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Longitudinal Epigenetic Aging in Pregnancy 
and Associations With Adverse Outcomes

Danielle M. Panelli, MD, MS, Nicole Gladish, PhD, Nicola C. Perlman, MD, Stephanie A. Leonard, PhD, 
Jane Chueh, MD, Ian H. Gotlib, PhD, Andres Cardenas, PhD, and Katherine Bianco, MD

OBJECTIVE: To understand the relationship between 

pregnancy and epigenetic aging estimated by DNA 

methylation “clocks,” which offers a molecular measure 

of biologic aging.

METHODS: This was a prospective cohort study of nullip-

arous women (age 18–50 years) seeking obstetric (pregnant 

10–14 weeks) or gynecologic (nonpregnant) care in 2020– 

2021. Blood was collected at enrollment (time 1) and 

postpartum day 1 (pregnant, time 2) or 7 months later (non-

pregnant, time 2). Epigenetic age was measured with 11 

established clocks from Illumina EPIC 2 arrays. Within-

person changes in epigenetic age were compared with 

mixed-effects linear regression models adjusted for con-

founders and interval duration (days). Results were scaled

per 200-day interval. P values were corrected for multiple 

testing. Multivariable logistic regression explored associa-

tions between first-trimester epigenetic age and a compos-

ite of potentially immune-mediated complications 

(hypertensive disorders, gestational diabetes mellitus, pre-

term birth before 37 weeks of gestation, and small-for-

gestational-age birth weight) adjusted for age and body 

mass index (BMI) higher than 30 at time 1.

RESULTS: In total, 75 women enrolled; 45 (60.0%) were 

pregnant, and 61 (81.3%) completed the study. Pregnant 

women exhibited significant within-person epigenetic 

age acceleration compared with nonpregnant women 

in six clocks (Hannum, PhenoAge, GrimAge, GrimAge2, 

Stem Cell Division, DunedinPACE). Additional epigenetic 

age acceleration per 200 days in the pregnant cohort 

ranged from 1.58 years (Hannum, 95% CI, 0.45–2.72, 

P5.01) to 5.28 years (PhenoAge, 95% CI, 2.97–7.61, 

P,.01). Each additional year of first-trimester GrimAge2 

increased odds of the composite of pregnancy complica-

tions by 36% (adjusted odds ratio [aOR] 1.36, 95% CI, 

1.01–1.84), while chronologic age (in continuous years) 

showed no association (aOR 1.00, 95% CI, 0.83–1.21). 

CONCLUSION: Pregnancy accelerated within-person 

epigenetic aging by up to 5.3 years. Older first-

trimester GrimAge2, but not chronologic age, was asso-

ciated with a composite of pregnancy complications. 

These findings suggest that gestation may influence bio-

logic aging and support further investigation into epige-

netic age as a potential marker of pregnancy health.

(Obstet Gynecol 2025;146:783–92) 

DOI: 10.1097/AOG.0000000000006000

T he United States is facing a maternal health crisis,
with mortality rates far exceeding those in other 

high-income countries. 1,2 This is exacerbated by 
a sharp rise in pregnancies occurring in women aged 
40 years or older, a demographic in which there has 
been a 194% increase in birth rates since 1989. 3 

Although older age is a well-established risk factor 
for pregnancy complications, chronologic age alone
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does not reliably predict adverse outcomes; some old-
er women can have uncomplicated pregnancies, and 
younger women can have unexpected complica-
tions. 4,5 This raises the question of whether biologic, 
rather than chronologic, age better predicts pregnancy 
risk. 6,7

Biologic aging, driven by cumulative molecular 
changes that increase disease vulnerability, is strongly 
linked to morbidity in nonpregnant adults. 7–12 One key 
marker of biologic aging is epigenetic aging, which 
measures alterations in DNA methylation patterns at 
sites related to the aging process. 8 These epigenetic 
modifications have been leveraged to compute epige-
netic clocks. Three generations of clocks have been 
developed with distinct CpG sites and regression models 
to calculate epigenetic age: The first-generation clocks 
predict chronologic age from epigenetic modifications 
(eg, Horvath, Hannum), yielding results in years; the 
second-generation clocks use the epigenetic variations 
to predict mortality (eg, GrimAge) or morbidity (eg, 
PhenoAge), also usually yielding results in years but 
can vary dependent on what is being measured; and 
the third-generation clocks predict rates of aging (eg, 
DunedinPACE), yielding results in values relative to 
one (ie, faster vs slower pace of aging). 13–15 Although 
many clocks are being developed in the literature, this 
article focuses on 13 commonly used clocks that have 
been validated in other larger epidemiologic cohorts as 
they relate to mortality, morbidity, and lifestyle factors.

Recent studies suggest that pregnancy accelerates 
epigenetic aging, with potential deceleration several 
months postpartum. 6,16,17 These epigenetic aging 
changes, however, have not been directly compared 
with those in nonpregnant, nulliparous, reproductive-
aged women over similar time periods. Because 
epigenetic clocks were developed in older, nonpregnant 
populations, understanding their relevance in pregnancy 
compared with a similarly aged referent group is critical. 
Moreover, although limited data suggest a link between 
accelerated epigenetic aging and pregnancy complica-
tions such as preterm birth, it is important that we gain 
a more comprehensive understanding of the aging pro-
cess in pregnancy across all available epigenetic 
clocks. 18 Therefore, we aimed to quantify maternal epi-
genetic aging in nulliparous pregnant and nonpregnant 
women over similar time frames and to explore associ-
ations with pregnancy complications. We hypothesized 
that pregnancy, compared with the nonpregnant state, 
would accelerate epigenetic aging.

METHODS

We conducted a prospective cohort study of nullipa-
rous pregnant and nonpregnant women aged 18–

50 years who were seeking outpatient obstetric or 
well-woman gynecologic care at a single quaternary 
care institution between January 2020 and April 2021. 
We used convenience sampling to screen all poten-
tially eligible patients from the clinics; patients were 
recruited from both obstetrics–gynecology specialist 
and maternal–fetal medicine subspecialty clinics. 
Pregnant women were recruited between 10 and 
14 weeks of gestation; this window was selected to 
minimize loss to follow-up from early miscarriages 
and to ensure that all participants were in the first 
trimester at the time of the first blood sample. Women 
were eligible if they had no prior pregnancy continu-
ing beyond 13 weeks of gestation and if they were 
fluent in English. Exclusion criteria, selected on the 
basis of known or theoretical associations with white 
blood cell composition or biomarkers of aging, 19–21 

were current tobacco or cannabis use; history of 
solid-organ or blood malignancy; current anticoagu-
lation with heparin or a derivative; signs of or treat-
ment for an infection, illness, or injury (eg, active 
respiratory illness, use of antibiotics, or broken bone); 
surgical procedure in the preceding 4 weeks; multiple 
gestation; use of egg donation; known lethal fetal 
anomaly at enrollment; and plan for pregnancy termi-
nation. For nonpregnant women, an additional exclu-
sion criterion was if they were planning to conceive in 
the next year. Our study was approved by the Stan-
ford University IRB, and all participants provided 
written informed consent. STROBE (Strengthening 
the Reporting of Observational Studies in Epidemiol-
ogy) guidelines were followed.

The primary outcome was within-person change in 
epigenetic age over the study period, measured from 
maternal whole-blood DNA. Blood was collected at 
enrollment (time 1) for all participants and again either 
on postpartum day 1 for the pregnant cohort or approx-
imately 7–8 months later in the nonpregnant cohort so 
that the study periods would be of similar duration in 
the pregnant and nonpregnant groups (time 2). Whole 
blood was collected in EDTA tubes and then aliquoted 
into Sardstedt SRS-72-694-006 tubes (seven per partici-
pant per timepoint) and frozen at 280°C within 4 hours. 
Samples were thawed together, and DNA was extracted 
with the Qiagen QIAamp 96 DNA blood kit following 
the manufacturer’s instructions, after which the samples 
were measured on an Illumina EPIC 2 bead-chip array 
in a randomized order, ensuring that both timepoint 
samples for one person were on the same plate. Quality 
control was ensured from control runs and random 
duplicate samples across plates.

DNA methylation preprocessing, normalization, 
and analysis were conducted with R 4.4.1 (Appendix

© 2025 by the American College of Obstetricians 
& Gynecologists. Published by Wolters Kluwer Health, Inc. 

Unauthorized reproduction of this article is prohibited.

784 Panelli et al Epigenetic Aging in Pregnancy OBSTETRICS & GYNECOLOGY



1, available online at http://links.lww.com/AOG/ 
E214, provides details). All available epigenetic clocks 
were initially included in the analysis. 22 The Horvath, 
Hannum, SkinBlood, PhenoAge, Yang (pcgtAge), 
GrimAge, and GrimAge2 clocks were calculated with 
the online clock calculator (https://dnamage.clock-
foundation.org/, accessed July 22, 2024). The Lin, 
Weidner, Vidal-Bralo, and Zhang clocks were calcu-
lated by obtaining the predictor CpGs and coefficients 
from their respective publications, using the CpGs 
from the current data set, and calculating methylation 
values multiplied by the respective clock coefficients 
and summed to obtain their scores. DunedinPACE 
was calculated with DunedinPACE 0.99.0. 23

The clocks provide results in various ways: 1) in 
years for Hannum, Horvath, Weidner, Vidal-Bralo, 
Lin, SkinBlood, Zhang, PhenoAge, GrimAge, and 
GrimAge2 11,13,14,24–28 ; 2) in pace (DunedinPACE 
[Pace of Aging Calculated from the Epigenome], in 
which a value of 1 means biologic aging equals chro-
nologic aging, a value less than 1 indicates that it is 
slower, and a value greater than 1 indicates that it is 
faster) 22,23 ; or 3) in prediction of stem cell division as 
it relates to cancer risk, with a value of 0 indicating 
average methylation status of CpG sites related to 
stem cell division that are included in the model 
(Yang stem cell division rate). 29,30 For example, 
a chronologic age of 35, an epigenetic age of 40, 
and a DunedinPACE of 0.5 suggest that epigenetic 
age is greater than chronologic age but that the aging 
pace is slowing.

Sample size was determined from data for 
another biomarker of aging, leukocyte telomere 
length, as a proxy given that annual change data were 
more readily available in the literature and it was one 
of the intended epigenetic clock measurements. 31 We 
estimated the minimum sample size required for 80% 
power and a two-sided a of 0.05 and estimated effect 
sizes for the outcome of leukocyte telomere length 
shortening by 50% over the study period. Using these 
study parameters and allowing for a 25% dropout rate 
in the nonpregnant group and 10% dropout rate in the 
pregnant group, we calculated that the study required 
enrolling 53 nonpregnant and 46 pregnant partici-
pants per group.

Secondarily, we explored associations between 
epigenetic age in the first trimester (time 1) and 
subsequent complications in the pregnant cohort that 
are known to be related to advanced maternal 
chronologic age or could potentially be caused by 
underlying immune-mediated processes. 4,5,32 Because 
of the exploratory nature of the question and the small 
sample size, pregnancy complications were modeled

as a composite of events that occurred after time 1: 
preeclampsia or gestational hypertension antenatally 
or intrapartum, gestational diabetes mellitus (GDM), 
small-for-gestational-age birth weight (SGA, birth 
weight below the 10th percentile for gestational age), 
and preterm birth before 37 weeks of gestation. 4,5,33 

The GDM diagnoses were recorded as A1 or A2 
GDM that developed any time between time 1 and 
time 2 and was not preexisting at the time of enroll-
ment. At our institution, we perform a routine 24- to 
28-week 1-hour glucose tolerance test followed by a 3-
hour glucose tolerance test to make the diagnosis 
when the 1-hour glucose tolerance test result is ele-
vated. In addition, early glucose tolerance tests are 
recommended for those who are at high risk for devel-
oping GDM because of clinical factors.

The exposure was pregnancy status, which was 
confirmed through medical record abstraction and 
participant report. Sociodemographic and clinical 
variables, including chronologic age, body mass index 
(BMI, calculated as weight in kilograms divided by 
height in meters squared) at enrollment (time 1), level 
of education, race and ethnicity as social constructs, 
and medical comorbidities (neurologic, psychiatric, 
thyroid, or autoimmune conditions; type 1 or 2 
diabetes; chronic hypertension) were collected from 
medical record abstraction and participant self-report. 
Because of the small sample size, chronologic age was 
deemed the most important covariate to adjust for as 
a confounder in both models for the primary analysis 
and secondary subanalysis in the pregnant 
cohort. 12,16,17 For the secondary subanalysis, BMI at 
enrollment was included as a second potential con-
founder given the known associations with both preg-
nancy complications and epigenetic age and the 
likelihood that it would be a proxy for underlying 
chronic disease status. 34–36

Participant characteristics were compared 
between the pregnant and nonpregnant cohorts with 
Wilcoxon rank-sum tests for continuous variables and 
the Fisher exact test for categorical variables. Quality 
control assessments were conducted for the epigenetic 
clocks, and only those with at least 80% of the neces-
sary probes present in the data set were analyzed. 
Accuracy of epigenetic age prediction of chronologic 
age was calculated for all clocks and reported with 
correlation coefficients, root mean square deviations, 
and intraclass correlation coefficients.

For the primary outcome, within-person changes 
in epigenetic age over time were compared between 
the pregnant and nonpregnant groups with mixed-
effects linear regression models adjusted for chrono-
logic age as a confounder and statistical interaction
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between pregnancy status and days between measure-
ments (model 1) with the lmer function in R. To 
enhance interpretability of the b coefficients for the 
interaction term, they were multiplied by the average 
duration (days) between time 1 and time 2 in the 
pregnant group (200 days). As a sensitivity analysis, 
immune cell type distribution was added as a covariate 
in a separate model. 37,38 Because the clocks account 
for tissue type, the sensitivity analysis adjusted for cell 
proportions was not the primary model because it can 
be overadjusted. 15 Lastly, epigenetic ages were com-
pared between the pregnant and nonpregnant cohorts 
at each individual timepoint with an analysis of 
covariance using the function lm 4.4.1. 39 P values 
for aim 1 were corrected for multiple testing with 
the Benjamini–Hochberg method.

For the secondary substudy, the composite of 
pregnancy or delivery complications (hypertensive 
disorders, GDM, preterm birth before 37 weeks of 
gestation, and SGA birth weight) was compared 
across all of the first-trimester epigenetic ages from 
time 1 with logistic regression adjusted for age and

BMI higher than 30 at time 1 as potential confound-
ers. 8,10,12,40,41 Primary analyses were conducted with 
R 4.4.1 in RStudio 2023.06.0+421, and the secondary 
analysis was conducted with SAS Studio 2024.

RESULTS

In total, 305 women were screened; 250 were eligible 
and 75 (30.0%) enrolled and analyzed (Fig. 1). Of 
these, 45 were pregnant and 30 were not. Because of 
unprecedented research changes with the coronavirus 
disease 2019 (COVID-19) pandemic in 2020–2021 
and one participant who withdrew after enrollment, 
enrollment was closed when the pregnant cohort 
reached 45 participants. Characteristics at enrollment 
were similar between groups; notably, chronologic 
ages were similar, and all in the pregnant cohort 
enrolled in the first trimester, giving similar time to 
postpartum measurements (Table 1). A total of 14 
participants were lost to follow-up: of the 45 pregnant 
participants, 43 (95.6%) returned for time 2 compared 
with 18 of the nonpregnant participants (60.0%) 
(P5.02). Sociodemographic variables were similar

Fig. 1. CONSORT (Consolidated Standards of Reporting Trials) diagram.

Panelli. Epigenetic Aging in Pregnancy. Obstet Gynecol 2025.
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for participants who did and did not return for time 2 
(Appendix 2, available online at http://links.lww. 
com/AOG/E214). The nonpregnant group had a lon-
ger follow-up interval between times 1 and 2 (non-
pregnant median 232 days [quartiles 1 and 3, 205, 
260 days], pregnant 198 days [quartiles 1 and 3, 
187, 206 days], P,.01).

For the primary analysis, the average percentage 
of CpG loci detected for the DNA methylation 
analysis was 99.9%. Accuracy for all the epigenetic 
clocks in predicting chronologic age is presented in 
Appendix 3, available online at http://links.lww.com/ 
AOG/E214. Of the 13 epigenetic clocks that were 
initially computed, 11 had adequate CpG coverage 
and were analyzed. Of the 75 participants enrolled, 
61 had samples from both timepoints that were ana-
lyzed for within-person changes. There was signifi-
cantly greater within-person epigenetic age 
acceleration in the pregnant than in the nonpregnant 
cohort for the Hannum, Stem Cell Division, Pheno-
Age, GrimAge, GrimAge 2, and DunedinPACE

clocks over time (Table 2). The greatest increase in 
within-person epigenetic age acceleration was for Phe-
noAge and GrimAge2, with the pregnant group gain-
ing 5.28 (P,.01) and 4.56 (P,.01) additional 
epigenetic years, respectively, over a 200-day interval 
compared with the nonpregnant group. This is dem-
onstrated graphically in Figure 2, which demonstrates 
box plots for each epigenetic clock between the preg-
nant and nonpregnant cohorts at times 1 and 2. Re-
sults were similar in the sensitivity analysis adjusted 
for cell proportions and were most robust for 
GrimAge, GrimAge2, and DunedinPACE (Appendix 
4, available online at http://links.lww.com/AOG/ 
E214).

We also compared epigenetic age between the 
pregnant and nonpregnant groups cross-sectionally at 
each of the two timepoints. At time 1, the pregnant 
cohort had an older mean epigenetic age than the 
nonpregnant cohort (GrimAge b51.65, P,.01; 
GrimAge2 b52.74, P,.01; DunedinPACE b50.09, 
P,.01; Table 3). At time 2, the pregnant cohort had

Table 1. Demographic Characteristics of Pregnant and Nonpregnant Study Participants, 2020–2021 (N575)

Characteristic Pregnant (n545) Nonpregnant (n530) P*

Chronologic age (y)
Time 1 30 (29, 33) 32 (27, 37) .73
Time 2 31.5 (30, 34.5) 31.5 (28, 37)   .63

Race .29
Asian or Pacific Islander 19 (42.2) 8 (26.7)     
Black 2 (4.4) 0  
White 21 (46.7) 19 (63.3) 
Other or unknown 3 (6.7) 3 (10.0)   

Hispanic ethnicity 5 (11.1) 2 (6.7)  .70
Highest level of education .20

Completed high school 3 (6.7) 1 (3.3)    
Completed college 10 (22.2) 11 (36.7)   
Pursuing or completed higher degree 30 (66.7) 14 (46.7)     
Unknown or missing 2 (4.4) 4 (13.3)    

Median BMI at time 1 (kg/m 2 ) 22.6 (20.6, 24.3) 23.3 (21.7, 27.2)   .12
Comorbidity at time of enrollment

None 24 (53.3) 15 (50.0) .81
Neurologic or psychiatric 9 (20.0) 5 (16.7)   .77
Chronic hypertension 0 2 (6.7)  .16
Type 1 or 2 diabetes 1 (2.2) 0     1.00
Hypothyroidism or hyperthyroidism 5 (11.1) 1 (3.3)    .39
Other † 13 (28.9) 11 (36.7)  .61

Enrolled before COVID-19 shelter-in-place order ‡ 23 (51.1) 18 (60.0)  .49
Participants with both timepoint measurements completed 44 (97.8) 18 (60.0)        .02
Time between times 1 and 2 (d) 198 (187, 206) 232 (205, 260)         ,.01
Spontaneous conception 39 (86.7) —   —
Gestational age at enrollment (wk) 10 (10, 11) —      —

BMI, body mass index; COVID-19, coronavirus disease 2019.
Data are median (quartile 1, quartile 3) or n (%) unless otherwise specified.
* Wilcoxon rank-sum test for continuous variables or Fisher exact test for categorical variables.
† Includes polycystic ovarian syndrome, asthma, a thalassemia trait, rheumatologic (Crohn disease, ulcerative colitis), hyperlipidemia, and 

chronic back pain.
‡ March 17, 2020.
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an older mean epigenetic age than the nonpregnant 
cohort for the same three clocks, in addition to lower 
stem cell division (b520.01, P,.01).

For the secondary analysis, 44 pregnant partic-
ipants had a time 1 blood draw and outcome data 
available. All 11 epigenetic clocks were evaluated for 
their association with the composite of pregnancy 
complications. Seventeen participants (38%) experi-
enced at least one of the composite events; nine (20%) 
developed a hypertensive disorder of pregnancy, six 
(13%) developed GDM, three (7%) had preterm birth 
before 37 weeks of gestation, and one (2%) had 
a neonate with SGA birth weight. Of the six partic-
ipants in our study who developed GDM, the gesta-
tional age range of their diagnoses was 13 5/7 weeks to 
26 5/7 weeks, with two of the six GDM diagnoses 
occurring before 24 weeks of gestation according to an 
early screen. For each additional year of epigenetic 
aging in the GrimAge2 clock at time 1, there was a 36% 
increase in the odds of the pregnancy complication 
composite (adjusted odds ratio 1.36, 95% CI, 1.01–1.84, 
Table 4]. In contrast, chronologic age was not associ-
ated with the pregnancy complication composite 
(adjusted odds ratio 1.00, 95% CI, 0.83–1.21).

DISCUSSION

Over a 7-month period, we found greater within-person 
epigenetic age acceleration in nulliparous pregnant com-
pared with nulliparous nonpregnant women using six 
epigenetic clocks that reflect morbidity and mortality

risk. First-trimester GrimAge2 epigenetic age was mod-
estly associated with a composite of pregnancy compli-
cations. These findings contribute to growing evidence 
that pregnancy may influence biologic aging and high-
light the potential value of early gestational epigenetic 
age as a predictor of pregnancy complications.

Epigenetic age acceleration has been linked to 
adverse health outcomes across the lifespan, including 
cardiovascular disease and mortality. 12,23,40 In our 
pregnant cohort, the clocks that most strongly re-
flected age acceleration—PhenoAge, GrimAge2, and 
DunedinPACE—were developed to predict morbidity 
and mortality. 42 Results remained consistent across 
multiple clocks and after adjustment for cell type com-
position, suggesting that the epigenetic changes may 
reflect more than the expected immune shifts of preg-
nancy. These data support and extend prior research 
such as the report by Poganik et al, 6 which also 
described reversible epigenetic aging acceleration in 
pregnancy. 16,17,31 One prevailing hypothesis is that 
maternal molecular resources are redirected toward 
fetal development at the expense of somatic mainte-
nance, possibly leading to transient maternal epige-
netic aging. After parturition, these maternal somatic 
cell effects may or may not revert to baseline. 6,43

A key strength of our study is the inclusion of 
a nulliparous, similarly aged, nonpregnant compari-
son group. This helps to distinguish pregnancy-related 
changes from background aging in reproductive-aged 
women, addressing a gap in prior research. 12,37,38,40,44

Table 2. Changes in Epigenetic Age for Pregnant and Nonpregnant Participants Over Time (n561)

Epigenetic Clock (Output Type) Pregnant Cohort’s Epigenetic Age Difference/200 d* 95% CI P †

Horvath (y) 20.08 21.54 to 1.39 .93
Hannum (y) +1.58 0.45–2.72 .01
SkinBlood (y) +0.38 20.30 to 1.05 .36
Weidner (y) +0.08 21.65 to 1.80 .93
Lin (y) 21.05 23.00 to 0.91 .37
Zhang (y) +0.09 20.12 to 0.30 .46
Stem cell division rate ‡ 20.01 20.01 to 20.01 ,.01
PhenoAge (y) +5.28 2.97–7.61 ,.01
GrimAge (y) +2.81 1.98–3.62 ,.01
GrimAge2 (y) +4.56 3.40–5.71 ,.01
DunedinPACE ‡ +0.16 0.12–0.19 ,.01

Bold indicates statistical significance.
* Mixed linear effects model (independent variable pregnancy status, dependent variable epigenetic age) adjusted for chronologic age at 

sample collection and pregnancy by timepoint interaction term. The b coefficients and 95% CIs are presented for the interaction term 
multiplied by 200 to convert effect estimate to be from 1-day intervals into a per 200-day interval, which was the approximate duration
between samples in the pregnant cohort. This is presented as the “difference per 200 days.”

† P values shown for interaction term between cohort (pregnant vs nonpregnant, referent) and timepoint, corrected for multiple testing with 
the Benjamini–Hochberg method.

‡ The stem cell division rate and DunedinPACE clock outputs are not in years like the others. Yang stem cell division less than 0 indicates 
less methylation of sites involved with stem cell division and more than 0 indicates more methylation of these sites. DunedinPACE less 
than 1 indicates slower pace of epigenetic aging relative to biologic aging; DunedinPACE greater than 1 indicates faster epigenetic 
aging. See text for details.
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Although past cross-sectional studies have linked mul-
tiparity to older epigenetic age, few have assessed 
these patterns prospectively in a nulliparous 
cohort. 6,17,45 Furthermore, this notion would poten-
tially contrast with the idea of postpartum epigenetic 
age deceleration, which has been noted in some stud-
ies; this may speak to variations in postpartum life-
style habits, breastfeeding, sleep, and recovery that 
may affect epigenetic age over time. Our time 2 re-
sults, taken in the immediate postpartum period, 
would theoretically minimize the variability of these 
postpartum effects on aging, which is an important but 
distinct question.

Notably, we observed that older first-trimester 
GrimAge2 was more strongly associated with a com-
posite of potentially immune-mediated 32,46 pregnancy 
complications than chronologic age. We should 
acknowledge that although some underlying path-
ways to these complications may be immune medi-
ated, other pathways may not be (eg, cervical 
insufficiency for preterm birth or fetal constitutional 
growth potential for SGA birth weight). These results 
add to other literature in this area, such as work by 
Gascoigne et al 18 that linked some measures of accel-
erated maternal epigenetic aging to increased risk of 
preterm birth. In our cohort, epigenetic age accelera-
tion was already underway early in gestation. It may 
be that early disruptions in immune tolerance are re-
flected by epigenetic aging changes before they man-
ifest as the complications themselves. 41

Our findings suggest the potential of first-
trimester epigenetic age as a predictor of pregnancy 
complications, which may be of particular interest 
given increasing efforts toward personalized medi-
cine approaches. 46 If validated, this could open the 
door to targeted, early interventions. Because epige-
netic age is modifiable, 6,47 it may be possible to mit-
igate risk before these complications arise. Further 
research is needed to determine whether reversal of 
epigenetic aging before or early in pregnancy is fea-
sible or beneficial. In addition, our results reinforce 
the concept of pregnancy as a physiologic “stress 
test,” potentially revealing long-term vulnerability 
to chronic disease. 48

Further quantification of the effects of the post-
partum period and subsequent pregnancies on epige-
netic aging over a person’s lifespan is needed. The 
observed association between GrimAge2 and preg-
nancy complications warrants further investigation 
in a larger cohort to elucidate potential mechanisms. 
Some clocks (eg, Horvath) were less correlated with 
chronologic age in our sample, perhaps because their 
test and validation cohorts were older populations and

Fig. 2. Variation in epigenetic age over time (time 1, time 2) 
in a prospective cohort of pregnant vs nonpregnant people, 
2020–2021 (N575), in first generation (A), second genera-
tion (B), and third generation (C) epigenetic clocks. The 
Hannum, Stem Cell Division, PhenoAge, GrimAge, 
GrimAge2, and DunedinPACE clocks were statistically sig-
nificant in mixed effects linear models at a false discovery 
rate corrected P,.05
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included both men and women or because of the 
EPIC 2 chips (which can show age deviations with 
earlier clocks). 49 Our samples were run on the same 
array, and all comparisons were conducted within our 
cohort, which should minimize bias. Interrogation of 
differentially methylated regions toward the develop-
ment of a pregnancy-specific clock is a natural pro-
gression of this work.

We should note several limitations. Because of 
the COVID-19 pandemic, more participants in the 
nonpregnant group were lost to follow-up and longer 
intervals between study visits, which may introduce 
selection bias; notably, characteristics of those who 
did and did not return for time 2 were similar. If 
anything, a longer time interval should have led the 
nonpregnant group to appear to age more and biased 
the results toward the null. Our secondary analysis of 
pregnancy complications used a composite of out-

comes resulting from our small available sample size, 
increasing the possibility of residual confounding. 
We estimated the trajectory of epigenetic aging using 
maternal blood from postpartum day 1 rather than 
from the third trimester. Although we did this to 
maximize ability to detect measurable change over 
time in epigenetic biomarkers and to minimize par-
ticipant burden, future research should evaluate how 
third-trimester epigenetic age compares with post-
partum day 1 and whether this is affected by mode 
of delivery. Additional follow-up during and after 
pregnancy is needed to determine whether these pat-
terns persist over time. We did not meet our in-
tended sample size, which may have resulted in 
type 2 error.

Strengths of our study include the use of a simi-
larly aged, nonpregnant, nulliparous comparison 
group and our rigorous data quality and longitudinal

Table 3. Adjusted Differences in Epigenetic Age for the Pregnant and Nonpregnant Groups Separately at 
Enrollment (Time 1) and Follow-Up (Time 2) Visits, 2020–2021

Epigenetic Clock

Epigenetic Age Linear Regression Model*

Pregnant Nonpregnant Epigenetic Age Difference (95% CI) FDR-corrected P †

Time 1 (N575) 
Horvath (y) 35.3164.85 38.0067.13 21.41 (23.19 to 0.37) .25
Hannum (y) 4.3163.92 5.1566.67 0.41 (20.89 to 1.70) .65
SkinBlood (y) 27.4664.47 28.5967.61 0.35 (20.76 to 1.45) .65
Weidner (y) 44.5364.97 46.4466.53 21.40 (23.81 to 1.00) .37
Lin (y) 20.2365.93 20.0067.93 1.48 (20.78 to 3.73) .33
Zhang (y) 55.2961.66 55.9962.81 20.15 (20.55 to 0.25) .63
Yang stem cell ‡ 0.0560.01 0.0560.01 20.00 (20.01 to 0.00) .34
PhenoAge (y) 31.1565.37 30.1568.04 2.27 (0.04–4.49) .13
GrimAge (y) 53.4363.08 52.9166.09 1.65 (0.69–2.60) ,.01
GrimAge2 (y) 61.9463.26 60.2366.07 2.74 (1.49–3.99) ,.01
DunedinPACE 1.0660.11 0.9860.10 0.09 (0.04–0.13) ,.01

Time 2 (n561) 
Horvath (y) 35.9064.64) 37.8467.93) 21.33 (23.21 to 0.54) .24
Hannum (y) 5.9964.26 4.4066.66 2.11 (0.43–3.79) .03
SkinBlood (y) 28.6164.66 28.4867.77 0.78 (20.55 to 2.11) .30
Weidner (y) 44.3464.44 45.8365.17 21.50 (24.05 to 1.05) .30
Lin (y) 20.0665.71 19.8169.29 0.80 (21.72 to 3.33) .58
Zhang (y) 55.4761.63 55.6762.73 0.03 (20.39 to 0.45) .88
Yang stem cell ‡ 0.0560.01 0.0660.01 20.01 (20.01 to 20.01) ,.01
PhenoAge (y) 37.0966.87 30.2168.29 7.64 (4.66–10.61) ,.01
GrimAge (y) 56.6863.57 52.8666.03 4.30 (3.16–5.45) ,.01
GrimAge2 (y) 66.7764.00 60.0065.91 7.23 (5.74–8.71) ,.01
DunedinPACE ‡ 1.2060.09 0.9660.09 0.24 (0.20–0.29) ,.01

FDR, false discovery rate.
Data are mean6SD unless otherwise specified.
Bold indicates statistical significance.
* Mixed linear-effects model adjusted for chronologic age at sample collection. Presenting b coefficients as “difference” between pregnant 

and nonpregnant cohorts at each timepoint.
† P values were FDR corrected for multiple testing with the Benjamini–Hochberg method.
‡ The stem cell division rate and DunedinPACE clock outputs are not in years like the others. Yang stem cell division less than 0 indicates 

less methylation of sites involved with stem cell division and more than 0 indicates more methylation of these sites. DunedinPACE less 
than 1 indicates slower pace of epigenetic aging relative to biologic aging; DunedinPACE more than 1 indicates faster epigenetic aging. 
See text for details.
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design. We have also presented innovative findings 
concerning the relationship between maternal epige-
netic aging and pregnancy complications that warrant 
further evaluation.

In conclusion, over 7 months, nulliparous preg-
nant women demonstrated up to 5 additional years of 
epigenetic aging compared with their similarly aged, 
nonpregnant counterparts. First-trimester epigenetic 
age from the GrimAge2 clock was associated with 
pregnancy complications. As pregnancies at older 
chronologic ages become increasingly common, these 
findings suggest a potential role for epigenetic clocks 
in further understanding pregnancy physiology and 
risk. Further research is needed to determine whether 
epigenetic aging is a modifiable target or a marker of 
underlying susceptibility to adverse outcomes in 
pregnancy.

REFERENCES
1. Fink DA, Kilday D, Cao Z, Larson K, Smith A, Lipkin C, et al. 

Trends in maternal mortality and severe maternal morbidity 
during delivery-related hospitalizations in the United States, 
2008 to 2021. JAMA Netw Open 2023;6:E2317641. doi: 10. 
1001/jamanetworkopen.2023.17641

2. Chinn JJ, Eisenberg E, Artis Dickerson S, King RB, Chakhtoura 
N, Lim IAL, et al. Maternal mortality in the United States: 
research gaps, opportunities, and priorities. Am J Obstet Gyne-
col 2020;223:486–92.e6. doi: 10.1016/j.ajog.2020.07.021

3. Bornstein E, Eliner Y, Chervenak FA, Grünebaum A. Concern-
ing trends in maternal risk factors in the United States: 1989– 
2018. EClinicalMedicine 2020;29–30:100657. doi: 10.1016/j. 
eclinm.2020.100657

4. Carr RC, McKinney DN, Cherry AL, Defranco EA. Maternal 
age-specific drivers of severe maternal morbidity. Am J Obstet 
Gynecol MFM 2022;4:100529. doi: 10.1016/j.ajogmf.2021. 
100529

5. Leader J, Bajwa A, Lanes A, Hua X, Rennicks White R, Rybak 
N, et al. The effect of very advanced maternal age on maternal 
and neonatal outcomes: a systematic review. J Obstet Gynaecol 
Can 2018;40:1208–18. doi: 10.1016/j.jogc.2017.10.027

6. Poganik JR, Zhang B, Baht GS, Tyshkovskiy A, Deik A, Kere-
pesi C, et al. Biological age is increased by stress and restored 
upon recovery. Cell Metab. 2023;35:807–20.e5. doi: 10.1016/j. 
cmet.2023.03.015

7. Wang K, Liu H, Hu Q, Wang L, Liu J, Zheng Z, et al. Epige-
netic regulation of aging: implications for interventions of aging 
and diseases. Signal Transduct Target Ther 2022;7:374. doi: 10. 
1038/s41392-022-01211-8

8. Liang M. Epigenetic mechanisms and hypertension. Hyperten-
sion 2018;72:1244–54. doi: 10.1161/HYPERTENSIONAHA. 
118.11171

9. Zhang W, Song M, Qu J, Liu GH. Epigenetic modifications in 
cardiovascular aging and diseases. Circ Res 2018;123:773–86. 
doi: 10.1161/CIRCRESAHA.118.312497

10. Wikström Shemer D, Mostafaei S, Tang B, Pedersen NL, Karls-
son IK, Fall T, et al. Associations between epigenetic aging and 
diabetes mellitus in a Swedish longitudinal study. GeroScience 
2024;46:5003–14. doi: 10.1007/s11357-024-01252-7

11. Hannum G, Guinney J, Zhao L, Zhang L, Hughes G, Sadda S, 
et al. Genome-wide methylation profiles reveal quantitative 
views of human aging rates. Mol Cell 2013;49:359–67. doi: 
10.1016/j.molcel.2012.10.016

12. Marioni RE, Harris SE, Shah S, McRae AF, von Zglinicki T, 
Martin-Ruiz C, et al. The epigenetic clock and telomere length 
are independently associated with chronological age and mor-
tality. Int J Epidemiol 2018;45:424–32. doi: 10.1093/ije/- 
dyw041

13. Levine ME, Lu AT, Quach A, Chen BH, Assimes TL, Bandi-
nelli S, et al. An epigenetic biomarker of aging for lifespan and 
healthspan. Aging (Albany NY) 2018;10:573–91. doi: 10. 
18632/aging.101414

14. Lu AT, Quach A, Wilson JG, Reiner AP, Aviv A, Raj K, et al. 
DNA methylation GrimAge strongly predicts lifespan and 
healthspan. Aging (Albany NY) 2019;11:303–27. doi: 10. 
18632/aging.101684

15. Teschendorff AE, Horvath S. Epigenetic ageing clocks: statisti-
cal methods and emerging computational challenges. Nat Rev 
Genet 2025;26:350–68. doi: 10.1038/s41576-024-00807-w

16. Pham H, Thompson-felix T, Czamara D, Rasmussen JM, Lom-
broso A, Entringer S, et al. The effects of pregnancy, its pro-
gression, and its cessation on human (maternal) biological 
aging. Cell Metab. 2024;36:877–8. doi: 10.1016/j.cmet.2024. 
02.016

17. Ryan CP, Lee NR, Carba DB, MacIsaac JL, Lin DTS, Atashzay 
P, et al. Pregnancy is linked to faster epigenetic aging in young 
women. Proc Natl Acad Sci USA 2024;121:e2317290121. doi: 
10.1073/pnas.2317290121

18. Gascoigne EL, Roell KR, Eaves LA, Fry RC, Manuck TA. 
Accelerated epigenetic clock aging in maternal peripheral 
blood and preterm birth. Am J Obstet Gynecol 2024;230:559. 
e1–9. doi: 10.1016/j.ajog.2023.09.003

Table 4. Association Between Epigenetic Age in the 
First Trimester and the Composite 
Adverse Pregnancy Outcome (n544)

Clock
Composite Adverse Pregnancy 

Outcome* P

Horvath 1.06 (0.90 to 1.24) .48
Hannum 0.98 (0.79 to 1.23) .87
PhenoAge 1.14 (0.98 to 1.33) .10
SkinBlood 0.96 (0.73 to 1.27) .78
Stem cell division † — .55
Lin 1.02 (0.89 to 1.17) .77
Weidner 1.11 (0.97 to 1.28) .13
DunedinPACE more
than 1 † 

2.80 (0.63 to 12.52) .18

Zhang 1.13 (0.53 to 2.39) .76
GrimAge 1.33 (0.94 to 1.89) .11
GrimAge2 1.36 (1.01 to 1.84) .04

Data are adjusted odds ratio (95% CI) unless otherwise specified. 
Bold indicates statistical significance.
* Logistic regression with clock age as independent variable and 

with dependent variable as a composite of inflammatory-
mediated pregnancy or delivery complications, including 
hypertensive disorders, gestational diabetes, preterm birth 
before 37 weeks, or small-for-gestational-age birth weight. 
Adjusted for maternal chronologic age and body mass index 
higher than 30 in the first trimester.

† Data not shown because of wide CI (less than 0.01, more than 
999.99). DunedinPACE modeled as binary (1 or less vs more 
than 1) for the same reason.

© 2025 by the American College of Obstetricians 
& Gynecologists. Published by Wolters Kluwer Health, Inc. 

Unauthorized reproduction of this article is prohibited.

VOL. 146, NO. 6, DECEMBER 2025 Panelli et al Epigenetic Aging in Pregnancy 791



19. Kirov S, Shepherd J, Donald K. Intraoperative and postopera-
tive changes in peripheral white blood cell counts: the contri-
bution of stress. Aust N Z J Surg 1979;49:738–42. doi: 10. 
1111/j.1445-2197.1979.tb06505.x

20. Kaur G, Begum R, Thota S, Batra S. A systematic review of 
smoking-related epigenetic alterations. Arch Toxicol 2019;93: 
2715–40. doi: 10.1007/s00204-019-02562-y

21. Wu C, Muhataer X, Wang W, Deng M, Jin R, Lian Z, et al. 
Abnormal DNA methylation patterns in patients with infection-
caused leukocytopenia based on methylation microarrays. Mol 
Med Rep 2020;21:2335–48. doi: 10.3892/mmr.2020.11061

22. Belsky DW, Moffitt TE, Cohen AA, Corcoran DL, Levine ME, 
Prinz JA, et al. Eleven telomere, epigenetic clock, and 
biomarker-composite quantifications of biological aging: do 
they measure the same thing? Am J Epidemiol 2018;187: 
1220–30. doi: 10.1093/aje/kwx346

23. Belsky DW, Caspi A, Corcoran DL, Sugden K, Poulton R, 
Arseneault L, et al. DunedinPACE, a DNA methylation bio-
marker of the pace of aging. Elife 2022;11:e73420. doi: 10. 
7554/eLife.73420

24. Horvath S. DNA methylation age of human tissues and cell types 
[published erratum appears in Genome Biol 2015;16:96]. Genome 
Biol 2013;114:R115. doi: 10.1186/gb-2013-14-10-r115

25. Lu AT, Binder AM, Zhang J, Yan Q, Reiner AP, Cox SR, et al. 
DNA methylation GrimAge version 2. Aging (Albany NY) 
2022;14:9484–549. doi: 10.18632/aging.204434

26. Horvath S, Oshima J, Martin GM, Lu AT, Quach A, Cohen H, 
et al. Epigenetic clock for skin and blood cells applied to Hutch-
inson Gilford Progeria Syndrome and ex vivo studies. Aging 
(Albany NY) 2018;10:1758–75. doi: 10.18632/aging.101508

27. Zhang Q, Vallerga CL, Walker RM, Lin T, Henders AK, Mont-
gomery GW, et al. Improved precision of epigenetic clock es-
timates across tissues and its implication for biological ageing. 
Genome Med 2019;11:54. doi: 10.1186/s13073-019-0667-1

28. Lin Q, Weidner CI, Costa IG, Marioni RE, Ferreira MRP, Deary 
IJ, et al. DNA methylation levels at individual age-associated CpG 
sites can be indicative for life expectancy. Aging (Albany NY) 
2016;8:394–401. doi: 10.18632/aging.100908

29. Yang Z, Wong A, Kuh D, Paul DS, Rakyan VK, Leslie RD, 
et al. Correlation of an epigenetic mitotic clock with cancer risk. 
Genome Biol 2016;17:205. doi: 10.1186/s13059-016-1064-3

30. Blackburn EH, Epel ES, Lin J. Human telomere biology: a contrib-
utory and interactive factor in aging, disease risks, and protection. 
Science 2015;350:1193–8. doi: 10.1126/science.aab3389

31. Panelli DM, Diwan M, Cruz GI, Leonard SA, Chueh J, Gotlib 
IH, et al. An exploratory analysis of leukocyte telomere length 
among pregnant and non-pregnant people. Brain Behav Immun 
Health 2022;25:100506. doi: 10.1016/j.bbih.2022.100506

32. Osborne LM, Monk C. Perinatal depression–the fourth inflam-
matory morbidity of pregnancy? Theory and literature review. 
Psychoneuroendocrinology 2013;38:1929–52. doi: 10.1016/j. 
psyneuen.2013.03.019

33. Fuchs F, Monet B, Ducruet T, Chaillet N, Audibert F. Effect of 
maternal age on the risk of preterm birth: a large cohort study. 
Obstet Gynecol Surv 2018;73:340–2. doi: 10.1097/01.ogx. 
0000541308.53092.4a

34. Zhang Y, Lu M, Yi Y, Xia L, Zhang R, Li C, et al. Influence of 
maternal body mass index on pregnancy complications and out-
comes: a systematic review and meta-analysis. Front Endocrinol 
(Lausanne) 2024;15:1280692. doi: 10.3389/fendo.2024.1280692

35. Foster CA, Barker-Kamps M, Goering M, Patki A, Tiwari HK, 
Mrug S. Epigenetic age acceleration correlates with BMI in

young adults. Aging (Albany NY) 2023;15:513–23. doi: 10. 
18632/aging.204492

36. Larsson SC, Burgess S. Causal role of high body mass index in 
multiple chronic diseases: a systematic review and meta-
analysis of mendelian randomization studies. BMC Med 
2021;19:320. doi: 10.1186/s12916-021-02188-x

37. Fang F, Zhou L, Perng W, Marsit CJ, Knight AK, Cardenas A, 
et al. Evaluation of pediatric epigenetic clocks across multiple 
tissues. Clin Epigenet 2023;15:142. doi: 10.1186/s13148-023-
01552-3

38. Bozack AK, Rifas-Shiman SL, Gold DR, Laubach ZM, Perng 
W, Hivert MF, et al. DNA methylation age at birth and child-
hood: performance of epigenetic clocks and characteristics asso-
ciated with epigenetic age acceleration in the Project Viva 
cohort. Clin Epigenet 2023;15:62. doi: 10.1186/s13148-023-
01480-2

39. Kuznetsova A, Brockhoff PB, Christensen RHB. lmerTest pack-
age: tests in linear mixed effects models. J Stat Softw 2017;82:1–
26. doi: 10.18637/JSS.V082.I13

40. Marioni RE, Suderman M, Chen BH, Horvath S, Bandinelli S, 
Morris T, et al. Tracking the epigenetic clock across the human 
life course: a meta-analysis of longitudinal cohort data. J Geron-
tol Ser A Biol Sci Med Sci 2019;74:57–61. doi: 10.1093/gero-
na/gly060

41. Cribb L, Hodge AM, Yu C, Li SX, English DR, Makalic E, et al. 
Inflammation and epigenetic aging are largely independent 
markers of biological aging and mortality. J Gerontol Ser A Biol 
Sci Med Sci 2022;77:2378–86. doi: 10.1093/gerona/glac147

42. Jain P, Binder AM, Chen B, Parada H Jr, Gallo LC, Alcaraz J, 
et al. Analysis of epigenetic age acceleration and healthy lon-
gevity among older US women. JAMA Netw Open 2022;5: 
e2223285. doi: 10.1001/jamanetworkopen.2022.23285

43. Takeshita RSC. A life for a (shorter) life: the reproduction— 
longevity trade-off. Proc Natl Acad Sci USA 2024;121: 
e2405089121. doi: 10.1073/pnas.2405089121

44. Ladd-Acosta C, Vang E, Barrett ES, Bulka CM, Bush NR, 
Cardenas A, et al. Analysis of pregnancy complications and 
epigenetic gestational age of newborns. JAMA Netw Open 
2023;6:e230672. doi: 10.1001/jamanetworkopen.2023.0672

45. Pollack AZ, Rivers K, Ahrens KA. Parity associated with telo-
mere length among US reproductive age women. Hum Reprod 
2018;33:736–44. doi: 10.1093/humrep/dey024

46. Stevenson DK, Wong RJ, Aghaeepour N, Maric I, Angst MS, 
Contrepois K, et al. Towards personalized medicine in maternal 
and child health: integrating biologic and social determinants. 
Pediatr Res 2021;89:252–8. doi: 10.1038/s41390-020-0981-8

47. Ke T-M, Lophatananon A, Muir KR. Exploring the relation-
ships between lifestyle patterns and epigenetic biological age 
measures in men. Biomedicines 2024;12:1985. doi: 10.3390/bi-
omedicines12091985

48. Lueth AJ, Allshouse AA, Blue NM, Grobman WA, Levine LD, 
Simhan HN, et al. Allostatic load and adverse pregnancy out-
comes. Obstet Gynecol 2022;140:974–82. doi: 10.1097/aog. 
0000000000004971

49. Garma LD, Quintela-Fandino M. Applicability of epigenetic 
age models to next-generation methylation arrays. Genome 
Med 2024;16:116. doi: 10.1186/s13073-024-01387-4

PEER REVIEW HISTORY
Received March 18, 2025. Received in revised form May 16, 2025. 
Accepted May 22, 2025. Peer reviews and author correspondence 
are available at http://links.lww.com/AOG/E215.

© 2025 by the American College of Obstetricians 
& Gynecologists. Published by Wolters Kluwer Health, Inc. 

Unauthorized reproduction of this article is prohibited.

792 Panelli et al Epigenetic Aging in Pregnancy OBSTETRICS & GYNECOLOGY


