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Abstract

Background: Hypertension is common in older individuals and is a major risk factor for
cardiovascular disease. Blood DNA methylation (DNAm) profiles have been used to derive
metrics of biological age that capture age-related physiological change, disease risk, and mortality.
The relationships between hypertension and DNAm-based biological age metrics have yet to be
carefully described.

Methods: Among 4,419 women enrolled in the prospective Sister Study cohort, DNAmM

data generated from whole blood samples collected at baseline were used to calculate three
biological age metrics (PhenoAgeAccel, GrimAgeAccel, DunedinPACE). Women were classified
as hypertensive at baseline if they had high blood pressure (systolic blood pressure = 140 mmHg
or diastolic blood pressure = 90 mmHg) or reported current use of antihypertensive medication.
New incident cases of hypertension during follow-up were identified via self-report on annual
health questionnaires.

Results: All three DNAmM metrics of biological age were positively associated with prevalent
hypertension at baseline (per 1-SD increase; PhenoAgeAccel, adjusted OR: 1.16, 95% CI: 1.05,
1.28; GrimAgeAccel, adjusted OR: 1.28, 95% CI: 1.14, 1.45; DunedinPACE, adjusted OR: 1.16
95% CI: 1.03, 1.30). Among 2,610 women who were normotensive at baseline, women with
higher biological age were more likely to be diagnosed with incident hypertension (per 1-SD
increase; PhenoAgeAccel, adjusted HR: 1.09, 95% CI: 0.97, 1.23; GrimAgeAccel, adjusted HR:
1.16, 95% ClI: 0.99, 1.36; DunedinPACE, adjusted HR: 1.16 95% CI: 1.01, 1.33).

Conclusions: Methylation-based biological age metrics increase before a hypertension
diagnosis and appear to remain elevated in the years after clinical diagnosis and treatment.
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Introduction

Hypertension is a major risk factor for cardiovascular diseases, including coronary heart
disease, myocardial infarction, and stroke.1=3 The incidence of hypertension increases
with age and affects nearly 75% of the population aged over 60 years.* Genome-wide
changes in DNA methylation (DNAm) occur with aging and may reflect molecular
changes that underlie hypertension development.>~’ However, few of the previously
reported associations between DNAm at individual genomic positions and blood pressure
replicate across populations.8 Recently, genome-wide DNAm data have been used to derive
biological age metrics, or epigenetic clocks, that correlate with age and predict lifespan
and functionality.®-11 Although epigenetic clocks are related to factors associated with
cardiovascular health,12-19 epigenetic clock associations with hypertension have not been
carefully examined in published studies.

The methodologies used to develop epigenetic clocks have become increasingly
sophisticated. For example, the PhenoAge and GrimAge epigenetic clocks were designed
by selecting sets of cytosine-phosphate-guanine (CpG) sites where DNAm correlates with
mortality-associated clinical and molecular markers.2:10 The PhenoAge epigenetic clock

is based on a set of CpGs where blood DNAm is predictive of a previously developed
clinical “phenotypic age’ risk score based on 9 blood measures (albumin, creatinine, glucose,
C-reactive protein, alkaline phosphatase, white blood cell count, lymphocyte percent, red
blood cell width and volume) and chronological age.® The GrimAge epigenetic clock was
developed by first identifying independent sets of CpGs that were predictive of 7 circulating
proteins (adrenomedullin, beta-2-microglobulin, cystatin C, growth differentiation factor 15,
leptin, plasma activator inhibitor-1, and tissue metalloproteinase-1) and smoking history
(pack years), and then combining these DNAm predicted proteins and smoking metrics
with chronological age and sex.1% The PhenoAge and GrimAge epigenetic clocks provide
biological age predictions that are strongly correlated with chronological age. These
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estimated biological ages are used, in turn, to estimate “age acceleration:” the difference
(calculated using residuals from linear models regressing biological age on chronological
age) between a person’s predicted biological age and their known chronological age. More
recently, the DunedinPACE epigenetic clock was designed by selecting CpGs where DNAmM
is predictive of the previously developed “Pace of aging” metric.11.20 The Pace of Aging
metric reflects 19 biomarkers of the cardiovascular, metabolic, renal, hepatic, immune,
dental, and pulmonary systems that were serially measured in a birth cohort over the course
of twenty years.11 By design, DunedinPACE has a mean value of 1 which reflects the
average amount of aging in a year observed in the original cohort study. For convenience
and in order to distinguish it from the age acceleration metrics produced by the PhenoAge
and GrimAge clocks, we refer to DunedinPACE as a measure of “aging rates.” These three
epigenetic clocks have varying associations with lifestyle factors, environmental exposure,
and disease incidence, suggesting that they capture different aspects of aging.11:21-29

Here, using data from a racially diverse, prospective cohort of nearly 4,500 women,

we examine biological age associations with hypertension prevalence and incidence. By
examining both cross-sectional and prospective associations between epigenetic clocks and
hypertension, we are able to determine whether changes in biological age precede or follow
the clinical onset of hypertension.

The data that support the findings of this study are available from the corresponding author
upon reasonable request. More information about obtaining data from the Sister Study can
be found at: https://sisterstudy.niehs.nih.gov/English/coll-data.htm.

Study population

The Sister Study is a prospective cohort of 50,884 women enrolled between 2003-2009.
The study was designed to identify environmental and biological factors associated with
breast cancer and other chronic diseases.3° Eligible women were aged between 35 and 74
years, living in the United States or Puerto Rico, and did not have a personal history of
breast cancer but had a biological sister (full or half) previously diagnosed. As part of
study enrollment, women completed an extensive computer-assisted telephone interview to
ascertain demographic and lifestyle characteristics, medication use, and health information.
During an enrollment home visit, trained medical examiners followed standardized protocols
to collect whole blood samples and measure height, weight, and resting blood pressure.30:31
Participants are recontacted annually and are asked to self-report any major changes

in health; the annual response rate is nearly 90%. Every two to three years, a more
comprehensive questionnaire is mailed to ask about changes in lifestyle, exposure, and
health. Written informed consent was collected at the home visit and the Institutional
Review Board of the National Institutes of Health oversees the study.

Whole blood DNA methylation assessment and quality control

Two samples of women were selected for DNAm profiling.32 Women were eligible for
DNAm profiling if they self-identified as non-Hispanic White or Black, did not have
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prevalent cancer at the time of the blood draw, and had baseline blood available. In 2014,
blood DNA samples from 2,878 self-identified non-Hispanic White women were assayed
on the Infinium HumanMethylation450 BeadChip. This sample was selected using a case-
cohort design and included 1,542 women who had developed breast cancer in the years
following their enrollment.33:34 In 2019, blood DNA samples from 2,166 self-identified
Black (Hispanic or non-Hispanic) and non-Hispanic White women were assayed on the
Infinium MethylationEPIC BeadChip, which included 541 samples that were selected in
the earlier sample. This sample was also selected using a case-cohort design for breast
cancer and included 999 women who had developed breast cancer in the years following
enrollment. For women with available DNAm data from both BeadChips, data from the
HumanMethylation450 BeadChip were used.

For both samples, genomic DNA was extracted from whole blood aliquots using an
automated system (AutoPure, Gentra Systems) in the NIEHS Molecular Genetics Core
Facility or using DNAQuik at BioServe Biotechnologies LTD (Beltsville, MD). Extracted
DNA was bisulfate-converted using the EZ DNA Methylation Kit (Zymo Research, Orange
County, CA). Samples were tested for complete bisulfate conversion, and converted DNA
was analyzed using Illumina’s Infinium BeadChip protocols using high-throughput robotics
to minimize batch effects. Methylation analysis was carried out at the NIH Center for
Inherited Disease Research (Baltimore, MD) in 2014 and at the National Cancer Institute
(Bethesda, MD) in 2019.

DNAm data was preprocessed using the ENmix software pipeline, which included
background correction, dye-bias correction, inter-array normalization, and probe-type bias
correlation.35-37 Samples were excluded if they did not meet quality control measure
including bisulfate intensity < 4,000 or < 4,750 for the 450k and EPIC samples, had greater
than 5% of probes with low quality methylation values (detection P > 0.000001, < 3 beads,
or values outside 3 times the interquartile range), or were outliers for their methylation beta
value distributions. In total, 4,911 samples passed quality control, including 428 duplicates
across the two arrays, resulting in available DNAm data for 4,483 women (Figure S1A).
For all samples that passed quality control, peripheral immune cell composition was derived
using the Salas et al. reference panels and used to estimate circulating proportions of
granulocytes, monocytes, B cells, CD8+ and CD4+ T cells, and natural killers.38

Biological age metric calculation

Epigenetic age acceleration represents the interval between a person’s chronological age and
their predicted biological age. It is calculated as the residuals from linear regression models
where the DNAm-predicted age is treated as the dependent variable and chronological

age is treated as the independent variable. Thus, age acceleration values are, by design,
uncorrelated with chronological age. Age acceleration values can be either positive or
negative; positive values represent accelerated aging and are associated with greater risk

of mortality whereas negative values represent decelerated aging and are associated with a
lower risk of mortality.%10 The epigenetic age acceleration values based on the PhenoAge
and GrimAge epigenetic clocks are called PhenoAgeAccel and GrimAgeAccel and were
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obtained separately for the HumanMethylation450 and MethylationEPIC subsamples using
an online calculator (https://dnamage.genetics.ucla.edu/home).

The DunedinPACE metric was developed by identifying genomic positions where DNAmM
predicts age-related changes in cardiovascular, metabolic, renal, hepatic, immune, dental,
and pulmonary function and is proposed to reflect rate of aging.1! DunedinPACE values
are always positive; values greater than one represent faster rates of aging whereas

values less than one represent slower rates of aging. The DunedinPACE metric was
calculated separately for the HumanMethylation450 and MethylationEPIC subsamples
using the methylAge function within the ENmix R package on Bioconductor (https://
www.bioconductor.org/packages/release/bioc/html/ENmix.html)

Blood pressure assessment and hypertension classification

At the enrollment home visit, resting systolic and diastolic blood pressure (SBP, DBP)
were measured in a sitting position three times by trained medical examiners using an
aneroid sphygmomanometer (model 760 & 775X; American Diagnostic Corporation).
Measurements were taken from alternating arms, starting with the left arm using a left-right-
left protocol, approximately two minutes apart. Examinations were scheduled, whenever
possible, in the morning. The average of the second and third blood pressure measurements
were used in this study. Less than 2% of the study population was missing one or two of
the blood pressure measurements; for those women, the second measurement or the single
value was used. Women were classified as hypertensive at baseline if they met any of the
following criteria: SBP = 140 mmHg, DBP = 90 mmHg, or self-reported current use of
antihypertensive medication.

Over the course of study follow-up, women had the opportunity to report an incident
diagnosis of hypertension via either annual health update or detailed triennial follow-up
questionnaire. On the annual health update, women responded to the question: “Since (last
date of contact), has a doctor or other health professional told you that you had any of

the following conditions? ... Hypertension?” Women who responded yes were also asked
to self-report the month and year of the diagnosis. Women who reported a hypertension
diagnosis via the triennial questionnaire responded to the question: “Has a doctor or other
health professional evertold you that you had hypertension or high blood pressure?”
Among those responding yes, women reported when the diagnosis occurred. Participants
also reported any new use of antihypertensive medications. Of the 422 women reporting
an incident hypertension diagnosis, 305 (72%) reported new use of antihypertensive
medication. In all analyses of incident hypertension, women classified as hypertensive at
enrollment were excluded.

Statistical analysis

Among the 4,483 women with available DNAm data, 4,419 women remained after
excluding those with extreme outlier biological age metrics values, defined as outside 4
standard deviations from the mean, and those missing baseline blood pressure or medication
use data (Figure S1B). Among the 2,847 women classified as hypertensive-free at baseline,
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2,610 had available information on hypertension status through September 30, 2019 (Data
Release 9.1) (Figure S1C).

To account for the case-cohort designs used to sample women for DNAm assessment, all
analyses incorporated inverse probability of selection weights so the results are generalizable
to the full sample of Black and non-Hispanic White women enrolled in the Sister Study
cohort.32 For example, women sampled because they later developed breast cancer were
given smaller weight values (~1) whereas women who remained breast cancer-free were
assigned larger values (~20). Sample characteristics are described using weighted means

and standard deviations or weighted proportions overall and stratified by hypertension status
at baseline. Associations between the biological age metrics and participant characteristics
were estimated using weighted linear regression models treating the biological age metrics
as the dependent variable.

Associations between prevalent hypertension and the biological age metrics (per 1-standard
deviation increase) were estimated using weighted logistic regression models. In the models,
hypertension status at baseline was treated as the dependent variable and the biological

age metrics as the independent variables. Associations were examined in minimally-
adjusted models that included only baseline chronological age and methylation platform
(HumanMethylation450, MethylationEPIC) and fully-adjusted models that additionally
accounted for established hypertension risk factors that are associated with DNAm,
including: self-reported race (non-Hispanic White, Black), body mass index (kg/m?), alcohol
consumption (drinks/wk.), smoking history (total pack years), physical activity (metabolic
equivalent tasks/wk.), diet quality (dietary approaches to stop hypertension index score),
and menopause status (premenopausal, postmenopausal). Associations were reported for the
full sample population overall, and sensitivity analyses were performed among only the
women who remained cancer-free and adjusting for peripheral immune cell composition. In
the full sample, we also report associations stratified by time since blood draw, menopause
status, body mass index, and self-reported race. To determine whether biological age was
more strongly associated with the physical state of high blood pressure or antihypertensive
medication use, associations were estimated using separate logistic regression models
treating as dependent variables either high blood pressure (women with SBP = 140 or DBP
> 90 vs women with lower blood pressure; adjusted for antihypertensive medication use)

or antihypertensive medication use (current users vs non-users; adjusted for blood pressure)
and the biological age metrics as the independent variables.

In a separate analysis, among women who reported no current use of antihypertensive
medication, cross-sectional associations with blood pressure measurements collected at
baseline were estimated using separate weighted linear regression models that were
minimally and fully-adjusted where the blood pressure measurement (SBP, DBP) was
treated as the dependent variable and the biological age metric as the independent variable.

Prospective hypertension associations with the three biological age metrics were estimated
using weighted Cox regression models. In all models, age was treated as the primary
timescale;*° left truncation was determined by age at blood draw and right censoring

was determined by age of the hypertension event or end of study follow-up (September

Hypertension. Author manuscript; available in PMC 2024 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kresovich et al.

Results

Page 7

30, 2019). Because women with a history of breast cancer experience higher rates of
hypertension in the years following diagnosis,*! women were censored for development

of hypertension at the time of their breast cancer diagnosis. Associations with incident
hypertension were examined in minimally and fully-adjusted models using the covariate
sets listed earlier; baseline SBP and DBP were also included in the fully adjusted covariate
set. Associations were examined for the population overall and stratified by baseline blood
pressure (SBP < 120 & DBP < 80 vs 120 < SBP < 140 or 80 < DBP < 90), time since blood
draw, menopause status, body mass index, and self-reported race. The size of the association
estimates and confidence intervals were used to determine meaningful associations. All
analyses were conducted using Stata version 17 (College Station, TX).

Participant characteristics and biological age metrics

At enrollment, women in the study sample had a weighted mean age of 56 years

(standard deviation: 9 years), 90% self-identified as non-Hispanic White, and 68% were
postmenopausal (Table 1). Of the 4,419 women included, 1,572 (36%) were classified

as having prevalent hypertension based on baseline blood pressure measurements and
antihypertensive medication use. Of these, 1,491 (95%) reported current antihypertensive
medication use and 264 (17%) had high blood pressure, defined as either SBP = 140 mmHg
or DBP = 90 mmHg. Higher chronological age was positively associated with hypertension
prevalence before and after adjustment for established hypertension risk factors (Table S1).
Compared to the 2,847 women who were classified as normotensive at baseline, the women
with prevalent hypertension were older (weighted mean: 60 years vs 54 years), had a higher
mean body mass index (weighted mean: 31 kg/m?2 vs 26 kg/m?2), had a higher mean personal
smoking history (weighted mean: 9 pack years vs 6 pack years), and were more likely to
self-identify as Black (weighted proportion: 15% vs 7%) (Table 1).

The PhenoAge and GrimAge epigenetic clocks were positively correlated with
chronological age (Figure S2). In contrast, the age acceleration metrics based of these clocks
were, as expected, independent of chronological age (Figure 1A). The DunedinPACE metric
was also independent of chronological age (Figure 1A). All three biological age metrics
were positively correlated with each other (Figure 1B). The strongest correlation was for
the GrimAgeAccel and DunedinPACE metrics (weighted p: 0.62), whereas the weakest

was for the PhenoAgeAccel and DunedinPACE metrics (weighted p: 0.37). There was

no association between PhenoAgeAccel and self-reported race; however, GrimAgeAccel
and DunedinPACE were higher in Black women (Figure 1C) and all three metrics were
higher among women with body mass indexes greater than 25 kg/m?2 (Figure 1D).

The biological age metrics showed little association with reproductive factors, including
exogenous hormone use, parity, or menopause status; however, the metrics were inversely
associated with educational attainment and positively associated with smoking status (Table
S2).
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Biological age and prevalent hypertension at baseline

In minimally adjusted models, all three biological age metrics were positively associated
with prevalent hypertension and remained so after accounting for lifestyle and behavioral
risk factors (per 1-SD increase; PhenoAgeAccel, adjusted OR: 1.16, 95% CI: 1.05, 1.28, P=
0.004; GrimAgeAccel, adjusted OR: 1.28, 95% CI: 1.14, 1.45, P< 0.001; DunedinPACE,
adjusted OR: 1.16, 95% CI: 1.03, 1.30, P= 0.01) (Figure 2; Table S3). In sensitivity
analyses, associations were similar when restricting the analysis to women who remained
breast cancer-free over follow-up (Table S4). Adjustment for blood cell composition
slightly attenuated the associations (Table S5). Biological age associations with prevalent
hypertension were consistent across different times since diagnosis for PhenoAgeAccel

and GrimAgeAccel; however, DunedinPACE associations appeared stronger for women
diagnosed within 7.5 years of the baseline blood draw (Table S6). Hypertension associations
were similar when stratified by menopause status, body mass index, or race (Figure S3).
Because women could be classified as hypertensive based on either current medication

use or their measured blood pressure at enrollment, we also examined these two groups
separately. The biological age associations appeared to be stronger among those defined by
medication use than among those defined by high blood pressure at enrollment (Figure S4).

Biological age and blood pressure at baseline

Among the 2,928 women at baseline who were not currently taking antihypertensive
medication, the weighted mean SBP was 112 mmHg and the weighted mean DBP was

71 mmHg. In minimally adjusted models that did not account for established hypertension
risk factors, all three biological age metrics were positively associated with systolic and
diastolic blood pressure (Table S7). However, in fully adjusted models the associations were
substantially shifted towards the null.

Biological age and hypertension incidence

The 2,847 women who were classified as normotensive at baseline were followed up for

an average of 10 years for the development of new-onset hypertension; 422 of whom
reported an incident hypertension diagnosis. In minimally-adjusted analysis all three metrics
were positively associated with hypertension incidence and remained so after accounting
for lifestyle and behavioral risk factors (PhenoAgeAccel, adjusted HR: 1.09, 95% CI:

0.97, 1.23, P= 0.16; GrimAgeAccel, adjusted HR: 1.16, 95% CI: 0.99, 1.36, P= 0.07;
DunedinPACE, adjusted HR: 1.16, 95% CI: 1.01, 1.33, P= 0.04) (Figure 3; Table S8).
Further adjustment for blood cell composition did not appreciably alter associations (Table
S9).

We also examined associations with hypertension incidence after stratifying by various
characteristics. Although there was little difference in the strengths of the hypertension
incidence associations for PhenoAgeAccel and GrimAgeAccel by baseline blood pressure,
DunedinPACE associations with hypertension incidence appeared stronger for women who
had blood pressure measurements in the higher end of the normal range at baseline (among
women with 120 < SBP < 140 or 80 < DBP < 90, HR: 1.27, 95% CI: 1.05, 1.54, P=

0.01; among women with SBP < 120 & DBP < 80, HR: 1.08, 95% ClI: 0.87, 1.34,

P=0.47) (Figure S5). When analyses were stratified by follow-up time, the association
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with GrimAgeAccel appeared stronger for incident hypertension diagnosed within the
years immediately following blood draw (within 3 years, HR: 1.43, 95% ClI: 1.12, 1.83,
P=0.004; after 3 years, HR: 1.10, 95% CI: 0.91, 1.33, P=0.34) (Figure S6). When
analyses were stratified by participant characteristics, hypertension incidence associations
with GrimAgeAccel were stronger for women with lower body mass indexes (< 25 kg/m2,
HR: 1.33, 95% CI: 1.03, 1.72, P= 0.03; = 25 kg/m?, HR: 1.12, 95% CI: 0.92, 1.37, P= 0.26)
(Figure S7).

Discussion

Based on a racially diverse sample of nearly 4,500 women enrolled in a prospective

cohort, we examined associations between methylation-based biological age and both
prevalent and incident hypertension. Compared to normotensive women, women classified
as hypertensive at baseline had higher PhenoAgeAccel, GrimAgeAccel and DunedinPACE.
Associations were slightly attenuated after adjustment for blood cell composition. Our
group has previously reported that circulating leukocyte proportions are altered in women
with hypertension:32 thus, associations between biological age and prevalent hypertension
could be partly explained by differences in blood cell composition. In cross-sectional
analyses of blood pressure at enroliment, none of the biological age metrics were associated
after adjustment for lifestyle and behavioral risk factors. Finally, among women who

were normotensive at study enrollment, the incidence of new-onset hypertension in the
following years was positively associated with all three biological age metrics. Together,
these observations suggest that increases in biological age precede the development of
hypertension and appear to remain elevated after clinical diagnosis and treatment.

All three biological age metrics were elevated in women with hypertension. In our
classification, we included both women on hypertensive medication and women who had
high blood pressure at baseline. Stratification of these women into two groups revealed that
the biological age associations appeared to be stronger among women who had their blood
pressure under control through use of medication. Our findings are consistent with an earlier
study among men enrolled in the Normative Aging Study that observed biological age was
higher for those using antihypertensive medications.*2 The fact that biological age metrics
remain elevated despite successful treatment lends support to the hypothesis that these
metrics are not directly responding to increased blood pressure, but rather are reflective of
the underlying age-related molecular conditions giving rise to hypertension.

To begin testing this hypothesis, we estimated associations between the biological age
metrics and direct blood pressure measurements. Prior cross-sectional studies have reported
that systolic blood pressure, analyzed as a continuous variable, is positively correlated

with both PhenoAgeAccel and GrimAgeAccel.%10.16-18 |n minimally-adjusted models we
found similar positive associations for both PhenoAgeAccel and GrimAgeAccel but, after
adjusting for established cardiovascular disease risk factors, found little evidence of systolic
blood pressure associations with either metric. A similar pattern of association was observed
for DunedinPACE. These observations suggest that the biological age metrics may be more
closely associated with cardiovascular disease risk factors than to blood pressure itself.
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Biological age metrics correlate with lifestyle factors and health scores that in turn are
associated with hypertension incidence.12-16.21-23 Tg our knowledge, no prospective study
has directly examined the relationship between biological age and incident hypertension.
We found that all three biological age metrics were higher among women who went on

to be diagnosed with hypertension suggesting that increases in biological age occur in

the years preceding the clinical onset of hypertension. This interpretation is supported by
the stratified analyses in which the metrics become elevated only in the years directly
preceding diagnosis (GrimAgeAccel) and among women with baseline blood pressure
measurements in the higher end of the normal range (DunedinPACE). Notably, the
biological age associations remained after adjustments for established hypertension risk
factors, supporting the hypothesis that blood DNAm profiles capture additional information
related to hypertension risk.

This study is not without limitations. Important differences in blood pressure regulation and
hypertension have been reported by sex,*344 so the findings from this study may not extend
to men. In our analysis of hypertension incidence, we relied on self-reported information
which may result in some misclassification of outcomes. However, this misclassification is
probably small, as women were asked about a new hypertension diagnosis on an annual
basis and women reporting a new diagnosis of hypertension were also likely to report the
initiation of antihypertensive medication on the detailed follow-up questionnaire. Finally,
our study used the higher diagnostic cut-point of SBP = 140 mmHg or DBP = 90 mmHg

in determining hypertension status at enrollment and so may have missed some cases that
would have been captured using lower cut-points. These were the recommended thresholds
at the time of study enrollment and would have been used in community practice during
follow-up. Despite these limitations, this study is strengthened by the large and diverse
sample, the combination of both prospective and case-control designs, and the examination
of different biological age metrics.

Perspectives

Here, we find that women with accelerated biological age are at increased risk of developing
incident hypertension. This risk persists even after adjustment for known hypertension risk
factors, suggesting that DNAm biological age is capturing a unique aspect of hypertension
risk. We also note that the biological age metrics were elevated even after clinical diagnosis
and successful hypertension treatment. While the clinical utility of biological age metrics for
hypertension prediction is unknown, our findings help clarify the molecular links between
aging and hypertension.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Pathophysiological Novelty and Relevance
What is new?

. Women classified as hypertensive at baseline had higher biological age than
normotensive women

. Among women who were normotensive at baseline, higher biological age was
associated with higher risk of developing hypertension

What is relevant?

. Biological age metrics appear to detect unique aspects of hypertension risk
that are not related to common behavioral and lifestyle risk factors

. Successful treatment of hypertension through the use of antihypertensive
medications may not address the age-related molecular changes that give rise
to hypertension

Clinical/Pathophysiological implications?

. Biological age metrics reflect the age-related biological consequences of
hypertension

. Biological age metrics could be useful for hypertension risk stratification

Hypertension. Author manuscript; available in PMC 2024 June 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Kresovich et al.

Page 15

A i c . D . o
»
5 g' 3
3. R 3. H
< e el
>
2 B oc,?‘ GQ) 0{(, 81 81
® Q’e‘?‘ F <& e = T
Qo\r @‘?9 & R — . —
(%) a &
N N & el
4 [©) <Q e |

GrmageAccel

PhenoAgeAccel | 1 0.43 | 0.37

GrimageAceel

” GrimAgeAccel | 1 0.62

3 Black <asigm

DunedinPACE | 1

Agog o

OunednpACE

OunedaPACE

EE Whie Block <asigm’

Figure 1. Biological age metric characteristics.
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Scatter plots, linear fit lines and Pearson correlation coefficients for the relationship between
the three biological age metrics and chronological age (A). A Pearson correlation coefficient
matrix for the relationships between the three biological age metrics (B). Box plots for the
three biological age metrics, stratified by self-reported race (C) and body mass index group
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Figure 2. Associations for the biological age metrics and prevalent hypertension.
Prevalent hypertension associations estimated using separate weighted logistic regression

models treating hypertension status at baseline as the outcome and biological age metrics
as predictors. Fully adjusted models include age, self-reported race, body mass index,

alcohol consumption, smoking history, menopause status, physical activity, dietary index,
and methylation platform; minimally adjusted only include age and methylation platform.
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Figure 3. Prospective associations for the biological age metrics and hypertension incidence.
Hypertension incidence associations estimated using weighted Cox regression models

treating new-onset hypertension as the outcome. Using age as the time scale, fully adjusted
models include self-reported race, body mass index, alcohol consumption, smoking history,
menopause status, physical activity, dietary index, blood pressure, and methylation platform;
minimally adjusted only include methylation platform.
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Survey weighted participant characteristics overall and stratified by baseline hypertension status (N=4,419)

Overall No Hypertension  Hypertension

Characteristic (N=4,419) (N=2,847) (N=1,572)
Age, mean years (SD) 56 (9) 54 (8) 60 (8)
Household income, mean thousand dollars (SD) 43 (28) 44 (27) 42 (30)
Body mass index, mean kg/m? (SD) 28 (6) 26 (5) 31(7)
Physical activity, mean METs (SD) 51 (32) 53 (31) 47 (31)
DASH, mean score (SD) 24 (5) 24 (5) 24 (5)
Smoking history, mean pack-years (SD) 7(13) 6 (11) 9 (16)
Alcohol use, mean drinks/wk. (SD) 2.8 (5) 2.8 (4) 2.8 (6)
Parity, mean number (SD) 1.9(1) 1.8(1) 2.1(1)
SBP, mean mmHg (SD) 115 (14) 111 (11) 123 (15)
DBP, mean mmHg (SD) 72 (9) 71(8) 76 (10)
Race (%)

Non-Hispanic White 90 93 85

Black 10 7 15
Education (%)

High school/GED or less 15 13 20

Some college 33 31 38

College graduate or more 52 56 42
Smoking status (%)

Never 54 56 52

Former 37 35 40

Current 9 9 8
Menopause status (%)

Premenopausal 32 40 18

Postmenopausal 68 60 82
Hormone therapyl (%)

Non-user 86 86 87

Currently using 14 14 13
Hormone birth control (%)

Non-user 96 94 99

Currently using 4 6 1

1
Among postmenopausal women
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