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Abstract: Lipoprotein(a) [Lp(a)] is a well-established causal risk factor for cardiovascular
diseases (CVDs), as reported by multiple Mendelian randomization studies and large
epidemiological studies. When elevated Lp(a) is combined with other risk factors, most
notably elevated low-density lipoprotein cholesterol (LDL-C), a synergistic atherogenic
effect has been reported. However, the current literature is conflicting regarding how
Lp(a) interacts in the context of controlled LDL-C levels (e.g., <70 mg/dL) and whether
reducing LDL-C can modify the atherogenic effect of Lp(a). In some studies, elevated
Lp(a) was still significantly associated with a higher risk of cardiovascular events, despite
controlled levels of LDL-C. In contrast, multiple studies have reported attenuation of
the cardiovascular risk mediated by elevated Lp(a) with lower LDL-C levels. Moreover,
the relationship between Lp(a) and triglycerides, high-density lipoprotein, and very low-
density lipoprotein remains unclear. In this literature review, we summarize and discuss
the current evidence regarding the interactions between Lp(a) and other lipid molecules,
how they contribute to the pathogenesis of CVD, and future perspectives, particularly in
the current era where promising targeted Lp(a)-lowering therapies are under development.

Keywords: lipoprotein(a); interaction; risk factor; mortality; cardiovascular; atherosclerosis

1. Introduction
1.1. What Is Lipoprotein(a)?

Lipoprotein(a) [Lp(a)] was first described in 1963 by Kåre Berg [1]. It is synthesized
in the liver and consists of a low-density lipoprotein (LDL)-like molecule and a unique
glycoprotein called apolipoprotein(a) [apo(a)] [2] (Figure 1). Apo(a) has “kringles” which
are triple-loop structures that are stabilized by three disulfide bonds [3]. The apoB-100
portion of the LDL molecule is covalently linked to one of these kringles [4].

The serum concentration of Lp(a) is predetermined genetically with minimal en-
vironmental influence and is highly variable among individuals [5]. The LPA gene on
chromosome 6q27 which codes for apo(a) is the major locus controlling Lp(a) concentra-
tions and levels can range from <0.1 mg/dL to >200 mg/dL [3]. The alleles of LPA show
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co-dominant expression [6] and the KIV-2 domain of the LPA gene shows significant copy
number variation (CNV). Each KIV-2 element can show repetitions of up to 40 times which,
in turn, highly influences apo(a) size and Lp(a) concentrations [7]. Apo(a) size is inversely
correlated with plasma Lp(a) concentration; this may be due to more difficult protein
folding, transport, and secretion of large isoforms [8]. Two possible different apo(a) isoform
sizes may be carried by a single individual, one from each allele on chromosome 6, and the
allele coding the smaller isoform size will be predominantly expressed [9].
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Figure 1. Lipoprotein(a) structure including low-density lipoprotein core with apolipoprotein(B)
attached to apolipoprotein(a) by a disulfide bond.

The exact physiological function of Lp(a) is still unknown [3]. A loss of function
variant in Austrian and Finnish populations due to a splice site mutation showed no
difference in morbidity or mortality [10]. Various functions have been suggested, such
as contributing to wound healing and tissue repair, as multiple in vitro studies have
shown positive interaction between Lp(a) and components of the extracellular matrix [11].
Additionally, possible involvement in the fibrinolytic and coagulation system has been
proposed. There is a high sequence homology between the structure of the LPA gene and the
plasminogen gene [12]. Apo(a) itself does not have any significant fibrinolytic activity. In
fact, it may hinder the activation of plasminogen to plasmin either via competitive inhibition
of plasmin or inhibition of plasminogen activators, which, in turn, may aggravate the risk
of thrombosis [13,14].

Elevated serum Lp(a) (≥50 mg/dL) is estimated to be present in around 1.4 billion peo-
ple worldwide [15]. The European Society of Cardiology (ESC) currently recommends Lp(a)
plasma measurement once in all adults [16] and both the American College of Cardiology
(ACC)/American Heart Association (AHA) and ESC/European Atherosclerosis Society
(EAS) recommend its use as a risk enhancer in cardiovascular (CV) risk assessment [17,18].
Lp(a) was shown to be an independent risk factor for numerous CV conditions [19] and
may in fact confer an additive effect on CV disease (CVD) risk mediated by low-density
lipoprotein—cholesterol (LDL-C) [20]. Although novel therapies under development could
reduce Lp(a) levels by up to 80% through alteration of gene expression [21–23], most
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currently approved dyslipidemia drugs have little proven efficacy as regards Lp(a) re-
duction [24]. Therefore, current guidelines recommend intensive CV risk factor control,
including aggressive control of LDL-C, to address the increased risk conferred by high
Lp(a) levels [18,25].

Studying lipoprotein interactions is critical as it has been shown that certain interac-
tions can augment the CVD risk while others can mitigate it. For example, the magnitude
of CVD risk mediated by elevated Lp(a) when LDL-C is controlled and whether there is a
synergistic effect when both are elevated is still a subject of debate. In addition, a proven
negative association exists between Lp(a) and triglycerides (TG). However, it is not known
to what extent this can influence CV outcomes. Furthermore, there is scarce evidence
regarding a potential interaction between Lp(a) and high-density lipoprotein (HDL).

Thus, we aim, in this review, to summarize and discuss the current evidence involving
the interaction between Lp(a) and other lipid parameters, mainly LDL-C, and their effect
on clinical outcomes.

1.2. Measurement of Lp(a)

Accurate Lp(a) measurement is important in clinical practice as it can add to atheroscle-
rotic cardiovascular disease (ASCVD) algorithms, thereby enhancing CVD risk predic-
tion [26]. Lp(a) contains 30–45% cholesterol and this cholesterol content is factored into
the reported LDL-C levels [27]. The most common method for measuring Lp(a) is via
immunoassays, which use antibodies specific to apo(a) to identify Lp(a) particles [28].
However, Lp(a) has a unique structure that may create certain pitfalls when measuring it.
As previously mentioned, the repetitions of the KIV-2 domain in Lp(a) are predominantly
responsible for apo(a) size and, in turn, Lp(a) concentration.

Since there is high homology between the KIV-2 repeats, this poses a unique problem
when using antibody assays where antibodies may recognize the repetitive motif more
than once making molar measurements particularly difficult [29]. Polyclonal antibodies are
frequently used which can recognize different epitopes and, as a result, can underestimate
or overestimate Lp(a) levels [18]. The use of calibrators has mitigated this issue since
each measurement is set in relation to the calibrator and subsequent measurements are
adjusted in relation to the calibrator [29]. However, measurement is still challenging due
to the multiple genetic variations in apo(a) size, variability in commercial kits, different
calibration protocols, and antibody reactivity [28].

Different methods for Lp(a) measurement are used, each with its own advantages and
disadvantages. Such methods include radial immunodiffusion (RID), electroimmunoas-
say, radioimmunoassay (RIA), enzyme-linked immunosorbent assay (ELISA), immuno-
turbidimetry, nephelometry, dissociation-enhanced lanthanide fluorescent immunoassay
(DELFIA), particle concentration fluorescence immunoassay (PCFIA), and electrophoretic
and immunofixation electrophoresis [30], with the most commonly used being the neph-
elometric or immunoturbidimetric assays [29]. Non-antibody-based techniques, such as
mass spectrometry, are also being considered to provide more reliable and highly effective
measurements compared to the platforms used in clinical laboratories today [22].

Another limitation of traditional methods for measuring Lp(a) concentrations is the
storage effect, which results in a decrease in immunoreactivity over time. A significant
reduction of up to 75% in Lp(a) levels has been observed after 600 days of storage [31]. In
contrast, modern assays have demonstrated substantial improvements, showing only a
4.83% reduction in Lp(a) concentrations after 25 months of storage [29].

Another challenge that may contribute to the inaccuracy occurs when converting Lp(a)
values reported in mass units (mg/dL) to its equivalent in nmol/L and vice versa [32]. The
National Lipid Association (NLA) supports the use of molar measurements over mass units
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when reporting Lp(a) because mass units depend on the size of Lp(a) isoforms, although
both are valid options [33]. Due to the reasons outlined above, it is not possible to directly
convert results based on polyclonal antibodies to molar units. However, in some cases,
approximate conversion may be made by comparing results to apo(a) isoform insensitive
assays. The most recent EAS consensus statement on Lp(a) specifically advises against such
conversions [18].

In the context of these potential inaccuracies, the International Federation of Clini-
cal Chemistry Standardization Group is currently working to standardize Lp(a) assays
worldwide and express Lp(a) concentration in SI units [34].

2. Lipoprotein(a) and LDL
2.1. Correlation Between Serum Lp(a) and LDL-C

Some studies found a statistically significant positive correlation between Lp(a) and
LDL-C [19,35,36], while others have failed to observe such correlation [37–41]. Afshar et al.
analyzed 939 patients from the GENESIS-PRAXY prospective cohort study of premature
atherosclerosis and observed that Lp(a) was significantly associated with serum LDL-C
in young acute coronary syndrome patients (p < 0.001). This correlation was stronger at
higher Lp(a) level, but, at an LDL-C cutoff value of <3.5 mmol/L, this association with
Lp(a) became markedly attenuated [36].

2.2. Is Lp(a) Associated with Increase Cardiovascular Risk When LDL-C Is Controlled?
2.2.1. Evidence from Observational Studies

Numerous observational studies were conducted to assess the extent of the CVD risk
mediated by elevated Lp(a) and whether this risk may be modified by serum LDL-C levels
with conflicting results [42–50] (Table 1).

Table 1. Observational studies involving Lp(a) and LDL interactions on CVD.

Name of Study Year Sample Size Type of Study Outcomes

Studies demonstrating that the risk mediated by Lp(a) is independent of the presence of elevated LDL-C

Ren et al. [47] 2021 988 Retrospective
cohort

In post-PCI patients who had well controlled LDL-C
(≤1.8 mmol/L) at 1-month follow-up, the presence of

elevated Lp(a) was associated with higher risk of
MACE (HR: 1.64; 95% CI: 1.04–2.59)

Madsenet al. [48] 2019 3642 Retrospective
cohort

Even in cases of low LDL-C (<70 mg/dL), incident
MACE among patients with established CVD was

higher in the high Lp(a) (≥50 mg/dL) group
compared to the low Lp(a) group (<10 mg/dL) (HR:

1.69; 95% CI: 1.16–2.46)

Konishi et al. [49] 2015 411 Prospective
cohort

In patients who achieved target LDL-C level
(<100 mg/dL) at time of PCI, an increased risk of
all-cause mortality and ACS was observed with

elevated Lp(a) (HR: 1.68; 95% CI: 1.03–2.70; p = 0.04)

Jaeger et al. [50] 2009 120 Retrospective
cohort

CAD patients with Lp(a) ≥ 2.14 µmol/l (95th
percentile) received lipid lowering therapy followed
by apheresis. Apheresis was successful in lowering
serum Lp(a) by 73% which was associated with the

reduction of MACE irrespective of serum LDL-C
before or during apheresis (p < 0.001).
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Table 1. Cont.

Name of Study Year Sample Size Type of Study Outcomes

Rikhi et al. [51] 2022 4585 Prospective
cohort

Elevated Lp(a) was associated with elevated risk of
CAD events among individuals free of ASCVD

irrespective of LDL-C at baseline (HR for LDL-C
≤ 100 mg/dL and Lp(a) ≥ 50 mg/dL: 1.83; 95% CI:

1.02, 3.27)

PROCAM [52] 2001 788 Prospective
cohort

Incident CAD was higher in patients with elevated
Lp(a) (≥20 mg/dL) independent of serum LDL-C

PROCARDIS [53] 2009
3145 cases
and 3352
controls

Case-control

SNP variants, rs10455872 and rs3798220, were
associated with higher CAD odds due to their link
with high Lp(a) levels (OR: 1.70; 95% CI: 1.49–1.95)
and (OR:1.92; 95% CI: 1.48–2.49) respectively. These

findings were consistent across different LDL-C levels.

Studies which failed to demonstrate that the risk mediated by Lp(a) is independent of the presence of elevated LDL-C

Baldassarre et al.
[54] 1996

100 cases
and 25

controls
Case-control

Among type II familial hypercholesterolemia patients,
elevated Lp(a) (>30 mg/dL) was a risk factor of
carotid atherosclerosis only among patients with

markedly increased LDL-C (>5.2 mmol/L) (p < 0.002)

The Physicians’
Health Study [55] 2004

195 cases
and 195

controls (all
men)

Case-control
Lp(a) was significantly associated with incident

angina when LDL-C was elevated (≥160 mg/dL), but
not when LDL-C levels were low.

Cantin et al. [56] 1998 2156 Prospective
cohort

No significant increase in the risk of incident IHD was
observed when serum Lp(a) was high (≥30 mg/dL)

and serum LDL-C was within the first tertile
(<3.47 mmol/L) (RR:1.35; 95% CI: 0.57–3.17)

compared to the third tertile (≥4.28 mmol/L) (RR:
2.45; 95%CI: 1.26–4.76)

PRIME study [57] 2002 9133 Prospective
cohort

The risk of CAD at serum Lp(a) ≥ 33 mg/dL was not
statistically significant at the first quartile of LDL-C
(<121 mg/dL) (RR: 0.82; 95% CI: 0.28–2.44). The risk
becomes statistically significant with higher LDL-C
quartiles (RR: 1.58; 95% CI: 1.06–2.40) at the fourth

quartile (>163 mg/dL)

Verbeek et al. [58] 2018 26,102 Prospective
cohort

Lp(a) was a risk factor for composite cardiovascular
outcomes except at low LDL-C levels (<2.5 mmol/L)

where the risk mediated by elevated Lp(a) (≥80th
percentile) was attenuated. (HR: 1.11; 95% CI:

0.77–1.59)

Women’s Health
Study [59] 2006 27,791 Prospective

cohort

CVD risk was highest when both LDL-C was ≥the
median (121.4 mg/dL) and Lp(a) was ≥the 90th
percentile (65.5 mg/dL) among initially healthy

women. No significant risk increase was observed
when Lp(a) was high and LDL-C was below

the median.

Zhu et al. [60] 2022 516 Prospective
cohort

In post-PCI patients with a previous ACS, a higher risk
of MACE was observed in the high Lp(a)

(≥30 mg/dL) group when LDL-C was above a cut-off
of 1.4 mmol/L (HR: 1.63; 95% CI: 1.12–2.38, p = 0.012).

Such association did not exist when LDL-C was
<1.4 mmol/L (HR: 0.49; 95% CI: 0.17–1.42, p = 0.186)
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Table 1. Cont.

Name of Study Year Sample Size Type of Study Outcomes

Yoon et al. [61] 2021 12,064 Prospective
cohort

High Lp(a) (>30 mg/dL) was associated with a higher
risk of composite CV events post-PCI when LDL-C
≥ 70 mg/dL but not when LDL-C < 70 mg/dL

Cai et al. [62] 2013 832 Prospective
cohort

In the high LDL-C group (≥1.8 mmol/L), there was a
higher risk of MACE post-PCI in the high Lp(a)

subgroup (≥ 30 mg/dL) compared to the low Lp(a)
subgroup (6.1% versus 16.6%, p = 0.018). In the low

LDL-C group (<1.8 mmol/L), no statistically
significant difference in the risk of MACE was

observed between high and low Lp(a) (16.3% versus
18.5%, p = 0.755).

ECAD registry
[63] 2023 4941 Prospective

cohort

Elevated Lp(a) showed no association with adverse
outcomes in post-PCI patients when LDL-C was

<100 mg/dL (HR: 1.02; 95% CI: 0.81–1.28); p = 0.9];
compared to LDL-C ≥ 100 mg/dL (HR: 1.47; 95% CI:

1.16–1.86); p = 0.002)

Mahmoud et al.
[64] 2024 878 Retrospective

Cohort

In post-PCI patients with well controlled LDL-C
(<70 mg/dL), no significant association was observed

between high Lp(a) (≥ 50 mg/dL) on the risk of
MACE (HR: 1.07; 95% confidence interval: 0.84–1.37)
or all-cause mortality (HR: 0.98; 95% CI: 0.74–1.30)

Xu et al. [65] 2022 9899 Prospective
cohort

Elevated Lp(a) (≥50 mg/dL) was associated with
elevated risk of recurrent stroke (HR: 1.20; 95% CI:

1.02–1.42). This risk was attenuated in patients with
concomitant low corrected LDL-C (<55 mg/dL) (HR:

0.92; 95% CI: 0.65–1.30)

Armstrong et al.
[66] 1986

428 cases
and 142
controls

Case-control

In cases where LDL-C was above the median and
Lp(a) > 30 mg/dL, there was 6.0 higher odds of CAD

(p < 0.001). When the values of LDL-C and total
cholesterol were below the median, there was no

significant increase in odds of CAD.
Abbreviations: Lp(a): lipoprotein(a); CAD: coronary artery disease; ASCVD: atherosclerotic cardiovascular
disease; LDL-C: low-density lipoprotein-cholesterol; HR: hazard ratio; CI: confidence interval; SNP: single
nucleotide polymorphism; OR: odds ratio; MACE: major adverse cardiac events; CVD: cardiovascular disease;
PCI: percutaneous coronary intervention; ACS: acute coronary syndrome; CV: cardiovascular.

An analysis of the Multi-Ethnic Study of Atherosclerosis (MESA) study was conducted,
which included 4585 individuals who were free from ASCVD at baseline. It provided evi-
dence that increased levels of Lp(a) carried an increased risk of incident ASCVD regardless
of LDL-C levels at baseline. Interestingly, it was also found that there was no increase in
ASCVD risk in patients with elevated LDL-C > 100 mg/dL and Lp(a) < 50 mg/dL [51]. In
another primary prevention study, The Prospective Cardiovascular Münster (PROCAM)
Study, von Eckardstein et al. found that Lp(a) was an independent risk factor for CVD
regardless of LDL level [52]. The Precocious Coronary Artery Disease (PROCARDIS) study
was a case-control study investigating the association between multiple single nucleotide
polymorphisms (SNPs) and the risk of coronary artery disease (CAD). Two independent
SNP variants, rs10455872 and rs3798220, were associated with elevated CAD risk mainly
through their effects on Lp(a) levels. No differences were observed in the odds of CAD
among subgroups with high Lp(a) levels and different LDL-C concentrations [53].
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On the other hand, multiple other observational studies have shown discordant
findings [36,54–56,67,68]. For instance, in an analysis of the PRIME cohort by Luc et al.,
a significant interaction was observed between Lp(a) and LDL-C when the cohort was
stratified by LDL-C levels. The relative risk of CAD events in patients with high Lp(a)
(≥33 mg/dL) was increased significantly only in the subjects with elevated levels of LDL-C
(≥143 mg/dL) [57]. In an analysis of the EPIC-Norfolk population study and Copenhagen
City Heart study on 26,102 individuals in a primary prevention setting, similar findings
were observed. Both LDL-C and Lp(a) were risk factors for CAD, except for individuals with
low LDL-C levels (<2.5 mmol/L) where Lp(a) associated risk was mitigated [58]. Similar
findings were observed in the large prospective Women’s Health Study of 27,791 initially
healthy women. The authors found that the risk of CVD was highest among women
with both elevated Lp(a) > 90th percentile and LDL-C. However, when stratification was
performed based on the LDL-C median, Lp(a) failed to exert a significant atherosclerotic
effect when LDL-C levels were below the median, even at the highest Lp(a) quintile [59].

In the secondary prevention setting, several studies showed a dependence of Lp(a)
on high LDL-C to exert an atherogenic effect [60–62]. A prospective observational study
involving 12,604 patients by Yoon et al. studied the association between elevated Lp(a)
and composite CV outcomes among patients who had previously undergone percuta-
neous coronary intervention (PCI). Higher Lp(a) concentration resulted in a higher risk
of recurrent CV events in patients with LDL > 70 mg/dL but not LDL ≤ 70 mg/dL [61].
In an analysis based on the Essen Coronary Artery Disease (ECAD) Registry involving
4941 patients who underwent PCI, no association was observed between high Lp(a) levels
and adverse outcomes when LDL-C was controlled [63]. In a retrospective cohort study
by Mahmoud et al., which included 878 patients who underwent PCI and reached their
target LDL-C (<70 mg/dL), the authors observed that there was no significant difference
between Lp(a) groups (<50 and ≥50 mg/dL) in terms of survival probabilities of major
adverse cardiovascular events (MACE) or all-cause mortality [64].

Furthermore, the interaction between Lp(a) and LDL-C on recurrence of stroke or
transient ischemic attack (TIA) has been investigated. Xu et al. conducted a prospective
cohort study on 9899 patients with previous stroke/TIA. There was a significant association
between elevated Lp(a) and stroke recurrence among patients with high corrected LDL-C.
Such association was insignificant at low corrected LDL-C levels (<55 mg/dL) [65].

2.2.2. Evidence from Intervention Studies

The evidence from intervention studies is also conflicting [69–76] (Table 2). A
recent meta-analysis by Bhatia et al., including 27,658 patients pooled from six placebo-
controlled statin trials, was performed to assess the relationship between elevated LDL-C
and Lp(a) levels on the risk of fatal or nonfatal CAD events, stroke, or any coronary
or carotid revascularization. It was found that the risk of ASCVD was associated with
increased Lp(a) in both statin and placebo-treated patients. The risk of ASCVD in statin-
treated patients with high Lp(a) levels remained elevated across all quartiles regardless
of achieved LDL-C levels [70]. A previous meta-analysis of seven statin trials also
reported similar results [71].
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Table 2. Intervention studies involving Lp(a) and LDL interactions on CVD.

Name of Study Year Number of
Individuals Type Outcome

Studies demonstrating that the risk mediated by Lp(a) is independent of the presence of elevated LDL-C

Khera et al. [69] 2014 9612 Post-hoc
analysis

Both baseline and on-statin Lp(a) were associated
with elevated risk of CAD, independent of serum

LDL-C (HR for on statin Lp(a): 1.27; 95% CI:
1.01–1.59; p = 0.04)

Bhatia et al. [70] 2024 27,658 Meta-analysis

A significant association was observed between
elevated Lp(a) (>50 mg/dL) and CVD risk in

statin-treated patients. This finding was consistent
across all LDL-C quartiles. In patients with high

Lp(a) and in the lowest quartile of achieved LDL-C
level, the CVD risk remained elevated (HR: 1.38;

95% CI: 1.06–1.79)

Willeit et al. [71] 2018 29,069 Meta-analysis
Elevated Lp(a) (≥50 mg/dl) remained a residual

risk predictor of CVD, even when LDL-C is
adequately controlled with statin treatment.

FOURIER trial [72] 2019 25,096 RCT
The benefit of Lp(a) reduction via evolocumab in
decreasing CVD risk was independent of baseline

or achieved LDL-C levels

ODYSSEY
OUTCOMES trial

[73]
2020 18,924 RCT

Benefits of reduction of Lp(a) on composite CV
outcomes by alirocumab was independent of the

achieved reduction in corrected LDL-C

Schwartz et al. [74] 2021 4351 Post-hoc
analysis

Patients with recent ACS and controlled LDL-C on
statins had a significant reduction in MACE with

alirocumab when Lp(a) was ≥13.7 mg/dL
(adjusted HR:0.68; 95% CI: 0.52–0.90)

AIM-HIGH trial [75] 2013 3414 RCT

Elevated levels of Lp(a) contributed to elevated
CVD risk despite achieving target LDL-C via

LDL-lowering therapy in both study arms
(LDL-lowering therapy plus placebo vs.

LDL-lowering therapy plus ERN)

Studies which failed to demonstrate that the risk mediated by Lp(a) is independent of the presence of elevated LDL-C

O’Donoghue [19] 2014 18,978 Meta-analysis

There was a significant increase in risk of MACE
among patients with baseline CAD and the highest

quintile of Lp(a). This became statistically
insignificant in a subgroup analysis where only

studies with LDL-C < 130 mg/dL were included
(OR: 1.20; 95% CI: 0.90–1.60; p = 0.21)

Familial
atherosclerosis

treatment study [77]
1995 146 Post-hoc

analysis

In men with CAD and high LDL-C, a strong
association existed in the placebo group between

Lp(a) and CAD severity at baseline and follow-up.
In the statin group patients who achieved target
LDL reduction, Lp(a) was no longer associated

with CV risk

Familial Hyperc-
holesterolemia

Regression Study
(FHRS) [76]

1997 39 RCT

There was no improvement in outcomes from the
reduction of Lp(a) when LDL-C is controlled
among patients with heterozygous familial

hypercholesterolemia, either through apheresis or
pharmacologically

Abbreviations: Lp(a): lipoprotein(a); CVD: cardiovascular disease; LDL-C: low-density lipoprotein-cholesterol;
HR: hazard ratio; CI: confidence interval; ERN: extended-release niacin; ACS: acute coronary syndrome; MACE:
major adverse cardiac events; CAD: coronary artery disease; CV: cardiovascular.
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In the FOURIER trial, 25,096 patients with established ASCVD were randomized
to evolocumab, a proprotein convertase subtilisin/kexin type 9 (PCSK9) inhibitor, or
placebo. The authors found that the benefit of Lp(a) reduction via evolocumab on CAD
death, myocardial infarction (MI), or urgent revascularization was independent of base-
line or achieved LDL-C levels. Moreover, the greatest benefit was observed in patients
who achieved a reduction in both LDL-C and Lp(a) [72]. This finding was similar in
the ODYSSEY OUTCOMES trial, which studied alirocumab, and its subsequent posthoc
analysis [73,74]; the benefits of reduction of Lp(a) by alirocumab was independent of the
achieved reduction in corrected LDL-C, and that alirocumab provided additional mortality
reduction in patients with elevated Lp(a) and controlled LDL-C below 70 mg/dL. Moreover,
the AIM-HIGH trial, which studied extended-release niacin (ERN), showed congruent
results. The elevated levels of Lp(a) contributed to elevated CVD risk despite achieving
target LDL-C via LDL-lowering therapy in both the LDL-lowering therapy plus placebo
and LDL-lowering therapy plus ERN arms, notwithstanding the side effects associated
with niacin [75].

On the other hand, other trials have shown different results. A meta-analysis of
multiple trials (including PEACE, CARE, and PROVE IT–TIMI 22) involving 18,978 patients
on the role of Lp(a) in secondary prevention of CAD was performed. The patients who were
in the highest quintile of Lp(a) concentration had 40% higher odds of MACE. However,
when the study results were stratified on the basis of LDL-C, no association was observed
between Lp(a) and MACE in patients with lower levels of LDL-C (<130 mg/dL) [19]. Of
note, there was significant in-study heterogeneity. Similarly, in a post-hoc analysis of the
Familial Atherosclerosis Treatment Study, Maher et al. studied the outcomes following the
reduction of LDL-C on the CVD risk mediated by Lp(a). It was found that a high Lp(a)
concentration was associated with more disease severity, faster progression, and a higher
event rate when high LDL-C was present. In contrast, high Lp(a) was not atherogenic when
the LDL-C level was controlled [77].

2.3. Do LDL and Lp(a) Have a Synergistic Effect on CVD Risk?

Multiple studies revealed a synergistic interaction between Lp(a) and LDL-C [66,78–80].
Hu et al. conducted a case-control study (1522 cases and 1691 controls) aiming to assess the
interaction between Lp(a) and LDL-C on the first acute MI. Using the reference group of
LDL-C < 2.6 mmol/L and the first quintile of Lp(a) (≤34 mg/L), it was found that the OR
(95% CI) of incident MI for only elevated LDL-C (≥2.6 mmol/L) was 2.66 (1.78–3.98) and
the ORs (95% CI) for only elevated Lp(a) at the highest quintile were 2.66 (1.88–3.76). A
synergistic effect was observed where the odds of incident MI associated with the elevation
of both LDL-C and Lp(a) were higher than the sum of the risks of both alone [79].

Shen et al. observed a synergistic effect between Lp(a) and LDL-C and poor coronary
collateral formation among diabetes mellitus (DM) patients with stable CAD and coronary
chronic total occlusion. A fourfold higher odds of poor coronary collateral formation (OR:
3.970; 95% CI: 1.918–8.216; p < 0.001) was found in patients with high LDL-C and high Lp(a)
compared to patients with high LDL-C and low Lp(a) [78].

Kronenberg et al. found a synergistic interaction between Lp(a) and LDL-C on the
development of early carotid atherosclerosis among 500 individuals who were free from
atherosclerosis at baseline [66]. Armstrong et al. showed that the combination of elevated
Lp(a) and LDL-C may be associated with a 6-fold higher odds of angiographically classified
CAD (p < 0.001) among a cohort of 570 males aged 40–60 years [80].
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3. Lipoprotein(a) and HDL
Studies examining the interaction between Lp(a) and HDL are scarce. The interaction

between Lp(a) and HDL might be clinically relevant as it has been proposed that these
two molecules may share a common metabolic pathway. Lp(a) may induce the transfor-
mation of HDL to a malfunctioning variant, which may affect its beneficial properties [81].
In addition, it has been shown in murine model studies that both Lp(a) and HDL bind to
scavenger receptor class B type I (SR-BI) for metabolism [82]. Some studies have found a
positive association between serum Lp(a) and serum HDL-C [83–85], while others failed to
do so [86].

Al Hageh et al. conducted a cross-sectional study on 268 patients who had undergone
coronary angiography. They found that patients with Lp(a) ≥ 30 mg/dL have statisti-
cally significant higher mean HDL levels in comparison to those with Lp(a) < 30 mg/dL
(45.928 ± 13.507 vs. 41.862 ± 9.607, p = 0.006) [84]. In addition, the association between
high Lp(a) and CAD was paradoxically stronger in patients with high HDL levels. Patients
with elevated Lp(a) were at a significantly higher risk of developing CAD, even in the
presence of elevated HDL serum levels, suggesting that elevated Lp(a) may mitigate the
protective features of HDL [84]. This could be explained by high systemic and vascular
inflammation mediated by elevated Lp(a), which leads to the transformation of HDL to a
malfunctioning form, eliminating its protective effects against atherosclerosis [81,84].

Additionally, Konerman et al. conducted a cross-sectional study on 148 individuals to
evaluate the relationship between Lp(a), TG, and HDL. They reported that the relationship
between Lp(a) and HDL varies with TG levels. At high TG levels, Lp(a) showed a strong
correlation with HDL2-C/HDL3-C (beta-coefficient = 1.63; p = 0.0004), very low-density
lipoprotein (VLDL) (beta-coefficient = −1.33; p = 0.009) and TG-related variables (beta-
coefficient = 0.603; p = 0.02) which suggests that Lp(a), VLDL, TG, and HDL may share
common metabolic pathways at high TG levels [87]. No such relationship was observed at
low TG levels. Consistent with previous studies, Sharma et al. conducted a cross-sectional
study on 121 obese (BMI > 85th percentile) African American children aged 9–11 years. A
positive correlation was observed between Lp(a) and HDL-C (r = 0.462; p < 0.001), including
after the adjustment for other plasma lipoproteins [83].

These various interactions between Lp(a) and HDL are important as they may help to
better control CV risk. However, further research is necessary to have a full understanding
of this relationship.

4. Lipoprotein(a) and VLDL/Triglycerides
The relationship between Lp(a) and TGs/VLDL is clinically relevant as a synthesis of

both TGs/VLDL and Lp(a) seems to be interrelated [88]. In addition, both molecules may
share common metabolic pathways, and it has been demonstrated that Lp(a) degradation
may involve VLDL receptors [89].

The inverse correlation between Lp(a) and TG among individuals with hypertriglyc-
eridemia was first described by Bartens et al. [90]. Multiple subsequent studies have
confirmed this relationship [83,90–96]. Ramos-Cáceres et al. conducted a cross-sectional
study on 11,406 individuals to analyze the relationship between TG and Lp(a). In addi-
tion to confirming the presence of this inverse relationship, they found that larger VLDL
particles and apo E-rich VLDL particles were associated with lower serum Lp(a) [94]. An-
other study including 1,350,908 individuals from the US evaluated the effects of elevated
TG/HDL-C ratio, which is associated with obesity, metabolic syndrome, and insulin resis-
tance, on the remaining lipid profile. A statistically significant inverse relationship between
TG/HDL-C and Lp(a) was shown (r = −0.32) [97]. Interestingly, a high TG/HDL-C ratio
was associated with a more atherogenic lipid profile, including more non-HDL-C, higher
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LDL density, and more remnant lipoprotein cholesterol (RLP-C), despite being associated
with lower Lp(a) levels. Marco-Benedí et al. showed that the relationship between Lp(a)
and TG is not linear, and the negative correlation exists between TG and Lp(a) only when
TG levels surpass 300 mg/dL [98]. Furthermore, McConathy et al. showed that this inverse
relationship does not seem to be affected by the presence of CAD [92].

To explore possible explanations for this relationship, it was shown that a positive cor-
relation exists between TG and the formation of lipoprotein(a)–triglyceride-rich lipoprotein
(Lp(a)–TRL) complexes and that the quantity of Lp(a) in the triglyceride-rich lipoprotein
(TRL) varied with TG levels [95]. The Lp(a)–TRL complex may be more readily metabolized
than Lp(a) alone, explaining the inverse relationship [93]. Another possible explanation for
this association was put forward by Ramos-Cáceres et al., who suggested that larger VLDL
particles, the presence of apoE in VLDL, and enrichment of VLDL with TG were associated
with a drop in Lp(a) synthesis [94].

Marco-Benedí et al. showed similar findings to support this hypothesis. They stratified
the study population into four pathologies that are associated with hypertriglyceridemia
via different mechanisms: DM (via peripheral insulin resistance, which affects lipoprotein
lipase activity), obesity (via decreased peripheral lipolysis), familial hypercholesterolemia
(via decreased hepatic lipoprotein catabolism), and multifactorial combined hyperlipemia
(via increased synthesis of VLDL and other TG-rich lipoproteins). The first three conditions
showed no inverse correlation with Lp(a) [94]. On the other hand, individuals with
multifactorial combined hyperlipemia, a condition associated with increased production
and enrichment of VLDL, still showed a strong and significant inverse relationship. Thus,
the correlation of Lp(a) and TG seems to depend on the etiology of hypertriglyceridemia.
This finding is consistent with the effects seen with cholesteryl ester transfer protein (CETP)
inhibitor therapy. The drop in Lp(a) observed with CETP inhibitors may be related to the
enrichment of VLDL with TG [94,99]. Finally, future research is required to clarify common
mechanisms, enzymes, and receptors involved in the metabolism of Lp(a) and TG.

5. Discussion and Future Perspectives
After its discovery in 1963 by Kare Berg, Lp(a) has gained remarkable scientific interest

after its role in the development and progression of ASCVD was highlighted. This was
confirmed after multiple Mendelian randomization studies, and meta-analyses proved its
role as a causal risk factor for ASCVD and aortic stenosis [68,100–102].

The atherogenic effects of non-HDL lipoproteins seem to be largely dependent on
their oxidized phospholipids (OxPL) content. Lp(a) appears to be the preferred carrier
lipoprotein for serum OxPL, even more so compared to LDL [103], and Lp(a) was shown
to have a longer half-life in the blood [104]. OxPL interacts with endothelial cells, smooth
muscle cells, macrophages, and valve interstitial cells in the vascular milieu to induce the
development of atherosclerotic plaques and aortic valve dysfunction and degeneration.
Lp(a) shows more avid binding to the extracellular matrix compared to LDL, leading to
more cholesterol deposition in the atherosclerotic plaque [68]. Finally, Lp(a) may also pose a
prothrombotic risk owing to the structural homology with plasminogen, which may inhibit
fibrinolysis, especially in patients with smaller apo (a) isoforms [68].

Sex-specific differences in Lp(a) and CV outcomes have been reported. While it was
found that Lp(a) levels showed an increase in both genders with age, women experienced
a modest increase around menopause [105]. It was suggested that women may benefit
from a repeat Lp(a) measurement around that age [105,106]. In a large general population
study, the authors found that, in men and women above or below the age of 50, there was a
similar morbidity and mortality risk with elevated Lp(a) and a non-significant interaction
effect [105].
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It is important to study the interaction between Lp(a) and other lipid molecules, as
it was consistently shown that the ASCVD risk mediated by Lp(a) can be profoundly
affected by other lipid parameters (Figure 2). There is also a lack of consistent data on
the direction of interaction between Lp(a) and other lipids. Multiple large observational
and interventional studies have shown that Lp(a) can be an independent risk factor for
ASCVD, regardless of the associated serum levels of other lipoproteins or it may depend
on the presence of elevated LDL-C to exert its hazardous effects [42–50]. These conflicting
findings suggest that the impact of Lp(a) may depend on the specific intervention, patient
population, and baseline LDL-C levels.
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Current phase 2 and 3 trials of specific Lp(a) lowering drugs are underway that will
provide more data regarding the true extent of the role of Lp(a) in ASCVD [21–23].

It is not clear why several studies consistently concluded that Lp(a) has a negligible
effect on CV outcomes when LDL-C is controlled. One possible explanation for this is
that Lp(a) catabolism has been shown to be partially dependent on LDL receptors (LDL-
R) [107]. In high LDL-C settings, Lp(a) may show enhanced deleterious effects since LDL-C
competitively inhibits the LDL-R, amplifying the hazardous effect of Lp(a). Conversely, in
the low LDL-C settings, upregulation of the LDL-R enhances the metabolism of Lp(a) and
mitigates its deleterious effects [60,64].
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Similarly, multiple mechanisms have been suggested that may explain the synergistic
atherogenic effects of both Lp(a) and LDL-C. LDL particles may become trapped by the
presence of Lp(a) inside the arterial wall via their apoB component. Interaction of oxidized
LDL with macrophages may also augment its uptake of Lp(a) particles [108]. Finally,
apo(a) may directly interact with other apoB-100-containing lipoproteins resulting in the
production of lipoprotein aggregates [109]. Overall, elevation of both Lp(a) and LDL-C was
consistently shown to be associated with worse outcomes than when either are elevated on
their own. Considering this, current guidelines recommend a once-per-life measurement of
serum Lp(a) as well as the use of Lp(a) as a CV risk modifier for more aggressive risk factor
control since no current effective therapeutic intervention exists to effectively reduce Lp(a)
level [16–18]. Future studies are crucial to better understand the relationship between Lp(a)
and LDL-C. This is relevant in clinical practice as it will help guide whether it is necessary
to reduce Lp(a) in patients with controlled LDL-C or not and to what extent we need to be
aggressive with lipid-lowering therapy when elevated Lp(a) is present.

Lp(a) was shown to not only be positively correlated with serum HDL, but it may also
have a detrimental effect on its protective features. This correlation suggests that malfunc-
tioning HDL may play a role in the pathophysiology of Lp(a) atherogenesis. Therefore,
future therapies that significantly reduce Lp(a) levels might enhance the protective features
of HDL. In addition, Lp(a) was consistently shown to be negatively correlated with serum
TG and VLDL. It is unclear how this might be clinically relevant. However, it is possible
that modification of the composition of VLDL can be used to influence serum Lp(a) in
the future.

Finally, although some of the currently available lipid-lowering therapies have not
shown sufficient Lp(a) lowering effects, PCSK9 inhibitors have shown reductions in Lp(a)
levels, as well as promising results regarding further reduction of CV risk among those
with elevated Lp(a) [72,73].

Novel therapies are currently under phase 2 and 3 trials that target the LPA gene
transcription through the use of small interfering RNAs, or gene translation through the
use of antisense oligonucleotides [110], with some capable of achieving up to 80% reduc-
tion [21–23]. These ongoing and also future trials could help understand the relationship
between Lp(a) and LDL-C by including patients with different LDL-C cutoff values or
targets prior to enrolment. By doing so, clinical trials of Lp(a) lowering medications could
demonstrate that CV risk reduction among patients with elevated Lp(a) may be indepen-
dent of the baseline or achieved levels of LDL-C and will provide strong evidence for the
causal relationship between Lp(a) and ASCVD. These promising treatments may help better
understand the relationship between Lp(a) and other lipoproteins and lipid parameters
leading to improved CVD risk control and prevention and providing clinically needed
intervention to directly affect Lp(a) levels and attenuate its associated CVD risks.
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ASCVD Atherosclerotic cardiovascular disease
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CAD Coronary artery disease
CETP Cholesteryl ester transfer protein
CI Confidence interval
CNV Copy number variation
CV Cardiovascular
CVD Cardiovascular disease
DELFIA Dissociation-enhanced lanthanide fluorescent immunoassay
DM Diabetes mellitus
EAS European atherosclerosis society
ELISA Enzyme-linked immunosorbent assay
ERN Extended-release niacin
ESC European society of cardiology
HDL High-density lipoprotein
HR Hazard ratio
LDL-C Low-density lipoprotein cholesterol (LDL-C)
Lp(a) Lipoprotein(a)
LP(a)–TRL Lipoprotein(a)–triglyceride-rich lipoprotein
MACE Major adverse cardiovascular events
MI Myocardial infarction
NLA National lipid association
OR Odds ratio
OxPL Oxidized phospholipids
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PCI Percutaneous coronary intervention
PCSK9 Proprotein convertase subtilisin/kexin type 9
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RLP-C Remnant lipoprotein cholesterol
SNP Single nucleotide polymorphisms
SR-BI Scavenger receptor class B type I
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