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Abstract Sex hormones are hypothesized to drive
sex-specific health disparities. Here, we study the
association between sex steroid hormones and DNA
methylation-based (DNAm) biomarkers of age and
mortality risk including Pheno Age Acceleration
(AA), Grim AA, and DNAm-based estimators of
Plasminogen Activator Inhibitor 1 (PAIl), and lep-
tin concentrations. We pooled data from three popu-
lation-based cohorts, the Framingham Heart Study
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Offspring Cohort, the Baltimore Longitudinal Study
of Aging, and the InNCHIANTTI Study, including 1,062
postmenopausal women without hormone therapy and
1,612 men of European descent. Sex-stratified analy-
ses using a linear mixed regression were performed,
with a Benjamini-Hochberg (BH) adjustment for mul-
tiple testing. Sex Hormone Binding Globulin (SHBG)
was associated with a decrease in DNAm PAIl among
men (per 1 standard deviation (SD): -478 pg/mL;
95%CI: -614 to -343; P:le-11; BH-P: le-10), and
women (-434 pg/mL; 95%CI: -589 to -279; P:le-7;
BH-P:2e-6). The testosterone/estradiol (TE) ratio was
associated with a decrease in Pheno AA (-0.41 years;
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95%CI: -0.70 to -0.12; P:0.01; BH-P: 0.04), and
DNAm PAI1 (-351 pg/mL; 95%CI: -486 to -217; P:4e-
7; BH-P:3e-6) among men. In men, testosterone was
associated with a decrease in DNAm PAIl (-481 pg/
mL; 95%CIL:. -613 to -349; P:2e-12; BH-P:6e-11).
SHBG was associated with lower DNAm PAI1 among
men and women. Higher testosterone and testosterone/
estradiol ratio were associated with lower DNAm PAI
and a younger epigenetic age in men. A decrease in
DNAm PAII is associated with lower mortality and
morbidity risk indicating a potential protective effect
of testosterone on lifespan and conceivably cardiovas-
cular health via DNAm PAII.

Keywords Epigenetic age - Sex differences - Sex
hormones - Testosterone - Plasminogen Activator
Inhibitor 1

Introduction

Sex hormones are hypothesized to drive sex-specific
health disparities [1]. Females are overrepresented among
the elderly population, and experience lower mortality
rates and cardiovascular disease (CVD) risk [2, 3]. Prior
studies suggest women may also have a higher risk of
some neurodegenerative diseases [3]. A higher concen-
tration of various sex hormones concentrations has been
hypothesized to decrease mortality and morbidity [1, 4].

Steroid sex hormones are a group of hormones
that play a role in sexual development and reproduc-
tion, although they have many additional functions.
Three main categories are estrogens, progesterone,
and androgens. Estradiol and estrone are estrogens
and female-dominated sex hormones while androster-
one sulfate, androstenedione, dehydroepiandrosterone
sulfate (DHEAS), and testosterone are androgens and
considered male-dominated sex hormones. A testos-
terone/estradiol (TE) ratio can be used as a proxy for
hormonal balance between androgens and estrogens.
This ratio has also been associated with various health
outcomes, including cerebrovascular disease, meta-
bolic disorders and CVD [5-7]. Sex hormone binding
globulin (SHBG) is a protein that transports sex hor-
mones, binds estrone, estradiol and testosterone, and
influences bioavailability of these hormones [8].

The sex steroid hormones have time-trends.
Among adult women, major changes of sex
hormones concentrations occur during menopause.

@ Springer

Around menopause, estradiol (and estrone to a more
limited degree) decreases rapidly over 6 months, then
slowly decreases over time with the largest decrease
in the first 3 years. After menopause, estrone become
the major estrogen [9]. Among postmenopausal
women, testosterone and androsterone also decrease
slowly with age, while SHBG appears to change with
age in a U-shaped form, with lowest concentrations
around 60-70 years of age, followed by an increase
with age [9-12]. For men, SHBG increases over time
[11-13], and estradiol remains stable or decreases
slightly [14, 15], and testosterone decrease over time
[12, 13, 15]. DHEAS peaks around 20-24 years of
age among men and women and then decrease with
age [13, 16-18].

Animal studies indicate that higher estrogen con-
centrations are associated with a longer lifespan among
male mice, but not in females [19-21]. Observational
human studies suggest that low androgen levels among
men, and possibly postmenopausal women, are associ-
ated with CVD and their risk factors [22, 23]. Among
women, a majority of the studies have used female
reproductive characteristics as a proxy for hormone
levels, as sex hormones increase after menarche and
estradiol, a strong estrogen, decreases after menopause.
Several studies have indicated that women who gave
birth later in life (>40 years), had high parity, or late
menopause with longer exposure to higher levels of
estrogens had lower all-cause mortality rates [24-31],
while in contrast high levels of postmenopausal estra-
diol concentrations have been associated with an
increased mortality [32].

Biomarkers of aging that are strongly associated
with increased morbidity and mortality can serve
as surrogate endpoints for these outcomes. Specifi-
cally, these indicators of biological age can be used to
investigate whether an exposure of interest might be
associated with morbidity and mortality risk, though
causality cannot be established. Recently epigenetic
age has become a widely used indicator of biologi-
cal age, as it has been shown to be strongly associated
with morbidity and mortality [33-35]. Interestingly,
among centenarians, epigenetic (and hence biologic)
age has been shown to be lower [36]. There are some
indications that sex hormones influence epigenetic
age and that lower sex hormone concentrations (due
to earlier age of menopause, ovariectomy, or lower
ovarian reserve etc.) could accelerate epigenetic
aging [37-40]. Among the various epigenetic age
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measures, GrimAge accelerations (AA) and Pheno
AA are strongly associated with mortality and mor-
bidity, especially CVD [35]. GrimAge is established
by a two-step approach that combines DNA methyla-
tion (DNAm) based estimates of plasma protein lev-
els, DNAm based estimates of smoking pack years,
age and sex into a mortality risk estimate. Of these
DNAm based estimates of protein biomarkers, plas-
minogen activator inhibitor 1 (PAIl) is most strongly
associated with morbidity and leptin shows sex differ-
ential effects [35].

While DNAm PAIl and DNAm leptin were cre-
ated based on the measured plasma PAIl and leptin
concentration, they can be interpreted as a mortality
risk predictor for the following reasons. First, they
are both components in the GrimAge calculation and
GrimAge is a strong estimator for mortality and car-
diovascular disease, thereby making DNAm PAIl and
DNAm leptin proxies for mortality. Second, DNAm
PAIl has been shown to be a better predictor of
human mortality risk than the actual plasma measure,
and performs better than Grim AA regarding associa-
tions with the comorbidity-index [35]. It is therefore
also important to realize that DNAm PAIl may repre-
sent more than just measured PAIl.

PAILl is a protein that is involved in tissue hemosta-
sis and an increase in PAIl is associated with meta-
bolic syndrome, lipid metabolism, and cardiovascular
health [41-45]. Genetic mutations in the SERPINE1
mutation, associated with PAI-1 concentrations, have
been associated with cellular senescence, leukocyte
telomere length, and longevity [46]. Previously, stud-
ies that assessed associations between sex hormones
and PAIl protein concentrations in blood reported
conflicting results. Among men, several small studies
indicated that higher testosterone and SHBG concen-
trations are associated with lower PAIl concentra-
tions [47, 48]. SHBG is also inversely correlated with
PAIIl concentrations among women [49]. Conversely,
there is some indication that higher testosterone and
DHEAS in women may be associated with higher
PAIl concentrations, though results from two studies
were not consistent [49, 50].

Leptin is a peptide hormone and is associated with
regulation of food intake and energy balance. Lep-
tin also influences inflammatory processes, angio-
genesis, lipolysis, and neuroplasticity [51-53]. For
women, several studies indicated positive correlations
between estrone, estradiol and testosterone and leptin

concentrations [54-58], whereas reported correla-
tions of leptin with SHBG and DHEAS were incon-
sistent [55-58]. Body mass index (BMI) is strongly
positively associated with leptin concentration as
leptin is secreted by adipocytes [15]. In addition, adi-
pose tissue can convert estrone to estradiol [15, 59].
Hence, BMI could be a strong confounder. Adjusting
for BMI attenuated the correlations between sex hor-
mones (estradiol, testosterone, SHBG and DHEAS)
and leptin concentrations in some studies [56, 57].
Among men, higher testosterone concentrations are
correlated with lower leptin concentrations [57, 58,
60-62]. Two studies among men indicated a nega-
tive association between SHBG and leptin concentra-
tion [58, 61], one no association [60], and yet another
study a positive association [57]. These inconsisten-
cies might be due to sample size, differences in popu-
lation characteristics (age, ethnicity etc.), or due to
methodological differences.

In this study, we are focusing on the association
between five sex steroid hormones (estrone, estra-
diol, SHBG, testosterone, DHEAS), the testosterone/
estradiol (TE) ratio, and epigenetic age acceleration
for older men and postmenopausal women. We chose
to restrict the study to postmenopausal women with-
out hormone therapy as female sex hormones stabilize
after menopause [9], and assessment of sex hormones
is not influenced by timing within the menstrual cycle.
We combined data from three large studies that have
collected DNAm as well as measured sex hormones
in the blood of men and women. No previous studies
have reviewed whether sex hormones are also associ-
ated with the epigenetic biomarkers for leptin (DNAm
Leptin) and PAI1 (DNAm PAIl). In addition, no pre-
vious studies on sex hormone concentrations and epi-
genetic based age acceleration have been performed.
We hypothesize that higher concentrations of sex hor-
mones are associated with lower epigenetic age.

Methods

Study population

We used data from three population-based cohorts,
the Framingham Heart Study (FHS), the Baltimore
Longitudinal Study of Aging (BLSA) and the InCHI-

ANTI Study. For more details regarding the study
populations, see the supplemental Table 1 and the
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supplemental note. Both FHS and InCHIANTI consist
of subjects with European descent, while the BLSA
has a more diverse population with 69.8% of European
descent, 26.3% of African American or Black ances-
try, and 3.9% of other descent. Most female individuals
were postmenopausal (N: 1,504, 84.6%). In our main
analysis, we restricted to postmenopausal women with-
out hormone therapy and men of European descent.

Sex hormones

For specific details about the measurement of sex
hormones, we refer to the supplemental note. For sen-
sitivity analysis, we calculated bioavailable estrone,
estradiol and testosterone by using the mass action
law when estimates of the total sex hormone (estrone,
estradiol or testosterone) and SHBG were available
[63]. (Bioavailable) estrone was only available in the
FHS, and DHEAS was only available in the InCHI-
ANTI and BLSA.

Sex hormone concentrations were standardized
with mean O and standard deviation of 1, for each
study, sex, and postmenopausal status separately.
We winsorized the outliers for sex hormone meas-
urements by replacing the top and bottom outliers
with the 1% and 99™ percentile estimates, respec-
tively. The winsorization was done stratified by sex,
and study. Sex hormones were measured at the same
time as blood DNA methylation for individuals in the
BLSA and InCHIANTI study. For participants of the
FHS, sex hormones were measured one visit prior to
DNA methylation (average difference between visits:
6.6 years), the length of time between the measure-
ments was added as a covariate in the model to take
timing into account. For analysis, we removed post-
menopausal women who reported that they were
using hormone therapy at either the time of sex hor-
mone or DNAm assessment (N=421), leaving 1,062
postmenopausal women without HRT.

Epigenetic age accelerations and DNAm-based
biomarkers

DNA methylation was performed using the Illumina
450k array on whole blood of all individuals in this
study. For details regarding DNA methylation, we refer
to the supplemental note. The epigenetic age accelera-
tions and DNAm-based biomarkers were calculated
using the DNAmage-website (https://dnamage.genet

@ Springer

ics.ucla.edu). We winsorized the top and bottom out-
liers (1%) for epigenetic age-accelerations and DNAm
biomarkers, stratified by sex, and study. For this spe-
cific analysis, we focused on Pheno Age Accelera-
tion (Pheno AA), Grim Age Acceleration (Grim AA),
DNAm Plasminogen Activator Inhibitor-1 (PAIl) and
DNAm leptin, as at the time of the analyses these two
epigenetic clocks and these two epigenetic biomarkers
were the strongest epigenetic biomarker predictors for
mortality and morbidity.

Statistical analysis

We performed our analysis, stratified by sex, among
postmenopausal women without hormone therapy and
all men. We analyzed the associations between various
sex hormones and our outcomes using linear mixed
regression analysis with a random intercept term to
account for familial relationships from pedigrees in
the FHS. We adjusted for age, body mass index (BMI),
average alcohol intake, and smoking packyears esti-
mated at the visit when sex hormones were assessed.
We also adjusted for physical activity (in quartiles),
the time between visits, cohort study, and blood cell
composition based on DNAm. The estimated cell types
(plasma blasts, exhausted T cells, naive CDS8 cells,
CD4 T-cells, Natural Killer (NK) cells, monocytes,
and granulocytes) were calculated using the Houseman
and Horvath methods [64, 65]. For all postmenopau-
sal women, we also included time since menopause at
the time sex hormones were measured. If confounders
were missing (0.1% missing BMI, 5.3% missing physi-
cal activity, 7.3% missing alcohol intake), they were
imputed using the MICE R-package. We adjusted for
multiple testing by calculating the Benjamini—-Hoch-
berg adjusted P-value (BH-P) for both men and women
separately (total of 24 tests per sex).

Sensitivity analysis

Various sensitivity analyses were performed. These
included analyzing bioavailable sex hormones with
the outcomes, using non-winsorized data, stratify-
ing by study, removing individuals from the original
training set for the epigenetic outcomes, and analyz-
ing the effect estimates among African American/
Black participants only. Furthermore, we reviewed
the influence of confounder selection. In addition to
our main outcomes, we also performed linear mixed
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regression analysis for the association between the
various sex hormones and six additional epigenetic
age accelerations clocks [64, 66—68].

Main results

Our study included 1,612 men and 1,062 postmenopau-
sal women of European descent, who were not using
hormone therapy at the time of blood draw, with at
least one sex hormone measurement and genome-wide
DNA methylation (DNAm) array data. Estrone was only
available in the Framingham Heart Study (FHS), while
DHEAS was available in the Baltimore Longitudinal
Study of Aging (BLSA) and the INCHIANTL

The average age at sex hormones assay was
66.5 years (standard deviation [SD]: 9.8) for women
and 62.4 years for men (SD: 12.2). The time between
the sex hormone measurement and subsequent blood
collection for DNAm analysis among women and
men of the FHS study was 6.6 and 6.6 years (SD: 0.6,
SD: 0.7, for women and men respectively). For sub-
jects from the INCHIANTI and BLSA, sex hormones
and DNAm were measured during the same visit.
Sex hormones for women were measured on average
17.4 years (SD: 10.7) after their menopause with an
average age of menopause of 49.0 years (SD: 5.9).
See more details on the characteristics in Table 1, and
the characteristics stratified by study including the
sex hormone concentrations in supplemental Table 1.
The average concentrations for total sex hormones
were comparable with previous studies of individuals
of similar age [69—71]. Due to differences in sex hor-
mone concentrations and differences in characteristics
between the three studies, as well as different methods
used to estimate sex hormones concentration, the sex
hormones were standardized (mean 0; standard devi-
ation 1) for each sex within their study, followed by
winsorization of the top and bottom 1% (Supplemen-
tal Table 1). See supplemental Fig. 1 for scatterplots
of the sex hormone concentration by age and study.

Correlations
Pairwise correlations were calculated and represented

in supplemental Fig. 2. The correlations between the
five sex hormones (estrone, estradiol, SHBG, total

testosterone, and DHEAS) varied between 0.01 and
0.66. While the correlation between total estrone and
SHBG was relatively weak (r=0.10 in men; r=0.01 in
women), the correlation between estrone and estradiol
was relatively high (r=0.59 in men; r=0.66 in women).
The correlations between Pheno AA, Grim AA, DNAm
PAIl, and DNAm leptin, i.e., the outcomes we will
focus on as the strongest surrogate markers for morbid-
ity and mortality, were weak to moderate in size, i.e.,
between 0.06 and 0.45 (supplemental Fig. 3).

Sex hormones and main outcomes (Grim AA,
Pheno AA, DNAm PAI1 and DNAm leptin)

Each sex hormone concentrations were standardized
within sex and study group. The standardized sex
hormone concentrations were pooled over the three
studies for males and females separately. We used lin-
ear mixed regression models to analyze the associa-
tion between sex hormones and the epigenetic clocks/
DNAm proteins to take family relatedness within the
FHS into account. We also adjusted for age, BMI,
average alcohol intake, smoking packyears, physi-
cal activity, time between visits, cohort study, and
blood cell composition based on DNAm. For all
postmenopausal women, we also included time since
menopause at the time sex hormones were measured.
All analyses were performed sex stratified and we
adjusted for multiple testing (Number of tests in the
Benjamini Hochberg analysis: 24). Our main find-
ings for the association between sex hormones and
epigenetic clocks/DNAm proteins are summarized in
Table 2, Figs. 1 and 2, with the precursors for total
and bioavailable sex hormones displayed in Fig. 2.

In line with our hypothesis that high sex hormone
concentrations are associated with better epigenetic age
or epigenetic profile, among males, we identified four
significant associations all indicating a negative asso-
ciation. None of these associations significantly dif-
fered by cohort (Supplemental Table 2). Three of these
associations were with DNAm PAIl, namely SHBG,
total testosterone, and the TE ratio. The fourth was an
association between the TE ratio and Pheno AA. A one
SD increase in SHBG was associated with lower DNAm
PAIl by -478 pg/mL, which is equivalent to approxi-
mately 0.17 SD of DNAm PAIl (95%CI: -614 to -343;
P-value: le-11; Benjamini Hochberg adjusted P-value
(BH-P): 1e-10). One SD increase in total testosterone

@ Springer
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Table 1 Overview of the characteristics of the study population

Females Males

Mean/N SD/% N Mean/N SD/% N

Characteristics
Study FHS 665 62.6 1062 1,088 67.5 1612
InCHIANTI 193 18.2 222 13.8
BLSA 204 19.2 302 18.7
Age at sex hormone measurement years 66.5 9.8 1062 62.4 12.2 1612
Age at DNA methylation years 70.6 8.9 1062 66.9 11.6 1612
Time between visits among FHS years 6.6 0.6 665 6.6 0.7 1088
Age of menopause years 48.6 6.0 991 NA
Time since menopause at sex hormone measurements years 17.3 11.0 991 NA
Smoking status at sex hormone measurements never 437 40.7 1075 485 29.9 1624
Former/ 638 59.3 1,139 70.1
current
Packyears at sex hormone measurements among smokers pack-years 17.8 18.4 638 24.1 20.8 1139
Alcohol intake Drinks/ 7.0 9.2 1015 194 24.2 1488
weeks
BMI at sex hormone measurement kg/m2 27.5 52 1073 28.3 4.4 1622
Hormone levels
Total estrone pg/ml 32.2 20.9 634  50.6 17.7 1037
Total estradiol pg/ml 11.0 19.6 984 239 10.1 1519
SHBG nmol/L 83.3 494 832  61.7 31.5 1260
Total testosterone ng/dl 354 28.0 1017 541.3 226.6 1533
DHEAS ug/dl 86.2 71.4 192 1431 115.6 221
Bioavailable sex hormones
Bioavailable estrone pg/ml 1.0 0.7 633 1.8 0.6 1037
Bioavailable estradiol pg/ml 0.2 0.3 812 0.5 0.2 1250
Bioavailable testosterone pg/ml 4.0 3.0 829 827 35.0 1259
Main outcome
Pheno AA years -0.7 6.4 1075 0.8 6.1 1624
Grim AA years -1.6 4.0 1075 1.7 4.5 1624
DNAm PAI1 pg/ml 19021 2862 1075 20865 3117 1624
DNAm Leptin pg/ml 12026 2839 1075 4769 1648 1624

Abbreviations: N Number; SD Standard Deviation; years: years; NA Not applicable; FHS Framingham Heart Study; BLSA Baltimore

Longitudinal Study of Aging

was associated with a similar decrease in DNAm PAIl
(-481 pg/mL; 95%CI: -6213 to -349; P-value: 2e-12;
BH-P: 6e-11), and one SD increase in the TE ratio
decreased DNAm PAIl by 351 pg/ml (95%CTI: -620 to
-355; P-value: 2e-12; BH-P: 4e-11). An increase of 1
SD in TE ratio was associated with a decrease in Pheno
AA with 041 years (95%CIL: -0.70 to -0.12; P-value:
0.01; BH-P: 0.04); i.e., suggesting a “younger” DNAm
Pheno age compared to chronological age. For two addi-
tional hormones there was a decrease in epigenetic age
acceleration suggested (P-value <0.05 or BH-P<0.10);

@ Springer

specifically, an increase in total testosterone appeared
to decrease both Grim AA and Pheno AA. With each
increase of 1 SD in testosterone Grim AA decreases by
0.22 years (95%CI: -0.39 to -0.05; P-value: 0.01; BH-P:
0.06), and Pheno AA by 0.35 years (95%CIL: -0.64 to
-0.06 years; P-value: 0.02; BH-P: 0.08). When adjusting
for DNAm PAII in the model for the effect of testoster-
one on Grim AA, the association between testosterone
and Grim AA attenuated (0.03 yrs; 95%CI: -0.13 to
0.19 years; P-value: 0.71), whereas adjusting for Grim
AA in the model between testosterone and DNAm
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Table 2 Linear mixed regression analysis with random intercept were performed to assess the effect of sex hormones on Pheno Age,

GrimAge, DNAm-based PAI1, and DNAm-based leptin

Males Females
Outcom | Sex 95% 95% BH- 95% 95% BH-
e Hormones Est. | LL UL P P Est. | LL UL P P
E1 0.26 | -0.09 | 0.61 0.14 | 0.31 | 0.06 | -042 | 0.54 0.79 | 0.96
E2 0.13 | -0.15 | 0.40 0.37 | 0.67 ] 0.05|-0.32 | 041 0.81 | 0.96
- -0.41 0.19 047 | 067 |- -0.75 | -0.04 0.03 | 0.22
SHBG 0.11 0.40
- -0.64 | -0.06 0.02 0.11]-023 |0.44 0.54 | 0.92
TotT 0.35
é - -0.70 | -0.12 0.01 | 0.04 |- -0.48 | 0.23 0.49 | 0.92
o | TE ratio 0.41 0.12
& - -0.62 | 0.57 094 |0.98 |0.38 |-0.12 |0.87 0.14 | 047
& | DHEAS 0.02
E1 0.19 | -0.02 | 0.39 0.22 ]10.03 | -0.22 | 0.29 0.80 | 0.96
- -0.21 0.12 059 |[0.71 |0.04 |-0.15 |0.23 0.66 | 0.96
E2 0.04
0.05 | -0.13 | 0.22 0.59 |0.71 |- -0.29 | 0.08 0.28 | 0.76
SHBG 0.10
- -0.39 | -0.05 0.01 0.00 | -0.18 | 0.18 0.99 | 0.99
TotT 0.22
§ - -0.33 | 0.01 022 |- -0.32 | 0.05 0.16 | 0.48
E | TE ratio 0.16 0.14
& | DHEAS 0.28 | -0.08 | 0.64 0.12 | 0.30 | 0.09 | -0.16 | 0.34 0.50 | 0.92
E1 61 -100 222 046 | 0.67 |-67 |-270 136 0.52 | 0.92
- -230 24 0.11 |[0.30 | 139 | -22 299 0.37
E2 103
- -614 -343 1E- 1E- - -589 -279 1E- 2E-
SHBG 478 11 10 434 07 06
- - -613 -349 2E- 6E- - -284 15 0.37
E TotT 481 12 11 134
c - -486 -217 4E- 3E- - -356 -39 0.02 |0.18
<Z( TE ratio 351 07 06 197
A | DHEAS 68 -200 335 0.62 |0.71 |-21 |-264 222 0.86 | 0.96
E1 0 -90 89 1.00 | 1.00 | 13 -162 187 0.89 | 0.96
E2 -28 | -101 45 044 | 0.67 |28 -106 163 0.68 | 0.96
IS é -30 | -109 50 046 |0.67 |- -271 -10 0.04 | 0.22
<Z(cL SHBG 140
84 [ TotT -26 | -103 52 0.52 | 0.69 |42 -82 166 0.50 | 0.92
TE ratio 18 -60 95 0.66 | 0.72 | -26 | -159 107 0.70 | 0.96
DHEAS -75 | -253 104 041 [ 067 |9 -174 193 0.92 | 0.96

Sex hormones were standardized and winsorized (highest and lowest 1%) by study.

The analyses were performed stratified by sex,

and adjusted for age, body mass index (BMI), alcohol intake, smoking packyears, physical activity, the time between visits, cohort
study, and blood cell composition based on DNAm. Among women, we also adjusted for time since menopause

Abbreviations: Est Effect estimate; LL Lower Limit; UL Upper Limit; P P-value; BH-P Benjamini—-Hochberg adjusted P-value; AA
Age Acceleration; DNAm DNA-methylation; E/ total estrone; E2 total estradiol; SHBG Sex Hormone Binding Globulin; 7orT total
testosterone; TE ratio Total testosterone divided by total estradiol concentration

PAIl, the estimated effect remained the same (-413 pg/
ml; 95%CI: -534 to -291; P-value: 6e-11).

Among females, only SHBG was statistically sig-
nificantly associated with DNAm PAIl, and three sug-
gestive associations were detected, that is even though
the P-value was less than 0.05, the BH-P was above
0.10. One SD increase of SHBG was associated with
a decrease of DNAm PAIl (-434; 95%CI: 589 to -279;
P-value: le-7; BH-P: 2e-6). There was indication for
heterogeneity based on the likelihood ratio test add-
ing the interaction term for SHBG and study (P:4e-3).
In addition, an increase in the TE ratio was associated
with a decrease in the DNAm PAIl (-197 (95%CI: -356

to -39; P-value: 0.02; BH-P: 0.18), and an increase in
SHBG was associated with a decrease in Pheno AA by
0.40 years (95%CI: -0.75 to -0.04; P-value 0.03; BH-P:
0.22). Finally, SHBG suggestively decreased DNAm
leptin by approximately 140 pg/ml per SD increase of
SHBG (95%CT: -271 to -10; P-value: 0.04; BH-P: 0.22).

Combined outcomes
We combined our four main outcomes (Grim AA,

Pheno AA, DNAm PAIl and DNAm leptin) into one
summarized outcome by normalizing (mean:0, and
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Fig. 1 Visual representation of our main results stratified by
sex. There were four outcomes of interest in the rectangular
shapes in the middle of this figure, Pheno-Age Acceleration
(AA), Grim AA, and DNAm-based PAIl and DNAm-based
leptin. We measured five hormone concentrations (testoster-
one, estrone, estradiol, DHEAS, and Sex Hormone Binding
Globulin (SHBG)). In addition, one hormone level ratio (tes-
tosterone / estradiol) was estimated. Associations identified in

SD: 1) each outcome and averaging the overall out-
come (see Table 3). This analysis indicated that an
increase in SHBG, testosterone, and TE-ratio were
associated with a decreased summarized outcome
(SHBG: -0.05 SD; 95%CI: -0.08 to -0.02; P-value:
2e-3; BH-P: 4e-3; testosterone: -0.07 SD; 95%CI:
-0.10 to -0.04; P-value: 4e-6; BH-P: 3e-5; and TE-
ratio: -0.05 SD; 95%CI: -0.08 to -0.02; P-value: le-3;
BH-P: 4e-3). Among females, an increase in SHBG
was associated with a decrease in our overall outcome
(-0.08 SD; 95%CI: -0.11 to -0.04; P-value: 9e-5;
BH-P: 5e-4). We also created a latent variable using
PCA, and the results were almost identical (see sup-
plemental Table 3).

Bioavailable sex hormones
While our main analysis focused on the total concentra-
tion of estrone, estradiol and testosterone, we also cal-

culated the bioavailable concentrations of these sex hor-
mones relying on the mass action law calculation [63].

@ Springer

a linear mixed regression model are represented by colored
arrows between sex hormones and the outcomes of interests,
with the lines’ thickness representing the strength of the asso-
ciation. Hormone levels were inversely associated with epi-
genetic estimators of mortality risk. Abbreviations: El: total
estrone; E2: total estradiol; SHBG: Sex Hormone Binding
Globulin; TotT: total testosterone; TE ratio: Total testosterone
divided by total estradiol concentration

Bioavailable sex hormones are the concentration of the
sex hormone that are considered bioactive and have the
possibility to be utilized in biologic processes. The bio-
available and total concentrations of sex hormones were
strongly correlated, and were strongly correlated with
SHBG, which is one of the main binding proteins of sex
hormones. The correlations between the total and bio-
available sex hormone concentrations ranged between
0.68 and 0.98 (see supplemental Fig. 2, supplemental
Table 4).

Results for all sex hormones, including bioavail-
able sex hormones, are available in supplemental
Table 5. Most of the results for bioavailable sex hor-
mones were very similar to those that were seen for
the total concentration of the specific sex hormone.
This was expected due to the high correlation between
total and bioavailable sex hormone concentration.

However, some differences were observed, bio-
available estradiol was suggestively associated with
an increase in DNAm PAIl in men and women (men:
110; 95%CI: -21 to 240; P-value: 0.10; BH-P: 0.28 /
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We normalized each outcome first (mean zero; standard deviation one) followed by summarization of the four outcomes (Pheno AA, Grim AA, DNAm PAIl, and DNAm Leptin)

into one aggregate. Associations were calculated using a linear mixed model adjusting for familial relationships

women: 220; 95%CI: 57 to 382; P-value: 0.01; BH-P:
0.15). Among men, a slightly stronger association,
compared to total testosterone, between bioavail-
able testosterone and Grim AA was identified (1 SD
increase in bioavailable testosterone was associated
with a decrease of 0.28 years in Grim AA (95%CI:
-0.46 to -0.11; P-value: 2e-3; BH-P: 0.01)). On the
contrary, the effect for DNAm PAIl was attenu-
ated for bioavailable versus total testosterone (-160;
95%CI: -299 to -22; P-value: 0.02; BH-P: 0.09)
among men, and appeared to be attenuated or even
change directions among women (-134; 95%CI: -284
to 15; P-value: 0.08, BH-P: 0.31; and 142; 95%CI:
-10 to 294; P-value: 0.07, BH-P: 0.31, for total and
bioavailable testosterone, respectively). Finally, there
appears to be a positive association between bioavail-
able testosterone and DNAm leptin among females,
though this was not statistically significant after cor-
rection for multiple testing (134; 95%CI: 8 to 260;
P-value: 0.04, BH-P: 0.23).

Other epigenetic AA and sex hormones

We additionally studied the acceleration measures
from 6 epigenetic clocks IEAA, EEAA, Horvath AA,
Hannum AA, Skin-blood clock AA, and Dunedin
PoAM; see supplemental Table 6) [64, 66—68]. There
were no statistically significant associations between
epigenetic age acceleration and sex hormones after
adjusting for multiple testing. The strongest associa-
tions were seen among men for the TE ratio, with
a decrease in IEAA (-0.35; 95%CI: -0.60 to -0.11;
P-value: 5e-3, BH-P: 0.11) and Horvath AA (-0.37;
95%CI: -0.61 to -0.12; P-value: 3e-3, BH-P: 0.11).

Sensitivity analysis

Using non-winsorized data instead of winsorized
data, most of the effect estimates remained very simi-
lar (see supplemental Table 7). The cross-sectional
(BLSA & InCHIANTI) and prospective (FHS) effect
estimates were comparable among males (supple-
mental Table 8). Among females, there appeared to
be some differences. Cross-sectionally, estradiol was
associated with an increase in DNAm PAI1, while no
association was seen in the longitudinal, prospective
FHS study. SHBG and testosterone were associated
with a more strongly negative association (decrease)
in DNAm PAIl in the FHS study, while the
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analysis based on the cross-sectional studies indicated
a smaller effect size estimate for SHBG, and possibly
a null or positive association for total testosterone.

A subset of FHS was used for the creation of the
original GrimAge clock, as well as the DNAm bio-
markers used for the GrimAge clock [35], while
InCHIANTT was used for the creation of Pheno age
[33]. We expect the DNAm-based estimates to have a
much stronger correlation with their estimand in the
training set, allowing us to capture more of the effect
of the estimand (e.g., plasma PAIl) on sex hormone
levels. There was however no indication for heteroge-
neity by study. When excluding the training sets (so
excluding InCHIANTI for Pheno AA and exclud-
ing the individuals from the training set in the FHS
for Grim AA, DNAm PAIl, and DNAm leptin), the
sample size reduced considerably to 869 females and
1390 males for the Pheno AA; and 569 females and
793 males for the other outcomes. Among this subset,
our primary findings among males remained signifi-
cant, with some associations slightly attenuated (sup-
plemental Table 9).

We also gathered a group of 90 male and 86 female
individuals of Black race/ethnicity (BLSA) for our
sensitivity analysis. We performed the same analysis
for this subgroup (see supplemental Table 10) and we
found similar effect estimates for DNAm PAIl. The
effects of testosterone on epigenetic age does not rep-
licate among Black males, though this could be due
to the small sample size in this subgroup Studies with
larger sample sizes are needed to replicate our find-
ings and ensure that they are indeed valid for Black
and other race/ethnicities.

Discussion

We found that an increase in testosterone and the TE
ratio in men was associated with a decreased epige-
netic age acceleration, suggesting that higher testos-
terone levels are associated with biologically younger
age and a lower DNAm-based estimate of PAIl con-
centration. In both men and women, an increase in
SHBG was associated with a lower DNAm-based
PAIl concentration. These findings may indicate that
SHBG in both sexes and testosterone in men influ-
ence the morbidity, especially cardiovascular risks,
and mortality risk in members of these population-
based cohorts (BLSA, FHS, and InCHIANTI).

Increases in PAIl concentration have been positively
associated with risk for CVD, ischemic heart disease
and stroke, with metabolic abnormalities such as dia-
betes and metabolic syndrome, and increased inflam-
mation [45, 72]. While the correlation between plasma
PAI-1 and DNAm PAI-1 was only moderate (r=0.36),
DNAm PAI-1 was shown to be a better surrogate for
lifespan than the actual plasma measure, and performs
better than Grim AA regarding associations with the
comorbidity-index [35]. Another potential benefit of
using DNAm-based biomarkers instead of plasma bio-
markers is that the DNAm-based biomarkers are rep-
resenting a longer average estimate of the biomarker
concentration and are not as affected by day-to-day vari-
ations that could bias the results [73-75]. In the study by
Lu et al., a higher concentration of DNAm PAI-1 was
strongly associated with coronary heart disease, hyper-
tension, type 2 diabetes, computed tomography based
measurements of adiposity, and early age of menopause
for women, while lower DNAm PAI-1 was associated
with disease free status and better physical functioning
[35]. In our study, we identified a negative association
of DNAm PAIl with total testosterone, TE ratio (men
only), and SHBG. The association between testoster-
one with plasma PAIl concentration has been previ-
ously described for measured (not DNAm based) PAIl
protein concentrations [47, 48]. A recent review has
described the current state of research findings on tes-
tosterone concentrations and CVD and vascular aging
[76]. Though PAIl1 was not specifically reviewed, pre-
viously studies appeared to provide contradictory results
for testosterone and CVD among women, while among
men low testosterone concentration was associated with
an increase in CVD and vascular aging [76]. This is in
line with our findings, where testosterone is associated
with lower DNAm-based concentrations of PAIl, sug-
gestive of a more protective cardiovascular profile. As
the TE ratio is composed of testosterone and estradiol,
it is not surprising that results are highly correlated with
the total testosterone concentration. However, the bal-
ance represented by the TE ratio has been shown to have
an influence on many health outcomes, and were found
to be associated with libido, cognitive function, well-
being and mental state, increased muscle mass, loss of
fat mass, increased basal metabolic rate, and reduced
cardiovascular markers [77].

With regards to the association between SHBG and
DNAm PAIl concentration, an increase in SHBG con-
centration was associated with an on average decrease
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in bioavailable hormone concentrations (estrone, estra-
diol, testosterone). Total testosterone and SHBG were
both associated with a decrease in DNAm PAIl con-
centration. This could indicate a direct effect of SHBG
acting as a hormone, or be due to the fact that both
SHBG and PAI1 are synthesized within hepatocytes [8,
78-81]. One of the major factors that influence SHBG
levels is high body mass index, or obesity, and even
though we adjusted for this in our analysis, we cannot
rule out residual confounding. In addition, other factors
that influence SHBG, such as chronic infections, thyroid
disease, and certain medications[82, 83] could partially
explain this finding. However, our findings do indicate
that an increase in SHBG, and among men also total tes-
tosterone, is independently associated with a decrease
in DNAm PAIl. Hence, SHBG, as well as testosterone
among men may decrease PAI1 levels, and thereby posi-
tively influence the risk of developing CVD, metabolic
disorders, and inflammation.

Among men only, testosterone and the TE ratio are
both associated with a decrease in epigenetic age accel-
eration. Slightly stronger associations were found for
Pheno AA, while the association of testosterone with
Grim AA disappeared after taking DNAm PAIl into
account, suggesting that the effect of testosterone on
Grim AA was driven by changes in the DNAm PAIl
concentrations. Previous studies that investigated the
associations of testosterone with mortality or CVD
reported contradictory and inconclusive results. Some
early studies of testosterone replacement treatment
and/or higher testosterone concentrations among men
and possibly women suggested an increased risk for
mortality or CVD [84-90]. Other clinical trials and
observational studies found a decreased mortality or
morbidity when testosterone was increased [91-95].
Two more recent, large studies reported testosterone to
be associated with a decrease in overall mortality and
cardiovascular-related deaths among men, but possi-
bly an increase in women [96, 97]. Thus, the increased
mortality and CVD risk may be specific to men with
low testosterone levels and these studies also suggested
that the effect might not be linear. Yet, our own findings
among men were not driven by those with low testoster-
one levels and we saw a linear effect for our measures.
While our study did not review the association between
testosterone and mortality directly, our results indicate
that testosterone and the balance between testosterone
and estradiol (TE ratio) is associated with an epigenetic
profile predictive of lower mortality and lower risk for

@ Springer

CVD among men. In addition, we also found some evi-
dence for an association between the TE ratio and other
epigenetic age acceleration clocks, e.g., for Horvath AA.
Since the Horvath pan tissue clock was designed as an
age estimator it is referred to as a first-generation clock.
By contrast, GrimAge and PhenoAge are referred to as
second generation clocks since they were designed as
mortality risk predictors. Using this terminology, we
find that the beneficial effect of the TE ratio in men can
be detected using both first- and second-generation epi-
genetic clocks. As such, we consider it a highly robust
finding. We did not find an association between sex hor-
mones and epigenetic age acceleration among women.
This could be due to multiple reasons. First, it could
reflect that epigenetic clocks perform differently across
the sexes. We think this explanation is unlikely since
both GrimAge and PhenoAge predict mortality risk
in both sexes. Second, it might be due to the relatively
smaller sample size for women as we had to restrict our
sample to postmenopausal women without hormone
therapy to avoid confounding due to menopausal stage
or hormone treatment. Third, it might be that sex hor-
mone concentrations among postmenopausal women,
except for SHBG, tend to generally be very low and
their variability too limited to estimate effects reducing
the power to identify associations in women.

Two of the three cohorts we used provided cross-sec-
tional data, while among participants of the FHS, there
was a significant time delay between the measurement
of the sex hormones and the blood draw used for DNA
methylation analyses. Most sex hormone concentrations
decline with age, and it is possible that this resulted in an
underestimation of effects in the FHS. However, most of
the associations were consistent in the FHS and BLSA,
especially for DNAm PAIl, while effect estimation in
the InCHIANTI study alone appeared attenuated or
null. Differences in estimated effect size across studies
may also have been caused by differences in measure-
ment techniques, relatively lower concentrations of sex
hormones in the study, or by residual confounding from
differences in lifestyle across the cohorts. The BLSA
cohort is a multi-ethnic population among a highly edu-
cated population in an urban location. This population
was relatively older than the other two at time of the
assessment. The INCHIANTT study consists of relatively
younger men (average age 61 years) at DNA methyla-
tion assessment and is a longitudinal study among sub-
jects of Italian descent. As such, this population has a
very different lifestyle then the other two studies. We
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adjusted for many potential confounders (including
blood cell types, body mass index, smoking packyears,
alcohol intake, physical activity, age at sex hormone
assessment, time between measurements, study and for
women time since menopause). Effect estimates varied
slightly depending on the selection of confounders, with
the strongest attenuation observed when we adjusted
for BMI, which was expected to be a major confounder.
However, given the differences in population character-
istics, it is still possible that differences in lifestyle char-
acteristics resulted in residual confounding.

The FHS was used in the original development of
GrimAge (and hence also DNAm PAIl and DNAm
Leptin) and the InCHIANTI was used for the develop-
ment of PhenoAge. As such, using individuals who were
used in the training set for the development of the bio-
markers could potentially introduce stronger correlation
with the outcome (measured biomarkers and time to
death). The loss of statistical significance when exclud-
ing these individuals is mainly due to loss of power.
Though the effect estimates may not be statistically sig-
nificant when removing the training set, the effect esti-
mates are quite similar or even larger suggesting that
the effects on epigenetic age are similar in the training
versus the test-set of the study population and the effects
are not driven by the training set. This suggests that this
potential bias did not change our overall results.

Our findings suggest that there is an association
between testosterone, TE ratio and epigenetic age or
DNAm PAIl. We hypothesize that testosterone and
other sex hormones influence biologic aging and
thereby influence mortality and cardiovascular dis-
ease risk. However, future research in the form of
mediation and longitudinal analysis identifying the
direction of sex hormones and epigenetic biomarkers,
as well as the direct and indirect influence of sex hor-
mones through epigenetic clocks and DNAm PAIl
would be necessary to determine the causality of tes-
tosterone on mortality and cardiovascular disease.

Our primary analysis consisted of men and women
of Caucasian or European descent in order to avoid
confounding by race/ethnicity. Thus, it is plausible that
the results cannot be generalized to other races/eth-
nicities. Though these epigenetic clocks were created
on a population of European descent, they have been
verified and validated among various ethnicities and
racial backgrounds. [35, 98, 99] However, our analysis
among the subgroup of Black individuals was limited
due to the smaller sample size. Our findings indicate

that the association between total testosterone and
DNAm PAII are similar at least among Black males,
whereas the effect of testosterone on epigenetic age
acceleration could be null among Black males, indi-
cating potential heterogeneity (see also supplemental
Table 10). Further evaluation in larger minority popu-
lations or populations with different lifestyles, should
be undertaken to confirm or refute our findings.

Conclusion

A higher testosterone and a higher TE ratio, among
men are associated with a decreased epigenetic age
acceleration, suggesting a potential protective effect of
testosterone. In addition, we found a strong effect of tes-
tosterone and TE ratio on the DNAm PAII concentra-
tion among men, and between SHBG and DNAm PAIl
concentration independent of sex, suggesting that both
SHBG and testosterone, as well as the TE ratio (testos-
terone and TE ratio among men only) is associated with
DNAm PAIl. As DNAm PAIl has previously been
associated with better cardiovascular health, this study
indicates that testosterone may be associated with better
cardiovascular health and overall mortality among men.
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