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Cord blood telomere shortening associates with increased
gestational age and birth weight in preterm neonates
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Abstract. Preterm birth is considered to be associated with
premature cellular aging. To address this question, two hall-
marks of aging were analyzed in cord blood cells, namely
telomere length and age-associated DNA methylation. Cord
blood samples from 35 preterm and 11 full-term neonates
were enrolled in the present study. Furthermore, quantita-
tive telomere fluorescence in situ hybridization and flow
cytometry (flow-FISH) were applied to demonstrate that
telomere shortening was strongly associated with advanced
gestational age and increased birth weight (R?=0.267 for
granulocytes and R?=0.307 for lymphocytes). The estimated
rate of telomere attrition in newborns during gestation
ranged from 126 base pairs (bp)/week and 186 bp/week for
granulocytes and lymphocytes, respectively. In addition,
neonates with longer telomeres at birth were characterized
by increased weight gain during the first year of their life
compared with that noted to neonates with shorter telomeres.
By contrast, the epigenetic aging signature (EAS) revealed a
negative correlation between epigenetic age and premature
birth of unclear basis (R*=0.26). Pending prospective valida-
tion in a larger patient cohort, the present study suggested
that telomere length may be a novel biomarker alone or in
combination with traditional indicators for the prediction of
weight development in preterm neonates.
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Introduction

In neonatology, preterm birth is traditionally classified by
gestational age in weeks and birth weight of the infant.
These two markers are well-established core indicators for
monitoring and evaluating perinatal health under routine
health statistics (1,2). However, both indicators remain
descriptive and non-functional, and do not allow for
functional conclusions regarding the individual biological
maturity and outcome of a preterm infant. Based on the
gestational age, preterm birth is divided into the following
three sub-categories: i) Extremely preterm, <28 weeks;
ii) very preterm, 28-32 weeks; and iii) moderate to late
preterm, 32-37 weeks (1). Despite the growing knowledge
on the pathophysiology of this phenomenon, preterm birth
still remains a global challenge, with preterm birth rates
increasing in almost all countries according to reliable
data (3), thus representing the leading cause of neonatal
morbidity and mortality (4). Additionally, preterm birth is
also associated with long-term increased risk of adverse
health outcome. Long-term effects of preterm birth include
visual, hearing and neurocognitive impairment as well as
an increased risk of chronic diseases such as insulin resis-
tance (5), respiratory (6) and cardiovascular diseases (7),
typical diseases of the elderly population. The aforemen-
tioned reports indicate that preterm birth may be involved
in premature aging, however, further studies identifying
age-associated molecular markers as potential biomarkers
in preterm infants are urgently needed.

Telomeres consist of repeats of the DNA sequence
TTAGGG and are located at the end of each individual chromo-
some arm (8). With each somatic cell division, telomere length
undergoes replicative shortening as DNA polymerase is unable
to fully copy telomeric DNA, the so-called end-replication
problem (9). Therefore, telomeres reflect the replicative
history of a cell and provide a well-established marker for
organismal aging and stem cell turnover (10,11). Furthermore,
short telomeres have been associated with genomic instability
and aging. It has been also reported that diseases character-
ized by disturbed telomere maintenance such as dyskeratosis
congenita, are known to reflect the phenotype of premature

aging (12).
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Epigenetic alterations represent an additional established
hallmark of aging (13). It has been well documented that
DNA methylation patterns are modified with age. Therefore,
several epigenetic aging signatures (EASs) have been applied
to accurately estimate chronological age in children and
adults (14-17). However, only few studies have been conducted
on the identification of EASs designed especially for the
neonatal population and these studies exhibited limited accu-
racy and precision ability due to the extremes of the population
distribution (18).

The aim of the present study in preterm infants was to
systematically investigate telomere length at birth and apply
a previously established EAS as a potential novel biomarker,
alternative to gestational age and birth weight.

Patients and methods

Samples and clinical characteristics. Cord blood from 46
neonates, including 35 preterm (28-37 weeks) and 11 full-term
(>37 weeks) ones, was obtained immediately postpartum by
midwives of the University Hospital of Aachen. All parents
signed an informed consent form prior the collection of the
samples and the study was approved by the ethics committee
of the University Hospital of Aachen. Immediately after
birth, the length, weight and head diameter of neonates were
measured during routine follow-up. Detailed characteristics
of the neonates are presented in Table 1. Follow-up weight
measurements were available for 9/46 of preterm neonates.

Flow-fluorescence in situ hybridization (FISH) analysis.
Telomere length was prospectively analyzed in all 46 cord
blood samples. The mean telomere length of lymphocytes
and granulocytes was determined using flow-FISH as previ-
ously described (19-26). Briefly, bovine thymocytes were
used as an internal control and were added to the peripheral
blood cells. Samples were prepared for cell denaturation and
mixed with a FITC labeled (CCCTAA)3 peptide nucleic acid
(PNA) probe (Panagene Inc.) for DNA-hybridization followed
by DNA counterstaining with LDS 751 (Sigma-Aldrich;
Merck KGaA). Telomeric fluorescence analysis was carried
out on FC-500 or Navios (both from Becton-Dickinson and
Company) using forward scatter (cell volume) and LDS 751
staining for the identification of cell subsets (thymocytes,
lymphocytes and granulocytes) (Fig. 1). The autofluorescence
value of the respective unstained lymphocytes, granulocytes
or thymocytes was subtracted from stained samples and the
mean telomere length was calculated in relation to the internal
control with a known telomere length. All measurements were
performed single-blinded in triplicate.

DNA methylation profiles using bisulfite pyrosequencing.
To determine epigenetic age, 39 cord blood samples were
analyzed based on previously published EASs (14) using
bisulfite pyrosequencing. This technique is used to deter-
mine the DNA methylation levels at three CG dinucleotides
(CpG sites) located in ASPA, ITGA2B and PDE4C genes.
Genomic DNA was isolated with the DNA Blood and Tissue
kit (Qiagen). A total of 500 ng genomic DNA were used
for further experiments such as DNA bisulfite conversion
and pyrosequencing. Both experiments were performed as

Table I. Clinical characteristics of the 46 analyzed neonates

Value 2837w n=35  >37w n=l11
Sex

Female 14 5

Male 21 6
Birth weight

SGA (<10th percentile) 4 3

AGA (10-90th percentile) 30 8

LGA (>90th percentile) 1 0
Birth length (cm)

Average 455 499

SD 32 33
Birth head diameter (cm)

Average 315 33.8

SD 2.2 2.1
Maternal age (years)

<25 3 0

25-34 18 3

>35 12 7

NA 2 1

w, weeks; NA, not available; SGA, small for gestational age; AGA,
appropriate for gestational age; kb, kilo base pairs; SD, standard
deviation.

described previously (14). Subsequently, age prediction was
performed using the pyrosequencing results obtained from
an improved multivariate model that was better adjusted
for cord blood samples. This model was applied on recently
described pyrosequencing results form a total of 156 blood
samples particularly derived from adult donors (14). Age
was predicted using the following equation: Predicted age
(in years)=-0.27001a-0.30611p3+1.77018y+38.76516, where
a indicated the methylation frequency of cg02228185 in ASPA
gene; 3 the methylation frequency of cg25809905 in ITGA2B
gene; and y the methylation frequency of CpG upstream of
cgl7861230 in PDE4C gene.

Statistical analysis. Statistical analyses were performed using
the GraphPad Prism v5.0 software (GraphPad Software Inc.).
Subsequently, a linear regression model was applied to deter-
mine the approximate correlation between telomere length
and gestational age and birth weight. P<0.05 was considered
to indicate a statistically significant difference.

Results

Telomere length. Telomere length was prospectively analyzed in
46 cord blood samples derived from 35 preterm (28-37 weeks)
and 11 full-term (>37 weeks) neonates. The results indicated that
increasing birth weight was highly correlated with increasing
gestational age (Fig. 2A: R?=0.677; P<0.001). Subsequently,
telomere length of granulocytes and lymphocytes from all
neonates was determined by flow-FISH (27,28). Telomere
length was inversely correlated with gestational age in both
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Figure 1. Representative flow-FISH of the cord blood of a neonate. (A) Peripheral blood lymphocytes and granulocytes and cow thymocytes can be identified
using forward scatter and DNA counterstaining with LDS751. (B) Stained and unstained cow thymocytes (C) Stained and unstained lymphocytes (D) Stained

and unstained granulocytes. FISH, fluorescence in situ hybridization.

cell subpopulations (Fig. 2B and C: Granulocytes, R?>=0.083;
P=0.047; n=46; and lymphocytes, R*=0.139; P=0.011; n=45).
In addition, telomere length was significantly correlated with
birth weight (Fig. 2D and E: Granulocytes, R*=0.267; P<0.001;
n=46; and lymphocytes, R*=0.307; P<0.001; n=45).

To further compare telomere shortening with known values
from children and adult cohorts, the estimated telomere attri-
tion per week and per 500 g weight gain was calculated using
a linear regression model. Telomere shortening per week was
estimated to 0.126 and 0.186 kb for peripheral blood granu-
locytes and lymphocytes, respectively. Additionally, telomere
shortening per 500 g of weight gain was measured to 0.424
and 0.497 kb in the neonates' granulocytes and lymphocytes,
respectively (Table II).

In the present study, data on weight gain from 9 preterm
neonates born within the 32-37th week of gestational age were
also available. Therefore, the postnatal weight development
percentile, indicating the difference between follow-up weight
percentile and initial birth weight percentile, was correlated
with telomere length at the time of birth. The results revealed
a positive correlation between telomere length at birth and the
difference in weight development percentiles (Fig. 2F and G).
More specifically, a significant correlation was observed for
peripheral blood granulocytes (Fig. 1F: R*=0.536; P=0.039;
n=38), but not for peripheral blood lymphocytes, where no
significant trend was obtained (Fig. 2G: R*=0.214; P=0.210;
n=9).

EAS. To further extent the biomarker analysis, a cord
blood-optimized EAS was applied in 39 cord blood samples.

As expected, DNA methylation status of PDE4C, ITGA2B and
ASPA genes at the three CpGs showed age-associated DNA
methylation changes, which were consistent with previous
measurements in cord blood (Fig. 3A-D). Our previously
published multivariate model for age predictions was not
customized for cord blood samples, therefore, the epigenetic
age was systematically overestimated. To avoid bias, the
multivariate model was adjusted and 39 cord blood samples
were analyzed. This adjusted model provided a mean average
deviation (MAD) between predicted and chronological age of
4.5 years for all samples and 2.2 years for cord blood samples.
However, the application of this model requires further
validation in the future using independent datasets (Fig. 3D).
Furthermore, the estimated epigenetic age in the cord blood
of preterm and full-term neonates was inversely correlated
with gestational age (Fig. 3E: R?>=0.26; P=0.001; n=39). These
findings were consistent with our previous study, where the
aforementioned multivariate model was performed (14).
By contrast, no statistically significant correlation between
predicted age and birth weight was observed (Fig. 3F: R?>=0.07;
P=0.10; n=39).

Discussion

Preterm birth has an impact on the molecular markers of
aging. The results of the present study were consistent with
previously published data by Friedrich et al, demonstrating
a significant correlation between birth weight and telomere
length in extremely preterm infants. In the present study an
accelerated rate of telomere shortening was also observed,
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Figure 2. (A) Correlation between neonatal gestational age (in weeks) and birth weight (in grams). (B and C) Correlation between mean telomere length (in
Kb) and gestational age (in weeks) in the neonates granulocytic and lymphocytic population. Grey circles indicate (B) granulocyte and dark circles indicate
(C) lymphocytic subpopulation. (D and E) Correlation between mean telomere length (in Kb) and gestational age (in weeks). Grey circles indicate (D) granu-
locyte and dark circles indicate the (E) lymphocytic subpopulation. (F and G) Correlation between mean telomere length (in Kb) of the neonates granulocytes
and lymphocytes and the respective Delta (follow-up weight percentile-birth weight percentile). Grey circles indicate (F) granulocyte and (G) dark circles

indicate lymphocytic subpopulation.

with 0.126 and 0.186 kb per week in granulocytes and lympho-
cytes, respectively. Consistent with our results, a previous
study demonstrated an estimated weekly telomere shortening
rate of 0.041 kb in leucocytes from overall preterm (<37 week)
infants and 0.238 kb in extreme to very preterm (27-32 week)
born infants (29). In addition, other studies showed increased
telomere shortening range during the first years of develop-
ment, which was also consistent with the results of the current
study (22,30).

This study also suggested that telomere length was
strongly correlated with birth weight, but not with gestational
age. Okuda et al reported a significant correlation between
telomere length in different fetal tissues and cord blood (31).
Therefore, it was hypothesized that telomere length in cord
blood could be considered as a more robust surrogate marker
for organismal growth/maturation and weight gain compared
with gestational age. The estimated telomere length shortening
was approximately 0.5 kb/500 g or 1 bp/1 g of weight gain.
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Table II. Calculated telomere shortening in the lymphocyte and granulocyte subpopulation

Telomere shortening per week (Kb)

Telomere shortening per 500 g (Kb)

Granulocytes 0.1257+0.0617 0.42395+0.0970
Lymphocytes 0.1862+0.0699 0.49680+0.1246
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Figure 3. Correlation of gestational age and birth weight with epigenetic age (A-C) DNA methylation levels were analyzed at three age-associated CpGs
associated with the genes (A) PDE4C, (B) ITGA2B and (C) ASPA in 156 blood samples of our previous work (blue) (14) and 39 cord blood samples of this study
(red). The results were plotted against the logarithm of chronological age to depict age-differences of preterm cord blood. (D) Correlation of chronological
age vs. predicted age based on a multivariate model with all of the above mentioned samples (MAD). The predicted ages revealed a moderate but significant
inverse correlation with (E) gestational age, while there was no clear association with (F) birth weight. CpG, CG dinucleotides; MAD, mean absolute deviation.

Therefore, the longitudinally followed neonates with longer
telomeres as opposed to those with shorter telomeres, reached
normal weight percentiles during the first year of develop-
ment. The close correlation of telomere length and weight
could explain the increasing variability of telomere length
with increased week of gestation. However, other factors such
as food consumption or parental body mass index may influ-
ence weight gain. Therefore, it was suggested that organismal
growth and weight gain could be considered as additional
factors contributing to the variability of telomere length.

Regarding DNA methylation in neonates, there is limited
information on epigenetic changes during gestation. The present
study also revealed a significant correlation with gestational age,
but not with birth weight using the optimized EAS. A previous
study by Javed et al did not report any association between gesta-
tional age, birth weight and methylation profile at birth based on
353 CpG sites and Horvath predictor for age estimation using
cord blood (32). However, Knight ef al established a predictor
model for gestational age based on 148 CpG sites similar to the
present data (18). In general, wider aging signatures may be more
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precise, however, pyrosequencing of few CpGs is more cost
effective and provides higher site-specific precision of the DNA
methylation levels. More interestingly, the finding that epigenetic
and gestational age were inversely correlated was somewhat
unexpected, therefore, further validation in independent and
larger cohorts is urgently needed. It has been suggested that
age-related DNA methylation changes in peripheral blood occur
more rapidly during childhood and are imperfectly accounted
for statistical corrections that are linear in age (33). Therefore,
it is conceivable that preterm birth is associated with aberrant
epigenetic age and vice versa.

In summary, this study highlighted the predictive value of
aging biomarkers at birth. While telomere length is correlated
with the organismal growth, DNA methylation changes are
correlated with maturity based on gestational age. As preterm
birth still remains a great challenge for pediatricians, reliable
biomarkers with high prognostic value are needed for an efficient
decision-making in a clinical setting. Furthermore, the findings of
the present study supported the additive use of telomere length as
a possible biomarker for therapy strategy in preterm neonates, as
previously proposed (34). However, the number of cases was too
low to suggest any strong clinical recommendations. Therefore,
further research is needed to establish telomere length as a valu-
able prognostic biomarker for clinicians in predicting organismal
growth and development of preterm born infants. The present
study reinforced not only the importance of cellular aging during
fetal development, but also the critical role of telomere length in
predicting newborns' health outcome (growth and development).
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