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STUDY QUESTION: Is the use of ART, a proxy for infertility, associated with epigenetic age acceleration?

SUMMARY ANSWER: The epigenetic age acceleration measured by Dunedin Pace of Aging methylation (DunedinPoAm) differed
significantly between non-ART and ART mothers.

WHAT IS KNOWN ALREADY: Among mothers who used ART, epigenetic age acceleration may be associated with low oocyte yield
and poor ovarian response. However, the difference in epigenetic age acceleration between non-ART and ART mothers (or even fathers)
has not been examined.

STUDY DESIGN, SIZE, DURATION: The Norwegian Mother, Father and Child Cohort Study (MoBa) recruited pregnant women and
their partners across Norway at around 18 gestational weeks between 1999 and 2008. Approximately 95 000 mothers, 75 000 fathers and
114 000 children were included. Peripheral blood samples were taken from mothers and fathers at ultrasound appointments or from
mothers at childbirth, and umbilical cord blood samples were collected from the newborns at birth.

PARTICIPANTS/MATERIALS, SETTING, METHODS: Among the MoBa participants, we selected 1000 couples who conceived by
coitus and 894 couples who conceived by IVF (n¼ 525) or ICSI (n¼ 369). We measured their DNA methylation (DNAm) levels using the
Illumina MethylationEPIC array and calculated epigenetic age acceleration. A linear mixed model was used to examine the differences in
five different epigenetic age accelerations between non-ART and ART parents.

MAIN RESULTS AND THE ROLE OF CHANCE: We found a significant difference in the epigenetic age acceleration calculated by
DunedinPoAm between IVF and non-ART mothers (0.021 years, P-value¼ 2.89E�06) after adjustment for potential confounders. Further,
we detected elevated DunedinPoAm in mothers with tubal factor infertility (0.030 years, P-value¼ 1.34E�05), ovulation factor
(0.023 years, P-value¼ 0.0018) and unexplained infertility (0.023 years, P-value¼ 1.39E�04) compared with non-ART mothers. No differ-
ences in epigenetic age accelerations between non-ART and ICSI fathers were found. DunedinPoAm also showed stronger associations
with smoking, education and parity than the other four epigenetic age accelerations.

LIMITATIONS, REASONS FOR CAUTION: We were not able to determine the directionality of the causal pathway between the epi-
genetic age accelerations and infertility. Since parents’ peripheral blood samples were collected after conception, we cannot rule out the
possibility that the epigenetic profile of ART mothers was influenced by the ART treatment. Hence, the results should be interpreted with
caution, and our results might not be generalizable to non-pregnant women.

WIDER IMPLICATIONS OF THE FINDINGS: A plausible biological mechanism behind the reported association is that IVF mothers
could be closer to menopause than non-ART mothers. The pace of decline of the ovarian reserve that eventually leads to menopause
varies between females yet, in general, accelerates after the age of 30, and some studies show an increased risk of infertility in females
with low ovarian reserve.
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Introduction
Infertility is defined as the failure to achieve pregnancy after 12 months
of regular and unprotected sexual intercourse due to an impairment of
a person’s capacity to reproduce either as an individual or with his/
her partner (Zegers-Hochschild et al., 2017). The prevalence of infer-
tility in developed countries is �12% among women and 10% among
men (Louis et al., 2013; Datta et al., 2016). Accordingly, as a treat-
ment for infertility, the use of ART has vastly grown (Wyns et al.,
2021), and the proportion of infants born after ART has reached 5%
in some countries (Wyns et al., 2021). Although not all infertile cou-
ples use ART as a treatment (Te Velde et al., 2017), those who have
used ART can be regarded as infertile. Previous literature has reported
various risk factors for infertility in women (Gaskins and Chavarro,
2018; Boedt et al., 2021; Hernaez et al., 2021) and men (Jungwirth
et al., 2013), such as obesity, diet, smoking, alcohol intake and aging.
Among these, the effect of aging on infertility is of particular interest
because a growing number of couples postpone their first childbirth to
their 30s (Baird et al., 2005; Nabukera et al., 2006). Reduced fecund-
ability (Zegers-Hochschild et al., 2017) is a well-known repercussion of
aging (Baird et al., 2005) that partly explains why the prevalence of in-
fertility increases with advanced chronological age. The intersection be-
tween these two trends, delaying childbearing and declining
fecundability, highlights the public health urgency of developing a bio-
marker that accurately reflects individual age-related risk of infertility
due to delayed parenthood.

Epigenetic biomarkers of aging, widely referred to as epigenetic
clocks (Hannum et al., 2013; Horvath, 2013; Levine et al., 2018; Lu
et al., 2019; Belsky et al., 2020), are compelling predictors of age-
related conditions in the elderly. Despite having the same chrono-
logical age, individuals with epigenetic age acceleration are at higher
risk of cancer, cardiovascular disease, neurodegenerative disease
and all-cause mortality (Marioni et al., 2015; Horvath and Raj,
2018). The blood-based clock from Hannum et al. (2013) was de-
vised based on the age-related changes in blood cell composition,
and the pan-tissue clock was developed by Horvath (2013) to esti-
mate the shared aging process across multiple human tissues. The
PhenoAge clock by Levine et al. (2018), incorporating several age-
related clinical measures, predicts cardiovascular disease and all-
cause mortality, while the DNAmTL clock developed by Lu et al.
(2019) estimates telomere length to predict mortality and coronary
heart disease by reflecting cellular proliferation. Further, epigenetic
biomarkers of aging are also associated with other age-dependent
conditions among young individuals. For example, Suarez et al.
(2018) reported that, in adolescence, accelerated epigenetic age
was associated with advanced pubertal, neuroendocrine, psychiatric
and cognitive maturity. Belsky et al. (2020) developed the Dunedin
Pace of Aging methylation (DunedinPoAm), a new epigenetic

biomarker reflecting the pace of aging (as a faster pace of aging
results in epigenetic age acceleration), using longitudinal data that
closely captures declines in physical and cognitive function among
young adults who were 38 and 45 years old.

The relationships between epigenetic biomarkers of aging and
male or female infertility are understudied. Monseur et al. (2020)
reported an association between low oocyte yield and epigenetic
age acceleration, and Hanson et al. (2020) revealed an association
between poor ovarian response to ovarian stimulation in ART
and epigenetic age acceleration in white blood cells. However,
these studies were underpowered due to their small sample size
(Monseur et al., n¼ 39 and Hanson et al., n¼ 175), lacked an
important control group (e.g. women who conceived by coitus),
and did not include fathers. In this study, based on data from the
Norwegian Mother, Father and Child Cohort Study (MoBa), we
compared epigenetic age accelerations stemming from five different
epigenetic biomarkers of aging between mother–father pairs who
conceived by coitus to those who conceived by ART. The ART
group included those who used either IVF or ICSI. Further, we
explored associations between the epigenetic age accelerations
and various causes of infertility requiring the use of ART.

Materials and methods

Study population
MoBa recruited pregnant women and their partners across Norway
at 18 gestational weeks between 1999 and 2008 (Magnus et al.,
2006, 2016). Approximately 95 000 mothers, 75 000 fathers
and 114 000 children were included. The MoBa participants com-
pleted a series of questionnaires during pregnancy and at multiple
time points after delivery. Peripheral blood samples were taken
from mothers and fathers at ultrasound appointments or from
mothers at childbirth (Ronningen et al., 2006), and umbilical cord
blood samples were collected from the newborns at birth
(Ronningen et al., 2006).

This study focused on a subset of mother–father–newborn trios in
MoBa who met the following criteria: (i) the children must be single-
tons with full records from the Medical Birth Registry of Norway,
(ii) the mothers must have completed the first MoBa questionnaire at
the 17th week of gestation and (iii) DNA samples must be available
for the complete trios. Among the 52 417 trios who met these crite-
ria, we randomly selected 1017 non-ART and 978 ART trios, i.e. a to-
tal of 1995 trios (Fig. 1). For the analyses, we arrived at 1000 non-
ART mother-father pairs, 525 mother–father pairs who used IVF, and
369 mother–father pairs who used ICSI after excluding outlying sub-
jects with poor data quality (Fig. 1).
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..Blood-based DNA methylation
Blood-based DNA methylation of the 1995 mother–father–child trios
was measured using the Illumina Infinium MethylationEPIC array
(Pidsley et al., 2016). DNA samples were shipped to the Institute of
Life & Brain Sciences at the University of Bonn in Germany for proc-
essing. The EZ-96DNA methylation-LightningTMMagPrep kit (Zymo
Research, Irvine, USA) was used for bisulfite conversion.

Quality control was performed using the RnBeads R package in four
batches separately (Muller et al., 2019). We excluded 44 210 cross-
hybridizing probes (McCartney et al., 2016), 16 117 probes near sin-
gle-nucleotide polymorphisms (within three base pairs), and probes
with a high detection P-value (>0.01) using the greedy-cut algorithm.
This resulted in 770 586 probes on the autosomes and 19 627 probes
on the sex chromosomes. Our study focused on the 770 586 autoso-
mal probes. We also excluded a total of 14 mothers, 21 fathers and
25 children due to poor data quality (Fig. 1). The fluorescence intensi-
ties were corrected for background noise using enmix.oob and nor-
malized using the Beta-mixture quantile normalization (Ziller et al.,
2013) from the wateRmelon R package (Pidsley et al., 2013).

Calculation of epigenetic biomarkers of
aging and epigenetic age acceleration
The epigenetic biomarkers of aging were derived by taking weighted
averages over the DNAm levels at selected CpGs of the MoBa-
START parents. The weights, i.e. the coefficient estimates from penal-
ized regressions, were obtained from the previous publications
(Hannum et al., 2013; Horvath, 2013; Levine et al., 2018; Lu et al.,
2019; Belsky et al., 2020). In this process, some CpGs of the epige-
netic biomarkers of aging were excluded because they did not pass
the quality control procedure described above. The number of the ex-
cluded CpGs are as follows: 5 out of 46 for DunedinPoAm by Belsky
et al. (2020), 6 out of 513 for PhenoAge by Levine et al. (2018), 21
out of 140 for DNAmTL by Lu et al. (2019), 24 out of 353 for
DNAmAge by Horvath (2013) and 9 out of 71 for DNAmAge by
Hannum et al. (2013). Here, the epigenetic biomarker of aging by
DunedinPoAm reflects the pace of aging (in years) from the time of
blood sampling to 10–15 years back, whereas the other biomarkers
estimate epigenetic age (in years) or telomere length (in kilobases) at
the time of blood sampling.

Figure 1. Selection of study participants. The numbers in red refer to the mother–father pairs that were the focus of this study. The samples
used in subsequent analyses could be slightly fewer because of missing data in the adjusting variables. IDAT, Intensity Data.
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..We calculated the epigenetic biomarkers of aging ourselves without
using the Horvath online calculator (http://dnamage.genetics.ucla.edu/).
This was because uploading the individual level data of MoBa-START
to an external website is not part of informed consent from the
MoBa participants. Hence, Lu et al.’s GrimAge, which was only avail-
able through the Horvath online calculator, could not be included in
this study.

We regressed each of the epigenetic biomarkers of aging on chro-
nological age and derived the resultant residual term. For
DunedinPoAm and DNAmTL, their residual terms were named as
age-adjusted DunedinPoAm and age-adjusted DNAmTL, respectively.
For the rest, a suffix of Accel was added, e.g. PhenoAgeAccel and
DNAmAgeAccel. This is because these residual terms have been
widely referred to as ‘epigenetic age acceleration’ in the literature.
Despite the different dynamics of the biomarkers, we use the expres-
sion ‘epigenetic age acceleration’ as an umbrella term for the residual
terms hereafter.

Assisted reproductive technologies
Information on the use of ART was obtained from the Medical Birth
Registry of Norway. The reporting included the specific types of
ART procedures used, e.g. IVF or ICSI, and the causes of infertility
reported by ART physicians. The ART physicians could report sev-
eral contributing or subsidiary causes in addition to a ‘main’ cause of
infertility for each couple who underwent ART (Supplementary
Table SI).

Covariates
Information on pre-pregnancy smoking, alcohol intake and BMI was
derived from the MoBa questionnaire collected at the 15th week of
gestation, while chronological age at blood sampling and parity were
obtained from the Medical Birth Registry of Norway. Detailed informa-
tion on previous gestations, for example medical complications during
pregnancy and birth, was not obtained. Maternal alcohol intake was
calculated by multiplying the quantity by the frequency of alcohol con-
sumption (never: alcohol intake¼ 0, moderate: 0< alcohol intake�
and heavy: alcohol intake> 3), while paternal alcohol intake was de-
fined as the frequency of alcohol consumption (barely: alcohol
intake� 0.25, moderate: 0.25< alcohol intake� 2.5 and heavy: alco-
hol intake> 2.5) (Tollanes et al., 2016).

Statistical analyses
Each of the standardized epigenetic age accelerations was regressed
on a binary variable for (i) non-ART versus IVF, (ii) non-ART versus
ICSI and (iii) non-ART versus subsidiary/main cause of infertility, e.g.
endometriosis, fallopian tubal factor, ovulation factor, sperm factor and
unexplained factor. We used linear mixed models (the lme function
from the nlme R package (Pinheiro et al., 2007)) to adjust the associa-
tions for pre-pregnancy smoking, alcohol intake, BMI, education, parity
and plate (random effect). We reported raw P-values from two-sided
Wald tests (in all figures) but capitalized on the Bonferroni threshold
(0.05/5¼ 0.01) to report the significances of the P-values in the result
section.

Ethics
This study was approved by the institutional review board of the
Norwegian Institute of Public Health and by the Regional Committee
for Medical and Health Research Ethics, southeast Norway (#2017/
1362). The establishment of MoBa and initial data collection were
based on a license from the Norwegian Data Protection Agency and
approval from the Regional Committees for Medical and Health
Research Ethics. The MoBa cohort is now regulated by the Norwegian
Health Registry Act. All participants provided written informed
consent.

Results

Epigenetic biomarkers of aging in MoBa
We measured DNAm of 1995 mother–father–child trios in MoBa,
using the Illumina MethylationEPIC array. After excluding outliers
and samples who did not pass quality control, we retained 1965
mother–father pairs (1000 non-ART and 965 ART pairs, Fig. 1).
We used five epigenetic biomarkers of aging, including DNAm-
estimated ‘pace of aging’ (referred to as DunedinPoAm hereafter)
by Belsky et al. (2020), PhenoAge by Levine et al. (2018), DNAm-
estimated telomere length (DNAmTL) by Lu et al. (2019),
DNAmAge by Horvath (2013) and DNAmAge by Hannum et al.
(2013) (Figs 2 and 3). Age-adjusted DunedinPoAm was moderately
correlated with PhenoAgeAccel by Levine et al. (2018) (the
Pearson correlation coefficient ranged from 0.46 to 0.48) and
weakly correlated with the other epigenetic age accelerations
(Absolute Pearson correlation coefficient ranged from 0.16 to 0.26)
(Supplementary Fig. S1).

Epigenetic age accelerations between
non-ART mothers and IVF mothers and
between non-ART fathers and ICSI fathers
Assuming that the use of IVF or ICSI is a proxy for female or male in-
fertility, respectively, we compared the epigenetic age accelerations
between non-ART mothers and IVF mothers and between non-ART
fathers and ICSI fathers. The characteristics of the study participants in
each group can be found in Table I.

We found a minute but significant difference in the age-adjusted
DunedinPoAm between non-ART and IVF mothers (0.021 years,
95% CI 0.012, 0.03, P-value¼ 2.89E�06, Fig. 4) with adjustment for
pre-pregnancy smoking, alcohol intake, BMI, education, parity and
batch number used in measuring DNAm. This indicates that IVF
mothers showed a faster pace of aging of 0.021 years compared to
non-ART mothers. However, there were no associations between
the other epigenetic age accelerations and the use of IVF in moth-
ers. Furthermore, none of the epigenetic age accelerations were as-
sociated with the use of ICSI in the fathers. For a clearer
comparison of the different epigenetic age accelerations (as they are
in different scales, Figs 2 and 3), the differences in standardized epi-
genetic age accelerations between non-ART and IVF group were
added to Fig. 4.
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.Epigenetic age accelerations between
non-ART group and ART groups with
various causes of infertility
For each couple who underwent ART, ART physicians could report
several contributing ‘subsidiary causes’ and one ‘main’ cause of in-
fertility including endometriosis, tubal factor, ovulation factor, sperm
factor and unexplained infertility. The distributions of the various
subsidiary and main causes of infertility can be found in
Supplementary Table SI.

For the subsidiary causes of infertility, we found significant differen-
ces in the age-adjusted DunedinPoAm between non-ART mothers
and ART (IVF and ICSI) mothers with tubal factor (0.030 years, P-
value¼ 1.34E�05, Supplementary Fig. S2), and between non-ART
mothers and ART mothers with ovulation factor (0.023 years, P-val-
ue¼ 0.0018, Supplementary Fig. S2). Additionally, the age-adjusted
DunedinPoAm differed between non-ART mothers and ART mothers
with unexplained infertility (0.023 years, P-value¼ 1.39E�04,
Supplementary Fig. S2). Again, in fathers, none of the epigenetic age
accelerations were associated with sperm factor or unexplained
infertility.

We then examined the associations between the epigenetic age
accelerations and the main causes of infertility. Unlike the subsidiary
causes of infertility presented above, only one main cause of infertil-
ity could be assigned to each couple. Strikingly, despite its under-
powered comparison due to the fewer cases, the difference in the
age-adjusted DunedinPoAm between non-ART mothers and ART
mothers with tubal factor appeared to be larger and more significant
(0.033 years, P-value¼ 7.88E�06, Supplementary Fig. S3) than the
corresponding effect size (0.030 years, P-value¼ 1.34E�05)
reported in Supplementary Fig. S2. The age-adjusted DunedinPoAm
also differed between the non-ART mothers and the ART mothers
with unexplained infertility (0.021 years, P-value¼ 7.95E�04,
Supplementary Fig. S3). Again, in fathers, none of the epigenetic age
accelerations were associated with sperm factor or unexplained
infertility.

As additional analyses, we focused on the comparison (i) between
non-ART mothers and IVF mothers whose partner was not reported
to have any sperm factor infertility and (ii) between non-ART fathers
and ICSI fathers where sperm factor infertility was reported as a main
cause of infertility. A small fraction (12%) of the IVF couples were
reported to have sperm factor as a subsidiary cause of infertility, and

Figure 2. Scatter plots of maternal age at blood sampling against maternal biomarkers of aging. (A) DNAm-estimated ‘Pace of
Aging’ (referred to as DunedinPoAm) by Belsky et al. (2020), (B) PhenoAge by Levine et al. (2018), (C) DNAm-estimated telomere length
(DNAmTL) by Lu et al. (2019), (D) DNAmAge by Horvath (2013) and (E) DNAmAge by Hannum et al. (2013). The red dots refer to the mothers
with 95% percentile of DunedinPoAm, while the blue dots refer to the mothers with 5% percentile of DunedimPoAm. The dotted line indicates the
linear regression of each biomarker of aging on maternal age at blood sampling. DNAm, DNA methylation; PhenoAge, DNAm-estimated phenotypic
age; DNAmTL, DNAm-estimated telomere length; DNAmAge, DNA methylation age.

Epigenetic aging, ART and infertility 2067

D
ow

nloaded from
 https://academ

ic.oup.com
/hum

rep/article/37/9/2063/6623472 by U
niversity of Bergen Library user on 22 D

ecem
ber 2022

https://academic.oup.com/humrep/article-lookup/doi/10.1093/humrep/deac147#supplementary-data
https://academic.oup.com/humrep/article-lookup/doi/10.1093/humrep/deac147#supplementary-data
https://academic.oup.com/humrep/article-lookup/doi/10.1093/humrep/deac147#supplementary-data
https://academic.oup.com/humrep/article-lookup/doi/10.1093/humrep/deac147#supplementary-data
https://academic.oup.com/humrep/article-lookup/doi/10.1093/humrep/deac147#supplementary-data
https://academic.oup.com/humrep/article-lookup/doi/10.1093/humrep/deac147#supplementary-data
https://academic.oup.com/humrep/article-lookup/doi/10.1093/humrep/deac147#supplementary-data


..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..most (77%) ICSI couples had sperm factor as a main cause of infertil-
ity. The difference in DunedinPoAm between non-ART mothers and
IVF mothers who were not influenced by any sperm factor was
0.023 years (P-value¼ 1.44E�06, Supplementary Fig. S4). This differ-
ence is larger and more significant than that shown in Fig. 4
(0.021 years, P-value¼ 2.89E�06), even if the sample size was re-
duced. In fathers, we found no association between epigenetic age
accelerations and the use of ICSI even after restricting the analysis to
the ICSI fathers with sperm factor as the main cause of infertility
(Supplementary Fig. S5).

Replication of associations between
covariates and epigenetic age accelerations
As previously reported by others, we also found associations be-
tween the epigenetic age accelerations and environmental expo-
sures such as smoking, alcohol intake, BMI, education and parity
(Supplementary Figs S6 and S7). The distributions of the environ-
mental factors can be found in Table I. Expectedly, heavy smokers,
obese and poorly educated individuals showed accelerated

epigenetic aging profiles (DunedinPoAm, PhenoAge by Levine et al.
(2018) and DNAmTL by Lu et al. (2019)). Interestingly, the individu-
als with higher parity showed accelerated aging compared to the
primiparous ones.

Evaluation of the CpGs included in
DunedinPoAm
We explored whether the 46 CpGs included in DunedinPoAm have
been associated with any fertility-related health outcomes in previous
studies. We queried each of the 46 CpGs in the epigenome-wide as-
sociation study catalog (http://www.ewascatalog.org/). There were
38 CpGs associated with age or gestational age in whole blood, fetal
cord blood or fetal brain tissue, and 12 CpGs (near AHRR, ETV6 and
others) were associated with smoking or maternal smoking in whole
blood or fetal cord blood (Supplementary Table SII). This is in line
with our findings; DunedinPoAm was highly sensitive to smoking in
both mothers and fathers (Supplementary Figs S6 and S7). However,
DunedinPoAm is not merely a proxy for smoking as maternal
DunedinPoAm remained strongly associated with IVF, tubal factor and

Figure 3. Scatter plots of paternal age at blood sampling against paternal biomarkers of aging. (A) DNAm-estimated ‘Pace of Aging’
(referred to as DunedinPoAm) by Belsky et al. (2020), (B) PhenoAge by Levine et al. (2018), (C) DNAm-estimated telomere length (DNAmTL) by
Lu et al. (2019), (D) DNAmAge by Horvath (2013) and (E) DNAmAge by Hannum et al. (2013). The red dots refer to the fathers with 95% percen-
tile of DunedinPoAm, while the blue dots refer to the fathers with 5% percentile of DunedimPoAm. The dotted line indicates the linear regression of
each biomarker of aging on paternal age at blood sampling. DNAm, DNA methylation; PhenoAge, DNAm-estimated phenotypic age; DNAmTL,
DNAm-estimated telomere length; DNAmAge, DNA methylation age.
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..unexplained infertility, even with adjustment for smoking (Fig. 4,
Supplementary Figs S2 and S3). Moreover, when restricting our
analysis to non-smoking mothers, we still found strong associations
between maternal DunedinPoAm and use of IVF (0.016 years,
P-value¼ 0.0012) and tubal factor as the main cause of infertility
(0.027 years, P-value¼ 0.0007).

Discussion
This study examined the differences in five epigenetic age accelerations
between non-ART mothers (n¼ 1000) and IVF mothers (n¼ 525)
and between non-ART fathers (n¼ 1000) and ICSI fathers (n¼ 369)
using microarray DNAm data. Among the epigenetic age accelerations
tested, DunedinPoAm, an epigenetic estimator of the ‘Pace of Aging’,
differed significantly between non-ART mothers and IVF mothers

(Fig. 4). This effect persisted in more granular comparisons of the non-
ART mothers versus ART mothers with female infertility, e.g. tubal
factor and ovulation factor (Supplementary Figs S2 and S3). However,
the associations of the other epigenetic age accelerations with the use
of IVF in mothers were weak to moderate. In fathers, no epigenetic
age accelerations were associated with the use of ICSI or sperm factor
infertility.

According to our findings, DunedinPoAm might surpass the other
epigenetic biomarkers of aging in terms of estimating the biological ag-
ing profile of individuals who are in their reproductive years. Here, the
novelty of DunedinPoAm lies in its quantification of the ‘Pace of
Aging’. Using the Dunedin study (Belsky et al., 2015), Belsky et al.
(2020), the inventors of DunedinPoAm, quantified the ‘Pace of Aging’
based on 18 clinical measures collected longitudinally (at age 26, 32
and 38 years, which broadly covers the reproductive age in developed
countries (Khandwala et al., 2017; Beaujouan, 2020)). Then, they

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

Table I Descriptive statistics of the study samples.

N (%) or mean (SD)

Mother Father

Non-ART (n 5 1000) IVF (n 5 525) Non-ART (n 5 1000) ICSI (n 5 369)

Chronological age1 30.1§ 4.63 33.57§ 3.6 32.74§ 5.5 36.19§ 5.72

Smoking2,3 No 643 (64.3%) 376 (71.6%) 684 (68.4%) 265 (71.8%)

Sometimes 100 (10%) 56 (10.7%) 98 (9.8%) 38 (10.3%)

Daily 177 (17.7%) 56 (10.7%) 192 (19.2%) 58 (15.7%)

NA 80 (8%) 37 (7%) 26 (2.6%) 8 (2.2%)

Alcohol2,4 No or barely 116 (11.6%) 80 (15.2%) 211 (21.1%) 80 (21.7%)

Moderate 571 (57.1%) 333 (63.4%) 545 (54.5%) 176 (47.7%)

Severe 298 (29.8%) 99 (18.9%) 158 (15.8%) 76 (20.6%)

NA 15 (1.5%) 13 (2.5%) 86 (8.6%) 37 (10%)

BMI2,5 Underweight (<18.5 kg/m2) 27 (2.7%) 11 (2.1%) – –

Normal (18.5–25 kg/m2) 636 (63.6%) 334 (63.6%) 412 (41.2%) 136 (36.9%)

Overweight (25–30 kg/m2) 218 (21.8%) 122 (23.2%) 446 (44.6%) 175 (47.4%)

Obese (30–35 kg/m2) 74 (7.4%) 39 (7.4%) 92 (9.2%) 38 (10.3%)

Excessive obese (>35 kg/m2) 31 (3.1%) 8 (1.5%) 16 (1.6%) 17 (4.6%)

NA 14 (1.4%) 11 (2.1%) 34 (3.4%) 3 (0.8%)

Education2 <Vocational school 161 (16.1%) 63 (12%) 340 (34%) 95 (25.7%)

High school 213 (21.3%) 82 (15.6%) 191 (19.1%) 67 (18.2%)

University �4 years 382 (38.2%) 223 (42.5%) 259 (25.9%) 106 (28.7%)

University >4 years 230 (23%) 152 (29%) 205 (20.5%) 99 (26.8%)

NA 14 (1.4%) 5 (1%) 5 (0.5%) 2 (0.5%)

Parity2,6 0 477 (47.7%) 364 (69.3%) 477 (47.7%) 256 (69.4%)

1 346 (34.6%) 130 (24.8%) 346 (34.6%) 94 (25.5%)

2 147 (14.7%) 27 (5.1%) 147 (14.7%) 15 (4.1%)

3þ 30 (3%) 4 (0.8%) 30 (3%) 4 (1.1%)

1Mean (SD).
2N (%).
3For mothers, self-reported smoking status 3 months before pregnancy was considered. For fathers, self-reported smoking status before and during their partner’s pregnancy was
considered.
4For mothers, self-reported alcohol consumption 3 months before pregnancy was considered. For fathers, self-reported alcohol consumption 6 months before their partner’s preg-
nancy was considered.
5For mothers, self-reported pre-pregnancy BMI was considered.
6The parity of mothers.
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.
regressed the Pace of Aging on DNAm at CpG sites collected at
age 38. In their validation process, DunedinPoAm was highly
predictive of the longitudinal decline of functional capabilities, e.g.
balance, grip strength, perceptual reasoning and so forth (see Fig. 2
of Belsky et al. (2020)), among individuals at age 38 and 45. In addi-
tion, as shown in our analyses (Supplementary Figs S6 and S7),
DunedinPoAm was more sensitive to environmental exposures such
as smoking, education attainment and parity than the other bio-
markers of aging.

The other epigenetic age accelerations showed no significant
associations with the use of IVF or causes of infertility in mothers. In
other studies, these biomarkers were significantly associated with
cancer, cardiovascular disease, neurodegenerative disease and all-
cause mortality (Horvath and Raj, 2018). As both male and female
infertility are age-dependent (Baird et al., 2005; Sharma et al., 2015)

and associated with cardiovascular disease later in life (Hanson
et al., 2017), it is sensible to infer some extent of associations be-
tween these epigenetic biomarkers of aging and infertility. However,
except for DunedinPoAm, the other epigenetic age accelerations
were only weakly associated with the causes of infertility in mothers
(Supplementary Figs S2 and S3). This observation may be explained
by the fact that the other epigenetic biomarkers of aging, by their
construction, estimate an individual’s aging status compared to his/
her peers using the age-adjusted epigenetic age, i.e. the residual
term from a regression of epigenetic age on chronological age
(Horvath, 2013; Horvath et al., 2018; Levine et al., 2018). This way
of inference should always include a true biological signal and a ran-
dom noise term by their construction. Because of this random noise
term, the other epigenetic biomarkers of aging may require a
greater sample size to capture the decline of fecundity in young

Figure 4. Differences in epigenetic age accelerations between non-ART and IVF/ICSI parents. The plot on the right side was gener-
ated based on the beta coefficient estimates with the standardized outcomes. DNAm, DNA methylation; DunedinPoAm, DNAm-estimated ‘Pace of
Aging’ by Belsky et al. (2020); PhenoAgeAccel, DNAm-estimated phenotypic age acceleration; DNAmTL, DNAm-estimated telomere length;
DNAmAgeAccel, DNA methylation age acceleration. 1In mothers, the associations were adjusted for smoking (pre-pregnancy), alcohol intake (pre-
pregnancy), BMI (pre-pregnancy), education, parity and plate. 2In fathers, the associations were adjusted for smoking, alcohol intake, BMI, education,
partner’s parity and plate. 3Age-adjusted DNAm-estimated telomere length (DNAmTL) by Lu et al. was multiplied by �1. DNAmTL declines with
advanced chronological age. 4The epigenetic age accelerations as outcome variables were not standardized. 5The epigenetic age accelerations as out-
come variables were standardized.
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.
individuals (Zhang et al., 2019) than DunedinPoAm. Indeed, the
other epigenetic biomarkers of aging mostly showed the same direc-
tions of associations with tubal factor, smoking status and education
attainment as DunedinPoAm, but presented weaker associations
than DunedinPoAm.

A further explanation for the different results from DunedinPoAm
and the others is that epigenetic biomarkers of aging reflect
different aspects of biological aging (Horvath and Raj, 2018; Bell
et al., 2019). Epigenetic biomarkers of aging are weakly correlated
(Supplementary Fig. S1) and do not share a bulk of CpGs with one
another (Horvath and Raj, 2018; Liu et al., 2020). Single-cell analysis,
as an attempt to link epigenetic aging with existing hallmarks of ag-
ing, has gained attention. Lowe et al. (2016) reported that, in epi-
thelial cells, epigenetic aging captured by Horvath (2013) was
accompanied with replicative and oncogene-induced cellular senes-
cence but was distinct from senescence induced by telomere attri-
tion or DNA damage. Liu et al. (2020) reported that epigenetic
aging by Levine et al. (2018) did not capture oncogene-induced se-
nescence but replicative senescence in fibroblast cells. Further analy-
sis of single cells is expected to unveil what mechanism underlies
DunedinPoAm.

A plausible biological mechanism behind the faster pace of epige-
netic aging in IVF mothers is that they could be closer to menopause
than non-ART mothers. The pace of decline of the ovarian reserve
that eventually leads to menopause varies between females, yet in
general, accelerates after the age of 30 (Baird et al., 2005), and
some studies show an increased risk for infertility in females with
low ovarian reserve (Korsholm et al., 2018; Lin et al., 2021).
Regrettably, no markers for ovarian reserve such as pre-pregnancy
serum anti-Mullerian hormone measurements or antral follicle
counts were available in our dataset. Neither could low ovarian re-
serve be registered as a main or subsidiary cause of infertility by
ART-clinicians. Amongst the causes of infertility that could be regis-
tered, unexplained infertility is known to be closely intertwined with
age-related infertility and low ovarian reserve (Somigliana et al.,
2016) and was indeed associated with DunedinPoAm in our study.
Although the use of IVF is not causal for ovarian aging and early
menopause (Elder et al., 2008), it is noteworthy that one study
found epigenetic age acceleration later in life to be associated with
having experienced an early menopause (Levine et al., 2016).
Another study found that mural granulosa cells and leukocytes in
women with diminished ovarian response show a specific epigenetic
profile (Olsen et al., 2021).

DunedinPoAm also showed epigenetic age acceleration in ART
mothers with ovulation factor infertility and those with tubal factor
infertility. Ovulation factor infertility is often caused by polycystic
ovary syndrome, a syndrome characterized by androgen excess
(Deswal et al., 2018), and some studies have linked androgen excess
to epigenetic aging. For example, women who experienced early
menopause (i.e. relative androgen excess) showed epigenetic age
acceleration (Levine et al., 2016). Further, an animal study revealed
that castration of male sheep might delay epigenetic aging (Sugrue
et al., 2021). The association between tubal factor infertility and epi-
genetic age acceleration could also be medicated by pelvic infection
or previous surgery in the pelvis. Women with pelvic infection and
surgery are more likely to experience tubal factor infertility
(Wiesenfeld et al., 2012; Hoenderboom et al., 2019) and showed

significant epigenetic age acceleration (Kananen et al., 2015;
Sadahiro et al., 2020). However, given that the above-mentioned
studies preceded DunedinPoAm, further investigation is necessary
to verify this suggested mechanism.

Our results showed that mothers with parity of three or more had
higher epigenetic age acceleration compared to those with parity of
zero (Supplementary Figs S6 and S7). Yet, this finding should be inter-
preted with caution due to the low number of the mothers with parity
of three or more (Table I). One previous study was in line with our
finding (Kresovich et al., 2019), whereas another study found no asso-
ciation between epigenetic age acceleration and parity (Harville et al.,
2021). This discrepancy between studies could be due to inclusion or
not of medically complicated pregnancies. On the other hand, the as-
sociation between previously having fathered three children or more
and epigenetic age acceleration is novel. Previous studies in demogra-
phy suggested that the observed U-shaped fertility–mortality relation-
ship in males is partly an effect of reproductive behavior on lifestyle
(Grundy and Kravdal, 2010).

As limitations, we were not able to determine the directionality of
the causal pathway between the epigenetic age accelerations and infer-
tility. Importantly, parents’ peripheral blood samples were collected af-
ter conception (in the majority of cases, blood samples were collected
at ultrasound appointments scheduled around the 17th to 18th week
of gestation (Paltiel et al., 2014)). Therefore, we cannot rule out the
possibility that the epigenetic profile of ART mothers was influenced
by the ART treatment or pregnancy. Hence, the results should be
interpreted with caution as they might not be generalizable to non-
pregnant women. According to Gruzieva et al. (2019), the methylation
levels at 196 CpGs change before, during and after pregnancy. As an-
other limitation, this study lacked couples who were unsuccessful at
conceiving even after undergoing ART. Therefore, we were not able
to investigate the extent to which epigenetic aging was altered among
severely infertile couples who never conceived, compared to those
who conceived by coitus or ART.

Conclusions
The Pace of Aging measured by DunedinPoAm differed significantly
between non-ART mothers and IVF mothers. There were minute but
significant differences in DunedinPoAm between non-ART mothers
and ART mothers with tubal factor, ovulation factor and unexplained
infertility. We found no differences in epigenetic age accelerations be-
tween non-ART and ICSI fathers.

Supplementary data
Supplementary data are available at Human Reproduction online.

Data availability
The individual-level DNAm and phenotypic data from the Medical
Registry of Norway and the MoBa questionnaires are accessible upon
request and after approval by the Norwegian Institute of Public Health
(https://www.fhi.no/en/studies/moba/).
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