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Abstract

Little is known about the usefulness of biomarkers to study the influence of prenatal
nutrition supplementation in improving child growth. Anthropometry is not always
straightforward to understand how nutrition might impact growth, especially in
settings with high rates of malnutrition and infections. We examined the effects of
prenatal supplementation on growth and growth biomarkers and the relationship
between anthropometric measures and growth biomarkers of children at 4.5 and
9 years of age. Children were enrolled from a longitudinal cohort, where mothers
were randomized into daily supplementation with either early-food (<9 gestation
week [GW]) or usual-food (~20 GW) (608 kcal 6 days/week); they were further
randomized to receive 30-mg or 60-mg iron with 400-pg folic acid, or multiple micro-
nutrients (MM) in rural Bangladesh. Anthropometric data were collected from
mothers at GW8 and children at 4.5 (n = 640) and 9 years (n = 536). Fasting blood
was collected from children at each age. Early-food supplementation showed
reduced stunting and underweight at 4.5 and 9 years age respectively compared to
usual-food. Prenatal supplementations did not have any effect on growth biomarkers
except for STAT5b expression which was lower in the early-food compared to the
usual-food group (f = —0.21; 95 CI% = —0.36, —0.07). Plasma concentrations of
25-hydroxy vitamin D and calcium were both inversely associated with weight-
for-age and body mass index-for-age Z-scores at 9 years, particularly in early-food
and MM groups. Although there was minimal effect on child growth by prenatal
supplementations, the associations of biomarkers with anthropometric indices were

predominantly driven by timing of food or MM supplementations.

Abbreviations: 25(0H)D, 25-hydroxy vitamin D; Ca, Calcium; DOHaD, Developmental Origins of Health and Disease; GH, Growth hormone; IGF-1, Insulin-like growth factor 1; IGF-BP3, IGF-
binding protein 3; Mg, Magnesium; MINIMat, Maternal and Infant Nutrition Interventions in Matlab; MM, Maternal multiple micronutrient; PBMC, Peripheral blood mononuclear cells; PTH,
Parathyroid hormone; SOCS2, Suppressor of cytokine signalling-2; STAT5b, Signal transducer and activator of transcription 5B.
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1 | INTRODUCTION

Maternal malnutrition in early pregnancy remains the single most
preventable risk factor for all aspects of child growth and development
(Black et al., 2013; Ekstrom et al., 2016). Maternal micronutrient as well
as chronic energy deficiency is widespread in South Asia (Osmani &
Sen, 2003). The Developmental Origins of Health and Disease
(DOHaD) hypothesis suggests that improving the nutritional status of
malnourished mothers may have favourable impact on the offspring's
health outcomes (Uauy et al., 2011). Most studies explored the effect
of prenatal nutritional supplementation on improving weight gain in
children (Devakumar et al., 2016) with limited focus on linear growth.
Even fewer studies have investigated effects beyond the neonatal
period since long-term follow-up studies are more difficult to conduct
(Lanou et al., 2014; Lu et al., 2014). Most of the studies are cross-
sectional surveys (Shrimpton et al., 2001; Victora et al., 2010), only few
randomized controlled trials have assessed effects of nutritional supple-
mentation on long-term growth outcomes (Ekstrom et al, 2016;
Svefors et al., 2016). Again, none of these studies specifically assessed
combination of growth biomarkers in relation to growth indicators in
children. Deficits in early growth have substantial health implication
leading to increased mortality as well as morbidity. Hence, in light of
the lack of an evidence base on the role of nutrition in rural
Bangladesh, it is important to investigate how the timing of the nutri-
tional supplementation may influence the individual's linear growth and
related outcomes. Measuring children's weight and height have several
advantages due to noninvasiveness and available accepted standards.
However, these are limited by lower sensitivity and accuracy and
unlikely to provide appropriate warning with a decrease in growth
unless conducted over a prolonged period of time (Harkare et al., 2021;
Raiten et al., 2013). Indeed, anthropometry alone is insufficient to
predict specific differences in patterns between children growing nor-
mally and those who are malnourished. Despite the fact that the extent
of the problem is well understood, no longitudinal study has been
conducted to advance our understanding to explain how nutritional
supplementation might impact growth biomarkers. It is also important
to acquire in-depth knowledge of the association between growth
biomarkers and anthropometric indices among children to achieve
cost-effectiveness of future intervention strategies.

Three large-scale trials of nutrition interventions in pregnancy in
Bangladesh suggest that maternal multiple micronutrient (MM) and
food supplements can improve child growth under certain circum-
stances (Christian et al., 2016; Islam Khan, 2013; Mridha et al., 2016).
A previous report from the Maternal and Infant Nutrition Interven-
tions in Matlab (MINIMat) (Persson et al., 2012) trial has shown that
early food supplementation in pregnancy reduced the occurrence of

stunting during 0-54 months in children especially in boys. However,

Key messages

o No overall effect was observed on biomarkers of growth
among children born to mothers who were supplemented
with food and different micronutrient alternatives.

e This study demonstrated for the first time in humans that
expression of STAT5b, a molecular marker was affected
in 9 years old children through in utero nutrition
supplementation.

e The associations of biomarkers with child anthropometric
indices were predominantly driven by timing of prenatal
nutrition interventions.

prenatal MM supplementation increased stunting (Khan et al., 2011)
as well as decreased the insulin-like growth factor 1 (IGF-1) levels up
to 5 years of age in the MINIMat cohort (Ekstrom et al., 2016).
Whether an early timing of prenatal food and micronutrient supple-
mentation positively influence biomarkers of child growth and if these
interventions in pregnancy can have a significant impact on these out-
comes during the later period of rapid growth is however not clear.

Growth hormone (GH) stimulates the growth of all tissues in
children and adolescents. It stimulates secretion of IGF-1 that promotes
bone growth and is also responsible for the growth-promoting effects
of GH (Vance, 1990). Activation of signal transducer and activator of
transcription 5B(STAT5b), a part of a GH-regulated somatic growth
pathway modulates transcription of IGF-1 and IGF-binding protein
3 (IGF-BP3) (Eugster & Pescovitz, 2003; Rotwein & Chia, 2010; Woelfle
et al.,, 2007). IGF-1 and IGF-BP3 have strong role in bone growth of
children. Suppressor of cytokine signalling 2 (SOCS2) is a key negative
regulator of GH-dependent body growth (Greenhalgh et al., 2005). It
also inhibits GH signalling, including reduction of STAT5 activation.
Thus, assessment of both positive (STAT5b) and negative (SOCS2)
regulators of GH activity is required to obtain a comprehensive picture
to better elucidate the mechanism of growth regulation among under-
nourished preadolescent children. Enhanced understanding of such
regulation is a way to predict the physiological consequences of growth
hormone signalling associated with the nutrition intervention.

From early childhood to late adolescence, the bone formation
predominates on bone resorption and puberty has a fundamental role
in the acquisition of bone mass (Stagi et al., 2013). The hormones, calci-
tonin and parathyroid hormone (PTH) play important roles in bone
remodelling through their actions on osteoclasts and osteoblasts,

respectively (Carter & Schipani, 2006). Adequate vitamin D status is
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important for optimal growth and bone health; low levels of vitamin D
are associated with elevated levels of PTH and consequently inade-
quate bone mineralization (Pekkinen et al., 2012). A number of studies
observed that a combination of bone health nutrients is preferable to
any single nutrient alone. However, there are no reports on the status
of growth biomarkers during pre-adolescence in relation to nutrition
interventions in pregnancy.

We aimed to evaluate the long-term effects of prenatal
nutritional supplementation on growth and growth biomarkers and
the relationship between anthropometric measures and growth
biomarkers of children at 4.5 and 9 years of age. The MINIMat was a
randomized factorial design population based trial of prenatal supple-
mentation with food and micronutrients in rural Bangladesh (Persson
et al.,, 2012); the mother-child cohort was followed longitudinally at
various age intervals to study diverse outcomes (Arifeen et al., 2018).
Here we studied biochemical markers in plasma [25-hydroxy vitamin
D (25(0OH)D), calcium (Ca), magnesium (Mg), PTH, calcitonin, GH,
IGF-1, IGF-binding protein 3 (IGF-BP3)] and molecular markers
(STAT5b and SOCS2) in peripheral blood mononuclear cells (PBMC) in
children at 4.5 and 9 years of age.

2 | METHODS

21 | Study area, population and intervention
icddr,b, a global health research institute, operates a health and demo-
graphic surveillance system (HDSS) in Matlab, a rural area in
Bangladesh with a target population of ~220,000. The MINIMat trial
(2001-2003) enrolled 4,436 pregnant women with 3,591 live births
(Persson et al., 2012). The primary objectives of the trial were to
evaluate effects of prenatal nutrition on health outcomes of the
women and their newborn infants.

In a randomized trial, locally produced energy-protein food sup-
plement (608 kcal 6 days/week) was given to pregnant women; the
timing of introduction of food was either (i) immediately after confir-
mation of pregnancy, around GW8-9 (early-food), or (ii) at the time of
their choosing (usual-food), around GW20 (Table S1a). The enrolled
women at GW14 were also randomly allocated to one of three differ-
ent micronutrient supplementations in a double-blinded manner:
(i) 30 mg iron and 400 pg folic acid (Fe30F), (ii) 60 mg iron and 400 ug
folic acid (Fe60F) or (iii) the UNICEF preparation of 15 different
micronutrients (MM) including 30 mg iron and 400 pg folic acid
(Table S1b). It is important to mention that pregnant women receive a
daily dose of 60 mg iron and 400 pg folic acid (iron-folate) as part of
routine care provided by the Health, Nutrition and Population Sector

Program of Bangladesh.

2.2 | Data collection

The present study was nested in the MINIMat cohort that predomi-

nantly involved studies on immune function and toxicant exposures in
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a subgroup of children who were born between June 2003 to June
2004 and followed at 4.5 and 9 years of age (Ahmed et al., 2013;
Mannan et al., 2016; Ragib et al., 2009) (Figure 1). Using a screening
list, field workers initially surveyed the field site for availability of
9 years old children who had previously participated in studies at
4.5 years of age. Children who did not have anthropometric measure-
ments taken at birth were not included in this study. Baseline (age,
body mass index [BMI], parity, socio-economic status [SES)] and
educational level) and follow-up data on mothers (urinary metals)
were available (Persson et al., 2012).

The SES was updated at 4.5 and 9 years of age based on house-
hold assets using data from the HDSS database (Ahmed et al., 2013;
Mannan et al.,, 2016; Ragib et al., 2009). Anthropometric data was
collected from mothers at GW8 and children at 4.5 and 9 years; Mid-
Upper Arm Circumference (MUAC) was measured as described earlier
(Islam Khan, 2013). The sitting height was measured adapting a
removable box (60 cm) to the stadiometer that allowed the child to sit
and place both feet flat on the floor. World Health Organization 2006
Child Growth Standards were used to determine weight-for-age
Z-score (WAZ), height-for-age Z-score (HAZ) and body mass index-
for-age Z-score (BAZ).

2.3 | Biomarkers assays

Fasting blood and urine was collected from children early in the
morning. Plasma and PBMC were separated, and stored in ultralow
temperature (—80°C) for analysis in icddr,b, Dhaka. Plasma 25(OH)D,
PTH, GH and calcitonin were measured by electrochemiluminescence
immunoassay with Cobas e601 using kits (Roche Diagnostics, GmbH,
Mannheim, Germany). Plasma Ca and Mg were measured by
photometric method in automated analyser Cobas ¢311 (Roche) and
IGF-1

and IGFBP3 were measured by sandwich enzyme immunoassay using

adjusted with plasma albumin concentration. Plasma
immunoassay kits (Quantikine ELISA, R&D Systems, Inc., Minneapolis,
MN). Concentrations of calcitonin, IGFBP3 and GH were measured at
9 years of age only. For all analytes, the within- and between-assay

coefficients of variation for plasma samples were ~10%.

24 | TagMan-based gene expression assay

Total RNA was isolated from PBMC from a subset of sample
(n = 209) at 9 years, using RNeasy plus Mini kit (Qiagen, Germany).
RNA concentrations and purity were measured by NanoDrop 2000
(Thermo Fisher Scientific, Massachusetts, USA). For single-stranded
cDNA synthesis, 1,000 ng of total RNA was transcribed with High-
Capacity cDNA Reverse Transcription Kit (Applied Biosystems,
Thermo Fisher Scientific).

Gene expression for STAT5b and SOCS2 was measured using
TagMan gene expression assay (Applied Biosystems TagMan Assays)
based on primer-probe hydrolysis in CFX96 Real-Time System
(BioRad California, USA). A reference gene, GAPDH, was used for
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FIGURE 1 Flowchart of the children enrolled and followed up

normalization of target genes. Both target and reference genes were
designed with FAM as reporter dye on its 5’ end and MGB-NFQ dye
as quencher on its 3’ end. Cycle threshold (Ct) values of STAT5b and
SOCS2 were obtained at the end of the reaction and fold changes
were calculated through AACt method

2.5 | Dataanalyses
The statistical analyses were performed with Stata 13 (StataCorp, LP,
College Station, Texas, USA) and SPSS (version 22.0).

For data visualization, several statistical plots such as histogram,
box plot, normal k-density curve, probability of skewness and kurtosis
and g-q plots and scatter diagram were used. Quantitative data were
transformed when not normally distributed, and analyses were per-
formed on the transformed variables. Data were expressed using pro-
portion for categorical data, mean and standard deviation and median
with interquartile range where appropriate. Multivariate regression
model was used to see the between group difference in Fe30F and
MM compared to Fe60F (reference) and in early compared to usual
food supplementation group (reference). Correlation and linear regres-
sions were used to assess the relationship between two or more
variables. Forward method was applied to fit the best model and
select the covariates. Covariates that influenced the model R? by 5%
or more, were selected to avoid collinearity. Thus, maternal BMI, child
sex, age, birth weight and SES score at 4.5 years and 9 years were

included in the final regression models. Since arsenic was inversely

associated with IGF-1 and IGFBP3 in this cohort, all models were also
adjusted for urinary arsenic at both time points (Ahmed et al., 2013;
Gliga et al., 2018). For inferential statistics, 95% Cl| and p value
were used.

The association between growth parameters (HAZ, WAZ and
BAZ) and the outcome variables (Ca, Mg, 25(0OH)D, PTH, IGF-1,
IGF-BP3, calcitonin, GH, STAT5B and SOCS2) in study participants
were evaluated by multivariate regression analyses. The same analysis
was also performed after stratifying the study participants in
respective food (usual and early) and micronutrient supplementation
(Fe30F and MM) groups compared to the reference group (Fe60F)

2.6 | Ethical considerations

All subjects gave their informed consent for inclusion before they
participated in the study. The study was conducted in accordance with
the Declaration of Helsinki, and the study protocol was reviewed and

approved by the Ethical Review Committee of the icddr,b, Bangladesh.

3 | RESULTS

3.1 | Demography and anthropometric indices

The recruitment and participant flow has been described in detail
elsewhere (Ahmed et al, 2013; Mannan et al, 2016; Ragib
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et al, 2017). In short, among 640 children who participated at
4.5 years of age, 89 were not available for various reasons (Figure 1).
A total of 551 children were enrolled at 9 years of age, of whom
536 blood samples were available for analysis in the present study.
The demographic characteristics of mothers and children are
presented in Table S2 and Table 1 respectively. About 24% children
were of low birth weight (<2,500 g). The family SES score did not
differ between the three time points (GWS8, 4.5 years and 9 years).
Sitting height was weakly associated with HAZ as assessed by
bivariate analyses (r = 0.092).

3.2 | Growth biomarkers during childhood at 4.5
and 9 years of age

Concentrations of the various biomarkers were found to be within
age-specific reference range (Table S3). Plasma 25(0OH)D levels
decreased in 9 years old compared to 4.5 years (Table 1). According to
the classification of Institute of Medicine, 25(0OH)D deficiency
(<30 nmol/L) was found in 3 children among 4.5 years old and

5 among 9 years old. Again, vitamin D insufficiency (30-47.5 nmol/L)

TABLE 1 Demographic status of the study participants
Features Children at 4.5 years (n = 536)
Age, months 55.92 + 1.38
Females 274 (51%)
BMI, kg/m? 13.82 + 0.95
Stunting (HAZ < —2SD) 158 (30%)
Underweight (WAZ < —2SD) 212 (40%)
Sitting height ratio -

MUAC, cm -
SES tertiles
Lowest, n (%) 179(33.4%)
Middle, n (%) 179(33.4%)
Highest, n (%) 178(33.2%)
Biomarkers
25(OH)D, nmol/L 71.74 + 23.31
Ca, mg/dl 7.67 +2.87
Mg, mmol/L -
PTH, ng/L 44.26 + 20.80
IGF-1, pg/L 67.81 + 41.00
IGF-BP3, ng/ml -
Calcitonin, pg/ml -
GH, pg/ml -
STAT5B -
SOCS2 -

~WI ]_Eyji“

was noted in 54 4.5 years old (10.2%) and 84 9 years old (15.6%)
children. Similarly, PTH levels decreased from 4.5 to 9 years of age.
Plasma PTH levels were inversely correlated with plasma 25(OH)D at
9 years of age (r = —0.16, p < 0.001) only.

Plasma Ca and IGF-1 levels increased in 9 years old children com-
pared to 4.5 years old (Table 1). Girls (71.38 + 2.74 ug/L) had higher
IGF-1 levels than boys (64.02 + 2.33 pg/L) at 4.5 years (P = 0.041).
Similarly, both IGF-1 and IGF-BP3 levels were higher in girls than boys
at 9 years (Figure S1).

3.3 | Effect of prenatal intervention on growth
biomarkers

None of the micronutrient interventions affected growth defined in
the standard way as increase in HAZ and WAZ (data not shown) or
the growth biomarkers (Table S4). When food groups were compared,
usual-food showed higher proportion of stunted (57.6% < —2 SD
HAZ) and underweight children (55.1% < —2SD WAZ) in 4.5 and
9 years old respectively compared to early -food (Figure 2). MM

supplementation was positively associated with BAZ in children at

Children at 9 years (n = 536) P value
106.38 + 1.42 <0.001
274 (51%)

14.28 + 1.63 <0.001
118 (22%) 0.123
214 (40%) 0.910
0.54 +0.21

2522 +41

179 (33.46%) 1.000
178 (33.27%) 1.000
178 (33.27%) 1.000
63.95 +17.01 <0.001
9.08 £ 0.55 <0.001
0.82 +0.07 -
38.02 +13.04 <0.001
98.39 + 34.29 <0.001
2,863.7 £ 856

5.05 + 3.38

1,266 + 1,869.5

1.00 + 0.52

0.95 + 0.50

Note: Data were given by mean * SD or number with percentage in parenthesis. Sitting height ratio is the ratio between sitting height and total height. The
sitting height ratio, MUAC, IGF-BP3, Calcitonin, GH, STAT5B and SOCS2 were measured in 9 year old children only.

Abbreviations: BMI, body mass index; MUAC, Mid-Upper Arm Circumference; 25(OH)D, 25-hydorxy vitamin D; Ca, calcium; Mg, magnesium; PTH,
parathyroid hormone; GH, calcitonin, growth hormone; IGF-1, insulin-like-growth factor 1; IGF-BP3, IGF-binding protein 3; STAT5b, signal transducer and

activator of transcription 5B; SOCS2, suppressor of cytokine signalling-2.
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both 4.5 (3 = 0.10; 95% Cl = —0.12, 0.48; P = 0.089) and 9 years of
age (p = 0.08; 95% Cl = —0.14, 0.31; P = 0.091) compared to Fe60F;
however, the associations were not strong.

When children were categorized according to the timing of
introduction of food or micronutrient supplementation types, the
early-food group showed lower levels of STAT5b compared to the
usual-food (f = —0.21; 95% Cl = —0.36, —0.07; P = 0.005) at 9 years.
We found no differential effect by timing of food supplementation
groups on other biomarkers ((25(OH)D, Ca, Mg, PTH, calcitonin, GH,
IGF-1, IGF-BP3). No significant difference was obtained in the
concentrations of biomarkers between the micronutrient groups
(Table 3).

34 |
scores

Growth biomarkers and anthropometric-z

Multivariate adjusted regression analysis showed that plasma 25(0OH)
D concentration was inversely associated with WAZ and BAZ at both
4.5 and 9 years of age (Table 2). When stratified by sex, the estimates
were generally found to be stronger in girls both at 4.5 and 9 years.

Plasma Ca levels at 4.5 years did not show any associations with
anthropometric z scores. At 9 years, plasma Ca levels showed an
inverse association with BAZ (p = —0.05; 95% Cl = —0.10, —0.01)
(Table 2). The inverse associations with WAZ and BAZ were promi-
nent in boys only. Plasma Mg concentration was positively associated
with BAZ among 9 years old boys (P = 0.012).

No associations were noted between anthropometric-z scores
and PTH at 4.5 years. However at 9 years, PTH concentration was
positively associated with all anthropometric indices.

At 4.5 years a positive association of IGF-1 levels was found with
HAZ and WAZ in all children. Stratification by sex showed positive
association of IGF-1 with HAZ in girls and all anthropometric z-scores

Stunted and underweight children (%) in the usual and early supplementation groups

in boys. At 9 years, IGF-1 levels in all children exhibited positive
associations with all the anthropometric indices, irrespective of sex.
Concentrations of IGF-BP3 were associated with HAZ and WAZ in all
children with stronger estimates evident in boys.

An inverse association was obtained between plasma calcitonin
and HAZ in all children and the estimate was stronger in girls
(Table 2). With every 1 unit decrease in HAZ score, there was
0.43 pg/ml increase in calcitonin in all children and 0.9 pg/ml increase
in girls. In contrast, with every 1 unit increase in BAZ score, there was
0.31 pg/ml increase in calcitonin concentration in all children. We
did not observe any association between GH and anthropometric
z-scores (data not shown).

A positive association between STAT5b expression and BAZ was
observed in boys only. However, SOCS2 did not show any association

with anthropometric z scores (data not shown).

3.5 | Growth indicators and biomarkers stratified
by food and micronutrient supplementation

There was no interaction by treatment group for the relationship
between anthropometry and growth biomarkers. Assessment of
growth biomarkers in children are given in Table S4, stratified by
micronutrient supplementation status or by usual and early food sup-
plementation. Multivariate adjusted regression analysis showed strong
negative associations between 25(OH)D levels and BAZ in both the
early and usual food groups as well as in the Fe60F group among
4.5 years old (Figure 3). Inverse association also existed between
25(OH)D and WAZ in the usual-food, Fe30F and MM groups.
However at 9 years, negative association of 25(0OH)D with both WAZ
and BAZ were strongly evident only in the early-food and MM groups
(Figure 3). Of note, the associations between 25(0OH)D and WAZ/BAZ
in the Fe30F or Fe60F disappeared at 9 years.



~WI ]_Eyjﬂ

SIDDIQUA ET AL.

(ssnunuo))
€480 (100 ‘T0'0—)100°0
7980 (00 ‘T0'0—)1000
€460 (200 ‘20°'0—)€000°0
€8T°0 (00 ‘TT°'0—)S00—
0SS0 (£0'0 ‘CT'0—-)E00—
170 (€20 ‘€0'0—)0T'0
€00 (LT0— ‘L¥¥—)2eT—
8200 (€0~ ‘0F'9—)8e€—
8%/°0 (67°€ ‘587 —)89°0—
/910 (0 LETT-)0LY—
0£S0 (LTTTI8'S-)ELT
€000 (ET€T ‘L P)T6ET
9150 (Sc‘os-)ECT—
0S2°0 (0% ‘€5'S—)LL0—
2.9°0 (Se9 0T ¥—)2T'T
t44740) (0€0‘2L0-)TC0—
€/5°0 (L¥'0 ‘¥8°0—)6T0—
£08°0 (T80 °€9°0—-)60°0
2000 (02'C— ‘'98'6—)€0'9—
200 (50— ‘85°0T—)99'G—
L15°0 (S22 °99'€-)08'T
anjeA d (12 %s6) 4
SHID

Z100 (€00 ‘2000)T00
#8710 (T0'0 ‘€00°0—)T0°0
/550 (TO0 ‘T0'0—)E00°0—
0700 (€00°0— ‘€T°'0—)L00—
LT00 (c0'0— ‘ST°'0—)80°0—
8900 (TO0 ‘9T°0—)80°0—
2000 (8T'T— ‘TCS—)6T '€~
£L0°0 (CT0 €T )96 T—
8750 (L€€'6LT)6L0
€00 (€0'ST ‘09°0)18°L
S0000 (0¥C ‘ZTOTW0LT
10000 (99°2¢ ‘81°6)80°9T
8TT0 (€59 ‘¥£°0—)68C
G950 (TLY‘85°C—)L0°T
7090 (95°C ‘OF'7—)26'0—
9500 (T0'0 ‘T6'0—)S+°0—
86T°0 (97°0 '9£°0—)0E0—
L£6°0 (¢¥7°0 ‘9%'0—)20'0—
9100 (¢60—‘06-)567—
(0440) (TO'T ‘0T°L—)S0°€—
G060 (2T¥'59'e—)ET0
anjeA d (12 %S6) 4
shog

1900 (T0°0 ¥000'0—)T00
7610 (T0°0 ‘200°0—)00°0
8560 (T0°'0 ‘T0°'0—)2000°0
G200 (TO'0— ‘'0T°'0—)S0'0—
8TT0 (T0'0 ‘60°0—)70°0—
0280 (900 ‘50°'0-)T0°0
20000 (62T~ ‘0CV—)SLT—
1100 (9¥'0— ‘¥9'€-)S0T—
8€8°0 (0Z ‘T9T)6T0
604°0 (98°'G ‘0760
80000 (£O'8T ‘60'8)80°E€T
10000 (£5°0T ‘€' TT)09T
€8%°0 (9¥'€ ‘Y9 T-)T60
0£8°0 (#6'C ‘9€2—-)62°0
86/°0 (91°C ‘T18°C—)2€0—
9,00 (€00 ‘S9°'0-)TE€0—
GET'0 (800 ‘€9'0—)LZ0—
vl 0 (82°0 ‘6£0—)90°0—
#0000 (#S'C— ‘S0'8-)62'G—
#7100 (¥£0— ‘T59-)E9E—
€080 (L0'€ ‘8€°C-)SE0
anjea d (1D %s6) 4
uaipjiyo |Iv

X3S AQ Pal13eI3s UJP|IYD 33 JO SIERA 4 PUE G'f 3 SIDIPUI D13BWOdOIUIUE YHM SI93Jewolq Yimods Jo sisAjeue uoissaiday

Zvd
ZVM

3N,
zZvd
ZVM

0]
Zvd
ZVM

a(Ho)se

sieak g,
Zvd
ZNM

T-49I1
Zvd
ZVM

Hld
Zvd
ZVM
ZvH
ed
Zvd
ZVM
ZVH
a(Ho)se
SIedh Gy,

¢3ilnavli



SIDDIQUA kT AL.

sotts | WiLEY-|

"GTT = SIB pue y6 = shoq pue Qg = U 04 SisAjeue 3osqng,

‘pawiiojsuel) 30| sem 3|A ewseld,
‘pawojsuesy 30| si eyep,

'SIBIA 6 B DJUSSIE AJeuLIn pue siedh 4 1 S3S (MD) Xoam [euoieIsaD ‘|iNg Jayrow siay Suiis ‘Xas ‘Jysiam yuiq ‘a8e Aq pajsnipe sem [apow ay |,
'sJEdA G'f 1B DJUSSIE AJeulin pue Gfy 1 S35 {(AMD) 39aM [euoneIsan) ‘[Ag Jaylow ‘ysiay Suias xas ysiam yuiq ‘o8e Aq pajsnipe sem [spow ay ],
‘g6 uondidsuel} Jo J0JeAI}Oe pue Jadnpsuesy [eusiS ‘qS1v1S

‘g ua3oad Sulpuig-49)] ‘€dg-49] ‘T 4103198} YIMouS-aXI|-ulnsul ‘T-49)]| ‘SUowIoy Yimois ‘Uuluo3idjed ‘Ho ‘auowoy ploJAyiesed ‘H]d ‘wnisauSew ‘S| ‘wnidjed ‘e) ‘g ulweA AX0IpAU-GZ ‘Q(HO)SZ Suoelinalqqy

9/8°0 (600 ‘0T°'0—)T00—
9%/°0 (TT'0°9T°0—)200—
8690 (9T°0 ‘€2°0—)¥00—
0800 (090 ‘€00—)8Z°0
1910 (150 '8€°0—)L0°0
€000 (T€0— IS T-)T60—
€/80 (c08TT ‘€°00T—)98'8
6190 (9°'06T ‘8°€TT-)'8€
2290 (9%9Z ‘9°'85T—)0€S
1000 (65°0T ‘55°2)LS9
€000°0 (8£°£1'9L'9)LTTT
6000 (8€°8T ‘89°2)€S 0T
1920 (¥8C£L0-)E0'T
1420 (T6€ 0T T-)T¥'T
8780 (z6'€ ‘TTe-)SE0
anjead (1D %56) 9
SHID

€200 (€20 ‘200)ZT0
£90°0 (TZ'0‘T00-)0T0
9/9°0 (970 '0T°'0—)E00
#80°0 (6£°0'500—)LEO
8¢¥'0 (€9°0°£2°0—-)8T°0
GESO (90 ‘0£'0—)LT0—
%10 (9°GLT ‘L'ST)6 VL
2000 (6°£LT ‘05°99)2°CLT
100°0> (67S€ ‘S'90T)L°0ET
20000 (20T ‘6L°€)0T'L
£0000 (£9°ST ‘90°6)9€°CT
S0000 (ST°8T ‘0€°0T)ZC¥T
0070 (S5 ‘€T0-)9T'T
0200 (LT ‘LT 0)LT
6,00 (ce€ ‘6T0-)LS'T
anjea d (1D %s6) 4
shog

€910
6/1°0
680

8100
9560
£00°0

T€T0
60000
£000°0

200000
90000
600000

£50°0
¢100

6¥0°0

anjeA d

(¢1°0 ‘200-)500 Zvd
(£1°0 ‘€00—-)L0°0 ZVM
(01°0 ‘80°0-)T0°0 ZVH
18S1V1S
(£5°0°50°0)T€°0 Zvd
(62°0 '82°0-)T00 ZVM
(¢T'0— ‘SL'0-)Er'0— ZVH
uluo[eD
(L0ET ‘0LT—)6'9S Zvd
(8'8%7C ‘5°06)L'69T ZVM
(seTe ‘T9eT)8Pee ZVH
€dg-49I
(ET°0T ‘69 V)T L Zvd
(1921 ‘21'5)98'8 ZVM
(T£°61 TSETTY9T ZvH
1-49I
(TTC'€00-)60°T Zvd
(PLT‘€C0)EST ZVM
(62 T00)0F'T ZVH
Hld
(1D %s6) 4 S1edh G'pe
uaipiyo I/

(penupuod)  z 3719VL



SIDDIQUA ET AL I ‘

(a) 120

~WI ]_Eyji“

(¥ T0
&
= oap l 18 ‘
% ) 0353 | 1 1
Hl:l ~ I fid = -’I
T 30 I ‘ 340 ‘
z 410
2 %0 35
(a1}

-13.0

HAZ WAL BAZ HAZ  WAZ BAZ HAZ WAL BAZ HAZ WAZ BAZ HAZ  WAZ BaZ
sl Early FeF Fe30F MM
(b) &

= 158 | 263
£ \‘
> 10 131 1,05 | :
- | 1 | "
[=3
- I | ] |
= -1.65 -1.77 -1.91
B 264 -
2 40 -3.66
=%
g- 550 584
5
ﬁ 0 -5.67

-14.0

HAZ WAZ BAZ HAZ  WAZ BAZ HAZ WAL BAZ HAZ WAL BaZ HAZ  WAZ BaZ
NS Early FelSF Fe30F MM

FIGURE 3 Regression analysis of 25(OH)D with anthropometric indices at 4.5 and 9 years stratified by foods and micronutrient

supplementation

No changes were observed in Ca and PTH levels at 4.5 years.
Plasma Ca at 9 years showed inverse associations with WAZ and BAZ
in the usual-food and MM groups (Table 3). In contrast, Mg concen-
trations increased with increasing WAZ and BAZ in the Fe60F groups
and PTH levels increased with increasing WAZ and BAZ in the
usual-food and MM groups. However, these associations were
generally weak.

At 4.5 years, we found a positive association of IGF-1 levels with
HAZ in all groups except for Fe30F, while with WAZ the association
was evident in the early-food and MM groups. Interestingly, at 9 years,
plasma IGF-1 was found positively associated with almost all anthro-
pometric z-scores (HAZ, WAZ and BAZ) (Table 3) irrespective of
timing of introduction of food or the types of micronutrients supple-
mentation. At 9 vyears IGF-BP3 concentrations increased with
increasing HAZ in the early-food, Fe30F and MM groups.

Calcitonin levels were inversely associated with HAZ in early-
food, the Fe30F and MM groups. However, positive associations
between calcitonin and WAZ and BAZ were observed in the

early-food group as well as in the Fe60F group (Figure 4a,b).

4 | DISCUSSION

This study reports the long-term effects of prenatal nutritional inter-

ventions on growth in relation with various growth biomarkers as well

as their association with anthropometric indices in children, followed
from early childhood through preadolescence. Prenatal MM supple-
mentation had a tendency to impact positively on body mass index of
children at both 4.5 and 9 years while early food supplementation
were related to reduced stunting and underweight in children, consis-
tent with the findings of the larger cohort of MINIMat children at
5 years of age (Islam Khan, 2013). The positive associations of IGF-1
at both 4.5 and 9 years and IGF-BP3 in 9 years old on growth parame-
ters were not influenced by timing of introduction of prenatal food or
by types of micronutrient supplementation.

The existing method to evaluate child growth is limited to anthro-
pometric measurement which is not always useful to reflect the accu-
rate role of nutritional supplementation in improving growth (Raiten
et al., 2013). Instruments are expensive, are of poor sensitivity and
nonspecific for detecting impaired growth in nutritionally disadvan-
taged populations. Thus, it is critically important to identify usefulness
of biomarkers in the assessment of the optimal child growth in
response to nutrition. This trial was carried out in a population where
undernutrition is prevalent and we observed no overall effect on
biochemical parameters of growth among children born to mothers
who received combination of the different food and micronutrient
alternatives. Most studies that provided an antenatal MM versus iron
and/folate supplement, found no or minimal effect on various
outcomes including birth weight, and mortality in children (Persson
et al., 2012; Ramakrishnan et al, 2012). Notably, this study
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TABLE 3 Mean change in bio-markers in Fe30F and MM group compared to Fe60F and early compared to usual food supplementation group

Fe30F (n = 189)
Fe60F (n = 184)

B(95% ClI)

225(0H)D at 4.5 years Ref. 2.19(-2.63, 7.01)
b25(0OH)D at 9 years Ref. 3.0(—0.42, 6,36)
2Calcium at 4.5 years Ref. —0.15(—0.74, 0.44)
PCalcium at 9 years Ref. —0.01(-0.12, 0.09)
?PTH at 4.5 years Ref. 0.89(—3.43, 5.20)
5PTH at 9 years Ref. —0.56(—3.17, 2.06)
2IGF-1 at 4.5 years Ref. —5.95(-14.0, 2.07)
PIGF-1 at 9 years Ref. ~1.79(-7.70, 4.13)
®mg at 4.5 years Ref. 0.003(—0.01, 0.02)
Pmg at 9 years Ref. —0.01(—0.02, 0.01)
bIGF-BP3 at 9 years Ref. 24.1(—-143, 191)

bCalcitonin at 9 years Ref. —0.28(—0.94, 0.37)
PGH at 9 years Ref. 36.8(—343,417)

PSTAT5B at 9 years Ref. 0.02(-0.15, 0.18)
PSOCS2 at 9 years Ref. —0.07(-0.23, 0.09)

Note: Multivariate regression model was used to estimate the p value.

MM (n = 162) Usual (n — 256) Early (n = 280)
B(95% CI) B(95% CI)
1.05(-4.0, 6.11) Ref. —3.36(—7.39,0.67)
1.23(-2.31,4.78) Ref. 0.06(—2.13, 2.25)
—0.14(—0.76, 0.48) Ref. 0.33(-0.17,0.82)
0.01(-0.10, 0.13) Ref. 0.04(-0.05, 0.13)
0.46(—4.07, 5.0) Ref. —1.85(-5.47,1.76)
—0.70(—3.44, 2.03) Ref. 0.06(—2.13, 2.25)
2.56(—5.88, 11.0) Ref. 0.73(-6.05, 7.51)
1.08(—5.10, 7.26) Ref. 1.59(—3.37, 6.55)
0.01(-0.01, 0.03) Ref. 0.01(-0.01, 0.02)
0.0003(-0.01, 0.02) Ref. —0.003(—0.02, 0.01)
—5.06(—180, 170) Ref. 12.9(-127, 153)
0.15(—0.54, 0.84) Ref. 0.07(—0.49, 0.62)
51(—348, 450) Ref. 60.4(—259, 380)
0.01(—0.18, 0.18) Ref —0.21(—0.36, —0.07)
—0.001(—0.18,0.18) Ref. —0.11(-0.25, 0.04)

Abbreviations: Fe30F, 30 mg iron and 400 pg of folic acid; Fe60F, 60 mg iron and 400 pg of folic acid; MMS, multiple micronutrients, 15 micronutrients

including 30 mg iron and 400 pg of folic acid.

2The model was adjusted by age, birth weight, sex, sitting height, mother BMI, Gestational week (GW), SES at 4.5 and urinary arsenic at 4.5.
bThe model was adjusted by age, birth weight, sex, setting height, mother BMI, Gestational week (GW), SES at 9 years and urinary arsenic at 9 years.

demonstrated for the first time in humans that expression of STAT5b,
a molecular marker was affected in 9 years old children by in utero
nutrition supplementation. While there is a biological justification for
expecting a change in STAT5Db, it is uncertain whether our finding
could also represent a false positive. Several studies have shown that
GH receptor-activated STAT5b has an important role in regulation of
key enzymes involved in lipid and energy balance and support our
finding of positive association between STAT5b and BAZ (Moller &
Jorgensen, 2009). However, the role of early food supplementation
on reducing STAT5b expression is not clear. Recent evidence from
human studies has demonstrated that STAT5b is associated with met-
abolic disorders (Flores-Morales et al., 2006). Our group has earlier
shown that chronic exposure to arsenic impaired IGF-1 expression in
these MINIMat children at 4.5 years of age (26); whether arsenic
exposure had any effect on STAT5b expression at 9 years has not
been examined. Further research is warranted to understand how
food supplementation during pregnancy affects the growth pathway
and their physiological relevance in growing children.

Earlier Mariko et al. have shown an inverse relation of cord blood
25(0OH)D with weight-for-length Z-score and BAZ in MINIMat new-
borns (Doi et al., 2011). Consistent with this, our findings also indi-
cated that plasma 25(0OH)D was persistently higher in children with
low BMI at both 4.5 and 9 years, with strong effects observed in
early-food and MM groups at preadolescence. The data on association
between vitamin D status and child growth, undernutrition and obe-
sity are inconclusive (Giustina et al., 2019). The association between

vitamin D and linear growth in children who have clinical

manifestations of deficiency such as rickets is well known (Giustina
et al., 2019). Although some investigators have reported a positive
correlation between 25(0OH)D status and height in infancy, childhood
and young adulthood (Kremer et al., 2009; Roth et al., 2013; Zhu
et al., 2017), many studies including ours found that vitamin D was
not an important contributor to linear growth (Chowdhury
et al., 2017; Gould et al., 2017; Sudfeld et al., 2017). Multiple studies
have reported association of obesity or high BMI with poor vitamin D
status in children and adolescents (Giustina et al., 2019). Again, others
have shown that underweight children were more likely to have lower
serum 25(OH)D compared to normal-weight children (Marasinghe
et al., 2015; Mokhtar et al., 2018). Experimental studies have shown a
role of active vitamin D and its metabolites in inhibiting the formation
of adipocytes by inhibiting the expression of a key regulator of
adipogenesis, Peroxisome Proliferator-Activated Receptor Gamma
(PPAR-y) (Mutt et al., 2014). One study reported that vitamin D stimu-
lates lipogenesis and inhibits lipolysis by interacting with membrane
vitamin D receptor (Abbas, 2017). In support of these findings, data
from the NHANES indicated an inverse relation between measures of
body fat and serum 25(OH)D, with leaner individuals having higher
25(CH)D
et al., 2009; Yetley, 2008), which is consistent with our findings.

The inverse relationship between 25(OH)D and PTH levels has

concentration than do heavier individuals (Kumar

been reported in various studies in children and adolescents (Abrams
et al., 2005; Outila et al., 2001); we have further shown that the
anthropometric z- scores in 9 years old MINIMat children were posi-

tively associated with PTH and inversely with 25(OH)D. Apparently in
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FIGURE 4 Mean changesin
calcitonin with anthropometric indices at
9 years of the children stratified by sex
(a) and foods and micronutrient
supplementation (b). Associations of
plasma calcitonin concentrations with
anthropometric-z scores exhibited inverse
association with HAZ in all children which
appeared to be stronger in girls. Positive
association between calcitonin and BAZ
was observed in the early-food group in
all children. Calcitonin levels were
inversely associated with HAZ in early-
food, the Fe30F and MM groups. Positive
associations between calcitonin and WAZ
and BAZ were observed in the early-food

(a) 1.n~;

Calcitonin, H{95% CI)

—Wl LEY 11 of 15

group as well as in the Fe60F group.
Fe30F = 30 mg iron and 400 pg of folic
acid; Fe60F = 60 mg iron and 400 pg of
folic acid; MM = multiple micronutrients,
15 micronutrients including 30 mg iron
and 400 pg of folic acid
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the presence of inverse association of vitamin D with growth indica-
tors, PTH secretion increases to adapt to higher demand for growth in
the pre-puberty age (Abrams et al., 2005). Population-based surveys
support our findings of positive association of PTH with BAZ and
WAZ scores in the children (Kamycheva et al., 2004; Reinehr
et al., 2007). Moreover, we have shown that MM supplementation
had stronger positive influence on association between BAZ/WAZ
and circulating PTH levels at preadolescence. Our study demonstrates
that calcitonin concentration in the early-food or Fe60F supplementa-
tion group is associated with higher body weight/body mass index. In
support of our findings, a recent experimental study found that calci-
tonin in male mice may positively influence glucose and lipid metabo-
lism, possibly via decreased adiponectin secretion from adipocytes
(Nakamura et al., 2018). However, our data also exhibited inverse
association of calcitonin with HAZ which appeared to be stronger in
girls. In a Ca supplementation study among normal and GH deficient
children, increase in serum calcitonin level was significantly lower in
girls compared to boys among normal children (Saggese et al., 1993).
Indeed, biomarker levels in children might vary greatly based on their
age, sex and puberty stage—since hormones are important regulators

of body growth. When stratified by sex, we found differences in

associations between multiple growth biomarkers and anthropometric
z scores. Further longitudinal studies are necessary to understand
how biomarkers levels changes with height/weight among boys
compared to girls.

For optimal skeletal health, vitamin D is essential for facilitating
absorption of Ca. Inadequate Ca status among MINIMat children with
lower 25(0OH)D status may suggest inefficient utilization of Ca for
calcification. Many epidemiological studies have shown relationships
between high Ca intake and decreased body weight in children
(Carruth & Skinner, 2001; Shapses et al., 2001) which substantiates
the finding of inverse association between plasma Ca and BAZ in the
MINIMat children. Increased intracellular Ca concentrations promote
lipogenesis and suppress lipolytic activities in adipocytes in a coordi-
nated fashion (Xue et al., 2001; Zemel et al., 2000). Recent evidence
suggests that for efficient metabolization of vitamin D, adequate
levels of Mg are also essential. Magnesium plays a key role in regulat-
ing the enzymatic processes and glucose metabolism, eventually
determining the weight of an individual. One study in school
children aged 10-12 years reported that children exposed to lower-
than-recommended levels of Mg (10 mg/L) and Ca (20 mg/L) in
drinking water exhibited reduced height and reduced rate of growth
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compared to those with higher mineral exposure (Huang et al., 2018).
Our finding of positive association between Mg and BAZ/WAZ in the
standard iron supplementation group (Fe60F) may reflect an
additional influence of iron on child growth.

In our cohort, IGF-1 levels increased with increasing age and were
associated with physical growth indicators (HAZ, WAZ) as seen in
growing children in other populations (Xu et al., 2010). However, con-
centrations of IGF-1 and IGF-BP3 in MINIMat children were about
twofold lower than those found in Chinese preadolescents. This may
be related to higher rate of undernutrition prevalent in our cohort.
Furthermore, girls had significantly higher IGF-1 levels than boys at
both 4.5 and 9 years of age, whereas higher IGF-1 levels in Chinese
girls were found at the age of 9-12 years, most likely due to occur-
rence of early puberty. Our finding of high prevalence of stunting
among girls at 4.5 and 10 years follows the scenario in the larger
MINIMat cohort (Svefors et al., 2016); higher concentration of IGF-1
in girls thus might indicate increased requirement of IGF-1 for growth;
IGFBP-3 levels were also higher in 9-year-old girls. However, we did
not find any effect of timing of introduction of prenatal food or types
of micronutrient supplementation on IGF-1/IGFBP-3 related changes.

The study has a number of limitations. When analysing the effect
of maternal supplementation on child outcome, we need to consider
the trade-offs between the mother and the child, for example, a child
from a mother with an inadequate Ca status cannot receive a full ben-
efit of the supplementation. Even though Ca was not contained in the
MM supplement for the MINIMat mothers, vitamin D was. Since
maternal growth/bone biomarker status was not measured, drawing
inference regarding effects of prenatal supplementation cannot be
generalized to all adolescents. One limitation was that GH concentra-
tion was measured in fasting blood without any stimulation; the levels
obtained were thus basal levels and hence may not have truly
reflected any influence of prenatal intervention. Another drawback
was the lack of collection of dietary intake data at either time points,
consequently missing one important covariate. Furthermore, being
the very first study in the field, we could not refer to any earlier stud-
ies for STAT5b/SOCS2 assays, to evaluate the impact of prenatal sup-
plementation on growth-associated gene expression in children. The
strength of our study lies in the fact that we have determined
important biochemical and molecular growth biomarkers in relation to
physical growth parameters in a prospective design in more than
500 preadolescent children and our data was adjusted for several

potential confounders.

5 | CONCLUSION

In the present study, we sought to obtain a comprehensive picture of
the long-term effects of prenatal nutritional interventions on growth
in relation with various growth biomarkers as well as their association
with anthropometric indices among children in a randomized control
trial in an impoverished setting. Although prenatal supplementations
had limited effect on child growth indicators, the associations of

growth biomarkers with anthropometric indices were predominantly

SIDDIQUA kT AL.

driven by early introduction of food or multiple micronutrient
supplementations during pregnancy. Further studies are needed to
investigate the interplay between growth markers and anthropometric
indices, which may be important in designing global strategies for
appropriate interventions to combat impaired child growth effectively.

Malnutrition is frequently more pronounced among women in
countries such as Bangladesh. The prenatal period is vulnerable and
provision of maternal nutrition supplementation during this stage may
beneficially affect various biomarkers involved in both short- and
long-term growth. Further research is necessary to understand the
independent role of maternal nutrition interventions in sequential
measures of child growth and their association with other biomarkers
involved in bone growth/hormonal maturation pathway. Thus a clear
priority is to support the discovery, and assay validation of biomarkers
that more evidently reflect the consequences of impaired growth as
well as indicate specific prenatal interventions necessary to address
them. Such assessment will identify best biochemical and molecular
signature indicators of child growth trajectory/growth faltering that
may be adopted for growth assessment by public health experts to
detect deficits in early growth and combat its adverse consequences

in children.
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