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Abstract

Introduction/Purpose—Inflammation contributes to heart failure (HF) progression and the 

interleukin (IL)-1 cytokine IL-1β is implicated in this process. The adaptor protein ASC is 

necessary for inflammasome activation of IL-1β. Lower ASC methylation is associated with worse 

outcomes in HF. The purpose of this study was to examine the effects of exercise on changes in 

ASC methylation and activation of the interleukin-1 family cytokine IL-1β in persons with HF.

Methods—Participants (N=54) were randomized to receive exercise intervention (n=38) or 

attention control (n=16) for 3 months. Percent methylation of the ASC gene, plasma IL-1β, and 

ASC mRNA and were obtained at baseline, 3 months, and 6 months.

Results—ASC methylation was higher in the exercise group as compared to control at 3 months 

(6.10±0.5% vs. 5.80±0.4%; p=.04) and 6 months (6.07±0.4 vs. 5.82±0.4; p=.04). Plasma IL-1β 
was lower in the exercise group at 3 months (1.43±0.5 pg/mL vs. 2.09±1.3 pg/mL; p=.02) and 6 

months (1.49±0.5 pg/mL vs. 2.13±1.4 pg/mL; p=.004). ASC mRNA expression was negatively 

associated with ASC methylation at baseline (r=−.97, p=.001), 3 months (r=−.90, p=.001), and 6 

months (r=−.81, p=.001). ASC mRNA was lower than baseline at 3 months (p=.004) and 6 months 

(p=.002) among those in the exercise group. ASC methylation was positively associated with six-

minute walk test (6MWT) at baseline (r=.517, p<.001), 3 months (r=.464, p=.004), and 6 months 

(r=497, p=.05).

Conclusions—Exercise was related to increased mean percent ASC methylation and decreased 

IL-1β and ASC mRNA gene expression in HF. Epigenetic regulation of ASC can be a biological 

mechanism by which exercise can promote better outcomes in HF.
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Introduction

Heart failure (HF) is a progressive, terminal illness with frequent decompensation related to 

ventricular remodeling. Because HF remains a leading cause of morbidity and mortality in 

the United States (1), identification of novel therapeutic targets that may slow disease 

progression are urgently needed. HF is associated with a chronic sterile inflammation 

characterized by the formation and activation of a protein complex, the inflammasome, 

which activates inflammatory cytokines that promote cardiac hypertrophy and myocardial 

apoptosis (2, 3). The inflammasome is composed of a NOD (nucleotide-binding 

oligomerization domain)-like receptor (NLRP3), apoptosis-associated speck-like protein 

containing a caspase recruitment domain (ASC), and caspase-1 (4, 5).

Interleukin-1β (IL-1β) and IL-18 are pleiotropic, inflammatory cytokines theorized to play a 

prognostic and mechanistic role in HF (6, 7); increased levels have been shown to 

significantly contribute to worsening HF severity and mortality (6, 8). IL-1β and IL-18 

increase during acute HF decompensation, suggesting a role in myocardial dysfunction (8). 

IL-1β induces nitric oxide production (iNOS) (9), leading to worsening of ventricular 

remodeling in HF. IL-1β and IL-18 are activated via caspase-1 dependent proteolytic 

cleavage (5). Caspase-1 is recruited by an adaptor molecule, ASC, which leads to IL-1β and 

IL-18 activation (9). Unlike NLRP3 and caspase-1, ASC has no known independent activity 

outside of the inflammasome and is necessary for caspse-1 activation (10). Thus, ASC 

availability may be a limiting factor in inflammasome activation.

ASC gene expression is epigenetically controlled by DNA methylation (11, 12). Increased 

methylation of 7 CpG sites in the promoter region of exon 1 of the ASC gene is associated 

with decreased ASC mRNA and protein expression (12). ASC methylation is positively 

associated with six-minute walk test total distance and aerobic capacity in HF (12, 13). 

Increased ASC methylation has been shown to be higher in older adults who participated in 

an aerobic exercise program as compared to controls (11). However, no studies to date have 

examined changes in ASC methylation in response to an exercise intervention in persons 

with HF.

Although no intervention studies targeting epigenetic changes with exercise in HF have been 

reported to date, studies in healthy adults and adults with chronic diseases have 

demonstrated that short-term and long-term exercise interventions can result in genome-

wide and gene-specific epigenetic changes (14–16). The 2013 American Heart Association 

recommendations for HF (1) include exercise as a safe and effective non-pharmacological 

therapy that improves physical and psychological function, reduces hospital readmission 

rates, lowers mortality in some studies, and improves quality of life (17, 18). Moderate 

exercise has been shown to reduce inflammation, and it has been suggested that changes in 

inflammation with exercise is due to epigenetic changes (19).

The purpose of this study was to examine the effects of exercise on changes in ASC 
methylation and activation of the interleukin-1 family cytokines IL-1β and IL-18 in persons 

with HF. We hypothesized that: 1) persons with HF who participate in a 3-month aerobic 

exercise intervention will have increased ASC methylation at completion of the intervention 
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as compared to persons with HF in an attention-control group, and 2) increased ASC 
methylation will be related to decreased plasma IL-1β and IL-18 and to iNOS mRNA 

expression in persons with HF. Further, we investigated if changes in ASC methylation and 

plasma IL-1β and IL-18 were sustained 3 months after completing the aerobic exercise 

intervention.

Methods

Study Design

Fifty-four participants were enrolled in this pilot study from 1 of 4 large urban tertiary-care 

hospitals that had multidisciplinary outpatient HF clinics. Participants were randomized to 

receive an exercise intervention (n=38) or attention control (n=16) for 3 months. Participants 

were followed for an additional 3-month maintenance phase after the intervention. Both 

groups received two home baseline visits, weekly phone calls during the 3-month 

intervention phase, and bi-monthly phone calls during the maintenance phase, from 3 

months to 6 months. The time points were chosen to examine physiological changes over a 

short-term (3 month) moderate intensity exercise program and if the changes persisted or 

diminished 3 months post exercise intervention (at 6 months).

The exercise group received the exercise prescription using a progressive, moderate intensity 

aerobic protocol. To ensure that participants achieve adequate training stimulus, dose-

specific exercise was based on maximum heart rate obtained during symptom-limited, 

modified Balke treadmill test at baseline. Participants in the exercise group were instructed 

to walk for 30 minutes 3 times per week at 60% maximum heart rate for the first two weeks, 

45 minutes 3 times per week at 60% maximum heart rate for weeks three and four, and 45 

minutes 3 times per week at 70% maximum heart rate for the remaining eight weeks. The 

attention control group received education and flexibility and stretching exercises to control 

for the possible confounding variable of receiving attention from a healthcare professional.

All studies were performed under research protocols approved by the Institutional Review 

Boards of Emory University and participating institutions. Each subject was informed of 

testing protocols and the potential risks and benefits of participation. All participants 

provided written consent before participation.

Study Sample

Participants were screened for eligibility via medical record. Inclusion and exclusion criteria 

were as previously described (13). Severity of illness was controlled by limiting participants 

to NYHA class II and III, who are more similar in response to exercise than class I and IV. 

In addition, severity of illness was controlled by LVEF limitations (LVEF > 10%) and 

optimal medication therapy for HF. Participants below the age of 40 years are likely to have 

HF for other reasons than the majority of the general HF population. Older age (>75) is 

associated with reduced exercise capacity which may confound the physiological outcome 

measurements. Both resting and exercise heart rates are influenced by beta-blockers, which 

is considered optimal therapy for HF patients, and this was controlled for during analysis. 

For both exercise testing and training, the heart rate reserve method was used, which takes 
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into account the patient’s resting heart rate, thereby reducing the effect of beta-blockade. 

Best efforts were made to schedule patients for their exercise testing and training a minimum 

of three hours after taking beta blockers. Patients with an ICD were enrolled if their heart 

rate limits were set to be higher than the target heart rate for the exercise regimen. 

Participants with recurrent angina, more severe symptoms, or have uncontrolled 

hypertension were excluded due to the higher risk for adverse cardiovascular events during 

exercise testing and the walking intervention. Because the benefit of exercise is being 

evaluated, participants who were currently or recently enrolled in an exercise program for 

the previous eight weeks or were exercising at regular intervals (more than twice per week 

for 30 minutes) were excluded from the study.

G*Power software was used to assess the power/effect size detectable given an estimated 

sample size of 54 for this pilot study. A sample size of 54 at 80% power can detect large 

effect sizes in the repeated measures analysis (f=0.37 for group main effect, f=0.41 for time 

main effect and f=0.41 for the group-x-time interaction effect) using an F-Test with a 

significance level (alpha) of 0.05.

Measurements

Demographic and Clinical Data—Sociodemographic and clinical variables included 

age, gender, medical history, and medications, and were obtained from medical records and 

a self-report questionnaire. The Charlson Comorbidity Index (CCI) (20) was used to assess 

for other chronic conditions. Height was measured with a standard stadiometer, without 

shoes and recorded in centimeters. Weight was measured in kilograms using a calibrated 

scale with the participant in light clothing, without shoes. Body mass index (BMI) was 

calculated by the formula: BMI = (weight in kg)/(height in cm)2. Participants with LVEF 

<40% were categorized as heart failure with reduced ejection fraction (HFrEF), and those 

with LVEF ≥40% were categorized as preserved ejection fraction (HFpEF).

Blood draws took place at BL, intervention completion (3 months) and after a 3-month 

maintenance period (6 months). Blood samples were collected in the morning after an 

overnight fast. Blood was collected in a vacutainer with EDTA, separated into plasma and 

buffy coat, and stored at −80°C until analysis.

Exercise Logs—Participants were provided 3 calendars to record exercise sessions 

completed during each month of the intervention. Participants who documented at least 12 

exercise sessions per month were considered to have completed the exercise program. 

Participants who recorded less than 12 exercise sessions per month or did not turn in any 

completed exercise calendars were considered to have not completed the exercise program.

Six-Minute Walk Test—The six-minute walk test (6MWT) was performed at BL, 

intervention completion (3 months) and after a 3-month maintenance period (6 months). 

Participants were instructed to walk as far as possible for 6 minutes along a level walk way. 

Total distance walked in 6 minutes was measured in meters.

Cardiopulmonary Exercise Stress Test—Exercise stress testing was performed at was 

performed at BL and intervention completion (3 months). The dose-specific exercise was 
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based on maximum heart rate obtained during a modified Balke maximal symptom-limited 

treadmill test. The test protocol and parameters have been described previously (13). In 

brief, heart rate, continuous gas exchange, telemetry, blood pressure, rating of perceived 

exertion, and oxygen saturation were assessed for each patient 1 minute before, during, and 

4 minutes after the exercise test according to American Heart Association guidelines (21). 

The test protocol began at 0% incline at 2.0 mph on a motorized treadmill for 3 minutes with 

an increase in incline of 3.5% every 3 minutes for 18 minutes. All participants completed the 

treadmill test regardless of group assignment.

ASC Methylation—Percent methylation of 7 CpG sites in exon I of ASC was measured as 

previously reported (12, 13). In brief, genomic DNA (see Table, SDC 1, genomic DNA 

concentrations for each sample) from peripheral blood mononuclear cells (PBMCs) was 

bisulfite treated and amplified by PCR, followed by pyrosequencing for methylation 

quantification (11). Methylation of 7 CpG sites in exon 1 were measured (12) and analyzed 

as mean percent methylation. The mean percent methylation of the 7 CpG sites for each 

individual was calculated as the sum of percent methylation of the CpG sites divided by 7. 

All results are presented as mean percent methylation.

Cytokines—IL-1β and IL-18 were analyzed from plasma that has been separated from 

collected whole blood and stored at −80°C immediately after collection. Plasma cytokines 

were measured in duplicate using commercially available ELISA kits (eBioscience). Plates 

were read on a BioTek microplate reader and analyzed using Gen5 software. Curve fitting 

was selected among linear, quadratic and 4-point based on the best regression coefficient.

mRNA—mRNA was extracted using a commercial kit (mRNA Catcher™ Plus, Invitrogen) 

and converted to cDNA using reverse transcriptase PCR (High-Capacity cDNA Reverse 

Transcription Kit, Applied Biosystems). IL-18, ASC, and iNOS mRNA were quantified via 

quantitative real-time PCR (RT-PCR). GAPDH was used as the reference gene. Primers used 

for RT-PCR PCR [GAPDH: 5′-GCTTGAATCTAAATTATCAGTC-3′, 5′-

GAAGATTCAAATTGCATCTTAT-3′; ASC: 5′-GCCGAGCTCACCGCTAACG-3′, 5′-

CATCCAGCAGCCACTCAACG-3′; IL-18: 5′-CAAGGAAATCGGCCTCTATT-3′, 5′-

TCCTGGGACACTTCTCTGAA-3′; iNOS: 5′-CAAGCCTACCCCTCCAGATG-3′, 5′-

CATCTCCCGTCAGTTGGTAGGT-3′] were developed using Primer Express® software. To 

normalize gene expression relative to a non-HF reference sample, mRNA quantification 

results were calculated using the 2−ΔΔCT method (22).

Data Analysis

Descriptive statistics were analyzed for all study variables and data were reviewed for 

normality assumptions and outliers, in preparation for analysis. IL-18 did not met criteria for 

normality and was log transformed (LN) for statistical analysis. All data were analyzed 

using SAS version 9.4 with an alpha set at 0.05. Student t-tests were used to compare group 

differences in demographic and clinical variables at baseline. PROC MIXED with 

Bonferroni adjusted least squares mean analysis was used to compare within GROUP and 

between GROUP changes across TIME. For hypothesis testing, data was analyzed according 

to intention to treat principles. The primary analysis used to test the hypotheses employed a 
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general linear mixed model for repeated measures data. For most variables, the model has 

one between-subjects variable GROUP with two levels (control and exercise) and one 

within-subjects variable TIME with three levels (BL, 3 and 6 months). The test of the 

hypotheses hinged on the GROUP by TIME interaction as an indication of group differences 

in the variable of interest over time. A given hypothesis was supported by the finding of a 

statistically significant GROUP by TIME interaction, and the finding that the means are in 

the hypothesized direction. Multilevel modeling, using PROC MIXED, provided separate 

estimates of the means for each variable by time and treatment groups. This method allowed 

to control for attrition over time. The linear model was fit using restricted maximum 

likelihood estimation with an appropriate form for the variance-covariance among the 

repeated measures. Covariates for each hypothesis were selected based on literature 

documentation of relationships and performance of the data and relationships within this 

study. PROC MIXED allowed for the handling of missing data through the use of restricted 

maximum likelihood estimation, retaining participants in the analysis and preserving sample 

size, and accommodated covariates as defined in the model. Effect sizes were calculated 

using Hedges’ g, which adjusts the calculation of the pooled standard deviation with weights 

for the sample sizes (23). Mediation models to examine the indirect effects of ASC 
methylation on downstream variables via IL-1 cytokines were performed using PROC IML 

with PROCESS version 2.15 (24).

Results

Patient Characteristics

Demographic and clinical data are presented in Table 1. No significant group differences at 

baseline were found. Age varied widely, ranging from 40 to 75 years. LVEF ranged from 15 

to 65%, and 65.0% of the participants had LVEF <40%. The most common comorbidities 

were hypertension (n=36, 66.7%), dyslipidemia (n=30, 55.6%), depression (n=20, 37.0%), 

and diabetes (n=19, 35.2%). One-third of participants (n=16, 29.6%) had a previous MI. 

Older participants had higher LVEF (r=.281, p=.044), more comorbidities (CCI, r=.75, p<.

001), and had lower total distance walked on 6MWT (r=−.463, p<.001). Females had higher 

LVEF as compared to males (38.23 ± 14.9 vs. 29.44 ± 13.6, respectively; t=2.26, p=.03).

Among participants in the exercise group, 60% completed at least 12 days of exercise per 

month for the 3-month intervention (Table 1). Total number of reported days exercised 

ranged from 0 to 84.

Outcome Measures by Group and over Time

Outcome data are presented by group and time in Table 2. No significant group differences 

at baseline were found. Mean percent ASC methylation was higher in the exercise group as 

compared to the control group at 3 months and 6 months, with medium to large effects sizes 

of .72 and .81, respectively (Table 2). Plasma IL-1β was lower among the exercise group as 

compared to the control group at 3 months and 6 months, with medium to large effect sizes 

of 0.83 and 0.79, respectively (Table 2). Among those in the exercise group mean percent 

ASC methylation was higher at 3 months as compared to baseline, and IL-1β was 

significantly lower than baseline at both 3 months and 6 months (Table 2). Total distance 
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walked during the 6MWT was higher in the exercise group as compared to the control group 

at 3 months and 6 months, with medium effect sizes of 0.61 and 0.70, respectively (Table 2). 

Among those in the exercise group, 6MWT total distance was higher at 6 months as 

compared to baseline. No group differences or changes from baseline were found for peak 

V̇O2 (Table 2).

Significant group differences in change scores from baseline to 3 months (Figure 1) were 

found for IL-1β (control 0.18 pg/mL vs exercise −0.33 pg/mL, t=3.73, p=.001) and mean 

percent ASC methylation (control −0.04% vs exercise 0.04%, t=−2.71, p=.01). In addition, 

group differences in change scores from baseline to 6 months (Figure 1) were found for 

IL-1β (control 0.19 pg/mL vs exercise −0.62 pg/mL, t=2.65, p=.013). Mean percent ASC 
methylation was negatively associated with IL-1β at baseline (r=−.443, p=.001), 3 months 

(r=−.533, p=.01), and 6 months (r=−.477, p=.009). Mean percent ASC methylation was 

positively associated with peak V̇O2 at baseline (r=.455, p=.002) and 3 months (r=.355, p>.

05) and with 6MWT at baseline (r=.517, p<.001), 3 months (r=.464, p=.004), and 6 months 

(r=497, p=.05). IL-1β was negatively associated with peak V̇O2 at baseline (r=−.357, p=.

060) and with 6MWT at baseline (r=−.389, p=.023), 3 months (r=−.335, p=.049), and 6 

months (r=−.353, p=.05). Among those in the exercise group, total number of days exercised 

during the intervention was negatively associated with 6 month measures of IL-1β (r=−.498, 

p=.035).

IL-18, ASC, and iNOS mRNA

There were no significant intra-individual changes over time or inter-individual group 

differences over time in IL-18 mRNA (Figure 2). There were significant differences in ASC 

mRNA expression between control group and exercise group (Figure 2) at 3 months (14.95 

± 2.5 vs. 8.46 ± 1.3, respectively; t=2.27; p=.027) and at 6 months (11.60 ± 3.1 vs. 6.32 

± 1.0, respectively; t=2.24, p=.029), but not at baseline (10.87 ± 2.2 vs. 9.00 ± 2.0, 

respectively; t=0.55, p=.58). For the exercise group, there were within-group changes in 

ASC mRNA from baseline to 3 months (t=−3.01; p=.004), from baseline to 6 months (t=

−3.21; p=.002), and from 3 months to 6 months (t=4.82; p=.001). There were significant 

group differences in iNOS mRNA expression between control group at exercise group at 6 

months (2.78 ± 0.2 vs. 1.72 ± 0.2; t=3.51, p=.001), but not at baseline or 3 months (Figure 

2). Within the control group, there was a significant drop in iNOS mRNA expression from 

baseline to 3 months (t=2.33, p=.02), but the values returned to baseline levels at 6 months 

(baseline to 6 months: t=−0.45, p=.65; 3 months to 6 months: t=−0.31, p=.003). There were 

significant within-group iNOS mRNA changes for the exercise group from baseline to 3 

months (t=3.32, p=.002), which remained significant at 6 months (t=2.65, p=.011).

ASC mRNA was negatively associated with mean percent ASC methylation at baseline (r=

−.97, p=.001), 3 months (r=−.90, p=.01), and 6 months (r=−.89, p=.001) and was positively 

associated with plasma IL-1β levels at baseline (r=.39, p=.003), 3 months (r=.48, p=.004), 

and 6 months (r=.42, p=.02). iNOS mRNA was positively related to plasma IL-1β levels at 

baseline (r=.72, p=.001) and 6 months (r=.84, p=.001) and was negatively associated with 

mean percent ASC methylation at baseline (r=−.34, p=.011) and 6 months (r=−.45, p=.015). 

We hypothesized that increased ASC methylation would be related to decreased iNOS 
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expression caused by a decrease in IL-1β. Due to the multicollinearity between ASC 
methylation, iNOS mRNA, and IL-1β, we tested a mediation model in which IL-1β 
mediates the relationship between ASC methylation and iNOS mRNA expression. There 

was a significant indirect effect of ASC methylation on iNOS mRNA expression via IL-1β 
at baseline (effect −0.62, 95% CI [−1.15, −0.41]) and 6 months (effect −0.23, 95% CI 

[−0.80, −0.04].

Multilevel Models for Change

To examine factors related to ASC methylation and cytokine levels and to factors related to 

rate of change over time, clinical and demographic variables theorized to be related to 

inflammation were used as predictors in the multilevel model for change. Models were 

created for the combined sample to examine effects of the exercise intervention and for the 

exercise only group to examine factors related to changes over time within the exercise 

intervention.

Combined Sample—Mean percent ASC methylation at baseline was positively 

associated with LVEF and the interaction effect of peak V ̇O2 and gender. Group assignment 

was associated with rate of change over time such that participants in the intervention group 

had a higher rate of change than the control group (Table 3). Baseline plasma IL-1β levels 

were negatively associated with LVEF and the interaction effect of peak V̇O2 and gender. 

While group assignment to the exercise group was associated with a negative rate of change 

in IL-1β (β=−0.11), the rate of change was higher among those who reported they 

completed the prescribed exercise program (β=−0.6). Although peak V̇O2 was positively 

associated with mean percent ASC methylation (r=.47, p=.001) and negatively associated 

with IL-1β (r=−.38, p=.007) at baseline, the interaction of peak V̇O2 and gender was used in 

the models due to the significant differences in peak V̇O2 between males and females (18.85 

± 4.8 vs 14.59 ± 3.6, respectively; t=−3.54, p=.001). No group by time effects using 

multilevel modeling were found for IL-18, however significant fixed effects were found for 

race (β=46.34, SE=13.8, p=.003) and BMI (β=2.48, SE=1.0, p=.02). Group by time effects 

were found for 6MWT (β=7.9, SE=2.68, p=.03).

Exercise Group—In the exercise group analysis, mean percent ASC methylation at 

baseline remained positively associated with LVEF and the interaction effect of peak V̇O2 

and gender (Table 4). Rate of change for participants in the exercise intervention was 

associated with gender, race, and level of education. Male gender (β=0.04) and having 

attended college (β=0.04) were associated with a higher rate of change in ASC methylation. 

The rate of change in ASC methylation was lower for those who identified as non-black (β=

−0.06). The exercise group analysis for IL-1β produced results that were similar to the 

whole group analysis (Table 4). LVEF and the interaction effect of peak V ̇O2 and gender 

remained negatively associated with IL-1β at baseline. Within in the exercise group, those 

who reported they had completed the exercise program had a negative rate of change (β=

−0.06)
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Discussion

This is the first study, to our knowledge, to examine the effects of an exercise intervention on 

epigenetic changes in persons with HF. We hypothesized that persons with HF who 

participated in a 3-month aerobic exercise intervention would have increased ASC 
methylation at the completion of the intervention as compared to persons with HF in an 

attention-control group. A 3-month exercise intervention in persons with HF was associated 

with increased ASC methylation and decreased IL-1β at 3 months with medium to large 

effect sizes, supporting this hypothesis. The increase in ASC methylation after exercise was 

associated with a decrease in ASC mRNA expression, suggesting that exercise may decrease 

inflammation in HF via epigenetic control of inflammasome formation due to decreased 

bioavailability of ASC. The increase in ASC methylation after the exercise intervention was 

also associated with an increase in 6MWT total distance by 6 months.

A meta-analysis of changes in DNA methylation associated with exercise found that effect 

size of DNA methylation change across 16 different publications and 1580 people was large, 

with a Cohen’s d of 1.20 (25). Further, analyses indicated that the effect size of DNA 

methylation change with exercise was greater for participants over 40 years of age as 

compared to participants under 40 years, particularly with regard to studies measuring 

increases in DNA methylation (25). Genome-wide DNA methylation has been shown to 

decrease with age (26, 27), and thus, the epigenetic protective effects of exercise are likely 

more apparent in the face of the age-related changes in DNA methylation of older adults as 

compared to the younger population. In this study, we only included participants who were 

at least 40 years of age, and our hypothesis was to find an increase in DNA methylation of 

ASC after the exercise intervention. Combined with the previous evidence demonstrating 

higher ASC methylation among older adults (≥ 40 years of age) who exercised as compared 

to a control group (11), the medium to large effect sizes related to changes in DNA 

methylation in this study were not surprising.

ASC methylation and IL-1β were related to 6MWT total distance but not peak V̇O2 over 

time. This corresponds with improvements over time in 6MWT but not peak V̇O2 among 

those in the exercise group. The clinically significant change (28, 29) from baseline in 

6MWT distance at 6 months (35.36 meters) was positively associated with ASC methylation 

and negatively associated with IL-1β.

Secondly, we hypothesized that increased ASC methylation would be related to decreased 

plasma IL-1β and IL-18 and to iNOS mRNA expression in persons with HF. We also 

investigated if changes in ASC methylation and plasma IL-1β and IL-18 were sustained 3 

months after completing the aerobic exercise intervention. Increased ASC methylation was 

related to decreased IL-1β at baseline, 3 months, and 6 months but not to IL-18. ASC 
methylation was also negatively related to iNOS mRNA expression over time, and this 

relationship was mediated by IL-1β. Changes in IL-1β over time were related to changes in 

IL-18 from baseline to 3 months and from baseline to 6 months. These data suggest that the 

reduction in inflammatory cytokines after an exercise intervention may occur via decreased 

activation of IL-1β and that this reduction in IL-1β may be related to epigenetic control of 

ASC production.
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IL-1β is one of the most important and potent inflammatory mediators in the acute phase 

response and in the pathophysiology of chronic diseases, such as heart failure (19, 30); 

activation of IL-1β is tightly regulated by the inflammasome (2, 19). IL-1β stimulates nitric 

oxide production, as evidenced by a corresponding increase in iNOS, leading to further 

activation of inflammatory mediators (30). IL-1β is also associated with patient report of 

sickness symptoms (31), perhaps contributing to the common symptoms of fatigue and 

depression also associated with HF, and, in other studies, reduced by exercise (32, 33). 

Combined with the associated changes in ASC methylation and expression, these results 

suggest that exercise may decrease inflammation, at least in part, via decreased 

inflammasome formation.

We expected to see between group and within group changes in IL-18 over time, but none 

were found. The few studies examining changes in IL-18 after an exercise intervention have 

had conflicting results, where some studies demonstrated a decrease in IL-18 (34, 35) and 

other studies (36, 37) did not. There have been no studies to date examining changes in 

IL-18 after an exercise intervention in persons with HF. While the values of IL-18 and IL-1β 
were not associated at any time point, changes in these two cytokines from baseline to 3 

months and from 3 months to 6 months were related.

IL-1β is produced as a precursor protein in response to an inflammatory stimulus and 

inflammasome activation (5). IL-18 is constitutively expressed as a biologically inactive 

precursor molecule that lacks a signal peptide (38). IL-18 mRNA has a long half-life, thus 

contributing to steady state production of IL-18 (9). Although both IL-1β and IL-18 require 

caspase-1 dependent proteolytic cleavage for activation (7), IL-1β is more tightly regulated 

by the inflammasome than IL-18. Additionally, IL-18 is regulated by an endogenous 

inhibitor, IL-18 binding protein (IL-18BP), which inactivates IL-18 when bound (39), and 

thus has a more complex mechanism of function than IL-1β. There is some evidence that 

IL-1β can also induce IL-18 (38, 40), while other studies have shown that IL-18 induces 

IL-1β (7, 9). The changes in these two cytokines over time suggest that they are changing 

together even if the actual levels are not related at time points. Further studies are needed to 

untangle the relationships between these IL-1 family cytokines.

Our second hypothesis was partially supported in that increased ASC methylation was 

associated with decreased IL-1β and iNOS, but not with IL-18. Inflammation in HF can be 

initiated by danger-associated molecular patterns (DAMP), which are host-derived 

molecules indicative of cellular damage (3). It is possible that the effects of exercise led to 

decreased DAMP formation, the impetus for inflammasome formation and activation, 

independent of changes in ASC methylation. Further, the changes in IL-1β with exercise 

may occur in a non-inflammasome dependent manner. However, the associations between 

ASC methylation, ASC mRNA expression, and IL-1β before and after the exercise 

intervention suggest the changes in ASC methylation may decrease inflammasome 

formation and function, at least, to some extent.

No changes over time in IL-18 mRNA expression were found. IL-18 is most abundant in a 

constitutively expression form (7), and these results are likely reflective the steady-state 

levels of IL-18 mRNA in peripheral blood mononuclear cells. There were significant 
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changes in ASC mRNA expression over time. ASC mRNA levels were negatively associated 

with ASC methylation at each time point. While we cannot determine causation using this 

model, this evidence, in addition to our findings in a study with a different HF population, is 

suggestive of epigenetic control of ASC gene expression in persons with HF (12). Further 

mechanistic work is warranted.

In our multilevel modeling analysis, baseline ASC methylation and IL-1β levels were related 

to LVEF, gender, and peak V̇O2, which we previously reported (12, 13). The analysis of the 

entire sample again demonstrated that the exercise intervention was effective in increasing 

mean percent ASC methylation and in decreasing plasma IL-1β. Response to the exercise 

intervention was examined by analyzing factors related to rate of change within the exercise 

group only. We found that males who participated in the exercise intervention had a greater 

increase in ASC methylation. One study examining DNA methylation and gene expression 

in skeletal muscle of healthy persons after an exercise intervention found differential DNA 

methylation patterns between males and females (41), however no specific patterns or 

meaningful changes were revealed. No other studies examining gender differences in DNA 

methylation changes in response to exercise have been reported to date. In this study, the 

gender difference in the DNA methylation response to the exercise intervention could be 

related to gender differences in baseline aerobic capacity and body composition. Male 

participants may have exercised at higher intensities due to higher aerobic capacity or may 

have had a faster physiological response to exercise due to a higher proportion of muscle 

mass than female participants. Education could be a proxy measure for socioeconomic status 

and may be reflective of better access to care, a gym, or reliable exercise space. Income data 

were not collected, so we were unable to compare the measures for analysis. The IL-1β rate 

of change was related to self-reported adherence to the exercise program. This relationship 

suggests that the amount of exercise may be related to the level of decrease in IL-1β in HF, 

and further suggests that exercise may modulate inflammasome formation or activation. The 

exercise adherence measure was self-report, and we assumed in our analysis that those who 

did not submit the exercise calendar did not complete the exercise. Thus, the analysis may 

not have accurately captured the true level of adherence.

These results demonstrate that behavior may influence gene expression of inflammation via 

epigenetic regulation of a key inflammatory protein in persons with HF. We followed 

participants for an additional 3 months after the exercise intervention. Some participants 

may have continued the walking program, although this was not monitored. If they did, this 

could have contributed to the prolonged effect. A longer intervention time with longer 

follow-up may demonstrate the effects of long-term behavior change. Previous studies have 

demonstrated beneficial effects with walking exercises in persons with HF (18, 42), and here 

we support the evidence that walking is an appropriate and beneficial level of activity in HF. 

The possibility that exercise may be able to reverse epigenetic-induced changes in gene 

expression of inflammatory proteins and other markers associated with HF pathophysiology, 

thereby improving outcomes, is an area of research greatly in need of further exploration.
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Limitations

This study used a short-term exercise program (12 weeks); longer interventions may provide 

more insight into the dynamics of changes in inflammatory proteins over time and examine 

the limits and rate of change of DNA methylation with exercise. We did not capture the level 

of exercise during the 3-month maintenance phase, so we were unable to identify if changes 

are sustained at 3 months were due to continued exercise or if there are short term lasting 

epigenetic and anti-inflammatory effects. Exercise adherence was self-report, and some 

participants did not provide a self-report exercise log, which we inferred to mean they did 

not adhere to the protocol as described. Thus, we may have over or underestimated actual 

adherence. Real-time activity trackers could provide more objective data to better identify 

the relationships between exercise intensity and endurance with changes in DNA 

methylation and cytokine expression. The results of this study are specific to the 3-month 

walking exercise program and may not be generalizable to all types and durations of 

exercise.

The lack of improvement in peak V̇O2 after the exercise intervention was unexpected, 

especially in light of the improvements over time in 6MWT distance. One possible 

explanation is the lack of volitional effort during exercise treadmill testing. For many 

participants anaerobic threshold was not met. The mean respiratory quotient (RQ) at both 

BL and 3 months was 0.94 ± 0.1, and only 31% of participants reached a RQ ≥ 1. The peak 

V̇O2 values may not accurately reflect true aerobic capacity. Secondly, the improvement in 

6MWT but not peak VO2 after an exercise intervention could be reflective of more 

physiologic effects on peripheral mechanisms, such as decreased skeletal muscle 

inflammation, and less effects on central mechanisms. Further studies examining ASC 
methylation and expression changes at the tissue level with exercise are needed.

The measures of ASC methylation and mRNA were completed in peripheral blood 

mononuclear cells (PBMCs) and may not be reflective of changes that occur in other tissues 

important in HF function, such as myocardium or skeletal muscle. There may be meaningful 

tissue-specific epigenetic changes with exercise resulting in altered inflammatory profile in 

the myocardium and skeletal muscle, and these changes may more tightly align with 

changes in cytokine expression. Patterns of myocardial DNA methylation have been found 

to relate to cardiac function (43, 44), suggesting the myocardial epigenome may be an 

important regulator of cardiac function. However, DNA methylation of distinct genomic 

regions is conserved between heart tissue and peripheral blood (44), suggesting that PBMCs 

may be a potential biomarker in HF. Further research examining levels of ASC methylation 

in PBMCs, myocardial, and skeletal tissues is needed to better understand how changes in 

ASC methylation with exercise translate to clinical improvement for persons with HF. We 

used PBMCs collected from whole blood and did not control for leukocyte differential. 

Intra-individual and inter-individual differences over time may be related to different 

leukocyte composition that we were unable to capture.

This is a pilot study of a small cohort of persons with HF, providing a novel contribution to 

the field of exercise epigenetics. These results are suggestive of a possible epigenetic 

regulation of inflammation via exercise in persons with HF. However, considering the 
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reproducibility crisis in biobehavioral research and the small sample size (N=54) in this 

study, further validation of epigenetic changes with exercise in a larger HF population and 

across multiple tissue types are needed to fully understand these effects.

Conclusions

We demonstrated that an exercise intervention in persons with HF is associated with changes 

in DNA methylation of a key component of the inflammasome, ASC, and that these changes 

are associated with decreased ASC gene expression. Further, changes in ASC methylation 

and expression were associated with decreased plasma IL-1β among participants in the 

exercise intervention. Epigenetic regulation of ASC may be a biological mechanism by 

which exercise can promote better outcomes in HF. Further research examining mechanisms 

of change can lead to improved understanding of physiological adaptations and more precise 

prediction of adverse outcomes in persons with HF.
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Figure 1. Changes in mean percent ASC methylation, IL-1β, and IL-18 over time by group
a. Group differences in change scores for ASC methylation were found from baseline to 3 

months (control 0.04% vs. exercise −0.04%, t=−2.71, p=.011). These changes were 

sustained at 6 months for the exercise group. b. Group differences in change scores for IL-1β 
were found from baseline to 3 months (control 0.18 pg/mL vs exercise −0.33 pg/mL, t=3.73, 

p=.001). These changes were sustained at 6 months for the exercise group. c. No group 

differences in change scores over time were found for IL-18.
*Significant group differences in change from baseline at p<.05
**Significant group differences in change from baseline at p<.01
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Figure 2. Mean ASC, IL-18, and iNOS mRNA Expression by Group over Time1

PROC MIXED with least squares mean analysis adjusting with Bonferroni was used to 

compare within GROUP and between GROUP changes across TIME. To normalize gene 

expression relative to a non-HF reference sample, mRNA quantification results were 

calculated using the 2−ΔΔCT method.22 Values are presented as mean ± SD. a. There were 

significant group differences in relative ASC mRNA expression at 3 months (t=2.27, p=.

027) and 6 months (t=2.24, p=.029). There were within-group decreases in relative ASC 

mRNA expression from baseline to 3 months (t=3.01, p=.004) and from 3 months to 6 

months (t=4.82, p=.001) for the exercise group. b. There were no significant inter- or intra-

individual changes in relative IL-18 mRNA expression over time. c. There were significant 

group differences in relative iNOS mRNA expression at 6 months (t=3.51, p=.009). There 

were within-group decreases in relative iNOS mRNA expression from baseline to 3 months 

(t=3.32, p=.002), and the decrease was sustained at 6 months (t=2.65, p=.01) in the exercise 

group and from baseline to 3 months in the control group (t=2.33, p=.02). Relative iNOS 

mRNA expression returned to baseline levels in the control group by 6 months.
1mRNA gene expression was normalized relative to a reference sample (set at a value of 1).
*Significant group differences at p=.03
**Significant group differences at p=.01
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Table 1

Characteristics for the Total Sample and by Group

Measure Control Group (n=16) Exercise Group (n=38) Differences (p-value)1

Age (years) mean (SD) 58.19 (12.8) 60.0 (8.7) .54

Gender, n (%)

 Male 5 (31%) 21 (55%)
.11

 Female 11 (69%) 17 (45%)

Race, n (%)

 AA/Black 11 (69%) 21 (55%)
.36

 Non-black 5 (31%) 17 (45%)

LVEF, %, mean (SD) 35.53 (12.7) 32.85 (15.9) .55

BMI (kg/m2), mean (SD) 31.03 (6.1) 31.51 (7.1) .81

CCI, mean (SD) 3.47 (2.1) 4.0 (1.7) .35

Education, n (%)

 ≤ HS 8 (50%) 18 (47%)
.90

 ≥ College 8 (50%) 20 (53%)

β-Blocker, n (%)

 No 4 (25%) 6 (16%)
.43

 Yes 12 (75%) 32 (84%)

Type of HF

 HFpEF 6 (38%) 10 (26%)
.92

 HFrEF 13 (62%) 23 (74%)

Total days exercised

 Compliant -- 51.58 (14.2)
--

 Non-compliant -- 9.87 (11.46)

1
p-value of group differences from Student’s t-test for continuous variables and chi-square for categorical variables.

AA – African American

LVEF – Left ventricular ejection fraction

BMI – Body mass index

CCI – Charlson Comorbidity Index

HS – High school

HFpEF – Heart failure with preserved ejection fraction

HFrEF – Heart failure with reduced ejection fraction
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Table 3

Multilevel Modeling for Entire Sample (N=54)

Variable Coefficient SE p-value

 ASC Methylation

Fixed Effects

  Intercept 5.64 0.13 <.001

  LVEFa 0.2 0.01 .05

  Peak V̇O2
a × Genderb 0.02 0.01 .01

Rate of Change

  Intercept −0.10 0.01 .06

  Groupc 0.3 0.01 .006

 Interleukin-1β

Fixed Effects

  Intercept 1.96 0.21 <.001

  LVEFa −0.1 0.004 .05

  Peak V̇O2
a × Genderb −.04 0.01 .006

Rate of Change

  Intercept −0.11 0.04 0.02

  Groupc −0.11 0.04 .02

  Completed Interventiond −0.63 0.02 .006

a
LVEF (%) and peak V̇O2 (ml/kg/min) were mean-centered for analysis

b
0=Female, 1=Male

c
0=Control Group, 1=Exercise Group

d
0=Did not complete 3-month intervention, 1=Exercised for 3 months

LVEF – Left ventricular ejection fraction

V ̇O2 – Oxygen uptake
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Table 4

Multilevel Modeling for Exercise Only Group (n=38)

Variable Coefficient SE p-value

 ASC Methylation

Fixed Effects

  Intercept 3.99 0.56 <.001

  LVEFa 0.13 0.09 .049

  Peak V̇O2
a × Genderb 0.11 0.03 .002

Rate of Change

  Intercept −0.02 .001 .051

  Genderb 0.04 0.01 .008

  Racee −0.06 0.01 .004

  Collegef 0.04 0.01 .021

 Interleukin-1β

Fixed Effects

  Intercept 1.96 0.21 <.001

  LVEFa −.01 0.004 .050

  Peak V̇O2
a × Genderb −.04 0.01 .006

Rate of Change

  Intercept −0.11 0.04 .016

  Completed Interventiond −0.64 0.02 .010

a
LVEF (%) and peak V̇O2 (ml/kg/min) were mean-centered for analysis

b
0=Female, 1=Male

c
0=Control Group, 1=Exercise Group

d
0=Did not complete 3-month intervention, 1=Exercised for 3 months

e
0=African American/Black 1=Caucasian

f
0=Did not attend college 1=Attended college

LVEF – Left ventricular ejection fraction

V ̇O2 – Oxygen uptake
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