
Arteriosclerosis, Thrombosis, and Vascular Biology

Arterioscler Thromb Vasc Biol. 2025;45:00–00. DOI: 10.1161/ATVBAHA.125.322924� December 2025    1

Arterioscler Thromb Vasc Biol is available at www.ahajournals.org/journal/atvb

 

Correspondence to: Charalambos Antoniades, MD, PhD, Division of Cardiovascular Medicine, L6 West Wing, John Radcliffe Hospital, Headley Way, Oxford OX3 9DU, 
United Kingdom. Email antoniad@well.ox.ac.uk
Supplemental Material is available at https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.125.322924.
For Sources of Funding and Disclosures, see page XXX.
© 2025 The Authors. Arteriosclerosis, Thrombosis, and Vascular Biology is published on behalf of the American Heart Association, Inc., by Wolters Kluwer Health, Inc. 
This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution, and reproduction in any medium, provided 
that the original work is properly cited.
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Rana Sayeed , Vivek Srivastava, Antonios Kourliouros, Nicholas Walcot , Priya Sastry, Tomasz Guzik , Keith M. Channon , 
Giuseppe D. Norata , Charalambos Antoniades

BACKGROUND: Lp(a) (lipoprotein[a]) is associated with cardiovascular disease, but neither the causal nature nor the underlying 
mechanisms are fully documented. This study investigated whether Lp(a) triggers atherogenesis by dysregulating vascular 
redox–sensitive inflammatory state.

METHODS: Plasma Lp(a) was measured in 1027 patients with advanced coronary artery disease undergoing cardiac surgery. 
These patients were genotyped, and a modified LPA genetic risk score determining Lp(a) levels was generated. RNA 
sequencing and vascular superoxide measurements were performed in internal mammary arteries, and the contribution of 
NOXs (NADPH oxidases) and uncoupled eNOS (endothelial nitric oxide synthase) was determined. The median follow-up 
was 5.07 years.

RESULTS: Increased plasma Lp(a) (P=0.03) and LPA genetic risk score (P=0.01) were associated with elevated arterial 
superoxide in the overall patient population, an effect that was driven by nondiabetics. This effect was primarily due to eNOS 
uncoupling via reduced vascular tetrahydrobiopterin bioavailability. There was no significant impact of Lp(a) variability on 
vascular NOX–derived superoxide (P=0.13). RNA sequencing of arterial tissue revealed dysregulation of nitrosative and 
inflammatory signaling in high Lp(a) patients although there was no association with systemic biomarkers of inflammation 
(ie, hsCRP [high-sensitivity C-reactive protein]; P=0.82) or oxidative stress (ie, malondialdehyde; P=0.61). Finally, both 
LPA genetic risk score (hazard ratio, 3.615 [95% CI, 1.044–12.515]; P=0.043) and high plasma Lp(a) (hazard ratio, 3.286 
[95% CI, 1.003–10.767]; P=0.049) were associated with elevated risk for cardiac mortality. This association was vascular 
superoxide-dependent, implying that redox-sensitive inflammatory signaling may be a link between Lp(a) and cardiovascular 
risk. All the above associations were independent of plasma ApoB (apolipoprotein-B).

CONCLUSIONS: This study demonstrates for the first time that a genetically determined increase in plasma Lp(a) results in 
dysregulated vascular redox/nitrosative signaling in patients with atherosclerosis.
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Coronary artery disease (CAD) is a dominant cause 
of global morbidity and mortality.1 Over the last few 
decades, preventive cardiovascular medicine has 

focused on controlling the levels of ApoB (apolipoprotein-
B) containing molecules such as low-density lipoprotein 
cholesterol (LDL-C), originally with statins and recently with 

anti-PCSK9 (proprotein convertase subtilisin/kexin type 9) 
targeting.2,3 Yet, even with the reduction of plasma LDL-C, 
a residual CAD risk remains, which may be partly driven by 
inflammation, as shown in the CANTOS and LoDoCo trials.4,5

Lp(a) (lipoprotein[a]) is a polymorphic lipoprotein particle 
that contains an ApoB molecule, covalently linked to the 
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ApoB glycoprotein.6 Lp(a) has emerged as a new CAD risk 
factor, and novel therapeutic strategies incorporating RNA-
interference and antisense oligonucleotides have been 
shown to reduce circulating Lp(a) although their impact on 
cardiovascular risk is awaited from ongoing clinical trials.7–11 
Importantly, over 90% of the variation in plasma Lp(a) is 
genetically determined, largely through variants in or near 
the LPA gene such as the Kringle-IV repeat polymorphisms, 
which affect the size of the ApoB molecule and, thus, the 
size of the overall Lp(a) isoform.6,12 Carriers of smaller ApoB 
isoforms exhibit median plasma Lp(a) concentrations >5× 
higher than those with larger isoforms, as illustrated in the 
PROCARDIS study.8,12,13 Mendelian randomization studies 
support the case for a causal association between Lp(a) 
and CAD, yet the mechanisms underlying this relationship 
are still not completely understood.9

Lp(a) also acts as a major carrier of oxidized phos-
pholipids (ox-PLs), stimulating vascular inflammation and 
leukocyte extravasation.14–17 Other known ox-PL carriers 
(such as ox-LDL-C) preferentially donate ox-PLs to Lp(a), 
with plasma ox-PL and Lp(a) levels increasing proportion-
ately in humans.18 The ox-PL content in Lp(a) molecules 
seems to derive from both lipid and nonlipid extractable 
pools, suggesting that ox-PLs can be found in the lipid 

phase of the Lp(a) molecule and covalently bound to the 
ApoB component.18 The difference in the ease of trans-
ferability of ox-PLs in the lipid phase of Lp(a) and those 
bound to ApoB could account for the mechanism through 
which Lp(a) acts as a major ox-PL carrier, yet further work 
investigating the modification of ox-PL from all known 
sources is needed to confirm this hypothesis.18

In addition, Lp(a) levels share interactions with sys-
temic inflammatory biomarkers such as IL (interleukin) 6 
and hsCRP (high-sensitivity C-reactive protein); IL6 inhi-
bition reduces Lp(a) levels by ≈40%, while background 
hsCRP interacts with Lp(a)-driven cardiovascular risk.9,19–

22 This suggests that high Lp(a) levels may increase as a 
result of systemic inflammation that characterizes patients 
with CAD and may be a rational therapeutic target in car-
diovascular prevention. Yet, this relationship has been 
questioned by a more recent study of a larger sample 
size, showing an hsCRP-independent effect of Lp(a) on 
cardiovascular risk.23 Furthermore, the mechanistic links 
between Lp(a) and inflammation remain obscure. Inflam-
matory redox signaling, in particular, has been revealed as 
a key downstream driver of vascular inflammation, but its 
relationship with Lp(a) is unknown.

As a result, we aimed to explore the impact of Lp(a) 
on arterial superoxide (O2

.−) and inflammatory redox sig-
naling in humans, with the objective to better understand 
the molecular mechanisms behind such an association. 
Furthermore, we explored the impact of these observa-
tions on clinical outcomes in patients with CAD.

METHODS
Supporting data are available from the corresponding author 
upon reasonable request.

Nonstandard Abbreviations and Acronyms

AMPK	 �adenosine monophosphate-activated 
protein kinase

ApoB	 apolipoprotein-B
CAD	 coronary artery disease
DPP4	 dipeptidyl peptidase-4
EAS	 European Atherosclerosis Society
eNOS	 endothelial nitric oxide synthase
GRS	 genetic risk score
HDL	 high-density lipoprotein
HR	 hazard ratio
hsCRP	 high-sensitivity C-reactive protein
IL	 interleukin
LDL-C	 low-density lipoprotein cholesterol
L-NAME	 L-NG-nitro arginine methyl ester
Lp(a)	 lipoprotein(a)
MR	 Mendelian randomization
mTOR	 mammalian target of rapamycin
NLRP3	 NLR family pyrin domain-containing 3
NOX	 NADPH oxidase
O2

.−	 superoxide
OxHVF	 Oxford Cohort for Heart, Vessels, and Fat
ox-LDL	 oxidized low-density lipoprotein
ox-PL	 oxidized phospholipid
PCSK9	 �proprotein convertase subtilisin/kexin 

type 9
VLDL	 very-low-density lipoprotein

Highlights

•	 Plasma Lp(a) (lipoprotein[a]) levels have an estab-
lished association with cardiovascular disease and 
are suspected to be a consequence of the vascular 
inflammation that characterizes patients with coro-
nary artery disease, yet the mechanisms underlying 
this association are not well understood.

•	 Owing to the fact that Lp(a) levels are largely 
genetically determined, we have used genetic tools 
to show that Lp(a) impacts vascular redox signal-
ing associated with eNOS (endothelial nitric oxide 
synthase) uncoupling in an ApoB (apolipoprotein-
B)–independent manner, and this may drive, at least 
partly, the previously described Lp(a)-driven risk for 
adverse cardiovascular outcomes.

•	 This study illustrates a potential key mechanism 
through which Lp(a) increases cardiovascular risk 
and provides a rationale for further mechanis-
tic investigations incorporating the novel Lp(a)-
lowering therapies that are entering clinical practice.
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Study Population
The study population comprised 1027 patients with advanced 
CAD undergoing cardiac surgery at Oxford University Hospitals 
NHS Foundation Trust, United Kingdom. All patients were 
recruited under the OxHVF (Oxford Cohort for Heart, Vessels, 
and Fat) programme (www.oxhvf.com; REC: 11/SC/0140). 
The study protocol was in accordance with the Declaration of 
Helsinki, and all patients provided written informed consent 
prior to enrollment. Figure 1 illustrates the study design. The 
CONSORT diagram for this study is presented in Figure S1. 
Further details can be found in the Supplemental Material.

Clinical Phenotyping and Risk Factor Definitions
In the OxHVF study, the case report forms were completed at 
the time of patient recruitment, before the patients underwent 
cardiac surgery. Briefly, the study investigator took a focused 
medical history (including current medications) from the study 
participants prior to surgery. This information was then com-
plemented using phenotypic data (including measurement of 
blood pressure, lipid profile, and HbA1c) measured prior to 
surgery as recorded on electronic medical records. Any histori-
cal recorded diagnoses (based on International Classification of 
Diseases coding) from GP records, referral letters, and elec-
tronic hospital records were also documented. The Primary 
and Secondary International Classification of Diseases, Tenth 
Revision codes for each patient’s encounter with the NHS were 
recorded from the NHS Digital databases, and they were used 
to identify new diagnoses from past history. These recorded 
data were then reviewed by an adjudication committee of 3 cli-
nicians (adjudication team) to finalize the diagnostic classifica-
tion of all information finalized in the study record. The clinical 
adjudication team followed the respective European Society of 

Cardiology guidelines for the diagnosis of hypercholesterolemia 
and hypertension, and the ADA guidelines for diabetes.24–26

Blood Sampling and Circulating Biomarker 
Measurements
Immediately prior to surgery, venous blood was collected at 
the same time preheparinization and processed as previ-
ously described.27 Blood samples were stored at −80 °C until 
assayed. Plasma Lp(a) was measured using the Randox Lp(a) 
Assay (LP2757; Randox Laboratories Ltd) and reported in 
mg/dL. Plasma ApoB was measured using the Randox ApoB 
Assay (LP3839; Randox Laboratories Ltd). Lipid profile was 
measured as part of clinical care using an Architect ana-
lyzer (Abbott Laboratories). Further details are described in 
Supplemental Material.

Genotyping and Genetic Analyses
DNA was extracted from whole blood using the QIAamp DNA 
Blood Midi Kit (51185; Qiagen) according to the manufactur-
er’s instructions. Genotyping of the study population was per-
formed using the Affymetrix platform using the UK Biobank 
Axiom Array as previously described (Supplemental Material).28 
The modified LPA genetic risk score (GRS) was created using 
an unweighted summative model as previously described.28,29 
Here, genome-wide association screening was performed for 
plasma Lp(a) identifying 82 SNPs above genome-wide sig-
nificance that correlated with Lp(a) levels (Figure 2A). Four 
of these SNPs were among those identified by the European 
Atherosclerosis Society (EAS) 2022 consensus statement 
as clinically relevant to Lp(a) levels.9 Another 3 SNPs from 
the EAS list were also found within the OxHVF longlist with 
a significance threshold lowered to P<0.05.9 The 7 SNPs 
(rs10455872, rs3798220, rs186696265, rs76735376, 
rs1800589, rs140570886, and rs1801693) were then 
included in the LPA GRS, as shown in Figure 2. The LDL-C 
polygenic risk score was created using a weighted summative 
model as previously described (Supplemental Material).30

Human Tissue Collection and Processing
Arterial biopsies of the internal mammary artery were harvested 
during surgery using a no touch technique and transferred to 
the laboratory within 30 minutes to commence processing and 
analysis. All sample collection and processing protocols were 
standardized with samples collected approximately at the same 
stage of the surgery for all patients (Supplemental Material).27

Vascular Redox State Bioassays
Vascular O2

.− generation was measured on the fresh arterial 
samples using lucigenin (5 μmol/L)-enhanced chemilumi-
nescence as we have previously described (Supplemental 
Material).27,31,32 The contribution of uncoupled eNOS (endo-
thelial nitric oxide synthase) was evaluated by using the 
NOS inhibitor L-NG-nitro arginine methyl ester (L-NAME; O2

.− 
generation was measured before and after the addition of 
L-NAME to calculate the delta(O2

.−) induced by L-NAME (ie, 
delta(O2

.−)=[O2
.− after adding L-NAME]−[O2

.− before adding 
L-NAME]), while the contribution of NOXs (NADPH oxidases) 
was assessed by measuring the NADPH-stimulated O2

.− as 

Figure 1. Study design.
Schematic diagram depicting the sequence of tissue collection and 
processing, experimentation, and data collection. Lp(a) indicates 
lipoprotein(a); OxHVF, Oxford Cohort for Heart, Vessels, and Fat; 
and RNAseq, RNA sequencing.
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Figure 2. The LPA genetic risk score (GRS) is associated with increased arterial superoxide (O2
.−) production.

A, Seven SNPs were included in the LPA GRS. The red line indicates genome-wide significance following correction for multiple testing 
using the false discovery rate method. The linkage disequilibrium (LD) statistics for these variants are arranged by genomic coordinates on the 
x and y axes, creating a square plot that indicates R2 below (in red), and D’ above (in blue), the FORGEdb score for each variant (in purple). 
Patients in the alternative LPA GRS variant group had significantly increased plasma Lp(a) (lipoprotein[a]) levels (n=666; C) compared with 
patients in the reference variant group. Compared with those in the reference LPA GRS variant group, patients in the alternative variant 
group had significantly increased arterial basal-O2

.− production (n=302; D). Furthermore, despite no significant difference in NOX (NADPH 
oxidase)-O2

.− production (n=297; E), patients in the alternative vs reference LPA GRS variant group had significantly increased eNOS 
(endothelial nitric oxide synthase)–derived O2

.− production (n=267; F). Alt indicates alternative; Ind., induced; Med., medium; Ref., reference; 
and RLU, relative light unit.
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well by using the pan-NOX inhibitor Vas2870, as previously 
described (Supplemental Material).27,31,32

Oxidative Fluorescent Microscopy
To visualize vascular O2

.− production within the vascular wall, 
cryosections of OCT-embedded arterial biopsies were pro-
cessed with O2

.− fluorescent indicator dihydroethidium and 
visualized using confocal microscopy as previously described 
(Supplemental Material).33

Measurement of Plasma Biopterins
Plasma tetrahydrobiopterin and dihydrobiopterin levels were 
each determined separately using high-performance liq-
uid chromatography followed by serial electrochemical and 
fluorescent detection as previously described (Supplemental 
Material).31,34 Tissue biopterin levels were expressed as nmol/L 
in plasma.

RNA-Sequencing Analyses
Details of the RNA extraction, sequencing, and data processing 
of arterial samples are provided in the Supplemental Material. 
Transcriptomic data analyses were conducted as previously 
described.35

Statistical Analyses
All sample sizes represent biological replicates (individual 
patients). The distribution of continuous variables was assessed 
for normality using the Kolmogorov-Smirnov test. Normally dis-
tributed variables are presented as mean±SEM and nonnormally 
distributed variables as median (interquartile range; whiskers 
[1.5×interquartile range]; outliers [<Q1–1.5×interquartile 
range or >Q3+1.5×interquartile range]). Correlation analyses 
were performed using the Pearson (for normally distributed 
variables) or Spearman rank (for nonnormally distributed vari-
ables) correlation coefficients. Comparisons of continuous vari-
ables between 2 groups were performed using the unpaired 
Student t test or the Mann-Whitney U test.

To test whether the association of arterial basal-O2
.− with the 

LPA GRS and plasma Lp(a) was independent of plasma ApoB 
and other clinical/demographic characteristics, we performed 
general linear regression analyses using arterial basal-O2

.− as a 
dependent variable and independent variables as stated. When 
interrogating the direction of effects in univariate associations, 
plasma Lp(a) was categorized into tertiles. Standardized betas 
(B) are presented for each covariate. To examine the prognostic 
value of Lp(a) levels or genetic variability for the primary out-
come of cardiovascular mortality, we performed Cox regression 
survival analyses; hazard ratios (HRs; 95% CI) are presented 
after correction for relevant covariates. Parameter estimates 
were bootstrapped in cases where both the Levene test gave 
a significant result, and inspection of scatterplots suggested 
that the assumption of homoscedasticity of residuals had been 
violated. For the cis-Mendelian randomization (MR), 3 main 
instrumental variable assumptions were made: the instrumen-
tal variable was robustly associated with plasma Lp(a) levels 
(relevance), this association was not affected by confound-
ing factors (independence), and the instrumental variable only 
affected a clinical outcome via the specified exposure (exclu-
sion restriction).36,37 The relevance assumption was assessed 

by inspecting the F-statistic; if this was >10, the association 
was considered robust and weak instrument bias minimal. 
Violation of the third assumption was reduced by using cis-MR. 
MR-Egger regression was used as a sensitivity analysis as it is 
robust to violations of the exclusion restriction assumption.38

Power calculations were based on arterial basal-O2
.−, and we 

estimated that with 100 patients, we could detect a difference 
of 0.67 in log(arterial basal-O2

.−) between low versus medium/
high plasma Lp(a) with 90% power, α=5%, and assuming an 
SD of 0.28. All statistical analyses were performed using SPSS, 
version 29.0 (IBM, United States). A P value of <0.050 was 
considered statistically significant. Adjustments for multiple 
comparisons were performed using the false discovery rate 
where appropriate.

RESULTS
The patient demographic characteristics are presented 
in Table 1. Initial analyses were conducted in the entire 
study population (n=1027) followed by subgroup analy-
ses according to diabetic status. The median age was 
67.05±0.3 years. The mean±SEM time between patient 
recruitment and surgery was 3.14±0.47 days, with 
84.7% of patients undergoing surgery within 48 hours 
of recruitment. No patients experienced an interced-
ing myocardial infarction event during the recruitment-
surgery window; 79.1% (n=815) were nondiabetic, and 
20.9% (n=215) of patients were diabetic. Comparing the 
nondiabetic and diabetic cohorts, there were statistically 
significant differences in Homeostatic Model Assess-
ment for Insulin Resistance, hypertension, history of myo-
cardial infarction, hypercholesterolemia (as well as serum 
cholesterol, LDL-C, HDL [high-density lipoprotein], 
and triglycerides), body mass index, waist-to-hip ratio, 
plasma ApoB, plasma Lp(a), antiplatelet medications,  
angiotensin-receptor blockers, statins, and calcium-
channel blockers.

Using Mendelian Randomization to Test 
Causality Between Lp(a) and Vascular Redox 
State
To construct a genetic signature for use as a Mendelian 
randomization tool, we first searched for externally identi-
fied genetic polymorphisms significantly associated with 
plasma Lp(a), which were then tested for their ability to 
capture Lp(a) levels in the study population. We identi-
fied 11 SNPs from the 2022 EAS consensus statement, 
which were proposed as determinants of Lp(a) levels.9 
In the OxHVF cohort, 4 of these SNPs (rs10455872, 
rs3798220, rs186696265, and rs140570886) were 
found to be significantly associated with plasma Lp(a) 
levels, within a genome-wide significance threshold of 
P<5.0×10−8 (Figure 2A). Further 3 SNPs from the EAS 
consensus statement were also found to be correlated 
with high plasma Lp(a) levels in the study population at 
P<0.05 (rs76735376, rs1800589, and rs1801693).9 
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The remaining variants from the EAS consensus state-
ment were not available in the OxHVF cohort so were 
not included. Subsequently, we confirmed that the alter-
native allele of each of these 7 SNPs was individu-
ally associated with higher levels of plasma Lp(a), as 
shown in Figure S2. We then conducted quantitative 

trait association tests and combined these 7 SNPs to 
construct a modified genetic signature of Lp(a) in this 
population with advanced CAD (Table S1).9 A modified 
LPA GRS was then generated, in which patients with 
any alternative allele from ≥3 of these LPA SNPs (the 
alternative LPA GRS group) were compared with those 

Table 1.  Demographic Characteristics of the Study Population

Patient characteristics Participants (n=1027) Non-DM (n=812) DM (n=215) P value

Age, y 67.05±0.3 67.40±0.3 65.75±0.7 0.066

Sex, male (%) 81.9 81.5 83.6 0.49

Smoking (active/ex), % 59.6 58.9 62.6 0.35

Hypertension, % 72.2 68.5 86.3 <0.001

SBP, mm Hg 134±0.65 134±0.7 136±1.6 0.20

T2D, % 20.9    

HOMA-IR 3.0±0.4 1.73±0.16 7.58±1.86 <0.001

Family history of CVD, % 59.1 58.7 60.5 0.69

History of MI, %/time since last MI, y 35.8/2.42±5.69 33.2/2.55±5.79 45.9/2.07±5.36 0.001/0.71

Coronary artery disease extent

 � LMS 23.9 23.3 26.0 0.42

 � LAD 74.1 71.2 85.1 <0.001

 � RCA 60.5 57.1 73.0 <0.001

 � LCx 61.3 58.0 74.0 <0.001

No. of grafts received

 � LIMA/RIMA (≥1), % 95.8 95.1 98.4 0.31

 � SVG (≥1), % 89.2 87.6 95.2 0.076

Hypercholesterolemia, % 75.9 72.8 87.7 <0.001

BMI, kg/m2 28.69±0.15 28.29±0.2 30.25±0.4 <0.001

Waist-to-hip ratio 0.98±0.003 0.97±0.003 1.00±0.007 <0.001

Impaired LVEF <50% 17.0 16.5 19.4 0.34

ApoB, mg/dL 53.38±0.6 54.23±0.7 50.07.±1.2 0.008

Lp(a), mg/dL 16.7 (4.6–60.5) 18.3 (4.5–66.1) 12.6 (3.5–50.8) 0.037

Total cholesterol, mmol/L 3.47±0.04 3.53±0.05 3.27±0.08 0.004

LDL-C, mmol/L 1.94±0.03 2.00±0.04 1.69±0.07 <0.001

HDL-C, mmol/L 0.91±0.01 0.92±0.01 0.85±0.02 0.001

Triglycerides, mmol/L 1.37±0.04 1.31±0.04 1.58±0.09 0.001

Plasma hsCRP, mg/L 3.80±0.36 3.49±0.41 4.82±0.76 0.008

Medications, %

 � ACE inhibitor 45.8 45.7 46.4 0.88

 � Antiplatelet 76.0 74.4 82.1 0.022

 � ARBs 13.6 11.8 20.8 0.001

 � β-Blockers 61.8 60.6 66.3 0.13

 � Statins 80.0 77.1 90.8 <0.001

 � CCBs 25.8 23.1 36.2 <0.001

 � Insulin 6.1  30.0  

 � Oral antidiabetics 14.6  70.0  

ACE indicates angiotensin-converting enzyme; ApoB, apolipoprotein-B; ARB, angiotensin-receptor blocker; BMI, body mass index; CCB, 
calcium-channel blocker; CVD, cardiovascular disease; DM, diabetes; HDL-C, high-density lipoprotein cholesterol; HOMA-IR, Homeostatic 
Model Assessment for Insulin Resistance; hsCRP, high-sensitivity C-reactive protein; IQR, interquartile range; LAD, left anterior descending; 
LCx, left circumflex; LDL-C, low-density lipoprotein cholesterol; LIMA, left internal mammary artery; LMS, left main stem; Lp(a), lipoprotein(a); 
LVEF, left ventricular ejection fraction; MI, myocardial infarction; RCA, right coronary artery; RIMA, right internal mammary artery; SBP, systolic 
blood pressure; SVG, saphenous vein graft; and T2D, type 2 diabetes.

*Continuous variables are expressed as mean±SD or median (IQR).
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with no alternative alleles in any of these LPA SNPs (the 
LPA GRS reference group). Then, we conducted link-
age disequilibrium analyses using the National Institutes 
of Health LDmatrix tool (accessed at https://LDL-Cink.
nih.gov/?tab=ldmatrix) and confirmed a high degree of 
linkage disequilibrium between the 7 selected SNPs 
according to D’ (Figure 2B). FORGEdb scores were also 
provided and indicate a moderate to a high degree of 
functional relevance for these SNPs (Figure 2B).39

We identified that patients in the alternative LPA GRS 
variant group had significantly higher plasma Lp(a) com-
pared with those in the reference group (Figure 2C). In 
our assessment of the assumptions made of the instru-
mental variable in the cis-MR analysis, we confirmed 
that the risk of weak instrument bias was minimal, 
given that the F-statistic for the association between 
LPA GRS and plasma Lp(a) was >10 (F=35.454). This 
association was independent of confounding variables. 
Bias due to horizontal pleiotropy was likely minimal as 
cis-MR was used, and the intercept from MR-Egger 
regression was not significantly different from zero 
(P=0.819). This confirmed the validity of the genetic 
tool for testing causality between Lp(a) levels and any 
clinical phenotype.

To explore the impact of genetically determined 
Lp(a) variability on vascular redox state, we tested for 
associations between the LPA GRS variant groups and 
arterial O2

.−, measured in fresh arterial biopsies. Indeed, 
patients in the alternative LPA GRS variant group had 
significantly higher basal arterial O2

.− (Figure 2D). To 

explore the underlying enzymatic sources contributing 
to this finding, we focused on NOXs and uncoupled 
eNOS. There was no significant difference in arterial 
NADPH-stimulated O2

.− (Figure 2E), but there was a 
significantly greater L-NAME-induced delta(O2

.−) in 
patients in the alternative LPA GRS variant group (Fig-
ure 2F) compared with the reference LPA GRS genetic 
variant group, implying that genetically determined vari-
ability of LPA may affect eNOS uncoupling. Interest-
ingly, the association between the genetic variability of 
the LPA GRS and vascular redox state was driven by 
patients without diabetes (Figure S3A through S3C), 
while the associations lost significance in patients with 
diabetes (Figure S3D through S3F). Of note, there was 
no direct association between the LPA GRS and dia-
betic status (χ2=0.233; P=0.629), whereas the LPA 
GRS was strongly associated with plasma Lp(a) in both 
patients without diabetes and patients with diabetes 
(Figure S4A and S4D).

Plasma Lp(a) and Arterial Redox State
We then sought to explore the relationship between 
plasma Lp(a) and vascular redox state. Patients with high 
plasma Lp(a) levels (top tertile versus bottom 2 tertiles) 
had significantly elevated arterial O2

.− (Figure 3A). Fur-
thermore, patients with diabetes had significantly lower 
plasma levels of Lp(a) (Figure 3B), and the associa-
tion between plasma Lp(a) and arterial O2

.− was driven 
by patients without diabetes (Figure 3C and 3D). A 

Figure 3. Lp(a) (lipoprotein[a]) 
increases arterial superoxide (O2

.−) 
production in nondiabetics but not in 
diabetics.
Patients with medium/high levels of 
Lp(a) had significantly increased arterial 
basal-O2

.− production compared with 
those with low plasma Lp(a) levels in 
the entire study population (n=411; A). 
Patients with diabetes had significantly 
lower plasma Lp(a) compared with 
nondiabetics (n=947; B). Patients without 
diabetes (n=147; C) with medium/high 
levels of Lp(a) had significantly increased 
arterial basal-O2

.− production compared 
with those with low plasma Lp(a) levels. 
In patients with diabetes, there was no 
significant difference in arterial basal-O2

.− 
production between those with medium/
high vs low plasma Lp(a) levels (n=149; 
D). Med indicates medium; and RLU, 
relative light unit.
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moderation analysis further confirmed that the interac-
tion between plasma Lp(a) levels and arterial O2

.− pro-
duction was moderated by diabetic status (b, −1.58 
[95% CI, −3.15 to −0.01]; P=0.048). Given the con-
founding interaction of diabetes status with Lp(a) levels, 
subsequent analyses to understand the mechanisms 
behind Lp(a) and vascular redox state were focused on 
patients without diabetes.

We then explored the contribution of NOXs and 
uncoupled eNOS in this association. Indeed, while there 
was no significant difference in NADPH-stimulated O2

.− 
between patients without diabetes with high versus low 
plasma Lp(a) (Figure 4A), high plasma Lp(a) was related 
to significantly higher levels of arterial L-NAME-induced 
delta(O2

.−) compared with those with low plasma Lp(a) 
(Figure 4B). Importantly, patients with high Lp(a) levels 

Figure 4. Lp(a) (lipoprotein[a]) is associated with an increase in eNOS (endothelial nitric oxide synthase)–derived arterial 
superoxide (O2

.−) production.
Despite no significant difference in NOX-derived O2

.− production (n=143; A), patients without diabetes with medium/high vs low plasma Lp(a) 
levels had significantly increased eNOS-derived (n=130; B) O2

.− production. Furthermore, patients with medium/high vs low plasma Lp(a) 
levels had a significantly reduced tetrahydrobiopterin (BH4)-to-dihydrobiopterin (BH2) ratio (n=40; C). Dihydroethidium (DHE) staining images 
for in situ visualization (D) and quantification (n=9; E) of basal arterial O2

.− production in internal mammary artery (IMA) segments from patients 
with high and low plasma Lp(a). Ind. indicates induced; and Med., medium.
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had significantly lower arterial tetrahydrobiopterin bio-
availability, as defined by the ratio of plasma tetrahy-
drobiopterin to its oxidation product dihydrobiopterin 
(Figure 4C), providing a mechanistic explanation of the 
association between Lp(a) and eNOS uncoupling in 
the human arterial wall. These findings were confirmed 
by visualizing arterial O2

.− production in human arterial 
wall using dihydroethidium staining, confirming that high 
plasma Lp(a) levels are related to a global increase of 
arterial O2

.−, including higher endothelium-derived O2
.−. 

This further supports the notion that Lp(a) may trigger 
eNOS uncoupling in the human arterial wall (Figure 4D 
and 4E).

Given the association between plasma Lp(a) and 
ApoB, we then sought to explore whether ApoB could 
be a confounder of the association between Lp(a) and 
vascular O2

.−. Patients without diabetes, but not diabetics, 
with high plasma Lp(a) had significantly higher levels of 
plasma ApoB (Figure S4B and S4E). This was corrobo-
rated on a genetic level where patients without diabe-
tes, but not diabetics, in the alternative LPA GRS variant 
group had higher plasma ApoB compared with those in 
the reference group (Figure S4C and S4F). Importantly, 
the association of plasma Lp(a) and the LPA GRS with 
arterial O2

.− was independent from ApoB levels and 
an LDL-C polygenic risk score (Table 2). Furthermore, 
there was no significant association between circulat-
ing hsCRP or MDA and plasma Lp(a) (Figure S5A and 
S5B) or the LPA GRS (Figure S5C and S5D), as well 
as no significant association between arterial L-NAME-
induced delta(O2

.−) and circulating hsCRP (Figure S5E). 
Finally, there was no significant association between 
plasma Lp(a) and the arterial expression of IL6, IL1b, 
and NLRP3 (NLR family pyrin domain-containing 3) nor 
was there any significant association between arterial 

L-NAME-induced delta(O2
.−) and circulating IL6, arterial 

IL1B expression, or arterial NLRP3 expression (Figure 
S6). This suggests that the association between plasma 
Lp(a) and vascular O2

.− is distinct and not appreciably 
affected by the aforementioned inflammatory pathways.

Lp(a) and Arterial Transcriptomic Profile
To further explore the mechanisms underlying the link 
between Lp(a) and a dysregulated vascular redox state, 
we investigated the effect of plasma Lp(a) on the tran-
scriptomic profile of 208 human internal mammary arte-
rial biopsies from patients without diabetes and patients 
with diabetes using RNA sequencing. High Lp(a) was 
defined as plasma Lp(a) at the highest tertile and low 
Lp(a) as patients in the lowest tertile of plasma Lp(a). 
Between patients without diabetes with high versus low 
plasma Lp(a), we observed 157 significantly differen-
tially expressed genes (Figure 5A). We then performed 
a gene set enrichment analysis of these differentially 
expressed genes, identifying the top 50 significantly 
enriched gene ontology pathways between high versus 
low plasma Lp(a) (Figure 5B; Table S2). Among these 
enriched pathways, the vast majority of these enriched 
pathways were related to nitric oxide signaling/endothe-
lial function and vascular inflammatory responses/redox 
signaling, with a small number of pathways relevant to 
lipid storage and lipoprotein metabolism. Indeed, the 
top enriched GO terms linked to oxidoreductase/nitrite 
reductase activity and cellular response to oxidative 
stress contained the 3 antioxidant genes CBS, CYB5B, 
and MGST1 that were found downregulated in the high 
plasma Lp(a) group.40–42 We validated these findings by 
comparing the transcriptomic profile of patients without 
diabetes with high versus low plasma Lp(a) to that of 

Table 2.  Associations Between Lp(a) and Arterial Basal-O2
.− in Patients Without Diabetes

Dependent variable: 
IMA basal-O2

.− Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 Model 7

Plasma Lp(a), mg/dL    B=0.924 
(P=0.028)

 B=0.769 
(P=0.046)

 

LPA GRS variant groups     B=1.433 
(P=0.033)

 B=1.446 
(P=0.026)

Plasma ApoB, mg/dL  B=0. 932 
(P=0.035)

 B=0.006 
(P=0.53)

B=0.003 
(P=0.78)

  

LDL-C PRS   B=1.910 
(P=0.043)

  B=1.649 
(P=0.067)

B=1.948 
(P=0.13)

Age, y B=0.006 
(P<0.001)

B=0.008 
(P=0.72)

B=0.011 
(P=0.65)

B=0.012 
(P=0.59)

B=0.009 
(P=0.69)

B=0.015 
(P=0.55)

B=0.014 
(P=0.54)

Sex B=0.019 
(P=0.36)

B=0.144 
(P=0.75)

B=−0.527 
(P=0.24)

B=−0.148 
(P=0.77)

B=0.404 
(P=0.49)

B=−0.341 
(P=0.46)

B=−0.383 
(P=0.51)

Smoking B=0.341 
(P<0.001)

B=−0.335 
(P=0.51)

B=0.539 
(P=0.15)

B=0.314 
(P=0.34)

B=−0.427 
(P=0.27)

B=0.250 
(P=0.31)

B=0.293 
(P=0.37)

Hypertension B=0.669 
(P<0.001)

B=−0.008 
(P=0.35)

B=0.019 
(P=0.025)

B=0.607 
(P=0.24)

B=0.231 
(P=0.62)

B=0.018 
(P=0.025)

B=0.016 
(P=0.12)

Results are derived from multivariable regression. ApoB indicates apolipoprotein-B; GRS, genetic risk score; IMA, internal mammary artery; 
LDL-C PRS, low-density lipoprotein cholesterol polygenic risk score; Lp(a), lipoprotein(a); and O2

.−, superoxide.
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Figure 5. The pathways linking Lp(a) (lipoprotein[a]) and the dysregulated vascular redox state.
Heatmaps of the most significantly differentially expressed genes (DEGs; following correction for multiple testing using the false discovery rate 
[FDR] method) in patients without diabetes with high vs low plasma Lp(a) levels (n=108; A). The top 50 gene ontology pathways were ranked 
by impact from a gene set enrichment analysis of these DEGs, which identified significantly enriched pathways for all patients with high vs low 
plasma Lp(a) levels (n=108; B). The node color is based on the FDR-adjusted (FDR-adj.) P value, and the node radius is determined on the 
basis of pathway impact values. High-impact pathways relevant to nitric oxide signaling/endothelial function are highlighted in green, those 
relevant to inflammatory signaling are highlighted in red, and those relevant to lipid storage/metabolism are highlighted in yellow.
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57 patients without diabetes with high versus low arte-
rial L-NAME-induced delta(O2

.−). High L-NAME-induced 
delta(O2

.−) was defined as being at the highest tertile 
and low L-NAME-induced delta(O2

.−) as being at the 
lowest tertile of this readout in the study population. We 
observed 334 differentially expressed genes between 
patients without diabetes with high versus low arterial 
L-NAME-induced delta(O2

.−). A further gene set enrich-
ment analysis of these differentially expressed genes 
identified 16 significantly enriched gene ontology path-
ways between high and low L-NAME-induced delta(O2

.−), 
which were also significantly enriched between patients 
with high versus low plasma Lp(a) (Figure S7). Most of 
these commonly enriched pathways are related to vascu-
lar inflammatory responses with a small number relevant 
to cell death (Table S3). These findings further support 
the role of eNOS-dependent redox dysregulation related 
to overwhelming activation of inflammatory pathways 
in the human arterial wall in patients with high Lp(a). 
Results for RNA sequencing analyses in all patients (dia-
betics and nondiabetics) in the study are shown in Figure 
S8 and Tables S4 and S5 (there were no common sig-
nificantly enriched pathways between L-NAME-induced 
delta(O2

.−) and Lp(a) in all patients).

Lp(a) Is Causally Associated With 
Cardiovascular Death Independent of ApoB
Given the link between Lp(a), vascular redox signaling, 
and O2

.− production, we used Mendelian randomization 
to assess the causal effect of Lp(a) on prospective clini-
cal outcomes. We found that patients in the alternative 
LPA GRS variant group had a significantly higher risk of 
cardiovascular death (HR, 3.62 [95% CI, 1.04–12.52]; 
P=0.04) compared with those in the reference group, 
independent of plasma ApoB (Figure 6A). In addition, 
when the modified LPA GRS was analyzed as a continu-
ous variable in patients with an alternative allele from >1 
of the included genetic variants, it was also associated 
with a significant increase in the risk of cardiovascular 
death (adjusted HR, 2.57 [95% CI, 1.32–5.02]; P=0.005; 
n=306; n=14; per SD). Correspondingly, patients with 
medium/high plasma Lp(a) also had a significantly higher 
risk of cardiovascular death (HR, 3.286 [95% CI, 1.003–
10.767]; P=0.049) compared with those with low plasma 
Lp(a), again independent of plasma ApoB (Figure 6B). 
This confirms that Lp(a) is associated with increased 
cardiovascular mortality in an ApoB-independent  
manner, confirming prior observations by Trinder et al.43 
Furthermore, when the cox regression models were 
additionally corrected for arterial O2

.− production, both 
the models for the LPA genetic signature (HR, 2.053 
[95% CI, 0.180–23.428]; P=0.563) and plasma Lp(a) 
(HR, 1.700 [95% CI, 0.325–8.885]; P=0.529) lost sig-
nificance. Importantly, the collinearity assumption was not 
violated owing to the correlation between plasma Lp(a) 

and arterial O2
.− production (ρ=0.124; P=0.030). This 

provides a proof of concept for the interaction of Lp(a) 
with arterial redox state in influencing clinical adverse 
events, supporting a causal relationship between Lp(a) 
levels and arterial oxidative stress. This suggests a key 
role for vascular O2

.− as a mediator of Lp(a)-driven car-
diovascular events.

DISCUSSION
This study demonstrates, for the first time, that circulating 
Lp(a) is associated with arterial O2

.− production indepen-
dently from ApoB and other cardiovascular disease risk 
factors, primarily in individuals without diabetes. Indeed, 
high Lp(a) levels are associated with vascular redox dys-
regulation, driven by greater eNOS uncoupling through 
the oxidation of eNOS-cofactor tetrahydrobiopterin. 
Finally, we use genetic tools to support a causal associa-
tion between plasma Lp(a) and arterial redox signaling, 
which results in increased risk of cardiovascular mortality 
in patients with advanced atherosclerosis.

Despite existing evidence for a causal link between 
Lp(a) and atherosclerosis, the underlying mechanisms 
are incompletely understood.44,45 Under the oxidation 
hypothesis of atherogenesis, the initiating element of 
atherogenesis is the accumulation of oxidized LDL-C in 
the arterial wall that leads to foam cell formation, trig-
gering atherosclerotic plaque development.46–48 Oxida-
tive stress is a key mechanism in atherogenesis, and 
ox-LDL (oxidized low-density lipoprotein) has been 
shown to increase O2

.− production by inducing eNOS 
uncoupling.49,50

Less is known about the relevance of Lp(a) in this pro-
cess. Exposure to in vitro oxidized Lp(a) has been shown 
to result in the suppression of endothelium-dependent 
vasodilation, yet, up until now, there has been no evi-
dence to suggest that Lp(a) is directly involved in arte-
rial eNOS–dependent O2

.− production.51 Importantly, our 
results demonstrate that Lp(a)-associated arterial O2

.− 
production is independent of ApoB, showing that Lp(a) 
is not merely a conduit for the deleterious effects of oxi-
dized LDL-C in the arterial wall but directly promotes the 
development of vascular oxidative stress. Furthermore, 
using Mendelian randomization, we have shown that the 
causal association between Lp(a) and an increased risk 
of cardiovascular mortality is also ApoB-independent 
and occurs through increasing arterial O2

.− production.
We have previously demonstrated that, in patients 

with advanced atherosclerosis, dysregulated postre-
ceptor insulin signaling in the vascular wall is central 
to the production of excess ROS, and the treatment of 
patients with DPP4 (dipeptidyl peptidase-4) inhibitors 
mitigates the insulin-induced development of vascular 
oxidative stress in an AMPK (adenosine monophosphate- 
activated protein kinase)–dependent manner.27 In light 
of this, we explored the relationship between Lp(a) 
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and insulin sensitivity, given the established associa-
tion between low plasma Lp(a) (20th percentile) and 
increased incident risk of type 2 diabetes.9,52 Our 

results demonstrate that patients with type 2 diabetes 
in our cohort had significantly lower plasma Lp(a) lev-
els. There is no clear mechanistic consensus for the 

Figure 6. Lp(a) (lipoprotein[a]) is causally associated with an increase in the observed risk of cardiovascular death.
In the whole study cohort, patients in the alternative LPA genetic risk score (GRS) variant group had a significantly increased risk of 
cardiovascular death compared with those in the reference variant group (n=20 events; A). Similarly, patients with medium/high levels of 
plasma Lp(a) had a significantly increased risk of cardiovascular death compared with those with low levels (n=19 events; B). Cox regression 
models were adjusted for age, sex, hypertension, smoking, body mass index (BMI), diabetic status, family history of cardiovascular disease, 
history of myocardial infarction, urgency of surgery, and plasma ApoB (apolipoprotein-B). HR indicates hazard ratio.
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observed inverse association between Lp(a) levels and 
the risk of type 2 diabetes.53 One possible explanation is 
the increased glycation of ApoB in diabetics, who have 
higher molecular weight ApoB isoforms compared with 
genotype-matched individuals without diabetes.54,55 This 
could result in lower Lp(a) levels as glycated and nongly-
cated Lp(a) are catabolized at different rates.53,56 Another 
contributor could be the posttranscriptional suppression 
of ApoB synthesis in the presence of high insulin con-
centrations.57 Insulin also directly reduces ApoB-100 
concentrations, which, together with the effects of insu-
lin on increasing the production of triglyceride-rich VLDL 
(very-low-density lipoprotein) isoforms, could limit the 
availability of ApoB-100 isoforms to covalently bind to 
ApoB as part of the synthesis of Lp(a) molecules.58,59 
This might also explain the inverse association observed 
between plasma Lp(a) and triglyceride levels.59

In addition, our finding that Lp(a) is associated with 
eNOS-derived arterial O2

.− production in nondiabetic, but 
not in patients with diabetes is indicative of the potential 
involvement of local vascular insulin signaling in this pro-
cess, as insulin resistant patients with low plasma Lp(a) 
levels are likely to demonstrate increased arterial O2

.− 
production through additional, Lp(a)-independent, mech-
anisms. This suggests that, in our cohort, patients with 
diabetes (who were more likely to exhibit severe CAD) 
had plasma Lp(a) levels that more closely resembled 
the underlying population distribution, whereas patients 
without diabetes were more likely to have high Lp(a) as 
a driver of CAD. This is in line with data from Patel et 
al60 who showed that while elevated Lp(a) is a risk fac-
tor for CAD in both patients with diabetes and patients 
without diabetes, the presence of diabetes significantly 
attenuates this risk. Given that the association between 
plasma Lp(a) and arterial O2

.− production is independent 
of plasma ApoB in our study, the different interaction 
between the diabetic versus nondiabetic human arteries 
and Lp(a) levels could be due to different responsive-
ness of the vascular wall to plasma Lp(a) in patients with 
diabetes. Nevertheless, the pleiotropic effect of diabetes 
medications or insulin therapy on the Lp(a)-redox rela-
tionship in patients with diabetes cannot be excluded.

From a mechanistic standpoint, oxidized(a) has previ-
ously been shown in human endothelial cells to induce 
autophagy through an ROS-dependent AMPK-mTOR 
(mammalian target of rapamycin) pathway.61 Neverthe-
less, how Lp(a) might induce arterial oxidative stress has 
not been fully investigated. In atherosclerosis, excess 
vascular O2

.− oxidizes eNOS-cofactor tetrahydrobiopterin 
to dihydrobiopterin, which results to eNOS uncoupling 
that shifts the flow of electrons on to molecular oxy-
gen,62–64 turning this enzyme from a producer of NO to 
a source of O2

.−, which initiates a self-reinforcing cycle 
that leads to further endothelial dysfunction, oxidizes 
remaining NO into peroxynitrite, and directly damages 
cellular components such as nuclear and mitochondrial 

DNA.62,65,66 Our results corroborate this by demonstrating 
that Lp(a) is associated with reduced vascular tetrahy-
drobiopterin bioavailability and also with an increase in 
eNOS uncoupling, without any changes in NOX-derived 
arterial O2

.− in patients with atherosclerosis. Further-
more, at a transcriptomic level, we demonstrate that high 
plasma Lp(a) is associated with the differential expres-
sion of genes involved in regulating vascular redox state, 
and the ApoB-independent, eNOS-derived arterial O2

.− 
production seen in patients with elevated Lp(a) is also 
associated with dysregulated lipid storage in the vascu-
lar wall. Importantly, high plasma Lp(a) is related to an 
overwhelming activation of inflammatory pathways in the 
human arterial wall, despite the lack of any association 
between plasma Lp(a) and systemic markers of either 
inflammation (eg, hsCRP) or oxidative stress (eg, MDA), 
suggesting that the effects of Lp(a) on redox state and 
inflammatory signaling are happening at a local level 
within the vascular wall, rather than systemically. This is 
in line with previous findings that observed no associa-
tion between plasma hsCRP and plasma Lp(a), reinforc-
ing the premise of our work that the effects of Lp(a) are 
primarily on local vascular redox state, and the impact on 
inflammatory signaling within the vascular wall is down-
stream to that. Indeed, plasma Lp(a) was not related to 
the expression of most of the mainstream inflammatory 
genes but rather with vascular endothelial activation, 
which is unlikely to drive systemic levels of inflammatory 
biomarkers such as hsCRP or plasma cytokine levels. 
Although vascular inflammation may still be a rational 
therapeutic target in patients with high Lp(a), further 
research is needed to identify the exact inflammatory 
pathways to target in these patients.

Finally, high Lp(a) has been associated with a high 
risk for cardiovascular mortality. However, its role as a 
clinical predictor in patients with advanced CAD remains 
unknown. This study is the first to demonstrate that 
plasma Lp(a) levels are associated with higher risk of 
cardiovascular death in patients with advanced CAD 
undergoing cardiac surgery, and this effect was found 
to be dependent on vascular O2

.−, as measured in arterial 
biopsies at the time of surgery, highlighting the key role 
of vascular redox dysregulation as a link between plasma 
Lp(a) levels and cardiovascular risk.

Owing to the complexity of isolating a standard human 
Lp(a) isoform, we could not perform ex vivo incubations 
to corroborate the mechanistic effects of Lp(a) on the 
human vascular wall, so investigations for causality of the 
associations are limited to the Mendelian randomization 
experiments. Furthermore, no measurements of plasma 
ox-PL levels were performed, and this is a limitation of the 
study. In addition, as we were not able to obtain coronary 
arteries from living patients, we used internal mammary 
arteries as a surrogate of global human arterial redox 
dysregulation, which has been a well-described human 
translational model and is associated with increased 
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cardiovascular disease risk.27,67,68 Yet, this reflects only 
patients with severe CAD, which poses a caveat to the 
generalizability of our findings to broader populations. 
Furthermore, the surgical acquisition of samples for the 
OxHVF cohort means that we are not able to replicate the 
sizes seen in larger cohorts focused on human genetic 
data, which has implications for our ability to generate 
robust GRSs. For this reason, to improve our statistical 
power, dominant models of externally validated variants 
were used in the genetic studies in this work. This study 
is also limited by the small number of outcome events 
in the study cohort, which prevented the ability to per-
form subgroup analyses including between diabetics and 
nondiabetics. However, despite the reduced statistical 
power, the study was able to demonstrate an associa-
tion of Lp(a) with cardiovascular mortality (independent 
of ApoB and other covariates including diabetes), high-
lighting the extent of this effect. It is also noteworthy 
that the Lp(a) thresholds used in this study were lower 
than those commonly used in primary prevention set-
tings. Furthermore, owing to the skewed distribution of 
Lp(a) levels in the patient population, we were limited by 
the small number of patients with very-high Lp(a) levels 
in this study. This could have contributed to the relatively 
low effect sizes observed in vascular O2

.− production. 
Nevertheless, small changes in redox state can trigger 
large global changes in redox-sensitive transcription at 
a tissue level, which may explain the 3.3-fold increase 
in the risk for cardiovascular events in the high Lp(a) 
group, which is dependent on vascular O2

.−.67 Although 
Lp(a)-induced dysregulation of redox state in the grafts 
used for coronary artery bypass graft could lead to 
higher rates of graft failure, this study was not powered 
to detect such differences.

In conclusion, this study is the first in humans to dem-
onstrate that Lp(a) has a direct, and ApoB-independent, 
role in dysregulating redox-sensitive inflammatory signal-
ing in the arterial wall, an effect associated with signifi-
cantly elevated risk for cardiovascular mortality in patients 
with advanced atherosclerosis. This is a significant step 
in the effort to understand the pathways through which 
Lp(a) increases cardiovascular risk and motivates further 
mechanistic investigations as novel Lp(a)-lowering ther-
apies enter clinical practice.
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