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Introduction: Maternal nutritional and vitamin status during pregnancy may have
long-term effects on offspring health and disease. The aim of this study was to
examine the associations between maternal vitamin A and D status in pregnancy
and offspring bone mineral content (BMC) at nine years of age.

Methods: This is a post-hoc study of a randomized control trial including 855
pregnant women from two Norwegian cities; Trondheim and Stavanger. The
women were randomized into an exercise intervention or standard antenatal
care. Mother and child pairs for the present study were recruited from those still
living in Trondheim after 8—10 years. Serum vitamin A (retinol) and vitamin D (25
(OH)D) were measured in the 2" and 3" trimesters of pregnancy, and active
vitamin D (1,25(0OH),D) in serum was measured in a subgroup. Spine BMC and
trabecular bone score were measured in the children at nine years of age.
Associations were analyzed with linear regression models.

Results: A total of 119 mother and child pairs were included in the analyses.
Vitamin A insufficiency (retinol< 1.05 pmol/L) and vitamin D deficiency (25(OH)D<
50 mmol/L) increased from ~7% to ~43% and from ~28% to ~33%, respectively,
from the 2" to the 3™ trimester. An increase in serum 1,25(OH),D from the 2™ to
the 3" trimester was observed in the subgroup. There was a negative association
between serum retinol in the 2™ trimester and spine BMC in the boys, but not in
the girls, when adjusted for maternal and child confounders. No other
associations between maternal serum vitamin A or D and BMC in the children
were found.
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Conclusion: We observed a high prevalence of vitamin A insufficiency and
vitamin D deficiency during pregnancy. A negative association between mid-
pregnancy vitamin A status and spine BMC was observed in boys, but not girls,
while no associations were found between maternal vitamin D status and child
BMC. The implications of optimal vitamin A and D status in pregnancy for
offspring bone health, remains a subject for further investigations.
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Introduction

Environmental exposures in fetal and early life may
permanently influence the vulnerability to disease later in life (1).
The nutritional status of the mother during pregnancy is therefore
of significance for the future health of the offspring. The in utero
environment and access to nutritional factors, such as vitamin A
and D, are important for the child’s future bone health and risk for
osteoporosis (2-4).

Vitamin A is crucial for development of the skeleton at an early
stage of embryogenesis, and both deficiency and excess can cause
skeletal defects in the fetus (5). The growth of long bones and
skeletal structural development in mid- and late pregnancy are
dependent on access to vitamin A (2, 6). Vitamin D is pivotal for the
mineralization of the fetal skeleton. A rise in the active form of
vitamin D, 1,25-dihydroxyvitamin D (1,25(OH),D), occurs through
the second and third trimester of pregnancy, which has been
proposed to optimize calcium absorption and promote accrual of
calcium in the fetal skeleton (7, 8). Calcium, phosphorus, and
magnesium are actively transported from the maternal circulation
across the placenta, and most of this transfer occurs in the third
trimester (9). The human fetus requires accretion of approximately
30g of calcium during the 3™ trimester for adequate bone
development (10, 11).

According to the World Health Organization (WHO), vitamin
A deficiency (VAD) defined as circulating retinol< 0.70 umol/L
(12), is still considered a public health problem. Deficiency is
particularly prevalent in several developing countries, and around
20 million pregnant women are considered VAD globally (12-14).
Vitamin A exists in two dietary forms, retinol and provitamin A
(mainly P-carotene). Vitamin A is stored in the liver and
transported in the circulation bound to retinol-binding proteins
(15). After conversion to the active metabolite, all-trans-retinoic
acid (ATRA), it binds to the retinoic acid receptor (RAR) and
retinoic X receptor (RXR) heterodimers in the target tissue (16).
Vitamin A intake is generally assumed to be sufficient in western
populations. However, a study among pregnant women from USA

Frontiers in Endocrinology

published in 2019, reported that 60% had insufficient serum levels
of retinol in the third trimester (17).

Vitamin D deficiency (VDD, serum 25(OH)D< 50 nmol/L)
during pregnancy, is highly prevalent and considered a worldwide
epidemic. A prevalence of VDD in pregnancy up to 90% is reported
(18), and VDD is associated with adverse maternal, fetal, and
neonatal outcomes (18, 19). Vitamin D is acquired through the
diet or formed in the skin from 7-dehydrocholesterol under the
influence of ultraviolet B radiation (UVB). Thereafter, vitamin D is
converted to hydroxyvitamin D (25(OH)D) which is used to assess
vitamin D status in the circulation. 25(OH)D is a precursor of the
active form, 1,25(OH),D, which binds to the vitamin D receptor by
heterodimerizing with RXR (20). There is some controversy
concerning the definition of VDD. According to the European
Food Safety Authority (EFSA), vitamin D deficiency is defined as
serum 25(OH)D levels< 30 nmol/L (21), while the Endocrine
Society consider serum levels< 50 nmol/L as VDD (22).

Few studies have reported on associations between maternal
vitamin A status and bone parameters in children. A study from the
UK published in 2016 reported a negative association between
maternal retinol serum concentrations in late pregnancy and whole
body bone mineral content (BMC) in neonates, whereas maternal
serum [-carotene concentrations were positively associated (23).
On the other hand, we have previously reported a positive
association between maternal serum retinol status and peak bone
mass in adult offspring (24).

Studies on the association between maternal 25(OH)D
concentrations during pregnancy and offspring BMC measured
by dual x-ray absorptiometry (DXA), show conflicting results.
Positive (25-27), or no (24, 28, 29) associations between maternal
vitamin D status and oftspring BMC at ages ranging from 6-26
years, are reported.

The objective of the current study was to investigate the
relationship between maternal serum status of vitamin A (retinol)
and vitamin D (25(0OH)D) in the 2" and 3™ trimesters of
pregnancy and spine BMC and trabecular bone score (TBS), a
measure of bone quality, in the children at nine years of age.
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Methods
Study design, setting, and participants

In this longitudinal study, we used maternal and neonatal data
collected from the randomized controlled trial (RCT) “Training in
Pregnancy” (TRIP), conducted in Norway between 2007 and 2009,
with the original primary aim to assess the effect of exercise for
prevention of gestational diabetes (30). The original study included
855 pregnant women from two Norwegian cities (Trondheim and
Stavanger), and the participants were randomized to a 12-week
moderate-intensity exercise program or to standard prenatal care
(30). Data and serum samples were collected in the 274 and 3
trimesters of the pregnancy (gestational weeks 18-22 and 32-36,
respectively) (30). The mothers and their children who were still
living in the Trondheim area, were invited to participate in a follow-
up study when the children were 8 to 10 years of age. Data on the
children were collected through questionnaires, blood sampling,
anthropometrics, and dual X-ray absorptiometry (DXA)
measurements at St. Olav’s University Hospital, Trondheim,
Norway, between November 2016 and December 2018. Since
participants from the two original study groups (30) were
homogenous regarding all predictors included in the current
study, both at inclusion and after the intervention, we merged all
the participants into one group for the current analyses.

Characteristics of the mothers

Data regarding the mothers’ age at pregnancy, education,
smoking, pre-pregnancy body mass index (BMI, kg/m®), height,
weight and BMI at inclusion (2" trimester), number of days per
week with regular exercise training and if they participated in
regular exercise training with high intensity three or more times
per week, parity, sample season and children’s birthweight,
gestational age, and mode of delivery were retrieved from the
original study (30, 31). Data regarding intake of vitamin A, D and
calcium from diet and supplements in the 2™ and 3 trimesters,
were extracted from a 180-items Food Frequency Questionnaire
(FFQ) answered by the mothers at the two gestational measure
points (32). Vitamin A intake is reported as Retinol Activity
Equivalents (RAE), calculated as total retinol plus one twelfth of
the B-carotene intake (33).

Characteristics of children and
DXA measurements

Height (cm) and weight (kg), without shoes and outer clothes,
were recorded using a wall-mounted digital stadiometer, and BMI
(kg/m?) was calculated. Iso-BMLI, i.e. categories for BMI adjusted for
age and sex, was obtained with the use of a calculator published by
The Norwegian Institute of Public Health (34). BMC and bone
mineral density (BMD) at the lumbar spine (L1-L4), whole body
less head, distal femur and total hip, were measured by DXA,
applying Hologic Discovery A S/N 83817. Children were asked to
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remove metal objects before the DXA scanning and carefully
instructed to lie still to prevent movement artefacts. Spine TBS
was calculated from spine BMD, weight, and height, using the TBS
iNsight® Software version 1.8 (Med-Imaps, Pessac, France). Some
of the characteristics of these children have previously been
published (35, 36).

Serum analyses in the mothers

In the original TRIP-study, overnight fasting blood samples
were collected from the pregnant women by standard venipuncture
at inclusion in the 2™ trimester and after ~14 weeks in the 3™
trimester, as previously described (30, 31). Briefly, blood was
collected in vacuum tubes, sat for 30 minutes at RT, centrifuged
(3000g/4°C/10 minutes) before sera were aliquoted and stored at
-80°C until further analyses. 25(OH)D) was analyzed by an
electrochemiluminescence immunoassay (ECLIA), (Roche Cat#
09038078, RRID: AB_2909604), vitamin A (retinol) by high
performance liquid chromatography (HPLC), intact parathyroid
hormone (PTH) by ECLIA (Roche Cat# 07251068190 or
07251068500, RRID: AB_2895653), calcium and albumin by
colorimetric methods, at the Department of Biochemistry, St.
Olavs University Hospital, Trondheim, Norway. Vitamin D
binding protein (DBP) was analyzed by an in-house competitive
radioimmunoassay (RIA) (Sigma-Aldrich Cat# HPA019855, RRID:
AB_1849545) and 1,25(OH),D by an enzyme immunoassay
(Immunodiagnostic Systems Cat# AC-62F1, RRID: AB_2891249)
at the Hormone Laboratory, Oslo University Hospital,
Oslo, Norway.

Serum analyses in the children

At follow-up, overnight fasting blood samples were collected
from the children (between 07:30 and 09:00). Children received a
numbing Emla-patch containing a gel with lidocain and prilocaine
30 minutes before blood samples were collected by standard
venipuncture. Blood was collected in vacuum tubes, sat for 30
minutes at RT, centrifuged (3000g/4°C/10 minutes), and sera were
aliquoted and stored at -80°C until further analyses. Sera from all
participants were analyzed simultaneously for 25(OH)D by a Liquid
Chromatography with Tandem Mass Spectrometry (LC-MS/MS)
method with DEQAS quality control (www.deqas.org) and
intact parathyroid hormone (PTH) by a non-competitive
immunoluminometric assay (ILMA) with an Immulite 2000
Intact PTH Kit (Siemens Cat# L2KPP-15, RRID: AB_2782968s)
at the Hormone Laboratory, Oslo University Hospital, in March
2021. Sera from all children were analyzed simultaneously for
albumin and total calcium at the Department of Biochemistry, St.
Olavs University Hospital in September 2021.

In the current study we used clinical cut-offs based on serum
measurements from the European Food Safety Authority (EFSA)
for categorizing vitamin A deficiency (sRetinol< 0.7 umol/L),
insufficiency (sRetinol: 0.7-1.05) and sufficiency (sRetinol > 1.05
pumol/L) for the maternal measurements (37). We categorized
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extreme vitamin D deficiency (s25(OH)D< 30 nmol/L), deficiency
(s25(OH)D: 30-50 nmol/L) and sufficiency (s25(OH)D > 50 nmol/
L) for both the mothers and the children, according to the
recommendations from the Endocrine Society (22). Sample
seasons were defined as winter and spring (December to May)
and summer and autumn (June to November).

Calculation of free and bioavailable
25(0OH)D

The concentration of free 25(OH)D [Dg,...] was calculated with
the use of a binding constant between albumin and 25(OH)D
(binding C,jpumin-p) equal to 6 x 10° M, and a binding constant
between DBP and 25(OH)D (binding Cppp.p) equal to 7 x 10° M™
(38):

— [Dlotal]
" (1 + ((binding Cyppumin_p) X [albumin]) + (binding Cppp_p) x [DBP]))

[D free]

The concentration of albumin-bound 25(OH)D [D_jbumin] Was
calculated as:

[Dalbumin] = [Dfree] X binding Calbumin—D X [albumin]

Bioavailable 25(OH)D was calculated as the total of free and
albumin-bound 25(OH)D (39).

Ethics

The study was conducted in accordance with the ethical
principles in the Declaration of Helsinki. Ethical approval from
the Norwegian Regional Committees for Medical and Health
Research (REK) was given for the original TRIP-study
(4.2007.81), and the nine-year follow-up (2014/618/REKmidt).
Written information with illustrations was distributed to the
children and their parents, and consent was obtained for all
participants (from the parents on behalf of the children).

Statistics

All data were analyzed for normality with the Kolmogorov-
Smirnov test and checked for outliers by Q-Q plots. Skewness and
kurtosis were analyzed by gl and z-score. Characteristics are
presented as mean *+ standard deviation, median (interquartile

range (IQR)), or n [%]. P-values for differences in measures

2nd 3rd

between the and trimesters of pregnancy, and differences
between measures in girls and boys, were calculated using Student’s
t-test or Mann Whitney U test depending on the distribution of
continuous variables. P-values for differences in categorical values
were calculated by a Chi-Square test with a post-hoc residual
analysis, as described by Garcia-pérez et al., when significant (40).
To determine the relationships between the intake of RAE and
maternal serum retinol and the intake of vitamin D and maternal
serum 25(0OH)D in the 2™ and in the 3" trimester, Pearson

correlation coefficients (r) were computed.
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The main outcomes: child spine BMC and TBS, were normally
distributed and used as continuous dependent variables in
multivariate linear regression analyses to assess the associations
between maternal vitamin A and D serum concentrations in both
2" and 3™ trimesters of pregnancy and children’s BMC and TBS at
nine years of age. Multiple imputation (Regression Method) was
used for missing values of serum vitamin A and D in the 3™
trimester. To detect violations of the model assumptions, z-scores of
residuals and predictors were plotted. The results from linear
regression analyses are presented as mean difference with 95%
confidence intervals in spine BMC and TBS per maternal 10
nmol/L 25(OH)D or 0.1 umol/L retinol, and maternal retinol or
vitamin D status categories. Potential confounders were chosen
based on assumptions. and were as follows; in children: age, height,
sex, vitamin D status, sample season, body weight, birthweight, and
gestational age, and in mothers: age, education, smoking, pre-
pregnancy BMI, parity, and sample season (for vitamin D only).
The potential confounding factors are assumed to influence
offspring bone health and are previously described and used in
studies with similar exposures, outcomes, and populations (28, 29).
The regression models were as follows: crude unadjusted model,
model A: adjusted for child age, height and sex, model B: adjusted
for A and maternal confounders (age, education, smoking, pre-
pregnancy BMI, parity, and sample season (for vitamin D only)),
model C: adjusted for A, B and child serum vitamin D status, body
weight, birthweight, gestational age and children’s sample season.
P-values< 0.05 were considered significant. Additionally, were the
models were further adjusted for randomization from the original
RCT (30), as well as frequency and intensity of exercise training in
pregnancy. A linear regression model using the product of maternal
retinol and 25(OH)D serum concentrations as continuous variable
was performed, to test a potential interaction of maternal retinol
and 25(OH)D status on offspring BMC and TBS. The maternal
serum concentration values were centered before they were
multiplied together, to reduce multicollinearity. All statistical
analyses were performed using SPSS (IBM SPSS, Inc., version 27,
2020) and GraphPad Prism (GraphPad Software, Inc., version 9.2.0,
2021). Figures were made in GraphPad Prism.

Results

Characteristics of the mothers
during pregnancy

A total of 661 mother and child pairs were invited, and 156
(23.6%) consented to participate in the follow-up study. During the
inclusion period, 41 participants withdrew, moved from the region,
or did not attend the clinical assessments. Therefore, 119 mother
and child pairs were included in the analyses. A flow chart of the
study recruitment is presented in Figure 1. Maternal and neonatal
characteristics (sex distribution, birthweight, and gestational age at
birth) among those who participated in the follow-up study and
those who did not, are shown in Table 1. Except for a higher median
age at delivery among women who participated in the follow-up
study (31 versus 30 years of age), no differences were observed.
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Invited child and mother pairs
n=661

(from the original TRIP study,

living in the Trondheim area)
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Did not respond to the

Consented to participate in
the 9 years follow up
with clinical visit
n=160

invitation
n=501

| Withdrew or did not attend the

Child and mother pairs
included in the analyses
n=119

FIGURE 1
Flow chart of study.

All the included women were of Caucasian origin and the
majority had education at college/university level. According to the
pre-pregnancy BMI, most (76.5%) had a BMI within the normal
range (18.5-24.9 kg/mz), three women (2.5%) were underweight
(BMI< 18.5 km/m?), and 21 (17.6%) and four (3.4%) were
overweight or obese (BMI > 25 and BMI > 30 kg/m?
respectively). The median vitamin A (RAE) and calcium intake
in both trimesters were above the current Norwegian and EFSA
recommendations (> 700 pg/day and > 900 mg/day) (37, 41, 42). In
comparison, the U.S. Department of Health and Human Services
(U.S. HHYS) Dietary Guidelines for Americans recommend a higher
RAE and calcium intake during pregnancy (> 770 pg/day and >
1000 mg/day, respectively) (43), than the Norwegian and EFSA
guidelines. A daily RAE intake below 700 pg/day was reported by
16 (13.4%) and 21 (17.9%) participants in the 2" and 3%
trimesters, respectively. A daily vitamin D intake over 10 pg/day,
which is recommended by the Norwegian Directorate of Health
(42), was reported by less than half of the women (41.2% and 44.4%
in the 2" and 3™ trimesters, respectively). Approximately 25% of
the women reported a vitamin D intake above 15 ug/day during
pregnancy, which is the recommendation by EFSA and the U.S.
HSS (21, 43).

Serum analyses in mothers

As shown in Table 1, none of the women had vitamin A
deficiency (sRetinol< 0.7 umol/L) in the 2" trimester, and only
two (1.8%) in the 3" trimester. Vitamin A insufficiency (sRetinol
0.7-1.1 umol/L) was observed in eight women (6.7%) in the 2nd
trimester, and in 47 women (41.2%) in the 3" trimester. Altogether,
33 (27.7%) had vitamin D deficiency (s25(OH)D< 50 nmol/L) in the
27 trimester, versus 37 (32.5%) in the 3" trimester. Five (4.2%) and
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clinical visit n=41

eight (7.1%) women had extreme vitamin D deficiency (s25(OH)D<
30 nmol/L) in the 2™ and 3™ trimesters, respectively.

Table 2 shows maternal serum concentrations of components of
the vitamin D endocrine system in the two trimesters of pregnancy.
A significant decrease occurred in serum 25(OH)D, albumin, total
calcium, and free and bioavailable vitamin D from the 2" o the 3¢

TABLE 1 Mothers’ characteristics during pregnancy.

Participants in

Did not partici-
pate in follow-
up (n=542)

follow-
up (nh=119)

Age at inclusion (2" 31 (4) 30 (6)
trimester), years
Age range, years 24-41 19-46
Education = High school 10 [8.4] 57 [10.5]
< 13 years
College/ 41 [34.5] 211 [38.9]
University <
4 years
College/ 68 [57.1] 274 [50.6]
University >
4 years
Married/living 118 [99.2] 528 [97.6]*
with partner
Parity > 1 57 [47.9] 229 [42.3]
Height, cm 169 + 6.1 169 + 6.1
Pre-pregnancy BMI, 22.7 (3.5) 22.7 (3.7)b
kg/m?
BMI at inclusion (2™ 24.3 (4.0) 24.4 (3.6)°
trimester), kg/m2
(Continued)
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TABLE 1 Continued TABLE 1 Continued
Participants in Did not partici- Participants in Did not partici-
follow- pate in follow- follow- pate in follow-
up (n=119) up (n=542) up (n=119) up (n=542)
Smoking 2[1.7] 3 [0.6] 3 trimester dietary intake* and serum analyses
during pregnancy
< 30 nmol/L 8 [7.1] 36 [7.7]
2"9 trimester physical activity
30-50 nmol/L 29 [25.4] 123 [26.3]
Days/week with regular 1(2) 1(2)
exercise training 50-75 nmol/L 38 [33.3] 166 [35.5]
High intensity exercise 15 [12.6] 66 [12.2] > 75 nmol/L 39 [342] 142 [30.4]
ining > k
training = 3 days/wee sPTH, pmol/L 3.4 (2.1)° 3.4 (17)f
nd ¢ : s *
2" trimester dietary intake* and serum analyses sAlbumin, g/L 34 20)¢ 34 20)f
Vitamin A, RAE, pg/day 900 (668) 962 (666) sCalcium, mmol/L 224 (0.07)° 225 (0.07)
Vitamin D, pg/day 89 (9.1) 8.6 (8.3) Sampling season winter 53 [46.1]% 222 [47.5]F
Calcium, mg/day 897 (489) 923 (433) and spring (Dec-May)
sRetinol, umol/L 14 (0.3) 14 (0.3)° Sampling season summer 62 [53.9] 245 [52.5]
and fall (June-Nov)
0.7-1.1 pmol/L 8 [6.7) 39 [7.2] . o
Birth characteristics
> 1.1 pmol/L 111 [93.3] 502 [92.8]
Sex distribution (girls) 62 [52] 260 [48]*
s25(OH)D, nmol/L 65 (34) 63 (32)*
Birthweight (g) 3585 (560) 3535 (630)*
< 30 nmol/L 5 [4.2] 28 [5.2]
Gestational age (week) 396+ 1.4 40.0 £ 1.7
30-50 nmol/L 28 [23.5] 124 [22.9] at birth
50-75 nmol/L 46 [38.7) 206 [38.1] Data are in mean * standard deviation, median (interquartile range) or n [%]. ond
trimester=gestational week 18-22, 3¢ trimester=gestational week 32-36, BMI, body mass
> 75 nmol/L 40 [33.6] 183 [33.8] index; RAE, retinol activity equivalents; s, serum; PTH, parathyroid hormone. *Intake is
calculated from diet and supplements. *missing n=1, "missing n=6, missing n=2, *missing
sPTH, pmol/L 2.7 (1.2) 2.6 (1.2)* n=>56, ‘missing n=>5, fmissing n=75, 8missing n=4.
sAlbumin, g/L 37 (3.0) 37 (3.0) . o Lo o
& trimester, whereas PTH and vitamin D binding protein increased. A
sCalcium, mmol/L 227 (0.09) 227 (0.09) significant rise in 1,25(0OH),D concentrations from the 27 {0 the
Sampling season winter 68 [57.1] 280 [51.7] 3™ trimester was also observed in the subgroup of participants with
and spring (Dec-May) available 1,25(OH),D measurements (n=53).
Sampling season summer 63 [42.9] 262 [48.3]
and fall (June-Nov)

Correlations of nutrient intake and vitamin

3™ trimester physical activity X
status in mothers

Days/week with regular 2(3) 2(3)
exercise training L . .
There were no significant correlations between RAE intake (pg/

. . . . a d . .
High intensity exercise 44 [37.3] 166 [34.2] day) and maternal serum retinol (umol/L) in the 2"¢ and the 3™
training > 3 days/week

trimester of pregnancy (r=0.02, n=119, p=0.857 and r=0.08, n=117,

3™ trimester dietary intake* and serum analyses p=0.416, respectively). Maternal vitamin D intake (ug/day) showed
Vitamin A, RAE, pg/day 899 (630)° 865 (608)" a weak positive correlation with serum 25(OH)D (mmol/L) in the
o . | 2" trimester (r=0.30, n=119, p=0.002), and a weak positive
Vitamin D, pg/day 468 7564 correlation with serum 25(OH)D (mmol/L) in the 3™ trimesters
Calcium, mg/day 921 (521)° 947 (448)" (r=0.27, n=117, p=0.003).
sRetinol, pmol/L 1.1 (0.3)° 1.1 (0.4)F
<07 pmol/L 2[138] 731 Characteristics of the children
0.7-1.1 pmol/L 47 [41.2] 190 [40.7]
Childrens’ characteristics at birth and at nine years of age are
> 1.1 pmol/L 65 [57.0] 270 [57.8]
presented in Table 3. A total of 119 children (62 girls and 57 boys)
$25(0H)D, nmol/L 60 (43)° 59 (37)°

were included in the analyses. The neonatal characteristics differed

(Continued) ~ between the sexes, as boys had a higher median birthweight than

Frontiers in Endocrinology 06 frontiersin.org


https://doi.org/10.3389/fendo.2024.1417656
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Stunes et al. 10.3389/fendo.2024.1417656

TABLE 2 Differences in components of the vitamin D endocrine system in serum between the 2"® and the 3™ trimester of pregnancy.

2" trimester 3" trimester MD from 2" to 3™ p-value 2" vs 3
25(0H)D, nmol/L 65 (34) 60 (43)° 20 < 0.001
PTH, pmol/L 2.7(1.2) 34 (2.1) 0.8 < 0.001
Albumin, g/L 37 (3.0) 34 (2.0) -3.0 < 0.001
Calcium, mmol/L 2.27 (0.09) 2.24 (0.07) -0.03 < 0.001
1,25(0OH),D, pmol/Lb 195 (61.5) 217 (82.5) 22 < 0.001
DBP, pmol/L 5.70 (1.20) 6.20 (1.13) 0.60 < 0.001
Calculated free vitamin D, pmol/L 15.3 (7.10) 13.0 (8.66) -1.53 < 0.001
Albumin bound vitamin D, nmol/L 4.87 (2.37) 4.08 (2.71) -0.91 < 0.001
Bioavailable vitamin D, nmol/L 4.88 (2.37) 4.10 (2.72) -0.91 < 0.001
Free vitamin D, % 7.75 (1.44) 6.60 (1.00) -1.07 < 0.001

Data are in median (interquartile range) and median difference (MD). *Calculations based on n=114, as n=5 missing in the 3" trimester, “calculations based on subgroup with n=53. PTH,
parathyroid hormone; DBP, vitamin D binding protein.
Numbers in bold indicates significant p-values (p < 0.05).

TABLE 3 Children’s characteristics at birth and at nine years follow-up.

Boys p-value
n=57 [48%] Girls vs Boys
At birth
Birthweight, g 3585 (560) 3377 (450) 3735 (555) <0.001
Birthweight group 0.001%
<2500 g 3 [25] 1[1.6] 2 [35] 0.510"
2500-4000 g 94 [79.0] 57 [91.9] 37 [64.9] < 0.001"*
> 4000 g 22 [18.5] 4[6.5] 18 [31.6] <0.0017"
Gestational week at birth 39.6 + 1.41 393+ 1.34 40.0 + 1.41 0.007
Mode of delivery® 0.515"
Cesarean delivery 13 [11.3] 8 [13.1] 519.3]
Vaginal birth 102 [88.7] 53 [86.9] 49 [90.7)

At nine years follow-up

Age, years 9.04 + 0.42 9.07 £ 0.38 9.01 £ 0.47 0.503
Age, range, years 8.08-10.0 8.25-10.0 8.08-9.92
Weight, kg 31.0 (5.0) 30 (3.3) 32 (6.5) 0.108
Height, cm 137 (9.00) 136 (6.25) 138 (10.5) 0.155
BMLI, kg/m? 164 (1.8) 164 (1.7) 165 (1.6) 0.232
isoBMI category 0.727°
Underweight 6 [5.0] 4 [6.5] 2 [3.5]
Normal 106 [89.1] 54 [87.0] 50 [91.2]
Overweight/Obese 7 [5.9] 4 [6.5] 3 [5.3]

DXA measurements

Spine BMC, g 22.7 +3.76 222 +3.39 234 + 4.06 0.090
Spine BMD, g/(:m2 0.593 + 0.069 0.597 + 0.069 0.590 + 0.068 0.571
(Continued)
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TABLE 3 Continued

Girls

n=62 [52%]

10.3389/fendo.2024.1417656

Boys p-value

n=57 [48%]

DXA measurements

Girls vs Boys

Spine TBS 1.294 + 0.082 1.260 + 0.077 1.331 £ 0.071 < 0.001
Whole body BMC®, g 1123 (238) 1073 (197) 1170 (235) 0.003
Whole body BMD®, g/cm2 0.826 + 0.071 0.804 + 0.070 0.851 + 0.064 < 0.001
Femur BMCS, g 16.6 (21.4) 17.6 (23.5) 16.0 (18.9) 0.937
Femur BMD, g/cm2 0.776 + 0.073 0.761 + 0.076 0.793 + 0.067 0.023
Total hip BMCY, g 15.3 (4.15) 14.9 (3.91) 16.7 (4.65) 0.009
Total hip BMD?Y, g/cmz 0.694 (0.114) 0.666 (0.123) 0.737 (0.122) < 0.001
Biochemical analyses
sAlbumin®, g/L 45 (3.0) 45 (2.0) 43 (2.0) <0.001
sCalcium®, mmol/L 248 +0.07 2.51 £ 0.07 2.46 + 0.06 < 0.001
sPTH®, pmol/L 2.3 (1.5) 2.3 (1.4) 2.1(1.7) 0.864
s25(OH)D¢, nmol/L 59.2 + 16.1 59.5 £ 155 589 + 16.8 0.851
$25(0OH)D¢ category 0.607"
< 30 nmol/L 4[3.5] 1[1.6] 3 [5.5]
30-50 nmol/L 27 [23.3] 16 [26.3] 11 [20.0]
50-75 nmol/L 65 [56.0] 33 [54.1] 32 [58.2]
> 75 nmol/L 20 [17.2] 11 [18.0] 9 [16.3]
Sampling season’ 0.181"
winter and spring (Dec-May) 75 [64.7] 36 [59.0] 39 [70.9]
summer and fall (June-Nov) 41 [34.5] 25 [41.0] 16 [29.1]

Data in mean = standard deviation, median (IQR) or n [%], p-values by Student’s t-test or Mann Whitney U test, “overall p-value by Chi-Square test, ““p-value by posthoc residual analyses. BMI,
body mass index; DXA, dual X-ray absorptiometry; BMC, bone mineral content; BMD, bone mineral density; TBS, trabecular bone score; s, serum; PTH, parathyroid hormone. *missing n=4 (1G,
3B), bmissing n=10 (6G, 4B), “missing n=10 (4G, 6B), “missing n=21 (9G, 12B), “missing n=4 (2G, 2B), fmissing n=3 (1G, 2B).

Numbers in bold indicates significant p-values (p < 0.05).

girls (3735 g versus 3377 g, respectively), and a higher proportion of
the boys had a birthweight over 4000 g. The number of children
with low birthweight (< 2500 g) was similar between girls and boys
(1.6% and 3.5%), and the mode of delivery (cesarean and vaginal)
did not differ between the sexes. All children were term-born (i.e.
gestational week 37-42), except one girl (gestational week 36) and
one boy (gestational week 34). According to iso-BMI categories
(34), almost 90% of the children had normal body weight, 5% were
underweight, and ~6% were overweight/obese. The distribution of
age, height, weight, BMI, and iso-BMI categories did not differ
between the sexes.

DXA measurements and serum analyses in
the children

As shown in Table 3, the mean value for the main outcome, spine
BMC, was 22.7 + 3.76 g, and did not differ between the sexes, while
spine TBS was significantly higher in boys than in girls (1.331 + 0.071
versus 1.260 + 0.077, respectively, mean difference: -0.072, 95% CIL:

Frontiers in Endocrinology

-0.100 to -0.044, p< 0.001). The boys also had higher whole body and
total hip BMC and BMD, and distal femur BMD, than the girls.

The mean serum 25(OH)D in the children was 59.2 + 16.1
nmol/L and did not differ between girls and boys. A total of 31
children (26.8%) were vitamin D deficient (s25(OH)D< 50 nmol/L).
Four children (3.5%) were extremely vitamin D deficient (s25(OH)
D< 30 nmol/L). The girls had significantly higher serum levels of
total calcium and albumin than the boys, however, all children had
serum levels of albumin and calcium within the reference range for
children of their age (44, 45). There was no difference in serum PTH
levels between sexes, and PTH concentrations ranged from 0.4 to
4.7 pmol/L in girls and from 0.6 to 6.2 pmol/L in boys.

Associations with vitamin A

Regression models showed that maternal serum retinol
concentrations as a continuous variable in the 2°¢ and 3™
trimester of pregnancy, were not associated with spine BMC or
TBS at nine years in the children in either the crude or any of the
multivariable models (Figure 2; Supplementary Table 1). However,
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FIGURE 2
Mean differences with 95% confidence intervals in offspring spine
bone mineral content (BMC, g) (I) and spine trabecular bone score
(TBS) (I) at nine years of age per 0.1 pmol/L maternal serum retinol
in 2" and 3™ trimester. Model A: adjusted for child age and height
(and sex in total column). Model B: model A + maternal age, parity,
education, smoking during pregnancy and pre-pregnancy body
mass index (kg/m?). Model C: models A + B + child serum vitamin
25(0OH)D, child body weight, birthweight, gestational age at birth and
child serum sample season. *=p< 0.05.

when stratified for sex, a significant negative association was
observed between retinol in the 2™ trimester and spine BMC in
the boys in adjusted models B and C (Figure 2; Supplementary

10.3389/fendo.2024.1417656

Table 1). Mean spine BMC among offspring from mothers with
insufficient or deficient serum levels of retinol in the 2™ and 3™
trimester were similar to the values among offspring of mothers
with sufficient levels, also when adjusted for confounders (Table 4),
and when stratified for sex and the randomization from the original
study (30) and including frequency and intensity of regular exercise
training as confounders (data not shown).

Associations with vitamin D

Regression models showed no associations between maternal
serum 25(OH)D concentrations as a continuous variable in the 2°¢
and 3™ trimesters of pregnancy and offspring spine BMC or TBS at
nine years of age (Figure 3; Supplementary Table 2). These null
associations were similar in all multivariable models, also when
stratified for sex (Figure 3; Supplementary Table 2). Mean spine
BMC in offspring of mothers with vitamin D deficiency (s25(OH)
D< 50 nmol/L) in the 2™ and 3™ trimester were similar to the
values for offspring of mothers with s25(OH)D levels above 50
nmol/L, also when adjusted for confounders (Table 5). Sex
stratification, stratification for the randomization in the original
study (30) and including frequency and intensity of regular exercise
training as confounders, did not affect these results (data
not shown).

Associations with the synergy of vitamin A
and vitamin D

No associations were seen between the product of centered
values of maternal serum retinol and 25(OH)D as interaction
(moderator) effect in the 2" and 3™ trimesters of pregnancy and
offspring spine BMC or TBS at nine years of age. 2 trimester;
BMC: F(1,117)=1.54, p=0.218, R? = 0.013 and TBS: F(1,117)=0.53,
p=0.470, R? = 0.004. 3" trimester; BMC: F(1,117)=0.109, p=0.741,
R? = 0.001 and TBS: F(1,117)=0.066, p=0.798, R* = 0.001.

TABLE 4 Mean difference with 95% confidence interval (Cl) in offspring spine bone mineral content (BMC, g) at nine years of age with maternal
vitamin A (serum retinol) > 1.1 umol/L as reference category, in 2" and 3" trimester of pregnancy.

Maternal B and 95% Cl in BMC (g)
sRetinol
Model A Model B Model C
2™ trimester 119 [100]
> 1.1 umol/L 111 [93.3] Reference Reference Reference Reference
< 1.1 pmol/L 8 [6.7] -0.7980 0.7092 1.064 1.012
(-3.532 - 1.937) (-1.4236 - 2.842) (-1.152 - 3.280) (-1.190 - 3.214)
3" trimester® 119 [100]
> 1.1 umol/L 70 [58.8] Reference Reference Reference Reference
< 1.1 umol/L 49 [41.2] -0-6891 0.0880 0.1126 0.3258
(-2.077 - 0.6985) (-0.9963 - 1.172) (-0.9182 - 1.143) (-1.008 - 1.073)

Model A: adjusted for child sex, age and height. Model B: model A + maternal age, parity, education, smoking during pregnancy and pre-pregnancy body mass index (kg/m?). Model C: models A
+ B + child serum vitamin 25(OH)D, child body weight, birthweight, gestational age at birth and child serum sample season. “n=>5 missing values were imputated.
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FIGURE 3

Mean differences with 95% confidence intervals in offspring spine
bone mineral content (BMC, g) (I) and spine trabecular bone score
(TBS) (1) at nine years of age per 10 nmol/L maternal serum vitamin
D (25(0OH)D) in 2" and 3™ trimester. Model A: adjusted for child age
and height (and sex in total column). Model B: model A + maternal
age, parity, education, smoking during pregnancy, pre-pregnancy
body mass index (kg/m?) and sample season. Model C: models A +
B + child serum vitamin 25(0OH)D, child body weight, birthweight,
gestational age at birth and child serum sample season

Discussion

In the current study we assessed potential associations between
maternal vitamin A (serum retinol) and D (serum 25(OH)D) in the
2" and 3™ trimester of pregnancy and bone parameters in offspring
at the age of nine years. We observed a negative association between
serum levels of vitamin A in the 2" trimester and spine BMC in
boys, when adjusted for maternal and child confounders. No other
associations were found between maternal vitamin A and D status
and offspring spine BMC and TBS. We observed a high prevalence
of vitamin A insufficiency and vitamin D deficiency in the 3™
trimester, 43.0% and 32.5%, respectively. Moreover, a significant
rise in maternal 1,25(OH),D and PTH serum concentrations
occurred from the 2™ to the 3™ trimester.

The finding of a negative association in two of the adjusted
regression models between maternal serum retinol in the 2™
trimester and spine BMC in boys, is in contrast to our previous
study, where we observed a positive association between the average
serum vitamin A (retinol) in gestational weeks 17, 33 and 37 and
offspring peak bone mass (spine BMD) at the age of 26 years, when
adjusted for confounders (22). A limitation of the previous study
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was the small sample size (n=41 mother and offspring pairs). A
discrepancy between the two studies is that the mean maternal
levels of serum retinol was higher in the previous study (1.66 pmol/
L versus 1.25 pmol/L) and with a larger heterogeneity in retinol
concentrations, which may have influenced the results. The
difference in serum retinol levels may be attributed to alteration
in the dietary intake of vitamin A in the two time periods the studies
were conducted (1986-88 versus 2007-09).

A negative association between maternal serum retinol in late
pregnancy and neonatal whole-body BMC, but a positive
association for serum [B-carotene, was found in a previous study
from the UK by Handel et al. (23). This study did not stratify for sex,
but adjusted for sex, age, and gestational age at birth in the models
(23). Tobias et al. investigated the relation between a wide range of
maternal nutritional factors, assessed by a FFQ, in the 3 trimester,
and child bone mass at nine years of age, and found no significant
association to either vitamin D, retinol, or B-carotene dietary intake
(46). However, the inaccuracies of FFQs in assessing intake and
estimating vitamin status should be considered. Interestingly,
higher concentrations of retinol are reported in umbilical cord
blood than in the pregnant women themselves, indicating an
acceleration in the intrauterine transfer rate of retinol in cases of
maternal vitamin A deficiency or insufficiency (47).

The null association between maternal vitamin D and offspring
bone outcomes in the present study complies with our previous
report, where we found no associations between the mean level of
serum 25(OH)D in gestational weeks 17, 33 and 37, and peak bone
mass and trabecular bone score in offspring at 26 years of age (24).
Also, no associations between maternal vitamin D status and
offspring BMC were found in two large European studies with
n=4815 six years old children (28), and n=3690 10 years old
children (29).

However, associations between maternal vitamin D and
offspring BMC have also been reported. Javaid et al. described
lower whole body and spine BMC in 198 nine year old offspring of
women with serum 25(OH)D< 27.5 nmol/L, compared to women
with vitamin D sufficiency (s25(OH)D > 50 nmol/L) in the 3rd
trimester (26). Moreover, Zhu et al. reported lower peak bone mass
(whole body BMC and BMD) in offspring (n=341) at 20 years of age
of mothers with 25(OH)D< 50 nmol/L in mid-pregnancy (27).
Hyde et al. found a positive association between circulating 25(OH)
D in early pregnancy and spine BMC and BMD in boys (n=93), but
not girls (n=88), at 11 years of age (25). Of these studies, the two
latter are most comparable to the current, as they measured bone
content and density at the same sites at approximately the same
offspring age. The Javaid et al. study, on the other hand, described a
linear dose-response association between low maternal 25(OH)D
concentrations in the 3" trimester and low whole body and spine
BMC in the children at nine years of age (26). It must be noted that
the percentage of women with vitamin D deficiency (defined in
Javaid et al. study as 25(OH)D< 27.5 nmol/L), was almost six times
higher than in the current study (18% versus 3.4%). It might be that
offspring bone parameters are mainly affected when mothers are
highly vitamin D deficient during pregnancy. In support of this, a
study from Denmark reported that vitamin D supplementation of
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TABLE 5 Mean difference with 95% confidence interval (Cl) in offspring spine bone mineral content (BMC, g) at nine years of age with maternal
vitamin D (serum 25(OH)D) > 50 nmol/L as reference category, in 2" and 3" trimester of pregnancy.

Maternal s25(OH)D

B and 95% Cl in BMC (g)

Model A Model B

2" trimester 119 [100]

> 50 nmol/L 86 [72.3] Reference

< 50 nmol/L 33 [27.7] 0.5163
(-1.0126 - 2.045)

3" trimester® 119 [100]

> 50 nmol/L 80 [67.2] Reference

< 50 nmol/L 39 [32.8] -0.5360
(-2.004 - 0.9345)

Reference Reference Reference

0.5696
(-0.6506 — 1.790)

0.3587
(-0.9100 - 1.327)

0.1055
(-1.156 - 1.367)

Reference Reference Reference

-0.6871
(-1.864 — 0.4900)

-0.7690
(-2.012 - 0.4744)

-0.5150
(-1.721 - 0.6912)

Model A: adjusted for child sex, age and height. Model B: model A + maternal age, parity, education, smoking during pregnancy, pre-pregnancy body mass index (kg/m?) and sample season.
Model C: models A+ B + child serum vitamin 25(OH)D, child body weight, birthweight, gestational age at birth and child serum sample season. *n=5 missing values were imputated.

2800 IU/day versus 400 IU/day from mid-pregnancy, resulted in
higher whole body BMC and BMD in the offspring at 6 years of age,
with the most pronounced effects among children of mothers with
insufficient serum 25(OH)D levels or born during winter/spring
(48). Also, the MAVIDOS trial post-hoc analyses suggested that
supplementation to mothers with serum 25(OH)D< 30 nmol/L is
beneficial for offspring bone measures in infancy (49).

In line with previous studies (8, 31), we observed a rise in serum
levels of the active form of vitamin D, 1,25(OH),D, during
pregnancy, whereas 25(OH)D decreased. Free and bioavailable
vitamin D also declined during pregnancy, while PTH and
vitamin D binding protein increased along with 1,25(0OH),D. The
increase in 1,25(0OH),D in pregnancy has been suggested as a
compensatory mechanism to uphold serum 1,25(OH),D levels in
a state of maternal vitamin D insufficiency (24). However, recent
studies states that mechanisms independent of maternal 25(OH)D
status secure the fetus’ access to sufficient calcium necessary for
These
mechanisms are regulated by PTH-related protein (PRHrP), and
to a lesser extent by PTH (50). On the other hand, it must be
underlined that significant amounts of vitamin D is highly

mineral metabolism and skeletal development (9).

important during pregnancy to protect the mother as well as the
fetus (51). According to Czech-Kowalska et al. is maternal 25(OH)
D status the key determinant for umbilical cord blood 25(OH)D
concentrations (52). This implies that high levels of maternal
circulating vitamin D are of importance to secure that the
offspring begins life with adequate vitamin D stores necessary for
further skeletal development (11). Hollis et al. suggest to strive for a
circulating 25(OH)D concentration of at least 100 nmol/L during
pregnancy to optimize the conversion of 25(OH)D to 1,25(OH),D,
and thereby reduce the risk of comorbidities of pregnancy and
better outcomes for both mother and child (51). Cord blood
concentration of 25(OH)D is previously reported to be 50-70% of
the maternal levels (53, 54).

Adequate intake of calcium and vitamin D in childhood is
essential for accrual of mineral in the skeleton. Unfortunately, we do
not have data on calcium and vitamin D intake in the children, but
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the children’s calcium, PTH and 25(OH)D serum levels were
analyzed, and the latter was adjusted for in the regression models.
The adjustment did not affect the results, but it is likely an
important factor to account for as the child’s vitamin D status, in
addition to gender and age, is an important determinant of bone
mass in life (55). The children’s PTH serum levels were not adjusted
for in the regression models, as the reference levels for circulating
PTH in children are not fully established, and varying cut-offs are
reported (56, 57).

In the present study, 6.7% (2" trimester) and 43% (3™
trimester) of the participants had suboptimal serum retinol
concentrations, and 13.4% and 17.9% in the 2"¢ and 3¢
trimesters, respectively, reported a lower intake of RAE than the
recommended 700 pg/day (37, 41, 42). A total of 16.0% and 23.1%
of the women in the 2" and 3™ trimesters, respectively, reported a
daily intake below the recommendations from the American
College of Obstrecians and Gynecologists (ACOG) and the U.S.
HSS of 770 pg/day vitamin A in pregnancy (43, 58). However, the
reported RAE intake and serum retinol concentrations in
pregnancy did not correlate in our study, supporting the
suggestion that retinol in circulation only reflect the liver storage
of vitamin A in extreme cases, and thus might not correlate with
intake or clinical signs of deficiency (59).

We found that 27.7% and 32.5% of the women were vitamin D
deficient (s25(0H)D< 50 nmol/L) in the 2™ and 3™ trimesters,
respectively, despite that the study population consisted of well-
educated women with low-risk pregnancies. These data correspond
with our previous study of the total population of 855 women from
the original TRIP study (31), and support the worldwide
observations of a high prevalence of VDD in pregnancy. Norway
is situated at northern latitudes and UVB-mediated dermal
synthesis of vitamin D is absent in the dark seasons. Vitamin D
must therefore be obtained through diet and supplements. We
found that reported vitamin D intake in the mothers were positively
correlated to the maternal serum 25(OH)D concentrations in both
trimesters. Like in most countries, the diet in Norway has a low
content of vitamin D, and vitamin D-fortified foods are sparse (31,
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60). It is of concern that less than half of the women adhered to the
recommendations by the Norwegian Directorate of Health, of a
minimum 10 pg/day intake of vitamin D (42). The lack of
adherence is in line with results from the large Norwegian
Mother and Child Cohort, which included nutrition data from
over 60 000 women during pregnancy, of which less than 40% of the
participants reported a daily vitamin D intake above 10 ug (61).

Vitamin A and D are suggested to exert antagonistic effects, and
vitamin A may inhibit vitamin D maintenance of the calcium
balance (62). In the large Women’s Health Initiative (WHI)
prospective study including over 75 000 women, high retinol
intake is associated with a modest increased fracture risk only in
women with low vitamin D intake (63). Rajwar et al. recently
published an overview of systematic reviews on the effects of
vitamin A, vitamin D and calcium fortification and
supplementation on the nutritional status of women in
reproductive age (64). In this overview, they concluded that
supplementation of vitamin A increased maternal serum and
breast milk retinol concentrations, and reduced the risk of anemia
and maternal clinical infection (64). However, in the current study,
maternal serum retinol and 25(OH)D in combination were not
associated with offspring BMC or TBS.

The sexually dimorphic effect that we found concerning vitamin
A has not been observed previously and must be interpreted with
caution and within the constraints of our limitations. Hyde et al.
reported positive associations between maternal vitamin D in early
pregnancy and spine BMC in boys, but not girls, at 11 years of age
(25). Also, Percival et al. who included 400 mother and child pairs,
found that higher maternal 25(OH)D concentration in the ond
trimester was associated with a lower fracture risk in boys, whereas
higher maternal 25(OH)D concentration in the 3" trimester was
associated with an increased fracture risk in girls (65). Sex
differences in associations between maternal factors and BMC in
offspring may be explained by sexual dimorphism of the placenta or
pubertal stage differences, and these differences may no longer be
evident in adulthood.

Strengths and limitations

The current study has several strengths. Firstly, we have
analyzed serum retinol and 25(OH)D in two trimesters of
pregnancy, 1,25(OH),D in a subgroup of the women, and the
children’s serum levels 25(OH)D. Secondly, DXA measurements
of the children were performed at recommended clinically relevant
sites and we included spine BMC and TBS in the analyzes. Finally,
we had thorough information about the participants, i.e.
socioeconomic factors and sample season, which we adjusted for
in the statistical models.

The main limitation of this study is the relatively low sample
size (n=119 mother and child pairs). A low percentage of women
from the initial RCT living in Trondheim, accepted the invitation
and participated in this follow-up study (18%). There may also have
been some selection bias in the initial study, where the pregnant
women who accepted participation in the RCT might be healthier
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than the average population due to the exercise component of
the intervention.

Another limitation is the use of serum retinol as a marker for
vitamin A status. Serum retinol can be useful for assessing VAD,
however, assessment of borderline sufficient vitamin A status might
be affected, since retinol is one of several vitamin A forms (66). The
vitamin D analyses in mothers and children were performed at two
different timepoints and unfortunately by two different methods,
due to available methodology at the Hospital laboratory. Maternal
serum 25(OH)D analyses were performed in 2016 by an ECLIA and
serum from children were analyzed for 25(OH)D in 2021 with a
LC-MS/MS method, of which the latter is considered the gold
standard. Also, there were few women with vitamin A deficiency in
our study population, and even though vitamin D deficiency was
prevalent, extreme vitamin D deficiency was observed in few of the
women compared to other studies. We did not have access to cord
blood for measurements of retinol and 25(OH)D, so we could not
establish the level of retinol and 25(OH)D exposure to the neonate.
Data on 1,25(OH),D was available for less than half of the women.

Conclusions

Maternal serum retinol in the 2" trimester was negatively
associated with spine BMC and TBS in nine years old boys, but
not girls, when adjusted for maternal and child confounders. No
associations between maternal 25(OH)D in the 2"¢ and 3™
trimesters and spine BMC and TBS in the children were seen in
neither the crude nor the adjusted regression models. There were no
interaction effects of maternal retinol and 25(OH)D on offspring
bone parameters in the 2™ or the 3" trimesters. We observed a
higher prevalence of vitamin A insufficiency and vitamin D
deficiency in pregnancy than anticipated among these well-
educated women. An increase in the active form of vitamin D
(1,25(0OH),D) and PTH during pregnancy were observed across
different concentrations of 25(OH)D. The implications of optimal
vitamin status and need for vitamin supplementation in pregnancy
to improve offspring bone health, remains a subject for
further investigations.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.

Ethics statement

The studies involving humans were approved by Norwegian
Regional Committees for Medical and Health Research (REK) was
given for the original TRIP-study (4.2007.81), and the nine-year
follow-up (2014/618/REKmidt). The studies were conducted in
accordance with the local legislation and institutional

frontiersin.org


https://doi.org/10.3389/fendo.2024.1417656
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Stunes et al.

requirements. Written informed consent for participation in this
study was provided by the participants’ legal guardians/next of kin.
Written informed consent was obtained from the individual(s), and
minor(s)’ legal guardian/next of kin, for the publication of any
potentially identifiable images or data included in this article.

Author contributions

AS: Conceptualization, Formal analysis, Project administration,
Writing - original draft, Writing - review & editing, Methodology,
Visualization. MM: Data curation, Methodology, Writing — review &
editing. MG: Data curation, Writing - review & editing. TB: Data
curation, Methodology, Writing - review & editing. PT:
Methodology, Writing — review & editing. SS: Conceptualization,
Funding acquisition, Project administration, Writing - review &
editing. US: Conceptualization, Funding acquisition, Project
administration, Writing — review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. AS, MM, SS
and US received funding from the Liaison Committee between the
Central Norway Regional Health Authority (RHA) and the
Norwegian University of Science and Technology (NTNU).

References

1. Barker DJ, Osmond C. Infant mortality, childhood nutrition, and ischemic heart
disease in England and Wales. Lancet. (1986) 1:1077-81. doi: 10.1016/S0140-6736(86)
91340-1

2. Cooper C, Westlake S, Harvey N, Javaid K, Dennison E, Hanson M. Review:
developmental origins of osteoporotic fracture. Osteoporos Int. (2006) 17:337-47.
doi: 10.1007/s00198-005-2039-5

3. Jensen KH, Riis KR, Abrahamsen B, Hindel MN. Nutrients, diet, and other
factors in prenatal life and bone health in young adults: A systematic review of
longitudinal studies. Nutrients. (2020) 12. doi: 10.3390/nu12092866

4. Wood CL, Stenson C, Embleton N. The developmental origins of osteoporosis.
Curr Genomics. (2015) 16:411-8. doi: 10.2174/1389202916666150817202217

5. Clagett-Dame M, Knutson D. Vitamin A in reproduction and development.
Nutrients. (2011) 3:385-428. doi: 10.3390/nu3040385

6. See AW-M, Kaiser ME, White JC, Clagett-Dame M. A nutritional model of late
embryonic vitamin A deficiency produces defects in organogenesis at a high penetrance
and reveals new roles for the vitamin in skeletal development. Dev Biol. (2008) 316:171-
90. doi: 10.1016/j.ydbio.2007.10.018

7. Hollis BW, Johnson D, Hulsey TC, Ebeling M, Wagner CL. Vitamin D
supplementation during pregnancy: double-blind, randomized clinical trial of safety
and effectiveness. ] Bone Miner Res. (2011) 26:2341-57. doi: 10.1002/jbmr.463

8. Kovacs CS. Vitamin D in pregnancy and lactation: maternal, fetal, and neonatal
outcomes from human and animal studies. Am ] Clin Nutr. (2008) 88:520s-8s.
doi: 10.1093/ajcn/88.2.520S

9. Ryan BA, Kovacs CS. Calciotropic and phosphotropic hormones in fetal and
neonatal bone development. Semin Fetal Neonatal Med. (2020) 25:101062.
doi: 10.1016/j.siny.2019.101062

10. Goodfellow LR, Cooper C, Harvey NC. Regulation of placental calcium transport
and offspring bone health. Front Endocrinol (Lausanne). (2011) 2:3. doi: 10.3389/
fendo.2011.00003

11. Ryan BA, Kovacs CS. Maternal and fetal vitamin D and their roles in mineral
homeostasis and fetal bone development. J Endocrinol Invest. (2021) 44:643-59.
doi: 10.1007/s40618-020-01387-2

Frontiers in Endocrinology

13

10.3389/fendo.2024.1417656

Acknowledgments

We would like to thank all the participants in the study.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fendo.2024.1417656/
full#supplementary-material

12. WHO. Global prevalence of vitamin A deficiency in populations at risk1995-2005
(2009). Available online at: https://apps.who.int/iris/handle/10665/44110.

13. Akhtar S, Ahmed A, Randhawa MA, Atukorala S, Arlappa N, Ismail T, et al.
Prevalence of vitamin A deficiency in South Asia: causes, outcomes, and possible
remedies. ] Health Popul Nutr. (2013) 31:413-23. doi: 10.3329/jhpn.v31i4.19975

14. Zhao T, Liu S, Zhang R, Zhao Z, Yu H, Pu L, et al. Global burden of vitamin A
deficiency in 204 countries and territories from 1990-2019. Nutrients. (2022) 14.
doi: 10.3390/nu14050950

15. Huang D, Qian X, Chen J, Peng Y, Zhu Y. Factors and molecular mechanisms of
vitamin A and childhood obesity relationship: A review. ] Nutr Sci Vitaminol (Tokyo).
(2023) 69:157-63. doi: 10.3177/jnsv.69.157

16. Henning P, Conaway HH, Lerner UH. Retinoid receptors in bone and their role in
bone remodeling. Front Endocrinol (Lausanne). (2015) 6:31. doi: 10.3389/fendo.2015.00031

17. Garretto D, Kim YK, Quadro L, Rhodas RR, Pimentel V, Crnosija NA, et al.
Vitamin A and B-carotene in pregnant and breastfeeding post-bariatric women in an
urban population. J Perinat Med. (2019) 47:183-9. doi: 10.1515/jpm-2018-0142

18. Morales-Suarez-Varela M, Ugar N, Soriano JM, Llopis-Morales A, Sanford BS,
Grant WB. Vitamin D-related risk factors for maternal morbidity and mortality during
pregnancy: systematic review and meta-analysis. Nutrients. (2022) 14. doi: 10.3390/
nul4194124

19. Saidi L, Hammou H, Sicard F, Landrier JF, Mounien L. Maternal vitamin D
deficiency and brain functions: a never-ending story. Food Funct. (2023) 14:6290-301.
doi: 10.1039/D3FO00166K

20. Zhang J, Chalmers MJ, Stayrook KR, Burris LL, Wang Y, Busby SA, et al. DNA
binding alters coactivator interaction surfaces of the intact VDR-RXR complex. Nat
Struct Mol Biol. (2011) 18:556-63. doi: 10.1038/nsmb.2046

21. EFSA Panel on Dietetic Products, N. and Allergies. Dietary reference values for
vitamin D. EFSA J. (2016) 14:e04547. doi: 10.2903/j.efsa.2016.4547

22. Holick MF, Binkley NC, Bischoff-Ferrari HA, Gordon CM, Hanley DA, Heaney
RP, et al. Evaluation, treatment, and prevention of vitamin D deficiency: an Endocrine
Society clinical practice guideline. J Clin Endocrinol Metab. (2011) 96:1911-30.
doi: 10.1210/jc.2011-0385

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fendo.2024.1417656/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2024.1417656/full#supplementary-material
https://doi.org/10.1016/S0140-6736(86)91340-1
https://doi.org/10.1016/S0140-6736(86)91340-1
https://doi.org/10.1007/s00198-005-2039-5
https://doi.org/10.3390/nu12092866
https://doi.org/10.2174/1389202916666150817202217
https://doi.org/10.3390/nu3040385
https://doi.org/10.1016/j.ydbio.2007.10.018
https://doi.org/10.1002/jbmr.463
https://doi.org/10.1093/ajcn/88.2.520S
https://doi.org/10.1016/j.siny.2019.101062
https://doi.org/10.3389/fendo.2011.00003
https://doi.org/10.3389/fendo.2011.00003
https://doi.org/10.1007/s40618-020-01387-2
https://apps.who.int/iris/handle/10665/44110
https://doi.org/10.3329/jhpn.v31i4.19975
https://doi.org/10.3390/nu14050950
https://doi.org/10.3177/jnsv.69.157
https://doi.org/10.3389/fendo.2015.00031
https://doi.org/10.1515/jpm-2018-0142
https://doi.org/10.3390/nu14194124
https://doi.org/10.3390/nu14194124
https://doi.org/10.1039/D3FO00166K
https://doi.org/10.1038/nsmb.2046
https://doi.org/10.2903/j.efsa.2016.4547
https://doi.org/10.1210/jc.2011-0385
https://doi.org/10.3389/fendo.2024.1417656
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Stunes et al.

23. Handel MN, Moon R]J, Titcombe P, Abrahamsen B, Heitmann BL, Calder PC,
et al. Maternal serum retinol and beta-carotene concentrations and neonatal bone
mineralization: results from the Southampton Women's Survey cohort. Am J Clin Nutr.
(2016) 104:1183-8. doi: 10.3945/ajcn.116.130146

24. Balasuriya CND, Larose TL, Mosti MP, Evensen KAI, Jacobsen GW, Thorsby
PM, et al. Maternal serum retinol, 25(OH)D and 1,25(OH)2D concentrations during
pregnancy and peak bone mass and trabecular bone score in adult offspring at 26-year
follow-up. PloS One. (2019) 14:¢0222712. doi: 10.1371/journal.pone.0222712

25. Hyde NK, Brennan-Olsen SL, Mohebbi M, Wark JD, Hosking SM, Pasco JA.
Maternal vitamin D in pregnancy and offspring bone measures in childhood: The
Vitamin D in Pregnancy study. Bone. (2019) 124:126-31. doi: 10.1016/
j.bone.2019.04.013

26. Javaid MK, Crozier SR, Harvey NC, Gale CR, Dennison EM, Boucher BJ, et al.
Maternal vitamin D status during pregnancy and childhood bone mass at age 9 years: a
longitudinal study. Lancet. (2006) 367:36-43. doi: 10.1016/S0140-6736(06)67922-1

27. Zhu K, Whitehouse AJ, Hart PH, Kusel M, Mountain J, Lye S, et al. Maternal
vitamin D status during pregnancy and bone mass in offspring at 20 years of age: a
prospective cohort study. ] Bone Miner Res. (2014) 29:1088-95. doi: 10.1002/jbmr.2138

28. Garcia AH, Erler NS, Jaddoe VW, Tiemeier H, van den Hooven EH, Franco OH,
et al. 25-hydroxyvitamin D concentrations during fetal life and bone health in children
aged 6 years: a population-based prospective cohort study. Lancet Diabetes Endocrinol.
(2017) 5(5):367-76. doi: 10.1016/52213-8587(17)30064-5

29. Lawlor DA, Wills AK, Fraser A, Sayers A, Fraser WD, Tobias JH. Association of
maternal vitamin D status during pregnancy with bone-mineral content in offspring: a
prospective cohort study. Lancet. (2013) 381(9884):2176-83. doi: 10.1016/S0140-6736
(12)62203-X

30. Stafne SN, Salvesen KA, Romundstad PR, Eggebo TM, Carlsen SM, Morkved S.
Regular exercise during pregnancy to prevent gestational diabetes: a randomized
controlled trial. Obstet Gynecol. (2012) 119:29-36. doi: 10.1097/
AOG.0b013e3182393f86

31. Gustafsson MK, Romundstad PR, Stafne SN, Helvik AS, Stunes AK, Morkved S,
et al. Alterations in the vitamin D endocrine system during pregnancy: A longitudinal
study of 855 healthy Norwegian women. PloS One. (2018) 13:¢0195041. doi: 10.1371/
journal.pone.0195041

32. Andersen LF, Veierod MB, Johansson L, Sakhi A, Solvoll K, Drevon CA.
Evaluation of three dietary assessment methods and serum biomarkers as measures
of fruit and vegetable intake, using the method of triads. Br J Nutr. (2005) 93:519-27.
doi: 10.1079/BJN20041381

33. Johansen AM, Lie RT, Wilcox AJ, Andersen LF, Drevon CA. Maternal dietary
intake of vitamin A and risk of orofacial clefts: a population-based case-control study in
Norway. Am J Epidemiol. (2008) 167:1164-70. doi: 10.1093/aje/kwn035

34. Folkehelseinstituttet. [Norwegian Institute of Public Health] Beregning av KMI og
iso-KMI [Calculation of BMI and iso-BMI] (2023). Available online at: https://nhi.no/
skjema-og-kalkulatorer/kalkulatorer/diverse/bmi-kalkulator-kroppsmasseindeks/.

35. Borsting T, Fagerhaug TN, Schuller A, van Dommelen P, Stafne SN, Morkved S,
et al. The association between serum vitamin D status and dental caries or molar incisor
hypo mineralization in 7-9-year-old Norwegian children: a cross-sectional study. BMC
Public Health. (2024) 24:246. doi: 10.1186/s12889-024-17745-1

36. Nyen SL, Stunes AK, Evensen KAI, Bersting T, Syversen U, Salvesen K, et al.
Associations between maternal and offspring glucose metabolism: a 9-year follow-up of
a randomized controlled trial. Front Endocrinol (Lausanne). (2023) 14:1324925.
doi: 10.3389/fend0.2023.1324925

37. EFSA Panel on Dietetic Products, N. and Allergies. Scientific opinion on dietary
reference values for vitamin A. EFSA J. (2015) 13:4028. doi: 10.2903/j.efsa.2015.4028

38. Bikle DD, Gee E, Halloran B, Kowalski MA, Ryzen E, Haddad JG. Assessment of
the free fraction of 25-hydroxyvitamin D in serum and its regulation by albumin and
the vitamin D-binding protein. J Clin Endocrinol Metab. (1986) 63:954-9. doi: 10.1210/
jcem-63-4-954

39. Powe CE, Ricciardi C, Berg AH, Erdenesanaa D, Collerone G, Ankers E, et al.
Vitamin D-binding protein modifies the vitamin D-bone mineral density relationship. J
Bone Miner Res. (2011) 26:1609-16. doi: 10.1002/jbmr.387

40. Garcia-pérez MA, Nufiez-anton V. Cellwise residual analysis in two-way
contingency tables. Educ psychol Measurement. (2003) 63:825-39. doi: 10.1177/
0013164403251280

41. EFSA Panel on Dietetic Products, N. and Allergies. Scientific opinion on dietary
reference values for calcium. EFSA J. (2015) 13:4101. doi: 10.2903/j.efsa.2015.4101

42. Helsedirektoratet. [Norwegian Directorate of Health], Kostrad [Dietary Advice]
(2023). Available online at: https://www.helsedirektoratet.no/faglige-rad/kostradene-
og-naeringsstoffer/inntak-av-naeringsstoffer.

43. U.S. Department of Agriculture and U.S. Department of Health and Human
Services. Dietary Guidelines for Americans, 2020-2025. (2024). Available at: https://
www.dietaryguidelines.gov.

44. Higgins V, Chan MK, Nieuwesteeg M, Hoffman BR, Bromberg IL, Gornall D,
et al. Transference of CALIPER pediatric reference intervals to biochemical assays on
the Roche cobas 6000 and the Roche Modular P. Clin Biochem. (2016) 49:139-49.
doi: 10.1016/j.clinbiochem.2015.08.018

Frontiers in Endocrinology

10.3389/fendo.2024.1417656

45. Ridefelt P, Hilsted L, Juul A, Hellberg D, Rustad P. Pediatric reference intervals
for general clinical chemistry components - merging of studies from Denmark and
Sweden. Scand ] Clin Lab Invest. (2018) 78:365-72. doi: 10.1080/
00365513.2018.1474493

46. Tobias JH, Steer CD, Emmett PM, Tonkin RJ, Cooper C, Ness AR. Bone mass in
childhood is related to maternal diet in pregnancy. Osteoporos Int. (2005) 16:1731-41.
doi: 10.1007/s00198-005-1912-6

47. Thoene M, Haskett H, Furtado J, Thompson M, Van Ormer M, Hanson C, et al.
Effect of maternal retinol status at time of term delivery on retinol placental
concentration, intrauterine transfer rate, and newborn retinol status. Biomedicines.
(2020) 8. doi: 10.3390/biomedicines8090321

48. Brustad N, Garland J, Thorsen J, Sevelsted A, Krakauer M, Vinding RK, et al.
Effect of high-dose vs standard-dose vitamin D supplementation in pregnancy on bone
mineralization in offspring until age 6 years: A prespecified secondary analysis of a
double-blinded, randomized clinical trial. JAMA Pediatr. (2020) 174:419-27.
doi: 10.1001/jamapediatrics.2019.6083

49. Cooper C, Harvey NC, Bishop NJ, Kennedy S, Papageorghiou AT,
Schoenmakers I, et al. Maternal gestational vitamin D supplementation and offspring
bone health (MAVIDOS): a multicenter, double-blind, randomized placebo-controlled
trial. Lancet Diabetes Endocrinol. (2016) 4:393-402. doi: 10.1016/S2213-8587(16)
00044-9

50. Kovacs CS. Bone development and mineral homeostasis in the fetus and
neonate: roles of the calciotropic and phosphotropic hormones. Physiol Rev. (2014)
94:1143-218. doi: 10.1152/physrev.00014.2014

51. Hollis BW, Wagner CL. New insights into the vitamin D requirements during
pregnancy. Bone Res. (2017) 5:17030. doi: 10.1038/boneres.2017.30

52. Czech-Kowalska J, Gruszfeld D, Jaworski M, Bulsiewicz D, Latka-Grot J,
Pleskaczynska A, et al. Determinants of postpartum vitamin D status in the
caucasian mother-offspring pairs at a latitude of 52°N: A cross-sectional study. Ann
Nutr Metab. (2015) 67:33-41. doi: 10.1159/000437099

53. Balasuriya CND, Evensen KAI, Mosti MP, Brubakk AM, Jacobsen GW,
Indredavik MS, et al. Peak bone mass and bone microarchitecture in adults born
with low birth weight preterm or at term: A cohort study. J Clin Endocrinol Metab.
(2017) 102:2491-500. doi: 10.1210/jc.2016-3827

54. Hollis BW, Wagner CL. Assessment of dietary vitamin D requirements during
pregnancy and lactation. Am J Clin Nutr. (2004) 79:717-26. doi: 10.1093/ajcn/79.5.717

55. Karimian P, Ebrahimi HK, Jafarnejad S, Delavar MA. Effects of vitamin D on
bone density in healthy children: A systematic review. ] Family Med Prim Care. (2022)
11:870-8. doi: 10.4103/jfmpc.jfmpc_2411_20

56. Cioffi M, Corradino M, Gazzerro P, Vietri MT, Di Macchia C, Contursi A, et al.
Serum concentrations of intact parathyroid hormone in healthy children. Clin Chem.
(2000) 46:863-4. doi: 10.1093/clinchem/46.6.863

57. Vissing Landgrebe A, Asp Vonsild Lund M, Lausten-Thomsen U, Frithioff-
Bojsoe C, Esmann Fonvig C, Lind Plesner J, et al. Population-based pediatric reference
values for serum parathyroid hormone, vitamin D, calcium, and phosphate in Danish/
North-European white children and adolescents. Clin Chim Acta. (2021) 523:483-90.
doi: 10.1016/j.cca.2021.10.024

58. The American College of Obstrecians and Gynecologists. Nutrition During
Pregnancy. (2022). Available at: https://www.acog.org/womens-health/fags/nutrition-
during-pregnancy.

59. McCauley ME, van den Broek N, Dou L, Othman M. Vitamin A
supplementation during pregnancy for maternal and newborn outcomes. Cochrane
Database Syst Rev. (2015) 2015:Cd008666. doi: 10.1002/14651858.CD008666.pub3

60. Awad AB, Alappat L, Valerio M. Vitamin d and metabolic syndrome risk factors:
evidence and mechanisms. Crit Rev Food Sci Nutr. (2012) 52:103-12. doi: 10.1080/
10408391003785458

61. Parr CL, Magnus MC, Karlstad @, Holvik K, Lund-Blix NA, Haugen M, et al.
Vitamin A and D intake in pregnancy, infant supplementation, and asthma
development: the Norwegian Mother and Child Cohort. Am J Clin Nutr. (2018)
107:789-98. doi: 10.1093/ajcn/nqy016

62. Johansson S, Melhus H. Vitamin A antagonizes calcium response to vitamin D in
man. ] Bone Miner Res. (2001) 16:1899-905. doi: 10.1359/jbmr.2001.16.10.1899

63. Caire-Juvera G, Ritenbaugh C, Wactawski-Wende J, Snetselaar LG, Chen Z.
Vitamin A and retinol intakes and the risk of fractures among participants of the
Women's Health Initiative Observational Study. Am J Clin Nutr. (2009) 89:323-30.
doi: 10.3945/ajcn.2008.26451

64. Rajwar E, Parsekar SS, Venkatesh BT, Sharma Z. Effect of vitamin A, calcium
and vitamin D fortification and supplementation on nutritional status of women: an
overview of systematic reviews. Syst Rev. (2020) 9:248. doi: 10.1186/s13643-020-
01501-8

65. Percival MA, Pasco JA, Hosking SM, Williams L], Holloway-Kew KL, Wark JD,
et al. Maternal vitamin D and oftspring fracture risk: the Vitamin D in Pregnancy study.
Arch Osteoporos. (2021) 16:159. doi: 10.1007/s11657-021-01023-3

66. Conaway HH, Henning P, Lerner UH. Vitamin a metabolism, action, and role in
skeletal homeostasis. Endocr Rev. (2013) 34:766-97. doi: 10.1210/er.2012-1071

frontiersin.org


https://doi.org/10.3945/ajcn.116.130146
https://doi.org/10.1371/journal.pone.0222712
https://doi.org/10.1016/j.bone.2019.04.013
https://doi.org/10.1016/j.bone.2019.04.013
https://doi.org/10.1016/S0140-6736(06)67922-1
https://doi.org/10.1002/jbmr.2138
https://doi.org/10.1016/S2213-8587(17)30064-5
https://doi.org/10.1016/S0140-6736(12)62203-X
https://doi.org/10.1016/S0140-6736(12)62203-X
https://doi.org/10.1097/AOG.0b013e3182393f86
https://doi.org/10.1097/AOG.0b013e3182393f86
https://doi.org/10.1371/journal.pone.0195041
https://doi.org/10.1371/journal.pone.0195041
https://doi.org/10.1079/BJN20041381
https://doi.org/10.1093/aje/kwn035
https://nhi.no/skjema-og-kalkulatorer/kalkulatorer/diverse/bmi-kalkulator-kroppsmasseindeks/
https://nhi.no/skjema-og-kalkulatorer/kalkulatorer/diverse/bmi-kalkulator-kroppsmasseindeks/
https://doi.org/10.1186/s12889-024-17745-1
https://doi.org/10.3389/fendo.2023.1324925
https://doi.org/10.2903/j.efsa.2015.4028
https://doi.org/10.1210/jcem-63-4-954
https://doi.org/10.1210/jcem-63-4-954
https://doi.org/10.1002/jbmr.387
https://doi.org/10.1177/0013164403251280
https://doi.org/10.1177/0013164403251280
https://doi.org/10.2903/j.efsa.2015.4101
https://www.helsedirektoratet.no/faglige-rad/kostradene-og-naeringsstoffer/inntak-av-naeringsstoffer
https://www.helsedirektoratet.no/faglige-rad/kostradene-og-naeringsstoffer/inntak-av-naeringsstoffer
https://www.dietaryguidelines.gov
https://www.dietaryguidelines.gov
https://doi.org/10.1016/j.clinbiochem.2015.08.018
https://doi.org/10.1080/00365513.2018.1474493
https://doi.org/10.1080/00365513.2018.1474493
https://doi.org/10.1007/s00198-005-1912-6
https://doi.org/10.3390/biomedicines8090321
https://doi.org/10.1001/jamapediatrics.2019.6083
https://doi.org/10.1016/S2213-8587(16)00044-9
https://doi.org/10.1016/S2213-8587(16)00044-9
https://doi.org/10.1152/physrev.00014.2014
https://doi.org/10.1038/boneres.2017.30
https://doi.org/10.1159/000437099
https://doi.org/10.1210/jc.2016-3827
https://doi.org/10.1093/ajcn/79.5.717
https://doi.org/10.4103/jfmpc.jfmpc_2411_20
https://doi.org/10.1093/clinchem/46.6.863
https://doi.org/10.1016/j.cca.2021.10.024
https://www.acog.org/womens-health/faqs/nutrition-during-pregnancy
https://www.acog.org/womens-health/faqs/nutrition-during-pregnancy
https://doi.org/10.1002/14651858.CD008666.pub3
https://doi.org/10.1080/10408391003785458
https://doi.org/10.1080/10408391003785458
https://doi.org/10.1093/ajcn/nqy016
https://doi.org/10.1359/jbmr.2001.16.10.1899
https://doi.org/10.3945/ajcn.2008.26451
https://doi.org/10.1186/s13643-020-01501-8
https://doi.org/10.1186/s13643-020-01501-8
https://doi.org/10.1007/s11657-021-01023-3
https://doi.org/10.1210/er.2012-1071
https://doi.org/10.3389/fendo.2024.1417656
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	Maternal vitamin A and D status in second and third trimester of pregnancy and bone mineral content in offspring at nine years of age
	Introduction
	Methods
	Study design, setting, and participants
	Characteristics of the mothers
	Characteristics of children and DXA measurements
	Serum analyses in the mothers
	Serum analyses in the children
	Calculation of free and bioavailable 25(OH)D
	Ethics
	Statistics

	Results
	Characteristics of the mothers during pregnancy
	Serum analyses in mothers
	Correlations of nutrient intake and vitamin status in mothers
	Characteristics of the children
	DXA measurements and serum analyses in the children
	Associations with vitamin A
	Associations with vitamin D
	Associations with the synergy of vitamin A and vitamin D

	Discussion
	Strengths and limitations

	Conclusions
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




