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Abstract

Background—Heart failure (HF) is associated with inflammation characterized by the formation 

the inflammasome, which triggers maturation of inflammatory cytokines. ASC, a vital component 

of the inflammasome, is controlled through epigenetic modification, which may be a candidate 

pathway for worsening HF. This study examined the inflammasome pathway in HF and the 

relationships between ASC CpG methylation and outcomes in HF.

Methods and Results—Stored samples from 155 HF outpatients (ejection fraction 29.9±14.9) 

were analyzed for % methylation of seven CpG sites in the intron region preceding exon-1 of the 

ASC gene. ASC methylation was inversely related to ASC mRNA (r=−.33,P<.001) and protein (r=

−.464,P<.001). ASC methylation had a positive linear relationship with ejection fraction (r=.

85,P<.001), quality of life (r=.83,P<.001), and six-minute walk test (r=.59,P=.023), and a negative 

linear relationship with depression (r=−.81,P<.001) and anxiety (r=−.75,P<.001). Higher ASC 

methylation was associated with a lower risk for clinical events (HR 0.16,P=.025), while higher 

protein (HR=1.78,P=.045) and mRNA expression (HR=1.18,P=.05) were associated with a greater 

risk.

Conclusion—Increased methylation of CpG sites in the intron region of ASC is associated with 

improved outcomes in HF. The associated decrease in ASC expression implicates this 

inflammatory mediator as a possible driver of HF outcomes and may represent a therapeutic target.
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INTRODUCTION

Despite advances in therapies for HF with reduced ejection fraction (HFrEF), these patients 

remain at high risk. There are no known therapies for HF patients with preserved EF 

(HFpEF). Once hospitalized, these patients have a ~30% risk of dying within a year, 

irrespective of EF.1 Physical disability in HF is a major reason for anxiety, depression, and 

poor quality of life (QoL).2,3 Thus there remains a pressing need to investigate novel 

pathways of HF progression to facilitate development of new therapies.

HF is associated with a low-grade inflammation that leads to cardiac remodeling.4 This is 

initiated by host-derived molecules, danger-associated molecular patterns (DAMPs),that 

modulate fibrosis, apoptosis, and hypertrophy.5–7 The inflammatory response amplifies 

DAMP production in a positive-feedback loop, accelerating these pathological processes.8 

Poor cardiac function triggers the release of cytokines, such as tumor necrosis factor alpha 

(TNFα), which magnify inflammation and remodeling.4,6,9,10 DAMP-activated 

inflammation occurs via the inflammasome, a complex of intracellular proteins that 

recognizes DAMPs and triggers maturation of cytokines to initiate and amplify 

inflammation.7,11,12 The inflammasome is composed of a NOD (nucleotide binding 

oligomerization domain)-like receptor, ASC (apoptosis-associated speck-like protein 

containing a caspase recruitment domain), and pro-caspase-1.10,13,14 The activated 

inflammasome cleaves pro-caspase-1 into caspase-1,13,15 which in turn, activates interleukin 

(IL)-1 family inflammatory cytokines IL-1β and IL-18, by cleaving pro-IL-1β and pro-IL-18 

into active forms.16,17 Thus, the inflammasome is a powerful mediator of the immune 

response via caspase-1 activation of IL-1β and IL-18.

ASC recruits pro-caspase-1 to the inflammasome complex and is necessary for activation of 

pro-caspase-1 into caspase-1.4,5,17,18 ASC expression is controlled by epigenetic 

modification via methylation of a CpG island in the promoter region of exon 1 19–22. DNA 

methylation of ASC represses recruitment of RNA polymerase II to the promoter region and 

leads to transcriptional silencing.23 Hypermethylation of the ASC CpG island leads to gene 

silencing and inhibition of apoptosis. Suppression of ASC expression has been shown to 

decrease IL-1β activation and may be an inhibitor of inflammasome-mediated 

inflammation.24

Global methylation studies show varying DNA methylation with age,25–27 exercise,28,29 

diet,30–32 and environmental factors.33–35 While NLRP3 and caspase-1 have inflammatory 

functions independent of the inflammasome, ASC functions only as an adapter protein as 

part of the inflammasome; the level of CpG methylation of ASC may control inflammasome 

formation.36 Thus, inflammasome formation and activation may be reduced via increased 

ASC methylation. While the role of ASC methylation in HF is not known, we theorize that 

decreased ASC expression, related to increased ASC methylation, is associated with 

decreased inflammasome-mediated inflammation. The purpose of this study is to examine 

the inflammasome pathway in HF and the relationships between ASC CpG methylation and 

physical, psychosocial, and QOL outcomes in HF.
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METHODS

Study population

Stored blood samples (N=155) from a prospective cohort study that enrolled outpatients with 

HF from two university-affiliated hospitals were used. Inclusion criteria included age >18 

years with a diagnosis of HFrEF or HFpEF. The diagnosis of HFpEF required, in addition to 

clinical diagnosis, elevated B-type natriuretic peptide level >200 pg/dl and/or 

echocardiographic evidence of diastolic dysfunction. Exclusion criteria included congenital 

heart disease, heart transplantation, cardiac infiltrative disease (e.g., amyloidosis), other 

solid organ transplantation, cancer, and continuous inotrope infusion. Charlson comorbidity 
index (CCI) was used to control for comorbidities.37 All measures in this analysis were 

collected at a baseline visit.

ASC Methylation and Expression

Genomic DNA was extracted from peripheral blood mononuclear cells (PBMCs). DNA (1 

μg) was treated with sodium bisulfite using a commercial kit. Bisulfite-modified DNA was 

amplified by PCR followed by pyrosequencing for methylation quantification according to 

Nakajima et al.38 Methylation of 7 CpG sites in the promoter region of exon 1 were 

measured38 and analyzed as mean % methylation. The mean % methylation among the 7 

CpG sites for each individual was calculated as the sum of % methylation of the CpG sites 

divided by 7.

250 ng of total RNA were reverse transcribed using the high-capacity cDNA reverse 

transcription kit from Life Technologies®. Each 20 μL reaction contained 1X reaction 

buffer, the addition of 1.5 mM MgCl2, 4mM dNTP mix, 1X random primer mix, 50 U of 

MμLtiScribe® Reverse Transcriptase, and 20 U of RNase Inhibitor. The samples were 

incubated at 25°C for 10 min, followed by a 37°C for 2hrs, and a final 85°C incubation for 5 

min. Samples were stored at 4°C until expression analysis. Samples were diluted 1:8 prior to 

expression analysis. Each 20μL reaction contained 1X PCR buffer at 1.5 mM MgCl2, the 

addition of 3.5 mM MgCl2, 200μM dNTP, 0.6 U of Taq DNA Polymerase, 1X GAPDH VIC 

labeled Taqman® assay, and 1X FAM labeled gene specific Taqman® assay. PCR was 

carried out in a Qiagen Roto-Gene Q instrument with a 72-sample rotor. An initial 

denaturation of 95°C for 10 min followed by 40 cycles of 95°C for 15 sec, and 60°C for 1 

min was used for the real-time PCR parameters. EpigenDx, Hopkinton, MA was used to 

perform ASC expression analysis. ASC mRNA expression is presented as the ratio of ASC 

expression to GAPDH expression.

Plasma IL-1β, IL-18 and ASC were measured in duplicate using human ELISA kits. Plates 

were read on a Molecular Devices ELISA plate reader. Curve fitting was selected among 

linear, quadratic and 4-point based on the best regression coefficient using SoftPro.

Outcomes

The six-minute walk test (6MWT) was used to measure functional ability.39 Participants 

were instructed to walk as far as possible for six minutes and the distance was measured in 

meters. Depressive symptoms were measured using the Patient Health Questionnaire 
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(PHQ-9), a 9-item depression scale representing the DSM-IV symptoms.40 Total score can 

range from 0 to 27, with higher scores representing greater symptoms. The Generalized 

Anxiety Disorder Assessment (GAD-7) is a self-report questionnaire that measures the 

presence and severity of anxiety, and is comprised of 7 questions with scores ranging from 0 

to 21. Total scores of 5, 10, and 15 are cutoffs for mild, moderate, and severe anxiety, 

respectively.41 The Kansas City Cardiomyopathy Questionnaire (KCCQ)42 is a 23-item 

questionnaire that quantifies physical function, symptoms, social function, and health-related 

QoL in HF.43 An overall summary score was derived from the physical function, symptom 

(frequency and severity), social function, and QoL domains. Scores are transformed to a 

range of 0–100 with higher scores reflecting better health status.

Participants were followed prospectively for up to 47 months from the initial baseline visit to 

collect clinical event data. Clinical events were comprised of all cause hospitalization, all 

cause death, heart transplant, or ventricular assistive device [LVAD]) implantation.

Statistical Analysis

Data were reviewed for normality assumptions and outliers. No data points were excluded 

from analysis due to outlier status. Pearson correlation analysis was used to examine the 

direction and strength of the relationship between ASC methylation and IL-1β and IL-18. 

Student t-tests for normal distributions and Mann Whitney tests for non-parametric 

distributions were used to examine differences in ASC methylation and cytokines among the 

categories of outcomes. Linear regression and partial correlation analysis was used to 

examine relationships between ASC methylation and outcomes, adjusting for EF, age and 

CCI. Cox regression modeling was used to examine the relationships between ASC 

methylation and expression and clinical events. Covariates included in the model were 

chosen based on previously established associations with HF hospitalization and/or death 

and were collected at the baseline time point. The covariates were included in the model 

with forced entry of all variables simultaneously. All data were analyzed using SPSS version 

22.0.

RESULTS

Baseline Patient Characteristics

Baseline data are presented in Table 1. Most participants were male and 47% were African 

American. EF ranged from 8 to 65%, with 76% of the participants had an EF <40%. BNP 

was highly skewed (skewness statistic 3.5±0.2) and was log transformed for all analyses.

ASC methylation and expression

Increased % methylation of 7 CpG cites preceding exon 1 of ASC was related to decreased 

ASC mRNA and protein expression (Figure 1). Decreased ASC expression was related to 

decreased IL-1β expression (r=.619, P<.001). Decreased IL-1β was also related to increased 

ASC methylation (r=−.24, P=.005). No significant relationship was found between ASC 

methylation or ASC expression and IL-18 expression.
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Mean % ASC methylation ranged from 4.6 to 6.8 (Table 2), and was not associated with age 

(r=−.09, P=.33), gender (r=.03, P=.13), or race (r=−.05, P=.56). Body mass index had a 

weak negative association with mean % ASC methylation (r=−.169, P=.053). ASC 

methylation was not correlated with comorbidities, including hypertension (r=−.003, P=.97), 

diabetes (r=−.05, P=.60), chronic pulmonary disease (r=.03, P=.77), and renal disease (P=−.

13, P=.15), or with CCI (r=−.037, P=.683). When added as covariates in linear and logistic 

models, they had no impact on the relationships between ASC methylation and ASC 

expression, cytokine expression, and outcomes.

ASC Methylation and Outcomes

Median 6MWT distance was 352 meters, with 32% (N=42) of participants walking <300 

meters. PHQ-9 scores ranged from 0 to 25, with 27% (N=39) scoring ≥ 10 (moderate or 

severe depression). GAD-7 scores ranged from 0 to 21, with 16% (N=25) meeting the 

criteria for anxiety with scores ≥ 10. The median KCCQ overall summary score was 70.3, 

with scores ranging from 12.8 to 100. Outcome data are presented in Table 3.

Mean % ASC methylation had a positive linear relationship with EF with a plateau around 

40% (Figure 2). Higher mean % ASC methylation was positively associated with 6MWT 

and KCCQ summary score and negatively associated with PHQ-9 and GAD-7 total scores.

Participants with HFrEF had less ASC methylation than those with HFpEF (5.77 vs. 6.48, 

respectively; Mann-Whitney U test z=−8.0, P<0.001). In addition, IL-1β and IL-18 were 

higher in participants with HFrEF than those with HFpEF ([IL-1β: 1.90 vs 1.57, 

respectively; t=−2.19, P=.03], [IL-18 319.93 vs 293.92, respectively; t=−2.21, P=.029]). % 

mean ASC methylation decreased with increase in New York Heart Association functional 

class (6.33 Class I, 5.73 class III, F=6.4, P=0.002). 6MWT distance of <300 meters is 

associated with mortality risk in HF.44 Participants who walked <300 meters had lower ASC 

methylation than those who walked >300 meters (5.82±0.54 vs. 6.09±0.44, respectively; 

t=2.89, P=0.005). Participants with moderate or severe depressive symptoms or anxiety had 

lower ASC methylation. Mean % ASC methylation for participants with a total PHQ-9 ≥ 10, 

indicative of moderate or severe depressive symptoms,45 was 5.5 ± 0.39 and 6.1 ± 0.45 for 

those who scored < 10; t=6.58, p<.001. Mean % ASC methylation was 5.42 ± 0.46 for 

participants with a total GAD-7 score ≥ 10, indicative of moderate or severe anxiety,41 and 

6.06 ± 0.44 for those who scored < 10; t=5.9, p<.001.

Overall 110 (71%) participants experienced a clinical event (88 had at least one 

hospitalization, 16 ventricular assist device implants, 3 deaths, and 3 heart transplants). 

Among participants experiencing an event, time to clinical event ranged from 2 days to 45 

months (mean time 10.5 ± 10.9 months). Multivariable Cox regression analysis for risk of 

clinical event, adjusting for age, LVEF, and CCI, was performed (Table 4). A 6MWT 

distance of < 300 meters was associated with a higher risk of experiencing a clinical event 

(HR=3.4, P=.001). ASC methylation was associated with a lower risk of a clinical event 

(HR=0.16, P=.025), while ASC protein (HR=1.28, P=.005 ) and mRNA (HR=1.003, P=.

045) expression were associated with a higher risk of a clinical event.
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DISCUSSION

This study is the first to examine ASC CpG methylation and expression in HF patients. 

Increased methylation of 7 CpG sites surrounding exon 1 was associated with decreased 

ASC expression. In addition, increased CpG methylation of ASC was associated with 

decreased plasma IL-1β. There was no relationship between ASC methylation and plasma 

IL-18, which was unexpected. Although active inflammasome has been shown to activate 

both IL-1β and IL-18, these circulating cytokines may have resulted from redundant 

pathways of inflammation.

Mean % ASC CpG methylation was 5.96±0.5%, which is higher than healthy elderly but 

lower than younger adults, as reported by Nakajima et al.38 Although they found a 

difference in levels of ASC methylation between the younger and older groups, this study 

found no association with age in HF. Previous studies have established that there is a 

decrease in global DNA methylation with age,25–27 but this relationship has not been 

established in HF. The age-related changes in healthy adults are likely not relevant in 

chronic HF. The physiological and psychological stressors of chronic disease can lead to 

premature cellular aging,46 which may be reflected by DNA methylation. Additional studies 

are necessary to determine the relationships between epigenetic control of gene expression 

and age in HF.

ASC methylation had a curvilinear relationship with EF with a strong positive linear 

relationship that begins to plateau around 40%. There may be an upper limit to the amount 

of ASC CpG methylation in HF. If so, this limit is just under 7%, which is in line with the 

group of healthy, young adults,38 indicating this may be the upper limit for the non-cancer 

population. There was a significant difference in ASC methylation between HFrEF and 

HFpEF, which may reflect the different pathophysiologies of these two conditions and 

require further investigation.

ASC methylation was associated with better psychosocial and QoL status. Inflammatory 

processes have been linked to depression and QoL. Depression and poor health status may 

potentiate the positive feedback loop of inflammation implicated in HF pathology. CpG 

demethylation may result from chronic inflammation, and the processes of ASC methylation 

and psychosocial and QoL status may be interrelated. Further animal model and human 

studies aimed at reducing physiological and psychosocial stress may help elucidate these 

mechanisms.

Both ASC methylation and ASC expression were associated with clinical events. Higher 

ASC methylation was associated with a decreased risk of hospitalization or death occurring, 

while ASC expression was associated with an increased risk of a clinical event. These results 

suggest that inflammasome is potentially integral component of pathophysiological 

processes in HF, requiring further examination of the mechanisms controlling 

inflammasome formation and activation. ASC is an adaptor protein with an N-terminal pyrin 

domain that links a pattern recognition receptor (such as NLRP3) with caspase-1 via a C-

terminal caspase-recruitment domain. Once constructed and activated, the inflammasome 

functions to sense exogenous and endogenous danger signals and to initiate inflammatory or 
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apoptotic pathways. Suppression of ASC expression leads to decreased IL-1β processing,24 

implicating control of ASC expression as an inhibitor of inflammasome activation and the 

downstream caspase-1 dependent inflammatory pathway. Therefore, epigenetic modulation 

of ASC expression likely plays a vital role in the regulation of inflammation

Previous work examining ASC CpG methylation has been in cancer studies assessing the 

link between ASC, apoptosis, and carcinogenesis.19,20,22 These studies approached 

epigenetic control of ASC as a dichotomous on/off switch in cancer cells19,22,47,48 where 

hypermethylation (off) is aberrant, leading to a faulty switch in the tumor suppressor 

machinery. Here we approach ASC CpG methylation as a regulator of inflammation, in 

which individuals have varying levels of methylation according to yet to be discovered 

physiological processes. Where in cancer CpG methylation is excessive or low, in chronic 

disease ASC expression may be optimized under complex epigenetic regulation. Previous 

studies have demonstrated varying levels of CpG methylation,38 however, few studies linked 

DNA methylation status with protein expression and subsequent physiological pathways in 

chronic disease. We demonstrated a positive association between ASC CpG methylation and 

ASC gene expression. Further, ASC CpG methylation was negatively associated with 

plasma IL-1β. These results suggest that level of DNA methylation is an important 

mechanism controlling ASC gene expression and may lead to decreased inflammasome 

activation. Further studies examining the direct relationships along the inflammasome 

activation pathway are needed to untangle the associations between chronic inflammation 

and HF pathophysiology. Given these results, ASC CpG methylation may prove to be a 

primary regulator of the pathogenesis of chronic inflammatory diseases such as HF.

In this cross-sectional study, we were not able to assess changes in DNA methylation over 

time or after an intervention. Further, we are not able to assess if changes in DNA 

methylation are related to changes in ASC expression. PBMCs are useful to measure 

systemic inflammation, however examining the processes in cardiac tissue could shed 

further light on the relationships between inflammasome and remodeling. Inflammasome 

activation can occur in many tissues and has been implicated in several chronic 

diseases.49–53 Considering the multiple co-morbidities of this sample of HF patients, 

inflammasome activation in other tissues may contribute to circulating levels of 

inflammatory proteins. In addition, inflammasome activation in tissues other than the heart 

and PBMCs may contribute to the pathophysiology of HF.

This study examined DNA methylation and did not focus on other epigenetic processes. 

Methylation of H3K9 is a common site of transcriptional repression,54 and methylation of 

H3K9 is commonly linked to methylation of nearby CpG sites.55,56 Although the 

methylation status of histone lysines and CpG sites are often mechanistically linked, the 

methylation of histones are more readily reversible and may be a better measure of 

immediate transcriptional control. Conversely, the methylation status of CpG islands are 

indicative of more long-term control and may prove to be a better marker of the 

pathophysiological status in chronic disease.

In conclusion, increased methylation of CpG sites in the intron region of ASC is associated 

with improved physical, psychological and QoL outcomes in HF. The associated decrease in 
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ASC expression implicates this inflammatory mediator as a possible driver of HF outcomes, 

providing an avenue to explore novel interventions.

Acknowledgments

Supported in part by PHS Grant UL1TR000454 from the Clinical and Translational Science Award Program, 
National Institutes of Health, National Center for Advancing Translational Sciences. Effort for B. Butts was funded 
in part by the National Institutes of Health National Institute of Nursing Research grant numbers T32NR012715 
(PI-S. Dunbar) and 1F31NR015180-01 (PI-B. Butts).

Abbreviations list

ASC apoptosis-associated speck-like protein with a caspase recruitment domain

KCCQ Kansas City Cardiomyopathy Questionnaire

PHQ-9 Patient Health Questionnaire

GAD-7 Generalized Anxiety Disorder 7-item scale

IL interleukin

References

1. Dharmarajan K, Hsieh AF, Kulkarni VT, Lin Z, Ross JS, Horwitz LI, et al. Trajectories of risk after 
hospitalization for heart failure, acute myocardial infarction, or pneumonia: retrospective cohort 
study. BMJ. 2015; 350:h411.10.1136/bmj.h411 [PubMed: 25656852] 

2. Salloum FN, Chau V, Varma A, Hoke NN, Toldo S, Biondi-Zoccai GGL, et al. Anakinra in 
experimental acute myocardial infarction - does dosage or duration of treatment matter? Cardiovasc 
Drugs Ther. 2009; 23:129–135. [PubMed: 19005744] 

3. Hornung V, Ablasser A, Charrel-Dennis M, Bauernfeind F, Horvath G, Caffrey DR, et al. AIM2 
recognizes cytosolic dsDNA and forms a caspase-1-activating inflammasome with ASC. Nature. 
2009; 458:514–519. [PubMed: 19158675] 

4. Abbate A. The heart on fire: Inflammasome and cardiomyopathy. Exp Physiol. 2013; 98(2):
385.10.1113/expphysiol.2012.069021 [PubMed: 23349530] 

5. Bracey NA, Beck PL, Muruve DA, Hirota SA, Guo J, Jabagi H, et al. The Nlrp3 inflammasome 
promotes myocardial dysfunction in structural cardiomyopathy through interleukin-1β. Exp Physiol. 
2013; 98(2):462–472.10.1113/expphysiol.2012.068338 [PubMed: 22848083] 

6. Kawaguchi M, Takahashi M, Hata T, Kashima Y, Usui F, Morimoto J, et al. Inflammasome 
activation of cardiac fibroblasts is essential for myocardial ischemia/reperfusion injury. Circulation. 
2011; 123:594–604.10.1161/CIRCULATIONAHA.110.982777 [PubMed: 21282498] 

7. Mezzaroma E, Toldoa S, Farkasb D, Seropiana IM, Tassellb BWV, Sallouma FN, et al. The 
inflammasome promotes adverse cardiac remodeling following acute myocardial infarction in the 
mouse. PNAS. 2011; 108(49):19725–19730.10.1073/pnas.1108586108 [PubMed: 22106299] 

8. Tabas I, Glass CK. Anti-inflammatory therapy in chronic disease: challenges and opportunities. 
Science. 2013; 336:166–172.10.1126/science.1230720 [PubMed: 23307734] 

9. Glezeva N, Baugh JA. Role of inflammation in the pathogenesis of heart failure with preserved 
ejection fraction and its potential as a therapeutic target. Heart Failure Reviews. 2014; 19(5):681–
694.10.1007/s10741-013-9405-8 [PubMed: 24005868] 

10. Schroder K, Zhou R, Tschopp J. The NLRP3 inflammasome: A sensor for metabolic danger? 
Science. 2010; 327:296–300.10.1126/science.1184003 [PubMed: 20075245] 

11. Rathinam VAK, Vanaja SK, Fitzgerald KA. Regulation of inflammasome signaling. Nature 
Immunology. 2012; 13(4):333–342. [PubMed: 22430786] 

12. Schroder K, Tschopp J. The inflammasome. Cell Adhes Commun. 2010; 140:821–832.10.1016/
j.cell.2010.01.040

Butts et al. Page 8

J Card Fail. Author manuscript; available in PMC 2017 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



13. Tschopp J, Schroder K. NLRP3 inflammasome activation: the convergence of multiple signalling 
pathwayson ROS production? Nature Reviews Immunology. 2010; 10:210–215.10.1038/nri2725

14. Abbate A, Kontos MC, Grizzard JD, Biondi-Zoccai GGL, Van Tassell B, Robati R, et al. 
Interleukin-1 blockade with Anakinra to prevent adverse cardiac remodeling after acute 
myocardial infarction (Virginia Commonwealth University Anakinra Remodeling Trial [VCU-
ART] pilot study). Am J Cardiol. 2010; 105:1371–1377.10.1016/j.amjcard.2009.12.059 [PubMed: 
20451681] 

15. Takahashi M. NLRP3 inflammasome as a novel player in myocardial infarction. International 
Heart Journal. 2014; 55:101–105. [PubMed: 24632952] 

16. Okamura H, Tsutsui H, Kashiwamura S-I, Yoshimoto T, Nakanishi K. Interleukin-18: A novel 
cytokinethat augments both innate and acquired immunity. Adv Immunol. 1998; 70:281–312. 
[PubMed: 9755340] 

17. Taniguchi S, Sagara J. Regulatory molecules involved in inflammasome formation with special 
reference to a key mediator protein, ASC. Seminars in Immunopathology. 2007; 29:231–238. 
[PubMed: 17805543] 

18. Lebel-Binay S, Berger A, Zinzindohoué F, Cugnenc P-H, Thiounn N, Fridman WH, et al. 
Interleukin-18: Biological properties and clinical implications. Eur Cytokine Netw. 2000; 11(1):
15–26. [PubMed: 10705295] 

19. Conway KE, McConnell BB, Bowring CE, Donald CD, Warren ST, Vertino PM. TMS1, a novel 
proapoptotic caspase recruitment domain protein, is a target of methylation-induced gene silencing 
in human breast cancers. Cancer Res. Nov 15; 2000 60(22):6236–6242. [PubMed: 11103776] 

20. Stimson KM, Vertino PM. Methylation-mediated silencing of TMS1/ASC is accompanied by 
histone hypoacetylation and CpG island-localized changes in chromatin architecture. J Biol Chem. 
Feb 15; 2002 277(7):4951–4958.10.1074/jbc.M109809200 [PubMed: 11733524] 

21. Levine JJ, Stimson-Crider KM, Vertino PM. Effects of methylation on expression of TMS1/ASC in 
human breast cancer cells. Oncogene. May 29; 2003 22(22):3475–3488.10.1038/sj.onc.1206430 
[PubMed: 12776200] 

22. Stone AR, Bobo W, Brat DJ, Devi NS, Van Meir EG, Vertino PM. Aberrant methylation and down-
regulation of TMS1/ASC in human glioblastoma. Am J Pathol. Oct; 2004 165(4):1151–
1161.10.1016/s0002-9440(10)63376-7 [PubMed: 15466382] 

23. Kapoor-Vazirani P, Kagey JD, Vertino PM. SUV420H2-mediated H4K20 trimethylation enforces 
RNA polymerase II promoter-proximal pausing by blocking hMOF-dependent H4K16 acetylation. 
Mol Cell Biol. Apr; 2011 31(8):1594–1609.10.1128/mcb.00524-10 [PubMed: 21321083] 

24. Sarkar A, Duncan M, Hart J, Hertlein E, Guttridge DC, Wewers MD. ASC directs NF-kappaB 
activation by regulating receptor interacting protein-2 (RIP2) caspase-1 interactions. J Immunol. 
Apr 15; 2006 176(8):4979–4986. [PubMed: 16585594] 

25. Damaschke NA, Yang B, Bhusari S, Svaren JP, Jarrard DF. Epigenetic susceptibility factors for 
prostate cancer with aging. Prostate. Dec; 2013 73(16):1721–1730.10.1002/pros.22716 [PubMed: 
23999928] 

26. McClay JL, Aberg KA, Clark SL, Nerella S, Kumar G, Xie LY, et al. A methylome-wide study of 
aging using massively parallel sequencing of the methyl-CpG-enriched genomic fraction from 
blood in over 700 subjects. Hum Mol Genet. Mar 1; 2014 23(5):1175–1185.10.1093/hmg/ddt511 
[PubMed: 24135035] 

27. Rang FJ, Boonstra J. Causes and Consequences of Age-Related Changes in DNA Methylation: A 
Role for ROS? Biology (Basel). 2014; 3(2):403–425.10.3390/biology3020403 [PubMed: 
24945102] 

28. Ling C, Ronn T. Epigenetic adaptation to regular exercise in humans. Drug discovery today. Jul; 
2014 19(7):1015–1018.10.1016/j.drudis.2014.03.006 [PubMed: 24632002] 

29. Horsburgh S, Robson-Ansley P, Adams R, Smith C. Exercise and inflammation-related epigenetic 
modifications: focus on DNA methylation. Exerc Immunol Rev. 2015; 21:26–41. [PubMed: 
25826329] 

30. Takumi S, Okamura K, Yanagisawa H, Sano T, Kobayashi Y, Nohara K. The effect of a methyl-
deficient diet on the global DNA methylation and the DNA methylation regulatory pathways. J 
Appl Toxicol. Feb 17.2015 10.1002/jat.3117

Butts et al. Page 9

J Card Fail. Author manuscript; available in PMC 2017 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



31. Delgado-Cruzata L, Zhang W, McDonald JA, Tsai WY, Valdovinos C, Falci L, et al. Dietary 
modifications, weight loss, and changes in metabolic markers affect global DNA methylation in 
Hispanic, african american, and afro-Caribbean breast cancer survivors. J Nutr. Apr; 2015 145(4):
783–790.10.3945/jn.114.202853 [PubMed: 25833781] 

32. Fan C, Dong H, Yan K, Shen W, Wang C, Xia L, et al. Genome-wide screen of promoter 
methylation identifies novel markers in diet-induced obese mice. Nutr Hosp. 2014; 30(1):42–
52.10.3305/nh.2014.30.1.7521 [PubMed: 25137261] 

33. Yang IV, Pedersen BS, Liu A, O'Connor GT, Teach SJ, Kattan M, et al. DNA methylation and 
childhood asthma in the inner city. J Allergy Clin Immunol. Mar 11.2015 10.1016/j.jaci.
2015.01.025

34. Ottini L, Rizzolo P, Siniscalchi E, Zijno A, Silvestri V, Crebelli R, et al. Gene promoter 
methylation and DNA repair capacity in monozygotic twins with discordant smoking habits. Mutat 
Res Genet Toxicol Environ Mutagen. Feb.2015 779:57–64.10.1016/j.mrgentox.2015.01.006 
[PubMed: 25813726] 

35. Argos M, Chen L, Jasmine F, Tong L, Pierce BL, Roy S, et al. Gene-specific differential DNA 
methylation and chronic arsenic exposure in an epigenome-wide association study of adults in 
Bangladesh. Environ Health Perspect. Jan; 2015 123(1):64–71.10.1289/ehp.1307884 [PubMed: 
25325195] 

36. Butts B, Gary RA, Dunbar SB, Butler J. The Importance of NLRP3 Inflammasome in Heart 
Failure. J Card Fail. 2015; 21(7):586–593.10.1016/j.cardfail.2015.04.014 [PubMed: 25982825] 

37. Charlson M, Szatrowski TP, Peterson J, Gold J. Validation of a combined comorbidity index. J Clin 
Epidemiol. Nov; 1994 47(11):1245–1251. [PubMed: 7722560] 

38. Nakajima K, Takeoka M, Mori M, Hashimoto S, Sakurai A, Nose H, et al. Exercise effects on 
methylation of ASC gene. Int J Sports Med. 2010; 31:671–375.10.1055/s-0029-1246140 
[PubMed: 20200803] 

39. Bittner V, Weiner DH, Yusuf S, Rogers WJ, McIntyre KM, Bangdiwala SI, et al. Prediction of 
mortality and morbidity with a 6-minute walk test in patients with left ventricular dysfunction. 
SOLVD Investigators. JAMA. Oct 13; 1993 270(14):1702–1707. [PubMed: 8411500] 

40. Kroenke K, Spitzer R, Williams J. the PHQ-0: Validity of a Brief Depression Severity Measure. 
JGIM. 2001; 16(9):606–613. [PubMed: 11556941] 

41. Spitzer RL, Kroenke K, Williams JB, Lowe B. A brief measure for assessing generalized anxiety 
disorder: the GAD-7. Arch Intern Med. May 22; 2006 166(10):1092–1097.10.1001/archinte.
166.10.1092 [PubMed: 16717171] 

42. Green CP, Porter CB, Bresnahan DR, Spertus JA. Development and evaluation of the Kansas City 
Cardiomyopathy Questionnaire: a new health status measure for heart failure. J Am Coll Cardiol. 
2000; 35(5):1245–1255. [PubMed: 10758967] 

43. Spertus J, Peterson E, Conard MW, Heidenreich PA, Krumholz HM, Jones P, et al. Cardiovascular 
Outcomes Research Consortium. Monitoring clinical changes in patients with heart failure: a 
comparison of methods. Am Heart J. 2005; 150(4):707–715. [PubMed: 16209970] 

44. Arslan S, Erol MK, Gundogdu F, Sevimli S, Aksakal E, Senocak H, et al. Prognostic value of 6-
minute walk test in stable outpatients with heart failure. Tex Heart Inst J. 2007; 34(2):166–169. 
[PubMed: 17622362] 

45. Kroenke K, Spitzer RL, Williams JB. The PHQ-9: validity of a brief depression severity measure. J 
Gen Intern Med. Sep; 2001 16(9):606–613. [PubMed: 11556941] 

46. Fyhrquist F, Saijonmaa O, Strandberg T. The roles of senescence and telomere shortening in 
cardiovascular disease. Nat Rev Cardiol. May; 2013 10(5):274–283.10.1038/nrcardio.2013.30 
[PubMed: 23478256] 

47. Collard RL, Harya NS, Monzon FA, Maier CE, O'Keefe DS. Methylation of the ASC gene 
promoter is associated with aggressive prostate cancer. Prostate. May 15; 2006 66(7):687–
695.10.1002/pros.20371 [PubMed: 16425203] 

48. Virmani A, Rathi A, Sugio K, Sathyanarayana UG, Toyooka S, Kischel FC, et al. Aberrant 
methylation of TMS1 in small cell, non small cell lung cancer and breast cancer. Int J Cancer. Aug 
20; 2003 106(2):198–204.10.1002/ijc.11206 [PubMed: 12800194] 

Butts et al. Page 10

J Card Fail. Author manuscript; available in PMC 2017 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



49. Pan Y, Chen XY, Zhang QY, Kong LD. Microglial NLRP3 inflammasome activation mediates 
IL-1beta-related inflammation in prefrontal cortex of depressive rats. Brain Behav Immun. Oct.
2014 41:90–100.10.1016/j.bbi.2014.04.007 [PubMed: 24859041] 

50. Lee S, Suh GY, Ryter SW, Choi AM. Regulation and Function of the NLRP3 Inflammasome in 
Lung Disease. Am J Respir Cell Mol Biol. Sep 29.2015 10.1165/rcmb.2015-0231TR

51. Granata S, Masola V, Zoratti E, Scupoli MT, Baruzzi A, Messa M, et al. NLRP3 inflammasome 
activation in dialyzed chronic kidney disease patients. PLoS One. 2015; 10(3):e0122272.10.1371/
journal.pone.0122272 [PubMed: 25798846] 

52. Hoque R, Mehal WZ. Inflammasomes in pancreatic physiology and disease. American journal of 
physiology. Gastrointestinal and liver physiology. Apr 15; 2015 308(8):G643–651.10.1152/ajpgi.
00388.2014 [PubMed: 25700081] 

53. Bigford GE, Bracchi-Ricard VC, Keane RW, Nash MS, Bethea JR. Neuroendocrine and cardiac 
metabolic dysfunction and NLRP3 inflammasome activation in adipose tissue and pancreas 
following chronic spinal cord injury in the mouse. ASN neuro. 2013; 5(4):243–255.10.1042/
an20130021 [PubMed: 23924318] 

54. Scharf AN, Imhof A. Every methyl counts--epigenetic calculus. FEBS Lett. Jul 7; 2011 585(13):
2001–2007.10.1016/j.febslet.2010.11.029 [PubMed: 21108946] 

55. Hashimoto H, Vertino PM, Cheng X. Molecular coupling of DNA methylation and histone 
methylation. Epigenomics. Oct; 2010 2(5):657–669.10.2217/epi.10.44 [PubMed: 21339843] 

56. Chang Y, Sun L, Kokura K, Horton JR, Fukuda M, Espejo A, et al. MPP8 mediates the interactions 
between DNA methyltransferase Dnmt3a and H3K9 methyltransferase GLP/G9a. Nat Commun. 
2011; 2:533.10.1038/ncomms1549 [PubMed: 22086334] 

Butts et al. Page 11

J Card Fail. Author manuscript; available in PMC 2017 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Highlights

1. Heart failure (HF) is associated with inflammation characterized by the 

formation the inflammasome, which triggers maturation of inflammatory 

cytokines.

2. ASC, a vital component of the inflammasome, is controlled through epigenetic 

modification, which may be a candidate pathway for worsening HF.

3. ASC methylation in this study was inversely related to ASC mRNA and protein.

4. ASC methylation had a positive linear relationship with ejection fraction, quality 

of life, and six-minute walk test, and a negative linear relationship with 

depression and anxiety.

5. Higher ASC methylation was associated with a lower risk for clinical adverse 

events while higher protein and mRNA expression were associated with a 

greater risk.
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Figure 1. Association between ASC methylation, ASC expression, and cytokine expression
Increased percent methylation of 7 CpG cites immediately preceding exon 1 of ASC is 

related to decreased ASC mRNA and protein expression. Decreased ASC expression is 

significantly related to decreased IL-1β expression. No significant relationship was found 

between ASC expression and IL-18 expression.

ASC: apoptosis-associated spec-like protein containing a caspase recruitment domain, 

GAPDH: Glyceraldehyde 3-phosphate dehydrogenase
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Figure 2. Linear relationships between percent ASC Methylation and heart failure outcomes
Left ventricular ejection fraction (LVEF) and LVEF-squared weres added as covariates in the 

other linear models.

PHQ-9 – Patient Health Questionnaire, GAD-7 – Generalized Anxiety Disorder, KCCQ – 

Kansas City Cardiomyopathy Questionnaire
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Table 1

Sample Demographics and Clinical Characteristics

N=155 Range Mean (SD) Median (IQR)

Age (years) 27 – 87 56.9 (12.0) 57 (50–64)

BMI (kg/m2) 17.2 – 52.3 30.8 (7.3) 29.7 (25.3–30.1)

LVEF (%) 7.5 – 65 29.9 (14.9) 25 (20–37.5)

Charlson Comorbidity Index 1 – 10 4.38 (2.15) 4 (3–6)

Systolic Blood Pressure (mmHg) 72 – 223 114.1 (22.8) 110 (100–26)

Sodium (mEq/L) 129 – 145 138.3 (2.9) 138 (136–140)

BNP (pg/mL) 6 – 4612 469.6 (680.1) 226 (68–638)

N %

Gender
Male 99 63.9%

Female 56 36.1%

Race

Black 73 47.1%

White 81 52.3%

Other 1 0.6%

NYHA class

I 11 7.2%

II 105 68.6%

III 37 24.2%

IV 0 N/A

Type of HF
HFrEF 118 76.1%

HFpEF 37 23.9%

BMI: Body mass index, LVEF: Left ventricular ejection fraction, BNP: brain natriuretic peptide, NYHA: New York Heart Association, HF: Heart 
Failure, HFrEF: HF and reduced ejection fraction (<40%), HFpEF: HF and preserved ejection fraction (≥ 40%)
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Table 2

ASC and IL-1 Cytokines

N=155 Mean ± SD Range

Mean ASC Methylation (%) 5.96 ± 0.5 4.6 – 6.8

ASC:GAPDH mRNA 1.15 ± 0.07 0.91 – 1.41

ASC protein (pg/mL) 4.31 ± 2.7 0.27 – 15.82

IL-1β(pg/mL) 1.81 ± 0.8 0 – 3.5

IL-18(pg/mL) 313.31 ± 62.9 109.2 – 452.3

ASC: apoptosis-associated spec-like protein containing a caspase recruitment domain, GAPDH: Glyceraldehyde 3-phosphate dehydrogenase
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Table 3

Six-Minute Walk Test, Psychological, and Quality of Life Measures

N=155 Range Mean (SD) Median (IQR)

6-minute walk test (meters) 112.7–731.5 353.8 (108.6) 351 (276–416)

Patient Health Questionnaire-9 0–25 3.61 (5.9) 4 (1–10)

Generalized Anxiety Disorder -7 0–21 4.44 (5.2) 3 (0–6)

Kansas City Cardiomyopathy Questionnaire 12.8–100 67.31 (23.7) 70 (49.6–90.2)
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Table 4

Multivariable Cox Regression Analysis for Risk of Clinical Event Adjusted for Covariates

Variable Hazard Ratio 95% Confidence Interval p-value

6 minute walk distance <300m 3.4 1.68 – 7.26 .001

ASC % methylation 0.16 0.03 – 0.79 .025

ASC protein expression (pg/mL) 1.28 1.11 – 1.39 .005

ASC mRNA expression (ASC:GAPDH) 1.003 1.00 – 1.010 .045

Hazard ratios adjusted for age, left ventricular ejection fraction, and comorbidities
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