lipoprotein values.

3.2. Treatment of Pediatric Atherogenic Dyslipidemia

Treatment is primary through lifestyle changes, with a major focus on diet and activity
modifications. For children with excess body fat, a modest decrease in weight has been
shown to significantly reduce TG levels as well as increase HDL-C levels [32,33].

Sedentary lifestyle is a significant concern for children. The Physical Activity Guide-
lines for Americans recommend 60 min daily of moderate to vigorous physical activity
along with muscle strengthening exercise 3 days per week for children aged 6-17 years old.
Children aged 3-5 are encouraged to be physically active throughout the day via active
play [15].

Dietary changes are a key consideration for improving cardiometabolic health. All
dietary changes should be discussed through shared decision making with parents or
guardians, as well as the child to be sure that cultural norms as well as cost and access to
food are considered. Throughout the lifespan, focus on a variety of nutrient-dense foods
and minimizing foods and beverages with excess added sugars is essential. When treating
dyslipidemia, initial focus on adhering to diet suggested by the Dietary Guidelines for
Americans can be helpful [16]. If there is insufficient improvement, it may be appropriate
to consider a more restrictive diet. For children with elevated TG, limiting saturated
fats and refined carbohydrates has been found to be effective [34]. With this in mind,
minimizing intake of sugar-sweetened beverages as much as possible is fundamental when
treating children, as these often are inadvertent but significant sources of sugar and empty
calories. Increasing fiber and omega-3-fatty acid intake are helpful [14]. Working with a
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registered dietician can be extremely beneficial in ensuring that families are provided with
comprehensive plans [35].

Very little evidence exists to guide the use of nutritional supplements in pediatric
dyslipidemias, and the focus of treatment is generally a healthy diet. Further information
regarding supplements can be found at the following resource [34].

4. Mixed Dyslipidemia

Pediatric patients with a mixed dyslipidemia have more modest elevations in LDL-C
and TG, and generally normal HDL-C. They often have a clinical picture that is neither
clearly attributable to lifestyle factors nor a known genetic diagnosis such as FH. Using the
diagnosis of mixed dyslipidemia in these circumstances has the utility of helping to guide
clinical decision making for these patients, as the dyslipidemia in these children often has
an environmental component, but genetic etiologies should also be considered, particularly
if patients do not respond to lifestyle therapy.

4.1. Diagnosis

On a lipid panel, these patients typically have elevations in LDL-C, but not to the level
which would be expected in HeFH, as well as elevations in TG. HDL-C is generally normal.

4.2. Treatment

As the clinical picture may appear unclear, treatment is a combination of previously
described strategies. Lifestyle factors must first be optimized to help determine next
steps in management. Re-assessment of lipid levels after initial changes can determine
if the initial modifications were adequate or if further treatment is necessary. If LDL-C
levels continue to be sufficiently elevated despite 3-6 months of interventions, initiation
of pharmacotherapy with statins may be appropriate. Greater insight into when statin
treatment is recommended based on a patient’s risk factors can be found at the following
resource [23].

5. Rare Lipid Disorders
5.1. Homozygous Familial Hypercholesterolemia

Homozygous familial hypercholesterolemia (HoFH) can present in childhood and
affects approximately 1 in 160,000 to 1 in 400,000 individuals. The disease often comes to
clinical attention when children develop xanthomas, or it can be found through cholesterol
screening. Children with HoFH will have LDL-C levels typically ranging from 500 mg/dL
to 1,000 mg/dL and can develop overt coronary artery disease in the first decade of life.

Treatment of these individuals in childhood uses strategies similar to those used in
adulthood and focuses on aggressive LDL-C reduction from the time of diagnosis. While
HeFH can be managed in the primary care setting, pediatric lipid specialists should be
consulted if HoFH is suspected. Treatment options often depend on whether or not affected
individuals have functional LDL-receptor (LDL-R) activity. For those with functional LDL-
R activity, statins and ezetimibe have been the primary therapy. Recently, evolocumab was
approved by the FDA for patients 13 years of age or older with HoFH. Other therapies act
independently from the LDL receptor. Lomitapide can be used to lower LDL-C but carries
risk of hepatotoxicity. Evinacumab, an inhibitor of angiopoietin-like 3 protein (ANGTPL3)
is approved for use in individuals 12 years and older for treatment of HoFH. LDL apheresis
has traditionally been a mainstay of therapy but has additional challenges associated with
pediatric use, including vascular access, circulating blood volume, and patient cooperation.
Liver transplant has been used to treat this disease [36].

5.2. Severe Hypertriglyceridemia

As with adults, pediatric hypertriglyceridemia can be divided into primary and sec-
ondary causes. Most pediatric patients with hypertriglyceridemia have atherogenic dyslipi-
demia as described above. Important secondary causes of hypertriglyceridemia in pediatric
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patients include hypothyroidism, kidney disease (nephrotic syndrome), diabetes, liver
disease, hypercortisolism, and medications. Pregnancy and excessive alcohol intake are
important differentials in pediatric patients as well as adults. A comprehensive list of medi-
cations associated with hypertriglyceridemia is found in the 2018 AHA /ACC Multisociety
Guideline on the Management of Blood Cholesterol [23]. Medications causing hyper-
triglyceridemia that are most commonly encountered in pediatrics include isotretinoin,
L-asparaginase, oral estrogens, glucocorticoids, atypical antipsychotics, and immunosup-
pressive agents like tacrolimus, sirolimus, and cyclosporine.

Primary hypertriglyceridemia in children is associated with severe elevations in fast-
ing triglycerides, generally >500 mg/dL, although many have triglycerides >1000 mg/dL.
Genetic testing should be considered to determine the underlying etiology of the disorder,
as therapeutic lifestyle changes are the primary form of therapy but vary according to the
underlying diagnosis. For familial chylomicronemia syndrome, caused by mutations in
lipoprotein lipase, a specialized very low-fat diet is needed to prevent pancreatitis [37]. For
individuals with other forms of hypertriglyceridemia, most commonly familial combined
hyperlipidemia, dietary modifications are focused on reducing sugar and simple carbohy-
drate intake. In these cases, prescription omega-3 fatty acids (DHA and EPA in combination
or EPA-only formulations) are used off-label to treat adolescents with hypertriglyceridemia,
although they are not FDA-approved for this indication [38].

5.3. Hypobetalipoproteinemia and Abetalipoproteinemia

Very low LDL-C is occasionally diagnosed in pediatric patients. It is not generally
associated with higher risk of ASCVD. Acquired causes of low LDL-C such as malignancy,
malabsorption, medications, and severe illness or infection should be excluded. There is a
group of very rare disorders that can cause very low levels of LDL-C, usually <25 mg/dL
but many <10 mg/dL. They include homozygous hypobetalipoproteinemia (caused by
mutations in apolipoprotein B) and abetalipoproteinemia (caused by mutations in mi-
crosomal triglyceride transfer protein). Typically, these children will present to medical
attention with symptoms such as fat malabsorption, failure to thrive, hepatomegaly, and
manifestations of fat-soluble vitamin deficiencies [39]. Management focuses on monitoring
for and treating fat-soluble vitamin deficiencies and monitoring for hepatic steatosis [40].

Individuals who are heterozygous for hypobetalipoproteinemia have LDL-C levels
below average and are usually asymptomatic. They are generally thought to be at reduced
risk for ASCVD, but they could develop hepatic steatosis. No treatment is generally
indicated but individuals should be monitored occasionally for steatohepatitis.

6. Lipoprotein(a)

Lipoprotein (a) [Lp(a)] is an LDL-C moiety with an ApoB protein covalently bound
to apolipoprotein (a). Plasma levels of Lp(a) are incredibly variable and are 70- 90%
determined by genotype. The prevalence of elevated Lp(a) in children is presumably the
same as for adults, as there is thought to be little variability in Lp(a) levels throughout the
lifespan. There are very few studies in children, but data indicate that high Lp(a) in a child
is a risk factor for arterial ischemic stroke [41] and venous thromboembolism [42]. Pediatric
values for Lp(a) are the same as those used for adults.

There is no FDA-approved therapy for treatment of elevated Lp(a) in children, and
medications shown to lower Lp(a) in adults, namely PCSK9 inhibitors, are only used very
rarely in children. Therefore, any efforts to screen children for elevated Lp(a) must balance
concerns about privacy, autonomy, and provoking anxiety against the potential benefits
of future therapies. The National Lipid Association identifies four pediatric groups in
which Lp(a) testing is reasonable: (1) Clinically suspected or genetically confirmed familial
hypercholesterolemia; (2) Family history of a first-degree relative with premature ASCVD
(<55 years in men, <65 years in women); (3) Pediatric ischemic stroke with unknown cause;
or (4) Parent or sibling with elevated Lp(a) [43].
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7. Screening for Pediatric Dyslipidemias

Fundamentally, the purpose of lipid screening in childhood is to identify children
with dyslipidemia in order to pursue early treatment through lifestyle modification and/or
medical management and decrease risk of ASCVD events in adulthood. Several different
screening strategies exist, including selective, universal, and cascade screening.

7.1. Selective Screening

Selective screening involves screening children with high-risk medical conditions or
with family history that increases their likelihood of developing ASCVD. High-risk medical
conditions commonly encountered in children include obesity, diabetes, and elevated
blood pressure, as well as less common conditions like childhood cancer, solid organ
transplantation, Kawasaki disease with persistent aneurysms, kidney disease, and some
forms of congenital heart disease. Selective screening should also be considered for a
child with a significant family history of early cardiovascular disease or diabetes. Selective
lipid screening can be performed as young as 2 years of age, and can be done at any age
thereafter when the high-risk medical condition is diagnosed. Details for screening and
management of high-risk medical conditions in pediatrics can be found in the American
Heart Association guideline [17].

7.2. Universal Screening

However, selective screening alone has been shown to be inadequate in capturing
all cases of severe dyslipidemia, particularly HeFH. The CARDIAC study of 10-year-
olds in West Virginia demonstrated that using selective screening as the sole strategy
for detecting severe pediatric dyslipidemia would have missed 37% of children who met
criteria for pharmacotherapy [44]. Relying on family history in pediatrics can be particularly
challenging as they are time consuming to acquire, and can be inaccurate, incomplete, or
unavailable. Additionally, due to widespread use of statins in adults, reliance on a family
history of premature cardiac events becomes less appropriate as premature events in
children’s relatives are prevented. As such, universal screening of children is the most
effective method to identify children with HeFH and other severe dyslipidemias [44,45].

Universal screening is recommended by the National Heart, Lung, and Blood Institute
and endorsed by the American Academy of Pediatrics. The United States Preventive
Services Task Force reviewed universal pediatric cholesterol screening in 2016 with an “I”
recommendation, indicating the evidence was insufficient to recommend for or against
screening [46]. Screening in children should be performed between 9-11 years old, before
the onset of puberty. It may be useful to note that some racial backgrounds may have earlier
onset puberty (such as African American females) and as such timing of screening should
reflect this [47]. Screening can be performed with either a non-fasting or a fasting lipid
panel, with the understanding that non-fasting lipid panels yielding extremely elevated
results should be repeated as a fasting lab.

However, studies on current screening practices demonstrate that implementation of
this recommendation has been slow, and most children are still not being screened for these
disorders [48,49]. Furthermore, screening rates are potentially different among different
types of pediatric clinicians, due to conflicting recommendations from guidelines [50].

7.3. Cascade Screening

Cascade screening is a method in which the family members of a patient diagnosed
with a medical condition are subsequently screened for the disorder [51]. This is particu-
larly ideal for autosomal dominant disorders such as HeFH, where relatives have a high
probability of having the disorder [18]. This method has also been found to be cost-effective
for HeFH detection when compared to the costs incurred from treating cardiovascular
disease over time [52].

Cascade screening is traditionally done by screening children and other relatives of the
index case. In pediatrics, this is often done through “reverse” cascade screening; diagnosing
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parents and other older relatives after lipid abnormalities are diagnosed in children. A
cascade screening mentality is essential when diagnosing any patient with HeFH, and it is
crucial to recognize that affected parents should have their children screened. As such, all
adult patients identified with these disorders should be informed of the risk to first-degree
relatives so that their family members, including their children, can be screened.

8. Conclusions

Although there has been increasing awareness of the need for screening and treatment
of pediatric dyslipidemias, education and action from healthcare teams is still lagging,
resulting in potential gaps in care. Lack of awareness of screening and treatment guidelines
for pediatric dyslipidemia has even been seen among pediatric cardiologists [53], and is
particularly true when considering HeFH [54]. As such, it remains critical that adults with
HeFH or elevated cholesterol levels have their children screened.

In this report are tools for all providers to utilize in their practice to help attain
these goals. Universal pediatric lipid screening as well as screening family members of
those diagnosed with severe dyslipidemia can help to further identify at-risk populations.
Lifestyle modifications such as increasing intake of fruits and vegetables and elimination of
sugar-sweetened beverages in children are good first steps in treatment. Finally, statins,
the first-line pharmacotherapy for severe elevations in LDL-C, are rarely needed but are
both safe and effective in lowering LDL-C in pediatric populations and thus lowering these
children’s risk of future cardiac events. Responsibility to ensure the health of children and
to decrease future morbidity and mortality from ASCVD lies with all healthcare providers,
not solely those with a focus on pediatrics.
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Abstract: Familial hypercholesterolemia (FH) is associated with an elevated risk of atherosclerosis.
The finding of monogenic defects indicates higher atherosclerotic risk in comparison with hyperc-
holesterolemia of other etiologies. However, in heterozygous FH, cardiovascular risk is heterogeneous
and depends not only on high cholesterol levels but also on the presence of other biomarkers and
genes. The development of atherosclerosis risk scores specific for heterozygous FH and the use
of subclinical coronary atherosclerosis imaging help with identifying higher-risk individuals who
may benefit from further cholesterol lowering with PCSK9 inhibitors. There is no question about
the extreme high risk in homozygous FH, and intensive LDL-cholesterol-lowering therapy must be
started as soon as possible. These patients have gained life free of events in comparison with the past,
but a high atherosclerosis residual risk persists. Furthermore, there is also the issue of aortic and
supra-aortic valve disease development. Newer therapies such as inhibitors of microsomal transfer
protein and angiopoietin-like protein 3 have opened the possibility of LDL-cholesterol normaliza-
tion in homozygous FH and may provide an alternative to lipoprotein apheresis for these patients.
Gene-based therapies may provide more definite solutions for lowering high LDL cholesterol and
consequent atherosclerosis risk for people with FH.

Keywords: familial hypercholesterolemia; atherosclerosis; PCSK9; ANGPTL3

1. New Trends in Genetics, Epidemiology, and Atherosclerotic Cardiovascular Disease
Risk in Familial Hypercholesterolemia

The new trends in FH are summarized in Table 1.

Table 1. Current facts and new trends in familial hypercholesterolemia.

1-Monogenic defects implicated in higher atherosclerotic risk in comparison with
hypercholesterolemia of other etiologies [1].

2-LDL-C concentrations depend not only on defects on canonical genes but also on
polygenic effects [2].

Genetics

1-Risk in heterozygous FH is heterogenous and depends not only on LDL-C but also
other biomarkers, genes and subclinical atherosclerosis [3-6].

2-Specific FH risk scores [7,8] and coronary atherosclerosis imaging ae useful in risk
stratification [4,6].

3-Risk of homozygous FH is very high, but therapies (drugs and apheresis) have
changed the natural history of disease, and with reduction in CHD but persistence of
aortic valve disease [9-11].

1-Statin therapy reduces ASCVD risk in FH [12,13]

2-PCSK9 inhibitors have changed the way we treat heterozygous FH but should be
used in those at highest risk when not available for all [14].

3-Combination of statins, ezetimibe, PCSK9 inhibitors, MTP inhibitors and anti
ANGPTL3 antibodies may normalize LDL-C in homozygous FH [15,16].

4-Genetic therapies are being developed for FH and may bring more definitive
LDL-C lowering.

Atherosclerosis risk

Therapies
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1.1. Genetics of FH

Familial hypercholesterolemia (FH) is an autosomal disorder caused by genetic vari-
ants affecting the removal from plasma of low-density lipoprotein (LDL) [17] and is a cause
of early atherosclerotic cardiovascular disease (ASCVD). Most frequently (95% of cases),
FH is caused by loss-of-function variants in the low-density lipoprotein receptor (LDLR)
gene (LDLR) located on chromosome 19. Occasionally the phenotype may be caused by
pathogenic variants in apolipoprotein B (APOB), gain-of-function variants in proprotein
convertase subtilisin/kexin type 9 (PCSK9), LDL receptor adaptor protein (LDLRAPT) and
apolipoprotein E genes (APOE) [17,18]. Recently, the STAP-1 (signal-transducing adaptor
family member 1) gene was discarded as a cause of the FH phenotype [19]. Finally, pheno-
copies of FH may occur due to defects in ABCG5/ABCGS (sitosterolemia) [20] and LIPA
(lysosomal acid lipase) [17].

LDLR is responsible for codifying the expression of LDL receptors on the extracellular
surfaces of many types of cells, most important in hepatocytes, where they function to bind
and internalize circulating LDL into cells for onward catabolism [17,18]. Loss-of-function
variants in LDLR result in the reduced capacity of the cell-surface mechanism to bind and
internalize circulating LDL particles and thereby lead to hypercholesterolemia.

In heterozygous FH, a single mutant allele of LDLR, APOB or PCSK9 is inherited
from either of the parents carrying the genetic variant, while in homozygous FH, two
variants are inherited, one from each parent [17,18], thereby following a co-dominant
pattern. Consequently, individuals with homozygous FH typically present a more severe
phenotype than heterozygous FH [3]. In most situations, the homozygous FH phenotype
results from the inheritance of the same defective allele of the same gene from each parent
(i.e., true homozygotes, in most situations the LDLR gene). However, it may also occur from
the inheritance of two different alleles of the same gene, one from each parent (compound
heterozygotes) or from alleles of different genes (double heterozygotes). The homozygous
FH phenotype may also occur as the inheritance of one recessive allele of LDLRAP1 from
each parent (autosomal recessive hypercholesterolemia) [17].

The phenotype severity and thus ASCVD risk in FH [2] may also be consequent
to additional inheritance of small-effect genes that when aggregated further raise LDL-
cholesterol (LDL-C) additionally to variants on the FH canonical genes [2]. These genes
can be evaluated based on polygenic scores, and their effects may explain phenotypic
variability in individuals from the same family bearing similar variants in the canonical
genes. This occurs due to the variable transmission of these small-effect genes [21].

1.2. Epidemiology

A recent meta-analysis indicates a global prevalence of 1:313 individuals for het-
erozygous FH [22]. Homozygous FH is rare disease with a global prevalence estimated
in (1:160,000-300,000) in the general population [23]. However, the prevalence of FH
varies according to world region as shown in a recent registry from the Arabian Gulf
region that showed an estimated heterozygous FH prevalence of 1:112, about 3-fold the
estimated prevalence worldwide [22,24]. The latter may have important implications for
the occurrence of cases of homozygous FH in Arabia considering its elevated rates of
consanguineous marriages.

1.3. Heterogeneity in Atherosclerotic Cardiovascular Disease Risk

The pathophysiologic hallmark of FH is the increased build-up of atherosclerosis
due to cumulative lifetime exposure to high-circulating LDL-C concentrations [25]. The
lifetime cardiovascular events risk for untreated heterozygous FH individuals was esti-
mated as 3.9-fold (88% absolute risk during lifetime) greater than that of non-FH subjects
presenting a similar risk profile except for plasma cholesterol concentrations [26]. Khera
et al. encountered a 3.7-fold higher risk of coronary artery disease presence in molecu-
larly proven FH individuals in comparison with people with severe hypercholesterolemia
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(LDL-C > 190 mg/dL), where FH-causing variants in the canonical genes were not encoun-
tered [1].

A recent multinational registry with 61,612 individuals with the diagnosis of heterozy-
gous FH from 56 countries (42,167 adults, mean age 46.2 years, 53.6% women) indicates an
ASCVD frequency of 17.4% (2.1% for stroke and 5.2% for peripheral artery disease) [27]. For
homozygous FH, a similar registry comprising 751 patients with the phenotype (75% with
proven molecular diagnosis) from 38 countries (median age of diagnosis 12.0 years, 52% fe-
males) indicates a prevalence of clinical ASCVD or aortic stenosis of 9% at diagnosis [28].
Another study, this one from 8 Iberoamerican countries, comprised 134 individuals with the
homozygous FH phenotype, 71 adults (mean age 39.3 years, 62% females) and 63 children
(mean age 8.8 years, 51.2% females), 96% of them with confirmed molecular diagnosis [29].
The prevalence of clinical or subclinical ASCVD and aortic or supra-aortic valve diseases
was 48% and 67%, respectively, in children and adults. Indeed, the advent of statin and
lipoprotein apheresis therapies changed the natural history of homozygous FH with re-
ductions in both coronary heart and supra-aortic valve diseases but with a persistence
of calcified aortic valve stenosis [9,10]. Whether early diagnosis and aggressive LDL-C
lowering will modify the course of aortic valve disease remains to be determined.

Despite a higher ASCVD risk in comparison with the one encountered in the general
population, the latter varies significantly among individuals with heterozygous FH. This
risk depends not only on type of molecular defect on the FH canonical genes and consequent
LDL-C concentrations but also on the presence of risk biomarkers such as older age, male
sex, smoking, low HDL-C, obesity, late onset of lipid-lowering therapy, higher lipoprotein(a)
[Lp(a)] concentrations and presence of subclinical coronary atherosclerosis [3,4,30].

Even considering the robust effects of the autosomal dominant molecular defects on
LDL-C and the ensuing ASCVD risk other genes may influence on the onset of the latter
in people affected by FH [2,5]. In addition to genes that modify LDL-C concentrations [2],
other variants that predispose to atherosclerosis development may influence coronary heart
disease variability. Fahed et al. [5] elegantly showed that the risk of the latter varied from
18% to 76% at the age of 75 years depending on the percentile of a polygenic atherosclerosis
risk score in individuals with monogenic FH-causing defects.

Currently, there is consensus that adults with FH should receive the highest-tolerated
dose of statins with the aim of reducing LDL-C by at least 50% [3,31,32]. Ezetimibe therapy
can also add 15-20% further LDL-C reduction with safety and low cost. PCSK9 inhibitors,
e.g., the monoclonal antibodies alirocumab and evolocumab and the recently approved
small-interference RNA inclisiran may add up to 40-60% average reduction in LDL-C in
adults with heterozygous FH [33-35]. In pediatric heterozygous FH patients, evolocumab
was approved after the age of 10 years and provides an additional 35-44% LDL-C reduction
on top of that from usual care [36,37].

Consensus documents are unanimous in recommending PCSK9 inhibitors for het-
erozygous FH patients for secondary prevention [3,31,32] since most will persist with
elevated LDL-C concentrations despite statin and ezetimibe therapy [38]. However, the
reduced access to PCSK9 inhibitors when reimbursement is concerned precludes a more
widespread use of these safe and efficacious therapies. There is evidence from prospec-
tive studies that risk stratification with clinical risk scores such as the SAFEHEART risk
equation [7] and the Familial Hypercholesterolemia Risk Score [8] may help with gauging
ASCVD risk in heterozygous FH. Furthermore, coronary artery calcification detected on
cardiac computed tomography [6], a marker of atherosclerotic plaque burden, alone or
when added to the latter [4,39], may help discriminate primary prevention heterozygous
FH patients according to level of risk. In the 45% of heterozygous FH patients where CAC
is absent (calcium score of zero) [40], there is an indication [4,6] that statins and ezetimibe
reduced ASCVD risk [14] and no further therapies may be necessary in median 2.7- to
3.7-year follow-ups [41]; however this needs further confirmation from longer-term studies.

For homozygous FH, there is no discussion of the need to use all available therapies
to reduce LDL-C such as statins, ezetimibe, and PCSK9 inhibitors if patients are respon-
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sive [33,42]. Indeed, lipoprotein apheresis has been instrumental in LDL-C reduction in
people with both severe heterozygous and homozygous FH [43]. There is evidence from ob-
servational studies that lipoprotein apheresis not only reduces atherosclerosis progression
but also increases ASCVD event-free survival [44]. Indeed, the procedure can be used very
early in the therapy algorithm of homozygous FH (Figure 1). Unfortunately, lipoprotein
apheresis is not widely available, it has high monetary cost and it is not reimbursed in
most countries. Therefore, robust pharmacological LDL-C-lowering therapies that act inde-
pendently of LDLR such as the MTP (microsomal triglyceride transfer protein) inhibitor
lomitapide [15,45] or the recently approved anti-ANGPTL3 (angiopoietin like 3 protein)
monoclonal antibody evinacumab [16] are necessary [3]. These therapies may indeed
reduce LDL-C concentrations to values seen in the general population [16]. However, there
are severe cost issues with either apheresis or the new pharmacological therapies, and
therefore access to them is low in most countries, as shown in the two recent published
homozygous FH registries [28,29].

Homozygous FH

Statin +Ezetimibe

+

Lipoprotein
Apheresis
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Figure 1. Treatment algorithms for heterozygous and homozygous familial hypercholesterolemia.

Reduce LDL-C

LDL-C< 70 mg/dI

or
LDL-< 55 mg/dL
Depending on
ASCVD
Risk

Here are shown treatment algorithms for both heterozygous and homozygous forms of familial
hypercholesterolemia. LDL-C reductions are recommended according to guidelines and consensus
papers [3,32]. All adult patients should have at least a >50% reduction in LDL-C. Further goals of
<70 mg/dL or 55 mg/dL are based on ASCVD risk (high or very high). Recommendations are based
on approved drugs, especially for homozygous FH. For homozygous FH, lipid apheresis can be
started at all algorithm levels. Drug choices should be based on regulatory issues, country approval
and availability. In homozygous FH, PCSK9 inhibitors should be suspended if they do not provide
adequate LDL-C and one should move from step 2 to 3. mAB-monoclonal antibody; siRNA-small
interfering RNA.

Given that the risk and severity of ASCVD in FH patients vary depending on the
type of genetic defects [17,18] as well as other risk biomarkers [18], and considering the
development of novel therapies, the treatment of FH patients is changing from generalized
to individualized (tailored) approaches. The following part of the present review aims to
evaluate the trends in the of therapies for FH.

1.4. Impact of Statin Therapy and Ezetimibe on LDL-C and ASCVD Risk in FH

Statin therapy is a lifelong preventive treatment of choice for individuals with FH [46].
Statins reduce LDL-C by diminishing hepatic cholesterol synthesis acting on the 3-hydroxy-
3-methylglutaryl coenzyme-A (HMG-CoA)-reductase. That leads to the upregulation
of hepatic LDLR expression and the increased uptake of circulating LDL particles with
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consequent higher biliary cholesterol excretion in the feces [47]. Reductions in cholesterol
synthesis also result in less production of VLDL (very-low-density lipoprotein), a precursor
of LDL. Overall, statins reduce the hepatic output of cholesterol to peripheral arteries,
hence decreasing cholesterol plaque buildup assessed by a surrogate progression of carotid
intima—media thickening and the risk of ASCVD events and mortality [12,46,48].

Several observational studies have indicated that statin therapy protects against AS-
CVD in people with FH [10-13]. In a cohort study, Versmissen et al. [12] enrolled 2146
patients with a confirmed genetic diagnosis of FH without previous coronary heart disease
(CHD) manifestation from 27 outpatient lipid clinics in the Netherlands. The cohort was
started on statin therapy (with lower doses of simvastatin, 33 mg/day or atorvastatin,
49 mg/day) and monitored for risk of CHD during a mean follow-up period of 8.5 years.
At the end of the follow-up, statin therapy had reduced LDL-C by an average 44% in
comparison with the baseline and the risk of myocardial infarction by 76% (hazard ratio,
0.24 [95% confidence interval, 0.18 to 0.30]) to a level comparable with that of the age-
matched general population (hazard ratio, 1.44 95% confidence interval 0.80 to 2.60) [12].
However, findings from the study by Versmissen et al. [12] should be interpreted with
caution considering its observational nature, lack of a randomized control group and wide
confidence intervals when the risk was compared with the one from the non-FH population.

Acknowledging the differential ASCVD risk between heterozygous and homozygous
FH subpopulations, three studies have evaluated the impact of statin therapy in these
groups individually [11,13,49]. An observational multicenter study by Besseling et al. [13]
evaluated the risk of CHD in individuals with heterozygous FH that had been diagnosed
and followed in the Netherlands cascade screening program. A total of 1559 patients
free of coronary artery disease (CAD) at baseline were started on 40 mg/day of either
simvastatin (23.1%) and atorvastatin (22.8%) (n = 1041) or no treatment (n = 518). There
were, respectively, 89 and 17 CAD and mortality events during 11,674 person-years of
follow-up in the statin group. These values were significantly lower than the 22 and 9 events,
respectively, during the 4892 person-years of follow-up in the non-statin group. Overall,
the rates of CAD events were 5.3 vs. 8.8 per 1000 person-years in those receiving statins or
not; p < 0.001. After adjustment for confounders, the rates of CAD and all-cause mortality
were reduced by 44% with a hazard ratio of 0.56 (95% confidence interval: 0.33 to 0.96).

A 20-year prospective observational study [49] comprising 214 Dutch pediatric FH pa-
tients (98% with confirmed molecular diagnosis) emphasized the need for early cholesterol-
lowering therapy in heterozygous FH. A 32% reduction in LDL-C with statins (mostly
pravastatin) was associated with the normalization of carotid intima—-media thickness
progression when compared with nonaffected siblings. Most important, there were reduc-
tions in ASCVD and cardiovascular mortality when compared with parents who had not
been treated in the past. At the age of 39 years, cardiovascular events and mortality were,
respectively, 1% and 26% and 0% and 7%, respectively, in children who became adults
and in their untreated parents. Therapy was safe and well tolerated. The results of course
should be interpreted considering the limitations inherent in an observational study.

Raal et al. [11] evaluated the effect of statin therapy on CVD morbidity and mortality
in a cohort of 149 homozygous FH patients (81 females) from two specialized lipid clinics
in South Africa. The hazard ratios of the benefit from lipid-lowering therapy, mostly with
statins, were 0.49 (95% confidence interval: 0.22-1.07; p = 0.07) and 0.34 (95% CI: 0.14-0.86;
p = 0.02) for major adverse cardiovascular disease events and death, respectively. Surpris-
ingly, results were seen despite a mean relative reduction in LDL-C of only 26.4% (from
620 £ 152 to 456 &= 132 mg/dL).

Ezetimibe is prescribed as a second-line therapy for LDL-C lowering in FH patients
who persist with inadequate LDL-C concentrations [50]. It is a cholesterol-absorption
inhibitor that acts at the “brush border” of the inner wall of the small intestines. Ezetimibe
binds the sterol transporter protein, called Niemann-Pick C1 like 1 (NPC1L1) protein, hence
reducing intestinal cholesterol absorption and increasing its fecal excretion [51]. Ezetimibe
usually adds 10-15% additional LDL-C reduction to isolated statin therapy, and in both
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heterozygous and homozygous FH patients, a significant further absolute reduction in
LDL-C levels is achieved by combination therapy [52,53]. Indeed, even considering the
lower impact on LDL-C reduction when compared with PCSK9 inhibitors, there is a strong
recommendation to start with the highest-tolerated statin dose and ezetimibe combination
rather than statin therapy alone in people with FH [54]. However, particularly in those
with FH and previous ASCVD or in those with high subclinical atherosclerosis burden,
there is the unmet need of still-elevated LDL-C [14,38], and these patients will often require
a third-line pharmacological intervention such as PCSK9 inhibitors to achieve the target
LDL-C goals [55,56]. PCSK9 inhibitors are among the current targeted molecular therapies
for FH, which are discussed in detail in the subsequent sections.

2. New Trends in Therapies for FH

Several new targeted therapies were developed, and some are being tested to achieve
the LDL-C goals for high-/very-high-risk FH patients as recommended by the ESC/EAS
2016-2019 guidelines [50]. The mechanism of action and impact on LDL-C plasma concen-
trations for both heterozygous and homozygous FH are shown in Table 2. The advantage
of targeted therapies is that they provide clinicians with the power to practice personalized
or precision medicine with the aim of achieving better risk/benefit and cost/effectiveness
of therapies. This is important considering the elevated costs of monoclonal antibodies and
RNA-targeted therapies.

Table 2. Mechanism of action and efficacy of approved therapies to treat familial hypercholesterolemia.

Efficacy in Efficacy in
Compound Target Mechanism of Action Heterozygous FH Homozygous FH
(LDL-C Reduction) (LDL-C Reduction)
HMG-CoA- Reduces cholesterol synthesis
Statins Small molecule reductase and VLDL production. Increases 30-50% [57]. 10-25% [53].
uctas hepatic LDLR expression [47].
Reduces intestinal cholesterol
Ezetimibe Small molecule NPCI1L1 absorption and increases hepatic 10-15% [57]. 10-15% [53].
LDLR expression [47].
o -
Reduces cholesterol synthesis %%Saf\élnoat}i (;oled group of
Bempedoic acid Small molecule ACL and VLDL production. Increases . N.A.
. hypercholesterolemia
LDLR expression [58]. 3
patients [58].
509 i
Lomitapide * Small molecule MTP Reduces VLDL synthesis [47]. N.A. 33-50% depending on

the dose [15,45,59].

50-60% [3,33] adults and 20-34% (depends on

zgf/(:ﬁurﬁﬁab g/i(t)ir;)océonal Circulating PCSK9 Reduces LDLR degradation [47]. 35-38% pediatric patients LDLR variant

o¢ ody for evolocumab [36,37]. 0-50%) [33,42].
Inclisiran ?{II?IaAlls-mterfermg ger\}:ﬁtelgi:CSKQ Reduces LDLR degradation [60]. 44.3% reduction [35]. Study ongoing.

Monoclonal Circulatin: Possibly increases the removal of ~ 38.5-56% reduction
Evinacumab * antibod ANGPTLSg VLDL and IDL particles by LDLR  depending on dose 49% [16].
ody independent pathways [61]. regimen and patient [62].
Reduces pro-atherogenic
Lipoprotein Circulating LDL, apoB-100-containing lipoproteins
a F}’l"el;’e:i: Device Lp(a) and VLDL LDL, Lp(a), and VLDL as wellas  60-80% [3]. 60-80% [3].
P particles pro-inflammatory

biomarkers [43].

Note: HMG-CoA hydroxy methyl glutaryl Coenzime A; NPC1L1- Niemann-Pick C1 Like 1; ACL-Adenosine
triphosphate citrate lyase enzyme (ACL); MTP-Microsomal triglyceride transfer protein; PCSK9-proprotein
convertase subtilisin/kexin type 9; ANPTL3-Angiopoietin Like 3 Protein); LDLR-LDL receptor; LDLR-LDL
receptor gene; Lp(a)-lipoprotein(a); * approved only for homozygous FH.

2.1. PCSK9 Inhibitors

PCSKO9 inhibitors are a new class of cholesterol-lowering drugs currently used as
a third-line treatment for FH or for statin-intolerant or very-high-ASCVD-risk patients.
PCSK9 is an enzyme produced mainly in the liver that is secreted into the plasma and plays
a critical role in LDL catabolism. LDL normally clears from peripheral blood as a complex
with the LDLR that enters the hepatocyte [63]. PCSK9 binds the LDLR at the hepatocyte
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surface, reducing its recycling from cytoplasm to cell membrane and consequently dimin-
ishing LDL clearance [64]. A previous animal study demonstrated that mice overexpressing
PCSK9 protein have decreased LDLR function and elevated plasma LDL-C, while PCSK9
knockout mice have increased LDLR activity and lower plasma LDL-C levels [65]. Studies
in humans showed that gain- and loss-of-function variants in PCSK9 were associated with
an FH phenotype [66] and lower LDL-C concentrations and ASCVD risk [67], respectively.

These findings formed the basis for the development of PCSK9 inhibitors, whose
mechanisms, as the name suggests inhibits the activity of PCSK9 proteins via different
mechanisms. Three different subclasses of PCSK9 inhibitors are discussed.

Human monoclonal antibodies against PCSK9 (PCSK9-mAb) primarily include alirocumab
and evolocumab [33,42,68]. The primary mechanism of action of PCSK9-mAD is via their
binding activity on PCSK9 in the plasma, thereby blocking PCSK9 from binding the LDLR.
The latter means that more receptors are available for the binding of ApoB100-LDL complex
for the onward clearance of circulating LDL particles [47,69].

Alirocumab and evolocumab are indicated for homozygous and heterozygous FH
patients who persist with elevated LDL-C despite the use of statins and ezetimibe therapies.
They are administered subcutaneously in bimonthly doses of 75-150 mg for alirocumab or
140 mg for evolocumab or 300 mg and 420 mg, respectively, for alirocumab and evolocumab
once monthly. A recent open-label, single-arm multicenter study by Santos et al. (TAUS-
SIG) [38] evaluated the safety and efficacy of evolocumab in 300 patients aged >12 years
with HoFH (n = 106) and severe HeFH (1 = 194) who at the time of enrolment were on stable
lipid-lowering therapy. Patients were started on evolocumab (420 mg monthly and later to
420 mg bimonthly as needed) or 420 mg bimonthly if on lipoprotein apheresis. At 12 weeks
of evolocumab treatment, LDL-C decreased by 59.8 mg/dL (21.2%) and 104.4 mg/dL
(54.9%) in patients with HoFH and HeFH, respectively; effects were sustained during
a median follow-up of 4.1 years. A total of 26% of patients on active apheresis (severe
heterozygous FH only) had their blood-filtering therapy discontinued to LDL-C control,
and the overall rate of CVD events was only 2.7%, suggesting cardiovascular benefit of
the drug in comparison with historical controls. Adverse reactions occurred in 89.3% of
patients, which included nasopharyngitis, influenza, upper respiratory tract infection and
headache [38]. The latter, however, did not lead to drug discontinuation. In the same study,
Raal et al. [7] demonstrated that in homozygous FH, the presence of LDLR null variants
was associated with a lower or absent reduction in LDL-C with evolocumab in comparison
with those with defective variants.

Blom et al. evaluated the effects of alirocumab in homozygous FH [8]. In a randomized,
double-blind, placebo-controlled, parallel-group study, 69 patients on high-intensity lipid-
lowering therapy including statins, ezetimibe, lomitapide and apheresis were enrolled.
Patients were randomized to receive 150 mg alirocumab treatment every 2 weeks (1 = 46;
baseline LDL-C = 295 mg/dL) or placebo (n = 23; baseline LDL-C = 259 mg/dL) for a
duration of 12 weeks. Alirocumab significantly decreased LDL-C by 26.9% compared with
8.6% for placebo (p < 0.0001). Similar to evolocumab [38], alirocumab was generally well
tolerated, with a safety profile comparable with that of placebo [8]. Both studies show
that PCSK9-mAb may be useful for LDL-C reduction in either severe heterozygous or
homozygous FH, although the efficacy in the latter is much less pronounced.

Evolocumab was approved for pediatric patients (older than 10 years) with HeFH
based on results from the HAUSER trial [36]. In HAUSER, evolocumab (420 mg once a
month) was administered in a randomized 2:1 double-blind fashion to 157 pediatric patients
(mean age 13.7 years) who persisted with LDL-C > 135 mg/dL despite usual statin and /or
ezetimibe therapy (mean baseline LDL-C 185 + 45 mg/dL). After 24 weeks, there was a
mean 38.3% reduction (—44.5% vs. —6.2%) in LDL-C versus placebo. Adverse events were
similar in comparison with placebo, with nasopharyngitis and headache being the most
frequent. Recently Santos et al. [37] have published the long-term open label follow-up of
HAUSER. In that study, 150 patients received evolocumab and completed the open-label
extension with a median follow-up of 80.3 weeks. The main study objective was safety and
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tolerability; treatment-associated adverse events occurred in 70% of study participants and
were similar to the ones occurring in the randomized double-blind phase. No event led
to treatment discontinuation, and no patient developed anti-drug antibodies. There were
no adverse events related to growth, sexual maturation, neurocognitive function, glucose
homeostasis, steroid hormones or liposoluble-vitamin blood concentrations. At week
80, the mean percentage change from baseline in LDL cholesterol was —35.3% (standard
deviation 28.0). The study clearly shows that evolocumab can add LDL-C reduction to
usual therapy in heterozygous FH, is safe and is well tolerated.

Small-interfering RNA (siRNA) technology is a novel approach to PCSK9 inhibi-
tion [60]. The siRNA technology deploys a small double-stranded RNA molecule of
19-23 nucleotides in size to induce the silencing of the target gene. The siRNA inclisiran is
a novel PCSK9 inhibitor for the treatment of heterozygous FH and common hypercholes-
terolemia [60]. Inclisiran blocks the translation of PCSK9 messenger RNA, leading to its
degradation by the RNA-induced silencing complex (RISC) andthereby decreasing the
concentrations of intrahepatic and plasma PCSK9 [35,60]. Compared with PCSK9-mAbs,
inclisiran has a more convenient dose regimen of 300 mg twice-yearly injections and could
be useful for enhancing patient compliance. In a recent phase 3, double-blind trial by
Raal et al. [35], 482 adult heterozygous FH patients were randomized to receive 300 mg of
inclisiran (1 = 241) or matching placebo (1 = 241) and followed up for 540 days. The mean
reduction in the LDL-C level from day 90 to day 540 was 38.1% in the inclisiran group,
while there was an increase of 6.2% in placebo (p < 0.001), a —44.3% difference. The most
frequent adverse events not differing from placebo were nasopharyngitis, influenza, upper
respiratory tract infection and back pain. In a pilot study, Hovingh et al. [70] tested the
feasibility of PCSK9 suppression with inclisiran in four homozygous FH patients. LDL-C
changes varied from +3% to —37% in 180 days, and PCSK9 plasma levels were reduced
by —48.7% to —83.6% at day 90 and by —40.2% to —80.5% at day 180. This study paved
the way for ORION 5 (NCT03851705) with a greater number of homozygous FH patients.
However, results are not yet published.

At any rate, the infrequent dosing regimen and acceptable safety profile of inclisiran
make it a suitable alternative to PCSK9-mAbs [35].

Oral PCSKO9 inhibitors are being developed as an alternative to the subcutaneous
PCSK9-mAbs and inclisiran. This presentation may be especially suitable for FH patients
who cannot comply with subcutaneous injections of PCSK9-mAbs and inclisiran. MK-
0616 is an orally bioavailable PCSK9 inhibitor and preliminary results from an ongoing
phase I clinical trial by Johns et al. [71] were presented at the 2021 Scientific Sessions of
the American Heart Association. The study involved 60 healthy male volunteers and has
demonstrated that MK-0616 (10-300 mg) was well-tolerated with no adverse effects. In the
second phase of the study, involving 40 hypercholesterolemic patients (male and female),
MK-0616 lowered baseline LDL-C levels by 65% after 14 days of treatment. Further data
are, however, necessary.

Gennemark et al. [72] developed a chemically modified PCSK9 antisense oligonu-
cleotide (ASO) for oral delivery. Preliminary results showed that the subcutaneous injection
of 90 mg ASO reduced PCSK9 by >90% in patients with elevated LDL-C levels with a
predicted 80% steady state with a 25 mg monthly maintenance dose [72]. When ASO
was co-formulated with sodium caprate (a permeation enhancer) in an oral tablet form
and administered to dogs, it resulted in 7% hepatic bioavailability, which was 5 times
greater than that of plasma. Using prediction models, 15 mg/day of oral ASO should
suppress PCSK9 in peripheral blood by 80% steady state and therefore be viable for oral
formulation [72].

PCSK9 inhibitors are frequently prescribed as third-line treatment in patients who
could not respond well or tolerate conventional lipid-lowering therapies. They are ideal
for those with heterozygous FH [73]. However, despite the use of high-dose statins and
ezetimibe in combination with PCSK9 inhibitors, many patients with homozygous FH fail
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to achieve optimal reductions of LDL-C levels [74]. Thus, more treatment strategies are
still needed.

2.2. Bempedoic Acid

Bempedoic acid (BA) is an oral inhibitor of cholesterol biosynthesis approved for
cholesterol reduction [58]. Its mechanism of action involves the inhibition of the adeno-
sine triphosphate citrate lyase (ACL), which acts upstream of HMG-CoA-reductase in the
cholesterol biosynthesis pathway. A recent randomized controlled trial enrolled 2230 pa-
tients with ASCVD, heterozygous FH or both, all on the maximum tolerated dose of statin
monotherapy (mean baseline LDL-C = 103.2 4 29.4 mg/dL) to receive either BA treatment
(n = 1488) or placebo (1 = 742). During the 52 weeks of treatment, the incidence of adverse
effects was comparable between the two groups. At week 12, the BA group exhibited
significant LDL-C reduction from baseline (16.5%). At 52 weeks, BA did not result in higher
incident of adverse effects and LDL-C lowering effects were maintained [75]. Similar results,
a 21% reduction in LDL-C level compared with placebo, were reported after 12 weeks in
another randomized study that evaluated BA in patients with hypercholesterolemia and
statin intolerance [76]. These findings, in general, indicate that BA is efficacious and safe
for lowering LDL-C in patients with hyperlipidemia including heterozygous FH patients.

2.3. Angiopoietin-like 3 Protein (ANGPTL3) Inhibitors

Angiopoietin-like 3 protein (ANGPTL3) is an endogenous inhibitor of lipoprotein and
endothelial lipases. Loss-of-function variants of the ANGPTL3 gene are associated with
lower serum cholesterol and triglyceride levels and a lower ASCVD risk [77]. Evinacumab,
a human monoclonal antibody for ANGPTL3 inhibition (ANGPTL3-mAbs), was approved
for the treatment of adults and pediatric patients older than 12 years with homozygous
FH [16,62]. Raal et al. [16] showed in a randomized double blind study that 15 mg/kg
infusions of evinacumab every 4 weeks reduced LDL-c by 49% at week 24 in comparison
with placebo in homozygous FH patients (1 = 65, baseline LDL-C of 255 mg/dL) undergoing
maximal lipid-lowering therapies (statins, ezetimibe, PCSK9 inhibitors, lomitapide and/or
lipoprotein apheresis). Of importance, and different, from PCSK9 inhibitors, evinacumab
provided robust LDL-C reduction (—43.4%) even in patients with LDLR null variants.
Adverse events did not differ from placebo. Animal models suggest that evinacumab
increases the removal of VLDL and IDL particles, precursors of LDL, by a non-LDLR
related pathway [61].

In another double-blind, placebo-controlled, phase 2 trial, Rosenson et al. [46] enrolled
272 patients with and without heterozygous FH and with evidence of refractory hyperc-
holesterolemia with atherosclerosis (LDL-C levels > 70 mg/dL) or without atherosclerosis
(LDL~c levels > 100 mg/dL). Patients were randomly assigned to receive evinacumab
at various dosing regimens (either subcutaneous or intravenous) or a placebo. After
16 weeks, evinacumab lowered LDL-C by 38.5-56% according to dose regimen compared
with placebo, with low incidence of adverse effects (3-16%) across trial groups. Evinacumab
is not yet approved for refractory heterozygous FH. Despite favorable results with mon-
oclonal antibodies against ANGPTL3, recently, the development of an ASO against that
protein, vupanorsen, was interrupted due to adverse liver events [78]. This clearly demon-
strates that despite similar targets, different technologies vary when safety is concerned,
and more clinical studies are warranted.

2.4. MITP Inhibitors

MTP is an enzyme essential for the assembly of VLDL in hepatocytes and chylomi-
crons in enterocytes. The inhibition of MTP blocks VLDL assembly and reduces LDL-C
levels [47]. Lomitapide is an MTP inhibitor used as a lipid-lowering agent approved for the
treatment of homozygous FH patients [15,59]. A previous single-arm, open-label, phase
3 multicenter study by Cuchel et al. [59] enrolled 29 homozygous FH patients to receive
lomitapide in doses ranging from 5 to 60 mg/day depending on safety and tolerability.
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Lomitapide achieved a 50% reduction in baseline LDL-C levels at 26 weeks and main-
tained steady states of 44% and 38% at weeks 56 and 78, respectively. However, the drug
produced gastrointestinal adverse effects and liver steatosis, though this did not result
in discontinuation.

Two studies [15,45] have provided long-term efficacy and safety data on lomitapide
in patients with homozygous FH treated up to 5.9 years. Blom et al. [15], in an extension
of the original study by Cuchel et al. [59], showed in 17 patients followed up for 5.1 years
that lomitapide in a 40 mg dose reduced LDL-C by 45% with hepatic safety. The most
important reported adverse events were diarrhea, nausea, dyspepsia and vomiting. Under-
berg et al. [45] showed in the LOWER-registry that the median lomitapide dose of 10 mg
provided a sustained 33% reduction in LDL-C after 5.9 years. In those who remained on
lomitapide therapy until the end of follow-up, LDL-C reduction was 45%, with 65.4% and
41.1% achieving an LDL-C < 100 mg/dL or <70 mg/dL, respectively. Treatment-related
adverse events occurred in 54.6%, and 23.2% of patients, who discontinued the therapy
due to that. Gastrointestinal and hepatic events occurred, respectively, in 13.5% and 15.1%.
Overall, the studies reported consistent results demonstrating that lomitapide, when used
in combination with other lipid-lowering therapies is effective in lowering LDL-C levels
with an acceptable tolerability and safety profile [15,45].

Ben-Omran et al. [79] evaluated the effects of lomitapide (mean dose 24.5 + 4.3 mg/day;
during 20.0 & 2.9 months) in a case series of 11 pediatric homozygous FH patients, mean
age 11.6 &= 1.1 years and 64% males, undergoing statin and or ezetimibe therapy. LDL-C
was reduced by 58.4 & 6.8% from a baseline of 419 + 74.6 mg/dL. The most frequent ad-
verse events were nausea, vomiting and diarrhea but were well tolerated. A phase III study
(NCT04681170) is testing the efficacy and safety of lomitapide in pediatric homozygous FH
patients aged 5-17 years old with a duration of up to 80 weeks.

2.5. Gene Therapies

People affected by FH are ideal candidates for gene therapy, which is potentially
the most definitive treatment for life. Possible gene therapies include CRISPR/Cas9 for
heterozygous FH and viral vectors for homozygotes.

The Clustered Regularly Interspaced Short Palindromic Repeat (CRISPR)-Associated
System 9 (Cas9) or simply CRISPR/Cas9 is the most promising genome editing tool for
model systems including animal zygotes and human cells. CRISPR/Cas9 has useful
applications in genetic research and is a promising tool for clinical applications in treating
genetic disorders [80].

A recent in vivo animal study used a recombinant adeno-associated virus (AAV)
vector carrying CRISPR/Cas9 gene editor (AAV-CRISPR/Cas9) and targeting an LDLR
mutant mice model [81]. The mutant mice with loss of LDLR function exhibited severe
atherosclerotic phenotypes when fed a high-fat diet. The AAV-CRISPR/Cas9-mediated
gene editing partially corrected the point mutation in the LDLR gene expressed in hepato-
cytes and restored partial LDLR protein expression. The treatment significantly decreased
total cholesterol, triglycerides, and LDL-c in the serum and, consequently, decreased the
build-up of atherosclerotic plaques in the aorta. This finding shows that CRISPR/Cas9 is
promising for the treatment of heterozygous FH.

A recombinant adeno-associated virus (AAV) vector carrying an LDLR transgene has
been recently unveiled and is currently at phase 1/2a testing phase [82]. In animal stud-
ies, an LDLR-deficient mouse model (Ldlr‘/ -, Apobecl_/ ~ or double knockout—DKO)
treated with AAV carrying an LDLR transgene at vectors doses as low as 3 x 10! exhibited
enhanced transgene expression and decreased serum LDL-C levels [83]. Findings from
DKO mice indicate the potential of an AAV vector carrying an LDLR transgene to be used
for the treatment of high-risk homozygous FH patients.
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3. Conclusions

FH is a disease associated with an elevated risk of ASCVD that needs to be early
diagnosed and adequately treated. The diagnosis of FH has implications not only for the
index case but also for the relatives who need to be identified by cascade screening [17]. The
molecular diagnosis is important since the presence of monogenic defects implies a higher
ASCVD risk in comparison with hypercholesterolemia of other etiologies [1]. Despite
the elevated atherosclerosis [3,30] risk in heterozygous FH, the latter is heterogeneous
and depends not only on cholesterol levels but also on the presence or not of other genes
and biomarkers. The development of ASCVD risk scores specific for FH and the use of
coronary subclinical atherosclerosis imaging may help the institution of targeted further
LDL-C-lowering therapies on top of statins and ezetimibe in heterozygous FH [14]. This is
important considering the low worldwide access to novel robust LDL-C-lowering therapies
such as the PCSK9 inhibitors.

There is no question about the extreme high risk to people with homozygous FH, and
intensive LDL-C-lowering therapy must be started as soon as possible. These patients
have gained life free of events in comparison with the past [10,11], but residual risk is still
extremely elevated, and there is also the issue of aortic valve disease development [9]. The
onset of MTP inhibitors [45] and monoclonal antibodies against ANGPTL3 [16] associated
or not with lipoprotein apheresis and PCSK9 inhibitors has opened the possibility of
the normalization of LDL-C in homozygous FH; these may even provide one alternative
to the latter. Figure 1 shows a suggested therapy algorithm for both heterozygous and
homozygous FH forms with available approved therapies. The aim is to reduce LDL-C
at least 50% and attain the recommended LDL-C goals according to ASCVD risk [3,32], a
barrier that with the newer therapies finally became possible to be trespassed. Certainly,
there is still the important unmet need of access to these therapies that remains a barrier
in most low- to middle-income countries [27-29]. Gene-based therapies [80] may deliver
more definite solutions to LDL-C and consequent ASCVD risk reduction for people with
FH.
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Abstract: Lipoprotein(a) (Lp(a)) is an established risk factor for multiple cardiovascular diseases.
Several lines of evidence including mechanistic, epidemiologic, and genetic studies support the role
of Lp(a) as a causal risk factor for atherosclerotic cardiovascular disease (ASCVD) and aortic steno-
sis/calcific aortic valve disease (AS/CAVD). Limited therapies currently exist for the management of
risk associated with elevated Lp(a), but several targeted therapies are currently in various stages of
clinical development. In this review, we detail evidence supporting Lp(a) as a causal risk factor for
ASCVD and AS/CAVD, and discuss approaches to managing Lp(a)-associated risk.

Keywords: lipoprotein(a); cardiovascular disease; risk factors; prevention

1. Introduction

Lipoprotein(a) (Lp(a)) is a lipid-carrying particle composed of a low-density lipopro-
tein (LDL)-like particle containing apolipoproteinB-100 (apoB) linked by a disulfide bond
to apolipoprotein(a) (apo(a)). Apo(a) contains varying numbers of three-dimensional struc-
tures called kringles [1]. Lp(a) is primarily genetically determined through the LPA gene,
and variants in the LPA gene are associated with cardiovascular disease [2,3]. Elevated
Lp(a) is highly prevalent, occurring at levels >30 mg/dL in an estimated 35% of individuals
and at levels >50 mg/dL in 24% of individuals [4]. Smaller isoforms of apo(a) are associated
with higher Lp(a) levels. Importantly, the apo(a) isoform size and Lp(a) levels vary by
ethnicity [5].

The normal physiological function of Lp(a) is unknown [1]. However, Lp(a) is asso-
ciated with increased risk for several cardiovascular diseases (CVD), including coronary
artery disease (CAD)/atherosclerotic cardiovascular disease (ASCVD) [2], aortic steno-
sis/calcific aortic valve disease (AS/CAVD) [6], ischemic stroke [7,8], heart failure [9], atrial
fibrillation [10], and peripheral arterial disease [11]. Lp(a) is associated with risk for CAD
through multiple mechanisms (Figure 1) including atherogenesis mediated by apoB [12],
vascular inflammation mediated by its carriage of oxidized phospholipids (OxPL) [13-16],
and anti-fibrinolytic effects that may be related to the homology of apo(a) with plasmino-
gen [17]. Lp(a) is associated with risk for AS/CAVD through the pro-inflammatory and
pro-calcification effects of OxPL that are likely able to enter the aortic valve through binding
by apo(a). Lipoprotein-associated phospholipase A, (Lp-PLA;) and autotaxin, enzymes
present on Lp(a), are also likely involved in the pathogenesis of AS/CAVD [18]. This review
will summarize the evidence for Lp(a) as a causal risk factor for ASCVD, as well as current
and emerging therapies for elevated Lp(a).

International society guidelines differ in their recommendations for Lp(a) testing;
however, multiple international societies recommend testing in all individuals. The 2019
American College of Cardiology (ACC)/American Heart Association (AHA) Primary
Prevention Guideline [19] and the 2018 Multi-Society Cholesterol Guideline [20] both
recommend using Lp(a) as a risk enhancer to guide therapy among borderline and interme-
diate risk individuals, particularly among individuals with a family history of premature
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CVD. The European Society of Cardiology (ESC)/European Atherosclerosis Society (EAS)
dyslipidemia guideline recommends measurement of Lp(a) once in every adult’s life-
time [21]. Similarly, the Canadian Cardiovascular Society (CCS) dyslipidemia guideline
recommends testing once for all individuals and use of Lp(a) as a risk modifier [22]. There
is a need for standardization of Lp(a) measurement as there are multiple different assays
and methods available [23]. Lp(a) measurement using an isoform-insensitive assay that is
reported in nanomoles per liter (nmol/L) is recommended [24]. A recent study described
a novel method for directly measuring Lp(a) cholesterol (Lp(a)-C) which also enables
correction of LDL-cholesterol (LDL-C) as standard methods for measuring LDL-C also
include Lp(a)-C [25].

Atherogenesis &
Vascular Inflammation

Inflammation of
arterial wall

Smooth muscle cell
Foam cell formation proliferation
Necrotic core
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Lp(a)

Damaged aortic
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Figure 1. Mechanisms of cardiovascular risk related to Lp(a). Lipoprotein(a) and its individual
components are associated with cardiovascular disease through multiple overlapping mechanisms.
Lp(a) is composed of apolipoproteinB100 (apoB100) and apolipoprotein(a) (apo(a)), both of which
contain oxidized phospholipids (OxPL). The apoB100 contributes to atherogenesis through similar
mechanisms as low-density lipoprotein (LDL), including vessel wall binding, smooth muscle cell pro-
liferation, foam cell formation and necrotic core formation. OxPL contribute to vascular inflammation
through increased transmigration and cytokine production by monocytes as well as upregulation of
inflammatory genes. Lp(a) contributes to aortic valve calcification as apo(a) binds to fibrin on injured
aortic endothelium, and OxPL promote calcification and bone formation via vascular interstitial cells
and upregulation of reactive oxygen species and proinflammatory cytokines in macrophages. Finally,
apo(a) contributes to thrombosis by inhibiting fibrinolysis through competitive inhibition of tissue
plasminogen activator (tPA) activation of plasminogen to plasmin and plasminogen binding to fibrin
as well as promoting increased platelet activity.
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2. Lipoprotein(a) and Risk for Atherosclerotic Cardiovascular Disease

Lp(a) is well established as a likely causal risk factor for ASCVD based on epidemio-
logic and genetic studies (Table 1).

Table 1. Key studies of Lp(a) as a risk factor for ASCVD.

Meta-Analyses

Author Year Key Findings

The Emerging Lp(a) associated with

Risk Factors 2009 CHD (RR per SD 1.13, 95% CI 1.09-1.18)
Collaboration [26] Ischemic stroke (RR per SD 1.10, 95% CI 1.02-1.18)

O’donoghue, et al. [27]

Lp(a) associated with MACE in population with CAD:

2014 Highest quintile: OR 1.40, 95% CI 1.15-1.71

Willeit, et al. [28]

Lp(a) associated linearly with CVD at baseline and on-statin therapy in statin outcomes trials
On statins:
2018 Lp(a) 15-30 mg/dL: HR 0.95 (95% CI 0.82-1.11)
Lp(a) 30-50 mg/dL: HR 1.08 (95% CI 0.95-1.23)
Lp(a) >50 mg/dL: HR 1.42 (95% CI 1.16-1.74)

Epidemiologic Studies
Author

Year Key Findings

Bennet, et al. [29]

2008 Top tertile of Lp(a) associated with CHD with OR 1.60 (95% CI 1.38-1.85)

Kamstrup, et al. [30]

Lp(a) associated with risk for MI in men and women:
2008 Women > 95th percentile: HR 3.6 (95% CI 1.7-7.7)
Men > 95th percentile: HR 3.7 (1.7-8.0)

Virani, et al. [31]

Highest quintile of Lp(a) associated with incident CVD risk in:
2012 Black individuals (HR 1.35, 95% CI 1.06-1.74)
White individuals (HR 1.27, 95% CI 1.10-1.47)

Paré, et al. [32]

Lp(a) > 50 mg/dL associated with increased risk of MI (OR 1.48, 95% CI 1.32-1.67) overall

2019 and in all ethnic groups studied except African and Arab individuals

Jin, et al. [33]

Lp(a) > 50 mg/dL associated with increased risk of CVD in:
2019 Pre-diabetes (HR 2.67, 95% CI 1.38-5.42)
Diabetes (HR 3.47, 95% CI 1.80-6.69)

Patel, et al. [34]

Lp(a) associated with increased ASCVD risk with HR 1.11 (95% CI 1.10-1.12) per 50 nmol/L
2021 increment
Consistent results seen in White, South Asian, and Black individuals

Genetic Studies
Author

Year Key Findings

Clarke, et al. [2]

LPA locus had strongest association with coronary disease in large study of candidate SNPs
2009 LPA SNP rs10455872 OR 1.70 (95% CI 1.49-1.95) for coronary disease
LPA SNP rs3798220 OR 1.92 (95% CI 1.48-2.49) for coronary disease

Kamstrup, et al. [35]

Higher levels of Lp(a) and lower number of kringle IV repeats associated with greater MI risk:
2009 >95th percentile of Lp(a): HR 2.6 (95% CI 1.6-4.1)
1st quartile of KIV-2 repeats: HR 1.5 (95% CI 1.2-1.9)

CARDIoGRAMplusC4D
Consortium [3]

2013 LPA SNP rs3798220 associated with CAD: OR 1.28 (p < 0.001)

Addition of Lp(a) levels, KIV-2 repeats and carrier status for LPA SNP rs10455872 to

Kamstrup, etal. [36] 2013 traditional risk factors all improved risk prediction for MI and CHD

Kyriakou, et al. [37] 2014 A null fﬂlele (LPA SNP rs41272114) was associated with decreased Lp(a) levels and decreased
CAD risk

Lim, et al. [38] 2014 Splice variants of Lp(a) associated with reduced Lp(a) levels and protection against CVD (OR
0.84, p < 0.001)

Lee, et al. [5] 2016 Lp(a) levels and SNPs vary by ethnicity. The addition of SNPs to Lp(a) levels did not appear

to be clinically meaningful.

Salaheen, et al. [39]

2017 OR per 1-SD increment of Lp(a) for MI 1.10 (95% CI 1.05-1.14)

CAD = coronary artery disease, CHD = coronary heart disease, CVD = cardiovascular disease, KIV = kringle 4,
MACE = major adverse cardiovascular events, MI = myocardial infarction, SNP = single nucleotide polymorphism.
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2.1. Epidemiologic Studies of Lp(a) and Risk for ASCVD

Multiple prospective and epidemiologic studies including different populations have
demonstrated an association between Lp(a) and various ASCVD outcomes. In a study of
individuals with myocardial infarction (MI)/coronary heart disease (CHD) and controls
from the Reykjavik Study, the top tertile of Lp(a) was independently associated with CHD
risk (OR 1.60, 95% CI 1.38-1.85) [29]. In a large meta-analysis published in 2009, the
Emerging Risk Factors Collaboration evaluated over 30 prospective studies including over
120,000 participants and demonstrated an association between higher Lp(a) levels and
CHD and ischemic stroke [26]. A meta-analysis of 11 studies of individuals with CVD
demonstrated an association between Lp(a) and CVD risk (highest quintile of Lp(a) OR
1.40,95% CI 1.15-1.71) [27].

The association between Lp(a) and ASCVD risk has been shown across several different
populations. In the Copenhagen City Heart Study (CCHS), Lp(a) was associated with MI
in both men and women in a stepwise manner. In women, the 95th percentile of Lp(a) was
associated with an HR of 3.6 (95% CI 1.7-7.7); in men, it was associated with an HR of
3.7 (95% CI1 1.7-8.0) [30]. In Black and White participants from the Atherosclerosis Risk in
Communities (ARIC) Study, Lp(a) levels were positively associated with CVD (coronary
heart disease and ischemic stroke) events in a graded manner [31]. In a more recent study
of seven ethnic groups, Lp(a) >50 mg/dL was associated with risk for myocardial infarction
(overall OR 1.48, 95% CI 1.32-1.67). Again, a graded association between Lp(a) levels
and outcomes was seen. Elevated Lp(a) was associated with increased risk in Chinese,
European, Latin American, South Asian, and Southeast Asian individuals, but not in
African or Arab individuals. The greatest population-attributable risk was noted in those
of South Asian and Latin American descent [32]. In a very large recent study, however, the
association between Lp(a) and CVD events was similar in White, South Asian and Black
individuals, despite marked differences in median levels within these ethnic groups [34].
Lp(a) > 50 mg/dL is also associated with increased risk for MI, stroke, and cardiovascular
mortality in those with diabetes mellitus as well as pre-diabetes, with a graded association
noted from Lp(a) 30-50 mg/dL and Lp(a) >50 mg/dL [33]. In a meta-analysis of statin
outcome trials using individual patient level data from over 29,000 participants, Lp(a)
was associated linearly with risk for CVD at baseline and on statin therapy [28]. Key
features of these epidemiologic studies are the graded association between Lp(a) and
events, suggestive of a true biological phenomenon, and the relative consistency across
groups, including diverse racial/ethnic groups.

2.2. Genetic Studies of Lp(a) and Risk for ASCVD

Genetic studies have been critical in establishing Lp(a) as a likely causal risk factor
for ASCVD with a robust evidence base. In a large genetic study of over 48,000 single-
nucleotide polymorphisms (SNPs) from 2100 genes in over 3000 participants with coronary
disease and over 3000 controls, the region of the LPA gene had the strongest association
with coronary disease. In particular, the rs10455872 and rs3798220 SNPs were identified and
both were associated with increased Lp(a) levels and with positive odds ratios for CAD of
1.70 (95% CI 1.49-1.95) and 1.92 (95% CI 1.48-2.49), respectively [2]. In another study, both
plasma Lp(a) levels and Lp(a) kringle IV type 2 (KIV-2) size polymorphism genotype were
associated with risk for MI [35]. In a genome wide association study (GWAS) of CAD in
>60,000 CAD cases and >130,000 controls, the LPA SNP rs3798220 was again associated with
CAD with an OR of 1.28 (p < 0.001) [3]. A prospective study of >8000 Danish individuals
demonstrated that the addition of Lp(a) levels >goth percentile, number of KIV-2 repeats,
and carrier status for the LPA SNP rs10455872 improved MI and coronary heart disease
(CHD) risk prediction in addition to traditional risk factors [36]. In a case-control study
of individuals with CAD, an LPA null allele (rs41272114) was evaluated. The null allele
was associated with decreased Lp(a) levels, as well as decreased CAD risk, compared
to noncarriers [37]. Another study demonstrated that splice variants in LPA, associated
with reduced Lp(a) levels, were protective against cardiovascular disease [38]. LPA SNPs
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have also been shown to vary by ethnicity [5]. A recent Mendelian randomization study
observed an OR per 1-SD increment in Lp(a) of 1.10 (95% CI 1.05-1.14) for MI [39].

The risk associated with Lp(a) has also been evaluated recently in the context of other
risk factors. Lp(a) is independently associated with CVD even when accounting for family
history of CHD [40]. The use of apolipoproteinB100 (apoB) as a risk marker has been
a source of considerable interest recently. In one study, the risk associated with Lp(a)
persisted when adjusting for apoB, while the risk associated with LDL-C was attenuated.
These results suggest that apoB does not sufficiently encompass Lp(a)-associated risk [41].
Finally, one study evaluated CVD risk associated with Lp(a) stratified by high-sensitivity
C-reactive protein (hsCRP), given the inflammatory risk associated with Lp(a). In this
study, the independent risk associated with Lp(a) was only present with elevated hsCRP
levels; however, this requires further study [42].

Lp(a) has been identified as a risk factor for ASCVD in many epidemiologic studies,
often in a dose-dependent fashion, suggesting a pathophysiologic mechanism. Genetic stud-
ies have strengthened the evidence for Lp(a) as a causal risk factor, particularly Mendelian
randomization studies that reduce confounding.

3. Lipoprotein(a) and Risk for Aortic Stenosis/Calcific Aortic Valve Disease

The other disease with which Lp(a) is most often associated is aortic stenosis (AS),
or calcific aortic valve disease (CAVD). A number of epidemiologic and genetic studies
support the association between Lp(a) and aortic valve calcification, AS, and progression
of AS (Table 2).

Table 2. Key studies of Lp(a) as a risk factor for calcific aortic valve disease.

Author Year Key Findings
Lp(a) and AV Sclerosis

Greater prevalence of aortic valve sclerosis in individuals with Lp(a) > 30 mg/dL (36.1%)

Gotoh, etal. [43] 1995 compared with <30 mg/dL (12.7%, p < 0.001)
Lp(a) associated with increased risk for aortic valve stenosis or sclerosis
Stewart, et al. [44] 1997 (OR 1.23,95% CI1.14, 1.32)
Torzewski, et al. [45] 2017 Lp(a) and associated molecules including OxPL detected in AV leaflets of individuals with

calcific AS

Lp(a) and AV Calcification
Bozbas, et al. [46] 2007 Lp(a) independently associated with AVC (OR 1.01, 95% CI 1.00-1.03)
Vongpromek, et al. [47] 2015 OR per 10 mg/dL increase in Lp(a) 1.11 (95% CI 1.01-1.20) for AVC by CT

Lp(a) transports autotaxin to the AV which contributes to inflammation and calcification of

Bouchareb, et al. [48] 2015 the valve
Despres, et al. [49] 2019 In individuals without clinical AS, elevated Lp(a) associated with AV microcalcification by
PET/CT
Higher Lp(a) and OxPL levels associated with greater aortic valve calcification activity by
Zheng, et al. [50] 2019 PET/CT
Lp(a) induces osteogenic differentiation of vascular cells, mediated by OxPL
Lp(a) and AS
Glader, et al. [51] 2003 Lp(a) > 48 mg/dL associated with increased risk for AS (OR 3.4, 95% CI1.1-11.2)
Lp(a) associated with AS in a graded fashion:
Kamstrup, etal. [52] 2014 95th percentile of Lp(a) (>90 mg,/dL): OR 2.9 (95% CI 1.8-4.9)
Arsenault, et al. [53] 2014 Top tertile of Lp(a) associated with increased risk for AS: HR 1.57, 95% CI 1.02-2.42
Langsted, et al. [54] 2015 Each 1-SD increase in Lp(a) associated with HR 1.23 (95% CI 1.06-1.41) for AS
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Table 2. Cont.

Author

Year Key Findings

OxPL-apoB and AS

Kamstrup, et al. [55]

2017

Dose-dependent association between OxPL-apoB and CAVD
For >95th percentile of levels, OR 3.4 (95% CI 2.1-5.5)

Que, et al. [56]

2018 Inactivation of OXPL reduces development of AV calcification and AV gradient in mice

Lp(a), OxPL-apoB and AS Progression

Capoulade, et al. [57]

2015

Top tertile of Lp(a) (OR 2.6, 95% CI 1.4-5.0) and top tertile of OxPL-apoB (OR 2.4, 95% CI
1.2-4.6) associated with rapid AS progression

Capoulade, et al. [58]

Lp(a) (OR 1.10, 95% CI 1.03-1.19 per 10 mg/dL increase) and

2018 OxPL-apoB (OR 1.06, 95% CI 1.01-1.12 per 1 nM increase) levels linearly associated with

faster AS progression, especially in younger participants.

Zheng, et al. [50]

2019

Higher Lp(a) and OXPL levels associated with faster progression of AV calcium score by CT
and hemodynamic progression by echocardiography

Genetic Associations

Thanassoulis, et al. [6]

rs10455872 associated with AVC in GWAS (OR per allele 2.05, p < 0.001)

2013 LPA genotype associated with incident AS (HR per allele 1.68, 95% CI 1.32-2.15) and AV

replacement (HR 1.54, 95% CI 1.05-2.27)

Kamstrup, et al. [52]

2014

Genotypes corresponding with Lp(a) levels associated with increased risk of AS (HR 1.6, 95%
CI1.2-2.1 per 10-fold Lp(a) increase)

Arsenault, et al. [53]

Carriers of rs10455872 SNP have increased risk of AS:

2014 Heterozygous: HR 1.78, 95% CI 1.11-2.87

Homozygous: HR 4.83, 95% CI 1.77-13.20

Langsted, et al. [54]

2015

Causal risk ratio for AS based on LPA SNPs (rs3798220, rs10455872): 1.38 (95% CI 1.23-1.55)
Causal risk ratio for AS based on LPA KIV-2 genotype: 1.21 (95% CI 1.06-1.40)

AS = aortic stenosis, AV = aortic valve, AVC = aortic valve calcification, CT = computed tomography,
GWAS = genome-wide association study, KIV = kringle 4, OxPL = oxidized phospholipids,
OxPL-apoB = oxidized phospholipids on apolipoprotein B, SNP = single nucleotide polymorphism.

3.1. Epidemiologic, Imaging, and Mechanistic Studies of Lp(a) and Calcific Aortic Valve Disease

Lp(a) has been associated with aortic valve sclerosis for many years, raising suspicion
for Lp(a) as a cause of AS. In 1995, the prevalence of aortic valve sclerosis was observed to
increase in association with Lp(a) levels [43]. In the Cardiovascular Health Study (CHS),
Lp(a) was also associated with increased risk for aortic valve sclerosis or stenosis [44].
Importantly, Lp(a) and Lp(a)-associated molecules (e.g., OxPL) have been detected in the
AV leaflets of individuals with calcific AS [45].

Lp(a) has also consistently been associated with aortic valve calcification (AVC)
through imaging and basic studies, which may link Lp(a) and AS pathophysiologically. In
an echocardiographic study, Lp(a) levels were independently associated with AVC [46]. In
asymptomatic individuals with familial hypercholesterolemia, Lp(a) was significantly asso-
ciated with AVC by computed tomography (CT) [47]. In another study utilizing 18F-sodium
fluoride positron emission tomography (PET)/CT, elevated Lp(a) was associated with AV
microcalcification even before the development of clinical AS [49]. Another PET/CT study
similarly demonstrated that higher Lp(a) and OxPL levels were associated with increased
AV calcification activity [50]. Autotaxin, transported by Lp(a) to the aortic valve, also
promotes inflammation and calcification of the aortic valve [48].

In 2003, a study of individuals with severe AS and age-matched controls observed
an association between elevated Lp(a) (>48 mg/dL) and risk for AS [51]. In a very large
study of two prospective cohort studies, Lp(a) was significantly associated with AS in
a dose-dependent fashion [52]. In the European Prospective Investigation into Cancer
(EPIC)-Norfolk Study, the top tertile of Lp(a) levels was associated with increased risk for
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AS [53]. In another large study, each standard deviation increase in Lp(a) was associated
with an HR of 1.23 (95% CI 1.06-1.41) for AS [54].

Oxidized phospholipids, which are carried by Lp(a), are also implicated in AS, likely
due to their role in inflammation and calcification [57]. In addition to Lp(a), OxPL are
detected in the AV leaflets of individuals with calcific AS [45]. In a mouse model, inac-
tivation of OxPL resulted in decreased AV calcification and reduced the development of
AV gradients [56]. In humans, Lp(a) induces osteogenic differentiation of vascular cells,
which is mediated by OxPL and inhibited by inactivating OxPL, again providing a possible
mechanism for the link between Lp(a) and AS [50]. OxPL-apoB levels are also associated
with risk for calcific aortic valve disease in a dose-dependent manner [55].

Lp(a) is also associated with faster progression of AS, which may be particularly mean-
ingful clinically. In a study of individuals with mild-to-moderate AS in the ASTRONOMER
trial, individuals in the top tertile of Lp(a) levels and OxPL-apoB levels had greater risk
for rapid progression [57], and Lp(a) and OxPL-apoB levels were linearly associated with
faster progression [58]. Higher Lp(a) and OxPL levels are also associated with increased
progression of aortic valvular calcium score by CT and faster hemodynamic progression by
echocardiography, as well as greater risk for aortic valve replacement and death [50].

3.2. Genetic Studies of Lp(a) and Calcific Aortic Valve Disease

Genetic studies have again been critical for establishing Lp(a) as a likely causal risk
factor for AS and the only monogenic risk factor for AS. In a GWAS for AV calcification
by CT, the LPA SNP rs10455872 was identified as the only SNP to meet genomewide
significance. The LPA genotype was also associated with incident AS and the need for AV
replacement [6]. In a Mendelian randomization study, the rs10455872 variant was also
strongly associated with increased risk for AS with greater risk among homozygous carriers
than heterozygous [53]. In a study incorporating multiple SNPs, genotypes corresponding
with Lp(a) levels were associated with an increased risk for AS [52]. In another Mendelian
randomization study, the LPA SNPs rs3798220 and rs10455872 and the LPA KIV-2 genotype
were associated with AS [54].

In conclusion, a large body of evidence has established Lp(a) as a likely causal risk
factor for calcific aortic valve disease and AS. Lp(a) and OxPL are associated with aortic
valve calcification, even before the development of clinical AS, and are found in calcified
aortic valve leaflets. LPA gene variants are similarly associated with calcification. Clinically,
Lp(a), OXPL, and LPA variants are associated with the incidence of AS, in a dose-dependent
manner, as well as the risk for progression of AS.

4. Current Therapies and Lipoprotein(a)

While there are no medications specifically approved in the United States for risk asso-
ciated with elevated Lp(a), a number of currently available therapies have been evaluated
(Table 3). Statins are a cornerstone of therapy for prevention of cardiovascular disease.
However, statin therapy does not lower Lp(a) and may even increase it [59]. Of particu-
lar importance is that CVD risk associated with elevated Lp(a) persists in statin-treated
patients with an HR of 1.43 (95% CI 1.15-1.76) for Lp(a) > 50 mg/dL in statin-treated
patients compared with an HR of 1.31 (1.08-1.58) prior to statin initiation in statin clinical
trials [28]. Additionally, statins have not shown a benefit for reducing the progression of
AS [60], and this may be partially explained by their lack of effect on Lp(a). Thus, while
statins are an important therapy for primary and secondary prevention of CVD, they do not
address Lp(a) levels and Lp(a)-mediated risk. Ezetimibe has also been evaluated, resulting
in a 3% decrease in Lp(a) at 12 weeks [61] in one study and a 29% reduction at 12 weeks
in another [62]. However, these data are limited, particularly in regard to their impact
on outcomes.
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Table 3. Current and emerging therapies for Lp(a).

Current Therapies

Drug Target Mechanism Effect on Lp(a) CVD Outcomes
Lipid Lowering Therapy
. HMG-CoA Inhibit cholesterol Donotlower Lp(a) ~ Reduced ASCVD risk, but Lp(a)
Statins reductase production levels, may increase associated risk persists in statin
Lp(a) [59] treated individuals [28]
. . Reduces absorption of L1m1t.e d data
Ezetimi Nieman Pick . (possible 3-29% No known effect on
zetimibe . ) cholesterol in the small . - .
Cl-likel protein intestine decrease in Lp(a)-associated risk
Lp(a)) [61,62]
AIM-HIGH: 21%
Downregulates LPA reduction in Lp(a), AIM-HIGH trial: no effect on CVD
gene promotor and low absolute events [64].
Niacin Multifactorial reduces apoB and reduction [64] HPS2-THRIVE: no overall effect of
triglycerides, increases ~ HPS2-THRIVE: niacin on major vascular
HDL [63] low absolute events [65]
reduction [65]
Mipomersen apoB Anti-sense inhibitor of ~ Reduces Lp(a) by Unclear effect on CV outcomes.
apoB synthesis median 26% [66] Risk of liver toxicity
- M1crosomal .Inh}b.ltlon of MTP Reduces Lp(a) by Unclear effect on CV outcomes.
Lomitapide triglyceride transfer  inhibits transfer of 17% [61] Risk of liver toxicit
protein (MTP) lipids onto apoB ? ¥
Limited data, however, reduction
in Lp(a) associated with a
PCSKOi reduction in CVD events (15% per
(alirocumab, PCSK9 Inhibit degradation of ~ Reduce Lp(a) by 25 nmol/L in FOURIER, 0.6% per
evolocumab, LDL-receptor 19-27% [67-69] 1 mg/dL in ODYSSEY
inclisiran) OUTCOMES) [67,68], but may not
address inflammatory risk
associated with OxPL [70]
Immediate reduction 4, tion in Lp(a) and LDL-C
Removal of inLp (a? levels up to translates into significant
. . - - 75%, with 30-35% 5T S8 :
Lipoprotein apoB-containing apoB-containing time-averaged reduction in MACE events in
apheresis lipoproteins lipoproteins from & observational studies [72,73]

plasma

reduction when
performed every
1-2 weeks [71]

MultiSELECt is an ongoing
multicenter prospective study [74]

Anti-platelet therapy

In White women carriers of LPA
1rs3798220 SNP, aspirin associated

COX Reduces platelet with significant reduction in CVD
Aspirin (cyclooxygenase) aggregation through B risk (HR 0.44, 95% CI 0.20-0.94) in
P [7}5;] Y8 irreversible inhibition the Women'’s Health Study [75].
of thromboxane A; Similar results in the ASPREE trial
with the same SNP or high genetic
risk score [76].
In CAD patients with Lp(a) >30
mg/dL who underwent PCI,
Dual anti-platelet Multifactorial Multifactorial B DAPT >1 year resulted in a

therapy (DAPT)

significant reduction in CVD
events (HR 0.54, 95% CI 0.31-0.92)
compared with DAPT <1 year [77]
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Table 3. Cont.

Current Therapies

Other
Possibly through
Eoizzgnmeent increased Lp(a) uptake Reduction in Lp(a) of
thE ra - by LDL receptor or 7.9 nmol /L [79}]) No impact on CHD events
(estr Pyn) decreased Lp(a) ’
estroge production [78]

Unclear effect on CV outcomes

L-carnitine - z:if:lsfgd;etlifsd to fatty g;dnlid}(;lil;ég;]p(a) of L-carnitine associated with
-©mg increased CVD risk [81]
Emerging Therapies
Drug Target Mechanism Effect on Lp(a) Current stage in development
Phase I:
Dose-dependent, up
to —77.8% [82,83].
Ligand-conjugated
Antisense form: Phase III/cardiovascular outcomes
oligonucleotide (ASO),  dose-dependent, up trial underway (80 mg monthly
Pelacarsen apo(a) mRNA binds apo(a) mRNA, to —92% [83] subcutaneous injection vs.
targets for degradation =~ Phase II: placebo) (NCT04023552).
Ligand-conjugated
form:
dose-dependent, up
to —80% [84]
Small interfering RNA Phase I: Maximum
(siRNA), binds apo(a) mean percent change
Olpasiran apo(a) mRNA ’ in Lp(a) from Phase Il underway (NCT04270760)
mRNA, targets for . o
- baseline: —71% to
degradation

—97% [85]

SLN360 apo(a) mRNA

siRNA, binds apo(a)
mRNA and targets for
degradation

Phase I: Maximal
median percent
reduction in Lp(a),
dose-dependent, up

Phase II planned for 2022 [87]

to —98% [86]

apoB = apolipoprotein B, ASCVD = atherosclerotic cardiovascular disease, CAD = coronary artery disease,
CHD = coronary heart disease, CVD = cardiovascular disease, HDL = high-density lipoprotein, LDL = low-density
lipoprotein, mMRNA = messenger ribonucleic acid, PCSK9 = proprotein convertase subtilisin/kexin type 9.

Niacin has been shown to lower Lp(a) levels but without a clear impact on cardiovas-
cular outcomes. In the AIM-HIGH (Atherothrombosis Intervention in Metabolic Syndrome
with Low HDL/High Triglyceride and Impact on Global Health Outcomes) trial, partici-
pants with low baseline HDL-C and CVD were randomized to simvastatin plus placebo or
simvastatin plus niacin with ezetimibe if needed. Niacin reduced Lp(a) by 21% at 1 year,
but Lp(a)-associated risk remained with an on-study HR of 1.18 (p = 0.03) compared with a
baseline HR of 1.25 (p = 0.001) [64]. In the HPS2-THRIVE study (Heart Protection Study
2-Treatment of HDL to Reduce Incidence of Vascular Events), individuals with vascular
disease were randomized for extended release niacin and laropiprant (to reduce the side
effects of niacin) or placebo. There was no overall effect on vascular disease, but there
was a modest absolute reduction in Lp(a) [65]. It should be noted that in both studies, the
absolute reduction in Lp(a) was low, and the trials were not designed to assess the impact
of niacin on CVD risk in elevated Lp(a). Additionally, these trials highlight the potential
risks for significant side effects from niacin.

Lipoprotein apheresis, through multiple available techniques, is very effective at
lowering Lp(a) levels, with an acute reduction up to 75% and a reduction in mean concen-
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trations between sessions of up to 40% [71]. A retrospective study in the U.S. of 14 patients
with CVD and elevated Lp(a) (mean 138 mg/dL) with normal LDL-C (mean 80 mg/dL)
observed a reduction of 63% in Lp(a) and 64% in LDL-C with lipoprotein apheresis, trans-
lating into a 95% reduction in MACE over 48 months [72]. In Germany, a prospective
study of 170 patients with CVD and mean LDL-C 99 mg/dL and Lp(a) of 108 mg/dL
observed a reduction in Lp(a) of 68% with a single treatment, and a reduction in the MACE
annual event rate from 0.58 to 0.11 with regular lipoprotein apheresis [73]. These studies
demonstrate that lipoprotein apheresis is very effective in reducing Lp(a) levels, which
may translate into a reduction in CVD events, but data are limited. Lipoprotein apheresis is
currently the only FDA-approved therapy for elevated Lp(a), but further study is needed.
MultiSELECt (A European Multicenter Study on the Effect of Lipoprotein(a) Elimination
by Lipoprotein Apheresis on Cardiovascular outcomes) is an ongoing prospective cohort
study to evaluate the effect of lipoprotein apheresis on events in individuals with elevated
Lp(a) [74].

Proprotein convertase subtilisin/kexin type 9 inhibitors (PCSK9i) are one of the most
promising therapies currently available for addressing Lp(a)-associated risk. In an analysis
from the FOURIER (Further Cardiovascular Outcomes Research with PCSK9 Inhibition
in Subjects with Elevated Risk) trial, evolocumab reduced Lp(a) levels by a median of
27%. In those with Lp(a) above the median, there was a more potent reduction in events
with an absolute risk reduction of 2.5% compared to 1.0%. There was an estimated 15%
lower risk per 25 nmol /L reduction in Lp(a) with adjustment for the change in LDL-C [67].
In an analysis of the ODYSSEY Outcomes (Evaluation of Cardiovascular Outcomes Af-
ter an Acute Coronary Syndrome During Treatment with Alirocumab) trial, alirocumab
reduced Lp(a) by 23%, and a 1 mg/dL reduction in Lp(a) was associated with an HR of
0.994 (p = 0.008) [68]. Additionally, baseline Lp(a) levels predicted the risk reduction with
alirocumab with a greater reduction in risk with increasing quartile of Lp(a) [88]. PCSK9i
also significantly lower Lp(a) levels in addition to background niacin therapy [89]. Taken
together, these studies suggest that PCSK9i reduce Lp(a) levels modestly, and the reduction
in Lp(a) potentially translates into risk reduction independent of LDL-C reduction. A newer
PCSKO9i siRNA, inclisiran, was also shown to reduce Lp(a) by 19-22% in the ORION-10 and
ORION-11 trials, but these trials were not designed to evaluate the effects of inclisiran on
MACE [69]. Despite modest Lp(a) lowering, however, individuals treated with PCSK9i
have evidence of residual vascular inflammation [90]. A recent study demonstrated that
PCSKOYi did not lower OxPL, despite Lp(a)-lowering, which may partially explain this
residual inflammatory risk [70]. Recent society guidelines have incorporated the use of
PCSK9i into recommendations for management of individuals with elevated Lp(a). The Eu-
ropean Society of Cardiology (ESC)/European Atherosclerosis Society (EAS) dyslipidemia
guidelines recommend consideration of PCSK9i in individuals with familial hypercholes-
terolemia and high Lp(a) (class IIa) [21], while the Canadian Cardiovascular Society (CCS)
guidelines recommend consideration of PCSK9i for secondary prevention in individuals
with Lp(a) >60 mg/dL [22].

Multiple other therapies have been evaluated with regard to Lp(a), again with unclear
impact on outcomes. Mipomersen, an anti-sense oligonucleotide (ASO) apoB synthesis
inhibitor, resulted in a reduction in Lp(a) by a median of 26% in four phase 3 trials of indi-
viduals with various hypercholesterolemic conditions [66]. However, in transgenic mice,
free apo(a) levels were unaffected with mipomersen [91], and the impact of these findings
on outcomes is unclear. Lomitapide, an inhibitor of microsomal triglyceride transfer protein
(MTP) that transfers lipids to apoB, resulted in a 16% reduction in Lp(a) in one trial, but
the impact on clinical outcomes was not evaluated [61]. Mipomersen and lomitapide are
approved for individuals with homozygous familial hypercholesterolemia [92], but their
use is limited by potential liver toxicity.

Finally, non-lipid therapies have also been studied for addressing Lp(a)-associated risk.
Anti-platelet therapies have been evaluated for both primary and secondary prevention
given Lp(a)’s association with coagulation and platelet aggregation pathways. For primary
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prevention, aspirin was studied in a secondary analysis of the Women’s Health Study,
which randomized healthy women to aspirin 100 mg every other day vs. a placebo. In
over 25,000 White women who were genotyped, aspirin was associated with a dramatic
reduction in CVD events among carriers of the LPA rs3798220 SNP (which was associated
with 2-fold increased CVD risk in the placebo group) with an HR of 0.44 (95% CI 0.20-0.94).
Aspirin use was not associated with a reduction in risk among non-carriers [75]. However,
this SNP was only present in 3.7% of individuals, and the results are only generalizable
to White women. A recent analysis of White participants in the ASPREE (Aspirin in
Reducing Events in the Elderly) trial of aspirin for the primary prevention of CVD in
healthy elderly individuals demonstrated similar findings. Carriers of the rs3798220-C
variant or individuals with high genetic risk based on a genetic risk score had significantly
increased risk of MACE in the placebo group, but not in the aspirin group, again suggesting
that aspirin may benefit individuals with increased genetic risk associated with Lp(a) [76].
Further study is needed to evaluate the use of aspirin in association with plasma Lp(a)
levels and in a broader population with modern background therapy. In terms of secondary
prevention, a study of patients with CAD after PCI demonstrated that prolonged dual
anti-platelet therapy (DAPT) >1 year resulted in a significant reduction in CVD events (HR
0.54, 95% CI 0.31-0.92) compared with DAPT <1 year [77], again suggesting that there is a
role for specific considerations related to anti-platelet therapy in this population. Hormone
replacement therapy (HRT) has been a source of historical interest as it has previously
been shown to lower Lp(a) levels. However, in a recent study of post-menopausal women,
HRT resulted in a small reduction in Lp(a) levels, but did not result in a reduction in CHD
events [79]. L-carnitine has also been associated with a reduction in Lp(a) levels. In a
meta-analysis of randomized controlled trials, L-carnitine was associated with a mean
reduction in Lp(a) levels of 8.8 mg/dL (95% CI —10.1, —=7.6 mg/dL), particularly with the
oral formulation. However, the impact of this modest reduction on clinical events was not
evaluated [80]. In addition, L-carnitine is associated with accelerated atherosclerosis and
increased CVD risk [81].

Lifestyle interventions, while integral to general cardiovascular health, have not been
shown to have a significant impact on Lp(a). A thorough review of non-genetic influences
on Lp(a) levels was recently published [93]. In one study, intensive multifactorial lifestyle
intervention including diet, exercise, and smoking cessation did not result in a change in
Lp(a) levels. [94]. Several studies have observed changes in Lp(a) levels with various diets;
however, the changes are almost universally modest. Diet has been shown to modestly
influence Lp(a) levels. In general, Lp(a) levels do not vary significantly whether in a fasting
or nonfasting state [95]. The composition of macronutrients in diet does appear to influence
Lp(a) levels. A low carbohydrate diet resulted in a nearly 15% reduction in Lp(a) in one
study [96]. Low and moderate fat diets have also been shown to result in modest reductions
in Lp(a) [97]. Carbohydrate intake may have a greater influence on Lp(a) levels than fat
intake, as a low-fat, high-carbohydrate diet increased Lp(a) levels compared to a high-fat,
low-carbohydrate diet [98]. High-carbohydrate and high-protein diets increase Lp(a) more
than high unsaturated-fat diets, but all the absolute increases are small [99]. The type of
dietary fat also appears to be relevant. Reducing dietary saturated fat results in a small
increase in Lp(a) levels [100], and replacement of saturated fat with monounsaturated
fat intake results in an increase in Lp(a) levels (11%), but less so than replacement with
carbohydrates (20%) [101]. The data are not entirely consistent, as a Mediterranean-style
diet with increased monounsaturated fatty acids decreased trans-fat, increased protein,
and decreased carbohydrate intake from baseline resulted in a significant decrease in Lp(a)
levels; however, mean levels were not elevated to begin with [102]. In addition, alcohol
consumption does not appear to be associated with Lp(a) levels [103]. Finally, physical
activity does not appear to have a significant impact on Lp(a) levels [93].
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5. Emerging Therapies to Lower Lipoprotein(a)

Targeted therapies to lower lipoprotein(a) are currently under development, with
safety and efficacy being testing across phase I-III clinical trials (Table 3). Apo(a), as a key
component of Lp(a), is the target of RN A-based therapeutics currently in phase II-III trials.
The inhibition of apo(a) synthesis at the RNA level is a highly effective means of potently
lowering circulating levels of Lp(a). Two methods of inhibiting the apo(a) mRNA have been
Id: anti-sense oligonucleotides (ASO) and small-interfering RNA (siRNA). While different
in their mechanism of targeting the apo(a) mRNA and promoting its degradation, both ASO
and siRNA molecules are active in hepatocytes where their activity inhibits production of
the downstream apo(a) protein and thus assembly of Lp(a) particles. A comprehensive
review of the development and mechanism of these RNA-based therapeutics for Lp(a) was
recently published elsewhere [92]. Here, we will summarize the key findings with regard
to safety and efficacy of these emerging therapies.

Pelacarsen is an ASO targeting apo(a) administered by subcutaneous injection. The
molecule has changed over time, for example, with the addition of ligand conjugation
with N-acetylgalactosamine (GalNac), improving hepatocyte uptake, and allowing for
lower doses of the drug to be administered. In a phase I study of a shorter-acting (second-
generation) apo(a) ASO, 47 healthy volunteers with Lp(a) of at least 25 nmol/L were treated
with either single dose or multiple (six) doses of the study drug vs. placebo. A single
dose did not significantly lower Lp(a) at day 30, but a dose-response effect was observed
after multiple doses at 36 days, up to a 77.8% reduction in Lp(a) from baseline (p = 0.001).
Mild injection site reactions occurred [82]. This second-generation ASO was subsequently
studied in a phase II trial of participants with elevated Lp(a), while the next generation ASO
(ligand conjugated) entered phase I. The ligand-conjugated form demonstrated significant
dose-dependent reductions in Lp(a), at day 30 up to 92% (p = 0.0007 vs. placebo) [83].
The safety and efficacy of this ligand-conjugated form of the apo(a) ASO led to its further
development and testing in a phase II trial. In phase II, this hepatocyte-directed form of the
apo(a) ASO was studied in participants with a history of ASCVD and baseline Lp(a) of at
least 150 nmol/L. At 6 months, a dose-dependent reduction in Lp(a) was observed with up
to a 80% reduction for 20 mg administered weekly. Injection site reactions were the most
common adverse events [84]. The equivalent to this 20 mg/week formulation was chosen
for the phase III cardiovascular outcomes trial with pelacarsen, Lp(a) HORIZON, which is
currently underway and studying the impact of 80 mg/month of pelacarsen vs. placebo
on rates of recurrent ASCVD events in a secondary prevention population with baseline
elevated Lp(a) (NCT04023552).

Olpasiran is a GalNac-conjugated siRNA targeting apo(a) administered by subcu-
taneous injection. In a phase I, single-ascending-dose study of olpasiran vs. placebo in
participants with Lp(a) either > 70 and <199 nmol/L (n = 40) or >200 nmol/L (n = 24), the
maximum mean percent change in Lp(a) from baseline ranged from —71% to —97%. Of note,
the maximum reduction in Lp(a) was observed between days 43 and 71. While Lp(a) levels
gradually increased, they remained lower compared to the placebo group out to 225 days.
Olpasiran was well-tolerated [85]. A phase II clinical trial with olpasiran (OCEAN(a)-
DQOSE) is currently underway involving participants with Lp(a) > 150 nmol/L and history
of ASCVD (NCT04270760). Additional siRNA therapies targeting apo(a) mRNA are under
development. In a phase I clinical trial of SLN360 (an siRNA targeting apo(a) mRNA)
vs. placebo, participants with Lp(a) > 150 nmol/L were treated with single-ascending
doses administered by subcutaneous injection. The maximal median percent reduction in
Lp(a) was dose-dependent, up to —98%. The drug was generally well-tolerated; however,
injection site reactions were reported [86].

Other targeted therapies for Lp(a) are in the early stages of development, including
another siRNA, LY3819469, administered subcutaneously (NCT04914546). A phase I study
of LY3473329, an oral medication targeting Lp(a), is also underway (NCT04472676). Thus,
there is great interest in the continued development of compounds that can safely and
potently lower Lp(a).
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CASE 1

Description

Primary CVD Prevention
with Elevated Lp(a)

6. Conclusions and Future Directions

Lp(a) is now well-established as a risk factor for ASCVD and calcific aortic valve
disease. However, optimal management of individuals with elevated Lp(a) is not well-
established. Several currently available therapies have been evaluated for use in individuals
with elevated Lp(a). However, improvement in clinical outcomes has only been shown in
post hoc analyses from PCSK9i cardiovascular outcomes trials and in uncontrolled studies
involving lipoprotein apheresis. There may also be an expanded role for anti-platelet
therapy in both primary and secondary prevention in individuals with elevated Lp(a), but
more research is needed. Multiple promising therapies that produce potent Lp(a) lowering
are currently under investigation. Representative patient case scenarios are presented
(Figure 2) to summarize an approach to management based on currently available evidence
and guidelines. There are several areas in which future research is needed.

Secondary CVD Prevention
with Elevated Lp(a)

CASE 2

Description

A 45Y South Asian man with a family history of premature CVD, Lp(a) of 100
mg/dL (250 nmol/L), and no clinical ASCVD

Risk Assessment

* ASCVD risk assessment using ACC/AHA Pooled Cohort Equations, noting
limitations in South Asian individuals. Include Lp(a) >50 mg/dL as “risk
enhancer” in considering ASCVD risk

* Physical exam for evidence of atherosclerosis (e.g. carotid bruit) and aortic
stenosis (e.g. systolic murmur), noting limitations of physical exam for detection
of disease

« Consider coronary artery calcium (CAC) score for further

A 65Y Black woman with history of hypertension and coronary artery disease
with a non-ST elevation myocardial infarction treated with a drug eluting stent
to the proximal left anterior descending coronary artery 6 months ago. Current
LDL-C is 80 mg/dL, Lp(a) is 100 mg/dL (250 nmol/L)

Risk Assessment
* Very high risk by current guidelines

« Physical exam for evidence of atherosclerosis (e.g. carotid bruit) and aortic
stenosis (e.g. systolic murmur), noting limitations of physical exam for
detection of disease

* Echocardiography if aortic valve disease suspected

risk stratification

* Echocardiography if aortic valve disease suspected
* Recommend cascade Lp(a) testing of family members
Therapeutic Options

« Encourage heart-healthy diet patterns and physical activity
per current primary prevention guidelines

« Aggressive management of modifiable risk factors other
than Lp(a) (e.g. LDL-C, non-HDL-C, blood pressure,

glucose, obesity, tobacco use)

* Consider moderate to high-intensity statin therapy

« Limited data currently to guide decision-making around

low-dose daily aspirin

* Limited data available currently to guide decision-making around
PCSKYi. Consider if additional LDL-C lowering is indicated despite statin
therapy (+/- ezetimibe), or if evidence of severe CAC (e.g. total > 300

Agatston units)

* Lp(a)-targeted therapies (e.g. ASO, siRNA) may be available in the future

* Recommend cascade Lp(a) testing of family
members

Therapeutic Options
« Encourage heart-healthy diet patterns and
physical activity per current primary
prevention guidelines

« Aggressive management of modifiable

risk factors other than Lp(a) (e.g. LDL-C,
non-HDL-C, blood pressure, glucose, /
\ obesity, tobacco use)

* High-intensity statin therapy

(+/- ezetimibe, bempedoic acid, PCSK91)
for optimal LDL-C lowering, with
preference for PCSK9i

« Lipoprotein apheresis may also be considered in the setting of FH but data
are limited

« Lp(a)-targeted therapies (e.g. ASO, siRNA) may be available in the future,
particularly for secondary prevention

Figure 2. Patient cases: risk assessment and therapeutic options in the setting of elevated Lp(a). Two
Ppatient case scenarios are presented above, one for the primary prevention and one for secondary
prevention in the setting of elevated Lp(a), with discussion of risk assessment and therapeutic
options. For case 1 (primary prevention), the patient evaluation starts with risk assessment using
the ACC/AHA Pooled Cohort Equations [19]. Lp(a) >50 mg/dL is considered a risk enhancer and
would be an indication for more aggressive management of risk factors in an individual at borderline
or intermediate 10-year risk. A physical exam is important to evaluate for evidence of atherosclerosis
or aortic stenosis. If aortic valve disease is suspected, echocardiography would be indicated. CAC
scoring can be considered to further risk stratify [20,22]. Cascade Lp(a) testing may be recommended
for family members [104,105]. With regards to therapy, a healthy lifestyle should be recommended to
all patients [19,106]. In the setting of elevated Lp(a), other modifiable risk factors should be addressed,
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and moderate to high-intensity statin therapy should be considered. Low dose daily aspirin may be a
consideration, but there is currently limited data to guide this decision. Similarly, there is limited date
for PCSK9i, but they may considered, particularly if additional LDL-C lowering is needed despite
statin therapy, or there is evidence of severe CAC. Lp(a)-targeted therapies may be available as an
option in the future. For case 2 (secondary prevention), the patient is considered very high risk
by current guidelines [20]. Again, physical exam is important, and echocardiography is indicated
if there is suspicion for aortic valve disease. Cascade Lp(a) testing may also be recommended for
family members. Regarding therapy, a healthy lifestyle and management of other risk factors are
again recommended. High intensity statin therapy should be prescribed, with consideration of
PCSKOi if further LDL-C lowering needed [20,22]. Lipoprotein apheresis may be considered in the
setting of FH [107]. Lp(a)-targeted therapies may also be an option in the near future, particularly for
secondary prevention.

For secondary prevention of CVD, the biggest area of controversy is whether Lp(a)-
lowering translates to reduced risk of ASCVD events, and what degree of Lp(a)-lowering is
necessary to achieve this effect. Lp(a)HORIZON (NCT04023552) is currently underway and
will evaluate the effect of potent Lp(a)-lowering with pelacarsen in the setting of secondary
prevention. Another important question is whether prolonged dual anti-platelet therapy
after revascularization improves outcomes in individuals with high Lp(a).

For primary prevention, a number of open questions remain. If Lp(a)HORIZON
produces positive results, the natural extension may be a large, primary prevention trial
to again evaluate if Lp(a)-lowering, and to what degree, will prevent CVD in primary
prevention. The use of aspirin for primary prevention, again suggested to have benefit in
the Women'’s Health Study and ASPREE analyses, needs further evaluation. Another open
area of investigation is the performance of current risk stratification tools in the context of
elevated Lp(a), and whether Lp(a) should be incorporated into these tools.

Another potential area for investigation will be aortic stenosis and whether Lp(a)
lowering will prevent or halt the progression of aortic stenosis/CAVD. Finally, Lp(a) may
partially explain residual inflammatory ASCVD risk. Further studies may evaluate whether
targeting Lp(a)/OxPL reduces this inflammatory risk.
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Abstract: Multiple lines of evidence demonstrate that low-density lipoprotein-cholesterol causes
atherosclerotic cardiovascular disease. Thus, targeting and lowering low-density lipoprotein-cholesterol
is the principal strategy to reduce cardiovascular disease risk in primary and secondary prevention.
Statin therapy is the foundation of lipid-lowering treatment, but adherence rates are low, and many indi-
viduals do not attain target low-density lipoprotein-cholesterol values. Additionally, most statin-treated
patients are still at considerable atherosclerotic cardiovascular disease risk, emphasizing the need for
more aggressive low-density lipoprotein-cholesterol-lowering therapies. The purpose of this review is
to discuss new and emerging approaches to further lower low-density lipoprotein-cholesterol, includ-
ing inhibition of ATP-citrate lyase, proprotein convertase subtilisin-kexin type 9, angiopoietin-related
protein 3, and cholesteryl ester transfer protein.

Keywords: dyslipidemia; cardiovascular disease; prevention; treatment; risk factors

1. Introduction

For the past three decades, statin therapy has been the cornerstone for reducing
atherosclerotic cardiovascular disease (ASCVD) risk [1,2]. During this time, numerous
studies have demonstrated an indisputable causal role between low-density lipoprotein-
cholesterol (LDL-C) and ASCVD [2]. Thus, therapies that decrease cumulative lifetime
exposure to LDL-C have been efficacious in lowering ASCVD risk [2,3]. However, despite
the efficacy and cost-effectiveness of statin therapy, ASCVD remains the leading cause of
death globally [4-6]. Importantly, many of those on statin therapy continue to have residual
ASCVD risk and are unable to achieve target LDL-C goals [1].

More recently, newer non-statin lipid-lowering therapies have surfaced with high
efficacy in lowering LDL-C. The purpose of this review is to discuss mainstay LDL-C-
lowering treatments, as well as emerging therapies that show promise in further reducing
ASCVD risk (Table 1).
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Table 1. Current, new, and emerging LDL-C lowering therapies.

Drug

Target LDL-C Impact Clinical Use or Status

Statins [7,8]

(HMG)-CoA reductase ~50%

DM
Severe hypercholesterolemia
ASCVD
PCE > 7.5%

Ezetimibe [7]

Add-on to statin therapy for:
ASCVD and LDL-C > 70 mg/dL
Severe hypercholesterolemia and LDL-C > 100 mg/dL

NPC1L1 ~20%

Bempedoic acid [9-11]

Add-on therapy (FDA 2/2020):
ATP-citrate lyase ~20-25% ASCVD
Heterozygous familial hypercholesterolemia

Alirocumab and
Evolocumab [7]

Add-on to statin and ezetimibe therapy (FDA 7/2015):
ASCVD and LDL-C > 70 mg/dL
Severe hypercholesterolemia and LDL-C > 100 mg/dL

Plasma PCSK9 ~60%

Inclisiran [12,13]

Add-on therapy (FDA 12/2021):
PCSK9 mRNA ~50% ASCVD
Heterozygous familial hypercholesterolemia

MK-0616 [14-16] Plasma PCSK9 ~65% Phase 2 upcoming
AZD8233 [17] PCSK9 mRNA ~45-50% Non-human primate data
VERVE-101 [18] PCSK9 ~60% Non-human primate data
Evinacumab [19,20] ANGPTL3 ~50% Homo?yiifsn f;};ﬁflailz};lyh(}l:]?eﬁjfzu/)Izeosztlx)':cﬂemia
ANGPTL3-Lgx [21] ANGPTL3 mRNA ~50% Development Terminated
ARO-ANGS3 [22-25] ANGPTL3 mRNA ~50% Phase 2, actively recruiting
Evacetrapib [26] CETP ~40% Development Terminated
Anacetrapib [27] CETP ~40% Development Terminated
Obicetrapib [28,29] CETP ~45% Phase 3, actively recruiting

HMG-CoA = B-hydroxy B-methylglutaryl-coenzyme A, DM = diabetes mellitus; ASCVD = atherosclerotic
cardiovascular disease; PCE = pooled cohort equations; NPC1L1 = Niemann-Pick C1-Like 1; LDL-C = low-density
lipoprotein-cholesterol; PCSK9 = Proprotein convertase subtilisin-kexin type 9, ANGPTL3 = Angiopoietin-related
protein 3; CETP = Cholesteryl ester transfer protein.

2. Statins

Statins, originally derived from fungus, decrease LDL-C by inhibiting the rate-limiting
enzyme, 3-hydroxy 3-methylglutaryl-coenzyme A (HMG)-CoA reductase, in the choles-
terol synthesis pathway [30]. This results in increased expression of LDL receptors in
the liver and, therefore, higher uptake of LDL-C from circulation, driving down plasma
LDL-C [30]. Although discovered in the 1970s, it was not until 1987 when the first statin, lo-
vastatin, became commercially available [30,31]. In 1997, statins gained significant notoriety
as they were shown to decrease CVD risk (HR 0.70, 95% CI 0.58, 0.85) in the landmark Scan-
dinavian Simvastatin Survival Study [32]. Subsequently, several more statin compounds
have been commercialized, with different LDL-C-lowering efficacies [31].

Since their discovery, statins have been extensively studied in randomized clinical
trials and are the first-line therapy in primary and secondary prevention of ASCVD [1,7].
The most important evidence for statin efficacy comes from the 2010 meta-analyses of
26 randomized controlled trials from the Cholesterol Treatment Trialists” Collaboration that
included individual data from 169,138 participants, showing that a reduction in LDL-C by
approximately 39 mg/dL led to a 22% reduction in major vascular events over the span of
5 years, even when LDL-C was low [8]. Despite the efficacy and excellent side-effect profile,
where myopathy is expected to occur in 1 out of every 10,000 patient-years, adherence rates
are poor and many individuals on statin therapy develop ASCVD events [1,4,33]. Thus,
non-statin lipid-lowering therapies are under investigation and currently in use to reduce
residual risk in certain patient populations.
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3. Ezetimibe

Cholesterol homeostasis in the body is governed by the liver and intestine, of which
the latter is the target for ezetimibe, the most used non-statin lipid-lowering therapy [7,34].
Ezetimibe targets the Niemann-Pick C1-Like 1 (NPC1L1) transporter found in the jeju-
nal brush border, decreasing cholesterol absorption by 50% [1,33,35]. By doing so, less
cholesterol makes its way to the liver, resulting in increased expression of LDL receptors
and, therefore, reduced plasma LDL-C, by approximately 20% [1,4]. The most convincing
evidence of the cardiovascular benefit of adding ezetimibe to statin therapy comes from The
Improved Reduction of Outcomes: Vytorin Efficacy International Trial (IMPROVE-IT) [36].
Here, 18,144 patients at least 50 years of age with recent acute coronary syndrome were
randomly assigned to receive simvastatin 40 mg plus placebo daily (1 = 9077) or simvastatin
40 mg plus ezetimibe 10 mg daily (n = 9067) [36]. After 7 years of follow up, the group with
ezetimibe had decreased risk of the primary composite endpoint (HR 0.936, 95% CI 0.89,
0.99) and 24% lower LDL-C [36]. The decreased risk was notable early at approximately 1
year and seems to be driven predominately by reduced incidence of myocardial infarction
and stroke [36]. These findings were confirmed in a large meta-analysis of 21,727 individu-
als, where the authors found reduced risk of major cardiovascular events with the addition
of ezetimibe to statin therapy (HR 0.94, 95% CI 0.90, 0.98) [37]. It is worth mentioning that
the cardiovascular risk reduction was primarily in those with established ASCVD and there
was no benefit in fatal outcomes with the addition of ezetimibe [37].

These findings illustrate the cardiovascular benefit of LDL-C-lowering and how it is
not intrinsic to only statin therapy [1,36]. Based on this evidence, ezetimibe is recommended
as add-on therapy in secondary prevention for those who have an LDL-C > 70 mg/dL
while on the highest tolerated statin dose [7]. Additionally, ezetimibe can be added to
maximally tolerated statin therapy in those with severe primary hypercholesterolemia who
have an LDL-C > 100 mg/dL [7]. Although effective in reducing cardiovascular risk, the
added LDL-C lowering impact of ezetimibe is modest; thus, newer therapies to further
drive down plasma LDL-C and cardiovascular risk are needed [4,36].

4. Bempedoic Acid

The non-statin lipid lowering prodrug, 8-hydroxy-2,2,14,14-tetramethylpentadecanedioic
(bempedoic) acid, is metabolized in the liver and targets ATP-citrate lyase in the cholesterol
synthesis pathway, upstream from HMG-CoA reductase [1,4,10]. As a prodrug, bempedoic
acid requires enzymatic activation in the liver, minimizing off target effects, including skeletal
muscle, and thus, may be of value in those who experience myopathy symptoms associated
with statin use [1,4,10]. The safety and efficacy of bempedoic acid has been described in recent
phase 3 Cholesterol Lowering via Bempedoic acid, an ACL-Inhibiting Regimen (CLEAR)
trials [9,11,38,39].

Clear Serenity, a phase 3 trial, randomized 345 participants with statin intolerance
and an LDL-C > 130 mg/dL for primary prevention or an LDL-C > 100 mg/dL in those
with heterozygous familial hypercholesteremia or history of ASCVD, to receive bempe-
doic acid or placebo [39]. The study found that bempedoic acid was effective at reducing
LDL-C by 21.4% and caused less myalgias than the placebo group at 12 weeks [39]. Even
more pronounced LDL-C-lowering was seen in CLEAR Tranquility, which randomized
269 participants with an LDL-C > 100 mg/dL on ezetimibe therapy to bempedoic acid
versus placebo [38]. After 12 weeks, bempedoic acid was able to reduce LDL-C by 28.5%
with similar adverse events compared to placebo [38]. More long-term follow up was
completed in the CLEAR Harmony trial, where 2230 participants with a history of AS-
CVD and/or heterozygous familial hypercholesterolemia on maximally tolerated statin
therapy with an LDL-C > 70 mg/dL were randomized to bempedoic acid or placebo [11].
The bempedoic acid group had significantly lower LDL-C at 52 weeks, with the highest
LDL-C reduction, 18.1%, compared to placebo, occurring at 12 weeks [11]. Additionally,
adverse events in the bempedoic acid and placebo group were comparable at 52 weeks;
although, the bempedoic acid group had higher uric acid levels and gout events [11]. In a
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very similar designed randomized trial, CLEAR Wisdom, 779 participants with an initial
LDL-C > 100 mg/dL were included [9]. After 12 weeks, the bempedoic acid group had
an LDL-C reduction of 17.4% compared to the placebo that was largely sustained through
52 weeks [9]. A more recent randomized controlled trial investigated the use of a fixed-
dose combination of bempedoic acid and ezetimibe in 301 participants with elevated CVD
risk [40]. The group receiving the fixed-dose combination had an LDL-C reduction of
38.0% compared to the placebo at 12 weeks [40]. These trials indicate a promising role
for bempedoic acid; although, cardiovascular outcome data are not yet available, but are
currently being investigated in the fully recruited CLEAR Outcomes trial (ClinicalTrials.gov
Identified NCT02993406) [40]. In February 2020, the FDA approved bempedoic acid and
the fixed-dose combination with ezetimibe for use in those with a history of ASCVD or
heterozygous familial hypercholesterolemia who are on maximally tolerated lipid-lowering
therapy and in need of further LDL-C reduction [10].

5. Proprotein Convertase Subtilisin-Kexin Type 9 (PCSK9) Inhibition

Over the past 20 years, much has been learned about the PCSK9 pathway, stemming
from the breakthrough finding in 2003 where gain of function mutations in PCSK9 were
shown to be the third locus of familial hypercholesterolemia [41,42]. PCSK9 is a serine
protease secreted from hepatocytes into circulation and targets the extracellular surface of
the LDL receptor, signaling it for lysosomal degradation [41,43]. This destruction of the
LDL receptor results in decreased quantity of LDL receptors on the hepatic surface, and
thus, less LDL particle clearance [41,43]. Moreover, loss of function in PCSK9 is associated
with significantly lower LDL-C and cardioprotection, highlighting the potential of PCSK9
as a therapeutic target [41,43,44].

One of the methods for inhibiting PCSK9 is with fully human monoclonal antibodies,
of which alirocumab and evolocumab have been well studied in secondary prevention
trials, Evaluation of Cardiovascular Outcomes After an Acute Coronary Syndrome Dur-
ing Treatment with Alirocumab (ODYSSEY OUTCOMES) and Further Cardiovascular
Outcomes Research with PCSK9 Inhibition in Subjects with Elevated Risk (FOURIER),
respectively, capable of lowering LDL-C by approximately 60% [1,45,46]. In ODYSSEY
OUTCOMES, 18,924 individuals with recent acute coronary syndrome on maximally tol-
erated statin therapy were randomized to receive alirocumab versus placebo [45]. After
a median of 2.8 years, the investigators found decreased risk in the primary composite
outcome in the alirocumab group (HR 0.85, 95% CI 0.78, 0.93) [45]. A similar reduction in
cardiovascular risk was seen in FOURIER, which randomized 27,564 participants with a
history of ASCVD and elevated cardiovascular risk, on maximally tolerated statin therapy,
to evolocumab versus placebo [47]. After a median of 2.2 years, the group treated with
evolocumab had lower risk of the primary composite outcome (HR 0.85, 95% 0.79, 0.92) [47].
In both ODYSSEY OUTCOMES and FOURIER, therapy was well tolerated with no major
differences in adverse events between treatment versus placebo groups, despite dramatic
reductions in LDL-C [45,47]. These trial results highlight the LDL-C-lowering potential
and cardioprotective impact of alirocumab and evolocumab; however, these medications
are currently much more expensive than ezetimibe and statin therapy, at approximately
USD $6000 a year [45—47]. Thus, current recommendations are to use alirocumab and
evolocumab as add-on therapy to maximally tolerated statin and ezetimibe treatment,
when LDL-C is >70 mg/dL in secondary prevention or >100 mg/dL for those with severe
primary hypercholesterolemia [7].

Another method to target PCSK9 is with inclisiran, a small interfering RNA (siRNA)
therapy that inhibits translation of messenger-RNA (mRNA) [48,49]. Inclisiran has two
strands, each 21-23 nucleotides in length, that interacts with the RNA-induced silenc-
ing complex (RISC), which then binds with PCSK9 mRNA, preventing translation of
the PCSK9 protein [48,49]. During drug development, several chemical modifications
occur to increase the compound’s potency and duration of action [48,49]. Additionally,
N-acetylgalactosamine is added to the sense strand, targeting inclisiran to the liver, mini-
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mizing systemic adverse effects [48,49]. Although the half-life of inclisiran is only 9 h, the
guide strand and RISC remain active and capable of interacting with PCSK9 mRNA multi-
ple times, prolonging the clinical efficacy duration [48,49]. Much of the pharmacology and
efficacy surrounding inclisiran comes from the phase 1, 2, and 3 ORION clinical trials [50].

ORION-1 randomly assigned 501 participants with an LDL > 70 mg/dL and a history
of ASCVD or LDL-C > 100 mg/dL and no history of ASCVD to inclisiran versus placebo in
a multiple-ascending dose phase 2 trial [51]. The authors found a significant and sustained
reduction in LDL-C at 6 months in those who received one dose of inclisiran compared to
placebo (30-44%) [51]. This reduction was even higher in those who received two injections
of inclisiran, at day 1 and day 90, compared to placebo (37.3-54.4%), signifying a dose-
dependent response [51]. This profound and sustained reduction in LDL-C was also seen
in three phase 3 inclisiran trials, ORION-9, -10 and -11, all of which included patients with
elevated cardiovascular risk, with LDL-C not at the goal on maximally tolerated statin
therapy [52]. Additionally, the intervention group in all three trials received inclisiran
sodium (300 mg) at day 1, 90, and every six months thereafter [52,53]. In ORION-10 and
-11, at 510 days, LDL-C was 52.3% and 49.9% lower in the inclisiran group, respectively,
compared to placebo [52]. Although long term safety data are not available, the analysis
of the ORION-10 and -11 trials included data on a total of 2166 person-years, which
did not show significant differences in adverse events between inclisiran and placebo
groups [52]. Similar results were seen in ORION-9, which included 482 individuals with
heterozygous familial hypercholesterolemia [53]. After 510 days, the inclisiran group had
a reduction in LDL-C of 47.9%, with similar adverse events, compared to placebo [53].
In a recent meta-analysis of 3660 participants from ORION-9, -10, and -11, the authors
found that inclisiran reduces LDL-C by 51% and major adverse cardiac events by 24%;
however, these trials were not powered to assess clinical outcomes [12]. Fortunately,
several other inclisiran clinical trials are underway, with the ORION-4 trial assessing major
adverse cardiac event outcomes (ClinicalTrials.gov Identified NCT03705234) [50]. Based
on the available evidence, the FDA approved use of inclisiran in the United States on
22 December 2021 as additional lipid-lowering therapy for those with a history of ASCVD
or heterozygous familial hypercholesterolemia [13].

An emerging method of targeting PCSK?9 is with oral therapy, avoiding the need for
injections. MK-0616 is a macrocyclic peptide that was recently investigated in two phase
1 studies and found to lower LDL-C by 65%, with no significant adverse events [14,15].
Given these promising phase 1 results, there are plans for a phase 2 trial later this year [16].
Another oral therapy in development is a highly potent ASO, AZD8233, which was found
to reduce LDL-C by 45-50% in cynomolgus monkeys and was mostly well tolerated [17].

A permanent approach to gene silencing is underway with Clustered Regularly Inter-
spaced Short Palindromic Repeat (CRISPR) base editing of PCSK9 [18]. Recently, PCSK9
loss of function mutation was delivered via CRISPR adenine base editing therapy, VERVE-
101, to non-human primates, resulting in a 90% reduction in circulating PCSK9 and 60%
lowering of LDL-C [18]. This type of technology offers a paradigm shift in cholesterol man-
agement, omitting oral medications and frequent injections; however, long-term studies
will be needed to assess the safety of permanent silencing of PCSK9 and possible off target
effects [18].

6. Angiopoietin-Related Protein 3 (ANGPTL3)

ANGPTLS3 is a polypeptide hepatokine that inhibits lipoprotein lipase, an enzyme
involved in the hydrolysis of triglycerides that plays a key role in the metabolism of very-
low-density lipoprotein-cholesterol (VLDL-C) to LDL-C [54]. Additionally, ANGPTL3
inhibits endothelial lipase, a phospholipase pivotal to HDL-C metabolism [54]. There
has been significant interest in the role of ANGPTLS3 in the lipid metabolism pathway, as
individuals with loss of function of ANGPTL3 have hypobetalipoproteinemia, including
70% lower LDL-C levels [21]. While the mechanism of lowering LDL-C is not completely
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understood, it is thought that blocking ANGPTL3 increases the clearance of remnant
lipoproteins, preventing the formation of LDL-C [54].

One method of blocking ANGPTL3 is with evinacumab, a fully human monoclonal
antibody that was shown in a phase 1 study of 83 healthy volunteers to reduce LDL-C
by 23.2% [55]. In a phase 2 trial involving nine participants with homozygous familial
hypercholesterolemia with a mean LDL-C of 376 mg/dL, evinacumab was able to reduce
LDL-C by 49% after 1 month [56]. Similar results were seen in another phase 2 randomized
controlled trial of 272 participants with primary hypercholesterolemia on maximally toler-
ated lipid lowering therapy, where LDL-C was reduced by 56% and 50.5% by subcutaneous
and intravenous evinacumab at 16 weeks, respectively [57]. More recently, a phase 3 trial
randomized 65 patients with homozygous familial hypercholesterolemia on maximally
tolerated lipid lowering therapy with a mean LDL-C of 255.1 mg/dL to evinacumab versus
placebo [19]. The study found a decrease in LDL-C of 49% compared to placebo at 24 weeks
with no major differences in adverse events [19]. While safety data from these trials are
promising, long-term safety data of evinacumab are unknown, but will be addressed in
a fully recruited phase 3 trial (ClinicalTrials.gov Identified NCT03409744) [58]. In 2021,
the FDA approved evinacumab for individuals with homozygous familial hypercholes-
terolemia and at least 12 years of age [20].

ANGPTLS3 can also be targeted via gene-silencing mechanisms, including antisense
oligonucleotide (ASO) and siRNA techniques. Compared to siRNA therapies, such as
inclisiran, ASOs are single stranded and independently target mRNA, without interacting
with RISC [25]. In 2017, Graham et al. conducted a preclinical study and a phase 1 trial in
healthy participants of an ASO targeting ANGPTL3 mRNA, ANGPTL3-Lrx [21]. In the pre-
clinical study, the authors found lowering of LDL-C and triglycerides in all the mice treated
with ANGPTL3 ASO therapy, as well as reduced hepatic triglyceride content [21]. Similar
results were seen in the phase 1 trial, with maximal reductions in LDL-C, triglycerides, and
apolipoprotein B by 46.5%, 51.7%, and 36.7%, respectively, compared to placebo, with no
significant adverse events [21]. However, phase 2a and phase 2b trials had only modest
LDL-C reductions, despite using higher doses of ANGPTL3 ASO therapy; although, the
phase 2 study participants had lower baseline LDL-C values [21,59,60]. Additionally, in the
phase 2 studies, there were concerning increases in liver enzymes and hepatic fat content,
especially at higher doses, leading to its discontinuation in development [59-61].

The second approach to gene silencing ANGPTL3 is with ARO-ANG3, a siRNA-based
therapy. In a phase 1 trial, 12 healthy volunteers received ARO-ANG3 at day 1 and a repeat
dose at day 29 and had maximal reductions in LDL-C of 45-54% at around 5 weeks that
was largely sustained to 16 weeks [24]. Similar preliminary results were seen in 17 patients
with heterozygous familial hypercholesterolemia and an LDL-C > 130 mg/dL despite
maximally tolerated statin therapy, where after 16 weeks, LDL-C levels were reduced
23-37%, with no severe adverse events [62]. Further knowledge regarding ARO-ANG3 and
safety information will be obtained from actively recruiting phase 2 trials (ClinicalTrials.gov
Identified NCT05217667 and NCT04832971) [22,23].

7. Cholesteryl Ester Transfer Protein (CETP) Inhibitors

Observational studies have shown that loss of function of CETP is associated with
an increase in high-density lipoprotein-cholesterol (HDL-C) and decrease in LDL-C [63].
CETP is involved in transferring triglycerides from atherogenic lipoprotein particles to
HDL-C and cholesterol esters from HDL-C to atherogenic lipoproteins [63]. The original
CETP inhibitors predominantly increased HDL-C, with minimal impact on LDL-C, but
were terminated in development due to safety concerns and futility [63]. The newer CETP
inhibitors, anacetrapib and evacetrapib, have been shown to not only increase HDL-C, but
also decrease LDL-C [26]. In a phase 3 randomized control trial including 12,092 participants
with elevated ASCVD risk, evacetrapib was found to increase HDL-C by 134.8% and
decrease LDL-C by 37.1% compared to placebo [26]. Despite these favorable lipid profile
results, treatment with evacetrapib did not result in lower cardiovascular risk, which is
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surprising as the LDL-C reduction achieved was similar to that of moderate intensity statin
therapy [26]. A possible explanation for this negative result could be inadequate follow
up time to demonstrate a cardiovascular benefit, as participants were only followed for
slightly over 2 years [26]. Anacetrapib was also studied in a phase 3 trial that included
adults over the age of 50 years with a history of ASCVD and was shown to increase HDL-C
by 104% and reduce LDL-C by 41% compared to placebo [27]. Even more, after four years,
the group treated with anacetrapib was found to have reduced cardiovascular risk (HR 0.91,
95% CI 0.85, 0.97) compared to the placebo group [27]. Although there were no major safety
events, anacetrapib was found to persist in adipose tissue, providing concerns for prolonged
duration of action [27]. Given the negative phase 3 trial for evacetrapib and concerns for
drug accumulation in adipose tissue for anacetrapib, the development of both therapies has
been discontinued [64].

Obicetrapib is the newest member of the CETP inhibitor class of medications [63].
Compared to the older CETP inhibitors, obicetrapib was created as a tetrahydroquinoline
derivative, improving its oral absorption and potency [63]. In a phase 2 trial, 364 patients
were randomized to obicetrapib or placebo, and after 12 weeks, LDL-C values were reduced
by 26.6-44.5% compared to placebo [28]. Even more, combination therapy of obicetrapib
and atorvastatin 20 mg led to an additional reduction in LDL-C by 50.2% compared to ator-
vastatin alone [28]. Currently, there is an actively recruiting randomized controlled cardio-
vascular outcomes trial, PREVAIL, studying if 10 mg of obicetrapib in secondary prevention
lowers risk of major adverse cardiac events (ClinicalTrials.gov Identified NCT05202509) [29].

8. Discussion

An unmet need exists to appropriately lower LDL-C to reduce residual cardiovascular
risk in primary and secondary prevention for individuals on maximally tolerated statin
therapy who have not met LDL-C goals [1,2,4]. Despite the efficacy and safety of statin ther-
apy, adherence rates remain low in primary and secondary prevention, at approximately
37% and 64%, respectively, with many not able to achieve LDL-C targets [65]. Currently,
new therapies exist to lower residual cardiovascular risk in those with a history of AS-
CVD who have an LDL-C > 70 mg/dL or severe primary hypercholesterolemia with an
LDL-C > 100 mg/dL while on the maximally tolerate statin therapy [7].

Ezetimibe is recommended for this patient population as a first-line add-on therapy
given its low cost; although, its LDL-C lowering ability is modest at only 20% [1,4]. Thus,
further LDL-C-lowering may be needed, which can be achieved with alirocumab and
evolocumab; however, these monoclonal antibodies against PCSK9 are expensive and
require injections every two weeks, limiting widespread use [45—47]. Recently, the FDA
approved inclisiran, an siRNA therapy silencing PCSK9 expression capable of reducing
LDL-C by 51%, requiring only twice-yearly injections [12,13]. Another medication that can
be used in this population to lower residual risk is bempedoic acid, a prodrug targeting
ATP-citrate lyase in the cholesterol synthesis pathway [1,4,10]. While not as effective as
PCSKO9 inhibitors in lowering LDL-C, bempedoic acid is cost-effective and oral; even more,
the combination of bempedoic acid and ezetimibe lowers LDL-C by only a third less than
PCSKO9 inhibitors [40].

In addition to these new therapies to lower LDL-C, emerging therapies are underway
that show promise if they further reduce residual ASCVD risk [18,19,24,62]. One promis-
ing avenue is with oral therapy targeting plasma PCSK9, MK-0616, and PCSK9 mRNA,
AZD8233, capable of reducing LDL-C by 65% in a phase 1 study and 45-50% in cynomolgus
monkeys, respectively [14-17,66]. Another target is ANGPTL3, which can be inhibited
with fully human monoclonal antibodies or gene-silencing technology [19,24,62]. The
monoclonal antibody against ANGPTL3, evinacumab, has been shown to reduce LDL-C by
approximately 50% in individuals with homozygous familial hypercholesterolemia on max-
imally tolerated lipid-lowering therapy [19]. Additionally, ARO-ANGS3, an siRNA targeting
ANGPTLS3, also shows promise, although more data are needed, which will be obtained
in actively recruiting phase 2 trials [22,23]. Another emerging therapy is obicetrapib, the
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newest and most potent CETP inhibitor, shown to reduce LDL-C by 26.6-44.5% in a phase
2 study, with an actively recruiting cardiovascular outcomes trial underway [28]. Lastly,
CRISPR adenine base editing therapy causes permanent loss of function of PCSK9, which
has been shown to reduce LDL-C by 60% in non-human primates [18]. The advantages and
disadvantages of these new and emerging therapies that have been FDA approved are seen
in Table 2.

Table 2. Advantages and disadvantages of LDL-C-lowering therapies.

Drug Advantages Disadvantages
Excellent LDL-C lowering
Statins [7,8] Strong evidence reducing ASCVD risk Low adherence
Six of the seven statins are generic

Well tolerated

Ezetimibe [7] Moderate evidence in secondary prevention

Modest LDL-C lowering

Bempedoic acid [9-11] Well tolerated in those with statin associated side effects Modest LDL-C lowering
Alirocumab and Excellc‘efl\}letllfglfe-g tl:‘;«vermg Cost
Evolocumab [7] Strong evidence reducing ASCVD risk Injection

.. Excellent LDL-C lowering
Inclisiran [12,13] Durability (only 3 injections first year) No ASCVD outcome data
. Excellent LDL-C lowering Cost
Evinacumab [19,20] (Use in homozygous familial hypercholesterolemia) Injection

LDL-C = low-density lipoprotein-cholesterol; ASCVD = atherosclerotic cardiovascular disease.

In conclusion, there has been tremendous innovation regarding targets and drug
delivery techniques to lower LDL-C. Although statin therapy is the cornerstone to reducing
cardiovascular disease risk in primary and secondary prevention, several individuals
require additional LDL-C-lowering therapy. These new and emerging therapies show
promise in reducing residual cardiovascular disease risk.
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Abstract: Hypertriglyceridemia (HTG) is a prevalent medical condition in patients with cardiometabolic
risk factors and is associated with an increased risk of atherosclerotic cardiovascular disease (ASCVD),
if left undiagnosed and undertreated. Current guidelines identify HTG as a risk-enhancing factor
and, as a result, recommend clinical evaluation and lifestyle-based interventions to address potential
secondary causes of elevated triglyceride (TG) levels. For individuals with mild to moderate HTG at
risk of ASCVD, statin therapy alone or in combination with other lipid-lowering medications known
to decrease ASCVD risk are guideline-endorsed. In addition to lifestyle modifications, patients with
severe HTG at risk of acute pancreatitis may benefit from fibrates, mixed formulation omega-3 fatty
acids, and niacin; however, evidence does not support their use for ASCVD risk reduction in the
contemporary statin era. Novel therapeutics including those that target apoC-III and ANGPTL3 have
shown to be safe, well-tolerated, and effective for lowering TG levels. Given the growing burden
of cardiometabolic disease and risk factors, public health and health policy strategies are urgently
needed to enhance access to effective pharmacotherapies, affordable and nutritious food options, and
timely health care services.

Keywords: fibrates; lipids; lipoproteins; niacin; omega-3 fatty acids; statins; triglycerides

1. Introduction

Normal fasting triglyceride (TG) levels are defined as <150 mg/dL, while mild to
moderate hypertriglyceridemia (HTG) is defined as TG levels between 150 to 499 mg/dL
and severe HTG as TG levels of >500 mg/dL [1]. Mild to moderate HTG is common, with
roughly 25% of the U.S. population being affected, while severe HTG occurs in <1% of
the population (Table 1) [2—4]. Almost all individuals with HTG have a combination of
inherited and environmental causes, such as obesity, insulin resistance with or without
diabetes mellitus (DM), and fatty liver disease, that collectively contribute to its presence
and severity.

Observational and genetic studies have established HTG as an important contributor
to atherosclerotic cardiovascular disease (ASCVD) and acute pancreatitis (AP). For this
reason, there is a renewed focus on identifying and treating HTG both for primary and
secondary prevention. In this review, we discuss the physiology, etiology, and landscape
of current and emerging pharmacologic therapies for the treatment of HTG to reduce
ASCVD risk.
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Table 1. Classification of hypertriglyceridemia and risks associated with triglyceride ranges.

HTG Categories TG Levels (mg/dL) Lipoproteins Prevalence * Clinical Risks Treatment Approaches

Mild-to-Moderate 150-499 + VLDL, TRLs ~1:4-10 ASCVD : ;:;ilsrt‘zle/ behavioral
. Lifestyle /behavioral

Very low-fat diet
1 VLDL, ° /
Severe >500 1 chylomicrons, or ~1:10,000 ASCVD + 1'\§ute ° Statins .
both Pancreatitis . Omega-3 fatty acids

° Fibrates
. Niacin

Abbreviations: ASCVD, atherosclerotic cardiovascular disease; HTG, hypertriglyceridemia; TG, triglyceride; TRL,
triglyceride-rich lipoproteins; VLDL-C, very low-density lipoprotein cholesterol. * Estimated prevalence based on
all individuals with TG levels >150 mg/dL. Note: 1 indicates increased levels of lipoproteins.

2. Overview of Triglyceride Metabolism

TG has important physiological roles, serving as a fuel source for energy production
in skeletal and cardiac muscle and facilitating the storage of excess energy in adipose
tissue [5]. TG is trafficked throughout the body in apolipoprotein B (apoB)-containing
particles called triglyceride rich lipoproteins (TRL), which carry TG as their principal cargo.
TRL have a three-stage lifecycle, consisting of: (1) the production by the liver or intestines,
(2) metabolism in the circulation, and (3) clearance by the liver (Figure 1) [6].
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Figure 1. Transport and metabolism of triglyceride-rich lipoproteins. TRL synthesis occurs in both
the intestine and the liver. In the intestine, dietary lipids are packaged into chylomicrons (apoB48),
and in the liver cholesterol and triglycerides, they are packaged into VLDL (apoB100). Lipoprotein
lipase (LPL) releases the TG from TRL by catalyzing the hydrolysis of TG to free fatty acids (FFA).
FFA cross the endothelium for oxidation or storage in the underlying tissue. Successive rounds of
this process yield denser, triglyceride depleted particles. These particles are taken up by specialized
receptors on the surface on hepatocytes, allowing the recycling of their lipid and protein contents.
Inset: Several factors inhibit LPL activity, including APOC3 and ANGPTL3, which are novel targets
for TG-lowering therapy. Insulin resistance (IR) likewise reduces LPL activity through pleiotropic
mechanisms. Genetic variants in LPL or other factors required for its synthesis and functioning also
modulate LPL activity. Created with biorender.com (accessed on 26 December 2022). Abbreviations:
CM, chylomicron; FFA, free fatty acids; IDL, intermediate-density lipoprotein; LDL, low-density
lipoprotein; LDLR, low-density lipoprotein receptor; LDL, lipoprotein lipase; TG, triglyceride; TRL,
triglyceride-rich lipoprotein; VLDL, very low-density lipoprotein.
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In the intestine, dietary lipids are packaged into ApoB48-containing chylomicrons.
In the liver, hepatic cholesterol and triglycerides are packaged into ApoB100-containing
very low-density lipoproteins (VLDL). Several sources contribute to the hepatic lipid pool,
including dietary nutrients (i.e., protein/carbohydrates which are converted to lipids by de
novo lipogenesis), circulating free fatty acids, and lipoprotein breakdown.

In the circulation, the enzyme lipoprotein lipase (LPL) releases the TG from TRL by
catalyzing the hydrolysis of TG to free fatty acids (FFA). FFA then cross the endothelium
for oxidation in skeletal and cardiac muscle or for storage in adipose tissue. Successive
rounds of metabolism by LPL yield increasingly dense, more cholesterol rich, and less
triglyceride rich particles, termed remnant lipoproteins [7]. Specifically, chylomicrons are
metabolized to chylomicron remnants and VLDL are metabolized to VLDL remnants, then
intermediate-density lipoproteins (IDL), and eventually low-density lipoproteins (LDL). It
is important to note that the term TRL applies to all the aforementioned particles with the
exception of LDL. The term “remnant lipoprotein” applies to all partially metabolized TRL.

In the final stage of their lifecycle, particles are taken up by specialized receptors on
the surface on hepatocytes, notably the LDL-receptor (LDL-R) and LDL-related receptor
1 (LRP1) among others, which facilitate the recycling of TRL lipid and protein contents.
Steady-state TG levels and the abundance of TRL in the circulation are determined by the
relative rates of TRL production, metabolism, and clearance. Accordingly, factors which
increase production or reduce the clearance of TRL can lead to HTG [8].

3. Hypertriglyceridemia and ASCVD Risk

HTG promotes atherosclerosis through several mechanisms. First, HTG reflects el-
evated TRL concentrations in the circulation and TRL, as with other apoB-containing
lipoproteins, are directly atherogenic. In fact, research indicates that nearly all apoB-
containing lipoproteins (i.e., those that are small enough to cross the endothelium, with
a ~70 nm diameter or less) are approximately equal in atherogenicity on a per particle
basis [9]. Second, high plasma TG concentrations promote several characteristic alter-
ations in the circulating lipoprotein profile that are associated with increased atherogenesis.
HTG stimulates the activity of cholesteryl ester transfer protein (CETP), which remodels
lipoproteins by exchanging TG for cholesterol esters (CE) between TG-rich and TG-poor
lipoproteins. This process directly leads to the cholesterol depletion of LDL and high-
density lipoprotein (HDL) particles, reducing their particle size and cholesterol content [10].
The resulting small-dense LDL particles are more atherogenic than may be expected from
their cholesterol content alone, since there are many molecules of apoB for each unit of
cholesterol [9]. Additionally, small cholesterol-depleted HDL particles are more rapidly
cleared by the kidneys, further reducing HDL-C and resulting in fewer HDL particles.
Overall, in individuals with HTG, although LDL-C cholesterol levels may be normal, non-
HDL-C (atherogenic cholesterol) and apoB (number of atherogenic particles) levels tend to
be higher, reflecting increased atherogenic risk [11].

Multiple lines of evidence indicate that elevated TRL levels (defined as elevated TG
or elevated remnant cholesterol) are associated with ASCVD risk in both primary and
secondary prevention, even among statin-treated patients [12,13]. In a recent retrospective
study, both primary and secondary prevention participants receiving statin therapy with
TG levels of >150 mg/dL had a lower adjusted risk of death, but a significantly higher
risk of major adverse cardiovascular events (MACE) [14]. Fan and colleagues estimated
the occurrence of nearly 3.5 million ASCVD events in the next 10 years among individuals
with TG levels of >150 mg/dL [2] and Mendelian randomization studies have provided
causal evidence for the role of TG-mediated pathways in coronary heart disease (CHD)
incidence [15-17].

The atherosclerotic risk associated with TRL is related to the concentration of these
atherogenic apoB-containing particles and enhanced by their TG content. Especially in cases
of HTG, calculated LDL-C levels may underestimate an individual’s ASCVD risk when
there is significant discordance between LDL-C and apoB or non-HDL-C. Consistent with
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this, non-HDL-C and apoB levels reflect the full risk due to atherogenic lipoproteins better
than LDL-C in observational and interventional clinical trials [18]. Therefore, these authors
favor using apoB (or non-HDL-C, if not available) levels to estimate the atherogenic risk
due in individual patients. However, since national guidelines promote the use of LDL-C
as the primary risk assessment and treatment metric, the best methods to calculate LDL-C
should be favored. In conventional lipid panels, reported LDL-C levels are calculated
from directly measured total cholesterol, HDL-C, and TG levels using the Friedewald
formula, which is less accurate when TG levels are high. The Martin-Hopkins table and
the Sampson-NIH formula both outperform the traditional Friedewald method and are
now preferred up to TG levels of 400 mg/dL [19,20].

Current guidelines for patients with mild to moderate HTG focus on lifestyle mod-
ifications and a consideration of statin therapy based on an individual’s cardiovascular
risk [21]. For high-risk adult patients with established ASCVD or DM on a maximally
tolerated statin whose TG remains elevated, icosapent ethyl omega-3 fatty acids dosed at
4 g a day has been shown to reduce cardiovascular events and should be considered [22].

4. Hypertriglyceridemia and Acute Pancreatitis

In addition to the increased ASCVD risk associated with mild to moderately elevated
TG levels, HTG is also responsible for up to 15% of AP cases, with the risk and severity of
AP increasing in a dose-dependent manner with elevations in TG levels [23,24]. Specifically,
the risk of AP in individuals with serum TG levels of >1000 mg/dL is approximately
5%, compared to 10-20% among those with TG levels of >2000 mg/dL [25]. A recent
cohort analysis showed that HTG was causative in 7.7% cases of AP, and that TG levels of
>11.3 mmol/L (approximately 1000 mg/dL) were associated with a greater incidence of
moderately severe AP and longer hospitalization stays [23]. A meta-analysis of 16 studies
including nearly 12,000 patients showed that HTG was also associated with pancreatic
necrosis and persistent organ/renal failure, and groups of patients with severe HTG had
higher rates of complications and mortality for AP [26]. All prior and current guidelines
recommend lifestyle modification, along with TG-lowering pharmacologic therapy, for
patients with severe HTG to reduce their risk of AP [21].

5. Genetic and Environmental Causes of Hypertriglyceridemia

Mild to moderate HTG occurs because of inherited and environmental factors. Even
in patients with pathologic genetic variants that affect TG metabolism, environmental and
modifiable characteristics have an important impact on TG levels and health outcomes
(Figure 2). Contemporary dietary patterns contribute directly to HTG, and indirectly by
their impact on the development of visceral adiposity, fatty liver, and insulin resistance.
Diets composed of calorie-rich, nutrient-poor, fatty, sweetened, and ultra-processed foods
contribute to the growing incidence and prevalence of DM, obesity, and HTG.

Monogenic disorders that cause HTG are rare; however, they are more likely to be
found in individuals with the most severe HTG (TG levels > 1000 mg/dL) [27]. Recent
reports have indicated that severe HTG due to a monogenic disorder occurs with a preva-
lence of approximately 0.01% in the general population and between 1-2% among all adults
with more severe HTG [28-30]. Genetic testing is generally not recommended for the
identification or treatment of HTG given that the genes regulating TG levels are often reces-
sive with heterogeneity in penetrance [7,31,32]. However, when a monogenic condition
such as familial chylomicronemia syndrome, familial lipodystrophy, and familial dysbetal-
ipoproteinemia is suspected, genetic testing may inform disease prognosis, management
strategies, and expectations of lifestyle and pharmacologic response.

In addition to genetic and lifestyle factors associated with HTG, secondary causes
leading to elevated TG levels may include certain classes of medications including beta
blockers, corticosteroids, and antipsychotics, as well as medical and metabolic conditions
such as chronic kidney disease, uncontrolled hypothyroidism, and psoriasis (Table 2).
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Clinicians should assess and address potential secondary causes of HTG when determining

appropriate strategies for TG lowering and cardiovascular risk reduction.

Social Determinants
of Health

Economic stability

* Income

* Employment

* Medical bills / debt

Neighborhood & Physical
Environment

* Housing and Transportation
» Safety and walkability

Education
+ Literacy and higher education

Food
* Availability and affordability

Community & Social Context
Health Care System

* Quality of care
* Health coverage

Risk Factors & Health
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Insulin resistance
Overweight / obesity
Diabetes mellitus
Metabolic syndrome
Hypertension
Hyperlipidemia
Hypertriglyceridemia
Cardiovascular disease
Acute pancreatitis
Health expenditures
Quality of life
Hospitalization
Death

Figure 2. Schematic representation of the proximal and distal factors related to the association
between environmental, lifestyle, and social factors contributing to disparities in clinical risk factors
and outcomes. Abbreviations: HTG, hypertriglyceridemia; SSB, sugar-sweetened beverages. * Niacin
is not recommended for the clinical management of atherosclerotic cardiovascular disease.

Table 2. Genetic disorders and secondary factors (conditions and medications) associated with
elevated triglyceride levels and increased hypertriglyceridemia risk.

Genetic Disorders Secondary Disorders Medications
e  Obesity
e . e Metabolic syndrome
¢ flamill?l ic(;)énnzlaned e  Diabetes mellitus : ?Et;;l;;kers
° Fzglilia}l) s Hypothyroidism e  L-asparaginase
dysbetalipoproteinemia ¢ Chronic liver disease e  Bile acid resins
e  Familial ¢ Chronic kidney disease e  Atypical antipsychotics
hypertriglyceridemia ¢ Nephrotic syndrome e  Rosiglitazone
e  Multifactorial s Lipodystrophy e  Sirolimus
chylomicronemia * Autoimmunedisorders Cyclophosphamide
syndrome *  Pregnancy (3rd e  Isotretinoin
e  Familial trimester) e  Oral estrogens
chylomicronemia *  Weight gain after weight Tamoxifen
syndrome loss e  Glucocorticoids
. T}r,ansient infantile e Rheumatoid arthritis e Retinoids
h . . . e  Glycogen storage .
ypertriglyceridemia diseases e  Raloxifene
e  Polygenic o e  Cyclosporine
. . . e  Psoriasis
hypertrl‘glycerldemla o Sepsis ° Interfgron
© oG L Nliiemona i
e  Systemic lupus
e  Cushing syndrome
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6. Current Treatments for Hypertriglyceridemia
6.1. Lifestyle and Behavioral Modifications

Given the strong association between lifestyle and behavioral factors with elevated TG
levels, as well as significant associations between HTG and metabolic syndrome, many of
the same treatment approaches for managing insulin resistance, DM, obesity, cardiovascular
disease, and fatty liver can be integrated into the care for those with high TG levels. To ad-
dress the risk of ASCVD associated with HTG, current guidelines recommend an approach
to clinical management based on lifestyle strategies, as well as pharmacotherapies utilized
for an LDL-C risk-based approach. For patients with severe HTG, lifestyle modifications
and pharmacotherapies that specifically lower TG are recommended to reduce the risk
of AP. Lifestyle modifications that may result in TG reductions include weight loss (as
much as 70% reduction), dietary modifications (including alcohol restriction) (>70%), and
physical activity (<30%) [33-35]. Referral to a registered dietitian is strongly recommended
to personalize nutrition-based strategies for patients with HTG.

There are different management strategies for optimizing diet, but all should follow
healthful approaches that are evidence-based and feasible. Counseling should begin by
stressing the elimination or avoidance of caloric-sweetened beverages and ultra-processed
foods, along with reviewing what constitutes a heart-healthy diet. Such a diet should be rich
in vegetables, fruits, nuts, whole grains, while minimizing simple starches. There should
also be a focus on small portions of lean cuts of meat, favoring seafood when possible,
and the preference for polyunsaturated (PUFA) or monounsaturated fats as cooking oil in
food preparation, as opposed to saturated and trans-fats. Individuals with severe HTG and
hyperchylomicronemia (typically with TG levels of >1000 mg/dL), should also reduce total
fat from their diet until they have TG levels of <500 mg/dL.

In line with the TG-lowering benefit of PUFA, it is recommended for all individuals to
consume >2 servings of fish or seafood per week (>8 ounces), which among other benefits,
will increase the intake of omega-3 PUFA and take the place of other less healthy food
choices. While fatty fish are recommended for individuals with mild to moderate HTG,
those with severe HTG may require leaner seafood options.

It is also important to note the effect of alcohol consumption on TG levels and re-
lated metabolic conditions. It has been shown that consuming one ounce of alcohol per
day corresponds with a 5-10% higher concentration of TGs when compared with non-
drinkers [36]. For individuals with pre-existing HTG, excess alcohol consumption can
lead to a substantial increase in TG levels and an increased risk of AP [37]. In patients
with severe HTG, it is recommended that they abstain from alcohol use entirely. In addi-
tion, a sedentary lifestyle is also associated with HTG, reduced oxidation of muscle fatty
acids, and visceral adiposity [21]. Aerobic training has the capacity to decrease TG levels
by ~11% and resistance training can lead to reductions of ~6%, though the effect of TG
lowering depends on baseline TG levels, caloric expenditure, and intensity /duration of
physical activity [38]. It is recommended for adults to engage in >150 min per week of
moderate-intensity or >75 min per week of vigorous-intensity aerobic activity for ASCVD
risk reduction [39]. Despite these recommendations, there is unlikely a lower limit on the
amount of moderate-to-vigorous physical activity necessary before cardiovascular benefits
begin to accrue, so some exercise is always better than none.

6.2. Statins

While statins are generally known for their role in decreasing LDL-C levels and
reducing individuals” ASCVD risk, they also provide a 10-30% dose-dependent reduction
in TGs in patients with HTG [40]. In patients with severe HTG, with TG levels as high as
>800 mg/dL, the dose-dependent effect on the lowering of TG levels with statins has an
efficacy of 40-44% [41]. More importantly, clinical trial evidence has shown that individuals
with HTG can achieve a meaningful ASCVD risk reduction with statin therapy. The 2018
AHA/ACC/multi-society Guidelines on the Management of Blood Cholesterol consider
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an elevated TG level of >175 mg/dL as a risk-enhancing factor and, when present, would
favor statin therapy in individuals with a low or borderline 10-year ASCVD risk [1].

However, among statin-treated patients whose LDL-C levels are controlled, elevated
TG levels may account for a significant proportion of their residual risk of a recurrent
cardiovascular event. In a pooled analysis of 10 clinical trials (N = 5724) of statin-treated
individuals with ASCVD, remnant cholesterol was significantly associated with coronary
atheroma progression, which was independent of LDL-C, HDL-C, apoB, C-reactive protein,
and other clinical risk factors. Higher concentrations of remnant cholesterol, the cholesterol
content present in VLDL, is also associated with increased MACE risk [42]. In addition to
data derived from clinical trials and meta-analyses, observational cohort studies in statin-
treated individuals have also provided key insight into cardiovascular risks correlated with
elevated TG levels.

A study using CANHEART (Cardiovascular Health in Ambulatory care Research
Team) cohort data from nearly 2.5 million adults in the Ontario population found that
nearly one in four statin-treated individuals with ASCVD had HTG and controlled LDL-C
levels, and that the risk of ASCVD events increased in a stepwise manner with increasing
TG levels [43]. In a post hoc analysis of the TNT (Treating to New Targets) trial, increased
TRL levels were associated with a greater cardiovascular risk in patients with stable CHD
who had mild to moderate HTG despite their statin therapy. However, more intensive
statin therapy (atorvastatin 80 mg) led to greater cardiovascular disease risk reduction in
patients with higher TRL levels, which was independent of changes in LDL-C levels [44].

Statins lower LDL-C, but also lower TRL, and higher intensity statins do so more than
lower intensity statins. Although statins lower ASCVD risk in patients with HTG, elevated
TG levels in statin-treated patients is a marker of residual cardiovascular risk even when
the LDL-C is well controlled. Consequently, it is suggested that these individuals may be
candidates for interventions such as more intensive lifestyle modifications, high-intensity
statins, and high dose icosapent ethyl omega-3 fatty acids, as well as emerging therapies to
further reduce their residual cardiovascular risk.

6.3. Fibrates

Fibric acid derivatives are the most potent TG-lowering pharmacotherapy along with
high dose omega 3 fatty acids. They have shown a benefit for ASCVD risk reduction when
used as monotherapy, but not when added to statins. Over the past 35 years, there have
been a number of key fibrate trials conducted to determine their utility for cardiovascular
risk reduction including HHS (Helsinki Heart Study), VA-HIT (VA HDL Intervention Trial),
ACCORD (Action to Control Cardiovascular Risk in Diabetes), FIELD (Fenofibrate Interven-
tion and Event Lowering in Diabetes), DAIS (Diabetes Atherosclerosis Intervention Study),
BIP (Bezafibrate Infarction Prevention), and most recently the PROMINENT (Pemafibrate
to Reduce Cardiovascular Outcomes by Reducing Triglycerides in Patients with Diabetes)
trial (Figure 3 and Table 3). A recent systematic review and trial-level meta-regression
of nine fibrate trials (N = 41,520), which did not include the results from PROMINENT,
concluded that fibrates offer a clinical benefit that is proportional to the degree of non-
HDL-C lowering; however, careful consideration should be given to the increased risk of
myopathy when added to statin therapy and gemfibrozil should never be combined with
statin because of the increased myotoxicity from this combination [45].
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death, non-fatal events with fewer hyperlipidemia vascular events, but twice daily (vs and apoC-lll levels
MI, and stroke (vs non-fatal MI's and and high- increased risk of placebo) in among patients with
vitamin E) among revascularizations sensitivity C- serious adverse patients with T2D, mild-to-moderate
patients post-MI among patients reactive protein events in patients elevated TG levels HTG, and low HDL-C
with T2D levels with vascular disease on statin therapy and LDL-C levels.

Figure 3. Brief timeline and summary of key clinical trials focused on triglyceride lowering with
statins and non-statin therapies (e.g., niacin, fibrates, and omega-3 fatty acids). Abbreviations: AS-
CVD, atherosclerotic cardiovascular disease; CHD, coronary heart disease; CV, cardiovascular; DHA,
docosahexaenoic acid; EPA, eicosapentaenoic acid; HDL-C, high-density lipoprotein cholesterol;
LDL-C, low-density lipoprotein cholesterol; MACE, major adverse cardiovascular events; PUFA,
poly-unsaturated fatty acids; RC, remnant cholesterol; T2D, type 2 diabetes; TG, triglycerides; VLDL-
C, very low-density lipoprotein cholesterol.

Table 3. List of key clinical trials investigating non-statin therapies for cardiovascular risk reduction.

Therapeutic Medication Class Clinical Trials

HHS (1987) [46]

BIP (2000) [47]

VA-HIT (2001) [48]
DAIS (2003) [49]

FIELD (2005) [50]
ACCORD (2008) [51]
LEADER (2016) [52]
PROMINENT (2022) [53]

Fibrates

GISSI-P (1999) [54]
JELIS (2007) [55]
GISSI-HF (2008) [56]
ORIGIN (2012) [57]
ASCEND (2018) [58]
REDUCE-IT (2019) [59]
VITAL (2019) [60]
STRENGTH (2020) [61]
EVAPORATE (2020) [62]
OMEMI (2021) [63]

Omega-3 fatty acids

AIM HIGH (2011) [64]

Niacin e HPS2-Thrive (2014) [65]

Despite null findings from PROMINENT, there are several key takeaways that can
inform clinical practice and future research trials. First, given that several post hoc and
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secondary analyses of previous fibrate trials suggested the clinical benefits of fibrate therapy
among individuals with HTG and low HDL-C levels, the subsequent findings that fibrates
do not reduce ASCVD events in statin-treated patients with HTG strengthen the case for
conducting rigorous studies assessing the validity of post hoc analyses before implementing
them into clinical practice [66]. Second, while it confirmed that fibrates should not be used
for ASCVD risk reduction in statin-treated individuals, they could still be used to reduce
the risk of pancreatitis associated with severe HTG. Third, the PROMINENT trial provided
further evidence that, in order for lipid-lowering therapies to show an effect, there needs to
be a significant reduction in the levels of apoB-containing lipoproteins [67]. It is suspected
that the apoB lowering associated with fibrate therapy is overshadowed by the effect of
moderate-to-high intensity statins, thus mitigating the benefit unless used as monotherapy,
or unless significant apoB lowering is achieved [68].

6.4. Omega-3 Fatty Acids

Omega-3 fatty acids including mixtures of eicosapentaenoic acid (EPA), docosahex-
aenoic acid (DHA), and purified EPA (icosapent ethyl) have been shown to decrease very
high TG levels despite different effects on other physiologic parameters. There have been
a number of key studies investigating the role of omega-3 fatty acids for ASCVD risk re-
duction, including GISSI-P (Gruppo Italiano per lo Studio della Sopravvivenza nell’ Infarto
miocardico-Prevenzione), JELIS (Japan EPA Lipid Intervention Study), ORIGIN (Outcome
Reduction with an Initial Glargine Intervention), ASCEND (A Study of Cardiovascular
Events iN Diabetes), REDUCE-IT (Reduction of Cardiovascular Events with Icosapent
Ethyl-Intervention Trial), VITAL (the Vitamin D and Omega-3 Trial), STRENGTH (A Long-
Term Outcomes Study to Assess Statin Residual Risk Reduction with Epanova in High
Cardiovascular Risk Patients with Hypertriglyceridemia), and OMEMI (Omega-3 Fatty
Acids in Elderly Patients With Acute Myocardial Infarction). It is important to note that
baseline TG levels were not included as part of the eligibility criteria for several of these
large trials (Table 3). The recent meta-regression conducted by Marston and colleagues
included 13 trials (N = 125,544) on marine-derived omega-3 fatty acids and found that
each 1 g/d of EPA administered was associated with a 7% relative risk reduction in major
vascular events [45].

The GISSI-P study was conducted in patients with a recent MI (<3 months) and found
that low doses of EPA+DHA was beneficial; however, only a relatively small subset of
participants were on statin therapy [54]. Since the GISSI-P study, several large studies
including ASCEND, VITAL, and OMEMI have investigated the cardiovascular benefits of
low doses of a mixture of EPA+DHA in the statin era, and all failed to show significant
reductions in cardiovascular endpoints [58,60,63]. Conversely, JELIS and REDUCE-IT were
conducted to examine the effects of moderate to high dose of EPA alone. JELIS was an
open-label study of Japanese patients (N = 18,645) with elevated LDL-C on statin therapy,
randomized to 2 g of EPA or usual care. Elevated TG levels were not an inclusion criterion
in JELIS. Overall, patients randomized to EPA showed a 19% relative risk reduction in
major coronary events at a mean follow-up of 4.6 years [55]; however, among participants
in the EPA treatment group with HTG and low HDL-C levels, their risk of a major cardiac
event fell by 53% [69].

The REDUCE-IT study sought to confirm the findings of the JELIS study and address
its limitations in a double-blinded randomized placebo-controlled clinical trial with a
higher dose form of purified EPA. The investigators found that icosapent ethyl significantly
lowered the risk of ischemic events including cardiovascular death among statin-treated
adults (N = 8179) with ASCVD or DM and other risk factors who had mild to moderate
HTG and LDL-C levels of 41-100 mg/dL [59]. Analysis of REDUCE-IT found that icosapent
ethyl reduced first and then total ischemic events, with well-controlled LDL-C across a
range of baseline TG levels, indicating that its observed clinical benefits stem primarily
from variation in baseline risk and non-TG-related effects [70].
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In contrast to the findings in REDUCE-IT, the STRENGTH trial found that the addition
of a carboxylic acid formulation of EPA and DHA (omega-3 CA) resulted in no significant
differences in the composite MACE outcome, when compared with the corn oil placebo
among statin-treated patients (N = 13,078) with high cardiovascular risk, HTG, and low
HDL-C levels [61]. Potential explanations between the differential trial outcomes observed
in REDUCE-IT vs. STRENGTH include the different EPA vs. EPA/DHA formulations
studied, longer follow-up durations, different placebos utilized (mineral oil vs. corn oil),
and different proportions of patients with established ASCVD [21]. To date, icosapent ethyl
at high doses is the only omega-3 fatty acid preparation that has been shown to reduce
cardiovascular events in high-risk patients with mild to moderate HTG.

7. Emerging Treatments for Hypertriglyceridemia
7.1. Apolipoprotein C-III Inhibitors

Given the substantial evidence on the association between apoC-III and ASCVD
risk, it represents one of the major targets of emerging therapies for TG lowering and
cardiovascular risk reduction. Several key genetic and observational studies have shown
that APOC3 loss-of-function mutations are associated with a 40% reduction in TG levels
and CHD risk [71,72]. A recent meta-analysis showed that the low risk of ischemic vascular
disease observed in APOC3 loss-of-function heterozygotes is primarily driven by low
remnant cholesterol, and not low LDL-C levels, strengthening the case for targeting apoC-
III and remnant cholesterol to reduce cardiovascular risk [73]. Additionally, data from a
contemporary prospective cohort study (EPIC-Norfolk) found that the top quintile of apoC-
III levels predicted CAD risk after adjusting for traditional risk factors and lipid-lowering
therapy, but lost statistical significance when adjusted for other lipoproteins. These results
suggest that, rather than TG or apoC-III, apoB-containing TRL particles mediate ASCVD
risk [74,75].

In 2014, results from the first study to inhibit APOC3 mRNA (with volanesorsen
[previously ISIS 304801]) in humans found that—among three patients with FCS and TG
levels between 1406 and 2083 mg/dL—plasma apoC-III levels were reduced by 71% to 90%
and TG levels decreased by 56% to 86% [76]. Several years later, in a phase 3, double-blinded
RCT of patients with FCS (N = 66), volanesorsen lowered TG levels to <750 mg/dL in 77%
of participants; however, a large proportion of patients in the volanesorsen group reported
thrombocytopenia and injection-site reactions [77]. To address safety and tolerability
concerns, the antisense oligonucleotide (ASO) sequence was combined with a GalNAc
moiety to form AKCEA-APOCIII-LRx and inhibit apoC-III protein synthesis in the liver.
In a dose-escalation phase 1/2a study in 114 healthy volunteers, AKCEA-APOCIII-LRx
(olezarsen) was associated with substantial improvements in the atherogenic lipid profile
with only one injection site reaction with erythema, no platelet count reductions, or liver—
renal safety signals [78]. Compared to volanesorsen, olezarsen was better tolerated and also
associated with favorable changes in lipoprotein concentration and particle size, results
that were primarily mediated by decreased TRL levels in patients with mild to moderate
HTG who were at high ASCVD risk [79]. It is of note that apoC-III treatment represents the
first pharmacologic option to lower TG in FCS patients who are at very high risk for AP,
for whom fibrates, omega-3 fatty acids, and statins are usually not effective in lowering
TG levels.

7.2. ANGPTLS3 Inhibitors

In addition to ApoC-III, emerging TG-lowering therapies are also targeting ANGPTLS3,
given that previous studies have shown loss-of-function variants to be associated with
decreased plasma TG and LDL-C levels, as well as a reduction in CHD risk [80,81]. Several
pharmacologic compounds that target ANGPTL3 have been developed including the ASO
Vupanorsen (previously IONIS-ANGPTL3-LRx) and evinacumab, a monoclonal antibody
(mADb) against ANGPTL3.
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In terms of the former, recent data from the TRANSLATE-TIMI 70 trial (TaRgeting
ANGPTL3 with an aNtiSense oLigonucleotide in AdulTs with dyslipidEmia) showed
that Vupanorsen significantly reduced non-HDL-C and TG levels, with modest effects on
LDL-C and apoB levels among statin-treated adults (N = 286) with non-HDL-C levels of
>100 mg/dL and TG levels of >150-500 mg/dL [82]. Injection site reactions and elevations
in liver enzymes were increased at higher doses of Vupanorsen.

So far, evinacumab investigation has been focused on LDL-C reduction in patients
with homozygous familial hypercholesterolemia for whom the FDA has approved its use.
Its potential role in the care of individuals with HTG at risk for ASCVD and/or AP is under
investigation. However, it has been reported that evinacumab does not lower TG levels
in individuals with FCS who lack LPL activity, but may still have an important role in
managing moderate and severe HTG in non-FCS patients [83].

8. Conclusions

HTG is commonly encountered in the primary and secondary medical care of patients,
especially in those with DM and other cardiometabolic conditions, and contributes to a
higher risk for ASCVD and AP.

National practice guidelines recognize HTG as a risk-enhancing factor and favor an
algorithmic stepwise approach to the care of at-risk patients. All individuals with HTG
should be evaluated for and address secondary causes, as well as to undergo individ-
ualized lifestyle counseling. Individuals with severe HTG should receive TG-lowering
pharmacotherapy, along with lifestyle modification, as primary treatment to reduce AP
risk. Those at risk for ASCVD should receive statin-based care, with attention to LDL-C
(as well as non-HDL-C and/or apoB), with pharmacotherapy known to reduce ASCVD
risk including ezetimibe, proprotein convertase subtilisin-kexin 9 monoclonal antibodies
(PCSK9 mAb), and/or a high dose icosapent ethyl esters according to the level of risk and
lipid /lipoprotein response. Fibrates, over the counter and prescription mixed formulation
omega-3 fatty acids, and niacin have no role in treating elevated TG to reduce ASCVD risk
in statin-treated patients in contemporary care, though they may be of value in lowering
TG levels in patients with severe HTG to reduce their risk of AP. Patients with HTG of-
ten have DM and pharmacologic therapies aimed at treating DM, such as glucagon-like
peptide-1 receptor agonists (GLP1-RA), sodium glucose transporter-2 inhibitors (SGLT2i),
and metformin, can enable weight loss, improve glycemic control, lower TG, and reduce
ASCVD risk.

Novel therapeutics in development including those that target apoC-III and ANGPTL3
appear to be safe, well-tolerated, and effective for the lowering of TG. They may have
differing roles in treating individuals with severe HTG and have the potential to offer
additional ASCVD risk reduction for those with mild to moderate HTG as well, depending
on the results from clinical trials specifically designed to explore this question.

Clinicians must be mindful of the additional burden of pharmacotherapy and the
relative powerful impact of lifestyle modifications. The authors acknowledge the important
role of personal responsibility for managing lifestyle factors, but stress to our patients and
to the readers that we live in a toxic food environment. The current diet in the U.S. has
resulted in ~70% of adults with overweight/obesity, ~50% with prediabetes/DM, and
~25% with HTG. Addressing this concern will require a sustained and concerted societal
effort beyond what any individual clinician—patient interaction(s) can achieve. However,
until that time, clinicians must address care for the patient with HTG with a holistic,
empathetic, and individualized approach. In addition to personalized dietary/lifestyle
counseling, optimally supported by a registered dietitian nutritionist, appropriate use of
evidence-based pharmacotherapies is needed to reduce ASCVD risk.
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Abstract: Familial hypercholesterolemia (FH) is an inherited disorder. The level of low-density
lipoprotein cholesterol (LDL-C) in patients with homozygous FH can be twice as high as that
in patients with heterozygous FH. The inhibition of ANGPTL3 shows an important therapeutic
approach in reducing LDL-C and triglycerides (TG) levels and, thus, is a potentially effective strategy
in the treatment of FH. Evinacumab is a monoclonal antibody inhibiting circulating ANGPTL3,
available under the trade name Evkeeza® for the treatment of homozygous FH. It was reported
that evinacumab is effective and safe in patients with homozygous and heterozygous FH, as well as
resistant hypercholesterolemia and hypertriglyceridemia. This paper summarizes existing knowledge
on the role of ANGPTL3, 4, and 8 proteins in lipoprotein metabolism, the findings from clinical
trials with evinacumab, a fully human ANGPTL3 mAb, and the place for this new agent in lipid-
lowering therapy.

Keywords: ANGPTL3 inhibitors; evinacumab; familial hypercholesterolemia; LDL cholesterol

1. Homozygous Familial Hypercholesterolemia

Homozygous familial hypercholesterolemia (HoFH) affects an average of 1 in 300,000 subjects.
It is a very rare genetic disorder of lipoprotein metabolism. It is caused by mutations in
both alleles of the LDL receptor (LDLR) gene and less often by mutations in APOB, the
ligand for LDLR and proprotein convertase subtilisin kexin type 9 (PCSK9), a protein
that degrades LDLR [1]. Higher levels of low-density lipoprotein cholesterol (LDL-C)
are characterized by genetic changes that show no expression of the LDL receptor (null
homozygotes), compared to changes with two non-zero alleles or one zero and one non-null
homozygotes, which only partially reduce the LDL receptor activity [2,3]. These mutations
impair the function of the liver to remove LDL-C from the bloodstream, resulting in high
total cholesterol and LDL-C [4]. In comparison, LDL particles that bind PCSK9 are targeted
for lysosomal degradation and destruction. Loss-of-function mutations of the PCSK9 gene
decrease the level of LDL-C and lower the risk of myocardial infarctions in white and black
persons and reduce the risk of stroke in black persons. It can be concluded that PCSK9
inhibitors prevent an atherosclerotic cardiovascular event [1].

Patients with HoFH have very high levels of LDL-C from birth, which result in high
risks of premature atherosclerosis and other cardiovascular diseases. Clinically, HoFH is
characterized by an LDL-C level > 500 mg/dL (>13 mmol/L). Statins and lipid-lowering
drugs are largely dependent on the activity of the LDL receptor; therefore, in patients
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with two null alleles, they may show diminished efficacy. Therefore, most patients with
HoFH do not achieve guideline-recommended levels of LDL-C despite treatment with
multiple agents [3]. Unfortunately, mutations in patients with familial hypercholesterolemia
are associated with an increased probability (up to 3.8 times) of myocardial infarctions
under the age of 55 years [5]. Early diagnosis of FH and follow-up, with comprehensive
longitudinal care and particular emphasis on aortic valve obstruction and stenosis, are
of key importance in the prevention of premature atherosclerotic cardiovascular disease
(ASCVD) [2].

According to the 2019 guidelines of the European Society of Cardiology (ESC) and the
European Society of Atherosclerosis (EAS), LDL-C levels should be below 1.42 mmol/L
(55 mg/dL) in patients at very high risk of ASCVD, below 1.81 mmol/L (70 mg/dL) in
patients at high risk, and below 2.59 mmol/L (100 mg/dL) in moderate-risk patients [5].

2. ANGPTLS3, 4, and 8 Protein System-Characteristics and Role in Lipid Metabolism

The angiopoietin-like proteins (ANGPTLs) are a family of proteins consisting of
members 1-8 of the angiopoietins, which differ in terms of tissue expression and regulation.
They each consist of a common domain at the amino terminus (N-terminal), a coiled-
coil domain (CCD), a fibrinogen-like domain (FLD) at the C-terminus of the carboxyl,
and a linker region. Angiopoietin-8 differs from the other ANGPTLs in that it does not
contain a fibrinogen-like domain at the C-terminus [6]. ANGPTL proteins belong to the
vascular endothelial growth factor (VEGF) family and play various roles in biological and
pathological processes, including hormone regulation, glucose metabolism, and insulin
resistance [7].

ANGPTL3, ANGPTL4, and ANGPTLS are most important in lipoprotein metabolism
because they are responsible for the metabolism of triglycerides (TGs)—rich lipoproteins
(chylomicrons, VLDL)—by inhibiting the activities of lipoprotein lipase (LPL), VLDL, and
LDL mediated by the inhibition of endothelial lipase (EL) [6,8]. LPL activity is reduced by
changing the conformation from homodimeric, which is biologically active, to biologically
inactive, or monomeric. LPL is an enzyme produced in fat and muscle cells that limits the
rate of hydrolysis of TG-rich lipoproteins to free fatty acids (FFA). When this process is
disturbed, severe hypertriglyceridemia occurs in plasma [9]. The best-known ANGPTL
is ANGPTL3, which was discovered in 1999. ANGPTL3 is produced in the liver. In the
following year, 2000, ANGPTL4 was discovered, and it is produced in the liver, skeletal
muscle, adipose tissue, gut, brain, and heart. Additionally, ANGPTL8 was discovered in
2012, and its main source is adipose tissue and the liver [10].

ANGPTLS3, 4, and 8 control the availability of triglyceride-rich lipoproteins, LDL,
and high-density lipoprotein cholesterol (HDL-C), depending on the nutritional status of
the body, temperature, and physical activity, by regulating LPL secretion. LPL activity is
increased after a meal, and triglycerides are stored in the white adipose tissue of WAT.
In contrast, after a meal, LPL activity is reduced in the heart, brown adipose tissue, and
skeletal muscle by ANGPTL3 and 8 (ANGPTLS expression is especially increased). The
opposite occurs during fasting, where LPL activity increases in the heart, brown adipose
tissue, and skeletal muscle. In white adipose tissue, the activity of LPL during fasting is
reduced by ANGPTL4 [11-15] (Figure 1).

ANGPTL3, apart from its effect on LPL, also reduces the activity of EL, which leads to
a slowdown in the metabolism of triglyceride-rich lipoproteins [16].
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Figure 1. Regulation of triglyceride metabolism in heart, muscle, brown adipose tissue, and
white adipose tissue by ANGPTL3, ANGPTL4, and ANGPTLS. Abbreviations: TG—triglyceride;
TLR—triglyceride-rich lipoprotein; LPL—lipoprotein lipase; ANGPTL3—angiopoietin-like protein 3;
ANGPTL4—angiopoietin-like protein 4; ANGPTL8—angiopoietin-like protein 8. The following was
used in the preparation of the figure: https:/ /smart.servier.com (free-access; 20 October 2022).

3. ANGPTLS3, 4, and 8 as Biomarkers of Cardiovascular Risk

Several publications have reported that ANGPTL3 deficiency protects against coronary
artery disease (CAD). According to the research of Stitziel et al., in subjects with complete
ANGPTL3 deficiency, the coronary arteries lacked atherosclerotic plaque [12]. Moreover,
healthy patients showed lower concentrations of ANGPTL3 compared to patients who
experienced myocardial infarctions (MIs) [12]. In patients with ANGPTL33 concentrations
of 18-271 ng/mL, the risk of a heart attack was reduced by up to 29%. Researchers also
demonstrated an association of the loss-of-function (LOF) mutation in ANGPTL3 with the
risk of CAD. The levels of low-density lipoprotein LDL-C, high-density HDL-C, and TGs
are dependent on the LOF in ANGPTL3. Patients carrying the LOF mutation showed a 34%
reduction in the risk of CAD compared to patients who did not carry the LOF mutation. In
addition, patients with the LOF mutation showed 11% lower total cholesterol, 12% lower
LDL, and 17% lower TG levels compared to those without the mutation. In addition to
the fact that the loss of ANGPTL3 increases LPL activity, leading to a reduction in TGs
and LDL-rich lipoproteins, it may affect insulin sensitivity and play an important role in
glucose hemostasis [12].

In another study on the effects of ANGPTL3 and 4 on CAD, the team of Sun et al.
presented the results of a study involving 305 patients. A high level of ANGPTL3 was
closely related to the severity of atherosclerotic lesions in the coronary vessels, while the
level of ANGPTL4 was reduced. The levels of these glycoproteins may have significant
impacts on the development of CAD [17]. Another study showed the relationship between
mutations inactivating the ANGPTL4 gene on the risk of ischemic heart disease. This study
included over 42,000 subjects. Dewey et al. in 2017 proved that the reductions in the levels
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of TGs, total cholesterol, and LDL-C were caused by the inactivation of ANGPTL4 through
the heterozygous mutation E40k. Patients with this ANGPTL4 mutation showed a 19%
lower risk of coronary heart disease [18]. In a similar study led by Stitziel et al., patients with
the E40K ANGPTL4 mutation showed about 35% lower TG concentration. Additionally, the
risk of coronary heart disease was 53% lower. However, no significant effect of ANGPTL4
p-E40K on LDL-C was observed [19]. The research team of Gusarova et al. showed the
effect of the E40K ANGPTL4 mutation on the reduction of the risk of type-2 diabetes by
12%. This study was conducted on 58,000 participants in the DiscovEHR Study [20]. Similar
results were presented by the team of Klarin et al. in a study of 310,000 subjects. The effect
of the loss-of-function (LOF) ANGPTL4 mutation on the risk of ischemic heart disease and
type-2 diabetes was assessed. It was shown that the risk of ischemic heart disease was
reduced by 16% and the risk of type 2 diabetes was reduced by 12% [21].

4. Evinacumab-Structure and the Mechanism of Action

Evinacumab (Evkeeza®; formerly RENG1500) is a fully human monoclonal antibody,
inhibiting circulating ANGPTL3, which was invented by Regeneron Pharmaceuticals
Inc. [3] and manufactured with the use of the cell culture method with genetically engi-
neered recombinant Chinese hamster ovary cells [22]. Evinacumab is an IgG4 monoclonal
antibody consisting of two disulfide-linked human heavy chains (453 amino acids each)
and human kappa light chains (214 amino acids). Heavy chains are covalently linked by
disulfide bonds to light chains [22].

Evinacumab was approved by the US Food and Drug Administration on February
2021 and the European Medicines Agency (EMA) in June 2021 and is now available on the
market under the trade name Evkeeza to treat adult and adolescent patients (>12 years)
with homozygous familial hypercholesterolemia [23]. The recommended dose of this
new drug is 15 mg/kg, administered by intravenous infusion (IV) over one hour once
monthly [23].

After administration, evinacumab binds its target, ANGPTL3, and inhibits its function,
leading to increased LPL and EL activities and lower TG, LDL-C, and HDL-C plasma
levels [24]. The mechanism associated with the reduction of LDL-C by evinacumab is not
fully known; however, this effect is independent of the LDL receptor and, thus, probably
due to the promotion of very-low-density lipoprotein (VLDL) processing and the upstream
clearance of LDL formation [12-15,24]. The mechanism of the action of evinacumab is
presented in Figure 2.

Clinical Trials and Scientific Research

In the first phase, phase 1, a randomized, placebo-controlled, double-blind clinical trial
with evinacumab (NCT01749878) was performed with subjects with hypertriglyceridemia
(HTG) to evaluate its safety, tolerability, and bioeffect. A total of 83 healthy volunteers
with fasting triglyceride levels of 150-450 mg/dL (1.7 < 5.1 mmol/L) or LDL-C levels of
>100 mg/dL (2.6 mmol/L) were enrolled in cohort A, and each received a single dose of
evinacumab administrated subcutaneously (SC) (75, 150, and 250 mg) or intravenously (IV)
(5 mg/kg, 10 mg/kg, and 20 mg/kg) versus placebo [18]. Participants (1 = 7) allocated
to cohort B (moderate HTG) had TG levels of >150 and <450 mg/dL, and each received
evinacumab IV at a dose of 10 mg/kg or placebo [19]. Cohort C (severe HTG) participants
(n=9) had LPL pathway sequence variations and TG levels of >1000 mg/dL and received
evinacumab at a dose of 250 mg SC or 20 mg/kg IV versus placebo [18]. Evinacumab
caused a dose-dependent reduction in lipids levels. The greatest reductions of TG, LDL-C,
and HDL-C were 76.0% (day 4) (95% CI: —97.29, —62.02; p < 0.0001); 23.2% (day 15) (95%
CI: —7.59, —38.80; p = 0.0047); and 18.4% (day 15) (95% CI: —5.96, —30.77; p = 0.0049),
respectively, and these reductions were noted in cohort A participants who received a dose
of 20 mg/kg IV [18].
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Figure 2. Evinacumab—mechanism of action. Abbreviations: ANGPTL3—angiopoietin-like pro-
tein 3; EL—endothelial lipase; IDL—intermediate-density lipoprotein (VLDL remnants); IDL-R—
intermediate-density lipoprotein receptor (VLDL remnant receptor); LDL—low-density lipoprotein;
LDL-C—low-density lipoprotein; LDL-R—low-density lipoprotein receptor; LPL—lipoprotein li-
pase; VLDL—very-low-density lipoprotein. The following was used in the preparation of the figure:
https:/ /smart.servier.com (free-access; 20 October 2022).

There were no treatment discontinuations due to adverse safety events in all cohorts
(A-C) [18,25]. Treatment-emergent adverse events occurred in 51.6% of cohort A (vs. 42.9%
placebo) and 100% of cohorts B-C (vs. 81.8% placebo) [18,25]. The most frequent adverse
events (AEs) observed in evinacumab-treated patients (cohort A) were headache (11% vs.
0% placebo), upper respiratory tract infection (6.5% vs. 4.0% placebo), increased alanine
aminotransferase (11.3% vs. 0% placebo), and increased aspartate aminotransferase (4.8%
vs. 0% placebo).

In cohort B, evinacumab caused a maximal reduction of TGs by 81.8% (vs. 20.6%
placebo) and VLDL-C by 82.2% (vs. 0.8% placebo) on day 4. Treatment with evinacumab-
induced wide-ranging responses in subjects with severe hypertriglyceridemia (cohort C)
showed a TG reduction of 0.9 to 93.2% on day 3 [25].

In cohort C, evinacumab IV at a dose of 20 mg/kg caused a maximum mean reduction
in VLDL-C of 64.9% (vs. 42.0% placebo) on day 22, while evinacumab SC at a dose of
250 mg resulted in a maximum reduction of 37.8% (vs. increase of 18.4% placebo) on
day 8. The levels of LDL-C after treatment with evinacumab increased in participants with
moderate and severe HTG (cohorts B and C), which was explained by the authors as a
reason for the enhanced conversion of VLDL and IDL to LDL [25].

Another phase 1 clinical trial (NCT02107872) with subjects with triglycerides >150
and <500 mg/dL and LDL-C > 100 mg/dL was conducted to assess the effect of multi-
doses of evinacumab [26]. A total of 56 participants were enrolled, and each was assigned
to one of the six cohorts as follows: evinacumab SC at doses of 150, 300, or 450 mg
QW, 300 or 450 mg Q2W, or IV doses of 20 mg/kg Q4W up to day 56 versus placebo
with 183 days of follow-up [26]. Treatment-emergent adverse events occurred in 67.7% of
patients with evinacumab SC (vs. 75% placebo) and 85.7% of the subjects with evinacumab
IV (vs. 50% placebo). No serious treatment-emergent adverse events, events related to
death, or treatment discontinuation were reported. The most commonly reported adverse
events were headache (42.9% vs. 0% placebo) in the group with evinacumab IV and nausea
(13% vs. 0% placebo) in the group with evinacumab SC [26].

Dose-dependent reductions in triglycerides were observed, with a maximum reduction
ata dose of 20 mg/kg Q4W IV by 88.2% at day 2 (p = 0.0003). Other lipids such as non-HDL,
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apoB, LDL-C, and total cholesterol were maximally reduced at dose 20 mg/kg Q4W IV by
45.8% (day 36) (p < 0.0001), 30.7% (day 57) (p < 0.0001), 25.1% (day 57) (p = 0.0074), and
33.8% (day 57) (p < 0.0001), respectively [26].

The pharmacokinetics, tolerability, safety, and lipid-lowering effect of evinacumab
were evaluated in phase 1 with a randomized, double-blind, placebo-controlled clinical
trial (NCT03146416) with healthy Caucasian and Japanese volunteers with LDL-C concen-
trations between 100 and 160 mg/dL (2.6-4.1 mmol/L). A total of 96 enrolled participants
was divided into four cohorts: a single dose of 300 mg of evinacumab SC; 300 mg (SC) once
weekly for eight doses; 5 mg/kg IV once every 4 weeks for two doses; and 15 mg/kg IV
once every 4 weeks for two doses. Each cohort comprised 12 Japanese and 12 Caucasians,
who each received an investigational drug or placebo with a 24-week follow-up [3]. The
results of the study indicated that the safety of evinacumab treatment at all doses and
routes of administration in both ethnic groups was comparable with that of the placebo.
Observed adverse events related to the treatment were nausea, fatigue, nasopharyngitis,
upper respiratory infection, rhinitis, back pain, headache, and tension headache. In cohorts
with IV evinacumab administration, adverse events occurred in 15 subjects (41.7%) with
the drug versus 6 subjects (50%) in the placebo group. In cohorts with evinacumab SC,
adverse events were noted in 19 subjects (52.8%) with the drug versus 3 subjects (25.0%)
with a placebo. No severe or serious adverse event was observed. Moreover, the pharma-
cokinetic and pharmacodynamic profiles of evinacumab were similar in both ethnicities
in all treatment groups [4]. Evinacumab caused dose-dependent reductions in LDL-C,
TG, and apoB levels. The administration of evinacumab IV at a dose of 15 mg/kg every
4 weeks in two doses caused the greatest lipid-lowering power. In addition, the reductions
of LDL-C, triglycerides, non-HDL cholesterol, HDL cholesterol, total cholesterol, apoB,
apoA-I, apoC-III, and Lp(a) in plasma after 8 weeks were 40.2%, 63.1%, 44.2%, 23.8%, 40.2%,
37.4%, 33.5%, 77 1%, and 22.2%, respectively [4].

The safety and efficacy of evinacumab in patients with refractory hypercholesterolemia
were assessed in the phase 2 clinical trial (NCT03175367) [5]. A total of 272 subjects with HeFH
or without HeFH with refractory hypercholesterolemia and who had LDL-C > 70 mg/dL
with ASCVD or LDL-C > 100 mg/dL without ASCVD were enrolled. Participants received
evinacumab SC in different doses of 450 mg QW, 300 mg QW, or 300 mg Q2W vs. placebo
or evinacumab IV in a dose of 15 mg/kg Q4W or 5 mg/kg Q4W versus placebo [5].

The most common side effects reported by the participants during the trial in the
group treated with SC evinacumab were urinary tract infections (11% vs. 8%), injection-site
erythema (6% vs. 3%), myalgia (5% vs. 0%), and arthralgia (5% vs. 3%), whereas the
group receiving IV evinacumab had nasopharyngitis (12% vs. 6%), dizziness (7% vs. 0%),
nausea (7% vs. 0%), abdominal pain (6% vs. 0%), back pain (7% vs. 6%), fatigue (7% vs.
6%), and arm or leg pain (7% vs. 6%). Serious adverse events were noted in 5-8% (8%
placebo) in the group with SC evinacumab and in 6-16% (versus 3% placebo) in the group
with IV evinacumab [5]. Treatment with evinacumab caused a reduction in the level of
LDL-C. In the group with SC administration, the reductions were between 38.5% (95% CI:
-56.5, -20.6; p < 0.001) and 56.0% (95% CI: -73.7, -38.3; p < 0.001), while the group with IV
administration had reductions from 24.2% (95% CI: —42.6, -5.7) to 50.5% (95% CI: -68.4,
-32.6; p < 0.001) depending on the dose used. The greatest decrease in LDL-C was observed
with a dose of 450 mg QW of evinacumab SC (56.0%) (95% CI: —73.7, —38.3; p < 0.001) [5].

Several clinical trials evaluating the efficacy and safety of evinacumab in patients with
homozygous familial hypercholesterolemia have been completed. A phase 2, open-label,
proof-of-concept clinical trial (NCT02265952) included nine HoFH participants receiving
maximum-tolerated lipid-lowering treatment. All subjects were administered evinacumab
at doses of 250 mg SC and 15 mg/kg IV after 2 weeks [27]. All participants reported at least
one adverse event, but no event led to treatment discontinuation. Injection-site reactions,
myalgia, hot flush, and epistaxis were reported as treatment-emergent AEs, and each of
these AE was observed by only one patient [27]. Evinacumab caused reductions in LDL-C,
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non-HDL cholesterol, triglycerides, apolipoprotein B, and HDL cholesterol by mean values
of 49 &+ 23%, 49 &+ 22%, 47 = 17%, 46 &= 18%, and 36 + 16%, respectively [27].

Banerjee et al. analyzed the effects of evinacumab on LDLR activity in lymphocytes
drawn from participants in the above-mentioned study (NCT02265952). Obtained results
suggested that the inhibition of ANGPTL3 by evinacumab in humans lowers LDL-C
through a mechanism independent of the LDLR [28].

A small kinetic study (NCT04722068) with four subjects already participating in the
study (NCT02265952) was conducted to investigate the apolipoprotein B (apoB) contain-
ing lipoprotein kinetic parameters before and after treatment with evinacumab [29]. A
stable isotope of Leucine was measured in VLDL (very-low-density lipoprotein), IDL
(intermediate-density lipoprotein; VLDL remnants), and LDL before and after IV adminis-
tration of evinacumab at a dose of 15 mg/kg. Evinacumab decreased LDL-C by 59 + 2%
and increased IDL-apoB and LDL-apoB fractional catabolic rates in all four HoFH partici-
pants by 616 £ 504% and 113 + 14%, respectively. The VLDL-apoB production rate was
reduced in two of the four subjects. These results suggest that the mechanism of lower-
ing LDL-C by evinacumab is associated with the increased clearance of apoB-containing
lipoprotein [29].

A phase 3, double-blind, placebo-controlled clinical trial (ELIPSE HoFH, NCT03399786)
enrolled 65 subjects with HoFH on stable lipid-lowering therapy. Ninety-three percent of
the subjects were on statin therapy, and the majority of the patients were receiving high-
intensity statin (77%). Moreover, trial patients” background therapy also included PCSK9
inhibitor (77%), ezetimibe (75%), lomitapide (25%), and apheresis (34%). Of the patients,
63% used at least three different lipid-lowering drugs. Participants received evinacumab
IV 15 mg/kg every 4 weeks for 24 weeks or a placebo. Treatment with evinacumab caused
significant decreases in plasma levels of LDL-C, total cholesterol, non-HDL, HDL, triglyc-
erides, apoB, apoC-III, and Lp(a) by 47.1% (95% CI: —65.0, —33.1; p < 0.001), 47.4% (95%
CI: —58.7 to —38.1; p < 0.001), 49.7% (95% CI: —64.8 to —38.5; p < 0.001), 29.6%, 55.0%
(95% CI: —65.6, —35.2), 41.4% (95% CI: —48.6, —25.2; p < 0.001), 84.1% (95% CI: —103.5
to —76.5), and 5.5% (95% CI: —15.7, 12.0), respectively [3]. A 50% reduction in plasma
LDL-C concentration was achieved in 56% (p = 0.003) of patients; moreover, 28% of patients
had plasma LDL-C levels below 70 mg/dL. The efficacy of the LDL-C reduction with
evinacumab was independent of the type of LDL receptor gene mutations (non/null or
null/null). Adverse events were comparable in the group with evinacumab and the placebo
group. An influenza-like illness occurred in 5 of 44 patients (11%) vs. 0 in the placebo
group. No events related to death or treatment discontinuation were reported [3].

Additionally, the study of Reeskamp et al. analyzed whether intensive lipid-lowering
therapy with evinacumab might result in plaque regression. Using computed tomography
(CT) coronary angiography, soft plaque regression occurred in the coronary arteries of two
participants, ages 12 and 16, of a clinical trial (NCT03399786) with HoFH and null/null
LDLR variants. Total plaque volumes were reduced by 76% and 85%, respectively, after
6 months of evinacumab treatment [30].

Most of the completed clinical trials with evinacumab had small sample sizes. Jin
et al. conducted a meta-analysis of five randomized controlled trials with 568 participants
and revealed that treatment with evinacumab was safe and caused a reduction of LDL-C,
TG, and HDL cholesterol by 33.12% (95%: 248.639%, 217.606%, p < 0.0001), 50.96% (95%
CI: 256.555%, 245.362%; p < 0.0001), and 12.77% (95% CI: 216.359, 29.186%, p < 0.0001),
respectively [31]. The results of this meta-analysis found evinacumab as a possible valuable
therapeutic in the management of hypercholesterolemia.

The efficacy of evinacumab is under clinical trial phase 2 (NCT04863014) [32] and two
phase 3 studies (NCT03409744; NCT04233918) [33,34] (Table 1).
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A phase 2, double-blind clinical trial NCT04863014 started on July 2021, and the
estimated study completion date is February 2023. The study enrolled 21 adult participants
with severe hypertriglyceridemia and will assess the efficacy and safety of evinacumab for
the prevention of recurrent acute pancreatitis [32].

A phase 3, open-label clinical trial (NCT04233918) with 20 pediatric participants
(5-11 years) with HoFH aims to evaluate the efficacy and safety of evinacumab. The esti-
mated completion date is May 2023 [34]. A phase 3, open-label clinical trial (NCT03409744)
enrolled 116 adolescent participants (>12 years) with HoFH. The aim of the study is to
evaluate the long-term safety and efficacy of evinacumab. Initial results are expected in
January 2023 [30]. Completed and ongoing clinical trials with evinacumab are summarized
in Table 1.

5. Perspectives of Evinacumab in Clinical Lipidology

Guidelines of the Polish Lipid Association (PoLA) from 2021 regarding lipid-lowering
treatment place evinacumab in the group of drugs supporting the therapy of familial
hypercholesterolaemia [35]. In the guidelines of the European Society of Cardiology (ESC)
and the European Atherosclerotic Society (EAS) from 2019 regarding the management of
dyslipidemias, evinacumab is characterized in the context of new approaches to reduce
triglyceride-rich lipoproteins and their remnants [36]. There are currently no official
recommendations regarding evinacumab and its place in the treatment of lipid disorders.

Evinacumab may be of great help in lowering LDL-C levels in patients with HoFH in
whom the available treatment (statins, ezetimibe, PCSK9 inhibitors) did not achieve the
therapeutic goal [37]. Experts have also indicated that evinacumab may be an important
drug in the context of the reduction of triglycerides associated with ASCVD residual risk,
especially in patients with diabetes [38].

The future of evinacumab seems to be slightly different from that of other drugs in-
tended for severe hypercholesterolemia, such as PCSK9 inhibitors (alirocumab, evolocumab)
and inclisiran. These examples do not relate to hypertriglyceridemia. However, new clinical
trials are needed to expand our experience of combining evinacumab with ezetimibe, be-
mpedoic acid, or even PCSK9 modulators in patients currently treated with LDL apheresis.
The authors of this article pose some open questions about the future of evinacumab: (1) Will
evinacumab be a better choice in the future than the concept of PCSK9 blockade? (2) Will
this change the way we currently treat hypertriglyceridemia? (3) What will be the optimal
algorithm for introducing this drug to the family of old and new hypolipemic therapies?

The approval and availability of evinacumab in the lipid-lowering armamentarium
will undoubtedly constitute significant progress, providing a drug with high efficacy in
not only hypercholesterolaemia but also hypertriglyceridemia. The authors believe that,
in addition to the expected breakthrough therapies in the field of lowering lipoprotein
(a) concentrations, i.e., the intensively studied pelacarsen and olpasiran or SLN360, the entry
into the pharmaceutical armamentarium of evinacumab may become the most important
event of lipoprotein pharmacotherapy in the current decade. An antisense oligonucleotide
(ASO) that reduces ANGPTL3 synthesis in the liver-vupanorsen is also in clinical trials [39].
During the Congress of the European Atherosclerosis Society (EAS) in 2022, a liver-specific
treatment of the target protein ANGPTL4 was also presented [40]. Thus, the system of
proteins ANGPTL3, ANGPTL4, and ANGPTLS is currently a widely studied point of the
pharmacological action of lipid-lowering drugs.

6. Conclusions

The above-mentioned findings from clinical trials (Table 1) and scientific research
proved that evinacumab is effective and safe as an add-on treatment in the management of
HoFH. Evinacumab decreases the level of LDL cholesterol by approximately 50% in individ-
uals with maximally tolerated lipid-lowering therapy, and its mechanism is independent
of residual LDLR activity [3,27]. Moreover, it was indicated that evinacumab might also
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cause plaque regression; [30] however; this finding should be validated in randomized,
placebo-controlled trials in large groups of patients.

Traditional lipid-lowering therapies, such as statins and PCSK9 inhibitors [8,41-43],
which upregulate the LDLR pathway, are ineffective or less effective in individuals with
two null alleles present in HoFH [44]. In contrast, evinacumab lowers LDL-C levels
independent of LDLR activity, so it can be considered a major tool in the armamentarium
of patients with HoFH who failed to achieve their minimal guideline-recommended LDL-C
goals, despite receiving multiple classes of lipid-lowering therapies and LDL apheresis,
or as an alternative for patients who do not tolerate or have no access to apheresis or
lomitapide [45,46].

Unfortunately, access to evinacumab, similar to other newly approved potent lipid-
lowering therapeutics (PCSK9 inhibitors, lomitapide), is commonly restricted by regulatory
approval and high cost [47,48].

Although evinacumab is approved for use by the FDA and EMA, the long-term effect
of its action still needs to be studied. Currently, the long-term effect of evinacumab is being
studied in an ongoing clinical trial, and the first results are expected in 2023.
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Abstract: Atherosclerosis is a multifactorial, lipoprotein-driven condition that leads to plaque for-
mation within the arterial tree, leading to subsequent arterial stenosis and thrombosis that accounts
for a large burden of cardiovascular morbidity and mortality globally. Atherosclerosis of the lower
extremities is called peripheral artery disease and is a major cause of loss in mobility, amputation, and
critical limb ischemia. Peripheral artery disease is a common condition with a gamut of clinical mani-
festations that affects an estimated 10 million people in the United States of America and 200 million
people worldwide. The role of apolipoprotein B-containing lipoproteins, such as LDL and remnant
lipoproteins in the development and progression of atherosclerosis, is well-established. The focus of
this paper is to review existing data on lipid-lowering therapies in lower extremity atherosclerotic
peripheral artery disease.

Keywords: atherosclerosis; peripheral artery disease; intermittent claudication; amputation; critical
limb ischemia; lipoprotein; statin; PCSK9 inhibitors; icosapent ethyl; inclisiran

1. Introduction

Acute and chronic arterial atherothrombosis accounts for a high burden of cardiovas-
cular (CV) morbidity and mortality globally [1,2]. Atherosclerosis affects arteries of all
sizes and is the consequence of oxidized lipids that become entrapped in the extracellular
matrix of the subendothelial space [3]. Arterial branch points and sites along the inner
curvature of arteries that have low or oscillatory endothelial shear stress often serve as a
nidus for atheroma formation. Atherosclerosis of the lower extremities is called peripheral
artery disease (PAD). Although other arterial diseases can also cause ischemia of the legs
(such as thromboangiitis obliterans, embolism, fibromuscular dysplasia, and vasculitides),
atherosclerotic occlusion is the commonest cause of PAD in the US.

PAD has a gamut of clinical manifestations, ranging from asymptomatic disease to
acute or chronic symptoms due to a combination of ischemia, thrombosis, and /or embolism.
Chronic PAD can have a few different subtypes, such as (i) symptomatic disease with classic
symptoms of intermittent claudication (IC), often diagnosed by an abnormal ankle brachial
index (ABI) value of <0.9; (ii) asymptomatic PAD with either a normal or abnormal ABI;
or (iii) having had a prior lower extremity (LE) arterial revascularization procedure. The
leading cause of morbidity in PAD is loss in mobility and ambulation due to IC, which
is ischemia-induced discomfort, cramping, heaviness, or frank pain in the affected limb
precipitated by physical activity and relieved by rest. Patients are usually able to reliably
relate what distance they can walk before IC appears, and this is called the claudication
distance. As the disease advances, the claudication distance diminishes. In severe disease,
chronic limb-threatening ischemia (CLTT) is the most feared complication and is associated
with limb loss and mortality [4]. Other complications of PAD that add to morbidity and
mortality include the development of arterial ulcers, gangrene, poor wound healing, and
deep soft tissue and bone infections. Regardless of symptoms, PAD is a strong harbinger
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of associated current or future CV disease and major adverse CV events (MACE). As
an example, stroke and myocardial infarction (MI) are three and four times more likely,
respectively, in patients suffering from PAD [5-7]. A reduced ABI has a two-fold higher risk
of MI, angina, congestive heart failure, and cerebrovascular disease [8]; overall mortality in
PAD correlates strongly with a decline in the ABI [9].

2. Role of Lipids in Atherosclerosis

Atherosclerosis is a multifactorial, lipoprotein-mediated condition that leads to plaque
formation at vulnerable sites of arteries through inflammation, necrosis, fibrosis, and calci-
fication over decades. Endothelial injury with subsequent accumulation of apolipoprotein
B-containing lipoproteins, such as LDL and remnant lipoproteins, is the first step in the
formation of atherosclerotic plaque in arteries (Figure 1) [10]. Hyperlipidemia can directly
impair endothelial cell function by increasing free radical production, which accelerates
the oxidation of cholesterol deposits in the endothelium. Oxidized lipoproteins are in-
gested by macrophages through scavenger receptors and accumulate in phagocytes that
then transform into foam cells. Oxidized lipoproteins also stimulate the release of growth
factors, cytokines, and chemokines that increase the recruitment of inflammatory cells
into atherosclerotic lesions. Oxidized LDL exerts cytotoxic effects on endothelial cells
and smooth muscle cells, which further potentiates endothelial cell dysfunction (Figure 2).
Recent studies have explored the role of inflammation in the initiation and progression of
plaque, such as neutrophils, normal-density granulocytes, and low-density granulocytes,
especially in patients with chronic inflammatory disease states [11]. Atherosclerotic plaques
may progress via fibrosis or calcification over decades, and eventually, a vulnerable plaque
may undergo rupture, ulceration, or erosion, which then leads to acute thrombosis in the
affected artery with catastrophic outcomes, such as MI, stroke, or CLTI.

Physicians’ Health Study Womens’ Health Study
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Figure 1. Left panel: Adjusted hazard ratio of lipids and apolipoproteins and PAD in the Physicians’
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Health Study. Left panel: Adjusted hazard ratio of lipids and apolipoproteins and PAD in the
Physicians” Health Study. Note relative risk and 95% confidence intervals for the top and bottom
quartile of various lipid and lipoprotein levels after adjustment for smoking status, age, body mass
index, frequency of exercise, presence of diabetes and hypertension, and family history of premature
atherosclerotic disease. Right panel: Women’s Health Study with hazard ratios and 95% confidence
intervals for the top versus bottom tertile of various lipid and lipoprotein levels after adjustment for
number of packs smoked over the years, age, body mass index, high-sensitivity C-reactive protein,
and presence of hypertension, metabolic syndrome, prior lipid-lowering therapy, and hormonal
therapy [12].
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Figure 2. Role of oxidized lipoproteins in the development of atherosclerosis, with specific targets
and mechanism of action of statins, ezetimibe, and PCSK9 inhibitors. HMGCR: 3-3-Hydroxy (-
methylglutaryl-CoA reductase, LDL: Low-density lipoprotein, LDL-C: Low-density lipoprotein
cholesterol, LDL-R: Low-density lipoprotein receptor, NP1C1R: Niemann—Pick C1-like 1 receptor,
PCSK9: Proprotein Convertase Subtilisin/Kexin Type 9.

3. Epidemiology and Clinical Burden of PAD

PAD is estimated to affect 10-25% people aged >55 years, and the prevalence increases
with age to approximately 40% among people >80 years [13]. An estimated 8 to 10 million
people in the USA and 200 million people worldwide suffer from PAD [14,15]. Males have
a higher incidence of PAD compared to females, and black individuals are more likely
to develop PAD than non-Hispanic white individuals [16]. However, despite efforts to
increase screening for asymptomatic PAD with ABI and questionnaires to detect IC, the
prevalence of this disease varies according to the population studied with underdiagnosis
among Hispanic individuals and other racial and ethnic minorities [14,16]. The overall
estimated prevalence of IC ranges from 1-4.5% in a population older than 40 years [6,17].
Approximately 10-30% of patients with PAD have some degree of IC. The prevalence and
incidence of CLTI increase with age and are greater in men [16], with an incidence of 22 per
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100,000 per year and affecting 1-2% of all patients with PAD. There is less data available on
the incidence and prevalence of acute limb ischemia (ALI), with estimates of approximately
1-2% among patients with {Singh, 2021, Prescribing of Statins After Lower Extremity
Revascularization Procedures in the US} symptomatic PAD [18]. CLTT has a mortality rate of
~25% in the first year after initial presentation and an estimated three-year limb loss rate as
high as 40%, with five-year survival rate of <30%. Diabetic patients have a higher incidence
of adverse outcomes and amputations [4,19]. Approximately one quarter of all patients
with CLTI are not considered candidates for vascular surgery or endovascular procedures,
and amputation is often the only option available. This corresponds to 120,000 amputations
annually in the United States [20,21], with the overall incidence of amputation ranging
from 112 to 250 per million per year. There is an association between recurrent CLTI due to
the failure of LE revascularization and worse patient outcomes [22], and the bypass versus
angioplasty in severe ischemia of the leg (BASIL) trial [23] demonstrated a re-intervention
rate among 216 patients with CLTI treated by percutaneous transluminal angioplasty as
high as 26% at one year. The increasing number of patients with CLTI and its overall poor
prognosis has led to a higher need for novel therapies to induce angiogenesis, with the
most emphasis being placed on gene and cell therapy.

PAD is often treated using a multifaceted approach, and treatment options depend on
lipid levels, limb function, severity of symptoms, and presence of comorbidities, such as
diabetes, smoking, and hypertension. Conservative medical management involves an exer-
cise regimen and use of antiplatelet agents, antithrombotic drugs, and phosphodiesterase-3
inhibitors, such as cilostazol, when appropriate. Regardless of symptoms, all patients
must receive lipid lowering therapy to reach goal lipid levels discussed below and should
be counseled on a heart-healthy, low-fat diet. Complications of PAD and CLTI are often
treated with invasive and expensive therapies that are associated with high morbidity and
mortality directly and indirectly through limb loss, need for revascularization, and failure
of conservative treatment leading to amputation. Early diagnosis and treatment of PAD is
imperative in preventing complications that are frequently life- and limb-threatening.

4. Role of Statins in PAD
4.1. Mechanism of Action of Statins

Statins are recommended as first-line therapy in the treatment of patients with PAD to
decrease the lipid plaque burden and reduce the risk of adverse CV events [6,7]. Statins
competitively inhibit 3-3-Hydroxy -methylglutaryl-CoA reductase, which is an enzyme
responsible for the synthesis of mevalonic acid. This is a rate-limiting step in cholesterol
synthesis. Inhibition of cholesterol synthesis causes an upregulation of LDL receptors
on the surface of hepatocytes, thereby promoting greater hepatic uptake of LDL and
reducing the circulating atherogenic low-density lipoprotein cholesterol (LDL-C) burden.
In addition to promoting plaque stability, statins have also been associated with anti-
inflammatory effects by inhibiting neointimal hyperplasia and vascular smooth muscle cell
proliferation and increasing the release of nitric oxide, which allows for vasodilation and
decreased platelet aggregation [24,25]. These pleiotropic effects of statins likely play a part
in reducing downstream events by promoting plaque stability and some degree of plaque
regression [26].

4.2. Clinical Outcomes Associated with Statin Use in Patients with PAD

One of the earliest studies involving statins was the Scandinavian Simvastatin Survival
Study (4S) [27], a large clinical trial in which 4444 adults aged 35 to 70 years with prior
MI or angina pectoris and with total serum cholesterol between 212.7 and 309.4 mg/dL
were randomized to receive either a placebo or simvastatin 20-40 mg/day. Of the enrolled
subjects, approximately 81% were males and 6% had symptomatic PAD with IC, 4% had
diabetes, and 8% had coronary artery disease with previous bypass surgery or angioplasty
at the time of enrollment. The mean baseline LDL-C level was 188.3 + 25.9 mg/dL. Subjects
were followed prospectively for a median of 5.4 years. The 4S study reported a 38% risk
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reduction in new or worsening IC in the treatment arm [relative risk (RR) 0.62 (0.44-0.88),
p = 0.008]. There was a 28% reduction in cerebrovascular event rate indicating that statins
likely have a generalized plaque-stabilizing effect that is not confined to the coronary
arterial bed.

The next study to show a similar benefit of statins was the Heart Protection Study
(HPS) Collaborative [28], which enrolled 6748 patients with PAD and randomly assigned
them to receive either simvastatin 40 mg or placebo. The mean follow-up period for this
study was 5 years. Investigators found an overall 16% relative reduction in the rate of a first
peripheral vascular event following randomization (p = 0.006). Furthermore, there was a
22% relative risk reduction in the rate of first vascular events (p < 0.0001) and a 20% relative
risk reduction in non-coronary revascularization in PAD patients (p = 0.002). These benefits
were independent of the pre-treatment lipid levels and the extent of PAD. The absolute
reduction in major vascular events at baseline was found to be greater in patients with PAD
(63 [SE 11] per 1000) than in those without (50 [SE 7] per 1000), reflecting a greater absolute
reduction in revascularization among participants with PAD (42 [SE 9] per 1000) compared
to those without (19 [SE 5] per 1000).

In a large analysis of benefits of statins in PAD, Kumbhani et al., analyzed 5861 patients
with PAD enrolled in the REACH study (REduction of Atherothrombosis for Continued
Health) [29] and reported on the rates of major adverse limb events (MALE) (defined as
worsening claudication or a new episode of CLTI, any percutaneous or surgical revascular-
ization, or amputation). They found an 18% relative risk reduction in MALE [hazard ratio
(HR) 0.82, p = 0.0013] and 17% lower risk in the combined endpoint of CV death, non-fatal
MI, or non-fatal stroke [hazard ratio (HR) 0.83, p = 0.01].

The first line treatment in patients with critical limb ischemia (CRITISCH) was an
observational registry [30] that analyzed PAD outcomes and benefits of statin treatment.
Their prospective observational cohort included 445 patients with CLTI who were on statin
therapy and 371 patients who were not on statin therapy. Over a median follow-up period
of 2 years, authors observed lower rates of amputation-free survival (HR 0.45, p = 0.001)
and lower odds of major adverse CV and cerebral events [odds ratio (OR) 0.41, p = 0.001]
in the group who were on statin therapy.

Similarly, the EUCLID trial (Examining the Use of Ticagrelor in Peripheral Artery
Disease) [31] noted that the patients with a major amputation had a lower prevalence of
statin use as compared to those who did not have an amputation (53% vs. 73.6%, p < 0.001).
They reported a lower rate of major amputation associated with statin use in both the
overall PAD patient cohort (HR = 0.52, p < 0.001) and patients stratified by baseline CLTI
status (HR = 0.47 p < 0.001).

In another large analysis of statin benefit, Arya et al., studied 155,647 veterans with
PAD over a median follow-up period of 5.9 years and evaluated lower extremity (LE)
amputations and mortality. Statin intensity exposure (high-intensity statin versus low-to-
moderate—intensity statin versus antiplatelet therapy but no statin use) was determined
within 1 year of diagnosis of PAD. Authors reported a significant reduction in mortality
and amputation risk, respectively, in the low-to-moderate—intensity statin group (HR, 0.83;
95% CI, 0.81-0.85 and HR, 0.76; 95% CI, 0.72-0.80) when compared to antiplatelets only.
High-intensity statins had a more significant benefit for both outcomes with a 30% risk
reduction in mortality (HR, 0.70; 95% CI, 0.67-0.73) and a 39% risk reduction in amputation
risk (HR, 0.61; 95% CI, 0.56-0.66) when compared to the antiplatelet-only group. In a
3-level propensity score-matched analysis comparison, 30,780 patients were matched in a
1:1:1 high-intensity statin, low-to-moderate—intensity statin, and active comparator group
(antiplatelet drugs only). There was a statistically significant reduction in amputation
risk (crude HR, 0.69; 0.61-0.76 and adjusted HR, 0.60; 0.52-0.69) and all-cause mortality
(crude HR, 0.72; 0.68-0.76 and adjusted HR, 0.70; 0.66-0.75) for high-intensity statin users
when compared to those taking only antiplatelet medications. There was a modest but
statistically significant reduction in amputations (crude HR, 0.84; 0.75-0.93 and adjusted HR,
0.80; 0.70-0.91) and mortality (crude HR, 0.83; 0.79-0.88 and adjusted HR, 0.80; 0.75-0.85)
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for low-to-moderate-intensity statin users when compared to those taking only antiplatelet
medications [32]. The risk reduction in amputation and mortality outcomes with high-
intensity statins continued to be significant after propensity score matching and sensitivity
and subgroup analyses.

Another observational study of 69,332 patients in Taiwan with diabetes and PAD
assessed risk reduction in lower extremity amputations with statin use. Authors found a
significantly lower risk of lower extremity amputation (HR 0.75, CI 0.62-0.90) and total
amputations (HR 0.58, CI 0.36-0.93) among patients on statins as compared to those not on
statins [33].

A Cochrane meta-analysis of 18 trials consisting of 10,049 patients with PAD was
reported in 2009—the overall results surprisingly revealed no significant association of
lipid-lowering treatment with either mortality or CV outcomes. However, after excluding
an outlier study, the modified results showed a significant reduction in CV events (OR 0.74,
CI0.55-0.98) [34]. The study that was excluded in the modified analysis was the PQRST trial,
which showed not only a reduction in total cholesterol and LDL-C but also high-density
lipoprotein cholesterol (HDL-C) with probucol, the lipid-lowering agent studied in that
trial [35]. Probucol may have had detrimental effects on outcomes via other mechanisms.

In a recent meta-analysis by Pastori et al., regarding statins and MALE in patients with
PAD, the authors analyzed 51 studies that included 138,060 patients with PAD. Patients
on statins had a 30% reduction in MALE (HR 0.70, CI 0.61-0.81) and a 35% reduction in
amputations (HR 0.65, CI 0.52-0.82). The statin group also had a lower risk of all-cause
mortality (HR 0.61, CI 0.54-0.68), CV death (HR 0.59, CI0.46-0.78), composite CV endpoints
(HR 0.66, CI 0.59-0.74), and ischemic stroke (HR 0.72, CI 0.62-0.83) [36]. Kokkinidis et al.,
conducted a systematic review and meta-analysis of 19 studies, including 26,985 patients
with CLTI, and evaluated the effect of statin therapy on CV and limb events. Patients on
statin therapy had a reduction in risk of major adverse CV and cerebral events (HR 0.5, CI
0.39-0.66, I? = 0) and fatal events (HR 0.62, CI 0.52-0.75, I? = 41.2) with a 25% decreased
risk of amputation (HR 0.75, CI 0.59-0.95) [37].

Statins have also been shown to improve walking distance. Mondillo et al., reported a
90-m increase in pain-free walking distance in PAD patients after 6 months of simvastatin
therapy (p < 0.005) [38]. In addition to increasing pain-free walking distance [39], statins
have been shown to increase total walking distance [40—44], reduce severity of IC [45]
and improve overall quality of life [43,46,47], especially when combined with an exercise
regimen [48].

Multiple studies have described the benefits of statins in patients with established
PAD or at moderate to high risk of vascular events as described above. However, until the
last decade, the role of statin therapy in patients at lower risk of vascular events was not
known. The Cholesterol Treatment Trialists published a meta-analysis of 27 randomized
trials in 2012. Based on their baseline risk of 5-year major vascular events ranging from
<5% to >30% on control therapy (no statin or low-intensity statin), participants were sorted
into five categories. Major vascular events included major coronary events (nonfatal MI
or coronary death), strokes, or coronary revascularization. Authors found a proportional
reduction in major vascular events that was at least as high in the two lowest risk categories
as in the higher risk categories (RR per 1 mmol/L reduction from lowest to highest risk:
0.62 [99% CI 0.47-0.81] for the <5% risk group, 0.69 [99% CI 0.60-0.79] for the >5% to <10%
risk group, 0.79 [99% CI 0.74-0.85] for the >10% to <20% risk group, 0.81 [99% CI 0.77-0.86]
for the >20% to <30% risk group, and 0.79 [99% CI 0.74-0.84] for the >30% risk group;
trend p = 0.04). Furthermore, the study found that there were significant reductions in major
coronary events (RR 0.57, 99% CI0.36-0.89, p = 0.0012 and 0.61, 99% CI 0.50-0.74, p < 0.0001)
and in coronary revascularizations (RR 0.52, 99% CI 0.35-0.75 and 0.63, 99% CI 0.51-0.79;
both p < 0.0001) in the two lowest risk category groups, respectively. Among participants
with 5-year risk of major vascular events <10%, risk reduction in stroke (RR per 1.0 mmol/L
LDL-C reduction 0.76, 99% CI 0.61-0.95, p = 0.0012) was similar to that seen in higher risk
categories (trend p = 0.30). Even among participants without a history of vascular disease,
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statins reduced the risks of vascular (RR per 1.0 mmol/L LDL-C reduction 0.85, 95% CI
0.77-0.95) and all-cause mortality (RR 0.91, 95% CI 0.85-0.97). Authors found no evidence
that reduction in LDL-C with a statin increased cancer incidence (RR per 1.0 mmol/L LDL-
C reduction 1.00, 95% CI 0.96-1.04), cancer mortality (RR 0.99, 95% CI 0.93-1.06), or other
non-vascular mortality. The study concluded that, among individuals with a 5-year risk of
major vascular events lower than 10%, each 1 mmol/L (~38 mg/dL) reduction in LDL-C
produced an absolute reduction in major vascular events of about 11 per 1000 over 5 years.
Further, the proportional reduction in events in patients with established vascular disease
(which included patients with PAD) was similar to those without established vascular
disease; however, absolute event rates are higher in those with established vascular disease,
suggesting a larger absolute benefit with statin therapy in this patient population. This large
analysis thus firmly established that the benefit of statins exceeded the risk of therapy [49].

4.3. Current Guidelines

Current European guidelines recommend achieving a >50% reduction in blood LDL-C
levels to <55 mg/dL in patients with atherosclerotic cardiovascular disease (ASCVD), which
includes those with PAD. A high-intensity statin, at the highest tolerated dose, should be
prescribed as first-line therapy given the evidence showing reductions in MALE and MACE.
Addition of ezetimibe or proprotein convertase subtilisin/kexin type 9 (PCSK9) inhibitors is
recommended if the LDL-C remains above goal (based on the degree of risk, ESC guidelines
give a goal of either <55 or <40 mg/dL in those with recurrent ASCVD events) [7]. The
multi-society guidelines for management of patients in 2018 classified PAD as an ASCVD
equivalent alongside MI, stroke, and CAD [50]. The 2016 AHA /ACC guidelines on PAD
management also give statins a Class IA recommendation in patients with PAD; although
PAD itself will not make a patient eligible for LDL-C lowering to <70 mg/dL per the
ACC/AHA guidelines, it is one of the major ASCVD events that define the “very high-risk
ASCVD” category [6]. Based on these guidelines, we propose a flowchart to approach lipid
management in patients with PAD (Figure 3).

4.4. Underuse of Statins in PAD

Unfortunately, despite the substantial database for benefit of statins and other lipid-
lowering therapies in PAD, there remains suboptimal usage of these drugs in PAD pa-
tients [51] The PREVENT III trial noted that 54% of patients with CLTI were not on any
lipid-lowering therapy [52]. The observational study by Arya et al., discussed above also re-
ported similar underuse of statins—the use of high-intensity statins was the lowest (6%) in
PAD patients, as compared to patients with either coronary or carotid artery disease (18.4%).
This highlights clinician and patient underappreciation of PAD as a systemic atherosclerotic
disease. In the observational study of Hess et al., that included 250,103 patients with
PAD, ~40% were not on any lipid-lowering therapy despite the observed increased risk of
MALE and MACE. Similar to the prior observation, lipid-lowering therapies were used
less often and at lower doses for PAD patients in contrast to coronary artery disease (CAD)
patients who were more frequently prescribed high-intensity statins [53]. Colantonio et al.,
also noted similar findings in their database—although the risk of CV events in patients
with PAD was comparable to those with CAD (HR 0.91, CI 0.86-0.95), the former was
significantly less likely to have been prescribed statins. In addition, having coexisting CAD
or cerebrovascular disease increased the rate of statin prescription in the PAD population
(statins were prescribed to 33.9% of patients with PAD only; CAD only: 51.7%, PAD +
cerebrovascular disease: 46.5%; PAD + CAD: 50.2%; PAD + CAD + cerebrovascular disease:
56.2%) [54].
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Risk Factors

1. Coronary heart disease or Cerebrovascular disease

2. Age 40-69 years in patients with h/o tobacco use/DM/MetS/HTN;
Age =70 years irrespective of other risk factors

Y

Assess symptom status and establish diagnosis

1. Intermittent claudication, rest pain/ulceration/gangrene,
diminished pulses

2. ABI <0.9 (may be falsely high if calcified vessels)

3. Angiographic/radiographic evidence of PAD

4. History of prior PAD or revascularization or amputation

LOW RISK DISEASE
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Figure 3. University of Louisville approach to PAD treatment based on current guidelines. * ASCVD
disease includes CAD, PAD, TIA, stroke, history of myocardial infarction, aortic aneurysm, carotid
atherosclerotic disease, history of coronary artery bypass grafting, or percutaneous coronary inter-
vention. Risk factors include HTN, HLD, DM, age >70 years, LDL-C >100 mg/dL, high-sensitivity
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CRP > 2 mg/dL, chronic kidney disease, and Lp(a) > 125 nmol/L. ** High-intensity statins include
atorvastatin 40-80 mg and rosuvastatin 20-40 mg. Moderate-intensity statins include atorvastatin
10-20 mg, rosuvastatin 5-10 mg, simvastatin 2040 mg, and pravastatin 40-80 mg. & Bempedoic
acid may also be considered, but it is pending data from an ongoing cardiovascular outcomes trial.
#LDL-C > 55 mg/dL if in a very-high risk group as defined in the 2019 ESC guidelines [7]. CAD:
Coronary artery disease, PAD: Peripheral artery disease, HTN: Hypertension, HLD: Hyperlipidemia,
DM: Diabetes Mellitus, MetS: Metabolic syndrome, TIA: Transient ischemic attack, LDL-C: Low-
density lipoprotein cholesterol, ASCVD: Atherosclerotic cardiovascular disease, TG: Triglycerides,
IPE: icosapent ethyl, PCSK9: Proprotein Convertase Subtilisin/Kexin Type 9.

5. Role of PCSK9 Inhibitors in Patients with PAD
5.1. Mechanism of Action of PCSK9 Inhibitors

PSCKO is a serine protease involved in the degradation of LDL receptors on hepato-
cytes, which leads to higher plasma LDL-C levels. PSCK9 inhibitors, such as alirocumab
and evolocumab, are humanized monoclonal antibodies that bind the PSCK9 protein,
inhibiting its attachment to the LDL receptor and, therefore, decrease plasma LDL-C
concentrations [55]. Statins upregulate PCSK9 levels—thus, combined statin and PCSK9
inhibitor therapy is especially beneficial in patients who are unable to reach therapeutic
LDL-C lowering with statin therapy alone [56].

5.2. Clinical Outcomes of PCSK9 Inhibitors in Patients with PAD

The FOURIER (Further Cardiovascular Outcomes Research with PCSK9 Inhibition
in Subjects with Elevated Risk) trial was a double-blinded randomized control trial that
included 27,564 patients with stable atherosclerotic CV disease on statin therapy. Subjects
were randomized to receive evolocumab (140 mg every 2 weeks or 420 mg monthly)
vs. placebo. The FOURIER trial was continued till at least 1630 patients reached the
composite endpoint of CV death, MI, or stroke, thus providing a 90% power to detect a
relative reduction of >15% for the secondary endpoint [57]. Compared to placebo, patients
receiving evolocumab were noted to have a 19% reduction in first acute arterial events (HR
0.84, CI 0.74-0.88) and a 24% reduction in total event rate (HR 0.76, CI 0.69-0.85) in the
first year. Individual event rates of acute coronary events, peripheral vascular events, and
cerebrovascular events also showed a decline, with a HR of 0.83 (CI 0.75-0.91), 0.58 (CI
0.38-0.88) and 0.77 (CI 0.65-0.92), respectively [58].

Bonaca et. al., conducted a subgroup analysis of 3647 patients with PAD in this trial
with the primary endpoint being a composite of CV death, MI, stroke, hospital admission
for unstable angina, or coronary revascularization. They evaluated MALE, ALI, major
amputation, or urgent peripheral revascularization for ischemia. The evolocumab group
had a 21% reduction in the primary endpoint (HR 0.79, CI 0.66-0.94, p = 0.0098) and a 42%
reduction (HR 0.58, CI 0.38-0.88, p = 0.0093) in MALE [59]. Additionally, the absolute risk
reduction in the primary endpoint was higher in the PAD subgroup than in those without
PAD (3.5% vs. 1.6%) [59,60].

The ODYSSEY outcomes (evaluation of cardiovascular outcomes after an acute coro-
nary syndrome during treatment with alirocumab) trial was a multicenter double-blinded
placebo-controlled trial with a median duration of 2.8 years follow-up involving 18,924 pa-
tients with a history of an acute coronary syndrome in the last 12 months, LDL-C at least
70 mg/dL, or non-HDL-C at least 100 mg/dL/or apoB level of at least 80 mg/dL on
high-intensity or maximally tolerated dose of statin. The primary endpoint of the study
was a composite of death from coronary artery disease, nonfatal MI, fatal or nonfatal is-
chemic stroke, or unstable angina requiring hospitalization. The primary endpoint rate was
reduced in the alirocumab group by 15% (HR 0.85, CI10.78-0.93, p < 0.001) [61]. A subgroup
analysis of the ODYSSEY outcomes trial investigated PAD events after ACS. Alirocumab
was found to reduce the risk of PAD events (HR 0.69, 95% CI 0.54-0.89, p = 0.004) [61,62].
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Based on the above data, current guidelines recommend consideration of PCSK9
monoclonal antibodies in patients who do not meet LDL-C treatment goals with dietary
modification and other lipid-lowering therapies, such as maximally tolerated statin plus
ezetimibe [50].

6. Role of Icosapent Ethyl (IPE) in PAD

IPE is an ethyl ester of eicosapentaenoic acid and reduces hepatic very low-density
lipoprotein triglycerides (VLDL-TG) synthesis and/or secretion, thereby enhancing TG
clearance from circulating VLDL particles. Patients with elevated TG levels are at increased
risk for ischemic events due to an increase in remnant lipoproteins. The REDUCE-IT trial
enrolled 8179 patients who were randomized to receive IPE vs. placebo. The primary
endpoint of this study was a composite of CV death, nonfatal MI, nonfatal stroke, coronary
revascularization, or unstable angina. Among patients with TG levels 135-400 mg/dL
despite the use of statins, a primary end-point event occurred in 17.2% of the patients in
the IPE group, as compared with 22.0% of the patients in the placebo group (HR, 0.75; 95%,
CI 0.68 to 0.83; p < 0.001) [63]. Furthermore, the EVAPORATE substudy of coronary CT
imaging of plaque features also demonstrated a significant regression of low-attenuation
coronary plaque volume on multidetector CT in patients who were randomized to IPE
compared to placebo, over 18 months [64].

Current guidelines recommend that if the TG levels remain high after diet and exercise,
IPE may be added to statin for reduction in CV risk [65]; however, their specific benefit in
PAD patients remains to be explored.

7. Role of Fibrates, Ezetimibe and Niacin in PAD

The role of fibrates, ezetimibe, and niacin in PAD has mostly been studied with these
drugs being used as an adjunct to statin therapy. Sohn et al., compared outcomes for
patients with diabetes taking statins to those taking non-statin lipid-lowering agents, such
as fibrates, bile acid sequestrants, nicotinic acid, and cholesterol absorption inhibitors
(including ezetimibe) and found that those patients taking non-statin lipid therapy did
not show a reduction in LE amputation rates [66]. A study by West et al., showed that
statin initiation with or without ezetimibe in statin-naive patients halted the progression
of PAD. When ezetimibe was added to patients previously on statins, PAD paradoxically
progressed—the authors concluded that ezetimibe’s effect on PAD seemed to depend upon
the relative timing of ezetimibe initiation with respect to statin therapy. However, this
study had a few shortcomings, such as it was underpowered and small, 23% (20/87) of the
patients initially enrolled in the study were not included in the final analysis, there was no
placebo arm, and the endpoint was superficial femoral artery vessel wall plaque volume
change over 2 years (as measured by MRI) rather than CV events or MALE [67].

8. Novel Drugs: Inclisiran

Inclisiran is a small interfering RNA that inhibits hepatic PCSK9 and upregulates the
number of LDL-receptors on the hepatocytes. Inclisiran was approved in the European
Union in 2020 for use in adults with primary hypercholesterolemia or mixed dyslipidemia
based on the results of the ORION trials [68]. Inclisiran was shown to be effective in reduc-
ing LDL-C in patients with elevated LDL-C who were on maximally tolerated statin therapy.
In a study conducted by Ray et al., 501 patients with high LDL-C levels (LDL-C > 70 mg/dL
for patients with ASCVD or >100 mg/dL for those without) were randomly assigned to
receive inclisiran or placebo. The primary endpoint was the change from baseline in LDL-C
levels at 180 days. Safety data were available through day 210 and data on LDL-C and
PCSKO9 levels were available through day 240. At 180 days, the least-squares mean reduc-
tions in LDL-C levels ranged from 27.9 to 41.9% after a single dose of inclisiran and 35.5 to
52.6% after two doses (p < 0.001 for all comparisons with placebo). Greatest reduction in
LDL-C levels was seen with the two-dose 300-mg inclisiran regimen; 48% of the patients
who received this regimen had an LDL-C level below 50 mg/dL at 180 days. The reduction
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in LDL-C and PCSKO9 levels from baseline brought about by inclisiran persisted even at
day 240 irrespective of the initial regimen [69]. The ongoing ORION-4/TIMI 65 trial is
studying CV outcomes in patients with ASCVD or at high risk. The effects of inclisiran in
PAD remain to be explored.

9. Role of Apheresis in PAD

The LIPAD study enrolled 213 patients with symptomatic PAD and matched them
to controls for sex, age, and presence of diabetes. Lipoprotein (a) [Lp(a)] concentrations
above the 75th percentile of the entire cohort were significantly associated with PAD with
an odds ratio of 3.73 even after adjustment for potential confounding factors, highlighting
the role of elevated Lp(a) in PAD [70]. The role of lipoproteins in PAD was confirmed in
the MESA trial [16]. Among the 4618 participants enrolled in this study, the mean age
was 62 + 10 years. Mean Lp(a) was 30 & 32 mg/dL and median (interquartile range) was
18 (840 mg/dL), and 11% of all participants had established PAD at the time of enrollment.
After adjustment for traditional CV disease risk factors and interleukin-6, fibrinogen, D-
dimer, and homocysteine levels, authors found an association between logarithmic increase
in Lp(a) levels and higher odds for PAD (OR, 1.12; 95% CI, 1.01-1.25). The EPIC-Norfolk
study showed that Lp(a) levels in the highest quartile were more predictive of incident
PAD (adjusted HR 2.06) compared to CAD (adjusted HR 1.33) [71].

Apbheresis for high Lp(a) has been used in selective patients with ASCVD especially
in Germany [72,73]; however, its effects of reducing Lp(a) levels have been studied more
for MACE rather than MALE [74-77]. Prospective cohort studies strongly suggest a causal
relationship between elevated Lp(a) levels and PAD. However, data on the efficacy of
lipoprotein apheresis in patients with PAD and elevated Lp(a) are scarce [78]. The HORI-
ZON trial is an ongoing clinical trial to assess the impact of LP(a) lowering with Pelacarsen
(TQJ230) on MACE in patients with CV disease [79].

A summary of landmark studies on the role of lipid-lowering therapy in PAD is
described below (Table 1).
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10. Conclusions

The impact of traditional risk factors, such as age, diabetes, elevated blood pressure,
smoking, and high levels of LDL-C and Lp(a) on the risk of developing atherosclerosis and
PAD has been well established [80]. Based on the above studies, there is a clear benefit of
lipid-lowering therapy in patients with PAD. However, this clinical entity, unfortunately,
continues to be underdiagnosed and undertreated when compared to coronary and cere-
brovascular atherosclerosis, and there is a significant racial and socioeconomic disparity in
the diagnosis and management of PAD.

Advances in basic science over the last three decades have established a fundamental
role for inflammation in mediating all stages of atherosclerosis from initiation through
progression and, ultimately, the thrombotic complications of this disease [81,82]. Decreased
levels of LDL-C, better blood pressure control, and lower incidence of smoking have
brought about an evolution in the risk factor profile for development of atherosclerosis.
There is a focus on triglyceride-rich lipoproteins in addition to LDL as culprits in atheroscle-
rosis. Non-traditional risk factors for atherosclerosis, such as disturbed sleep, the gut
microbiome, physical inactivity, air pollution, and environmental stress, have also gained
consideration. Both traditional and emerging risk factors for atherosclerosis are tied to-
gether by inflammatory pathways and leukocytes that have been incriminated in altering
the behavior of arterial wall cells [83]. The role of these novel, non-traditional risk factors
in the development and progression of PAD remains to be explored.

Atherosclerosis and PAD bear significant morbidity and mortality and form an impor-
tant part of contemporary clinical practice. Preventive strategies, such as diet and lifestyle
modification and lipid-lowering pharmacotherapy, form the cornerstone of prevention and
treatment of PAD and its complications.
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Abstract: Real-world data on lipid levels and treatment among adults with diabetes mellitus (DM)
are relatively limited. We studied lipid levels and treatment status in patients with DM across
cardiovascular disease (CVD) risk groups and sociodemographic factors. In the All of Us Research
Program, we categorized DM as (1) moderate risk (<1 CVD risk factor), (2) high risk (>2 CVD
risk factors), and (3) DM with atherosclerotic CVD (ASCVD). We examined the use of statin and
non-statin therapy as well as LDL-C and triglyceride levels. We studied 81,332 participants with DM,
which included 22.3% non-Hispanic Black and 17.2% Hispanic. A total of 31.1% had <1 DM risk
factor, 30.3% had >2 DM risk factors, and 38.6% of participants had DM with ASCVD. Only 18.2% of
those with DM and ASCVD were on high-intensity statins. Overall, 5.1% were using ezetimibe and
0.6% PCSKO9 inhibitors. Among those with DM and ASCVD, only 21.1% had LDL-C < 70 mg/dL.
Overall, 1.9% of participants with triglycerides > 150 mg/dL were on icosapent ethyl. Those with
DM and ASCVD were more likely to be on high-intensity statins, ezetimibe, and icosapent ethyl.
Guideline-recommended use of high-intensity statins and non-statin therapy among our higher risk
DM patients is lacking, with LDL-C inadequately controlled.

Keywords: dyslipidemia; diabetes mellitus; LDL-cholesterol; triglycerides; statins; treatment

1. Introduction

Atherosclerotic cardiovascular diseases (ASCVD) are major causes of morbidity and
mortality in people with diabetes mellitus (DM) [1]. Dyslipidemia remains a significant AS-
CVD risk factor in those with DM. In the US Diabetes Collaborative Registry [2], among the
74,393 patients with DM, 48.6% had controlled levels of low-density lipoprotein-cholesterol
(LDL-C) but only 62% were on a moderate- or high-intensity statin. Hypertriglyceridemia
(HTG) also remains common in patients with DM. Among 1448 U.S. adults aged 20 years
and over with diabetes in the US National Health and Nutrition Examination Survey,
approximately 40% had triglyceride levels of > 150 mg/dL, regardless of statin use; and
even among statin users with LDL-C < 70 mg/dL, one-third had borderline or elevated
levels [3]. Moreover, clinical trials have shown that statin therapy, proprotein convertase
subtilisin/kexin type 9 (PCSK9) inhibitor use, and fish oil therapy using pure icosapent
ethyl all reduce ASCVD risk, including among those with DM [4-6].

US and other international guidelines recommend statin therapy for all adults with
DM, with high-intensity statins for those at higher risk and icosapent ethyl (pure EPA
fish oil) for those at higher risk who have elevated triglycerides [5,7]. US and European
guidelines for the management of dyslipidemias now include the use of PCSK9 inhibitors
for very high-risk ASCVD patients (with or without DM) who are not adequately controlled
for LDL-C on a maximum tolerated dose of statin and ezetimibe [8-10].

J. Clin. Med. 2023, 12, 1668. https:/ /doi.org/10.3390/jcm12041668
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Data on the extent of dyslipidemia and lipid target attainment, as well as on the use
of statin and newer non-statin therapies, are limited among recent real-world cohorts of
diverse patient populations. The aim of our study was to examine disparities in lipid
control and use of statin and newer lipid therapies according to sociodemographic and
ASCVD risk groups in a large cohort of patients with DM representative of the diversity of
the United States. Key objectives were to examine differences in (1) LDL-C and triglyceride
control by sociodemographic and ASCVD risk groups, and (2) the use of statin, ezetimibe,
PCSK9 inhibitor, and icosapent ethyl by sociodemographic and ASCVD risk groups.

2. Materials and Methods
2.1. All of Us Research Program

The mission of the All of Us Research Program is to accelerate health research and
medical breakthroughs, enabling individualized prevention, treatment, and care [11]. The
All of Us Research Program is an ongoing program that aims to invite 1 million adults across
the United States. There are currently over 541,000 participants that have been recruited
from 590+ sites. Over 50% of these participants represent racial and ethnic minorities, and
over 80% of them are underrepresented in biomedical research [11].

This work was performed on data collected using the All of Us Researcher Workbench,
a cloud-based platform where approved researchers can access and analyze data [11].
The data currently includes surveys, electronic health records (EHR) data, and physical
measurements (PM). Participants could choose not to answer specific questions. PM
recorded at enrollment include systolic and diastolic blood pressure, height, weight, heart
rate, waist and hip measurement, wheelchair use, and current pregnancy status. EHR data
was linked for those participants who consented [11]. All participants provided informed
consent to participate in the All of Us research program. The current analysis utilized
de-identified data.

2.2. Study Sample

On the researcher workbench, we created a cohort of 81,332 participants aged > 18 years
enrolled between 2018 and 2022 with DM based on >1 of the following from recorded
personal or medical history: DM, DM without complications, type 2 DM, different dis-
eases/conditions due to DM, secondary DM, on insulin treatment or DM medication,
HbAlc > 6.5%, fasting glucose > 126 mg/dL, or non-fasting glucose > 200 mg/dL. We
excluded participants with Type 1 DM and variables with missing values in our analysis
from participants. Ethnicity within our cohort included non-Hispanic White, non-Hispanic
Black, Hispanic or Latino, Asian, and other. We categorized our ASCVD risk groups as
moderate risk based on <1 CVD risk factor, high risk with >2 CVD risk factors, and
DM with known ASCVD. Risk factors included were age >60 years, hypertension (blood
pressure > 130/80 mmHg or being on antihypertensive therapy), low-density lipoprotein
cholesterol (LDL-C) > 160 mg/dL, cigarette smoking, and high-density lipoprotein choles-
terol (HDL-C) <40 mg/dL for males and <50 mg/dL for females (Table 1). We also analyzed
these parameters across health insurance status, education, and income categories.

Table 1. Demographic characteristics of participants with Type 2 DM.

Variable Total (n = 81,332)
Age (years) 62.0 (£14.1)
Male 31,887 (40.6%)
Female 46,661 (59.4%)
Non-Hispanic White 42,532 (52.3%)
Non-Hispanic Black 18,100 (22.3%)
Hispanic or Latino 13,986 (17.2%)
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Table 1. Cont.

Variable Total (n = 81,332)
Asian 1445 (1.8%)
Other Race/Ethnicity 5269 (6.5%)
Health Insurance 74,838 (95.6%)
Income
Less than 10 k 11,678 (19.6%)
1025k 11,793 (19.8%)
25-35k 5994 (10.1%)
35-50 k 6262 (10.5%)
50-75 k 7990 (13.4%)
75-100 k 5673 (9.5%)
More than 100 k 10,046 (16.9%)
Education
Less than a high school degree or equivalent 9527 (12.2%)
Twelve or GED 17,147 (21.9%)
Some College 22,394 (28.6%)
College Graduate/Advanced Degree 29,104 (37.2%)
BMI (kg/m?) 32.5 (£12.2)
Smoking Status
Non-Smoker 43,071 (54.7%)
Former Smoker 23,383 (29.7%)
Current Smoker 12,229 (15.5%)
Systolic Blood Pressure (mm Hg) 129.5 (£14.2)
Diastolic Blood Pressure (mm Hg) 76.9 (£9.1)
Triglycerides (mg/dL) 145.7 (+85.1)
LDL-C (mg/dL) 100.9 (£31.3)
HDL-C (mg/dL) 50.1 (+£15.2)
Diabetes Risk and ASCVD Status
<1 Diabetes Risk Factors without ASCVD 24,787 (31.1%)
>2 Diabetes Risk Factors without ASCVD 24,112 (30.3%)
Diabetes with ASCVD 30,682 (38.6%)
Diabetes Risk Factors
Age >60 years 50,768 (62.4%)
Hypertension 42,315 (54.9%)
LDL-C >160 mg/dL 1835 (3.4%)
Smoking History 12,229 (15.5%)
HDL-C < 50 mg/dL in females 14,861 (18.3%)
HDL-C < 40 mg/dL in males 8641 (10.6%)

Individual categories do not add up to total sample size due to missing data as follows: 2784 persons did not
indicate their sex, 3050 persons did not indicate their health insurance status, 21,896 persons did not indicate their
income status, 3160 persons did not indicate their education level, 2649 persons did not indicate their smoking
status, 1751 persons did not indicate their diabetes risk and/or ASCVD status.
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2.3. Definitions and Measurements

We extracted information on each subject on demographics, survey data, cholesterol,
LDL-C, and triglyceride levels, as well as use of statins and PCSK9 inhibitor use. ASCVD
was defined based on all listed manifestations of coronary artery disease, cerebrovascular
disease (excluding hemorrhagic stroke), and peripheral arterial disease. Statin use was
defined as a documented prescription (generic or branded) of atorvastatin, cerivastatin,
fluvastatin, lovastatin, pitavastatin, pravastatin, rosuvastatin, and /or simvastatin. Statin
intensity was categorized into those at high and low /moderate intensities according to US
guidelines [12]. Ezetimibe and icosapent ethyl use was also captured, and PCSK9 inhibitors
included evolocumab and alirocumab. We additionally obtained survey data on health
insurance status, types of health insurance, BMI, education level, cigarette smoking status,
and income.

2.4. Statistical Analyses

R programming was used for statistical analysis, utilizing the All of Us Research
Program participants to project estimates to the US population. The Chi-squared test of
proportions was used to compare icosapent ethyl and statin use according to risk group, sex,
and ethnicity. We examined the percentage of people on low-, moderate-, and high-intensity
statin therapy, and at LDL-C levels less than 70 mg/dL, 70-99 mg/dL, and 100 mg/dL
or greater. The percentage of people on icosapent ethyl and with triglyceride levels less
than 100 mg/dL, 100-149 mg/dL, 150 mg/dL to 199 mg/dL, and 200 mg/dL and greater
were also analyzed using the Chi-squared test of proportions. We then performed logistic
regressions that assessed the relation of demographic factors to high-statin, ezetimibe,
PCSK9 inhibitor, and icosapent ethyl uses. Multiple logistic regressions were used to assess
the relation of predetermined sociodemographic factors, risk groups, and individual risk
factors, with odds ratios (ORs) and 95% confidence intervals calculated. The p-values
shown represent the significance levels across the strata of interest (e.g., sex, ethnicity, or
DM risk group).

3. Results

Our analysis includes 81,332 participants diagnosed with DM based on our inclusion
criteria. Overall, 31.1%, 30.3%, and 38.6% were at moderate risk, high risk, or with ASCVD,
respectively. Our sample also comprised 22.3% non-Hispanic Black, 17.2% Hispanic or
Latino, 52.3% non-Hispanic White, and 1.8% Asian participants, as well as 40.6% males and
59.4% females. Overall, 4.4% did not have health insurance, and 34.1% had a high school
education or less (Table 1).

Table 2 shows how the use of different therapies for dyslipidemia varied by risk and de-
mographic groups. Within risk groups, sex, and ethnicity, there were significant differences
in the use of statins. Approximately 33.5% of people who have DM and ASCVD were not
using any statins. High-intensity statin use also varied among groups, ranging from 5.9% in
those at lower risk to 18.2% in those with DM and ASCVD (p < 0.05). Furthermore, across
all risk groups, use of PCSK9 inhibitors and icosapent ethyl was universally low, being
highest at 1.3% and 1.7%, respectively, in those with both DM and ASCVD. Approximately
1.9% of participants with TG levels greater than or equal to 150 mg/dL were on icosapent
ethyl. A total of 5.1% of participants were on ezetimibe (p < 0.05).
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Overall, 50.6% of our participants had LDL-C levels < 100 mg/dL, although only
16.0% were <70 mg/dL (Table 2). Figure 1 shows the proportion of participants with
LDL-C <70 mg/dL, 70-99 mg/dL, and >100 mg/dL according to sociodemographic and
ASCVD risk groups. A total of 55.5% of those with > 2 risk factors had LDL-C > 100 mg/dL,
whereas 40.9% of those with DM and ASCVD had LDL-C > 100 mg/dL (with only 21.1%
having LDL-C <70 mg/dL). A total of 56.3% of females had LDL-C > 100 compared to 39.3%
of males. Of the participants who had health insurance, 49.5% had LDL-C > 100 mg/dL,
compared to 53.2% of participants who had no insurance and had LDL-C > 100 mg/dL.

0

xX

10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

W< 70 mg/dL 70-99 mg/dL  m>100 mg/dL

Figure 1. Proportion of subjects at ideal, borderline, or poor LDL-C control by ASCVD risk group,
sex, ethnicity, education, income, and health insurance. p < 0.001 across risk, sex, ethnicity, education,
income, and health insurance status categories.

Overall, 64.4% had triglyceride levels < 150 mg/dL, and only 31.6% had
levels < 100 mg/dL (Table 2). Figure 2 shows the proportion of participants with triglyc-
eride levels of <100 mg/dL, 100-149 mg/dL, 150-199 mg/dL, and >200 mg/dL by sociode-
mographic and risk groups. A total of 21.3% of participants with 2 or more risk factors had
triglyceride levels > 200 mg/dL, whereas 17.9% of those with DM and ASCVD had triglyc-
eride levels > 200 mg/dL. A total of 15.6% of females had triglyceride levels > 200 mg/dL
compared to 19.6% of males. Additionally, 16.9% of participants with health insurance had
triglyceride levels > 200 mg/dL, compared to 25.1% of those without health insurance.

Table 3 shows significant differences in the prevalence of high-intensity statin, eze-
timibe, PCSK9 inhibitor, and icosapent ethyl use across health insurance, education, and
income. For those with health insurance, 27.5% were on high-intensity statins, compared to
23.7% without health insurance. Ezetimibe use was greater in those with health insurance
at 5.3% compared to 1.4% in those without health insurance, as was PCSK9 inhibitor use
(0.6% and 0.1%, respectively). Moreover, 3.1%, 0.2%, and 0.5% of participants with less than
a high school degree were on ezetimibe, PCSK9 inhibitors, and icosapent ethyl, respectively.
For those with a college or advanced degree, this was 6.4%, 0.8%, and 1.0%, respectively.
Ezetimibe use was more common in those at higher versus lower income levels.
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Figure 2. Proportion of subjects at ideal, borderline, or poor triglyceride control by ASCVD risk
group, sex, ethnicity, education, income, and health insurance. p < 0.001 across risk, sex, ethnicity,
education, income, and health insurance status categories.

Table 3. Prevalence of high-intensity statin, ezetimibe, PCSK9 inhibitor, and icosapent ethy] treat-
ments in Adults with DM across health insurance, education, and income.

Proportion (%) Hisgtl;-tlir:;nsiity Ezetimibe Use PCSKQUI;hibitor Icosap[e]:: Ethyl
Health Insurance (1 = 74,838) 27.5% * 5.3% * 0.6% * 1.0%
No Health Insurance (1 = 3469) 23.7% * 1.4% 0.1% * 1.1%
Less than a high school degree (n = 9527) 31.1%* 3.1%* 0.2% * 0.5% *
Twelfth Grade or GED (n = 17,147) 28.1% * 4.2% * 0.5% * 0.9% *
College (n = 22,394) 26.6% * 4.9%* 0.6%* 1.1% *
C"“eggeg:::‘:‘:t: ;’;ﬁg}’“‘“d 25.8% * 6.4%* 0.8%* 1.0% *
Income Less than 10 k (n = 11,678) 26.9% * 2.8% * 3.0% 0.5% *
10-25 k (n = 11,793) 30.8% * 4.5% * 0.2% * 1.0% *
25-35 k (1 = 5994) 26.8% * 52% * 0.7% * 1.1% *
35-50 k (1 = 6262) 26.7% * 5.7% * 0.5% * 1.6%*
50-75 k (1 = 7990) 25.6% * 5.8% * 0.7% * 1.3% *
75-100 k (n = 5673) 25.0% * 6.8% * 0.8% * 1.4%*
More than 100 k (r = 10,046) 24.9% * 7.2% * 0.9% * 1.1% *

* p < 0.001 across health insurance, education, or income categories. (Participants may be on one or more
medication class.)

Multiple logistic regression (Table 4) showed males to be significantly more likely to be
on icosapent ethyl (OR = 2.98 [2.03, 4.48]) and high-intensity statins (OR = 1.73 [1.62, 1.85])
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compared to females. Non-Hispanic Black participants were significantly less likely to be on
icosapent ethyl (OR = 0.22[0.12, 0.38]) and ezetimibe (OR = 0.62 [0.54, 0.72]) than non-Hispanic
White participants, but were more likely to be on PCSK9 inhibitors and high-intensity statins.
High-intensity statin use was significantly more likely in participants with hypertension
(OR =1.13 [1.07, 1.19]), and those with LDL-C > 160 mg/dL (OR = 1.63 [1.43, 1.86). Ezetimibe
use was significantly more likely in participants >60 years (OR = 1.27 [1.05, 1.54]) and among
those with health insurance (OR = 1.52 [1.03, 2.35]). Hispanic or Latino participants were
significantly less likely to be taking ezetimibe. Those with DM and ASCVD were significantly
more likely to be on a high-intensity statin (OR = 3.66 [3.37, 3.97]) and ezetimibe (OR = 3.12
[2.66, 3.67]) as well as icosapent ethyl (OR = 2.21 [1.44, 3.47]).

Table 4. Multiple logistic regression of indicators for high-intensity statin, ezetimibe, PCSK9 inhibitor,
and icosapent ethyl.

Variable High-Intens.ity Statin Ezetim.ibe Use Odds PCSK9 Inhibitor Use Icosapent. Ethyl Use

Use Odds Ratio [95% CI] Ratio [95% CI] Odds Ratio [95% CI] Odds Ratio [95% CI]
Age (Per Year) 1.02 [1.016, 1.023] 1.02 [1.017, 1.03] 1.02[0.99, 1.04] 1.00[0.99, 1.03]
Gender: Male 1.73[1.62,1.85] 0.98 [0.87, 1.099] 1.17[0.84, 1.63] 2.98 [2.03, 4.48]

BMI (Per kg/m?) 1.00 [0.999, 1.003] 1.00 [0.998, 1.004] 0.995 [0.992, 1.00] 1.006 [1.003, 1.009]
Age >60 years 1.09 [0.99, 1.20] 1.27[1.05, 1.54] 0.47[0.27, 0.79] 1.38 [0.85, 2.28]
HTN 1.13[1.07, 1.19] 0.91 [0.82, 1.00] 1.13 [0.86, 1.47] 0.9210.71,1.18]
LDL-C > 160 mg/dL 1.63[1.43,1.86] 3.02 [2.48, 3.66] 0.15[0.10, 0.23] 0.63[0.19, 1.50]
Smoking History 1.11[1.03,1.19] 0.87[0.74, 1.02] 1.07[0.71, 1.69] 0.61[0.37, 0.96]
HDL-C < 50 mg/dL in females 1.47 [1.37, 1.58] 1.16 [1.02, 1.32] 1.34[0.93, 1.96] 2.19 [1.41, 3.45]
HDL-C < 40 mg/dL in males 1.27[1.17,1.37] 1.05[0.91, 1.21] 0.99 [0.67, 1.49] 1.92[1.43,2.58]
Non_flti}s‘;iaﬁglack 1.30 [1.21, 1.39] 0.62 [0.54, 0.72] 2.49 [1.60, 4.04] 0.220.12, 0.38]
Hispanic or Latino 1.34 [1.24, 1.45] 0.70 [0.59, 0.84] 1.57 [0.98, 2.64] 0.97 [0.64, 1.43]
Asian 0.96 [0.78, 1.17] 0.88 [0.61, 1.24] 4.87[1.08, 8.59] 2.30 [1.20, 4.01]
Other 1.05[0.93, 1.19] 1.05[0.85, 1.28] 0.65[0.41, 1.07] 1.17[0.69, 1.88]
Have health insurance 0.79 [0.69, 0.90] 1.52 [1.03, 2.35] 0.22[0.01, 0.99] 0.60 [0.32, 1.29]
g%c_‘;g‘i 097 [0.89, 1.05] 1.13[0.94, 1.35] 058 [0.33,0.98] 0.89 [0.54, 1.48]
25-35k 0.76 [0.69, 0.84] 1.17[0.95, 1.45] 0.61[0.32,1.14] 1.16 [0.66, 2.03]
35-50 k 0.76 [0.69, 0.84] 1.17[0.95, 1.44] 0.75[0.39, 1.42] 1.41[0.84, 2.39]
50-75 k 0.70 [0.64, 0.77] 1.18 [0.97, 1.44] 0.68 [0.37, 1.22] 1.22 [0.74, 2.05]
75-100 k 0.69 [0.62, 0.77] 1.46[1.19,1.80] 0.551[0.29, 1.02] 1.04 [0.60, 1.83]
>100 k 0.71[0.65, 0.78] 1.53[1.27,1.85] 0.53[0.29, 0.92] 1.15[0.71, 1.92]
Diabetes Risk Group

Diabetes with >2 Risk Factors 1.18[1.08, 1.30] 1.11[0.92,1.34] 0.80[0.41, 1.51] 1.18 [0.73, 1.96]
Diabetes with ASCVD 3.66 [3.37, 3.97] 3.12 [2.66, 3.67] 0.14 [0.08, 0.24] 2.21[1.44, 3.47]

Reference Groups: Gender—-female; age >60 years-age <60 years age; HTN-no HTN, LDL-C > 160 mg/dL-
LDL-C < 160 mg/dL; smoking history: no smoking history; HDL-C < 50 mg/dL in females; HDL-C > 50 mg/dL in
females; HDL-C < 40 mg/dL in males; HDL-C > 40 mg/dL in males; race: non-Hispanic White; health insurance:
none; income: < 10 k, DM risk group < 1 DM risk factor.

4. Discussion

We demonstrated continuing gaps in lipid treatment and inadequate control of LDL-
C and triglycerides in an important current real-world cohort of US adults with DM.
We analyzed these gaps across ASCVD risk groups and key underserved demographic
groups of participants within the NTH Precision Medicine Initiative’s All of Us Study who
have been underrepresented in health research. We found that LDL-C and triglyceride
levels remain inadequately controlled, including among people with ASCVD, who despite
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having the strongest recommendations for treatment, remain suboptimally treated with
high-intensity statins, ezetimibe, PCSK9i, and icosapent ethyl. Among participants with
both DM and ASCVD, only 21.1% had LDL-C < 70 mg/dL and 36.5% had triglyceride
levels > 150 mg/dL, respectively. Additionally, ezetimibe, PCSK9i, and icosapent ethyl,
while not widely used, were most prevalent among those with a college degree or higher,
and PCSK9i was most used in those with health insurance.

Furthermore, ezetimibe, PCSK9 inhibitor, and icosapent ethyl use were highest among
non-Hispanic White populations compared to other minority racial/ethnic groups. These
results are concerning because Hispanic or Latino populations and non-Hispanic Black
populations had the highest proportions with LDL-C levels > 100 mg/dL, and Hispanic
or Latino populations and Asian populations had the highest proportion of uncontrolled
triglyceride levels of 150 mg/dL or higher. Others have also shown minority groups are
more likely to have high triglyceride levels and low HDL-C dyslipidemia [13]. In the US
Diabetes Collaborative Registry [2], we recently showed Black persons to be less likely to
be at LDL-C target (42.7%) compared to White persons (49.3%). Moreover, from analysis
of electronic health record data from a large healthcare system [14], among those with
diabetes, Black persons had a 36% lower likelihood of being prescribed a statin compared
to White persons in adjusted analysis. The Reasons for Geographic and Racial Differences
in Stroke (REGARDS) study similarly showed underutilization of statins in non-Hispanic
Black populations compared to non-Hispanic White populations [15].

Clinical trials have documented the efficacy of statin and ezetimibe therapy as well as
PCSK9 inhibitors and icosapent ethyl, including among persons with DM. In 14 random-
ized statin trials, which included 18,686 people, researchers found that people with DM
who were on statins for an average of 4.3 years had a 21% decrease in major vascular events
and a 9% decrease in mortality compared to those who were not on statins [4]. Further
reduction of LDL-C not satisfactorily achieved by high-intensity statins can be achieved
by ezetimibe or PCSK9 inhibitors [4]. In the IMPROVE-IT trial comparing the addition of
ezetimibe to statins alone in persons with a recent acute coronary syndrome, in subgroup
analyses, those with DM (in addition to the recent acute coronary syndrome) compared to
those without DM had a substantially greater reduction in risk of the primary composite
cardiovascular endpoint [16]. In the Fourier trial of evolocumab in persons with prior AS-
CVD, pre-specified subgroup analyses showed that among the 11,031 (40%) patients with
DM, there was a similar 17% risk reduction of the primary cardiovascular endpoint com-
pared to the 13% risk reduction in those without DM (interaction term not significant) [5].
Another study found that the rosuvastatin/ezetimibe combination is safe and effective
in patients with hypercholesterolemia or dyslipidemia with or without DM and with or
without cardiovascular disease [17,18]. The drug combination enabled higher proportions
of patients to achieve recommended LDL-C goals than rosuvastatin monotherapy, without
additional adverse events [17,18].

However, despite statin use, people with well-controlled LDL still have residual ASCVD
risk associated in part with elevated triglycerides that may be lowered by omega-3 fatty
acids, such as icosapent ethyl [5] or fibrate therapy. In the REDUCE-IT trial testing the
efficacy of icosapent ethyl in persons with prior ASCVD or DM and multiple risk factors
with triglycerides of 135499 mg/dL on statin therapy, those with vs. without DM had a
similar risk reduction in the primary endpoint (23% vs. 27%, with the interaction term not
significant) [8]. The recently reported RESPECT-EPA trial [19], while of borderline significance
for the primary endpoint, did achieve the secondary endpoint, with relative risk reductions
due to icosapent ethyl therapy consistent with REDUCE-IT. However, the recently reported
PROMINENT trial [20] involving pemafibrate failed to demonstrate any benefit from this
therapy in reducing ASCVD risk in persons with DM who had elevated triglycerides and low
HDL-C, and instead showed increased LDL-C levels in the treated group.

Recent real-world evidence from population studies in those with DM shows use of
lipid-lowering therapy is still limited, and acceptable LDL-C levels are often not achieved.
While our recent report from the National Health and Nutrition Examination Survey 2013-
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2016 did show more than 80% of those with DM were on lipid-lowering therapy, only 57%
(among those without ASCVD) had an LDL-C < 100 mg/L and only 26% of those who had
both DM and CVD had an LDL-C <70 mg/dL [21]. Moreover, our recent report from the
Diabetes Collaborative Registry showed that 49% of those with DM were at LDL cholesterol
targets < 100 mg/dL or < 70 mg/dL if with ASCVD, with two-thirds of these on moderate
or high-intensity statins [2]. Our results from the All of Us cohort show lower levels of lipid
treatment, as well as lower levels at appropriate LDL-C levels, likely due to the greater
proportions of underrepresented and/or inadequately insured persons in our cohort.

We have previously demonstrated in US adults with DM that despite statin therapy,
triglycerides of >150 mg/dL are still present in 40%, and even if LDL-C < 100 mg/dL in those
on statin therapy, more than a third of such persons still have triglycerides > 150 mg/dL,
warranting the consideration of additional triglyceride reducing therapies [3]. We found
icosapent ethyl use to be only 1.9% among participants with triglyceride levels greater than
or equal to 150 mg/dL. This low use is consistent with other recent real-world data. A
recent study by Derington et al. created cohorts using the National Health and Nutrition
Examination Surveys (NHANES) 2009-2014 and the Optum Research Database (ORD) to
see how many participants were eligible to receive icosapent ethyl [22]. They estimated
3.6 million US adults to be eligible and observed that the 5-year first event (composite
of cardiovascular death, nonfatal myocardial infarction, nonfatal stroke, unstable angina
requiring hospitalization, or coronary revascularization) rate without IPE was 19.0% com-
pared to 13.1% with 5 years of IPE treatment, preventing 212,000 events. They also projected
that the total 5-year event rate (first and recurrent) could be reduced from 42.5% to 28.9%
with 5 years of IPE therapy, preventing around 490,000 events, which would amount to
approximately USD 2.6 billion in net annual cost. In addition, because icosapent ethyl
was approved for ASCVD risk reduction by the FDA recently in December of 2019, it is
not surprising that uptake is low in the current study, especially given the wide range of
demographic groups included in the All of Us research program.

While our results show those with both DM and ASCVD were most likely to be on
high-intensity statins, ezetimibe, and icosapent ethyl compared to people with DM who did
not have ASCVD, their use was still suboptimal. High-intensity statins are recommended
for those with DM and ASCVD [23,24], with further non-statin therapy indicated for further
LDL-C lowering. Only 18.2% of our patients with DM and ASCVD were on high-intensity
statins, and only 9.1%, 1.3%, and 1.7% were on ezetimibe, PCSK9 inhibitors, and icosapent
ethyl, respectively.

Our study has some strengths and limitations. The participants in this study reflect the
diversity of the United States and the data are available in near-real time, which is valuable
when trying to understand current lipid treatment and control patterns. While the data
are extracted from an on-line platform for analysis, these data are from the NIH Precision
Medicine Initiative All of Us Research Program that does have standardized methods for
data collection regarding surveys and blood measurements. However, like with most
research studies, participation is voluntary and thus the sample studied, while large, is not
necessarily representative of the US population. Moreover, this is a cross-sectional study
and we do not have multiple measures of medication use to assess adherence nor multiple
laboratory measures to examine the effects of individual therapies, which would require
a clinical trial design. There are also other limitations in using electronic health records
(EHR) data, where there may be inconsistencies across study sites in capturing prescription
and diagnostic data. Additionally, assuming the absence of a diagnostic code as an absence
of disease may lead to information and/or selection bias. Further, it has been demonstrated
that one key source of bias in EHRs is “informed presence” bias, where those with more
medical encounters are more likely to be diagnosed with various conditions [25,26]. Lastly,
as our study population is enriched in underserved and disadvantaged persons, results
may differ compared to results from health claims data from insured persons.
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5. Conclusions

In summary, our cross-sectional analysis demonstrates important disparities in lipid
control, as well as in the use of statins, ezetimibe, PCSK9 inhibitors, and icosapent ethyl in
US adults with DM across sociodemographic and DM risk groups. Guideline-recommended
use of high-intensity statins and ezetimibe among our higher risk DM patients is lacking,
with many having inadequately controlled LDL-C levels. Moreover, icosapent ethyl use
remains low, even among those with high TG levels. Continued provider and patient
education needs to be prioritized—especially among those at highest risk. However,
systematic approaches, including the use of EHR and other automated interventions, are
needed to address both remaining clinical inertia and significant remaining gaps between
evidence-based guidelines and actual care received.
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