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Both the Apolipoprotein E (ApoE) genotype and apolipoprotein (Apo) profiling are closely
associated with the risk of coronary heart disease (CHD). However, it remains unclear
whether APOE genotypes modulate the distribution of Apos and whether such regulation
differs between young and elderly CHD patients. The present study aims to investigate the
effects of APOE genotypes on the levels of plasma Apos in both young and elderly CHD
patients. Two datasets were analyzed. Dataset 1 included 293 CHD patients with APOE
genotyping. The quantification of 4 APOE isoform-specific peptides and 16 Apos was
simultaneously measured in plasma using liquid chromatography-mass spectrometry.
Dataset 2 comprised 3821 CHD participants from UK Biobank, for whom Apo levels were
obtained through Olink proteomics. Selected Apos identified in dataset 1 were
independently validated in dataset 2. We developed a robust method for simultaneous
quantification of APOE isoforms and Apos in human plasma. APOE genotype results from
liquid chromatography-mass spectrometry were fully consistent with those from the
TaqMan assay in all patients. Among the measured Apos, the levels of ApoL1 were
significantly decreased in elderly CHD patients, which were independently validated in the
UK Biobank cohort, particularly in those carrying APOε ε3 and ε4 alleles. Mediation
analysis revealed that ApoL1 statistically mediated the association between age and CHD
status. Our results suggested that APOE polymorphisms affect the plasma Apo profiles
and that ApoL1 is associated with older CHD patients carrying the APOE ε3 and ε4
genotypes.

Introduction
Coronary heart disease (CHD) is a globally prevalent chronic disease, commonly seen in elderly
individuals over 45, but it has been gradually increasing in younger populations as well [1]. According to
the World Health Organization, the incidence of CHD in younger individuals has risen by 50% over the
past decade due to their unhealthy lifestyles and lack of exercise. From the PROSPECT study,
Ruiz-Garćıa revealed that heavier plaques in elderly CHD patients were predominantly composed of
necrotic cores and dense calcification, whereas plaques in younger CHD patients were mainly
characterized by fibrotic components [2]. Despite these insights, research directly comparing CHD in
young versus elderly populations remains limited, posing challenges to precise prevention strategies
targeted at CHD at different stages.

Apolipoproteins (Apos) are essential components of lipoproteins, playing a critical role in lipid
transport and maintaining lipoprotein structural stability. Previous studies have demonstrated a close
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correlation between Apos and the risk of CHD. A global study across 52 countries identified the ApoB/ApoA1 ratio
as a key risk factor for myocardial infarction [3]. Additionally, other Apos including ApoC1, C2, and C3 have been
closely linked to CHD risk, with ApoC1 levels independently predicting early atherosclerosis in healthy middle-aged
men [4]. The PROCARDIS study further highlighted the association between Apo profiles and residual risk of CHD
[5]. Moreover, Mendelian randomization, epidemiological, and prospective studies have established lipoprotein(a)
[Lp(a)] as an independent risk factor for atherosclerosis [6]. Clinical interventions targeting LDL-C reduction
through PCSK9 inhibitors [7] have already been approved, while therapies targeting ApoA1 [8] and ApoC3 [9] are
currently in clinical trials. Notably, CSL112, an injectable formulation based on ApoA1 [10], has shown potential in
reducing recurrent cardiovascular events among high-risk CHD patients. These findings highlight both the
prognostic value of Apos in cardiovascular disease and their clinical translational potential as therapeutic targets.

The APOE (Apolipoprotein E) genotype is also important in the development of CHD. The three major alleles
(ε2/ε3/ε4) differ in their influence on lipoprotein metabolism efficiency and atherosclerosis progression [11].
APOE genotyping plays a central role in regulating multiple key aspects of Apo metabolism by affecting the
structure and function of ApoE protein, thus significantly affecting the lipid profile and contributing to
cardiovascular disease risk. For example, genome-wide association studies have reported that APOE impairs the
production but not the catabolism of Lp(a) [12]. Moriarty et al. suggested that differences in the binding affinity of
ApoE isoforms for lipoprotein clearance receptors may modulate Lp(a) catabolism, indicating potential competition
between Lp(a) and ApoE for receptor-mediated clearance [13]. Additionally, the APOE ε4 genotype is associated
with increased LDL-containing ApoB particle numbers and promoting the atherosclerosis [14]. Gerritsen et al.
found that the ε2 genotype may lead to the accumulation of residual particles and elevated ApoC-III, which inhibit
lipoprotein lipase activity and exacerbate hypertriglyceridemia [15]. However, the impact of different APOE
genotypes on Apos in elder CHD patients remains poorly understood.

Mass spectrometry-based proteomics is an accurate and reliable method for quantifying Apos, including Lp(a)
[16]. Recently, Olink-based proteomics has also been able to provide relative quantification information for several
Apos. With the exploration of the UK Biobank (UKB) Olink proteomics platform, plasma proteomics have enabled
large-scale analysis of nearly 3000 plasma proteins across 406 common diseases in over 53,000 participants,
providing the most comprehensive protein landscape to date [17]. The combined application of Olink proteomics
and whole-exome sequencing data on the UKB platform would provide direct insights into the impact of APOE
genotypes on Apo levels in CHD patients.

In the present study, we utilized two datasets. Dataset 1 included 293 CHD patients across both young and elderly
populations, in which we quantified ApoE isoform-specific peptides and 16 additional Apos using liquid
chromatography triple quadrupole mass spectrometers (LC-QQQ-MS) to examine the impact of different APOE
genotypes on Apo expression in elderly CHD patients. Dataset 2 served as an independent validation cohort that
comprised CHD participants from the UKB, where APOE genotypes were obtained through whole-exome
sequencing data and Apo levels were measured via the Olink proteomics platform. Our study aims to assess the
effects of APOE genotypes on Apo profiles in CHD patients across different ages.

Materials and methods
Study participants and blood sample collection in dataset 1
A total of 293 CHD patients from Zhongnan Hospital of Wuhan University between June 2024 and October 2024
were enrolled in the present study, comprising 75 patients aged ≤45 years and 218 patients >45 years. The diagnosis
of CHD was confirmed by experienced clinicians in accordance with the American College of Cardiology and
American Heart Association guidelines [18], integrating clinical symptoms, physical examination, laboratory tests,
and coronary angiography or other imaging evidences.

Remaining blood samples from clinical laboratory tests of patients who underwent APOE phenotype were
collected in K2EDTA-containing vacutainer tubes (Supplementary Figure S1A). The blood specimens were
separated into plasma and stored at −80◦C until analysis. The study was conducted in adherence to the Declaration
of Helsinki. Written informed consent was obtained from all participants.

Apolipoprotein measurement for dataset 1
The suitable peptide segments of various Apos we selected meet the criteria for enzymatic cleavage, uniqueness, and
lack of known mutations [19,20] (Supplementary Table S1). The 10 μl of the stable isotope-labeled (SIL) internal
standard mixture (10 μg/ml) was combined with 5 μl of plasma samples or the calibrators in a 1.5-ml tube
containing 75 μl of 1% SDC (w/v) and 50 μl of 100 mmol/l AmBic. This mixture was reduced with 5 μl of
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250 mmol/l DTT at 90◦C for 60 min at 500 rpm, then mixed with 10 μl of 500 mmol/l IAA for 30 min in the dark at
room temperature. Next, 5 μl of 250 mmol/l DTT was added to quench the alkylation reaction, diluting the solution
to 1 ml with 0.5% SDC in 100 mmol/l AmBic. Following centrifugation at 10,000×g for 10 min at 4◦C, 50 μl of the
supernatant was collected and mixed with an equal volume of 0.5% SDC. Subsequently, 1 μg of sequencing-grade
Promega trypsin was used for digestion at 37◦C on a constant temperature oscillator overnight (18 h). After
digestion, 20 μl of 20% formic acid aqueous solution was added to stop the reaction. The mixture was left to stand at
room temperature for 5 min before being centrifuged at 13,000×g for 15 min at 4◦C.

The LC-QQQ-MS analysis was performed using an AB Sciex Triple Quad 6500+ mass spectrometer equipped
with an electrospray ionization source and optimal multiple-reaction monitoring transitions (AB Sciex,
Framingham, MA, U.S.A.). An Acquity UPLC HSS T3 column (2.1 × 50 mm, 1.8 μm) was maintained at 45◦C at a
flow rate of 0.3 ml/min. Mobile phase A consisted of pure water with 0.1% formic acid (FA) and 0.1% dimethyl
sulfoxide (DMSO), while mobile phase B was methanol with 0.1% FA and 0.1% DMSO. Data acquisition and
analysis were all performed with Analyst 1.7.3 software (AB Sciex) and analyzed with OS 2.1 software (AB Sciex).
Detailed information on peptide selection and mass spectrometer parameters for each Apo is provided in
Supplemental Table S1.

For method validation, bovine serum albumin (BSA) prepared in phosphate-buffered saline was used as a
surrogate matrix to approximate the plasma background. Calibration curves were constructed by analyzing a series
of standard peptides at multiple concentration levels in the BSA matrix. For each analyte, the peak area ratio (Y) of
the peptide to its corresponding SIL internal standard was plotted against the nominal concentration (X), and linear
regression was performed using a 1/X2 weighting factor. The lower limit of quantification was defined as the lowest
concentration at which a signal-to-noise ratio of ≥10 was achieved. Method precision and accuracy were evaluated
by assessing intra-day and inter-day variability using quality control (QC) samples at three concentration levels
(low, medium, and high). QC samples, consisting of both standard solution mixtures and spiked plasma samples,
were analyzed in six replicates within a single day for intra-day assessment and over three consecutive days for
inter-day evaluation.

APOE phenotyping confirmed by commercial assay kit for dataset 1
APOE phenotyping in dataset 1 was independently confirmed by Zhongnan Hospital of Wuhan University.
Genomic DNA was extracted from whole blood using standard protocols. APOE genotypes were determined by
TaqMan allelic discrimination assays targeting SNPs rs429358 (c.388T>C, Cys130Arg) and rs7412 (c.526C>T,
Arg176Cys). These SNPs define six genotypes: ε2/ε2, ε3/ε3, ε4/ε4, ε2/ε3, ε2/ε4, and ε3/ε4. Genotyping was
performed using a commercial assay kit (Zhuhai Sinochips Bioscience Co., Ltd.).

Clinical and laboratory assessment for dataset 1
Routine blood biochemistry tests were conducted following overnight fasting and analyzed by the Department of
Laboratory Medicine, Zhongnan Hospital of Wuhan University. Analytes included total cholesterol, triglycerides,
high-density lipoprotein (HDL) and low-density lipoprotein (LDL) cholesterol, glucose, kidney function, and liver
function in serum were measured by the commercial assay kit on an automatic biochemical analyzer (Roche Cobas
8000 c701, Switzerland).

CHD participants with selected apolipoproteins from UK Biobank in
dataset 2
In dataset 2, we utilized the UKB Olink proteomics database, which provides normalized protein expression (NPX)
value of total APOE and selected Apos in 53,026 participants. This research was conducted using the UKB resource
under application number 95608. APOE genotypes were identified through whole-exome sequencing using SNPs
rs429358 and rs7412. The 31477 individuals with both APOE genotype and Apo expression were included,
excluding those with malignant diseases, tumors, and pregnancy. Then ICD10 codes 120–125 were used to identify
a total of 3821 participants with ischemic heart disease that were divided into a young (n = 148) and aged group
(n = 3673) based on age threshold (cutoff at 45 years) (Supplementary Figure S1B). The rest of individuals were also
divided into a young control group (n = 4597) and an elderly control group (n = 23,059).

Statistical analysis
The GraphPad Prism 10.0 software and R environments were used for database management and statistical analysis.
The distribution types were evaluated using the Kolmogorov–Smirnov test. Data were expressed as
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Figure 1. Chromatogram of all measured Apos and their correlation with traditional lipid profiles in CHD patients

(A) The total ion chromatograms of each peptide were analyzed in a standard solution mixture. (B) Correlation between Apos and

traditional lipid index in all CHDs. (C) The dynamic multiple reaction monitoring chromatograms of each ApoE-specific peptide in

six typical APOE genotypes. (D) Correlation between ApoE-related specific peptides and traditional lipid index in all CHDs.

mean +− standard deviation for normally distributed variables and as geometric mean with interquartile range for
skewed data. Pearson correlation was applied to assess associations between Apos and clinical biochemical
indicators. To minimize confounding factors, propensity score matching (1:2 ratio, caliper width 0.2) was performed
for HDL, LDL, and sex between the young and elderly CHD patients. Group differences were analyzed using
Mann–Whitney test for nonparametric statistics with false discovery rate corrections. Categorical variables were
analyzed using Chi-square or Fisher’s exact test due to small sample size of APOE4 group (n < 40). For comparisons
across multiple groups, two-way ANOVA with Tukey’s multiple comparison test was used, with q-values <0.05
considered significant. Multinomial logistic regression was further performed to adjust for covariates that differed
in the baseline characteristics, including sex, BMI, clinical biochemistry parameters, and medication use.

A mediation analysis was conducted to evaluate whether selected Apo mediates the association between age and
CHD status using the PROCESS macro for SPSS (Version 4.3). The causal path was examined with age as the
independent variables, CHD status as the dependent variable, and Apos as the mediator. Mediation was considered
statistically significant if the 95% bootstrap confidence interval (CI) did not include zero. For interpretability,
regression coefficients from logistic models were exponentiated and presented as odds ratios with 95% CIs.

Results
Method development of apolipoproteins in human plasma
The total ApoE, 4 isoform-specific ApoE peptides, and 16 other Apos (e.g., ApoA1, ApoA2, ApoD, ApoM, and
Lp(a)) were simultaneously quantified and analyzed by LC-QQQ-MS platform (Figure 1A). The results of method
validation are summarized in Table 1. Calibration curves for all quantified peptides exhibited excellent linearity,
with coefficients of determination (R2) exceeding 0.99. The intra-day coefficients of variation (CV) for all
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Table 1 Method validation of all the measured Apos

Peptide LQC MQC HQC Linear R2
Range
(ng/ml)*

Intra %
CV

Inter %
CV

Intra %
CV

Inter %
CV

Intra %
CV

Inter %
CV

ApoA1 5.93% 9.43% 6.94% 8.08% 9.27% 7.59% y = 9.83e−7 + 0.0047 0.990 2000–400000

ApoA2 11.59% 7.20% 10.86% 10.82% 11.28% 10.18% y = 0.0027 x + 0.20 0.994 1000–200000

ApoA4 8.38% 6.47% 8.51% 8.89% 13.43% 12.62% y = 2.37e−5 x + 2.76e−4 0.992 250–5000

ApoB 5.81% 5.41% 5.23% 7.00% 6.39% 5.91% y = 0.0042 x − 0.024 0.998 100-20000

ApoC1 12.81% 11.25% 13.31% 13.72% 12.42% 13.65% y = 2.61e−4 x + 0.016 0.990 100–20000

ApoC2 4.42% 4.91% 8.70% 10.62% 6.24% 6.29% y = 4.65e−4 x + 9.56e−4 0.999 125–25000

ApoC3 2.86% 4.93% 8.77% 8.65% 4.35% 7.05% y = 1.94e−4 x + 0.0080 0.999 250–50000

ApoC4 11.99% 13.29% 14.64% 13.22% 10.27% 10.71% y = 3.35e−5 x + 1.004e−4 0.990 250–50000

ApoD 14.82% 13.54% 3.82% 9.96% 14.60% 9.36% y = 4.65e−4 x + 0.018 0.999 250–50000

ApoE 3.98% 5.43% 5.02% 6.33% 3.38% 6.13% y = 6.17e−5 x + 1.25e−4 0.993 25–5000

ApoH 7.39% 6.77% 8.49% 7.53% 9.66% 9.00% y = 9.13e−4 x + 0.075 0.991 100–20000

ApoJ 13.20% 10.68% 8.76% 9.59% 8.97% 9.69% y = 1.11e−4 x + 0.030 0.991 250–50000

ApoL1 12.79% 9.52% 13.09% 13.46% 8.22% 8.16% y = 0.0044 x + 0.010 0.994 50–10000

ApoM 11.92% 12.15% 12.11% 14.20% 12.50% 11.74% y = 0.0015 x + 0.046 0.987 25–5000

Lp(a)-CR 13.95% 9.03% 9.58% 10.43% 12.69% 14.51% y = 0.0076 x + −0.0012 0.993 2–400

Lp(a)-KR 9.52% 12.37% 5.89% 5.34% 9.59% 7.30% y = 0.023x + −0.019 0.994 25–5000

Abbreviations: LQC, low concentration of the quality control; MQC, middle concentration of the quality control; HQC, high concentration of the
quality control. Lp(a)-KR, apolipoprotein(a) Kringle-IV-type2 repeat peptide; CR, apolipoprotein(a) conserved-region peptide.
*The concentration here refers to the concentration of peptide segment.

quantified and differential peptides ranged from 2.86% to 14.82%, while inter-day CVs ranged from 4.91% to
14.51%. These results demonstrate good repeatability and reproducibility of the analytical methods (Table 1).
Furthermore, our reference ranges for most Apos were broadly consistent with those reported in three other studies
[21–23], despite differences in population and sample preparation method (Supplementary Table S2).

Correlation analysis between Apos and clinical lipid index was performed from the cohort (Figure 1B). Plasma
total cholesterol and LDL levels are highly correlated with ApoB. The conserved peptide and the variable KIV2
peptide of Lp(a) showed a high degree of correlation with each other. HDL-C was positively correlated with
ApoA1/A2/A4/D/H/L1/M/J. TG were significantly associated with ApoC1/C2/C3/C4 and total ApoE.

Based on the presence of isoform-specific peptides, participants were classified into six APOE genotypes
(Figure 1C). Among these peptides, the ApoE peptide is common to all APOE isoforms, while the ApoE2 peptide is
unique to ε2 genotypes. The ApoE2E3 peptide is shared by ε2 and ε3 genotypes, the ApoE3E4 peptide is shared by
both ε3 and ε4 genotypes, and the ApoE4 peptide is unique to ε4 genotypes. Genotype results from LC-QQQ-MS
were fully consistent with those from the TaqMan assay in all 293 patients, confirming the accuracy of the
LC-QQQ-MS approach for identifying the APOE genotypes (Supplementary Table S3).

Correlation analysis of ApoE peptides and lipid indices demonstrated that, in individuals with the ε2/ε2
genotype, TG was highly positively correlated with total ApoE, ApoE2, and ApoE2E3 peptide (Figure 1D). In the
ε3/ε3 genotype—which lacks ApoE2 and ApoE4 peptides—TG was positively correlated with total ApoE, ApoE2E3,
and ApoE3E4 peptides. Conversely, in the ε4/ε4 genotype, which lacks ApoE2 and ApoE2E3 peptides, TG showed
significant negative correlations with total ApoE, ApoE3E4, and ApoE4 peptides. Taken together, we developed a
robust method for simultaneous quantification of APOE isoforms and Apos in 5 μl plasma.

Distribution of apolipoproteins between young and elderly CHD patients
in dataset 1
A total of 293 CHD patients were enrolled from Zhongnan Hospital in this retrospective cohort study
(Supplementary Figure S1A). Among them, 75 subjects (male, 84%) were younger than 45 years, and 218 subjects
(male, 64.7%) were older than 45 years (Supplementary Table S4). The proportion of males was higher in the
younger group, while common comorbidities were more prevalent among older CHD patients. Compared with
older patients, younger individuals had higher elevated lipid levels, including TC, TG, and LDL-C. After performing
1:2 propensity score matching (PSM) analysis to adjust for sex, HDL, and LDL levels, no significant differences in

© 2026 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
License 4.0 (CC BY).

5



Bioscience Reports (2026) 46 BSR20260258
https://doi.org/10.1042/BSR20260258

Table 2 Baseline characteristics of matched young and aged CHD patients in dataset 1

All CHD (n = 293) PSM (1:2)
Young CHD (n = 60) Aged CHD (n = 120) P-value

Sex, man (%) 204 (69.6) 49 (81.6) 83 (69.2) 0.075

Age-years 57 +− 15 37.7 +− 5.6 63.2 +− 10.3 <0.001

Median (IQR) 58 (45-69) 39 (36–42) 63 (55–70) <0.001

Disease history (n, %)

Hypertension 162 (54.5) 18 (30.0) 69 (57.5) 0.002

Dyslipidemia 93 (31.3) 24 (40.0) 35 (29.2) 0.182

Stroke 75 (25.3) 4 (6.6) 32 (26.7) <0.001

Diabetes 38 (12.8) 3 (5.0) 22 (18.3) 0.008

Clinical biochemistry

TC (mmol/l) 4.5 +− 1.2 4.9 +− 1.1 4.6 +− 1.2 0.178

TG (mmol/l) 1.7 +− 1.1 1.8 +− 0.7 1.7 +− 1.0 0.877

HDL-C (mmol/l) 1.2 +− 0.3 1.2 +− 0.3 1.2 +− 0.3 0.710

LDL-C (mmol/l) 2.9 +− 0.9 3.1 +− 0.9 2.9 +− 0.9 0.413

ALT (U/l) 25.3 +− 29.6 38.3 +− 52.8 20.3 +− 12.1 <0.001

Glucose (mmol/l) 6.1 +− 2.2 5.6 +− 2.2 6.5 +− 2.3 0.002

Creatinine (mmol/l) 78.3 +− 41.3 74.4 +− 16.4 78.5 +− 36.8 0.410

eGFR (ml/min/1.73 m2) 94.5 +− 23.3 110.8 +− 17.4 89.8 +− 22.2 <0.001

APOE Group (n, %)

APOE2 42 (14.3) 8 (13.3) 11 (9.2) 0.679

APOE3 189 (64.5) 40 (66.7) 76 (63.3) 0.724

APOE4 62 (21.2) 12 (20.0) 33 (27.5) 0.389

Medication

Statin (%) 50 (16.8) 6 (10.0) 17 (14.2) 0.035

Values for continuous and categorical variables are expressed as median (25th; 75th percentile) and percentage, or mean +− standard deviation, re-
spectively. The Kruskal–Wallis test for continuous variables and the chi-square or Fisher’s exact test for categorical variables were used to determine
significant difference between groups.
Note: Participants were grouped into three APOE categories due to the small sample sizes of ε2/ε2, ε2/ε4, and ε4/ε4 genotypes: APOE2 (ε2/ε2 and
ε2/ε3), APOE3 (ε3/ε3), and APOE4 (ε2/ε4, ε3/ε4, and ε4/ε4).
Abbreviations: IQR, interquartile range; CHD, coronary heart disease; PSM, propensity score matching; HDL, high density lipoprotein; LDL, low density
lipoprotein; ALT, alanine Transaminase; eGFR, estimated glomerular filtration rate.

lipid profiles were observed between the matched groups, while younger CHD patients exhibited more obvious liver
and kidney dysfunction (Table 2). The median ages were 39 years in the young CHD group and 63 years in the older
CHD group.

Participants were grouped into three APOE categories due to the small sample sizes of ε2/ε2 and ε4/ε4 genotypes
by TaqMan assay [24]: APOE2 group (including ε2/ε2 and ε2/ε3 genotypes), APOE3 group (including ε3/ε3
genotype), and APOE4 group (including ε2/ε4, ε3/ε4 and ε4/ε4 genotypes) [25]. The distribution of the three
APOE categories did not differ significantly between the two comparable groups.

The differences in Apos excluding ApoE between young and elderly CHD patients before PSM are presented in
Supplementary Table S5. Nearly 10 Apos including Lp(a), showed significant differences between these two
comparable groups. After PSM matching (Table 3), five Apos (including ApoA2/C2/J/L1/M) were significantly
reduced in the elderly CHD group. We further did multivariable analysis for five selected Apos by adjusting
confounding factors that showing significant differences in baseline characteristics (disease history of hypertension,
stroke, diabetes, levels of ALT, glucose, eGFR, and medication use). Only ApoL1 still showed statistically
significance between the comparable two groups (ApoA2, Padj = 0.622; ApoC2, Padj = 0.131; ApoJ, Padj = 0.123;
ApoL1, Padj < 0.001; ApoM, Padj = 0.252).

To further investigate the differences in Apo levels among young and elderly CHD patients with different APOE
genotypes, the distribution of the above 5 Apos (ApoA2/C2/J/L1/M) in APOE2, APOE3, and APOE4 groups were
compared (Figure 2A–E). After multiple corrections using two-way ANOVA, ApoL1 levels were found to be
significantly lower in elderly CHD patients compared with the younger counterparts, regardless of the APOE
genotype. Additionally, while ApoM levels were reduced in elderly CHD patients carrying the APOE ε4 allele, the
other three Apos showed no significant differences across APOE subtypes.
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Table 3 Concentrations of Apos in matched young and aged CHD patients in dataset 1

ConC (ng/ml) All CHD (n = 293) PSM (1:2)
Young CHD (n = 60) Aged CHD (n = 120) P-value

ApoA1 39964 +− 12089.2 37985.2 +− 8356.2 40786.4 +− 13218.5 0.571

ApoA2 18958.9 +− 4899.7 20426.5 +− 4421.5 18717.9 +− 4896.9 0.032

ApoA4 1251.5 +− 509.0 1183.5 +− 396.1 1250.5 +− 503.1 0.360

ApoB 1269.4 +− 473.9 1411.6 +− 467.4 1267.3 +− 439 0.053

ApoC1 1713.7 +− 527.2 1742.3 +− 404.3 1714.4 +− 578 0.983

ApoC2 3065.5 +− 1503.0 3690.4 +− 1658.9 3004.2 +− 1361.5 0.014

ApoC3 5864.3 +− 2662.9 6439.4 +− 2482.8 5982.9 +− 2899.6 0.469

ApoC4 33.4 +− 21.7 33.7 +− 16.3 35.3 +− 22.4 0.291

ApoD 1281.7 +− 437.9 1336 +− 432.7 1309.1 +− 481.5 0.842

ApoE 1229.8 +− 603.0 1288 +− 458.6 1161.6 +− 474.1 0.273

ApoH 2324.3 +− 604.8 2451.5 +− 533.2 2334.4 +− 626.9 0.266

ApoJ 3678.7 +− 1009.4 4060 +− 943.4 3588.1 +− 964.3 0.007

ApoL1 221.3 +− 79.6 276 +− 79.5 206.8 +− 66.8 <0.001

ApoM 422.8 +− 155.5 485.6 +− 145.3 418.3 +− 145.1 0.007

Lp(a)-KR 1102.2 +− 1262.4 862.6 +− 919.6 1243.6 +− 1438 0.118

Lp(a)-CR 30.8 +− 42.8 20.2 +− 22.6 35.3 +− 49.3 0.080

Abbreviations: CHD, coronary heart disease; PSM, propensity score matching; Lp(a)-KR, apolipoprotein(a) Kringle-IV-type2 repeat peptide; CR,
apolipoprotein(a) conserved-region peptide. ConC: concentration of each peptide.
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Figure 2. Significant changed Apos in different APOE phenotypes of young and aged CHD patients in two datasets

(A–E) The concentration of five Apos in young and aged CHD patients across three APOE subtypes. Statistical significance was

evaluated by two-way ANOVA with Tukey’s test with multiple comparison correction. (F) The violin plot for the ApoL1 distribution

in different APOE phenotypes of young and aged CHD patients in UKB after adjusted confounding factors. (G) The median and

95% CI of ApoL1 in non-CHD and CHD populations across different ages in UKB after adjusting for confounding factors. (H)

Mediation of ApoL1 in the association of age and CHD status. OR: odds ratio; 95% CI: 95% confidence interval; *P < 0.05,

**P < 0.01, ***P < 0.001.
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Table 4 Baseline characteristics of young and aged CHD patients in UK Biobank

Young CHD (n = 148) Aged CHD (n = 3673) P-value

Demographic characteristics

Age (years) 44 (42, 45) 62 (57, 66) <0.001

Sex (Male, %) 97 (65.5) 2304 (62.7) 0.488

Ethnic (Caucasian, %) 106 (71.6) 3095 (84.3) <0.001

Ever smoked (n, %) 94 (63.5) 2472 (67.3) 0.336

BMI (Kg/m2) 28.7 (25.3, 31.9) 28.2 (25.6, 31.6) 0.750

SBP (mmHg) 132 (122.8, 145.3) 142 (130, 156) <0.001

Clinical Biochemistry

TC (mmol/l) 5.4 (4.7, 6.3) 5.2 (4.3, 6.2) 0.073

TG (mmol/l) 1.8 (1.1, 2.5) 1.7 (1.2, 2.4) 0.674

HDL (mmol/l) 1.2 (1, 1.3) 1.2 (1, 1.5) 0.039

LDL (mmol/l) 3.5 (2.8, 4) 3.2 (2.5, 3.9) 0.013

Lipoprotein(a) (mmol/l) 25.2 (9.4, 80.5) 24.2 (10.1, 73.1) 0.765

ALT (U/L) 23.1 (17, 33.5) 22 (16.8, 30.2) 0.034

Glucose (mmol/l) 4.8 (4.5, 5.2) 5 (4.7, 5.5) 0.119

Creatinine (μmol/l) 71.6 (63.5, 84.9) 75.2 (65, 86.5) 0.819

ApoE group

APOE2 (n, %) 12 (8.1) 399 (10.9) 0.344

APOE3 (n, %) 98 (66.2) 2126 (57.9) 0.051

APOE4 (n, %) 38 (25.7) 1148 (31.3) 0.174

Medication

Anti-cholesterol (n, %) 26 (17.6) 1292 (35.2) <0.001

Anti-blood pressure (n, %) 25 (16.9) 1186 (32.3) <0.001

Anti-diabetes (n, %) 3 (2) 87 (2.4) 0.999

Olink data Padj value*

ApoL1 (NPX) 0.02 (−0.25, 0.49) −0.09 (−0.38, 0.21) <0.001

Values for continuous and categorical variables are expressed as median (25th, 75th percentile) and percentage, respectively. The Kruskal–Wallis test
for continuous variables and the chi-square test for categorical variables were used to determine significant difference between groups.
Note: Participants were grouped into three APOE categories due to the small sample sizes of ε2/ε2, ε2/ε4, and ε4/ε4 genotypes: APOE2 (ε2/ε2 and
ε2/ε3), APOE3 (ε3/ε3), and APOE4 (ε2/ε4, ε3/ε4, and ε4/ε4).
Abbreviations: CHD, coronary heart disease; BMI, body mass index; HDL, high-density lipoprotein; LDL, low-density lipoprotein; ALT, alanine amino-
transferase; ApoL1, apolipoprotein L1, NPX, normalized protein expression; SBP, systolic blood pressure; TC, total cholesterol; TG, triglycerides.
*Multinomial logistic regression was further performed to adjust for all covariates presented in the tables, including sex, BMI, clinical biochemistry
parameters, and medication.

Effects of APOE phenotype on apolipoproteins in young and aged CHD
patients from the UK Biobank
To further verify the generalizability of our findings, we analyzed a cohort of 3821 CHD patients from the UKB who
had available Olink Apo NPX values and APOE genotype data (Supplementary Figure S1B), which allowed us to
further evaluate the effect of APOE genotypes on ApoL1 levels in an independent and ethnically diverse cohort.

The baseline characterization of CHD patients in these two groups was presented in Table 4. The proportion of
current smokers exceeded 60% in both groups. The elderly CHD patients were more likely to be hypertensive and
predominantly of Caucasian ethnicity. The young CHD patients had higher levels of alanine aminotransferase, TC,
and LDL-C.

Consistent with our findings from dataset 1, plasma APOL1 levels were significantly reduced in all European
aged CHD patients. Upon stratification by APOE genotype, the APOL1 levels were notably decreased in individuals
with ε3 and ε4 genotypes, whereas its impact appears insignificant in those with the ε2 allele (Figure 2F).

To further determine whether the differences in APOL1 levels between young and elderly CHD patients were due
to the disease itself or to aging, we included non-CHD participants from the UKB as control groups (Supplementary
Table S6). The results showed that APOL1 levels were significantly decreased in elderly CHD patients compared
with their age-matched controls, whereas no significant changes were observed in young CHD patients (Figure 2G).

Following the mediation analysis, ApoL1 was found to statistically mediate the association between age and CHD
status. Age was negatively associated with ApoL1, and higher ApoL1was linked to lower odds of CHD status. Age
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remained positively associated with CHD after accounting for ApoL1. Bootstrap analysis confirmed a significant
indirect effect of age on CHD status via ApoL1, supporting its partial mediation effects. These patterns were
consistent in both crude and adjusted models by adjusting confounding factors including lipid profiles (HDL, LDL,
TC, and TG), creatinine, alanine transaminase, glucose and body mass index (Figure 2H and Supplementary
Figure S2). Taken together, our findings suggest that the decreased levels of APOL1 in CHD patients, particularly
those carrying the APOE ε3 or ε4 allele.

Discussion
In the present study, we developed a chromatography method capable of simultaneously detecting Lp(a), APOE
genotype-specific peptides, and 14 other Apos. We found that an LC-QQQ-MS-based platform is not only effective
in distinguishing different APOE isoforms qualitatively but also provides quantitative insights into other Apos in
young and elderly CHD patients in relation to different APOE subtypes. Furthermore, plasma levels of ApoL1 were
notably reduced in elderly CHD patients, particularly among those with the APOE ε3 and ε4 genotypes.

APOE phenotyping is known to play an important role in CHD risk assessment [26]; however, traditional
genotyping methods are primarily qualitative and do not distinguish between the expression levels of different
APOE isoforms. Furthermore, total APOE protein quantification alone fails to obtain isoform-specific changes. To
address this limitation, we employed a targeted LC-QQQ-MS approach that enables both qualitative genotyping
and quantitative peptide-level analysis of APOE isoforms. The reference ranges in our works for most Apos were
broadly consistent with other previous studies [21–23]. Furthermore, the APOE classification obtained from the
mass spectrometry platform in our cohort was fully consistent with those determined using a commercial
genotyping assay, supporting the reliability of our method. While quantitative peptide-level analysis of APOE
isoforms has been mainly reported in neurodegenerative diseases, with limited application in cardiovascular
diseases. For instance, Deza-Lougovski et al. reported that, among 12,532 adults, higher circulating ApoE4 levels
were associated with better cognitive performance in Alzheimer’s disease patients [27]. Similarly, Edlund found
plasma ApoE3 levels negatively correlated with blood glucose levels in Alzheimer’s disease patients [28]. Baker-Nigh
observed that cerebrospinal fluid APOE isoform levels rather than plasma ApoE levels showed a stronger
correlation with amyloid-beta pathology in Alzheimer’s disease [29]. In contrast with the neurological focus of prior
studies, our work reveals a cardiovascular-specific pattern with ApoE-specific peptides. We found that
ApoE4-specific peptides were significantly decreased in elderly CHD patients with ApoE4 subtype, even when total
ApoE levels remained unchanged (Supplementary Figure S3). These findings suggest that isoform-specific
quantification of ApoE peptides may provide additional insights than total ApoE levels.

APOE genetic polymorphisms are a major determinant of plasma lipid profiles and, consequently, cardiovascular
disease risk. This link is robustly supported by comprehensive meta-analytic data, which indicate that carriage of
the APOE ε4 allele elevates the risk of CHD by 46%. In contrast, the ε2 allele does not confer a significant overall
protective effect against CHD [30]. Intriguingly, this ε2-associated protection appears ethnically restricted, being
observed in Caucasian populations but not Mongolian population [30], suggesting population-specific interactions
modulate its phenotypic expression. This disparity may stem from isoform-specific interaction between APOE and
its receptors like low-density lipoprotein receptor, whose binding affinity is markedly weaker for APOE2 than for
APOE3 and APOE4 [31,32]. Furthermore, in vivo kinetic studies of 2H3-leucine enrichment have revealed distinct
metabolic fates for each isoform: APOE2 exhibits a slower catabolic rate, whereas APOE4 has a reduced production
rate compared with APOE3 [33]. Collectively, these kinetic characteristics may help explain our observations: the
decreased total ApoE and ApoE2/E3 peptide levels in ε4 carriers, alongside increased ApoE3/E4 peptide levels in ε4
homozygotes, likely reflects the consequences of fundamental isoform-specific properties on protein metabolism
and clearance.

Apart from ApoE, the levels of ApoL1 exhibited the most significant change among all Apos in both groups of
CHD patients. ApoL1 is an important mediator of HDL components and plays a key role in lipid transport and
metabolism. ApoL1 genotype risk variants are known to contribute to the etiology of kidney disease [34]. However,
the association between ApoL1 risk variants and cardiovascular disease remains unclear or even controversial in
previous studies. For example, the Jackson Heart Study [35,36] and the Women’s Health Initiative Study [37]
reported that ApoL1 risk variants were associated with an increased risk of cardiovascular events. On the other
hand, the Systolic Blood Pressure Intervention Trial [38] and Atherosclerosis Risk in Communities [39] studies
found no significant association between APOL1 gene variants and blood pressure or the incidence of
atherosclerotic disease. Recently, proteomics-driven studies have revealed that plasma levels of ApoL1 were
positively associated with bone mineral density in an osteoporosis prospective study [40]. Moreover, decreased
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plasma ApoL1 levels have been regarded as one of the indicators for identifying children with hypertrophic
cardiomyopathy at high risk of sudden cardiac death [41]. Additionally, ApoL1 has been found to be negatively
associated with age in a longitudinal healthy aging cohort, though this aging-related protein showed no association
with hypertension, type 2 diabetes mellitus, hepatitis, or renal disease [42]. In our study, we found that plasma
ApoL1 levels were significantly reduced in elderly individuals with CHD, irrespective of ApoE genotype. Despite
observations linking APOL1 polymorphisms to human plasma ApoE levels [43], the underlying relationship
requires more robust evidence for further confirmation.

In our study, we found that plasma APOL1 levels were significantly reduced in elderly individuals with CHD.
Given that previous studies have shown a strong association between APOL1 and age [42], our mediation analysis
revealed that ApoL1 was statistically associated with the relationship between age and CHD status even after
adjusting for a series of confounding factors (Figure 2H and Supplementary Figure S2). Although the regulation of
APOE genotype on the expression of APOL1 has not been extensively reported in previous studies, plasma APOE
levels have been found to be influenced by the polymorphic genotypes of the APOL1 gene [43], implying a
bidirectional regulation between APOE and APOL1 that needs to be further investigated in future works.

Last but not least, although it’s generally believed that the CHD patients under the age of 45 are considered
early-onset CHD [1]. However, the age definition for young and elderly CHD varies across different studies, ranging
from 35 to 55 years. Some studies suggest that the definition of young CHD should be based on gender stratification
(male <45 years and female <55 years) [44]. While others define young CHD as occurring in individuals under 50
years of age [45]. In our current discovery cohort, we set the cutoff at 45, as the sample size of elderly CHD patients
older than 55 was relatively small after 1:2 PSM matching. We also tested different cutoff age values and found the
distribution of APOL1 between premature and elderly CHD patients remained consistent across different age
criteria in the validated UKB dataset (Supplementary Figure S4). This cut-off sensitivity analysis highlighted the
decreased APOL1 in older CHD patients, especially among those carrying the APOE ε3 and ε4 genotypes.

However, the present study also has several limitations. First, the plasma Apo data were derived exclusively from
Chinese populations, while the UKB-PPP plasma proteomic data are based on a British cohort, which includes only
a small proportion of Chinese individuals (approximately 0.3%). This potential etiological heterogeneity between
Eastern and Western populations may have led to the omission of some key differentially expressed protein. Second,
the Olink data from the UKB cohort only provide normalized values for total APOE without information on
specific APOE isoform peptides, making it hard to validate the application of isoform-specific APOE peptide
quantification in an independent population. Third, the number of CHD cases included is relatively small even if
our results get validation from an external cohort in UKB. Further validation through large-scale, multicenter
prospective studies is warranted in the future.

Conclusion
Our results suggested that APOE polymorphisms affect the plasma Apo profiles and that ApoL1 is associated with
older CHD patients carrying the APOE E3 and E4 genotypes.

Data Availability
The genotype data was upload to data repository platform Zenodo (https://zenodo.org/records/17367186) [24].

Competing Interests
The authors declare that they have no competing interests.

Funding
This work was supported by the National Key Research and Development Program of China [2022YFC3400700]; Noncommunica-
ble Chronic Diseases-National Science and Technology Major Project [2024ZD0533000]; National Nature Science Foundation of
China [82370397]; and Hubei Provincial Key Laboratory Program [2025CSA042].

CRediT Author Contribution
J.F.W. and F.Z. significantly contributed to the reported work related to the conception and study design; Y.X.Z., S.W.L., and J.F.W.
contributed to execution, acquisition of data, analysis, and interpretation; S.J.X. contributed to acquisition of baseline information;
R.Z. contributed to the data analysis; Y.X.Z., S.W.L., S.J.X., R.Z., and J.F.W. took part in drafting, revising, or critically reviewing the
article; Y.X.Z., S.W.L., F.Z., and J.F.W. gave final approval of the manuscript. All authors agree to be accountable for all aspects of
the work.

10 © 2026 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).

https://zenodo.org/records/17367186


Bioscience Reports (2026) 46 BSR20260258
https://doi.org/10.1042/BSR20260258

Ethics Approval and Consent to Participate
This study was approved by the Ethics Committee of Zhongnan Hospital (Approval No. 2024077K) and the trial confirmed to the
principles outlined in the Declaration of Helsinki. The UK Biobank study has ethical approval from the North West Multi-center
Research Ethics Committee, and this research was conducted under application ID 95608.

Use of AI and AI-assisted Technologies Statement
We have not used AI and AI-assisted Technologies.

Acknowledgements
We would like to express our sincere gratitude to the anonymous reviewers for their valuable suggestions, which have greatly im-
proved our manuscript. The authors acknowledge the participants in this study and all investigators for collecting medical records.
The authors would like to thank Dr. Lei Xiao for providing analytical instructions throughout this work. We also thank Miss Rong Li
for helping in sample preparation.

Abbreviations
Apo, apolipoprotein; ApoE, apolipoprotein E; BSA, bovine serum albumin; CHD, coronary heart disease; CI, confidence inter-
val; CV, coefficients of variation; DMSO, dimethyl sulfoxide; FA, formic acid; HDL, high-density lipoprotein; LC-QQQ-MS, liquid
chromatography triple quadrupole mass spectrometers; LDL, low-density lipoprotein; Lp(a), lipoprotein(a); NPX, normalized
protein expression; PSM, propensity score matching; QC, quality control; SIL, stable isotope-labeled; UKB, UK Biobank.

References
1 Michos, E.D. and Choi, A.D. (2019) Coronary artery disease in young adults: a hard lesson but a good teacher. J. Am. Coll. Cardiol. 74, 1879–1882,

https://doi.org/10.1016/j.jacc.2019.08.1023
2 Ruiz-Garcı́a, J., Lerman, A., Weisz, G., Maehara, A., Mintz, G.S., Fahy, M. et al. (2012) Age- and gender-related changes in plaque composition in

patients with acute coronary syndrome: the PROSPECT study. EuroIntervention 8, 929–938, https://doi.org/10.4244/EIJV8I8A142
3 Yusuf, S., Hawken, S., Ounpuu, S., Dans, T., Avezum, A., Lanas, F. et al. (2004) Effect of potentially modifiable risk factors associated with myocardial

infarction in 52 countries (the INTERHEART study): case-control study. Lancet 364, 937–952, https://doi.org/10.1016/S0140-6736(04)17018-9
4 Hamsten, A., Silveira, A., Boquist, S., Tang, R., Bond, M.G., de Faire, U. et al. (2005) The apolipoprotein CI content of triglyceride-rich lipoproteins

independently predicts early atherosclerosis in healthy middle-aged men. J. Am. Coll. Cardiol. 45, 1013–1017,
https://doi.org/10.1016/j.jacc.2004.12.049

5 Clarke, R., Von Ende, A., Schmidt, L.E., Yin, X., Hill, M., Hughes, A.D. et al. (2023) Apolipoprotein proteomics for residual lipid-related risk in coronary
heart disease. Circ. Res. 132, 452–464, https://doi.org/10.1161/CIRCRESAHA.122.321690

6 Mehta, A., Vasquez, N., Ayers, C.R., Patel, J., Hooda, A., Khera, A. et al. (2022) Independent association of lipoprotein(a) and coronary artery
calcification with atherosclerotic cardiovascular risk. J. Am. Coll. Cardiol. 79, 757–768, https://doi.org/10.1016/j.jacc.2021.11.058

7 Koren, M.J., Scott, R., Kim, J.B., Knusel, B., Liu, T., Lei, L. et al. (2012) Efficacy, safety, and tolerability of a monoclonal antibody to proprotein
convertase subtilisin/kexin type 9 as monotherapy in patients with hypercholesterolaemia (MENDEL): a randomised, double-blind, placebo-controlled,
phase 2 study. Lancet 380, 1995–2006, https://doi.org/10.1016/S0140-6736(12)61771-1

8 Gibson, C.M., Duffy, D., Korjian, S., Bahit, M.C., Chi, G., Alexander, J.H. et al. (2024) Apolipoprotein A1 infusions and cardiovascular outcomes after
acute myocardial infarction. N. Engl. J. Med. 390, 1560–1571, https://doi.org/10.1056/NEJMoa2400969

9 Ballantyne, C.M., Vasas, S., Azizad, M., Clifton, P., Rosenson, R.S., Chang, T. et al. (2024) Plozasiran, an RNA interference agent targeting APOC3, for
mixed hyperlipidemia. N. Engl. J. Med. 39, 899–912, https://doi.org/10.1056/NEJMoa2404143

10 Povsic, T.J., Korjian, S., Bahit, M.C., Chi, G., Duffy, D., Alexander, J.H. et al. (2024) Effect of reconstituted human apolipoprotein A-I on recurrent
ischemic events in survivors of acute MI. J. Am. Coll. Cardiol. 83, 2163–2174, https://doi.org/10.1016/j.jacc.2024.03.396

11 Michos, E.D. and Choi, A.D. (2019) Coronary artery disease in young adults. J. Am. Coll. Cardiol. 74, 1879–1882,
https://doi.org/10.1016/j.jacc.2019.08.1023

12 Chemello, K., Blom, D.J., Marais, A.D., Lambert, G. and Blanchard, V. (2022) Genetic and mechanistic insights into the modulation of circulating
lipoprotein(a) concentration by apolipoprotein E isoforms. Curr. Atheroscler. Rep. 24, 399–405, https://doi.org/10.1007/s11883-022-01016-8

13 Moriarty, P.M., Varvel, S.A., Gordts, P.L., McConnell, J.P. and Tsimikas, S. (2017) Lipoprotein(a) mass levels increase significantly according to APOE
genotype: an analysis of 431 239 patients. Arterioscler. Thromb. Vasc. Biol. 37, 580–588, https://doi.org/10.1161/ATVBAHA.116.308704

14 Khalil, Y.A., Rabès, J.-P., Boileau, C. and Varret, M. (2021) APOE gene variants in primary dyslipidemia. Atherosclerosis 328, 11–22,
https://doi.org/10.1016/j.atherosclerosis.2021.05.007

15 Gerritsen, G., van der Hoogt, C.C., Schaap, F.G., Voshol, P.J., Kypreos, K.E., Maeda, N. et al. (2008) ApoE2-associated hypertriglyceridemia is
ameliorated by increased levels of apoA-V but unaffected by apoC-III deficiency. J. Lipid Res. 49, 1048–1055,
https://doi.org/10.1194/jlr.M800009-JLR200

16 Zhang, Y., Ren, X., Zhou, Z., Wang, D.W., Rao, X., Ding, H. et al. (2024) Simultaneous quantitative LC-MS/MS analysis of 13 apolipoproteins and
lipoprotein(a) in human plasma. Analyst 149, 3444–3455, https://doi.org/10.1039/D4AN00221K

© 2026 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).

11

https://doi.org/10.1016/j.jacc.2019.08.1023
https://doi.org/10.4244/EIJV8I8A142
https://doi.org/10.1016/S0140-6736(04)17018-9
https://doi.org/10.1016/j.jacc.2004.12.049
https://doi.org/10.1161/CIRCRESAHA.122.321690
https://doi.org/10.1016/j.jacc.2021.11.058
https://doi.org/10.1016/S0140-6736(12)61771-1
https://doi.org/10.1056/NEJMoa2400969
https://doi.org/10.1056/NEJMoa2404143
https://doi.org/10.1016/j.jacc.2024.03.396
https://doi.org/10.1016/j.jacc.2019.08.1023
https://doi.org/10.1007/s11883-022-01016-8
https://doi.org/10.1161/ATVBAHA.116.308704
https://doi.org/10.1016/j.atherosclerosis.2021.05.007
https://doi.org/10.1194/jlr.M800009-JLR200
https://doi.org/10.1039/D4AN00221K


Bioscience Reports (2026) 46 BSR20260258
https://doi.org/10.1042/BSR20260258

17 Deng, Y.T., You, J., He, Y., Zhang, Y., Li, H.Y., Wu, X.R. et al. (2025) Atlas of the plasma proteome in health and disease in 53,026 adults. Cell 188,
253.e7–271.e7, https://doi.org/10.1016/j.cell.2024.10.045

18 Virani, S.S., Newby, L.K., Arnold, S.V., Bittner, V., Brewer, L.C., Demeter, S.H. et al. (2023) 2023 AHA/ACC/ACCP/ASPC/NLA/PCNA guideline for the
management of patients with chronic coronary disease: a report of the American Heart Association/American College of Cardiology Joint Committee on
Clinical Practice Guidelines. Circulation 148, e9–e119, https://doi.org/10.1161/CIR.0000000000001168

19 Bonn, F., Maass, S. and Becher, D. (2017) Sample preparation for mass-spectrometry based absolute protein quantification in antibiotic stress research.
Methods Mol. Biol. 1520, 281–289, https://doi.org/10.1007/978-1-4939-6634-9˙17

20 Zhang, Y., Ren, X., Zhou, Z., Wang, D.W., Rao, X., Ding, H. et al. (2024) Simultaneous quantitative LC-MS/MS analysis of 13 apolipoproteins and
lipoprotein(a) in human plasma. Analyst 149, 3444–3455, https://doi.org/10.1039/D4AN00221K

21 Toth, C.A., Kuklenyik, Z., Jones, J.I., Parks, B.A., Gardner, M.S., Schieltz, D.M. et al. (2017) On-column trypsin digestion coupled with LC-MS/MS for
quantification of apolipoproteins. J. Proteomics 150, 258–267, https://doi.org/10.1016/j.jprot.2016.09.011

22 Ceglarek, U., Dittrich, J., Becker, S., Baumann, F., Kortz, L. and Thiery, J. (2013) Quantification of seven apolipoproteins in human plasma by
proteotypic peptides using fast LC-MS/MS. Proteomics Clin. Appl. 7, 794–801, https://doi.org/10.1002/prca.201300034

23 Begcevic Brkovic, I., Zohrer, B., Scholz, M., Reinicke, M., Dittrich, J., Kamalsada, S. et al. (2022) Simultaneous mass spectrometry-based
apolipoprotein profiling and apolipoprotein E phenotyping in patients with ASCVD and mild cognitive impairment. Nutrients 14,
https://doi.org/10.3390/nu14122474

24 https://zenodo.org/records/17367186Wu, J.F. (2025) Young-aged CHD ApoE subtype.
25 Goldberg, T.E., Huey, E.D. and Devanand, D.P. (2020) Association of APOE e2 genotype with Alzheimer’s and non-Alzheimer’s neurodegenerative

pathologies. Nat. Commun. 11, 4727, https://doi.org/10.1038/s41467-020-18198-x
26 Lumsden, A.L., Mulugeta, A., Zhou, A. and Hyppönen, E. (2020) Apolipoprotein E (APOE) genotype-associated disease risks: a phenome-wide,

registry-based, case-control study utilising the UK Biobank. EBioMedicine 59, 102954, https://doi.org/10.1016/j.ebiom.2020.102954
27 Deza-Lougovski, Y.I., Weiss, L.M., Horton, H.M., Sun, A., Borbye-Lorenzen, N., Skogstrand, K. et al. (2024) Circulating apoE4 protein levels from dried

blood spots predict cognitive function in a large population-based survey setting. Alzheimers Dement. 20, 7613–7623,
https://doi.org/10.1002/alz.14224

28 Edlund, A.K., Chen, K., Lee, W., Protas, H., Su, Y., Reiman, E. et al. (2021) Plasma apolipoprotein E3 and glucose levels are associated in APOE ε3/ε4
carriers. J. Alzheimers Dis. 81, 339–354, https://doi.org/10.3233/JAD-210065

29 Baker-Nigh, A.T., Mawuenyega, K.G., Bollinger, J.G., Ovod, V., Kasten, T., Franklin, E.E. et al. (2016) Human central nervous system (CNS) ApoE isoforms
are increased by age, differentially altered by amyloidosis, and relative amounts reversed in the CNS compared with plasma. J. Biol. Chem. 291,
27204–27218, https://doi.org/10.1074/jbc.M116.721779

30 Xu, M., Zhao, J., Zhang, Y., Ma, X., Dai, Q., Zhi, H. et al. (2016) Apolipoprotein E gene variants and risk of coronary heart disease: a meta-analysis.
Biomed. Res. Int. 2016, 3912175, https://doi.org/10.1155/2016/3912175

31 Innerarity, T.L., Weisgraber, K.H., Arnold, K.S., Rall, Jr, S.C. and Mahley, R.W. (1984) Normalization of receptor binding of apolipoprotein E2. Evidence for
modulation of the binding site conformation. J. Biol. Chem. 259, 7261–7267, https://doi.org/10.1016/S0021-9258(17)39866-6

32 Ruiz, J., Kouiavskaia, D., Migliorini, M., Robinson, S., Saenko, E.L., Gorlatova, N. et al. (2005) The apoE isoform binding properties of the VLDL receptor
reveal marked differences from LRP and the LDL receptor. J. Lipid Res. 46, 1721–1731, https://doi.org/10.1194/jlr.M500114-JLR200

33 Blanchard, V., Ramin-Mangata, S., Billon-Crossouard, S., Aguesse, A., Durand, M., Chemello, K. et al. (2018) Kinetics of plasma apolipoprotein E
isoforms by LC-MS/MS: a pilot study. J. Lipid Res. 59, 892–900, https://doi.org/10.1194/jlr.P083576

34 Egbuna, O., Zimmerman, B., Manos, G., Fortier, A., Chirieac, M.C., Dakin, L.A. et al. (2023) Inaxaplin for proteinuric kidney disease in persons with two
APOL1 variants. N. Engl. J. Med. 388, 969–979, https://doi.org/10.1056/NEJMoa2202396

35 Mukamal, K.J., Tremaglio, J., Friedman, D.J., Ix, J.H., Kuller, L.H., Tracy, R.P. et al. (2016) APOL1 genotype, kidney and cardiovascular disease, and
death in older adults. Arterioscler. Thromb. Vasc. Biol. 36, 398–403, https://doi.org/10.1161/ATVBAHA.115.305970

36 Katz, D.H., Tahir, U.A., Bick, A.G., Pampana, A., Ngo, D., Benson, M.D. et al. (2022) Whole genome sequence analysis of the plasma proteome in Black
adults provides novel insights into cardiovascular disease. Circulation 145, 357–370, https://doi.org/10.1161/CIRCULATIONAHA.121.055117

37 Franceschini, N., Kopp, J.B., Barac, A., Martin, L.W., Li, Y., Qian, H. et al. (2018) Association of APOL1 with heart failure with preserved ejection fraction
in postmenopausal African American women. JAMA Cardiol. 3, 712–720, https://doi.org/10.1001/jamacardio.2018.1827

38 Langefeld, C.D., Divers, J., Pajewski, N.M., Hawfield, A.T., Reboussin, D.M., Bild, D.E. et al. (2015) Apolipoprotein L1 gene variants associate with
prevalent kidney but not prevalent cardiovascular disease in the Systolic Blood Pressure Intervention Trial. Kidney Int. 87, 169–175,
https://doi.org/10.1038/ki.2014.254

39 Chen, T.K., Coresh, J., Daya, N., Ballew, S.H., Tin, A., Crews, D.C. et al. (2021) Race, APOL1 risk variants, and clinical outcomes among older adults:
the ARIC study. J. Am. Geriatr. Soc. 69, 155–163, https://doi.org/10.1111/jgs.16797

40 Xu, J., Cai, X., Miao, Z., Yan, Y., Chen, D., Yang, Z.X. et al. (2024) Proteome-wide profiling reveals dysregulated molecular features and accelerated
aging in osteoporosis: a 9.8-year prospective study. Aging Cell. 23, e14035, https://doi.org/10.1111/acel.14035

41 Captur, G., Doykov, I., Chung, S.C., Field, E., Barnes, A., Zhang, E. et al. (2024) Novel multiplexed plasma biomarker panel has diagnostic and
prognostic potential in children with hypertrophic cardiomyopathy. Circ. Genom. Precis. Med. 17, e004448,
https://doi.org/10.1161/CIRCGEN.123.004448

42 Tang, J., Yue, L., Xu, Y., Xu, F., Cai, X., Fu, Y. et al. (2025) Longitudinal serum proteome mapping reveals biomarkers for healthy ageing and related
cardiometabolic diseases. Nat. Metab. 7, 166–181, https://doi.org/10.1038/s42255-024-01185-7

43 Huang, Y., Li, Q., Fan, P., Liu, R., Zhang, J., Liang, S. et al. (2012) Association study of apolipoprotein L-I Lys166Glu and Ile244Met gene variants with
obesity in Chinese subjects. Genet. Test. Mol. Biomarkers 16, 514–518, https://doi.org/10.1089/gtmb.2011.0250

12 © 2026 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).

https://doi.org/10.1016/j.cell.2024.10.045
https://doi.org/10.1161/CIR.0000000000001168
https://doi.org/10.1007/978-1-4939-6634-9_17
https://doi.org/10.1039/D4AN00221K
https://doi.org/10.1016/j.jprot.2016.09.011
https://doi.org/10.1002/prca.201300034
https://doi.org/10.3390/nu14122474
https://zenodo.org/records/17367186
https://doi.org/10.1038/s41467-020-18198-x
https://doi.org/10.1016/j.ebiom.2020.102954
https://doi.org/10.1002/alz.14224
https://doi.org/10.3233/JAD-210065
https://doi.org/10.1074/jbc.M116.721779
https://doi.org/10.1155/2016/3912175
https://doi.org/10.1016/S0021-9258(17)39866-6
https://doi.org/10.1194/jlr.M500114-JLR200
https://doi.org/10.1194/jlr.P083576
https://doi.org/10.1056/NEJMoa2202396
https://doi.org/10.1161/ATVBAHA.115.305970
https://doi.org/10.1161/CIRCULATIONAHA.121.055117
https://doi.org/10.1001/jamacardio.2018.1827
https://doi.org/10.1038/ki.2014.254
https://doi.org/10.1111/jgs.16797
https://doi.org/10.1111/acel.14035
https://doi.org/10.1161/CIRCGEN.123.004448
https://doi.org/10.1038/s42255-024-01185-7
https://doi.org/10.1089/gtmb.2011.0250


Bioscience Reports (2026) 46 BSR20260258
https://doi.org/10.1042/BSR20260258

44 van Loon, J.E., de Maat, M.P., Deckers, J.W., van Domburg, R.T. and Leebeek, F.W. (2012) Prognostic markers in young patients with premature
coronary heart disease. Atherosclerosis 224, 213–217, https://doi.org/10.1016/j.atherosclerosis.2012.06.067

45 Zeitouni, M., Clare, R.M., Chiswell, K., Abdulrahim, J., Shah, N., Pagidipati, N.P. et al. (2020) Risk factor burden and long-term prognosis of patients
with premature coronary artery disease. J. Am. Heart Assoc. 9, e017712, https://doi.org/10.1161/JAHA.120.017712

© 2026 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
License 4.0 (CC BY).

13

https://doi.org/10.1016/j.atherosclerosis.2012.06.067
https://doi.org/10.1161/JAHA.120.017712

