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Abstract 

Background Dysregulation of maternal glucose homeostasis has been related to an increased risk of morbidity 
and mortality in mothers and fetuses, yet the mechanism remains unclear. This study investigated the association 
between maternal glycemic levels and placental epigenetic age acceleration (PAA) in a multiethnic cohort.

Methods In a sample of 301 pregnant women (102 Hispanic, 77 White, 72 Black, and 50 Asian/Pacific Islander), 
the association of glycemic markers cumulative exposure with PAA was tested using linear regression adjusting 
for fetal sex, maternal age, educational status, and health insurance status. Models were applied in the full cohort 
and stratified by race/ethnicity. Further, sensitivity analyses were performed after excluding women with GDM 
or preeclampsia.

Results Among Black women, high glucose, HbA1c, and insulin cumulative exposure levels were associated 
with lower PAA compared to low cumulative exposure levels (β = − 0.75 weeks, 95% CI = − 1.41 to − 0.08); β = − 0.86, 
95% CI = − 1.51 to − 0.21; and β = − 0.76, 95% CI = − 1.49 to − 0.03, respectively). Among Asian/Pacific Islander women, 
medium insulin cumulative exposure level was associated with lower PAA (β = − 0.94 weeks, 95% CI = − 1.74 to − 0.14). 
No significant association was observed among White and Hispanic women as well as in the full cohort.

Conclusions Elevated glucose, HbA1c, and insulin cumulative levels throughout pregnancy were associated 
with lower PAA in Black and Asian/Pacific Islander women. Placental epigenetic aging may be altered by maternal 
elevated glycemia and may in part underlie early programming of health outcomes in pregnancy and childhood 
health outcomes.
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Background
Glucose homeostasis throughout pregnancy is critical 
for both maternal and fetal health [1]. Dysregulation of 
this physiological process results in complications with a 
large clinical and public health burden [1, 2]. Hyperglyce-
mia is associated with an increased risk of perinatal com-
plications [1, 3–6] and cardiometabolic disorders in later 
life in the mother and child [1, 7], yet the mechanism 
remains unclear. Understanding the link between mater-
nal glycemic trajectory during pregnancy and molecular 
alterations in the maternal–placenta–fetal interface can 
potentially inform innovative interventions to avert the 
clinical consequences of glycemic dysregulation.

During pregnancy, the placenta plays a critical role in 
orchestrating the glycemic state of the maternal–fetal 
unit via glucose transportation, lipid sequestration, meta-
bolic waste exchange, and hormone synthesis [8]. Mean-
while, the functions of the placenta are influenced by 
maternal metabolic, endocrine, and inflammatory envi-
ronment [9]. Higher glycemic levels during pregnancy 
have been linked to placental developmental immatu-
rity, placental aging-related molecular processes such as 
inflammation, oxidative stress, apoptosis, and epigenetic 
modifications [10–13]. Immaturity of placental villi has 
been consistently observed by gross morphology, histol-
ogy, and ultrasound examinations among women with 
gestational diabetes mellitus (GDM) [10, 14]. Acceler-
ated placental aging is associated with an increased risk 
of pregnancy complications that could be accompanied 
by poor childhood and adult health outcomes [15–18]. 
Therefore, maternal glycemic dysregulation during 
pregnancy may be linked to health outcomes through a 
potential influence on placental aging.

Molecular estimation of placental aging has been facili-
tated by recent developments in epigenetic clocks [15, 
19]. Placental aging acceleration (PAA) indicates the epi-
genetic (biological) age of the placenta relative to its ges-
tational age [15, 19]. Altered placental DNA methylation 
is commonly seen in pregnancies with elevated mater-
nal blood glucose levels and GDM [20–22]. Similarly, 
changes in cord and child blood DNA methylation have 
been linked with cumulative glycemic exposure and gly-
cemic trajectories across gestation [4, 5, 23, 24]. However, 
it is unknown whether cumulative glycemic exposure 
level and glycemic trajectory across gestation are associ-
ated with PAA. There is also a lack of data on the rela-
tionship between glycemic levels and PAA by maternal 
race/ethnicity, despite differences in glucose homeostasis 
[25–27] and placental phenotypes [28–31] across race/
ethnic groups.

This study aimed to investigate the association between 
maternal glycemic markers (glycated hemoglobin 
(HbA1c), glucose, and insulin) longitudinally measured 

at four research visits during pregnancy and PAA in a 
racially/ethnically diverse cohort. Specifically, we investi-
gated whether a glycemic marker’s cumulative exposure 
level across gestation is associated with PAA in the full 
cohort and stratified by race/ethnicity. In secondary anal-
ysis, we tested associations of a glycemic marker’s level 
per visit with PAA and a glycemic marker’s longitudinal 
trajectory with PAA.

Methods
Study population
Data from the Eunice Kennedy Shriver National Insti-
tute of Child Health and Human Development (NICHD) 
Fetal Growth Studies—Singleton’s cohort were used 
[32]. The NICHD Fetal Growth Studies were a racially/
ethnically diverse prospective pregnancy cohort study 
conducted between July 2009 and January 2013 at 12 
clinical sites in the USA. A total of 2802 women with 
singleton pregnancies were recruited for the study, of 
which 2489 were excluded in the current study as they 
did not provide placenta samples. During the genotype 
quality control process, 11 women were excluded due to 
sex mismatch (n = 4) or outlier samples (n = 7), and one 
additional woman was excluded due to sample identifier 
mismatch. This resulted in a final sample of 301 women 
with good quality data for the main analysis [32, 33]. For 
the sensitivity analysis, 13 women with gestational dia-
betes mellitus and preeclampsia were further excluded. 
Consequently, the main analysis included 301 women 
(102 Hispanic, 77 White, 72 Black, and 50 Asian/Pacific 
Islander), while the sensitivity analysis focused on a 
reduced sample of 288 women (Figure S1). The inclusion 
and exclusion criteria, ethical approval, and data collec-
tion, and quality control process have been described 
previously [32]. Pregnant women completed sociode-
mographic, reproductive, and pregnancy history ques-
tionnaires at enrollment. Gestational age at delivery (in 
weeks) was determined using the date of the last men-
strual period and confirmed by ultrasound between  8+0 
and  13+6  weeks of gestation. Additional medical data 
were extracted from medical records.

Measurement of glycemic markers
Maternal blood samples were collected at 8–13 (enroll-
ment), 16–22 (visit 1, fasting), 24–29 (visit 3), and 34–37 
(visit 4) gestational weeks (Fig.  1). Samples were pro-
cessed immediately after collection and stored at − 80 °C. 
Glycemic markers were measured at the University of 
Minnesota Department of Laboratory Medicine and 
Pathology. Plasma insulin (pmol/L) and glucose (mg/
dL) were measured with electrochemiluminescence 
immunoassay-sandwich principle (Roche Diagnostics, 
Indianapolis, Indiana, USA) and enzymatic method 
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Fig. 1 Spaghetti plot (left panel) and trajectories (right panel) of maternal glucose (A), HbA1c (B), and insulin (C). Different colors in the spaghetti 
plot represent individual woman. Solid lines in the trajectory plots denote mean glycemic trajectory for a respective trajectory group. Shaded gray 
areas and broken lines indicate upper and lower bounds of 95% confidence interval (CI). DI = dramatically increasing; HI = high increasing; LI = low 
increasing; MeI = medium increasing; MoI = moderate increasing; SL = stably low
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(Roche Diagnostics, Indianapolis, Indiana, USA). Gly-
cated hemoglobin (HbA1c, %) was measured using red 
blood cells with a non-porous ion exchange High-Per-
formance Liquid Chromatography (HPLC) assay (Tosoh 
Automated Analyzer HLC-723G8, Tosoh Bioscience, 
Inc., South San Francisco, CA & Tokyo, Japan). The intra-
assay CVs (i.e., a measure of the variance between data 
points within an assay) at the lowest and highest detect-
able biomarker levels were 3.1% and 4.2% for insulin, 
2.4% and 3.1% for glucose, and 1.2% and 0.6% for HbA1c, 
respectively. Raw data were standardized (z-score) or 
 log2-transformed before analyses to fulfill normality 
assumptions.

Placental age acceleration (PAA)
Placental parenchymal biopsies measuring 
0.5 cm × 0.5 cm × 0.5 cm were taken within one hour of 
delivery directly below the fetal side of the placenta and 
placed in RNALater and frozen for molecular analysis. 
The placental biopsies were handled and processed at 
Columbia University Irving Medical Center [34]. DNA 
was assayed for methylation using Illumina’s Infinium 
Human Methylation450 Beadchip (Illumina Inc., San 
Diego, CA) following standard Illumina protocols for 
background correction, normalization to internal control 
probes, and quantile normalization [33]. Details on DNA 
methylation data processing and quality control were 
described in a previous study [33]. After quality control, 
methylation data at 409,101 cytosine‐phosphate‐guanine 
sites (CpGs) were analyzed.

We estimated placental epigenetic age using the refined 
robust placental clock (rRPC) developed using 395 CpGs 
for uncomplicated term pregnancies [19]. PAA was the 
residual of the placental epigenetic age regressed on ges-
tational age at delivery and was used as a measure of the 
biological age of the placenta [33].

Statistical analyses
Characteristics of the study participants were sum-
marized using frequency (%) for categorical variables 
and mean (SD) for continuous variables. The difference 
in these characteristics was compared across the race/
ethnic groups using analysis of variance (ANOVA) or 
Kruskal–Wallis test for continuous variables and Chi-
squared or Fisher’s exact test for the categorical variables.

Association between cumulative glycemic exposure and PAA
Maternal cumulative glycemic concentration during 
pregnancy was estimated using area under the glycemic 
marker concentration versus time curve (AUC) analy-
ses [35, 36]. First, linear mixed model was fitted using 
 log2-transformed value of measurements at enroll-
ment, visit 1, visit 3, and visit 4 to estimate the predicted 

glycemic marker levels with varying intercept and vary-
ing linear and quadratic slopes for gestation age at each 
visit per individual. Then, AUC gluc (mg/dL*week), AUC 
HbA1c (%*week), and AUC insl (pmol/L*week) were sepa-
rately calculated using the following integral formula: ∫ t
0
f (xi) = β0i + β1ixi + β2ix

2

i  , where t is gestational age 
at delivery, β0 is the random effects intercept, β1 is the 
random effects linear slope for gestational age at visit, β2 
is the random effects quadratic slope for gestational age 
at visit, and x is gestational age at the visit for each indi-
vidual i. Integrals were calculated using the “integrate” 
function of the stats R package. The calculated AUC was 
then grouped into tertiles, with tertiles 1, 2, and 3 rep-
resenting low, medium, and high cumulative exposure 
of glycemic markers (Table S1), respectively. Finally, lin-
ear regression analyses were performed to test whether 
medium and high cumulative exposures were associated 
with PAA compared to low cumulative exposure. Mod-
els were adjusted for fetal sex (categorical), maternal age 
(continuous), maternal educational status (categorical), 
and health insurance ownership (categorical). A two-
sided p < 0.05 was taken as evidence for a statistically sig-
nificant association.

Association between glycemic levels at each gestational visit 
and PAA
To examine whether glycemic alteration is associated 
with PAA at a specific gestational age window, linear 
regression analyses were performed between HbA1c 
(Z-score, %), glucose (Z-score, mg/dL), and insulin  (log2, 
pmol/L) and PAA at each of the four study visits (i.e., 
8–13, 16–22, 24–29, and 34–37  weeks). Models were 
adjusted for gestational week at visit in addition to the 
above-mentioned covariates.

Association between trajectories of glycemic markers 
and PAA
Group-based trajectory modeling (GBTM) was per-
formed using PROC TRAJ SAS macro to identify distinct 
subgroups of pregnant women with unique glycemic 
profiles and assess their gestational trajectories [37]. 
Gestational visits (in weeks) were coded as a time vari-
able and glycemic markers as an outcome variable—glu-
cose  (log2, mg/dL), insulin  (log2, pmol/L), and HbA1c 
(%). We started with one group and repeatedly increased 
the number of groups with a quadratic polynomial order 
until a model with an optimum number of trajectory 
groups was identified. The optimal number of trajec-
tory groups was selected based on sample size-adjusted 
Bayesian information criterion (BICn) and log Bayes fac-
tor (i.e., 2*ΔBICn) (Table  S2). ΔBICn was calculated by 
subtracting the absolute value of BICn of the less com-
plex model from the absolute value of BICn of the more 
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complex model. The model with the lowest BICn, log 
Bayes factor > 10, and at least 20 individuals per group 
was selected as the best-fitting model. Then, the poly-
nomial order was adjusted until it became significant at 
the significance level (α) of 0.05 for all trajectory groups. 
The drop-out model, which includes a logistic model of 
drop-out probability per gestational visit, was used to 
investigate whether the attrition rates significantly biased 
group membership probabilities of trajectories [38]. For 
each group, we assumed that the drop-out probabil-
ity depends on the previous measures. A model with an 
average group posterior probability of 70% and above is 
considered accurate in classifying individuals [39]. The 
classification accuracies of our models were 85 to 95%, 
indicating good model accuracy in the classification of 
individuals into the respective trajectory groups based 
on glycemic levels. Linear regression analyses were per-
formed to test the association between a glycemic bio-
marker group and PAA using trajectory groups with low 
glycemic levels as a reference, adjusted for covariates 
mentioned above.

Models were applied in the full cohort and stratified by 
race/ethnicity. Considering that women with and with-
out GDM and preeclampsia differ in glycemic trajecto-
ries and PAA, sensitivity analyses were performed after 
excluding 13 women who developed GDM or preeclamp-
sia during the current pregnancy.

All data analyses were performed in R statistical soft-
ware version 4.3.2 unless otherwise specified.

Results
Characteristics of study participants
The majority (77.4%) of women were married or liv-
ing with a partner, and 69% had at least a high school 
diploma. The mean (± SD) HbA1c at 8–13, 16–22, 24–29, 
and 34–37 gestational weeks was 5.1 (± 0.3), 4.9 (± 0.3), 
4.9 (± 0.3), and 5.2 (± 0.4) %, respectively. The mean 
(± SD) glucose at 8–13, 16–22, 24–29, and 34–37 gesta-
tional weeks was 85.8 (± 11.7), 84.2 (± 9.60), 94.0 (± 19.5), 
and 97.6 (± 20.8) mg/dL, respectively. The mean (± SD) 
insulin at 8–13 (enrollment), 16–22 (visit 1), 24–29 (visit 
2), and 34–37 gestational weeks was 121 (± 143), 86.1 
(± 118), 289 (± 354), and 418 (± 493) pmol/L, respectively. 
Cumulative exposure levels of all three glycemic mark-
ers and PAA did not significantly vary by race/ethnicity 
(Table 1).

Cumulative glycemic exposure and PAA
In the full cohort, there were no cumulative glycemic 
marker levels significantly associated with PAA (Figure 
S2). Among Black women, high insulin, high HbA1c, 
and medium and high glucose cumulative exposure 
levels were associated with lower PAA compared to 

low cumulative exposure levels (β = 0.76  weeks, 95% 
CI = − 1.49 to − 0.03, p = 0.041; β = 0.86, 95% CI = − 1.51 
to − 0.21, p = 0.011; β = 0.92, 95% CI = − 1.56 to − 0.27, 
p = 0.006; and β = 0.75, 95% CI = − 1.41 to − 0.08, 
p = 0.028, respectively). The associations, except for insu-
lin, remained significant in sensitivity analyses exclud-
ing pregnancies complicated by GDM and preeclampsia 
(Fig. 2; Figure S3). Among Asian/Pacific Islander women, 
medium insulin cumulative exposure level was associ-
ated with 0.94 weeks lower PAA compared to low cumu-
lative insulin exposure level (95% CI = − 1.74 to − 0.14, 
p = 0.023). All associations remained significant in sen-
sitivity analyses (Fig.  2; Figure S3). In contrast, among 
Hispanic women, high insulin cumulative exposure level 
was associated with 0.51  weeks higher PAA compared 
to low cumulative exposure level (95% CI = 0.07 to 0.95, 
p = 0.025); however, the association was no longer signifi-
cant in sensitivity analysis (Fig. 2; Figure S3).

Glycemic levels at consecutive gestational age windows 
and PAA
Among Asian/Pacific Islander women, a 1 SD increase in 
glucose and a one-point increase in  log2 insulin at weeks 
24–29 were associated with lower PAA (β = 0.49  weeks, 
95% CI = − 0.81 to − 0.18, p = 0.003 and β = 0.22, 95% 
CI = − 0.43 to − 0.02, p = 0.033, respectively). The associa-
tions remained significant in sensitivity analyses (Fig.  3; 
Figure S4). We observed that glucose levels at gestation 
weeks 24–29 in the full cohort and HbA1c at gestation 
weeks 16–22 and 24–29 among Black women were asso-
ciated with lower PAA, but the associations did not per-
sist in the sensitivity analyses (Fig. 3; Figure S5).

Glycemic trajectories and PAA
We identified stably low (54.49%) and dramatically 
increasing (45.51%) glucose trajectories; low increasing 
(44.19%) and high increasing (55.81%) insulin trajectories; 
and four steadily increasing HbA1c trajectories—low 
increasing (8.31%), medium increasing (32.56%), mod-
erate increasing (50.50%), and high increasing (8.64%) 
(Fig. 1; Table S3).

In full cohort, trajectories of the three glycemic mark-
ers were not significantly associated with PAA (Figure 
S6). Among Black women, high increasing HbA1c trajec-
tory was associated with 1.42 weeks lower PAA compared 
to low increasing HbA1c trajectory (95% CI = − 2.56 to 
− 0.27, p = 0.016), and the association remained signifi-
cant in sensitivity analysis (Fig. 4; Figure S7).

Discussion
In this study of longitudinally measured maternal glyce-
mic markers during pregnancy, lower PAA was associ-
ated with higher glycemic markers in race/ethnic-specific 
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Table 1 Distribution of major characteristics of the study population

Bold indicates statistically significant results (p value < 0.05)

SD, standard deviation; HbA1c, glycated hemoglobin; GDM, gestational diabetes mellitus; +, to compare group difference, ANOVA or Kruskal–Wallis test was applied 

Characteristics, n (%) 
or mean (± SD)

Overall
(N = 301)

Self-reported race/ethnic groups Group difference
(p value)

Non-Hispanic White
(N = 77)

Non-Hispanic Black
(N = 72)

Hispanic
(N = 102)

Asian/Pacific Islander
(N = 50)

Age (years) 27.68 (± 5.26) 29.64 (± 3.93) 25.65 (± 5.75) 26.60 (± 5.54) 29.80 (± 3.92) < 0.001

Born in the USA, yes 192 (63.79) 75 (97.40) 65 (90.28) 42 (41.18) 10 (20.00) < 0.001

Marital status, married 
or living with partner

233 (77.41) 74 (96.11) 36 (50.00) 76 (74.51) 47 (94.00) < 0.001

Educational status, 
greater than high 
school

208 (69.10) 72 (93.51) 42 (58.33) 55 (53.92) 39 (78.00) < 0.001

Employment status, 
employed

246 (81.73) 69 (89.61) 50 (69.44) 86 (84.31) 41 (82.00) 0.012

Health insurance 
ownership, private 
or managed care

184 (61.13) 71 (92.21) 35 (48.61) 37 (36.27) 41 (82.00) < 0.001

Gestational age 
at delivery (weeks)

39.48 (± 1.14) 39.45 (± 1.07) 39.61 (± 0.93) 39.46 (± 1.19) 39.37 (± 1.39) 0.605

Refined robust placen‑
tal clock (rRPC)/PAA

0.00 (± 1.00) − 0.01 (± 0.93) 0.05 (± 1.16) 0.04 (± 0.91) − 0.15 (± 1.01) 0.544

HbA1c (%)

 Weeks 8–13 5.05 (± 0.30) 5.04 (± 0.26) 5.09 (± 0.33) 4.99 (± 0.30) 5.11 (± 0.26) 0.086

 Weeks 16–22 4.91 (± 0.33) 4.84 (± 0.30) 4.94 (± 0.34) 4.91 (± 0.35) 4.99 (± 0.30) 0.115

 Weeks 24–29 4.92 (± 0.33) 4.87 (± 0.33) 4.95 (± 0.34) 4.87 (± 0.29) 5.04 (± 0.37) 0.039

 Weeks 34–37 5.22 (± 0.37) 5.12 (± 0.39) 5.23 (± 0.34) 5.21 (± 0.33) 5.38 (± 0.43) 0.013

Glucose (mg/dl)

 Weeks 8–13 85.79 (± 11.65) 86.50 (± 8.08) 82.60 (± 9.66) 85.69 (± 13.83) 89.33 (± 13.01) 0.008

 Weeks 16–22 84.16 (± 9.60) 84.39 (± 7.53) 81.68 (± 9.13) 84.91 (± 11.26) 85.76 (± 8.94) 0.082

 Weeks 24–29 94.03 (± 19.47) 97.89 (± 18.57) 91.67 (± 17.35) 90.69 (± 21.24) 98.08 (± 18.61) 0.005

 Weeks 34–37 97.60 (± 20.84) 97.96 (± 17.16) 95.58 (± 18.92) 94.44 (± 19.70) 106.39 (± 27.80) 0.039

Insulin (p/mol)

 Weeks 8–13 121.49 (± 142.73) 92.57 (± 121.16) 141.68(± 150.43) 136.28 (± 167.75) 109.06 (± 96.93) 0.028

 Weeks 16–22 86.09 (± 118.08) 52.84 (± 48.96) 98.38 (± 121.40) 107.94 (± 153.98) 74.67 (± 89.22) < 0.001

 Weeks 24–29 289.11 (± 353.90) 253.27 (± 256.19) 328.64(± 461.64) 297.94 (± 365.08) 271.18 (± 285.82) 0.865

 Weeks 34–37 418.33 (± 493.01) 303.91 (± 283.04) 509.94(± 701.17) 405.49 (± 460.45) 482.36 (± 423.97) 0.042

HbA1c cumulative 
exposure levels

0.164

 Low 101 (33.55) 32 (41.56) 21 (29.17) 34 (33.33) 14 (28.00)

 Medium 100 (33.22) 27 (35.06) 23 (31.94) 37 (36.27) 13 (26.00)

 High 100 (33.22) 18 (23.38) 28 (38.89) 31 (30.39) 23 (46.00)

Glucose cumulative 
exposure levels

0.642

 Low 101 (33.55) 25 (32.47) 23 (31.94) 40 (39.22) 13 (26.00)

 Medium 100 (33.22) 25 (32.47) 25 (34.72) 34 (33.33) 16 (32.00)

 High 100 (33.22) 27 (35.06) 24 (33.33) 28 (27.45) 21 (42.00)

Insulin cumulative 
exposure levels

0.263

 Low 101 (33.55) 31 (40.26) 18 (25.00) 39 (38.24) 13 (26.00)

 Medium 100 (33.22) 26 (33.77) 27 (37.50) 31 (30.39) 16 (32.00)

 High 100 (33.22) 20 (25.97) 27 (37.50) 32 (31.37) 21 (42.00)

GDM or preeclampsia, 
yes

13 (4.32) 3 (3.90) 3 (4.17) 5 (4.90) 2 (4.00) 1.00

Fetal sex, female 149 (50%) 38 (49%) 39 (54%) 53 (52%) 19 (38%) 0.318
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analyses, while no associations were found in the full 
cohort. Specifically, 0.75–1.42  weeks lower PAA was 
observed among self-identified Black women in the 
medium or high cumulative glucose exposure group and 
in the high cumulative HbA1c exposure/trajectory group 
compared to Black women in the low glycemic marker 
group. Moreover, a 0.94-week lower PAA was found 
among Asian/Pacific Islander women in the medium 
cumulative insulin exposure group compared to those in 
the low exposure group, as well as a significantly lower 
PAA with increasing insulin and glucose in the late sec-
ond trimester/early third trimester.

Previous studies have reported lower cord blood epi-
genetic age acceleration in pregnancies diagnosed with 
GDM [40] and lower neonatal blood epigenetic age 
acceleration in newborns of women with insulin-treated 
GDM in a previous pregnancy [41]. Similar studies in 
placenta are scarce, with some placental studies finding 
that higher maternal gestational weight gain has been 
associated with lower PAA [42], and low HDL cholesterol 
during early gestation has been associated with higher 
PAA [43]. During pregnancy, glycemic metabolism is 
increased, and a state of insulin resistance occurs in part 
through the influence of placental hormones to fulfill the 

for continuous variables and Chi-squared or Fisher’s exact test was applied for categorical variables; PAA, placental epigenetic age acceleration

Table 1 (continued)

Fig. 2 Change in PAA associated with cumulative glycemic marker exposure levels by race/ethnicity. Each horizontal line indicates the lower 
and upper bounds of the 95% CI, and a rectangle in the middle of the horizontal line indicates the average change (i.e., beta) in PAA. Broken vertical 
lines indicate the null hypothesis of no change. Low cumulative exposure is the reference group for each glycemic marker



Page 8 of 12Habtewold et al. Clinical Epigenetics           (2025) 17:19 

energy demands of the mother and fetus [44]. When the 
placenta is exposed to high levels of glucose during preg-
nancy, elevated oxidative stress mechanisms impair its 
development and function [45] and lead to aging-related 
changes such as immaturity of chorionic villus [10] and 
epigenetic alterations [20]. Our finding of lower PAA in 
relation to elevated glycemic exposure is in line with his-
topathological and ultrasound observations of placental 

immaturity in hyperglycemic pregnancies [10, 14] and 
suggests that the delay in placental maturity may be 
explained by epigenetic molecular changes that impact 
placental development.

The cumulative glycemic marker measure used by our 
study reflects the extent of exposure of the placenta to 
glycemia throughout pregnancy [46]. The association 
of cumulative glycemic exposure with lower PAA was 

Fig. 3 Change in PAA associated with glycemic marker changes at each gestational window by race/ethnicity. Each horizontal line indicates 
the lower and upper bounds of the 95% CI, and a rectangle in the middle of the horizontal line indicates the average change (i.e., beta) in PAA. 
Broken vertical lines indicate the null hypothesis of no change
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corroborated with a secondary analysis using the lon-
gitudinal trajectory of glycemic markers. Glycemic lev-
els at individual visits yielded an association with lower 
PAA only in later gestation (weeks 24–29). The glycemic 
marker levels of the majority of our study participants are 
within the clinically normal range, which partly explains 
why the change in PAA associated with glycemia is due to 
cumulative elevated exposure, rather than a single visit’s 
elevated exposure. In agreement with this finding, other 
phenotypes such as maternal depression sustained across 
the first and second trimesters of pregnancy are associ-
ated with PAA [47].

The biological and clinical implications of placen-
tal epigenetic age deceleration are not as clear as that 
of acceleration. Maternal factors such as early gestation 
dyslipidemia and depression during pregnancy have been 
linked to higher PAA [43, 47], which in turn is associated 
with low birthweight [33] and preeclampsia [15]. Higher 
maternal gestational weight gain has been linked to lower 

PAA [42], similar to the elevated glycemia found in the 
present study. Epigenetic age deceleration in neonatal/
cord blood at birth has been associated with delayed 
pubertal timing [48], lower weight from birth through 
9 months [49], and slower growth in weight and BMI at 
age 7 and age 17 [50]. Based on these observations, it has 
been suggested that epigenetic age deceleration at birth 
or early childhood may indicate developmental immatu-
rity [51]. In placenta, delayed villous maturation has been 
linked to fetal death [52] and delayed neurodevelopment 
in children [53], which have a high preponderance in 
hyperglycemic pregnancies [54, 55]. Therefore, the 0.75–
1.5  weeks lower PAA found in Black and Asian women 
with high glycemic levels may indicate delayed develop-
mental maturity of the placenta relative to its gestational 
age and is likely to be clinically important, but further 
studies are needed to strengthen this evidence.

The association between glycemic levels and PAA in 
our study was race/ethnic-specific. Previous studies have 

Fig. 4 Change in PAA associated with glycemic marker trajectories. Each horizontal line indicates the lower and upper bounds of the 95% CI, 
and a rectangle in the middle of the horizontal line indicates the average change (i.e., beta) in PAA. Broken vertical lines indicate the null hypothesis 
of no change. Lowest order trajectory group is the reference group for each glycemic marker
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documented race/ethnic differences in glycemic levels 
and the distribution of placental pathologies in women 
with or without a known GDM diagnosis. Black and 
Asian pregnant women had higher HbA1c and serum 
glucose levels [25, 26], as well as lower insulin production 
and higher insulin resistance [27], compared to White 
women, regardless of diabetes status. Placental inflam-
matory lesions [28], maternal vascular malperfusion 
of placenta [31], low placental weight [28], and shorter 
placental telomere length [29] are also more common 
among Black women compared to White women. These 
differences in glycemic markers are also observed in the 
general population [56, 57], potentially due to underlying 
differences in socioeconomic status [58], nutritional fac-
tors [59], and access to health care [56]. Future studies in 
larger datasets are required to validate our findings and 
identify factors that may explain why the associations of 
glycemia with PAA are particularly specific to Black and 
Asian women.

A limitation of our study is the small sample size in 
each race/ethnic group, potentially limiting the study’s 
power to detect associations. Further larger studies are 
needed to assess whether absence of associations in some 
race/ethnic groups is because of limited statistical power. 
All placenta samples were obtained at delivery around 
39 gestational weeks [33], limiting the study’s ability to 
estimate placental epigenetic age at different windows 
of gestation and make inferences on the association with 
the glycemic markers. Integrating the glycemia trajecto-
ries in to insulin resistance metrics could improve inter-
pretation but could not be accomplished in the current 
study because longitudinal fasting blood samples were 
not available.

Conclusions
Elevated glucose, HbA1c, and insulin cumulative lev-
els throughout pregnancy in Black and Asian/Pacific 
Islander women, as well as at the end of the 2nd trimester, 
were associated with lower PAA. Even for clinically nor-
mal glycemic marker levels, elevated cumulative glycemic 
marker exposure was related to placental aging. Elevated 
glycemia-related placental epigenetic aging mechanisms 
may contribute to early programming of poor pregnancy 
and childhood health outcomes in relation to glycemic 
dysregulation during pregnancy.

Abbreviations
ANOVA  Analysis of variance
AUC   Area under the curve
AvePP  Average group posterior probability
BICn   Sample size‑adjusted Bayesian information criterion
GDM  Gestational diabetes mellitus
DNA  Deoxyribonucleic acid

DNAm  Deoxyribonucleic acid methylation
GBTM  Group‑based trajectory modeling
HbA1c  Glycated hemoglobin
HPLC   High‑performance liquid chromatography
NICHD  National Institute of Child Health and Human Development
PAA  Placental age acceleration
PreE  Preeclampsia
rRPC  Refined robust placental clock
RNAs  Ribonucleic acids
SD  Standard deviation

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s13148‑ 025‑ 01825‑z.

Additional file 1

Additional file 2

Acknowledgements
We acknowledge the study participants of the NICHD Fetal Growth Studies. 
We thank research teams at all participating clinical centers (which include 
Christina Care Health Systems, Columbia University, Fountain Valley Hospital, 
California, Long Beach Memorial Medical Center, New York Hospital, Queens, 
Northwestern University, University of Alabama at Birmingham, University of 
California, Irvine, Medical University of South Carolina, Saint Peters Univer‑
sity Hospital, Tufts University, and Women and Infants Hospital of Rhode 
Island). The authors also acknowledge the Wadsworth Center, C‑TASC, and 
The EMMES Corporations in providing data and imaging support. This work 
utilized the computational resources of the NIH HPC Biowulf cluster (http:// 
hpc. nih. gov).

Author contributions
FT‑A conceived the study. FT‑A, CZ, KLG, and JG designed the study and 
secured funding. RJB, TD, and FT‑A performed data analyses and interpreted 
the results. TD and PW wrote the manuscript draft. FT‑A supervised the analy‑
ses and critically reviewed and edited the manuscript. All authors provided 
critical intellectual content and approved the final manuscript.

Funding
Open access funding provided by the National Institutes of Health. This 
research was supported, in part, by the Division of Population Health Research, 
Division of Intramural Research, Eunice Kennedy Shriver National Institute of 
Child Health and Human Development (NICHD), National Institutes of Health 
(NIH), and in part, with federal funds including American Recovery and Rein‑
vestment Act funding for the NICHD Fetal Growth Studies—Singletons (Con‑
tract Numbers HHSN275200800013C; HHSN275200800002I; HHSN27500006; 
HHSN275200800003IC; HHSN275200800014C; HHSN275200800012C; 
HHSN275200800028C; HHSN275201000009C; and HHSN27500008). This 
research was also supported, in part, from the NIH Office of the Director, the 
National Institute on Minority Health and Health Disparities, and the National 
Institute of Diabetes and Digestive and Kidney Diseases. K.L.G, J.G., and F.T‑A 
have contributed to this work as part of their official duties as employees of 
the United States Federal Government.

Availability of data and materials
The placental DNA methylation data are available through dbGaP with acces‑
sion number phs001717.v1.p1. The analytic codes for the current study are 
available upon request to the corresponding author.

Declarations

Ethics approval and consent to participate
The study was approved by the Institutional Review Boards of NICHD and all 
participating clinical sites. Informed consent was obtained from each of the 

https://doi.org/10.1186/s13148-025-01825-z
https://doi.org/10.1186/s13148-025-01825-z
http://hpc.nih.gov
http://hpc.nih.gov


Page 11 of 12Habtewold et al. Clinical Epigenetics           (2025) 17:19  

study participants. The study has been registered at ClinicalTrials.gov (Trial 
registration: NCT00912132).

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1 Epidemiology Branch, Division of Population Health Research, Division 
of Intramural Research, Eunice Kennedy Shriver National Institute of Child 
Health and Human Development, National Institutes of Health, 6710B 
Rockledge Drive, Room 3204, Bethesda, MD 20892‑7004, USA. 2 Glotech, Inc., 
Contractor for Division of Population Health Research, Division of Intra‑
mural Research, Eunice Kennedy Shriver National Institute of Child Health 
and Human Development, National Institutes of Health, Bethesda, MD, USA. 
3 Global Centre for Asian Women’s Health, Yong Loo Lin School of Medicine, 
National University of Singapore, Singapore, Singapore. 4 Bia‑Echo Asia Centre 
for Reproductive Longevity and Equality (ACRLE), Yong Loo Lin School of Med‑
icine, National University of Singapore, Singapore, Singapore. 5 Department 
of Obstetrics and Gynecology, Yong Loo Lin School of Medicine, National Uni‑
versity of Singapore, Singapore, Singapore. 6 Department of Nutrition, Harvard 
T.H. Chan School of Public Health, Boston, MA, USA. 

Received: 30 October 2024   Accepted: 27 January 2025

References
 1. Silva CM, Arnegard ME, Maric‑Bilkan C. Dysglycemia in pregnancy and 

maternal/fetal outcomes. J Womens Health (Larchmt). 2021;30(2):187–93.
 2. Guariguata L, Linnenkamp U, Beagley J, Whiting DR, Cho NH. Global 

estimates of the prevalence of hyperglycaemia in pregnancy. Diabetes 
Res Clin Pract. 2014;103(2):176–85.

 3. Zhao D, Yuan S, Ma Y, An YX, Yang YX, Yang JK. Associations of maternal 
hyperglycemia in the second and third trimesters of pregnancy with 
prematurity. Medicine. 2020;99(17):e19663.

 4. Zou J, Wei Q, Shi Y, Wang K, Zhang Y, Shi H. Longitudinal associations 
between maternal glucose levels and ultrasonographic fetal biometrics 
in a Shanghai Cohort. JAMA Netw Open. 2022;5(4):e226407‑e.

 5. Chehab RF, Ferrara A, Greenberg MB, Ngo AL, Feng J, Zhu Y. Glycemic 
control trajectories and risk of perinatal complications among individuals 
with gestational diabetes. JAMA Netw Open. 2022;5(9):e2233955‑e.

 6. Metzger BE, Lowe LP, Dyer AR, Trimble ER, Chaovarindr U, Coustan DR, 
et al. Hyperglycemia and adverse pregnancy outcomes. N Engl J Med. 
2008;358(19):1991–2002.

 7. Hoffman DJ, Powell TL, Barrett ES, Hardy DB. Developmental origins of 
metabolic diseases. Physiol Rev. 2021;101(3):739–95.

 8. Siemers KM, Baack ML. The importance of placental lipid metabolism 
across gestation in obese and non‑obese pregnancies. Clin Sci (Lond). 
2023;137(1):31–4.

 9. Majali‑Martinez A, Weiss‑Fuchs U, Miedl H, Forstner D, Bandres‑Meriz J, 
Hoch D, et al. Type 1 diabetes mellitus and the first trimester placenta: 
hyperglycemia‑induced effects on trophoblast proliferation, cell cycle 
regulators, and invasion. Int J Mol Sci. 2021;22(20):10989.

 10. Ehlers E, Talton OO, Schust DJ, Schulz LC. Placental structural abnormali‑
ties in gestational diabetes and when they develop: a scoping review. 
Placenta. 2021;116:58–66.

 11. Easton ZJW, Luo X, Li L, Regnault TRH. The impact of hyperglycemia upon 
BeWo trophoblast cell metabolic function: a multi‑OMICS and functional 
metabolic analysis. PLoS ONE. 2023;18(3):e0283118.

 12. Jarmuzek P, Wielgos M, Bomba‑Opon D. Placental pathologic changes in 
gestational diabetes mellitus. Neuro Endocrinol Lett. 2015;36(2):101–5.

 13. Eckmann M, Sheng Q, Baldwin HS, Lister RL. Maternal hyperglycemia 
induces changes in gene expression and morphology in mouse placen‑
tas. Gynecol Reprod Health. 2021;4(4):1–15.

 14. Huynh J, Dawson D, Roberts D, Bentley‑Lewis R. A systematic review 
of placental pathology in maternal diabetes mellitus. Placenta. 
2015;36(2):101–14.

 15. Mayne BT, Leemaqz SY, Smith AK, Breen J, Roberts CT, Bianco‑Miotto T. 
Accelerated placental aging in early onset preeclampsia pregnancies 
identified by DNA methylation. Epigenomics. 2017;9(3):279–89.

 16. Paules C, Dantas AP, Miranda J, Crovetto F, Eixarch E, Rodriguez‑Sureda 
V, et al. Premature placental aging in term small‑for‑gestational‑age and 
growth‑restricted fetuses. Ultrasound Obstet Gynecol. 2019;53(5):615–22.

 17. Burton GJ, Fowden AL, Thornburg KL. Placental origins of chronic disease. 
Physiol Rev. 2016;96(4):1509–65.

 18. Giachini FR, Hryciw DH, Castro‑Parodi M, Damiano AE. Editorial: the 
placenta: the origin of chronic diseases in adults. Front Endocrinol (Laus‑
anne). 2024;15:1455965.

 19. Lee Y, Choufani S, Weksberg R, Wilson SL, Yuan V, Burt A, et al. Placental 
epigenetic clocks: estimating gestational age using placental DNA meth‑
ylation levels. Aging (Albany NY). 2019;11(12):4238–53.

 20. Chen F, Fei X, Zhu W, Zhang Z, Shen Y, Mao Y, et al. Placental DNA 
methylation changes in gestational diabetes mellitus. Epigenetics. 
2022;17(13):2109–21.

 21. Awamleh Z, Butcher DT, Hanley A, Retnakaran R, Haertle L, Haaf T, 
et al. Exposure to gestational diabetes mellitus (GDM) alters DNA 
methylation in placenta and fetal cord blood. Diabetes Res Clin Pract. 
2021;174:108690.

 22. Zhao BH, Jiang Y, Zhu H, Xi FF, Chen Y, Xu YT, et al. Placental delta‑like 
1 gene DNA methylation levels are related to mothers’ blood glucose 
concentration. J Diabetes Res. 2019;2019:9521510.

 23. Tobi EW, Juvinao‑Quintero DL, Ronkainen J, Ott R, Alfano R, Canouil M, 
et al. Maternal glycemic dysregulation during pregnancy and neonatal 
blood DNA methylation: meta‑analyses of epigenome‑wide associa‑
tion studies. Diabetes Care. 2022;45(3):614–23.

 24. Taschereau A, Thibeault K, Allard C, Juvinao‑Quintero D, Perron P, Lutz 
SM, et al. Maternal glycemia in pregnancy is longitudinally associated 
with blood DNAm variation at the FSD1L gene from birth to 5 years of 
age. Clin Epigenet. 2023;15(1):107.

 25. Holcomb WL Jr, Mostello DJ, Leguizamon GF. African–American 
women have higher initial HbA1c levels in diabetic pregnancy. Diabe‑
tes Care. 2001;24(2):280–3.

 26. Green JR, Pawson IG, Schumacher LB, Perry J, Kretchmer N. Glucose 
tolerance in pregnancy: ethnic variation and influence of body habitus. 
Am J Obstet Gynecol. 1990;163(1 Pt 1):86–92.

 27. Chen X, Scholl TO. Ethnic differences in C‑peptide/insulin/glucose 
dynamics in young pregnant women. J Clin Endocrinol Metab. 
2002;87(10):4642–6.

 28. Chen Y, Huang L, Zhang H, Klebanoff M, Yang Z, Zhang J. Racial dispar‑
ity in placental pathology in the collaborative perinatal project. Int J 
Clin Exp Pathol. 2015;8(11):15042–54.

 29. Jones CW, Gambala C, Esteves KC, Wallace M, Schlesinger R, O’Quinn M, 
et al. Differences in placental telomere length suggest a link between 
racial disparities in birth outcomes and cellular aging. Am J Obstet 
Gynecol. 2017;216(3):294.e1‑294.e8.

 30. Sletner L, Yajnik CS, Turowski G, Michelsen TM, Sommer C, Birkeland KI, 
et al. Placental weight, surface area, shape and thickness—relations 
with maternal ethnicity and cardio‑metabolic factors during preg‑
nancy. Placenta. 2024;148:69–76.

 31. Zhang P, Dygulski S, Al‑Sayyed F, Dygulska B, Lederman S. Differences 
in prevalence of pregnancy complications and placental pathology 
by race and ethnicity in a New York Community Hospital. JAMA Netw 
Open. 2022;5(5):e2210719.

 32. Grewal J, Grantz KL, Zhang C, Sciscione A, Wing DA, Grobman WA, et al. 
Cohort profile: NICHD fetal growth studies‑singletons and twins. Int J 
Epidemiol. 2018;47(1):25–25l.

 33. Tekola‑Ayele F, Workalemahu T, Gorfu G, Shrestha D, Tycko B, Wapner R, 
et al. Sex differences in the associations of placental epigenetic aging 
with fetal growth. Aging (Albany NY). 2019;11(15):5412–32.

 34. Delahaye F, Do C, Kong Y, Ashkar R, Salas M, Tycko B, et al. Genetic 
variants influence on the placenta regulatory landscape. PLoS Genet. 
2018;14(11):e1007785.

 35. Matthews JN, Altman DG, Campbell MJ, Royston P. Analysis of serial 
measurements in medical research. BMJ. 1990;300(6719):230–5.

 36. Matthews JN. A refinement to the analysis of serial data using sum‑
mary measures. Stat Med. 1993;12(1):27–37.

 37. Jones BL, Nagin DS, editors. Proc TRAJ: a SAS procedure for group‑
based modeling of longitudinal data. Annual meeting home; 2007.



Page 12 of 12Habtewold et al. Clinical Epigenetics           (2025) 17:19 

 38. Haviland AM, Jones BL, Nagin DS. Group‑based trajectory modeling 
extended to account for nonrandom participant attrition. Sociol Meth‑
ods Res. 2011;40(2):367–90.

 39. Niyonkuru C, Wagner AK, Ozawa H, Amin K, Goyal A, Fabio A. Group‑
based trajectory analysis applications for prognostic biomarker model 
development in severe TBI: a practical example. J Neurotrauma. 
2013;30(11):938–45.

 40. 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(2):e230672‑e.

 41. Girchenko P, Lahti J, Czamara D, Knight AK, Jones MJ, Suarez A, et al. 
Associations between maternal risk factors of adverse pregnancy and 
birth outcomes and the offspring epigenetic clock of gestational age 
at birth. Clin Epigenet. 2017;9(1):1–14.

 42. Workalemahu T, Shrestha D, Tajuddin SM, Tekola‑Ayele F. Maternal car‑
diometabolic factors and genetic ancestry influence epigenetic aging 
of the placenta. J Dev Orig Health Dis. 2021;12(1):34–41.

 43. Shrestha D, Workalemahu T, Tekola‑Ayele F. Maternal dyslipidemia during 
early pregnancy and epigenetic ageing of the placenta. Epigenetics. 
2019;14(10):1030–9.

 44. Parrettini S, Caroli A, Torlone E. Nutrition and metabolic adaptations in 
physiological and complicated pregnancy: focus on obesity and gesta‑
tional diabetes. Front Endocrinol (Lausanne). 2020;11:611929.

 45. Wang S, Ning J, Huai J, Yang H. Hyperglycemia in pregnancy‑associated 
oxidative stress augments altered placental glucose transporter 1 
trafficking via AMPKα/p38MAPK signaling cascade. Int J Mol Sci. 
2022;23(15):8572.

 46. Sandovici I, Hoelle K, Angiolini E, Constância M. Placental adaptations 
to the maternal–fetal environment: implications for fetal growth and 
developmental programming. Reprod Biomed Online. 2012;25(1):68–89.

 47. Saeed H, Wu J, Tesfaye M, Grantz KL, Tekola‑Ayele F. Placental accel‑
erated aging in antenatal depression. Am J Obstet Gynecol MFM. 
2024;6(1):101237.

 48. Binder AM, Corvalan C, Mericq V, Pereira A, Santos JL, Horvath S, et al. 
Faster ticking rate of the epigenetic clock is associated with faster puber‑
tal development in girls. Epigenetics. 2018;13(1):85–94.

 49. Bright HD, Howe LD, Khouja JN, Simpkin AJ, Suderman M, O’Keeffe LM. 
Epigenetic gestational age and trajectories of weight and height during 
childhood: a prospective cohort study. Clin Epigenet. 2019;11(1):194.

 50. Simpkin AJ, Howe LD, Tilling K, Gaunt TR, Lyttleton O, McArdle WL, et al. 
The epigenetic clock and physical development during childhood and 
adolescence: longitudinal analysis from a UK birth cohort. Int J Epidemiol. 
2017;46(2):549–58.

 51. Horvath S, Raj K. DNA methylation‑based biomarkers and the epigenetic 
clock theory of ageing. Nat Rev Genet. 2018;19(6):371–84.

 52. Stallmach T, Hebisch G, Meier K, Dudenhausen JW, Vogel M. Rescue by 
birth: defective placental maturation and late fetal mortality. Obstet 
Gynecol. 2001;97(4):505–9.

 53. Ueda M, Tsuchiya KJ, Yaguchi C, Furuta‑Isomura N, Horikoshi Y, Matsu‑
moto M, et al. Placental pathology predicts infantile neurodevelopment. 
Sci Rep. 2022;12(1):2578.

 54. Schmidt MI, Duncan BB, Reichelt AJ, Branchtein L, Matos MC, Costa e 
Forti A, et al. Gestational diabetes mellitus diagnosed with a 2‑h 75‑g oral 
glucose tolerance test and adverse pregnancy outcomes. Diabetes Care. 
2001;24(7):1151–5.

 55. Rowland J, Wilson CA. The association between gestational diabetes 
and ASD and ADHD: a systematic review and meta‑analysis. Sci Rep. 
2021;11(1):5136.

 56. Cavagnolli G, Pimentel AL, Freitas PA, Gross JL, Camargo JL. Effect of eth‑
nicity on HbA1c levels in individuals without diabetes: systematic review 
and meta‑analysis. PLoS ONE. 2017;12(2):e0171315.

 57. Kodama K, Tojjar D, Yamada S, Toda K, Patel CJ, Butte AJ. Ethnic differences 
in the relationship between insulin sensitivity and insulin response: a 
systematic review and meta‑analysis. Diabetes Care. 2013;36(6):1789–96.

 58. Gary TL, McGuire M, McCauley J, Brancati FL. Racial comparisons of health 
care and glycemic control for African American and white diabetic adults 
in an urban managed care organization. Dis Manag. 2004;7(1):25–34.

 59. Pembrey M, Saffery R, Bygren LO. Human transgenerational responses 
to early‑life experience: potential impact on development, health and 
biomedical research. J Med Genet. 2014;51(9):563–72.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	Longitudinal maternal glycemia during pregnancy and placental epigenetic age acceleration
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Study population
	Measurement of glycemic markers
	Placental age acceleration (PAA)
	Statistical analyses
	Association between cumulative glycemic exposure and PAA
	Association between glycemic levels at each gestational visit and PAA
	Association between trajectories of glycemic markers and PAA


	Results
	Characteristics of study participants
	Cumulative glycemic exposure and PAA
	Glycemic levels at consecutive gestational age windows and PAA
	Glycemic trajectories and PAA

	Discussion
	Conclusions
	Acknowledgements
	References


