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Abstract: African American women are affected by earlier onset of age-associated health deteriorations
and obesity disproportionally, but little is known about the mechanism linking body mass index
(BMI) and biological aging among this population. DNA methylation age acceleration (DNAm AA),
measuring the difference between DNA methylation age and chronological age, is a novel biomarker of
the biological aging process, and predicts aging-related disease outcomes. The present study estimated
cross-tissue DNA methylation age acceleration using saliva samples from 232 African American
mothers. Cross-sectional regression analyses were performed to assess the association of BMI with
DNAm AA. The average chronological age and DNA methylation age were 31.67 years, and 28.79 years,
respectively. After adjusting for smoking, hypertension diagnosis history, and socioeconomic factors
(education, marital status, household income), a 1 kg/m2 increase in BMI is associated with 0.14 years
increment of DNAm AA (95% CI: (0.08, 0.21)). The conclusion: in African American women, high BMI
is independently associated with saliva-based DNA methylation age acceleration, after adjusting for
smoking, hypertension, and socioeconomic status. This finding supports that high BMI accelerates
biological aging, and plays a key role in age-related disease outcomes among African American women.

Keywords: DNA methylation age acceleration; aging; obesity; BMIL; African American

1. Introduction

Approximately 39.8% of U.S. adults (age > 20) are affected by obesity (body mass index,
BMI > 30 kg/m?) and adult obesity prevalence has increased from 30.5% to 39.6% between 2003-2004
and 2015-2016 [1]. Overall, women (41.5%) have a higher prevalence of obesity than men (38%).
Among women, the prevalence of obesity is the highest among non-Hispanic African Americans
(46.8%) compared with all other races and Hispanic origins [1]. Obese individuals have an increased
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risk for many age-related chronic diseases such as hypertension, coronary artery diseases, type 2
diabetes, and certain types of cancer [2]. Among females, non-Hispanic African Americans have the
shortest life expectancy (78.1 years) compared with other racial and/or ethnic groups (Hispanic female:
84.3 years; non-Hispanic white female: 81.0 years), which could be explained by higher prevalence and
earlier onset of age-related chronic conditions and comorbidity among the disadvantaged groups [3-5].
Data from the National Health and Nutrition Examination Survey (NHANES 1V, 1999-2002) suggested
that African Americans are likely to experience health deterioration earlier in their lives, and hence,
age faster than whites [6].

Biomarkers that capture inter-individual variations of biological aging may accurately assess
an individual’s aging-related disease risks. DNA methylation, one of the best-known epigenetic
modifications, is a novel biomarker of biological aging [7]. DNA methylation modifies the biochemical
property of segments of DNA to alter a gene’s expression level [8]. Recent studies have identified
specific genomic regions that are subject to substantial hypermethylation or hypomethylation associated
with chronological age, and demonstrated its accuracy to predict one’s age according to DNA
methylation levels in specific tissues (e.g., saliva or blood), as well as across multiple tissues [7,9-15].
DNA methylation age (DNAm age) can be estimated based on DNA methylation levels of hundreds of
CpG dinucleotides across multiple tissues [7]. Biological aging can be measured by the discrepancy
between DNAm age and chronological age (Aage). Because DN Am age is linearly associated with
chronological age, the residual resulting from regressing DNAm age against chronological age in a
linear model can also be defined as DNA methylation age acceleration (DNAm AA). DNAm AA is
independent of chronological age, and can be used as an instrument to accurately measure how fast an
individual ages [16].

A limited number of studies have investigated the relationship between BMI and accelerated
aging measured by DNA methylation levels among adults [17-21]. Only one study has been conducted
among U.S. adults despite the high prevalence of obesity. Moreover, it is unclear whether findings
from this study are generalizable to different age or demographic groups as well as other tissue
types. In the present study, we (1) estimated DNA methylation age acceleration by applying the
cross-tissue Horvath's clock using saliva samples from 250 African American women enrolled in the
Intergenerational Impact of Genetic and Psychological Factors on Blood Pressure (InterGEN) Study;
(2) explored the relationship between BMI/obesity and DNA methylation age acceleration [22,23].

2. Results

The present study included 232 African American mothers with complete measures of DNAmM AA,
BMI, demographic information and health history. As shown in Figure 1, chronological age was strongly
correlated with DNAm Age (r = 0.77; p < 0.001). Table 1 summarizes sample characteristics and results
of regression analysis of factors related to DNAm AA. The DNA methylation age (28.79 + 6.75 years)
was younger than the chronological age (31.67 + 5.70 years) among our participants. The mean BMI
was 29.69 kg/m? (standard deviation of 8.25) with 58 overweight individuals (25.00%) and 102 obese
individuals (43.97%). 53 individuals (22.84%) identified as current cigarette smokers, and 47 individuals
(20.26%) reported a previous diagnosis of hypertension.

In univariate regression analysis (Table 1), we observed a statistically significant positive association
between BMI and DNAm AA (0.15 years increase in DNAm AA per 1 kg/m? increase in BMI
(p-value < 0.001)). Obese individuals (BMI > 30 kg/m?) were 1.87 years “older” (95% CI: 0.59, 3.16)
than normal/underweight individuals. On average, overweight (25 < BMI < 30 kg/m?) individuals
were 1.00 years “older” (95% CI: —0.48, 2.47) than normal/underweight individuals.

However, we only observed a statistically significant difference between obese and normal weight
individuals. Compared with individuals with no hypertension history, individuals with hypertension
diagnosis were 1.49 years “older” measured by DNAm AA (95% CI: 0.11, 2.86). Mothers who identified
themselves as current smokers were 0.73 years “younger” than non-smoker mothers, however,
the association was not significant (95% CI: —2.05, 0.59). No significant associations were observed
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between socioeconomic factors (education level, annual household income, and marital status) and

DNAm AA.
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Figure 1. Significant correlation between the chronological age and DNA methylation age in 232.
African American women from InterGEN study. The grey line indicated the fitted line from the linear

regression model.

Table 1. Summary statistics of studied phenotypes and univariate regression on DNA methylation age
acceleration (DNAm AA) from InterGEN mothers (sample size of 232).

Characteristics Me?? Q(Is{%l\(/{)z;llan B (95% CI)
Chronological age, years 31.67 (5.70) NA
DNA methylation 28.79 (6.75) NA
age, years
DAge, years —2.41 (4.33) NA
DNAm AA, years —0.14 (-3.04-2.65) NA
Body Mass Index, kg/m2 29.69 (8.25) 0.15 * (0.08, 0.21)
Maternal cigarettes use No 179 (77.20) (Ref)
Yes 53 (22.80) —0.73 (-2.05, 0.59)
Education <College 94 (40.50) (Ref)
College graduate or higher 138 (59.50) 0.77 (-0.36, 1.90)
Annual household <15,000 110 (47.41) (Ref)
income, § >15000 122 (52.59) 0.19 (=0.93, 1.30)
Married 55 (23.70) (Ref)
Marital Status Single 152 (65.50) ~0.28 (~1.62, 1.06)
Others 25 (10.80) —0.41 (—2.46, 1.64)
Ever diagnosed with No 185 (79.70) (Ref)
hypertension Yes 47(20.30) 1.49 % (0.11, 2.86)
Norm?gﬂ [lfg/if;‘)welght 72 (31.00) (Ref)
BMI category Overweight (25-29.9 kg/m?) 58 (25.00) 1.00 (=0.48, 2.47)
Obese (=30 kg/m?) 102 (44.00) 1.87 * (0.59, 3.16)

Abbreviations: CI, confidence interval; BMI, body mass index; Ref: reference group; AAge, the discrepancy between
DNA methylation age and chronological age; DNAm AA, DNA methylation age acceleration, the residual resulting
from regression DNA methylation age on chronological age in a linear model. * p-value < 0.05.
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To better understand the association of BMI and DNAm AA, we fit BMI as the independent
variable and DNAm AA as the dependent variable in a spline regression model. We observed that
DNAm AA increases more rapidly per 1 kg/m? increment of BMI among participants with low BMI
(BMI < 20 kg/m?) and extremely high BMI (BMI > 40 kg/m?). This suggested that the association of
BMI and DNAm AA might be stronger in individuals of low or extremely high BMI (Figure 2).
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Figure 2. Association between BMI and DNA methylation age acceleration with a univariate linear
model (0.15 years increase in DNAm AA per 1 kg/m? increase in BMI (p < 0.001)); and a cubic smoothing
spline in 232 African American women from InterGEN study. The lines indicate the fitted values from
the linear and spline regression models.

In multivariable analysis (Table 2), we further examined whether the association of BMI and DNAm
AA is independent of socioeconomic status, smoking status and hypertension history. After adjusting
for socioeconomic status, a 1 kg/m2 increase in BMI is associated with a 0.16 years increment of
DNAm AA (95% CI: 0.09 to 0.22). After further adjusting for smoking status and hypertension history,
BMI remained positively associated with DNAm AA. (0.14 years increase in DNAm AA per 1 kg/m?
increase in BMI, (95% CI: 0.08 to 0.21).

Similar analyses were conducted to investigate the relationship between weight status and DNAm
AA (Table 2). As shown in Model 2 (Table 2), after adjusting for socioeconomic status, smoking status,
hypertension history, and cell-type heterogeneity, obese and overweight individuals were 1.92 years
(95% CI: 0.82 to 3.02) and 1.13 years (95% CI: —0.013 to 2.39) “older” than normal/underweight
individuals. However, the difference was statistically significant only between obese and normal
weight individuals.

A systematic search for BMI association with DNAm AA was conducted in the PubMed database
using terms including: adult, BMI, weight, obesity, DNA methylation age, epigenetic age, and age
acceleration. Out of five relevant studies (Table S1), three studies estimated the association between
continuous BMI and DNA methylation-related aging markers measured by Horvath’s clock. As shown
in Figure 3, when all three studies including buccal, blood, and liver tissues were combined, BMI was
positively associated with accelerated aging measured by DNA methylation. Meta-analysis indicated
that 1 unit (kg/m?) increase in BMI was associated with 0.08 years acceleration in DNA methylation
age (95% CI: 0.05 to 0.12). Due to difference in design, population, and tissue type, the associations
with DNAm AA were relatively heterogeneous across studies (I? = 49%).
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Table 2. Results of cross-sectional multivariable analysis of association of BMI (kg/m?) or weight status,
and DNAm AA (year) in study sample (n = 232) from InterGEN study.

Association between DNAm AA and

Obesity-Related Traits Model 1 Model 2
3 coefficient (95% CI) for 0.15 **= 0.14 =
continuous BMI (0.09, 0.22) (0.08,0.21)
Normal and
Underweight 2 (Ref) (Ref)
B coefficient (95% Cl) for Overweight ® 1.23 113
BMI Category (~0.024, 2.48) (-0.13, 2.39)
2.01* 1.92*
Obese ¢
(0.92,3.10) (0.82, 3.02)
Annual household income,
Covariates adjusted for Education, Marital Status, Model 1 +

in the model

Smoking, 10 Principal

Hypertension Status

Components, 8 Inferred Cell Types

Abbreviations: CI, confidence interval; BMI, body mass index; Ref: reference group; DNAm AA, DNA methylation
age acceleration. * p-value < 0.05. ** Both models include covariates: Annual household income, Education,
Marital Status, and Smoking. *** p-value < 0.001.  Normal and underweight was defined as a BMI of <24.9 kg/m?.
b Overweight was defined as a BMI of >25 kg/m? and <30 kg/m?. ¢ Obesity was defined as a BMI of >30 kg/m?.

Papers Tissue

Simpkin AJ, 2017 buccal tissue
Simpkin AJ, 2017 blood tissue
Horvath S, 2014 Liver
Quach A, 2017 blood tissue

Total

Heterogeneity: 1% = 49%, x§ =5.94 (p

SMD

95% ClI

0.08 [0.01;0.16]
0.04 [-0.06;0.15]
0.17 [0.08;0.26]

0.04 [-0.02; 0.10]

0.07 [0.04; 0.11]

=0.11)
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Figure 3. Forest plots for Horvath clock meta-analysis. Meta-analysis used regression coefficients

and standard errors from three out of five studies investigating the association of BMI and Horvath’s
DNA methylation aging markers. SMD: Standardized Mean Difference; Simpkin AJ 2017: Two tissues:

Blood/buccal.

3. Discussion

We reported a significant positive association between BMI and DNAm age acceleration using
saliva samples from a cohort of African American mothers of at least one child aged three through
five years. We also observed that this association was independent of smoking status, socioeconomic
factors, and hypertension status. This positive association between BMI and accelerated epigenetic
aging aligns with previous studies in different tissues and demographic groups [17-21]. In a subset
of 4173 postmenopausal women from Women’s Health Initiative (WHI) including 2045 Caucasians,
1192 African Americans, and 717 Hispanics, a statistically significant correlation between BMI and
blood-based DNAmM AA among African American (rgxtrinsic DNAm AA = 0.05; I'ingrinsic DNAm AA = 0.06)
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was reported. Longitudinal data from the WHI also suggested that a 1 kg/m? increase in BMI over time
is associated with 0.22 years increase in intrinsic epigenetic AA (Bmtrinsic DNAm AAa = 0.22), adjusted
for the baseline IEAA, dataset, and ethnicity [21]. A similar association was reported in liver samples
collected from a German study, where DNAm AA increased by 0.17 years per 1 kg/m? increase in
BMI [20]. In a British birth cohort consisting of 790 women, 1 kg/m? increase in BMI was found to
be positively associated with 0.085 (95% CI: 0.014 to 0.156) years increase in Aage in buccal tissue,
and 0.044 (95% CI: —0.065 to 0.154) years increase in Aage for blood tissue [17]. A prospective
cohort study nested within the Melbourne Collaborative Cohort collected blood samples from 2818
participants, and observed higher DNAm AAs in overweight (BMI > 25) and obese individuals (BMI
> 30) compared with lean individuals (BMI < 25) (Boverweight vs. Lean = 0-40 years; Bopesity I vs. Lean =
0.15 years; Bobesity II & Il vs. Lean = 2.38 years) [19]. Similar to previous studies, data from the Young
Finns Study indicated that BMI is positively associated with Aage measured in blood tissues in
middle-age individuals (r = 0.28). However, this study failed to observe this association among
young adult and the nonagenarian populations [18]. Despite heterogeneous findings from studies
with different designs, demographic characteristics, and tissue types, meta-analysis (Figure 3) of these
studies suggests there is a positive cross-tissue association between BMI and DNAm AA.

Comparing results from previous reports and the meta-analysis, we observed a slightly larger
estimated effect of BMI on DNAm AA in the present study (0.14 years increment in DNAm AA
per 1 kg/m? increase in BMI (95% CI: 0.08 to 0.21). Additionally, our findings in the correlation
between BMI and DNA methylation age acceleration in saliva (r = 0.28) (Figure 2) is weaker than
those reported for human liver (r = 0.42), but stronger than those for blood (0.02 < r < 0.08) [20,21,24].
Such tissue-dependent correlations suggest that the DNAm AA estimate may not be completely
consistent across tissue types. Furthermore, unlike most of the previous studies in which most enrolled
participants were older adults, our study population consists of younger African American women
only [20,21]. This association and/or correlation might be dependent on age, sex, and ethnicity.

Moreover, examination of BMI categories revealed an increase of DNAm AA across higher weight
groups. This trend is consistent with findings from a prospective cohort study nested within the
Melbourne Collaborative Cohort, using blood samples from 2818 participants. Higher DNAm AA was
observed in overweight (BMI > 25) and obese individuals (BMI > 30) compared with lean individuals
(BMI < 25) [19].

Our observation that hypertension is significantly associated with accelerated epigenetic aging, is
also consistent with other studies [25,26]. Results for self-reported smoking status and DNA methylation
age acceleration are also consistent with three recent reports that did not observe any significant
association [27-29]. We investigated the association between DNAmM AA and three socioeconomic
factors (i.e., annual household income, marital status, education level). Consistent with other studies,
we did not observe a significant association between educational attainment and DNAm AA [30-32].
However, our null findings in income and marital status contrast with results from a study of a
U.S. sample of middle age African American women, where significant associations were observed
between low incomes, marital status, and advanced epigenetic aging estimated by Hannum'’s clock [30].
InterGEN participants have limited variation of socioeconomic status, which may restrict the power to
identify the association with DNAm AA.

This cohort of young African American mothers had an average AAge of —2.41 years and a
median DNAm AA of —0.14 years (i.e., younger DNAm age than chronological age). They appear to be
epigenetically “younger” despite the high burden of numerous health risk factors. It is possible that
this demographic group, young African American females, were not well represented in the training
of the DNAm age algorithm. Further calibration of the DNAm AA algorithm may be needed after
additional validation of this finding. In fact, African Americans had lower DN Am age acceleration
than Caucasians in a recent multi-ethnic study [33].

The present study investigated a novel biological aging marker, DNAm AA, among African
American mothers, who tend to suffer higher prevalence of chronic disease risk factors and shorter
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life expectancy compared to other ethnic groups. Although this population has not developed many
age-related disease outcomes, our results suggested that higher BMI and obesity may play a key role
in acceleration of biological aging, even among younger age groups. Saliva samples, which consist
of leukocytes and endothelial cells, have limited capability to study cell-type specific epigenetic
mechanisms linked to disease etiology; however, saliva samples offer a valid and convenient DNA
source for biological aging research in population studies. Our findings are based on a cross-sectional
design. Thus, future studies are warranted to further understand the relationship between DNAm AA
and high BMI, particularly across broader demographic groups in the context of environmental and
behavioral factors. Identification of factors that increase or decrease DNAm AA will be critical for the
development of interventions to reduce the impact of age-related diseases on health-related quality of
life in African American women.

4. Materials and Methods

4.1. Study Sample

The InterGEN study is a longitudinal cohort study based in Southwest and Central Connecticut
that examines the independent and interaction effects of genomic and environmental factors on blood
pressure among African American mother-child dyads. The study procedures were reviewed and
approved by New York University’s institutional Review Board (approval #1311012986, 18 April 2018).
A total of 250 African American mothers and their biological children were recruited with written
consent. Eligibility criteria include women who (a) speak English, (b) are 21 years of age or older,
(c) self-identify as African American or Black, (d) have no active psychological or cognitive impairment
that would impair their ability to reliability report on their or their children’s experiences, and (e) have
a biological child aged 3-5 years. Detailed study procedures have been previously described [7,15].
In brief, members of a trained research team collect saliva samples, height and weight measurements,
and blood pressure readings for both mothers and children. Demographic and socioeconomic
information, psychological measures, and health history are obtained from mothers using audio
self-assisted interviewing software. Researchers collect the clinical data and psychological measures
during the baseline visit and three follow-ups approximately 6 months apart over the 2-year span.
Data collected at baseline are included in the present study.

4.2. Phenotypes

BMI is calculated from height and weight as the weight (in kg) divided by the height (in m)
squared. BMI category was assigned to each individual according to the World Health Organization
standard: underweight (<18.5 kg/m?), normal weight (18.5-24.9 kg/m?), overweight (25.0-29.9 kg/m?),
obese (>30.0 kg/m?) [34]. Smoking was categorized as current smokers or non-current smokers.
Marital status was classified into married, single, or other (divorced, separated, widowed, living with
but not married to a significant other). Individuals were classified as a college graduate or no college
degree according to self-report. Annual household income was grouped into <$15,000, or >$15,000.

4.3. DNA Methylation Profiling and Data Processing

Genome-wide DNA methylation was profiled in saliva samples from 250 African American women
using the [llumina Infinium Methylation EPIC (850 K) BeadChip, which quantifies DNA methylation
at over 850,000 CpG dinucleotides with near complete coverage of known genes. Fluorescent signals
from the M (methylated) and U (unmethylated) probes were measured and used to determine DNA
methylation level (3 = max (M,0) /(JU| + M| + 100)) for each CpG site. Using detection p-value threshold
of 0.001 for each CpG site, we excluded DNA methylation sites of which missing genotype call rate
was above 10%. Additional quality control procedures of DNA methylation data have been described
previously, including probe-level quality control and normalization [22,35]. We calculated DNAm
Age for each individual using the saliva-based DNAm data and Horvath cross-tissue epigenetic clock
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based on age-related CpGs [16]. A total of 28,587 CpG sites from the cleaned 850 K methylation chip
data were used to calculate the DNAm age, to estimate tissue type, and to predict sex by an online age
calculator [7]. DNAm AA, a measure of age acceleration, is defined as the residual term of a univariate
model regressing estimated DNAm Age on chronological age.

4.4. Statistical Analysis

We excluded individuals flagged with inconsistent prediction sex, and/or unrealistic estimated
DNAm Age (|Chronological Age - DNAm Age| > 20, likely sample swapped between mother and child
dyad). In addition, individuals with missing information on covariates were excluded. The final sample
for the DNAm age analysis included 232 African American mothers. We conducted multiple linear
regression analyses to evaluate the association between DNAmM AA and BMI considering a range of
covariates, which were selected based on prior studies of DNAm AA and availability in the InterGEN
study [17-21,24,25,36]. We compared DNAm AA across BMI categories, adjusting for smoking,
household income, education, marital status, hypertension diagnosis, and cell-type heterogeneity using
a reference free method [37]. We also investigated the linear relationship between BMI and DNAm AA
using spline regression analysis. All analyses were conducted in R studio with R version 3.4.3.

5. Conclusions

In African American women, high BMI and obesity are independently associated with saliva-based
DNA methylation age acceleration, after adjusting for smoking, hypertension, and socioeconomic status.
This finding supports that high BMI accelerates biological aging. Epigenetics can be a key molecular
mechanism linking obesity and age-related disease outcomes among African American women.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/17/
4273/s1. Table S1. Studies investigating the association of BMI and Horvath’s DNA methylation aging markers.

Author Contributions: Conceptualization, Y.V.S.; methodology, C.L. and Y.V.S; formal analysis, C.L., Z.W., YH.,
Q.H. and Y.VS.; data curation, T.H.; writing—original draft preparation, C.L. and Y.V.S.; writing—review and
editing, ZW.,, TH., YH., Q.H., CA.C, M.LW,, ].Y.T. and Y.V.S; visualization, C.L. and Z.W.; supervision, ].Y.T. and
Y.VS,; project administration, ].Y.T. and Y.V.S,; funding acquisition, C.A.C. and J.Y.T.

Funding: This research was partly funded by the National Institutes of Health grant NR013520.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

BMI Body mass index
DNAm  DNA methylation
AA Age acceleration

CI Confidence interval
References

1. Hales, C.M.; Carroll, M.D.; Fryar, C.D.; Ogden, C.L. Prevalence of Obesity Among Adults and Youth:
United States, 2015-2016. NCHS Data Brief 2017, 288, 1-8.

2. Haslam, D.W,; James, W.P. Obesity. Lancet 2005, 366, 1197-1209. [CrossRef]

3. Arias, E.; Xu, J. United States Life Tables, 2015. Natl. Vital Stat. Rep. 2018, 67, 1-64. [PubMed]

4. Johnson, N.E. The racial crossover in comorbidity, disability, and mortality. Demography 2000, 37, 267-283.
[CrossRef] [PubMed]

5. Manton, K.G.; Poss, S.S.; Wing, S. The black/white mortality crossover: Investigation from the perspective of
the components of aging. Gerontologist 1979, 19, 291-300. [CrossRef] [PubMed]

6.  Geronimus, A.T.; Hicken, M.; Keene, D.; Bound, ]J. “Weathering” and age patterns of allostatic load scores
among blacks and whites in the United States. Am. ]. Public Health 2006, 96, 826-833. [CrossRef]

7. Horvath, S. DNA methylation age of human tissues and cell types. Genome Biol. 2013, 14, R115. [CrossRef]


http://www.mdpi.com/1422-0067/20/17/4273/s1
http://www.mdpi.com/1422-0067/20/17/4273/s1
http://dx.doi.org/10.1016/S0140-6736(05)67483-1
http://www.ncbi.nlm.nih.gov/pubmed/30707669
http://dx.doi.org/10.2307/2648041
http://www.ncbi.nlm.nih.gov/pubmed/10953803
http://dx.doi.org/10.1093/geront/19.3.291
http://www.ncbi.nlm.nih.gov/pubmed/551024
http://dx.doi.org/10.2105/AJPH.2004.060749
http://dx.doi.org/10.1186/gb-2013-14-10-r115

Int. ]. Mol. Sci. 2019, 20, 4273 9 of 10

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Genetics Home. What is Epigenetics? Genetics Home Reference. Available online: https://ghr.nlm.nih.gov/
primer/howgeneswork/epigenome (accessed on 7 April 2019).

Fraga, M.F; Esteller, M. Epigenetics and aging: The targets and the marks. Trends Genet. 2007, 23, 413—418.
[CrossRef]

Rakyan, VK.; Down, T.A.; Maslau, S.; Andrew, T.; Yang, T.P,; Beyan, H.; Whittaker, P.; McCann, O.T.; Finer, S.;
Valdes, AM.; et al. Human aging-associated DNA hypermethylation occurs preferentially at bivalent
chromatin domains. Genome Res. 2010, 20, 434-439. [CrossRef]

Teschendorff, A.E.; Menon, U.; Gentry-Maharaj, A.; Ramus, S.J.; Weisenberger, D.J.; Shen, H.; Campan, M.;
Noushmehr, H.; Bell, C.G.; Maxwell, A.P.; et al. Age-dependent DNA methylation of genes that are
suppressed in stem cells is a hallmark of cancer. Genome Res. 2010, 20, 440-446. [CrossRef]

Jung, M.; Pfeifer, G.P. Aging and DNA methylation. BMC Biol. 2015, 13, 7. [CrossRef] [PubMed]
Johansson, A.; Enroth, S.; Gyllensten, U. Continuous Aging of the Human DNA Methylome Throughout the
Human Lifespan. PLoS ONE 2013, 8, e67378. [CrossRef] [PubMed]

Bocklandt, S.; Lin, W.; Sehl, M.E.; Sanchez, E].; Sinsheimer, ].S.; Horvath, S.; Vilain, E. Epigenetic predictor of
age. PLoS ONE 2011, 6, e14821. [CrossRef] [PubMed]

Hannum, G.; Guinney, J.; Zhao, L.; Zhang, L.; Hughes, G.; Sadda, S.; Klotzle, B.; Bibikova, M.; Fan, ].B.;
Gao, Y;; et al. Genome-wide methylation profiles reveal quantitative views of human aging rates. Mol. Cell
2013, 49, 359-367. [CrossRef] [PubMed]

Horvath, S.; Raj, K. DNA methylation-based biomarkers and the epigenetic clock theory of ageing.
Nat. Rev. Genet. 2018, 19, 371-384. [CrossRef]

Simpkin, A.].; Cooper, R.; Howe, L.D.; Relton, C.L.; Davey Smith, G.; Teschendorff, A.; Widschwendter, M.;
Wong, A.; Kuh, D.; Hardy, R. Are objective measures of physical capability related to accelerated epigenetic
age? Findings from a British birth cohort. BM] Open 2017, 7, e016708. [CrossRef] [PubMed]

Nevalainen, T.; Kananen, L.; Marttila, S.; Jylhava, J.; Mononen, N.; Kahonen, M.; Raitakari, O.T.; Hervonen, A.;
Jylha, M.; Lehtimaki, T.; et al. Obesity accelerates epigenetic aging in middle-aged but not in elderly
individuals. Clin. Epigenetics 2017, 9, 20. [CrossRef]

Dugue, P.A ; Bassett, ].K.; Joo, ].E.; Baglietto, L.; Jung, C.H.; Wong, E.M.; Fiorito, G.; Schmidt, D.; Makalic, E.;
Li, S.; et al. Association of DNA Methylation-Based Biological Age with Health Risk Factors and Overall and
Cause-Specific Mortality. Am. J. Epidemiol. 2018, 187, 529-538. [CrossRef]

Horvath, S.; Erhart, W.; Brosch, M.; Ammerpohl, O.; von Schonfels, W.; Ahrens, M.; Heits, N.; Bell, ].T.;
Tsai, P.C.; Spector, T.D.; et al. Obesity accelerates epigenetic aging of human liver. Proc. Natl. Acad. Sci. USA
2014, 111, 15538-15543. [CrossRef]

Quach, A.; Levine, M.E.; Tanaka, T, Lu, A.T., Chen, B.H.; Ferrucci, L.; Ritz, B., Bandinelli, S.;
Neuhouser, M.L.; Beasley, ].M.; et al. Epigenetic clock analysis of diet, exercise, education, and lifestyle
factors. Aging (Albany NY) 2017, 9, 419-446. [CrossRef]

Taylor, J.Y.; Wright, M.L.; Crusto, C.A.; Sun, Y.V. The Intergenerational Impact of Genetic and Psychological
Factors on Blood Pressure (InterGEN) Study: Design and Methods for Complex DNA Analysis.
Biol. Res. Nurs. 2016, 18, 521-530. [CrossRef] [PubMed]

Crusto, C.A.; Barcelona de Mendoza, V.; Connell, C.M.; Sun, Y.V,; Taylor, ].Y. The Intergenerational Impact of
Genetic and Psychological Factors on Blood Pressure Study (InterGEN): Design and Methods for Recruitment
and Psychological Measures. Nurs. Res. 2016, 65, 331-338. [CrossRef] [PubMed]

Roetker, N.S.; Pankow, ].S.; Bressler, J.; Morrison, A.C.; Boerwinkle, E. Prospective Study of Epigenetic Age
Acceleration and Incidence of Cardiovascular Disease Outcomes in the ARIC Study (Atherosclerosis Risk in
Communities). Circ. Genom. Precis. Med. 2018, 11, e001937. [CrossRef] [PubMed]

Levine, M.E.; Lu, A.T,; Bennett, D.A.; Horvath, S. Epigenetic age of the pre-frontal cortex is associated with
neuritic plaques, amyloid load, and Alzheimer’s disease related cognitive functioning. Aging (Albany NY)
2015, 7, 1198-1211. [CrossRef] [PubMed]

Tamman, A.J.E; Montalvo-Ortiz, J.L.; Southwick, S.M.; Krystal, ].H.; Levy, B.R.; Pietrzak, R.H. Accelerated
DNA Methylation Aging in U.S. Military Veterans: Results from the National Health and Resilience in
Veterans Study. Am. J. Geriatr. Psychiatry 2019, 27, 528-532. [CrossRef] [PubMed]

Horvath, S.; Ritz, B.R. Increased epigenetic age and granulocyte counts in the blood of Parkinson’s disease
patients. Aging (Albany NY) 2015, 7, 1130-1142. [CrossRef] [PubMed]


https://ghr.nlm.nih.gov/primer/howgeneswork/epigenome
https://ghr.nlm.nih.gov/primer/howgeneswork/epigenome
http://dx.doi.org/10.1016/j.tig.2007.05.008
http://dx.doi.org/10.1101/gr.103101.109
http://dx.doi.org/10.1101/gr.103606.109
http://dx.doi.org/10.1186/s12915-015-0118-4
http://www.ncbi.nlm.nih.gov/pubmed/25637097
http://dx.doi.org/10.1371/journal.pone.0067378
http://www.ncbi.nlm.nih.gov/pubmed/23826282
http://dx.doi.org/10.1371/journal.pone.0014821
http://www.ncbi.nlm.nih.gov/pubmed/21731603
http://dx.doi.org/10.1016/j.molcel.2012.10.016
http://www.ncbi.nlm.nih.gov/pubmed/23177740
http://dx.doi.org/10.1038/s41576-018-0004-3
http://dx.doi.org/10.1136/bmjopen-2017-016708
http://www.ncbi.nlm.nih.gov/pubmed/29092899
http://dx.doi.org/10.1186/s13148-016-0301-7
http://dx.doi.org/10.1093/aje/kwx291
http://dx.doi.org/10.1073/pnas.1412759111
http://dx.doi.org/10.18632/aging.101168
http://dx.doi.org/10.1177/1099800416645399
http://www.ncbi.nlm.nih.gov/pubmed/27118148
http://dx.doi.org/10.1097/NNR.0000000000000163
http://www.ncbi.nlm.nih.gov/pubmed/27362519
http://dx.doi.org/10.1161/CIRCGEN.117.001937
http://www.ncbi.nlm.nih.gov/pubmed/29555670
http://dx.doi.org/10.18632/aging.100864
http://www.ncbi.nlm.nih.gov/pubmed/26684672
http://dx.doi.org/10.1016/j.jagp.2019.01.001
http://www.ncbi.nlm.nih.gov/pubmed/30792041
http://dx.doi.org/10.18632/aging.100859
http://www.ncbi.nlm.nih.gov/pubmed/26655927

Int. ]. Mol. Sci. 2019, 20, 4273 10 of 10

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Gao, X.; Zhang, Y.; Breitling, L.P; Brenner, H. Relationship of tobacco smoking and smoking-related DNA
methylation with epigenetic age acceleration. Oncotarget 2016, 7, 46878-46889. [CrossRef]

Gao, X.; Jia, M.; Zhang, Y.; Breitling, L.P.; Brenner, H. DNA methylation changes of whole blood cells
in response to active smoking exposure in adults: A systematic review of DNA methylation studies.
Clin. Epigenetics 2015, 7, 113. [CrossRef]

Simons, R.L.; Lei, M.K,; Beach, S.R.; Philibert, R.A.; Cutrona, C.E.; Gibbons, EX.; Barr, A. Economic hardship
and biological weathering: The epigenetics of aging in a U.S. sample of black women. Soc. Sci. Med. 2016,
150, 192-200.

Hughes, A.; Smart, M.; Gorrie-Stone, T.; Hannon, E.; Mill, J.; Bao, Y.; Burrage, J.; Schalkwyk, L.; Kumari, M.
Socioeconomic Position and DNA Methylation Age Acceleration Across the Life Course. Am. J. Epidemiol.
2018, 187, 2346-2354. [CrossRef]

Karlsson Linner, R.; Marioni, R.E.; Rietveld, C.A.; Simpkin, A.].; Davies, N.M.; Watanabe, K.; Armstrong, N.J.;
Auro, K.; Baumbach, C.; Bonder, M.J.; et al. An epigenome-wide association study meta-analysis of
educational attainment. Mol. Psychiatry 2017, 22, 1680-1690. [CrossRef] [PubMed]

Horvath, S.; Gurven, M.; Levine, M.E,; Trumble, B.C.; Kaplan, H.; Allayee, H.; Ritz, B.R.; Chen, B.; Lu, A.T;;
Rickabaugh, T.M.; et al. An epigenetic clock analysis of race/ethnicity, sex, and coronary heart disease.
Genome Biol. 2016, 17, 171. [CrossRef] [PubMed]

Europe, W.H.O. Body Mass Index-BMI. Available online: http://www.euro.who.int/en/health-topics/disease-
prevention/nutrition/a-healthy-lifestyle/body-mass-index-bmi (accessed on 16 April 2019).

Barcelona, V.; Huang, Y.; Brown, K,; Liu, ].; Zhao, W.; Yu, M.; Kardia, S.L.R.; Smith, ]J.A.; Taylor, J.Y.; Sun, Y.V.
Novel DNA methylation sites associated with cigarette smoking among African Americans. Epigenetics 2019,
14, 383-391. [CrossRef] [PubMed]

Perna, L.; Zhang, Y.; Mons, U.; Holleczek, B.; Saum, K.U.; Brenner, H. Epigenetic age acceleration predicts
cancer, cardiovascular, and all-cause mortality in a German case cohort. Clin. Epigenetics 2016, 8, 64.
[CrossRef] [PubMed]

Houseman, E.A.; Molitor, J.; Marsit, C.J. Reference-free cell mixture adjustments in analysis of DNA
methylation data. Bioinformatics 2014, 30, 1431-1439. [CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.18632/oncotarget.9795
http://dx.doi.org/10.1186/s13148-015-0148-3
http://dx.doi.org/10.1093/aje/kwy155
http://dx.doi.org/10.1038/mp.2017.210
http://www.ncbi.nlm.nih.gov/pubmed/29086770
http://dx.doi.org/10.1186/s13059-016-1030-0
http://www.ncbi.nlm.nih.gov/pubmed/27511193
http://www.euro.who.int/en/health-topics/disease-prevention/nutrition/a-healthy-lifestyle/body-mass-index-bmi
http://www.euro.who.int/en/health-topics/disease-prevention/nutrition/a-healthy-lifestyle/body-mass-index-bmi
http://dx.doi.org/10.1080/15592294.2019.1588683
http://www.ncbi.nlm.nih.gov/pubmed/30915882
http://dx.doi.org/10.1186/s13148-016-0228-z
http://www.ncbi.nlm.nih.gov/pubmed/27274774
http://dx.doi.org/10.1093/bioinformatics/btu029
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Discussion 
	Materials and Methods 
	Study Sample 
	Phenotypes 
	DNA Methylation Profiling and Data Processing 
	Statistical Analysis 

	Conclusions 
	References

