Banszerus et al. Clinical Epigenetics (2023) 15:16 Clinical Epigenetics
https://doi.org/10.1186/513148-023-01434-8

: : . : : ®
Epigenetic aging in patients diagnosed s
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of the LipidCardio study

Verena Laura Banszerus', Maximilian Kénig', Ulf Landmesser®?, Valentin Max Vetter't and llja Demuth"#""

Abstract

Introduction People age biologically at different rates. Epigenetic clock-derived DNA methylation age acceleration
(DNAmMAA) is among the most promising markers proposed to assess the interindividual differences in biological age.
Further research is needed to evaluate the characteristics of the different epigenetic clock biomarkers available with
respect to the health domains they reflect best.

Methods In this study, we have analyzed 779 participants of the LipidCardio study (mean chronological age

69.9 4 11.0 years, 30.6% women) who underwent diagnostic angiography at the Charité University Hospital in Berlin,
Germany. DNA methylation age (DNAmM age) was measured by methylation-sensitive single nucleotide primer exten-
sion (MS-SNuPE) and calculated with the 7-CpG clock. We compared the biological age as assessed as DNAMAA of
participants with an angiographically confirmed coronary artery disease (CAD, n=554) with participants with lumen
reduction of 50% or less (n=90) and patients with a normal angiogram (n=135).

Results Participants with a confirmed CAD had on average a 2.5-year higher DNAMAA than patients with a normal
angiogram. This association did not persist after adjustment for sex in a logistic regression analysis. High-density lipo-
protein, low-density lipoprotein, triglycerides, lipoprotein (a), estimated glomerular filtration rate, physical activity, BMI,
alcohol consumption, and smoking were not associated with DNAMAA,

Conclusion The association between higher DNAMAA and angiographically confirmed CAD seems to be mainly
driven by sex.
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Background

Chronological age is closely associated with physical and
cognitive capacity, morbidity, and mortality. Moreover, it
is the most informative cardiovascular risk factor. Never-
theless, chronological age is unable to depict the remark-
able heterogeneity of biological aging rates observed in
same-aged peers. Further, the increasing life expectancy
and the demographic shift towards a chronological older
world population (UN Department of Economics and
Social Affairs, 2019) foster the demand for clinically
meaningful biomarkers of biological aging.

Due to its accuracy to predict chronological age and
its association with morbidity and mortality [1], the
epigenetic clock has been suggested as a promising bio-
marker of aging [2-4]. The epigenetic clock’s parameter,
DNA methylation age (DNAmA), is calculated in years
by the weighted DNA methylation fraction of a num-
ber of cysteine-phosphate-guanine (CpG) dinucleotides,
which were selected by penalized regression analysis [2,
3, 5, 6]. Several different epigenetic clock algorithms are
available that differ in number and location of CpG sites
as well as in the outcome they were trained to predict [3,
5-7]. In this study, we analyzed DNAmA acceleration
(DNAmAA), the deviation of DNAmA from chronologi-
cal age, that was calculated with the 7-CpG clock [7]. This
clock was previously shown to be associated with chron-
ological age [7], vitamin D level [8, 9], diabetic compli-
cations [10], and cardiovascular health [11], but not with
geriatric assessments, frailty [9, 12], lung capacity [13],
and perceived psychological stress [14]. In contrast to
other epigenetic clocks requiring high throughput equip-
ment, the 7-CpG clock can be measured cost-effectively
by methylation-sensitive single nucleotide primer exten-
sion (MS-SNuPE) [15] even in smaller laboratories. A
different epigenetic clock algorithm which consisted of
seven CpGs as well but differed in one CpG position from
the algorithm employed here was previously analyzed in
the LipidCardio cohort and was shown to be associated
with chronological age and to be independent from rela-
tive telomere length [16].

Coronary artery disease (CAD) is a chronic cardiovas-
cular disease, which is characterized by the progressive
atherosclerotic plaque formation reducing the lumen of
coronary arteries, eventually leading to chronic ischemia
of the myocardium, chronic and acute coronary syn-
dromes, heart failure or cardiovascular death. While
improvements in health behavior (including balanced
diet, physical activity, reduced smoking), efforts to man-
age cardiovascular risk factors (including hypertension
and dyslipidemia), and advances in the medical treatment
of coronary syndromes have reduced the incidence of
CAD and CAD mortality, CAD remains the most com-
mon cause of death in Germany and globally [17-19].
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The association of the epigenetic clock and CAD as well
as its risk factors has recently been assessed by a num-
ber of studies, which, however, were yielding inconclu-
sive results [20—28]. In the current study, we aim to test
whether angiographically confirmed CAD is associated
with increased DNAmAA, determined by the 7-CpG epi-
genetic clock.

Methods

A detailed description of the LipidCardio study has been
published previously [29]. In brief, patients aged 18 years
and above, who underwent diagnostic cardiac cath-
eterization for coronary angiography at the department
of cardiology at Campus Benjamin Franklin university
hospital, Charité — Universititsmedizin Berlin, between
October 2016 and March 2018, were eligible for inclu-
sion, independent of their diagnosis and after providing
written informed consent. Patients with acute troponin-
positive coronary syndrome were not eligible for inclu-
sion. Aim of this observational study was to collect
patients’ clinical data to enable cross-sectional analyses
focusing on CAD and its risk factors. The coronary angi-
ography was performed by a trained cardiologist accord-
ing to the standard protocol and documentation routine
employed at the clinical unit. The results of the coronary
angiography allowed the allocation of patients into three
groups: (1) controls (non-pathological angiogram, i.e.,
without evidence of atherosclerosis), (2) non-obstructive
atherosclerosis and CAD with a lumen reduction below
or equal to 50%, and (3) clinical obstructive CAD with a
lumen reduction exceeding 50%.

The LipidCardio study was conducted in accordance
with the Declaration of Helsinki and approved by the eth-
ics committee of the Charité-Universitatsmedizin Berlin,
approval number EA1/135/16.

Methylation-sensitive single nucleotide primer extension
(MS-SNuUPE)
Blood was drawn during the cardiac catheterization of
the coronary angiography procedure, either via a periph-
eral intravenous access or from the radial or the femo-
ral artery sheath post-heparin administration, for the
purpose of routine laboratory testing, leukocyte DNA
extraction, and biobank storage. Whole blood EDTA
samples were frozen at — 80 °C following their collection
to allow for a one-batch leukocyte DNA isolation with
the sbeadex livestock kit in accordance with the manufac-
ture’s protocol (LGC Genomics GmbH, Berlin Germany).
The methylation fraction of the CpG dinucleotide posi-
tions ¢g09809672, cg02228185, cg19761273, cg16386080,
cgl7471102, cg24768561, and cg25809905 (as well as
¢gl10917602) was measured [7, 30, 31]. Briefly, 500 ng
leukocyte DNA was bisulfite converted, according to the
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manufacture’s protocol of the EZ-96 DNA Methylation-
Lightning Kit (ZYMO Research, Irvine, CA, USA). DNA
was amplified by multiplex polymerase chain reaction
(mPCR) and enzymatically cleaned, prior to and after
undergoing single nucleotide primer extension (SNuPE).
A negative control of HPLC water was run alongside the
samples on each multiplex plate during the procedure
and analyzed alike the samples in a 3730 DNA analyzer
(Applied Biosystems, Waltham, MA, USA). GeneMapper
software package 5 (Thermo Fisher Scientific, Waltham,
MA, USA) was employed to assess the measurement
quality and to determine peak height ratios to calculate
the DNA methylation fraction at each CpG dinucleo-
tide, as suggested by Kaminsky et al. [15]. Samples that
showed a signal intensity below 200 at one or more CpG
sites were excluded because of the “low peak height” defi-
nition by the manufacturer. A more extensive descrip-
tion of methods can be found in reference [16]. Although
originally developed for MS-SNuPE, a newly available
adjustment formula makes it possible to use the 7-CpG
clock algorithm with methylation data obtained from
[lumina’s MethylationEPIC array [32].

DNAm age and DNAm age acceleration

DNAmA was estimated by the 7-CpG clock algorithm [7]
which was trained on samples of the Berlin Aging Study
II [33] to predict chronological age. This algorithm incor-
porates methylation information from following CpG
sites: ¢g09809672, cg02228185, cg19761273, cg16386080,
cgl7471102, cg24768561, and ¢g25809905. DNAmAA
was calculated as residuals of a linear regression analy-
sis of DNAmA on chronological age. Chronological age
was determined by subtracting the date of inclusion from
the date of birth, divided by 365.25 days, taking leap years
into account.

Laboratory parameters and lifestyle variables
High-density lipoprotein (HDL), low-density lipopro-
tein (LDL), triglycerides, and lipoprotein (a) were meas-
ured in an accredited standard laboratory (Labor Berlin
GmbH, Berlin, Germany). Blood pressure was measured
on the right and left arm. The average of systolic blood
pressure of both measurements was used in this study.
Physical activity was assessed with the Rapid Assessment
of Physical Activity (RAPA) [34] that relies on the par-
ticipants self-reported levels of activity. Body mass index
was calculated as body weight (in kilogram) divided by
the squared body height (in meters). Estimated glomeru-
lar filtration rate (eGFR) was calculated by the equation
developed by Cockcroft and Gault [35].

Coronary angiograms and methylation data were
available for 779 participants of the LipidCardio study.
The proportion of missing values was 20% or lower for
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all variables except for triglycerides which were derived
from routine laboratory analyses conducted during the
stay of the participants in the clinic. We do not believe
that any systematic bias affected the probability that a
certain value is missing. Therefore, we do not expect
missing values substantially affecting our results.

Statistical analysis

An available case analysis was performed. Participants
for whom DNAmAA and CAD status were available
were stratified according to their angiographically con-
firmed CAD status: (1) patients with normal angiogram,
(2) non-obstructive CAD with an atherosclerotic lumen
reduction below or equal to 50%, and (3) obstructive
clinical CAD with a lumen reduction exceeding 50% for
the purpose of the descriptive statistics and subsequent
analyses. A univariate analysis of variance (ANOVA)
was used to determine statistical significance of differ-
ences in DNAmMAA and potential covariates between
CAD groups. Post hoc contrast analyses were used to
test for significance between specific groups. A Kruskal—
Wallis test was employed to assess group differences of
nominally scaled variables. Binary logistic regression
analyses of CAD status (no CAD vs. obstructive CAD)
on DNAmAA were performed to assess the associa-
tion between CAD status and DNAmAA. Differences in
DNAmAA between groups stratified by binary vari-
ables were assessed by two-sided t test for independent
samples.

All statistical analyses were performed with the IBM
SPSS Statistics software package, version 27. The figure
was built with the R software package (version 4.2.0) [36]
and the “ggplot2” package [37]. A p value below 0.05 was
defined to be statistically significant.

Results

Study population

Data on DNAmAA and CAD status were available for
779 participants of the LipidCardio study. The mean
chronological age was 69.9411.0 years, and 30.6% of all
participants were women. Chronological age did not dif-
fer statistically significant between women (mean age:
70.7+10.7 years) and men (mean age: 69.7+11.1 years,
p=0.2, t test). Obstructive CAD with a lumen reduc-
tion exceeding 50% was confirmed angiographically in
71.1% of the participants (Table 1). 11.6% of the partici-
pants were diagnosed with non-obstructive CAD with
an atherosclerotic lumen reduction below or equal 50%,
while a normal angiogram was observed in 17.3% of
the participants. Analysis of variance revealed statisti-
cally significant differences between CAD groups (no
CAD vs. non-obstructive CAD vs. obstructive CAD) for
HDL, LDL, lipoprotein (a), and diagnosed type 2 diabetes
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mellitus (p<0.05, Table 1). No between-group differ-
ences were found for triglycerides, eGFR, BMI, physical
activity, alcohol consumption, and current smoking sta-
tus (Table 1). However, none of the continuously scaled
variables were correlated with DNAmMAA (Spearman’s
r<0.09, Additional file 1: Table S1). Similarly, no statis-
tically significant differences were found in DNAmAA
between groups stratified by alcohol consumption (yes:
0.06 years, no: 0.13 years, p=0.9, t test), smoking (yes:
0.49 years, no: 0.05 years, p=0.7, ¢ test), and diagnosed
type 2 diabetes mellitus (yes: 0.85 years, no: — 0.32 years,
p=0.2, t test). These potential confounding variables
were therefore not included as confounders in the follow-
ing regression analyses.

DNAm age acceleration and cardiovascular disease

The cohort’s mean DNAmMAA, calculated as residuals of
a linear regression analysis of DNAmA on chronological
age, was 0.00+11.7 years (N=779).

DNAmA correlated moderately with chronological age
(Pearson’s r=0.56). DNAmAA was on average 2.5 years
higher in participants with an obstructive CAD com-
pared to the control group with a normal angiogram
(post hoc contrast analysis, p=0.025, Fig. 1). Because no
statistically significant difference in DNAmAA of patients
with non-obstructive CAD and both other groups was
found (post hoc contrast analyses, p>0.12, Fig. 1), this
group (n=90) was excluded from the subsequent logis-
tic regression analyses to create a better and more clearly
defined control. In a logistic regression analysis of CAD
status (no CAD vs. obstructive CAD) on DNAmMAA, the
association between CAD status and DNAmAA did not
remain significant after adjustment for sex (Table 2). Sim-
ilarly, sex-stratified subgroup analyses did not reveal any
statistically significant association between DNAmAA
and obstructive CAD (Table 2).

Discussion

In this study of 779 participants of the LipidCardio study
who underwent diagnostic angiography, a 2.5-year higher
7-CpG DNAmAA was found in patients with obstruc-
tive CAD when compared with participants with a nor-
mal angiogram (p =0.025). However, this association did
not persist in logistic regression analyses adjusted for
sex. In this study, men had a 3.1-year higher DNAmAA
compared to women (p=0.001). However, the higher
DNAmA (compared to chronological age) in men is a fre-
quently observed phenomenon [11, 12, 21, 38] for which
the reasons are still unclear. However, this sex-dependent
difference in DNAmA estimation might be the reason for
a lack of statistical significance in our logistic regression
analyses after adjustment for sex which is an import risk
factor for CAD, as well. On the other hand, the lack of
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Fig. 1 DNAMAA stratified by CAD status in participants of the
LipidCardio study (n=779). Statistical significance of difference
between groups was assessed by ANOVA (p=0.040) and post hoc
contrast analyses. Mean 7-CpG DNAmAA differed statically significant
between participants with no CAD and obstructive CAD (p =0.025).
Additionally, a statistically significant difference was found when
comparing the mean of the combined group of participants with
excluded CAD and with non-obstructive CAD with the group of
participants with obstructive CAD (p=0.015)

statistical significance in sex-stratified analyses could be
due to a lack of power in these subgroup analyses.
Although numerous studies analyzed the association
between cardiovascular health (CVH)-associated pheno-
types and biological age, this study is the first to examine
differences in DNAmAA with respect to angiographi-
cally confirmed CAD. The missing association between
DNAmAA and CAD after adjustment for sex reported
here is in line with results by Horvath and colleagues
[21]. No association between Horvath’s DNAmAA and
incident CHD was present in 1462 women (mean age:
63 years, age range: 50—80 years) of the WHI study. Simi-
larly, no association between Horvath or Hannum clock
estimates and CVD-associated mortality was reported
by Dugue and colleagues in a cohort of 2818 partici-
pants (age: 59.01+7.6, 49% women) [20]. In the same
vein, no association between Hannum or Horvath A,
and cardiovascular disease was found in participants of
the LBC1921, LBC1936, and NAS cohorts (mean age
between 69.5 and 79.1 years, between 0 and 60% women)
[39]. In this study, only when analyzing participants of the
FHS cohort a weak but statistically significant association
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Table 2 Logistic regression analyses of CAD status (no CAD vs. obstructive CAD) on DNAMAA in 689 participants of the LipidCardio

cohort
Model Independent variable OR Lower 95% Cl Upper 95% Cl p value
Women and men
1 DNAMAA 1.021 1.003 1.041 0.026
2 DNAMAA 1.012 0.994 1.031 0.191
Sex (female) 0.175 0.117 0.262 <0.001
Women
DNAmMAA 1.002 0.979 1.026 0.851
Men
DNAMAA 1.027 0.997 1.057 0.08

DNAmMAA DNA methylation age acceleration, SE standard error, OR odds ratio

was found (Hannum: = — 0.13, SE=0.06, p =0.02, Hor-
vath: f=— 0.27, SE=0.06, p=6.9 x 107°) [39].

In contrast to the reports mentioned above and the
results described in this study, Perna and colleagues
found a 20% increase in risk for cardiovascular mortal-
ity for every 5-year increase in Horvath DNAmAA (but
no association with Hannum DNAmAA was found) [23].
Similarly, Lind and colleagues found a statistically sig-
nificant association between Horvath DNAmAA and the
risk to develop a CVD during a 10-year follow-up period
but not for Hannum DNAmMAA [22]. Further, associa-
tions between Horvath and Hannum DNAmAA and fatal
CAD outcomes were reported by Roetker and colleagues
[24].

Recent studies analyzed second-generation (e.g., Phe-
noAge [6] and GrimAge [5]) in addition to first-gener-
ation clocks (e.g., Horvath, Hannum, 7-CpG clock). In
contrast to first-generation clocks that were trained to
predict chronological age, second-generation clocks
employ more complex composite markers to select and
weigh the CpG positions of their algorithms. Poten-
tially due to this more inclusive approach, second-
generation clocks were more frequently reported to be
associated with disease than first-generation clocks.
Lo and Lin analyzed 2474 participants of the Taiwan
Biobank (mean age: 49.8 years, SD: 11.1 years) in con-
text of their cardiovascular health. After the exclusion
of participants with CVD, the PhenoAge and GrimAge
DNAmAA but not the Horvath or Hannum DNAmAA
were associated with a CVH score [25]. A similar find-
ing was reported by Joyce and colleagues who reported
an association between Life’s Simple Seven (LS7) and
GrimAge DNAmAA in the CARDIA study and FHS
cohort. The DNAmAA derived from the Horvath
clock showed similar but weaker associations and the
Hannum DNAmAA was not associated with the LS7
[40]. Although an exhaustive analysis of the literature
is beyond the scope of this manuscript, the described

results suggest that second-generation clocks might
be more sensitive to cardiovascular health. It is, how-
ever, important to stress that results vary widely, and
the comparability between studies is limited due to the
in part substantial differences in assessment and selec-
tion of covariates, demographics, and sex distribution
of the analyzed cohorts as well as the epigenetic clock
algorithms employed. Furthermore, the phenotypes
and variables used to assess the participants’ cardiovas-
cular health differ greatly. Potentially a substantial part
of the differences between the findings described above
can be attributed to these differences between cardio-
vascular outcome variables. As our understanding of
the underlying mechanisms that lead to biological age-
associated changes in the epigenome and its relation-
ship to health- and age-associated variables is still very
limited, further studies are needed to clarify the poten-
tial use of epigenetic clock derivatives with respect to
specific aspects of cardiovascular health in the clinical
context.

We want to point out several limitations to this study.
First, because methylation data were measured with the
MS-SNuPE method, only the 7-CpG epigenetic clock,
but no other clock algorithm, was available for analy-
sis. However, the 7-CpG clock was validated in several
cohorts [7, 41] and analyzed with respect to differ-
ent age-associated phenotypes [10, 12, 14]. Further-
more, the MS-SNuPE method used to measure 7-CpG
DNAmA seems to provide results that are comparable
to those obtained through Illumina’s MethylationEPIC
array [32]. Second, although it is difficult to estimate
its impact, we expect a selection bias in our cohort.
All participants underwent a diagnostic angiography,
and therefore, no healthy control group was available.
However, participants with no apparent CAD had less
chronic disease and reported less risk factors for CAD.
A detailed description of the cohort and risk factors
with respect to apparent CAD can be found in ref. [29].
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Third, most participants had an obstructive CAD which
results in a comparatively small sample size for the con-
trol group.

Strengths of this study include the comparatively large
sample size of a well-characterized cohort. Additionally,
this is to our knowledge the first study that makes use of
angiographic data in the context of epigenetic clocks,
allowing a particularly reliable classification into the groups
that were compared.

Conclusion

In conclusion, patients with angiographically confirmed
CAD were epigenetically 2.5 years older compared to
patients with a normal angiogram. However, in logistic
regression analyses DNAmMAA was not associated with
CAD after adjustment for sex.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513148-023-01434-8.

Additional file 1. Supplementary Table 1. Correlation table of DNAmMAA
and potentially confounding variables (Spearman’s r).

Author contributions

VLB, VMV, and ID conceived and designed the study. VLB contributed to
generation of the epigenetic clock data. UL provided routine clinical data. MK
collected study specific data. VLB and VMV were involved in formal analyses.
VLB, VMV, and ID contributed to methodology. VLB wrote the original manu-
script draft. ID was involved in supervision. All authors revised and approved
the manuscript.

Funding

Open Access funding enabled and organized by Projekt DEAL. The LipidCardio
Study was partially funded by the Sanofi-Aventis Deutschland GmbH. This
funder did not play a role in the study design, data collection, and analysis,
decision to publish, or preparation of the manuscript and only provided
financial support.

Availability of data and materials
The datasets used and/or analyzed during the current study are available
upon reasonable request.

Declarations

Ethics approval and consent to participate

The study was conducted in accordance with the Declaration of Helsinki and
approved by the ethics committee of the Charité-Universitatsmedizin Berlin,
approval number EA1/135/16.

Consent for publication
Not applicable.

Competing interests

The authors declare that they have no competing interests.

Received: 16 November 2022 Accepted: 23 January 2023
Published online: 31 January 2023

Page 7 of 8

References

1. Horvath S, Raj K. DNA methylation-based biomarkers and the epigenetic
clock theory of ageing. Nat Rev Genet. 2018; p. 1.

2. Hannum G, et al. Genome-wide methylation profiles reveal quantitative
views of human aging rates. Mol Cell. 2013;49(2):359-67.

3. Horvath S. DNA methylation age of human tissues and cell types.
Genome Biol. 2013;14(10):R115.

4. Jylhava J, Pedersen NL, Hagg S. Biological age predictors. EBioMedicine.
2017;21:29-36.

5. Lu AT, et al. DNA methylation GrimAge strongly predicts lifespan and
healthspan. Aging (Albany NY). 2019;11(2):303.

6. Levine ME, et al. An epigenetic biomarker of aging for lifespan and
healthspan. Aging (Albany NY). 2018;10(4):573.

7. Vetter VM, et al. Epigenetic clock and relative telomere length represent
largely different aspects of aging in the Berlin Aging Study Il (BASE-II). J
Gerontol A Biol Sci Med Sci. 2018;74(1):27-32.

8. \Vetter VM, et al. Vitamin D supplementation is associated with slower
epigenetic aging. GeroScience. 2022.

9. \Vetter VM, et al. Epigenetic clock and leukocyte telomere length are
associated with vitamin D status, but not with functional assessments
and frailty in the Berlin Aging Study II. J Gerontol Ser A. 2020;75:2056-63.

10. Vetter VM, et al. DNA Methylation Age Acceleration, Type 2 Diabetes, and
its Complications: Cross-Sectional and Longitudinal Data from the Berlin
Aging Study Il (BASE-I). medRxiv. 2022.

11. Lemke E, et al. Cardiovascular health is associated with the epigenetic
clock in the Berlin Aging Study Il (BASE-II). Mech Ageing Dev. 2022,201:
111616.

12. Vetter VM, et al. Relationship between 5 epigenetic clocks, telomere
length, and functional capacity assessed in older adults: cross-sectional
and longitudinal analyses. J Gerontol Ser A. 2022;77(9):1724-33.

13. Drewelies J, et al. Using blood test parameters to define biological age
among older adults: association with morbidity and mortality independ-
ent of chronological age validated in two separate birth cohorts. GeroSci-
ence. 2022.

14. Vetter VM, et al. Epigenetic aging and perceived psychological stress in
old age. Transl Psychiatry. 2022;12(1):410.

15. Kaminsky ZA, et al. Single nucleotide extension technology for quantita-
tive site-specific evaluation of metC/C in GC-rich regions. Nucleic Acids
Res. 2005;33(10): €95.

16. Banszerus VL, et al. Exploring the relationship of relative telomere
length and the epigenetic clock in the LipidCardio cohort. Int J Mol Sci.
2019;20(12):3032.

17. Busch MA, Kuhnert R. 12-Monats-Prévalenz einer koronaren Herz-
krankheit in Deutschland. 2017.

18. Wang H, et al. Global, regional, and national life expectancy, all-cause
mortality, and cause-specific mortality for 249 causes of death, 1980-
2015: a systematic analysis for the Global Burden of Disease Study 2015.
The lancet. 2016,388(10053):1459-544.

19. Wilkins E, et al. European cardiovascular disease statistics 2017. 2017.

20. Dugué P-A, et al. Association of DNA methylation-based biological age
with health risk factors and overall and cause-specific mortality. Am J
Epidemiol. 2018;187(3):529-38.

21. Horvath S, et al. An epigenetic clock analysis of race/ethnicity, sex, and
coronary heart disease. Genome Biol. 2016;17(1):171.

22. Lind L, et al. Methylation-based estimated biological age and cardiovas-
cular disease. Eur J Clin Invest. 2018;48(2): e12872.

23. Pernal, et al. Epigenetic age acceleration predicts cancer, cardiovas-
cular, and all-cause mortality in a German case cohort. Clin Epigenet.
2016;8(1):1-7.

24. Roetker NS, et al. Prospective study of epigenetic age acceleration
and incidence of cardiovascular disease outcomes in the ARIC study
(Atherosclerosis Risk in Communities). Circ Genomic Precis Med.
2018;11(3):e001937.

25. Lo YH, Lin WY. Cardiovascular health and four epigenetic clocks. Clin
Epigenet. 2022;14(1):73.

26. Chilunga FP, et al. Epigenetic age acceleration in the emerging burden
of cardiometabolic diseases among migrant and non-migrant African
populations: the population based cross-sectional RODAM study. Lancet
Healthy Longev. 2021;2(6):E327-e339.

27. Roberts JD, et al. Epigenetic age and the risk of incident atrial fibrillation.
Circulation. 2021;144(24):1899-911.


https://doi.org/10.1186/s13148-023-01434-8
https://doi.org/10.1186/s13148-023-01434-8

Banszerus et al. Clinical Epigenetics

28.

29.
30.

31

32.

33
34
35.
36.
37.

38.

39.
40.

41.

(2023) 15:16

Hillary RF, et al. Epigenetic measures of ageing predict the prevalence
and incidence of leading causes of death and disease burden. Clin
Epigenet. 2020;12(1):115.

Konig M, et al. Cohort profile: role of lipoproteins in cardiovascular dis-
ease—the LipidCardio study. BMJ Open. 2019;9(9): e030097.

Vidal-Bralo L, Lopez-Golan'Y, Gonzalez A. Simplified assay for epigenetic
age estimation in whole blood of adults. Front Genet. 2016;7:126.
Vidal-Bralo L, Lopez-Golan'Y, Gonzalez A. Corrigendum: simplified assay
for epigenetic age estimation in whole blood of adults. Front Genet.
2017851,

Vetter VM, et al. Seven-CpG DNA methylation age determined by single
nucleotide primer extension and lllumina’s infinium methylationEPIC
array provide highly comparable results. Front Genet. 2022;12:2740.
Bertram L, et al. Cohort profile: the Berlin Aging Study Il (BASE-II). Int J
Epidemiol. 2014;43(3):703-12.

Topolski TD, et al. The rapid assessment of physical activity (RAPA) among
older adults. Prev Chronic Dis. 2006;3(4):A118-A118.

Cockcroft DW, Gault H. Prediction of creatinine clearance from serum
creatinine. Nephron. 1976;16(1):31-41.

Team, RC. R: a language and environment for statistical computing.
Vienna: R Foundation for Statistical Computing; 2017.

Wickham H. Elegant graphics for data analysis (ggplot2). New York:
Springer; 2009.

Simpkin AJ, et al. Prenatal and early life influences on epigenetic age in
children: a study of mother—offspring pairs from two cohort studies. Hum
Mol Genet. 2016;25(1):191-201.

Marioni RE, et al. DNA methylation age of blood predicts all-cause mortal-
ity in later life. Genome Biol. 2015;16:25.

Joyce BT, et al. Epigenetic age acceleration reflects long-term cardiovas-
cular health. Circ Res. 2021;129(8):770-81.

Feldkamp JD, et al. CHIP-related epigenetic age acceleration correlates
with CHIP clone size in patients with high morbidity. Haematologica.
2022.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 8 of 8

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Epigenetic aging in patients diagnosed with coronary artery disease: results of the LipidCardio study
	Abstract 
	Introduction 
	Methods 
	Results 
	Conclusion 

	Background
	Methods
	Methylation-sensitive single nucleotide primer extension (MS-SNuPE)
	DNAm age and DNAm age acceleration
	Laboratory parameters and lifestyle variables
	Statistical analysis

	Results
	Study population
	DNAm age acceleration and cardiovascular disease

	Discussion
	Conclusion
	References


