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Abstract: This review explores the many barriers to accessing lipid-lowering therapies (LLTs) for
the prevention and management of atherosclerotic cardiovascular disease (ASCVD). Geographical,
knowledge, and regulatory barriers significantly impede access to LLTs, exacerbating disparities in
healthcare infrastructure and affordability. We highlight the importance of policy reforms, includ-
ing pricing regulations and reimbursement policies, for enhancing affordability and streamlining
regulatory processes. Innovative funding models, such as value-based pricing and outcome-based
payment arrangements, have been recommended to make novel LLTs more accessible. Public health
interventions, including community-based programs and telemedicine, can be utilized to reach
underserved populations and improve medication adherence. Education and advocacy initiatives
led by patient advocacy groups and healthcare providers play a crucial role in raising awareness
and empowering patients. Despite the barriers to access, novel LLTs present a big opportunity to
reduce the burden of ASCVD, emphasizing the need for collaborative efforts among policymakers,
healthcare providers, industry stakeholders, and patient advocacy groups to address these barriers to
improve access to LLTs globally.

Keywords: lipid-lowering therapies; dyslipidemia; access; barriers; ASCVD; public health; telemedicine

1. Introduction

Atherosclerotic cardiovascular disease (ASCVD) remains the leading cause of morbid-
ity and mortality worldwide [1]. More than 16 million people died from coronary artery
disease or stroke in 2021 [1].

With advances in therapeutics, deaths due to ASCVD have steadily declined in most
high-income countries (HICs), apart from the US which has seen a resurgence in cardiovas-
cular mortality over the past decade [1,2]. Indeed, more people died from cardiovascular
disease in the US in 2020 than in any other year since 2003 [2]. Possible reasons for this
resurgence include a rising prevalence of obesity, metabolic syndrome, diabetes, and hy-
pertension [2]. The impact of the coronavirus 2019 (COVID-19) pandemic, too, has led to
excess cardiovascular mortality [2].

In addition, cardiovascular mortality in low- and middle-income countries (LMICs)
remains unacceptably high, being nearly twice that of HICs [1]. Indeed, 80% of all deaths
due to cardiovascular disease (CVD) occur in LMICs, with the prevalence of ASCVD and
the burden of risk factors expected to rise exponentially [3,4]. The projected economic
burden of risk factors and the consequences of ASCVD is expected to triple over the next
30 years [5].

Dyslipidemia, in particular, elevated low-density lipoprotein cholesterol (LDL-C),
is one of the major modifiable risk factors that contribute to ASCVD [6]. This review
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will address therapies aimed at lowering LDL-C. Statins have been the cornerstone of
lipid-lowering therapy (LLT) and have been listed on the World Health Organization
(WHO) Model of Essential Medicines List (EML) since 2007 [7]. Statins are recommended
for ASCVD prevention globally but remain underutilized and underdosed, especially in
LMICs [4,7]. In low-income countries (LICs), only 19.8% of patients receive medicines for
secondary prevention of ASCVD, compared to 54.9% in upper-middle-income countries
(UMICs) [8,9].

Treatment guidelines continue to recommend lower LDL-C targets, particularly for
subjects with established ASCVD, resulting in the need for additional non-statin LLTs [10].
Many patients are undertreated and do not reach current guideline-directed LDL-C tar-
gets [11,12]. Furthermore, up to 30% of patients report statin-related side effects [13,14].
Although the nocebo effect of statins is well established, poor perceptions surrounding
statin use contribute to poor adherence [15–17]. As such, there is a need for non-statin LLTs
to bridge this treatment gap.

The United Nations has set a Sustainable Development Goal to reduce premature
mortality from non-communicable diseases (NCDs) by one-third by 2030 [3,18,19]. If this
goal is to be realized, then improved access to essential medicines, including novel and
emerging lipid-lowering therapies (LLTs), will need to be prioritized.

Significant differences exist in access to medications in different countries and regions
around the world. While it is not possible to identify the specific barriers for all countries,
this review will highlight just some of the difficulties that exist in providing novel therapies
to the patients who need them.

2. Novel Lipid-Lowering Therapies

Over the past few decades, a number of new drugs have been approved for LDL-C reduction.
Evolocumab (Repatha) and alirocumab (Praluent), monoclonal antibody therapies

directed against proprotein convertase subtilisin/kexin type 9 (PCSK9), are administered
every 2–4 weeks as subcutaneous injections. They demonstrated a 50–60% reduction in
LDL-C and reduced ASCVD mortality in the FOURIER and ODYSSEY OUTCOMES trials,
respectively [20,21]. PCSK9 inhibitors are recommended for patients with ASCVD or at
high risk for ASCVD who cannot achieve adequate lowering of LDL-C with maximally
tolerated statin therapy or for those who are statin-intolerant [22]. Likely because of
cost, the uptake of PCSK9 inhibitor therapy has been poor, with most users being in the
US [11,12,23].

Tafolecimab (Sintbilo), a humanized monoclonal antibody targeting PCSK9, received
approval in China in August 2023 [24]. Dosed by monthly subcutaneous injection, tafolec-
imab led to a 57–70% reduction in LDL-C in patients with and without FH [24–26]. As many
as 10% of participants developed anti-drug antibodies and 1% developed neutralizing
antibodies during a 48-week trial period [26].

Inclisiran (Leqvio or Sybrava) is a small interfering RNA (siRNA) therapy directed
against the hepatic synthesis of PCSK9 and leads to an approximately 50% reduction in
LDL-C [27,28]. Over and above the traditional indications for PCSK9 inhibitor therapy,
inclisiran can be considered in individuals with poor adherence to or adverse effects from
the PCSK9 monoclonal antibodies [22]. A significant benefit of inclisiran over evolocumab
and alirocumab is its 6-monthly dosing schedule.

The widespread use of inclisiran has been significantly hampered in the UK, with
less than 5000 prescriptions for the drug occurring over 18 months [29]. This number falls
grossly short of the National Health Services (NHS) target of 300,000 patients by October
2024 [29]. Major factors limiting the prescribing of inclisiran include uncertainty around
costs, drug safety, and the bureaucratic workload of prescribing the drug [30].

Bempedoic acid is an orally administered drug that inhibits adenosine triphosphate
(ATP)-citrate lyase, an enzyme located upstream of 3-hydroxy-3-methylglutaryl coenzyme
A (HMG Co-A) reductase, the rate-limiting enzyme targeted by statins [31]. Bempedoic
acid leads to approximately a 24% reduction in LDL-C in statin-intolerant individuals
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and has a low rate of myalgias [32]. When added to maximally tolerated statin therapy,
bempedoic acid reduces LDL-C by between 16 and 18% [33,34]. Moreover, the CLEAR
Outcomes trial demonstrated a reduction in the incidence of ASCVD in individuals who
were intolerant of statins [35].

While the monthly costs of bempedoic acid (registered as Nexletol in the USA and
Nilemdo in the EU) and its combination with ezetimibe (Nexlizet in the USA and Nustendi
in the EU) are cheaper than PCSK9 inhibitors, because of the smaller percentage reduction
in LDL-C, they are more costly per mg/dL reduction in LDL-C achieved.

Evinacumab (Evkeeza) is a monoclonal antibody that inhibits angiopoietin-like pro-
tein 3 (ANGPTL3), lowering LDL-C by LDL-receptor-independent means. Remarkably,
reductions in LDL-C levels by approximately 50% in addition to maximally tolerated LLT
were seen in the ELIPSE-HoFH trial [36]. The drug has been approved for the treatment of
homozygous familial hypercholesterolemia (HoFH) from the age of 5 years [36,37].

Newer therapies at various stages in the research and development pipeline are likely
to become available in the future.

• Lerodalcibep, a recombinant fusion protein of a PCSK9-binding domain (adnectin)
with human albumin, reduced LDL-C by over 50% with monthly subcutaneous in-
jections when administered to heterozygous FH patients over a 24-week study pe-
riod [38].

• Oral PCSK9 inhibitors have shown similar reductions to the injectable PCSK9 in-
hibitors [39,40]. NNC0385-0434 was withdrawn for commercial reasons, while MK-
0616 is currently in phase 3 clinical trials.

• The cholesterol ester transfer protein (CETP) inhibitors as high-density lipoprotein
cholesterol (HDL-C)-raising therapies did not reduce atherosclerosis or cardiovascular
events [41–43]. However, obicetrapib, a novel CETP inhibitor, in addition to raising
HDL-C, has demonstrated a 45% reduction in median LDL-C in a randomized phase
2 study and a 63% reduction in combination with ezetimibe [44,45].

• Zodasiran is an siRNA molecule that disrupts the expression of ANGPTL3 [46]. The
ARCHES-2 trial showed that, at varying doses, zodasiran was effective in patients
with mixed hyperlipidemia, leading to a 51–63% reduction in triglycerides (TGs) and
14–20% reduction in LDL-C [46].

• Solbinsiran, a GalNAC-conjugated siRNA against ANGPTL3, produced a dose-
dependent reduction in TG, non-HDL-C, and apolipoprotein B in individuals with
mixed hyperlipidemia [47].

• CRISPR/Cas9-based gene editing therapies directed against the PCSK9 and ANGPTL3
genes are entering human trials given the safety shown in preclinical models [48–50].
These are considered good targets given the lifelong absence of any health-related
consequences in individuals with naturally occurring loss-of-function PCSK9 and
ANGPTL3 mutations.

• Vaccination strategies inducing a host immune response against circulating PCSK9 or
ANGPTL3 remain within the preclinical domain but have shown promising results in
non-human primates and other animal models [51–54].

It remains to be seen whether these new therapies (displayed in Table 1) will reduce
cardiovascular events, and further studies are awaited. Some are indeed likely to obtain
regulatory approval in the future and will enter the market alongside the currently available
lipid-lowering therapies. However, the question of how accessible these therapies will be to
the general population is of concern, especially considering the global underutilization of
many of the currently available lipid-lowering therapies, particularly within LMICs [11,12,55].
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Table 1. Novel lipid-lowering therapies for LDL-C reduction.

Medication Mechanism of Action LDL-C Reduction Phase of Development

Tafolecimab Humanized mAb against PCSK9 ~57–70% Marketed

Lerodalcibep PCSK9-binding domain (adnectin) conjugated with
human albumin ~50% Phase 3

Inclisiran siRNA inhibition of hepatic PCSK9 synthesis ~50% Marketed
MK-0616
(Enlicitide decanoate) Oral PCSK9 inhibitor ~60% Phase 3

CVI-LM001 Oral PCSK9 inhibitor ~26% Phase 2
Cepadacursen Long-acting ASO targeting PCSK9 Not known Phase 2
Bempedoic acid Inhibits ATP-citrate lyase ~24% Marketed
Evinacumab ANGPTL3 inhibitor ~50% Marketed (for HoFH)

Zodasiran siRNA targeting hepatic ANGPTL3 ~20% (mixed dyslipidemia)
~48% (HoFH) Phase 2

Solbinsiran GalNAc-conjugated siRNA targeting hepatic ANGPTL3 36% reduction in ApoB Phase 2b
Obicetrapib Inhibits CETP ~45% Phase 3
VXX-401 Anti-PCSK9 vaccine ~65% (NHPs) Phase 1
VERVE-201 CRISPR/Cas9-based editing of ANGPTL3 ~46% (NHPs) Phase 1b
VERVE-101 CRISPR/Cas9-based editing of PCSK9 ~46% Phase 1
CTX310 CRISPR/Cas9-based editing of ANGPTL3 Not known Phase 1

mAb = monoclonal antibody; PCSK9 = proprotein convertase subtilisin/kexin type 9; siRNA = small interfering
RNA; ASO = antisense oligonucleotide; ANGPTL3 = angiopoietin-like protein 3; CETP = cholesterol ester transfer
protein; HoFH = homozygous familial hypercholesterolemia; GalNAc = N-acetylgalactosamine; CRISPR =
clustered regularly interspaced short palindromic repeats; NHP = non-human primate.

3. Barriers to Accessing Medicines

The concept of access to medicines was defined by Pechansky and Thomas in 1981
and encompasses five key dimensions: availability, accessibility, affordability, acceptability,
and quality [56].

Availability ensures that medications are supplied sufficiently, while affordability
focuses on making them economically accessible to all patients. Accessibility addresses the
physical reachability and obtainability of medicines, and acceptability considers the cultural
and personal preferences of patients. Finally, quality refers to safe and effective medicines
that are of a consistently high standard [56,57]. Collectively, these dimensions form a com-
prehensive framework for evaluating and improving access to essential medicines globally.

The World Health Organization (WHO) defines access as “having medicines con-
tinuously available and affordable within one hour’s walk from home” [8]. The United
Nations’ Sustainable Development Goal 3.8 proclaims “. . .access to safe, effective, quality
and affordable essential medicines and vaccines for all” [58].

Access to therapies will be considered in terms of economic, geographical, regulatory,
and knowledge barriers.

3.1. Economic Barriers: The Availability and Affordability of Medicines

Availability has been defined by the WHO as the percentage of medicine outlets or
facilities having a particular medication in stock at any one time [57,59,60]. A threshold
of 80% is the target set by the WHO to declare the availability of essential affordable
medicines within a particular region [57,59,60]. This reflects an understanding that while
100% availability may be ideal, it is often impractical due to logistical, economic, and
systemic challenges that health systems may face. This is particularly true of LMIC, and
thus, 80% serves as a realistic and impactful target.

The WHO determines affordability according to the number of days’ wages needed to
buy a one-month supply of medicines for chronic conditions based on the daily wage of
the lowest-paid unskilled government worker. Medicines are considered unaffordable if
the total cost exceeds 20% of the household income [57,59].

Economic barriers significantly impact the availability and affordability of LLTs across
different income regions. Despite the clinical efficacy of lipid-lowering therapies, the
financial implications often hinder their widespread adoption. High-intensity statins and
ezetimibe are generally available, although significant treatment gaps remain [3,12,55].
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The World Heart Federation survey drew respondents from 38 countries, with most
being from the US and Europe and most working in an urban setting [3]. In LICs, 40%
reported that fixed-dose statin/ezetimibe combinations were not available, and 60% noted
that PCSK9 inhibitors were not available [3]. These availability issues are less pronounced
in UMICs and HICs, highlighting the disparities in access [3].

Generic drugs are more affordable than patented drugs as they are usually priced
more closely to the cost of production [61]. Significant disparities exist both within and
between countries in terms of the availability of generic medications. Up to 20% of generic
medicines are available in the public sector, whereas 60% can be found in the private sector
in LMICs [60]. Poor availability of medicines in the public sector often forces patients to
seek more expensive options from private facilities [60].

In patients surveyed across 21 countries (HICs, UMICs, LMICs and LICs), the avail-
ability of CV medicines was found to be 50% for antihypertensives, 62.8% for anti-platelets,
and 87.2% for statins [55,59]. Importantly, 29.4% of providers who were surveyed reported
that while the drugs were available but not affordable, and 25.7% lacked access to all
three drugs [59]. Only 51% of participants were using a lipid-lowering agent, with 80% of
participants remaining with an LDL-C above the target of 100 mg/dL [62]. CV medicines
are generally unaffordable in most countries, particularly in LICs, as 75% of households in
LICs and 24% in MICs could not afford two antihypertensive drugs and a statin.

Post-manufacture costs, including duties, taxes, markups, and additional charges,
further increase the financial burden on patients [57,59]. In LMICs, inadequate public
financing limits the availability of essential CV medicines, despite the implementation
of social health insurance in some areas [3,59]. Patients without insurance who pay out
of pocket often find medicines unaffordable. The affordability of combination therapy
for secondary prevention of CVD is also problematic, with 33% of households in LMICs
and 60% in LICs being unable to afford such treatment [57,59]. Increased copayments for
medicines have been shown to reduce usage, though this evidence primarily comes from
HICs [57].

Significant variability has been seen in the pricing of PCSK9 inhibitors worldwide,
ranging from USD 127 per standard unit (SU) in Korea to USD 949 per SU in Argentina [23].

The affordability of medicines is often compared to the international reference price.
Patented medication manufacturer prices in the US are typically 20–40% more compared to
other HICs, whereas generics are cheaper in the US [63]. Government-procured generics
are priced 1.5 to 3 times higher than the reference prices, while the same generics cost
patients approximately 15 times the reference price in the public sector and 30 times in the
private sector [57]. In the public sector, a one-month supply of a generic CVD medicine
costs an average of 2 days’ wages, whereas an original brand costs 8.3 days’ wages for the
lowest-paid government worker [57,59]. Procurement prices in LMICs are significantly
higher than international reference prices, averaging 17 times higher for brand medicines
and 4.5 times higher for generics [59]. Patient prices are even more inflated, being 11.2 times
the international reference price for generics in the public sector [59]. The disparities in
access to CV medicine between the private and public sectors, and across different countries
and income levels, are significant. In the private sector, these medicines are more readily
available but often less affordable, highlighting the crucial role both sectors play in ensuring
access to CV treatments [59].

The high cost of novel LLTs and the increasing burden of NCDs challenge the feasibility
and sustainability of universal health coverage. This contributes to the increasing burden
of CVD in LMICs, where more than three-quarters of CVD-related deaths occur [59].

3.2. Geographical Barriers: Disparities in Accessibility Based on Location and Healthcare Infrastructure

Geographical barriers affect accessibility based on location and the quality of health-
care infrastructure. Structural barriers, such as limited national funding, slow inclusion of
CV medicines in EMLs, and supply chain inefficiencies, exacerbate the problem, making
guideline-based treatment challenging [57,59,64]. Studies have shown that the inadequate
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presence of healthcare workers and long distances to health facilities are significant chal-
lenges to accessing medicines and healthcare in LMICs [59].

In sub-Saharan Africa, patients often travel long distances to access health facilities.
Indeed, up to 35% of patients with chronic diseases in LMICs travel more than 15 min
to visit health facilities [59]. Accessibility is crucial, as patients must be able to obtain
medicines even if they are affordable. Inefficient transportation systems, infrastructural
inadequacies, a lack of accountability, and a low density of healthcare workers are major
barriers to accessing CV medicines [57,59]. High rates of absenteeism among public-sector
health workers can further hinder this access [57,59].

In LMICs, geographical location greatly affects access to NCD medicines, with those
living in the capital having better access than rural residents, and long travel times to health
facilities significantly reducing overall access [57]. Significant disparities exist between
the public and private sectors, urban and rural areas, and various income levels, with
CV medicines being more available but less affordable in the private sector, highlighting
the need for policy measures to ensure access across all regions, especially in low-income
economies facing high CV morbidity and mortality [59].

3.3. Knowledge Barriers: Limited Awareness and Acceptability among Healthcare Providers and
Patients about New Treatment Options

Low acceptability among patients and healthcare workers, compounded by physicians’
preferences for non-EML brands and complex treatment regimens, leads to poor patient
adherence to medications and non-compliance with local guidelines [57,59]. This results
in low treatment rates and medication adherence, despite the availability of medicines.
Adherence to daily LDL-C-lowering medications is hindered by patient factors like risk
perception and health literacy [65].

Non-adherence by both healthcare providers and patients further reduces the ac-
ceptability of treatments. Patient beliefs about the necessity and potential side effects of
medication further contribute to non-adherence [57]. The World Heart Federation survey
highlighted further roadblocks and potential solutions in ASCVD management [3]. The
survey found significant disparities in clinician comfort with prescribing high-potency
statins, especially in LMICs, where 60% of respondents were uncomfortable with such
prescriptions compared to 35% in HICs [3].

Patient perceptions play a crucial role, with many patients in LICs finding it challeng-
ing to understand the risks associated with ASCVD and the benefits of cholesterol-lowering
medications, leading to low treatment acceptance and adherence [3]. Healthcare systems of-
ten focus on treating diseases in secondary and tertiary care settings rather than on primary
care and health preservation, presenting a major barrier to ASCVD prevention [3]. There is
also a gap between the awareness of what combination therapies to use and their correct
application, indicating the need for improved education and training among healthcare
providers [3]. Simplifying prescription access through electronic solutions could help, but
low awareness and acceptance of new treatments like PCSK9 inhibitors and siRNA-based
therapies among providers and patients remain significant barriers [65].

Overall, the acceptability of CV medicines is influenced by a range of factors, including
provider and patient perceptions, the complexity of treatment regimens, and the availability
of high-quality medicines. Addressing these issues is crucial for improving CV disease
outcomes, particularly in LMICs. Additionally, patent laws and systemic deficiencies
contribute to the burden of counterfeit drugs in LMICs [59].

3.4. Regulatory Barriers: Delays in Approval Processes, Access Restrictions, and Quality Assurance

The prevalence of substandard and counterfeit medicines presents a major challenge,
particularly in Africa, where regulatory oversight is often insufficient, with a recent study
indicating that 16.3% of CV medicines in Africa are of low quality, making them one
of the most commonly reported substandard medicine classes in the WHO monitoring
system [59]. Concerns about medicine quality are global, leading to interventions like
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regular quality testing by large procurement agencies to ensure a consistent supply of
quality products from manufacturers or distributors [57].

The substantial financial burden incurred by novel LLTs prompts insurers to imple-
ment stringent cost-containment strategies such as prior authorization (PA) requirements
and step therapy [66]. The PA process, involving extensive paperwork and data collection,
causes delays and discourages access, while step therapy mandates that patients try and
fail on less expensive medications before being approved for novel agents like PCSK9
inhibitors, further delaying access to effective treatment [66]. These regulatory hurdles
are compounded by a burdensome appeals process, which diverts healthcare providers’
time and resources away from patient care, sometimes even imposing financial burdens on
physicians through filing fees for appeals [66].

Over a period of 3 years, 91% of initial claims for PSCK9 inhibitors through commercial
insurers were rejected. Following an appeals process, this figure declined to 53% [66]. But,
importantly, 74% of patients who were not granted access to PCSK9 inhibitors did not
commence alternative LLT [66]. In people presumed to have FH who were not meeting the
recommended LDL-C targets, more than 60% of applications for PCSK9 inhibitors were
rejected [67].

Meeting rigorous criteria to access therapies PCSK9 is time-consuming [68]. The
bureaucracy related to these regulatory difficulties can inhibit healthcare provider prescrib-
ing [29,30]. The delays and denials can have serious implications for patient outcomes,
particularly for those at high risk for cardiovascular events. Timely access to PCSK9
inhibitors is crucial for optimal lipid management and reducing ASCVD risk [66].

Inconsistencies in the approval processes further complicate access, with similar clini-
cal histories receiving different decisions, undermining trust in the system. Additionally,
the administrative burden of managing these processes imposes significant costs on medi-
cal practices, straining healthcare resources and disrupting the essential patient–clinician
relationship [66].

The biannual update of the WHO Model List of Essential Medicines serves as a guide
for countries to create their own prioritized medication lists according to local health needs,
but applying comparative cost-effectiveness on a global scale is difficult [57]. A study
conducted in sub-Saharan Africa revealed that 40% of countries had not revised their EMLs
in the past five years [57]. LICs generally include CVD medicines less frequently than
HICs, and only about half of countries include at least one medicine from each of the four
secondary prevention therapeutic groups (aspirin, beta-blocker, ACE inhibitor, and statin)
on their EMLs, with statin inclusion rates of 43%, 75%, and 69% for LICs, LMICs, and HICs,
respectively [57]. The availability of generic medicines for acute conditions is generally
higher than that for chronic conditions in both public and private sectors [57].

HICs have stringent regulatory frameworks (e.g., FDA and EMA) that thoroughly
evaluate the safety and efficacy of novel LLTs. LMICs may possess regulatory author-
ities that are underfunded with inadequate expertise, which leads to less rigorous or
inconsistently enforced standards that result in variations in drug quality and availability.
HICs can also benefit from quicker access to novel therapies with fast-track regulatory
approval programs.

3.5. Systemic Racism as a Barrier to Access

Structural inequalities, including systemic racism, play a significant role in shaping
healthcare access and outcomes [69]. Racism within healthcare systems can manifest in
various forms, including unequal treatment, bias in diagnosis and treatment decisions,
and disparities in access to quality care based on race or ethnicity [69–71]. Systemic
racism contributes to socioeconomic disparities, lack of health insurance coverage, and
limited access to healthcare facilities, exacerbating the challenges in obtaining necessary
treatments [69]. Racial disparities are seen throughout the field of medicine and, no less, in
the access to LLTs [71,72].
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4. Barriers and Their Budget Impact on CV Outcomes

A major barrier to adequate LDL-C lowering in LICs is the lack of registration for these
therapies, as 75% of respondents in LICs cited the absence of registration for fixed-dose
statin/ezetimibe combinations and PCSK9 inhibitors [3]. While LMICs also face registration
challenges, they are less severe, with only 10% of UMIC respondents reporting issues with
PCSK9 inhibitors [3].

Regarding prescription practices, none of the four treatments (high-intensity statins,
ezetimibe, fixed-dose combinations, or PCSK9 inhibitors) are universally prescribed freely
in the public sector in LICs [3]. Only 50% of respondents in LICs noted that high-intensity
statins could be freely prescribed, whereas approximately 75% reported that ezetimibe,
fixed-dose combinations, and PCSK9 inhibitors could not be freely prescribed [3]. In
contrast, HICs typically allow most LLTs, apart from PCSK9 inhibitors, to be prescribed
freely in the public sector.

Raised LDL-C in young adults is linked to later life ASCVD, yet most do not receive
LLT. A study, using the U.S. National Health and Nutrition Examination Survey (NHANES)
database, found that initiating statin treatment for young adults with LDL-C ≥ 130 mg/dL
is highly cost-effective in men (USD 31,000/quality-adjusted life-year [QALY]) and moder-
ately cost-effective in women (USD 106,000/QALY), with lifestyle interventions being less
effective and more costly [73].

LLTs are most cost-effective in high-risk populations. The higher the risk, the greater
the absolute risk reduction when the treatment is given, making the intervention more
cost-effective [74]. Since men typically have higher baseline risk and higher rates of ASCVD
events, lowering risk and preventing events lead to a more significant increase in QALYs
for men as compared to women [74,75]. Furthermore, women generally have a longer
life expectancy than men and, although this means they may benefit from more years of
treatment, it also means costs are spread over a longer period of time.

Low/moderate-intensity statins combined with ezetimibe is the most cost-effective
lipid-lowering strategy, especially when initiated at age 40, with an incremental cost-
effectiveness ratio of GBP 11,107 per QALY gained [76]. PCSK9 inhibitors, alirocumab
and evolocumab, face significant access barriers despite their FDA approval in 2015 for
lowering LDL-C in patients with FH and ASCVD [66].

A budget impact study was conducted, using a 3-year model of introducing PCSK9
inhibitors to treat adults with heterozygous FH or established ASCVD requiring additional
LDL-C lowering for a hypothetical US health plan with one million members [77]. The
estimated costs over three years with the maximum PCSK9 inhibitor utilization of 1–5%,
were low, with a total healthcare budget impact per patient per month of USD 3.62 in year 1,
USD 7.22 in year 2, and USD 10.79 in year 3 [77]. These costs are sensitive to the model’s
timeframe and the cost of PCSK9 inhibitors but remain modest compared to other specialty
biologics. Drug cost rebates and discounts could further reduce the budget impact [77].

A cost analysis study focused on the community taxpayers’ perspective in South-
Eastern Italy analyzed the costs per major cardiovascular event saved using data from
randomized controlled trials [78]. Individual costs per saved adverse event ranged from
EUR 0.12 to EUR 0.78. For every EUR 1 spent per inhabitant annually, 2–8.3 major adverse
cardiovascular events could be avoided, demonstrating that the cost per event saved with
PCSK9 inhibitors can translate into very small individual costs per year [78].

In Canada, it was estimated that 51.9% of patients with ASCVD would be eligible
for PCSK9 inhibitors. Although the adoption of PCSK9 inhibitors was expected to reduce
primary event rates by 1.8% after three years and save USD 44 million in events, the net
budget impact over three years was USD 1.5 billion [79]. Targeting high-risk subgroups
could further reduce these costs and lessen the overall budgetary impact, making the
adoption of PCSK9 inhibitors more economically feasible [78,79].

Inclisiran, a small interfering RNA directed against PCSK9, was found to be the
least cost-effective, not being viable in any subgroup at its current price [76]. Despite
being effective, inclisiran was not cost-effective in any simulation, with its current price
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(GBP 3974.72) far exceeding the maximum cost-effective price (GBP 451 for men with
LDL-C ≥ 200 mg/dL) [76]. This highlights the need for significant price reductions for
inclisiran to be a viable option for primary prevention of coronary heart disease, espe-
cially considering the cost-effectiveness of statin-based strategies even with simulated
non-adherence. Additionally, for secondary prevention, inclisiran would also require
a substantial price reduction to be considered cost-effective compared to other PCSK9
inhibitors [76].

Cost is an even greater barrier for novel therapies such as evinacumab for the treatment
of HoFH. Although clinical trials demonstrated significant LDL-C reductions, evinacumab
is not cost-effective at its current price, with an Institute for Clinical and Economic Re-
view (ICER) of USD 8,392,585 per QALY gained, far exceeding the USD 50,000 per QALY
threshold. The drug costs about USD 460,839 per year per patient, highlighting the need
for a significant price reduction [37]. Despite these challenges, evinacumab addresses an
important unmet need, reducing morbidity and mortality in HoFH patients [80].

Despite the higher cost of novel LLTs, there is a significant benefit in their use for re-
ducing CVEs. Acute coronary syndromes, coronary interventions, stroke, and cardiac arrest
are more prevalent in patients with rejected or abandoned PCSK9 inhibitor prescriptions
compared to those with paid PCSK9 inhibitor prescriptions [81]. Higher rejection rates
were observed among women, racial minorities, and lower-income groups [81]. This is
further reinforced by a sub-analysis of the Prospective Urban Rural Epidemiology (PURE)
study, representative of different income regions, which showed that the lower availability
and affordability of essential CVD medicines were associated with a higher risk of MACEs
and mortality [55].

These studies highlight the critical need for improving access to these therapies to
reduce CVEs globally and that, despite the initial costs, the long-term benefits of using
LLTs, particularly in high-risk patients, justify their use. By preventing costly CVEs, these
therapies can ultimately reduce the financial burden on healthcare systems, especially when
strategic measures like targeted high-risk group treatments and cost-sharing initiatives are
employed. Therefore, improving the availability and affordability of these medications
should be prioritized as a cost-effective strategy to enhance CV health outcomes globally.
Affordability was often lower in the private sector despite higher availability [59].

Further cost-effectiveness studies are required in a variety of contexts. Studies that
evaluate lost productivity, work absenteeism, and long-term disability can also contribute
to the understanding of both the economic and clinical impact of access or lack of access to
LLT in different countries and regions.

5. Potential Solutions for Improving Access

5.1. Healthcare Policy Reforms
5.1.1. Pricing Regulations

Access to medications is often limited by high costs that can neither be funded by
individuals nor the countries in which they live. This is a concern for patients and health
systems worldwide [82].

The WHO guideline on country pharmaceutical pricing policies refers to 10 pricing
policies that countries can consider when managing medicine prices.

Government intervention in pharmaceutical pricing policies can make these therapies
more affordable and thus more accessible to the broader population [82].

Value-based pricing (VBP), a strategy recommended by the WHO, is an approach that
considers the value and benefits of a treatment when determining its price, thereby aligning
the cost of a drug with its clinical benefits and overall value to the health system [82].

Implementing a VBP system presents several challenges due to the differences in
healthcare systems as well as the differences in reimbursement found across countries
and regions. VBP relies on clinical outcomes and real-world evidence to determine cost-
effectiveness, but these data may be inconsistent, incomplete, or unavailable [83,84]. Ongo-
ing evaluation of drug performance can be administratively burdensome and costly, but

9



J. Clin. Med. 2024, 13, 4160

it can lead to drug prices changing over time as new evidence emerges [83,84]. The VBP
model also requires buy-in from pharmaceutical companies, who may resist lower prices
which could ultimately threaten the introduction of newer therapies onto the market [83,84].

Moreover, VBP may also lead to disparities in access. Wealthier countries have
the resources to conduct comprehensive cost-effectiveness analyses and have different
thresholds for determining cost-effectiveness in their healthcare systems [83,84].

External reference pricing (ERP), also known as international price referencing, is a model
where drug prices are set based on the prices of the same drug in other countries [85–88].
ERP can be more effective in LMICs as it allows these countries to leverage lower prices
from other countries [86,87]. ERP can be easier to implement, more effective for immediate
price control, and more transparent compared to internal reference pricing (IRP) [86–88].
It provides a clear framework based on observed international prices, which helps when
negotiating prices with pharmaceutical companies [89,90]. Canada uses ERP to align its
drug prices with those in other developed countries. This has helped to keep drug prices
relatively low while maintaining access to new therapies [89,90].

By contrast, IRP involves setting the price of a new drug relative to the prices of similar
drugs within a country [85]. This model encourages competition, which drives prices down
but may limit the entry of novel agents if they are priced too aggressively compared to
existing therapies [82,85]. IRP can encourage the introduction of generic and biosimilar
drugs into the market, as manufacturers try to offer more cost-effective alternatives to
reference-priced drugs [88].

If reference prices are set too low, however, it could reduce the profitability of inno-
vative drugs, which would discourage investment in high-risk, high-reward research and
development [88].

Both ERP and IRP have strengths and weaknesses, and their effectiveness can vary
based on the specific economic and healthcare contexts of different countries. Many
countries adopt a hybrid approach, integrating aspects of both ERP and IRP to achieve a
balance between access, affordability, and innovation [88].

Countries such as Canada, Germany, the UK, Australia, and China have implemented
various policy regulations which have led to lower drug prices [90–93].

Health technology assessment (HTA) is a multidisciplinary process that evaluates
the medical, social, economic, and ethical implications of using a health technology (drug,
medical device, or procedure) [93]. HTA aims to provide evidence-based information
about efficacy, safety, and cost-effectiveness to assist with decision making regarding the
reimbursement and use of a therapy within health systems [93]. HTA aims to do this
in a systematic, transparent, and unbiased manner [94]. Consequently, HTA can greatly
influence the cost and reimbursement status of a medication and is, thus, an important tool
for prioritizing healthcare spending [82,93].

Pooled procurement, the collective purchasing of medicines by multiple entities,
allows for the negotiation of better prices [82]. Purchasing and promotion of generic
medicines, which are significantly cheaper than patented medicines, is another method of
ensuring affordable drugs [60]. The Pan American Health Organization (PAHO) Strategic
Fund, the Organisation of Eastern Caribbean States (OECS) and the Joint Procurement
Agreement (JPA) by the European Union are some examples of organizations that have
successfully utilized a policy of pooled procurement in order to obtain a variety of therapies
at a lower cost [95–98].

Many of these policies are repeatedly assessed against their ability to contain costs,
but less in terms of their ability to provide access to medications [98].

The Patented Medicine Prices Review Board (PMPRB) is a Canadian regulatory au-
thority that performs ongoing monitoring of patented medications. If there is concern
regarding pricing which is deemed to be unreasonable, then public hearings may be held,
following which orders may be issued to reduce a particular medication’s price [99]. Within
the European Union, several countries employ strict and rigorous pricing models which
have led to lower drug costs [93,94].
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Collaborative approaches between regulatory authorities and pharmaceutical compa-
nies involving these pricing policy approaches and ensuring more transparency in terms of
real medicine costs, research, and development will contribute towards the curtailment of
high prices.

5.1.2. Reimbursement Policies

Effective reimbursement policies ensure that out-of-pocket expenses are limited and
that patients can afford their medications. Public insurance programs (such as Medicare
and Medicaid in the US) can provide comprehensive public access to therapies which
improve medication adherence and health outcomes.

Universal health coverage systems (such as those in Canada, the UK, and France)
enable the public health system to cover most medications [100].

In countries with social health insurance systems, like Germany, mandatory health
insurance covers most drug costs with modest copayments. Germany has an annual cap on
out-of-pocket expenses which is set at 2% of household income, or 1% for the chronically
ill [100,101]. Sweden implements a high-cost threshold system where patients pay the full
price up to a certain amount, following which the government covers the costs [100].

While many healthcare systems contribute towards the cost of medicines, high copay-
ments remain an economic barrier for many patients. Subsidies or reduced copayments
based on an individual’s income can make medicines more affordable and improve access.
Furthermore, providing exemption status for specific groups, such as children, the elderly,
low-income individuals, or those with chronic conditions, can ensure that these groups
have access to necessary medications [102–104].

Tiered formulary systems are often used by private insurers to manage the costs of
drugs. Drugs are classified into different tiers based on efficacy and cost. For example,
tier 1 would include generic drugs with no copayments. Tier 2 might comprise preferred
brand-name drugs. Tier 3 would include high-cost specialty drugs where many novel lipid-
lowering therapies may be found and carry higher copayments. While tiered formulary
systems may improve access to affordable medications, the high out-of-pocket expenses
for higher-tier medications remain a barrier for many patients [85,93].

Risk-sharing agreements are outcome-based contracts that tie reimbursement to the
clinical efficacy of the therapy. This model has been applied by some insurers to PCSK9 in-
hibitors where reimbursement depends on specific reductions in LDL-C and cardiovascular
events [68].

5.1.3. Public Funding and Subsidies

Government-allocated funds could subsidize the cost of LLTs. Public health programs
can provide these medications free to eligible patients, a system seen in various national
health systems globally. However, although government subsidies for novel therapies
may offset some costs, this strategy is likely unsustainable for many countries, particularly
LMICs due to limited resources and competing healthcare priorities.

Public–private partnerships (PPPs) can be powerful means of leveraging both sectors.
Joint ventures that focus on research and development of novel therapies allow for the
pooling of resources and the sharing of both the risks and the benefits. The addition of
public funding can be used to “de-risk” private investments in high-risk areas of drug
development. Governments can offer grants, subsidies, or tax incentives to encourage
private sector participation [105,106].

The establishment of prize funds and advanced market commitments to incentivize the
development of novel therapies also can help address unmet medical needs. Furthermore,
offering market exclusivity for pharmaceutical companies that develop and bring novel
medications to market can incentivize development [105].

Intellectual property policies that strike a balance between rewarding innovation and
ensuring access [107]. This can include measures like patent pools and promoting generic
competition after patents expire. Encouraging voluntary licensing agreements where
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the patent holders grant licenses to manufacturers in LMICs to produce and distribute
affordable versions of novel LLTs can improve access in underserved regions [105,106].

5.1.4. Innovative Funding Models

The pharmaceutical industry has also recognized its own role in improving access
to medications. The European Federation of Pharmaceutical Industries and Associations
(EFPIA) has described the need for novel approaches to existing traditional pricing mod-
els [94]. Some of these approaches include outcome-based payments, whereby the payment
for a medicine is dependent on its real-world performance and is based on measurable
outcomes [94]. Over-time or staggered payments allow payers to make payments to man-
ufacturers over a period while the patient receives therapy [94]. This mitigates the high
upfront cost of medications. Subscription payments can be used to delink payment for a
treatment from the number of patients who receive treatment [94].

Combination-based pricing addresses the notion that combination therapies are not
necessarily the added value of medicines used separately [94].

5.2. Streamlining Regulatory Processes

While most initial claims for PCSK9 inhibitor therapy are rejected, engaging in an ap-
peals process with insurers leads to positive outcomes in a significant number of cases [108].

The regulatory approval process can often be lengthy and complex, and streamlining
this process can facilitate quicker patient access to novel therapeutics while still maintaining
rigorous safety and efficacy standards.

Regulatory requirements can vary significantly between regions. Harmonizing these
regulations can reduce redundancy, decrease approval times, and facilitate simultaneous
launches in multiple markets.

Mutual recognition agreements (MRAs) allow regulatory agencies in different coun-
tries to rely on each other’s inspection reports and regulatory decisions. This reduces
duplication and speeds up the approval process. At present, the FDA has MRAs with the
EU, Switzerland, and the United Kingdom.

International regulatory bodies, such as the FDA (US) and EMA (Europe), work
together through initiatives like the International Council for Harmonization of Technical
Requirements for Pharmaceuticals for Human Use (ICH) [109]. The ICH brings together
regulatory bodies and industry to facilitate discussion on the scientific and technical aspects
of drug registration. Consistent guidelines on clinical trials, manufacturing standards, and
drug evaluation can simplify the approval process across different jurisdictions [109].

Expedited approval pathways can significantly reduce the time required to bring
novel LLTs to market, particularly for drugs that address unmet medical needs. This is
particularly relevant for rare lipid disorders such as homozygous FH.

The FDA, as an example, has a number of expedited drug approval programs. Pro-
grams like the FDA’s Fast Track Designation aims to expedite the review of drugs intended
to treat serious medical conditions. The Breakthrough Therapy Designation is granted by
the FDA to drugs that show a marked improvement over existing therapies based on pre-
liminary clinical evidence. The Accelerated Approval program allows for earlier approval
of drugs that treat serious conditions and fill an unmet medical need [110]. Post-marketing
studies are required to confirm the clinical benefits following accelerated approval [110].

Good post-market surveillance and pharmacovigilance allow regulatory bodies to
monitor the safety and effectiveness of new therapies after their approval. This effectively
provides a safety net that allows for earlier market access [111].

5.3. Public Health Interventions
5.3.1. Telemedicine

The utilization of telemedicine allows patients living in remote areas to access medical
care [112]. Telemedicine was initially established to assist with the timely management
of acute conditions such as stroke, myocardial infarction, or trauma [113,114]. It has since
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expanded to encompass the comprehensive care of chronic diseases such as heart failure
and diabetes [112,115,116]. As a result, telemedicine has become one of the fastest-growing
healthcare delivery modalities in the US [112].

Access to healthcare can be considered in terms of three core components: entry
into a health system, adequate supply of services, and timely provision of care [112].
Telemedicine can effectively address many limitations encountered by each of these aspects
of healthcare access.

A significant barrier to entry into a health system is transportation. Cost, geograph-
ical distance, lack of reliable transportation, and inability to drive due to patient health
status are major factors limiting patient access [117]. There is a growing shortage of
physicians worldwide, particularly in rural areas and in LMICs [112,118]. Healthcare
provider availability significantly influences access to treatment. Waiting times, which
may be considerably longer for specialists, may also be a deterrent to accessing healthcare
systems [112]. Telemedicine has been found to facilitate communication and increase
collaboration between specialists and community healthcare providers.

Telemedicine has demonstrated similar, and sometimes better, health outcomes com-
pared to the traditional models of care, and this is also true for improving access to
LLTs [119,120]. There are, however, limitations to telemedicine, which may create their
own barriers to access. These include the inability to perform clinical examinations, the
loss of a patient–provider relationship, or the inability to respond to non-verbal cues
during consultations [120]. Indeed, technological dexterity may vary across patient age
groups, and the technological requirements for telemedicine may present an added cost to
patients [120,121].

Interventions to improve access to telemedicine services in rural areas and LMICs
might include improving technology infrastructure but also tailoring systems to patients
and/or healthcare facilities with different technology infrastructure capabilities. The use
of social media channels to improve awareness about telemedicine, providing dedicated
outreach and technical support to people with limited access or familiarity with new
technologies, and expanding insurance to include coverage for telehealth consultations are
all effective strategies for improving access to telemedicine services that could be employed
in rural areas and LMICs [122].

Disparities related to age, ethnicity, and socioeconomic status may, however, be exacer-
bated by telemedicine, creating further barriers to accessing treatment [112]. Confidentiality,
legal liability, and data security are also legitimate concerns affecting a broader uptake of
telemedicine [121].

Telemedicine has improved the geographical barriers to medical care and access, but
to a lesser extent the social and economic disparities.

5.3.2. Education and Advocacy

Addressing knowledge barriers requires multifaceted approaches. Healthcare provider
behavior change is necessary [57]. Ongoing training and educational resources for health-
care providers can ensure they are equipped to prescribe novel therapies appropriately. For
example, the PCSK9 Forum is a not-for-profit educational resource offered to healthcare
providers at no cost [123].

Healthcare providers should also undergo training to recognize and address implicit
biases, ensuring equitable treatment for all patients. Diversification of clinical trials too
improves access for racial groups that are often under-represented [71]. However, address-
ing systemic racism requires multifaceted approaches at various levels, including policy
reforms to promote health equity and anti-discrimination measures within healthcare
systems [69].

For patients, forgetting to take medications is a significant barrier to adherence, partic-
ularly when polypharmacy is required to reduce ASCVD risk. Specific strategies like text
reminders and fixed-dose combination (FDC) pills improve adherence [66]. Combining
several CV medicines into one FDC form, or “polypill”, has been suggested to increase
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adherence, reduce delivery costs, and ease supply-chain burdens. A statin and ezetimibe
FDC significantly improved LDL-C reduction and patient compliance compared to separate
pills [124]. However, only 31.5% of patients using the FDC reached recommended LDL-C
levels [124]. In a phase 3 trial, the FDC of bempedoic acid and ezetimibe outperformed
ezetimibe alone and bempedoic acid alone [125]. These findings highlight the potential of
FDCs to enhance LLT effectiveness and patient adherence.

Educational initiatives aimed at increasing patient awareness and improving public
knowledge can also improve the uptake of novel therapies.

Patient advocacy groups and professional physician societies/organizations (such as
the American Heart Association (AHA), European Society of Cardiology, National Lipid
Association, and Family Heart Foundation) are important in raising awareness around lipid
disorders and the need for access to effective LLTs. Indeed, a number of these groups were
effective in campaigning for lower costs and broader access to PCSK9 inhibitors, which
eventually led to a significant price drop in these therapies [126].

In order to overcome the barriers to access to innovation for patients who need it, a
new initiative called SMASH is being deployed. The goal of SMASH (System and Molec-
ular Approaches of Severe Hyperlipidemias) is to facilitate access to accurate diagnosis
and precise treatments for patients with rare or severe lipid disorders, regardless of their
economic status, mobility, or living environment, including patients in remote regions or
emerging economies. SMASH has several dedicated platforms, accessible to the various ac-
tors and organizations involved in the world of rare or severe lipid diseases. This initiative
is described in more detail elsewhere. To raise awareness about access to diagnosis and in-
novative treatments for patients with rare or severe diseases, individuals and organizations
are strongly invited to sign the SMASH declaration (manifesto) at www.smash-access.org.

5.3.3. Multidisciplinary Teams

Utilizing clinical services within the community pharmacy setting can also be used
to reduce costs and improve access. Community pharmacists can assist with prior autho-
rizations, the administration of drugs such as PCSK9 inhibitors, patient education, and
follow-up point-of-care cholesterol testing [127].

Effective collaboration between primary care and specialist care teams can ensure that
novel therapies are rolled out at the primary care level [30,127].

6. Future Directions and Recommendations

Collaboration between healthcare providers, policymakers, industry, and patient
advocacy groups is important for addressing barriers to access.

Policymakers should look to implement pricing regulations and utilize innovative
funding models that ensure affordability and access to LLTs for all patient populations.
Streamlining regulatory processes will not only prevent delays in medication approvals
but also ensure that quality standards are maintained. Investment within public health
structures such as collaborative community-based programs, telemedicine, and educational
initiatives for both patients and providers is recommended.

Healthcare providers should stay up to date on the latest guidelines and recommenda-
tions for the management of dyslipidemia, especially with regard to novel LLTs. Providers
are important advocates for patient access to LLTs. Telemedicine and community-based
services can reach underserved populations and improve medication adherence.

The pharmaceutical industry should consider novel pricing policies such as value-
based pricing models and outcome-based payment arrangements which may make novel
LLTs more affordable and accessible.

Patient advocacy groups should continue to advocate for policies and initiatives that
promote equitable access to LLTs for all patients, regardless of socioeconomic status or
geographical location; raise awareness about dyslipidemia and the importance of early de-
tection and treatment to prevent cardiovascular events; and provide support and resources
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to patients navigating insurance coverage, medication affordability, and adherence to
LLT regimens.

Acknowledging and addressing systemic racism as a barrier to accessing LLT will ad-
dress the racial disparity that exists throughout medicine. Inclusive and diversified clinical
trials that will be more representative of the population at large should be encouraged.

7. Conclusions

Statins will remain the cornerstone for lipid management for the foreseeable future.
Improving access to statins and ezetimibe in LICs as a bare minimum would alleviate a
major obstacle to care. However, when lifestyle interventions and statins are insufficient
to meet LDL-C targets to reduce ASCVD, additional lipid-lowering therapies need to be
considered. Novel lipid-lowering therapies are being developed rapidly, increasing the
options to reduce the risk for ASCVD, but currently available drugs have been significantly
underutilized worldwide.

While novel LLTs offer significant clinical benefits, their high costs, together with
other barriers, limit their impact. Addressing these challenges through health policy
interventions, insurance reforms, improved healthcare delivery, and education initiatives
can improve access and ensure that more patients benefit from these advancements in
dyslipidemia management.
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Abstract: This narrative review explores emerging technologies in dyslipidemia manage-
ment, focusing on nanotechnology and artificial intelligence (AI). It examines the current
treatment recommendations and contrasts them with the future prospects enabled by
these innovations. Nanotechnology shows significant potential in enhancing drug delivery
systems, enabling more targeted and efficient lipid-lowering therapies. In parallel, AI
offers advancements in diagnostics, cardiovascular risk prediction, and personalized treat-
ment strategies. AI-based decision support systems and machine learning algorithms are
particularly promising for analyzing large datasets and delivering evidence-based recom-
mendations. Together, these technologies hold the potential to revolutionize dyslipidemia
management, improving outcomes and optimizing patient care. In addition, this review
covers key topics such as cardiovascular disease biomarkers and risk factors, providing
insights into the current methods for assessing cardiovascular risk. It also discusses the cur-
rent understanding of dyslipidemia, including pathophysiology and clinical management.
Together, these insights and technologies hold the potential to revolutionize dyslipidemia
management, improving outcomes and optimizing patient care.

Keywords: dyslipidemia; cardiovascular disease; emerging lipid-lowering therapies;
nanotechnology; artificial intelligence; cardiovascular risk-related biomarkers

1. Methods Section

This review aims to evaluate current therapeutic strategies for dyslipidemia, focusing
on novel approaches and their clinical applications. Evidence was synthesized from the
peer-reviewed literature published before January 2025. A systematic search was conducted
using the PubMed, Scopus, Google Scholar, and Web of Science databases. The search
terms included “dyslipidemia”, “cardiovascular disease”, “lipid-lowering therapies”, “nan-
otechnology”, and “artificial intelligence”. The searches were limited to English-language
articles. Additional articles were identified through the manual searches of the reference
lists from the included studies.

The inclusion criteria focused on peer-reviewed studies, including narrative reviews,
systematic reviews, meta-analyses, and clinical trials. Studies were excluded if they were
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not peer-reviewed (such as editorials or commentaries), focused on topics unrelated to the
scope of this review, or were published in languages other than English.

2. Cardiovascular Disease—Risk Factors, Biomarkers, and Artificial
Intelligence Correlation

Cardiovascular disease (CVD) is the leading group of non-communicable diseases
globally, responsible for around one-third of all deaths worldwide [1]. CVD is a general
term for heterogeneous conditions affecting the heart or blood vessels, mainly such as
coronary artery disease (CAD) and atherosclerosis [2,3]. Inflammatory activation and
endothelial dysfunction play central roles in the onset and progression of atherosclerosis,
contributing to an increased risk of cardiovascular events like myocardial infarction [4].
There are several risk factors that contribute to the development of CVD like age, gender
(men over 45 and women over 55, particularly after menopause), genetics factors, smoking,
lack of physical activity, high blood pressure, obesity, high cholesterol and triglyceride
levels, and diabetes mellitus (DM) [5]. As we know, there is a high correlation between lipid
disorders and the development of CVD. An increased level of circulating apo-B-containing
lipoproteins has long-been identified as a central causal risk factor for coronary heart
disease [2].

We can also distinguish biomarkers that correlate with CVD. Traditional biomarkers
include high-sensitivity C-reactive protein and the cardiac troponins I or T (cTns). These
biomarkers, especially cTns, are released into the bloodstream when cardiac myocytes
undergo necrosis. Testing for these biomarkers is critical in diagnosing, stratifying risk, and
managing patients with cardiovascular disease [6]. In the seminal JUPITER trial, Ridker et al.
demonstrated that healthy community-dwellers with low concentrations of low-density
lipoprotein (LDL) cholesterol, but increased concentrations of CRP (>2 mg/L), strongly
benefited from statin therapy, with a reduced incidence of cardiovascular events [7,8]. While
cTns are considered the gold standard for diagnosing acute CVD caused by cardiomyocyte
necrosis, false-positive results can present challenges [9]. Elevated cTn levels are not
limited to ischemic injuries but are also observed in nonischemic myocardial damage, such
as myocarditis and cardiotoxicity, as well as in other conditions involving multifactorial
injuries, including congestive heart failure and pulmonary embolism [7,8]. In 2009, two
landmark studies in The New England Journal of Medicine highlighted the superior
diagnostic performance of high-sensitivity troponin assays compared to conventional
assays, particularly in early presenters, enabling faster acute myocardial infarction (AMI)
confirmation. By 2015, a single high-sensitivity cTnI measurement below 5 ng/L was
validated as a reliable cutoff for ruling out AMI in low-risk emergency patients, with
a 99.6% negative predictive value. These findings were consistent across age and sex
subgroups and confirmed in multiple cohorts. However, diagnostic performance was less
robust for patients presenting within two hours of symptom onset [9].

Creatine Kinase-MB (CK-MB) is an enzyme predominantly found in heart muscle
cells, and its presence in the blood serves as a biomarker for myocardial damage, such
as that caused by a heart attack. Rapid fluctuation makes CK-MB particularly useful for
identifying reinfarction, or a second heart attack that occurs shortly after an initial one.
However, CK-MB is less specific than cardiac troponins for detecting myocardial injury [10].

Heart-type fatty acid-binding protein (H-FABP) is a small protein rapidly released
into the bloodstream within 1–3 h of myocardial injury, making it valuable for the early
diagnosis of AMI. While less specific than troponins due to potential elevation in skeletal
muscle injury and renal impairment, H-FABP complements troponins by enhancing early
sensitivity in diagnosing AMI. Elevated H-FABP levels are also linked to worse outcomes
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in acute coronary syndrome (ACS) and heart failure (HF), offering both diagnostic and
prognostic insights [10,11].

Another commonly used biomarker is the N-terminal prohormone of brain natriuretic
peptide (NT-proBNP) that correlates to myocardial stretch. Elevated levels of NT-proBNP
in a patient’s blood upon arrival at the emergency room are strongly linked to an increased
likelihood of a heart failure diagnosis. Additionally, higher NT-proBNP levels at the time of
hospital admission are correlated with a higher risk of in-hospital mortality [7]. Despite the
high predictive value of NT-proBNP, the GUIDE-IT study, a large randomized controlled
trial evaluating NT-proBNP-guided therapy for heart failure with reduced ejection fraction,
was terminated early due to futility, showing no outcome differences compared to the
standard care and current evidence does not support NT-proBNP-guided therapy for
chronic heart failure [9].

Copeptin, a precursor of arginine vasopressin, is another biomarker linked to both is-
chemic events and heart failure. The vasopressin system is activated after acute myocardial
infarction, so copeptin levels rise shortly after an ischemic episode and are associated with
an increased risk of mortality and the development of new-onset heart failure, especially in
those with an elevated NTproBNP [12,13].

The biomarkers described above are classified as classical biomarkers. However,
with the advancement of technology, new biomarkers are emerging, such as microRNAs
(mi-RNAs). Mi-RNAs are small, non-coding RNA molecules that play an essential role
in regulating gene expression. They have distinct expression patterns and release during
different stages of CVDs. For AMI, miR-29b has been identified as an important biomarker,
while miR-1, miR-133, and miR-328 are relevant for AMI, arrhythmias, and HF. For HF,
miRNAs like miR-18, miR-37, miR-126, miR-210, miR-221, and miR-1254 have diagnostic
and prognostic significance. Additionally, miR-21, miR-208, and miR-499 serve as biomark-
ers for both AMI and HF, enhancing the understanding of these conditions. Analyzing
miRNA profiles provides deeper insights into the molecular mechanisms behind CVDs
and can reveal potential targets for therapy and tools for diagnosis [7,10].

Traditionally, statistical models incorporating risk factors and biomarkers have been
widely used to predict and assess the progression of CVD. However, with technological
advancements, the use of AI is rapidly gaining popularity as a method for evaluating patient
risk and predicting CVD outcomes. Most studies on AI in CVD have been carried out in
developed countries. These studies cover various applications, including the use of machine
learning (ML) for the risk stratification of CVD, employing natural language processing
to extract data from clinical and pathological reports, integrating AI into clinical decision
support systems, and applying AI for the prognosis and treatment of CVD [14]. One notable
example is the use of ML in risk stratification, which has demonstrated improvements in
identifying high-risk patients and reducing unnecessary treatments for low-risk individuals
presented by Kakadiaris et al. (2018). The ML-based calculator developed in their study
surpassed the traditional ACC/AHA Risk Calculator by identifying 13% more high-risk
patients and reducing therapy for low-risk individuals by 25% [15]. AI-based polygenic
risk score (PRS) modeling approaches have significant potential to improve personalized
CVD treatments. By integrating multi-omics data (genomic, transcriptomic, proteomic, and
metabolomic), these methods provide a deeper understanding of molecular pathways and
enhance the accuracy of PRS models. AI techniques are particularly useful for identifying
complex patterns in high-dimensional genetic data, enabling more precise connections
between genetic variations and disease risk. Moreover, AI algorithms can continually learn
from new data, improving their performance and offering more accurate risk assessments
over time [16].
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3. Dyslipidemia—Current Understanding

Dyslipidemia refers to an abnormality in the normal levels of one or more lipid
components in the blood, such as triglycerides (TGs), total cholesterol (TC), high-density
lipoprotein cholesterol (HDL-C), and low-density lipoprotein cholesterol (LDL-C) [17].
Cholesterol and triglycerides are water-insoluble and require transport with proteins such
as lipoproteins. These complex particles consist of a core of cholesterol esters and triglyc-
erides surrounded by free cholesterol, phospholipids, and apolipoproteins, which play key
roles in lipoprotein structure, receptor binding, assembly, and enzyme regulation. Plasma
lipoproteins are classified into seven types based on size, composition, and apolipoproteins:
chylomicrons, chylomicron remnants, very low-density lipoproteins (VLDLs), VLDL rem-
nants (IDL), LDL, HDL, and lipoprotein (a) (Lp(a)). Chylomicron remnants, VLDL, IDL,
LDL, and Lp(a) promote atherosclerosis, while HDL has a protective role [18]. Dyslipidemia
can arise from three potential causes: intrinsic, extrinsic, or a combination of genetic and
environmental factors. Secondary dyslipidemias are associated with risk factors linked
to other medical conditions or environmental influences, whereas primary dyslipidemias
represent a varied group of disorders stemming from genetic causes, either monogenic
or polygenic in nature [17]. As we know, dyslipidemia shows a high correlation with
obesity and CVD risk. In individuals with adiposity, a commonly observed lipid profile is
adiposopathic dyslipidemia (also referred to as “atherogenic dyslipidemia”). This pattern
is characterized by elevated blood triglyceride levels, reduced HDL-C levels, increased
non-HDL-C levels, elevated apolipoprotein B levels, a higher number of LDL particles,
and an increase in small dense LDL particles [19]. Lipoproteins, such as chylomicrons
and VLDL, play a crucial role in lipid metabolism, transporting triglycerides from the
intestine and liver to tissues like adipose tissue, muscles, and the heart. Lipoprotein lipase
(LPL) breaks down triglycerides, releasing free fatty acids. As triglycerides are depleted,
these lipoproteins are converted into remnant lipoproteins, which are absorbed by the
liver or further processed into LDL. The accumulation of LDL and remnant lipoproteins
in the arterial walls contributes to atherosclerosis, a lipid-driven process that leads to
atherosclerotic cardiovascular disease (ASCVD) [20–23]. Atherosclerotic plaque formation
depends on LDL-C and ApoB-containing lipoproteins, and prolonged exposure to these
particles increases risk [24]. Lp(a) and inflammation are linked to ASCVD risk even in
statin-treated individuals [25]. Complex classifications analyzing the factors correlated with
the development of dyslipidemia could more effectively and efficiently identify potential
patients. Therefore, the integration of artificial intelligence in assessing risk, diagnosis, and
complications is crucial.

4. Current Recommendations in Lipid-Lowering Therapies

Dyslipidemia is a major factor in atherosclerosis and CVD. The public health priority
is to achieve optimal lipoprotein levels. In general, treatment starts with lifestyle changes,
including a healthy diet (low in sodium, saturated fats, and alcohol) and regular physical
activity instead of sedentary life. In addition to these modifications, pharmacological
treatment may be necessary [26,27].

It should be emphasized that managing weight is also essential for preventing and
reducing cardiovascular risks, especially for people with obesity whose body mass index
(BMI) is 30 kg/m2 or higher or those with a BMI between 25 and 29.9 kg/m2, classi-
fied as overweight, who have two or more additional risk factors [27]. For individuals
with extreme obesity or those with comorbidities, bariatric surgery and medications like
orlistat, naltrexone, bupropion, or high-dose liraglutide have demonstrated significant
effectiveness [28].

24



J. Clin. Med. 2025, 14, 887

The Mediterranean Diet emphasizes the consumption of fruits, vegetables, whole
grains, legumes, nuts, and olive oil, with a moderate intake of fish and red wine, offering
significant heart health benefits [29]. Similarly, the Dietary Approaches to Stop Hyper-
tension (DASH) diet, which focuses on fruits, vegetables, and low-fat dairy, effectively
lowers blood pressure and cardiovascular risk, with a 20% reduction in disease risk linked
to adherence [28,30].

It is also important to consume healthy fats, as they play a crucial role in maintaining
optimal lipid profiles and supporting overall cardiovascular health. Fats are classified
by origin and structure, with animal fats being rich in saturated fatty acids (SAFAs) and
plant fats containing more unsaturated fatty acids like monounsaturated (MUFAs) and
polyunsaturated (PUFAs) fats [31]. Omega-3 and omega-6 PUFAs, particularly Eicosapen-
taenoic acid (EPA) and Docosahexaenoic acid (DHA), help reduce triglycerides by 10–50%
and have cardioprotective effects [32–34], with a recommended intake of 2–4 g/day for
triglyceride reduction [32]. In contrast, trans fatty acids (TFAs) found in full-fat dairy
and processed foods raise LDL cholesterol and lower HDL levels, worsening lipid pro-
files [32]. Phytosterols, plant compounds, can reduce LDL cholesterol by 6–12% at 2 g/day
by decreasing cholesterol absorption [31].

4.1. Pharmacotherapy
4.1.1. Statins

Statins were introduced to the pharmaceutical market in 1987, starting with lovastatin.
Currently, they are the leading treatment for managing high cholesterol and preventing
cardiovascular diseases. Over time, six statins have become available: two semi-synthetic
statins (simvastatin and pravastatin) and four synthetic statins (fluvastatin, atorvastatin,
rosuvastatin, and pitavastatin) [34]. The primary mechanism of this medicine involves
inhibiting the enzyme 3-hydroxy-3-methyl-glutaryl-coenzyme A reductase (HMG-CoA).
By limiting this enzyme’s activity, statins reduce cholesterol synthesis within liver cells,
leading to lower intrahepatic cholesterol levels. This triggers an upregulation of LDL
receptors (LDLRs) in liver cells, which helps remove LDL cholesterol from the bloodstream.
This reduction in LDL-C by 1 mmol/L (38.6 mg/dL) has been shown to decrease the
risk of cardiovascular events even by 21% [35]. High-intensity statin therapy, such as
atorvastatin (40/80 mg) or rosuvastatin (20/40 mg per day), is recommended as the initial
treatment to prevent cardiovascular events. In addition to lowering LDL-C, statins are
also effective in reducing triglycerides in patients with hypertriglyceridemia. As with
each treatment, statins can also cause side effects, which might limit their use in some
patients. The most common aftermath is myalgia, affecting 1–10% of users. Other issues
like myopathy, rhabdomyolysis, liver and kidney dysfunction, type 2 diabetes, and eye
conditions like cataracts have also been reported. Rosuvastatin, in particular, has been
linked to a slightly higher risk of new-onset diabetes compared to atorvastatin. When statin
intolerance or nocebo effects occur, patients should be prescribed the highest tolerated dose
as a baseline therapy [36].

4.1.2. Fibrates

Fibrates are mainly administered to TG levels, and in some cases, to heighten HDL-
C levels. They are capable of reducing TG levels by 25–50% and increasing HDL-C by
5–20%. Nevertheless, their effect on LDL-C differs depending on the patient’s TG levels.
For patients with very high TG levels (>500 mg/dL), fibrates may paradoxically cause
an increase in LDL-C. On the other hand, in cases where TG levels are not significantly
high, fibrates can decrease LDL-C by 10–30%. Although they are occasionally used to raise
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HDL-C levels, their main therapeutic function is to lower TG levels. For patients with
extremely high TG levels, those over 500 mg/dL, fibrates are often used to lower TG and
prevent complications like pancreatitis. In these situations, fibrates can be combined with
omega-3 fatty acids (fish oil) to achieve better lipid management [29].

4.1.3. Niacin

Niacin, the first drug approved for dyslipidemia, is effective in severe hypertriglyc-
eridemia (TG > 500–1000 mg/dL). It reduces total cholesterol and triglycerides by 20–50%,
LDL-C, and Lp(a). It also increases HDL-C and promotes the transition to larger, less
dense LDL particles. Unfortunately, niacin may increase the risk of progression to dia-
betes in obese people at risk of the disease. In such cases, niacin should be used with
caution [29,37,38].

4.1.4. PCSK9 Inhibitors

Proprotein convertase subtilisin/kexin type 9 inhibitors (PCSK9is) are a useful thera-
peutic replacement, especially for patients who cannot tolerate statins or require additional
LDL-C reduction. These monoclonal antibodies, such as alirocumab and evolocumab,
target PCSK9, a protein that degrades LDL receptors in hepatocytes. By repressing PCSK9,
these drugs preserve LDL receptors, enhancing their ability to clear LDL-C from the blood.
PCSK9is are administered subcutaneously every 2–4 weeks. They fundamentally lower
LDL-C, non-HDL cholesterol, apoB, and lipoprotein A levels. Moreover, they provide car-
diovascular benefits like reducing inflammation and stabilizing plaques. While generally
well tolerated, with mild side effects like injection-site reactions and nasopharyngitis, their
high cost remains a significant barrier to widespread use in clinical practice. Frequently
joined with ezetimibe, they are an effective statin alternative [26,29,38,39].

4.1.5. Inclisiran

Inclisiran is a synthetic small interfering RNA (siRNA) designed to inhibit PCSK9
production by binding to its mRNA. This mechanism enhances LDL receptor activity,
leading to a significant reduction in LDL-C levels. Clinical trials, such as ORION-10
and ORION-11, assessed their effectiveness and safety in patients with CAD or other
cardiovascular risk factors and elevated LDL-C levels (≥70 or ≥100 mg/dL, respectively).
The studies showed that inclisiran lowered LDL-C levels by 50% compared to the placebo,
with only mild and temporary injection-site reactions as side effects [40,41]. Inclisiran is
given subcutaneously in a 300 mg dose. The first injection is followed by a second dose
three months later. Subsequent doses are given every six months [34]. In addition to
lowering LDL-C by 50–55%, inclisiran is well tolerated and offers a promising option for
long-term cholesterol management in high-risk patients.

4.1.6. Bempedoic Acid

Bempedoic acid is an oral adenosine triphosphate-citrate lyase (ACL) inhibitor that
reduces LDL-C levels by decreasing hepatic cholesterol synthesis. It is mainly prescribed in
combination with ezetimibe for patients who are intolerant to statins. Bempedoic acid is
safe. Moreover, it reduces the risk of reinfarction [26,29,38].

4.1.7. Ezetimibe

Ezetimibe inhibits cholesterol absorption in the intestines and lowers LDL-C by approx-
imately 20%. The drug’s effectiveness depends on the presence of the Niemann-Pick1-like
protein. By decreasing cholesterol delivery to the liver, it enhances the liver’s LDL receptors.
Ezetimibe is commonly used as an adjuvant medication therapy when statin treatment
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alone is insufficient or in patients who cannot tolerate statins. Additionally, it has the added
benefit of improving glycemic control in diabetic patients [28,36,37]. Table 1 provides a de-
tailed comparison of lipid-lowering medications, summarizing the information discussed
in Section 4.

Table 1. Comparative overview of lipid-lowering medications [26,29,34,35,42,43].

Drug/Therapy Mechanism of Action Half-Life Dosing Schedule

Statins Inhibition of HMG-CoA reductase 14–19 h Once daily

PCSK9 inhibitors
Reduces degradation of LDL

receptors 11–20 days Every 2–4 weeks (subcutaneous)

Inclisiran (siRNA)
RNA interference inhibits the

production of PCSK9
Very long term

(months)

0–90–180 days and every
6 months thereafter

(subcutaneous)

Ezetimibe
Inhibits the intestinal absorption of

cholesterol 22 h Once daily

Fibrates Activates PPARα receptors 20 h Once or twice daily

5. Nanotechnology in Lipid-Lowering Therapies

5.1. Negatively Charged Liposome Nanoparticles

The understanding and application of nanoscience through nanotechnology began
to expand rapidly in the early 2000s, sparking a transformative revolution that impacted
nearly every field of science. Nanoscience focuses on structures ranging in size from 1
to 100 nanometers, while nanotechnology converts this knowledge into practical appli-
cations [44]. They have revolutionized the field of medicine, significantly enhancing the
precision and effectiveness of treatments. This progress is primarily driven by nanoparticles
(NPs), which enable targeted drug delivery, improve bioavailability, and reduce side effects
by interacting with biological systems at the molecular and cellular levels [45]. These
nanoscale carriers—including liposomes, dendrimers, and polymeric nanoparticles—allow
for the controlled release and precise localization of therapeutic agents, revolutionizing
disease treatments such as cancer, cardiovascular conditions, and infections.

This field continues to grow, providing innovative solutions to medical challenges.
Meaningful and promising advancements are currently being made in anticancer ther-
apy [46], infectious diseases, ophthalmology [47], and hypercholesterolemia which is the
primary focus of our narrative review.

The earliest drug NPs were biomimetic, mimicking the micelles and liposomes nat-
urally present in the body [48]. Liposomes are spherical vesicles composed primarily of
phospholipids—amphiphilic molecules that contain both hydrophilic (water-attracting)
heads and hydrophobic (water-repelling) tails. “The ideal NP carriers should be biodegrad-
able, stable, non-immunogenic, easy to fabricate, cost-effective, and able to release their
payloads only at the target site” [48]. Liposomes, which are mainly composed of phos-
pholipids, are biocompatible, biodegradable, and non-immunogenic, which make them
ideal carriers. They can encapsulate almost any drug or complex molecule, regardless of its
hydrophobic or hydrophilic nature [49].

An effective liposomal formulation, incorporating the previously mentioned char-
acteristics, can be achieved by selecting an optimal lipid composition, applying tailored
functionalization, and designing a targeted delivery strategy. The parameters include
stability depending on the surface charge, lipid rigidity, and bilayer organization. Posi-
tively charged liposomes increase uptake by tissues, while slightly negative ones increase
circulation times due to reduced protein binding and opsonization [45,50]. Liposomes
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with a neutral surface charge tend to aggregate and lose their stability and colloidal be-
havior [51]. Biodistribution studies of nanoliposomes have shown that their half-life after
intravenous injection is several hours due to hepatic uptake [52]. However, studies have
shown that liposomes containing 75–100% anionic phospholipids can associate with LDL
to form complexes that are then taken up by cells via LDL receptors or macrophages.
This interaction highlights the potential of liposome-based targeted delivery systems for
modulating LDL-related processes in various therapeutic applications [53,54].

A 2014 study [53] investigating the effects of negatively charged liposomes on lipopro-
teins demonstrated several beneficial outcomes. The treatment resulted in a reduction in
LDL levels, total cholesterol, and ApoB, along with a notable decrease in triglycerides. At
the same time, HDL levels were increased, and the liposomes showed enhanced uptake
by macrophages. Moreover, the research identified atherosclerotic plaques as key target
sites for anionic liposomes. These findings are particularly relevant because changes in
these lipid components are directly linked to the risk of cardiovascular diseases, including
atherosclerosis [53].

Building on these findings, a 2021 examination [55] in rabbits fed a high-cholesterol
diet reported similar results and demonstrated significant reductions in triglycerides, total
cholesterol, and LDL cholesterol levels. In addition, an increase in HDL cholesterol was
observed. These findings support the potential of interventions targeting lipid profiles to
manage hyperlipidemia and reduce cardiovascular risks. A 2018 study [56] conducted on a
mouse model fed a high-fat diet revealed promising effects of anionic nanoliposomes in re-
ducing the severity of atherosclerosis. The mice treated with these nanoliposomes showed
decreased macrophage presence in atherosclerotic plaques. They also exhibited increased
collagen deposition within the fibrous cap of plaques in the brachiocephalic artery (BCA)
compared to control groups, suggesting a conceivable plaque-stabilizing effect [56]. This
stabilization may have remarkable implications for reducing events related to advanced
atherosclerosis. Additionally, the administration of nanoliposomes reduced the number
of pro-inflammatory monocytes in both the spleen and BCA plaques of Ldlr−/− mice. It
also limited hepatic steatosis and enhanced the expression of liver genes involved in lipid
metabolism. Furthermore, nanoliposomes increased the aortic expression of ABCA1 and
ABCG1, the key genes involved in reverse cholesterol transport (RCT). These findings high-
light the potential of nanoliposomes to modulate inflammation, improve lipid homeostasis,
and stabilize atherosclerotic plaques. This makes them a promising avenue for therapeutic
strategies against cardiovascular disease [56].

Research suggests that negatively charged nanoliposomes hold significant capacity for
reducing the risk of cardiovascular events associated with atherosclerosis and for managing
dyslipidemia. By targeting key mechanisms such as LDL reduction, macrophage uptake,
and plaque stabilization, these innovative nanocarriers offer an innovative strategy in
pharmacology. Their ability to improve lipid profiles and influence plaque composition
positions them as a hopeful development in the treatment and prevention of cardiovascu-
lar diseases.

5.2. Enhancing Statin Delivery via Nanoparticles

Medications used to treat hyperlipidemia are categorized into several classes, each
employing distinct mechanisms to manage lipid levels. Statins are a cornerstone in the
treatment of hyperlipidemia, playing a key role in lowering cholesterol levels. Their use has
been linked to significant reductions in both cardiovascular-related and overall mortality
rates. This impact has been observed in the prevention of atherosclerotic cardiovascular
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disease, benefiting patients in both primary prevention (before the onset of disease) and
secondary prevention (after cardiovascular events) [57].

Statins are the primary treatment for lowering LDL-C; however, long-term adherence
to this therapy is often suboptimal. Approximately 10% of the statin prescriptions are
discontinued, which has been linked to a higher risk of cardiovascular events. The primary
reason for discontinuation is the side effects attributed to statin. Among the various adverse
effects associated with statins, muscle-related symptoms are the most frequently reported,
others include hepatotoxicity, diabetes mellitus, renal impairment, and central nervous
system dysfunction [58]. Although statins slightly increase the risk of mild side effects in
individuals without cardiovascular disease, these effects are outweighed by their benefits in
reducing major cardiovascular events. The current evidence does not strongly support the
need to adjust statin type or dosage in advance to mitigate potential side effects, as limited
data suggest significant variation in safety profiles across different statin regimens. This
highlights the favorable balance of benefits to risks for statin use in the primary prevention
of cardiovascular disease. Improving statin use in primary prevention could involve a
tailored approach, adjusting the type and dose to maximize benefits while minimizing
risks [59].

Anti-hyperlipidemic drugs, particularly statins, face several challenges due to their
pharmacokinetic and biopharmaceutical limitations. While these drugs are well absorbed,
they undergo extensive hepatic first-pass metabolism, resulting in low absolute bioavailabil-
ity. This metabolic process significantly reduces their systemic effectiveness. Additionally,
conventional oral dosage forms are associated with several drawbacks, including poor
biodistribution, low bioavailability, limited water solubility, and inadequate site-specificity.
As a result, improving the delivery mechanisms of these drugs is a key area of research to
enhance their clinical effectiveness and safety profile [60] (Figure 1).

 

Figure 1. Comparison of orally delivered statins and statins delivered via NPs; NPs—
nanoparticles [59].

As previously established, nanoparticles have the potential to address these challenges
effectively. Their unique properties, such as controlled drug release, enhanced bioavailabil-
ity, and targeted delivery, make them an excellent solution for overcoming the limitations
of conventional drug formulations. Liposomal platforms are versatile nanocarriers used for
drug delivery and molecular imaging, with ligand-functionalized liposomes specifically
employed in cardiovascular imaging for targeted diagnostics [61].
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In a 2021 study [62], simvastatin was encapsulated in nanoliposomes (referred to as
LIPOSTAT) and tested on both 2D and 3D cell models, followed by intravenous adminis-
tration. The liposomal formulation was stable, with a size of approximately 106.7 nm and a
narrow size distribution. The formulation demonstrated promising therapeutic properties,
including reduced inflammation and enhanced cholesterol efflux in 2D foam cells, as well
as reduced inflammation in 3D spheroid models.

LIPOSTAT showed a controlled release profile, with only 10% and 20% of the drug
released within the first two days, ensuring effective delivery to atherosclerotic plaques.
It remained stable for at least two months and provided sustained drug release for over
three weeks, enabling prolonged circulation and activity. The preliminary results high-
lighted its ability to regulate inflammatory and lipid accumulation pathways effectively.
Specifically, LIPOSTAT significantly reduced pro-inflammatory cytokines such as IL-1α,
IL-1β, and IL-18, which are key players in the early phases of inflammation. This study
positions LIPOSTAT as a potential therapeutic option for targeted delivery to atheroscle-
rotic plaques.

Another significant complication of dyslipidemia is non-alcoholic fatty liver disease
(NAFLD), which can progress to fibrosis. A 2024 in vitro study [63] examined the effects
of simvastatin encapsulated in nanoliposomes (SIM-LipoNPs) on fibrosis-induced liver
microtissues. Simvastatin has demonstrated potential benefits in managing NAFLD, and
the findings revealed that liposomal simvastatin was more effective in treating fibrosis
models compared to the free drug.

The study showed that lower doses of SIM-LipoNP were as effective as higher doses of
free simvastatin, likely due to the activation of the KLF2-NO signaling pathway. This sug-
gests that liposomal formulations can overcome the challenges associated with conventional
simvastatin delivery, including reducing hepatic side effects and enhancing therapeutic
efficacy. The nanoliposome formulation also exhibited minimal burst release, ensuring that
most of the drug payload remained intact during circulation and was efficiently delivered
to the targeted liver injury site.

Despite these promising results, there remains a lack of data from in vivo studies,
particularly regarding the pharmacokinetics and pharmacodynamics of SIM-LipoNP in
humans. Further research is necessary to fully understand the potential of liposomal statins
in treating NAFLD and to optimize their use as a targeted therapy for liver disorders.

Nanoparticles for cardiovascular diseases include gold nanoparticles, nanoliposomes,
dendrimers, polymeric nanoparticles, and magnetic nanoparticles, offering unique advan-
tages [61].

Recent studies underscore the transformative potential of nanoparticles beyond just
nanoliposomes in the treatment of dyslipidemia. For instance, poly(amido)amine den-
drimers (PAMAMs) were shown to significantly prolong the residence time of simvastatin
and facilitate its controlled release, enhancing therapeutic outcomes [64]. Similarly, polymer
vesicles loaded with pravastatin demonstrated targeted delivery and controlled release,
effectively inhibiting macrophage endocytosis with reduced systemic toxicity compared
to free pravastatin [65]. Additionally, poly (lactide-co-glycolic acid) (PLGA) NPs carrying
atorvastatin achieved comparable efficacy to marketed formulations in hyperlipidemic rats
but required a significantly lower dose, resulting in negligible myotoxicity [66].

These results emphasize the potential of nanoparticle-based systems as a game-changer
for the treatment of dyslipidemia by enhancing efficacy, specificity, and safety. These
innovations address many limitations of conventional therapies, offering hope for more
effective and safer treatments (Figure 1). However, the lack of human trials remains a
significant hurdle, requiring further research to realize their full therapeutic potential.
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With continued advancements, these nanocarriers could transform cardiovascular and
metabolic disease management, making them a promising focus for future pharmacological
development.

It is also worth highlighting the role of nanoparticles in facilitating RNA delivery
to target cells and the ORION clinical trials, which evaluate the efficacy and safety of
inclisiran—a novel RNA-based therapy designed to lower LDL cholesterol. Inclisiran
utilizes lipid nanoparticles for efficient RNA delivery, underscoring the critical integration
of nanotechnology in modern therapeutics.

RNA-delivery technology using lipid nanoparticles plays a crucial role in the practical
application of RNA-based therapies. The encapsulation of RNA into LNPs prevents
degradation by RNAses in the bloodstream, enabling efficient delivery to target organs. As
previously discussed, LNPs’ ability to infiltrate specific hepatic cell populations contributes
to the design of nanomedicines with reduced hepatotoxicity and enhanced efficacy for
treating diseases originating from specific cell types [67].

Nanoparticles are essential because naked and unmodified siRNA suffers from poor
stability, rapid degradation by nucleases, and potential off-target effects. Nano-delivery
systems, such as LNPs, address these limitations by protecting siRNA from degrada-
tion, enhancing its stability, and improving pharmacokinetic behavior, thus facilitating its
therapeutic use [68].

As previously mentioned, inclisiran, a novel siRNA drug for hypercholesterolemia,
exemplifies this approach. It inhibits the production of PCSK9 in hepatocytes by silencing
PCSK9 mRNA translation. This results in decreased PCSK9 synthesis, allowing more
LDL receptors to clear LDL cholesterol from the bloodstream. Inclisiran received FDA
approval in 2021 and EMA approval in 2020 [69], becoming the first siRNA drug ap-
proved for treating hypercholesterolemia or mixed dyslipidemia, and for patients with
ASCVD or heterozygous familial hypercholesterolemia (HeFH) requiring additional LDL-C
reduction [70].

The efficacy and safety of inclisiran have been evaluated in several global studies,
including ORION 4, 9, 10, 11, and 18 [70]. These phase III, double-blind, randomized,
placebo-controlled trials have shown that patients treated with inclisiran experienced
an approximately 50% reduction in LDL cholesterol levels when administered every six
months Table 2 [71,72].

Table 2. Summary of properties of inclisiran [71,72].

INCLISIRAN

Structure siRNA conjugated to triantennary N-acetylgalactosamine carbohydrates.

Mechanism
Inhibits the production of PCSK9 in hepatocytes by silencing the

translation of PCSK9 mRNA.
FDA approval 2021

Guidelines by American College of
Cardiology Expert Consensus Decision

Pathway

An option for non-statin therapy in addition to maximally tolerated statin
therapy in the very-high-risk ASCVD population or those with LDL-C

greater than 190 mg/dL.

Dosage Regimen
Initial subcutaneous dose followed by a repeat dose at 3 months and every

6 months thereafter.
Outcomes Consistent LDL-C lowering in the range of 44–54%.

Ongoing inclisiran cardiovascular
outcome trials

ORION-4, VICTORION-2 PREVENT, and VICTORION-1 PREVENT

In summary, the integration of nanotechnology in RNA delivery, particularly through
lipid nanoparticles, has revolutionized RNA-based therapeutics, enhancing their stability,
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efficacy, and safety. Inclisiran represents a significant advancement in this field, offering
a promising therapeutic option for managing hypercholesterolemia with demonstrated
clinical benefits.

5.3. Polymeric Nanoparticles—Drug Delivery

Many drugs used to treat dyslipidemia, such as statins, vibrates, or niacin, may have
poor bioavailability or cause side effects due to systemic exposure. Polymeric NPs have
been developed to enhance the efficacy and targeting of lipid-lowering therapies. These
solid particles, typically ranging from 10 to 1000 nm, are composed of macromolecular
polymers, either biodegradable or non-biodegradable. Common synthetic NPs include
PLGA, polyvinyl imine (PEI), and polycaprolactone (PCL) [73].

These NPs can encapsulate macromolecules, protect them from enzymatic degradation,
and change the dynamic behavior and tissue distribution of the encapsulated drugs in vivo.
Drugs can not only be dissolved or encapsulated in the nanoparticles but also be bound or
adsorbed on the surface of the polymer nanoparticles. Moreover, they show low toxicity,
good biocompatibility, and biodegradation [73].

Polymeric nanoparticles show promise for treating type 1 diabetes-related compli-
cations, including oxidative stress mediated by iron in hemoglobin, dyslipidemia, and
hyperglycemia via oral delivery. They have been extensively explored as delivery vehicles
for lipid-lowering drugs to treat dyslipidemia. Despite their advantages, polymeric NPs
have limitations, leading to the development of lipid–polymer hybrid nanoparticles (LPH-
NPs). LPHNPs feature a hydrophobic polymer core to encapsulate poorly water-soluble
drugs, surrounded by a hydrophilic lipid shell and an outer lipid-PEG layer. There are
two techniques for synthesizing LPHNPs: the Two-Step Method and the Single-Step Ap-
proach. In the first procedure, the polymer core and lipid shell are prepared separately and
mixed, whereas in the second one, lipid and polymer are directly mixed and LPHNPs are
self-assembled [74].

A study conducted in 2023 demonstrated that polymeric nanoparticles and LPHNPs
play a key role in the treatment of atherosclerosis, which is a complication of hyperlipidemia.
Atherosclerosis is a condition when the arteries become narrowed due to the accumulation
of fatty deposits, cholesterol, cellular waste products, calcium, and fibrin known as plaques
located on the inner wall of the arteries. Consequently, the blood flow is reduced. This
process can lead to serious cardiovascular problems such as heart attacks and strokes. The
statin therapy can reduce the chances of atherosclerotic plaque formation, but it needs
to be used in higher doses due to low systemic bioavailability. It can cause side effects.
To overcome these challenges, nanoparticles improving systemic drug absorption and
therapeutic response have been developed. Two different types of nanoparticles were
prepared such as PLGA nanoparticles (polymeric) and PLGA-DSPE-PEG-nanoparticles
(polymer–lipid hybrid) for loading atorvastatin. The in vitro drug release comparison was
carried out for 24 h from the nanoparticles and pure drug suspension, and the obtained
release profiles. The polymeric nanoparticles showed 85% drug release after 10.3 h and
hybrid nanoparticles revealed 87% drug release after 8.9 h. On the contrary, the pure drug
exhibited an incomplete release profile with up to 24% discharge during the entire duration
of the study period (Figure 2) [73].
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Figure 2. Maximum drug release across nanoparticle types and pure drug; PLGA NPs—poly
lactide-co-glycolic acid nanoparticles; PLGA-DSPE-PEG NPs—polymer–lipid hybrid nanoparticles
for loading atorvastatin [73].

The ability of nanoparticles to improve oral drug absorption has been widely discussed
in the literature. Pharmacokinetic studies have shown that both polymeric and hybrid
nanoparticles, due to their smaller particle size, facilitated better drug absorption through
various mechanisms such as transcellular and paracellular transport. The drug-loaded
nanoparticles demonstrated superior efficacy compared to the pure drug suspension.
Specifically, the lipid–polymer hybrid nanoparticles resulted in a significantly greater
reduction in the levels of TC (98%), LDL (78%), and TG (49%) compared to the control
group (p < 0.001), while the polymeric nanoparticles led to reductions of 62%, 57%, and
32% in the TC, LDL, and TG levels, respectively (p < 0.001). In contrast, the animals treated
with the pure drug suspension showed only a modest improvement in the TC (36%), LDL
(28%), and TG (16%) levels compared to the control group (p < 0.05). HDL levels were also
analyzed, showing improvements of 70%, 123%, and 257% after treatment with the pure
drug, polymeric nanoparticles, and hybrid nanoparticles (Figure 3) [73].

The increase in drug levels in the body contributed to a stronger pharmacodynamic
effect, as observed by the significant reduction in levels of hyperlipidemia markers, includ-
ing TG, LDL, and TC, as well as an increase in HDL levels following nanoparticle treatment
compared to the pure drug. High drug entrapment efficiency in nanoparticles is key to
their improved efficacy. Both polymeric and hybrid nanoparticles showed over 70% drug
entrapment, with sustained release profiles, evidenced by the time taken for 80% drug
release. Polymeric nanoparticles had a more sustained release compared to lipid–polymer
hybrids. The phospholipid in the hybrid nanoparticles likely boosted entrapment efficiency
and drug absorption. In vivo studies also showed that the nanoparticles significantly
improved systemic drug absorption through oral administration, with noticeable increases
in Cmax and AUC compared to the pure drug [73].
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Figure 3. Efficacy of drug-loaded nanoparticles vs. pure drug; PLGA NPs—poly lactide-co-glycolic
acid nanoparticles; PLGA-DSPE-PEG NPs—polymer–lipid hybrid nanoparticles for loading atorvas-
tatin; TC—total cholesterol; LDL—low-density lipoprotein; TG—triglyceride; HDL—high-density
lipoprotein [73].

5.4. Evaluating the Toxicological Impacts and Safety Strategies of Nanoparticle-Based Therapies

The potential adverse effects associated with nanoparticle-based therapies must not
be overlooked. The current data on the toxicity of nanoparticles in mammalian cells
and tissues underscore the need for further research to deepen our understanding of the
underlying mechanisms of their toxicity. Additionally, it is imperative to develop strategies
aimed at minimizing and preventing these toxic effects. Such strategies should consider
both acute and chronic exposures to nanoparticles, accounting for various exposure routes
and environmental contexts [74]. Below, we summarize the key side effects associated with
nanoparticle-based therapies.

The toxicity of nanoparticles is influenced by their biophysical properties, including
size, surface area, surface charge, and aggregation state [75]. A crucial factor in determining
the efficacy or toxicity of nanoparticles is their interaction with cells. As with organ-specific
toxicity, the size of nanoparticles significantly affects their cellular interactions, systemic
circulation half-life, and biodistribution throughout the body [76]. The extent of endocytosis
is dependent on the size of nanoparticles, with smaller nanoparticles being more readily
internalized by cells, thereby increasing the likelihood of cellular toxicity. Research has also
demonstrated that the shape of nanoparticles can affect their circulation time within the
body, potentially delaying cellular uptake [74].

A 2018 study [77] provides a comprehensive overview of the latest findings on the side
effects of nanoparticles, showing that they can accumulate in various organs, leading to
different health risks. In the lungs, metal-containing nanoparticles such as cadmium-based
quantum dots can induce inflammation and, in some cases, fibrosis, though recent data
suggest that fibrosis may not always occur. Nanoparticles often accumulate in the liver,
where they activate hepatic macrophages, contributing to liver damage. The spleen and
immune system are also affected, as nanoparticles can increase cytokine levels and recruit
immune cells. Small nanoparticles are typically cleared via the kidneys, but prolonged
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presence can lead to nephrotoxicity, including inflammation and fibrosis. Additionally,
certain nanoparticles can cross the blood–brain barrier, causing hemorrhage and altering
trace element levels, enzyme activity, and neurotransmitter levels after long-term exposure.

One promising approach to designing safer nanoparticles involves the development
of structured nanoemulsions and solid lipid nanoparticles. These formulations utilize food-
grade ingredients, generally recognized as safe (GRAS) by the FDA, such as lipids, proteins,
polysaccharides, and surfactants. Research indicates that many toxic effects are associated
with solid or metal-containing nanoparticles. However, further studies are necessary to
assess the long-term effects and potential risks of these nanoparticles, particularly regarding
their safety and side effects over extended periods [78].

5.5. Nanoliposomes vs. Polymeric Nanoparticles in Targeted Therapies

The targeted drug delivery system of nanoliposomes and polymeric nanoparticles has
its advantages and disadvantages. Nanoliposomes may allow the successful entrapment
of hydrophilic and hydrophobic drugs by their lipid bilayer composition to facilitate the
required transport mechanism. However, they suffer from low criticality in terms of
stability and increased clearance in circulation. On the other hand, polymeric nanoparticles,
which are prepared from biodegradable polymers, showed better stability and enhanced
drug release capabilities. That will lead to increasing the therapeutic effects of a certain
drug. However, their practical application may be restricted by several factors such as
complicated synthesis procedures and a possible cytotoxic effect [48,73,74].

6. Artificial Intelligence and Machine Learning in
Dyslipidemia Management

With the ongoing advancements in lipid-lowering therapies, emerging technologies—
such as the abovementioned nanotechnology—are reshaping the possibilities for targeted
drug delivery and precision medicine. Building on these advancements, AI algorithms like
ML and deep learning (DL) are probably going to revolutionize this field by enhancing the
design, optimization, and application of nanomaterials [79]. The primary aim of this narra-
tive review is to explore a novel approach to dyslipidemia management—nanotechnology.
Additionally, it highlights the existing gap in the current medical approaches, specifically
the potential of integrating AI with nanotechnology to enhance the dyslipidemia treatment
in cardiovascular diseases.

6.1. Demystifying AI

Defining AI is challenging, as there is no universally accepted definition of the concept.
However, a straightforward way to understand AI is as the simulation of human intelligence
by systems or machines [80]. The primary functions of AI include perceiving, learning,
planning, predicting, and decision making, among others. AI encompasses a wide range of
research fields, such as search algorithms, knowledge graphs, expert systems, evolutionary
algorithms, and advanced techniques like ML and DL. These fields contribute to AI’s ability
to analyze data, solve complex problems, and adapt to new information [81].

Physicians should develop a deeper understanding of AI applications in medicine
and become familiar with related concepts, as AI holds the potential to transform medical
practice in unprecedented ways. Enhanced awareness and knowledge in this area will
better equip healthcare professionals to harness AI-driven innovations for improved patient
care and clinical outcomes [82].

Such innovation is the use of AI in pharmacogenomics, where ML and deep learning
techniques are revolutionizing personalized medicine. AI enhances the prediction of drug
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responses, identifies genetic markers, and refines therapeutic strategies. This integration
supports the development of treatment plans, minimizes adverse effects, and advances
patient-specific drug therapies, contributing to more effective and individualized care [83].

6.2. Use of AI in Dyslipidemia Management
Predicting Dyslipidemia Incident

Addressing the need for more precise and personalized approaches, AI is poised to
transform dyslipidemia management by improving diagnostics and enhancing treatment
strategies and cardiovascular outcomes. There was a cohort study conducted in Mexico
City that investigated the application of machine learning models to identify specific
characteristics connected to the factors for various types of dyslipidemia [84]. It consisted of
2621 participants aged between 20 and 50 years. These patients were men and women with
and without dyslipidemia. Researchers applied the Variable Importance Measures (VIMs)
of random forest (RF), XGBoost, and Gradient Boosting Machine (GBM) to enable feature
selection. The study revealed that the VIM algorithm of RF and GBM identified the key
risk factors of dyslipidemia the most effectively (accuracy rates up to 80%). ML techniques
highlighted body mass index, elevated uric acid levels, age, sleep disorders, and anxiety as
the top predictors of dyslipidemia risk [84]. Presented research demonstrates ML’s ability
to analyze the complex and gender-specific risk factors of dyslipidemia. Moreover, the
adaptability of ML models—combined with techniques like the Synthetic Minority Over-
sampling Technique for dataset resampling—supports early diagnosis and personalized
treatment strategies. It can make dyslipidemia management more effective and prevent
cardiovascular diseases [83].

In East Azerbaijan Province, Iran, a similar study took place; it focused on predict-
ing dyslipidemia cases using ML algorithms [85]. The used data were obtained from
the Lifestyle Promotion Project. The work results highlight the effectiveness of ML—
particularly the multi-layer perception (MLP) neural network—in achieving high-reliability
metrics. RF also demonstrated strong predictive capabilities, as mentioned in a previous,
Mexico City study [84]. These findings emphasize the value of ML in identifying key risk
factors, such as waist circumference, serum vitamin D, blood pressure, and physical activity,
to enhance prediction and management strategies [85].

AI can also be used to make more accurate predictions of LDL-C levels, which is
crucial for assessing atherosclerotic heart disease risk. The study, based on data from the
Laboratory Information Systems of Ankara Etlik City Hospital, included 60,217 patients
with lipid profiles (total cholesterol, high-density cholesterol, and triglycerides). In this
research, AI models such as RF and GBM demonstrated superior accuracy compared to
traditional calculation formulas, showing a stronger correlation with directly measured
LDL-C values. These findings underscore AI’s potential to deliver both accurate and
interpretable LDL-C predictions, enhancing clinical decision making and personalized
patient care [86].

The provided studies highlight the potential of AI and ML in improving the accuracy
of dyslipidemia diagnosis, risk factor identification, and LDL-C prediction. By leveraging
these advanced technologies, healthcare providers can implement more precise, personal-
ized, and effective strategies for preventing and managing cardiovascular diseases.

ML methods are still under evaluation, and their effectiveness may vary depending
on the clinical context. Most clinical studies currently rely on the Friedewald formula (FF),
which, despite being developed 50 years ago, remains widely used due to its simplicity, even
though more accurate methods for estimating LDL cholesterol (LDL-C) are available [87].
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A 2022 study compared the predictive performance of three ML models—random
forests, XGBoost, and support vector regression (SVR)—against the traditional linear
regression model and existing LDL-C calculation formulas in an eastern Indian population.
The results showed that LDL-C predicted by the XGBoost and random forests models
had a strong correlation with directly measured LDL-C (r = 0.98), outperforming the six
commonly used formulas, including Friedewald, particularly across different triglyceride
levels [88].

Additionally, a 2021 study on the Sampson formula found it to have the highest accu-
racy among various formulas, emphasizing its importance in avoiding the misclassification
of hypercholesterolemia, which could delay treatment and lead to CVD progression [89].
Another 2022 study comparing the Friedewald, Sampson, and Martin–Hopkins formu-
las concluded that the extended Martin–Hopkins formula provided the most concordant
results with direct LDL-C assays, especially in patients with low LDL-C levels or hyper-
triglyceridemia. However, it noted that the performance of these methods could vary with
different assays and populations, highlighting the need for further validation [90].

In summary, while ML models show promise in providing more accurate LDL-C predic-
tions, their effectiveness needs further validation across diverse clinical settings. Traditional
formulas like Friedewald continue to be used but newer methods, such as the extended
Martin–Hopkins and Sampson formulas, demonstrate potential for improved accuracy and
require continued investigation to confirm their validity across various populations.

6.3. Personalized Statin Treatment Using Machine Learning

As mentioned before, AI and ML offer promising tools for personalized treatment
strategies. There is research on statin therapy for individual patients that aims to enhance
treatment efficacy by predicting responses and optimizing dosage based on personal risk
factors. Statins are well-known and widely used medications for treating dyslipidemia.
Nevertheless, they can cause side effects, such as an increased risk of diabetes mellitus,
myalgia, and elevated hepatic transaminase levels [91]. This underscores the importance of
personalized statin treatment.

The current guidelines provide LDL-C targets but often fail to consider individual
patient responses to statins, highlighting the need for personalized therapy. In the study
conducted on data sourced from patients starting statins between 2003 and 2022, a machine
learning algorithm was developed using electronic health records from three tertiary
hospitals (21,500 patients). The XGBoost model demonstrated the highest predictive
performance, with an AUROC of 0.84 during internal validation and 0.81 during external
validation, outperforming other methods like k-nearest neighbors (KNNs), support vector
machine (SVM), and random forest. This model identified key factors like diabetes, baseline
LDL-C, HbA1c, age, and SCORE2/SCORE2-OP as critical for predicting LDL-C target
attainment. Implementing the XGB model in clinical practice could increase the likelihood
of achieving LDL-C targets with initial statin prescriptions to 71–80%, offering a promising
approach for personalized dyslipidemia management [92].

Another work providing a novel perspective on statin therapy explored a neural
network trained to replicate National Institute for Health and Care Excellence guidelines,
which was then enhanced through transfer learning using real-world outcomes from
anonymized UK primary care data. The model analyzed 9675 patients receiving statin
therapy and identified that for approximately 10% of the patients, smaller statin doses
achieved better cholesterol reduction than higher doses recommended by guidelines. This
deviation was potentially linked to improved adherence due to fewer side effects [93].
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These studies highlight the potential of ML to revolutionize statin therapy by offering
personalized treatment strategies that improve efficacy, optimize dosage, and enhance
patient adherence through tailored care approaches.

6.4. Possible Synergy Between AI and Nanotechnology

Based on the developments in AI techniques discussed in the earlier parts of this
review, it is crucial to consider the possibility of synergy between AI and nanotechnology
since both techniques can be combined to enhance the efficiency and precision of the pro-
cesses. The application of AI combined with nanotechnology may give new opportunities
in various fields of medicine. It might improve the creation of advanced materials, devices,
and systems. AI-driven computational tools and ML algorithms can enhance the design of
nanomaterials [79].

6.4.1. Drug Delivery

By enabling precision drug delivery, personalized medicine, and advanced disease
detection, AI-guided nanosystems enhance therapeutic efficacy and minimize side effects
through targeted delivery and real-time monitoring. AI-based nanosensors are used
for early disease detection and continuous monitoring, offering real-time data. These
innovations provide an idea of how much AI can be combined with nanotechnology to
reform healthcare [94]. AI can predict how nanoparticles interact with biological systems,
including drug release and toxicity, while reducing the need for repetitive experiments.
Studies demonstrate AI’s potential to enhance drug delivery, analyze vascular systems,
and address challenges like low nanoparticle delivery efficiency in cancer treatments [95].

While there is currently no accessible research explicitly combining nanotechnology
and AI in the management of dyslipidemia, the potential for such integration is promising.
To explore this possibility, insights from other medical fields, such as oncology, where the
synergy between these technologies has been studied, may provide valuable guidance.

In original research from 2022, researchers have described the usage of NP delivery to
tumors using ML and AI models [96]. This study applied multiple ML methods, including
deep neural networks, RF, support vector machine, linear regression, and bagged models,
to analyze data from the Nano-Tumor Database containing 376 datasets. To assess how NPs’
physicochemical characteristics, tumor models, and cancer kinds affect the effectiveness of
tumor administration, a physiologically based pharmacokinetic (PBPK) model was used.

The deep neural network model outperformed the other ML methods in predicting NP
delivery efficiency, achieving an R2 of 0.92 on the training dataset for maximum delivery
efficiency and 0.70 on the test dataset. Cancer type significantly determined prediction
accuracy, accounting for 19–29% of the variance.

While the model performed well on the training dataset, the R2 values on the test
dataset were notably lower for delivery efficiency at 24 h and 168 h, indicating reduced
predictive power for long-term efficiency. Additionally, the study used PBPK model data,
which might not accurately represent in vivo complexity.

By offering insights into enhancing tumor delivery efficiency and comprehending
its underlying challenges, this work shows how combining AI with PBPK modeling can
improve the design of cancer nanomedicines [96].

The Food and Administration has been actively involved in developing NP-based
drug delivery systems, with notable examples like Abraxane, an albumin-based NP for-
mulation of paclitaxel, which has shown commercial success in breast cancer treatment.
Synthetic polymers, such as poly D, L-lactic-co-glycolic acid, and lipid-based formulations
like Intralipid, are commonly used due to their biocompatibility, biodegradability, and
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ability to improve bioavailability while reducing cytotoxicity. Recent advancements in-
clude polymeric nanoparticles for controlled release and enhanced tumor localization, as
seen with Vyxeos, an FDA-approved NP-based chemotherapy for acute myeloid leukemia,
which improves efficacy even at lower doses. Other innovations include Myocet, a liposo-
mal doxorubicin formulation for breast cancer metastasis, and NBTXR3, hafnium oxide
nanoparticles that enhance radiotherapy by increasing tumor cell death without harming
healthy tissues. Numerous NP-based drug delivery systems are currently under clinical
trials, promising significant advancements in cancer treatment upon future approvals [97].

Drawing from such examples from oncology, future research could explore AI-guided
nanomedical systems for precise drug delivery and the personalized treatment of dyslipi-
demia. This interdisciplinary approach holds promise for improving patient outcomes by
tailoring therapies to individual needs.

6.4.2. NPs Design

Another important area that should be discussed is the integration of AI and nanotech-
nology to optimize nanoparticle design. This approach might make the applications of
medicines more efficient and effective.

AI (particularly ML) has a key role in developing reproducible nanomaterials by pre-
dicting and optimizing their physical, mechanical, and chemical properties. By identifying
crucial synthesis factors such as temperature, pressure, and electric current, AI tools enable
the creation of tunable nanoarchitectures in dimensions like 0D, 1D, and 2D. The process
begins with data cleaning and organization, followed by modeling using AI algorithms
like artificial neural networks (ANNs) and deep neural networks (DNNs), allowing for
reliable predictions of material properties. Although AI reduces experimental costs and
time, challenges like large data requirements and computational power remain [98].

For instance, a Bayesian ML technique reduced the number of experimental runs
needed to synthesize titanium nitride nanofilms to just eight. The optimized conditions pre-
dicted by the model resulted in high-quality nanofilms. The initial experimental conditions
produced poor crystalline quality, but the model accurately identified accurate conditions
for superior crystallinity and performance. Similarly, the synthesis of nanozeolite LTA
was optimized using a complex ANN model, which identified five principal components
explaining over 90% of the data variance. The model revealed relationships between key
synthesis descriptors, such as temperature, pH, and pressure, and predicted the quantita-
tive outputs of synthesis routes. This approach resulted in high-purity nanozeolite LTA,
confirmed by XRD characterization. In this case, AI has not only been used to predict mate-
rial properties but has also played a key role in advancing hierarchical nanostructures and
self-assembling nanomaterials, showcasing its significant impact on nanotechnology [98].

The design and formulation of nanomaterials by the AI have also been successfully
applied to lipid NPs, self-assembling drug–small-molecule nanoparticles, protein nanoma-
terials, and spherical nucleic acids. For instance, the AI-Guided Ionizable Lipid Engineering
platform uses ANN to model lipid structures from the data collected by high-throughput
screening large libraries of 12,000 lipid structures, identifying optimal lipid NP formula-
tions. They were selected for their effectiveness in transfecting muscle cells, serving as a
model for vaccine delivery, and macrophages, demonstrating the potential for immune cell
modulation [99].

What is more, the integration of ML and high-throughput experimental data can be
used to identify stable and self-assembled drug NPs. The researchers rapidly identified
100 self-assembling drug nanoparticles from 2.1 million pairings of 788 candidate drugs
and 2686 approved excipients. Two nanoparticles, sorafenib–glycyrrhizin and terbinafine–
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taurocholic acid, were further characterized ex vivo and in vivo. This platform has the
potential to accelerate the development of safer, more effective nanoformulations with high
drug-loading capacities for diverse therapeutics [99].

There is a high potential of integrating AI with nanotechnology to improve nanopar-
ticle design and synthesis, reducing costs and time. As AI continues to develop, its
applications in nanotechnology are innovative across medicine, and that opens new ways
in precision engineering and therapeutic advancements.

According to the insights from oncology, where AI-guided nanotechnology has been
successfully used for precision drug delivery and optimizing NPs design, similar strategies
could be applied to dyslipidemia. AI models could be able to design lipid-based nanoparti-
cles for targeted drug delivery to reduce cholesterol plaques or regulate lipid metabolism,
with real-time monitoring enabling personalized treatment adjustments.

ML algorithms could be able to predict nanoparticle behavior, addressing challenges
like drug release efficiency and biocompatibility. This interdisciplinary approach holds sig-
nificant promise for improving therapeutic outcomes and advancing innovative solutions
in dyslipidemia management and surely needs a deeper focus.

6.5. Prospects, Difficulties, and Future Developments of AI in Dyslipidemia Management

The development of advanced technologies in AI is becoming increasingly widespread
in various fields of medicine, including clinical lipidology. ML techniques, particularly
ensemble methods, and neural networks are being used to predict dyslipidemia with
high accuracy, precision, and sensitivity. The developed algorithms demonstrate great
potential in accurately diagnosing dyslipidemia, which may lead to more effective disease
management strategies. ML proves to be an invaluable tool in predicting dyslipidemia
and associated disorders by leveraging patient data to improve diagnostic and treatment
processes [100].

However, it should be remembered that easy access to data due to digitization and
the development of applications such as ML carries the risk of disclosing sensitive health
information of a patient without their consent. In this context, privacy refers to protection
against attacks from competitors whose main goal is to extract sensitive information from
the victim, leading to an unintended data breach [100].

Large datasets have a significant impact on the digital world, as more and more
companies rely on data analysis to carry out daily operations. As a result, managing how
our data is stored, updated, and shared is crucial for privacy. With the growing use of
powerful internet-based data analysis tools, privacy has become an important social issue.
The development of AI increases the risk of privacy violations. Advanced AI methods,
such as deep learning, are ideal for analyzing large datasets and represent one of the most
effective ways to process huge amounts of data in an acceptable timeframe.

Most people are unaware of the amount of data generated, analyzed, or exchanged by
their devices and applications, which leads to privacy violations [100].

Despite the increase in studies applying these innovative techniques, familiarizing
medical personnel with new methods and introducing new tools into clinical practice
remains a challenge. The key difference is that traditional statistics rely on predefined
models, whereas AI and ML are data-driven, operating without a prior understanding of
the relationship between data and outcomes [101].

The ethical concerns related to the use of “black-box” medical algorithms by doctors
should be further developed. It is widely acknowledged that ML algorithms carry immense
potential. They offer opportunities for analyzing large datasets, recognizing patterns, and
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making predictions, especially in the decision-making process. AI is becoming a powerful
tool, delivering promising results across various applications.

However, despite the tremendous prospects of AI revolutionizing healthcare, the
functioning of some advanced ML systems remains opaque. This is due to the fact that deep
learning algorithms are complex structures, whose results can be difficult to understand
even for researchers, as they cannot precisely determine why the algorithm produced a
specific outcome.

Such a model of operation raises concerns about values like fairness, the authority
of doctors, and the privacy of patient data, as the reasons behind AI-generated decisions
may also be impossible for doctors to explain. Consequently, there is a significant risk
that the validity of diagnoses and recommendations for medication will be questioned by
patients [102].

High-dimensional data, such as multi-omics data used in personalized health, exhibit
significant inter-individual variability and are strongly influenced by environmental factors
and lifestyle. Studies also indicate systematic differences in the microbiome between
various ethnic groups. People from different regions of the world possess unique microbial
taxa that are more abundantly represented in their bodies, likely due to both genetic and
environmental differences [103].

A major ML challenge is to ensure that predictive models used in personalized diets
and disease management function reliably across diverse racial, ethnic, gender, cultural,
and geographic groups. The risk of algorithmic bias is particularly high in personalized
health, as both the source data and individual outcomes are highly heterogeneous [104].

The creation of clear regulatory frameworks for artificial intelligence in healthcare
is inevitable to ensure its implementation and deployment with consideration for safety
and ethical issues. These guidelines should be flexible enough to adapt to technological
advancements and emerging challenges. Key to this process will be the involvement of
stakeholders who will collaboratively develop principles that account for patient safety
and ethical concerns related to the development and application of AI. Among the most
important regulatory issues is the standardization of performance indicators, which will
enable the calculation of AI efficiency and allow the comparison of different studies and
applications, contributing to their transparency. Additionally, regulatory bodies should de-
velop clear guidelines for the safe use of AI systems, including testing protocols, validation,
and ongoing oversight. Furthermore, the involvement of a broad range of stakeholders,
from clinicians and patients to AI developers, in the regulatory process will ensure that
various viewpoints are considered when creating standards [105].

Health disparities related to ethnicity, sex, gender identity, geographic location, and
socioeconomic status still exist and are often amplified by artificial intelligence. However,
these studies typically treat each factor separately—race/ethnicity, sex, gender identity,
socioeconomic status, abilities, etc. What is needed now are intersectional analyses in health
and medical research. Intersectionality examines how overlapping or intersecting forms of
discrimination related to a patient’s social and cultural life course impact health outcomes.
An iconic example of intersectional analysis in the context of facial recognition is a study
that showed systems analyzing sex and race separately failed to capture the full extent of
bias against black women. The sex analysis revealed that systems performed better on
men’s faces than on women’s faces. The race analysis showed that systems performed
better on lighter-skinned faces than on darker-skinned ones. The intersectional analysis
revealed that these single axes missed the fact that systems performed much worse for black
women. Further research is needed to understand how intersecting human characteristics
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such as sex, gender identity, race/ethnicity, socioeconomic status, and age influence health
outcomes across society [106].

Currently, AI is not self-sufficient. It cannot reason in the same way that humans do. It
lacks qualities such as clinical intuition and experience. Furthermore, AI does not possess
developed critical thinking skills or the ability to question certain information. Instead,
AI functions as a signal translator, transforming patterns from datasets. At present, AI
systems are increasingly being implemented by healthcare organizations to automate time-
consuming, repetitive tasks with high volumes. Additionally, significant progress has been
made in applying AI to precision diagnostics (e.g., diabetic retinopathy and radiotherapy
planning) [107].

The application of AI, ML, and DL in lipidology enables more accurate and clinically
relevant predictions, which could significantly impact clinical practice.

Significant progress is expected in the development of powerful algorithms over the
next few years, which will be efficient and capable of utilizing unstructured data as well as
combining diverse data. In addition, healthcare organizations and medical practices will strive
to have AI systems collaborate with technology partners in the development of new AI systems
for precision therapies. However, it is crucial to understand the barriers that patients face
when using lipid-lowering medications. Caution in this regard can help physicians effectively
address these challenges. Moreover, in the near future, we can expect the development of
improved predictive models based on lipid profiles. Additionally, innovative AI techniques
could uncover previously unknown disease correlations and facilitate the implementation
of precision medicine. Nonetheless, the social, methodological, and ethical complexities
associated with these applications require further research and regulation.

6.6. Limitations and Challenges Associated with Nanoparticles and Artificial Intelligence: New
Perspectives and Difficulties

Polymeric nanoparticles are a key tool in enhancing drug bioavailability and delivering
them precisely to their site of action. Thanks to their versatility, polymers present a
promising option capable of meeting the demands of various drug delivery systems used
in specific therapies. With the increasing demand for nanoparticles, scaling up production
processes becomes inevitable. This involves transitioning from small-scale production,
such as in a laboratory, to larger-scale production suitable for industrial and commercial
applications. The challenges associated with this process pertain to controlling nanoparticle
properties (maintaining quality, uniformity, cost, and efficiency), as the synthesis techniques
for PNPs at the laboratory scale often struggle with batch-to-batch variability. Scaling up
production introduces numerous difficulties that need to be addressed to ensure efficiency
and product quality control. This literature review focuses on several aspects of this
problem [108].

Firstly, maintaining consistent properties (e.g., size, shape, charge, and polydispersity)
of nanoparticles during mass production is more challenging. Ensuring that nanoparticle
properties align with application requirements is crucial. During the scaling of laboratory
techniques, reproducibility is key for real-world nanomaterial applications. Unfortunately,
beneficial nanoparticle properties are sometimes lost. Particles may change over time or in
response to environmental conditions. The temporal gap between analysis and application,
as well as ensuring consistency or verification, is critical. A significant obstacle in this
field is the diversity of the literature regarding research conducted and experimental data.
However, there are ways to address this. Keeping records to identify sources and reduce
particle variability, as well as implementing a “minimum standard of information” in
nanoparticle research, including details of materials and experimental procedures, are
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recommended. Controlled replication studies are fundamental to avoiding excessive
variations between systems and properly determining similarities and differences among
compared systems.

Another important issue is nanotoxicology, which raises many concerns, particularly
regarding toxicity and cellular uptake. The toxicity of nanoparticles depends, among other
factors, on their chemical composition, shape, surface charge, aggregation, and solubility.
After systemic exposure, they accumulate in the phagocytic system of parenchymal organs
and cause DNA damage, cell cycle arrest, and ultimately cell death. Identifying the key
physical or chemical characteristics of nanoparticles that contribute to their toxicity will
help develop safer methods to minimize toxicity. However, this does not apply to polymeric
nanoparticles, which are biocompatible, biodegradable, and non-toxic. This makes them
safe for use in humans and improves drug bioavailability [108].

The next challenge in nanoparticle production is the need to consider environmental
aspects, such as impact and safety. Currently, the production of various inorganic NPs
with specific chemical compositions, sizes, and shapes is carried out using microbial fer-
mentation (bacteria, yeasts, and fungi). Green nanotechnology, encompassing regulatory
processes, purification, and remediation, supports environmental protection, waste reduc-
tion, and the use of safer solvents and renewable raw materials. Integrating the principles
of green chemistry and engineering could offer an alternative to traditional NP synthesis
methods. These methods rely on biological precursors and depend on parameters such as
solvent, temperature, pressure, and pH.

Enhancing PNP production capacity is an unavoidable requirement for industry and
human health. The transition from laboratory-scale to large-scale production, from batch
systems to continuous systems, is becoming a reality. Several methods have been devel-
oped for producing nanoparticles with desirable characteristics on a large scale, including
membrane extrusion, supercritical fluid technology, the use of microreactors in industry, or
nanobiotechnology. Due to their numerous advantages, these methods offer hope for the
development of various drug delivery systems and therapies. Nevertheless, the application
of these methods to develop targeted and surface-functionalized nanoparticles on a large
scale remains contentious. Nanomedicine represents a breakthrough in healthcare, and
several clinical therapies are already available. Experiments that are thoroughly reported
and analyzed offer hope that nanomedicine will soon transform many laboratory products
into market-ready solutions for various therapies and clinical purposes [108].

AI algorithms are becoming a key component of healthcare, from diagnostics to popu-
lation health management. Therefore, it is crucial to implement processes for mitigating
algorithmic biases, which may lead to inequalities in care.

Addressing biases is not only about ensuring equal opportunities for optimal health
outcomes but also promoting patient protection. Biased algorithms can result in situations
where certain groups of patients do not receive adequate care, which can have serious
consequences.

Medical institutions play a crucial role in addressing algorithmic biases. AI algorithms
require evaluations in the specific context of their use, as they may be sensitive to differences
between the data used during development and the data applied at the point of care for
individual patients. Challenges such as algorithm drift or the emergence of new biases
require continuous monitoring. Another issue is that some medical institutions are not
sufficiently equipped to undertake the processes of evaluating and monitoring algorithmic
biases, which may contribute to social inequalities. An alternative for those institutions
without internal AI expertise is to seek assistance from developers. However, this raises
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concerns, as despite the best intentions, it may turn out that their algorithms lead to biased
results without them realizing it [108].

To mitigate algorithmic biases, the best approach seems to be a shared responsibility
model. In this model, all key partners, including medical institutions, AI developers, and
regulatory bodies, take action to address the bias problem. Such an approach supports
resource-limited institutions in adopting valuable AI algorithms into clinical care and
ensures greater precision in controlling biases in medical institutions.

Another issue is the framework for AI algorithm transparency, which should align
with the requirements of the ACA. There are already regulatory requirements for AI
developers within the ONC and the FDA.

This will enable medical institutions to effectively assess and monitor algorithms, and
the transparency process will build trust among patients and clinicians, fostering broader
adoption. All transparency data should be stored in an open-access repository [109].

7. How AI and Nanotechnology Might Affect Healthcare?

AI offers transformative opportunities in healthcare but introduces systemic chal-
lenges and costs that require careful consideration. In the context of predictive disease
models, their judicious application is vital to avoid inequitable treatment based on algo-
rithmic predictions. As these models become integral to clinical practice, the ongoing
evaluation of their performance and therapeutic impact is crucial for ensuring responsible
and effective use.

To achieve fairness, training datasets must accurately represent the demographics of
the target populations, integrating diverse patient data—including demographic, genetic,
and environmental factors. This ensures the equitable prediction of disease progression
and risk across all groups. Ethical considerations must be prioritized through informed
consent, robust oversight, and comprehensive regulatory frameworks to prevent misuse
or discrimination. A key advantage of AI is its potential to enhance personalized therapy,
leading to reduced costs and improved patient outcomes. For example, pharmacogenomics
leverages genetic information to optimize drug efficacy and minimize adverse effects,
thereby advancing precision medicine [110].

Despite these benefits, implementing AI in healthcare presents significant financial
and logistical challenges. By 2021, hospitals were projected to spend USD 6.6 billion
annually on AI technologies, but these investments have yielded measurable benefits,
such as reduced hospital readmissions, decreased emergency room visits, and improved
adherence to treatment plans. For instance, Grady Hospital in Atlanta reported USD
4 million in savings over two years due to a 31% reduction in readmissions, attributed to
an AI tool identifying at-risk patients [111].

However, challenges remain. Data privacy and cybersecurity risks, including unautho-
rized access to sensitive patient information, pose significant concerns. Ethical compliance
and adherence to legal regulations are imperative to protect patient data. Additionally, AI
systems developed without adequate medical expertise risk inaccuracies and misdiagnoses,
compounded by a lack of transparency, errors in design, and limitations in handling un-
structured data like medical imaging. The absence of standardized data further exacerbates
inconsistencies across healthcare settings [112,113].

Successful AI implementation in healthcare requires addressing key issues. These
include establishing ethical and secure data access processes, leveraging domain expertise
to interpret data effectively, and ensuring sufficient computing power for real-time decision
making, enabled by advancements in cloud computing. Rigorous research into the real-
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world integration of AI algorithms is essential to ensure their trustworthiness, efficacy, and
seamless adoption within clinical workflows [107].

8. Conclusions

Dyslipidemia, characterized by abnormal lipid levels in the blood, is a significant risk
factor for CVD and obesity-related complications. The abnormal lipid profile is commonly
associated with obesity and closely linked to the development of atherosclerosis and
thesubsequent cardiovascular events. Understanding the molecular mechanisms behind
lipid metabolism and lipoprotein transport has paved the way for innovative therapeutic
strategies, including the use of nanotechnology in drug delivery.

Nanotechnology, particularly through the development of nanoparticles like lipo-
somes, holds promise in improving the delivery and efficacy of treatments for dyslipidemia.
Liposomes, with their ability to encapsulate both hydrophilic and hydrophobic drugs, offer
targeted drug delivery, potentially enhancing treatment outcomes while minimizing side
effects. Negative-charged nanoliposomes, in particular, have shown potential in improving
lipid profiles, stabilizing atherosclerotic plaques, and modulating inflammation, all of
which are key factors in the management of cardiovascular diseases.

While statins remain the cornerstone of dyslipidemia treatment, their side effects, such
as muscle pain, hepatotoxicity, and diabetes risk, limit their long-term adherence and effec-
tiveness. Research indicates that combining statin therapy with innovative approaches like
nanoliposome-based treatments could potentially enhance therapeutic outcomes, reduce
side effects, and better manage cardiovascular risk.

Emerging evidence from clinical studies and the use of AI in predicting patient re-
sponses to treatments suggests that personalized approaches to statin therapy can optimize
efficacy and minimize risks. ML models have demonstrated the ability to tailor statin doses
and improve adherence, ultimately improving outcomes for dyslipidemia management.

In conclusion, while challenges remain in optimizing the current therapies and devel-
oping new treatments, advancements in nanotechnology, personalized medicine, and ML
offer promising avenues to improve the management of dyslipidemia and reduce the risk
of atherosclerotic cardiovascular diseases. Continued research and clinical trials will be
crucial in determining the most effective strategies for integrating these innovations into
routine clinical practice.

Integrating AI with nanotechnology offers groundbreaking possibilities, particularly
in medicine, where precision and efficiency are critical. The success of AI-guided nanotech-
nology in oncology for precision drug delivery demonstrates its transformative potential.
Extending similar approaches to dyslipidemia could revolutionize its treatment, enabling
the design of lipid-based nanoparticles for targeted drug delivery, real-time monitoring,
and personalized therapy.

By leveraging ML algorithms to predict and optimize nanoparticle behavior, we can
address challenges like drug release efficiency and biocompatibility. This interdisciplinary
synergy not only enhances therapeutic outcomes but also paves the way for innovative,
cost-effective solutions in managing complex conditions like dyslipidemia. The poten-
tial is immense, warranting focused research and investment to unlock new frontiers in
precision medicine.

Trials combining AI with nanotechnology could involve the AI-driven analysis of
nanomaterials used for targeted drug delivery, optimizing dosage and delivery mecha-
nisms for specific patient profiles, or AI could analyze real-time data from nanosensors,
monitoring biomarkers in the bloodstream and enabling early disease detection and per-
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sonalized interventions. However, this requires further research to ensure the effective and
ethical integration of these technologies.
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Abbreviations

ACA Affordable Care Act
ACL adenosine triphosphate-citrate lyase
ACS acute coronary syndrome
AI artificial intelligence
AMI acute myocardial infarction
ANN artificial neural network
ASCVD atherosclerotic cardiovascular disease
BCA brachiocephalic artery
BMI body mass index
CAD coronary artery disease
CK-MB Creatine Kinase-MB
cTns cardiac troponins I or T
CVD cardiovascular disease
DNN deep neural network
DHA Docosahexaenoic acid
DL deep learning
DM diabetes mellitus
EPA Eicosapentaenoic acid
FDA Food and Drug Administration
FFA free fatty acid
GBM Gradient Boosting Machine
HDL high-density lipoprotein
HDL-C high-density lipoprotein cholesterol
H-FABP Heart-type fatty acid-binding protein
HMG-CoA 3-hydroxy-3-methyl-glutaryl-coenzyme A reductase
HF heart failure
IDL VLDL remnant
KNN k-nearest neighbor
LDL low-density lipoprotein
LDL-C low-density lipoprotein cholesterol
LDLR low-density lipoprotein receptor
Lp(a) lipoprotein (a)
LPHNPs lipid–polymer hybrid nanoparticles
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ML machine learning
MLP multi-layer perception
MUFA monounsaturated fat
NAFLD non-alcoholic fatty liver disease
NP nanoparticle
NT-proBNP N-terminal prohormone of brain natriuretic peptide
ONC Office of the National Coordinator for Health Information Technology
PAMAM poly(amido)amine dendrimer
PBPK physiologically based pharmacokinetic
PCL polycaprolactone
PCSK9 Proprotein convertase subtilisin/kexin type 9
PCSK9i PCSK9 inhibitor
PEI polyvinyl imine
PLGA Poly(lactic-co-glycolic) acid
PRS polygenic risk scores
PUFA polyunsaturated fat
RCT reverse cholesterol transport
RF random forest
SAFA saturated fatty acid
SIM-LipoNP simvastatin encapsulated in nanoliposome
siRNA small interfering RNA
SVM support vector machine
TC total cholesterol
TFA trans fatty acid
TG triglyceride
VIM Variable Importance Measure
VLDL very low-density lipoprotein
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Abstract: Lipoprotein(Lp)(a) is a variant of low-density lipoprotein (LDL), bound to apolipoprotein
B100, whose levels are associated with a significant increase in the risk of atherosclerosis-related
cardiovascular events, but also to aortic stenosis and atrial fibrillation. Since plasma levels of Lp(a)
are commonly considered resistant to lifestyle changes, we critically reviewed the available evidence
on the effect of weight loss, dietary supplements, and physical activity on this risk factor. In our
review, we observed that relevant body weight loss, a relatively high intake of saturated fatty acids,
the consumption of red wine, and intense physical exercise seems to be associated with significantly
lower plasma Lp(a) levels. On the contrary, foods rich in trans-unsaturated fatty acids are associated
with increased Lp(a) levels. With regard to dietary supplements, coenzyme Q10, L-Carnitine, and
flaxseed exert a mild but significant lowering effect on plasma Lp(a).

Keywords: diet; lifestyle; lipoprotein(a); nutraceuticals; physical activity

1. Introduction

It is well-known that therapeutic lifestyle changes combining physical activity, diet,
and weight management usually have a positive impact on metabolic risk factors and the
risk of developing CV diseases [1].

Lipoprotein(Lp)(a) is a variant of low-density lipoprotein (LDL), bound to apolipopro-
tein B100 and characterized by an apolipoprotein(a) (apo(a)) of a different length, whose
plasma concentration is usually considered unchangeable in response to lifestyle modi-
fications [2]. During the last decades, thanks to a number of significant epidemiological
investigations, high Lp(a) plasma levels have been definitely associated not only with a
significant increased risk of atherosclerosis-related CV events (namely stroke, coronary
artery disease, and peripheral artery disease) [3], but also with aortic stenosis and atrial
fibrillation, after adjustments for other known risk factors [4,5].

According to the findings from a recently published systematic review and meta-
analysis, pooling data from 75 cohort and case-cohort studies (n = 957,253), the risk of
all-cause mortality increases with progressively higher levels of Lp(a), with the hazard
ratios (HRs) that compare the top vs. bottom tertiles of Lp(a) being 1.18 (95% confidence
interval (CI): 1.04 to 1.34) in patients in secondary prevention for CV diseases and 1.09
(95%CI: 1.01 to 1.18) in the general population. The HRs for CV diseases mortality was 1.33
(95%CI: 1.11 to 1.58) in the general population and 1.25 (95%CI: 1.10 to 1.43) in patients
in secondary prevention for CV diseases. For each 50 mg/dL rise in Lp(a) plasma levels,
a 31% and 15% greater risk of CV death was also estimated, respectively, in the general
population and in patients in secondary prevention for CV diseases [6].
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Lp(a) plasma levels are strictly genetically determined [7], so there is poor response
to both lifestyle changes and currently available pharmacological drugs [8]. The pro-
thrombotic action of Lp(a) is partially counteracted using antiplatelets, but this effect is
more evident in secondary prevention patients, who should be taking antiplatelets any-
way [9]. Currently, there is ongoing development of novel lipid-lowering medications,
specifically small interfering RNA (siRNA) agents, such as olpasiran, SLN360, LY3819469,
and the second-generation antisense oligopeptide, pelacarsen. These drugs selectively
disrupt the synthesis of Lp(a) in the liver by impeding the translation of apolipoprotein(a)
mRNA [10]. The primary goal is to genetically silence the lipoprotein(a) gene (LPA), dimin-
ish apolipoprotein(a) production, and subsequently, reduce serum Lp(a) levels. Current
evidence indicates that optimal results are achieved through monthly subcutaneous injec-
tions, leading to persistent and substantial reductions in Lp(a) levels of up to 95%, with the
potential to reduce cardiovascular risk [11]. A relevant Lp(a)-lowering effect (up to −65%,
resulting in Lp(a) plasma levels of less than 50 mg/dL in 93% of participants) has been
recently shown in a phase 2 trial using muvalapalin, a small oral drug [12]. The potential
of these emerging drugs under development appears highly promising, demonstrating an
overall safety profile. However, their cost-effectiveness will undergo thorough evaluation
as an integral component of optimizing healthcare investments in CV prevention.

However, since these drugs are currently under investigation and tested only in
patients already struck by coronary artery disease with very high Lp(a) plasma levels,
we have no drugs in development to manage patients in primary prevention with high
Lp(a) levels.

In this context, the aim of this review is to summarize the evidence supporting the
ability of lifestyle interventions to improve the Lp(a) plasma levels in the context of CV
management in hyperLp(a) patients.

2. Dietary Intervention

2.1. Weight Loss and Lp(a) Levels

Low-energy diets are usually associated with a global improvement in plasma lipid
concentrations [13,14]. Bariatric surgery also improves plasma lipid levels [15–17]. How-
ever, what do we know about energy restriction and the effect of bariatric surgery on Lp(a)
plasma levels? The clinical evidence of different weight loss approaches on Lp(a) plasma
levels are summarized in Table 1.

The study by Kiortsis et al., involved 62 healthy obese patients (21 men aged
32 ± 9.6 years and 41 women aged 37 ± 14.6 years) consuming a low-energy diet for
six months. In considering the whole population, the authors observed a body weight
loss of 7.5% versus baseline and a statistically significant decrease in plasma levels of
total cholesterol, LDL cholesterol, and triglycerides (p < 0.001), while no changes in Lp(a)
levels were detected. However, when considering individuals with high Lp(a) values
(>20 mg/dL) at baseline, a 17.6% reduction in Lp(a) (p < 0.05) was observed, which was
closely related with baseline Lp(a) levels (r = 0.81 p < 0.001), but not with the changes in an-
thropometric measurements that occurred during weight loss [18]. Therefore, a low-calorie
diet that induces weight loss in individuals with obesity may have positive impacts on
serum Lp(a) levels, particularly in patients with elevated pretreatment concentrations of
Lp(a). However, this effect is influenced by large interindividual variability and depends
on the characteristics of the patients.
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Table 1. Clinical evidence of different weight loss approaches on Lp(a) plasma levels.

First Author, Year of
Publication

Patients Interventions Main Result

Kiortsis et al., 2001 [18] Healthy obese (n = 62) 6-week low-energy diet
17.6% Lp(a) reduction in
subjects with
Lp(a) > 20 mg/dL only

Berk et al., 2017 [19]

Obese and Type 2 diabetes
(n = 131)
Obese (n = 30)
Type 2 diabetes (n = 26)
Obese managed with bariatric
surgery (n = 26)

4-month low-energy diet or
bariatric surgery

Lp(a) increase in subjects
undergoing low-energy diet,
14% Lp(a) decrease in subjects
treated with bariatric surgery

Berk et al., 2022 [20] Overweight/Obese patients
(n = 293)

7-week low-energy diet
followed by Roux-en-Y gastric
bypass) and 52-week
follow-up (surgery group)
(n = 82)
59-week low-energy diet and
exercise program (lifestyle
group) (n = 77)
20-week low/very low energy
diet (lifestyle cohort) (n = 134)

Lp(a) increase in after
low/very low energy diet,
48% Lp(a) decrease after
surgery

Gomez-Martin et al., 2018 [21] 40 obese women

1-year follow-up after
laparoscopic Roux-en-Y
gastric bypass (n = 20) or
sleeve gastrectomy (n = 20) or
conventional treatment with
diet and exercise (n = 20)

No change in Lp(a) plasma
level in any group

Paredes et al., 2020 [22]
702 obese patients
(372 without metabolic
syndrome)

1-year follow-up after vertical
sleeve gastrectomy

10% decrease in Lp(a) levels in
metabolic syndrome only

Scholl et al., 2020 [23] Single case report of a
normoweight subject

Very low carb ketogenic diet
during physical training

26–39% decrease in
Lp(a) levels

Ebbeling et al., 2022 [24]
164 overweight/obese
subjects with mixed
dyslipidaemia

20-week weight loss diet
containing 20% proteins plus
different amounts of
carbohydrates and saturated
fatty acids (20–21% vs. 40–14%
vs. 60–7%)

15% decrease in Lp(a) levels in
the low-carbohydrate diet
group only

Cipryan et al., 2022 [25] 91 overweight subjects

High-intensity interval
training program (n = 22) vs.
high-intensity interval
training program and very
low-carb/high fat diet (n = 25)
vs. very low carb/high fat
(n = 22) vs. standard
management

No effect of any treatment on
Lp(a) plasma level)

In the study by Berk et al. [19], after a similar 3–4 month calorie-restricted diet, patients
with type 2 diabetes and obesity (n = 131) experienced a significant decrease in body weight
(−9.9%), while their Lp(a) plasma levels increased by 14.8 nmol/L. Obese individuals
(n = 30) or type 2 diabetics (n = 26) also experienced a decrease in body weight (−7%)
associated with an increase in Lp(a) (+12.7 nmol/L), while Lp(a) did not change in obese
individuals (n = 26) that underwent bariatric surgery despite considerable weight loss
(−14%) [19]. The same research group carried out two further independent long-term clini-
cal trials involving 293 overweight or obese individuals. The first study was designed as a

55



J. Clin. Med. 2024, 13, 751

prospective two-arm clinical investigation, including 82 patients undergoing a 7-week low-
energy diet followed by Roux-en-Y gastric bypass and a 52-week follow-up (surgery group),
and a control cohort of 77 patients undergoing a 59-week low-energy diet and exercise pro-
gram (lifestyle group). The second study included a third cohort of 134 patients undergoing
a 20-week low/very low-energy diet program (lifestyle cohort). In the lifestyle group and
in the lifestyle cohort, the Lp(a) plasma level [median (interquartile range)] increased by
36% [14(7–77) vs. 19(7–94) nmol/L, p < 0.001] and 14% [50(14–160) vs. 57(19–208) nmol/L,
p < 0.001], respectively. In contrast, in the surgery group, the Lp(a) levels dramatically
decreased by 48% after intervention [21 (7–81) vs. 11(7–56) nmol/L, p < 0.001]. Remarkably,
arachidonic acid and total n-3 fatty acids (FA) decreased after surgery but increased after
lifestyle interventions, while plasma levels of total saturated FA remained unchanged after
surgery but decreased after lifestyle interventions. However, the change in Lp(a) seemed
to be independent of the weight loss [20].

In 2018, Gomez-Martin et al. [21] demonstrated that vertical sleeve gastrectomy and
gastric bypass have a favorable impact on serum lipids at one-year post-surgery in women
with high CV risk. This effect includes a reduction in total cholesterol, triglycerides, and
oxidized-LDL, although there were no associated changes in Lp(a) levels. On the other
hand, in a more recent and very large study (n = 702), Paredes et al. evaluated the 1-year
metabolic impact of vertical sleeve gastrectomy. According to the findings of the study
by Paredes et al., patients without metabolic syndrome (n = 372) experienced a decrease
in Lp(a) levels (14.7 mg/dL vs. 12.3 mg/dL, p = 0.006) after vertical sleeve gastrectomy,
while patients with metabolic syndrome did not (13.9 mg/dL vs. 14.6 mg/dL, p = 0.302).
The regression model showed that older age and delta HDL-C significantly predicted the
change in Lp(a), while the higher the number of metabolic syndrome components and the
lower the estimated body fat percentage loss, the lower the odds of Lp(a) reduction after
the intervention [22].

Even if the above cited studies are relatively small and designed differently, in par-
ticular with regard to diet composition, overall we could conclude that a low-energy diet
is not sufficient to significantly modify Lp(a) levels in plasma, therefore, a more dramatic
intervention is needed. The diet with a metabolic impact most like that which follows
bariatric surgery is the very-low carbohydrate/ketogenic diet. In a single case of a 55-year-
old triathlete with a BMI of 24.9 kg/m2, the use of a very-low carbohydrate/ketogenic
diet was associated with a plasma Lp(a) decrease ranging from 26% to 39% in different
dietary intervention phases [23]. In a large trial involving 164 overweight or obese patients
(BMI: 32.4 ± 4.8 kg/m2) with mixed dyslipidemia, a 20-week treatment with three differ-
ent weight loss diets (one of which was a low-carbohydrate diet) exerted different effects
on Lp(a). These diets were comprised of 20% protein and various contents of carbohy-
drates and saturated fats (low-carbohydrate diet = 20% carbohydrates, 21% saturated fats;
moderate-carbohydrate diet: 40% carbohydrates, 14% saturated fats; high-carbohydrate
diet: 60% carbohydrates, 7% saturated fats). At the end of the study, plasma Lp(a) was
reduced by nearly 15% (−14.9%; 95% confidence interval (CI): −22.0 to −7.1) only in the
group randomized to the low-carbohydrate diet. The low carbohydrate diet was also asso-
ciated with a significant improvement in insulin-resistance, triglycerides, HDL-cholesterol,
and adiponectin plasma levels [24]. It must be acknowledged that these findings were
not confirmed in a recent 12-week randomized clinical trial examining the effect of a very
low-carbohydrate/high-fat diet associated with a high-intensity interval training program
in a cohort of 91 overweight individuals [25]. In this study, Lp(a) plasma levels did not
change, neither in response to training (n = 22), nor diet (n = 25), nor in the training + diet
combined intervention (n = 25), nor standard management (n = 19) [25].

Even if these clinical trials are relatively small and short-term, their results supported
the European Society of Atherosclerosis (EAS) consensus on hyper-Lp(a) management; to
follow a low carbohydrate diet to reduce the concentration of Lp(a) by ~15% [26].
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2.2. Dietary Fats

Dietary patterns abundant in animal-derived proteins and fats might be linked to
increased risks of CV disease and related mortality when compared to diets rich in plant-
derived protein [27–29]. Once again, the evidence supporting the intake of specific fatty
acids and Lp(a) plasma levels is conflicting.

In overweight and obese individuals (n = 31), a 4-week plant-based diet was associated
with an improvement in inflammatory and atherogenic biomarkers, among them Lp(a)
(−32 nmol/L) [30]. The existing literature indicates that replacing saturated fats with an
equivalent amount of unsaturated fats leads to decreased overall mortality [31]. Including
nuts in the diet is a practical strategy to boost unsaturated fat intake, as it relates to lower
all-cause mortality and mortality specific to CV diseases, in particular [32]. A diet abun-
dant in walnuts, rich in alpha-linolenic acid, polyphenols, plant sterols, and tocopherol,
demonstrated an overall enhancement in the blood lipid profile [33]. However, in a ran-
domized, prospective, controlled, crossover, clinical study involving 194 healthy volunteers,
an 8-week regimen of 43 g of walnuts daily did not exert any effect on Lp(a) concentration
in plasma, even if other lipid fractions (such as non-HDL-C, apoB, total cholesterol, LDL-C,
very LDL (VLDL) cholesterol, and triglycerides) were improved [34]. During a 16-week
randomized controlled trial, 29 participants classified as overweight or obese (with a BMI
of 25–40 kg/m2) were assigned to either consume 42.5 g/day of a mix of nuts (including
cashews, almonds, macadamia nuts, Brazil nuts, pecans, pistachios, walnuts, and peanuts)
or 69 g/day of isocaloric pretzels. There was no evidence that consumption of mixed nuts
had an effect on LDL-C or Lp(a) throughout the intervention [35].

On the contrary, in a small study mainly enrolling Afro-Americans (n = 18/28), with a
mean age of 48.3 ± 12.5 years (17 men, 11 women), Lp(a) plasma levels were negatively
associated with absolute (grams/day) and relative (percentage of total calories) dietary
saturated fatty acid (SFA) intake (R = −0.43, p = 0.02, SFA (% CAL): R = −0.38, p = 0.04),
palmitic acid intake (R = −0.38, p = 0.05), and stearic acid intake (R = −0.40, p = 0.03) [36].

Coconut oil might also yield more favorable effects on Lp(a) concentration when
compared to unsaturated oils with longer carbon chains. In a controlled crossover study
involving young women and comparing two high-fat diets over a 3-week period [37],
the consumption of a coconut oil-enriched diet resulted in a 17 mg/L reduction in Lp(a)
levels. In contrast, the intake of highly unsaturated long-chain fatty acids led to a 25 mg/L
increase in Lp(a) levels [37]. Despite being a saturated fat, it is essential to recognize that
coconut oil primarily consists of medium-chain fatty acids (e.g., lauric acid), constituting
50% of its content. Consequently, it may elicit a different response in Lp(a) concentration.
However, a more recent randomized, controlled, single-blinded, crossover, clinical trial
that enrolled 40 healthy volunteers to investigate the short-term effect of a diet enriched in
palm oil, cocoa butter, or extra virgin olive oil, with oleic acid primarily at the sn-2 position
(66%, 75%, 87% sn-2 oleic acid, respectively) of the TG molecule, concluded that not one of
the tested diets had a significant impact on Lp(a) levels [38].

Despite the slight benefit observed in Lp(a) levels with the consumption of coconut
oil, the International guidelines advise that dietary saturated fats should constitute less
than 10% of total energy intake [39,40]. This recommendation stems from the association of
excess saturated fat consumption with significantly elevated morbidity and mortality rates
related to cancers and CV diseases [27,31].

Trans-fatty acids are associated with adverse CV outcomes. Whether a part of this
effect is mediated by an impact of trans-fatty acids on Lp(a) levels is not clear [41].

In a double-blind clinical trial involving 29 men and 29 women, the participants
were randomized to eat one of four controlled diets for six weeks each, where fatty acids
accounted for 39 to 40% of energy: (A) oleic (16.7% of energy as oleic acid); (B) moderate
trans (3.8% of energy as trans monoenes, approximately the trans content of the U.S. diet);
(C) high trans (6.6% of energy as trans monoenes); (D) saturated (16.2% of energy as lauric,
myristic, and palmitic acids). The saturated diet significantly reduced Lp(a) levels from
8% to 11%. Compared with the oleic diet (A), the trans diet had no adverse effect on
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Lp(a) levels in the whole cohort. However, the subgroup of individuals with higher Lp(a)
levels at baseline (≥30 mg/dL) responded to the high trans diet (C) with a slight, though
significant increase (+5%) in Lp(a) levels compared to the oleic (A) and moderate trans (B)
diets [42].

In a small, randomized, clinical trial involving 31 young men, the consumption
of hydrogenated soybean oil led to a notably higher level of Lp(a) compared to a diet
primarily sourced from butter [43]. On the contrary, in a randomized, crossover study
with 49 hypercholesterolemic patients following a 6-week diet rich in either butter or
margarine, there was no observed change in Lp(a) [44]. Intake of meals high in specific
dietary fatty acids can increase postprandial plasma lipids differently [45–48], including
Lp(a) concentration. In a clinical trial enrolling healthy, young men, 16 volunteers were
asked to sequentially consume five test fats dominated by (approximately 43% g/kg)
stearic, palmitic, oleic, C18:1 trans, or linoleic acid incorporated into meals (1 g fat/kg body
weight) after a 12-h fast, in random order on different days, separated by 3-week washout
periods. Blood samples were drawn before, and 2, 4, 6, and 8 h after eating. Lp(a) plasma
levels were found to increase after each supplementation, except after oleic and C18:1 trans
consumption. On the contrary, oleic and C18:1 trans supplementation was associated with
less area under the plasma Lp(a) concentration curve compared to those measured after
stearic and palmitic acid intake (p < 0.003). So, long-chain stearic and palmitic acids led
to significant increases in postprandial Lp(a) levels after an oral fat test in young, healthy
men [49].

The clinical evidence of different dietary fatty acids on Lp(a) plasma levels have been
summarized in Table 2.

Table 2. Clinical evidence of different dietary fatty acids on Lp(a) plasma levels.

First Author, Year of
Publication

Patients Interventions Main Result

Najjar et al., 2018 [30] 31 Overweight/obese with
LDL-C > 100 mg/dL 4-week plant-based diet 16% Lp(a) plasma level reduction

Bamberger et al., 2017 [34] 194 healthy subjects 8-week regimen of 43 g of walnuts daily
vs. standard diet

No change in Lp(a) plasma level
in any group

Nora et al., 2023 [35] 29 overweight or
obese individuals

16-week consumption of either 42.5 g/day
of mixed nuts (cashews, almonds,
macadamia nuts, Brazil nuts, pecans,
pistachios, walnuts, and peanuts) or
69 g/day isocaloric pretzels

No change in Lp(a) plasma level
in any group

Mueller et al., 2003 [37] 25 healthy women
3-week coconut oil-based high fat diet vs.
coconut oil-based low-fat diet vs. diet rich
in mono- and polyunsaturated fatty acids

Lp(a) reduced by 17 mg/L after
coconut-oil intake, but increased
by 25 mg/dL after intake of
unsaturated long-chain fatty acids

Loganathan et al., 2022 [38] 40 healthy women
4-week comparison of the effect of palm
oil, cocoa butter, extra virgin olive oil as
the main oil

No change in Lp(a) plasma level
in any group

Clevidence et al., 1997 [42] 58 healthy subjects

6-week comparison of the effect of high-fat
diets (fatty acids = 39–40% of total energy)
characterized by oleic (16.7% of energy);
trans (3.8% of energy); high trans (6.6% of
energy as trans-monoenes); saturated
(16.2% of energy)

8–11% decrease in Lp(a) plasma
levels with high saturated fatty
acids diets; 5% Lp(a) levels in
subjects with higher Lp(a) at the
baseline with the high trans-diet

Almendingen et al., 1995 [43] 31 young men
3-week effect of partially hydrogenated
fish oil, partially hydrogenated soybean
oil, and butterfat

Lp(a) plasma level increase with
all diets, but larger with
hydrogenated fats-enriched diets.

Chisholm, et al., 1996 [44] 49 hypercholesterolemic
subjects

6-week effect of butter or an unsaturated
margarine used for cooking or spreading
in a reduced fat diet

No change in Lp(a) plasma level
in any group

Tholstrup et al., 2004 [49] 16 young healthy men

5 test fats dominated by (approximately
43% g/kg) stearic, palmitic, oleic, C18:1
trans, or linoleic acid incorporated into
meals (1 g fat/kg body weight) after a 12-h
fast in random order on different days,
separated by 3-week washout periods

Lp(a) plasma levels increased
after each fat except oleic and
C18:1 trans; oleic, C18:1 trans
intake was associated with less
area under the plasma Lp(a)
concentration curve
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In conclusion, based on the available data, mainly obtained in small and short-term
clinical trials, a mild increase in plant-derived saturated fatty acids could mildly decrease
the Lp(a) plasma levels, while trans-fatty acid rich foods should be avoided. The available
evidence could not be translated to a suggestion to increase saturated fatty acids in a diet
aiming to improve LDL-C and reduce CV risk, however, it suggests that in individuals
with high Lp(a) levels, an extreme reduction of saturated fatty acids is not mandatory and
probably also negative.

2.3. Popular Beverages

A variable consumption of beverages such as coffee, tea, and alcohol worldwide may
be correlated with CV outcomes [50–52]. Thus, the potential effects of popular beverages
on Lp(a) concentration deserves consideration.

In 15 mildly hypercholesterolemic adults (mean LDL-C = 135 mg/dL) consuming five
cups/day of black tea prepared using 180 mL of water for each serving, Lp(a) decreased
by 16% as compared with placebo [53]. Of course, the number of individuals enrolled
in this study was too small to be conclusive with regard to the potential use of black tea
as a Lp(a) lowering tool and larger long-term studies should be designed to confirm or
disprove this observation. In another study, 53 volunteers with diabetes were randomly
assigned to drink either black tea (n = 26) or Hibiscus sabdarrifa tea (n = 27), by using 2 g
of tea sachet with 240 mL of boiling water for each serving, twice daily for 1 month. The
Lp(a) concentrations remained unchanged from the baseline value of 26 mg/dL in both
study groups [54]. Further research is needed, especially with respect to the number of
commercially available tea preparations.

A rapidly increasing body of evidence recognizes the potential benefits of coffee in
relation to CVD [55–58], but its effects on Lp(a) plasma levels remain unclear. Moreover,
the exact mechanism by which coffee or single coffee components affect Lp(a) levels is yet
to be clarified. The type of coffee and method of preparation appear to be important in
determining the effect on Lp(a); in fact, coffee diterpenes present in unfiltered coffee brews
are among the few dietary constituents that may modulate Lp(a) levels [59]. According
to the findings of a systematic review and meta-analysis, the consumption of coffee or
coffee diterpenes was associated with either a reduction in Lp(a) of 11 mg/dL (6 trials,
275 individuals), or no effect (2 trials, 56 individuals) [60]. However, it must be recognized
that this metanalysis was affected by a large inter-study heterogeneity as regards study
design, type of intervention, coffee source, and method of coffee processing [60].

A cross-sectional study with 309 volunteers showed that serum Lp(a) was elevated
in chronic boiled coffee drinkers, who had a median Lp(a) of 13.0 mg/dL (range 0–130)
compared with filter coffee drinkers who had a median Lp(a) of 7.9 mg/dL (range 0–144).
The effect of coffee on Lp(a) is complex and may follow a biphasic time course, that is
to say that whilst coffee may have a short-term beneficial effect in reducing Lp(a), in the
longer term it may prove to be detrimental [61]. On the other hand, in the large UK Biobank
database (n = 447,794 participants aged 37–73 years) no association was observed between
coffee or tea intake and Lp(a) plasma levels [62].

In a cross-sectional study involving 300 middle-aged men, the Lp(a) concentrations in
subgroups with low (<39 g/week), intermediate (39–132 g/week), and high (>132 g/week)
ethanol intake were 137, 109, and 94 mg/L, respectively (P between groups < 0.05). Inter-
estingly, abstainers exhibited a higher Lp(a) concentration (median, 206 mg/L) compared
to drinkers [63]. However, in another cross-sectional study of 402 subjects with untreated
hypertension, those with light (1–20 g/d), moderate (20–50 g/d), and heavy (>50 g/d)
ethanol consumption showed 21%, 26%, and 57% lower median Lp(a) concentrations,
respectively, compared to abstainers and occasional drinkers [64]. Notably, red wine con-
sumption appears to have a greater ability to decrease Lp(a) levels than white wine. In
a study involving 20 healthy male volunteers, the daily intake of 200 mL of red wine for
10 days resulted in a reduction in Lp(a) levels from 18.6 to 13.2 mg/dL (p < 0.001), whereas
a similar effect was not observed with white wine after a 6-week washout period [65]. Of
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course, the study was too small and short-term to furnish strong evidence that red wine
more effectively reduces Lp(a) plasma levels than white wine. In a 4-week randomized
crossover study in 67 men with high estimated CV risk, Lp(a) levels were compared after
the ingestion of red wine (30 g alcohol/day), the equivalent amount of dealcoholized red
wine, and gin (30 g alcohol/day) [66]. The Lp(a) level fell from 54.4 mg/dL (baseline value)
to 50.2 mg/dL, only after the intervention with red wine [66]. The conflicting results of the
different studies suggest the need of more in depth research on larger cohorts, focusing on
the different kinds of alcohol consumed (beer, red wine, white wine, shots of spirits). In any
case, the adverse health effects of more than minimal alcohol intake may well outweigh
any potential benefit in lowering Lp(a) levels [67,68].

3. Nutraceutical Supplementation

Several lipid-lowering nutraceuticals and functional foods have shown to significantly
reduce the plasma levels of LDL-cholesterol, however, most of them have no effect on
Lp(a) [69]. L-carnitine and coenzyme Q10 [70,71], are the nutraceuticals most studied
for Lp(a) lowering effects, followed by flaxseed and curcumin. Of course, the available
trials are small and short-term but somewhat suggestive of the positive effects of these
dietary supplements.

3.1. L-Carnitine

Levo-Carnitine (L-carnitine) is an amino acid present in a number of foods, especially
in meat [70]. Both oral and intravenous L-carnitine administration may provide benefits in
individuals affected by CV disease [72–75], mainly because of its antioxidant and energy
metabolism improvement actions [73,76]. However, the amount of L-carnitine provided by
foods is much lower than that needed to achieve a reduction in Lp(a) in humans (Table 3).

Table 3. L-Carnitine contents in foods (modified from [70]).

Food Item
L-Carnitine

(mg/100 gr Serving)
Food Item

L-Carnitine
(mg/100 gr Serving)

Meat products Dairy products

Beef steak 64.6–87.5 Yogurt, regular (3.2% fat) 12.5

Pork (muscle) 13–53.5 Milk 2–4% fat 2.3–2.9

Chicken 10–10.4 Cheese 1.4–1.8

Butter 0.85

Fish Chicken egg

Salmon (cooked) 5.8 Whole Not evaluated

Cod (Atlantic) 1.8 Egg Yolk 0.8

Egg white 0.3

A meta-analysis of data derived from seven double-blind, randomized, clinical trials
(n = 300) showed a significant reduction in Lp(a) levels following L-carnitine supplementa-
tion (weighted mean difference (WMD): −8.82 mg/dL, 95% CI: −10.09, −7.55, p < 0.001)
for 1–24 weeks. When studies were classified according to the route of administration,
a significant reduction in plasma Lp(a) concentration was observed with L-carnitine by
the oral route (WMD: −9.00 mg/dL, 95% CI: −10.29, −7.72, p < 0.001), but not by the
intravenous route (WMD: −2.91 mg/dL, 95% CI: −10.22, 4.41, p = 0.436). The results of the
meta-regression analysis showed that the pooled estimate was independent of L-carnitine
dose (slope: −0.30; 95% CI: −4.19, 3.59; p = 0.878) and duration of therapy (slope: 0.18; 95%
CI: −0.22, 0.59; p = 0.374) [70].
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This effect was confirmed by a more recent meta-analysis evaluating the metabolic
effect of L-carnitine supplementation, concluding that L-carnitine is able to reduce Lp(a)
levels by a mean value of 7.13 mg/dL [95% CI: −9.82, −4.43] mg/dL; p < 0.001) [76].

Additionally, in individuals with mixed hyperlipidemia, Florentin et al. [77] demon-
strated that the coadministration of 2 g/day of L-carnitine with 20 mg/day of simvastatin
over a 12-week period resulted in a reduction of Lp(a) levels from 56 to 42 mg/dL. This
benefit was not observed with simvastatin monotherapy, suggesting that the decrease in
Lp(a) could be attributed to the presence of L-carnitine. The middle-term tolerability and
safety of L-carnitine is high. Therefore, longitudinal studies are needed in order to provide
information about whether potential benefits of L-carnitine on Lp(a) level outweigh or
modulate the atherosclerotic and metabolic damage associated with increased plasma
levels of trimethylamine N-oxide. In fact, L-carnitine supplementation may unfortunately
raise trimethylamine N-oxide production in the liver [78–80] and thus, trimethylamine
N-oxide plasma levels, which is a well-known CV risk factor [81].

3.2. Coenzyme Q10

Coenzyme Q10 (CoQ10) is a powerful antioxidant, plays an essential role in the
respiratory chain as an electron carrier in mitochondrial ATP synthesis [82,83], and exerts
an anti-inflammatory action [84]. Similarly to L-carnitine, coenzyme Q10 (CoQ10) supple-
mentation may benefit individuals with CV diseases [85,86], but with dosages that cannot
be reached by dietary intake (Table 4).

Table 4. Coenzyme Q10 contents in foods (modified from [82]).

Food Item
CoQ10

(mg/100 gr Serving)
Food Item

CoQ10
(mg/100 gr Serving)

Meat products Dairy products

Beef steak 1.61–3.65 Yogurt, regular (3.2% fat) 0.07–0.11

Pork (muscle) 2.43–4.11 Milk 2–4% fat 0.07–0.12

Chicken 1.4–2.1 Cheese 0.12–0.13

Butter 0.71

Fish Chicken egg

Salmon (cooked) 0.43–0.76 Whole 0.07–0.37

Cod (Atlantic) 0.37 Egg Yolk Not evaluated

Egg white 0.52

A meta-analysis of seven double-blind, randomized, clinical trials found that CoQ10
supplementation was accompanied by a slight but significant reduction in plasma Lp(a)
levels (WMD: −3.54 mg/dL, 95% CI: −5.50, −1.58; p < 0.001), an effect more robust in
studies with higher baseline Lp(a) levels (slope: −0.44; 95% CI: −0.80, −0.08; p = 0.018).
The reduction in plasma Lp(a) levels was consistent with different doses of CoQ10, with an
inverse association between the dose of CoQ10 administered and the reduction in Lp(a)
(slope: 0.04; 95% CI: 0.01, 0.07; p = 0.004) [87]. The positive effect of CoQ10 supplementation
on Lp(a) plasma levels was not confirmed in a later, but smaller meta-analysis focusing
only on patients affected by coronary artery disease [88], or in a further double-blind,
randomized, clinical trial more recently carried out in 60 type 2 diabetics [89].

CoQ10 supplementation is tolerable and safe. Its efficacy as a Lp(a) lowering agent is
mild and the identification of its most cost-effective daily dose deserves further research.
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3.3. Flaxseeds

Flaxseed (Linum usitatissimum L.) is a rich source of alpha-linolenic acid, whose supple-
mentation has been demonstrated to mildly, but significantly decrease plasma Lp(a) levels
(standardized mean difference: −0.22, 95% CI: −0.41 to −0.04, p = 0.017) in a meta-analysis
of six double-blind, randomized, placebo-controlled clinical trials [89].

The effect is small, the trials are few and mainly short-term, so that further evidence is
needed to support supplementation with flaxseed in hyperLp(a) patients.

3.4. Curcumin

Some clinical trials suggest a positive impact of turmeric extracts on Lp(a) levels.
The first evidence came from a double blind, placebo-controlled clinical trial carried

out on 100 Iranian patients affected by metabolic syndrome and randomized to assume
curcuminoids (1000 mg/day plus piperine 10 mg/day; n = 50) or placebo (n = 50) for eight
weeks [90], with between-group changes of 4.55 mg/dL (−5.00 to 0.00, p < 0.001). The same
research group confirmed the results in a cohort of 118 type 2 diabetes patients randomized
to be treated with curcuminoids (1000 mg/day plus piperine 10 mg/day) or placebo on
top of standard care. Beyond a global positive impact on the plasma lipid patterns, Lp(a)
decreased by −1.5 ± 1.6 in the active treatment group versus −0.3 ± 1.7 in the placebo
treated group (p = 0.001) [91].

Finally, these results have been recently confirmed in a double-blind, placebo-controlled
clinical trial on type 2 diabetic patients (n = 64), and mild to moderate coronary artery
disease (<70% stenosis in angiography), randomized to receive nanosomal-curcumin
(80 mg/day) or placebo on top of optimal medications for 90 days [92].

4. Physical Activity

It is well-known that physical activity is associated with a reduced risk of CV dis-
ease [93]. Since regular exercise is associated with favorable changes in blood lipoproteins,
in particular to an increase in HDL-cholesterolemia and a decrease in triglyceridemia, the
question was raised whether there might be any correlation between serum Lp(a) levels
and physical activity [94]. Population and cross-sectional studies usually show a lack of
association between serum Lp(a) levels and regular and moderate physical activity [95].

An exception is a large Finnish study carried out on children and young adults aged 9,
12, 15, 18, 21, and 24 years (n = 2464, where the Lp(a) ranged from <2 to 90.8 mg/dL) [96].
A physical activity index was specifically calculated for this study, where the serum Lp(a)
concentration was significantly correlated with the physical activity level, independently
from age and gender, and elevated Lp(a) levels (>25 mg/dL) were less frequent in more
physically active subjects.

In a further small cross-sectional study carried out on 80 young patients affected
by type 1 diabetes, physical activity was assessed using pedometers measuring the total
number of steps per week. Here, a habitual intermediated intensity physical activity was
associated with lower Lp(a) plasma levels [97].

However, some cross-sectional studies suggest that serum Lp(a) levels increase in
response to intense load training (2–3 h per day), such as distance running or weight-lifting,
over several months or years. These changes usually range between a 10 and 15 percent
increase [98]. It is unclear whether increased serum Lp(a) levels after intense training or
whether physical activity associated with favorable Lp(a) levels have clinical relevance, or
whether possibly some isoforms of Lp(a) are more sensitive to the effects of training [98].

Based on the available evidence, it is hard to draw any conclusion on the relationship
between Lp(a) plasma levels and different kinds of physical activities or training, because
of the large heterogeneity of the available studies, the different methodologies used to
record or estimate physical activity, the lack of data on different ethnicities, and on the
measure of the different apo(a) isoforms.
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Overall, there is inconclusive evidence that standard physical activity improves Lp(a)
plasma concentrations, but some intensive training could be suggested in patients able
to afford it. However, this evidence also is mainly based on the results of small and
short-term trials.

5. Discussion

Hyperlipoproteinemia(a) is largely prevalent in the general population [99]. Statins
have no effect on Lp(a) plasma levels, even if partly balancing the negative effect of Lp(a)
on CV risk when plasma Lp(a) concentrations are less than 50 mg/dL [100]. Slow-release
nicotinic acid is the only drug able to reduce Lp(a) by 20–30%, but it is not well-tolerated and
its long-term safety has been questioned [101]. Mipomersen, an anti-sense oligonucleotide
directed against apolipoprotein-B 100 mRNA in the liver, is also able to reduce Lp(a)
levels, but its liver safety has been seriously questioned as well [102]. The cholesteryl
ester transfer protein (CETP) inhibitors increase the HDL fraction while decreasing the
atherogenic non-HDL particles, such as Lp(a) [103]. A meta-analysis of ten randomized
clinical studies (34,781 patients overall) found that anacetrapib significantly lowers plasma
Lp(a) level by a weighted mean difference of −13.35 (95%CI: −18.31 to −8.39) [104].
Another CETP inhibitor, evacetrapib has been shown to reduce Lp(a) by 30–40% over a
period of 12 weeks [105]. However, once again, not one of these drugs has been associated
with a CVD risk reduction.

In cohort studies, plasma proprotein convertase subtilisin/kexin type 9 (PCSK9) relates
with Lp(a) plasma levels [106]. On the other hand, the PCSK9 inhibitors have been shown
to significantly, though mildly, reduce Lp(a) plasma levels [107,108]. A recent network
meta-analysis of 41 randomized controlled trials with 17,601 participants concluded that
the available PCSK9 inhibitors are able to significantly reduce Lp(a) plasma levels (by up
to 25.1%), more evidently with Evolocumab and Alirocumab than with Inclisiran [109,110].
However, they are expensive and their use is limited to patients with high-to-very high
CV risk.

In our review, we observed that relevant body weight loss, a relatively high intake of
saturated fatty acids, the consumption of red wine, and intense physical exercise seems
to be associated with significantly lower plasma Lp(a) levels. On the contrary, foods rich
in trans-unsaturated fatty acids are associated with increased Lp(a) levels. As regards
dietary supplements, coenzyme Q10, L-Carnitine, and flaxseed exert a mild but significant
lowering effect on plasma Lp(a).

Of course, other bioactive compounds have been supposed to exert a Lp(a) lowering
effect, but their efficacy is even more questionable. For instance, different experimental
models suggest that Vitamin C can modulate Lp(a) synthesis [111]. However, two random-
ized clinical trials did not show any Lp(a)-reducing effect of Vitamin C supplementation.
The first one tested the effect of eight months of supplementation with 1 g/day vitamin
C in healthy subjects [112], while the second one investigated the effect of 12 weeks of
supplementation of 4.5 g/day vitamin C in patients affected by premature CV disease [113].
On the other hand, vitamin B3 (nicotinic acid) exerts a significant Lp(a) lowering effect, but
at pharmacological dosages, i.e., at least 30 times the maximum daily dosage recommended
as a dietary supplement (35 mg), that are also usually associated with disturbing side
effects [114].

Beyond a small study carried out on 40 patients treated with peritoneal hemodialysis,
in which 100 mg of soy isoflavones were associated to a significant reduction in Lp(a)
levels (up to 10%) after eight weeks of intake [115], a meta-analysis of ten trials involving
973 subjects concluded that isoflavone supplementation had no effect on reducing Lp(a)
levels [116].

Dietary factors other than those considered in this review could be associated with
Lp(a) plasma levels. For instance, a recent cross-sectional study carried out on 7662 US
adults showed a positive correlation between plasma Lp(a) and serum carotenoids (ly-
copene, lutein, beta-cryptoxanthin), beta-carotene, and alfa-carotene, but a negative as-
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sociation with serum vitamin B12 and folate, whose clinical significance has yet to be
clarified [117].

Overall, a healthy diet is suggested for patients with high Lp(a) levels. Body weight
reduction seems to be advisable. The most cost-effective way to quickly achieve the optimal
body weight in these patients seems to be the ketogenic diet, but its chronic use should not
be recommended [118], because of its possible negative affect on LDL-cholesterolemia. The
dietary pattern change should be associated with intensification of physical activity. Among
the potentially useful and safe dietary supplements, coenzyme Q10 and flaxseed could be
considered. It could be argued that different life-style approaches should be considered for
the management of high Lp(a) plasma levels in patients with pure hyperLp(a) and in those
with high Lp(a) associated with hypercholesterolemia or mixed hyperlipidemia (Table 5).
Of course, this is only a speculative suggestion. In fact, for the most part, currently available
evidence supporting specific life-style interventions to reduce plasma Lp(a) levels come
from cross-sectional studies and small intervention trials. There is a total lack of evidence
that Lp(a)-induced changes by dietary and behavioral habits are also related to specific
CV outcomes.

Table 5. Lifestyle suggestions for patients with pure isolated hyperLp(a), high plasma Lp(a) associated
with hypercholesterolemia, and high Lp(a) associated with mixed hyperlipidemia.

High Lp(a) Only
High Lp(a) + High

LDL
High Lp(a) + High

LDL + High TG

Cigarette smoking stop ↓↓ ↓↓ ↓↓
Physical activity Intense Moderate Moderate-to-Intense

Body weight ↓↓ ↓ ↓↓
Alcohol intake ↑ ↓ ↓↓

Saturated fatty acids ↑ ↓ ↓
Unsaturated fatty acids - ↑ ↑

Trans fatty acids ↓↓ ↓↓ ↓↓
Ultraprocessed foods ↓↓ ↓↓ ↓↓

Whole foods ↑ ↑ ↑
Vegetables ↑ ↑ ↑

Dietary supplements
Coenzyme Q10,

flaxseed,
curcumin

↓↓ = Clinically significant reduction; ↓ = Mild reduction, ↑ = Mild increase.

We also acknowledge some main limitations of this review. First, a relevant part of the
available literature is relatively old. This is probably since Lp(a) has been classified as a
non-modifiable risk factor, which has slowed the research on the factors that are possibly
related to its modification until recent years. Second, the available evidence is related to a
few epidemiological trials and to small short-term clinical trials, whose methodology is not
always of high quality.

6. Conclusions

A low-energy, relatively high in saturated fatty acid diet, intense physical activity,
and some dietary supplements have a mild but significant effect on plasma Lp(a) levels.
Further studies are needed to confirm the available evidence and to test an Lp(a) reduction
lifestyle and its impact on the risk of developing CV diseases.
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Abstract: Background: Studying patients carrying identical-by-descent (IBD) pathogenic gene vari-
ants allows us to control for the disease-causing genetic background and to more accurately document
the impact of modifiers. Familial hypercholesterolemia (FH) is characterized by elevated low-density
lipoprotein cholesterol (LDL-c) levels and premature atherosclerosis and is often caused by defects
in the LDLR gene. There is a high prevalence of FH in French Canada as a result of a founder effect
from France in the 17th century. Several FH patients currently living in French Canada (founder
population) and in France (colonizing population) carry IBD FH-causing variants. The expression of
FH is affected by environmental and genetic modifiers, and patients with IBD variants may present
different characteristics. Methods: In this study, we compared FH clinical expression patients carry-
ing IBD LDLR pathogenic variants living in France or Canada. Four IBD variants, namely c.259T>G
p.(Trp87Gly), c.2000G>A p.(Cys667Tyr), c.682G>A p.(Glu228Lys), and c.1048C>T p.(Arg350*), were
selected. Untreated plasma lipid profiles, the apolipoprotein E (APOE) genotype, cardiovascular risk
factors, and the occurrence of symptomatic ASCVD were compared in 105 adult carriers (30 from
France and 75 from French Canada). Results: All parameters were similar between the two popula-
tions, except for untreated total cholesterol (10.14 ± 1.89 mmol/L vs. 8.65 ± 1.84 mmol/L, p = 0.0006)
and LDL-c concentrations (7.94 ± 1.86 mmol/L vs. 6.93 ± 1.78 mmol/L, p = 0.016), which were
significantly higher in FH patients living in France, an observation that was revealed across all
studied LDLR variants. Conclusions: This study illustrates that FH patients sharing IBD pathogenic
LDLR variants that have evolved in different geographic, cultural, and socio-economic environments
for hundreds of years differ in terms of cholesterol levels, highlighting the importance of better
understanding the interplay between genetic and environmental modulators of FH expression.

Keywords: familial hypercholesterolemia; founder effect; identical-by-descent variant

1. Introduction

Familial hypercholesterolemia (FH) is characterized by the accumulation of low-
density lipoprotein (LDL) particles and elevated LDL-cholesterol (LDL-c) levels due to
the lack of functionality or availability of LDL receptors (LDLR). FH is most often caused
by pathogenic LDLR gene variants or by variants in genes having deleterious effects
on LDLR functions [1,2]. Patients affected by FH generally have elevated LDL-c levels
from birth (above 5 mmol/L in adulthood) and are at risk of developing atherosclerosis
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early in life [3,4]. FH prevalence is estimated at 1:250 globally, although its prevalence is
significantly higher in some isolates or founder populations [5].

FH expression is affected by multiple modifiers and varies from one individual to
another, even among carriers of the same FH-causing pathogenic variant [4]. Environmental
and genetic modifiers can directly affect LDL-c concentration, and an increasing amount
of evidence shows that these modifiers can also impact the epigenome and modulate FH
clinical expression [6,7]. Unlimited combinations of genes and environmental factors therefore
contribute to each person’s unique blend of traits, health, and identity, making it difficult to
precisely predict the individual trajectory of FH expression and response to treatment.

Identical-by-descent (IBD) pathogenic gene variants have emerged as interesting
candidates to study the genetic underpinnings of atherosclerotic cardiovascular disease
(ASCVD) as they are shared by individuals via common ancestors. Studying patients with
IBD gene variants allows us to control for the disease-causing genetic background and
to more accurately document the impact of modifiers (genetic, clinical, environmental,
or socio-economic). Many research efforts have indeed been supporting the idea that
studying IBD segments consists of a powerful method for controlling genetic background,
while providing a more nuanced understanding of the role of various modifiers in disease
expression and susceptibility. Additionally, advances in IBD detection methods have been
recently developed, such as the RaPID tool, which aims to improve the ability to identify
segments with high accuracy and speed, despite having large biobank-scale databases. In
addition to controlling the genetic background, these tools are helpful for investigating
the impact of environmental and other modifiers on disease expression, while detecting
population structure and familial relationships in specific therapeutic areas [8,9].

French-Canadians provide an interesting example of a founder population where
documented IBD pathogenic LDLR variants are more prevalent and originate from a
common ancestral source from France in the 17th century (Figure 1) [10]. Consequently,
some French and French-Canadian patients, today living on different continents, carry
the same IBD FH-causing gene variants that have evolved for 4 centuries in different
environments. In this proof-of-concept (PoC) study, we compared LDL-c levels and other
clinical characteristics in heterozygous FH (HeFH) patients from France and French Canada
carrying IBD gene variants.

Figure 1. Baseline (untreated) total cholesterol and LDL-cholesterol levels in FH carriers of identical-
by-descent (IBD) pathogenic LDLR gene variants in 75 FH patients from the French-Canadian founder
population and 30 patients from France (colonizing population). Patients from both countries carried
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either the c.259T>G p.(Trp87Gly) rs121908025, c.2000G>A p.(Cys667Tyr) rs28942083, c.682G>A
p.(Glu228Lys) rs121908029, or c.1048C>T p.(Arg350*) rs769737896 LDLR gene variants, all pathogenic,
having a proven French founder effect and having evolved in a different environment for 4 centuries.
Both groups were comparable for ApoE genotype, smoking habits, anthropometric measurements,
diabetes, and other cardiovascular risk factors. Patients were matched for age and sex (≥3:1 for the
p.(Trp87Gly) variant). Baseline cholesterol levels were significantly lower among French-Canadians
in all genotypes (see text).

2. Methods

Four IBD FH-causing LDLR variants, namely c.259T>G p.(Trp87Gly) rs121908025,
c.2000G>A p.(Cys667Tyr) rs28942083, c.682G>A p.(Glu228Lys) rs121908029, and c.1048C>T
p.(Arg350*) rs769737896 originating from France with a proven French-Canadian founder
effect were selected [10,11]. During their initial visit to the lipid clinics, FH patients
were assessed by a multidisciplinary team. Data on lipid profiles, FH-related genotypes,
treatment regimen, metabolic syndrome-associated parameters, and cardiovascular risks
were collected from those who consented to participate in this study. Plasma lipid profiles
at baseline (untreated), ApoE genotype, cardiovascular risk factors, and the occurrence of
symptomatic ASCVD were compared in 105 adult carriers (30 from France and 75 from
French Canada). For the most frequent variant, p.(Trp87Gly), patients in both groups were
matched for age (±1 year) and sex in a ≥3:1 ratio. For the other variants, matching was
dependent on the number of subjects. Data comparisons were made using Chi-square,
Fisher’s exact test, Student’s t-tests and Wilcoxon–Mann–Whitney for independent samples.
Statistical analyses were performed using SPSS package version 25 (IBM Corp., Armonk,
NY, USA).

This research study (French National Agency for the Safety of Medicines and Health
Products, protocol reference 2014-A01549–38 and its Canadian counterpart, protocol ref-
erence ECO HyperTG-Hyperchol) were conducted in accordance with the principles of
the Declaration of Helsinki, consistent with the Good Clinical Practice guidelines of the
International Conference on Harmonization. Ethical approval was obtained in France from
the CCTIRS (Comité Consultatif sur le Traitement de l’Information en matière de Recherche
dans le domaine de la Santé) and the CNIL (Commission National de l’Informatique et des
libertés) in 2015 and in Canada from Advarra IRB in 2014. All subjects were screened at
their respective lipid clinics and agreed to participate in this study. Informed consent was
obtained from all participants, and a code that systematically de-identifies all clinical data
was assigned to each subject [12]. Participants were included in this analysis based on the
availability of lipid-associated parameter data.

3. Results

Subjects from both populations were comparable in terms of sex, age, smoking
status (current or not), statin intolerance, diabetes, obesity, and hypertension (Table 1).
Although not statistically significant, the prevalence of ApoE4 in this study was almost
2-fold more elevated among French-Canadians (29% vs. 17%). Mean baseline untreated
total cholesterol (10.14 ± 1.89 mmol/L vs. 8.65 ± 1.84 mmol/L, p = 0.0006) and LDL-c
concentrations (7.94 ± 1.86 mmol/L vs. 6.93 ± 1.78 mmol/L, p = 0.016) were significantly
higher in the French cohort (Figure 1), and this was observed across all FH-causing
variants (Table 2). The coronary artery anatomy of those who had a coronarography will
be the subject of another publication.
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Table 1. Characteristics of HeFH patients from France and French Canada.

Characteristics
(% or Median (IQR))

France (n = 30)
French Canada

(n = 75)
p-Value

Men (%) 57 52 NS

Age (years) 53.0 (35.8–70.5) 61.0 (44.0–74.0) NS

ApoE2 carriers (%) 4 14 NS

ApoE4 carriers (%) 17 29 NS

Diabetes (%) 3 7 NS

Obesity (%) 11 19 NS

Hypertension (%) 17 22 NS

Current smokers (%) 31 22 NS

Statin intolerance (%) 4 19 NS

ASCVD (%) 33 33 NS

Age at first event (years) 49.0 (39.8–56.0) 45.0 (39.5–54.5) NS
NS = p > 0.05. Continuous variables are median (IQR). ApoE: apolipoprotein E, ASCVD: atherosclerotic cardiovas-
cular disease, IQR: interquartile range.

Table 2. Gene variant-specific differences in untreated LDL-cholesterol concentration in France versus
French Canada.

IBD Pathogenic
Variants

France
n (%)

LDL-c (mmol/L)
Mean ± SD

French
Canada

n (%)

LDL-c (mmol/L)
Mean ± SD

All variants 30 (100) 7.94 ± 1.86 75 (100) 6.93 ± 1.78

p.(Trp87Gly) 10 (33.3) 7.15 ± 2.10 38 (50.7) 6.64 ±1.66

p.(Cys667Tyr) 2 (6.7) 8.34 ± 0.71 9 (12.0) 6.63 ± 1.28

p.(Glu228Lys) 11 (36.7) 7.72 ± 1.81 15 (20.0) 7.50 ± 2.14

p.(Arg350*) 7 (23.3) 8.49 ± 2.00 13 (17.3) 7.05 ± 2.04
p.(Trp87Gly): c.259T>G, rs121908025. p.(Cys667Tyr): c.2000G>A, rs28942083. p.(Glu228Lys): c.682G>A,
rs121908029. p.(Arg350*): c.1048C>T, rs769737896.

4. Discussion

In this PoC study, we used LDL-cholesterol as a probe to highlight differences in HeFH
expression between patients from two populations sharing IBD LDLR pathogenic variants.
It illustrates that FH patients of similar age, sex, and risk profile, originating from France
and French Canada, sharing well-documented IBD pathogenic LDLR variants having
evolved in different geographic, cultural, and socio-economic environments for hundreds
of years, may differ in terms of cholesterol levels (Figure 1), highlighting the importance of
better understanding the interplay between genetic and environmental modulators of FH
expression.

Higher plasma total cholesterol and LDL-c concentrations were observed in FH pa-
tients from France despite the fact that the ApoE4 allele (generally associated with higher
cholesterol concentration) was 2-fold more prevalent among French-Canadians, who pre-
sented lower LDL-c than their French IBD FH counterparts.

Since the colonization of New France in the 17th century, the dissemination of FH-
causing gene variants in French Canada was important due to large pedigrees (often >
12 children per nuclear family) and limited population migration movements due to the
harshness of transport routes [11]. The combination of these factors led to a phenomenon
called endogamy, resulting in the high prevalence of IBD FH in French Canada (1:80), which
is much higher than in France and the rest of the world (1:250) [11]. In addition, most cases
of FH in French Canada were mainly caused by a small number of IBD LDLR pathogenic
variants [11]. The historical high prevalence of FH in French Canada is not a consequence
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of consanguinity but of endogamy [13]. Comparing the expression of IBD genetic diseases
in a founder population and in the colonizing population offers a unique opportunity to
explain differences in the clinical expression or the response to interventions, controlling
for the effect of the disease-causing variant. Indeed, IBD pathogenic variants that have
evolved for hundreds of years in different geographic environments allow us to control
for the variance in FH clinical expression that is specifically due to the pathogenic variant,
which is the case of LDL-c, the main feature of FH. One advantage of IBD pathogenic
variants is that differences in the clinical expression of the disease are not determined by
the pathogenic variant itself but rather by other modifying factors. This constitutes a real
advantage in identifying key genetic, epigenetic, or environmental factors affecting FH
expression, risk trajectory, or response to treatment. Specifically, when controlling for the
genetic cause of FH, observed differences in LDL-c could contribute to the identification
of genetic variants that increase susceptibility to LDL accumulation and atherogenicity
beyond LDLR.

It is well documented that other genes, environmental factors, nutritional habits,
physical activity, bacterial exposure, stress, and other factors affect the epigenome, gene
expression, and the microbiota and could highly impact the lipid profile or ASCVD risk [14].
By controlling for the FH-causing gene variant (using IBD variants), the analysis of modi-
fiers is simplified, potentially uncovering novel pathways that influence FH expression, risk
trajectory, or response to current emerging therapies. In alignment with our study, Mszar
et al. suggested that the investigation of patients carrying IBD pathogenic gene variants is
pivotal for addressing the underdiagnosed rate of FH in specific geographical territories,
while identifying CV risks in these genetically self-contained communities [15]. Similar
findings were also described within the Indian population, showing the high prevalence of
FH and unique genetic architecture caused by consanguineous marriage practices as well
as multiple endogamous groups [16,17].

This PoC study has limitations. First, with a total of 105 participants, the sample
size is small, although it offered sufficient power to highlight significant differences in
lipid parameters. This said, it is worth mentioning that the pathogenic variants used
in this PoC study were limited to those with a proven and published IBD origin. The
establishment of a France–Canada transatlantic collaboration improves the identification of
FH patients carrying proven IBD pathogenic variants in both countries, thus progressively
contributing to the increase in the sample size. In addition, other FH-causing variants are
currently being assessed for a common origin (founder effect). Such variants, if proven
IBD, will be added in the next phases of the study, further increasing the patient pool.
Second, this study specifically and only targets HeFH. We are currently integrating HoFH
in order to maximize the advantages conferred by IBD pathogenic variants across various
founder populations and multiple countries. Third, although available for several patients
in secondary prevention, coronary anatomy data were not included in this PoC study. This
will be the subject of a dedicated manuscript in a larger sample of age- and gender-matched
FH patients with ASCVD.

In the next few years, planned analyses include exome sequencing, DNA methylation
studies, as well as comprehensive endophenotypic, clinical, and environmental investiga-
tions in a larger sample of IBD patients. These efforts aim to better document modifiers
of FH, uncover potential new targets for preventing ASCVD, and identify factors that
modulate responses to emerging therapies. Integrating these diverse approaches within
the clinical pathway will enhance our understanding of FH and help improve treatment
strategies for affected populations on different continents. Populations from other countries,
such as Lebanon, the USA, the UK, Turkey, India, and South Africa, will be involved in
the next steps as these communities also share FH-causing IBD variants [18–20]. These
populations importantly differ in terms of life habits and access to accurate diagnosis and
treatment. Access issues and quality of life will also be assessed through this project as
part of the SMASH initiative (System and Molecular Approaches of Severe Dyslipidemias)
(accessed on 23 September 2024, www.smash-access.org).
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Abstract: Objective: The objective of this study was to evaluate the effects of adherence to
the ACC/AHA 2018 dyslipidemia guidelines on patient management of lipid-lowering
therapy in patients with ischemic heart diseases (IHD) and its correlation with major ad-
verse cardiovascular events (MACEs), including non-fatal MI, stroke, death, hospitalization
for revascularization, and peripheral arterial disease. Methods: A multi-center retrospec-
tive observational study was conducted in patients with IHD between January 2019 and
December 2020, who were followed for two years. The primary objective was to assess
statin utilization and adherence to the 2018 ACC/AHA guidelines and the associated
influence on MACE outcomes. Inferential statistical analyses, including chi-square tests
and the Mann–Whitney test, were conducted to assess the associations between adher-
ence to the guidelines, MACE rates, and LDL-C goal achievement. Results: The study
included 1011 patients with ischemic heart disease (IHD), predominantly male (78.2%),
with a mean age of 59 ± 10.9 years. Non-adherent patients had higher baseline LDL-C
levels (3.0 ± 1.1 mmol/L vs. 2.7 ± 1.2 mmol/L; p = 0.0005), while adherent patients were
more likely to be on cardiovascular medications, including statins (78.4% vs. 57.4%), aspirin
(74.2% vs. 56.3%), and P2Y12 inhibitors (69.5% vs. 48.4%), compared to non-adherent pa-
tients. Adherence was associated with lower non-fatal MI rates (9.3% vs. 21.1%, p < 0.0001)
and fewer revascularizations (9.3% vs. 16.8%; p = 0.0024). Additionally, 49.2% of adherent
patients achieved target LDL-C goals, compared to 30.5% of the non-adherent patients
(p < 0.0001). Notably, there were no significant differences in stroke, peripheral arterial
disease, or mortality rates. Conclusions: The achievement of target LDL-C goals and
reduced MACEs was observed with adherence to the 2018 ACC/AHA dyslipidemia guide-
lines. However, lipid management in IHD patients remains sub-optimal, highlighting
opportunities for further enhancement.
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1. Introduction

According to the American College of Cardiology/American Heart Association
(ACC/AHA) guidelines, all patients with ischemic heart disease (IHD) and other atheroscle-
rotic cardiovascular diseases (ASCVDs)—in the absence of contraindications—should re-
ceive a high-intensity statin indefinitely. There is strong evidence supporting the use of
high-intensity statins as the first-line choice for lipid management in secondary prevention
to prevent the recurrence of ASCVD or cardiovascular death [1,2]. Statins are extremely
effective lipid-lowering agents, which work by reducing cholesterol biosynthesis and
modulating lipid metabolism in the liver [3]. In patients who have experienced an ACS
episode, initiating lipid-lowering agents (especially high-intensity statins) has been shown
to improve cardiovascular outcomes, regardless of previous statin exposure. Therefore,
introducing a high-intensity statin (e.g., atorvastatin or rosuvastatin) as early as possible
after an ACS event is recommended [4–6]. In addition to the ability of statins to lower
circulating LDL-C, they have also been shown to be effective in stabilizing or regress-
ing plaque through multiple mechanisms, including the reduction of necrotic lipid cores,
anti-inflammatory effects, and improving endothelial function. These mechanisms give
statins the ability to lower morbidity and mortality related to cardiovascular events [4,7,8].
However, low adherence to guideline recommendations for the secondary prevention of
IHD is a critical issue that hinders the effectiveness of cardiovascular disease (CVD) man-
agement. Despite the well-established benefits of statin therapy in reducing the risk of IHD,
studies have consistently revealed sub-optimal adherence rates among eligible patients.
This non-adherence can be attributed to various factors, including patient-related factors
such as a lack of awareness, concerns about side effects, and medication costs, as well as
healthcare system-related barriers such as inadequate physician–patient communication
and gaps in guideline implementation [9–11]. Improving adherence to statin therapy could
significantly reduce the incidence and burden of IHD, leading to improved patient out-
comes and reduced healthcare costs. Therefore, it is imperative to identify and implement
targeted interventions that address the barriers to adherence and promote the appropriate
use of statins, in line with evidence-based guidelines for IHD prevention.

A strong inverse relationship exists between LDL-C levels and cardiovascular out-
comes, leading to the concept “the lower the LDL, the better”. This principle suggests a
continuous relationship between LDL-C reduction and improved prognostic outcomes,
without a specific lower limit posing risks [12]. The 2023 ESC ACS guidelines conferred
values to be followed for secondary treatment; in particular, lowering LDL-C to less than
1.4 mmol/L (<55 mg/dL) and obtaining at least a 50% LDL-C reduction compared to the
baseline. In another scenario, in patients experiencing a second cardiovascular event within
2 years (not necessarily of the same type as the first event), an LDL-C goal of <1.0 mmol/L
(<40 mg/dL) as a treatment goal implied a greater benefit [13]. However, achieving these
guideline-recommended LDL-C targets remains challenging in patients with acute coronary
syndrome (ACS) [14].

This study aims to explore the relationship between statin utilization and major
adverse cardiovascular events (MACEs), examining adherence to the 2018 ACC/AHA
guidelines for high-intensity statin therapy in patients with IHD in Saudi Arabia. The find-
ings of this study could inform clinical decision making, support policy development, and
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contribute to the overall improvement of cardiovascular disease management, potentially
enhancing patient outcomes and reducing healthcare costs.

2. Materials and Methods

2.1. Study Design and Outcomes

This was a retrospective study, conducted to investigate the relationship between
statin utilization according to the 2018 ACC/AHA guideline recommendations and MACEs
among patients diagnosed with IHD. Adult patients (≥18 years old), who were admitted to
King Abdulaziz University Hospital (KAUH) in Jeddah and King Abdulaziz Medical City
(KAMC) and King Saud University Medical City (KSUMC) in Riyadh between January
2019 and December 2020, with a confirmed diagnosis of IHD at the time of enrollment, were
included. The included patients were followed for two years. Patients with incomplete
demographics and those prescribed high-intensity statins for other reasons than IHD were
excluded. Patients were categorized into two groups: patients who were adherent to
the guideline recommendations and those who were not. The data for this study were
retrospectively collected from electronic medical records, including demographics, medical
history, medication history, laboratory results, and MACE outcomes. The Biomedical
Research Ethics Committee at all three sites approved the study, with the following refer-
ence numbers: KAUH (protocol number: 234-22), KAMC (SP22R/254/12), and KSUMC
(protocol number: E-22-7285).

2.2. Definitions

Patients with IHD were operationally defined as patients presenting with either of
the following at the time of enrollment: stable ischemic heart disease (SIHD), unstable
angina (UA), non-ST elevation myocardial infarction (NSTEMI), and ST elevation myocardial
infarction (STEMI). High-intensity statin was defined as receiving either rosuvastatin 20 or
40 mg or atorvastatin 40 or 80 mg. Patients who were classified as high-risk for ASCVD
were those who had either multiple major ASCVDs or one major ASCVD with multiple
high-risk conditions (Table 1). Adherence to the 2018 ACC/AHA guidelines was defined
as meeting all three of the following criteria: (1) prescribing high-intensity or maximally
tolerated statin, (2) obtaining an LDL level 4–6 weeks after statin initiation, and (3) utilization
of non-statin therapy when the target LDL level was considered not to be achieved with
statin alone, or if a trial with maximally tolerated statin did not achieve an LDL goal of
less than 70 mg/dL. Major adverse cardiac events (MACEs) were defined as the occurrence
of any of the following during the two-year follow-up period: non-fatal MI, stroke, death,
hospitalization for revascularization or any cardiac cause, or peripheral arterial disease (PAD).

2.3. Statistical Analysis

Descriptive statistics were employed to summarize the demographic characteristics of
the study population, including age, gender distribution, medical history, and medication
history. The association between statin utilization and MACEs, as well as sub-group
analyses based on the agent used and the doses for the adherent group, were assessed
using appropriate inferential statistical analyses, including chi-square tests and the Mann–
Whitney test, while adjusting for potential confounding variables.
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Table 1. Very high risk for future ASCVD events [1].

Major ASCVD Events High-Risk Conditions

• Recent ACS (within 12 month)
• History of MI (other than the

recent ACS)
• History of ischemic stroke
• Symptomatic PAD (history of

claudication with ABI < 0.85 or
previous revascularization or
amputation)

• Age ≥ 65 y
• Heterozygous familial hypercholesterolemia
• History of prior CABG or PCI outside of the major

ASCVD event(s)
• Diabetes mellitus
• Hypertension
• Chronic kidney disease (eGFR

15–59 mL/min/1.73 m2)
• Smoking
• Persistently elevated LDL-C

(LDL-C ≥ 100 mg/dL) despite maximally
tolerated statin therapy and ezetimibe

• History of congestive heart failure
ACS: acute coronary syndrome, MI: myocardial infarction, PAD: peripheral arterial disease, ABI: ankle brachial
index, CABG: coronary artery bypass grafting, PCI: percutaneous coronary intervention, eGFR: glomerular
filtration rate, LDL-C: low-density lipoprotein.

3. Results

The study included a random sample of 1011 patients with IHD. The patients were
predominantly male (78.2%), with an average age of 59.0 ± 10.9 years, with comparable
age between the adherent and non-adherent groups (with respect to the 2018 ACC/AHA
guidelines). The main comorbidities in the study population were diabetes (70.1%), hyper-
tension (65.9%), and dyslipidemia (56.1%). These conditions were more prevalent in the
non-adherent group, particularly hypertension (p = 0.001) and dyslipidemia (p = 0.0002).
Additionally, heart failure was more frequent among non-adherent patients (25.8% vs.
17.1%; p = 0.0053). Both groups were obese on average, with a slightly higher mean
body mass index (BMI) in the adherent group (30.7 ± 18.4 vs. 28.7 ± 5.1; p = 0.33). The
medication history indicated significant differences in the use of guideline-recommended
therapies between groups. Adherent patients had higher rates of using all recommended
cardiovascular medications. Statin therapy was notably more frequent in the adherent
group (78.4% vs. 57.4%), as were the uses of aspirin (74.2% vs. 56.3%) and P2Y12 inhibitors
(69.5% vs. 48.4%). Beta-blockers and ACE inhibitors/ARBs were also more frequently
prescribed to those adhering to the guidelines, underscoring a comprehensive approach to
managing IHD (Table 2).

Table 2. Baseline demographics and clinical characteristics of patients based on adherence to the
guideline’s recommendations.

Characteristics
All Patients

N = 1011

Adherence to Guideline
Recommendations

p-Value †
No

N = 190
(18.8%)

Yes
N = 821
(81.2%)

Age 59.0 ± 10.9 59.5 ± 11.0 58.9 ± 10.9 0.4206
Male 791 (78.2) 137 (72.1) 654 (79.7) 0.0230
Body mass index (BMI) 30.3 ± 16.7 28.7 ± 5.1 30.7 ± 18.4 0.3328
Active smokers 306 (30.3) 53 (27.9) 253 (30.8) 0.5783
Comorbidities

Diabetes mellitus 709 (70.1) 141 (74.2) 568 (69.2) 0.3909
Hypertension 666 (65.9) 146 (76.8) 520 (63.3) 0.0013
Dyslipidemia 567 (56.1) 132 (69.5) 435 (53.0) 0.0002
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Table 2. Cont.

Characteristics
All Patients

N = 1011

Adherence to Guideline
Recommendations

p-Value †
No

N = 190
(18.8%)

Yes
N = 821
(81.2%)

Heart failure 189 (18.6) 49 (25.8) 140 (17.1) 0.0053
HFrEF 161 (15.9) 44 (23.2) 117 (14.3) 0.0098
HFpEF 28 (2.8) 5 (2.6) 23 (2.8) 0.9458

Chronic kidney disease 84 (8.3) 23 (12.1) 61 (7.4) 0.0713
Ischemic stroke or TIA 46 (4.5) 7 (3.7) 39 (4.8) 0.4341
Hemorrhagic stroke 5 (0.5) 0 (0.0) 5 (0.6) 0.4502
Atrial fibrillation 37 (3.7) 10 (5.3) 27 (3.3) 0.3405
Peripheral arterial disease 16 (1.6) 1 (0.5) 15 (1.8) 0.4319
History of carotid stenosis 6 (0.6) 0 (0.0) 6 (0.7) 0.3108

Medication History
Lipid-lowering agents 753 (74.5) 109 (57.4) 644 (78.4) <0.0001
Aspirin 716 (70.8) 107 (56.3) 609 (74.2) <0.0001
P2Y12 inhibitors 663 (65.6) 92 (48.4) 571 (69.5) <0.0001
Beta Blockers 663 (65.6) 92 (48.4) 571 (69.5) <0.0001
ACEI/ARB 563 (55.7) 80 (42.1) 483 (58.8) <0.0001
Spironolactone 83 (8.2) 6 (3.2) 77 (9.4) <0.0001

Numbers are presented as mean ± SD or frequency (%). † p-values are from the Mann–Whitney test for continuous
not normally distributed data or chi-square test for categorical data; values in bold are statistically significant.
Abbreviations: SD: standard deviation; BMI: body mass index; HFrEF: heart failure with reduced ejection fraction;
HFpEF: heart failure with preserved ejection fraction; TIA: transient ischemic attack; ACEI: angiotensin-converting
enzyme inhibitors; ARB: angiotensin receptor blocker.

Baseline LDL-C levels were notably higher in the non-adherent group (3.0 ± 1.1 mmol/L
vs. 2.7 ± 1.2 mmol/L; p = 0.0005), with no significant differences in other lipid profiles
(Table 3). Most patients were diagnosed with their first IHD event, more frequently in
the adherent group (77.8% vs. 61.1%, p < 0.0001). NSTEMI was the predominant initial
diagnosis, affecting 50.6% of the cohort, with stent placement via percutaneous coronary
intervention (PCI) being more common among non-adherent patients (41.6% vs. 30.9%;
p = 0.0049). Following the initial IHD event, patients were predominantly classified as “high
risk” (38.9%) or “very high risk” (58.7%) for future cardiovascular events, underscoring the
importance of guideline adherence in this high-risk population (Table 4).

In the context of medication adherence, 809 out of the 821 adherent patients (98.5%)
were on high-intensity statin therapy, primarily involving atorvastatin (40 or 80 mg) and
rosuvastatin (20 or 40 mg). In contrast, only 134 of the 190 non-adherent patients (70.5%)
received high-intensity statins. Although the patients had comparable rates of utilizing
ezetimibe or PCSK9 inhibitors (Table 5), the use of non-statin therapies during the study
period was limited to ezetimibe and PCSK9 inhibitors, with therapy escalation occurring in
a subset of patients.

Clinical outcomes demonstrated significant benefits associated with adherence to
guideline recommendations. Patients adhering to the guidelines showed a lower rate of
non-fatal MI, with incidents occurring in 9.3% compared to 21.1% in the non-adherent
group (p < 0.0001). Revascularization rates were also lower among adherent patients,
observed at 9.3% versus 16.8% for the non-adherent group (p = 0.0024). Additionally, a
higher percentage of adherent patients achieved target LDL-C levels at the first or second
follow-up, with 49.2% meeting these targets compared to 30.5% in the non-adherent group.
Moreover, the LDL-C levels were significantly lower in adherent patients after both the
first and second follow-up visits. However, there were no significant differences between
the groups in terms of stroke, PAD, or mortality rates (Table 6).
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Table 3. Laboratory values at baseline based on adherence to the guideline’s recommendations.

Laboratory Test All Patients

Adherence to Guideline
Recommendations p-Value †

No Yes

HbA1C, % 8.0 ± 2.2 8.3 ± 2.3 7.9 ± 2.2 0.0481
Total cholesterol, mmol/L 4.4 ± 1.3 4.6 ± 1.3 4.4 ± 1.3 0.0747
LDL-C, mmol/L 2.8 ± 1.2 3.0 ± 1.1 2.7 ± 1.2 0.0005
HDL-C, mmol/L 1.0 ± 0.3 1.0 ± 0.2 1.0 ± 0.3 0.3386
Triglyceride, mmol/L 1.8 ± 1.1 1.9 ± 1.3 1.8 ± 1.1 0.4192
Serum creatinine, mg/dL 1.2 ± 0.9 1.1 ± 0.7 1.2 ± 1.0 0.3629
Creatinine clearance, mL/min 90.8 ± 38.9 88.0 ± 36.2 91.4 ± 39.5 0.4051

Numbers are presented as mean ±SD. † p-values are from the Mann–Whitney test for continuous not normally
distributed data; values in bold are statistically significant. Abbreviations: SD: standard deviation.

Table 4. Classification of the index IHD event based on adherence to the guideline’s recommenda-
tions.

Baseline
Incident and Procedure

All Patients
N = 1011

Adherence to Guideline
Recommendations

p-Value †
No

N = 190
(18.8%)

Yes
N = 821
(81.2%)

Classification of the new IHD 0.0172
NSTEMI 512 (50.6) 105 (55.3%) 407 (49.6%)
STEMI 241 (23.8) 28 (14.7%) 213 (25.9%)
UA 108 (10.7) 26 (13.7%) 82 (10.0%)
Stable IHD 15 (1.5) 2 (1.1%) 13 (1.6%)

Number of diseased vessels 0.2038
One 306 (30.3) 46 (24.2) 260 (31.7)
Two 181 (17.9) 37 (19.5) 144 (17.5)
Three 208 (20.6) 37 (19.5) 171 (20.8)
Four 91 (9.0) 21 (11.1) 70 (8.5)

New or recurrent event <0.0001
New 755 (74.7) 116 (61.1) 639 (77.8)
Recurrent 230 (22.7) 65 (34.2) 165 (20.1) 0.0215

2nd 177 (17.5) 44 (23.2) 133 (16.2)
3rd 36 (3.6) 14 (7.4) 22 (2.7)
4th 12 (1.2) 3 (1.6) 9 (1.1)
5th or more 5 (0.5) 4 (2.1) 1 (0.1)

Not documented 26 (2.6) 9 (4.7) 17 (2.1)
Procedure performed

Stent PCI 333 (32.9) 79 (41.6) 254 (30.9) 0.0049
CABG 208 (20.6) 36 (18.9) 172 (21.0) 0.5383
Unspecified PCI 199 (19.7) 15 (7.9) 184 (22.4) <0.0001
Medical therapy only 167 (16.5) 44 (23.2) 123 (15.0) 0.0062
Balloon PCI 47 (4.6) 7 (3.7) 40 (4.9) 0.4834
Not documented 94 (9.3) 17 (8.9) 77 (9.4) 0.8536

Risk category (after event) 0.2504
High risk 393 (38.9) 84 (44.2) 309 (37.6)
Very high risk 593 (58.7) 102 (53.7) 491 (59.8)

Numbers are presented as frequency (%). † p-values are from the chi-square test; values in bold are statistically
significant. Abbreviations: IHD: ischemic heart disease; STEMI: ST-elevation myocardial infarction; NSTEMI:
non-ST-elevation myocardial infarction; UA: unstable angina; PCI: percutaneous coronary intervention; CABG:
coronary artery bypass grafting.

A sub-group analysis was performed in patients who were grouped to be adherent in
order to examine the differences in outcomes with regard to the agent prescribed. When
comparing rosuvastatin and atorvastatin, atorvastatin had statistically significantly lower
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non-fatal MI (7.1% vs. 20% p ≤ 0.0001), revascularization (7.7% vs. 17.3% p = 0.0010), and
stroke (1.8% vs. 4.3%; p = 0.0397) levels (Table S1), and no statistical differences in outcomes
were observed when the doses of these agents were further sub-analyzed (Table S2).

Table 5. Lipid-lowering agents used after the index event and its distribution based on adherence to
the guideline’s recommendations.

Outcomes
All Patients

N = 1011

Adherence to Guideline
Recommendations

p-Value †
No

N = 190
(18.8%)

Yes
N = 821
(81.2%)

Statin agent used <0.0001
Atorvastatin 780 (77.1) 100 (52.6) 680 (82.7)

10 mg 4 (0.4) 3 (1.6) 1 (0.1)
20 mg 29 (2.9) 27 (14.2) 2 (0.2)
40 mg 417 (41.2) 44 (23.2) 373 (45.4)
80 mg 330 (32.6) 26 (13.7) 304 (37.0)

Rosuvastatin 220 (21.8) 80 (42.1) 140 (17.1)
10 mg 24 (2.4) 16 (8.4) 8 (1.0)
20 mg 158 (15.6) 52 (27.4) 106 (12.9)
40 mg 38 (3.8) 12 (6.3) 26 (3.2)

Simvastatin 11 (1.1) 10 (5.3) 1 (0.1)
10 mg 7 (0.7) 7 (3.7) 0 (0.0)
20 mg 4 (0.4) 3 (1.6) 1 (0.1)

Additional drug used
Ezetimibe 229 (22.7) 37 (19.5) 192 (23.4) 0.5095
PCSK9 inhibitors 19 (1.9) 2 (1.1) 17 (2.1) 0.6470

Numbers are presented as frequency (%). † p-values are from the chi-square test; values in bold are statistically
significant. Abbreviation: PCSK9: Proprotein convertase subtilisin/kexin type 9.

Table 6. Patients’ outcomes based on adherence to the guideline’s recommendations.

Outcomes
All Patients

N = 1011

Adherence to Guideline
Recommendations

p-Value †
No

N = 190
(18.8%)

Yes
N = 821
(81.2%)

Patient was at LDL-C goal at 1st
or 2nd follow-up 462 (45.7) 58 (30.5) 404 (49.2) <0.0001

LDL-C at first follow-up 2.1 ± 1.0 2.4 ± 1.1 2.0 ± 1.0 0.0009
LDL-C at second follow-up 1.9 ± 0.9 2.2 ± 0.8 1.9 ± 0.9 0.0257
Non-fatal MI 116 (11.5) 40 (21.1) 76 (9.3) <0.0001
Revascularization 108 (10.7) 32 (16.8) 76 (9.3) 0.0024
Stroke 25 (2.5) 7 (3.7) 18 (2.2) 0.2328
Peripheral arterial disease 2 (0.2) 1 (0.5) 1 (0.1) 0.2621
Death from CVD 21 (2.1) 7 (3.7) 14 (1.7) 0.0848
Death due to any cause 19 (1.9) 4 (2.1) 15 (1.8) 0.7991

Numbers are presented as frequency (%). † p-values are from the chi-square test; values in bold are statistically
significant. Abbreviations: MI: myocardial infarction; CVD: cardiovascular disease.

4. Discussion

In this observational study, we evaluated adherence to the 2018 ACC/AHA guideline
recommendations for statin therapy in the treatment of patients with clinical ASCVD,
particularly those with IHD. Our findings revealed that more than half of the study pop-
ulation was classified as being at very high risk, and 81.2% were adherent to guideline
recommendations. More than one-third of our patients had their first episode of IHD at the
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time of enrollment, with 50% of these episodes being NSTEMI. Those who were adherent to
the utilization patterns recommended by the guidelines had a lower incidence of non-fatal
MI and hospitalization for revascularization. They were also observed to have their LDL-C
at the target level during their first or second follow-up.

Maddox et al. have utilized the National Cardiovascular Data Registry’s (PINNACLE:
Practice Innovation and Clinical Excellence) database to assess the effects of the 2013
ACC/AHA cholesterol guidelines on current cardiovascular practice in the United States.
Their results revealed that only 50% of the patients were on statin therapy alone, while the
proportion of patients on non-statin therapy was about 3%. Furthermore, statin utilization
was found to be less than 80% in low- and middle-income countries [15]. We found higher
rates of high-intensity statin (81%) and non-statin (24%) utilization when compared to those
in the study of Maddox et al. (50% and 3%, respectively). We postulate several reasons
for such findings. Unlike the study conducted by Maddox et al., in which adherence
to guidelines was examined in four statin benefit groups, our study mainly focused on
IHD patients, in which 50% of the cases were NSTEMI and 24% were STEMI patients,
and the majority of the population was considered to be at very high risk. Thus, the
prescription patterns of clinicians tend to be more aggressive for these patients. Second, all
three hospitals participating in this study were teaching hospitals, and, therefore, clinicians
are updated regularly. Finally, all three centers require a clinical pharmacist as part of
the care team [16]. On the other hand, non-adherence to guideline recommendations was
about 18%. The retrospective nature of the study limited our ability to assess the barriers to
guideline adherence. Reasons for non-adherence to guidelines based on practical experience
include the patient’s age (particularly age above 75), tolerability, cost, socio-economic status,
and accessibility to healthcare services. All these factors warrant further exploration in
subsequent studies in order to provide actionable insights and improve adherence to
clinical guidelines.

It should be noted that we are still under-prescribing non-statin therapy to eligible
patients. We propose several explanations for this finding. First, about 60% of our popu-
lation presented with their first IHD episode, and such patients are usually not yet on a
maximally tolerated statin dose. Second, the mean LDL-C at baseline was 2.8 mmol—close
to the target of <2.6 mmol/L (100 mg/dL)—in which case the use of a statin alone can be
expected to reduce it to target levels. Third, only 59 patients (6%) missed LDL-C monitoring
at 4–6 weeks following statin initiation; thus, therapy was (in most cases) intensified as
needed. It is important to note that non-statin therapies play a crucial role in helping
patients to achieve target LDL-C levels, particularly in those who are unable to tolerate
high-intensity statins or fail to reach target LDL-C levels despite maximal statin therapy.
In our study, the overall utilization of ezetimibe was 22.7%, while PCSK9 inhibitors were
used in 1.9% of patients. These therapies, when used in combination with statins, promote
additional LDL-C reduction through complementary mechanisms, as supported by previ-
ous studies, in which ezetimibe has been shown to reduce LDL-C by about 30% [17], whilst
PCSK9 inhibitors can cut cholesterol levels by an average of 50–60% [18]. Nevertheless,
there remains a significant gap in their adoption, particularly in non-adherent patients.
Potential barriers include cost considerations, limited access to PCSK9 inhibitors, and
variations in the prescribing practices of clinicians.

The 2013 ACC/AHA guidelines did not specify LDL-C targets or monitoring rec-
ommendations, whereas the 2018 guidelines reintroduced these. In our study, 50% of
guideline-adherent patients achieved LDL-C targets at follow-up, compared to 31% of
non-adherent patients (p < 0.0001); meanwhile, 59 patients (6%) did not have an LDL-C
value measured after statin initiation. However, this was a lower proportion of missed
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LDL-C lab values post-statin initiation when compared to available studies. For instance,
the ACS EuroPath IV project assessed the effect of the ESC/EAS 2019 guidelines on lipid
management in 2650 patients with ACS between March and June of 2022, in comparison
with data collected from 2650 patients who participated in the ACS EuroPath I survey in
2018. In this study, 10% of the patients did not have lipid panel testing in 2022 [14]. Sarak
et al. examined lipid testing performed in the hospital or within 90 days of discharge in pa-
tients with at least one-year survival after an ACS event between 2012 and 2018. The study
included 27,979 patients, among whom 3750 patients (13.4%) did not have lipid testing [19].
It is worth noting that atherosclerotic plaque stabilization is a key mechanism through
which lipid-lowering therapy (LLT) exerts its clinical benefits. High-intensity statins, in
particular, play a critical role through reducing necrotic lipid cores, suppressing inflamma-
tion, and improving endothelial function, ultimately leading to more stable plaques that
are less prone to rupture. Achieving LDL-C targets amplifies these effects, promoting not
only the stabilization of plaque but also its regression. A recent review has emphasized
that these mechanisms translate into significant reductions in major adverse cardiovascular
events, including myocardial infarction and stroke [20]. In our study, patients adhering to
guideline-directed LLT demonstrated higher LDL-C target attainment, which may have
contributed to the observed reductions in non-fatal MI and revascularization rates. This
highlights the importance of achieving LDL-C goals as a means to enhance plaque stability
and improve clinical outcomes in high-risk populations.

Real-world data examining the effects of statin therapy on mortality and morbidity
outcomes remain limited. In a study conducted between January 2003 and January 2011,
1528 patients who underwent PCI for ACS were followed for three months to assess all-
cause mortality. About 60% of the patients were on high-intensity statins, while 40% were
either on a low-dose statin or not on statins at all. A statistically significant reduction in
all-cause mortality during the 3-month follow-up was observed in those receiving high-
intensity statins. All-cause mortality occurred in 8 patients (0.9%) receiving high-intensity
statin therapy and 21 patients (3.5%) taking low-intensity statins or no statin therapy at
discharge (hazard ratio 0.244, 95% confidence interval [CI] 0.108–0.551; p = 0.001) [21].
Although not statistically significant, our study observed a numerically lower incidence
of mortality due to cardiovascular disease (1.7% vs. 3.7%) or death from any cause (1.8%
vs. 2.1%) among patients who were adherent to guideline recommendations, mostly
receiving high-intensity statins (98.5% of these patients). However, this numerically lower
incidence can be explained by the statistically significant difference in utilization rates of
recommended therapies for secondary prevention of ACS, such as aspirin, P2Y12 inhibitors,
beta-blockers, ACEI/ARBs, and spironolactone.

To shed light on morbidity-related outcomes such as non-fatal MI, hospitalization,
and/or revascularization, Timothy et al. conducted a meta-analysis of RCTs or systematic
reviews on coronary heart disease to determine the effectiveness of statins. In particular,
RCTs or systematic reviews published between January 1966 and December 2002 were
included, for a total of 25 studies enrolling 69,511 individuals. Statin therapy reduced
non-fatal MI by 25% (relative risk 0.75; 95%CI, 0.71–0.79) [22]. Our study revealed a
statistically significant lower incidence of non-fatal MI between the group who were
adherent to the guidelines and those who were not (9.3% vs. 21.1%; p < 0.0001). Additionally,
hospitalization for revascularization was also statistically significant between the two
groups (9.3% vs. 16.8%; p < 0.0024). Notably, it was observed that when a lower LDL-C level
was achieved, a greater benefit in terms of ASCVD reduction was obtained. As mentioned
above, about 50% of the patients in the group who were adherent to the guidelines had
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their LDL-C at target (<70 mg/dL), compared to 31% of those patients who were not in
alignment with guidelines.

Although our study was a multi-center study, it had some limitations. The retrospec-
tive nature of the study might introduce some documentation bias due to the complexity
of the chart review process. This might have also led to the difficulty of assessing adverse
events that highly impact statin adherence. Compared to other real-world data studies,
we had a small sample size. In addition, a reduced amount of data collection occurred
during the COVID-19 pandemic period, which may have affected access to and availability
of laboratory testing. Furthermore, in the middle of the study period, the 2022 ACC Expert
Consensus Report further reduced the threshold for consideration of non-statin therapy to
55 mg/dL for patients with clinical ASCVD who are at very high risk. However, we doubt
that this alteration impacted our results, as it was published in November of 2022, while
our patients were followed to the end of 2022 only.

5. Conclusions

In conclusion, this study is among the first to evaluate adherence to the 2018
ACC/AHA guidelines for lipid management in a real-world, multi-center setting within a
Saudi Arabian population. Our findings highlighted the substantial benefits of adherence,
including improved LDL-C goal attainment and reductions in non-fatal MI and revascular-
ization rates. The novelty of this study lies in its focus on a diverse, multi-racial population
living in Saudi Arabia, where limited data regarding the applicability of international
guidelines are available at present. By demonstrating that the benefits of guideline-directed
therapies extend to this population, we provide a foundation for assessing current prescrib-
ing practices and identifying actionable strategies to optimize care and outcomes in this
unique context. To further enhance adherence, we conclude that including a pharmacist in
the care team, who can update the team via teaching once relevant guidelines are updated,
could potentially help to bring prescribing patterns in line with the recommendations of
such guidelines. Several postulated theories should be further examined for their capacity
to enhance LDL testing and further target level achievement, including reminding patients
about their upcoming lab tests, as well as monitoring the tolerability and utilization of
non-statin therapy when effective levels of statins are deemed intolerable.
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Abstract: Background: The objective of this retrospective cohort study was to present the experience
of 20-year-long comprehensive care of pediatric patients with familial hypercholesterolemia (FH)
in a single academic center. Methods and Results: The study included 84 children aged 1–18 years
with FH. For the whole study group, 535 medical visits were recorded. The mean follow-up period
was 33.6 months. Molecular testing performed in 55 children (65%) provided genetic confirmation
of the diagnosis in 36 children (43%). Twenty-seven children (32%) were treated pharmacologically
with statins. Follow-up during the treatment averaged 29 months. Treatment with statins was
associated with a mean reduction in total cholesterol and LDL-cholesterol levels of 24 and 33% from
the baseline. Symptoms of statin intolerance occurred incidentally and did not require amendment in
the treatment protocol. Significantly higher values of body weight, height, and BMI were found only
among girls older than 10 years who were treated with statins. Conclusions: These data confirm a
high efficacy and a good safety profile of statin treatment in children with FH, demonstrating no harm
to physical development. However, there is a need for further cause-and-effect research regarding
associations between long-term treatment with low-cholesterol, low-fat diets, statin therapy, and
excessive weight gain.

Keywords: atherosclerosis; statins; children; familial hypercholesterolemia; safety

1. Introduction

Familial hypercholesterolemia (FH) is a congenital metabolic disorder (OMIM #143890,
#144010, #107703, #607786), which is connected to increased serum low-density lipoprotein
cholesterol (LDL-C), leading to premature atherosclerosis and diseases of the cardiovascular
system [1]. The average age of the first hospitalization due to cardiovascular disease in
this group of patients is 45 years, i.e., approximately 20 years earlier than in the general
population [2]. The incidence of familial hypercholesterolemia in Europe has been estimated
at 1:217 according to recent studies [3]. In contrast, the mortality due to circulatory system
diseases in these patients is 100 times higher compared with the general population [4,5].
Lipid-lowering treatments initiated early significantly reduce the risk later in life [6,7].

According to current clinical practice, the most common hypolipemic therapeutic
management used among FH children is statins [8]. The safety and efficacy of statin
treatment in children were evaluated a couple of years ago in several meta-analyses [9],
including those incorporated in the Cochrane Reviews Evidence [10]. Unfortunately, these
reports concerned only studies with a maximum follow-up duration of 2 years, thereby
suggesting a necessity for longer and well-designed observations in this specific group.
In an analysis for the Cochrane Library, the importance of the careful monitoring of lipid

J. Clin. Med. 2023, 12, 7197. https://doi.org/10.3390/jcm12237197 https://www.mdpi.com/journal/jcm90



J. Clin. Med. 2023, 12, 7197

parameters, the incidence of adverse effects, other risk factors of atherosclerosis, and child
growth and development during statin treatment [10].

Existing evidence on the efficacy of statin therapy renders it ethically impossible to
design a long-term randomized trial. Further, it is all the more essential to monitor and
follow-up on children already undergoing hypolipemic treatment concerning treatment
tolerance, several aspects of statin safety, and the children’s development [11].

The recent literature encompassing longer follow-ups have usually reported aggre-
gated data originating from many centers, including a 5-year follow-up of the efficacy
and safety of the treatment in a UK cohort of 232 children [12], Norwegian data covering
302 children [13] and also combined data from Canada and the United States covering
289 pediatric patients [14].

Specific evidence for the effectiveness of statin treatment was provided by a 20-year
follow-up from The Netherlands [15]. This report did not compare children treated vs. not
treated with statins, but children with FH treated with statins and their healthy siblings
and affected parents. The researchers showed that the risk of cardiovascular disease before
the age of 39 for untreated parents was 26% (7% died during that time), whereas for their
children treated from the age of 13, it was 1%. Moreover, the early initiation of statins in
children with FH alleviated the progression of carotid intima-media thickness [15].

A parameter called Cumulative LDL-C burden is used to determine the risk of de-
veloping ischemic heart disease. The level of 160, associated with the development of
ischemic heart disease, is reached by a person without FH at the age of 55. In contrast, a
patient with heterozygous FH reaches it at the age of 35 years. If lipid-lowering therapy in
an individual with FH is initiated at 18 years, the cumulative LDL cholesterol burden of
160 will be achieved at the age of 48. If the treatment with statins is initiated at the 10th
year of life, a similar cumulative LDL cholesterol burden will be reached around the age of
53 years. [7].

This retrospective cohort study aimed to present the experience of 20 years of care
in pediatric patients with familial hypercholesterolemia in a single specialist academic
center. The efficacy and safety of the hypolipemic treatment with statins were reviewed in
detail, especially in the context of growth and physical development measured with basic
anthropometric parameters.

2. Materials and Methods

2.1. Study Participants

The study included 84 children (42 girls) aged 1 to 18 years who were consulted at
least twice between 2001 and 2021 at the Metabolic Outpatient Clinic of the University
Children’s Hospital in Bialystok, Northeastern Poland, for familial hypercholesterolemia
diagnosed using the Simon Broome Criteria [16]. For the whole study group, 535 medical
visits were recorded, with an average of 6 for each patient (range: 2–27). The mean follow-
up time was 33.63 months (SD 37.3), the shortest 2 months, and the longest 173 months
(14.5 years). All children in this study had a family history of hypercholesterolemia and/or
premature cardiovascular disease. Molecular testing was performed in 55 children (65%).
The tests revealed the presence of a known gene mutation underlying the diagnosis of FH
in 36 children (43%). In 19 children, molecular testing failed to identify a known mutation
in the LDL receptor or apolipoprotein B genes.

A low-cholesterol diet, with restrictions on saturated and trans fats, was recommended
to all studied children, and the rules were consistently reminded to the children and
caregivers at each follow-up visit. Cholestyramine treatment was attempted in five children
between 2005 and 2010 and was discontinued due to intolerance of the form and taste
of the preparation. Twenty-seven children (32%) were treated pharmacologically with
statins. Treatment was usually implemented at the 4th visit, after an average follow-up of
34 months (SD 29.26; min. 3 months, max. 100 months), with a mean age of 13 years (SD
2.47; range: 8.5–17 years). The first follow-up visit was held after two months (1–3 months)
and the follow-up time during treatment averaged 29 months (SD 24.27; the most extended
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observation was 75 months). A total of 18 participants (66%) were treated with simvastatin
at the time of the last visit (twelve subjects with a dose of 10 mg, six subjects with 20 mg),
and 9 participants were receiving rosuvastatin (6 with a dose of 5 mg, 2 with 10 mg, and 1
with 20 mg).

The remaining 57 children (68%) did not receive pharmacological treatment due to age
limitations associated with the registration and product characteristics for hypolipidemic
drugs (8 years for rosuvastatin and 10 years for simvastatin) or because of a lack of parental
consent. Detailed characteristics of children treated with the diet and statins and those
treated with the diet alone are shown in Table 1.

Table 1. Characteristics of hypercholesterolemic groups. Data are presented as means and standard
deviations, where applicable.

Treated with Statins
(n = 27)

Without Statins
(n = 57)

p

Age at baseline [y]
during the first visit 10.03 (3.57) 8.09 (3.60) 0.009

Sex 16 girls, 11 boys 26 girls, 31 boys 0.243

Family history of
hypercholesterolemia:

Siblings 17 (63%) 25 (44%) 0.102

Parents 27 (100%) 52 (91%) 0.113

Grandparents 19 (70%) 47 (82%) 0.491

Mutation status:

0.001
- LDL-R 15 (56%) 12 (21%)

- APO-B 7 (26%) 2 (4%)

- neither LDL nor APO-B 2 (7%) 17 (30%)

- not performed or under testing 3 (11%) 26 (46%)

Time of observation [months] 64.44 (42.61) 29.75 (28.76) 0.001

Number of visits 11.67 (5.21) 3.88 (2.77) 0.001

Age [y] during the last visit 15.63 (2.36) 10.55 (3.68) 0.001

2.2. Methods

The study was based on a retrospective review of medical records. Anthropometric
data and clinical features (body weight, body height, heart rate, and blood pressure values),
as well as available biochemical test results (lipid profile, glucose level, creatinine kinase,
and aminotransferase activity), were included in the study. Data on body weight, height,
and a standard formula for BMI were also cross-referenced with reference values for age-
and sex-matched normative values (growth charts, Z-score).

We also analyzed recorded information on chronic complaints, concomitant diseases,
co-morbidities, and, in the group of children treated with statins, treatment tolerance
(i.e., occurrence of adverse reactions and side effects). The protocol was approved by the
Bioethics Committee at the Medical University of Bialystok. The study was supported by
the Medical University of Bialystok No. SUB/1/DN/19/001/1126.

Blood for testing was collected in the morning after 12 h of fasting. Glucose was
determined using the enzymatic hexokinase/glucose 6-phosphate dehydrogenase method
(COBAS 6000 C501, Roche, Mannheim, Germany). Lipids (i.e., total cholesterol, LDL- and
HDL-cholesterol, and triglycerides), alanine and aspartate aminotransferase activities, and
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creatinine kinase were measured with the colorimetric enzymatic method (COBAS 6000
C501, Roche, Mannheim, Germany).

Molecular tests were performed using the PCR RFLP method and MLPA sequencing,
and in some patients, the next-generation sequencing method (NGS) on the MiSeq platform
(Illumina Inc., San Diego, CA, USA) using the ADH MASTR (Multiplicom, Niel, Belgium)
kit. The tests were performed at the Institute of Psychiatry and Neurology in Warsaw and
the University Clinical Center of the Medical University of Gdańsk.

Statistical analysis was performed using the arithmetic mean and standard deviation
(SD) for quantitative variables. The Chi2 test assessed the significance of differences in
qualitative variables. The examined continuous variable distribution was evaluated with
the Kolmogorov–Smirnov test. For the analysis of the variables distributed normally, the
Student’s t-test was used, and for the variables inconsistent with the normal distribution,
the Mann–Whitney U test was used. Stepwise multiple regression analysis was conducted
to determine relationships between the selected variables included in the models.

The anthropometric parameters converted to Z-scores were calculated separately for
subgroups stratified by age and sex (with a 1-year range precision) based on population data
published elsewhere [17]. The following standard formula was used to determine the Z-
score: Z-score = (parameter—SD for corresponding age and sex)/median for corresponding
age and sex.

In the calculations, the level of p < 0.05 was accepted as statistically significant, au-
thorizing the rejection of individual null hypotheses. The data were processed using the
Polish version of Statistica 13.0 statistical software for Windows PCs. Raw data used in the
publication are available in Supplementary Materials.

3. Results

3.1. Lipid Profile

In the study group, the mean total cholesterol at the first visit was 258 mg/dL (SD
42.23), and LDL-C was 185 mg/dL (SD 43.93). Total cholesterol and LDL-C levels found at
the beginning of the follow-up in the FH children who later received statin treatment were
higher compared with peers who did not receive such treatment later (Table 2, Figure 1).
After treatment with the dietary regimen alone, a similar decrease in total cholesterol was
observed in both groups, with a mean reduction of 5.27% in the group subsequently treated
with statins and 4.68% in the untreated group, and a decrease in LDL-C by 4.45% and
13.7%, respectively. Only in the group of children who had never been treated with statins
were these differences significant (p < 0.001).

Table 2. Lipid profile in study groups during follow-up. Data are presented as means and standard
deviations in parentheses. The letters in the superscript indicate statistically significant differences
from p < 0.001. The symbols in the superscript indicate significant differences from p < 0.01.

Treated with Statins
(n = 27)

Without Statins
(n = 57)

First Visit
Start of

Treatment
Control Visit Last Visit First Visit Last Visit

Total
cholesterol
[mg/dL]

284.00 a,e

(35.97) 279.23 k (30.36) 213.11 k (36.65) 204.26 c,e (26.30) 245.37 a,#

(39.43) 232,96 c,# (46.56)

HDL
cholesterol
[mg/dL]

58.29 (23.88) 59.88 (18.64) 60.56 $

(14.42)
55.54 $

(13.57)
56.93

(13.37) 55.37 (11.49)

LDL cholesterol
[mg/dL]

211.53 b,f

(37.56)
204.50 m (27.14) 138.63 m (32.78) 134.27 d,f (23.78) 171.80 b,%

(41.03)
160.06 d,%

(46.72)

Triglycerides
[mg/dL] 86.42 (52.59) 81.20 (35.57) 73.78 (29.80) 71.84 (26.26) 94.66

(63.88) 87.15 (38.88)
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Figure 1. LDL lipoprotein cholesterol levels in the study group stratified by statin treatment.

Treatment with statins was associated with a mean reduction of 24 and 33% from the
baseline in total cholesterol and LDL-C levels after just two months (control visit) (Table 2,
Figure 1). Subsequent months of treatment resulted in further reductions in total cholesterol
and LDL-C, and during the entire follow-up, the values were lower by 27% and 36% than
the baseline, respectively.

Based on records from the most recent available visits, total cholesterol and LDL-C
concentrations in the children treated concurrently with the diet and statins for a mean
follow-up of 29 ± 24.26 months were significantly lower than for children treated with diet
alone after 29 ± 28.76 months of follow-up (Table 2, Figure 1). At the last recorded visit,
14 (52%) of the statin-treated children still had LDL-C levels above 130 mg/dL, but only 2
(7%) had levels above 160 mg/dL. In the group of children not treated with statins, LDL-C
levels above 130 mg/dL were observed in 38 (66%) children, and those above 160 mg/dL
were found in almost 1 in 3 children (20 of 57–35%).

There were no differences in HDL lipoprotein cholesterol and triglyceride levels,
except for a slight decrease in HDL lipoprotein cholesterol during statin treatment (Table 1).
The decline in HDL lipoprotein cholesterol levels during the entire follow-up averaged
7.7% in this group and averaged 10% in the diet-only treatment group. Triglyceride levels
in the diet-only children decreased by 4%, whereas, in the statin-treated group, the TG
levels eventually reduced by an average of 3%.

3.2. Comorbidities and Tolerability of Statin Treatment

During each of the 535 analyzed medical consultations, caregivers of children with
hypercholesterolemia were asked questions about comorbidities and the tolerance of
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treatment. Two patients dropped out of further treatment and lipid care after attempting
oral cholestyramine. Coexisting celiac disease and hypothyroidism were found in two
patients.

The 27 children treated with statins were consulted 315 times. Two boys were di-
agnosed with scoliosis during puberty, and one boy developed avascular necrosis of the
hip. One patient was diagnosed with an ovarian cyst and obesity; another female patient
showed overweight, hypertension, and menstrual disorders. One boy was diagnosed with
congenital macular dystrophy, another one had psoriasis, and one girl was diagnosed with
epilepsy during follow-up.

One patient experienced a transient increase in total cholesterol after being introduced
to retinoids for severe acne lesions. Another patient was switched to rosuvastatin due to
intolerance to simvastatin (headache, weakness, fatigue). In one boy, due to lack of parental
consent, the treatment was discontinued for 6 months because of exacerbated psoriatic
lesions that coincided with the introduction of simvastatin treatment. No progression of
skin lesions was then observed after restarting treatment.

Nine children had fasting blood glucose values > 100 mg/dL in single measurements,
but only one boy had a fasting blood glucose greater than 120 mg/dL. Three children had
single glycemic values < 60 mg/dL. No child was diagnosed with diabetes.

Only one boy with hepatic steatosis of unknown etiology, diagnosed prior to treatment,
had elevated aminotransferase activity. After achieving target LDL-cholesterol values with
normal aminotransferase activities, the patient discontinued treatment and care at the
Metabolic Clinic.

Four patients had increased creatinine kinase activity, all of which was due to the test
being performed the day after excessive exercise. The values exceeded five times the upper
limit in only two of them. The parents of one of these patients, whose molecular testing did
not reveal the presence of a pathogenic mutation, waived further drug treatment. Another
patient with a strong family history and a confirmed mutation in the LDL receptor gene
returned to treatment with the previously used dose of rosuvastatin. With the rule of one
day’s rest from sports, before the test was performed, he was never again found to have
increased creatinine kinase activity afterward.

Nine children showed heart rates higher than 90/min two or more times, and one
boy showed bradycardia below 60/min. Blood pressure values were recorded during
176 visits and averaged 116.7 mmHg and 71.3 mmHg systolic and diastolic, respectively
(75–95 centile according to standard reference). Two or more abnormal systolic blood
pressure measurements (>120 mmHg) were found in 10 children. Five children also
demonstrated elevated diastolic blood pressure values (>80 mmHg). Two of them were not
treated with statins due to being too young at the time of the study. In all of these children,
further diagnostics confirmed the diagnosis of so-called white coat hypertension.

3.3. Anthropometric Measurements

The distribution of body weight, height, and BMI of the male and female participants
in relation to the standard reference is shown in Figure 2 (3rd and 97th centile according to
OLAF) [17]. The body height remained within normal limits. There were no deficiencies
in body weight throughout the follow-up period. The summary data presented in the
graph revealed a higher prevalence of weight above the age standard (97th centile) in older
children, more prevalent among girls, and more frequent among children treated with
statins. The prevalence of obesity, defined as a BMI above the 97th percentile, was found
less frequently but still more often among older, mainly female children and those treated
with statins.
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Figure 2. Anthropometric parameters in studied children with familial hypercholesterolemia.
Circles—treated finally with statins; squares—never treated with statins; dashed line—3rd centile;
dotted line—97th centile according to the standard reference from OLAF study [17].
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The Z-score values for body weight in participants treated with statins were statistically
significantly higher than in the children treated with diet alone, averaging 1.13 (SD 1.49) vs.
0.49 (SD 1.15). A similar relationship was found by assessing the Z-score values for BMI,
with an average of 0.98 (SD 1.38) vs. 0.25 (SD 1.15). Differences in the body height Z-score
were not significant.

A multiple regression analysis was performed to determine the significance of the
differences regarding anthropometry (height, weight, and BMI) as dependent variables,
and age, sex, total cholesterol, and statin treatment as independent variables. There was an
association of body height only with age (R 0.93) and sex (R 0.1), as well as body weight
with age (R 0.86), sex (R 0.15), TC levels (R −0.08), and statin treatment (R −0.12). The BMI
values depended less on age (R 0.55), sex (R 0.19), and total cholesterol (R −0.07) but more
distinctly on the statin treatment (R −0.22) in this model.

Based on the above results, the differences in the anthropometric parameters between
children treated with statins and those treated with diet alone were stratified by age and sex
subgroups (children younger or older than 10 years). The age threshold we adopted was
arbitrarily determined based on two rationales—the only existing comparable report [12],
which also adopted the age of 10 years as a criterion for stratification, and the registration
restrictions of simvastatin (the most commonly used statin), which has been approved for
pediatric treatment in individuals aged over 10 years.

There were no significant differences among boys except for a slightly greater height in
older boys treated with statins. There were no significant differences between the younger
girls either. In contrast, significantly higher values of body weight, height, and BMI were
found among girls older than 10 years who were treated with statins compared to those
who were treated with the diet alone. The analysis of anthropometric measurements related
to sex and age (Z-scores) did not confirm differences in body height but again showed
higher Z-scores for body weight and BMI in the group of statin-treated girls over 10 years
of age (Table 3).

Table 3. Anthropometric parameters in study groups divided according to sex and age. Data is
presented as means and standard deviations in brackets. The quantity n denotes the number of
available measurements.

Treated with
Statins
n = 232

Without
Statins
n = 195

p

Boys

<10 years

Weight
n = 86

[kg] 27.46 (11.41) 24.39 (9.45) 0.19

Z-score 1.05 (1.31) 0.66 (1.14) 0.21

Height
n = 75

[m] 1.21 (0.15) 1.22 (0.17) 0.62

Z-score 0.56 (0.81) 0.89 (1.11) 0.11

BMI
n = 75

[kg/m2] 17.96 (3.48) 16.83 (2.69) 0.07

Z-score 0.92 (1.27) 0.41 (1.29) 0.06

≥10 years

Weight
n = 98

[kg] 59.40 (15.43) 54.28 (17.05) 0.14

Z-score 1.14 (1.57) 1.41 (1.24) 0.24

Height
n = 88

[m] 1.63 (0.12) 1.57 (0.13) 0.04

Z-score 0.75 (0.84) 1.06 (0.96) 0.12

BMI
n = 88

[kg/m2] 22.3 (4.44) 22.87 (4.16) 0.81

Z-score 1.15 (1.56) 1.29 (1.22) 0.29
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Table 3. Cont.

Treated with
Statins
n = 232

Without
Statins
n = 195

p

Girls

<10 years

Weight
n = 60

[kg] 29.38 (8.89) 23.59 (5.49) 0.08

Z-score 0.62 (1.17) 0.26 (1.09) 0.41

Height
n = 48

[m] 1.31 (0.10) 1.25 (0.13) 0.45

Z-score 0.69 (1.02) 0.64 (1.27) 0.92

BMI
n = 48

[kg/m2] 16.12 (2.27) 14.93 (1.23) 0.29

Z-score 0.23 (1.05) −0.39 (0.70) 0.16

≥10 years

Weight
n = 183

[kg] 58.26 (14.09) 44.83 (10.47) 0.01

Z-score 1.19 (1.53) 0.02 (0.81) 0.01

Height
n = 161

[m] 1.61 (0.09) 1.56 (0.10) 0.01

Z-score 0.34 (1.1) 0.19 (1.12) 0.39

BMI
n = 161

[kg/m2] 22.33 (4.34) 18.31 (2.82) 0.01

Z-score 0.97 (1.32) −0.05 (0.69) 0.01

4. Discussion

This study summarizing a 20-year-long follow-up of a pediatric population with FH
showed that statin therapy, when introduced reasonably early, is safe, provides benefits, and
does not cause health hazards during growth. Importantly, there is still a limited number
of published data on statin use in children and adolescents and related associations.

The mean age of children who had been treated later with statins was higher at the
time of their first visit to our center than the mean age of children in whom treatment
was not initiated. A similar relationship and almost identical values were observed in
the Norwegian cohort [13]. There is no such direct data in the UK report, and the mean
duration of treatment in the North American study was 2.7 years [14]. The time to introduce
statins into treatment was later than recommended (10 years of age) in all populations:
11 years in the UK, 12.5 years in Norway and North America, and 13 years in our center.
As reported elsewhere, this is due to a delayed diagnosis associated with cascade screening
in these countries and a lack of population-based screening [18].

In a study conducted in Norway, children treated with statins demonstrated a 38%
reduction in LDL-C between the first and last visits, whereas children not treated with
statins had 4% [13]. In a similar study from the UK, this difference was 35% [12]. A recent
report encompassing data from eight European countries described reductions in LDL-C
of 28% to 57%. However, when data from Greece, where population-based screening was
conducted between the 1st and 3rd years of age, were excluded from the analysis, the mean
reduction in LDL-C during statin treatment was much greater, i.e., 33.5% [18]. Another
study from Poland showed a 34.4% decrease in LDL-C following one-year treatment with
rosuvastatin, although at different doses [19].

In our study, we observed a similar efficacy in children treated with statins. We
reported a 33% reduction in LDL-C levels after just two months and 36% during the entire
follow-up. We found a concomitant more significant (13.7%) decrease in LDL lipoprotein
cholesterol levels in the group on long-term diet and lifestyle modification than in the
Norwegian (4.5%) or the UK (5.4%) studies. This may be similar to an option of dietary
correction of lipid disorders in children, as described in the literature, ranging from 10
to 15% [20,21]. We hypothesized that such an outcome may have resulted from regular
consultations on low-fat, hypolipemic diet rules and also the involvement of both parents
and children. Other studies have no data on the frequency of dietary counseling.
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In the above-mentioned Norwegian study, a higher proportion of statin-treated chil-
dren achieved target LDL-C levels than in our study (71% vs. 48%). In the study by
Ramaswami et al., the percentage of children whose LDL-C levels fell below 130 mg/dL
was 54% after excluding data from Greece, where up to 99% of children achieved the
therapeutic goal [18]. In the study from North America, 51% of studied children failed to
reach this strategic goal [14]. Notably, our results (like those in other studies on pediatric
populations) were much better compared with some published studies among adults,
where only 2.7% reached the target concentration [22]. In an interesting Norwegian paper,
22% of young adults reached the treatment goal, and 30% of children and young adults
experienced treatment adherence problems [23]. We found more significant differences in
children who did not receive pharmacological treatment. In the Norwegian study, 41% of
such children did not reach the therapeutic goal, while in our study, 66% did. Unfortunately,
significantly higher LDL-C levels than the target (>160 mg/dL) were present in up to 35%
of our participants. No such data are available from other studies.

To date, there are no evidence-based recommendations addressing the degree of
LDL-C reduction in children with FH that would effectively prevent the development
of atherosclerosis and cardiovascular disease. However, the 32% reduction in LDL-C
described in a Dutch longitudinal observational study is comparable to the effect obtained
in most studies described above, so it reduced the risk of early cardiovascular disease from
26 to 1% [15]. This reduction in LDL-C was possible in our studied children after statins
were used in monotherapy, at the lowest available doses, and in a short time—following
approximately two months of intervention.

Regarding our patients with FH, we included data on comorbidities found in a number
of these subjects during a longstanding follow-up, up to 15 years in some cases. Associa-
tions between coexisting conditions and events with the treatment cannot be ruled out, nor
can they be confirmed. Available data do not report such diseases occurring in association
with statin treatment in children or even in extensively studied adult populations. The most
common reports of adverse effects attributable to statin treatment involve abnormal muscle
and liver enzymes and the occurrence of diabetes. A Cochrane Library meta-analysis of
nine studies involving 1177 children treated with statins for 4 to 24 months found incident
adverse events only. The incidence was not different between children treated with statins
and those receiving placebo [10].

In the Norwegian report, 5% of the children had adverse effects but were not associ-
ated with biochemical abnormalities. We found increased, though unrelated to treatment,
aminotransferase activity in one patient, whereas none of the Norwegian studies showed
such an abnormality. In both studies, an increase in creatinine kinase activity associated
with increased exercise was observed in several children. Of importance, no one expe-
rienced symptoms of myopathy or rhabdomyolysis [13]. In the UK study, none of the
participants showed increased creatinine kinase or aminotransferase activities [12]. In a
report from Canada and the US, 5% (n = 15) of the children had increased creatinine kinase
activity, but none had clinical symptoms, thus, no treatment modification was required.
Increased aminotransferase activity was observed in 4%, which was normalized after the
discontinuation of therapy and did not increase when treatment was restarted. Twenty
patients (7%) experienced muscular pain, fatigue, rash, and abdominal pain but did not
require a change in treatment [14]. In the Dutch cohort, there were no statistically significant
differences in liver enzymes and creatinine kinase activity between statin-treated children
with FH and their healthy siblings [15].

In our study, as reported elsewhere, symptoms of statin intolerance occurred inci-
dentally and usually did not require amendment in the treatment protocol. In the adult
population, such symptoms are equally rare (5 to 10%) but more often require treatment
modification of the dosage, change of the active agent, or introduction of polytherapy to
the treatment [24]. A recent meta-analysis of 62 studies involving more than 120,000 adults
found that treatment with statins was associated with a small but significant risk of muscle
complaints or liver dysfunction. These manifestations were mostly transient, depended
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on the type and dose of statin used, and also occurred in the placebo group [25]. Muscle
damage occurs in less than 0.1% of adults, and the risk of liver damage occurs in 0.001%.
When assessing the potential risk of adverse effects, the absolute benefits of statin therapy
in preventing cardiovascular disease should be kept in mind, e.g., a 10% reduction in
mortality with each 39 mg% reduction in LDL-cholesterol [21].

We also evaluated other atherosclerosis risk factors to determine target LDL-C levels
while monitoring treatment for lipid disorders. None of the children in our study were
diagnosed with hypertension or diabetes. No patient admitted to smoking cigarettes
either. Nevertheless, more attention was needed to monitor the prevalence of overweight
and obesity.

To our knowledge, only aggregate data on mean weight and height, or BMI, of children
with hypercholesterolemia treated with statins are available in the current literature. None
of our studied children were malnourished or short-statured during treatment. Obesity,
defined as body weight or BMI > 97th centile for sex and age, was also less frequent in the
entire group than in the general population. However, a detailed analysis of available data
from 535 follow-up visits and their reference to reference charts showed a higher prevalence
of obesity among children treated with statins (Figure 2). A multiple regression analysis
confirmed that body weight and BMI were related to statin treatment, and a subgroup
analysis showed that obesity was significantly more common in statin-treated girls older
than ten years.

In the British report, children did not differ in weight or height at diagnosis. The
anthropometric parameters assessed at the last follow-up visit were higher in those who
started treatment before the age of 10 years compared with those not treated. No such
differences were found in the group of children who began treatment after the age of
10 years [12]. In the North American study, the mean body weight centile before treatment
implementation was 84 (ranging from 51 to 96), and it was 86 (53–97) at the last follow-
up visit, but this difference was not significant. The mean BMI centile before treatment
initiation was 89 (62–98), and it was 87 (54–97) after treatment [14]. The Dutch cohort
showed a marked change in BMI from 19.6 to 25.4 after several years of treatment, but these
results were unrelated to centile charts or Z-scores [15]. Medeiros et al. found that 14.1% of
patients with FH had a BMI above the 95th percentile compared to 33.8% of patients with
hypercholesterolemia of other etiologies [26].

The interpretation of the relationship found in our study is hampered by the lack of
comparable reports that would have included multiple assessments of anthropometric pa-
rameters over a more extended follow-up period. Based on clinical experience in pediatric
patients with FH, an explanation is that patients and their families often discontinue a
low-cholesterol diet after the introduction of pharmacotherapy has been initiated. Every
patient at our center was reminded during follow-up visits of the low-cholesterol diet,
with a restriction of saturated fats, and was advised to maintain appropriate physical
activity. Unfortunately, in many cases, numerous errors were reported by parents. What is
challenging and questionable is the lack of a significant increase in body weight among
boys who were more likely to make dietary mistakes than adolescent girls. Perhaps this
may be related to boys’ greater physical activity during puberty. However, it is noteworthy
that obesity is an independent risk factor for atherosclerosis and the development of car-
diovascular disease. Studies among adults have not found a higher incidence of obesity in
people treated with statins, but this may be related to the age at which treatment began [27].

Some recommendations have indicated only the supportive nature of dietary treatment
in these patients [4,5]. A lack of evidence for the advisability of low-fat and low-cholesterol
diets in patients with FH has also been raised, however, at the same time, low-carbohydrate
diets’ potential benetifs have been pointed out [28]. The explanation of the phenomenon
described above requires further well-designed prospective studies. However, regardless of
the reasons for the observed tendency to increase body weight during drug therapy, dietary
monitoring should remain an essential part of care in children with FH [1]. Consistent
dietary counseling can be critical in preventing overweight and obesity [27].
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A limitation of our study is its observational and retrospective nature. In addition,
the number of patients enrolled was relatively small compared to the expected prevalence
since FH remains underdiagnosed and undertreated in children. Notably, the average
age of diagnosis for FH is 44 years, and only 2.1% of those affected are diagnosed in their
teens [22]. Another limitation is that only a limited proportion of all participants had a
molecular diagnosis. However, the initiation of treatment was not restrictively determined
by the result of a genetic test. Furthermore, the availability of the method was very limited
at those times, i.e., during the first years of our follow-up. All children included in the
study were diagnosed with FH using recognized clinical criteria.

We had no control over the disruptions that were associated with some children
remaining in care for extended periods and some children dropping out of care early.
Further research is also needed to assess the reasons why some parents opt for drug
treatment for their children, whereas others do not. On the other hand, the strength
of our study is the long follow-up duration and the large number of follow-up visits
analyzed. Furthermore, the unified management of a child and the parents for a child with
hypercholesterolemia within a single center, as well as the amount of routinely collected
data, including anthropometric data, are noteworthy.

Atherosclerotic cardiovascular disease occurs worldwide and is regarded as the most
common cause of death in adults. Many of these conditions could be prevented by diagnos-
ing FH early enough. Unfortunately, although the disease is the most common monogenic
condition, it is undoubtedly underestimated and diagnosed only in a small proportion of
affected individuals and usually only after the onset of clinically apparent atherosclero-
sis [29]. The hypolipemic treatment used in secondary prevention would always be more
complicated than that in primary prevention. An effective treatment initiated in childhood
can significantly extend the healthy life span of patients with FH.

The results of our study presenting 20 years of experience from only one center
confirm a high efficacy, good safety profile, and overall benefits of statin treatment in
children with familial hypercholesterolemia. These data support the view of the necessity
of the early implementation of statin therapy for pediatric patients with FH. There is a need
for further cause-and-effect research regarding associations between long-term treatment
with low-cholesterol and low-fat diets and excessive weight gain during pharmacotherapy.
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Abstract: The aim of this study is to present data on the use of lipid-lowering therapy (LLT) in relation
to calculated cardiovascular risk (CVR) and an additionally defined target LDL-C concentration.
The cohort consisted of 1287 participants in the Polish edition of the Prospective Urban and Rural
Epidemiological Study (PURE). CVR was calculated for each participant using the SCORE2 or
SCORE2-OP scale, and for patients with diabetes mellitus (DM), chronic kidney disease (CKD) or
atherosclerotic cardiovascular disease (ASCVD) according to the respective criteria. In the cohort
analysed, 107 of 212 people (50.5%) in the low cardiovascular risk (CVR) group, 284 of 414 people
(68.6%) in the moderate CVR group, 562 of 612 people (91.8%) in the high CVR group and 48 of 49
people (98%) in the very high CVR group did not meet the target LDL-c criterion. Of those in the low
CVR group, 86% of participants were not receiving lipid-lowering therapy (LLT); in the moderate
CVR group, the proportion was 77.8%; in the high CVR group, 68.1% and in the very high CVR group,
75%. In each cardiovascular risk group, participants who did not meet the target LDL-c concentration
criterion and did not take LLT made up the larger group.

Keywords: systematic coronary risk evaluation 2; prospective urban and rural epidemiological study;
cardiovascular risk; lipid-lowering therapy

1. Introduction

Cardiovascular disease (CVD) is the most common cause of death both worldwide
and in Poland. In 2021, 180,760 people in Poland died from this cause, accounting for
34.8% of all such events [1]. The basis for estimating the probability of morbidity or death
from this cause is the calculation of cardiovascular risk (CVR). This is a rough, estimated
predictive value that determines the possibility of CVD or death from CVD over a 10-year
period. Calculating an individual’s CVR is the basis for appropriate primary prevention
and further identification of optimal therapy.

Currently, the European Society of Cardiology recommends using the Systematic
Coronary Risk Evaluation 2 (SCORE2) scale and the Systematic Coronary Risk Evaluation
2-Older Persons (SCORE2-OP) scale to assess cardiovascular risk. This is an update of the
existing SCORE scale and is based on current data on the prevalence of cardiovascular
disease and its possible consequences.

It takes into account age, sex, systolic blood pressure (SBP), non-HDL cholesterol (nHDL-
C) and smoking status [2,3]. It is applied to a population excluding those with atherosclerotic
cardiovascular disease (ASCVD), diabetes mellitus (DM) or chronic kidney disease (CKD) with
a glomerular filtration rate (eGFR) below 60 min/1.73 m2. Such individuals are immediately
assigned to high- or very-high-risk groups for future cardiovascular incidents.

The risk calculation provides a baseline for adopting an appropriate individual strategy
for each patient. The basis should be the improvement of modifiable factors, such as weight
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reduction, increased physical activity, smoking cessation, conservative or pharmacological
treatment of hypertension or hyperlipidemia [4,5]. The basis of protective measures should
be adequate patient education, including public awareness of the basics of healthy eating
or proper physical activity.

In cases of dyslipidemia, lipid-lowering therapy (LLT) is used for secondary pre-
vention. There are a number of studies showing a significant effect of statins and other
hypolipemic drugs in reducing cardiovascular events [6–8].

We analysed a group of participants in the Polish cohort of the Prospective Urban
and Rural Epidemiologic Study (PURE), which looked at CVD risk factors in residents of
Wroclaw and the surrounding countryside. An individual CVR was determined for each
participant, and it was determined whether they should be taking LLT according to current
guidelines and whether they were actually doing so. Adequate risk identification at each
stage of patient care can improve quality of life and prevent premature cardiac deaths as
well as the higher expenses associated with treating CVD complications. The results are
presented below.

2. Materials and Methods

Baseline data were collected between 2019 and 2022 and were part of the Global
Prospective Urban and Rural Epidemiological Study (PURE), which has been ongoing
since 2007, with data collected at 3-year intervals. All participants were screened according
to the PURE study protocol [9,10], which included a questionnaire survey (individual
health, household, family, food frequency questionnaire and International Physical Activity
Questionnaire (IPAQ)), anthropometric measurements, blood pressure measurement, blood
draw, ECG and spirometry. The baseline cohort consisted of 2035 adult participants
(1281 women and 754 men) aged 30–85 years (mean: 55 years, SD ± 10). The study group
included participants from urban areas (the city of Wroclaw) and rural areas (the villages
surrounding Wroclaw) in Lower Silesia.

Diabetes was determined by self-reported diabetes and/or self-reported use of antidia-
betic medications and/or measurement of fasting blood glucose ≥ 126 mg/dL [11]. Hyper-
tension was determined by self-reported hypertension and/or self-reported antihypertensive
medications and/or the mean of two blood pressure measurements ≥ 140/90 mmHg [12].
The presence of cardiovascular disease (CVD) and respiratory disease was reported by
participants. The CVD category included participants who reported heart failure, coro-
nary artery disease and other heart diseases. Attitudes toward tobacco smoking were
self-reported by the participants. In the case of tobacco smoking, participants could have
chosen one of three possible answers: “formerly used tobacco products”, “currently use
tobacco products”, or “never used tobacco products”.

Lipid disorders and use of LLT were self-reported by participants. The individual
health questionnaire had four questions directly related to this:

(1) Do you have high cholesterol?
(2) Are you taking medications regularly to lower your cholesterol?
(3) In the last 12 months, were you taking medications for lowering cholesterol but then stopped?
(4) In the past month, how often did you take your cholesterol medications as the

doctor prescribed?

As for question three, the participant could choose from the following reasons:

(1) Doctor advised me to stop because cholesterol was under control; Felt unwell from
cholesterol medication(s) so was told to stop; Felt well, no need to take my medications.

(2) Self-decision to stop because cholesterol was under control; Felt unwell from choles-
terol medications so decided to stop; Felt well, no need to take my medications;
Cannot afford cholesterol medications; The pharmacy is too far away from me; I have
to take too many medications; My cholesterol medication is often not available in
my pharmacy.
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The study was reviewed and approved by the Bioethics Committee of the Medical
University of Wrocław on 6. October 2006 and was therefore conducted in accordance with
the ethical standards set out in the relevant version of the 1964 Declaration of Helsinki
(positive opinion of the Bioethics Committee of the Medical University of Wrocław No.
KB-443/2006).

The SCORE2 and SCORE2-OP scales were calibrated against four country categories,
which were determined from national CVD mortality rates published by WHO [13]. Poland
was classified as a high-risk country. An individual CVR for each patient was then calcu-
lated based on age, sex, smoking status, nHDL-c concentration and SBP; the participant
was then assigned to one of four age- and value-appropriate categories—low-, moderate-,
high- or very-high-risk—according to the SCORE2 and SCORE2-OP tables applicable to
high-risk countries [2,3].

This CVR assessment scheme is not applicable to patients with ASCVD, DM and
CKD. These individuals fall into one of three risk categories—moderate, high or very
high [14]—according to the following findings:

I Patients with CKD without DM or ASCVD:

• High for moderate CKD (eGFR 30–44 mL/min/1.73 m2 and ACR (albumin-to-creatinine
ratio) < 30 or eGFR 45–59 mL/min/1.73 m2 and ACR 30–300 or eGFR > 60 mL/min/1.73 m2

and ACR > 300).
• Very high for severe CKD (eGFR < 30 mL/min/1.73 m2 or eGFR 30–44 mL/min/1.73 m2

and ACR > 30).

II Patients with DM 2 and patients with DM 1 over 40 years of age [15]:

• Moderate for well-controlled, short-lived diabetes (<10 years) without data indicating
TOD (target organ damage) and without additional ASCVD risk factors.

• High for patients with DM without ASCVD and/or severe TOD [16] and do not meet
criteria for moderate risk.

• Very high for DM patients with ASCVD and/or severe TOD or eGFR < 45 mL/min/1.73 m2

regardless of albuminuria or eGFR 45–59 mL/min/1.73 m2 and microalbuminuria
(ACR 30–300 mg/g) or proteinuria (ACR > 300 mg/g) or presence of microvascular
disease in at least 3 locations.

III Patients with diagnosed ASCD:

• Very high for documented ASCVD, either clinically or unequivocally on imaging stud-
ies. Clinically documented ASCVD includes previous AMI (acute myocardial infarc-
tion), ACS (acute coronary syndrome), coronary revascularization and other arterial
revascularization procedures, stroke, TIA (transient ischemic attack), aortic aneurysm
and PAD (peripheral artery disease). ASCVD found unequivocally on imaging studies
includes the presence of atherosclerotic plaque found on coronary angiography or
ultrasound of the carotid arteries, or on CTA (computed tomography angiography).

Statistica 13.3 (TIBCO. Software Inc., Palo Alto, CA, USA) was used for statistical
analysis. The work presents the results classified as the so-called industry statistics, using
both descriptive statistics (age, sex) and mathematical statistics.

3. Results

3.1. Overall Results

The analysis included 1287 participants in the PURE study. Participants with ASCVD,
CKD and DM who knew the duration of the last disease—a factor necessary to qualify
the patient for the appropriate CVR group—were analysed. For participants without
these diseases, all participants with the full set of data necessary to calculate SCORE2 or
SCORE2-OP (age, sex, smoking status, SBP and nHDL-c) were analysed. The remaining
participants were excluded from this analysis. The cohort consisted of 441 men (34.7%) and
846 women (65.3%). Based on place of residence, the number of urban residents amounted
to 877 (68.1%), while the number of rural residents amounted to 410 (31.9%).
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A total of 347 people (27%) reported using LLT. Of those, 30 participants had dis-
continued such treatment in the past 12 months, including 8 who discontinued treatment
because of a physician’s decision: 7 participants due to good lipid control and 1 participant
due to poor health resulting from the use of the aforementioned medications. A total of
22 participants discontinued treatment on their own: 6 due to lack of effects, 7 due to poor
health resulting from the use of LLT, 7 who did not feel the need to use LLT while feeling
well, and 2 who discontinued treatment due to too much medication in daily use.

When calculating CVR using the SCORE-2 and SCORE-2-OP scales, 1064 people were
included: 712 women and 352 men or, taking into account place of residence, 742 urban
residents and 322 rural residents. The group with DM, CKD or ASCVD included 223 people:
134 women and 89 men or, considering place of residence, 135 urban residents and 88 rural
residents. Overall results are shown in Table 1.

Table 1. Overall results.

Polish Cohort of the PURE Study 2035

participants analysed 1287

patients with DM, ASCVD, CKD 223

other patients 1064

urban residents/rural residents 877/410

men/women 441/846

patients with low CVR 212

patients with moderate CVR 414

patients with high CVR 612

patients with very high CVR 49

3.2. Outcomes in Specific Cardiovascular Risk Groups
3.2.1. Patients Classified in the Low CVR Group

Patients classified in the low CVR group comprised 212 participants (16.4%). Of these,
105 achieved the target LDL cholesterol concentration (LDL-c) (49.5%) and 107 participants
did not (50.5%). A pooled analysis of the results without disaggregating patients by
comorbidities is shown in Table 2. Among these 107 participants, 92 participants (86%)
were not taking LLT. This group included 69 urban residents (75%) or 33 men (35.9%).

Table 2. Summary analysis of results without dividing patients by comorbidities.

Low CVR Moderate CVR High CVR Very High CVR

number of people 212 414 612 49

urban residents 155 (73.1%) 275 (66.4%) 416 (68%) 31 (67.2%)

men 63 (29.7%) 147 (35.5%) 205 (33.55%) 26 (53.1%)

have achieved the target LDL-c 105 (49.5%) 130 (31.4%) 50 (8.2%) 1 (2%)

were taking LLT 23 (21.9%) 31 (23.8%) 24 (48%) 0 (0%)

were not taking LLT 82 (78.1%) 99 (76.2%) 26 (52%) 1 (100%)

have not achieved the target
LDL-c concentration 107 (50.5%) 284 (68.6%) 562 (91.8%) 48 (98%)

were taking LLT 15 (14%) 63 (22.2%) 179 (31.9%) 12 (25%)

were not taking LLT 92 (86%) 221 (77.8%) 383 (68.1%) 36 (75%)

Patients with ASCVD, DM and CKD did not qualify for the low CVR group.
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The group of 107 individuals without ASCVD, DM and CKD represented those who
did not meet the LDL-c target criterion in the low CVR group. Of these, 15 people (14% of
the subgroup) were taking LLT. A total of 92 people (86% of the subgroup) refused treatment.
In the group of people meeting the target LDL-c concentration criterion, 23 people (21.9%
of the subgroup) were receiving appropriate drug treatment. In contrast, 82 people (the
remaining 78.1% of the subgroup) were not receiving any treatment.

3.2.2. Patients with Moderate CVR

Among those with moderate CVR, of whom there were 414 (32.2%), 130 achieved
the target LDL-c concentration (31.4%), while 284 did not reach the target concentration
(68.6%). Of those 284 people, 221 people (77.8%) were not taking LLT. This group included
156 urban residents (70.6%) or, by sex, 85 men (38.4%).

The 111 participants with ASCVD, DM and CKD were assigned to the moderate CVR
group. The target concentration was reached by 55 participants (49.5%).

The number of participants with ASCVD, DM and CKD with moderate CVR who did
not reach the target LDL-c concentration amounted to 56 (50.5%). Of those, 16 patients
(28.6% of the subgroup) were using pharmacological treatment for lipid disorders. In
contrast, 40 participants in the study (71.4% of the subgroup not meeting LDL target
criteria) refused such treatment.

A total of 303 participants without ASCVD, DM and CKD were allocated to the
moderate CVR group. The target concentration was reached by 75 participants (24.8%).

The group without ASCVD, DM and CKD with moderate CVR who did not reach the
target LDL concentration included 228 participants (75.2%). Of those, 47 participants (20.6%
of the subgroup) were using pharmacological treatment for lipid disorders. In contrast,
181 participants (79.4% of the subgroup of those not meeting the target LDL-c concentration
criteria) refused such treatment.

3.2.3. Patients Classified in the High CVR Group

There were 612 patients (47.6%) in the high CVR group. Only 50 patients reached the
target LDL-c concentration (8.2%), while up to 562 patients (91.8%) had impaired lipid
metabolism. Of the 562 people who did not reach the target LDL-c concentration for a
given CVR, 383 were not taking LLT (68.1%). This group included 274 urban residents
(71.5%) or, by sex, 125 men (32.6%).

A total of 63 individuals with ASCVD, DM, CKD were assigned to the high CVR
group. The target concentration was reached by 12 participants (19%).

The group of those with ASCVD, DM, CKD with a high CVR who did not reach the
target LDL-c concentration included 51 people (81%). Of those, 15 people (29.4% of the
subgroup) were using pharmacological treatment for lipid disorders. In contrast, 36 study
participants (70.6% of the subgroup of people not meeting the target LDL-c concentration
criteria) refused such treatment.

A total of 549 participants were allocated to the group without ASCVD, DM and CKD
with high CVR. Of those, 38 (6.9%) met the target LDL-c concentration criteria.

The group of 511 participants (93.1%) without ASCVD, DM and CKD represented
those who did not meet the target LDL-c concentration criteria in the group with high CVR.
Of those, 164 participants (32.1% of the subgroup) were taking LLT. In contrast, 347 people
(67.9% of the subgroup) refused treatment.

3.2.4. Patients Classified as Having a Very High CVR

In the case of very high CVR, out of 49 people (3.8%), as many as 48 people (98%) did
not reach the target LDL-c concentration. Among those individuals, 36 people (75%) were
not taking LLT—22 urban residents (61.1%) or, by gender, 19 men (50%).

In the group of patients without comorbidities, such as ASCVD, DM and CKD, there
were no patients meeting the criteria for very high CVR.
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Outcomes by patients counted according to the SCORE2 scale and patients with DM,
CKD and ASCVD are shown in Figure 1.
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Figure 1. Outcomes by patients counted according to the SCORE2 scale and patients with DM, CKD
and ASCVD.
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4. Discussion

CVR assessment remains one of the primary tools for primary prevention. In Au-
gust/September 2021, the European Society of Cardiology approved the SCORE2 and
SCORE2-OP scales for use. They allow for estimation of an individual’s risk of cardiovascu-
lar events over the next 10 years in apparently healthy individuals. Unlike their predecessor,
the SCORE scale, they calculate the risk not only of fatal episodes due to cardiovascular
disease, but also of non-fatal episodes such as strokes and heart attacks. Also updated
from its predecessor is the consideration of nHDL-c concentration (the difference between
total cholesterol and HDL-cholesterol (HDL-c) concentration) instead of total cholesterol
concentration. Due to the proatherogenic effect of apoB-containing lipoproteins, thereby
contributing to the formation and progression of atherosclerotic plaques, it is important to
correctly estimate their amount. The concentration of LDL cholesterol can be influenced by
the concentration of triglycerides; so, according to later studies and recent guidelines, the
determination of n-HDL cholesterol is preferred for the determination of CVR [17,18].

Another novelty is the approach to people over 70 years of age. Included in this
population are analyses that take into account competing risks; that is, deaths from causes
other than CVD. The SCORE2-OP algorithm estimates the five-year and 10-year incidence
of non-fatal and fatal cardiovascular events adjusted for competing risks in apparently
healthy individuals over 70 years of age [3].

Calculating an individual’s CVR is the first and most important step in primary
prevention. Once the patient is classified into the appropriate group, we can adopt an
individualized strategy. Starting with education, it is important to remember that a patient
can be moved to a lower risk category by influencing modifiable risk factors through
lifestyle changes. First and foremost, patients should be encouraged to quit smoking,
as this element is one of the strongest modulators of cardiovascular disease [19]. Other
aspects that can be improved include increased physical activity and proper nutrition,
which reduces BMI (body mass index), which has a positive effect on CVR [20] and also
has a positive effect on lipidogram profile. From a clinical point of view, one of the most
important issues is the control and possible treatment of hypertension. This is a modifiable
risk factor, an increase of which above established norms has a linear effect on increasing
CVR [21].

Patients in the high and very high CVR groups should receive special attention and
care. In our study, they accounted for more than half of all participants: 612 people (47.6%)
in the high group and 49 people (3.8%) in the very high-risk group, respectively. For such
individuals, pharmacological treatment of the modifiable CVD risk factors described above
should be strongly considered for high and recommended for very high CVR [14]. In
the absence of risk factor reduction by non-pharmacological methods, pharmacological
methods, including LLT, should be considered.

In our study, 91.8% of those in the high CVR group and 98% of those in the very
high CVR group did not meet the target LDL-c concentration criterion, a strong risk
factor for cardiovascular disease [22,23]. Of those who did not meet the target LDL-c
concentration, 68.1% of those in the high CVR group were not taking LLT. The percentage
of such individuals in the high-risk group was 75%.

Pajak et al., in the WOBASZ II study, described that 60% of respondents with hyperc-
holesterolemia were unaware of the condition, and only 6% of respondents were treated
and achieved the recommended therapeutic goal. The WOBASZ II survey conducted in
2013–2014 was the second edition of the cross-sectional WOBASZ survey conducted on
random samples of the Polish population in 2003–2005. One of the findings was that,
relative to the first edition, the level of hypercholesterolemia remained stable and high [24].

One of the goals of the PURE study is to compare the risk factors for lifestyle diseases
of urban and rural populations. Our results show that, in each risk group of people not
meeting the target LDL-c concentration, urban residents were in the majority. This was
73.8% in the low CVR group, 67.6% in the moderate CVR group, 69.4% in the high CVR
group and 62.5% in the very high group, respectively. One of the strongest inducers of lipid
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disorders is obesity. Anza-Ramirez et al. described, in their article, that residents of more
densely populated cities are more likely to have increased BMI and obesity compared to
those living in less urban areas [25]. Jungah et al. similarly showed a strong correlation
between greater urbanization and obesity among the population in Seoul [26]. Carrillo-
Larco et al. described a higher prevalence of obesity in people from urban areas and rural
migrants compared to people from rural backgrounds [27].

Failure to meet the target LDL-c concentration criterion can have various causes. For
those who do not require pharmacological intervention, the cause may be an abnormal
lifestyle associated with an unhealthy diet. Such a group consists of people who are
younger and without multimorbidity. In other cases, there is often a delay in the doctor’s
inclusion of appropriate treatment. Currently, LLT is included at too late a stage. This
affects the patient as an individual, as well as the overall economics of the health care
system. Ciaran et al. described the significant cost-effectiveness of prophylactic statin
treatment for the health care system [28].

Among those who require pharmacological intervention, the reasons for the alarmingly
low percentage of patients who do not achieve target LDL levels and do not adhere to
LLT may include economic considerations, lack of access to healthcare or medications,
overly complicated treatment regimens, the patient’s general condition, and intentional
nonadherence related to lack of faith in the effectiveness of prescribed medications or fear of
their side effects. Choudry et al. described that, in a cohort of U.S. retired post-MI patients
with significantly lower incomes, only 38.6% were receiving statins [29]. Nieuwerk et al.
studied the effect of active counselling on adherence to statin use. Patients were randomly
assigned to a standard care group and a group in which the intervention consisted of
individualized, nurse-led counselling. At the end of the study, patient-reported adherence
to LLT was significantly higher in the intervention group (100% vs. 95%; p < 0.05) [30].

Patient noncompliance is also influenced by the chronic nature of the disease and the
need for long-term, largely indefinite treatment [31]. It is also necessary to take into account
the diverse substrate of hyperlipidemia, the heterogeneity of this condition (including
atherogenic hyperlipidemia), and thus the possible different treatment regimens [32]. Khan
et al., in their article, highlighted the role of ezetimibe and PCSK9 inhibitors in reducing
non-fatal myocardial infarctions and strokes [33]. Currently, these drug groups are rarely
included by physicians and represent a negligible proportion of LLT.

5. Conclusions

In our study, we showed that 91.8% of patients in the high CVR group and 98% in the
very high CVR group did not meet the target LDL-c criterion. Moreover, 68.1% of those in
the first described group and 75% in the second group were not taking LLT. It is important
to remember that even a small reduction in LDL-c levels in patients with high or very high
CVR can improve prognosis and reduce the absolute number of vascular events in the
future [34]. Greater awareness among practising physicians may lead to a greater focus on
the problem and, as a result, a reduction in CVR in more people. Achieving target LDL
levels while reducing CVR can be achieved by educating the patient on lifestyle changes,
including diet, or, if ineffective, by incorporating LLT into treatment and then enforcing
medical recommendations.
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24. Pająk, A.; Szafraniec, K.; Polak, M.; Polakowska, M.; Kozela, M.; Piotrowski, W.; Kwaśniewska, M.; Podolecka, E.; Kozakiewicz,
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Katarzyna Zatońska 3,4 and Andrzej Szuba 5

1 Clinical Department of Diabetology and Internal Disease, Wroclaw Medical University, Borowska Street 213,
50-556 Wroclaw, Poland

2 Department of Medical Biochemistry, Wroclaw Medical University, Chalubinskiego 10,
50-368 Wroclaw, Poland; lukasz.lewandowski@umw.edu.pl

3 Population Health Department, Wroclaw Medical University, 50-345 Wrocław, Poland;
maria.wolyniec@umw.edu.pl (M.W.); katarzyna.poltyn-zaradna@umw.edu.pl (K.P.-Z.);
katarzyna.zatonska@umw.edu.pl (K.Z.)

4 Calisia University, 62-800 Kalisz, Poland
5 Clinical Department of Angiology and Internal Disease, Wroclaw Medical University, Borowska Street 213,

50-556 Wroclaw, Poland; andrzej.szuba@umw.edu.pl
* Correspondence: pawel.lubieniecki@usk.wroc.pl

Abstract: Background: The purpose of this study was to analyze the major cardiovascular risk (CVR)
factors and their trends in the study population. Methods: The results of subjects in the Polish
Prospective Urban and Rural Epidemiological Study (PURE) study group were interpreted. CVR
was calculated for each participant according to the Systematic Coronary Risk Evaluation (SCORE2)
scale or the Systematic Coronary Risk Evaluation–Older Persons (SCORE2–OP) scale. Data from the
beginning of the analysis (2013) and nine years later (2022) were included. In addition, the use of
lipid–lowering therapy (LLT) and meeting the low–density lipoprotein cholesterol (LDL–c) target
criterion at the beginning and end of the study were analyzed. Results: Patients in the high and very
high CVR groups who had abnormal LDL–c results accounted for 64% and 91% of their group in 2013
and 70% and 92% in 2022, respectively. Conclusions: Regardless of age, patients using LLT at the
start of the analysis had a greater increase in future CVR, especially if they had lipid abnormalities
at the start of the study. This may be due to reverse causality and multimorbidity in these patients,
highlighting the importance of appropriate treatment of lipid abnormalities.

Keywords: epidemiological study; cardiovascular risk; lipid–lowering therapy

1. Introduction

Data from the latest World Heart Federation (WHF) report show that the number
of deaths worldwide from cardiovascular causes increased from 12.1 million in 1990 to
20.5 million in 2021. A total of 80% of the deaths occurred in low– and middle–income
countries (LMICs) [1]. In Poland, classified as a high–income country, the Polish Society
of Cardiology estimates that cardiovascular disease (CVD) accounts for 37% of all deaths.
Given the constant progress and developments in various aspects of medicine, such as
improvements in endovascular techniques, imaging, or the introduction of new drugs
and the optimization of treatment regimens for CVD and comorbidities, these figures are
particularly worrying.

In line with the Hippocratic maxim “prevention is better than cure”, as a society, we
should place greater emphasis on primary prevention, that is, by controlling potential risk
factors, and preventing disease before it occurs. Such non–specific primary prevention of
CVD includes education, which should be the cornerstone of any healthy society. Even the
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smallest lifestyle interventions can be fundamental to quality of life and reduction of major
adverse cardiovascular events (MACE). These modifiable aspects include regular physical
activity, a diet based on healthy eating principles and possible weight reduction, smoking
cessation, and stress reduction.

Other modifiable risk factors are lipid disorders and abnormal blood pressure mea-
surements. According to data from the National Health Fund, hypercholesterolemia is
present in almost 60% of the adult Polish population and hypertension has been diagnosed
in almost 10 million Poles [2]. The WOBASZ II study described a situation in which 60% of
the study group with hypercholesterolemia were unaware of their current lipid disorders,
and only 6% of participants had properly treated lipid management [3]. Similarly, lack
of knowledge in the population characterizes the second modifiable risk factor, hyperten-
sion. Nowicki et al. described a situation in which only 55.33% of respondents identified
hypertension as a cardiovascular risk factor (CVR) [4].

Two of the latest tools for predicting cardiovascular events are the SCORE2 (System-
atic Coronary Risk Estimation2) scale and the SCORE2–OP (Systematic Coronary Risk
Estimation2–Older Persons) scale for people without diagnosed atherosclerotic cardio-
vascular disease (ASCVD), chronic kidney disease (CKD), or diabetes mellitus (DM). The
resulting score is a measure of the 10–year risk of CVD (heart attack, stroke) leading or not
leading to death. The risk calculation takes into account smoking, gender, age, non–high–
density lipoprotein–cholesterol fraction (nHDL–c), and systolic blood pressure (SBP). For
people with CVD, DM, or CKD, the risk is determined according to current guidelines [5,6],
taking into account the duration of the disease, laboratory parameters, or the presence
of complications.

These models, and their results, can be used to inform patients about potential risks,
the benefits of lifestyle modification, or the initiation of appropriate treatment. They can
facilitate shared strategic decision–making between clinicians and patients regarding CVD
risk management.

The aim of the study was to analyze trends in individual risk factors, achievement of
lipid control goals and blood pressure measurements, and use of antihypertensive (AT)
and lipid–lowering treatment (LLT) in the entire study cohort, as well as in individual CVR
groups. The results are presented below.

2. Materials and Methods

2.1. Study Group

The analyzed group consisted of participants in the Polish part of the Prospective
Urban and Rural Epidemiological (PURE) study residing in Wroclaw and surrounding
rural areas. Each participant gave written consent to participate in long–term follow–up
with periodic health monitoring. Data were collected during direct contact with each
participant in cycles of every 3 years, starting in 2007. Information from 2013 and 2022
on patients without ASCVD, CKD, and DM was included in this study, as it was in these
editions that all data necessary for the relevant analyses were available. The Bioethics
Committee at the Medical University of Wroclaw gave a positive opinion on the conduct of
the study in 2007 (No. KB–443/2006).

The survey instrument consisted of individual questionnaires on lifestyle, chronic
diseases, or pharmacotherapy used, as well as home questionnaires. In addition, blood
pressure was measured twice in each participant and anthropometric examinations includ-
ing measurements of height, weight, and waist and hip circumference were performed.
Venous blood was also collected, in which lipid profile and renal function parameters were
determined. Participants over the age of 35 who gave informed verbal and written consent
were included in the study, according to the guidelines of the PURE study. There was no
exclusion criterion [7,8].

In this study, we used the SCORE2 and SCORE2–OP scales for a high–risk country.
Poland was assigned to this category based on national CVD mortality rates published by
WHO [9]. Then, based on age, sex, smoking, nHDL–c levels, and systolic blood pressure,
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an individual CVR was calculated for each patient, and the participant was assigned to one
of four categories—low, moderate, high, or very high risk according to the SCORE2 and
SCORE2–OP tables—appropriate for value and age [10,11].

The analysis in this study did not include individuals with significant cardiovascular
disease, renal disease, or carbohydrate disorders. These individuals were assigned to the
high or very high CVR category based on relevant guidelines [5].

2.2. Statistical Analyses

Data preprocessing, statistical modelling, and visualization were performed in STA-
TISTICA 13.3 on the license of Wroclaw Medical University. Multi–way repeated measures
ANOVA was performed to explore the multi–factor–adjusted (marginal) effect of factors
(effects) taken into account in this study on the time–wise change (2013 vs. 2022, denoted
as “TIME” in the manuscript) in CVR. This analysis was performed on the whole set of
2nd–degree interactions between “TIME” and each effect, in one model.

Subsequently, higher–degree effects were explored to analyze the influence of treatment– and
demographical–related effects on treatment–wise changes in the time–related dynamics of
the CVR. For this purpose, 3rd– or (eventually) 4th–order interactions were analyzed in the
process of derivation of separate models and expanding them with new features. p < 0.05
was considered significant.

3. Results

3.1. Overall Outcomes of the Study Cohort and Lipid Disorder Scores in Each CVR Group

In 2013, the population sample counted 1153 participants. These were individuals who
had a set of necessary data and a CVR group could be calculated for them. In 2022, 9 years
later, the group represented 995 people. A total of 113 people refused to participate further
in the study and 45 people died. The low CVR group in 2013 comprised 333 people. A total
of 31% of this group had uncompensated lipid disorders, where 9 years later, in 2022, they
already accounted for 57% of the total group (181 people). As for the group with moderate
CVR, it included 459 people in 2013. Of this pool, 64% had abnormal LDL–c results; 9 years
later, the group included 279 participants, and the percentage of those with lipid disorders
had risen to 70%. In 2013, the group with high CVR included 361 participants. A total
of 91% of participants in this group had elevated LDL–c levels. In 2022, the group size
increased to 535 participants, and the percentage of those not meeting the target LDL–c
criterion was 92%. There were no individuals in the cohort analyzed who fell into the very
high CVR group. Detailed data are presented in Table 1.

Table 1. Distribution of participants by CVR group and meeting the target LDL–c concentration in
2013 and 2022.

Low CVR Moderate CVR High CVR Very High CVR

2013

group size 333 459 361 0

have achieved the target LDL–c 229 (69%) 163 (36%) 32 (9%)

have not achieved the target
LDL–c concentration 104 (31% 296 (64%) 329 (91%)

2022

group size 181 279 535 0

have achieved the target LDL–c 78 (43%) 84 (30%) 56 (8%)

have not achieved the target
LDL–c concentration 103 (57%) 195 (70%) (92%)
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3.2. Time–Related Change in CVR and How the Selected Effects Modulated It in the Population Sample

Based on the model (Table 2), the whole population showed a steep, approximately
59.94%, increase of the CVR (Figure 1A). Five variables in 2013 had an influence on these
9–year CVD risk dynamics, namely: age (p < 0.001), localization (p ≈ 0.026), LLT (p < 0.001),
hyperglycemia (p ≈ 0.033), and whether the LDL–c target for the CVR was met (p ≈ 0.042).

Table 2. Factorial analysis in context of changes of CVR over the studied time.

Hypothesis SS F p

CVR did not change over the studied time. . . 290.20 41.28 <0.001

. . . and/or this trend was not affected by age 2149.78 305.83 <0.001

. . . and/or this trend was not affected by SBP 24.38 3.47 0.063

. . . and/or this trend was not affected by sex 3.10 0.44 0.507

. . . and/or this trend was not affected by localization 34.82 4.95 0.026

. . . and/or this trend was not affected by LLT 663.66 94.41 <0.001

. . . and/or this trend was not affected by AT 14.29 2.03 0.154

. . . and/or this trend was not affected by smoking status 10.45 1.49 0.223

. . . and/or this trend was not affected by hyperglycemic status 31.92 4.54 0.033

. . . and/or this trend was not affected by dyslipidemia (LDL–c > ref.) 29.23 4.16 0.042

. . . and/or this trend was not affected by obesity 6.99 0.99 0.319

– 7633.75

Abbreviations: AT, anti–hypotensive treatment; LDL–c, low–density lipoprotein cholesterol; LLT, lipid–lowering
therapy; SBP, systolic blood pressure; SS, sum of squares.

Figure 1. Cont.

117



J. Clin. Med. 2024, 13, 3728

 

Figure 1. The dynamics of 9–year increase in CVR (A) and its change depending on effects (variables):
localization (B), age (C), LLT (D), hyperglycemia (E) and meeting the LDL–c target for individual
CVR (F).

Individuals living in rural areas were characterized by a 13.81% higher increase in CVR
compared to those who lived in urban locations (Figure 1B). Moreover, the 9–year dynamics
of CVR were positively associated with age (Figure 1C), reaching over 6.22–fold higher
increase in individuals aged 65–78, compared to those aged 29–44. LLT in 2013 (Figure 1D),
per se, was associated with approximately 77.16% higher increase of CVR compared to the
stratum who was not subject to this treatment. Interestingly, hyperglycemia and meeting
the LDL–c target level were associated with: 17.82% lower dynamics of CVR (Figure 1E)
and 12.53% higher dynamics of CVR (Figure 1F), respectively.

3.3. Factors in 2013: Age, Localization, AT, and Meeting the CVR–Related LDL–c Target Value,
Had a Significant Effect on How the LLT Was Associated with the Alteration of the 9–Year CVR
Dynamics—Insights from the Analysis of 3rd– and 4th–Degree Interactions

Age more steeply influenced the 9–year dynamics of CVR among the individuals
administered with LLT in 2013 (p ≈ 0.001, Table A1). These individuals, compared to the
subjects that did not receive such treatment, showed: 0.95, 2.74, and 3.76 percentage point
higher 9–year increase of CVR at age strata: 29–44, 45–64, and 65–78, respectively (Figure 2).

The two different localizations (urban/rural) showed different dynamics in how the
LLT in 2013 was associated with the 9–year dynamics of CVR (p ≈ 0.047, Table A2). The
inhabitants of rural areas who were admitted with LLT showed approximately 16.53%
lower 9–year increase in CVR compared to individuals living in urban areas. However,
among those under no LLT in 2013, the rural areas were associated with 12.15% higher
increase in CVR, compared to urban (Figure 3).

The contrast in 9–year CVR dynamics in the context of LLT in 2013 (treatment vs. no
treatment) was greater (2.01–fold vs. 1.63, Figure 4) among individuals who received AT in
2013 compared to those who did not receive it (p ≈ 0.007, Table A3).

Interestingly, the association between LLT in 2013 and 9–year CVR dynamics was
different depending on meeting the target LDL–c levels for CVR in individuals in 2013
(p ≈ 0.002, Table A4). The LLT–wise contrast (treatment vs. no treatment) was lower among
the individuals who met the target LDL–c level in 2013 compared to those who did not
meet it (41.75% difference vs. 89.45% difference, Figure 5).

Since many factors influenced the association between 2013 with LLT and the 9–year dy-
namics in CVR, higher interactions (between more variables) were analyzed (Tables S1 and S2).
Based on them, it could be stated that the association between age and the increase in
9–year CVR (Figure 3) was not affected by either the AT (p ≈ 0.885, Table S1) or meeting
the LDL–c target in 2013 (p ≈ 0.936, Table S2). Moreover, the association between the LLT
and the aforementioned risk (Figure 4) was not affected by the differences in localization
(p ≈ 0.885, Table S1). Interestingly, the simultaneous association between LLT and meeting
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the LDL–c target (in 2013) and the 9–year dynamics in CVR (Figure 5) was similar in urban
and rural areas (p ≈ 0.936, Table S2).

 
Figure 2. The influence of age in 2013 on the LLT–associated 9–year change in CVR.

 
Figure 3. The influence of location in 2013 on the LLT–associated 9–year change in CVR.
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Figure 4. The association between AT in 2013 and the LLT–associated 9–year change in CVR.

 
Figure 5. The influence of meeting the target LDL–c level in 2013 on the LLT–associated 9–year
change in CVR.

4. Discussion

Nearly 20 million CVD–related deaths were reported in 2020, an increase of 18.7% from
2010 [12]. This shows the direction of challenges for modern medicine and how important
it is to properly manage CVR. Both primary and secondary prevention have a place in the
treatment of lipid disorders. In our study, we showed that people with abnormal lipid
management results make up a larger proportion of each CVR group, and in subgroups
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with high CVR, they account for as much as 92%. Despite the passage of more years, greater
public awareness, improvements in the diagnosis of hyperlipidemia, and improvements in
LLT, the percentage of people with lipid problems has not decreased. Study after study
shows how a very low percentage of people who qualify for LLT are actually treated.
Mantel–Teeuwisse described the situation in the Dutch population, where only 3.2% of
those eligible for LLT were both treated and controlled [13]. Hoerger et al. described in
their study that 65% of those eligible for LLT receive no appropriate treatment [14]. Also,
we, in our study related to the analysis of the Polish cohort of the PURE study, described
that an overwhelming percentage of the group with high and very high CVR had abnormal
LDL–c results (91.8% and 98%, respectively). Of these individuals, a significant proportion
were not receiving LLT (68.1% and 75%, respectively) [15].

In our study, we showed that patients who used LLT during the initial analysis period
had a higher risk of future CVD. This may be related to the phenomenon of reverse causality
to which observational epidemiological studies are prone. It describes the relationship
between two variables differently than one might expect. In a given situation, one of the
variables is the cause, even though it appears to be the effect, and the other, by analogy, is the
effect, despite the first impression that it might be the cause. Some refer to reverse causality
as “cart–before–the–horse bias” to emphasize the unexpected nature of the correlation. In
the study, this phenomenon was observed when the correlation between BMI (body mass
index) and mortality was analyzed. Among the elderly, the highest risk was observed
at low BMI levels. This was associated with unintentional weight loss with or without a
diagnosed disease or a desire to improve health through proper nutrition [16,17].

Similarly, in our considerations, the outcome may have preceded its cause. LLT
users, especially in the younger age categories, may have had poorer health, more disease
compared to their peers, and thus a higher CVR. Physicians are more likely to start LLT in
patients with this profile for secondary prevention than to implement the same treatment for
primary prevention in a patient who is asymptomatic and without significant comorbidities.
Therefore, it is important that all elements influencing CVR reduction are properly managed.
One such component is the use of LLT and the reduction of lipid disorders. Numerous
studies show that low adherence to LLT is associated with similar CVD mortality rates
as placebo use. In contrast, adherence to LLT significantly reduces [18,19] the rate of
cardiovascular events, such as coronary artery disease (CAD) without death, is significantly
reduced when pharmacological recommendations are adhered to for a longer time [20].
An analogous situation exists for AT, where it has also been shown that each 20 mmHg
reduction in SBP is associated with a twofold reduction in stroke mortality and a twofold
difference in the rate of death from vascular causes such as ischemic heart disease [21].

Excessive LDL–c plays an important role in increasing CVR. There are several studies
indicating its role in the initiation and progression of vascular disease [22,23]. In the above
analysis, it was shown that abnormally elevated LDL–c levels at the beginning of the
analysis period were associated with a significantly higher risk of future CVD. Similarly,
the difference in future CVR increase between LLT users and non–users was higher in the
group of individuals who did not achieve the target LDL–c concentration at the start of
the analysis. This is supported by other analyses reporting that lowering LDL–c levels
significantly reduces the incidence of myocardial infarction, revascularization or ischemic
stroke [24]. Therefore, as Figorilli et al. emphasize, early identification of patients with
LDL–c abnormalities and appropriate 10–year CVR stratification are the cornerstones of
CVD prevention [25].

Recognition of lipid disorders and implementation of LLT is an essential component
of secondary prevention of CVR reduction. The literature consistently shows results
indicating a low percentage of patients adhering to recommendations and taking LLT [2–4].
Therefore, an important part of patient care is to promote appropriate health–promoting
attitudes, including adherence to medical recommendations. To effectively promote the
implementation of LLT, it is important to be aware of the limitations that contribute to such
a high failure rate of implemented therapy.
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Undoubtedly, socioeconomic status has a significant impact. A number of studies have
shown the negative impact of rising drug fees on medication adherence [26,27]. LLT is often
perceived by patients themselves as a low priority, and taking other medications, such as
cardiovascular or antidiabetic drugs, is more important. The phenomenon of polypharmacy,
or overuse of pills, also adversely affects the daily routine and every–time adherence. The
solution is to use as many compounded preparations as possible. In addition to the excess
of pills used daily, non–adherence is also influenced by the multiplicity of chronic diseases
and their severity. Latry et al. showed that patients after a recent episode of myocardial
infarction or with symptomatic heart disease had a higher rate of adherence to LLT use than
those with chronic CAD and minimal symptoms or those using primary prevention [28].

Other reasons for poor adherence to LLT use include inadequate patient knowledge
of the role and impact of cholesterol on CVR [29]. Insufficient education at the time of
LLT inclusion can lead to a lack of acceptance of lipid disorder disease and skipping
appropriate pharmacotherapy in daily life. In the Understanding Statin use in America
and Gaps Education (USAGE) study, more than 10,000 respondents confirmed with their
answers that adherence to statin use is affected by the manner and comprehensiveness
of the physician’s explanation at the time of statin inclusion about the role of cholesterol
in CVR and the need to lower it [30]. Communicating potential side effects also has an
impact on patient engagement. More extensive explanations of the advantages of statins
over side effects, such as muscle symptoms, may contribute to less patient discouragement
and more sustained adherence over time [31]. Inadequate information flow may also
relate to communication between individual physicians. Kripalani et al. described that
hospitalization summaries in the discharge chart are available in less than 34% of cases, and
communication between the clinician and the primary care physician occurs in less than
20% of cases [32]. Poor communication can be an obstacle to compliance and discrepancies
in medications prescribed in the hospital, which are not then monitored by the primary
care physician.

Limitations on the part of the patient, as well as mistakes made by clinicians, affect
non–adherence to medical recommendations for LLT. To improve treatment adherence
rates, it is important not only to know why LLT is not being used on a daily basis, but also to
provide active counseling. It has been shown that nurse–led interventions were associated
with better lipid management than standard care. In a study where the intervention arm
was a nurse, LDL cholesterol levels < 100 mg/dL were achieved in 97%, compared with 67%
for standard care [33]. This shows how important and effective these smallest interventions
are. Among these we can include a brief conversation, a reminder to use LLT at each visit.
In considering the failure of the LLT used, we should also add the lack of escalation of the
dose of the drug used, where low doses are repeatedly maintained.

Our analysis included the Polish cohort of the PURE study, which was designed to
compare the lives of urban and rural residents in a number of ways. We showed that
rural residents had a more dynamic increase in CVR overall and over time when they
did not use LLT at the start of the analysis. In contrast, the increase in CVR over time
was lower with hypolipemic treatment at the start of the analysis compared to urban
residents. This may be influenced by poorer diagnosis of lipid disorders in rural residents
and better treatment since diagnosis. The lifestyle of rural residents may determine higher
mortality rates associated with chronic diseases such as cardiovascular disease, respiratory
disease, kidney disease and diabetes. Such factors include smoking and obesity. Singh et al.
describe that the prevalence of smoking was 16.9% in large metropolitan areas and 26.9%
in non–metropolitan areas. Moreover, as recently as the 20th century, lung cancer mortality
was significantly higher in metropolitan areas, while it is now higher in non–metropolitan
areas [34]. The obesity problem also poses a greater challenge for rural residents. The
prevalence of obesity in large metropolitan areas has increased 2.8–fold to 25.9% in recent
years, while the prevalence of obesity in non–metropolitan areas has increased 3.5–fold to
33.2% [35]. In addition to individual lifestyle elements influencing the increase in CVR,
systemic problems of rural areas must also be taken into account. These include disparities
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in access to health care. These can stem from cultural and financial constraints, which
are often compounded by a shortage of qualified professionals and inadequate public
transportation [36].

5. Conclusions

Treatment of lipid disorders is an important part of CVD prevention. Previous studies
clearly show a low rate of LLT use, even if patients do not reach target LDL–c levels. In
our study, we showed that this state of affairs has an impact on future CVR increases.
Health–promoting education and raising awareness about the role of proper control and
use of LLT is crucial to reducing CVD.
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Appendix A

Table A1. The influence of age in 2013 on the LLT–associated 9–year change in CVR—tabularized
summary of the used logistic regression model.

Effect/Interaction Hypothesis SS df MS F p

TIME CVR did not change over
the studied time. . . 6251.61 1 6251.61 844.55 <0.001

(A) TIME × LLT [2013] . . . and/or this trend was
not affected by LLT 410.44 1 410.44 55.45 <0.001

(B) TIME × Age [2013] . . . and/or this trend was
not affected by age 1868.99 2 934.49 126.24 <0.001

TIME × LLT [2013] ×
Age [2013]

. . . and both above
statements are not affected
by differences in: age (A)

or LLT (B)

103.52 2 51.76 6.99 0.001

Error 7898.24 1067 7.40

SS—sums of squares; df—degrees of freedom; MS—mean square.
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Table A2. The influence of location in 2013 on the LLT–associated 9–year change in CVR—tabularized
summary of the used logistic regression model.

Effect/Interaction Hypothesis SS df MS F p

TIME CVR did not change over
the studied time. . . 7509.97 1 7509.97 820.27 <0.001

(A) TIME ×
Localization

. . . and/or this trend was
not affected by localization 5.15 1 5.15 0.56 0.454

(B) TIME × LLT [2013] . . . and/or this trend was
not affected by LLT 437.21 1 437.21 47.75 <0.001

TIME × Localization
×LLT [2013]

. . . and both above
statements were not

affected by differences in:
LLT (A) or localization (B)

36.37 1 36.37 3.97 0.047

Error 9787.17 1069 9.16

SS—sums of squares; MS—mean square; df—degrees of freedom.

Table A3. The association between AT in 2013 and the LLT–associated 9–year change in CVR—
tabularized summary of the used logistic regression model.

Effect/Interaction Hypothesis SS df MS F p

TIME CVR did not change over
the studied time. . . 7653.22 1 7653.22 849.73 <0.001

(A) TIME × LLT [2013] . . . and/or this trend was
not affected by LLT 663.04 1 663.04 73.62 <0.001

(B) TIME × AT [2013] . . . and/or this trend was
not affected by AT 194.08 1 194.08 21.55 <0.001

TIME × LLT [2013] ×
HT [2013]

. . . and both above
statements were not

affected by differences in:
AT (A) or LLT (B)

65.59 1 65.59 7.28 0.007

Error 9628.09 1069 9.01

df—degrees of freedom; MS—mean square; SS—sums of squares.

Table A4. The influence of meeting the target LDL–c level in 2013 on the LLT–associated 9–year
change in CVR—tabularized summary of the used logistic regression model.

Effect/Interaction Hypothesis SS df MS F p

TIME CVR did not change over the
studied time. . . 7540.81 1 7540.81 840.51 <0.001

(A) TIME × LLT [2013] . . . and/or this trend was not
affected by LLT 479.22 1 479.22 53.42 <0.001

(B) TIME × LDL–c within
reference value [2013]

. . . and/or this trend was not
affected by dyslipidemia 223.45 1 223.45 24.91 <0.001

TIME × LLT [2013] ×
LDL–c within reference

value [2013]

. . . and both above statements
were not affected by differences

in: dyslipidemic status (A)
or LLT (B)

89.43 1 89.43 9.97 0.002

Error 9590.71 1069 8.97

MS—mean square; df—degrees of freedom; SS—sums of squares.
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Abstract: Background: Insulin resistance (IR) is a condition that precedes the onset of type
2 diabetes mellitus (T2DM), which is regarded as an established risk factor for atherosclero-
sis (AS). Considering that the same metabolic changes as those caused by IR are evidenced
to promote the development of AS, we investigated whether IR estimated by the home-
ostasis model assessment of IR (HOMA-IR) could predict the occurrence of preclinical AS.
Methods: The study participants were divided into two groups based on the presence of
IR diagnosed during the baseline hospitalization and defined as a HOMA-IR value equal
to or higher than 2.5. After a follow-up period of at least four years, a total of 79 (n =
79) were prospectively assessed in terms of the presence of preclinical AS, determined by
either an abnormally low ankle–brachial index (ABI) (ABI < 0.9) or an increased carotid
intima media thickness (CIMT) (CIMT > 1 mm). Results: Using the multivariate logis-
tic regression analysis, it was demonstrated that the HOMA-IR was associated with an
abnormally low ABI (odds ratio: 1.609, 95% confidence interval (CI): [1.041–2.487], p =
0.032). The Cox regression model revealed that the HOMA-IR was a predictor of both an
abnormal ABI (hazard ratio: 1.435, CI: [1.076–1.913], p = 0.014) and increased CIMT (hazard
ratio: 1.419, CI: [1.033–1.948], p = 0.031), independently of age, sex, dyslipidemia, smoking,
triglycerides (TG), low-density lipoproteins (LDL), high-density lipoproteins (HDL), and
total cholesterol levels. Conclusions: IR, as estimated by the HOMA-IR, may be considered
as a predictor of preclinical AS, independently of cardiovascular risk factors.

Keywords: insulin resistance; atherosclerosis; carotid intima media thickness;
ankle–brachial index
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1. Introduction

Insulin resistance (IR) can be defined as an insufficient tissue response to insulin
signaling [1]. The hyperinsulinemic–euglycemic clamp is considered the gold standard
method of insulin sensitivity measurement. However, due to its complexity, other methods
of quantifying insulin sensitivity are more frequently used in large clinical studies [2].
The homeostasis model assessment of IR (HOMA-IR) may be considered one of the most
popular surrogate markers of IR; it also shows a good correlation with the hyperinsulinemic–
euglycemic clamp [3].

It is estimated that the insulin-resistant state precedes the onset of type 2 diabetes
mellitus (T2DM) by approximately 15 years [4]. Vascular lesions characteristic of atheroscle-
rosis (AS) are often found in newly diagnosed diabetic individuals, which implies that the
process of vascular damage begins before the onset of T2DM, during the insulin-resistant
state [5,6].

Several mechanisms explaining the influence of IR on the insulin target tissues have
recently been described. In the endothelium, IR affects nitric oxide (NO) production,
which translates into impaired vasodilatation [7]. Hyperinsulinemia, which occurs in
order to compensate for decreased insulin sensitivity, activates the mitogen-activated
protein kinase pathway, which leads to increased mitogenic responsiveness to insulin [8].
Impaired vasodilatation, together with enhanced smooth muscle proliferation, contributes
to atherogenic lesion formation [7].

In the adipose tissue, IR causes the inhibition of lipoprotein lipase function, which
results in an increased release of free fatty acids, promoting the assembly of very low-
density lipoproteins (VLDLs). The triglycerides (TGs) contained in the VLDL are transferred
to either high-density lipoproteins (HDLs) or low-density lipoproteins (LDLs), forming
TG-enriched HDLs or TG-enriched LDLs. The former are rapidly removed from the
circulation by the kidneys, while the latter form small dense LDL-cholesterol (sdLDL)
particles of enhanced atherogenic activity [7]. In hypertriglyceridemia, decreased levels of
HDL cholesterol and the appearance of sdLDL are the key features of diabetic dyslipidemia
and are associated with the accelerated development of AS [9].

Additionally, clinical evidence increasingly supports the link between IR and increased
sympathetic nervous system activity, with significant implications for AS. IR is strongly
associated with increased sympathetic nervous system activity, which contributes to both
the development of atherosclerosis and the exacerbation of IR itself. Sympathetic nervous
system overdrive leads to sustained hypertension through peripheral vasoconstriction, a
key factor in the development and progression of atherosclerosis [10,11].

IR leads to increased plasminogen activator inhibitor 1 and fibrinogen production,
enhanced thromboxane excretion, and decreased levels of tissue plasminogen activator,
thereby promoting platelet aggregation and thrombosis [12]. Hyperglycemia occurs when
beta-cells are no longer able to produce the sufficient quantity of insulin to compensate for
impaired insulin sensitivity; in addition, free fatty acids are excessively released from the
adipose tissue under the insulin-resistant state and induce oxidative stress and a proin-
flammatory response [4,8]. The prothrombotic state, oxidative stress, and inflammation are
conditions that favor the progression of AS [8,12].

Considering the metabolic alterations caused by IR, it may be speculated that the
possible causal relationship between IR and AS is likely to exist. The aim of our study was
to investigate whether preclinical AS might be found in insulin-resistant patients and to
assess whether IR defined as a HOMA-IR value ≥ 2.5 might predict the development of
AS in the future.
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2. Materials and Methods

2.1. Study Design

To conduct this study, we retrieved data from the institutional database of the Na-
tional Medical Institute of the Ministry of the Interior and Administration in Warsaw. We
reviewed the medical records of patients admitted to the Department of Internal Medicine,
Endocrinology, and Diabetology at the National Medical Institute between 2014 and 2017.
Our search specifically focused on records containing the terms: “oral glucose tolerance
test”, “glucose tolerance test”, “OGTT”, and “GTT”. From these records, we identified
178 patients who met the following eligibility criteria: (1) they had undergone a prolonged
(5 h) oral glucose tolerance test, (2) had complete medical records, (3) had no diagnosis of
type 2 diabetes mellitus (T2DM), cancer, tumor-induced hypoglycemia, or hyperglycemia,
and (4) were not taking lipid-lowering or antidiabetic medications.

At least four years after their initial hospital stay, all 178 patients were invited to partic-
ipate in a prospective follow-up examination, conducted between August and September
2021. We attempted to contact all 178 patients by telephone. If a patient did not respond
after three attempts, they were excluded from the study. Patients who did not attend
the follow-up visit or did not provide informed consent were also excluded from further
analysis. The final sample included 79 participants (n = 79).

The following examinations were performed both during the hospital stay (baseline)
and in 2021 (follow-up visit): (1) estimation of the values of atherogenic indices (AIs),
(2) calculation of the body mass index (BMI), (3) collection of blood samples and measure-
ment of the concentration of insulin, glucose, HDL, LDL, total cholesterol, and TG, and
(4) calculation of the HOMA-IR. Additionally, in order to estimate the severity of AS, all
the patients that participated in the follow-up examination underwent an assessment of
the ankle–brachial index (ABI) and carotid intima media thickness (CIMT). Other proce-
dures that were performed only during the follow-up visit included measurement of waist
circumference and measurement of the concentration of glycated hemoglobin (HbA1c).

The study cohort was divided into two groups based on the HOMA-IR that was
calculated using the results obtained during the hospital stay between 2014 and 2017.
Group 1 included patients with a HOMA-IR value lower than 2.5 (n = 59), while the
subjects from group 2, who were considered insulin-resistant, were characterized by a
HOMA-IR value equal to or higher than 2.5 (n = 20).

Insulin levels were measured using a noncompetitive electrochemiluminescence-based
immunoassay, while blood glucose levels were estimated using the hexokinase method.
HbA1c values were determined via capillary electrophoresis. The Friedewald formula was
used to calculate the LDL-cholesterol levels. The HDL-cholesterol, total cholesterol, and
TG levels were assessed with fluorometric–enzymatic assays.

2.2. Definitions

The HOMA-IR was defined as the product of fasting glucose [mg/dL] and fasting
insulin concentration [uIU/mL] divided by 405 [13]. In order to recognize IR, we adopted
the HOMA-IR cut-off value equal to 2.5.

The severity of subclinical AS was estimated using AIs, CIMT, and the ABI. We calcu-
lated the values of the AIs using the following equations: (1) atherogenic index of plasma
(AIP): log10(TG/HDL-cholesterol); (2) Castelli’s risk index I (CRI-I): total cholesterol/HDL-
cholesterol; (3) Castelli’s risk index II (CRI-II): LDL-cholesterol/HDL-cholesterol; and
(4) atherogenic coefficient (AC): non-HDL-cholesterol/HDL-cholesterol [14].

The ABI is one of the tools that enables the assessment of vascular impairment present
in the peripheral arteries [15]. According to the scientific statement from the American
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Heart Association, the ABI may be regarded as a good marker of peripheral artery disease
(PAD), with acceptable sensitivity and specificity [16]. In our study, the ABI was defined as
the highest of the systolic blood pressure (SBP) values measured on the dorsalis pedis and
posterior tibial artery divided by the highest of the left and right brachial SBP values [17].
SBP was assessed with the employment of a pocket blood flow detector (Sonomed Doppler
MD4, Sonomed Ltd., Warsaw, Poland). An ABI value lower than 0.9 was considered a
marker of PAD and preclinical AS [14], while an ABI higher than 1.4 was classified as an
indicator of medial arterial calcification [17].

CIMT was assessed following the recommendations of the American Society of
Echocardiography [18]. All the study participants were examined with the same Canon
Aplio a450 ultrasound scanner, TMS Ltd., Warsaw, Poland and by the same operator. In
order to estimate CIMT, B-mode ultrasound images of the distal 10 mm of the distal wall
of the common carotid artery were obtained bilaterally. The mean value of CIMT was
calculated on the basis of a three-angle CIMT measurement on each side. The higher of the
mean right and mean left CIMT values was used in the further analysis. Results higher
than 1 mm were considered as abnormal [19].

The following diagnostic criteria for dyslipidemia were applied: TG ≥ 150 mg/dL, or
TC ≥ 190 mg/dL, or LDL-cholesterol ≥ 115 mg/dL, or HDL-cholesterol < 40 mg/dL (for
men) and <45 mg/dL (for women) [20].

2.3. Statistical Analysis

The descriptive data are shown as means + standard deviation or as medians with
interquartile ranges. Categorical variables were compared using the chi-square test. Com-
parisons between normally distributed continuous variables were performed using the
Student’s t-test. Non-normally distributed continuous data were analyzed using the Mann–
Whitney U test. We used multivariate logistic regression to assess the relationship between
the HOMA-IR and the markers of preclinical AS, upon the adjustment to a set of the con-
founding variables of choice. In the time-dependent analysis, the potential of the HOMA-IR,
BMI, age, and other selected confounding variables to predict the occurrence of preclinical
AS during an observation period of at least four years was estimated using the Cox pro-
portional hazard regression analysis. Both the multivariate and Cox regression analyses
were adjusted for the following confounders: age, sex, BMI, smoking (at present and/or in
the past), the HOMA-IR, dyslipidemia, and serum concentrations of TG, HDL, LDL, and
total cholesterol. The goodness of fit of the logistic regression models showing a significant
discrimination between controls and patients was estimated using the Hosmer–Lemeshow
test. In some bivariate and multivariate analyses, we used the approach of resampling with
replacement (the bootstrap-boosted versions of the tests, with 10,000 iterations) to make
sure that the revealed differences were not detected by pure chance. The borderline of the
significance level was accepted at p < 0.05. The collected data were analyzed using the
Statistica 13.3 software (StatSoft Polska Sp. z. o. o. 2022) and R Package Software v. 4.4.

3. Results

3.1. Study Group Characteristics

The clinical and biochemical characteristics of the study participants are given in
Table 1. Additionally, a comparison of baseline characteristics between patients included
in the follow-up study and those excluded is available in the Supplementary Material
(Table S1).

At the baseline, there were no statistical differences between group 1 (the patients
without IR) and group 2 (the insulin-resistant group) in terms of age (37.8 ± 13.4 y vs.
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34.4 ± 11.8 y; p = 0.272), gender (9 (15.25%) vs. 6 (30%) male patients; p = 0.167), prevalence
of arterial hypertension (10 (16.95%) vs. 4 (20%) patients; p = 0.876), and dyslipidemia (19
(32.2%) vs. 6 (30%) patients; p = 0.784). At the baseline, no patient was on lipid-lowering
medication or on antihyperglycemic therapy. During the follow-up visit, two patients
from group 1 (3.39%) and one patient from group 2 (5%) reported taking statins, while
nine subjects from group 1 (15.25%) and nine individuals from group 2 (45%) were taking
metformin. No major adverse cardiovascular events defined as an occurrence of myocardial
infarction, stroke, or cardiovascular death were reported during the follow-up period.
During a four-year observation period, eleven (18.64%) subjects from group 1 developed
insulin resistance, while four (20%) patients from group 2 became non-insulin-resistant.
Two patients from group 1 and no patients from group 2 developed T2DM.

Table 1. Patient characteristics.

Baseline Follow-Up

Variables
Group 1
(n = 59)

Group 2
(n = 20)

p Group 1
(n = 59)

Group 2
(n = 20)

p

BMI [kg/m2] 28.5 ± 7.5 32.5 ± 5.6 0.01 * 27.2 ± 6.9 29.9 ± 6.1 0.08
Fasting glucose [mg/dL] 82.7 ± 8.8 88.1 ± 6.1 0.01 * 93.1 ± 15.5 94.2 ± 10.7 0.32
IFG (n) [%] 2 (3.39%) 0 0.82 13 (22.03%) 4 (20%) 0.86
Fasting insulin [mIU/L] 6.8 ± 2.95 19.6 ± 9.33 0.000001 * 10.6 ± 7.5 21.9 ± 11.6 0.00002 *
AIP 0.18 ± 0.3 0.5 ± 0.3 0.001 * 0.21 ± 0.3 0.32 ± 0.34 0.3
CRI-I 3.11 ± 1.05 4.25 ± 1.5 0.0009 * 3.2 ± 1.02 3.99 ± 1.75 0.04 *
CRI-II 1.7 ± 0.8 2.52 ± 1.03 0.002 * 1.75 ± 0.76 2.23 ± 0.9 0.03 *
AC 2.11 ± 1.05 3.25 ± 1.5 0.001 * 2.17 ± 1.02 2.99 ± 1.74 0.04 *
Total cholesterol [mg/dL] 180.7 ± 29.2 189.1 ± 37.3 0.44 190.7 ± 31.2 201.2 ± 50.9 0.8
LDL cholesterol [mg/dL] 96.6 ± 26.5 111.2 ± 29.5 0.06 103.4 ± 28.1 114.6 ± 37.8 0.33
HDL cholesterol [mg/dL] 63.1 ± 18.9 47.8 ± 13.6 0.003 * 64.6 ± 18.3 55.7 ± 21.1 0.01 *
Triglycerides [mg/dL] 105.9 ± 63.5 155.8 ± 88.9 0.004 * 117.6 ± 62.7 143.2 ± 146.5 0.72

IFG—impaired fasting glucose; AIP—atherogenic index of plasma; CRI-I—Castelli’s risk index I; CRI-II—Castelli’s
risk index II; AC—atherogenic coefficient; LDL—low-density lipoprotein; HDL—high-density lipoprotein,
*—statistically significant.

The laboratory results showed that the patients with insulin resistance had significantly
higher baseline markers of glucose metabolism, including fasting glucose levels and mean
fasting insulin concentrations, compared to those without insulin resistance. Additionally,
the mean fasting insulin concentration remained significantly higher in the insulin-resistant
group during the follow-up visit. (Table 1).

There were significant differences between the groups in terms of adiposity markers.
The insulin-resistant patients had significantly higher baseline BMIs than the individuals
without IR (Table 1). The mean waist circumference measured during the follow-up
appointment was also significantly higher in the patients from the insulin-resistant group
(94.3 ± 18.9 cm vs. 104 ± 15.6 cm; p = 0.021).

No significant difference between the groups was observed in terms of total and
LDL cholesterol concentration, regardless of the time when the lipid profile was assessed.
Conversely, the mean HDL cholesterol concentration was significantly higher in the first
group, both during the first hospitalization and at the follow-up visit (Table 1).

Irrespective of the time when the results were obtained, the values of CRI-I, CRI-II, and
AC were significantly higher in the insulin-resistant group. Although the results obtained
during hospitalization showed that the value of the AIP was significantly higher in the
insulin-resistant group, no significant difference was found between the follow-up results
of the group without IR compared to the results of the group with IR (Table 1).
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3.2. ABI and CIMT

There was no statistically significant difference between the groups in terms of the
mean ABI (Table 2). Similarly, a comparison between the analyzed groups regarding the
number of individuals with abnormal ABIs revealed no differences (Table 2). The mean
CIMT measured in the non-insulin-resistant subjects was comparable to that measured in
the insulin-resistant patients. The prevalence of abnormal CIMT was similar in the two
groups (Table 2).

Table 2. Results from the follow-up examination: assessment of the markers of preclinical atherosclerosis.

Variables
Group 1—Follow-Up

(n = 59)
Group 2—Follow-Up

(n = 20)
p

ABI mean 1.08 ± 0.12 1.18 ± 0.24 0.161
ABI < 0.9 [n (%)] 13 (22.03%) 5 (25%) 0.84
ABI > 1.4 [n (%)] 0 2 (10%) 0.51
Mean CIMT [mm] follow-up 0.75 ± 0.25 0.78 ± 0.21 0.35
CIMT > 0.8 mm [n (%)] follow-up 17 (28.81%) 7 (35%) 0.68
CIMT > 1 mm [n (%)] follow-up 10 (16.95%) 6 (30%) 0.39

ABI—ankle–brachial index; CIMT—carotid intima media thickness.

3.3. Association Between HOMA-IR, BMI, and Markers of Preclinical AS

Bootstrapped multivariate logistic regression showed that the HOMA-IR was asso-
ciated with preclinical AS defined as an ABI lower than 0.9, independently of age, sex,
dyslipidemia, smoking, triglycerides, LDL-, HDL- and total cholesterol levels. Contrary to
our expectations, the BMI was found to be associated with a decreased risk of an abnor-
mally low ABI (Table 3). In the crude model, we observed that the BMI was significantly
associated with the increased CIMT. This relationship remained significant even after
adjusting for other cardiovascular risk factors (Table 4).

The Cox regression analysis revealed that the HOMA-IR was a predictor of preclinical
AS determined by either increased CIMT or abnormal ABI values, independently of the
analyzed confounding factors (Tables 5 and 6). We found that the BMI was significantly
associated with increased CIMT. Interestingly, the patients with a higher BMI were less
likely to have an abnormally low ABI (Tables 5 and 6).
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Table 5. Time-dependent relationship between insulin resistance (IR) and the presence of preclinical
atherosclerosis determined by abnormally low ankle–brachial index (ABI) in groups of patients
showing abnormally low ABI (marked ABI < 0.9) and controls (ABI ≥ 0.9).

Variable/Risk Factor Crude HR (±95% CI) p Adjusted HR
(±95% CI) *

p

Explanatory variables:

Insulin resistance (HOMA-IR) 1.101 (0.885–1.370) 0.387 1.435 (1.076–1.913)
& 1.417 (1.081–1.857)

0.014
0.011

BMI [kg/m2] 0.929 (0.856–1.008) 0.075 0.701 (0.543–0.904)
& 0.706 (0.549–0.908)

0.006
0.007

Confounding variables:

Age [yr] 0.984 (0.948–1.020) 0.371

Sex [male] 0.788 (0.259–2.393) 0.674

Smoking [0/1] 0.955 (0.308–2.959) 0.936 0.760 (0.224–2.576) 0.660

Smoking at present [0/1] 1.489 (0.429–5.174) 0.531 1.893 (0.497–7.206) 0.349

Dyslipidemia [0/1] 1.330 (0.489–3.620) 0.576 1.143 (0.382–3.416) 0.811

Total cholesterol [mg/dL] 0.989 (0.973–1.006) 0.207 0.990 (0.972–1.008) 0.287

LDL cholesterol [mg/dL] 0.982 (0.964–0.999)
& 0.963 (0.926–1.002)

0.049
0.061

0.981 (0.962–1.001)
& 0.983 (0.958–1.008)

0.054
0.178

HDL cholesterol [mg/dL] 1.001 (0.976–1.028) 0.911 1.006 (0.978–1.035) 0.680

Triglycerides [mg/dL] 1.003 (0.998–1.009) 0.214 1.004 (0.998–1.009) 0.205

* HR, presented as HR (±95% CI), calculated with the aid of Cox proportional hazard regression analysis; crude
HR values are adjusted for all (presented in the table above) confounding variables in the case of HOMA-IR and
BMI, or adjusted for age and sex in the case of all the remaining confounders. p < 0.05 and the corresponding HRs
are in bold. & The bootstrap-boosted HR values, estimated along with the classical resampling procedure with
10,000 iterations, are given for statistically significant outcomes.

Table 6. Time-dependent relationship between insulin resistance (IR) and the presence of preclinical
atherosclerosis determined by increased carotid intima media thickness (CIMT) in groups of patients
showing increased CIMT (marked (CIMT > 1 mm) and controls (CIMT ≤ 1 mm).

Variable/Risk Factor Crude HR (±95% CI) p Adjusted HR
(±95% CI) *

p

Explanatory variables:

Insulin resistance (HOMA-IR) 1.245 (1.052–1.473)
& 1.242 (1.042–1.479)

0.011
0.016

1.419 (1.033–1.948)
& 1.421 (1.020–1.981)

0.031
0.038

BMI [kg/m2]
1.091 (1.023–1.164)

& 1.091 (1.006–1.183)
0.008
0.035

1.280 (1.078–1.519)
& 1.277 (1.071–1.522)

0.005
0.006

Confounding variables:

Age [yr] 1.049 (1.015–1.085)
& 1.044 (1.005–1.084)

0.005
0.027

Sex [male] 0.385 (0.140–1.060) 0.065

Smoking [0/1] 0.509 (0.176–1.472) 0.213 0.855 (0.266–2.752) 0.793

Smoking at present [0/1] 1.312 (0.371–4.632) 0.673 1.287 (0.341–4.858) 0.710

Dyslipidemia [0/1] 0.601 (0.211–1.713) 0.341 1.068 (0.347–3.287) 0.909

Total cholesterol [mg/dL] 1.025 (1.007–1.043)
& 1.023 (1.004–1.043)

0.006
0.018

1.012 (0.993–1.031) 0.227

LDL cholesterol [mg/dL] 1.032 (1.008–1.056)
& 1.036 (1.006–1.067)

0.008
0.019

1.021 (0.997–1.045) 0.083
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Table 6. Cont.

Variable/Risk Factor Crude HR (±95% CI) p Adjusted HR
(±95% CI) *

p

HDL cholesterol [mg/dL] 0.999 (0.972–1.026) 0.942 0.983 (0.952–1.015) 0.299

Triglycerides [mg/dL] 1.002 (0.996–1.009) 0.438 1.002 (0.995–1.009) 0.540

* HR, presented as HR (±95% CI), calculated with the aid of Cox proportional hazard regression analysis; crude
HR values are adjusted for all (presented in the table above) confounding variables in the case of HOMA-IR and
BMI, or adjusted for age and sex in the case of all the remaining confounders. p < 0.05 and the corresponding HRs
are in bold. & The bootstrap-boosted HR values, estimated along with the classical resampling procedure with
10,000 iterations, are given for statistically significant outcomes.

4. Discussion

It is well established that there is an association between atherosclerosis (AS) and
metabolic syndrome, yet the specific role of individual factors involved in the shared patho-
physiology of these conditions remains challenging to determine [21]. Insulin resistance (IR)
is a key component of metabolic syndrome, and several mechanisms may explain its link to
AS [22]. One major mechanism involves the insulin resistance-induced reduction in nitric
oxide (NO) bioavailability, which is essential for maintaining endothelial function [23].
Reduced NO levels contribute to atherosclerotic plaque formation by promoting platelet ag-
gregation, enhancing monocyte adhesion, and increasing the infiltration of vascular smooth
muscle cells into the endothelium, all of which play a central role in AS development [24].
Clinical evidence suggests that targeting asymmetric dimethylarginine, an endogenous
inhibitor of NO, may offer a promising therapeutic strategy for cardiovascular disease, as
NO deficiency is implicated in its pathogenesis [25].

Additionally, the sympathetic nervous system has been shown to contribute to the
pathophysiology of both AS and IR. Studies suggest that hyperinsulinemia, a key marker
of IR, activates the sympathetic nervous system, while recent research proposes that
sympathetic nervous system overstimulation may actually drive hyperinsulinemia through
reduced blood flow to muscles [10]. This increased sympathetic activity contributes to
hypertension, which is an established risk factor for AS [11]. Emerging clinical reports
on multi-organ denervation demonstrate its ability to reduce sympathetic nerve activity,
decrease atheroma size, and improve insulin sensitivity. These findings underscore the
potential benefits of targeting both IR and AS in the same therapeutic intervention [26,27].
A deeper understanding of the relationship between AS and IR could offer significant
clinical benefits, including the development of more effective treatments and improved
outcomes for patients with these interconnected conditions. Providing new evidence on
the clinical significance of the IR-AS relationship could help determine whether there is a
rationale for intensifying clinical interventions to detect and treat IR.

Our results revealed that compared to the non-insulin-resistant subjects, the patients
with IR had significantly higher markers of adiposity, namely the baseline BMI and follow-
up BMI (Table 1). The authors of the ESC guidelines on cardiovascular disease (CVD)
prevention enlisted adiposity as one of the major modifiable AS CVD risk factors. A
meta-analysis of 58 prospective studies on the association of adiposity measures with
CVD demonstrated that both BMI and waist circumference were strongly and similarly
associated with AS CVD [21]. In our study, the patients with IR were characterized by
significantly higher baseline BMIs and body mass values and significantly higher waist
circumference than the individuals without IR. Similar findings were reported by Caporaso
et al., who investigated a relationship between IR and health-related outcomes in a large
cohort of generally heathy subjects. They found that waist circumference and BMI values
increased across the increasing quartiles of the HOMA-IR. This trend persisted even after
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adjusting for confounding variables, such as age, social status, ethnicity, gender, and
smoking and drinking habits, irrespective of the way the HOMA-IR was estimated (as the
median, quartiles, or a continuous variable) [22].

In our study, patients with IR had significantly lower baseline and follow-up HDL
cholesterol levels and significantly higher baseline TG levels than the individuals without
IR, with the mean TG levels exceeding the threshold of 150 mg/dL (Table 1). TG level
assessment is recommended to identify individuals in whom LDL cholesterol levels may
underestimate the AS CVD risk and is to be performed routinely during the standard
lipid profile assessment [20]. While TG levels higher than 150 mg/dL were shown to be
associated with AS development, high HDL cholesterol levels were inversely associated
with CVD risk [20]. Our results suggest that the patients with IR were characterized by a
combination of lipid abnormalities, which are also regarded AS risk factors. Such findings
are not surprising provided that multiple studies demonstrated that diabetic dyslipidemia,
defined as increased TG and sdLDL cholesterol levels and reduced HDL cholesterol levels,
is commonly confirmed in insulin-resistant patients [23,28]. IR is considered a major
trigger for diabetic dyslipidemia as it facilitates an increased secretion and decreased
clearance of VLDL, which results in hypertriglyceridemia [7]. Furthermore, IR is associated
with increased hepatic lipase activity and an enhanced production of TG-enriched HDL
particles, which leads to increased HDL catabolism and, thus, decreased HDL levels, which
we observed in the insulin-resistant group [7,23].

Numerous authors reported that AIs were strongly associated with AS and might
represent a useful tool for AS risk stratification [14,29,30]. Our results (Table 1) suggest
that insulin-resistant patients were characterized by significantly higher AI values than the
non-insulin-resistant subjects (Table 1). Similar findings were reported by Du et al., who
found that insulin-resistant patients were more likely to have significantly higher values
of CRI-I, CRI-II, AC, and the TG/HDL ratio than the subjects without IR. Furthermore,
they demonstrated a strong association between each of the lipid ratios and IR [31]. The
adjusted analysis conducted by Caporaso et al. revealed that the TG to HDL cholesterol
ratio tended to increase along with increasing HOMA-IR quartiles [22]. Instead of the
crude TG/HDL ratio, we measured AIP, which is a logarithmically transformed TG/HDL
ratio. Nevertheless, our results are consistent with both of the aforementioned studies and
indicate that patients with IR have significantly higher AIs, which may be regarded as a
marker of preclinical AS [29,30].

Our results indicate that the HOMA-IR was associated with markers of preclinical
AS independently of cardiovascular risk factors and may be regarded as an independent
predictor of abnormal CIMT (Table 4). These findings are consistent with the results of
the IRAS study (the Insulin Resistance Atherosclerosis Study), which was the first large,
epidemiologic study on the association between insulin sensitivity and prevalent CVD. The
IRAS study revealed an inverse association between insulin sensitivity and AS, as estimated
by CIMT in the group of Caucasian individuals, which persisted even after adjustment for
the established CVD risk factors [32]. In contrast, the results of the MESA study revealed
that the relationship between IR and CIMT could not be considered independent as it lost
its significance after adjusting for the metabolic syndrome components. Based on those
findings, the authors of the MESA study did not recommend the use of the HOMA-IR as an
additional AS risk assessment tool as it did not seem to improve CV risk stratification [33].
Like the results of the IRAS study, a meta-analysis by Gast et al., and the Bruneck Study, our
results are in opposition to those conclusions and support the hypothesis that the inclusion
of the HOMA-IR in the AS risk prediction model may be beneficial [32,34,35].
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While numerous authors reported on the association between the ABI and DM, CVD,
and metabolic syndrome, little is known about the relationship between the ABI and IR [36].
Britton et al. were the first authors to conduct a prospective analysis of the association
between IR and PAD, defined as either an ABI < 0.9 or the development of clinical PAD
during the time of observation [36]. They confirmed an independent association between
the HOMA-IR and the ABI, and the correlation remained significant even after diabetic
patients were excluded from the analysis [36]. Despite the fact that our study was conducted
only in Caucasian individuals with a mean age of 36.9 years old, we observed associations
(Tables 3 and 5) that were similar to those reported by Britton et al. in 2012 (85% Caucasian
patients, mean age: 72.3 years old).

Recent studies regarding the relationship between BMI and CIMT have brought
contradictory results. Our findings (Table 6), which are similar to those of Bretton et al.
(2011), revealed that BMI was significantly associated with CIMT [37]. As demonstrated by
Landecho et al. (2018) and Ge et al. (2014), other markers of obesity, such as high body fat
percentage and increased waist circumference, tended to present a higher magnitude of
association with CIMT than BMI [38,39].

Although obesity is considered a major risk factor for PAD, we found that BMI was
inversely associated with an abnormally low ABI (Tables 3 and 5) [40]. The positive
association between BMI and arterial stiffness and, thus, a falsely high ABI, could explain
our results [41]. However, considering the recently published studies reporting divergent
results regarding the association between obesity and arterial stiffness, this relationship
seems to be more complex [42]. Therefore, further research in this field is needed.

Our study has several limitations. In the present study, the method of IR estimation
was different from the gold standard method, i.e., the glucose clamp test [3]. As we were
aware that it is not used as frequently as other IR assessment tools due to its invasiveness
and complexity, we decided to employ the HOMA-IR [3]. Although the HOMA-IR is
a surrogate marker of IR, it shows a good correlation with the glucose clamp test [3].
Regrettably, no definite guidelines on how to diagnose IR using indirect IR indices have
been introduced yet, nor have any cut-off values been established [3]. The threshold
of 2.5 that was applied in this study is also that which is most frequently used in the
literature [3]. Since our study was of a cross-sectional nature, no cause–effect relationship
could be determined.

5. Conclusions

In conclusion, we found that patients with IR, defined as a HOMA-IR value ≥ 2.5,
were characterized by significantly higher AI values and TG levels and significantly lower
HDL cholesterol levels than the individuals without IR. Using both the multivariate logistic
regression model and Cox regression analysis, we demonstrated that the HOMA-IR can
be considered as an independent predictor of an abnormal ABI. Furthermore, we found
that the HOMA-IR was significantly associated with increased CIMT, independently of
age, sex, arterial, dyslipidemia, smoking, LDL-, HDL- and total cholesterol and triglyceride
levels. Therefore, our results suggest that the HOMA-IR can be regarded as an independent
predictor of preclinical AS. Further research is necessary to determine whether there are
implications for a more aggressive approach towards AS prevention in patients with IR.
Large-cohort, longitudinal studies are needed to establish whether IR may be considered
an AS risk factor.
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