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ABSTRACT

Race, ethnicity, education, income, and occupation are important social factors affecting health and longevity.
DNA methylation aging biomarkers may mediate the effects of these social factors on mortality, but so far, no
studies have investigated the extent of this mediation systematically in a nationally represents samples of the
U.S. population. This study aims to provide systematic evidence on the mediating proportion of DNA
methylation clocks between these social factors and mortality using the US National Health and Nutrition
Examination Survey (NHANES) 1999-2002 (N=2,402) linked with National Death Index mortality data through
2019. After adjusting for gender, age, age2, and nativity, multiple DNA methylation clocks significantly
mediated the pathways between social factors and all-cause mortality. Among all the 13 DNA methylation
biomarkers available in NHANES, GrimAge2 consistently exhibited the strongest positive mediation capturing
the social disparities on mortality up to 52% (95%Cl: 26%-128%), followed by the DunedinPoAm. These effects
generally exceeded the mediation proportion of traditional clinical risk factors collected in our study (such as C-
reactive protein). This study suggested that DNA methylation epigenetic biomarkers may have utility as clinical
aging indicators of the biological embedding of social disadvantage.

INTRODUCTION health outcomes through differential access to
resources, power, and opportunities [3, 4]. These

For most documented contexts and time periods, there adverse effects even can undermine the beneficial

is a strong association between lower socioeconomic
position and risk of higher mortality [1, 2]. The theory
of social stratification posits that social stratification
caused by a combination of factors, particularly race,
ethnicity, and socioeconomic position, would influence

effects from other social exposures such as social
cohesion and social resistance [5]. These health
disparities are reflected in key social stratification factors
such as race and ethnicity, educational attainment,
income, and occupation. Studies report notable
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differences in life expectancy across these dimensions.
For instance, according to recent estimates, White
Americans who reach age 15 have a life expectancy of
63 years, compared to 59 years for Black Americans
and 66 years for Hispanic Americans [6]. Likewise,
individuals with an income at or above 400% of the
poverty threshold have a life expectancy of 60 years at
age 18, while those living below the poverty line have
just 49 years [7]. Similar disparities are also observed
across different education levels and occupational
groups [7-9].

To address these health inequalities, researchers have
explored biological pathways to explain these
embodiments from outset disadvantages to inner
systems. One proposed mechanism is the early onset
of chronic diseases due to behavioral and lifestyle
factors, such as poor diet, smoking, and sedentary
lifestyles [9]. Another mechanism involves environ-
mental exposures, including local environment,
household exposures, and occupational hazards, which
disproportionately affect lower socioeconomic groups
[10]. For example, individuals exposed to air pollution
experience higher rates of cardiovascular diseases and
hospitalizations, with these exposures being more
prevalent in lower socioeconomic neighborhoods [11].
A third pathway suggests that chronic psychosocial
stress resulting from economic instability, dis-
crimination, and social deprivation leads to systemic
inflammation and dysregulated glucose metabolism,
both of which contribute to a higher risk of mortality
[12].

Identifying reliable biomarkers that capture these
pathways is critical for strengthening causal evidence
linking distal social exposures early in the life to
pathobiological disease processes occurring many years
later. However, most traditional biomarkers reflect only
a single biological process, limiting their ability to
provide a comprehensive picture of health inequalities.
For example, inflammation biomarkers have shown
only modest mediation effects in explaining the
relationship between socioeconomic status and
mortality [13]. Moreover, social determinants of health
and health policy changes often impact multiple
biological and behavioral pathways differently, making
it difficult to evaluate the correct direction of overall
health impact using a single biomarker. For instance, a
study on Earned Income Tax Credit found that this
policy affected various health outcomes in different
ways—some  beneficial and others potentially
detrimental [14]. Developing biomarkers that integrate
signals across multiple pathways could therefore offer
more holistic insights. Such integrative biomarkers
would be especially useful for assessing the short-term
health effects of social policy changes, such as

education reforms, housing programs, tax deductions,
and environmental regulations.

DNA methylation clocks offer a potential solution as they
may function in some cases as comprehensive biomarkers
that capture cumulative biological effects of social
and environmental exposures. Epigenetic mechanisms
regulate gene expression by modifying DNA without
altering the genetic sequence. DNA methylation, in which
methyl groups are covalently bound to cytosine bases,
influences gene accessibility and expression and has been
associated with disease risk and mortality [15, 16]. DNA
methylation clocks, which estimate either chronological
age or physiological aging based on DNA methylation
patterns, have been shown to be significantly associated
with race and ethnicity, educational attainment, income,
and occupation [17-23]. In addition, some of these clocks
also strongly correlate with mortality and morbidity
outcomes by design. However, only a limited number of
studies have examined whether DNA methylation clocks
mediate the relationships between race, ethnicity,
socioeconomic positions and mortality disparities [24—
27]. Existing evidence suggests that epigenetic aging
biomarkers, especially the DNA methylation biomarkers
trained on physiological measures, can significantly
mediate these associations across diverse cohorts, yet
previous studies have not simultaneously compared
multiple social exposures or multiple mediators
representing different biological pathways within a
unified analytical framework.

To address this gap, the present study leverages
nationally representative data from National Health and
Nutrition Examination Survey (NHANES) to evaluate
the mediating role of thirteen DNA methylation clocks
trained for different purposes. These clocks are
compared with traditional clinical biomarkers to assess
their relative contributions to disparities caused by
social stratification factors in mortality. The findings
provide novel insights into the biological embedding of
social disadvantages and highlight the potential utility
of epigenetic aging measures for advancing research on
the health impacts of social determinants.

RESULTS
Descriptive characteristics and survival analysis

The unweighted sample statistics for this study sample
are presented in Table 1. Among the 2,402 participants
in the analysis, 947 deaths (39%) were observed up to
Dec 31, 2019. Of these, 164 were attributed to
cardiovascular-related causes, while 197 were due to
cancer. The racial and ethnic composition of the sample
included 39% White Americans, 22% Black Americans,
36% Hispanic, and 3.5% individuals identifying as
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Table 1. Descriptive statistics for socioeconomic positions, demographic covariates, and clinical measures,
NHANES 1999-2002 (n=2,402).

Overall participants Deceased participants Undeceased participants
(N=2,402) (N=947) (N=1,455)

Categorical Variable Count (Percentage) Count  (Percentage) Count (Percentage)
Race and ethnicity

Non-Hispanic White 943 (39.3%) 399 (42.1%) 544 (37.4%)

Non-Hispanic Black 516 (21.5%) 225 (23.8%) 291 (20.0%)

Hispanic 860 (35.8%) 300 (31.7%) 560 (38.5%)

Another race or ethnicity 83 (3.5%) 23 (2.4%) 60 (4.1%)
Educational attainment

College degree or higher 370 (15.4%) 96 (10.1%) 274 (18.8%)

Some college or associates degree 440 (18.3%) 137 (14.5%) 303 (20.8%)

High school/GED 496 (20.7%) 201 (21.2%) 295 (20.3%)

Less than high school 1096 (45.6%) 513 (54.2%) 583 (40.1%)
Family income

PIR 5+ 399 (16.6%) 87 (9.2%) 312 (21.4%)

PIR 2-5 923 (38.4%) 337 (35.6%) 586 (40.3%)

PIR 1-2 707 (29.4%) 339 (35.8%) 368 (25.3%)

PIR<1 373 (15.5%) 184 (19.4%) 189 (13.0%)
Longest held occupation

White collar and professional 535 (22.3%) 178 (18.8%) 357 (24.5%)

White collar, semi-routine 411 (17.1%) 154 (16.3%) 257 (17.7%)

Blue collar, high skill 389 (16.2%) 173 (18.3%) 216 (14.8%)

Blue collar, semi-routine 1004 (41.8%) 404 (42.7%) 600 (41.2%)

Never worked 63 (2.6%) 38 (4.0%) 25 (1.7%)
Gender

Women 1172 (48.8%) 406 (42.9%) 766 (52.6%)

Men 1230 (51.2%) 541 (57.1%) 689 (47.4%)
Nativity

US born 1794 (74.7%) 773 (81.6%) 1021 (70.2%)

Foreign born 608 (25.3%) 174 (18.4%) 434 (29.8%)
Physical activity

Active 1171 (48.8%) 375 (39.6%) 796 (54.7%)

Sedentary 1231 (51.2%) 572 (60.4%) 659 (45.3%)
Alcohol consumption

Abstainer 1033 (43.0%) 466 (49.2%) 567 (39.0%)

Alcohol drinker 1369 (57.0%) 481 (50.8%) 888 (61.0%)

Mean (SE) Mean (SE) Mean (SE)

Age 65.11 9.31) 70.41 (8.77) 61.66 (7.93)
Healthy eating index 53.48 (12.86) 52.82 (12.86) 53.91 (12.84)
Smoking pack years 15.44 (24.53) 20.41 (28.75) 12.20 (20.72)
Waist to thigh ratio 1.96 0.21) 2.02 (0.20) 1.92 (0.20)
BMI 28.82 (5.76) 28.38 (6.01) 29.11 (5.58)
Total cholesterol (mmol/L) 5.45 (1.06) 5.40 (1.14) 5.48 (1.00)
HDL-cholesterol (mg/dL) 51.83 (16.08) 51.59 (16.96) 51.98 (15.48)
LDL-cholesterol (mg/dL) 128.42 (31.60) 126.51 (32.62) 129.67 (30.87)
Glucose 107.22 (45.09) 114.47 (57.01) 102.51 (34.44)
C-reactive protein 0.60 (1.24) 0.70 (1.28) 0.53 (1.20)
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another race or mixed race. In terms of socioeconomic
characteristics, 46% of participants had not completed
high school, 38% had household income between two
and five times of the poverty thresholds, and 42%
reported their occupation as semi-routine blue-collar.
The sample was 49% female and 25% foreign-born.
The age of the participants ranged from 50 to 84 years,
with the mean age as 65 years (SD=9).

The correlations between all the mediators we examined
are shown in Figure 1. Most clocks had strong
correlations with chronological age (r>0.7), with
somewhat more moderate correlations for Weidner and
Vidal-Bralo (=0.5 and r=0.6, respectively), and
Horvath predicted telomere showed moderate negative
association with chronological age as the correlation
coefficient was -0.6. Only DunedinPoAm and Yang
epigenetic age showed weaker correlations with
chronological age, r=0.04 and r=0.2, respectively.

The estimated coefficients from the survival analysis
models (without any mediators) are presented
in Supplementary Table 1. Compared to White
participants, Black and Hispanic participants exhibited
significantly higher risks of all-cause mortality, with
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hazard ratios (HR) of 1.51 (95%CI: 1.25-1.82) and 1.40
(95%CI: 1.12-1.75), respectively, after adjusting for
gender, age, age’?, and nativity. All categories of lower
educational attainment and lower household income
were associated significantly with higher risks on all-
cause mortality compared to the most advantaged
groups, with HRs ranging from 1.63 (95%CI: 1.24-
2.14) to 3.00 (95%CI: 2.18-4.12) with the most
disadvantaged groups showing the biggest ratios for
mortality. Individuals in high-skilled blue-collar and
semi-routine  blue-collar ~ occupations ~ showed
significantly higher all-cause mortality risk compared to
white-collar and professionals (HR=1.64, 95%CI: 1.19-
2.27 and HR=1.55, 95%CI: 1.13-2.12, respectively).

The survival analysis of DNA methylation measures
and clinical mediators and mortality are presented in
Supplementary Table 2. Among the chronological
age clocks, most of the clocks showed significant
associations with all-cause mortality, and GrimAge,
GrimAge2, and DunedinPoAm showed the strongest
effect sizes with 1.11 (95%CI: 1.09-1.13), 1.10 (95%CI:
1.09-1.12), and 43.7 (95%CIl:16.9-113), respectively.
Weidner and SkinBlood epigenetic age showed less
strong associations, and Yang epigenetic age and Horvath
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Figure 1. Raw correlation matrix of potential mediators and age in NHANES 1999-2002 (n = 2,402). Mediators include
chronological age, physiological functioning clocks, pace-of-aging clock, clocks trained on other aging biomarkers, as well as behavioral,

anthropometric, and clinical variables.

WWWw.aging-us.com

469

AGING



predicted telomere showed null effects. Only GrimAge,
GrimAge2, and DunedinPoAm showed significant
associations with both cardiovascular-specific and
cancer-specific mortality due to smaller sample size. In
addition, Hannum, Horvath, Vidal-Bralo, and PhenoAge
epigenetic age showed significant associations with
cancer-specific mortality with a HR range of 1.04
(95%CI: 1.01-1.07) to 1.05 (95%CI: 1.02-1.07).

The mediating roles of DNA methylation measures
and clinical factors in the association between race
and ethnicity and all-cause mortality

The mediation analysis of DNA methylation clocks and
clinical biomarkers for the association between race and
ethnicity and all-cause mortality are shown in Figure 2
and Supplementary Table 3. Multiple mediation signals
were observed when comparing Black and White
participants, as well as for the comparison between
Hispanic and White participants. Physiologically trained
clocks GrimAge, GrimAge2, and DunedinPoAm
showed moderate mediation. Among Black vs. White
participants comparisons, GrimAge, GrimAge2, and
DunedinPoAm mediated a proportion of 34% (95%CI:
19%-67%), 46% (95%CL  27%-89%), and 24%
(95%CI: 10%-49%), respectively. Unexpectedly, all
chronological age clocks except Lin epigenetic age
exhibited significant negative mediation ranging from -
3% (95%CIL: -8%- -0.3%) to -19% (95%CI: -38%- -
10%), and Horvath predicted telomere exhibited -44%
(95%CI: -79%- -27%) mediation. These results
indicated that although compared to White participants,
Black participants had overall higher risk of mortality,
they also had on average higher Horvath predicted
telomere values. These higher values of DNA
methylation predicted telomere length are associated
with reduced risks for mortality and protective for Black
participants to show even greater mortality disparities.
Comparing Hispanic to White participants, GrimAge2
and DunedinPoAm pace of aging exhibited significant
positive mediation of 39% (95%CI: 18%-101%) and
28%  (95%CI:  13%-70%), respectively. Most
chronological age clocks did not exhibit significant
mediation effects, except for Vidal-Bralo, which
showed a significant negative mediation effect of -11%
(95%CI: -44%- -2.3%). No DNA methylation or
clinical biomarkers demonstrated significant mediation
effects in the comparison between other races and
White participants due to small sample size.

The mediating roles of DNA methylation measures
and clinical factors in the association between
education and all-cause mortality

The mediation analysis for educational mortality
disparities is shown in Figure 3 and Supplementary

Table 4. The patterns of mediation were consistent
across all comparisons of educational attainment levels.
Physiologically trained clocks showed stronger effects
compared to other types of clocks. GrimAge,
GrimAge?2, and DunedinPoAm epigenetic age exhibited
significant mediation effects across all comparisons,
ranging from 11% (95%CI: 2.8%-28%) to 32%
(95%CI: 17%-64%), which were higher than the
smoking pack-years, the leading clinical biomarkers.
Horvath predicted telomere mediated 5.3% (95%CI:
1.7%-10%) and 5.7% (95%CIL: 1.9%-13%) of the
mortality disparities for participants with less than a
high school education and those with a high school
degree or educational development program (GED),
respectively. In addition, PhenoAge epigenetic age
mediated 6.5% (95%CI: 2.4%-14%) of the difference
between participants with less than a high school
education and those with a college degree, and Hannum
epigenetic age showed a marginally significant positive
mediation of 4.4% (95%CIL: 0.3%-13.4%) between
participants with a high school degree or GED and
those with a college degree or higher.

The mediating roles of DNA methylation measures
and clinical factors in the association between
household income and all-cause mortality

The mediation analysis for income-related disparities in
all-cause mortality is presented in Figure 4 and
Supplementary Table 5. The results followed patterns
similar to those observed for educational attainment.
PhenoAge, GrimAge, GrimAge2, Horvath predicted
telomere, and DunedinPoAm showed significant
positive proportion of mediation effects with smaller
effects compared to the results from education
attainment, but still greater effects compared to all
the clinical mediators. GrimAge, GrimAge2, and
DunedinPoAm epigenetic age significantly mediated
effects across all group comparisons ranging from 14%
(95%CI: 6.6%-29%) to 37% (95%CIL: 22%-58%). In
addition, PhenoAge and Horvath predicted telomere
significantly mediated part of the group comparisons,
ranging from 3.7% (95%CL 0.3%-11%) to 8.3%
(95%CI: 2.5%-17%).

The mediating roles of DNA methylation measures
and clinical factors in the association between
occupation and all-cause mortality

The mediation of DNA methylation clocks on
occupation-related disparities is shown in Figure 5 and
Supplementary Table 6. Compared to the white-collar
and professional participants, individuals in semi-
routine white-collar and those who had never worked
did not show significant mediations of any DNA
methylation clocks and clinical biomarkers. For the

WWWw.aging-us.com

AGING



e W, (S O e e

8 | oAk |k ‘ :
£ . . . ' ‘ :

...............................................

3 ; : : . I * o . e ok

3 e e KX ok | : Vb i T o ' e o
E 0 ¥ ¥ >y L4 I i i T L ke i i
o ' 1 ' ' 1 '
g I ) 1 ' 1 1 I 1
S ) | . i ' .

: < S O S———— A || [N SR. | | ST (- SN, O S —————————————. | | . ——— S ——.
s ) 1 ] ' i 3
o | 1 ' 1 1 1
£ i ' " i i '

-100 _.-.-._._._.-._.-4_,_‘_._._,-._.-.:_._._.,_,_._._._._,_: ......... : .............. : _.-.-.-._._.-.-._._._..:.-._._._.-.-.+ .........................
: : 5 : : :
; ; ; H : ;

) 3 N\ N\ A\ N e S ot o ot = N N 3 \4

o Na“w ot “w %\‘N &:i R L w‘!oe«%‘@ PR A Y o & Tt
Ll A \\\6 o® S ® o 2 W
6\

Black vs. White

BN it gm0 1P st s e o e S o i

Proportion of mediated effects
*
H
i
Mo
L
.
.
[
o |
o

*
= I ¥ T = X L | j | I | =
' | ' | | '
' ! ' ! | '
| | ' | | '
............................................... Besessssscsssossssensesssdosnsssssaseslosscccsssssveessoslocssonsssennsccescssssssssscssdecssnnossacsssossasdsssscsscsnnscscsescsssssascnsssnces
i \ i ) | )
i i i | | \
| | , | ) i
| ! ' | | )
BT} ENEEE R as EEeE | — I e s AN ] FST S (| SRR
' ! ! | | '
| i ) | | )
| ' ' ‘ ' '
| \ ! | | !
' : : . : :
s po® AR G A «e° 0 (& & o & o (O ¢ F
o :3@\:96@\» o 3@9 61?&»@ ?\@o w““‘ ge@\ & *"ﬁ o e & A @ B O O (0
W W g e o
Latino vs. White
o ' ' ' ) , '
| i | i ' I
i | ' | | '
' T 1 1 1 1 1 =
1 1 1 Y 1 1 1
J00 s s sy sl st et s frcims Wb e b b s i L S oo i i g i m i e i
i | ' | | !
% -
8 : : : : : :
% | | ! ' ' !
..................................... i g o g o g 5 R 5 g A AR
g ] 1 ' 1 1 '
2 i 4 i | | |
o | * ' i [ t
B ' [ ' ' e 1 e i T T e
0
5 { l i i i i l ¢ i l i _[ l il I
| ! ) | | '
c ' 1 ' 1 1 '
S i
;=T TR I SO WS (SN s O ) [ - 1 N VY L T TR VO JO A FSSRRTIT SRR SO
s ' ' i i i f
o ' 1 1 =N 1 1 ]
& | | ) | | i
1 1 1 1 1 1 e
-1004-4 = =" =" Eimimm ._._._4_4_._.:_._..._._ _._..._._: ________ :_4_._._..,_4_.: ............ - _._..._..:.-4_ _._._._4+ _________________________
| ‘ ! i AL ‘ !
| | i | | |
i | I L .o+ I
\S N o0 < & © @ & o S oo~ (O P \4
p° \\«Né P B pP p S po® U «Z\N" o &° @ PR S L W @ B O O (0
\)\,oo‘\\‘ NN &° \:; @Z 0% e ‘,‘\e‘\ P ‘\\k o\“\z&\ *“‘\Y\o“'% 2 & & ﬁ.\s\z\ X o

Other races vs. White
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Figure 3. Average mediated proportions for DNA methylation and clinical mediators on the relationship between education
attainment and all-cause mortality, NHANES 1999-2002 (n=2,402). Coefficients marked with one asterisk indicate statistical
significance (p < 0.05), and those with three asterisks indicate significance after Bonferroni correction (p < 0.0021). The x-axis is ordered as
chronological age clocks, physiological functioning clocks, pace-of-aging clock, clocks trained on other aging biomarkers, and behavioral,
anthropometric, and clinical mediators.
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Figure 4. Average mediated proportions for DNA methylation and clinical mediators on the relationship between household
income and all-cause mortality, NHANES 1999-2002 (n=2,402). Coefficients marked with one asterisk indicate statistical significance
(p < 0.05), and those with three asterisks indicate significance after Bonferroni correction (p < 0.0021). The x-axis is ordered as chronological
age clocks, physiological functioning clocks, pace-of-aging clock, clocks trained on other aging biomarkers, and behavioral, anthropometric,
and clinical mediators.
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comparison between high-skilled and semi-routine blue-
collar and white-collar/professional  participants,
physiologically trained clocks again showed stronger
effects compared to other types of clocks and clinical
mediators. GrimAge, GrimAge2, and DunedinPoAm
epigenetic age mediated 25% (95%CI: 14%-67%) up to
52% (95%CI: 26%-128%). In addition, Hannum,
PhenoAge, and Horvath predicted telomere mediated
10% (95%CIL: 2.2%-27%), 9.0% (95%CIL: 2.1%-35%),
and 6.1% (95%CI: 0.9%-16%) of the mortality
disparities, respectively, when comparing high-skilled
blue-collar workers to white-collar professionals.

Secondary analysis
disparities

of cause-specific mortality

The exposure survival analysis for cause-specific
mortality is also presented in Supplementary Table 1.
For cardiovascular-specific mortality, due to the smaller
simple size, only the comparisons between Black and
White participants and between participants with a
poverty income ratio (PIR) of less than 1 and those with
a PIR of 5 or above remained significant with a HR of
2.12 (95%CI: 1.25-3.58) and 4.33 (95%CI: 1.63-11.51),
respectively. For cancer-specific mortality, only models
for educational attainment and occupational status
showed significant results. Compared to participants
with a college degree or higher, those with less than a
high school education (HR=3.53, 95%CI: 1.43-8.70), a
high school diploma or GED (HR=3.21, 95%CI: 1.41-
7.29), and some college (HR=3.34, 95%CI: 1.52-7.33)
had significantly higher risks. Similarly, participants in

Proporson of mediated effects

high-skilled blue-collar (HR=2.63, 95%CI: 1.50-4.63)
and semi-routine blue-collar (HR=1.95, 95%CI: 1.13-
3.34) occupations had significantly higher cancer-
specific mortality risks compared to white-collar
professionals. The mediator survival analysis for both
cardiovascular- and cancer- specific mortality are
shown in Supplementary Table 2. GrimAge, GrimAge2,
and DunedinPoAm epigenetic age exhibited significant
effects similar to the all-cause mortality results. For
cancer-specific mortality only, more clocks showed
significant associations, with HRs ranging from 1.04

(95%CI: 1.01-1.07) to 1.05 (95%CI: 1.02-1.07),
including Hannum, Horvath, Vidal-Bralo, and
PhenoAge.

The mediation analysis for cause-specific mortality had
lower statistical power than for all-cause mortality
(Supplementary Tables 7-14). For racial disparities,
comparing Black and White participants, GrimAge,
GrimAge2, and DunedinPoAm epigenetic age sig-
nificantly mediated 17% (95%CL: 6.6%-56%), 23%
(95%CIL: 8.7%-63%), and 10% (95%CIL: 2.0%-37%)
of the cardiovascular-specific mortality disparity, res-
pectively, though these effects were smaller than that of
sedentary behavior (mediated proportion=26%; 95%CI:
11%-92%) (Supplementary Table 7). However, for
cardiovascular disparities between those with a PIR <1
and those with a PIR >5, GrimAge and GrimAge2
epigenetic age mediated 23% (95%CI: 11%-50%) and
26% (95%ClL: 11%-62%) which were higher than other
clinical mediators (Supplementary Table 9). In cancer-
specific mortality disparities, GrimAge, GrimAge2, and

Proporton of modared efiects

ropornon of megated efe:
b
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o—yi §
e
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Semi-routine blue collar vs. White collar

Proportion of mediated effects

Never worked vs. White collar

Figure 5. Average mediated proportions for DNA methylation and clinical mediators on the relationship between occupation
status and all-cause mortality, NHANES 1999-2002 (n=2,402). Coefficients marked with one asterisk indicate statistical significance (p
< 0.05), and those with three asterisks indicate significance after Bonferroni correction (p < 0.0021). The x-axis is ordered as chronological age
clocks, physiological functioning clocks, pace-of-aging clock, clocks trained on other aging biomarkers, and behavioral, anthropometric, and

clinical mediators.
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DunedinPoAm epigenetic age also demonstrated
significant mediation for education- and occupation-
related disparities, with mediated proportion ranging
from 6.5% (95%CI: -3.4%-21%) to 30% (95%CI: 12%-
66%). These three DNA methylation epigenetic age
measures mediated even larger proportions for income-
related cancer-specific mortality disparities with 76%
(95%CI: 30%-326%), 80% (95%CIL: 28%-416%), and
54% (95%CI: 12%-241%), respectively (Supplementary
Table 13).

Sensitivity analysis of all-cause mortality stratified
by subgroups

The mediation analysis stratified by gender is shown in
Supplementary Tables 15-22. Although no significant
difference was found, it is interesting to notice that the
mediation signals for all-cause mortality disparities
between Hispanic and White participants and people
from different levels of household incomes were
primarily driven by women, in comparison to all-cause
mortality disparities between Black and White
participants, people from different levels of education
attainments, and individuals from different levels of
occupation status were driven by men. The mediation
analysis stratified by race and ethnicity is presented in
Supplementary Tables 23-31. Again, although no
significant difference shown across different races and
ethnicities, DNA methylation biomarkers showed the
most signals among White participants and then
followed by Black participants. No significant signals
were observed for Hispanic participants.

For more sensitivity analysis, we provided the results
for all ten components of GrimAge2 in Supplementary
Tables 32-35. These results showed that overall
mediation effects of GrimAge2 were larger than that of
any individual component, with the pack-years
component showing the strongest effect among them.
We also provided sensitivity analysis using completed
cases only in Supplementary Tables 36-39. The results
showed similar patterns compared to our main results
using the imputed dataset. In addition, we provided
testing results for exposure-mediator interaction and
non-linear square term effects of each mediator on all-
cause mortality in Supplementary Tables 40, 41. As the
results demonstrated there was no consistent evidence
across groups showing significant interactions between
exposures and mediators in Supplementary Table 40.
Supplementary Table 41 also suggested there was no
evidence showing any non-linear effects of DNA
methylation clocks on the all-cause mortality outcomes,
although among clinical mediators, BMI, total
cholesterol, and C-reactive protein presented significant
square terms with betas that ranged from -0.037 to
0.066.

DISCUSSION

Aiming to systematically examine the mediating role of
DNA methylation clocks in the associations between
race, ethnicity, education, income, and occupation and
mortality, this study uses nationally representative data
to demonstrate that DNA methylation clocks,
particularly GrimAge2 and DunedinPoAm, mediate a
substantial proportion of racial/ethnic and socio-
economic disparities in mortality, consistent with our
hypothesis. GrimAge2 exhibited significant mediation
on all-cause mortality disparities, accounting for 21% of
the difference between participants with a high school
diploma or GED and those with a college degree or
higher, up to 52% of the difference between individuals
in high-skilled blue-collar occupations and those in
white-collar and professional positions. Similarly, the
DunedinPoAm pace of aging mediated 11% of the
mortality disparity between high school graduates and
individuals with a college degree or above, and 28% of
the disparity between Hispanic and White participants.
Notably, these mediation results, particularly for
GrimAge2, were greater than those observed for
traditional clinical biomarkers. These findings suggest
that DNA methylation clocks and biomarkers could
serve as valuable tools for future research investigating
the mechanisms underlying health disparities and for
the more rapid evaluation of the potential long-term
impacts of policy changes.

Results supporting our hypothesis that DNA
methylation clocks are good biomarkers for mortality
outcomes, especially GrimAge2, are consistent with
previous literatures. A few studies have explored the
mediating effects of GrimAge and GrimAge2 on
mortality disparities. A 2022 meta-analysis integrating
data from 18 cohorts across multiple countries found
that GrimAge mediated 60% of the mortality disparity
between men with lower than upper secondary
education and those with upper secondary education or
higher, an effect stronger than that observed for other
clocks, including Hannum, Horvath, and PhenoAge
[24]. Similarly, a study using data from Framingham
Heart Study reported that GrimAge mediated 63% of
the association between education attainment and all-
cause mortality, again exceeding the mediation effects
observed for other clocks [27]. Although these studies
have suggested that much of the mediation effects could
be attributed to differences in unhealthy lifestyles, such
as smoking, alcohol consumption, high BMI, low
physical activity, and chronic conditions including
hypertension and diabetes, our study extends this
literature by directly comparing the mediation effects
between GrimAge and GrimAge2 with those of
traditional clinical biomarkers within the same dataset.
In addition, we demonstrate that GrimAge2 reported
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greater mediated proportions for social inequalities in
mortality disparities than any single clinical measure.
For cause-specific mortality, one study found that
GrimAge mediated up to 24% of the association
between household income and cardiovascular
mortality, a larger effect than that observed for other
causes of death [26]. In contrast, our analyses show that
both GrimAge and GrimAge2 mediated a significant
portion of all-cause, cardiovascular-specific, and
cancer-specific mortality with the largest proportion
observed for cancer mortality disparities between
people living under poverty and people with PIR >5, up
to 80%. This difference may reflect variation in study
populations, as the prior study was restricted
to participants with cardiovascular-kidney-metabolic
syndrome, suggesting that the GrimAge clock may
perform more strongly among healthier populations.

Regarding the performance of other DNA methylation
clocks, Graf et al. [27] found that DunedinPACE
(a later version of DunedinPoAm) mediated 50% of
the association between education attainment and
all-cause mortality. In comparison, our study found
DunedinPoAm mediated 11% to 22% of this
association. This difference may reflect the use of an
earlier version of the Dunedin clock in our analysis. In
addition, Fiorito and colleagues [24] reported that the
Horvath, Hannum, and PhenoAge epigenetic age
mediated 21%, 26%, and 33% of education-related
mortality  disparities among men, respectively.
Similarity, a study using data from Women's Health
Initiative found that PhenoAge mediated 12% of
mortality disparities by race (Black vs. White) and 16%
by educational attainment (less than high school vs.
college degree or higher) among women [25]. In our
study, PhenoAge significantly mediated 6.6% of the
mortality disparity associated with lower educational
attainment (less than high school vs. college degree or
higher) but showed no significant mediation ability for
other social factors. Together, these findings may
suggest that some epigenetic clocks, especially the
clocks trained on chorological age, may have limited
mediation utility when generalized to nationally
representative populations.

Our study has implications for why DNA methylation
biomarkers showed a wide range of mediated effects on
social inequalities, which is not consistent with our
original hypothesis. As demonstrated by the correlation
analysis in our study, DNA methylation biomarkers
carry different aspects of signals rather than belonging
to one cluster of epigenetic information. Although
physiologically trained clocks and the pace of aging
clock performed better in the mediation analysis
(particularly GrimAge2 and DunedinPoAm), clocks
trained on chronological age, cancer biomarkers, or

telomere length may still provide complementary
information worthy of future investigation. Interestingly
in our results, some of these clocks negatively mediated
the all-cause mortality disparities between Black and
White participants, especially Horvath predicted
telomere mediated -44%. One explanation could be the
protective role of telomere-related mechanisms in racial
morality disparities. While no prior studies have directly
examined telomere length as a mediator of racial health
disparities in mortality, existing evidence supports this
hypothesis. As well documented in previous literature,
longer leukocyte telomere length is associated with
lower risk of mortality [28-31]. A number of studies
also have reported that Black adults, on average, have
longer telomeres than their White counterparts [32, 33].
Building on this evidence, our findings imply that for
Black and White Americans with equivalent telomere
lengths, racial disparities in mortality might be even
greater than those observed in studies without
accounting for telomere length. Another explanation
could be that these biomarkers are associated with other
important variables on the pathway. For example, both
Hannum epigenetic age and Horvath predicted telomere
were suggested on the causal pathway of social support
affecting mortality risks [34]. African American may
have on average stronger social connections, which is
protective for them to counter racial disparities in
mortality. These hypotheses suggest that African
Americans with shorter telomeres and low social
connections may represent a particularly vulnerable
subgroup for mortality disparities.

In addition, consistent with our hypothesis, our results
indicate that DNA methylation can potentially be
developed as a better composite biomarker for
measuring  biological embeddedness for social
disadvantages in the future. Previous studies have
explored the effects of clinical variables in cohorts from
various countries showing clinically —measured
variables, including diagnoses of chronic diseases, even
combing can only mediate up to moderate effects
of mortality disparities originated from social
stratifications [35-38]. For example, a previous study
combining 179,090 participants reported a joint
mediation of smoking, alcohol consumption, dietary
patterns, physical activity, BMI, hypertension, diabetes,
and coronary artery disease, account 34% and 38% in
women and men separately [35]. Therefore, our results
showing DNA methylation biomarkers mediated a
bigger proportion than these effects suggest promising
utility for capturing social health inequalities.

This study examined the mediation effects of thirteen
DNA methylation epigenetic biomarkers on mortality
disparities  across  multiple individual  social
stratification indicators, including race, ethnicity,
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educational attainment, household income, and
occupation, by taking advantage of a nationally
representative probability-based sample. However,
several limitations should be noted. First, although
causal mediation models were used, the cross-sectional
design of this study limits causal inference. While
socioeconomic  factors likely preceded DNA
methylation measures, our results remain vulnerable to
potential reverse causality of the effects flowing from
health to socioeconomic position, particularly income
[8]. For example, worse health may lead to reduced
labor force participation and, in turn, lower income
[39]. Due to the cross-sectional design of our study, we
could not differentiate directionality in our findings.
Further studies with longitudinal design are needed to
validate our results related to household income.
Second, studies have suggested that factors such as
gender, marital status, and birth year may modify the
effects of mortality disparities associated with
socioeconomic positions [40]. Previous research also
has shown DNA methylation clocks can perform
differently by gender and race [24, 41]. Although our
results did not show any significant modification
effects by gender and race, it still needs to be
cautiously interpreted among different subgroups.
Further studies with larger sample sizes should explore
subgroup differences and the underlying mechanisms
of these modification effects. Third, as our study
sample was restricted to individuals aged 50 to 84, the
findings may not be generalized to younger population.
Additional research is needed to investigate whether
similar DNA methylation-based mediation effects can
be observed in younger cohorts. Fourth, this study only
conducted single mediation analysis for each individual
epigenetic and clinical biomarker due to the limits of
our current methods used. Future studies are needed to
explore combining the mediation ability across these
epigenetic, clinical biomarkers and other potential
candidate mediators with advanced statistical methods
to better capture the complexity of the associations.
Fifth, recent literature has indicated using packages of
multiple imputation and mediation with confidence
intervals calculated by non-parametric bootstrap
method at the same time may introduce potential biases
[42, 43]. The exact values of our estimates may need to
be interpreted with caution even though the main
analysis and complete case analysis showed same
patterns. Sixth, our study has only considered linear
terms for the mediators due to the limits of our
modelling method. Studies have suggested some
mediators, such as BMI [44], can have potential
nonlinear effects on mortality outcomes. Future studies
should use complex mediation models to explore the
nonlinear effects for these biomarkers. Seventh, our
study compared the effects on a relative scale but not
on the absolute scale. Absolute inequalities are

important for public health interventions because it can
provide further information on the scale of the impacts
on population. Future studies should explore if the
estimates would be different by absolute scale. Lastly,
genetic ancestries may serve as an important con-
founder influencing both exposures and DNA
methylation biomarkers, given their strong correlation
with self-reported race and ethnicity. Because genetic
ancestry information was not available in this dataset, it
remains uncertain how this unmeasured factor may
have shaped our findings. Future research incorporating
genetic ancestry data could help clarify the extent to
which observed associations reflect underlying biological
variation versus socially patterned differences that covary
with ancestry and race.

In conclusion, this study contributes to the growing
body of evidence demonstrating that DNA methylation
clocks mediate a substantial proportion of mortality
disparities associated with adverse social exposures,
with stronger effects than traditional clinical
biomarkers. These findings also underscore the
potential of DNA methylation measures as valuable
tools for understanding the biological embedding of
social  disadvantages. Further research  using
longitudinal study designs and larger sample sizes is
needed to validate these results and clarify the
mechanisms underlying these associations. As more
insights emerge regarding the role of DNA
methylation clocks and biomarkers, these measures
may prove useful in future studies evaluating the
broader impact of social policies and identifying
vulnerable populations for targeted long-term disease
prevention efforts.

MATERIALS AND METHODS
The NHANES participants

We analyzed the participants from the U.S. National
Health and Nutrition Examination Survey (NHANES)
1999-2000 and 2001-2002 cycles who had publicly
available DNA methylation clock measurements.
Eligible participants were non-Hispanic White, non-
Hispanic Black, Hispanic, and other races (including
multi-racial participants), aged 50 years or older who
had a blood sample collected at baseline and consented
to future genetic research. Further details on the
methodology of DNA methylation data are available on
the NHANES website [45]. Participants were included
in this study if they had non-zero DNA methylation
specific weights (N=2,532). We excluded individuals
who were 85 years and older (N=130) since NHANES
does not report the exact ages for this group. After
exclusion, the final study sample consisted of 2,402
participants.
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Socioeconomic position measures

Socioeconomic position measures were derived from
NHANES baseline questionnaires, with all variables
being self-reported and publicly available. Educational
attainment was assessed as the highest self-reported
level of education completed by participants. This
variable was classified as less than high school, high
school graduate or general educational development
program (GED), some college or an associate’s degree,
and a college degree or higher.

Household income was measured using the poverty
income ratio (PIR), defined as the ratio of a
participant’s household income to the federal poverty
levels from Department of Health and Human Services’
(HHS) poverty guidelines. To facilitate comparisons,
household income was categorized into four groups:
below the poverty line (PIR < 1), PIR 1-2, PIR 2-5, and
PIR > 5 for comparison with other work [46, 47].

The longest held occupation of the participants was
used to define their occupational status. When data on
the longest held occupation was missing, the reported
current occupation was used to fill the missing values.
Occupational status was categorized into five groups:
white-collar and professional, semi-routine white-collar,
high-skilled blue-collar, semi-routine blue-collar, and
never worked, according to the National Statistics
Socio-Economic Classification [48].

Epigenetic aging and clinical mediators

Thirteen DNA methylation clocks available in NHANES
were included in this analysis. Clocks trained on
chronological age included Hannum [49], Horvath [50],
Weidner [51], Lin [52], VidalBralo [53], SkinBlood [54],
and Zhang [55]. Clocks trained to predict morbidity or
mortality included PhenoAge [56], GrimAge [57], and
GrimAge2 [58]. In addition, the pace of aging clock
DunedinPoAm [59], which was trained on aging rates
measured across multiple organ systems, was included.
Other clocks trained on aging biomarkers such as Yang
[60] which was trained on cancer biomarkers, and
Telomere [61] which was trained on leukocyte telomere
length were also included.

To assess the mediation effects for traditional clinical
measures from established biological pathways,
additional clinical measures were included in tests of
proportion mediated. For behavioral variables, we
included physical activity (sedentary vs. active), the
2015 health eating index (HEI) [62], smoking pack-
years, and drinking behaviors (abstainer vs. alcohol
drinker). Anthropometric measures included waist-to-
thigh ratio and body mass index (BMI). Clinical

biomarkers included total cholesterol, high-density
lipoprotein (HDL), low-density lipoprotein (LDL),
glucose, and C-reactive protein (CRP). Physical activity
status was defined as sedentary if participants did not
report any vigorous, moderate, or muscle-strengthening
activities over the past 30 days [63].

Mortality outcomes and covariates

Mortality data were obtained from the National Center
for Health Statistics publicly available mortality files,
which track deaths through linkage with the National
Death Index (NDI). Participants were classified as
deceased if their records were linked to the NDI by
December 31, 2019, and were assumed to be alive
otherwise. The underlying cause of death as recorded in
the NDI has been validated with an estimated
classification error of approximately 5% [64]. The
maximum follow-up period was 17 years. The age at
death or loss of follow-up was used as the survival
outcome. All-cause mortality was examined as the
primary event with loss to follow-up considered as
censored, while cause-specific mortality from either
cardiovascular disease or cancer were evaluated as the
secondary and exploratory event with all other deaths
and loss to follow-up both considered as censored. As
shown in the directed acyclic graph (DAG) presented in
Supplementary Figure 1, covariates controlled in the
model included gender (women vs. men), baseline age
and baseline age? (to account for potential non-linear
effects of age on predictor and outcome variables), and
nativity (U.S.-born vs. foreign-born).

Statistical modeling

Descriptive analyses were performed using means and
standard deviations for continuous variables, and
frequencies with percentages for categorical variables. A
nonparametric random forest multiple imputation method
was used to impute the missingness in exposures,
covariates, and clinical mediators (missForest package in
R [65, 66]). All the participants from 1999-2002 cycle (N
= 21,004) were used to impute missing values. This
package is designed to handle data that are Missing at
Random (MAR). Correlation analyses to show the
clusters across all DNA methylation biomarkers were
conducted using R functions rcorr. Survival analyses
were conducted using a Weibull model implemented in
the survey package in R, incorporating NHANES DNA
methylation specific survey weights to account for the
complex survey design. Hazard ratios (HR) and 95%
confidence intervals (CI) were reported. Only linear
terms of mediators were included in the models, and
Wald-test was used to test the non-linear square term
effects of mediators in the associations between mediator
and outcome.
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Mediation analyses were conducted using the mediation
package in R [67], estimating average mediated
proportions along with their 95% Cls. This package
outputs mediation proportions ranging from negative
infinity to positive infinity. A negative mediated
proportion indicates that the exposure and mediator
have effects on the outcome in opposite directions,
whereas a mediated proportion greater than 100%
indicates that the mediator captures an effect in the
same direction that is larger than the total effect of the
exposure on the outcome. Exposure may influence an
outcome through multiple pathways, producing both
beneficial and detrimental effects that operate in
different directions. As a result, the overall effect
estimate may be attenuated relative to the true causal
effect in that direction. This phenomenon is particularly
relevant for social exposures, as some adverse social
conditions may also be associated with social cohesion
and resilience [5, 14]. A more detailed discussion is
included in Appendix 1.

This mediation model uses a potential outcome frame-
work to estimate mediation effects. We used a
parametric approach within this package, which means
the estimates will be calculated from the regression
parameters and the standard errors will be calculated
from bootstrap method. The assumptions of this
approach include 1) no unobserved pre-treatment
confounding between social positions and mortality
outcomes besides the covariates already controlled; 2)
no unobserved pre-treatment and post-treatment
confounding for the associations of DNA methylation
clocks and mortality outcomes; 3) sufficient overlap in
the distributions of social position and DNA
methylation clocks across covariates. A more detailed
discussion of how well our study met the assumption is
included in Appendix 2. The package built-in function
test. TMint was used to test if there were interactions
between exposures and mediators. Results with a p-
value of <0.05 were considered as marginally
significant, and a p-value of <0.0021 (0.05/24, as there
was total 24 mediators included in the study)
were considered as significant results that passed
multiple testing. Sensitivity analyses conducted among
different gender and racial subgroups were also
presented. All statistical analyses were performed using
R version 4.5.0. The R code and data used for these
analyses are provided in a GitHub repository
(https://github.com/shywatson/SES DNAm_NHANES).
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Supplementary Figure
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Supplementary Figure 1. Directed acyclic graph (DAG) illustrating the variables included in the study. Red arrows indicate the
primary pathways examined in the analysis. Light green boxes represent the main exposures, and the dark green box represents the main
outcome. Blue boxes denote mediators, while white boxes represent covariates adjusted for in the models.
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Supplementary Tables

Please browse Full Text version to see the data of Supplementary Tables 1, 6, 10, 14, 21, 22, 29, 30, 31, 35, 39, 40.

Supplementary Table 1. Survival analysis for socioeconomic positions on all-cause mortality, controlled by
gender, age, age2, and nativity, NHANES 1999-2002 (n=2,402). Bold indicates statistical significance (p-
value<0.05).

Supplementary Table 2. Survival analysis for DNA methylation clocks and clinical biomarkers on all-cause
mortality, controlled by gender, age, age2, and nativity, NHANES 1999-2002 (n=2,402). Bold indicates statistical
significance (p-value<0.05).

Cardiovascular-specific

All-cause mortality Cancer-specific mortality

mortality
HR (95% CI) HR (95% CI) HR (95% CI)

Chronological age clocks

Hannum 1.04 (1.02 1.05) 1.01 0.97 1.05) 1.05 (1.02 1.07)

Hovarth 1.03 (1.01 1.04) 1.00 (0.98 1.03) 1.04 (1.02 1.07)

Weidner 1.01 (1.00 1.02) 1.00 (0.98 1.02) 1.01 (0.99 1.03)

Lin 1.01 (1.00 1.02) 1.00 (0.98 1.02) 1.01 (0.99 1.03)

Vidal-Bralo 1.02 (1.01 1.04) 1.00 0.97 1.04) 1.04 (1.02 1.07)

SkinBlood 1.02 (1.00 1.04) 1.01 0.97 1.06) 1.01 (0.98 1.04)

Zhang 1.06 (1.01 1.11) 1.03 (0.93 1.14) 1.02 (0.95 1.09)
Physiological functioning clocks

PhenoAge 1.04 (1.03 1.05) 0.99 (0.96 1.02) 1.04 (1.01 1.07)

GrimAge 1.11 (1.09 1.13) 1.10 (1.06 1.14) 1.12 (1.07 1.16)

GrimAge?2 1.10 (1.09 1.12) 1.09 (1.05 1.13) 1.10 (1.06 1.14)
Pace of aging clock

DunedinPoAm 43.7 (16.9 113) 17.9 2.37 136) 30.1 (5.52 164)
Clocks trained on other aging biomarkers

Yang 21.6 (0.23 2.03E+03) 120 (0.00  2.61E+08) 1.44 (0.00 1.14E+04)

Telomere 0.39 (0.29 0.51) 0.69 (0.28 1.67) 0.34 (0.18 0.66)
Behavioral/Lifestyle measures

Sedentary behavior 1.71 (145 2.01) 243 (1.67 3.52) 1.31 (0.85 2.03)

Healthy eating index 0.99 (0.98 1.00) 1.00 (0.99 1.02) 0.97 (0.96 0.99)

Smoking pack years 1.01 (1.01 1.01) 1.01 (1.00 1.01) 1.01 (1.01 1.02)

Alcohol drinker 0.75 (0.63 0.88) 0.60 (0.38 0.94) 1.19 (0.78 1.83)
Anthropometric measures

Waist to thigh ratio 3.54 (2.18 5.76) 4.73 (1.26 17.8) 1.79 (0.60 5.37)

BMI 1.01 (0.99 1.03) 1.00 (0.95 1.07) 1.00 (0.98 1.03)
Clinical used blood Biomarkers

Total cholesterol 1.01 (0.94 1.08) 0.97 0.75 1.25) 1.12 (0.93 1.34)

HDL 1.00 (0.99 1.00) 1.00 (0.99 1.02) 1.00 (0.99 1.01)

LDL 1.00 (1.00 1.00) 1.00 (0.99 1.00) 1.00 (1.00 1.01)

Glucose 1.00 (1.00 1.01) 1.01 (1.00 1.01) 1.00 (0.99 1.00)

C-reactive protein 1.12 (1.06 1.17) 1.04 0.93 1.17) 1.09 (1.01 1.18)
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Supplementary Table 3. Average mediated proportions for DNA methylation and clinical mediators on the
relationship between race and ethnicity and all-cause mortality, NHANES 1999-2002 (n=2,402). Bold indicates
statistical significance (p-value<0.05), and bold with two asterisks indicates significance passed Bonferroni

adjustment (p-value<0.0021).

Model 1. Black (N=516)
vs. White (N= 943)

Model 2. Hispanic (N=860)
vs. White (N= 943)

Model 3. Other races (N=83)

vs. White (N= 943)

Average me‘diated 95% CI) Iﬁ:;;:t%; 95% CI) Average me‘diated (95% CI)
proportion . proportion
proportion
Chronological age clocks
Hannum -19.1%** (-37.8%-10.5%) 5.7% (-4.9% 22.4%) 4.5% (-100.1% 99.9%)
Hovarth -5.2% (-14.6%- 0.7%) -5.0% (-28.6% 1.1%) -1.3% (-93.6% 56.7%)
Weidner -2.5% (-8.2%- 0.3%) -3.7% (-16.4% 0.5%) -4.9% (-98.1% 82.1%)
Lin -2.9% (-10.6% 0.3%) -3.4% (-18.0% 1.6%) -3.8% (-62.5% 73.0%)
Vidal-Bralo -14.6%** (-35.9%- 4.9%) -10.5% (-43.9%- 2.3%) -13.5% (-251.5% 159.5%)
SkinBlood -4.9% (-15.5%- 0.5%) 0.1% (-5.2% 4.3%) 1.0% (-38.1% 47.3%)
Zhang -9.9% (-27.0%- 2.8%) -1.2% (-8.3% 2.3%) -2.4% (-59.4% 50.6%)
Physiological functioning clocks
PhenoAge -6.8% (-22.8% 0.6%) 8.9% (-1.9% 37.8%) 5.7% (-119.3% 161.6%)
GrimAge 34.4%** (18.7% 66.8%) 15.3% (-9.8% 53.8%) 12.0% (-193.5% 234.7%)
GrimAge2 46.0%** (26.6% 88.7%) 39.3%** (18.2% 100.9%) 24.8% (-206.7% 288.7%)
Pace of aging clock
DunedinPoAm 23.6%** (10.0% 48.9%) 28.3%** (12.6% 70.4%) 27.2% (-211.4% 340.7%)
Clocks trained on other aging
biomarkers
Yang 7.4% (-6.8% 20.9%) 3.6% (-10.9% 21.1%) 1.3% (-98.4% 124.6%)
Telomere -44.4%** (-79.1%- 27.2%) 2.8% (-21.6% 20.4%) 9.1% (-177.4% 157.2%)
Behavioral/Lifestyle measures
Sedentary behavior 27.8%%* (13.4% 54.0%) 23.4%** (6.7% 63.6%) 18.5% (-217.7% 298.3%)
Healthy eating index 6.9% (0.6% 19.6%) 2.9% (-2.8% 15.3%) 0.0% (-43.2% 62.5%)
Smoking pack years -15.4%** (-34.8%- 6.9%) -14.1% (-37.1%- 4.6%) -9.1% (-125.4% 170.8%)
Alcohol drinker 11.9% (4.6% 25.7%) 8.2% (0.3% 27.8%) 19.6% (-309.1% 358.3%)
Anthropometric measures
Waist to thigh ratio -25.8% (-54.2%- 12.6%) 15.9% (4.7% 46.3%) 11.1% (-150.4% 251.1%)
BMI 2.3% (-6.6% 15.3%) 0.3% (-8.3% 13.5%) -0.1% (-26.1% 27.6%)
Clinical used blood Biomarkers
Total cholesterol -0.5% (-4.7% 1.4%) 0.0% (-4.1% 3.7%) -0.2% (-27.5% 21.8%)
HDL -0.8% (-7.7% 3.1%) 6.2% (-3.2% 19.6%) 1.6% (-46.2% 47.4%)
LDL 0.0% (-2.6% 1.5%) 0.0% (-3.7% 3.8%) 0.0% (-17.3% 16.4%)
Glucose 8.1%** (2.2% 19.0%) 5.5% (0.7% 18.2%) 7.4% (-82.9% 127.0%)
C-reactive protein 9.5%** (3.2% 24.3%) 1.7% (-2.2% 7.7%) -0.8% (-37.7% 35.0%)
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Supplementary Table 4. Average mediated proportions for DNA methylation and clinical mediators on the
relationship between education attainment and all-cause mortality, NHANES 1999-2002 (n=2,402). Bold
indicates statistical significance (p-value<0.05), and bold with two asterisks indicates significance passed
Bonferroni adjustment (p-value<0.0021).

. Model 2. High school Model 3. Some college or associates
Model 1. Less than high school graduate/GED (N=496) degree (N=440)
(N=1,096) vs. College degree or . .
higher (N=370) vs. College d_egree or higher vs. College d_egree or higher
(N=370) (N=370)
ﬁ:g::tgefl (95% CI) Average me.diated (95% CI) Average me.diated (95% CI)
proportion proportion proportion
Chronological age clocks
Hannum 1.6% (-0.0% 4.5%) 4.4% (0.3% 13.4%) 0.5% (-6.9% 7.7%)
Hovarth -0.1% (-1.7% 1.3%) -1.7% (-8.9% 1.3%) -4.1% (-14.0%- 0.2%)
Weidner -0.3% (-3.1% 1.3%) 0.1% (-3.0% 3.7%) -0.9% (-7.8% 1.6%)
Lin -0.2% (-2.1% 1.2%) -1.2% (-5.5% 1.0%) -0.5% (-5.4% 3.1%)
Vidal-Bralo -0.7% (-3.4% 0.5%) -0.3% (-5.0% 1.6%) -0.7% (-5.8% 2.6%)
SkinBlood 0.3% (-1.0% 2.2%) 0.9% (-1.2% 5.7%) 0.0% (-3.4% 2.7%)
Zhang 0.5% (-0.7% 2.6%) 0.2% (-1.7% 3.1%) -0.1% (-5.5% 3.2%)
Physiological functioning clocks
PhenoAge 6.5%** (2.4% 13.7%) 2.9% (-1.3% 12.2%) 3.1% (-5.0% 12.4%)
GrimAge 23.3%** (14.2% 36.6%) 18.7%** (8.1% 41.7%) 31.8%** (17.8% 57.5%)
GrimAge2 27.6%** (16.4% 44.9%) 21.4%%* (9.9% 48.5%) 32.4%** 17.2% 64.2%)
Pace of aging clock
DunedinPoAm 13.6%** (6.7% 23.6%) 11.4%** (2.8% 27.6%) 22.0%** (11.0% 38.0%)
Clocks trained on other aging
biomarkers
Yang -1.0% (-4.4% 1.9%) 1.2% (-1.5% 6.0%) 0.3% (-3.9% 4.5%)
Telomere 5.3% (1.7% 10.1%) 5.7%** (1.9% 13.1%) 3.5% (-0.9% 10.9%)
Behavioral/Lifestyle measures
Sedentary behavior 12.9%** (5.9% 23.2%) 21.2% (9.4% 44.9%) 6.2% (-0.4% 17.7%)
Healthy eating index 1.8% (-6.5% 14.1%) 1.3% (-15.4% 14.5%) 3.7% (-6.3% 14.6%)
Smoking pack years 10.6%** (4.8% 18.3%) 10.4% (2.6% 27.3%) 16.2%** (7.3% 35.2%)
Alcohol drinker 1.9% (-2.5% 7.1%) 6.6% (1.0% 19.2%) 2.4% (-1.7% 10.6%)
Anthropometric measures
Waist to thigh ratio 5.6% (1.6% 12.6%) 3.0% (-4.1% 12.0%) 4.0% (-3.4% 14.6%)
BMI 0.4% (-3.8% 6.3%) 3.0% (-2.7% 13.0%) 4.5% (-7.5% 23.6%)
Clinical used blood Biomarkers
Total cholesterol 0.0% (-1.4% 1.6%) -0.4% (-15.5% 8.9%) -3.4% (-16.2% 2.8%)
HDL 0.1% (-5.8% 5.9%) 0.3% (-4.7% 5.4%) 0.0% (-3.9% 3.9%)
LDL -0.1% (-2.3% 1.2%) 0.4% (-13.7% 11.5%) -3.9% (-15.4% 0.7%)
Glucose 2.3% (-0.2% 6.5%) 1.3% (-2.0% 6.4%) -1.8% (-12.1% 3.7%)
C-reactive protein 2.0% (0.5% 4.5%) 0.6% (-2.7% 4.4%) 0.7% (-3.7% 5.9%)
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Supplementary Table 5. Average mediated proportions for DNA methylation and clinical mediators on the
relationship between household income and all-cause mortality, NHANES 1999-2002 (n=2,402). Bold indicates
statistical significance (p-value<0.05), and bold with two asterisks indicates significance passed Bonferroni

adjustment (p-value<0.0021).

Model 1. PIR<1 (N=372)

vs. PIR 5+ (N=399)

Model 2. PIR 1-2 (N=707)

vs. PIR 5+ (N= 399)

Model 3. PIR 2-5 (N=923)

vs. PIR 5+ (N= 399)

Average mediated

Average mediated

Average mediated

R (95% CI) R (95% CI) R (95% CI)
proportion proportion proportion
Chronological age clocks
Hannum 3.0% (-0.5% 8.2%) 2.6% (-0.8% 6.5%) 0.3% (-7.1% 6.6%)
Hovarth -0.1% (-2.6% 1.6%) -0.1% (-3.7% 2.9%) -0.6% (-5.5% 2.5%)
Weidner 0.2% (-1.5% 3.1%) 0.5% (-1.6% 2.9%) 0.0% (-1.8% 1.7%)
Lin 0.2% (-1.5% 2.7%) -0.7% (-3.0% 0.6%) -1.1% (-6.0% 1.5%)
Vidal-Bralo -0.3% (-3.1% 0.9%) 0.6% (-1.9% 3.4%) -0.3% (-3.6% 1.9%)
SkinBlood -0.2% (-3.7% 1.7%) 0.0% (-1.1% 1.2%) -1.2% (-5.1% 1.7%)
Zhang -0.4% (-2.9% 1.0%) -0.5% (-2.2% 0.7%) -1.0% (-5.3% 1.1%)
Physiological functioning clocks
PhenoAge 51% 0.3% 13.4%) 8.3% (2.5% 16.5%) 4.0% (-0.8% 15.3%)
GrimAge 32.1%** (20.1% 50.0%) 24.7%** (14.5% 41.4%) 22.6%** (9.6% 53.5%)
GrimAge2 36.6%** (22.2% 57.8%) 29.2%%* (17.4% 50.8%) 24.9%%* (10.6% 59.5%)
Pace of aging clock
DunedinPoAm 19.5%** (9.8% 35.7%) 14.1%** (6.6% 29.0%) 15.0% (4.1% 40.5%)
Clocks trained on other aging
biomarkers
Yang 0.1% (-4.4% 5.1%) 1.0% (-1.1% 4.8%) 0.0% (-4.0% 1.9%)
Telomere 1.8% (-1.2% 7.5%) 5.4%** 1.9% 10.3%) 3.7% 0.3% 11.4%)
Behavioral/Lifestyle measures
Sedentary behavior 21.0% (5.2% 39.7%) 12.9% (4.2% 31.0%) 14.0% (1.4% 48.4%)
Healthy eating index 4.0% (-10.9% 16.8%) 1.9% (-3.7% 9.5%) 2.9% (-3.5% 18.1%)
Smoking pack years 11.5%** (5.1% 19.8%) 10.9%** (3.6% 27.9%) 12.7%** (3.8% 31.0%)
Alcohol drinker -3.7% (-17.5% 7.4%) 2.1% (-8.5% 13.6%) 6.0% (0.3% 16.6%)
Anthropometric measures
Waist to thigh ratio 5.1% (-1.1% 12.5%) 5.8% (-1.7% 15.3%) 8.1% (-0.0% 21.3%)
BMI -0.5% (-11.2% 8.2%) -0.4% (-11.5% 6.0%) 2.6% (-10.4% 17.1%)
Clinical used blood Biomarkers
Total cholesterol 0.0% (-3.6% 3.0%) 0.3% (-1.3% 3.5%) -0.4% (-5.8% 4.5%)
HDL -4.0% (-16.7% 5.2%) 0.6% (-7.1% 7.4%) 0.1% (-6.9% 7.6%)
LDL -1.7% (-7.9% 1.9%) 0.2% (-2.0% 3.7%) -1.6% (-9.7% 4.3%)
Glucose 6.2% (1.1% 14.8%) 1.2% (-2.5% 6.8%) 4.5% (-0.1% 12.9%)
C-reactive protein 2.0% 0.3% 5.1%) 4.9% (1.3% 10.0%) 2.1% (-0.3% 8.0%)
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Supplementary Table 6. Average mediated proportions for DNA methylation and clinical mediators on the
relationship between occupation status and all-cause mortality, NHANES 1999-2002 (n=2,402). Bold indicates
statistical significance (p-value<0.05), and bold with two asterisks indicates significance passed Bonferroni
adjustment (p-value<0.0021).

Supplementary Table 7. Average mediated proportions for DNA methylation and clinical mediators on the
relationship between race and ethnicity and cardiovascular-specific mortality, NHANES 1999-2002 (n=2,402).
Bold indicates statistical significance (p-value<0.05), and bold with two asterisks indicates significance passed
Bonferroni adjustment (p-value<0.0021).

Model 1. Black (N=516) Model 2. Hispanic (N=860) Model 3. Other races (N=83)
vs. White (N= 943) vs. White (N= 943) vs. White (N= 943)
Average Average mediated Average mediated
mediated (95% CI) R (95% CI) R (95% CI)
proportion proportion proportion
Chronological age clocks
Hannum -3.6% (-15.4% 14.2%) 1.2% (-74.1% 88.9%) -0.1% (-11.3% 8.8%)
Hovarth -0.7% (-5.6% 1.9%) 0.1% (-37.3% 30.2%) 0.0% (-4.8% 4.5%)
Weidner 0.0% (-4.9% 6.5%) -0.4% (-77.3% 71.0%) -0.3% (-24.7% 19.3%)
Lin -0.1% (-4.7%  4.8%) -0.3% (-59.8% 60.2%) -0.1% (-14.0% 12.6%)
Vidal-Bralo -2.6% (-17.9% 11.5%) -0.9% (-153.0% 132.5%) 0.3% (-22.6% 16.8%)
SkinBlood -2.0% (-9.7%  6.7%) 0.1% (-20.4% 30.9%) -0.1% (-92% 7.9%)
Zhang -4.0% (-16.8% 7.4%) -0.2% (-24.3% 22.5%) 0.3% (-9.3% 9.8%)
Physiological functioning clocks
PhenoAge 0.5% (-32% 7.3%) -1.4% (-94.0% 86.9%) 0.7% (-18.0% 20.6%)
GrimAge 17.2%** (6.6% 55.5%) 3.7% (-207.4% 199.3%) -2.9% (-38.8% 21.0%)
GrimAge2 22.6%** 8.7% 63.4%) 15.5% (-508.3% 538.3%) -5.7% (-94.2% 36.5%)
Pace of aging clock
DunedinPoAm 10.1% 2.0% 42.8%) 9.9% (-410.7% 444.4%) -5.7% (-50.2% 12.9%)
Clocks trained on other aging
biomarkers
Yang 5.9% (-31.4% 36.2%) 4.8% (-224.1% 287.9%) -3.8% (-62.4% 30.8%)
Telomere -15.5% (-43.2% 12.9%) 0.3% (-54.5% 68.6%) -1.5% (-32.9% 16.3%)
Behavioral/Lifestyle measures
Sedentary behavior 25.9%%* (11.2% 91.9%) 20.4% (-635.6% 610.1%) -11.2% (-122.4% 29.5%)
Healthy eating index -2.6% (-15.0% 2.5%) 0.0% (-49.6% 42.9%) 0.0% (-8.5% 7.0%)
Smoking pack years -5.1% (-12.5% - 0.2%) -4.8% (-116.5% 152.5%) 1.6% (-11.1% 20.6%)
Alcohol drinker 11.9% 0.7% 43.2%) 5.7% (-218.4% 219.6%) -14.7% (-102.4% 75.8%)
Anthropometric measures
Waist to thigh ratio -18.9% (-66.6% - 3.8%) 10.2% (-260.1% 343.1%) -4.1% (-81.8% 48.0%)
BMI 1.3% (-11.6% 32.6%) 0.4% (-116.9% 202.3%) 0.0% (-17.2% 14.5%)
Clinical used blood Biomarkers
Total cholesterol 0.2% (-6.3% 5.8%) 0.0% (-31.6% 34.7%) 0.1% (-11.1% 10.8%)
HDL 1.5% (-5.9% 10.3%) 2.1% (-245.2% 198.8%) 0.4% (-20.6% 23.6%)
LDL 0.2% (-2.5% 4.6%) -0.1% (-38.3% 43.6%) -0.1% (-9.9% 7.6%)
Glucose 6.8% (1.0% 24.0%) 5.3% (-161.3% 119.6%) -4.0% (-41.0% 29.2%)
C-reactive protein 0.7% (-8.8% 7.3%) 0.1% (-11.9% 17.1%) 0.0% (-3.2% 3.4%)
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Supplementary Table 8. Average mediated proportions for DNA methylation and clinical mediators on the
relationship between education attainment and cardiovascular-specific mortality, NHANES 1999-2002
(n=2,402). Bold indicates statistical significance (p-value<0.05), and bold with two asterisks indicates
significance passed Bonferroni adjustment (p-value<0.0021).

Model 2. High school Model 3. Some college or
Model 1. Less than high school (N=1,096) vs. graduate/GED (N=496) associates degree (N=440)
College degree or higher (N=370) vs. College degree or higher vs. College degree or higher
(N=370) (N=370)
. Average Average
Average mediated (95% CI) mediated ©95% CI) mediated 95% CI)
proportion . N
proportion proportion
Chronological age clocks
Hannum -1.7% (-57.7% 82.6%) 1.1% (-76.1%  87.7%) 0.1% (-38.7% 36.1%)
Hovarth 0.0% (-8.2% 7.5%) 0.1% (-29.6%  31.4%) 1.5% (-46.9% 38.3%)
Weidner -0.7% (-29.4% 35.3%) 0.0% (-64.8%  29.6%) -0.1% (-29.3% 38.6%)
Lin 0.0% (-17.6% 7.5%) -0.1% (-28.6%  44.2%) 0.8% (-55.9% 32.3%)
Vidal-Bralo -0.1% (-15.7% 14.7%) 0.0% (-41.3%  36.6%) -0.4% (-22.4% 15.8%)
SkinBlood -0.6% (-35.0% 12.4%) 2.1% (-144.9% 96.5%) 0.5% (-16.5% 26.4%)
Zhang 0.0% (-8.3% 8.8%) 0.2% (-22.0% 43.2%) 0.7% (-20.6% 23.7%)
Physiological functioning
clocks
PhenoAge 1.6% (-36.1% 52.0%) -0.5%  (-117.6% 101.0%) -1.7% (-86.0% 81.4%)
GrimAge 51.0% (-335.8%  531.6%) 23.8%  (-686.2% 733.5%) 12.0% (-168.5% 212.3%)
GrimAge2 60.9% (-255.1%  610.7%) 19.5%  (-440.8% 634.5%) 15.7% (-281.5% 232.3%)
Pace of aging clock
DunedinPoAm 18.7% (-248.0%  269.5%) 3.7% (-177.3% 194.5%) 14.1% (-220.8% 268.1%)
Clocks trained on other aging
biomarkers
Yang 6.2% (-48.1% 72.3%) -0.6%  (-112.2% 115.6%) 1.1% (-42.9% 37.1%)
Telomere 5.8% (-46.7% 50.9%) 0.6% (-130.4% 71.3%) -0.7% (-30.8% 29.2%)
Behavioral/Lifestyle measures
Sedentary behavior 28.7% (-629.4%  548.1%) 53.8% (-1,118.9% 1312.3%) 13.1% (-292.9% 196.2%)
Healthy eating index -14.5% (-153.0%  140.7%) -8.2%  (-330.4% 367.9%) -3.3% (-86.7% 63.5%)
Smoking pack years 22.7% (-301.1%  272.8%) 12.0%  (-302.9% 408.7%) -8.5% (-99.0% 144.2%)
Alcohol drinker 5.3% (-110.1%  139.0%) 9.8% (-517.8% 332.7%) 5.8% (-87.7% 165.8%)
Anthropometric measures
Waist to thigh ratio 7.4% (-106.0%  105.0%) 3.1% (-129.6% 133.4%) 3.1% (-55.4% 81.2%)
BMI -2.0% (-70.5%  115.5%) 2.5%  (-138.6% 143.0%) 12.0% (-125.7% 188.6%)
Clinical used blood
Biomarkers
Total cholesterol 0.1% (-31.9% 41.4%) 42%  (-174.4% 210.4%) 2.5% (-124.7% 118.7%)
HDL -4.9% (-95.7%  102.3%) -0.6% (-81.2%  80.1%) 0.6% (-40.4% 42.5%)
LDL -0.9% (-75.5% 79.9%) -0.5%  (-194.1% 201.6%) -0.2% (-94.4% 107.8%)
Glucose 12.4% (-218.9%  219.7%) 0.1% (-62.0%  73.4%) -0.3% (-51.9% 52.0%)
C-reactive protein 1.0% (-28.0% 35.6%) -0.6% (-51.5%  59.1%) 0.1% (-8.8%  8.4%)
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Supplementary Table 9. Average mediated proportions for DNA methylation and clinical mediators on the
relationship between household income and cardiovascular-specific mortality, NHANES 1999-2002 (n=2,402).
Bold indicates statistical significance (p-value<0.05), and bold with two asterisks indicates significance passed
Bonferroni adjustment (p-value<0.0021).

Model 1. PIR<1 (N=373) Model 2. PIR 1-2 (N=707) Model 3. PIR 2-5 (N=923)
vs. PIR 5+ (N=399) vs. PIR 5+ (N=399) vs. PIR 5+ (N=399)
Average mediated Average Average mediated
R 95% CI) mediated (95% CI) R (95% CI)
proportion . proportion
proportion
Chronological age clocks
Hannum 0.5% (-6.0% 6.5%) 0.0% (-13.2% 7.1%) 0.0% (-22.0% 21.7%)
Hovarth 0.7% (-2.9% 6.2%) 0.0% (-5.7% 4.9%) -0.1% (-15.7% 11.7%)
Weidner 0.0% (-6.4% 5.1%) -0.8% (-29.3% 9.6%) 0.0% (-14.1% 15.8%)
Lin -0.2% (-7.3% 7.9%) 0.7% (-6.1% 11.4%) -0.1% (-19.4% 18.4%)
Vidal-Bralo -0.1% (-4.6% 2.6%) -0.4% (-11.4% 5.3%) -0.1% (-29.3% 16.9%)
SkinBlood 0.2% (-6.7% 8.3%) 0.0% (-4.9% 6.6%) -0.8% (-37.4% 33.5%)
Zhang 0.4% (-2.2% 5.7%) 0.2% (-6.0% 6.5%) -1.3% (-41.5% 21.6%)
Physiological functioning clocks
PhenoAge -3.7% (-20.1% 2.1%) -1.3% (-30.4% 17.2%) -1.1% (-47.3% 50.9%)
GrimAge 23.4%** (11.2% 49.9%) 27.3% (-36.2% 122.2%) 7.9% (-152.7%183.1%)
GrimAge2 25.7%** (11.2% 61.9%) 33.1% (-62.3% 201.6%) 9.1% (-289.5%225.5%)
Pace of aging clock
DunedinPoAm 15.7% (-1.1% 47.1%) 14.6% (-32.5% 98.0%) 5.4% (-223.1%197.6%)
Clocks trained on other aging
biomarkers
Yang 0.3% (-12.1% 11.5%) 1.5% (-22.2% 38.4%) 0.0% (-55.2% 45.3%)
Telomere -1.9% (-21.0% 4.4%) -2.9% (-48.2% 24.3%) 1.3% (-31.5% 55.3%)
Behavioral/Lifestyle measures
Sedentary behavior 12.6% (-33.4% 70.4%) 40.5% (-199.0%301.0%) 22.1% (-534.7%390.8%)
Healthy eating index 6.7% (-12.1%26.4%) -9.4% (-77.8% 13.8%) -3.9% (-71.0% 104.5%)
Smoking pack years 3.3% (-3.5% 13.8%) 3.1% (-21.3% 29.2%) 4.7% (-101.5%149.9%)
Alcohol drinker 8.9% (-8.4% 38.4%) -1.2% (-67.2% 53.8%) 16.7% (-301.7%310.6%)
Anthropometric measures
Waist to thigh ratio 14.9% (-0.4% 50.4%) 11.2% (-10.5% 68.5%) 4.7% (-206.7%177.7%)
BMI 0.0% (-15.5% 14.0%) -15.3% (-77.4% 47.2%) 22.3% (-192.0%230.1%)
Clinical used blood Biomarkers
Total cholesterol -0.1% (-11.2% 9.9%) 1.1% (-14.0% 27.1%) -0.2% (-94.6% 90.6%)
HDL 3.8% (-10.5%30.8%) -3.3% (-93.2% 41.9%) 0.5% (-98.7% 115.3%)
LDL -2.9% (-21.4% 8.0%) 0.2% (-26.7% 19.3%) -0.5% (-112.7% 93.4%)
Glucose 6.7% 1.3% 27.6%) 1.8% (-13.5% 31.9%) 3.3% (-96.1% 75.8%)
C-reactive protein 1.7% (-0.8% 9.8%) 1.9% (-11.0% 17.7%) -0.5% (-22.6% 21.0%)
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Supplementary Table 10. Average mediated proportions for DNA methylation and clinical mediators on the
relationship between occupation status and cardiovascular-specific mortality, NHANES 1999-2002 (n=2,402).
Bold indicates statistical significance (p-value<0.05), and bold with two asterisks indicates significance passed
Bonferroni adjustment (p-value<0.0021).

Supplementary Table 11. Average mediated proportions for DNA methylation and clinical mediators on the
relationship between race and ethnicity and cancer-specific mortality, NHANES 1999-2002 (n=2,402). Bold
indicates statistical significance (p-value<0.05), and bold with two asterisks indicates significance passed
Bonferroni adjustment (p-value<0.0021).

Model 1. Black (N= 516) Model 2. Hispanic (N=860) Model 3. Other races (N=83)
vs. White (N=943) vs. White (N=943) vs. White (N=943)
Average me.diated 5% CI) Average me:diated 95% CI) Average me.diated ©95% CI)
proportion proportion proportion
Chronological age clocks
Hannum -30.2% (-300.1% 141.6%) 3.8% (-127.4% 179.2%) 0.3% (-111.4% 149.8%)
Hovarth -10.9% (-165.3% 56.1%) -2.0% (-159.6% 170.6%) 0.0% (-64.9% 64.9%)
Weidner -2.8% (-31.6% 15.9%) -0.8% (-106.8% 78.3%) -1.1% (-91.5% 88.0%)
Lin -3.6% (-37.0% 40.7%) -0.7% (-80.3% 66.1%) -0.5% (-68.1% 68.3%)
Vidal-Bralo -28.6% (-261.0% 197.8%) -11.2% (-395.7% 316.8%) -4.9% (-324.3% 269.6%)
SkinBlood -5.2% (-53.5% 47.5%) 0.0% (-17.9% 17.5%) 0.2% (-37.5% 38.5%)
Zhang -7.1% (-70.1% 17.6%) -0.1% (-17.1% 20.4%) -0.1% (-32.7% 34.1%)
Physiological functioning clocks
PhenoAge -8.4% (-76.0% 84.3%) 1.5% (-189.7% 128.3%) 0.6% (-158.6% 118.8%)
GrimAge 40.1% (-256.6% 455.9%) 4.4% (-272.9% 360.0%) 2.4% (-352.1% 187.8%)
GrimAge2 53.6% (-307.1% 765.2%) 23.4% (-593.5% 795.9%) 7.0% (-178.9% 261.1%)
Pace of aging clock
DunedinPoAm 21.5% (-258.2% 261.4%) 17.9% (-465.7% 619.5%) 9.8% (-286.4% 322.0%)
Clocks trained on other aging
biomarkers
Yang 2.1% (-126.5% 107.1%) -4.7% (-206.1% 138.8%) -3.3% (-105.5% 174.4%)
Telomere -54.2% (-665.0% 414.6%) 2.0% (-144.2% 203.1%) -2.4% (-189.6% 220.8%)
Behavioral/Lifestyle measures
Sedentary behavior 9.2% (-116.7% 173.0%) 3.7% (-225.0% 218.1%) 1.7% (-98.0% 143.0%)
Healthy eating index 25.8% (-130.7% 268.6%) 7.0% (-271.6% 278.2%) 0.0% (-140.0% 124.9%)
Smoking pack years -19.5% (-150.5% 77.0%) -8.9% (-275.0% 269.8%) -2.3% (-179.2% 128.6%)
Alcohol drinker -5.6% (-118.9% 67.5%) -0.9% (-147.8% 168.6%) 1.8% (-216.9% 219.7%)
Anthropometric measures
Waist to thigh ratio -18.5% (-181.3% 80.9%) 1.1% (-252.0% 137.5%) 0.7% (-101.5% 116.1%)
BMI 0.4% (-29.9% 44.9%) -0.2% (-54.7% 47.3%) 0.0% (-21.3% 27.4%)
Clinical used blood Biomarkers
Total cholesterol -3.1% (-57.4% 23.2%) -0.1% (-38.9% 36.1%) -0.1% (-57.5% 64.6%)
HDL 0.8% (-15.6% 27.0%) 2.8% (-153.4% 138.9%) -0.5% (-49.4% 36.6%)
LDL -1.3% (-30.5% 21.8%) 0.2% (-55.5% 55.5%) 0.0% (-71.2% 63.7%)
Glucose -10.8% (-184.9% 120.3%) 0.0% (-106.7% 173.2%) 1.1% (-89.4% 101.3%)
C-reactive protein 7.1% (-61.0% 73.4%) 0.2% (-37.1% 30.0%) 0.2% (-34.6% 27.8%)
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Supplementary Table 12. Average mediated proportions for DNA methylation and clinical mediators on the
relationship between education attainment and cancer-specific mortality, NHANES 1999-2002 (n=2,402). Bold
indicates statistical significance (p-value<0.05), and bold with two asterisks indicates significance passed

Bonferroni adjustment (p-value<0.0021).

Model 1. Less than high school (N=1,096)
vs. College degree or higher (N=370)

Model 2. High school
graduate/GED (N=496)
vs. College degree or higher (N=

Model 3. Some college or
associates degree (N=440)
vs. College degree or higher (N=

370) 370)
Average mediated Average Average
3 95% CI) mediated 95% CI) mediated 95% CI)
proportion X .
proportion proportion
Chronological age clocks
Hannum 1.0% (-1.3%  5.6%) 3.8% (-0.1% 14.5%) 0.5% (-52% 5.5%)
Hovarth -0.1% (-34% 1.9%) -1.9% (-8.9% 1.0%) -3.4% (-12.1% 0.1%)
Weidner 0.9% (-1.9% 6.9%) 0.0% (-2.5% 2.9%) -1.3% (-7.8% 1.6%)
Lin 0.1% (-1.5%  2.4%) -1.2% (-6.2% 1.3%) -1.2% (-5.7% 0.9%)
Vidal-Bralo -0.5% (-44% 1.5%) -0.3% (-5.5% 2.5%) -0.5% (-6.6% 2.9%)
SkinBlood -0.7% (-42% 0.4%) 0.2% (-5.5% 4.3%) -0.1% (-2.3% 2.2%)
Zhang 0.0% (-1.3%  0.8%) 0.0% (-2.0% 2.1%) 0.0% (-3.4% 2.9%)
Physiological functioning clocks
PhenoAge 2.2% (-2.5% 12.1%) 2.5% (-1.7% 13.2%) 1.2% (-2.9% 8.4%)
GrimAge 20.3% (5.4% 56.1%) 9.0%** 2.7% 30.1%) 13.3% (2.8% 36.0%)
GrimAge2 20.0% (3.5% 48.9%) 10.2% (3.8% 30.4%) 12.1% (-0.9% 34.4%)
Pace of aging clock
DunedinPoAm 9.7% (-1.5% 37.6%) 6.6% 0.7% 25.6%) 6.5% (-3.4% 20.9%)
Clocks trained on other aging
biomarkers
Yang -1.7% (-18.8% 5.5%) 0.4% (-5.0% 4.7%) 0.1% (-5.1% 7.3%)
Telomere 2.8% (-2.3%  12.7%) 2.9% (-3.7% 11.5%) 1.3% (-1.6% 6.6%)
Behavioral/Lifestyle measures
Sedentary behavior 2.0% (-12.6% 27.5%) 11.4% (-1.4% 38.2%) -0.8% (-13.2% 8.0%)
Healthy eating index -0.8% (-18.3% 45.1%) 18.8% (3.6% 55.4%) 11.0% (2.0% 26.0%)
Smoking pack years 6.3% (-0.6% 27.3%) 7.8% 2.1% 29.6%) 9.9%** 4.0% 25.5%)
Alcohol drinker -6.5% (-32.9% 1.3%) -5.4% (-35.1% 1.8%) -0.5% (-10.3% 4.6%)
Anthropometric measures
Waist to thigh ratio -1.5% (-22.3% 8.2%) 1.8% (-2.9% 10.0%) 0.3% (-3.4% 5.5%)
BMI -8.8% (-46.6% 2.0%) -0.5% (-6.3% 5.7%) 3.6% (-4.0% 11.6%)
Clinical used blood Biomarkers
Total cholesterol 0.0% (-59% 3.9%) 7.2% 1.2% 27.1%) -5.6% (-24.9% 0.9%)
HDL -4.2% (-22.0% 1.7%) -1.2% (-13.0% 1.5%) 0.7% (-4.2% 9.2%)
LDL 0.0% (-6.4% 5.1%) 8.4% (1.4% 27.5%) -3.9% (-16.3% 2.1%)
Glucose -3.3% (-20.7% 4.4%) -1.7% (-10.8% 2.2%) -0.2% (-4.7% 2.0%)
C-reactive protein 0.5% (-1.4% 3.7%) 0.1% (-1.5% 1.6%) 0.1% (-1.7% 2.9%)
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Supplementary Table 13. Average mediated proportions for DNA methylation and clinical mediators on the
relationship between household income and cancer-specific mortality, NHANES 1999-2002 (n=2,402). Bold
indicates statistical significance (p-value<0.05), and bold with two asterisks indicates significance passed

Bonferroni adjustment (p-value<0.0021).

Model 1. PIR<1 (N=373) Model 2. PIR 1-2 (N=707) Model 3. PIR 2-5 (N=923)
vs. PIR 5+ (N=399) vs. PIR 5+ (N= 399) vs. PIR 5+ (N=399)
. Average Average
Average mediated  g50, (- mediated (95% CI) mediated (95% CI)
proportion . .
proportion proportion
Chronological age clocks
Hannum 4.6% (-22.2% 47.4%) 1.7% (-6.5% 16.9%) 0.4% (-53.5% 84.1%)
Hovarth -0.1% (-23.6% 27.5%) 0.0% (-7.4% 5.6%) -1.3% (-45.4% 41.3%)
Weidner -0.3% (-30.3% 20.4%) 0.7% (-11.4% 17.5%) 0.0% (-15.2% 9.4%)
Lin 2.9% (-12.8% 37.2%) -0.4% (-12.9% 7.7%) -1.2% (-32.1% 20.3%)
Vidal-Bralo -2.6% (-91.4% 42.0%) 0.2% (-8.5% 13.0%) -0.8% (-50.5% 35.1%)
SkinBlood 0.7% (-13.4% 24.9%) 0.0% (-4.7% 4.9%) -2.8% (-33.1% 36.6%)
Zhang 0.1% (-22.1% 16.1%) 0.5% (-3.5% 9.4%) -1.1% (-30.6% 19.3%)
Physiological functioning clocks
PhenoAge 5.0% (-49.0% 74.1%) 7.5% (-9.2% 56.9%) 8.0% (-100.5% 148.4%)
GrimAge 75.8% (30.3% 325.9%) 29.2% (-3.0% 161.3%) 35.3% (-479.9% 617.9%)
GrimAge2 79.7% (28.4% 415.5%) 35.4% (-3.4% 195.6%) 38.0% (-388.4% 648.5%)
Pace of aging clock
DunedinPoAm 53.9% (11.8% 240.9%) 13.0% (-13.4% 106.8%) 19.4% (-286.6% 352.8%)
Clocks trained on other aging
biomarkers
Yang -0.8% (-38.8% 36.9%) 0.1% (-15.6% 24.2%) -0.2% (-24.0% 28.9%)
Telomere 12.5% (-40.6% 116.3%) 8.5% (-3.8% 54.0%) 3.6% (-43.5% 53.3%)
Behavioral/Lifestyle measures
Sedentary behavior 41.3% (-265.1% 342.8%) -0.8% (-65.8% 107.4%) 5.7% (-256.2% 194.7%)
Healthy eating index 67.6% (-528.8% 618.2%) 21.1% (-131.8% 252.1%) 19.3% (-444.2% 516.9%)
Smoking pack years 31.9% (11.7% 127.7%) 23.4% (-114.1% 171.3%) 18.5% (-305.0% 354.0%)
Alcohol drinker -50.3% (-316.9% 56.6%) -18.1% (-178.6% 68.2%) -4.4% (-156.4% 165.7%)
Anthropometric measures
Waist to thigh ratio -8.0% (-151.2% 74.2%) 6.3% (-27.1% 79.5%) 7.0% (-118.1% 201.9%)
BMI -3.1% (-116.3% 71.6%) -10.3% (-87.9% 38.2%) 6.0% (-134.5% 210.4%)
Clinical used blood Biomarkers
Total cholesterol -2.2% (-40.1% 11.2%) -0.5% (-21.4% 10.0%) 7.0% (-113.5% 139.8%)
HDL 20.0% (-61.7% 172.3%) 12.8% (-28.2% 106.7%) -4.2% (-116.4% 89.8%)
LDL -2.8% (-56.1% 31.5%) -0.1% (-24.1% 15.9%) 12.8% (-233.9% 270.1%)
Glucose -10.6% (-168.7% 122.5%) 0.2% (-19.2% 30.6%) -5.6% (-147.4% 111.6%)
C-reactive protein 5.2% (-12.7% 42.7%) 3.0% (-21.3% 43.1%) 2.4% (-74.5% 46.3%)
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Supplementary Table 14. Average mediated proportions for DNA methylation and clinical mediators on the
relationship between occupation status and cancer-specific mortality, NHANES 1999-2002 (n=2,402). Bold
indicates statistical significance (p-value<0.05), and bold with two asterisks indicates significance passed
Bonferroni adjustment (p-value<0.0021).

Supplementary Table 15. Average mediated proportions for DNA methylation and clinical mediators on the
relationship between race and ethnicity and all-cause mortality among women of NHANES 1999-2002
(n=1,172). Bold indicates statistical significance (p-value<0.05), and bold with two asterisks indicates
significance passed Bonferroni adjustment (p-value<0.0021).

Model 1. Black (N=250) Model 2. Hispanic (N=419) Model 3. Other races (N=47)
vs. White (N=456) vs. White (N=456) vs. White (N=456)
Average mediated Average mediated Average
3 (95% CI) R (95% CI) mediated (95% CI)
proportion proportion .
proportion
Chronological age clocks
Hannum -44.6% (-362.1%237.7%) 2.0% (-15.0% 16.5%) 3.6% (-126.7%116.8%)
Hovarth -12.0% (-125.2% 42.3%) -7.4% (-27.0% 0.2%) -1.4% (-48.8% 53.2%)
Weidner -14.6% (-139.0% 67.0%) -8.8% (-26.6% -0.3%) -14.9% (-260.1%144.7%)
Lin -11.2% (-112.1% 55.2%) -8.5% (-29.3% -0.9%) -5.7% (-108.2%101.9%)
Vidal-Bralo -40.5% (-440.9%214.2%) -14.2%** (-38.7% -4.9%) -17.7% (-152.1%263.1%)
SkinBlood -17.3% (-259.4%109.7%) -2.9% (-16.6% 4.7%) 1.1% (-59.2% 52.8%)
Zhang -28.5% (-233.7%197.7%) -3.5% (-155% 2.1%) -2.3% (-81.1% 49.3%)
Physiological functioning clocks
PhenoAge -24.5% (-274.6%172.6%) 2.1% (-9.8% 16.7%) 0.1% (-84.3% 59.8%)
GrimAge 24.2% (-117.2%213.7%) 3.1% (-20.3% 20.8%) 17.5% (-114.6%239.1%)
GrimAge2 43.2% (-251.1%286.3%) 18.7% 2.3% 44.1%) 24.9% (-119.9%312.7%)
Pace of aging clock
DunedinPoAm 18.8% (-38.2% 170.4%) 15.3%** (6.0% 34.9%) 21.6% (-112.6%219.5%)
Clocks trained on other aging
biomarkers
Yang 9.8% (-80.7% 151.7%) 1.8% (-92% 14.3%) -1.0% (-97.3% 92.4%)
Telomere -89.1% (-656.7%424.6%) 3.1% (-16.4% 18.4%) 8.2% (-179.9%320.9%)
Behavioral/Lifestyle measures
Sedentary behavior 33.1% (-81.6% 184.1%) 16.1% (2.3% 38.9%) 15.5% (-171.0%147.2%)
Healthy eating index 2.1% (-18.7% 28.5%) 2.1% (-3.9% 11.7%) 0.6% (-31.6% 31.8%)
Smoking pack years -28.4% (-272.6%193.4%) -7.0% (-17.4% -1.9%) -3.4% (-62.0% 48.6%)
Alcohol drinker 30.1% (-133.1%195.9%) 13.4% 2.2% 40.2%) 23.1% (-307.2%459.0%)
Anthropometric measures
Waist to thigh ratio -21.7% (-166.9% 1.3%) 14.9% (3.3% 45.0%) 7.6% (-98.0% 103.0%)
BMI 9.0% (-49.8% 77.3%) 1.2% (-7.8% 10.4%) 0.9% (-16.4% 21.1%)
Clinical used blood Biomarkers
Total cholesterol 0.0% (-12.8% 10.2%) 0.0% (-5.4%  8.0%) 0.0% (-23.7% 18.8%)
HDL 0.0% (-14.9% 13.8%) 6.1% (-8.1%  26.0%) 1.2% (-57.2% 53.9%)
LDL 0.5% (-15.3% 18.3%) 0.1% (-7.3% 10.3%) 0.2% (-40.3% 47.0%)
Glucose 25.6% (-90.6% 216.3%) 2.2% (-3.5% 12.4%) 6.3% (-67.0% 91.1%)
C-reactive protein 19.9% (-61.4% 163.7%) 0.2% (-2.5%  3.5%) -0.7% (-30.5% 29.7%)
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Supplementary Table 16. Average mediated proportions for DNA methylation and clinical mediators on the
relationship between race and ethnicity and all-cause mortality among men of NHANES 1999-2002 (n=1,230).
Bold indicates statistical significance (p-value<0.05), and bold with two asterisks indicates significance passed

Bonferroni adjustment (p-value<0.0021).

Maodel 1. Black (N=266)
vs. White (N=487)

Model 2. Hispanic (N=441)
vs. White (N=487)

Model 3. Other races (N=36)
vs. White (N=487)

Average mediated Average Average
R 95% CI) mediated 95% CI) mediated 95% CI)
proportion . .
proportion proportion
Chronological age clocks
Hannum -9.1% (-19.5% -3.1%) 6.0% (-197.8% 177.4%) -3.0% (-142.4%172.4%)
Hovarth -0.6% (-6.9%  4.4%) 1.1% (-101.8% 79.8%) -0.3% (-76.2% 61.8%)
Weidner 0.0% (-2.0% 1.6%) 0.0% (-43.4% 42.2%) 0.0% (-26.8% 34.2%)
Lin 0.1% (-2.9% 3.8%) 0.2% (-71.0% 62.3%) 0.0% (-35.2% 26.5%)
Vidal-Bralo -3.9% (-13.1% 1.1%) -0.4% (-65.3% 64.0%) 1.1% (-45.7% 46.4%)
SkinBlood -0.4% (-4.7%  1.5%) 0.1% (-58.6% 37.7%) -0.5% (-44.9% 31.7%)
Zhang -3.8% (-11.8% 0.8%) 0.2% (-41.4% 36.7%) 0.1% (-34.2% 35.9%)
Physiological functioning clocks
PhenoAge 2.7% (-5.7% 11.8%) 11.3% (-366.7% 298.5%) -6.2% (-320.5% 143.0%)
GrimAge 43.9%** (22.0% 92.0%) 17.6% (-937.4% 656.1%) 11.1% (-297.6%223.7%)
GrimAge2 51.0%%** (26.9% 95.3%) 50.6% (-848.5% 1216.9%) 7.1% (-286.5%245.1%)
Pace of aging clock
DunedinPoAm 29.2%%* (12.8% 57.8%) 38.3% (-569.0% 753.6%) -5.3% (-297.3% 166.7%)
Clocks trained on other aging
biomarkers
Yang 5.9% (-5.6% 19.1%) -0.2% (-133.1% 151.7%) -3.0% (-67.0% 70.6%)
Telomere -24.5%** (-46.1% - 11.7%) 1.1% (-103.4% 111.3%) -3.2% (-204.3% 111.2%)
Behavioral/Lifestyle measures
Sedentary behavior 23.7%%* 10.3% 54.7%) 11.2% (-286.8% 252.6%) -0.1% (-113.6%215.3%)
Healthy eating index 9.3% (1.0% 23.7%) -1.0% (-116.8% 104.5%) 10.5% (-242.3%276.9%)
Smoking pack years -6.7% (-21.4% 1.9%) -8.1% (-320.4% 286.0%) 10.3% (-239.3%262.0%)
Alcohol drinker 3.7% (-2.6% 13.4%) 0.0% (-38.9% 49.0%) -2.3% (-103.0% 127.1%)
Anthropometric measures
Waist to thigh ratio -41.6%** (-113.8%- 18.0%) 0.6% (-227.0% 290.1%) 9.1% (-311.9%286.9%)
BMI -0.1% (-7.8%  3.9%) 0.0% (-151.1% 142.6%) 2.8% (-124.8% 190.4%)
Clinical used blood Biomarkers
Total cholesterol -1.2% (-13.1% 6.0%) 0.2% (-62.6% 73.1%) 1.7% (-117.7% 105.1%)
HDL 0.8% (-14.4% 14.5%) 0.0% (-19.5% 31.9%) 0.1% (-70.6% 29.3%)
LDL 0.5% (-10.8% 9.2%) 0.6% (-88.3% 84.2%) 1.2% (-152.5%137.7%)
Glucose 1.2% (-1.0% 5.6%) 6.1% (-146.0% 135.5%) -1.7% (-78.1% 68.9%)
C-reactive protein 5.8% (0.3% 18.4%) 2.9% (-89.1% 84.8%) 1.2% (-37.8% 39.2%)
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Supplementary Table 17. Average mediated proportions for DNA methylation and clinical mediators on the
relationship between education attainment and all-cause mortality among women of NHANES 1999-2002
(n=1,172). Bold indicates statistical significance (p-value<0.05), and bold with two asterisks indicates
significance passed Bonferroni adjustment (p-value<0.0021).

Model 2. High school Model 3. Some college or
Model 1. Less than high school (N=543) vs. graduate/GED (N=271) associates degree (N=222)
College degree or higher (N=136) vs. College degree or higher vs. College degree or higher
(N=136) (N=136)
. Average Average
Average mediated (95% CI) mediated  (95% CI) mediated (95% CI)
proportion . .
proportion proportion
Chronological age clocks
Hannum 2.4% (-1.0% 11.4%) 12.9%  (-14.4% 71.5%) 0.9% (-70.9% 79.8%)
Hovarth -0.1% (-4.5% 2.7%) -1.7% (-36.6% 8.1%) -8.5% (-144.7% 150.9%)
Weidner -0.9% (-8.9% 1.8%) -3.1% (-64.0% 28.0%) -5.2% (-96.6% 86.8%)
Lin -0.5% (-7.5% 4.6%) -1.2% (-24.8% 13.3%) -2.1% (-88.4% 42.6%)
Vidal-Bralo -2.4% (-13.8%  1.5%) -2.3% (-27.5% 6.4%) -5.9% (-199.9% 93.7%)
SkinBlood 0.7% (-2.3% 7.8%) 3.0% (-19.0% 43.2%) -0.3% (-31.1% 20.0%)
Zhang 1.2% (-3.4% 9.4%) 1.8% (-6.7% 32.5%) -0.8% (-71.7% 41.7%)
Physiological functioning clocks
PhenoAge 6.7% 0.3%  26.2%) 5.0% (-19.2% 45.7%) 1.8% (-88.1% 114.6%)
GrimAge 19.7%** (7.7%  45.4%) 17.6% (-4.3% 129.4%) 25.6% (-216.3% 251.6%)
GrimAge2 26.5%** (11.8%  63.2%) 19.2%  (-17.5% 135.0%) 31.8% (-200.3% 337.2%)
Pace of aging clock
DunedinPoAm 11.0%** (3.3%  26.6%) 10.5% (-5.7% 54.5%) 15.7% (-175.7% 152.1%)
Clocks trained on other aging
biomarkers
Yang -1.8% (-7.1% 2.2%) 1.6% (-10.3% 28.3%) 0.7% (-23.2% 20.0%)
Telomere 7.1% (1.4%  19.5%) 5.1% (-9.1% 45.8%) 7.7% (-71.4% 131.3%)
Behavioral/Lifestyle measures
Sedentary behavior 20.1% 4.3%  70.3%) 16.9% (-2.6% 92.7%) 3.5% (-73.9% 90.7%)
Healthy eating index 0.4% (-13.1%  19.1%) 1.0% (-65.6% 56.7%) 0.4% (-71.5% 73.1%)
Smoking pack years 7.6% (1.0% 19.3%) 5.2% (-17.5% 65.9%) 6.4% (-89.5% 86.0%)
Alcohol drinker 3.7% (-8.9%  16.8%) 16.3% (-6.0% 75.6%) -0.9% (-38.1% 24.7%)
Anthropometric measures
Waist to thigh ratio 4.8% (-1.0%  23.4%) -0.6% (-26.2% 19.5%) -1.7% (-76.0% 36.9%)
BMI -0.7% (-12.9%  12.8%) 5.6% (-3.1% 32.8%) 0.8% (-32.3% 33.2%)
Clinical used blood Biomarkers
Total cholesterol 0.0% (-6.6% 4.9%) -5.2% (-59.8% 42.9%) -2.2% (-92.2% 53.3%)
HDL 3.0% (-6.0% 16.8%) 0.1% (-12.2% 13.0%) -0.1% (-30.5% 38.4%)
LDL 0.1% (-9.4% 6.5%) -5.5% (-73.1% 25.2%) -0.9% (-70.8% 72.4%)
Glucose 1.4% (-4.2% 10.5%) -3.0% (-51.9% 17.1%) 0.3% (-71.7% 69.5%)
C-reactive protein 3.2% (0.5% 9.9%) 6.8% (-3.3% 33.4%) 4.0% (-66.4%  65.8%)
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Supplementary Table 18. Average mediated proportions for DNA methylation and clinical mediators on the
relationship between education attainment and all-cause mortality among men of NHANES 1999-2002
(n=1,230). Bold indicates statistical significance (p-value<0.05), and bold with two asterisks indicates
significance passed Bonferroni adjustment (p-value<0.0021).

Model 2. High school Model 3. Some college or
Model 1. Less than high school (N=553) vs. graduate/GED (N=225) associates degree (N=218)
College degree or higher (N=234) vs. College degree or higher vs. College degree or higher
(N=234) (N=234)
. Average Average
Average mediated 95% CI) mediated ©95% CI) mediated 95% CI)
proportion . N
proportion proportion
Chronological age clocks
Hannum 1.2% (-0.3% 4.1%) 1.5% (-3.0% 8.3%) -0.2% (-11.2% 10.2%)
Hovarth 0.0% (-2.3% 1.8%) -1.9% (-10.6% 2.2%) -2.4% (-13.7% 1.6%)
Weidner 0.0% (-2.4% 2.3%) -0.3% (-6.2% 2.5%) 0.0% (-4.5% 4.3%)
Lin -0.1% (-2.3% 0.9%) -1.3% (-8.3% 1.7%) 0.8% (-5.1% 9.7%)
Vidal-Bralo 0.0% (-1.9% 1.7%) 0.0% (-3.0% 2.3%) 0.0% (-4.6% 4.6%)
SkinBlood 0.1% (-1.0% 2.1%) 0.2% (-3.0% 4.9%) 0.0% (-6.5% 6.4%)
Zhang 0.0% (-1.6% 1.8%) -1.1% (-6.8% 2.2%) 0.3% (-13.4% 7.5%)
Physiological functioning clocks
PhenoAge 6.7% (1.6%  15.0%) 1.9% (-2.2% 10.7%) 3.6% (-5.4% 18.0%)
GrimAge 25.7%** (13.7%  40.3%) 18.7% (4.3% 45.0%) 32.2%**  (15.6% 80.2%)
GrimAge2 28.9%** (14.4%  46.8%) 23.3%%* (8.5% 53.4%) 32.6%**  (13.8% 82.8%)
Pace of aging clock
DunedinPoAm 15.1%** (5.4%  28.8%) 11.5% (-1.1% 28.6%) 25.0% 8.9% 60.0%)
Clocks trained on other aging
biomarkers
Yang -0.2% (-4.3% 3.5%) 0.2% (-5.0% 6.2%) 0.1% (-3.4% 4.9%)
Telomere 43% (-0.1% 11.1%) 5.0% (-2.7% 15.2%) 1.8% (-52% 12.7%)
Behavioral/Lifestyle measures
Sedentary behavior 6.3% (-2.7% 16.8%) 23.6% (5.8% 50.3%) 5.8% (-2.7% 26.9%)
Healthy eating index 3.0% (-122%  21.4%) 0.2% (-21.6% 18.1%) 4.5% (-4.7% 17.7%)
Smoking pack years 12.9%** (52%  25.5%) 12.9%** 4.1% 29.4%) 22.1%%* (7.8% 66.7%)
Alcohol drinker 1.1% (-5.2% 8.4%) -2.2% (-10.9% 7.9%) 6.8% 0.1% 29.2%)
Anthropometric measures
Waist to thigh ratio 6.7% 0.7%  15.8%) 7.0% (-1.0% 18.6%) 13.8% 0.4% 37.9%)
BMI 0.1% (-2.9% 3.6%) -0.1% (-12.5% 10.1%) 10.8% (-6.3% 57.0%)
Clinical used blood Biomarkers
Total cholesterol 0.0% (-2.3% 2.0%) 2.7% (-9.5% 14.8%) -1.7% (-18.1% 4.1%)
HDL -1.1% (-8.6% 3.2%) -1.6% (-12.8% 4.6%) -1.9% (-11.8% 14.0%)
LDL 0.0% (-1.9% 2.1%) 2.3% (-12.5% 15.1%) -3.2% (-17.6% 3.0%)
Glucose 33% 0.6% 8.5%) -0.4% (-7.6% 5.8%) 0.0% (-4.7% 2.8%)
C-reactive protein 1.2% (-2.6% 5.8%) -0.6% (-6.9% 4.3%) -0.6% (-9.0% 4.8%)
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Supplementary Table 19. Average mediated proportions for DNA methylation and clinical mediators on the
relationship between household income and all-cause mortality among women of NHANES 1999-2002
(n=1,172). Bold indicates statistical significance (p-value<0.05), and bold with two asterisks indicates
significance passed Bonferroni adjustment (p-value<0.0021).

Model 1. PIR<1 (N=202) Model 2. PIR 1-2 (N=355) Model 3. PIR 2-5 (N=440)
vs. PIR 5+ (N=175) vs. PIR 5+ (N=175) vs. PIR 5+ (N=175)
Average mediated Average Average mediated
. (95% CI) mediated (95% CI) R (95% CI)
proportion . proportion
proportion
Chronological age clocks
Hannum 4.2% (-6.0% 18.0%) 4.6% (-14.2% 32.9%) 0.0% (-276.5% 257.1%)
Hovarth -0.2% (-8.2% 4.9%) 1.7% (-23.4% 26.4%) 0.2% (-82.7%  75.4%)
Weidner 0.9% (-3.4% 7.9%) 1.9% (-32.3% 30.7%) 0.5% (-71.0% 102.8%)
Lin 0.9% (-5.6% 9.9%) -1.4% (-17.7% 12.3%) 0.3% (-127.4% 89.0%)
Vidal-Bralo -2.5% (-16.6% 1.2%) 6.8% (-19.5% 45.8%) -0.1% (-93.6% 99.4%)
SkinBlood -3.4% (-22.5% 1.2%) -0.7% (-19.2% 10.8%) -0.4% (-65.4% 61.6%)
Zhang -3.1% (-21.0% 3.7%) -2.6% (-36.5% 10.6%) 0.1% (-53.9% 59.4%)
Physiological functioning clocks
PhenoAge 4.2% (-2.4% 20.5%) 19.8% (-9.0% 97.8%) 2.0% (-287.1% 178.2%)
GrimAge 47.7%** (23.5% 86.2%) 43.4% (11.0%265.5%) 44.9% (-800.3% 1444.1%)
GrimAge2 48.1%** (22.9% 85.7%) 51.6% (18.6%221.3%) 51.3% (-1,069.7%1073.6%)
Pace of aging clock
DunedinPoAm 21.4% (5.5% 50.5%) 22.4% (-16.8%100.7%) 19.2% (-549.2% 536.7%)
Clocks trained on other aging
biomarkers
Yang -0.1% (-11.5% 7.7%) 0.0% (-13.8% 6.5%) 0.2% (-62.8%  92.7%)
Telomere 2.8% (-2.1% 12.8%) 6.4% (-15.3% 49.2%) 3.6% (-211.3% 328.8%)
Behavioral/Lifestyle measures
Sedentary behavior 19.5% (-9.2% 62.4%) 27.9% (-32.2%214.1%) 8.5% (-412.4% 514.2%)
Healthy eating index 7.6% (-25.7%39.3%) -1.2% (-33.9% 27.1%) -3.4% (-169.2% 173.0%)
Smoking pack years 16.9%** (6.1% 36.0%) 13.1% (-15.8%104.0%) 10.5% (-188.8% 248.2%)
Alcohol drinker -6.7% (-46.2% 18.1%) 19.3% (-34.5%195.8%) 1.6% (-314.5% 240.9%)
Anthropometric measures
Waist to thigh ratio 1.2% (-15.4% 13.7%) 10.2% (-49.8% 86.7%) 2.4% (-309.0% 287.5%)
BMI -1.7% (-30.0% 17.9%) 11.9% (-27.1% 62.9%) 2.7% (-189.6% 266.2%)
Clinical used blood Biomarkers
Total cholesterol -0.1% (-6.3% 3.2%) 0.0% (-11.4% 9.4%) -1.2% (-127.9% 117.1%)
HDL -7.2% (-35.8%12.9%) 8.5% (-33.1% 56.3%) 3.8% (-221.5% 189.4%)
LDL -3.3% (-15.9% 2.9%) 0.1% (-13.5% 13.3%) -1.1% (-204.1% 179.6%)
Glucose 7.0% (-0.7% 24.1%) 4.1% (-25.9% 65.3%) -14.7% (-565.7% 526.1%)
C-reactive protein 1.4% (-0.6% 5.1%) 11.7% (-55.4% 85.2%) 0.8% (-141.9% 114.4%)
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Supplementary Table 20. Average mediated proportions for DNA methylation and clinical mediators on the
relationship between household income and all-cause mortality among men of NHANES 1999-2002 (n=1,230).
Bold indicates statistical significance (p-value<0.05), and bold with two asterisks indicates significance passed

Bonferroni adjustment (p-value<0.0021).

Model 1. PIR<I (N=171)

vs. PIR 5+ (N=224)

Model 2. PIR 1-2 (N=352)

vs. PIR 5+ (N=224)

Model 3. PIR 2-5 (N=483)

vs. PIR 5+ (N=224)

Average mediated

Average mediated

Average mediated

. (95% CI) R (95% CI) R (95% CI)
proportion proportion proportion
Chronological age clocks
Hannum 1.9% (-1.0% 7.1%) 1.8% (-0.7% 5.4%) -1.9% (-8.4% 1.3%)
Hovarth 0.3% (-1.1% 3.6%) -0.5% (-3.1% 1.2%) -1.2% (-6.9% 2.3%)
Weidner -0.3% (-5.5% 2.5%) 0.0% (-0.9% 1.1%) 0.0% (-2.4% 2.4%)
Lin 0.0% (-2.7% 3.1%) -0.1% (-1.9% 1.1%) -1.1% (-5.9% 0.9%)
Vidal-Bralo 0.1% (-1.9% 3.0%) -0.1% (-2.0% 1.1%) -0.5% (-4.8% 1.4%)
SkinBlood -0.5% (-7.9% 4.5%) 0.0% (-0.8% 0.8%) -0.9% (-6.2% 2.1%)
Zhang -0.1% (-4.2% 2.8%) -0.2% (-1.5% 0.5%) -1.6% (-7.1% 2.0%)
Physiological functioning clocks
PhenoAge 71% (1.1% 15.9%) 4.1% 0.7% 9.0%) 1.5% (-2.8% 9.7%)
GrimAge 19.3%** (9.4% 32.5%) 18.9%** (10.6% 31.7%) 12.0% (-1.1% 34.2%)
GrimAge2 24.4%%* (13.3%40.3%) 21.7%%* (10.8% 35.8%) 13.0% (-0.5% 35.8%)
Pace of aging clock
DunedinPoAm 13.7%** (4.5% 27.2%) 11.4%** (4.5% 22.8%) 9.2% (-0.0% 27.7%)
Clocks trained on other aging
biomarkers
Yang -0.3% (-6.1% 4.6%) 3.0% (-0.1% 8.4%) 0.0% (-3.0% 2.5%)
Telomere 0.8% (-4.1% 7.4%) 4.3% 0.2% 10.5%) 1.1% (-5.1% 8.4%)
Behavioral/Lifestyle measures
Sedentary behavior 20.6%** (6.4% 37.8%) 7.2% (0.5% 15.8%) 7.0% (-0.4% 24.5%)
Healthy eating index 2.7% (-5.9% 13.5%) 4.0% (-3.7% 11.4%) 2.6% (-4.1% 16.3%)
Smoking pack years 4.0% (-1.4% 10.1%) 10.6%** 4.4% 19.4%) 11.3%** (3.6% 27.6%)
Alcohol drinker 2.2% (-3.7% 9.9%) -1.9% (-9.1% 3.9%) 2.6% (-8.3% 15.3%)
Anthropometric measures
Waist to thigh ratio 9.5% (1.4% 20.9%) 5.5% (-0.4% 13.1%) 6.5% (-0.2% 17.4%)
BMI 0.6% (-4.7% 7.7%) -4.0% (-9.5% - 0.8%) 2.0% (-3.4% 13.4%)
Clinical used blood Biomarkers
Total cholesterol 0.3% (-5.9% 8.3%) 1.0% (-2.1% 6.9%) -0.8% (-7.2% 3.4%)
HDL 1.2% (-4.2% 7.2%) -0.8% (-6.2% 1.8%) 0.1% (-6.4% 7.7%)
LDL 0.0% (-5.2% 4.2%) 0.5% (-2.0% 4.7%) -1.7% (-11.1% 2.3%)
Glucose 6.1% (0.7% 14.5%) 0.5% (-0.6% 2.8%) 0.0% (-1.9% 3.0%)
C-reactive protein 4.3% (0.6% 10.6%) 2.6% (0.0% 6.7%) 1.6% (-0.5% 6.6%)
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Supplementary Table 21. Average mediated proportions for DNA methylation and clinical mediators on the
relationship between occupation status and all-cause mortality among women of NHANES 1999-2002
(n=1,172). Bold indicates statistical significance (p-value<0.05), and bold with two asterisks indicates
significance passed Bonferroni adjustment (p-value<0.0021).

Supplementary Table 22. Average mediated proportions for DNA methylation and clinical mediators on the
relationship between occupation status and all-cause mortality among men of NHANES 1999-2002 (n=1,230).
Bold indicates statistical significance (p-value<0.05), and bold with two asterisks indicates significance passed
Bonferroni adjustment (p-value<0.0021).

Supplementary Table 23. Average mediated proportions for DNA methylation and clinical mediators on the
relationship between education attainment and all-cause mortality among Black participants of NHANES 1999-
2002 (n=516). Bold indicates statistical significance (p-value<0.05), and bold with two asterisks indicates
significance passed Bonferroni adjustment (p-value<0.0021).

Model 2. High school Model 3. Some college or
Model 1. Less than high school (N=259) vs. graduate/GED (N=105) associates degree (N=88)
College degree or higher (N=64) vs. College degree or higher vs. College degree or higher
(N=64) (N=64)
. Average Average
Average mediated 95% CI) mediated (95% CI) mediated (95% CI)
proportion . .
proportion proportion
Chronological age clocks
Hannum 16.2% (B1%  50.7%) 45.4% (8.0% 358.6%) 40.3% (-592.4% 671.8%)
Hovarth 2.4% (-3.3%  16.7%) 183%  (-11.9% 77.7%) 10.4% (-172.7% 219.2%)
Weidner 0.3% (-3.0%  5.1%) 2.4% (-8.0% 20.3%) 6.9% (-120.9% 148.4%)
Lin 0.6% (-4.0%  9.8%) 7.7% (-14.2% 43.1%) 4.3% (-72.6% 126.0%)
Vidal-Bralo 2.4% (-2.8%  15.3%) 7.7% (-22.8% 50.8%) 0.2% (-61.9% 70.9%)
SkinBlood 3.1% (-0.9%  14.1%) 16.0%  (-15.0% 117.6%) 2.2% (-215.5% 177.3%)
Zhang 5.3% (-3.4%  23.5%) 10.3%  (-19.1% 82.6%) 16.5% (-377.7% 283.9%)
Physiological functioning clocks
PhenoAge 7.6% (-1.4%  28.6%) 16.8%  (-30.2% 120.6%) 4.8% (-192.6% 229.6%)
GrimAge 24.5% (10.0%  65.6%) 22.6%  (-21.4% 133.0%) 35.5% (-409.4% 414.5%)
GrimAge2 29.9% (12.0% 86.5%) 30.2%  (-13.6% 215.3%) 37.7% (-344.5% 432.1%)
Pace of aging clock
DunedinPoAm 9.4% (1.7%  28.4%) 16.8%  (-44.2% 124.8%) 40.8% (-397.2% 650.4%)
Clocks trained on other aging
biomarkers
Yang 1.6% (-1.6%  9.5%) 5.7% (-31.6% 66.2%) 0.5% (-102.1% 229.6%)
Telomere 18.0% (52%  55.6%) 555%  (-95.0% 323.9%) 25.4% (-556.8% 517.2%)
Behavioral/Lifestyle measures
Sedentary behavior 7.2% (-1.8%  38.4%) 9.3% (-4.3% 74.3%) 2.9% (-180.9% 183.6%)
Healthy eating index 6.7% 0.4%  26.0%) 5.8% (-152% 78.5%) 17.1% (-430.1% 401.6%)
Smoking pack years 4.4% 0.8% 18.8%) 6.3% (-49.7% 123.3%) 0.9% (-140.8% 162.7%)
Alcohol drinker 0.7% (-5.1%  9.9%) 2.6%  (-56.4% 22.0%) -8.3% (-234.8% 198.1%)
Anthropometric measures
Waist to thigh ratio 8.6% (-0.6%  30.0%) 9.1% (-13.2% 61.3%) -2.9% (-199.0% 127.9%)
BMI 0.0% (-5.6%  5.0%) 0.3% (-17.9% 25.2%) 0.5% (-155.6% 150.3%)
Clinical used blood Biomarkers
Total cholesterol -0.1% (-3.0%  2.0%) 2.8% (-17.4% 51.7%) 2.4% (-78.5% 155.4%)
HDL 0.0% (-6.9%  6.0%) -43%  (-37.1% 15.7%) -0.6% (-123.2% 153.3%)
LDL -0.4% (-4.3% 1.6%) 0.1% (-36.5% 39.8%) 0.2% (-85.9% 107.6%)
Glucose -0.2% (-9.6%  5.6%) -4.8%  (-553% 65.6%) 3.3% (-180.6% 288.1%)
C-reactive protein 2.2% (-5.3%  19.4%) -143%  (-189.0% 103.1%) 1.2% (-88.4% 92.8%)
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Supplementary Table 24. Average mediated proportions for DNA methylation and clinical mediators on the
relationship between education attainment and all-cause mortality among White participants of NHANES 1999-
2002 (n=943). Bold indicates statistical significance (p-value<0.05), and bold with two asterisks indicates
significance passed Bonferroni adjustment (p-value<0.0021).

Model 2. High school Model 3. Some college or associates
Model 1. Less than high school (N=193) vs. graduate/GED (N=285) degree (N=228)
College degree or higher (N=237) vs. College degree or higher vs. College degree or higher
(N=237) (N=237)
Average me.diated (95% CI) Iﬁ:(‘;;;gefi (95% CI) Average me:diated (95% CI)
proportion . proportion
proportion
Chronological age clocks
Hannum 1.6% (-0.6% 5.8%) 4.2% (-0.2% 14.7%) -0.3% (-8.3% 6.4%)
Hovarth -0.1% (-2.3% 1.7%) -1.3% (-8.9% 1.6%) -3.2% (-10.6% - 0.1%)
Weidner -0.2% (-4.3% 1.9%) 0.1% (-3.2% 3.9%) -0.4% (-5.0% 1.8%)
Lin 0.0% (-3.0% 2.3%) -1.5% (-6.8% 1.2%) 0.0% (-5.5% 4.4%)
Vidal-Bralo -0.2% (-3.6% 2.3%) -0.2% (-5.1% 2.6%) -0.2% (-4.5% 2.9%)
SkinBlood 0.5% (-1.6% 4.2%) 0.7% (-2.1% 5.9%) 0.0% (-4.0% 3.3%)
Zhang 0.8% (-1.2% 4.7%) 0.2% (-1.8% 3.5%) 0.1% (-3.7% 4.1%)
Physiological functioning clocks
PhenoAge 6.8% 1.3% 16.1%) 2.7% (-2.1% 12.5%) 1.4% (-52% 9.6%)
GrimAge 26.0%** (12.9%  43.8%) 16.3%** (5.4% 40.2%) 31.5%** (16.9% 56.4%)
GrimAge2 28.7%** (13.9% 47.8%) 18.1%** (7.0% 45.9%) 30.5%** (16.9% 55.8%)
Pace of aging clock
DunedinPoAm 13.2%** 4.7%  26.2%) 10.0% (1.2% 26.2%) 19.8%** 9.0% 35.1%)
Clocks trained on other aging
biomarkers
Yang -1.7% (-6.8% 2.2%) 0.5% (-4.4% 6.4%) 0.4% (-1.8% 5.1%)
Telomere 10.7% (B.7%  20.5%) 5.5% (1.1% 13.7%) 3.3% (-1.0% 9.5%)
Behavioral/Lifestyle measures
Sedentary behavior 11.5% (B.0% 27.1%) 19.0%** (7.7% 39.7%) 3.1% (-4.8% 12.7%)
Healthy eating index -1.2% (-14.7%  20.4%) -1.5% (-21.9%11.3%) 2.2% (-7.9% 11.4%)
Smoking pack years 15.9%** 6.0%  30.4%) 11.1%** (3.1% 29.6%) 16.6%** (6.9% 32.7%)
Alcohol drinker 3.0% (-3.5%  12.0%) 6.2% (-0.3% 19.3%) 1.9% (-4.4% 10.7%)
Anthropometric measures
Waist to thigh ratio 7.9% (1.1%  18.8%) 3.1% (-4.5% 13.8%) 4.0% (-1.8% 14.2%)
BMI -0.9% (-11.4%  8.6%) 2.8% (-3.3% 13.4%) 2.8% (-9.2% 18.9%)
Clinical used blood Biomarkers
Total cholesterol 0.5% (-2.1% 5.0%) -0.8% (-20.2% 9.1%) -2.9% (-16.9% 4.8%)
HDL -0.1% (-9.5% 8.3%) 0.4% (-4.6% 6.9%) -0.1% (-4.5% 3.1%)
LDL 0.6% (-2.2% 5.0%) -0.4% (-17.8%12.3%) -4.2% (-15.6% 2.0%)
Glucose 1.4% (-2.7% 8.4%) 0.9% (-2.1% 7.1%) -1.8% (-10.7% 2.2%)
C-reactive protein 2.7% (-1.0% 7.6%) 0.6% (-4.0% 5.7%) 0.8% (-3.6% 6.5%)
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Supplementary Table 25. Average mediated proportions for DNA methylation and clinical mediators on the
relationship between education attainment and all-cause mortality among Hispanic participants of NHANES
1999-2002 (n=860). Bold indicates statistical significance (p-value<0.05), and bold with two asterisks indicates
significance passed Bonferroni adjustment (p-value<0.0021).

Model 1. Less than high school (N=617) vs.
College degree or higher (N=48)

Model 2. High school
graduate/GED (N=86)
vs. College degree or higher

Model 3. Some college or associates
degree (N=109)
vs. College degree or higher (N=48)

(N=48)
. Average Average
Average mediated 95% CI) mediated (95% CI) mediated (95% CI)
proportion . .
proportion proportion
Chronological age clocks
Hannum 0.0% (-19.5% 18.0%) 0.6% (-16.0% 26.9%) -0.5% (-24.6% 26.8%)
Hovarth 0.3% (-54.0% 40.7%) 12.5% (-69.7% 77.1%) 9.3% (-32.4% 55.0%)
Weidner 0.9% (-14.9% 18.4%) 7.3% (-28.3% 52.2%) 9.9% (-50.2% 96.4%)
Lin 1.1% (-42.7%  88.1%) 4.9% (-23.5% 67.8%) 2.3% (-20.4% 30.2%)
Vidal-Bralo 2.0% (-42.0% 39.3%) 4.5% (-41.0% 57.2%) 6.1% (-9.4% 53.6%)
SkinBlood -0.6% (-42.8% 55.1%) 1.0% (-19.3% 14.5%) -0.5% (-31.9% 20.1%)
Zhang 0.3% (-31.1% 33.8%) 5.6% (-27.5% 46.0%) 0.2% (-51.4% 49.0%)
Physiological functioning
clocks
PhenoAge 1.5% (-32.4% 34.4%) 4.5% (-14.2% 30.5%) 1.3% (-19.5% 19.1%)
GrimAge 1.1% (-47.7%  56.3%) 0.1% (-24.2% 29.9%) -1.7% (-130.7% 138.5%)
GrimAge2 0.9% (-60.5%  69.9%) 0.1% (-21.7% 23.8%) -1.7% (-107.2% 79.9%)
Pace of aging clock
DunedinPoAm -0.1% (-31.6% 29.2%) -0.6% (-41.2% 35.8%) -3.3% (-176.9% 125.4%)
Clocks trained on other aging
biomarkers
Yang 0.0% (-17.0% 19.8%) 2.4% (-17.8% 44.5%) 8.0% (-24.0% 41.1%)
Telomere 1.9% (-21.2%  30.0%) 52% (-58.3% 60.9%) 8.8% (-7.1% 41.1%)
Behavioral/Lifestyle measures
Sedentary behavior -8.2% (-124.0% 123.7%) -4.0% (-70.7% 21.9%) -11.2% (-99.9% 9.9%)
Healthy eating index -4.7% (-65.3% 80.7%) -7.4% (-80.6% 66.8%) -2.7% (-31.1% 18.4%)
Smoking pack years 0.1% (-28.7%  23.7%) -0.8% (-42.9% 26.2%) 0.2% (-13.9% 38.2%)
Alcohol drinker 0.0% (-115.8% 111.1%) -4.3% (-99.3% 77.4%) -1.1% (-33.5% 23.5%)
Anthropometric measures
Waist to thigh ratio -4.7% (-69.7%  59.2%) 0.9% (-31.9% 44.7%) 1.1% (-14.1% 22.4%)
BMI 1.4% (-43.7%  69.7%) 0.6% (-58.4% 61.1%) -1.8% (-41.4% 35.4%)
Clinical used blood Biomarkers
Total cholesterol -0.4% (-59.7% 23.4%) 2.3% (-63.3% 95.1%) 0.4% (-81.8% 90.4%)
HDL -3.2% (-62.7% 45.2%) -0.1% (-28.4% 14.7%) -0.8% (-36.5% 17.3%)
LDL -0.7% (-42.8% 43.6%) 3.0% (-49.7% 78.0%) 0.2% (-81.1% 101.3%)
Glucose -4.3% (-119.3% 70.3%) -1.2% (-120.6%114.7%) -2.4% (-36.1% 27.1%)
C-reactive protein 0.1% (-5.7%  8.1%) 0.4% (-17.6% 15.7%) 0.6% (-3.5% 8.3%)
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Supplementary Table 26. Average mediated proportions for DNA methylation and clinical mediators on the
relationship between household income and all-cause mortality among Black participants of NHANES 1999-
2002 (n=516). Bold indicates statistical significance (p-value<0.05), and bold with two asterisks indicates
significance passed Bonferroni adjustment (p-value<0.0021).

Model 1. PIR<1 (N=86) Model 2. PIR 1-2 (N=155) Model 3. PIR 2-5 (N=221)
vs. PIR 5+ (N=54) vs. PIR 5+ (N=54) vs. PIR 5+ (N=54)
Average me‘diated (95% CI) Average me.diated (95% CI) Average me‘diated (95% CI)
proportion proportion proportion
Chronological age clocks
Hannum 2.9% (-8.0% 17.8%) 8.0% (-8.5% 28.4%) -4.5% (-89.1% 34.9%)
Hovarth -2.4% (-26.7% 7.7%) 3.9% (-7.2% 30.9%) -0.6% (-105.6% 44.2%)
Weidner 0.2% (-2.9% 7.8%) 0.1% (-5.2% 7.0%) 1.0% (-17.2% 26.6%)
Lin -0.5% (-13.8% 6.2%) -0.9% (-17.7% 10.9%) -0.5% (-32.9% 22.3%)
Vidal-Bralo 0.6% (-2.9% 8.2%) -1.4% (-15.5% 5.4%) -0.5% (-12.0% 3.2%)
SkinBlood 0.0% (-7.4% 6.8%) 2.4% (-3.7% 17.7%) 1.6% (-34.0% 26.7%)
Zhang 0.7% (-10.4% 13.7%) 4.4% (-5.2% 26.3%) 1.0% (-27.0% 31.1%)
Physiological functioning clocks
PhenoAge 1.1% (-3.9% 13.3%) 6.1% (-6.6% 26.4%) -4.5% (-90.5% 19.4%)
GrimAge 17.6%** (6.7% 43.2%) 23.5% (8.0% 75.6%) 7.2% (-15.9% 42.8%)
GrimAge2 20.6%** (8.7% 42.1%) 28.8% (13.4% 78.5%) 7.1% (-18.7% 52.8%)
Pace of aging clock
DunedinPoAm 0.0% (-5.4% 4.9%) 7.7% (-5.5% 25.7%) -2.1% (-36.1% 18.6%)
Clocks trained on other aging
biomarkers
Yang 0.9% (-3.7% 8.6%) 0.5% (-4.0% 9.0%) 0.2% (-8.6% 12.5%)
Telomere 10.8% (2.7% 26.0%) 9.2% (0.9% 29.5%) 6.2% (-20.5% 47.0%)
Behavioral/Lifestyle measures
Sedentary behavior -3.7% (-24.8% 12.9%) 4.1% (-7.9% 30.7%) 10.0% (-22.4% 69.4%)
Healthy eating index -1.0% (-9.6% 6.0%) -0.7% (-8.0% 2.1%) -7.6% (-58.1% 14.2%)
Smoking pack years 3.1% (0.4% 8.4%) 1.4% (-2.5% 10.6%) 3.3% (-5.3% 23.3%)
Alcohol drinker -1.8% (-13.7% 13.4%) 0.8% (-5.7% 12.8%) 0.0% (-24.8% 23.1%)
Anthropometric measures
Waist to thigh ratio 6.1% (-0.5% 23.8%) 12.6% (1.0% 57.5%) 0.1% (-18.3% 12.2%)
BMI -1.6% (-30.3% 7.1%) 0.1% (-13.0% 12.0%) -0.1% (-18.9% 14.1%)
Clinical used blood Biomarkers
Total cholesterol 1.4% (-12.6% 16.7%) -0.7% (-9.9% 4.4%) -0.3% (-21.0% 13.3%)
HDL -1.8% (-19.1% 4.5%) -4.3% (-47.8% 6.7%) 0.0% (-16.0% 14.1%)
LDL 1.3% (-8.3% 17.3%) -1.8% (-15.5% 5.0%) -1.9% (-37.1% 6.9%)
Glucose 1.3% (-5.8% 17.2%) 0.2% (-5.7% 6.4%) -0.4% (-16.6% 11.7%)
C-reactive protein -1.5% (-13.2% 9.2%) -0.3% (-10.4% 10.3%) -0.2% (-13.0% 8.9%)
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Supplementary Table 27. Average mediated proportions for DNA methylation and clinical mediators on the
relationship between household income and all-cause mortality among White participants of NHANES 1999-
2002 (n=943). Bold indicates statistical significance (p-value<0.05), and bold with two asterisks indicates

significance passed Bonferroni adjustment (p-value<0.0021).

Model 1. PIR<1 (N=69)
vs. PIR 5+ (N=261)

Model 2. PIR 1-2 (N=184)

vs. PIR 5+ (N=261)

Model 3. PIR 2-5 (N=429)

vs. PIR 5+ (N=261)

Average mediated

Average mediated

Average mediated

. (95% CI) R (95% CI) R (95% CI)
proportion proportion proportion
Chronological age clocks
Hannum 4.4% (-0.9% 15.9%) 3.5% (-0.4% 9.4%) 0.2% (-8.8% 9.8%)
Hovarth -0.2% (-5.9% 5.7%) 1.0% (-3.1% 5.5%) -0.6% (-8.5% 4.2%)
Weidner -0.1% (-3.9% 2.9%) 1.8% (-0.9% 5.7%) 0.0% (-2.8% 2.3%)
Lin 0.1% (-3.9% 4.8%) -0.5% (-2.9% 0.9%) -1.4% (-12.6% 2.6%)
Vidal-Bralo 0.4% (-2.5% 7.1%) 2.2% (-0.6% 7.1%) 0.2% (-2.9% 4.4%)
SkinBlood 0.0% (-6.0% 4.6%) 0.0% (-2.3% 2.3%) -1.7% (-9.1% 2.8%)
Zhang 0.0% (-3.6% 3.9%) -0.2% (-2.1% 1.2%) -1.9% (-10.2% 2.1%)
Physiological functioning clocks
PhenoAge 8.7% (0.2% 29.6%) 9.2% (1.8% 21.3%) 4.8% (-1.4% 19.4%)
GrimAge 38.5%** (19.1% 64.4%) 28.2%** (14.4% 55.6%) 25.9% (6.2% 79.0%)
GrimAge2 41.7%%* (21.8% 71.1%) 31.0%** (16.8% 60.1%) 28.4%** (10.5% 95.1%)
Pace of aging clock
DunedinPoAm 25.2%** (6.4% 53.4%) 15.2%** (4.1% 38.8%) 16.7% (4.1% 58.6%)
Clocks trained on other aging
biomarkers
Yang 0.6% (-4.0% 8.5%) 0.8% (-1.5% 5.3%) 0.0% (-4.0% 5.1%)
Telomere 3.9% (-4.5% 14.5%) 8.9%** (2.9% 20.8%) 6.1% (0.8% 20.4%)
Behavioral/Lifestyle measures
Sedentary behavior 29.0% (6.1% 63.3%) 12.8% (2.8% 41.8%) 12.0% (-0.8% 56.8%)
Healthy eating index 1.9% (-21.4% 25.3%) 3.9% (-3.2% 18.3%) 1.2% (-7.8% 20.5%)
Smoking pack years 15.4%** (5.3% 30.5%) 17.1%** (6.4% 42.4%) 17.1%** (6.0% 55.7%)
Alcohol drinker -8.0% (-33.1% 8.5%) 3.0% (-14.5% 18.8%) 7.3% (-0.6% 24.8%)
Anthropometric measures
Waist to thigh ratio 2.6% (-15.5% 15.2%) 4.7% (-7.1% 17.5%) 12.4% (1.9% 35.2%)
BMI -1.0% (-14.9% 13.2%) -2.0% (-19.9% 6.5%) 1.1% (-19.7% 20.3%)
Clinical used blood Biomarkers
Total cholesterol 0.2% (-6.4% 8.3%) 1.4% (-1.9% 9.8%) 0.0% (-6.0% 8.7%)
HDL -5.8% (-21.7% 6.4%) 1.2% (-8.0% 11.2%) 1.4% (-8.3% 14.2%)
LDL -2.2% (-16.3% 6.2%) 1.2% (-2.6% 8.9%) -0.6% (-10.3% 11.2%)
Glucose 4.7% (-0.4% 14.3%) 0.3% (-3.6% 6.6%) 4.8% (-1.9% 20.1%)
C-reactive protein 9.0% (1.1% 21.7%) 6.6% (1.1% 15.6%) 2.3% (-0.9% 13.3%)
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Supplementary Table 28. Average mediated proportions for DNA methylation and clinical mediators on the
relationship between household income and all-cause mortality among Hispanic participants of NHANES 1999-
2002 (n=860). Bold indicates statistical significance (p-value<0.05), and bold with two asterisks indicates
significance passed Bonferroni adjustment (p-value<0.0021).

Model 1. PIR<1 (N=198) Model 2. PIR 1-2 (N=355) Model 3. PIR 2-5 (N=241)
vs. PIR 5+ (N=66) vs. PIR 5+ (N=66) vs. PIR 5+ (N=66)
Average me.diated (95% CI) Average me.diated (95% CI) Average me‘diated (95% CI)
proportion proportion proportion
Chronological age clocks
Hannum 0.3% (-104.5%130.4%) 0.0% (-38.9% 27.4%) 0.5% (-51.5% 54.5%)
Hovarth 2.9% (-76.2% 107.5%) 0.1% (-60.9% 87.3%) 0.4% (-28.7% 51.4%)
Weidner 2.9% (-36.8% 54.4%) 0.3% (-128.7% 66.8%) 3.5% (-66.8% 90.7%)
Lin 2.2% (-303.7%231.7%) -1.0% (-55.3% 50.8%) 1.0% (-46.4% 41.8%)
Vidal-Bralo 10.0% (-152.6%170.5%) -9.1% (-236.8%184.4%) 4.1% (-151.3%124.7%)
SkinBlood 0.2% (-55.8% 52.4%) -0.1% (-28.7% 19.8%) 0.8% (-108.2% 56.8%)
Zhang -0.3% (-133.3%127.1%) 0.4% (-34.2% 31.3%) 0.5% (-40.8% 54.3%)
Physiological functioning clocks
PhenoAge 1.0% (-42.5% 66.1%) 3.8% (-105.2% 86.9%) 0.3% (-60.3% 64.5%)
GrimAge 2.5% (-35.5% 53.1%) 2.2% (-78.1% 87.2%) 0.2% (-65.1% 66.0%)
GrimAge2 1.0% (-44.5% 54.9%) 4.6% (-163.5%163.6%) -0.1% (-73.7% 55.7%)
Pace of aging clock
DunedinPoAm -3.7% (-184.1%130.8%) 0.4% (-70.0% 77.1%) 0.1% (-55.4% 68.9%)
Clocks trained on other aging
biomarkers
Yang 0.0% (-86.4% 55.6%) 2.9% (-48.0% 51.3%) 0.7% (-48.2% 65.4%)
Telomere 2.4% (-99.4% 96.9%) 1.2% (-112.0% 67.8%) -0.1% (-53.0% 49.8%)
Behavioral/Lifestyle measures
Sedentary behavior 0.7% (-408.7%392.8%) 14.6% (-242.4%240.5%) -1.5% (-223.0%226.0%)
Healthy eating index 10.7% (-524.5%707.7%) -3.1% (-95.9% 66.3%) -2.9% (-87.6% 75.1%)
Smoking pack years 6.0% (-195.8%186.7%) 0.3% (-26.6% 34.0%) 0.0% (-30.2% 39.9%)
Alcohol drinker -2.3% (-283.6%221.7%) 0.0% (-157.1%143.2%) 1.8% (-46.7% 46.9%)
Anthropometric measures
Waist to thigh ratio 4.7% (-145.0%201.2%) 10.5% (-147.4%319.6%) -1.0% (-63.7% 84.8%)
BMI 1.7% (-86.4% 74.3%) 6.3% (-121.9%110.8%) -1.0% (-150.3% 87.5%)
Clinical used blood Biomarkers
Total cholesterol -0.1% (-165.2%133.3%) 2.7% (-52.4% 65.4%) 50.8% (-578.4%814.2%)
HDL 2.5% (-85.6% 76.3%) 0.7% (-84.6% 59.9%) 0.1% (-37.4% 65.9%)
LDL -0.4% (-151.6%127.8%) 2.6% (-89.9% 63.6%) 47.5% (-769.7%824.3%)
Glucose 0.6% (-144.3%134.7%) 0.7% (-54.9% 73.8%) 0.2% (-71.9% 59.9%)
C-reactive protein 0.0% (-31.4% 35.8%) -1.7% (-105.4% 70.2%) -1.4% (-50.6% 46.4%)

Supplementary Table 29. Average mediated proportions for DNA methylation and clinical mediators on the
relationship between occupation status and all-cause mortality among Black participants of NHANES 1999-2002
(n=516). Bold indicates statistical significance (p-value<0.05), and bold with two asterisks indicates significance
passed Bonferroni adjustment (p-value<0.0021).

Supplementary Table 30. Average mediated proportions for DNA methylation and clinical mediators on the
relationship between occupation status and all-cause mortality among White participants of NHANES 1999-
2002 (n=943). Bold indicates statistical significance (p-value<0.05), and bold with two asterisks indicates
significance passed Bonferroni adjustment (p-value<0.0021).

Supplementary Table 31. Average mediated proportions for DNA methylation and clinical mediators on the
relationship between occupation status and all-cause mortality among Hispanic participants of NHANES 1999-
2002 (n=860). Bold indicates statistical significance (p-value<0.05), and bold with two asterisks indicates
significance passed Bonferroni adjustment (p-value<0.0021).
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Supplementary Table 32. Average mediated proportions for ten components of GrimAge2 on the relationship
between race and ethnicity and all-cause mortality, NHANES 1999-2002 (n=2,402). Bold indicates statistical
significance (p-value<0.05), and bold with two asterisks indicates significance passed Bonferroni adjustment (p-

value<0.0021).

Model 1. Black (N=516)
vs. White (N=943)

Model 2. Hispanic (N=860)

vs. White (N= 943)

Model 3. Other races (N=83)
vs. White (N= 943)

Average mediated

Average mediated

Average mediated

. (95% CI) . (95% CI) . (95% CI)
proportion proportion proportion
GrimAge2 components
GDF15Mort 4.1% 0.1% 11.7%) 16.3% 4.2% 56.1%) 8.1% (-126.9% 131.2%)
B2MMort 25.3%%* (11.5% 66.4%) 22.2%%* 9.0% 70.8%) 32.2% (-479.1% 568.0%)
CystatinCMort 12.1%** (5.1% 27.8%) 27.3% (10.7% 84.0%) 54.4% (-625.8% 1107.9%)
TIMP1Mort 8.6% (-1.1% 27.2%) 13.2% (0.9% 43.6%) 6.9% (-124.1% 186.7%)
ADMMort -21.4%%* (-52.2%-9.1%) -13.8% (-64.6% 0.3%) -2.8% (-72.8% 57.9%)
PAI1Mort -1.4% (-8.9% 3.4%) 0.4% (-10.3% 10.1%) -1.6% (-64.9% 55.8%)
LeptinMort 5.6% (0.6% 15.9%) 2.1% (-3.0% 12.0%) 1.0% (-52.9% 44.4%)
PACKYRSMort 38.7%%* (22.0% 75.4%) 0.4% (-58.0% 25.5%) -5.9% (-182.8% 247.6%)
CRPMort 20.5%%* 9.1% 45.9%) 30.8%** (13.6% 80.6%) 11.7% (-126.0% 137.7%)
logA1CMort 27.7%** (14.5% 52.2%) 29.5%** (12.4% 121.6%) 21.9% (-184.9% 234.8%)

Supplementary Table 33. Average mediated proportions for ten components of GrimAge2 on the relationship
between education attainment and all-cause mortality, NHANES 1999-2002 (n=2,402). Bold indicates statistical
significance (p-value<0.05), and bold with two asterisks indicates significance passed Bonferroni adjustment (p-

value<0.0021).

Model 1. Less than high school (N=1,096) vs.
College degree or higher (N=370)

Model 2. High school
graduate/GED (N=496)
vs. College degree or higher (N=

Model 3. Some college or associates
degree (N=440)
vs. College degree or higher (N=370)

370)
Average me.diated (95% CI) Average me.diated (95% CI) Average me‘diated (95% CI)
proportion proportion proportion
GrimAge2 components
GDF15Mort 7.0%** 2.2% 13.5%) 3.1% (-1.2%11.8%) 10.8%** (4.3% 21.4%)
B2MMort 4.0% 1.1% 8.0%) 5.4% (0.6% 13.6%) 2.6% (-4.3% 10.6%)
CystatinCMort 4.1% 0.7% 9.8%) 3.3% (-0.9% 12.7%) 4.2% (-2.6% 12.8%)
TIMP1Mort 8.7%** (3.4% 16.5%) 3.4% (-0.2%13.4%) 9.5% 2.4% 19.7%)
ADMMort 1.4% (-2.8% 6.2%) -0.9% (-9.1% 4.9%) 1.8% (-4.8% 10.0%)
PAI1Mort 3.0% 0.0% 8.5%) 2.1% (-0.6% 8.4%) 8.6% (1.0% 26.3%)
LeptinMort 1.3% (-2.8% 7.8%) 2.5% (-2.7%11.2%) 0.0% (-3.9% 5.3%)
PACKYRSMort 17.6%** 8.8% 30.2%) 17.3%** (6.3% 37.1%) 27.0%** (12.5% 55.8%)
CRPMort 14.4%** (6.2% 27.5%) 8.2%%* (2.3% 23.6%) 9.4%%* (2.3% 22.6%)
logA1CMort 5.7% (-1.0% 14.9%) 7.0% (0.7% 21.3%) 7.4% (0.2% 24.2%)

Supplementary Table 34. Average mediated proportions for ten components of GrimAge2 on the relationship
between household income and all-cause mortality, NHANES 1999-2002 (n=2,402). Bold indicates statistical
significance (p-value<0.05), and bold with two asterisks indicates significance passed Bonferroni adjustment (p-

value<0.0021).

Model 1. PIR<1 (N=373)
vs. PIR 5+ (N=399)

Model 2. PIR 1-2 (N=707)

vs. PIR 5+ (N=399)

Model 3. PIR 2-5 (N=923)
vs. PIR 5+ (N=399)

Average mediated

Average mediated

Average mediated

R (95% CI) R (95% CI) R (95% CI)
proportion proportion proportion
GrimAge2 components
GDF15Mort 4.5% (-1.7% 13.2%) 5.9%%* (2.2%13.2%) 4.5% (0.5% 18.4%)
B2MMort 9.0%** (2.8% 18.9%) 8.2%** (3.5%15.0%) 10.0%** (3.8% 24.9%)
CystatinCMort 6.9% (1.3% 15.9%) 9.3%** (4.0%19.8%) 5.7% (1.1% 17.7%)
TIMP1Mort 9.4% (2.4% 19.9%) 10.2%** (4.2%20.2%) 6.5% (0.0% 21.0%)
ADMMort 2.1% (-3.4% 8.6%) 4.4% (0.6%11.3%) 3.5% (-6.5%14.5%)
PAI1Mort 1.9% (-3.2% 8.8%) 1.9% (-0.4% 6.1%) 3.8% (-0.5% 14.5%)
LeptinMort 0.6% (-1.5% 4.7%) 1.5% (-1.3% 7.0%) -0.4% (-4.9% 2.7%)
PACKYRSMort 24.0%** (12.9%40.2%) 17.4%** (8.7%32.6%) 14.6% (3.8% 38.5%)
CRPMort 12.9% (1.8% 27.8%) 16.9%** (7.3%32.4%) 10.2% (1.3% 29.4%)
logA1CMort 8.7% (0.7% 19.0%) 5.6% (1.1%13.6%) 8.4% (1.9% 23.7%)
www.aging-us.com 508 AGING



Supplementary Table 35. Average mediated proportions for ten components of GrimAge2 on the relationship
between occupation status and all-cause mortality, NHANES 1999-2002 (n=2,402). Bold indicates statistical
significance (p-value<0.05), and bold with two asterisks indicates significance passed Bonferroni adjustment (p-
value<0.0021).

Supplementary Table 36. Average mediated proportions for DNA methylation and clinical mediators on the
relationship between race and ethnicity and all-cause mortality, among completed cases from NHANES 1999-
2002 cohort (n=2,401). Bold indicates statistical significance (p-value<0.05), and bold with two asterisks
indicates significance passed Bonferroni adjustment (p-value<0.0021).

Model 1. Black (N=516) Model 2. Hispanic (N=859) Model 3. Other races (N=83)
vs. White (N= 943) vs. White (N= 943) vs. White (N= 943)
Average me.diated (95% CI) Average me.diated 95% CI) Average me.diated (95% CI)
proportion proportion proportion
Chronological age clocks
Hannum -19.1%** (-37.8%- 10.5%) 5.8% (-4.4% 20.7%) 4.5% (-100.1% 99.9%)
Hovarth -5.2% (-14.6% - 0.7%) -4.9% (-23.4% 1.3%) -1.3% (-93.6% 56.7%)
Weidner -2.5% (-8.2% -0.3%) -3.9% (-17.5% 0.6%) -4.9% (-98.1% 82.1%)
Lin -2.9% (-10.6% 0.3%) -3.5% (-15.7% 1.7%) -3.8% (-62.5% 73.0%)
Vidal-Bralo -14.6%** (-35.9% - 4.9%) -10.2% (-40.9% - 2.4%) -13.5% (-251.5%159.5%)
SkinBlood -4.9% (-15.5% - 0.5%) 0.1% (-4.1% 4.4%) 1.0% (-38.1% 47.3%)
Zhang -9.9% (-27.0% - 2.8%) -1.1% (-82% 2.4%) -2.4% (-59.4% 50.6%)
Physiological functioning clocks
PhenoAge -6.8% (-22.8% 0.6%) 9.4% (-1.7% 36.3%) 5.7% (-119.3%161.6%)
GrimAge 34.4%** (18.7% 66.8%) 15.7% (-16.5% 52.8%) 12.0% (-193.5%234.7%)
GrimAge2 46.0%** (26.6% 88.7%) 39.3% (17.6% 120.0%) 24.8% (-206.7%288.7%)
Pace of aging clock
DunedinPoAm 23.6%** (10.0% 48.9%) 29.4% (11.2% 83.1%) 27.2% (-211.4%340.7%)
Clocks trained on other aging
biomarkers
Yang 7.4% (-6.8% 20.9%) 3.8% (-9.4% 19.7%) 1.3% (-98.4% 124.6%)
Telomere -44.4%** (-79.1%- 27.2%) 2.5% (-19.4% 19.3%) 9.1% (-177.4%157.2%)
Behavioral/Lifestyle measures
Sedentary behavior 27.8%** (13.4% 54.0%) 24.1% (5.9% 80.7%) 18.3% (-258.0%230.9%)
Healthy eating index 6.6% 0.7% 18.7%) 3.3% (-6.4% 24.3%) -0.1% (-39.6% 42.9%)
Smoking pack years -19.0%** (-45.3% - 8.5%) -15.0% (-48.0% - 5.1%) -10.4% (-155.5%171.8%)
Alcohol drinker 13.6%** (5.4% 27.6%) 10.7% (1.5% 49.2%) 20.6% (-334.4%457.4%)
Anthropometric measures
Waist to thigh ratio -33.7%** (-86.4%- 17.0%) 16.4% (4.3% 59.3%) 7.7% (-240.8%251.2%)
BMI 2.3% (-7.1% 15.0%) 0.3% (-17.2% 18.0%) -0.2% (-28.1% 30.2%)
Clinical used blood Biomarkers
Total cholesterol -0.6% (-4.5% 1.3%) 0.0% (-4.7% 3.6%) -0.3% (-35.1% 20.0%)
HDL -0.8% (-6.6% 2.8%) 5.7% (-5.0% 17.9%) 1.4% (-40.2% 41.0%)
LDL 0.0% (-4.6% 5.1%) 0.1% (-6.0% 5.7%) 0.1% (-6.6% 15.0%)
Glucose 7.7% 1.9% 17.9%) 5.6% (1.0% 19.6%) 7.1% (-137.9% 92.1%)
C-reactive protein 9.5%** (3.0% 23.0%) 1.7% (-2.2% 8.8%) -0.7% (-56.2% 57.8%)
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Supplementary Table 37. Average mediated proportions for DNA methylation and clinical mediators on the
relationship between education attainment and all-cause mortality, among completed cases from NHANES
1999-2002 cohort (n=2,399). Bold indicates statistical significance (p-value<0.05), and bold with two asterisks
indicates significance passed Bonferroni adjustment (p-value<0.0021).

Model 1. Less than high school (N=1,093) vs.
College degree or higher (N=370)

Model 2. High school
graduate/GED (N=496)
vs. College degree or higher

Model 3. Some college or
associates degree (N=440)

vs. College degree or higher (N=

(N=370) 370)
. Average Average
Average mediated (95% CI) mediated  (95% CI) mediated (95% CI)
proportion . .
proportion proportion
Chronological age clocks
Hannum 1.7% (-0.1% 4.4%) 4.4% 0.3% 13.4%) 0.5% (-6.9% 7.7%)
Hovarth -0.1% (-1.9% 1.3%) -1.7% (-8.9% 1.3%) -4.1% (-14.0% - 0.2%)
Weidner -0.2% (-3.2% 1.1%) 0.1% (-3.0% 3.7%) -0.9% (-7.8% 1.6%)
Lin -0.2% (-2.2% 1.2%) -1.2% (-5.5% 1.0%) -0.5% (-5.4% 3.1%)
Vidal-Bralo -0.7% (-3.3% 0.6%) -0.3% (-5.0% 1.6%) -0.7% (-5.8% 2.6%)
SkinBlood 0.3% (-0.9% 2.4%) 0.9% (-1.2% 5.7%) 0.0% (-3.4% 2.7%)
Zhang 0.5% (-0.8% 2.4%) 0.2% (-1.7% 3.1%) -0.1% (-5.5% 3.2%)
Physiological functioning clocks
PhenoAge 6.8%%* 2.8% 13.4%) 2.9% (-1.3% 12.2%) 3.1% (-5.0% 12.4%)
GrimAge 23.5%%* (13.2%  37.0%) 18.7%**  (8.1% 41.7%) 31.8%** (17.8% 57.5%)
GrimAge2 28.1%%* (16.9%  42.9%) 21.4%**  (9.9% 48.5%) 32.4%%* (17.2% 64.2%)
Pace of aging clock
DunedinPoAm 13.3%** (6.1% 22.5%) 11.4%**  (2.8% 27.6%) 22.0%** (11.0% 38.0%)
Clocks trained on other aging
biomarkers
Yang -0.8% (-4.2% 2.3%) 1.2% (-1.5% 6.0%) 0.3% (-3.9% 4.5%)
Telomere 5.3%%* (1.9% 10.1%) 5.7%%* (1.9% 13.1%) 3.5% (-0.9% 10.9%)
Behavioral/Lifestyle measures
Sedentary behavior 13.3%** (6.9% 23.5%) 20.8%**  (9.8% 42.7%) 5.9% (-1.4% 19.3%)
Healthy eating index 2.3% (-7.1% 14.1%) 1.2% (-14.7% 13.4%) 3.8% (-5.7% 14.4%)
Smoking pack years 10.2%** 4.5% 18.2%) 11.0% 2.1% 31.2%) 16.4%** (7.4% 31.0%)
Alcohol drinker 2.6% (-2.5% 8.5%) 7.1% 0.7% 19.6%) 2.1% (-2.5% 10.5%)
Anthropometric measures
Waist to thigh ratio 5.6%%* 1.7% 12.8%) 2.8% (-4.7% 10.8%) 4.6% (-2.8% 14.6%)
BMI 0.4% (-4.6% 6.1%) 3.1% (-2.0% 15.3%) 5.3% (-7.0% 23.6%)
Clinical used blood Biomarkers
Total cholesterol 0.0% (-1.5% 1.7%) -0.1% (-13.2% 10.1%) -3.1% (-14.8% 2.2%)
HDL -0.1% (-6.6% 5.5%) 0.1% (-4.7% 5.2%) 0.0% (-4.4% 3.8%)
LDL -3.8% (-14.6%  0.5%) 10.6%  (-27.0% 60.9%) -4.7% (-60.0% 19.9%)
Glucose 2.4% (0.1% 6.5%) 1.3% (-2.0% 7.0%) -1.7% (-11.6% 4.1%)
C-reactive protein 2.0% (0.5% 4.9%) 0.7% (-2.3% 4.1%) 0.8% (-32% 6.2%)
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Supplementary Table 38. Average mediated proportions for DNA methylation and clinical mediators on the
relationship between household income and all-cause mortality, among completed cases from NHANES 1999-
2002 cohort (n=2,123). Bold indicates statistical significance (p-value<0.05), and bold with two asterisks
indicates significance passed Bonferroni adjustment (p-value<0.0021).

Model 1. PIR<1 (N=373) Model 2. PIR 1-2 (N=591) Model 3. PIR 2-5 (N=760)
vs. PIR 5+ (N=399) vs. PIR 5+ (N=399) vs. PIR 5+ (N=399)
Average me‘diated (95% CI) Average me.diated (95% CI) Average me‘diated (95% CI)
proportion proportion proportion
Chronological age clocks
Hannum 3.1% (-0.6% 7.8%) 3.8% (-0.0% 8.2%) -0.1% (-7.3% 6.5%)
Hovarth -0.1% (-2.7% 1.4%) -0.2% (-4.1% 3.3%) 0.1% (-3.8% 4.1%)
Weidner 0.3% (-1.6% 2.9%) 1.2% (-1.2% 4.6%) 0.0% (-1.8% 2.5%)
Lin 0.1% (-1.5% 2.5%) -0.7% (-2.9% 0.9%) -0.9% (-6.9% 2.7%)
Vidal-Bralo -0.3% (-3.0% 1.0%) 1.2% (-1.9% 4.9%) 0.0% (-2.3% 2.7%)
SkinBlood -0.3% (-3.8% 1.8%) 0.0% (-1.7% 2.1%) -0.2% (-3.4% 4.3%)
Zhang -0.4% (-2.8% 1.2%) -0.5% (-2.9% 1.4%) -0.8% (-5.7% 1.6%)
Physiological functioning clocks
PhenoAge 5.3% (0.4% 14.4%) 10.0%** (3.3% 20.3%) 3.2% (-1.6% 13.5%)
GrimAge 32.6%** (20.6% 49.6%) 24.2%%* (13.7%42.9%) 19.7% (7.2% 52.3%)
GrimAge2 37.1%** (22.7% 57.4%) 28.4%%* (17.2%54.3%) 22.7%%* (9.3% 61.1%)
Pace of aging clock
DunedinPoAm 19.4%** (9.2% 35.6%) 14.1%** (5.7% 30.3%) 13.3% (2.0% 38.0%)
Clocks trained on other aging
biomarkers
Yang 0.2% (-4.9% 5.1%) 0.8% (-3.2% 5.6%) 0.0% (-3.1% 2.2%)
Telomere 2.2% (-1.0% 7.4%) 6.8%%* (2.7% 13.3%) 2.9% (-0.7% 9.6%)
Behavioral/Lifestyle measures
Sedentary behavior 20.4% 4.7% 40.8%) 10.9% (1.9% 26.2%) 13.7% (1.2% 46.1%)
Healthy eating index 4.9% (-9.6% 20.5%) -0.2% (-7.1% 8.6%) 4.8% (-2.5% 26.2%)
Smoking pack years 11.2%** (4.8% 19.2%) 11.6% (3.4% 28.6%) 13.2%** 4.2% 35.4%)
Alcohol drinker -3.6% (-19.8% 7.8%) 1.8% (-11.2%13.2%) 6.0% (-1.6% 20.2%)
Anthropometric measures
Waist to thigh ratio 4.9% (-2.1% 12.4%) 6.1% (-1.8% 16.3%) 10.2% (1.2% 26.3%)
BMI -1.1% (-11.8% 8.3%) 0.6% (-12.9% 8.2%) 1.6% (-11.9% 14.3%)
Clinical used blood Biomarkers
Total cholesterol -0.1% (-3.8% 3.4%) 0.2% (-1.8% 3.6%) -0.6% (-7.1% 3.4%)
HDL -3.8% (-16.0% 5.4%) 0.2% (-7.6% 7.1%) 0.7% (-6.2% 9.4%)
LDL -1.7% (-15.7% 4.6%) -0.4% (-37.6%25.1%) 1.4% (-73.5%95.2%)
Glucose 6.2% (1.3% 15.3%) 1.7% (-2.5% 7.6%) 3.7% (-0.5% 14.0%)
C-reactive protein 2.0% (0.4% 5.2%) 4.8% (0.6% 10.5%) 2.4% (-0.2% 7.8%)

Supplementary Table 39. Average mediated proportions for DNA methylation and clinical mediators on the
relationship between occupation status and all-cause mortality, among completed cases from NHANES 1999-
2002 cohort (n=2,262). Bold indicates statistical significance (p-value<0.05), and bold with two asterisks
indicates significance passed Bonferroni adjustment (p-value<0.0021).

Supplementary Table 40. The causal mediation tests for interactions between social positions and DNA
methylation and clinical mediators using R mediation package built-in test. The estimates is average causal
mediation effects (ACME) differences conditional on treatment status on all-cause mortality, NHANES 1999-
2002 (n=2,402). Bold indicates statistical significance (p-value<0.05), and bold with two asterisks indicates
significance passed Bonferroni adjustment (p-value<0.0021).
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Supplementary Table 41. The wald-test for a square term of DNA
methylation and clinical mediators prediction all-cause mortality
outcome, NHANES 1999-2002 (n=2,402). Bold indicates statistical
significance (p-value<0.05), and bold with two asterisks indicates
significance passed Bonferroni adjustment (p-value<0.0021).

Overall sample

(N=2,042)
Beta p-value

Chronological age clocks

Hannum -5.38E-04 0.174

Hovarth 9.51E-05 0.825

Weidner 2.75E-04 0.126

Lin 4.44E-05 0.737

Vidal-Bralo 3.97E-04 0.223

SkinBlood 2.79E-04 0.519

Zhang 2.85E-05 0.992
Physiological functioning clocks

PhenoAge 4.09E-05 0911

GrimAge -7.31E-04 0.283

GrimAge2 -7.38E-04 0.305
Pace of aging clock

DunedinPoAm -3.21E+00 0.260
Clocks trained on other aging biomarkers

Yang 5.17E+00 0.931

Telomere -3.54E-01 0.317
Behavioral/Lifestyle measures

Sedentary behavior NA NA

Healthy eating index 7.68E-05 0.629

Smoking pack years -3.75E-05 0.149

Alcohol drinker NA NA
Anthropometric measures

Waist to thigh ratio 1.57E-01 0.769

BMI 3.35E-03** 0.000
Clinical used blood Biomarkers

Total cholesterol 6.61E-02** 0.001

HDL 2.24E-04 0.015

LDL 3.57E-05 0.057

Glucose 2.86E-06 0.523

C-reactive protein -3.69E-02** 0.002
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