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Abstract: Telomere length (TL) influences the development of lifestyle-related diseases, and neonatal
TL may influence their prevalence. Various factors have been reported to affect neonatal TL.
Although the fetus is exposed to multiple conditions in utero, the main factors affecting the shortening
of neonatal TL are still not known. In this study, we sought to identify factors that influence
fetal TL. A total of 578 mother-newborn pairs were included for TL analysis. TL was measured
in genomic DNA extracted from cord blood samples using quantitative PCR. The clinical factors
examined at enrollment included the following intrauterine environmental factors: maternal age,
assisted reproductive technology (ART) used, body mass index (BMI), gestational diabetes mellitus
(GDM), maternal stress, smoking, alcohol consumption, preterm delivery, small-for-gestational-age,
neonatal sex, and placental weight. Univariate and multivariate regression analyses were used to
verify the relationship between neonatal TL and these clinical factors. The median neonatal TL to
single-copy gene ratio was 1.0. Pregnancy with ART was among the 11 factors associated with shorter
neonatal TL. From multiple regression analysis, we determined that neonatal TL was significantly
shorter for pregnancies in the ART group than in the other groups. We conclude that pregnancy with
ART is associated with shorter neonatal TL.

Keywords: assisted reproductive technology; developmental origins of health and disease; pregnancy;
lifestyle; neonates; telomere length

1. Introduction

The general idea of the “Developmental Origins of Health and Disease” hypothesis, in which
various environmental factors influence postnatal development and the risk of disease onset during
adulthood, is intriguing [1]. The concept is that future health and susceptibility to certain illnesses are
strongly influenced by the prenatal and early postnatal environments. Barker et al. reported that low
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birth weight infants have an increased risk of developing metabolic diseases in adulthood, such as
diabetes, hypertension, and hyperlipidemia, and they proposed the “Fetal Origins of Adult Disease”
hypothesis [2]. Furthermore, Gluckman and Hanson developed the Developmental Origins of Health
and Disease hypothesis [3]. According to this hypothesis, exposure to various environments during
development causes a predictive adaptive response, and future disease risk is determined by the
degree of adaptation to subsequent environments.

In addition, preemptive medicine, which provides early intervention for disease risk based on
individual genetic backgrounds, has attracted increasing attention. In this context, it is important to
focus on fetal factors that can influence neonatal telomere length (TL), which may be relevant for the
development of cardiovascular diseases, diabetes, and malignancies in adults [4–6].

Telomeres are located at the ends of chromosomes and consist of a characteristic DNA sequence
(TTAGGG), along with various proteins. Telomeres play an important role in preserving chromosomal
stability [7] and become shorter after each round of cell division. Considering that a strong correlation
has been identified between TL and lifespan, telomeres have attracted attention as biomarkers for
aging [8,9]. TL is uniformly shortened during aging within the same organism, but differs between
individuals. In addition, Okuda et al. reported that the variability in TL observed between adults
reflects fetal differences in TL [10].

More recently, an association between maternal perinatal factors, fetal umbilical blood,
and placental TL was reported in several unrelated studies [11]. It is believed that individual differences
in TL may be determined by the intrauterine environment, which is in turn affected by stress, diabetes,
obesity, smoking, and small-for-gestational-age status [11–17]. Thus, maternal health conditions and
lifestyle habits may exert a significant influence on fetal programming, which could affect health in
adulthood. Although some pregnant women have many of these risk factors, the factors that have a
strong effect on TL have yet to be investigated. Therefore, in this study, we sought to define the major
determinants of fetal TL.

2. Results

A total of 578 mother-newborn pairs were selected for TL analysis using quantitative PCR.
We confirmed the correlation between the T/S ratio and TRF in 12 randomly selected umbilical cord
blood samples. A strong positive correlation has been found between the T/S ratio assessment by q-PCR
and TRF measurement as determined by Southern blotting (Supplementary Figure S1). The distribution
of infants’ TL is shown in Supplementary Figure S2. The median neonatal TL to single-copy gene
(T/S) ratio in cord blood was 1.0 (interquartile range, 0.7–1.5). Demographic characteristics and
perinatal factors are listed in Table 1. The mean age of the pregnant women was 31.6 ± 5 (range,
17–46) years. Of the 578 pregnant women, 175 (30%) were older than 35 years. There were 58 women
(10%) who became pregnant via assisted reproductive technology (ART), and 28 of these women used
conventional in vitro fertilization, whereas 30 became pregnant by intracytoplasmic sperm injection.
Mean body mass index (BMI) at 12 weeks was 21.3 kg/m2. In terms of body weight, 97 women (17%)
were underweight, 408 (71%) had standard weight, and 73 (13%) were obese. Forty-two women (7.3%)
had gestational diabetes mellitus (GDM), 181 (31%) displayed a stress score ≥300 (i.e., high stress),
35 (6.1%) smoked throughout pregnancy, and 38 (6.7%) drank alcohol during pregnancy.

Among the 578 newborns, 298 were male (52%); the mean gestational age was 38.6 (range, 29–42)
weeks, and mean (±standard deviation) birth weight was 2962 ± 373.7 g. Thirty-eight newborns (6.7%)
were preterm, 41 (7%) were small-for-gestational-age, and 187 (32.4%) had a small placenta.

Univariate correlation analysis of the relationship between TL and each perinatal factor is shown
in Table 2. ART was among the 11 factors associated with shorter TL in cord blood. Maternal obesity
also tended to be associated with shorter TL in DNA extracted from cord blood. Multiple regression
analysis showed that the TL of DNA in neonatal cord blood was shorter in the ART group (p = 0.013).
Obesity during early pregnancy was not significantly associated with shorter TL (Table 3). Furthermore,
in the group that achieved pregnancy via ART, there was no significant difference in TL between
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women treated with intracytoplasmic sperm injection and those who underwent conventional in vitro
fertilization. In addition, the average age of the ART group was 34.9 years and that of the non-ART
group was 31.3 years; the individuals in the ART group tended to be older, but the difference in age
between these groups was not significant.

Table 1. Characteristics of the participants (N = 578).

n % M SD

Maternal factor
Age (years) 31.6 5

ART 58 10
BMI (kg/m2) 21.3 3.9
BMI < 18.5 97 16.8 17.5 0.8

18.5 ≤ BMI < 25 408 70.6 20.8 1.6
BMI ≥ 25 73 12.6 29.08 3.8

GDM 42 7.3
Maternal stress exposure during pregnancy

(Holmes and Rahe Stress Scale questionnaire) 258.5 157.2

Holmes and Rahe Stress Scale ≥ 300 181 31.3
Smoking 35 6.1
Drinking 38 6.6

Gestational age (weeks) 38.6 1.6
Preterm birth 38 6.6

Birth weight (g) 2962 373.7
SGA 30 5.2

Newborn sex (male) 298 51.6
Placental weight (g) 543.2 107.9

Placental weight < 500 g 187 32.4
Cord blood telomere length (T/S ratio) a 1.0 b 0.7–1.5 c

Note. SD = standard deviation; M = mean; ART = assisted reproductive technology; BMI = body mass index;
ICSI = intracytoplasmic sperm injection; GDM = gestational diabetes mellitus; SGA = small for gestational age;
T/S ratio = ratio of telomere repeats copy number to single-gene copy number. a Log-transformed to obtain normal
distributions. b Median. c Interquartile range.

Table 2. Correlation between telomere length and each perinatal factor.

Variables All (n = 578) No. (% of All) Telomere Length M p-Value

Maternal factor
Age (years)
≥35 175 (30) 1.02
< 35 403 (70) 0.99 0.543
ART
Yes 58 (10) 0.80
No 520 (90) 1.04 0.003

BMI
≥25 73 (13) 0.88
<25 505 (87) 1.03 0.057

GDM
Yes 42 (7.3) 0.99
No 536 (92.7) 1.01 0.784

Stress
≥300 181 (31) 1.02
<300 397 (69) 1.01 0.907

Smoking status
Yes 35 (6.1) 1.04
No 543 (93.9) 1.01 0.764

Alcohol consumption
Yes 38 (6.7) 1.12
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Table 2. Cont.

Variables All (n = 578) No. (% of All) Telomere Length M p-Value

No 540 (93.3) 1.01 0.321
Newborn factor

Preterm birth
Yes 38 (6.7) 1.07
No 540 (93.3) 1.01 0.596

SGA
Yes 30 (5.2) 0.96
No 548 (94.8) 1.01 0.632
Sex

Male 298 (52) 0.99
Female 280 (48) 1.01 0.869

Placenta weight
<500 g 187 (32) 1.01
≥500 g 391 (68) 1.01 0.945

Note. Abbreviations used in this table are the same as in Table 1. Bold indicates statistical significance (p < 0.05).

Table 3. Multivariate correlation analysis of telomere length with material perinatal factors.

Variables Coefficient 95% Confidence Interval p-Value

Age ≥ 35 years −0.0051 −0.0559 0.0457 0.843
ART −0.0967 −0.1733 −0.0201 0.013

BMI ≥ 25 −0.0494 −0.1192 0.0204 0.165
GDM 0.0009 −0.0875 0.0892 0.985

Stress ≥ 300 0.0005 −0.0481 0.0491 0.984
Smoking 0.0026 −0.0934 0.0987 0.957
Alcohol 0.0393 −0.0530 0.1317 0.403

Preterm delivery 0.0438 −0.0526 0.1403 0.372
Fetal growth restriction −0.0228 −0.1322 0.0865 0.682

Male sex −0.0069 −0.0524 0.0385 0.764
Placental weight < 500 g 0.0001 −0.0001 0.0003 0.347

Note. Abbreviations used in this table are the same as in Table 1. Bold indicates statistical significance (p < 0.05).

3. Discussion

In recent years, preemptive medical care has drastically changed the therapeutic approach to
various diseases. In this respect, the fetal environment offers a wide scope for various extensive
investigations. Telomeres are known to be good biomarkers for determining lifetime disease risk.
Diseases related to shorter telomeres include heart disease, pulmonary fibrosis, dementia, loss of
immune function, diabetes, arteriosclerosis, malignancies, and renal disease [8,18–25]. Therefore,
we focused on TL as a biomarker associated with the effects of intrauterine factors. According to recent
studies, maternal factors related to the shortening of TL in DNA extracted from cord blood include
maternal obesity, high stress, diabetes, smoking, sleeping time, folate levels, neonatal sex, and maternal
education [11–17,26–29]. Low birth weight and sex have been reported as factors influencing TL in
newborns. Male neonates have shorter TL in DNA extracted from cord blood [17,30]. The impact of
single factors on telomere shortening is an interesting subject of research. However, because pregnant
women may be exposed to multiple risk factors simultaneously, we analyzed the correlations between
several factors and neonatal TL.

ART was identified as a factor associated with shorter neonatal TL using multivariate analysis.
Among the various perinatal factors, ART may be strongly associated with neonatal TL. As delivery
after ART was recently found to be associated with various diseases, we included it as a factor in
our analysis [31–33]. Maternal obesity at 12 weeks of gestation also tended to be associated with TL
shortening, but a significant correlation was not observed in multiple regression analysis.
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This is the first report to demonstrate that pregnancies with ART are associated with neonatal
telomere shortening. Scherrer et al. reported that vascular endothelial function in newborns from
ART-induced pregnancies is reduced compared with that in newborns from natural pregnancies [32].
Furthermore, Meister et al. reported that the incidence of hypertension is significantly increased during
adolescence in individuals who were conceived by ART [31]. Thus, based on previous reports and our
present findings, the prognosis of children conceived by ART should be investigated carefully.

Telomeres are located at the ends of chromosomes and play a role as substrates in chromosome
protection and replication. Extreme telomere shortening causes DNA damage and vascular endothelial
aging, induces cellular senescence as a consequence of activation of the p53 pathway, and is involved
in the pathogenesis of cardiovascular diseases [23]. Telomere shortening may result from oxidative
stress, which is generated during ART procedures [34–36]. Agarwal et al. reported that oxidative
stress occurs at various stages in the ART process, causing DNA damage [37]. We could not confirm
the detailed conditions for ART in our survey, and it may be necessary to explore this in the future.
Our findings suggest the need for the long-term investigation of children conceived by ART and for
the examination of the correlation between oxidative stress and TL when using ART. The extent of
oxidative stress generated when using ART, as well as its impact on TL in fertilized embryos and
fetuses, should be investigated. In our study, there was no significant difference in TL between the
different types of ART used. However, more data should be obtained by increasing the number of
subjects. Other ART factors that could be related to telomere shortening may need to be investigated,
such as fertilized egg quality, patient’s medical health status, and the effects of cytokines in the pelvis
on infertility. In addition, a prospective study aimed at confirming whether ART is involved in the
shortening of newborn telomeres is needed in the future.

Previously reported factors in TL shortening (maternal age, maternal obesity in early pregnancy,
diabetes, high-stress status, smoking, alcohol consumption, preterm birth, intrauterine growth
retardation, and neonatal sex) did not have significant effects on TL shortening in the present study.
Recent reports have noted correlations of TL with paternal socioeconomic status and age [38,39],
but we did not include these factors in this study because we sought to focus on the effects of
maternal perinatal factors in the uterine environment. Univariate analysis revealed a marginally
significant effect of maternal obesity in early pregnancy, consistent with previous reports [15]. However,
all previously published studies on maternal obesity were conducted in Western countries on women
with a significantly higher degree of obesity than in our sample population. Most of the obese Japanese
pregnant women included in the present study had a BMI in the range of 25–30, and no significant
correlation was found between BMI and neonatal TL. In Japanese women, the severity of obesity is
not sufficiently high to cause TL shortening in newborns. Ethnicity may be one possible reason for
the discrepancies between the results of this and previous studies. Although the homogeneity of the
study population was one of the strengths of this study, the inclusion of only Japanese women was
also one of its limitations. Another potential limitation of our study is DNA quality, which may affect
the results of quantitative PCR. In the current study, we identified six cases with a very low T/S ratio,
which may have been caused by the quality of the purified DNA.

Many pregnant women experience stress due to changes in eating habits and sleeping patterns,
relationship difficulties, and serious problems such as domestic abuse and depression. It may have
been difficult to assess maternal stress from the score obtained using the Holmes and Rahe Stress Scale
questionnaire alone.

In our study, we included many women with mild pregnancy-induced diabetes and a few women
with serious uncontrolled diabetes. This might be the reason why maternal diabetes did not show a
significant correlation with neonatal TL. Premature birth and intrauterine growth retardation and their
effect on TL remain controversial [17,40–42], but these factors did not show significant effects in this
study. Although our results do not rule out the overall importance of previously identified factors in
TL shortening, the severity and relevance of these factors might be lower in the Japanese population
than in Western populations.
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4. Experimental Section

4.1. Study Design, Patient Selection, and Clinical Information

This study was conducted in a retrospective manner. The study protocol was approved by
the Ethics Committee of Shimane University Hospital (approval no. 2020419-1) and performed in
accordance with the Declaration of Helsinki. We focused on singleton pregnancies delivered at Shimane
University Hospital between May 2016 and May 2018, and written informed consent for the analysis
of neonatal TL and maternal perinatal factors was obtained from all participants. Eligible women
were between 17 and 46 years of age. Among the 848 mother-newborn pairs examined in this period,
578 (68.1%) were ultimately included in the analyses; the remaining were excluded because of multiple
births, fetal anomalies, poor sampling, poor DNA extraction, or missing data. All mother-newborn pairs
were Japanese. Our previous study subsample comprised subjects in whom maternal age, BMI, GDM,
smoking, alcohol consumption, preterm birth, gestational age, birth weight, fetal growth restriction,
neonatal sex, and TL in cord blood samples were determined. In the present study, additional measures
of maternal stress, ART, and placental weight were examined. Informed consent for the new analyses
was obtained in the form of an opt-out on the registration website. Those who opted out were excluded.

Eleven factors were analyzed for their association with neonatal TL: maternal age, ART, obesity,
GDM, maternal stress, smoking, alcohol consumption, preterm delivery, small-for-gestational-age,
neonatal sex, and placenta weight. We selected perinatal factors for telomere shortening with reference
to previous literature. There is no report found until now on the relationship between ART and
neonatal TL, but Meister et al. reported the presence of hypertension in adolescents conceived by
ART [33], so we investigated if there was a correlation. Women who were 35 years of age or older
were classified as elderly pregnant women. In 1958, the International Federation of Gynecology and
Obstetrics defined primiparas aged over 35 years as elderly pregnancies; therefore, we used 35 years
as a cut-off point. The degree of obesity was divided into three categories based on BMI: emaciated
(BMI < 18.5), standard (18.5 < BMI ≤ 25), and obese (BMI ≥ 25), according to the classification assigned
by the World Health Organization [43]. Martens et al. reported that obesity was associated with
neonatal TL [15]. Maternal GDM has been previously linked to fetal TL shortening [14]. GDM in
pregnant women was diagnosed during pregnancy. Data on conditions, such as diabetes mellitus,
GDM, stress, exposure to smoking (habitual active or passive smoking), and alcohol consumption
during pregnancy were obtained from medical records. Maternal psychosocial stress was assessed
using the Holmes and Rahe Stress Scale questionnaire [44], and subjects with 300 points or more were
included in the high-stress group. This classification was based on previous evidence indicating that
the persistence of such high scores for more than 1 year is associated with higher disease risk [45].
Preterm birth was defined as delivery at less than 37 weeks of gestation. Data on gestational age,
placental and birth weight, fetal growth restriction, and neonatal sex were obtained from medical
records. Although there have been few reports on neonatal TL in preterm infants, such infants have
short telomeres [46], and fetal growth restriction is associated with shortened telomeres, although this
finding is controversial. The criteria for small-for-gestational-age were defined according to the
standards established by the Japanese Society of Pediatrics [47]. In addition, because TL is clearly
shorter in men than in women [48], neonatal sex was added to the study items. A small placenta was
defined as a placenta weighing less than 500 g.

4.2. Genomic DNA Extraction

Umbilical cord blood was drawn within 10 min after delivery and stored in plastic whole blood
tubes spray-coated with K2EDTA. Peripheral blood mononuclear cells were isolated from whole blood
using Lymphoprep (Alere Technologies AS, Oslo, Norway) by centrifugation at 1300× g for 30 min
for 5 min and stored at −20 ◦C. Genomic DNA was isolated using a DNeasy Blood and Tissue Kit
(QIAGEN, Hilden Germany) and stored at −20 ◦C until analysis. DNA quantity and purity were
assessed by a NanoDrop spectrophotometer (Thermo Scientific, Waltham, MA, USA).
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4.3. Southern Blotting

The mean length of the telomere restriction fragment (TRF) was measured by partially modifying
the method described by Slagboom et al. [49]. Briefly, purified genomic DNA was digested by an
optimized mixture of frequently cutting restriction enzymes (Hinf I: Rsa I=1:1) at 37 ◦C for 2 h.
The sequence specificity of these enzymes ensures that telomeric and subtelomeric DNA is not cut,
while non-telomeric-DNA is digested to low molecular weight fragments. Following DNA digestion,
the DNA fragments were separated by gel electrophoresis and transferred to a nylon membrane
by Southern blotting. The blotted DNA fragments were hybridized to a digoxigenin (DIG)-labeled
probe specific for telomeric repeats and incubated with a DIG-specific antibody covalently coupled
to alkaline phosphate. Finally, antibody-conjugated alkaline phosphatase was used to metabolize
CDP-Star, a highly sensitive chemiluminescent substrate. This produced a visible signal that indicated
the location of the immobilized telomere probe (and, hence, that of the TRF) on the blot.

4.4. Quantitative PCR

The method described by Cawthon et al. [50] was used to quantify sample DNA levels based
on the cycle threshold (2−∆∆CT) values obtained by quantitative real-time PCR. Before starting
the experiment, we confirmed the correlation between the T/S ratio and telomeric restriction
fragment length in 12 randomly selected neonatal samples (Supplementary Figure S1). The reactions
were performed in triplicate using a Thermal Cycler D (Takara Bio, Kusatsu, Japan). The T/S
ratio was determined from 35 ng DNA with Fast Start Universal SYBR Green Master (Rox).
The primer sequences were: tel1, 5′-GGTTTTTGAGGGTGAGGGTGAGGGTGAGGGTGAGGGT-3′;
tel2, 5′-TCCCGACTATCCCTATCCCTATCCCTATCCCTATCCCTA-3′; 36B4u,
5′-CAGCAAGTGGGAAGGTGTAATCC-3′; and 36B4d, 5′-CCCATTCTATCATCAACGGGTACAA-3′.
The primer concentrations were 270, 900, 300, and 500 nM for tel1, tel2, 36B4u, and 36B4d, respectively.
Hot start activation for 2 min at 95 ◦C was performed for single-copy gene and telomere amplification,
followed by 40 cycles of 15 s at 95 ◦C (denaturation) and 2 min at 54 ◦C (annealing/extension).
Triplicates of telomere runs showed a coefficient of variation (CV) of 0.62%, those of single-copy gene
runs showed a CV of 0.65%, and those of T/S ratios showed a CV of 6.0% for cord blood.

4.5. Statistical Analysis

As the distribution of TL is biased, we performed base-10 logarithmic transformation on TL.
For continuous variables, to facilitate the clinical use of our data, conversion to binary variables was
also performed. For all factors, the data were analyzed using descriptive statistics. Log10 TL univariate
analysis was performed using regression analysis for all factors. Multivariate regression analysis was
performed for the relationship between TL and the 11 clinically important factors (ART, BMI, GDM,
maternal stress, smoking, alcohol consumption, maternal age, preterm birth, small-for-gestational-age,
neonatal sex, and placental weight). All statistical analyses were conducted using Stata 15 (SPSS, Inc.,
Cary, NC, USA), with the threshold for statistical significance set at p < 0.05.

5. Conclusions

Pregnancy by ART is associated with shorter TL in Japanese neonates. Given that pregnancy by
ART is expected to continue increasing worldwide, the results of this study might be relevant to a new
generation of human beings conceived by ART who could develop lifestyle-related diseases later in
life. Therefore, further research in this field is urgently needed.

Supplementary Materials: The following are available online at http://www.mdpi.com/1422-0067/21/24/9688/s1.
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