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TRANSLATIONAL SCIENCES

Atherosclerotic Plaque Epigenetic Age 
Acceleration Predicts a Poor Prognosis and Is 
Associated With Endothelial-to-Mesenchymal 
Transition in Humans
Ernest Diez Benavente ,* Robin J.G. Hartman,* Tim R. Sakkers , Marian Wesseling , Yannicke Sloots, Lotte Slenders , 
Arjan Boltjes , Barend M. Mol , Gert J. de Borst , Dominique P.V. de Kleijn , Koen H.M. Prange , Menno P.J. de Winther ,  
Johan Kuiper , Mete Civelek , Sander W. van der Laan , Steve Horvath, N. Charlotte Onland-Moret , Michal Mokry , 
Gerard Pasterkamp ,* Hester M. den Ruijter*

BACKGROUND: Epigenetic age estimators (clocks) are predictive of human mortality risk. However, it is not yet known whether 
the epigenetic age of atherosclerotic plaques is predictive for the risk of cardiovascular events.

METHODS: Whole-genome DNA methylation of human carotid atherosclerotic plaques (n=485) and of blood (n=93) from the 
Athero-Express endarterectomy cohort was used to calculate epigenetic age acceleration (EAA). EAA was linked to clinical 
characteristics, plaque histology, and future cardiovascular events (n=136). We studied whole-genome DNA methylation and 
bulk and single-cell transcriptomics to uncover molecular mechanisms of plaque EAA. We experimentally confirmed our in 
silico findings using in vitro experiments in primary human coronary endothelial cells.

RESULTS: Male and female patients with severe atherosclerosis had a median chronological age of 69 years. The median 
epigenetic age was 65 years in females (median EAA, −2.2 [interquartile range, −4.3 to 2.2] years) and 68 years in males 
(median EAA, −0.3 [interquartile range, −2.9 to 3.8] years). Patients with diabetes and a high body mass index had higher 
plaque EAA. Increased EAA of plaque predicted future events in a 3-year follow-up in a Cox regression model (univariate 
hazard ratio, 1.7; P=0.0034) and adjusted multivariate model (hazard ratio, 1.56; P=0.02). Plaque EAA predicted outcome 
independent of blood EAA (hazard ratio, 1.3; P=0.018) and of plaque hemorrhage (hazard ratio, 1.7; P=0.02). Single-
cell RNA sequencing in plaque samples from 46 patients in the same cohort revealed smooth muscle and endothelial 
cells as important cell types in plaque EAA. Endothelial-to-mesenchymal transition was associated with EAA, which was 
experimentally confirmed by TGFβ-triggered endothelial-to-mesenchymal transition inducing rapid epigenetic aging in 
coronary endothelial cells.

CONCLUSIONS: Plaque EAA is a strong and independent marker of poor outcome in patients with severe atherosclerosis. 
Plaque EAA was linked to mesenchymal endothelial and smooth muscle cells. Endothelial-to-mesenchymal transition 
was associated with EAA, which was experimentally validated. Epigenetic aging mechanisms may provide new targets for 
treatments that reduce atherosclerosis complications.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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Chronological age is a strong predictor for morbidity 
and mortality. However, people age differently, which 
matured the concept of epigenetic age. The epigen-

etic age of a tissue can differ from the chronological age 
of the same individual. Biological age can be determined 
in multiple ways; one way is using the Horvath pan tissue 
clock1 as an indicator for epigenetic age. In this method, 
DNA methylation levels at 353 CpG sites is used to pre-
dict chronological age. The predicted age estimate is 
referred to as epigenetic age or DNA methylation age. 
An age-adjusted measure of DNA methylation age, 
known as epigenetic age acceleration (EAA), is heritable 
(up to 40% in adults)2 and predicts the prevalence and 
incidence of many leading diseases.3 In addition, EAA 
has been associated with poorer cardiovascular health.4

Atherosclerosis is the process in which lipids and 
immune cells accumulate and form a plaque in the 
subendothelial layer of the blood vessels.5 This plaque 
buildup underlies most cardiovascular diseases and is 
a long-term process that progresses during aging. We, 
therefore, hypothesize that plaque-specific epigenetic 
aging measured through DNA methylation reflects the 
progression of disease beyond chronological age.

Histology and imaging studies reveal that overall 
plaque burden is higher in men compared with women 
of similar age, and plaque phenotypes in men are asso-
ciated with more inflammation and an unstable pheno-
type.6 With the well-known effects of sex hormones on 
epigenetic aging,7,8 we postulate that atherosclerotic 
plaques in women show delayed epigenetic aging com-
pared with men.

We determined the epigenetic age of 485 atheroscle-
rotic plaques and a subset of corresponding blood sam-
ples (n=93) using DNA methylation data. We evaluated 
the effect of epigenetic age, sex, and other risk factors 
on follow-up event rates of patients. Lastly, we studied 
the histological and molecular phenotypes underly-
ing the EAA of plaques, using histopathologic assess-
ment, epigenome-wide DNA methylation signatures, and  
single-cell RNA sequencing (scRNA-seq). In patients 
with advanced atherosclerotic disease, EAA of the plaque 
was marginally lower in women compared with men and 
associated with poorer clinical outcome. Plaque-specific 
EAA was associated with a large shift in genome-wide 
epigenetic and transcriptional states, which pointed 

to mesenchymal reprogramming of smooth muscle 
cells (SMCs) and endothelial cells (ECs). The role of  
endothelial-to-mesenchymal transition (EndMT) in epi-
genetic aging was validated using in vitro experiments. 
Our data highlight the importance of epigenetic aging in 
atherosclerotic disease.

METHODS
Availability of Data
Anonymized data and materials have been made publicly avail-
able at DataverseNL and can be accessed at https://doi.
org/10.34894/4IKE3T, https://doi.org/10.34894/TYHGEF, 
and https://doi.org/10.34894/D1MDKL. The scripts that 
support the findings of this study are available from the cor-
responding author upon reasonable request.

Study Population
Athero-Express is an ongoing, prospective biobank study, col-
lecting atherosclerotic plaques from patients undergoing carotid 
endarterectomy in 2 Dutch tertiary referral hospitals: University 
Medical Centre Utrecht and St. Antonius Hospital, Nieuwegein. 
The study design and inclusion criteria have been published 
previously.9 A baseline table for the 485 patients (148 women 
and 337 men) in this study is provided in Data Set S1. These 
represented consecutive included patients between 2002 and 
2011. Among these 485 patients who provided consent, 252 
volunteered for additional blood donation for biomarker analy-
sis. From this group of 252 patients, we measured blood DNA 
methylation on 93 randomly chosen individuals. We used the 
methylation data from these 93 patients as a reference for 
comparison to plaque DNA methylation. Indication for surgery 
was based on international guidelines for carotid and iliofemo-
ral atherosclerotic disease,10–13 and standardized treatment 
protocols and operative techniques were applied. The medical 
ethics committees in both participating centers approved the 
study. All patients provided written informed consent. A com-
posite cardiovascular end point for the outcome analysis of 
patients who underwent carotid endarterectomy was used. This 
consisted of (sudden) cardiovascular death, stroke, myocardial 
infarction, coronary intervention (coronary artery bypass graft-
ing or percutaneous coronary intervention), peripheral reinter-
vention or leg amputation. For patients who reached multiple 
end points during follow-up, only the first manifestation of a 

Nonstandard Abbreviations and Acronyms

EAA	 epigenetic age acceleration
EC	 endothelial cell
EndMT	 endothelial-to-mesenchymal transition
IL	 interleukin
scRNA-seq	 single-cell RNA sequencing
SMC	 smooth muscle cell

Highlights

•	 Epigenetic age acceleration of plaque, a measure of 
biological age, is a strong predictor of future events 
in patients with severe atherosclerosis.

•	 Epigenetic age differed between female and male 
plaques by 2 years and patients with diabetes and 
high body mass index presented with higher plaque 
epigenetic age acceleration.

•	 Epigenetic age acceleration in plaques coincided 
with endothelial-to-mesenchymal transition, a find-
ing that was experimentally confirmed.
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cardiovascular event was used for analysis of the composite 
end point. Censoring was used as a technique for the survival 
analysis to account for loss to follow-up.

Plaque Histopathology
As described previously,9,14–16 the atherosclerotic plaque was 
processed directly after surgery. According to a standardized 
protocol, the plaque was divided into segments of 5-mm thick-
ness along the longitudinal axis. The segment with the great-
est plaque burden was subjected to histological examination.9 
Semiquantitative estimation of the plaque morphology was 
performed at ×40 magnification for macrophage infiltration 
(CD68), SMC content (α-actin), amount of collagen (picrosirius 
red), and calcification (hematoxylin and eosin). Histological 
plaque characteristics were scored as (1) no or minor staining 
or (2) moderate or heavy staining.9 For detailed explanation on 
the staining quantification, see Supplemental Methods.

DNA Methylation Analysis
We used DNA methylation data from 485 atherosclerotic 
plaques and 93 overlapping blood samples, for which histologi-
cal procedures, data collection, and normalization procedures 
were previously published.17 In brief, DNA was extracted from 
stored plaque segments and stored blood samples of patients 
using standardized in-house protocols as described before in 
the study by Van Der Laan et al.18 DNA purity and concentra-
tion were assessed using the Nanodrop 1000 system (Thermo 
Fisher Scientific, MA). DNA concentrations were equalized at 
600 ng, randomized over 96-well plates, and bisulfite con-
verted using a cycling protocol and the EZ-96 DNA methyla-
tion kit (Zymo Research, Orange County). Subsequently, DNA 
methylation was measured on Infinium HumanMethylation450 
Beadchip Array (HM450k; Illumina, San Diego), which was 
performed at the Erasmus Medical Center Human Genotyping 
Facility in Rotterdam, the Netherlands. Processing of the sam-
ple and array was performed according to the manufacturer’s 
protocol. We calculated epigenetic age using Horvath’s clock 
with the R package cgageR (v0.1.0, accessed from https://
github.com/metamaden/cgageR), which uses methylation 
values at 353 CpGs to generate a continuous value mimick-
ing a person’s epigenetic age. We calculated the EAA as the 
residual from a linear model: epigenetic age≈chronological age. 
This analysis adjusts for the influence of chronological age on 
epigenetic age since both are heavily correlated. This method 
creates positive EAA values that indicate accelerated aging, 
whereas negative EAA values indicate decelerated aging.

The dimensionality reduction of 485 patient samples and 
B values of the DNA methylation data at 483 731 CpGs was 
performed using a t-distributed stochastic neighbor embedding 
with the rtsne package (v0.15). Differential methylation analy-
sis was performed using limma (v3.46.0).19 We called a CpG 
with a Bonferroni-corrected P<0.05 significantly differentially 
methylated. We used ChIPseeker20 (v.1.26.2) to annotate the 
differentially methylated CpGs. Differentially methylated pro-
moter CpGs were enriched using clusterProfiler.21

Atherosclerotic Plaque Transcriptome Analysis
In 420 of these plaques, we were able to collect meth-
ylation and RNA-sequencing data, which were processed 

according to previously published methods.22 Briefly, the raw 
RNA-sequencing read counts were corrected for UMI (unique 
molecular identifiers) sampling.

Corrected count = −4096× ln
Then these were normalized by sample sequencing depth 

and log-transformed. Differential gene expression analysis was 
performed using DESeq223 (v1.30.1). A gene was called differ-
entially expressed if false discovery rate−adjusted P value was 
<0.1. Gene enrichment analysis was performed using cluster-
Profiler (v3.18.1),21 enrichplot (v1.10.2), and enrichr.24

Statistical Analysis
All analyses were performed using R (v4.0.4) in R-Studio. 
Baseline tables were generated using the tableone package 
(accessed from https://github.com/kaz-yos/tableone). For 
comparison of 2 groups of continuous variables with normal 
distribution and equal variances, 2-tailed unpaired Student t 
tests were performed with a confidence level of 95%. Two-
tailed unpaired Mann-Whitney U test with a confidence level 
of 95% was conducted if data were non-normally distributed. 
Linear models were constructed in R, adjusting for potential 
confounders when needed. Cox regressions, plotting, and 
adjusted Cox regressions were performed using rms (v6.2.0), 
survminer (v0.4.9), and survival (v3.2.10). Missing data were 
present for some cardiovascular risk factors (blood pressure, 
LDL [low-density lipoprotein], and HDL [high-density lipopro-
tein] cholesterol, and high-sensitivity C-reactive protein), which 
were not always documented in the electronic health records. 
All the variables that were used in the multivariate models were 
missing <10%, and, therefore, complete-case analyses were 
performed (Data Set S2).

Single-Cell RNA Sequencing 
We used previously published scRNA-seq data of human 
atherosclerotic plaques,25 as well as new data from the same 
cohort.26 A total of 20 different cell clusters were identified 
from 46 patients. We used addModuleScore within seurat27 
to calculate module scores for genes highly expressed within 
accelerated plaques. This module score calculates the aver-
age expression levels of the genes differentially by EAA on a 
single-plaque cell level, subtracted by the aggregated expres-
sion of control gene sets. All analyzed genes are binned based 
on averaged expression, and the control genes are randomly 
selected from each bin.28 Finally, we created violin plots to plot 
the obtained module scores over the different cell clusters.

In Vitro EndMT Model
The treatment of ECs with TGF-β and TNF-α has been 
described previously as a model for EndMT.29–31 Human coro-
nary artery ECs (HCAECs) from 3 donors (donor 1: HCAECs, 
female, Lonza, lot number 19TL144559; donor 2: HCAECs, 
female, Lonza, lot number 20TL065655; donor 3: HCAECs, 
male, Lonza, Clonetics, 27662)32 were cultured until confluent. 
Cells were seeded in a 6-well plate with a concentration of 
260 000 cells per well. After 24 hours of incubation (37 °C, 
5% CO2), cells were stimulated with either human TGF-β (10 
ng/mL, catalog number 100-35B; Peprotech) or human TNF-α 
(10 ng/mL, catalog number 130-094-015; Miltenyi Biotec) or 
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a combination of TNF-α and TGF-β (both 10 ng/mL) in endo-
thelial basal medium MV (Promocell; No. C-22220) with 0.5% 
fetal bovine serum (Corning; No. 35-079-CV). After 48 hours, 
the medium including stimuli was refreshed. DNA was isolated 
before stimulation (0 hours), after 48 hours of stimulation, and 
after 72 hours of stimulation. RNA was isolated at 0 and 72 
hours. Microscopic pictures (EVOS; Thermo-Fisher Scientific) 
were taken on all timepoints to check morphology. For details 
on staining and RNA analysis in the in vitro EndMT model, 
please see Supplemental Methods.

DNA Isolation and Quality Control
To isolate DNA, cells were resuspended in lysis buffer and pro-
teinase K according to the Maxwell RSC Blood DNA Kit pro-
tocol (Maxwell; lot number 130384, reference AS1400) and 
isolated using the Promega Maxwell RSC instrument. DNA was 
quantified using the Qubit dsDNA HS assay kit (Thermo-Fisher 
Scientific; Q32854) on the Qubit Fluorometer (Thermo-Fisher). 
Total amount of DNA isolated from the samples ranged from 
28.7 to 44.2 ng/µL. DNA purity was measured on Nanodrop 
(Thermo-Fisher). Three DNA samples were run on the electro-
phoresis gel to confirm the presence and quality of genomic 
DNA in the samples. Electrophoresis gel was made by heat-
ing and dissolving 1% agarose (Roche; 11388991001) in 
TAE (tris acetate ethylenediaminetetraacetic acid). Afterward, 
SYBR Safe DNA Gel Stain (Invitrogen; S33102) was added at 
1:1000. Next, the gel was poured, and samples with 6× TriTrack 
DNA Loading Dye ratio 1:6 (Thermo Scientific; R1161) and a 
1-kb plus DNA ladder (Invitrogen; 10787-018) were loaded. 
The gel ran on 70 to 80 V for around 45 minutes.

Methylation Data Generation and Analysis
Illumina Infinium MethylationEPIC v2.0 BeadChip was used 
to obtain DNA methylation profiles of 10 samples with DNA 
concentration of 11.8 ng/µL. This assay is based on bisulfite 
conversion. Data were generated at Genomic Centre, Erasmus 
Medical Centre, in Rotterdam, the Netherlands. Raw IDAT 
files were converted into the RGChannelSet object. Quality 

control, normalization, and filtering were performed guided by 
the cross-package Bioconductor workflow31, using the Limma 
and Minfi packages. Probes with mean detection P value above 
0.05 were removed (n=0). Normalization was performed with 
the preprocessQuantile function. Filtering criteria were applied 
as described in the Minfi package. Epigenetic aging was deter-
mined using Horvath clock with the R package cgageR (v0.1.0, 
accessed from https://github.com/metamaden/cgageR), 
which uses methylation values at 353 CpGs to generate a con-
tinuous value representing a sample’s epigenetic age.

RESULTS
Chronological Age and Biological Plaque Age
To determine the epigenetic age of the atherosclerotic 
plaque, we used DNA methylation data of plaques from 
485 patients (148 women and 337 men) who underwent 
a carotid endarterectomy. A baseline table with the clinical 
characteristics of the 485 patients is provided in Data Set 
S1. Chronological age for the patients ranged from 40 to 
91 years in females and 43 to 88 years in males, with a 
median age of 69 years for both sexes (Figure 1A). We used 
the Horvath pan tissue clock1 since it applies to all nucle-
ated cells including those found in plaques. Epigenetic age 
measured using the Horvath pan tissue clock ranged from 
50.4 to 81.3 years of age for females, while it ranged from 
51.0 to 88.8 years of age for males, with a median of 65.0 
years for females, and of 67.6 years for males (Figure 1B). 
Chronological age of the patient and epigenetic age of 
atherosclerotic plaques were strongly correlated (r=0.695; 
P=3.5×10−71; Figure 1C), indicating that the Horvath clock 
is relatively accurate in predicting age in diseased athero-
sclerotic tissue. We calculated EAA by taking the residuals 
of the linear model in which epigenetic age was predicted 
by chronological age. In this way, the resulting measure of 
age acceleration is independent of chronological age. A 

Figure 1. Chronological age vs plaque epigenetic age in 485 patients with carotid endarterectomy.
A, A boxplot shows the distribution and range of chronological age for the 485 patients in the study, stratified by sex. B, A boxplot shows the 
distribution and range of epigenetic age determined from DNA of 485 atherosclerotic plaques using the Horvath clock, stratified by sex. C, 
A scatterplot shows the strong correlation between chronological age (x axis) and epigenetic age (y axis), dots are color based on sex. D, A 
boxplot shows the distribution of range of epigenetic age acceleration, sex stratified.
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negative EAA means that the chronological age is higher 
than the epigenetic age of the sample under study, which 
points to decelerated aging of the atherosclerotic plaque, 
whereas a positive EAA indicates accelerated aging of the 
plaque. EAA ranged from −15.4 to 12.6 years in females 
and from −10.6 to 14.4 years in males. The median EAA 
significantly differed between females and males by ≈2 
years (females, −2.2 [interquartile range, −4.3 to 2.2] years 
versus males: 0.3 [interquartile range, −2.9 to 3.8] years; 
P=5.99×10−5; Figure 1D).

EAA Is Associated With Secondary 
Cardiovascular Events
Patients within the Athero-Express biobank are followed 
up for 3 years for secondary events (Methods). First, 
we performed a Cox regression on EAA and secondary 
composite events (Figure 2). To identify any risk factors 

associated with EAA, we categorized our patient popula-
tion into 2 groups, those with accelerated aging (EAA, 
>0; n=224) and those with decelerated aging (EAA, <0; 
n=261; Table). Importantly, since EAA is defined as the 
residual of the linear model specified above, chronologi-
cal age is not different between the 2 groups. Notable 
differences between the groups are the number of males 
and females (accelerated, 80% male; decelerated, 60% 
male; P<0.001), their body mass index (accelerated, 
27.1±4.2 SD; decelerated, 26.1±3.6 SD; P=0.004), and 
the presence of diabetes (accelerated, 26.8% diabetic; 
decelerated, 18.4% diabetic; P=0.0035). No other risk 
factors (plasma LDL, plasma HDL, hypertension, smok-
ing, and high-sensitivity C-reactive protein [CRP]) sig-
nificantly differed between patients with accelerated and 
decelerated plaque aging.

The association found between EAA and outcome 
did not substantially change when we corrected for sex, 

Figure 2. Epigenetic age acceleration 
(EAA) of carotid plaques and follow-
up in 485 male and female patients 
with carotid endarterectomy.
A, A line graph portrays the relationship 
between the log of the relative hazard 
and EAA. The line intersects the y axis at 
EAA=1.33×10−16, indicated by the dashed 
purple line. Dashed gray lines indicate 
the CI. B, Cox regression survival graphs, 
adjusted for sex, body mass index (BMI), 
and diabetes, are shown for accelerated 
(purple) and decelerated (green) plaques. 
HR indicates hazard ratio.
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body mass index, and diabetes (adjusted Cox graphs; 
Figure 2B; hazard ratio [HR], 1.56; P=0.02). A multivari-
ate Cox regression model was constructed for a subset 
of patients (n=93) where blood EAA was included as a 
confounding variable. This showed that the association 

of plaque EAA with follow-up was independent of blood 
EAA (HR plaque EAA, 1.3; P=0.018; HR blood EAA, 0.1; 
P=0.81).

Interestingly, we observed a moderate correlation 
between plaque EAA and blood-based EAA across the 
subset of patients for whom both measurements were 
available (correlation coefficient, 0.44; P<0.001; n=93; 
Figure S2). There was no significant interaction between 
EAA and sex (P=0.88). As prognosis in these patients is 
associated with the presence of plaque hemorrhage,16 
we studied whether EAA was specifically higher in 
plaques with plaque hemorrhage. However, plaque hem-
orrhage was not related with EAA, and adjustment for 
plaque hemorrhage of the Cox regression showed inde-
pendent association for both plaque hemorrhage (HR, 
1.6; P=0.02) and EAA (HR, 1.7; P=0.007) with second-
ary outcome.

Accelerated Aging Is Independent of Plaque 
Characteristics
As plaque-accelerated aging independently predicts 
cardiovascular secondary outcome, we tested whether 
this coincided with plaque phenotypes. The group with 
accelerated aging did not present with a specific plaque 
phenotype as semiquantitative hallmarks of plaque his-
tology: fat, plaque hemorrhage, collagen, calcifications, 
SMC content, and macrophage content were not differ-
ent (see Methods for staining procedures; Figure S3). 
Plaque overall phenotype (as shown in the Table) can be 
seen as a proxy for plaque cellular composition, which 
can significantly affect epigenetic age calculations.2 
Therefore, we investigated whether adjusting for plaque 
overall phenotype changed the results for secondary car-
diovascular outcome. All analyses remained unchanged 
and significant, independently of plaque phenotype (HR, 
1.6; P=0.021). These results prompted us to investigate 
the association of EAA with plaque biology at a molecu-
lar level by using genome-wide epigenetic signatures 
(beyond the 353 CpGs on which the EAA clock was built 
on) and gene expression patterns in accelerated and 
decelerated plaques.

EAA Is Associated With Changes in the 
Genome-Wide Epigenetic State in Human 
Plaques Beyond the Horvath Clock CpGs
The EAA has previously been described as a proxy for the 
state of the epigenetic maintenance system.1 An acceler-
ated aging in our case would indicate that the epigenetic 
machinery in the plaque has been under an increased 
biological workload. In contrast, a decelerated plaque 
aging would indicate that the epigenetic machinery has 
not been under a strong epigenetic maintenance influ-
ence as would be expected from plaques that are biolog-
ically less active.33 We, therefore, studied whole-genome 

Table.   Baseline Table of Clinical Characteristics of Patients 
With Accelerated and Decelerated Plaques

Characteristic 

Epigenetic age 
deceleration 
(n=261) 

Epigenetic age 
acceleration 
(n=224) P value 

Chronological age, y 68 (9) 68 (9) 0.692

Smoking, yes (%) 102 (39.7) 92 (41.8) 0.705

Sex, male (%) 158 (60.5) 179 (79.9) <0.001*

BMI, kg/m2† 25.9 (24–28.3) 26.5 (24.5–29) 0.019*

Hypertension, yes (%) 224 (85.8) 201 (89.7) 0.244

Diabetes, yes (%) 48 (18.4) 60 (26.8) 0.035*

GFR CG, mL/min per 
1.73 m2†

72 (59.9–90) 73 (53.6–90) 0.641

Systolic blood  
pressure, mm Hg

156 (26.4) 156 (25.5) 0.898

Diastolic blood  
pressure, mm Hg

83 (13) 82 (13.3) 0.384

Statin use, yes (%) 198 (75.9) 169 (75.4) 1

Dipyridamole use, 
yes (%)

135 (51.7) 105 (46.9) 0.33

Aspirin use, yes (%) 96 (36.8) 68 (30.4) 0.163

Contralateral  
stenosis, %

0.107

 � 0–50 147 (60.0) 101 (48.6)

 � 50–70 27 (11.0) 31 (14.9)

 � 70–99 29 (11.8) 33 (15.9)

 � 100 42 (17.1) 43 (20.7)

Symptoms, % 0.587

 � Asymptomatic 47 (18.1) 32 (14.3)

 � Ocular 35 (13.5) 30 (13.4)

 � Transient ischemic 
attack

115 (44.2) 98 (43.8)

 � Stroke 63 (24.2) 64 (28.6)

Plaque phenotype, % 0.093

 � Atheromatous 84 (32.2) 55 (24.6)

 � Fibroatheromatous 104 (39.8) 89 (39.7)

 � Fibrous 73 (28.0) 80 (35.7)

Plaque hemorrhage, % 180 (69.2) 140 (62.5) 0.143

High-sensitivity CRP, 
mg/L

6.7 (14.3) 9.4 (18.1) 0.231

HDL, mmol/L† 1.1 (0.9–1.4) 1.1 (0.9–1.2) 0.282

LDL, mmol/L† 2.6 (2.1–3.4) 2.7 (2.2–3.6) 0.431

For continuous variables, the value is the average and in parenthesis is the 
SD; for categorical variables, the value represents counts and the parenthesis is 
the percentage. For non-normally distributed variables, the median and IQR are 
presented. BMI indicates body mass index; CRP, C-reactive protein; GFR CG, 
glomerular filtration rate (Cockcroft-Gault); HDL, high-density lipoprotein; IQR, 
interquartile range; and LDL, low-density lipoprotein.

*Significant differences.
†Non-normally distributed variables.
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DNA-methylation patterns in accelerated and deceler-
ated aged plaques (n=485 male and female plaques). 
We excluded the epigenetic clock CpGs (n=353) from 
the DNA methylation analyses given that they are used 
to calculate the epigenetic age of plaques. Dimensional-
ity reduction was performed on the remaining 483 731 
CpGs (Figure 3A). We observed 2 large clusters rep-
resenting male and female plaques in our cohort (Fig-
ure 3A). This clustering is likely driven by the differences 
in DNA methylation of the sex chromosomes: X inactiva-
tion leads to hypermethylation of many X chromosomal 
markers in females.34,35 Decelerated and accelerated 
aged plaques clustered separately within the female and 
to some extent, the male plaque groups (Figure 3A). Tak-
ing male and female plaques together, we found 65 488 
differentially methylated CpGs between decelerated and 
accelerated aged plaques (Data Set S3). EAA was asso-
ciated with hypermethylation of CpGs (45 287/65 488; 
Figure 3B). By using gene enrichment analysis on genes 
marked with differentially methylated CpGs in their pro-
moter (within 1000 bases of the transcription start site), 
we found enrichment for SMC contraction and extracel-
lular matrix organization. We found immune activation 
and cell adhesion enrichment for hypomethylated pro-
moters of EAA plaques (Figure 3C). These enrichments 
were consistent in both female and male plaques when 

stratifying by sex (Figure S4). We also studied enrich-
ment of atherosclerotic pathways within the Horvath 
clock CpGs, but no signal was found for immune cell 
activation and SMC pathways. This is in line with previ-
ous results that highlighted that the processes enriched 
within the clock CpGs point to cell death/survival, cellu-
lar growth/proliferation, organismal/tissue development, 
and cancer.2

Transcriptional Changes in Epigenetically 
Accelerated Plaques Can Be Linked to 
Endothelial Cells and SMCs
To understand which molecular processes and cell types 
are actively involved during plaque EAA, we studied 
differential gene expression between accelerated and 
decelerated plaques using whole-plaque RNA sequenc-
ing. Of the 19 291 genes tested, 3031 were differen-
tially expressed (false discovery rate, <0.1) between 
decelerated and accelerated plaques (Data Set S4). 
The majority of the differentially expressed genes were 
highly expressed in accelerated plaques (2839/3031 
genes) as compared with decelerated plaques (Fig-
ure 4A). We found upregulated genes encoding for 
ribosomal proteins, as well as mitochondrial genes, 
in accelerated plaques. This points toward a general 

Figure 3. Epigenetic age acceleration (EAA) and DNA methylome of 485 male and female carotid plaques.
A, A t-distributed stochastic neighbor embedding (tSNE) plot is shown, reducing data of 485 samples based on project 483731 CG sites 
(CpGs) into 2 dimensions. Shape of the data point indicates sex; color indicates EAA group. We find visual evidence that females cluster into 
2 separate groups that can be distinguished by EAA. B, A density plot shows the distribution of log2-fold changes of all significant differentially 
methylated CpGs between accelerated and decelerated plaques. C, A dot plot shows the gene ontology biological process enrichment of 
promoter CpGs significantly hypermethylated and hypomethylated with accelerated epigenetic aging corrected for hospital of inclusion and 
sex. Color indicates significance of the enrichment, whereas size of the dot indicates gene ratio.
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Figure 4. Epigenetic age acceleration and RNA transcriptome of 420 male and female carotid plaques.
A, An enhanced volcano plot is shown for the differential expression analysis between accelerated and decelerated plaques, where the x 
axis shows −log10 of the P value, and the y axis shows the log2-fold change (accelerated over decelerated aging). Notable examples are 
highlighted in the plot by gene symbol. B, A violin plot shows the module score of genes higher expressed with accelerated aging from the 
bulk RNA sequencing over the single-cell clusters detected from the single-cell RNA sequencing of the human atherosclerotic plaque. Colors 
indicate different cell clusters. C, Boxplot of gene expression for epigenetically decelerated and accelerated plaques showing the genes of 
interest (SNAI2, COL1A1, and BGN). P values are determined using the DeSeq2 pipeline; normalized expression of the genes is obtained 
through the counts function in DeSeq2 package.
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increase in translation turnover and mitochondrial respi-
ratory activity within the plaque (Figure S5). Within the 
significantly upregulated genes, we identified 71 genes 
located within the coronary artery disease genome-
wide association study loci,36,37 including among oth-
ers RAB23, C1S, COL4A2, and RPL17 (Data Set S4). 
Our epigenetic analyses of EAA suggest that gene 
regulation and translation is altered in plaque mesen-
chymal cells. With the knowledge that these cells dis-
play remarkable plasticity in atherosclerotic disease, we 
hypothesized that plaque EAA alters the transcriptional 
state of these cells. Therefore, we combined our whole-
plaque RNA data set (420 patients, 127 women and 
293 men) with single-cell RNA data from patients of 
the same cohort25,26 to project the plaque EAA genes 
over 20 single-cell clusters of the plaque. This includes 
17 clusters of immune cells (macrophages, T cells, B 
cells, natural killer cells, and mast cells) and 3 clusters 
of mesenchymal cells (ACTA2+ SMCs and CD34+ ECs) 
within the plaque (4984 total cells from 46 patients, 20 
women and 26 men).25,26 We generated a module score 
of the genes that were highly expressed in accelerated 
compared with decelerated plaques. We then projected 
this module score onto the individual cells within the 20 
identified plaque cell clusters (Figure 4B). This module 
score was significantly higher in ACTA2+ SMCs (mean 
module score, 0.15) and the CD34+ EC clusters I and II 
(mean module scores, 0.12 for both) compared with the 
rest of the cells clusters within the plaque (mean module 
score, 0.02; all P<0.001).

TGFβ-Triggered EndMT Drives EAA in Coronary 
ECs
Within our study, we identified several known EndMT 
genes (ie, SNAI2, COL1A1; Figure 4C) among the dif-
ferentially expressed genes between epigenetically 
accelerated and decelerated plaques. These genes 
were also mostly expressed in ECs and SMCs from 
atherosclerotic plaques (Figure S6). In addition, gene 
enrichment analysis using pathway databases (ie, 
MSigDB Hallmark 2020, Reactome, KEGG [Kyoto 
Encyclopedia of Genes and Genomes]) highlighted 
that genes upregulated in epigenetically accelerated 
plaques are involved in EndMT, TGFβ signaling, TNFα 
signaling, and extracellular matrix–related processes 
(Figure 5A; Data Set S5). Furthermore, previous stud-
ies highlighted TGFβ stimulation as an effector on 
epigenetics during EndMT.38 This points to EndMT as 
potentially important in plaque EAA. The treatment of 
ECs with TGF-β and TNF-α has been described pre-
viously as a model for EndMT.29–31 To experimentally 
test whether EndMT drives epigenetic aging, we used 
a previously established EndMT protocol using human 
coronary artery ECs31 to study the effect of TGFβ- and 
TNFα-triggered mesenchymal transition on epigenetic 

aging (Figure 5B). Upon stimulation for 72 hours of 
coronary ECs with either TGFβ, TNFα, or a combina-
tion of both (TGFβ+TNFα) we observed a decrease in 
endothelial markers and an increase in the expression 
of mesenchymal markers, both at the protein level (Fig-
ure 5C) and at the gene expression level (Figure S7). 
We calculated the biological age by using the Horvath 
clock on genome-wide DNA methylation data before 
and after exposure. We observed a significant increase 
of 3.5 years ([95% CI, 0.06–6.9] P=0.0072) and 3.9 
years ([95% CI, 0.04–7.4] P=0.02) in epigenetic age 
for both TGFβ and TGFβ+TNFα conditions, while no 
difference was found for the TNFα condition. Further-
more, no difference in epigenetic age was observed 
between the baseline and unstimulated condition (Fig-
ure 5D through 5G). These results further support that 
TGFβ-triggered EndMT (independent of TNFα stimula-
tion) is one of the drivers of epigenetic aging accelera-
tion in atherosclerotic plaques.

DISCUSSION
We show that plaque EAA predicts outcome in patients 
with severe atherosclerotic disease. Plaques of women 
are epigenetically younger compared with men of the 
same age. Also, a high body mass index and the pres-
ence of diabetes was linked with epigenetically accel-
erated plaques. Multivariate analysis showed that EAA 
predicted secondary outcomes in patients independent 
of blood EAA, plaque hemorrhage, and other plaque 
phenotypes. This indicates that EAA is a strong bio-
marker for outcome, independent of the classical plaque 
paradigm of stable and unstable plaques. Interestingly, 
scRNA-seq analysis highlighted that mesenchymal 
endothelial cells and SMCs might be important cell 
types involved in plaque EAA. Gene enrichment analysis 
identified EndMT as an important process linked to EAA, 
which was experimentally confirmed by TGFβ-triggered 
EndMT, which induced epigenetic aging in human coro-
nary ECs.

Most studies thus far between survival and epigenetic 
age have been performed on systemic tissue, such as 
cells from blood. Our results on plaque EAA and out-
come remained significant after adjusting for blood EAA 
within the same patients. This points that tissue speci-
ficity of the disease is an important characteristic, as 
described previously.39–41 We have identified such tissue-
specific biomarkers in previous studies in this cohort, 
such as plaque FABP4 (fatty acid binding protein 4), 
which predicted secondary composite end points.42 Our 
in vitro experiments provide the first evidence that TGFβ-
induced EndMT promotes cellular aging of vascular cells. 
This further supports the relevance of EAA in vascular 
tissues. Previous studies have identified mitochondrial 
activity and cell plasticity (loss of stem-cell-like poten-
tial) as important in epigenetic aging in cells,33 and these 
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processes were found to be upregulated in plaques epi-
genetically accelerated in this study.

Cells from the circulation can enter the plaque and 
become part of it, which may drive some of the epigen-
etic aging observed in this study. However, we found that 
the genes differentially expressed between accelerated 
and decelerated plaques were notably highly expressed 
in SMCs and ECs. These genes were not expressed by 
immune cells, which suggests that the observed plaque 
aging is not predominantly driven by circulating cells that 
infiltrate the plaque. Previous studies using circulating 
cells have shown that proinflammation pathways such 

as IL (interleukin)-6, inflammasome, and IL-10 mediate 
the relationship between subclinical atherosclerosis and 
epigenetic age.43 This is in line with our results show-
ing that body mass index and diabetes associate with 
plaque epigenetic aging, as both risk factors are known 
to induce inflammatory pathways. For plaque tissue itself, 
the processes of epigenetic aging, however, seem to 
point toward mesenchymal cells.

We find a significant sex difference in plaque epigen-
etic age of around 2 years. This may be due to either a 
biological difference or driven by the Horvath clock itself. 
Previous studies have shown that the epigenetic age in 

Figure 5. Epigenetic age acceleration is driven by endothelial-to-mesenchymal transition triggered by TGFβ (transforming 
growth factor beta).
A, Gene enrichment analysis of upregulated genes in plaque with accelerated epigenetic aging. B, Schematic of the in vitro stimulation of 
endothelial-to-mesenchymal transition using different stimuli identified in the enrichment analysis in A. C, Immunofluorescent staining of the 
human coronary artery endothelial cells under the different stimulation conditions; blue represents DAPI (4ʹ,6-diamidino-2-phenylindole) 
staining of nuclei. D, Epigenetic age (estimated using the Horvath clock) in control (no stimulation) at 0 hours and the control at 72 hours. E, 
Epigenetic age (estimated using the Horvath clock) in control at 72 hours and the TNFα (tumor necrosis factor alpha)-stimulated cells at 72 
hours. F, Epigenetic age (estimated using the Horvath clock) in control at 72 hours and the TGFβ-stimulated cells at 72 hours. G, Epigenetic 
age (estimated using the Horvath clock) between the control at 72 hours and the TGFβ+TNFα-stimulated cells at 72 hours. CoAEC indicates 
coronary artery endothelial cells; DNAm, DNA methylation; FN1, fibronectin 1; MSigDB, Molecular Signatures Database; and RNA-seq, RNA 
sequencing.
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females is lower as compared with males when using 
the Horvath clock.7 An alternative explanation may be 
that females develop complications from atherosclero-
sis almost a decade later in life compared with men.44 
Although one may argue that this may be due to slower 
epigenetic aging in females, the absolute epigenetic age 
difference in our study is only 2 years which is too small 
to explain the observed sex differences in plaque pheno-
type and outcome.

We studied the epigenome, excluding the CpGs that 
comprise the Horvath clock, and found a marked difference 
in the epigenetics of plaques with EAA. We found enrich-
ment for mesenchymal (hypomethylated) and immune 
processes (hypermethylated) in plaques with EAA. Our 
transcriptomic plaque data not only confirmed that inflam-
mation and mesenchymal and fibrotic processes are at 
play but also highlight an increase in transcription acti-
vation and mitochondrial respiration. This suggests that 
plaques with accelerated aging may be more active, with 
both an inflammatory and mesenchymal component.

We experimentally tested the hypothesis that EndMT 
would be a driver of plaque EAA in coronary ECs. TGFβ-
induced EndMT resulted in an increase of the epigenetic 
age of the cells. We found that this was independent of 
TNFα stimulation. Both TGFβ45 and EndMT46 have been 
implicated in atherosclerosis progression. It has been 
suggested that epigenetic age might be related to the 
loss of pluripotency by human cells.33 Considering our 
experiments, it may be that transitioned ECs are in a 
permanent cell state and, therefore, have lost their pluri-
potency, which is reflected by their increased epigenetic 
age. The relationship between EAA and EndMT could 
also exist the other way around, where EAA could also 
influence EndMT. We did not explore this hypothesis in 
this study, but the interplay between cell plasticity and 
epigenetic aging warrants further studies.

Our study has several limitations. First, the RNA and 
DNA are from the same plaques but originate from differ-
ent contiguous segments that may differ in cell content. 
Second, plaque EAA is not as easily obtainable as EAA 
from blood, which may limit the biomarker value for clinical 
practice. Nevertheless, it highlights mechanisms leading 
to accelerated aging and might help to understand their 
role in disease progression. Furthermore, plaques in our 
biobank are end stage, and our results may not be gen-
eralizable for earlier stages of atherosclerosis. Due to the 
limited sample size of our blood samples used to calcu-
late blood EAA, we cannot make claims on the predictive 
power of blood EAA or on the comparison between blood 
and plaque EAA. Interestingly, other studies have shown 
that epigenetic age calculation from disease-relevant tis-
sue has better prediction power than that of the readily 
available tissue.39–41 How relevant blood EAA is in pre-
dicting secondary cardiovascular events warrants further 
study in adequately blood sampled cohorts. The relation-
ship between methylation and expression of nearby genes 

is rather complex in plaque tissue, which is heterogeneous 
by nature. Therefore, we did not make statements on the 
direction of the gene expression changes caused by DNA 
methylation differences. Rather, we used this analysis to 
highlight the genes and pathways important for epigenetic 
aging. Finally, the limited plaque material did not allow us 
to study methylation and scRNA-seq in the same patients; 
therefore, different patient plaques of the same cohort 
were used. This may have caused selection bias. How-
ever, comparison of the 2 cohorts (DNA methylation and 
scRNA-seq) showed only small differences in patient and 
plaque characteristics, such as age and plaque hemor-
rhage. As women are known to have lower prevalence of 
plaque hemorrhage,47 this difference between the subsets 
is likely driven by an intentional larger selection of female 
plaques in the scRNA-seq cohort. Despite this, the associ-
ation between EAA and outcome was found independent 
of age, sex, and plaque hemorrhage in our multivariate 
Cox models and is, therefore, unlikely to change the EAA 
mechanisms identified in this study.

In conclusion, atherosclerotic plaque EAA is a strong 
and independent marker of a poor outcome in male 
and female patients with severe atherosclerosis. Plaque 
EAA transcriptional changes implicated mesenchymal 
endothelial cells and SMCs. EndMT was identified as 
a driver of EAA, which was experimentally confirmed. 
These epigenetic aging mechanisms may provide new 
targets for treatments that reduce the complications of 
atherosclerosis.
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