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Abstract

Background: Congenital cardiac outflow defects (COD) are the largest group of
congenital heart defects, with ventricular septal defect (VSD) as the most preva-
lent phenotype. Increased maternal age, excessive oxidative stress and inflamma-
tion are involved in the pathophysiology of COD and enhance telomere length
(TL) shortening. We investigated the association between periconception mater-
nal TL and the risk of having a child with COD.

Methods: From a multicentre case-control trial, 306 case mothers of a child with
COD and 424 control mothers of a child without a congenital malformation were
selected. Relative TL was measured by qPCR. Multivariable logistic regression
was used to compute crude and adjusted odds ratios, per standard deviation de-
crease, between maternal T/S ratio and COD and VSD risk. Adjustments were
made for maternal age. Additional adjustments were made in a second model.
Results: Shorter maternal relative TL was significantly associated with an OR of
1.29 (95% CI 1.04-1.61), p = .02, for the risk of VSD in offspring, which remained
significant after an adjustment for maternal age (adjOR 1.25(95% CI 1.01-1.55),
p = .04). No association between maternal TL and the risk of overall COD in off-
spring was observed.

Conclusion: Shorter maternal relative TL is associated with an approximately 1.3-OR
for the risk, per SD in relative TL shortening, of VSD in the offspring. These findings
need further confirmation in other studies on the predictive value of maternal TL.
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1 | INTRODUCTION past decade,' the quality of life of these patients is often
compromised due to severe physical and psychological
problems.*

Several studies have shown a multifactorial origin of
birth defects such as CHD, where interactions between

genetic predispositions and environmental exposures in

Congenital heart defects (CHD) are among the most
common congenital malformations in newborns with
approximately 1 million children born each year world-
wide. Although the mortality of CHD has decreased in the
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early pregnancy are strongly involved in the pathogene-
sis.> The most common CHD are cardiac outflow defects
(COD), with ventricular septal defect (VSD) as the most
prevalent phenotype, accounting for approximately 35%
of CHD, with the perimembranous VSD as the most com-
mon subtype (80%)."

The extracardiac contribution of neural crest cells to-
gether with the secondary heart field, both located in the
pharynx, play an essential role in the septation process of
the outflow tracts of the cardiac ventricle.*

Maternal hyperhomocysteinemia is a risk factor
for the development of neural crest-related anoma-
lies in offspring, such as spina bifida, cleft lip and/or
palate and congenital outflow defects in offspring.>®
Hyperhomocysteinemia disturbs apoptosis and myocardi-
alization of the cardiac outflow tract, by affecting the car-
diac neural crest cells.” In this manner, other studies have
shown the influence of one carbon metabolism on neural
crest cells and thereby neural crest cells related congenital
birth defects.® Maternal health conditions, such as mater-
nal age, obesity, tobacco and alcohol use, poor nutrition
and lifestyle, enhance oxidative stress and inflammation
and are identified as risk factors for COD.’ Telomeres
are nucleoprotein structures that cap the end of chromo-
somes and thereby protect against unwanted recombina-
tion and degradation. In humans, TL shortens in somatic
cells with advancing age due to the increased number of
cellular divisions. Excessive TL shortening is an index of
senescence, causes genomic instability and is associated
with a higher risk of age-related diseases. Recent findings
showed that newborn TL determines the adult TL.'* It
has been suggested that TL is a long-term biomarker of
chronic oxidative stress compared with hyperhomocyste-
inemia as short-term biomarker.'"*2

Primary prevention of COD in offspring might be pos-
sible when we have more insight into the role of TL as a
biomarker in the pathogenesis to be used as future pre-
dictor of COD, and the associations with maternal health
conditions. Therefore, as a first step, we aim to study the
association between periconception maternal TL and the
risk of having a child with a neural crest-related COD.

2 | METHODS

2.1 | Study population

Data and blood samples were used from the HAVEN
study (Acronym for Heart Defects, Vascular Status,
Genetic Factors and Nutrition), a multicenter case-control
triad study on COD, conducted at the Department of
Obstetrics and Gynaecology, Division of Obstetrics and
Foetal Medicine of the Erasmus MC, University Medical

Centre Rotterdam, The Netherlands. The study was de-
signed to investigate parental health, environmental and
genetic determinants in the pathogenesis and prevention
of COD offspring. Data have been collected between 2003
and 2010, and the study design has previously been de-
scribed in detail.'* The HAVEN study enrolled 904 case
and control mothers (Figure 1). Mothers pregnant at the
study moment (n = 77), missing folate or homocysteine
status (n = 94) and missing TL assessment (n = 3) were
excluded from the analysis. In total, 306 case mothers of a
child with COD and 424 control mothers of a child with-
out congenital malformations were selected and included
for analysis. In summary, all cases were diagnosed with
COD by ultrasound and/or cardiac catheterization and/or
surgery by a paediatric cardiologist. Only patients with a
type of CHD that has been associated with folate, or other
environmental factors before, were included, to increase
the homogeneity of the case group. Control children and
their parents were eligible if congenital malformations or
chromosomal abnormalities were not present. The VSD
group consist of perimembranous ventricular septal de-
fects and atrioventricular septal defects. Only singletons,
biological parents with no familial relationship and whom
are familiar with the Dutch language (writing and read-
ing), could participate. Fasting venous blood samples
were drawn from all mothers, approximately 1 year after
the periconception period of the index pregnancy, that
is around 15 months. This interval was chosen to mimic

Eligble participants HAVEN study (N= 904)
Controls (N=480)
COD Cases (N=424)

Excluded (N=171)

e Notpregnant (N=77)

e Missing blood
concentrations of folate
or homocysteine status
(N=94)

y

Ongoing pregnancies
(N=733)

Excluded (N=3)
#|e Notelomerelength
assessment (N=3)

Included participants
(N=703)

COD group
(N=306)

Control group
(N=424)

FIGURE 1 Flowchart of inclusions and exclusions of the study
population in the HAVEN study (Heart Defects, Vascular Status,
Genetic Factors and Nutrition). COD, congenital outflow defects
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the periconceptional health status of the mother and to
minimize the risk of undiagnosed less severe COD in
the control group. The same interval was used to obtain
general information on lifestyle behaviours and demo-
graphic data by questionnaires. General questionnaire
contained items on maternal age, ethnicity, education,
family history, obstetrical history and periconception ex-
posures such as folic acid supplement use and diet. After
birth, data on foetal gender and pregnancy outcome were
obtained from medical records. Ethnicity and educa-
tional level were classified according to the definitions of
Statistics Netherlands.'**> All self-administered question-
naires were checked by the researcher for completeness
and consistency during the hospital visit. Standardized
anthropometric measurements including height, weight
and blood pressure were performed in the hospital to limit
measurement errors. The samples, for the measurement
of the biomarkers in plasma total homocysteine, in serum
folate red blood cell, serum folate and in serum vitamin
B12, from cases and controls were analysed over similar
time frames. Appendix A, describes the measurements of
the biomarkers in more detail, as previously described by
Obermann-Borst et al."?

The study protocol was approved by The Central
Committee on Research involving Human Subjects and
the institutional review boards of all participating hospi-
tals. All parents gave their written informed consent, as
well as on behalf of their participating child.

Reporting of the study conforms to broad EQUATOR
guidelines.'®

2.2 | DNA isolation and Telomere length
measurement

Genomic DNA from case and control mothers was ran-
domly extracted in the same time period from EDTA
blood samples (stored at —80°C until isolation) with the
Reliaprep kit (Promega, Leiden, Netherlands) on a Tecan
Evo robot. DNA integrity was checked for 30 randomly
chosen samples on the 4200 Tapestation system (Agilent,
Santa Clara, United states of America) and were found
to be above >10 kbp. DNA concentrations and purities
(0D260/280 and OD260/230) were measured with the
Nanodrop (ThermoFisher, Waltham, United States of
America). The concentrations of all samples were nor-
malized to 50 ng/pl, and the purities were checked and
found to be in the accepted range (OD260/280: 1.8-2.0
and 0OD260/230: 2.0-2.2).

Relative TL (TS ratio) was measured using a singleplex
qPCR assay based on the method described by Cawthon'’
with minor modifications. For each sample, the telomere
and 36B4 assay were run in the same well position but in
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different 384 wells PCR plates. Each reaction contained
5 pl reaction volume with 2 ng DNA, 1 pM of each of the
telomere primers (tellb-forward: GGTTTGTTTGGGT
TTGGGTTTGGGTTTGGGTTTGGGTT, tel2b-reverse:
GGCTTGCCTTACCCTTACCCTTACCCTTACCCT
TACCCTT) or 250 nM of the 34B4 primers (36B4u-
forward: CAGCAAGTGGGAAGGTGTAATCC, 36B4d-
reverse: CCCATTCTATCATCAACGGGTACAA) and 1x
Quantifast SYBR green PCR Mastermix (Qiagen, Hilden,
Germany). The reactions for both assays were performed
in duplicate for each sample in a QuantStudio Flex 7
real-time PCR machine (Applied Biosystems, Waltham,
United States of America). Used cycling condition were
as follows: 1 cycles at 95°C for 15 min, 40 cycles at 95°C
for 15 s and 60°C for 1 min. After each qPCR, a melting
curve was run which showed a single peak for both as-
says. The cycle threshold (Ct) values and PCR efficiencies
were calculated per plate using the MINER algorithm.'®
Duplicate Ct values with a Coefficient of Variance (CV) of
more than 1% were repeated a second time in a different
run. The average PCR efficiency per plate was 84% for the
TEL assay and 79% for the 36B4 assay. This was consistent
for all plates. To quantify the TEL and 36B4 assay per sam-
ple, the average Ct value (of the duplicate measurements)
and the average qPCR efficiency per plate was used in
the formula Q = 1/(1+PCR eff)"Ct. The TS ratio was cal-
culated by dividing the Q of the telomere assay by the Q
of the 36B4 assay. Each 384 wells PCR plate contained
a set of 7 control samples. The average TS ratio of these
7 samples was used to normalize for plate batch effects.
To validate the measured TS ratios, 170 randomly chosen
samples were run for a second time (same DNA isolation,
but different DNA dilutions). The validation experiment
was performed a week later and the interclass coefficient
of that experiment was 0.94."

2.3 | Statistical analyses

Characteristics were compared between case and control
mothers. Descriptive statistics of the study population
were presented using means and standard deviations for
normal distributed variables and median and interquar-
tile range for skewed variables. Analysis was performed
by Student's ¢ test and Mann-Whitney U test, respectively.
Frequencies (proportions) were used for categorical vari-
ables and were compared by chi-square test.

Spearman correlations was used to evaluate correla-
tions between maternal age, and homocysteine, and rel-
ative TL.

Multivariable logistic regression was used to compute
crude and adjusted odds ratios (OR) per standard deviation
(SD) decrease between the maternal T/S ratio with 95%
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confidence intervals (95% CI) and COD and VSD risk in off-
spring. The ORs were adjusted for maternal age, as known
confounder for TL and COD (model 1). In a second model,
we additionally adjusted for maternal body-mass-index,
ethnicity, education and use of alcohol or smoking during
pregnancy based on the characteristics of the two study
populations and literature.”> As homocysteine is an im-
portant oxidative stress marker, the analyses were also per-
formed after adjustment for homocysteine concentrations.

This study was conducted on an available sample size
of 306 case mothers and 424 control mothers. Assuming
a correlation between maternal age and maternal rela-
tive TL no larger than 0.2, we can demonstrate an OR
>1.24 of the standardized relative TL with 80% power
based on simulation. Probability values <0.05 were
considered statistically significant. All analyses were
performed with R (R for Windows, version 3.5; R Core
Team).

3 | RESULTS

General characteristics, lifestyle, biomarkers as folate,
homocysteine and vitamin concentrations and foetal
outcomes, of case mothers and control mothers were
summarized in Table 1. The interval after index preg-
nancy, BMI, maternal COD incidence, ethnicity, use of
alcohol, smoking and folic acid supplement use were
comparable between both groups. Case mothers had a
significantly higher age (p = .009) with a mean age of
31.8 years in case mothers and 30.9 years in control
mothers. A positive family history for COD was more
common in case mothers. A significant difference was
found in education level between cases and controls,
where a low and high education level was more common
in the case mothers. Homocysteine and folate concentra-
tions were comparable between the groups. Birth weight
of offspring was significantly lower in the group of case
mothers compared with control mothers. Preterm birth
was significantly more common in case mothers.

The COD phenotypes of case children (n = 306) com-
prised aortic valve stenosis (n = 7), atrioventricular septal
defect (n = 29), perimembranous ventricular septal defect
(n = 84), pulmonary valve stenosis (n = 42), coarctation
of the aorta (n = 33), hypoplastic left heart syndrome
(n = 12), transposition of the great arteries (n = 50), tetral-
ogy of Fallot (n = 38) and others (n = 11). Two hundred
and thirty-five of the 306 cases were defined as isolated
COD cases. Seventy-three cases were non-isolated and
had another major structural congenital anomaly besides
COD. Forty-two of the 72 non-isolated cases had a ge-
netic syndrome, that is trisomy (n = 27), deletion 22q11
(n = 5), Noonan syndrome (n = 4), Beckwith-Wiedemann

syndrome (n = 1), CHARGE syndrome (n = 1), Saethre-
Chotzen syndrome (n = 1), Alagille syndrome (n = 1),
Kartagener syndrome (n = 1) and Turner syndrome
(n = 1). The distribution of maternal relative TL (T/S
ratio) among the controls, COD cases and VSD cases were
depicted in Figure 2. Maternal age revealed a significantly
inverse correlation with relative TL (R = —.13; p = <.001).
There was no correlation between the homocysteine con-
centrations in plasma and relative TL (R = .037; p = .32)
(Figure Al). A positive family history for COD was not
significantly associated with relative TL. A multivariable
logistic model was used to determine the independent
association of maternal relative TL with COD risk in off-
spring (Table 2A). Model 1 and model 2 showed no signif-
icant associations between shorter maternal relative TL,
per decrease in standard deviation of relative TL, and the
risk of COD offspring (crude OR 1.10 (95% CI 0.95-1.27),
p = .22). Model 1: adjOR 1.07 (95% CI 0.92-1.24), p = .37
and Model 2: adjOR 1.07 (95% CI 0.92-1.24), p = .40. The
syndromal and non-syndromal COD group showed also
a comparable non-significant association, crude OR 1.15
(95% CI 0.84-1.58), p = .36 and crude OR 1.09 (95% CI
0.93-1.27), p = .28, respectively.

In addition, we analysed the association between rela-
tive TL and VSD (n = 113), and demonstrated that a shorter
maternal relative TL is associated with a significantly in-
creased risk of VSD in their offspring (crude OR 1.29 (95%
CI 1.04-1.61), p = .02, per standard deviation relative TL
decrease). In Model 1, the association remained signifi-
cant (adjOR 1.25 (95% CI 1.01-1.55), p = .04) (Table 2B).
In Model 2, the association slightly attenuated (adjOR 1.24
(95% CI 1.00-1.55)). After stratification, the syndromal
VSD group showed no association between shorter ma-
ternal relative TL and the risk of VSD in offspring (crude
OR 1.28 (95% CI 0.88-1.89), p = .20). Whereas, the non-
syndromal VSD group showed a significant association
between shorter maternal relative TL and the risk of VSD
in offspring (crude OR 1.29 (95% CI 1.02-1.66), p = .04).
In model 1 and model 2, this association remained, albeit
not significant (adjOR 1.26 (95% CI 0.99-1.62), p = .06 and
adjoOR 1.28 (95% CI 1.00-1.64), respectively) (Table 2B).

Adjustment of the associations for homocysteine con-
centrations did not substantially affect the association be-
tween relative TL and the risk of COD and VSD offspring,
Table Al.

4 | DISCUSSION

This is the first study showing that shorter maternal rela-
tive TL, per standard deviation decrease, is associated with
an OR of 1.29 for the risk of VSD in offspring that attenu-
ated to an OR of 1.25 after adjustment for maternal age
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TABLE 1 General characteristics of the study population of case mothers (COD offspring) and control mothers (offspring without

congenital defects)

Case mothers

n = 306
Demographics
Maternal age, years® 31.8 (4.7)
Time after index pregnancy, months 16.2[15.2,17.9]
Mode of conception, spontaneous 289 (94.4)

Body mass index, [kg/m?] 24.0[22.0, 28.0]

Education level

Low 86 (28.1)
Intermediate 126 (41.2)
High 94 (30.7)
Geographic origin
Western 270 (88.2)
Non-Western 36(11.8)
Mother with COD 8(2.6)
Family history of COD 43(14.1)
Lifestyle
Periconception use of (n (%))
Alcohol 113 (36.9)
Cigarettes 57 (18.6)
Folic acid and/or (multi)vitamins 254 (83.0)
Current use of (n (%))
Alcohol 157 (51.3)
Cigarettes 53(17.3)
Folic acid and/or (multi)vitamins 83 (27.1)

Biomarkers
Vitamine B12, serum (pmol/L) 277.5[209.5, 361.8]

Plasma total homocysteine, plasma, 10.1 [8.4,12.5]

(pmol/L)
Folate, serum (nmol/L)
Folate, red blood cell (nmol/L)

15.2[12.4,19.4]
659 [529, 802]

Birth outcomes

Foetal gender, boys 173 (56.5)
Birthweight 3290 [2850, 3650]
Preterm birth (<37 weeks gestation) 48 (15.8)

Abbreviation; COD, congenital outflow defects.

Control mothers

n =424 Missings p-value
30.9 (4.6) 1 .009
16.3[15.3,18.0] 1 79
401 (94.6) 1 .82
24.0 [22.0, 27.0] 1 25
93(22.1) 3 .02
216 (51.3)

112 (26.6)

356 (84.2) 1 15
67 (15.8)

4(0.9) 0 15
31(7.3) 0 .009
138 (32.5) 4 .51
87(20.5) 0 .56
339(80.1) 0 38
233 (55.0) 1 A7
78 (18.4) 2 .57
107 (25.3) 0 .64
260.0 [201.0, 357.5] 0 36
9.7[8.2,11.8] 0 .05
14.70 [12.2, 19.6] 0 .37
634 [521, 769] 0 36
234 (55.2) 0 78
3500 [3200, 3890] <.001
24 (5.7) 4 <.001

*Presented as mean (SD). Data are presented as median [IQR] or number of individuals (proportions).

(adjOR 1.25 (95% CI 1.01-1.55), p = .04). Moreover, we
demonstrated a significant association between shorter
maternal relative TL and the non-syndromal VSD group
(crude OR 1.29 (95% CI 1.02-1.66), p = .04), where after
adjustment the association remained, but lost significance.

One of the main methodological strengths of this
study is the use of the standardized samples taken ap-
proximately 1 year after the periconception period of the
index pregnancy, which minimizes recall bias. The fixed

telomere ranking and telomere tracking in adults supports
the validity of the measure of maternal TL approximately
15 months after index child as proxy for the periconcep-
tion maternal TL. Moreover, we prevented misclassifi-
cation of cases and controls, given that most CODs are
diagnosed during the first year of life. Another strength
is the detailed description of the neural crest-related
COD phenotypes and the ethnic homogeneity of case and
control families. Another strength is the stratification in
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syndromes. As COD as part of a syndrome is more likely
to be due to chromosomal abnormalities. A limitation of
our study could be the measurement of TL in blood, which
may not be representative for TL in the maternal oocytes
or embryonic cardiac cells. However, it has been shown
that leukocyte TL is highly correlated with TL of other so-
matic tissues from the same individual such as muscle, fat,
skin and synovial tissue. This indicates that a clear intra-
individual synchronization in TL exists in adults,”’ sug-
gesting blood cell TL to be a valid measurement. Another
possible limitation of this study is that we did not mea-
sured blood cell counts. Blood cell counts could affect

Telomere Length (T/S ratio)

CcoD glroup VvSsD g;roup Contr[ol group
FIGURE 2 Box-and-whisker plot demonstrating the
distribution of telomere length (T/S ratio) in control mothers
(offspring without congenital defects) [N = 424] compared with
total congenital outflow defect group (COD) [N = 306] and
ventricular septal defect (VSD) group [N = 113]. Boxplots present
median, 10th, 25th, 75th, and 90th percentile. Telomere length

were compared by Mann-Whitney U test

average TL, albeit literature is inconclusive about this
association.??? Thereby, the association between pater-
nal factors, such as environmental risk factors and sperm
quality, and the risk of congenital heart disease in the off-
spring could not be investigated, because of comparable
paternal age in cases and controls and limited power. A
limitation of our study is that there are more typical COD
types such as arterial trunk and double outlet right ven-
tricle. The representation of these group was low in our
study population and we were most interested in the VSD
group as this was our largest group of the HAVEN study
and most common phenotype of COD. Thereby, we are
aware that residual confounding can never be excluded
because of the observational character of this cohort.

Our data support our hypothesis of using relative TL as
biomarker for multiple exposures of oxidative stress and
inflammation to assess the risk of COD offspring in the fu-
ture. However, maternal age is the strongest determinant
in this association. Thereby, the intricacy of TL translates
in a high inter-individual variability, when comparing
same-aged people.* This may be an explanation for the
non-significant association found between relative TL and
the risk of COD in general. Therefore, in future studies,
larger sample sizes are needed.

Previous studies in mice showed that, 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 sensitive
to telomere loss and chromosomal instability.'>* These
results support our findings, considering the similar risk
factors neural tube defects and COD share.

A hypothetical role of TL in neural tube defects
(NTD) and COD is illustrated by the epidemiological

TABLE 2 Maternal telomere length (T/S ratio) in association with the risk of congenital outflow defects (COD) (A) or ventricular septal

defect (VSD) (B) in offspring

Cases/controls
A.Risk of COD  (n = 306/424) Crude OR (95% CI)
Total study group ~ 306/424 1.10 (0.95-1.27)
Syndromal 42/424 1.15 (0.84-1.58)
Non syndromal 261/424 1.09 (0.93-1.27)
Cases/controls
B. Risk of VSD (n =113/424) Crude OR (95% CI)
Total study group ~ 113/424 1.29 (1.04-1.61) .02
Syndromal 30/424 1.28 (0.88-1.89) .20
Non syndromal 83/424 1.29 (1.02-1.66) .04

p-value

p-value

OR (95% CI)*  p-value OR (95%CI)°®  p-value

1.07(0.92-1.24) .37
1.07 (0.79-1.48) .65
1.07 (0.92-1.25) .39

1.07(0.92-1.24) .40
1.04(0.75-1.44) .82
1.07(0.92-1.26) .38
OR (95% CI)? OR (95% CI)®

p-value p-value

1.25(1.01-1.55)  .047
1.19 (0.82-1.76) .36
1.26 (0.99-1.62) .06

1.24(1.00-1.55) .05
1.13(0.77-1.69) .54
1.28 (1.00 —1.64) .05

Note: CI, confidence interval of COD or VSD risk per standard deviation (SD) decrease in maternal T/S ratio. OR for decrease in risk per SD showed as 1/OR,
one SD maternal T/S ratio = 0.163. Telomere length (T/S ratio) measured at approximately 16 months after the index pregnancy.

Abbreviation: OR, odds ratio.
“Risk estimates adjusted for maternal age.

PRisk estimates adjusted for maternal age, maternal body-mass-index, ethnicity, education and use of alcohol or smoking during pregnancy.
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(A)
20+ R=-0.13, p=0.00053

1.5

Telomere length (T/S ratio)

20 30 40 50
Maternal age (years)

(B)

.
R=0.037,p=032

201

1.51

Telomere length (T/S ratio)

0 10 20 30
Maternal homocysteine (umol/L)

FIGURE A1 Correlations between maternal telomere length (T/S ratio) and (A) maternal age and (B) maternal plasma total
homocysteine. Spearman rank correlation test is performed to test the correlations

TABLE A1 Maternal telomere length (T/S ratio) in association with the risk of congenital outflow defects (COD) (A) or ventricular

septal defect (VSD) (B) in offspring

A. Risk of COD Cases/controls (n = 306/424) OR? (95% CI) p-value
Total study group 306/424 1.07 (0.92-1.24) .38
Syndromal 45/424 1.05 (0.76-1.46) .76

Non syndromal 261/424 1.07 (0.92-1.25) .39

B. Risk of VSD Cases/controls (n = 113/424) OR? (95% CI) p-value
Total study group 113/424 1.24 (1.01-1.55) .049
Syndromal 30/424 1.18 (0.80-1.75) .40

Non syndromal 83/424 1.26 (0.99-1.62) .06

Note: OR, odds ratio; CI, confidence interval of COD or VSD risk per standard deviation (SD) decrease in maternal T/S ratio. OR for decrease in risk per SD
showed as 1/OR, one SD maternal T/S ratio = 0.163. Telomere length (T/S ratio) measured at approximately 16 months after the index pregnancy.

*Logistic regression adjusted for maternal age and maternal homocysteine levels.

and biological evidence of the association between hy-
perhomocysteinemia and increased risk of NTD and
COD in offspring.>'* Hyperhomocysteinemia is a sen-
sitive biomarker of oxidative stress and as such may
reduce the synthesis or increase the damage of DNA,
including the telomeres. In our study, homocysteine
was comparable between the groups; however, homo-
cysteine levels tended to be higher in cases. In our study
population, no correlation between homocysteine and
relative TL was found. Thereby, adjusting for homocys-
teine concentrations had no significant influence on the
association between relative TL and the risk of COD and
or VSD offspring.

Entringer et al. proposed that the effect of subopti-
mal intrauterine conditions on initial setting of TL and

telomerase activity is mediated by the programming ac-
tions of stress-related maternal-placental-foetal oxidative
and metabolic pathways, in a way that accelerate cellu-
lar dysfunction, ageing and disease over the lifespan.?
Embryogenesis in early pregnancy is sensitive to excessive
oxidative stressors in the environment, resulting in struc-
tural and functional changes in cells, tissues and organ
systems. Changes in TL of cells in the foetal heart may
also play a role in normal cardiac development during em-
bryogenesis and supports the association between TL and
increased risk of VSD offspring.’

The process of foetal programming of telomeres may re-
flect an effect shown across generations, which influences
the health and well-being of not only individuals but also
their offspring. Thereby, mother—offspring correlation in
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TL appears to be stronger than the father-offspring cor-
relation, regardless of the gender of offspring.”® These
finding emphasize the importance of efforts for early pre-
diction and prevention. It should be noted that new born
TL might relate more directly to VSD, but this is not eval-
uated in our study. Paternal TL and paternal age also con-
tributes to the settings of newborn TL. Thereby, it could
be that a part of newborn TL, not related to maternal TL,
contributes to the development or predisposition of VSD.

Other associations between TL and obstetric outcomes
have also been reported. Telomerase activity is decreased
or absent in placentas of foetal growth-restricted new-
borns.? In this way, foetal growth restriction is a common
occurrence during COD pregnancies.

Our findings entails a new focus in the future scientific
approach of the prediction and prevention of neural crest
cell-related COD. For example, our results can form the
basis for animal studies in which the pathophysiological
mechanism for neural crest-related COD can be further
explored.

Moreover, it contributes to the recognition of the impor-
tance of a life course approach in women's and offspring’s
health. We believe there could be a role for E-health in-
tervention platforms, such as www.smarter.pregnancy.
co.uk,* by improving maternal health conditions, such as
an adequate intake of vegetables, fruits and folic acid sup-
plements, stop smoking and alcohol consumption, that
reduce excessive oxidative stress in women contemplating
pregnancy using relative TL as a marker.

Further studies and replications of our study with
larger populations and worldwide collaboration platforms
are needed to confirm our findings and identify maternal
relative TL as a sensitive predictive biomarker.

5 | CONCLUSION

Shorter maternal relative TL, independent of the maternal
chronological age effect, is associated with a higher odds,
OR of 1.29, for the risk of VSD in the offspring. No associa-
tion was found between maternal TL and the risk of neural
crest-related COD offspring in the total COD group. The
direct biological implications of TL biology in the onset of
VSD cannot be concluded from this study and should war-
rant further investigation in other studies on congenital
malformations, and on the predictive value of maternal
TL before implementation in clinical practice. For exam-
ple, specify and sensitivity studies using ROC curves.

The demonstration of an underlying role for shorter
maternal relative TL and the association with neural crest-
related COD in the offspring, in particular VSD, identifies
maternal TL as a possible long-term biological marker of
the long-term oxidative stress status of women in their
periconception period. Consequently, after additional

research, maternal TL may be used as a biological marker
in periconceptional risk assessment.
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APPENDIX A

Measurements of biomarkers

Fasting venous blood samples were drawn from case and
control mothers during the hospital visit. Immediately
after blood sampling, an ethylenediaminetetraacetic acid
tube was placed on ice and a serum separator tube was
kept at room temperature. Both tubes were centrifuged at
4000 x g for 10 min at 4°C and separated within 1 h. All
samples were stored at —80°C in batches within 5 months
of collection. To determine total homocysteine we used
liquid chromatography-tandem mass spectrometry (LC-
MS/MS; Waters acquity UPLC premier XE, Milford,
MA, USA). Serum folate and vitamin B12 were routinely

determined by immunoelectrochemiluminescence im-
munoassay (ECLIA) on a Roche Modular E170 (Roche
Diagnostics GmbH, Mannheim, Germany). Red blood
cell folate was measured in the haemolysate of whole
blood with ascorbic acid for stabilisation. The red blood
cell folate concentration was calculated according to
the following formula: (nmol/l haemolysate folate X 10/
haematocrit)—(nmol/l serum folate X [1—haematocrit]/
haematocrit) = nmol/l RBC folate.

The inter-assay coefficients of variation (CV) were 5.9%
at 15.3 pmol/l and 3.4% at 39.3 pmol/l for tHcy, 9.5% at
8.3 nmol/I and 3.2% at 20.2 nmol/l for folate, and 5.1% at
125 pmol/l and 2.9% at 753 pmol/1 for vitamin B12.



	Shorter periconception maternal telomere length and the risk of congenital cardiac outflow defects in the offspring
	Abstract
	1|INTRODUCTION
	2|METHODS
	2.1|Study population
	2.2|DNA isolation and Telomere length measurement
	2.3|Statistical analyses

	3|RESULTS
	4|DISCUSSION
	5|CONCLUSION
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST
	AUTHOR CONTRIBUTIONS
	REFERENCES


