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Abstract

Background: Periconception interactions between maternal conditions and

environmental and genetic factors are involved in the pathogenesis and pre-

vention of neural tube defects (NTD), such as spina bifida. These factors have

in common that they can impair the oxidative pathway, resulting in excessive

(chronic) oxidative stress and inflammation.

Methods: Review of the literature concerning underlying mechanisms and

biomarkers of aging particularly during reproduction. A number of molecular

markers for biological aging have been identified, including telomere length

(TL). Excessive telomere shortening is an index of senescence, causes genomic

instability and is associated with a higher risk of age-related diseases. Further-

more, TL shortening is associated with the similar environmental and lifestyle

exposures associated with NTD risk.

Results: Embryonic mice deficient in the telomerase gene show shorter TL

and failure of closure of the neural tube as the main defect, suggesting that this

developmental process is among the most sensitive to telomere loss and chro-

mosomal instability.

Conclusions: From this background, we hypothesize that preconceptional

long term exposure to harmful environmental and lifestyle risk factors acceler-

ates a woman's aging process, which can be measured by TL, and thereby her

underlying risk of NTD offspring. Alternatively, it might be that women with

an increased NTD risk already exhibit a more advanced biological age before

the onset of pregnancy compared to women of identical calendar age.
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1 | INTRODUCTION

Neural tube defects (NTDs) are severe birth defects
involving the central nervous system. They arise

from incomplete closure of the neural tube during
the first weeks of embryogenesis. Worldwide birth
prevalence is approximately one in 1,000 births
(Mitchell et al., 2004).
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NTDs have an enormous impact not only on the
affected child, parents and family, but also on society
because of high societal and health care costs for life long
medical treatment and support.

One of the most common type of NTDs in humans is
spina bifida. Spina bifida is a complex disease caused by a
combination of genetic and periconception maternal
environmental factors that can induce excessive oxidative
stress and inflammation (Groenen et al., 2003). Maternal
obesity, inositol deficiency, poor nutrition and lifestyle,
hyperhomocysteinemia, and the use of antifolates are
modifiable environmental factors that are involved in the
pathogenesis of spina bifida (Carmichael, Rasmussen, &
Shaw, 2010; Groenen et al., 2003; Mitchell et al., 2004;
Steegers-Theunissen, Boers, Trijbels, & Eskes, 1991;
Vajda & Eadie, 2005; Vujkovic et al., 2009). Maternal
folate status has been proven to be of great importance in
the pathogenesis of NTDs. Folate, an anti-oxidant in nat-
ural form, is an important substrate of the one carbon
metabolism and thereby essential for processes such as
lipid, protein, DNA synthesis and repair, but also for
DNA methylation. Prior environmental factors have in
common that they can impair the oxidative pathway,
resulting in excessive oxidative stress.

Embryogenesis in very early pregnancy is sensitive to
excessive oxidative stressors of which a mild to moderate

increased plasma homocysteine concentration is a sensi-
tive marker (Steegers-Theunissen, Twigt, Pestinger, &
Sinclair, 2013), including the development and folding of
the neural tube. Therefore, the identification of a stable
marker of the preconception oxidative stress status in
women is of major importance in the prediction and pre-
vention of the future risk of NTD in the offspring.

There is an increasing interest in aging during repro-
duction (Herrmann, Pusceddu, Marz, & Herrmann,
2018). A number of molecular markers for biological
aging have been identified, including telomere length
(TL). Telomeres are nucleoprotein structures that cap
the end of chromosomes and thereby protect it from
degradation. Excessive telomere shortening is an index
of senescence, causes genomic instability and is associ-
ated with a higher risk of age-related diseases, like car-
diovascular disease and type 2 diabetes mellitus.
Furthermore, TL shortening is associated with exposure
to environmental and lifestyle factors that can induce
oxidative stress and inflammation (Sahin et al., 2011).
Embryonic mice deficient in the telomerase gene show
shorter TL and failure of closure of the neural tube as
the main defect, suggesting that this developmental
process is among the most sensitive to telomere loss
and chromosomal instability (Herrera, Samper, &
Blasco, 1999).
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We hypothesize that preconception TL shortening in
woman, due to chronic excessive exposure to oxidative
stressors, such as poor nutrition and lifestyle, is associ-
ated with an increased risk of spina bifida in the off-
spring. Regarding to this hypothesis, we reviewed the
current evidence (Figure 1).

2 | METHODS

2.1 | Aging

Aging is a complex physiological process reactive to
health conditions, environmental factors, behavior, and
genetic background. Even though biological aging is uni-
versal and unavoidable the process does not occur in a
uniform way. Known the complexity of the biological
aging process, there is no single and simple measure of
an individual's aging process.

The aging process can be split in to two distinct
types of aging: chronological aging and biological aging.
In which, the aging process of chronological aging is
defined by age calculated in years and occurs at a con-
stant rate for each individual. Biological age describes
the functional status of the body relative to its chrono-
logical age and occurs at a different rate for each indi-
vidual. The rate of aging is an interplay between
underlying mechanisms involving damaging processes
and the action of defense and repair mechanisms
(Martens, 2018).

Multiple markers for prediction of biological age and
the rate of aging have been reported. Blood pressure,
fasting glucose, glycated hemoglobin (HbA1C), intima
media thickness, and number of nephrons appear to be
among those. Blood biomarkers are increasingly used to
predict an individual's biological age independent of its
calendar age (Herrmann et al., 2018).

One of the key aspects of aging is genomic instabil-
ity. Low folate status and a mild to moderate hyper-
homocysteinemia can impair cell multiplication, DNA
synthesis and programming due to changes of the
epigenome, which can result in genomic instability
(Steegers-Theunissen et al., 2013). Other hallmarks of
aging that causes damage to cellular function include,
inter alia, epigenetic alterations, deregulated nutrient
sensing, mitochondrial dysfunction, and attrition of
telomeres. Telomeres represent the protective end caps
of chromosomes that are of critical importance for
genomic integrity and stability. Over the course of
each cell division, TL shortens. TL has been proposed
as a biomarker for biological age, its association with
age is confirmed in large population-based studies
(Martens, 2018).

2.2 | Telomeres and telomerase

Human telomeres span several kilobase (kb) tandem
repeated TTAGG sequences with a 30G-rich single
stranded overhang. Telomeres prevent unwanted recom-
bination and degradation of chromosomal ends. In addi-
tion, loss of coding DNA is prevented during DNA
replication (Herrmann et al., 2018).

In humans, TL shortens in somatic cells with age due
to the increased amounts of cellular divisions. TL is
maintained by the cellular ribonucleoprotein enzyme tel-
omerase. Telomerase adds telomeric repeat sequences to
the end of chromosomes and is mostly active in germ,
stem and immortal cells, and mainly repressed in somatic
cells (Blackburn, Epel, & Lin, 2015).

DNA binding proteins are able to bind with telomeres
to form the shelterin-complex. The proteins of the
shelterin-complex are involved in the control of telomere
length by regulating the access of telomerase to the G-
strand overhang and by protecting it from degradation.
In addition, end-to-end fusions of chromosomes are
prevented (Blackburn et al., 2015; Martens, 2018). Telo-
merase inhibition is influenced by the amount of
shelterin complexes on telomeres (Martens, 2018).

Most of the large population-based studies is focused
on leukocyte TLs. It has been shown that leukocyte TL is
highly correlated with TL of other somatic tissues from
the same individual such as muscle, fat, skin, and syno-
vial tissue. This indicates that a clear intra-individual
synchronization in TL exists in adults (Daniali
et al., 2013).

2.3 | Oxidative stress, inflammation,
and telomere length

The intricacy of TL translates in a high inter-individual
variability, when comparing same-aged people
(Muezzinler, Zaineddin, & Brenner, 2013). Both external
and internal factors can interact with telomeres and may
influence TL through life. Predominantly, external and
internal factors that increase the oxidative stress or
inflammatory status of an individual have been associ-
ated with shortening of TL. Von Zglinicki, Saretzki,
Docke, and Lotze (1995) were the first to show experi-
mentally in 1995, that cultivating human fibroblasts
under hypoxia conditions (represented as a state of oxida-
tive stress) indeed shortened telomeres. Another study
showed that the G-rich parts of the telomere sequence
(TTAGGG) in human fibroblasts are highly sensitive for
DNA damage induced by oxidative stress conditions
(Kawanishi & Oikawa, 2004). Additionally, an experi-
mental study showed that mice models of chronic
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inflammation induces telomere dysfunction due to
increased oxidative stress (Jurk et al., 2014).

TL shortening has been associated with tobacco
smoke exposure (Valdes et al., 2005), obesity (Valdes
et al., 2005), life stress (Epel et al., 2004), physical inactiv-
ity (Arsenis, You, Ogawa, Tinsley, & Zuo, 2017), and
exposure to air pollution (Pieters et al., 2016). Recent
findings showed that newborn TL sets adult TL (Bijnens
et al., 2017) and shorter TL (Martens et al., 2017) in new-
borns is associated with prenatal pregnancy body mass
index (BMI) (Martens, Plusquin, Gyselaers, De Vivo, &
Nawrot, 2016), prenatal exposure to air pollution and
folic acid status (Louis-Jacques et al., 2016). Paul
et al. (2015) showed that folate status influences TL by
affecting DNA integrity through DNA methylation.

Mechanisms by which TL may be influenced by these
factors are mostly explained by the direct or indirect
effects of these factors on the oxidative and inflammatory
status of humans.

Similarly, cellular aging is affected by mental stress
through oxidative stress and telomerase activity. Highly
stressed women are characterized by lower telomerase
activity and higher oxidative stress compared to women
with a low stress level (Epel et al., 2004). In addition, reg-
ular physical activity has been associated with decreased
levels of oxidative stress and inflammation (Epel
et al., 2004).

This gives emphasis to the vulnerability of telomeres
for oxidative stress and inflammation, as described
previously.

2.4 | Telomere length and age-related
diseases

Short telomeres and telomere dysfunction, independently
of age have been linked to numerous age-related diseases.
All these diseases are characterized by an accelerated rate
of telomere shortening.

Large population based studies identify that subjects
with shorter telomeres were characterized by a signifi-
cantly higher hazard ratio for all-cause mortality com-
pared to those with longer TL (Mons et al., 2017).

There is evidence that reduced TL is associated with
elevated risk for future age-related disease, including:
cardiovascular disease (Haycock et al., 2014), atheroscle-
rosis (Fitzpatrick et al., 2007), myocardial infarction
(Fitzpatrick et al., 2007), type 2 diabetes mellitus (Willeit
et al., 2014), and Alzheimer's disease (Zhan et al., 2015).
To conclude large population-based study results propose
that TL potentially may be predictive of lifespan and lon-
gevity independent of age (Martens, 2018). Upon the
observational findings, experimental evidence revealed

that late-generation telomerase knock-out mice (Terc-
KO) with critically short telomeres exhibited an aging
phenotype associated with p53 activation, suppression of
master regulators of mitochondrial biology, ventricular
dilation, myocardial thinning, cardiac dysfunction,
and sudden death (Sahin et al., 2011). Therefore, TL
might not just be a marker of the aging process but
might play a fundamental biological role within the
core axis of aging.

3 | DISCUSSION

TL shortening is associated with variations in folate sta-
tus, exposure to environmental and lifestyle factors that
can induce oxidative stress and inflammation. Of great
interest is that these conditions in women are also associ-
ated with a significantly increased risk of having a child
with spina bifida. These environmental factors have in
common that they can generate excessive amounts of
reactive oxidative radicals resulting in excessive chronic
oxidative stress. Interestingly, a large meta-analysis found
a high and very consistent heritability estimate for TL,
with stronger effects from maternal to offspring (Broer
et al., 2013). Thereby, embryogenesis in very early preg-
nancy is very sensitive to excessive oxidative stress,
including the development and folding of the
neural tube.

Herrera et al. (1999) showed that mice deficient in the
telomerase gene show defects in the closure of the neural
tube. The frequency of NTD in mouse deficient in the tel-
omerase gene suggests a role for TL and telomere loss
from chromosome ends. Cells, derived from embryos that
lack mouse telomerase RNA and that are telomerase-
deficient, of mice that fail to close the neural tube have
significantly shorter TL than mice of the same embryos
but with a closed neural tube. Furthermore, an increased
apoptosis and decreased viability was shown in cells
derived from NTD affected embryos. This association
between a decreased TL and NTD strongly suggests that
the neural tube closure defect may be a consequence of
telomere shortening to a critical length.

During embryonic development telomerase is highly
active, directly after birth it is down-regulated. Remark-
ably, the highest levels of human telomerase RNA in
human embryos are detected at the central nervous sys-
tem, specifically in the primitive neurepithelial cells of
the neural tube.

The main defect detected in these embryos is the clo-
sure of the neural tube, suggesting that the neural tube
formation is among the processes most sensitive to TL
shortening during development. Perchance due to the
massive proliferation that occurs during early
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development for the formation of the central nervous sys-
tem. Foregoing implies an important role for TL during
the neural tube formation and explains the occurrence of
the phenotype (Herrera et al., 1999).

Several nutritional factors like vitamins, minerals,
and other bioactive dietary components are able to
directly or indirectly influence TL through several mech-
anisms. Recent studies have shown consistent associa-
tions between TL and the availability of B and D
vitamins, serum folate, and its metabolites. Anti-oxidant
activity, DNA methylation, and prevention of DNA dam-
age are the most important mechanisms through which
these nutritional factors slow down telomere attrition. In
summary, a healthy lifestyle with a diet rich in fruits and
vegetables combined with exercise, lower BMI and no
smoking is associated with longer telomeres (Arsenis
et al., 2017; Epel et al., 2004; Valdes et al., 2005) In this
line, whereas high homocysteine levels increases oxida-
tive stress, an association was found between high levels
of homocysteine and shortening of telomeres in the pres-
ence of systemic inflammation (Pusceddu et al., in press;
Shin & Baik, 2016).

The hypothetic role of telomeres length in NTDs path-
ogenesis is illustrated by the example of the epidemiologi-
cal and biological evidence of the association between
mild to moderate maternal hyperhomocysteinemia and
the increased risk of spina bifida offspring (Groenen
et al., 2003; Steegers-Theunissen et al., 1991).

Plasma homocysteine is an intermediate of 1-C
metabolism and a sensitive biomarker of oxidative stress.
Mild to moderate hyperhomocysteinemia is associated
with impairment of biological processes involved in cell
proliferation, programming, and apoptosis. Hyper-
homocysteinemia induces global and gene specific hyp-
omethylation, impairs the synthesis of proteins, lipids
and DNA, reduces DNA repair, and increases the pro-
duction of reactive oxidative species (Steegers-
Theunissen et al., 2013). From this evidence we hypothe-
size that mild to moderate hyperhomocysteinemia is
involved in the pathophysiology of NTD by reducing the
synthesis or increasing the damage of the DNA of the
telomeres and or by impairment of the programming
due to global or gene specific hypomethylation of telo-
merase. This hypothesis is supported by Cecchini
et al. (2019) reporting that homocysteine in the develop-
ing spinal cord causes changes in cell proliferation, adhe-
sion, induces apoptosis and that it alters arrangement of
the spinal cord layers. Li et al. (2019) showed that homo-
cysteine induces changes in gene and protein expression
of astrocytes of the neural tissue. In addition, intracellu-
lar folate deficiency underlying mild to moderate hyper-
homocysteinemia, shortens TL and damages telomeric
DNA. (Bull et al., 2014; Li et al., 2019).

Finally, other associations between TL and obstetric
outcomes have been reported. Telomerase activity is
decreased or absent in placentas of fetal growth restricted
newborns (Fragkiadaki et al., 2016). Similarly, TL short-
ening has been reported in combination with an
increased formation of telomere aggregates in trophoblas-
tic cells from pregnancies complicated by preeclampsia
(Sukenik-Halevy et al., 2016).

Evidence of advanced maternal age and NTD occur-
rence in offspring is limited. A meta-analysis, however,
showed an increased risk of having an offspring with
NTDs for mothers 40 years of age or older, with the
strongest effect for spina bifida (Vieira & Castillo
Taucher, 2005). These findings are similar with other
studies that show a higher NTD in offspring prevalence
among mothers in older age groups (Au, Ashley-Koch, &
Northrup, 2010; Eggink & Steegers-Theunissen, 2020; Li
et al., 2006; Sipek et al., 2002; Zheng et al., 2007). Notable
is that there is also evidence for mothers between 14 and
20 years old having a higher risk for a child with spina
bifida. An explanation for this could be the fact that most
age-associated shortening occurs during rapid somatic
expansions, as occurs from birth through puberty
(Sidorov, Kimura, Yashin, & Aviv, 2009). Together with
earlier discussed neural tube formation being among the
most sensitive processes to TL shortening during
development.

We hypothesize that preconceptional maternal expo-
sure to environmental risk factors accelerates the aging
process, which can be measured by TL, and thereby her
underlying risk of NTD offspring. Alternatively, it might
be that women with an increased NTD risk already
exhibit a more advanced biological age before the onset
of pregnancy compared to women of identical
calendar age.

Investigating TL in the woman as a marker of
chronic oxidative stress, induced by variation in folate
supply, poor nutrition, obesity, and other environmental
exposures, could serve as a novel preconception bio-
marker in the future. By this means the risk of spina
bifida offspring may be assessed and modified by a more
personalized preconception treatment, for example, folic
acid supplement use, dietary pattern, lifestyle, and so
forth.
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