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Epidemiological studies have consistently shown a strong asso-
ciation between elevated LDL-C levels and increased cardiovascular 
risk. The well-established relationship between plasma cholesterol 
levels and the risk of cardiovascular events is continuous, regardless 
of whether total cholesterol or its fractions, such as LDL-C, are con-
sidered. 

When analysing plasma cholesterol levels and integrating data 
from several studies, including the Pooling Project, the Framingham 
Heart Study and the Israeli Perspective Study, a consistent associa-
tion between serum cholesterol levels and coronary events was con-
firmed worldwide [1]. This pattern was particularly clear in the Seven 
Countries Study, in which the relative risks of coronary heart disease 
(CHD) mortality as a function of serum cholesterol levels were simi-
lar in the different cohorts studied, although the absolute risks were 
different [2]. The observed differences in risk between different 
populations are largely attributable to baseline risk values, suggest-
ing that other factors, such as diet, may play an important role. The 
Framingham Heart Study has shown that its results are applicable in 
any country when adjusted for baseline risk, suggesting a universal 
pattern in the relationship between cholesterol levels and cardiovas-
cular risk. This has led to debate because the relationship has been 
oversimplified and presented as linear when it is not so in absolute 
terms. For example, a 0.5 mmol/L (about 20 mg/dL) increase in 
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total cholesterol correlates with a 12% relative increase in CHD mor-
tality risk. Consistent with this observation, data from the Cholester-
ol Treatment Trialists’ (CTT) Collaboration showed that lowering 
low-density lipoprotein cholesterol (LDL-C) by 1 mmol/L reduces 
the risk of coronary heart disease by 22-23%, which is consistent with 
data from clinical trials [3]. A collaborative meta-analysis of ~900,000 
individuals in 61 prospective observational studies has shown that 
age significantly attenuates the proportional (relative) relationship 
between ischemic heart disease (IHD) mortality and cholesterol lev-
els. However, cholesterol level is a strong positive risk factor for IHD 
mortality not only in early middle age but also in old age. Although 
the proportional differences in risk decrease with age, the absolute 
impact of cholesterol levels on annual mortality from IHD is much 
greater at older ages than at younger ages [4].

In summary, extensive research confirms that cholesterol is a 
determinant of cardiovascular risk that is consistently observed in 
different populations and age groups. This understanding is crucial 
for the development of public health strategies and individualised 
treatment plans.

Cholesterol is essential for cell function, as it is an essential com-
ponent of all cell membranes. It co-operates with fatty acids and phos-
pholipids to regulate membrane fluidity. Cholesterol clusters in the 
membranes are crucial for the localisation of receptors, including 
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ABSTRACT
Epidemiological studies consistently link high low-density lipoprotein cholesterol (LDL-C) levels with an increased 
risk in cardiovascular disease. This correlation remains strong across various populations. LDL-C plays a key 
role in atherosclerosis by transporting cholesterol to arterial walls, where it induces plaque formation. Lowering 
LDL-C levels has proven to reduce the risk of coronary heart disease, regardless of the drug used. Although high-
density lipoprotein cholesterol (HDL-C) has long been considered protective, recent studies have suggested that 
increasing HDL-C alone may not reduce cardiovascular risk and that the function of HDL may be relevant, 
rather than the HDL-C plasma level. Genetic studies, such as Mendelian randomisation, have confirmed 
that LDL-C is a causal factor for heart disease. Triglyceride levels, which are transported by lipoproteins, also 
contribute to cardiovascular risk, although lowering apolipoprotein B is considered more crucial for reducing 
cardiovascular events. Overall, lowering LDL-C levels remains the cornerstone of cardiovascular disease 
prevention and treatment.
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the LDL receptor (LDLR), in specific regions (coated pits). These 
areas of the cell surface are crucial for the recruitment of receptors, 
their ability to interact and cellular responses. Cholesterol is also cru-
cial for the function of internal membranes, such as those of mito-
chondria, endosomes, and lysosomes. The body’s need for cholester-
ol is emphasised by its ability to acquire it either from the outside, via 
the LDLR on hepatocytes and enterocytes, or from the inside via the 
mevalonate pathway. These pathways are interconnected; increased 
dietary cholesterol intake reduces endogenous synthesis, and vice 
versa. Contrary to popular belief, lowering plasma cholesterol to very 
low levels does not pose a biological risk, as the body can synthesise 
sufficient cholesterol for cell division and brain development. 

When referring to plasma cholesterol, we are talking about the 
lipoproteins that transport cholesterol mainly in esterified form and 
not free cholesterol molecules. Lipoproteins carrying cholesterol, 
especially apoB-containing lipoproteins, are atherogenic (5). Their 
ability to penetrate and become trapped within the arterial wall ini-
tiates a cascade of atherosclerotic processes. Lowering LDL-C levels 
decreases the number of these lipoproteins and thus lowers the risk 
of plaque formation and progression. Remnants of lipoproteins, in-
cluding very low-density lipoproteins (VLDL) and chylomicrons, 
also play a role in cholesterol transport and metabolism, with VLDL 
remnants eventually transforming into LDL.

The formation of foam cells by accumulation of excess cholester-
yl esters is a key process in the initial stage of lesion development, 
particularly related to vascular permeability [6]. This early stage does 
not necessarily lead to immediate progression of the lesion. Studies 
conducted on young American soldiers who died in Vietnam showed 
numerous fatty streaks that do not always correspond to later plaque 
development sites. This suggests a dynamic process in the early stag-
es, where plaques do not necessarily form at the sites of initial lipid 
deposition, allowing for possible damage reversal. Lowering LDL-C 
levels has been shown to induce plaque regression, a process in 
which there are significant changes in plaque composition, includ-
ing a marked decrease in lipid content and an increase in the thick-
ness of the fibrous cap (which is considered inert with respect to 
inflammatory activity). 

LDL is a causal factor in atherosclerosis, not cholesterol itself [7]. 
This distinction is crucial because the role of LDL in transporting 
cholesterol to the arterial walls is what initiates the damage. In con-
trast, HDL (high-density lipoprotein), which also transports choles-
terol, is not causal. Conversely, a low level of HDL-C is associated with 
a higher risk of cardiovascular events. However, the causal relation-
ship between HDL-C and cardiovascular risk is more complex and 
less well understood than that for LDL-C. Genetic studies and clinical 
trials have challenged the notion that simply increasing HDL-C levels 
pharmacologically reduces cardiovascular risk, suggesting that HDL 
functionality may be more important than HDL-C levels alone [8]. 
Surprisingly, extremely high HDL-C levels have been associated with 
higher cardiovascular risk [8] casting several doubts on the antiath-
erogenic role of HDL and determined by the measurement of HDL 
cholesterol or apo A-I.

Genetic studies, including Mendelian randomisation analyses, 
have provided compelling evidence for the causal role of LDL-C in 
atherosclerosis and cardiovascular disease [7]. Individuals with ge-
netic mutations that result in lower lifelong LDL-C levels, such as 
those affecting the PCSK9 or HMGCR genes, have a significantly lower 
risk of CAD, supporting the concept that LDL-C is a causal factor in 
the development of atherosclerotic disease. Different genetic scores 
predicting a 10 mg/dL reduction in LDL-C show consistent lifelong 
benefits [9]. This suggests that the mechanism of LDL-C lowering, 
whether by statins or PCSK9 inhibitors, leads to similar outcomes. 

Therefore, it is the lowering of LDL-C levels that is crucial, regardless 
of the method used. These findings are confirmed by clinical trials 
of LDL-C-lowering therapies, which consistently show that reducing 
LDL-C levels reduces the incidence of cardiovascular events. To date, 
clinical trials have shown that lowering LDL-C to very low levels is 
associated with a further CV risk reduction with no association with 
excess adverse events [10].

Genetic studies, Mendelian randomisation, and clinical trials 
involving patients with familial hypercholesterolemia (FH) have 
demonstrated that cholesterol trajectories can be altered [11]. In 
a typical population, average cholesterol levels eventually reach a 
threshold where clinical disease manifests. Not surprisingly, in indi-
viduals with heterozygous FH, higher cholesterol levels from birth 
accelerate the progression of the disease. Early intervention to re-
duce LDL-C can significantly alter this trajectory, suggesting that ear-
ly and sustained LDL-C reduction has a profound impact on delaying 
disease onset. This concept is clearly illustrated in homozygous FH, 
where lowering LDL-C can extend life expectancy by approximately 
25 years [11]. Randomised clinical trials, observational studies, and 
Mendelian randomisation studies all support the notion that pro-
longed exposure to lower LDL-C levels accrues greater cardiovascu-
lar benefits. For instance, a lifelong LDL-C reduction of 0.3 mmol/L 
(10-12 mg/dL) can achieve the same cardiovascular risk reduction 
seen in five years of statin therapy, and this can be obtained through 
moderate lifestyle changes.

Triglycerides (TG) have been identified as an independent risk 
factor for cardiovascular disease. TG are transported by lipoproteins, 
mainly chylomicrons and very low-density lipoproteins (VLDL) as 
well as their remnants. Remnant lipoproteins are considered ather-
ogenic, functioning similarly to LDL in terms of their pathological 
impact [12]. The distribution of the so-called “remnant cholesterol” 
is closely linked to TG levels, which makes its use as an independent 
marker difficult.

Mendelian randomisation studies support the causal role of rem-
nant cholesterol in cardiovascular disease [13]. However, interven-
tion studies specifically targeting triglycerides are limited. Lowering 
TG through LPL-targeted pathways, including ANGPTL3, APOC2, 
APOC3, and APOE, however has shown potential in observational 
and genetic studies. Despite numerous trials with fibrates (drugs 
that reduce mainly plasma TG) showing overall negative results, sub-
groups with high TG and low HDL-C had benefits, suggesting that 
targeting this subgroup may be effective. The debate on whether 
apoB is a more meaningful marker than TG continues. In a study 
that assessed the impact of genetic scores for LPL and LDL, the asso-
ciation of different genetic variants with apoB concentrations result-
ed in a log-linear relationship with the risk of coronary heart disease, 
establishing apoB as a reliable indicator that includes the contribu-
tions of both LDL-C and TG [9]. This suggests that the number of 
particles is the most accurate proxy for measuring disease causation.

This hypothesis is supported by the PROMINENT trial of pemafi-
brate in an ideal population (high TG, low HDL, diabetes, cardiovas-
cular disease) [14]. Despite reductions in remnant cholesterol and 
TG, there was no change in apoB levels, suggesting that apoB is the 
primary driver of the clinical benefit. This highlights the importance 
of lowering apoB as opposed to simply lowering other lipid param-
eters. This concept is further reinforced by comparing the results 
of the STRENGTH and REDUCE-IT trials with omega-3 fatty acids 
[15, 16]. Although both trials showed a decrease in TG, only the RE-
DUCE-IT trial showed a reduction in apoB, suggesting that the ther-
apeutic benefit is related to apoB reduction. 

In summary, apoB-containing lipoproteins fulfil the criteria for 
causal involvement in atherosclerosis. Lowering apoB levels is critical 
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even with delayed intervention, although the effects may not be fully 
reversible.

Conclusion
The relationship between LDL-C and cardiovascular risk is 

well-established and supported by a wealth of epidemiological, ge-
netic, and clinical trial data (Figure 1). Elevated LDL-C is a major 
causal factor in the development of atherosclerosis and cardiovas-
cular disease, and interventions that lower LDL-C levels consistently 
reduce the risk of cardiovascular events. While the role of HDL-C in 
cardiovascular risk remains less clear, lowering LDL-C levels remains 
a cornerstone of cardiovascular disease prevention and treatment. As 
research advances, further insights into cholesterol metabolism and 
its impact on cardiovascular health may lead to new strategies for 
reducing the burden of cardiovascular diseases globally.
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Figure 1 | LDL and atherosclerosis: Criteria for causality.

cholesterol and long-term coronary heart disease mortality 
in different cultures. Twenty-five-year follow-up of the seven 
countries study. JAMA 1995; 274:131-6.

[3]	 Baigent C, Keech A, Kearney PM, et al. Efficacy and safety 
of cholesterol-lowering treatment: prospective meta-analysis 
of data from 90,056 participants in 14 randomised trials of 
statins. Lancet 2005; 366:1267-78.

[4]	 Lewington S, Whitlock G, Clarke R, et al. Blood cholesterol 
and vascular mortality by age, sex, and blood pressure: a me-
ta-analysis of individual data from 61 prospective studies with 
55,000 vascular deaths. Lancet 2007; 370:1829-39.

[5]	 Boren J, Williams KJ. The central role of arterial retention of 
cholesterol-rich apolipoprotein-B-containing lipoproteins in 
the pathogenesis of atherosclerosis: a triumph of simplicity. 
Curr Opin Lipidol 2016; 27:473-83.

[6]	 Skeyni A, Pradignac A, Matz RL, et al. Cholesterol trafficking, 
lysosomal function, and atherosclerosis. Am J Physiol Cell 
Physiol 2024; 326:C473-C86.

[7]	 Ference BA, Ginsberg HN, Graham I, et al. Low-density li-
poproteins cause atherosclerotic cardiovascular disease. 1. 
Evidence from genetic, epidemiologic, and clinical studies. 
A consensus statement from the European Atherosclerosis 
Society Consensus Panel. Eur Heart J 2017; 38:2459-72.

[8]	 von Eckardstein A, Nordestgaard BG, Remaley AT, Catapano 
AL. High-density lipoprotein revisited: biological functions 
and clinical relevance. Eur Heart J 2023; 44:1394-407.

[9]	 Ference BA, Kastelein JJP, Ray KK, et al. Association of tri-
glyceride-lowering LPL variants and LDL-C-lowering LDLR 
variants with risk of coronary heart disease. JAMA 2019; 
321:364-73.

[10]	 Giugliano RP, Pedersen TR, Park JG, et al. Clinical efficacy 
and safety of achieving very low LDL-cholesterol concen-
trations with the PCSK9 inhibitor evolocumab: a prespeci-
fied secondary analysis of the FOURIER trial. Lancet 2017; 
390:1962-71.

[11]	 Humphries SE, Ramaswami U, Hopper N. Should Familial 
Hypercholesterolaemia Be Included in the UK Newborn 
Whole Genome Sequencing Programme? Curr Atheroscler 
Rep 2023; 25:1083-91.

[12]	 Tybjaerg-Hansen A, Nordestgaard BG, Christoffersen M. Tri-
glyceride-rich remnant lipoproteins are more atherogenic 
than LDL per particle: is this important? Eur Heart J 2023; 
44:4196-8.

[13]	 Varbo A, Freiberg JJ, Nordestgaard BG. Extreme nonfasting 
remnant cholesterol vs extreme LDL cholesterol as contribu-
tors to cardiovascular disease and all-cause mortality in 90000 
individuals from the general population. Clin Chem 2015; 
61:533-43.

[14]	 Das Pradhan A, Glynn RJ, Fruchart JC, et al. Triglyceride 
Lowering with Pemafibrate to Reduce Cardiovascular Risk. N 
Engl J Med 2022; 387:1923-34.

[15]	 Bhatt DL, Steg PG, Miller M, et al. Cardiovascular risk reduc-
tion with icosapent ethyl for hypertriglyceridemia. N Engl J 
Med 2019; 380:11-22.

[16]	 Nicholls SJ, Lincoff AM, Garcia M, et al. Effect of High-Dose 
Omega-3 Fatty Acids vs Corn Oil on Major Adverse Cardi-
ovascular Events in Patients at High Cardiovascular Risk: 
The STRENGTH Randomized Clinical Trial. JAMA 2020; 
324:2268-80.

Acknowledgements
The work of ALC is supported in part by the grant Ricerca 

Corrente of the Ministry of Health to IRCCS MultiMedica, PRIN 
2017H5F943, ERANET ER-2017-2364981, and Fondazione SISA.

Conflicts of interest
The author declares that he has no known competing financial 

interests or personal relationships that could have appeared to in-
fluence the work reported in this paper. ALC has received honorar-
ia, lecture fees or research grants from Aegerion, Amarin, Amgen, 
Amryt Pharma, AstraZeneca, Daiichi Sankyo, Esperion, Ionis Phar-
maceutical, Medscape Education, Menarini, MSD, New Amsterdam 
Pharma, Novartis, Novo Nordisk, PeerVoice, Pfizer, Recordati, Re-
generon, Sanofi, The Corpus, Ultragenyx, Viatris, outside the sub-
mitted work.

References

[1]	 Grundy SM. Statin trials and goals of cholesterol-lowering 
therapy. Circulation 1998; 97:1436-9.

[2]	 Verschuren WM, Jacobs DR, Bloemberg BP, et al. Serum total 

https://www.ncbi.nlm.nih.gov/pubmed/7596000
https://www.ncbi.nlm.nih.gov/pubmed/7596000
https://www.ncbi.nlm.nih.gov/pubmed/7596000
https://doi.org/10.1016/S0140-6736(05)67394-1
https://doi.org/10.1016/S0140-6736(05)67394-1
https://doi.org/10.1016/S0140-6736(05)67394-1
https://doi.org/10.1016/S0140-6736(05)67394-1
https://doi.org/10.1016/S0140-6736(07)61778-4
https://doi.org/10.1016/S0140-6736(07)61778-4
https://doi.org/10.1016/S0140-6736(07)61778-4
https://doi.org/10.1016/S0140-6736(07)61778-4
https://doi.org/10.1097/MOL.0000000000000330
https://doi.org/10.1097/MOL.0000000000000330
https://doi.org/10.1097/MOL.0000000000000330
https://doi.org/10.1097/MOL.0000000000000330
https://doi.org/10.1152/ajpcell.00415.2023
https://doi.org/10.1152/ajpcell.00415.2023
https://doi.org/10.1152/ajpcell.00415.2023
https://doi.org/10.1093/eurheartj/ehx144
https://doi.org/10.1093/eurheartj/ehx144
https://doi.org/10.1093/eurheartj/ehx144
https://doi.org/10.1093/eurheartj/ehx144
https://doi.org/10.1093/eurheartj/ehx144
https://doi.org/10.1093/eurheartj/ehac605
https://doi.org/10.1093/eurheartj/ehac605
https://doi.org/10.1093/eurheartj/ehac605
https://doi.org/10.1001/jama.2018.20045
https://doi.org/10.1001/jama.2018.20045
https://doi.org/10.1001/jama.2018.20045
https://doi.org/10.1001/jama.2018.20045
https://doi.org/10.1016/S0140-6736(17)32290-0
https://doi.org/10.1016/S0140-6736(17)32290-0
https://doi.org/10.1016/S0140-6736(17)32290-0
https://doi.org/10.1016/S0140-6736(17)32290-0
https://doi.org/10.1016/S0140-6736(17)32290-0
https://doi.org/10.1007/s11883-023-01177-0
https://doi.org/10.1007/s11883-023-01177-0
https://doi.org/10.1007/s11883-023-01177-0
https://doi.org/10.1007/s11883-023-01177-0
https://doi.org/10.1093/eurheartj/ehad419
https://doi.org/10.1093/eurheartj/ehad419
https://doi.org/10.1093/eurheartj/ehad419
https://doi.org/10.1093/eurheartj/ehad419
https://doi.org/10.1373/clinchem.2014.234146
https://doi.org/10.1373/clinchem.2014.234146
https://doi.org/10.1373/clinchem.2014.234146
https://doi.org/10.1373/clinchem.2014.234146
https://doi.org/10.1373/clinchem.2014.234146
https://doi.org/10.1056/NEJMoa2210645
https://doi.org/10.1056/NEJMoa2210645
https://doi.org/10.1056/NEJMoa2210645
https://doi.org/10.1056/NEJMoa1812792
https://doi.org/10.1056/NEJMoa1812792
https://doi.org/10.1056/NEJMoa1812792
https://doi.org/10.1001/jama.2020.22258
https://doi.org/10.1001/jama.2020.22258
https://doi.org/10.1001/jama.2020.22258
https://doi.org/10.1001/jama.2020.22258
https://doi.org/10.1001/jama.2020.22258
https://doi.org/10.1161/01.cir.97.15.1436
https://doi.org/10.1161/01.cir.97.15.1436
https://www.ncbi.nlm.nih.gov/pubmed/7596000

