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Introduction: This study investigated the potential modifying e�ects of the serum

brain-derived neurotrophic factor (sBDNF) level on the association between BDNF

methylation status and long-term cardiovascular outcomes in acute coronary

syndrome (ACS) patients.

Methods: From 2006 to 2012, hospitalized ACS patients were consecutively recruited.

The sBDNF level and BDNF methylation status were assessed at baseline in 969

patients who were followed up for major adverse cardiac events (MACEs) over 5–12

years, until 2017 or death. Cox proportional hazards models were utilized to compare

the time to first composite or individual MACEs between individuals with lower and

those with higher average BDNFmethylation levels in the low and high sBDNF groups,

respectively. The modifying e�ects of the sBDNF and average BDNF methylation

levels on first composite and individual MACEs were analyzed using Cox proportional

hazards models after adjusting for potential covariates.

Results: In the low sBDNF group, a higher average BDNFmethylation level was linked

to an increase in composite MACEs independent of confounding variables, but not in

the high sBDNF group [HR (95 percent CI) = 1.04 (0.76–1.44)]. The interaction e�ect

between the sBDNF and average BDNF methylation levels on composite MACEs was

significant after adjusting for covariates (P = 0.008).

Conclusion: Combining the BDNF methylation status and sBDNF levels may help

identify ACS patients who are likely to have unfavorable clinical outcomes.

KEYWORDS

brain derivedneurotrophic factor (BDNF), BDNFmethylation, acute coronary syndrome (ACS),

outcome, biomarker

Introduction

Neurotrophins are involved in the development, maintenance, and plasticity of neurons (1),

as well as in the development of the heart and blood vessels (2–4). Among the neurotrophins,

brain-derived neurotrophic factor (BDNF), a crucial mediator of homeostasis and pathogenesis

in the cardiovascular system, has garnered considerable attention (5).
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Previous studies have reported a relationship between altered

BDNF signaling pathways and CVD. Patients with acute coronary

syndrome (ACS) showed reduced circulating levels of BDNF

compared with control subjects in a cross-sectional study (6). Higher

circulating BDNF levels were longitudinally related to a lower risk

of CVD and mortality in a general population cohort (7). As in

the general population, lower circulating BDNF levels negatively

affected clinical outcomes in patients with angina pectoris (8) or heart

failure (9).

A decrease in CpG methylation within the regulatory region

of the Bdnf gene has been linked with increased production of

BDNF in neurons (10). Given the findings of prior clinical studies

exploring the link between BDNF and CVD (6–9), it is likely that

BDNF hypermethylation is linked to the development of CVD and a

poor prognosis. In our previous study, a higher BDNF methylation

level was associated with composite major adverse cardiovascular

events (MACEs) in ACS patients (11). Since sBDNF and BDNF

methylation levels have been linked to cardiovascular outcomes in

previous research (8, 9, 11), and there is a potential link between

sBDNF and BDNF methylation levels (10), it is anticipated that these

two may interact to affect cardiovascular outcomes. However, no

research has been done on this matter.

Using information from a prospective study of ACS patients

in Korea, we examined the modifying effect of the serum BDNF

(sBDNF) level on the association between BDNF methylation and

long-term cardiovascular outcomes.

Methods

Study overview and participants

All analyses employed data from the Korean DEPression in

ACS (K-DEPACS) study, which used a naturalistic prospective

design to explore the psychological consequences of ACS (12).

Supplementary Figure S1 shows a summary of the current study as

well as the approach used for recruiting participants. From 2006 to

2012, ACS patients hospitalized at the Department of Cardiology of

Chonnam National University Hospital in Gwangju, South Korea

who satisfied the eligibility criteria (Supplementary material) were

recruited consecutively. The Korean Circulation Society proposed

this department in 2005 as the key coordination hub for the Korea

Acute Myocardial Infarction Registry (KAMIR) (13). KAMIR is

a registry created as a surveillance platform to monitor clinical

outcomes of patients with acute MI without exclusion criteria to

reflect real-world practice; this enables prospective associations to

be assessed for a variety of exposures or interventions with long-

term cardiac outcomes. The research cardiologists managed patients’

ACS in accordance with global standards (14). Patients who met

the inclusion criteria and agreed to participate in the study were

assessed as inpatients for baseline testing within 2 weeks (mean ±

standard deviation: 6.3 ± 2.4 days) of ACS occurrence. The baseline

sample comprised these patients who agreed to blood drawing. The

cardiovascular outcomes of all participants were followed until 2017

or death. The Institutional Review Board of Chonnam National

University Hospital approved this study (CNUH I-2008-02-027). The

consent form was reviewed by all participants, and written informed

consent was obtained.

Primary measures

sBDNF level
Before blood collection, participants were told to fast the previous

night (apart from water). Following that, they were instructed

to stay still and unwind for 25–45min before blood samples

were taken. Serum was prepared in a room temperature. The

Quantikine
R©

ELISA Human BDNF Immunoassay (R&D Systems,

Inc., Minneapolis, MN, USA) was used to assess the sBDNF level

at the Global Clinical Central Lab (Yongin, Korea). Patients were

divided into two groups for the initial analysis: those with low

sBDNF and those with high sBDNF levels (based on the median

value). The sBDNF level was analyzed as a continuous variable in

later analyses.

BDNF methylation status
Standard techniques were used to extract DNA from venous

blood. The promoter region of BDNF exon VI, which also

contains a CpG-rich area with nine CpG sites, was chosen

for the methylation investigation. This region is placed at

nucleotides −612 to −463 relative to the transcriptional start

site in exon VIII (Supplementary Figure S3). More information

on BDNF methylation is provided in the Supplementary material.

According to prior research (15), the average percentage of

BDNF methylation was classed as a binary variable with the

value “lower (<38.50)” or “higher (≥38.50).” Since there is no

absolute cutoff value for BDNF methylation, and maximizing

the number of patients in both groups increases the statistical

power of the analysis of the effect of BDNF methylation on

the outcome variables, we divided the two groups based on the

median average BDNF methylation value. The average percentage

of BDNF methylation was analyzed as a continuous variable in

subsequent analyses.

Baseline covariates

Covariates that potentially affect cardiovascular outcomes were

examined within 2 weeks of ACS occurrence. Throughout the

evaluation, data on age, sex, years of education, living status (living

alone or not), type of residence (owned or rented), and current

occupation (employed or not) were collected. Fasting glucose,

total cholesterol, BUN, and creatinine levels were assessed using

the Hitachi Automatic Analyzer 7,600 (Hitachi, Tokyo, Japan).

Personal and family histories of depression, as well as the Beck

Depression Inventory score (16), were used to evaluate depression

status in the participants. Personal and family histories of ACS,

diagnosed diabetes, diagnosed hypertension, hypercholesterolemia

based on the fasting serum total cholesterol level (>200 mg/dL) or

a history of hyperlipidemia with ongoing treatment, obesity based

on measured body mass index (BMI > 25 kg/m2), and a reported

current smoking status were all used to assess cardiometabolic risk

factors. The Killip classification (17) was used to assess current

cardiac status, and LVEF was calculated using echocardiography.

Two cardiac enzymes, troponin I and creatine kinase (CK)-MB, were

also examined.
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Outcomes

As the primary outcome, a MACE was defined as the composite

of all-cause mortality, myocardial infarction (MI), and percutaneous

coronary intervention (PCI). Secondary outcomes were all-cause

mortality, cardiac death (defined as sudden death for no apparent

reason, death from arrhythmias, MI, or heart failure, or death due

to heart surgery or endocarditis), MI, and PCI. An independent

endpoint committee made up of study cardiologists decided on all

potential events. Detailed information on long-term cardiovascular

outcome is provided in the Supplementary material.

Statistical analysis

The baseline data was compared according to the sBDNF level

(low vs. high) using the independent t-test or chi-square test. The

covariates used in the adjusted analyses were chosen based on a data

generation system and the variables’ propensity for collinearity (18).

The correlation between the baseline sBDNF level and average BDNF

methylation level was analyzed by Spearman rank-order correlation

analysis. The cumulative proportion of participants having composite

or individual MACEs (defined by the date of the first incident

for each patient) was compared between those with lower and

those with higher average BDNF methylation levels in the low and

high sBDNF groups, respectively, using Kaplan–Meier analysis. Cox

proportional hazards models were used to compare the time to

first composite or individual MACEs, after adjustment for potential

covariates, between individuals with lower and those with higher

average BDNFmethylation values in the low and high sBDNF groups,

respectively. The interaction effect between the sBDNF and average

BDNF methylation levels on first composite or individual MACEs

was analyzed using Cox proportional hazards models after adjusting

for potential covariates. Schoenfeld residuals tests were carried out to

test the proportional hazards assumptions in all models. All statistical

tests were two-sided, and statistical significance was determined as a

P-value < 0.05. IBM SPSS Statistics (version 25) was utilized for the

statistical analysis.

Results

In total 969 (84.1%) of the 1,152 patients examined at baseline

gave their consent to offer blood samples (Supplementary Figure S1).

Between those who agreed to submit blood samples and those who

declined, the baseline values were not substantially different. All

participants were followed to assess cardiovascular outcomes for 5–

12 years, until 2017 or death [median; mean (standard deviation)

duration of follow-up= 8.4; 8.7 (1.5) years].

The levels of sBDNF were 17.6 (9.4) ng/mL for the median

(interquartile range), and 17.8 (7.0) ng/mL for the mean (standard

deviation). In the 969 study participants, there was no correlation

between the baseline sBDNF level and the average BDNFmethylation

level (r2 = 0.001, P = 0.969). Since the BDNF expression is

regulated by a genetic polymorphism entailing substitution of

valine by methionine at codon 66 (Val66Met) in the pro-BDNF

molecule (19), we compared the sBDNF level and BDNF methylation

according to the presence of BDNF Val66Met polymorphism

(Supplementary Table S1). sBDNF level was lower in Val/Met and

Met/Met genotype compared to Val/Val genotype. In addition, BDNF

methylation was higher in Val/Met genotype compared to Val/Val

genotype. Baseline characteristics according to sBDNF level are

summarized in Supplementary Table S2. A low sBDNF level was

significantly associated with older age, higher frequency of Killip

class > 1, and higher CK-MB level. Referencing the system that

produced the data and any potential collinearity between the variables

(18), 11 parameters (age, sex, Beck Depression Inventory score,

depression comorbidity and treatment, previous history of ACS,

diabetes, hypertension, hypercholesterolemia, obesity, smoking, and

Killip class) were included as covariates in the adjusted analysis [see

Supplementary Figure S2 for a directed acylic graph (20–22)].

In the low sBDNF group (n = 484), the primary outcome

(composite MACEs) occurred in 212 participants (43.8%); of the

FIGURE 1

Cumulative incidence (%) of composite major adverse cardiac events (MACEs) according to the average BDNF methylation level at baseline in patients

with low (A) and high (B) serum brain-derived neurotrophic factor (sBDNF) levels.
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TABLE 1 Associations of a higher average BDNF methylation level at baseline with long-term cardiovascular outcomes in patients with ACS according to the

sBDNF level.

Low sBDNF (N = 484) High sBDNF (N = 485) P-value for interaction

Major adverse cardiac events 1.67 (1.25–2.23)‡ 1.04 (0.76–1.44) 0.008

All-cause mortality 1.67 (1.10–2.52)∗ 1.00 (0.61–1.64) 0.044

Cardiac death 1.40 (0.82–2.41) 1.33 (0.67–2.62) 0.539

Myocardial infarction 1.13 (0.65–1.98) 1.41 (0.75–2.66) 0.533

Percutaneous coronary intervention 1.54 (0.96–2.47) 1.02 (0.60–1.72) 0.325

The HR (95% CI) was adjusted for age, sex, Beck Depression Inventory scores, depression comorbidity and treatment, previous history of ACS, diabetes, hypertension, hypercholesterolemia, obesity,

smoking, and Killip class. ∗P < 0.05; ‡P < 0.001.

secondary outcomes, all-cause mortality occurred in 104 (21.5%)

participants, cardiac death in 59 (12.2%), MI in 55 (11.4), and PCI in

76 (15.7%). In the high sBDNF group (n= 485), the primary outcome

occurred in 171 participants (35.3%), and the secondary outcome all-

cause mortality occurred in 74 (15.3%), cardiac death in 39 (8.0%),

MI in 46 (9.5%), and PCI in 63 (13.0%). Figure 1 illustrates the

cumulative risk of compositeMACEs in subjects with lower vs. higher

average BDNF methylation levels according to the sBDNF level. In

the low sBDNF group, a significant difference was observed: the

composite MACE incidence was 32.8% (76/232) in those with lower

and 54.0% (136/252) in those with higher methylation levels [log-

rank P-value< 0.001] (Figure 1A). In addition, significant differences

in those with lower vs. higher methylation levels were observed in the

incidence of all-cause mortality [15.1% (35/232) vs. 27.4% (69/252),

log-rank P-value = 0.002] and PCI [12.1% (28/232) vs. 19.0%

(48/252), log-rank P-value = 0.018] (Supplementary Figure S4).

Effects of a higher BDNF methylation level on composite MACEs

and all-cause mortality were seen in the adjusted analysis (Table 1).

However, in the high sBDNF group, significant differences in the

primary or secondary outcomes were not observed (Figure 1B,

Table 1, and Supplementary Figure S5). In the main analysis, the

interaction effect between the sBDNF and average BDNFmethylation

levels on composite MACEs or all-cause mortality was significant

after adjusting for covariates (Table 1). When the average BDNF

methylation level was treated as a continuous variable, the interaction

effect between the sBDNF and average BDNF methylation level on

composite MACEs was also significant (Supplementary Table S3).

Similar results were observed when both sBDNF and average

BDNF methylation levels were treated as continuous variables

(Supplementary Table S4). Considering the competing risk situation,

we re-analyzed after excluding patients with non-cardiac death

before the onset of MI or PCI (Supplementary Table S5) and

excluding patients with death before the onset of MI or PCI

(Supplementary Table S6), respectively. Generally, similar results

were observed to the main analysis. All model assumptions were all

met (Schoenfeld P-values > 0.3). The sBDNF level had no effect on

the incidence of the primary or secondary outcomes in the adjusted

analysis (Supplementary Table S7).

Discussion

In this study, we found a modifying effect of the sBDNF

level on the association between BDNF methylation and long-term

cardiovascular outcomes using data from a prospective study of

Korean ACS patients. A higher BDNF methylation level in patients

with low sBDNF levels was a significant predictor of poor long-

term cardiovascular outcomes such as composite MACEs, all-cause

mortality, and PCI. These results remained reliable after accounting

for relevant covariates. However, a higher BDNF methylation level

had no influence on long-term cardiovascular outcomes in patients

with high sBDNF levels.

The methylation status of the BDNF genomic region that we

evaluated corresponds to an equivalent region in rat Bdnf, which was

variably methylated and related to Bdnf mRNA expression (23, 24).

The regulatory region of the Bdnf gene’s CpG methylation has been

shown to be lessened in neurons with increased BDNF synthesis (10).

In our previous study, a higher average BDNF methylation status

was associated with an increased incidence of composite MACEs in

ACS patients (11). Because BDNF methylation status is linked to

neuronal BDNF production, baseline circulating BDNF level may

have an impact on these effects. In this study, higher average BDNF

methylation had a negative impact on long-term cardiac outcomes

only in the low sBDNF group. The interaction effect of sBDNF

level and average BDNF methylation on composite MACE was

sustained even when both variables were analyzed as continuous

variables. These results might be explained by the synergistic effect

of both unfavorable exposures (higher BDNF methylation and low

sBDNF level). This theory is supported by the fact that higher BDNF

methylation had less of a negative impact in the high sBDNF group.

Furthermore, as this study found no correlation between sBDNF level

and BDNF methylation, we surmise that the adverse effects of both

exposures, which are independent of one another, work in concert.

As mentioned in the Introduction, BDNF stimulates a variety of

circulatory system cell types and regulates the growth and dynamics

of the cardiovascular microcirculation (25). Based on those results,

the relationship between circulating BDNF level and CVD has been

investigated. ACS patients showed lower sBDNF levels compared

with control subjects in a cross-sectional investigation (6), and a

lower sBDNF level was longitudinally associated with CVD incidence

and mortality in a general population cohort (7). Furthermore,

decreased circulating BDNF levels were linked to a worse clinical

outcome in a study of individuals with CVDs such as angina pectoris

(8) or heart failure (9). In our study of ACS patients, the sBDNF

level, on the other hand, had no effect on long-term cardiovascular

outcomes. Differences in the type of underlying disorder could

explain why our findings differed from those of previous studies. In

our investigation, sBDNF levels were measured within 2 weeks of

ACS onset. Because ACS is associated with acute psychosocial stress

(26), and the sBDNF level rises in response to acute psychosocial

stress (27), the sBDNF level may not have had an effect on long-

term cardiovascular outcomes in ACS patients due to overall elevated
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sBDNF levels. However, because we did not assess the concentration

of sBDNF in relation to numerous CVDs in our study, more research

is needed to corroborate this.

In interpreting our findings, it is important to take into account

a number of study limitations. First, despite this location’s prior

evaluation (23, 28), the methylation status of just one CpG island

in BDNF was assessed. Second, only 84% of the baseline sample

could undergo methylation analysis due to attrition during the

recruitment procedure. However, there were no differences in the

baseline demographic and clinical traits of patients with and without

access to this information. Third, while the study hypotheses were

founded on prior research, the results lacked mechanistic support,

demanding additional study. Fourth, although chronic kidney disease

is known to be linked to BDNF levels (29) and MACEs (30), this

information was not accessible for the study participants. Fifth, it

was unclear which tissue is the major source of BDNF detected in

the serum. Finally, the study was restricted to one institution, which

limits its generalizability but is a benefit because it assures consistency

in patient assessment and care.

This study has a number of strengths. It is the first prospective

study to look at how sBDNF and average BDNF methylation

levels interact with regard to long-term cardiovascular outcomes

in ACS patients. All eligible patients who had recently had an

ACS episode were enrolled as participants at baseline, reducing the

likelihood of error caused by varying the testing times and increasing

sample homogeneity. All psychiatric and cardiovascular assessments

were conducted using well-validated measures. In addition, various

covariates were considered in the analyses.

Conclusions

Ahigher average BDNFmethylation status during the acute phase

of ACS was associated with worse long-term cardiovascular outcomes

only in patients with low sBDNF levels, not in those with high sBDNF

levels, regardless of the relevant covariates. These results suggest

that combining the BDNF methylation and sBDNF levels may help

identifying ACS patients who are likely to have unfavorable clinical

outcomes. From a therapeutic perspective, patients with BDNF

hypermethylation and low sBDNF levels require special attention.

However, future prospective studies are needed to ascertain whether

giving these individuals extra attention results in an improved

prognosis for ACS patients.

Data availability statement

The original contributions presented in the study are included in

the article/Supplementary material, further inquiries can be directed

to the corresponding author.

Ethics statement

The studies involving human participants were reviewed and

approved by Institutional Review Board of Chonnam National

University Hospital. The patients/participants provided their written

informed consent to participate in this study.

Author contributions

WC and J-MK: conceptualization, data curation, formal analysis,

and writing. H-JK: data curation and methodology. J-WK: formal

analysis and methodology. HK, H-CK, S-WK, J-CK, YA, and MJ:

data curation, validation, and project administration. All authors

contributed to the article and approved the submitted version.

Funding

The study was funded by a grant of National Research

Foundation of Korea Grants [NRF-2019M3C7A1031345 and NRF-

2020R1A2C2003472] to J-MK.

Conflict of interest

J-MK declares research support in the last 5 years from Janssen

and Lundbeck. S-WK declares research support in the last 5 years

from Janssen, Boehringer Ingelheim, Allergan, and Otsuka.

The remaining authors declare that the research was conducted

in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the reviewers.

Any product that may be evaluated in this article, or claim that may

be made by its manufacturer, is not guaranteed or endorsed by the

publisher.

Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/fcvm.2022.

1084834/full#supplementary-material

References

1. Huang EJ, Reichardt LF. Neurotrophins: roles in neuronal development
and function. Annu Rev Neurosci. (2001) 24:677–736. doi: 10.1146/annurev.neuro.
24.1.677

2. Donovan MJ, Hahn R, Tessarollo L, Hempstead BL. Identification of an essential
nonneuronal function of neurotrophin 3 in mammalian cardiac development. Nat Genet.
(1996) 14:210–3. doi: 10.1038/ng1096-210

Frontiers inCardiovascularMedicine 05 frontiersin.org

https://doi.org/10.3389/fcvm.2022.1084834
https://www.frontiersin.org/articles/10.3389/fcvm.2022.1084834/full#supplementary-material
https://doi.org/10.1146/annurev.neuro.24.1.677
https://doi.org/10.1038/ng1096-210
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org


Choi et al. 10.3389/fcvm.2022.1084834

3. Tessarollo L, Tsoulfas P, Donovan MJ, Palko ME, Blair-Flynn J, Hempstead
BL, et al. Targeted deletion of all isoforms of the trkc gene suggests the use
of alternate receptors by its ligand neurotrophin-3 in neuronal development and
implicates trkc in normal cardiogenesis. Proc Natl Acad Sci U S A. (1997) 94:14776–
81. doi: 10.1073/pnas.94.26.14776

4. Donovan MJ, Lin MI, Wiegn P, Ringstedt T, Kraemer R, Hahn R, et al. Brain derived
neurotrophic factor is an endothelial cell survival factor required for intramyocardial
vessel stabilization. Development. (2000) 127:4531–40. doi: 10.1242/dev.127.21.4531

5. Hang PZ, Zhu H, Li PF, Liu J, Ge FQ, Zhao J, et al. The emerging role of Bdnf/Trkb
signaling in cardiovascular diseases. Life (Basel). (2021) 11:70. doi: 10.3390/life11010070

6. Manni L, Nikolova V, Vyagova D, Chaldakov GN, Aloe L. Reduced plasma levels
of Ngf and Bdnf in patients with acute coronary syndromes. Int J Cardiol. (2005)
102:169–71. doi: 10.1016/j.ijcard.2004.10.041

7. Kaess BM, Preis SR, Lieb W, Beiser AS, Yang Q, Chen TC, et al. Circulating brain-
derived neurotrophic factor concentrations and the risk of cardiovascular disease in the
community. J Am Heart Assoc. (2015) 4:e001544. doi: 10.1161/JAHA.114.001544

8. Jiang H, Liu Y, Zhang Y, Chen ZY. Association of plasma brain-derived neurotrophic
factor and cardiovascular risk factors and prognosis in angina pectoris. Biochem Biophys
Res Commun. (2011) 415:99–103. doi: 10.1016/j.bbrc.2011.10.020

9. Fukushima A, Kinugawa S, Homma T, Masaki Y, Furihata T, Yokota T, et al. Serum
brain-derived neurotropic factor level predicts adverse clinical outcomes in patients with
heart failure. J Card Fail. (2015) 21:300–6. doi: 10.1016/j.cardfail.2015.01.003

10. Martinowich K, Hattori D, Wu H, Fouse S, He F, Hu Y, et al. DNA methylation-
related chromatin remodeling in activity-dependent bdnf gene regulation. Science. (2003)
302:890–3. doi: 10.1126/science.1090842

11. Kim JM, Stewart R, Kim JW, Kang HJ, Lee JY, Kim SY, et al. Modifying effects of
depression on the association between bdnf methylation and prognosis of acute coronary
syndrome. Brain Behav Immun. (2019) 81:422–9. doi: 10.1016/j.bbi.2019.06.038

12. Kim JM, Bae KY, KangHJ, Kim SW, Shin IS, Hong YJ, et al. Design andmethodology
for the korean observational and escitalopram treatment studies of depression in
acute coronary syndrome: k-depacs and esdepacs. Psychiatry Investig. (2014) 11:89–
94. doi: 10.4306/pi.2014.11.1.89

13. Lee KH, Jeong MH, Kim HM, Ahn Y, Kim JH, Chae SC, et al. Benefit
of early statin therapy in patients with acute myocardial infarction who have
extremely low low-density lipoprotein cholesterol. J Am Coll Cardiol. (2011) 58:1664–
71. doi: 10.1016/j.jacc.2011.05.057

14. Anderson JL, Adams CD, Antman EM, Bridges CR, Califf RM, Casey DE,
et al. 2012 Accf/Aha focused update incorporated into the Accf/Aha 2007 guidelines
for the management of patients with unstable angina/non-st-elevation myocardial
infarction: a report of the american college of cardiology foundation/american heart
association task force on practice guidelines. J Am Coll Cardiol. (2013) 61:e179–
347. doi: 10.1016/j.jacc.2013.01.014

15. Breitling LP, Salzmann K, Rothenbacher D, Burwinkel B, Brenner H. Smoking,
F2rl3 Methylation, and Prognosis in Stable Coronary Heart Disease. Eur Heart J. (2012)
33:2841–8. doi: 10.1093/eurheartj/ehs091

16. Beck AT, Ward CH, Mendelson M, Mock J, Erbaugh J. An
inventory for measuring depression. Arch Gen Psychiatry. (1961) 4:561–
71. doi: 10.1001/archpsyc.1961.01710120031004

17. Killip T, Kimball JT. Treatment of myocardial infarction in a coronary
care unit a two year experience with 250 patients. Am J Cardiol. (1967) 20:457–
64. doi: 10.1016/0002-9149(67)90023-9

18. VanderWeele TJ. Principles of confounder selection. Eur J Epidemiol. (2019)
34:211–9. doi: 10.1007/s10654-019-00494-6

19. Chen ZY, Patel PD, Sant G, Meng CX, Teng KK, Hempstead BL, et al. Variant
brain-derived neurotrophic factor (Bdnf) (Met66) alters the intracellular trafficking
and activity-dependent secretion of wild-type bdnf in neurosecretory cells and cortical
neurons. J Neurosci. (2004) 24:4401–11. doi: 10.1523/JNEUROSCI.0348-04.2004

20. Bays HE, Taub PR, Epstein E, Michos ED, Ferraro RA, Bailey AL, et al. Ten
things to know about ten cardiovascular disease risk factors. Am J Prev Cardiol. (2021)
5:100149. doi: 10.1016/j.ajpc.2021.100149

21. Bus BA, Molendijk ML, Penninx BJ, Buitelaar JK, Kenis G, Prickaerts J, et al.
Determinants of serum brain-derived neurotrophic factor. Psychoneuroendocrinology.
(2011) 36:228–39. doi: 10.1016/j.psyneuen.2010.07.013

22. Davarpanah M, Shokri-Mashhadi N, Ziaei R, Saneei P, A. Systematic review
and meta-analysis of association between brain-derived neurotrophic factor and type 2
diabetes and glycemic profile. Sci Rep. (2021) 11:13773. doi: 10.1038/s41598-021-93271-z

23. Roth TL, Lubin FD, Funk AJ, Sweatt JD. Lasting epigenetic influence
of early-life adversity on the bdnf gene. Biol Psychiatry. (2009) 65:760–
9. doi: 10.1016/j.biopsych.2008.11.028

24. Lubin FD, Roth TL, Sweatt JD. Epigenetic regulation of bdnf gene
transcription in the consolidation of fear memory. J Neurosci. (2008)
28:10576–86. doi: 10.1523/JNEUROSCI.1786-08.2008

25. Kermani P, Hempstead B. Bdnf actions in the cardiovascular system:
roles in development, adulthood and response to injury. Front Physiol. (2019)
10:455. doi: 10.3389/fphys.2019.00455

26. Zupancic ML. Acute psychological stress as a precipitant of acute coronary
syndromes in patients with undiagnosed ischemic heart disease: a case report
and literature review. Prim Care Companion J Clin Psychiatry. (2009) 11:21–
4. doi: 10.4088/PCC.08r00623

27. Linz R, Puhlmann LMC, Apostolakou F, Mantzou E, Papassotiriou I, Chrousos GP,
et al. Acute psychosocial stress increases serum bdnf levels: an antagonistic relation to
cortisol but no group differences after mental training.Neuropsychopharmacology. (2019)
44:1797–804. doi: 10.1038/s41386-019-0391-y

28. Kang HJ, Kim JM, Bae KY, Kim SW, Shin IS, Kim HR, et al.
Longitudinal associations between bdnf promoter methylation and late-life
depression. Neurobiol Aging. (2015) 36:1764e1–e7. doi: 10.1016/j.neurobiolaging.
2014.12.035

29. Kurajoh M, Kadoya M, Morimoto A, Miyoshi A, Kanzaki A, Kakutani-Hatayama
M, et al. Plasma brain-derived neurotrophic factor concentration is a predictor of
chronic kidney disease in patients with cardiovascular risk factors - hyogo sleep cardio-
autonomic atherosclerosis study. PLoS ONE. (2017) 12:e0178686. doi: 10.1371/journal.
pone.0178686

30. Gansevoort RT, Correa-Rotter R, Hemmelgarn BR, Jafar TH, Heerspink HJ,
Mann JF, et al. Chronic kidney disease and cardiovascular risk: epidemiology,
mechanisms, and prevention. Lancet. (2013) 382:339–52. doi: 10.1016/S0140-6736
(13)60595-4

Frontiers inCardiovascularMedicine 06 frontiersin.org

https://doi.org/10.3389/fcvm.2022.1084834
https://doi.org/10.1073/pnas.94.26.14776
https://doi.org/10.1242/dev.127.21.4531
https://doi.org/10.3390/life11010070
https://doi.org/10.1016/j.ijcard.2004.10.041
https://doi.org/10.1161/JAHA.114.001544
https://doi.org/10.1016/j.bbrc.2011.10.020
https://doi.org/10.1016/j.cardfail.2015.01.003
https://doi.org/10.1126/science.1090842
https://doi.org/10.1016/j.bbi.2019.06.038
https://doi.org/10.4306/pi.2014.11.1.89
https://doi.org/10.1016/j.jacc.2011.05.057
https://doi.org/10.1016/j.jacc.2013.01.014
https://doi.org/10.1093/eurheartj/ehs091
https://doi.org/10.1001/archpsyc.1961.01710120031004
https://doi.org/10.1016/0002-9149(67)90023-9
https://doi.org/10.1007/s10654-019-00494-6
https://doi.org/10.1523/JNEUROSCI.0348-04.2004
https://doi.org/10.1016/j.ajpc.2021.100149
https://doi.org/10.1016/j.psyneuen.2010.07.013
https://doi.org/10.1038/s41598-021-93271-z
https://doi.org/10.1016/j.biopsych.2008.11.028
https://doi.org/10.1523/JNEUROSCI.1786-08.2008
https://doi.org/10.3389/fphys.2019.00455
https://doi.org/10.4088/PCC.08r00623
https://doi.org/10.1038/s41386-019-0391-y
https://doi.org/10.1016/j.neurobiolaging.2014.12.035
https://doi.org/10.1371/journal.pone.0178686
https://doi.org/10.1016/S0140-6736(13)60595-4
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org

	Modifying effect of the serum level of brain-derived neurotrophic factor (BDNF) on the association between BDNF methylation and long-term cardiovascular outcomes in patients with acute coronary syndrome
	Introduction
	Methods
	Study overview and participants
	Primary measures
	sBDNF level
	BDNF methylation status

	Baseline covariates
	Outcomes
	Statistical analysis

	Results
	Discussion
	Conclusions
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	Supplementary material
	References


