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José Dámaso Vı́lchez, Elena Cabrera and José Marı́a López-Pedrosa
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Preface to ”Nutrition During Pregnancy 
and Lactation”

Pregnancy is a viewed as a window to future health. With the birth of the developmental 
origins of human adult disease hypothesis, research and clinical practice has turned its attention to 
the influence of maternal factors such as health and lifestyle surrounding pregnancy as a means to 
understand and prevent the inter-generational inheritance of chronic disease susceptibility. Outcomes 
during pregnancy have long-lasting impacts on both women on children. Moreover, nutrition early 
in life can influence growth and the establishment of lifelong eating habits and behaviors.

Maternal nutrition is probably one of the most well described factors known to directly impact 
fetal development and infant health. For example, inadequate folate intake in mothers who gave 
birth to children with neural tube defects led to studies on folate supplementation, widespread food 
fortification programs and clinically to the routine prescription of vitamin and mineral supplements 
to pregnant women. In the modern world, pregnancy and lactation is now plagued by new challenges 
brought about by poor quality diets irrespective of their energy content. Dubbed the double burden 
of malnutrition, the maternal diet can influence the healthy progression of pregnancy. For women, 
the maternal diet in pregnancy can influence the likelihood of gestational diabetes and gestational 
hypertension disorders. For children, a mother’s diet can influence size at birth and lifelong 
progression for obesity, type 2 diabetes and cardiovascular disease. New research is emerging on 
the unique role the maternal diet can have on breastmilk, influencing the nutritive and non-nutritive 
components which not only impacts normal growth but susceptibility to allergies and asthma.

Efforts have been made to improve the quality and quantity of the maternal diet in pregnancy 
and during lactation to alter the downstream implications on maternal and child health. Approaches 
while varied most often times result in an improvement in diet quality yet studies vary in their 
impacts on adverse pregnancy outcomes and child health. New research that investigates the 
influence of specific dietary components, maternal eating attitudes and behaviors and the interactions 
with the gut microbiome is needed to advance our understanding of maternal nutrition during 
pregnancy and lactation to optimize health outcomes of women and children.

This Special Issue on “Nutrition during Pregnancy and Lactation: Implications for Maternal 
and Infant Health” is intended to highlight new epidemiological, mechanistic and interventional 
studies that investigate maternal nutrition around the pregnancy period on maternal and infant 
outcomes. Submissions may include original research, narrative reviews, and systematic reviews 
and meta-analyses.

Leanne M. Redman

Special Issue Editor
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Dysregulation of Neuronal Genes by Fetal-Neonatal
Iron Deficiency Anemia Is Associated with Altered
DNA Methylation in the Rat Hippocampus
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Abstract: Early-life iron deficiency results in long-term abnormalities in cognitive function and
affective behavior in adulthood. In preclinical models, these effects have been associated with
long-term dysregulation of key neuronal genes. While limited evidence suggests histone methylation
as an epigenetic mechanism underlying gene dysregulation, the role of DNA methylation remains
unknown. To determine whether DNA methylation is a potential mechanism by which early-life iron
deficiency induces gene dysregulation, we performed whole genome bisulfite sequencing to identify
loci with altered DNA methylation in the postnatal day (P) 15 iron-deficient (ID) rat hippocampus, a
time point at which the highest level of hippocampal iron deficiency is concurrent with peak iron
demand for axonal and dendritic growth. We identified 229 differentially methylated loci and they
were mapped within 108 genes. Among them, 63 and 45 genes showed significantly increased and
decreased DNA methylation in the P15 ID hippocampus, respectively. To establish a correlation
between differentially methylated loci and gene dysregulation, the methylome data were compared to
our published P15 hippocampal transcriptome. Both datasets showed alteration of similar functional
networks regulating nervous system development and cell-to-cell signaling that are critical for
learning and behavior. Collectively, the present findings support a role for DNA methylation in
neural gene dysregulation following early-life iron deficiency.

Keywords: hippocampus; DNA methylation; DNA sequencing; iron; neurobiology; transcriptome;
micronutrient deficiency; neuroplasticity

1. Introduction

Fetal and neonatal (early-life) iron deficiency with or without anemia affects more than 30%
of pregnant women and preschool age children worldwide, and results in long-term cognitive and
behavioral abnormalities [1–8]. We have previously investigated the effects of early-life iron deficiency
using a rat model, whereby pups were made iron-deficient (ID) from gestational day 2 through
postnatal day (P) 7 by providing pregnant and nursing dams with an ID diet, after which they
were rescued with an iron-sufficient (IS) diet. This model of maternal-fetal iron deficiency results
in a 50% reduction in brain iron concentration by P7 [9], the age at which rat brain development
approximates that of a full-term human newborn [10,11]. The deficit in brain iron content is similar to

Nutrients 2019, 11, 1191; doi:10.3390/nu11051191 www.mdpi.com/journal/nutrients1
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the degree of brain iron deficiency observed in full-term newborn humans [12,13]. Similar cognitive
and behavioral abnormalities are observed in our rat model [14–16] and are accompanied by abnormal
neuronal morphology [17,18] and glutamatergic neurotransmission [19] in the hippocampus. Iron
treatment starting at P7 resolves brain iron deficiency by P56 [20]. Despite this resolution, the formerly
iron-deficient (FID) rats show persistent cognitive impairment accompanied by abnormal neuronal
morphology [17,18], glutamatergic neurotransmission [19], and lower expression of genes critical
for neural plasticity in the hippocampus [21–23]. The persistent dysregulation of hippocampal gene
expression in the adult FID rat hippocampus [22] suggests a possible role for epigenetic regulation.
Indeed, in a previous study we showed that early-life iron deficiency induced epigenetic modifications
at the Bdnf locus, a critically important gene coding for a growth factor that regulates brain development
and adult synaptic plasticity [24]. As such, comprehensive genome-wide analyses of DNA and histone
methylation remain uninvestigated as iron is a critical cofactor for DNA and histone modifying proteins,
such as the ten-eleven translocation (TET) enzymes and the Jumonji C-terminal domain (JmjC) family
of histone demethylases [25,26].

DNA methylation is essential for neuronal differentiation and maturation in the developing central
nervous system and plays a critical role in learning and memory in the adult brain [27]. Altered DNA
methylation patterns are associated with many neurological and psychiatric disorders [27]. While DNA
methylation at promoter regions is relatively well studied and strongly associated with transcriptional
silencing [28], methylation in intergenic regions and gene bodies has been less characterized and may
have different functions [27]. Whole genome bisulfite sequencing (WGBS) is the most comprehensive
method to analyze 5-methyl cytosine (5mC) at a single-nucleotide resolution [29]. In our previously
published methodological paper, a novel method to identify differentially methylated regions (DMRs),
namely the Defiant program, was developed. Here, using the same WGBS dataset [30], we present
the first genome-wide assessment of DNA methylation in the developing postnatal day 15 (P15)
rat hippocampus, during a period of peak iron deficiency and robust axonal growth and dendritic
branching [18,31]. In addition to confirming previously reported individual genes and loci that were
altered epigenetically due to iron deficiency, we identify novel loci critical to neural function that are
epigenetically modified by early-life iron deficiency.

2. Materials and Methods

2.1. Animals

The University of Minnesota Institutional Animal Care and Use Committee approved all
experiments in this study. Gestational day 2 (G2) pregnant Sprague-Dawley rats were purchased from
Charles Rivers (Wilmington, MA). Rats were kept in a 12 h:12 h light:dark cycle with ad lib food and
water. Fetal-neonatal iron deficiency was induced by dietary manipulation as described previously [32].
In brief, pregnant dams were given a purified ID diet (4 mg Fe/kg, TD 80396, Harlan Teklad, Madison,
WI) from G2 to P7, at which time nursing dams were given a purified iron sufficient (IS) diet (200 mg
Fe/kg, TD 01583, Harlan Teklad) to generate ID pups. Both ID and IS diets were similar in all contents
with the exception of iron (ferric citrate) content. Control IS pups were generated from pregnant dams
maintained on a purified IS diet. All litters were culled to eight pups with six males and two females at
birth. Only male offspring were used in experiments.

2.2. Hippocampal Dissection

P15 male rats were sacrificed by an intraperitoneal injection of Pentobarbital (100 mg/kg). The
brains were removed and bisected along the midline on an ice-cold metal block. Each hippocampus
was dissected and immediately flash-frozen in liquid N2 and stored at −80 ◦C.
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2.3. Whole Genome Bisulfite Sequencing and Library Preparation

Genomic DNA from IS and ID hippocampi was isolated using an AllPrep DNA/RNA Mini Kit
(Qiagen). WGBS was performed using a previously published protocol [33]. Briefly, 1 μg of genomic
DNA was fragmented into ~300 bp fragments using a M220 Covaris Ultrasonicator (Covaris, Woburn,
MA, USA). Sequencing libraries were generated using a NEBNext genomic sequencing kit (New
England Biolabs, Ipswich, MA, USA) and ligated with Illumina methylated paired end adaptors.
Libraries were bisulfite-converted using an Imprint DNA modification kit (MilliporeSigma, St. Louis,
MO, USA), and the size of 300–600 bp was selected using the Pippin Prep DNA size selection system
(Sage Science, Beverly, MA, USA). Libraries were then amplified using Pfu-Turbo Cx Hotstart DNA
polymerase (Agilent Technologies, Santa Clara, CA, USA). Paired-end libraries were sequenced to 100
bp on an Illumina hiSeq2000. Three biological replicates for each group were performed in WGBS.
WGBS data are available on the Gene Expression Omnibus under GSE98064.

2.4. Identification of DMRs Using the Defiant Program

DMRs were identified by our in-house developed Defiant (DMRs: Easy, Fast, Identification and
ANnoTation) program based on five criteria, as described previously [30]. Briefly, adapters were
trimmed from the reads using a custom C language program. Trimmed reads were aligned against
the rat genome (rn4). When reads overlapped at a base, the methylation status from read 1 was used.
Methylation data at the C and G in a CpG pair were merged to produce the estimate for that locus.
DMRs were defined with a minimum coverage of 10 in all six samples, p-value < 0.05, and a minimum
methylation percentage change of 10%. Since the Defiant program did not use a pre-defined border
to identify DMRs, the p-value < 0.05 cutoff only influenced the widths and quantity of DMRs. The
Benjamini–Hochberg approach was applied for multiple testing to obtain false discovery rate (FDR,
q-values). Genes were assigned to the DMRs based on a promoter cutoff of 15 kb to the transcription
start site, with the direction of transcription taken into account.

2.5. Bioinformatics

The knowledge-based Ingenuity Pathway Analysis® (IPA, Qiagen, Germantown, MD, USA) was
employed to identify networks, canonical pathways, molecular and cellular functions, and behavioral
and neurological dysfunctions using a P15 DNA methylation dataset from WGBS. The microarray
dataset from a prior study [34] was also analyzed by IPA. IPA maps gene networks using an algorithm
based on molecular function, cellular function, and functional group. Fisher’s exact test was used to
calculate the significance of the association between genes in the datasets and the analyzed pathways
or functions.

3. Results

3.1. Early-Life Iron Deficiency Induced Differential DNA Methylation in the Rat Hippocampus

We performed whole genome cytosine methylation bisulfite sequencing on P15 ID (n = 3) and
IS (n = 3) rat hippocampi. To determine whether iron deficiency alters the genome-wide pattern of
DNA methylation in the developing hippocampus, DNA methylation at 1000 randomly selected loci
were compared between ID and IS samples to generate a representative heat map. This unsupervised
clustering approach showed consistent patterns of methylation across all samples, without an overall
shift toward hypo- or hypermethylation in the ID group (Figure 1a). To determine whether iron
deficiency induces changes in DNA methylation at a locus-specific level, a ≥ 10% methylation change
with p-value< 0.05 was used as an inclusion criterion [30]. We identified 229 DMRs (Figure 1b and Table
S1), including 58% intergenic, 26% intronic, and 11% exonic regions (Figure 1c). Approximately 4% of
DMRs were located in promoter regions. These DMRs mapped to within 15 kb of the transcription
start site of 108 genes with 63 hypermethylated and 45 hypomethylated loci in ID compared to IS
hippocampi (Table 1).
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(a) 

(c) 

(b) 

Figure 1. DNA methylome of the postnatal day (P) 15 rat hippocampus. (a) An unsupervised clustering
heat map of 1000 randomly selected loci showing an absence of bias in global methylation between
iron-sufficient (IS) and iron-deficient (ID) hippocampi. Each row in the heat map corresponds to data
from a single locus. The branching dendrogram at the top corresponds to the relationships among
samples. Hyper- and hypomethylation are shown on a continuum from red to green, respectively.
(b) Heat map of differentially methylated regions (DMRs) showing significant differences in cytosine
methylation between IS (labeled C1-3) and ID (labeled ID1-3) hippocampi. Each row in the heat map
corresponds to data point from a single locus, whereas columns correspond to individual samples. The
branching dendrogram corresponds to the relationships among samples, as determined by clustering
using the 229 identified DMRs. Hyper- and hypomethylation are shown on a continuum from red to
green, respectively. (c) Pie chart representing the location and proportion of DMRs. The gene body
included exons and introns. The promoter was limited to 15 kb upstream from the transcriptional start
site. The 5′-untranslated region began at the transcription start site and ended before the initiation
sequence. The intergenic region is comprised of the regions not included in the above defined regions.

Table 1. CpG methylation within the 15 kb promoter region of genes in the P15 iron-deficient
rat hippocampus.

Hypermethylation Hypomethylation

Gene Name #CpG DMethylation(%) q-value Gene Name #CpG DMethylation(%) q-value

Adamts19 5 58.5 0.016 Abhd11 5 −36.6 0.032
Aebp1 5 10.5 0.118 Adarb2 6 −19.7 0.031
Ak4 6 56.0 0.016 Arhgap28 5 −21.2 0.026

Ankrd13a 5 26.8 0.024 Arhgef15 5 −41.6 0.025
Arf1 6 17.8 0.026 Arhgef3 6 −19.8 0.048

Arhgap31 5 36.8 0.035 Armc8 9 −10.7 0.041
Armc3 8 43.1 0.031 Bag2 6 −21.8 0.059

B4galnt3 5 31.8 0.040 Cds1 6 −27.8 0.047
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Table 1. Cont.

Hypermethylation Hypomethylation

Gene Name #CpG DMethylation(%) q-value Gene Name #CpG DMethylation(%) q-value

Bcl11b 6 44.7 0.035 Commd1 6 −40.4 0.016
Btbd9 5 23.6 0.039 Dip2a 10 −57.3 0.039

Cacna1c 5 27.9 0.032 Dnaja2 6 −39.0 0.037
Camk2b 9 19.3 0.032 Dnpep 5 −14.3 0.051
Capn12 7 21.5 0.024 Dpf1 10 −20.6 0.039
Chd2 7 59.7 0.031 Dpf3 6 −13.3 0.018
Clvs1 11 26.5 0.031 Fkrp 10 −77.7 0.018
Cog3 5 27.4 0.032 Guca1a 6 −29.0 0.032
Dgki 5 51.3 0.026 Hint1 8 −25.1 0.025

Ephb1 5 33.2 0.040 Jak3 8 −20.4 0.023
Ezr 5 51.9 0.018 Kif26b 6 −44.2 0.031
Fat3 9 50.1 0.018 Klhl40 5 −25.0 0.028
Fig4 5 47.9 0.016 Lims2 10 −11.6 0.016

Foxb2 5 32.6 0.039 LOC691083 5 −45.6 0.045
Gucy2c 9 86.6 0.016 Mknk1 5 −56.8 0.025
Hip1r 5 56.4 0.034 Mobp 5 −48.9 0.048
Iqcg 9 52.6 0.020 Ncf1 9 −38.4 0.032
Itsn1 5 29.8 0.032 Pck1 5 −48.2 0.023
Jph3 8 25.1 0.024 Pgm3 5 −69.0 0.024

Kank3 5 28.7 0.031 Pon2 6 −10.0 0.029
Kctd15 6 55.1 0.032 Ppp1r3b 7 −19.4 0.031
Kctd6 7 27.3 0.016 Rasd2 5 −22.4 0.016

Macrod1 5 35.4 0.033 RGD735029 5 −17.2 0.032
Map3k11 10 12.9 0.016 Sardh 5 −42.9 0.022
Marveld2 6 17.9 0.018 Sh3pxd2a 5 −39.4 0.016

Mc3r 5 42.2 0.016 Slit3 5 −41.5 0.029
Mib1 6 48.9 0.032 Smyd3 6 −28.2 0.112

Mogat1 5 27.4 0.035 Ss18l1 6 −18.6 0.042
Mrpl19 6 23.9 0.059 St8sia1 6 −20.1 0.016
Myo3b 5 17.1 0.024 Tal1 7 −35.1 0.024
Neto2 6 24.3 0.031 Tmem120b 5 −37.7 0.024

Olr987 5 21.1 0.016 Tmem181 5 −47.1 0.018
Pabpn1l 5 33.3 0.016 Trrap 5 −28.2 0.023
Pde2a 5 28.6 0.025 Usf2 10 −18.3 0.016
Pde6c 6 46.1 0.024 Ush1g 9 −17.2 0.037

Ppp1r21 15 24.9 0.030 Ust 5 −54.1 0.037
Prkar1b 5 40.2 0.024 Wiz 5 −45.3 0.034
Ptpn14 5 30.1 0.016
Rev3l 5 16.7 0.023
Ric8b 6 42.0 0.025
Riok2 5 48.0 0.031
Sbk1 6 39.5 0.026
Scrt2 6 36.8 0.038

Slc38a1 5 38.2 0.029
Slc5a1 7 37.4 0.026
Snurf 5 34.7 0.001
Spon1 8 73.6 0.031
Srgap2 5 28.6 0.026

Tbc1d20 6 13.5 0.042
Tenm2 5 42.5 0.016
Tfap2b 5 22.6 0.035
Tgif2 5 32.2 0.017
Tnni1 31 29.8 0.016

Unc93b1 5 54.8 0.020
Usp36 21 28.8 0.043

3.2. Early-Life Iron Deficiency Altered the Methylation Status of Genes Regulating Neuronal Development
and Function

To identify potential molecular pathways disrupted in the ID hippocampus, IPA was used to
map DMRs onto functional networks. The top 10 canonical pathways are shown for DMRs from ID
hippocampi (Table 2). Notable pathways critical for neuronal differentiation and function include
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β-adrenergic signaling, axonal guidance signaling, reelin signaling, Rho family GTPase signaling,
cAMP-mediated signaling, and synaptic long-term potentiation.

Table 2. Top 10 canonical pathways implicated by DMRs in the P15 iron-deficient rat hippocampus.

Ingenuity Canonical Pathways p-Value Differentially Methylated Genes in the Pathway

Nitric Oxide Signaling in the
Cardiovascular System 0.002 CACNA1C, PRKAR1B, PDE2A, GUCY2C

Cardiac β-Adrenergic Signaling 0.005 CACNA1C, PRKAR1B, PDE2A, PDE6C
cAMP-Mediated Signaling 0.005 CAMK2B, MC3R, PRKAR1B, PDE2A, PDE6C

Axonal Guidance Signaling 0.006 ARHGEF15, ITSN1, SLIT3, MKNK1, PRKAR1B,
EPHB1, SRGAP2

Relaxin Signaling 0.007 PRKAR1B, PDE2A, GUCY2C, PDE6C
Reelin Signaling in Neurons 0.010 ARHGEF15, ARHGEF3, MAP3K11

G-Protein Coupled Receptor Signaling 0.011 CAMK2B, MC3R, PRKAR1B, PDE2A, PDE6C
Protein Kinase A Signaling 0.013 CAMK2B, PTPN14, TNNI1, PRKAR1B, PDE2A, PDE6C

Synaptic Long-Term Potentiation 0.021 CAMK2B, CACNA1C, PRKAR1B
Signaling by Rho Family GTPases 0.034 ARHGEF15, ARHGEF3, MAP3K11, EZR

3.3. The Methylation Status of Genes Regulating Axonal Guidance Was Altered in the P15 ID Hippocampus

Neuronal connections are formed by the extension of axons to reach their synaptic targets. This
process is controlled by ligands and their receptors at the axonal growth cone, which can sense attractive
and repulsive guidance cues to help navigate an axon to its destination [35–39]. These guidance
molecules include netrins, slits, semaphorins, and ephrins. Iron deficiency altered methylation at the
genes regulating ephrin B signaling/ephrin receptor signaling (data not shown), including increased
methylation at Ephb1, Itsn1, Prkar1b, and Srgap2, and decreased methylation at Arhgef15, Mknk1, and
Slit3 loci (Table 1). Decreased methylation at Arhgef15 and Arhgef3 and increased methylation at
Map3k11 and Ezr loci suggest altered Rho GTPase signaling (Table 2), which transduces guidance
signals in the growth cone and regulates cytoskeletal dynamics, an important cellular process for the
formation of long-term potentiation (LTP) [40], a cellular basis of learning and memory [41,42].

3.4. Differential DNA Methylation is a Potential Epigenetic Mechanism Contributing to Neural Gene
Dysregulation in the P15 ID Hippocampus

To determine whether differential DNA methylation in the P15 ID hippocampus potentially
contributes to neural gene dysregulation, we compared our WGBS methylomic dataset and the P15 ID
hippocampal transcriptomic dataset [34]. IPA revealed that cAMP-mediated signaling, axonal guidance
signaling, reelin signaling, synaptic long-term potentiation, Rho family GTPase signaling, and ephrin B
signaling were among the 18 pathways that were altered in both datasets (Table 3). The top functional
networks altered in the P15 ID hippocampal methylome (Table 4) were also observed in the P15 ID
hippocampal transcriptome. These include cell-to-cell signaling, nervous system development and
function, behavior, neurological disease, molecular transport, and lipid metabolism. The transcriptomic
dataset corroborates the methylome data and further highlights the disruption of synaptic transmission
(Figure 2a), neuritogenesis (Figure 2b), and movement disorders (Figure 2c,d).
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Table 3. Overlapping canonical pathways of the P15 DNA methylome and P15 microarray datasets.

Methylome Analysis Microarray Analysis

Ingenuity Canonical
Pathways

p-value
Differentially

Methylated Genes
p-value Differentially Expressed Genes

Nitric Oxide Signaling in
the Cardiovascular

System
0.002 CACNA1C, PRKAR1B,

PDE2A, GUCY2C 0.000
ITPR2, PIK3R3, KDR, PTPN11, PRKAA1,

GUCY2D, ITPR1, CAMK4, PRKAG1,
PDE2A, PDGFC

Cellular Effects of
Sildenafil (Viagra) 0.004 CACNA1C, PRKAR1B,

PDE2A, GUCY2C 0.000
MYH3, CACNG8, ITPR2, ADCY3, GPR37,

GUCY2D, ITPR1, ADCY2, PLCE1,
CAMK4, PRKAG1, PDE2A

Cardiac β-Adrenergic
Signaling 0.005 CACNA1C, PRKAR1B,

PDE2A, PDE6C 0.036 ADCY3, PKIG, ADCY2, PRKAG1, PDE2A,
PPP2R2A, PPP1R11

cAMP-Mediated
Signaling 0.005

CAMK2B, MC3R,
PRKAR1B, PDE2A,

PDE6C
0.000

GABBR1, CHRM3, CAMK4, VIPR1,
PDE2A, Htr5b, CHRM2, CNGA2,

CAMK2A, GNAI3, ADCY3, HRH3, PKIG,
ADCY2, LHCGR, OPRM1, GRM6

Axonal Guidance
Signaling 0.006

ARHGEF15, ITSN1,
SLIT3, MKNK1,

PRKAR1B, EPHB1,
SRGAP2

0.003

CXCL12, PIK3R3, TUBB, EPHA3, ROBO1,
PLCE1, DPYSL5, RTN4R, RTN4, GNAI3,

FZD4, PDGFC, BAIAP2, SEMA4F, CXCR4,
NRAS, CFL1, PTPN11, NTRK2, PRKAG1

Relaxin Signaling 0.007 PRKAR1B, PDE2A,
GUCY2C, PDE6C 0.008

PIK3R3, ADCY3, PTPN11, GUCY2D,
ADCY2, PRKAG1, PDE2A,

NFKBIA, GNAI3
Reelin Signaling in

Neurons 0.010 ARHGEF15, ARHGEF3,
MAP3K11 0.004 PAFAH1B1, PIK3R3, PTPN11, APP, MAPT,

ARHGEF9, APBB1

G-Protein Coupled
Receptor Signaling 0.011

CAMK2B, MC3R,
PRKAR1B, PDE2A,

PDE6C
0.000

PIK3R3, GABBR1, CHRM3, CAMK4,
VIPR1, PDE2A, Htr5b, NFKBIA, CHRM2,

CAMK2A, GNAI3, NRAS, PDPK1,
ADCY3, HRH3, PTPN11, ADCY2,

PRKAG1, GRM5, LHCGR, OPRM1, GRM6

Protein Kinase A
Signaling 0.013

CAMK2B, Ptpn14,
TNNI1, PRKAR1B,

PDE2A, PDE6C
0.000

ITPR2, PLCE1, NFKBIA, CNGA2, GNAI3,
PYGB, ADCY3, PTPN11, ITPR1, ADCY2,

PTPRF, TGFBR1, PPP1R1B, YWHAB,
PPP1R11, DUSP12, PTPRN, CDC25A,

PTPN2, PTPRO, H3F3A/H3F3B, CAMK4,
PDE2A, PTPN23, CAMK2A, BAD, DUSP5,

PTPN12, PRKAG1

Breast Cancer Regulation
by Stathmin1 0.017 CAMK2B, ARHGEF15,

ARHGEF3, PRKAR1B 0.000

ITPR2, PIK3R3, TUBB, CAMK4, PPP2R2A,
CAMK2A, GNAI3, STMN1, NRAS,
ADCY3, PTPN11, ITPR1, ADCY2,

ARHGEF9, PRKAG1, PPP1R11

Synaptic Long-Term
Potentiation 0.021 CAMK2B, CACNA1C,

PRKAR1B 0.000
NRAS, ITPR2, GRINA, ITPR1, PLCE1,

CAMK4, PRKAG1, GRM5, GRIN1,
CAMK2A, GRM6, PPP1R11

Gustation Pathway 0.023 PRKAR1B, PDE2A,
PDE6C 0.000

CACNG8, ITPR2, ADCY3, CACNB4,
CACNA2D1, P2RX5, ITPR1, ADCY2,
PRKAG1, PDE2A, P2RY1, CACNA1H

Sperm Motility 0.023 MAP3K11, PRKAR1B,
PDE2A 0.002

ITPR2, PAFAH1B1, ITPR1, PLCE1,
CAMK4, PRKAG1, PDE2A,

CNGA2, CACNA1H

GNRH Signaling 0.032 CAMK2B, MAP3K11,
PRKAR1B 0.000

CACNG8, ITPR2, CACNB4, CAMK4,
CAMK2A, GNAI3, CACNA1H, NRAS,
ADCY3, CACNA2D1, GNRHR, ITPR1,

ADCY2, PRKAG1

Signaling by Rho Family
GTPases 0.034 ARHGEF15, ARHGEF3,

MAP3K11, EZR 0.010
BAIAP2, CFL1, RHOT2, PIK3R3, PTPN11,
RHOB, CDH1, ARHGEF9, PLD1, RHOV,

GNAI3, STMN1

Molecular Mechanisms
of Cancer 0.042

CAMK2B, ARHGEF15,
ARHGEF3, JAK3,

PRKAR1B
0.000

RASGRF1, RHOT2, PIK3R3, CDC25A,
CASP9, NFKBIA, CAMK2A, BAD, GNAI3,
FZD4, NCSTN, NRAS, RALBP1, ADCY3,
PTPN11, RHOB, HIF1A, ADCY2, CASP3,

TGFBR1, CDH1, ARHGEF9,
PRKAG1, RHOV

Melatonin Signaling 0.048 CAMK2B, PRKAR1B 0.021 PLCE1, CAMK4, PRKAG1,
CAMK2A, GNAI3

Ephrin B Signaling 0.049 ITSN1, EPHB1 0.022 CXCL12, CXCR4, CFL1, CAP1, GNAI3
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Table 4. IPA annotated functional similarity between the DNA methylome and transcriptome of the
P15 ID rat hippocampus.

Category
Diseases or Functions

Annotation
p-value

Differentially
Methylated Genes

p-value
Number of

Genes

Cell-To-Cell
Signaling

Synaptic
Depression/Neurotransmission 1.65E-04 CAMK2B, ARF1, ITSN1,

DGKI, PRKAR1B, EPHB1 1.94E-10 21

Nervous System
Development and

Function

Neuritogenesis/Extension of
Neurites 8.40E-03

CAMK2B, ST8SIA1, ITSN1,
SS18L1, BCL11B, EZR,

SLIT3, UST, EPHB1,
SRGAP2

4.92E-16 62

Behavior Locomotion 3.09E-04
RASD2, HINT1, MC3R,

BTBD9, NCF1, CACNA1C,
JPH3, FIG4, TAL1

1.08E-13 40

Learning 2.22E-02
CAMK2B, NCF1, BTBD9,

DGKI, CACNA1C,
PRKAR1B, JPH3

3.51E-21 57

Neurological
Disease

Cell Death of Cerebral Cortex
Cells 1.33E-02

ST8SIA1, ITSN1,
MAP3K11, NCF1,

SH3PXD2A
8.55E-14 32

Movement Disorder 4.68E-02

CAMK2B, AEBP1, CDS1,
ST8SIA1, HINT1, BCL11B,
TFAP2B, PDE6C, USP36,
RASD2, MC3R, BTBD9,

CACNA1C

5.58E-32 117

Lipid Metabolism Quantity of
Sphingolipid/Steroid 2.73E-03 ST8SIA1, HINT1, BCL11B,

PON2 4.24E-09 40

Molecular
Transport Quantity of Heavy Metal 1.13E-02 ARF1, USF2, COMMD1 4.32E-19 58

Transport of Molecule 1.92E-02 SLC5A1, SLC38A1 5.41E-31 144

Integrating the P15 ID WGBS methylome and microarray datasets led to the identification of three
genes, including Pde2a, Mobp, and Cds1 (Table 5). All three genes showed differential methylation
in their intronic regions. Pde2a (+28.6%) was hypermethylated while Mobp (−48.9%) and Cds1
(−27.8%) were hypomethylated in the P15 ID hippocampus. All three genes were upregulated in
the P15 ID hippocampus. While DNA methylation at gene promoters is strongly associated with
gene silencing [28], DNA methylation in intronic regions may mark enhancers or repressors and
can be associated with changes in gene expression [43,44]. Phosphodiesterase 2A (Pde2a) is highly
expressed in the brain and metabolizes cGMP and cAMP to regulate short-term synaptic plasticity,
axonal excitability, and transmitter release in the hippocampal, cortical, and striatal networks [45,46].
Myelin-associated oligodendrocyte basic protein (Mobp) is the third most abundant protein in the
central nervous system (CNS), and is exclusively expressed in oligodendrocytes, the myelinating
glial cells of the CNS [47]. Mobp plays a role in compacting or stabilizing the myelin sheath and
regulates the morphological differentiation of oligodendrocytes [48]. CDP-diacylglycerol synthase 1
(Cds1) is a key enzyme in regulating second messenger phosphatidylinositol 4,5-bisphosphate (PIP2)
levels. It is localized in the endoplasmic reticulum and mitochondria [49] and is involved in the
synthesis of phosphatidylglycerol and cardiolipin, an important component of the inner mitochondrial
membrane [50]. Cds1 is a novel regulator of lipid droplet formation, lipid storage, and adipocyte
development [51], and plays a critical role in mammalian energy storage, which is compromised in
developing iron-deficient neurons [52].
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Figure 2. Ingenuity Pathway Analysis® (IPA) functional annotation of altered DNA methylation
at loci that are involved in (a) synaptic depression, (b) neuritogenesis and neuronal development,
(c) pathogenesis of neurological diseases, and (d) lipid metabolism and molecular transport, including
endocytosis. Red-filled and green-filled shapes indicate increased and decreased methylation,
respectively. Orange-red lines indicate activation; blue lines indicate inhibition; yellow lines indicate
findings inconsistent with the state of downstream activity; grey lines indicate that the effect was
not predicted.

Table 5. Overlapping genes of the P15 DNA methylome and microarray datasets.

Gene Name Symbol
Δ Methylation

(%)
CpGs

Location
FC (ID/IS) Location Type(s)

Phosphodiesterase 2A Pde2a 28.6 Intron 2 1.16 Plasma Membrane enzyme
Myelin-associated

oligodendrocyte basic
protein

Mobp −48.9 Intron 2 1.37 Cytoplasm other

CDP-diacylglycerol
synthase 1 Cds1 −27.8 Intron 11 1.23

Endoplasmic
reticulum &

mitochondria
enzyme

Δ Methylation values are means from DNA methylome, and FC (fold change) values are means from microarray.

4. Discussion

Fetal and early postnatal life iron deficiency causes long-lasting impairments in learning, memory,
and socio-emotional behaviors [1,14–16,53], including an increased risk for autism, depression, and
schizophrenia in humans [2,54,55]. These long-term neurobehavioral deficits occur despite early
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diagnosis and treatment, indicating the need for adequate iron during critical periods of brain
development. In preclinical models, these effects have been ascribed in part to the persistence
of abnormalities in monoamine signaling, myelination, neural metabolism, and the expression of
neuroplasticity-associated proteins into adulthood [20,56–58]. The molecular mechanisms underlying
these persistent changes have not been fully elucidated. The present study goes well beyond
previous studies by systematically analyzing the alteration of DNA methylation induced by early-life
iron deficiency using a whole genome bisulfite sequencing approach. Consistent with previous
transcriptomic analysis, the changes in DNA methylation in the ID hippocampus mapped to functional
networks that are important for neuronal plasticity.

DNA methylation is an important epigenetic mechanism regulating gene expression, often across
the lifespan. Methylation at genomic regions has different influences on gene transcriptional activity
depending on the location of DNA methylation. In the present study, differential methylation was highly
enriched at intergenic regions (58%) in the ID hippocampus. This outcome is similar to our previous
findings in pancreatic islets of an intrauterine growth restriction rat model [59], where approximately
65% of DMRs were located in intergenic regions, as well as to other models of early-life adverse
environments [33,60–62]. These conserved intergenic regions may represent important enhancers or
cis-regulatory sites in regulating gene expression [43,63,64]. Thus, these DMRs might account for a
substantially fewer number of loci with DMRs compared to a number of differentially expressed genes
in the microarray dataset and a small overlap between these two datasets. Our data also showed
that approximately 37% of DMRs in the ID hippocampus were located in gene bodies (26% and 11%
in introns and exons, respectively). DNA methylation in gene bodies is generally associated with
higher gene expression in dividing cells [65], in contrast to the regulatory effect of DNA methylation
in promoter regions. However, this association is not seen in non-dividing cells [27]. Although not
many cells in the hippocampus are actively dividing at P15, these DNA modifications might have
occurred during the period of active proliferation in the prenatal period when the pregnant dam and
fetus were iron-deficient. Additional DMR analysis at a timepoint when the developing hippocampus
undergoes active proliferation will provide further insight into this notion. DNA methylation in
gene bodies may define the exon boundaries, regulate alternative promoters in gene bodies, and
regulate mRNA splicing and alternative splicing [65–68]. Wan et al. (2013) showed that tissue-specific
DMRs are preferentially located in exons and introns of protein-coding genes [69]. These biologically
relevant DMRs are enriched in alternatively spliced genes and a subset of developmental genes. It is
possible that the real effect of DNA methylation in the P15 ID hippocampus is within these domains.
Our microarray analysis [34] was insufficient to probe such effects. Finally, iron deficiency-induced
intragenic DMRs could modify potential gene enhancers [43,44,70,71]. The intragenic DMRs in the ID
hippocampus may directly contribute to neural gene dysregulation by modifying the accessibility of
alternative splice sites or promoters. These analyses constitute a potential direction for future study.

Our WGBS analysis of the ID hippocampus identified pertinent signaling pathways that could
underlie the neurobehavioral abnormalities associated with early-life iron deficiency. The DNA
methylome showed that DNA methylation at genes regulating cAMP-mediated signaling and protein
kinase A signaling was significantly altered in the P15 ID rat hippocampus (Table 2). Both pathways
play critical roles in regulating LTP, as well as the plasticity of axonal guidance responses [72,73]. In
addition, the predicted changes to the β-adrenergic signaling and nitric oxide signaling pathways in
the ID hippocampus would likely result in lower activities of cAMP, cGMP, protein kinase C (PKC),
mitogen-activated protein kinase (MAPK), and N-methyl-D-aspartate (NMDA) receptors [74,75].
Likewise, altered Rho GTPase signaling could change the axonal responses to guidance cues and
affect neuronal connections and LTP formation. The Rho family of GTPases plays a key role in
the formation of LTP by regulating cellular processes, including axon outgrowth and growth cone
dynamics [76,77]. This effect is consistent with and provides a molecular basis for our previous
finding of abnormal dendritogenesis and synaptogenesis in these ID rats [17]. Our study also revealed
the alteration of the reelin signaling pathway in the ID hippocampus. Reelin regulates neuronal
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migration and cell positioning in the developing neocortex and cerebellar cortex [78], and modulates
synaptogenesis, synaptic plasticity, and LTP, which are necessary for learning and memory in the adult
brain [79,80]. Reelin can bind to two lipoprotein receptors, apolipoprotein E receptor 2 (ApoER2) and
very-low-density-lipoprotein receptor (VLDLR), and initiates signaling cascades, including NMDA
receptor activity, that are critical for hippocampal-dependent learning and memory [79,81]. Altered
reelin signaling has been implicated in the pathogenesis of schizophrenia, bipolar disorder, and
autism [82,83], all which have been associated with early-life iron deficiency [2,54,55].

DNA methylation patterns are dynamically regulated by DNA methyltransferase (DNMT) and
TET enzymes [84]. TET proteins are responsible for catalyzing the conversion of 5-methylcytosine
(5mC) to 5-hydroxymethylcytosine (5hmC) and other oxidized methylcytosines, thereby initiating the
active DNA demethylation process. TET enzymatic activity is iron-dependent [25,85]. Consequently,
iron deficiency could decrease TET activity, leading to global DNA hypermethylation. However,
our WGBS results did not show an overall shift toward hypermethylation, suggesting a minimal
effect of potentially compromised TET activity in the P15 ID hippocampus. As such, 5hmC has
been shown to be an important epigenetic modification for chromatin structure and transcriptional
regulation [86–88]. TET proteins and 5hmC are highly enriched in the brain and play an important
role in neuronal development and differentiation [87,89,90]. Changes to 5hmC levels are associated
with neurodegenerative diseases, such as Alzheimer’s disease, Huntington’s disease, and Parkinson’s
disease [91]. Early-life iron deficiency may decrease TET activity and dynamically alter the DNA
methylation pattern between 5mC and 5hmC, leading to the dysregulation of neuronal gene expression
in the ID hippocampus. Due to methodological limitations, our current WGBS study could not
distinguish 5mC and 5hmC levels. Investigations of loci-specific and genome-wide 5hmC alterations
in the ID hippocampus are ongoing and will be presented in a future publication.

DNA methylation has been demonstrated to be an important factor in central nervous system
development, the modulation of normal brain function, and the pathogenesis of neurological and
psychiatric disorders [27]. Despite the limitations of our study, such as minimal biological replicates
due to the high cost of WGBS and possible sex-dependent differences in ID rat brains, our current study
is the first hippocampal methylome study on the developing rat brain, and provides evidence for DNA
methylation as a potential epigenetic mechanism contributing to hippocampal gene dysregulation in
early-life ID animals. Given that 95% of DMRs were found in the intergenic and intragenic regions,
future studies will need to uncover the mechanisms by which DMRs reprogram gene regulation and
mRNA splicing alteration in the ID hippocampus.
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Abstract: High-fat (HF) and rapid digestive (RD) carbohydrate diets during pregnancy promote
excessive adipogenesis in offspring. This effect can be corrected by diets with similar glycemic
loads, but low rates of carbohydrate digestion. However, the effects of these diets on metabolic
programming in the livers of offspring, and the liver metabolism contributions to adipogenesis, remain
to be addressed. In this study, pregnant insulin-resistant rats were fed high-fat diets with similar
glycemic loads but different rates of carbohydrate digestion, High Fat-Rapid Digestive (HF–RD) diet
or High Fat-Slow Digestive (HF–SD) diet. Offspring were fed a standard diet for 10 weeks, and the
impact of these diets on the metabolic and signaling pathways involved in liver fat synthesis and
storage of offspring were analyzed, including liver lipidomics, glycogen and carbohydrate and lipid
metabolism key enzymes and signaling pathways. Livers from animals whose mothers were fed an
HF–RD diet showed higher saturated triacylglycerol deposits with lower carbon numbers and double
bond contents compared with the HF–SD group. Moreover, the HF–RD group exhibited enhanced
glucose transporter 2, pyruvate kinase (PK), acetyl coenzyme A carboxylase (ACC) and fatty acid (FA)
synthase expression, and a decrease in pyruvate carboxylase (PyC) expression leading to an altered
liver lipid profile. These parameters were normalized in the HF–SD group. The changes in lipogenic
enzyme expression were parallel to changes in AktPKB phosphorylation status and nuclear expression
in carbohydrate-response element and sterol regulatory element binding proteins. In conclusion, an
HF–RD diet during pregnancy translates to changes in liver signaling and metabolic pathways in
offspring, enhancing liver lipid storage and synthesis, and therefore non-alcoholic fatty liver disease
(NAFLD) risk. These changes can be corrected by feeding an HF–SD diet during pregnancy.

Keywords: early programming; hepatic lipogenesis; insulin-resistant pregnancy; metabolic flexibility;
non-alcoholic fatty liver disease; slow digesting carbohydrates

1. Introduction

Humans have developed metabolic adaptations to promote energy storage in periods of fasting.
They are especially suited to stimulating fat storage from other nutrients and carbohydrates as an
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evolutionary advantage for famine periods. However, alterations to this tightly regulated process have
a relevant role in well-known pathological situations such as diabetes or obesity. It is also important
during development, as catch-up growth in children after nourishment periods, or in the perinatal
period, since it has been clearly established that a mother’s nutrition effects the metabolic performance
of offspring in adulthood.

Metabolic flexibility is one of the main parameters that is modified by the glycemic index (GI) of
dietary carbohydrates. Metabolic flexibility is the capability of an organism to select fuel oxidation
in function of the nutrient availability (or the prediction that the organism makes about the nutrient
availability). A relevant situation that involves fuel selection, fat storage and metabolic flexibility takes
place during pregnancy [1]. Undernourishment or high-fat (HF) diets during this period lead to severe
alterations in the offspring, both in human and animal models. In rats, feeding high-fat diets during
pre-mating and/or gestation causes weight gain and glucose intolerance in offspring, regardless the
post-weaning diet [2,3]. Therefore, dietary alterations during pregnancy can have a strong impact on
the metabolic flexibility of the offspring in adulthood.

Dietary carbohydrates are able to promote metabolic adaptations to facilitate fat storage in a
coordinated way, involving short term regulatory processes mainly involving changes in hormone
(insulin and glucagon) secretion and response, as well as changes in signaling pathways (for example
phosphorylation and regulation of key enzymes in response to the hormone secretion). Furthermore,
carbohydrates are able to promote long-term adaptations in metabolism, involving modifications of
gene expression at the cell nucleus that over time sustain the channeling of glucose to fat [4,5].

In a previous work [6], we have shown that the offspring of pregnant rats fed a high-fat diet
containing slow-digesting (SD) carbohydrates during gestation (HF–SD group) seemed to protect
against an increase in adipose tissue mass during adolescence. The HF–SD animals had reduced body
fat mass and lower levels of cholesterol and triacylglycerols (TAGs) in plasma when compared with
their counterparts, who were exposed to high-fat and rapidly digestible carbohydrate diets (HF–RD
group) during gestation.

In this work, we have analyzed the effects of HF–SD and HF–RD diets during pregnancy in the
liver metabolism of offspring in adolescence. Our results indicate that in the HF–RD group, liver
metabolism is modified to promote glucose uptake that is converted into TAGs, producing changes
in the lipid profile that indicate an enhanced risk of non-alcoholic fatty liver disease (NAFLD) in the
offspring. On the contrary, the offspring from the HF–SD group showed a decreased tendency of
lipogenesis and lipid storage. The results highlight the relevance of liver metabolic programming
during pregnancy to control body homeostasis of the offspring. The supplementation of diet during
pregnancy with slow-digestive carbohydrates normalizes metabolic and signaling pathways promoting
metabolic flexibility, and appears to exert a protective effect on the offspring.

2. Materials and Methods

2.1. Animal and Housing

Female and male Sprague Dawley rats (aged 10 weeks) were purchased from Charles River
Laboratories (Wilmington, MA, USA). Animals were maintained on a 12-h light/12-h dark cycle at
23–24 ◦C with food and water available ad libitum. All experimental procedures were approved
by the Animal Welfare Committee at Estación Experimental del Zaidín-CSIC (Granada, Spain) in
accordance with guidelines and recommendations of Spanish legislations on animal welfare and
the European Convention for the Protection of Vertebrate Animals used for Experimental and other
Scientific Purposes.

2.2. Diets and Experimental Design

A detailed description of the experimental diets and design has been previously described [6]. In
brief, a model of insulin resistance was used by feeding female rats with a highly palatable obesogenic
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lard diet (HF; 20.5% fat, 24.2% protein, 41.5% carbohydrates and 7.9% fiber per weight) prior to mating
for six weeks. Control animals were fed a standard reference diet AIN93M. Rats were mated for three
days and then randomly assigned to one of the experimental diets during gestation: a high-fat diet
containing slow-digesting carbohydrates (HF–SD group), a high-fat diet containing rapid-digesting
carbohydrates (HF–RD group) or an AIN93G diet for the reference group. Composition of the three
diets used during gestation is described in Martin et al. [6] (Supplementary Table S1). All diets were
prepared at Abbott Nutrition R&D facilities. At the delivery, all animals were fed AIN93G diets
regardless of the diet consumed during pregnancy. On day 21 after delivery, all pups were weaned
onto the AIN93M diet and housed for seven additional weeks (Figure 1). At the outcome, insulin and
glucagon serum concentrations were assayed (Supplementary Table S2).

Figure 1. Experimental model. Virgin rats were assigned to one of three experimental groups: reference
dams fed a standard rodent diet before mating and throughout pregnancy; dams fed a high-fat diet
(HF) six weeks before mating and then an HF diet containing either carbohydrates with a high (HF–RD)
or low (HF–SD) digestion rate throughout pregnancy. At delivery, all the animals were fed the standard
rodent diet for the remainder of the study (10 weeks). SDR, Sprague-Dawley rats.

2.3. Liver Lipidomics Analysis

Absolute concentration of TAGs in the liver was measured using a triglycerides-LQ kit (Spinreact,
Barcelona, Spain). Metabolite profiles were analyzed as previously described [7,8]. Briefly, two
separate UHPLC-time-of-flight (TOF)–MS-based platforms (Agilent Technologies, Santa Clara, CA,
USA) analyzing methanol and chloroform–methanol liver extracts were combined to semi-quantify
lipid species. Non-esterified fatty acyls, bile acids and lysoglycerophospholipids were analyzed in
the methanol extract platform. For this, methanol was added to the frozen liver tissue (30:1, v/w),
and this mixture was homogenized with a Precellys 24 grinder (Precellys, Montigny-le-Bretonneux,
France), followed by protein precipitation. The methanol used for extraction was spiked with internal
standards not found in liver tissue using the same method. After brief vortex mixing, samples were
incubated overnight at −20 ◦C. Supernatants were collected and dried after centrifugation at 16,000× g
for 15 min. The dried extracts were resuspended in methanol, centrifuged at 16,000× g for 5 min and
supernatants were collected and transferred to vials for UHPLC–MS (Agilent Technologies, Santa
Clara, CA, USA) analysis.

The chloroform–methanol extract platform provided coverage over glycerolipids,
glycerophospholipids, sterol lipids and sphingolipids. Liver tissues were homogenized in the Precellys
24 grinder by mixing with chloroform–methanol (2:1, v/v) and sodium chloride (50 mmol/L) (overall
ratio 1:30:3, w/v/v), followed by protein precipitation. The extraction solvent was spiked with internal
standards not detected using the same method. After brief vortex mixing, samples were incubated at
−20 ◦C for 1 h. After centrifugation at 16,000× g for 15 min, the lower organic phase was collected
and the solvent removed. The dried extracts were then resuspended in acetronitrile–isopropanol (1:1),
centrifuged at 16,000× g for 5 min and, finally, supernatants were transferred to vials for UHPLC–MS
analysis. Lipid nomenclature follows the LIPID MAPS convention, www.lipidmaps.org.

This combined analysis was established for rodent liver tissue by OWL Metabolomics (Derio,
Spain). Data obtained with the UHPLC–MS were processed with the TargetLynx application manager
for MassLynx 4.1 (Waters Corp., Milford, MA, USA). Intra- and inter-batch normalization followed the
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procedure published by Martinez-Herranz et al. [9]. All the calculations were performed with R v3.2.0
(R Development Core Team, Vienna, Austria, 2010).

2.4. Western Blot Analysis

Liver lysates were obtained in lysis buffer (RIPA buffer containing protease and phosphatase
inhibitors). The lysate was centrifuged at 16,000× g at 4 ◦C for 15 min. The supernatant was transferred
to a new microcentrifuge tube (1.5 mL) and sonicated for 15 s (cycle 0.5, amplitude 60%). Nuclear
extracts from liver samples were prepared as described [10].

Protein concentration was determined using the bicinchoninic acid method, and 20–60 μg were
loaded for western blot. The following antibodies were used: carbohydrate-responsive element-binding
protein (ChREBP), glucose transporter 2 (GLUT2), sterol regulatory element-binding protein (SREBP)
SREBP1 and SREBP2 from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Acetyl Coenzyme A
carboxylase (ACC), phosphoenolpyruvate carboxykinase (PEPCK), total and phospho-(Ser473)-PKBAkt,
AMP-activated protein kinaseα2 (AMPKα2) and phospho-AMPKα2 (Thr172), ERK1/2 and phospho-p44/42
Erk1/2 (Thr202/Tyr204), mammalian target of rapamycin (mTOR) and phospho-mTOR (Ser2448) were
provided by Cell Signaling (Beverly, MA, USA). Pyruvate carboxylase (PyC) antibody was raised at
Salto’s laboratory. GAPDH (Sigma-Aldrich, Saint Louis, MO, USA) was used as a load control. Data were
normalized using the values of the reference animals as 100%.

2.5. Glycogen Content

Hepatic glycogen was isolated as described by Chang and Exon [11]. Liver homogenates (10%)
were made in 30 mmol/L HCl and spread evenly on pieces of filter paper (Whatman 3M chromatography
paper, 2.0 × 2.0 cm) in duplicate. The papers were dropped immediately into a beaker containing
66% ethanol and stirred gently by a rotating magnet screened from the papers by a wire mesh. The
papers were subsequently washed three times for 40 min in 66% ethanol. Next, they were briefly
rinsed with acetone and dried under a stream of warm air. The dried filter papers were cut into
four pieces and placed in a tube containing 0.4 mL of 0.2 mol/L acetate buffer, pH 4.8; 0.2 mg of
amylo-α-1,4-a-1,6-glucosidase; and H2O, to a final volume of 2 mL. The vials were incubated for
90 min at 37 ◦C with gentle shaking. Appropriate controls were prepared by incubating aliquots
of homogenate in acetate buffer minus amyloglucosidase. Glucose concentration in the incubated
samples was determined by the glucose oxidase method.

2.6. Statistical Analyses

One-way ANOVA test was applied when comparing three groups, and a Student’s t test was used
when comparing two groups. Homoscedasticity was checked by Barlett’s test, and non-parametric
tests were applied when appropriate. Differences were considered significant at p < 0.05.

3. Results

In this article, we have addressed the question of whether the changes owing to a
high-fat/rapid-digestive carbohydrates diet during pregnancy produces metabolic adaptations in
the liver of the offspring. This question is relevant, since the liver plays a central role in the metabolic
flexibility of the organism and, therefore, is the key organ with the capacity to distribute nutrients to
the rest of the organs and tissues. A second relevant question to be addressed was to determine if a
slow-digesting carbohydrate diet during pregnancy could prevent and normalize the adverse effects of
a high-fat diet on this organ in offspring.

For this purpose, liver lipidome was first analyzed to depict long-term metabolic changes induced
by the different diets during pregnancy on adolescent offspring (Figure 2), and 309 lipid metabolites
were individually semi-quantified. Data were calibrated with quality controls, and changes in relative
abundance of the liver lipidomes were searched, comparing the HF–RD and HF–SD experimental
groups (Supplementary Table S3). Results are plotted as a heat map in Figure 2a. The liver lipid profile
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of the HF–RD animals was significantly different to those in the HF–SD, with significant differences
(p < 0.05) in 99 lipid metabolites. The largest differences found were detected among TAGs; adolescent
HF–RD rats had higher amounts of TAGs and diglycerides (DAGs) in their livers compared with the
HF–SD animals. Besides, in the HF–RD group, TAGs had fatty acids (FAs) with lower carbon numbers
and double-bond content than in the HF–SD animals, showing a characteristic pattern (Figure 3b).

Figure 2. Rat liver lipidome. (a) Heat map showing relevant changes in liver lipids. Each metabolite
is shown as a line whose color is defined by the sign and magnitude of the change. Adjacent
column to each comparison shows the results of the t test (p value). Color scales are shown in the
right: upper scale, Log2 fold-change; lower scale, statistical significance (n HF–SD = 7, n HF–RD =
8). BA, bile acids; Cer, ceramides; CMH, monohexosyl ceramide; ChoE, cholesterol esters; DAGs,
diglycerides; DAPC, diacylglycerophosphocholine; DAPE, diacylglycerophosphoethanolamine; oxFA,
oxidized free fatty acids; LPCs, lysophosphatidylcholines; LPEs, lysophosphatidylethanolamines;
MEPC, 1-Monoetherglycerophosphocholine; MAPC, MonoacylglyceroPhosphocholine; MEMAPC,
1-ether, 2-acylglycerophosphocholine; PCs, phosphatidylcholines; PEs, phosphatidylethanolamines;
PIs, phosphatidylinositols; MUFAs, monounsaturated fatty acids; PUFAs, polyunsaturated fatty acids;
SFAs, saturated fatty acids; SMs, sphingomyelins; TAGs, triacylglycerols. (b) Correlation of HF–RD vs.
HF–SD fold-change with TAG carbon number (left), and with acyl chain double bonds (right).
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Figure 3. Relevant lipid species and ratios. (a) TAGs enriched in saturated fatty acids. (b)
TAGs enriched in polyunsaturated fatty acids. (c) Lipogenic index. (d) Ratio Docosahexaenoyl
Phosphatidylcholine/Phosphatidylcholine (PC–DHA/PC). The bar plots show the normalized values.
The boxes range from 25%–75% percentiles; the 5% and 95% percentiles are indicated as error bars;
single-data points are indicated by dots. Medians are indicated by horizontal lines within each box.
Lines in all graphs show the reference group mean value. * p < 0.05 compared to the HF–SD group.
NEFA, Non-esterified Fatyy Acids.

As observed in Figure 2b, TAGs showed a remarkable profile in the livers of the HF–RD vs. HF–SD
rats. TAG concentrations in the livers of the HF–RD presented a marked, gradual increase in the
concentration of TAGs with shorter acyl chains and less unsaturation when compared with the HF–SD.
The concentration of saturated or monounsaturated TAGs increased in the HF–RD when compared
with the HF–SD, since the length of their carbon acyl chains was generally medium (16 carbons,
palmitic acid). Some individual TAG species in the HF–RD were much higher than in the HF–SD, with
TAGs (48:0) (TAGs (16:0/16:0/16:0)) and TAGs (50:0) (TAGs (16:0/16:0/18:0)) being the ones that changed
the most (fold change 4.53 and 5.22, respectively) (Figure 3a). On the contrary, the concentration of long
carbon acyl chain polyunsaturated TAGs decreased in the HF–RD when compared with the HF–SD
(Figure 3b). The length of the carbon acyl chains in the HF–SD was 18 carbons or longer (Figure 3b).
The HF–SD rats showed lower levels of TAG species enriched in saturated fatty acids (SFAs) than the
reference group, and equal or higher levels of unsaturated TAG species than the same group.

A hallmark of NAFLD is the accumulation of liver TAGs, driven by increased palmitate and
decreased polyunsaturated fatty acids (PUFAs) [7]. The ratio of FA (16:0/18:2n-6), called the lipogenic
index [12], increased 63% in the HF–RD vs. HF–SD rats (Figure 3c).

The heat map also revealed a significant decrease in some phosphatidylcholine (PC), especially
diacyl-PC, and phosphatidylethanolamine (PE) species in the HF–RD compared to the HF–SD
group. Phosphatidylcholines (PCs) formed via phosphatidylethanolamine (PE) N-Methyltransferase
(PEMT) pathway are primarily enriched in long-chain polyunsaturated fatty acids (PUFAs), such as
docosahexaenoic acid (22:6n-3). Thus, the increased PC (22:6n-3) to total PC ratio (20%, p ≤ 0.05) found
in HF–RD rats when compared with HF–SD rats (Figure 3d) suggests decreased PEMT flux in their
livers, since previous studies indicated a correlation between the PC–DHA/PC ratio and the estimation
of PEMT activity [8,13].
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Next, we tried to elucidate if the changes observed in the lipid profile of the offspring could
be related to modifications in glucose transporter expression and carbohydrate (Figure 4) and lipid
metabolism (Figure 5) key enzymes. For that purpose, glucose transporter (GLUT2) was measured
in the liver tissue of adolescent rats. Western blots of glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) were used as a load control. Our results showed that the HF–RD group had a significantly
higher expression of GLUT2 compared to HF–SD rats, whose GLUT2 expression was similar to the
reference group.

Figure 4. Liver carbohydrate metabolism. The expression of relevant transporters and enzymes has been
analyzed by western blot; liver glycogen content has been assayed enzymatically. (a) GLUT2 transporter.
(b) Glycogen content. (c) Liver pyruvate kinase isoenzyme (PKLR). (d) Pyruvate carboxylase (PyC).
(e) Phosphoenol pyruvate carboxykinase (PEPCK). Results have been referred to reference rats (100%
value). Results are mean ± SEM (n = 6 animals per group). * p < 0.05 compared to the HF–SD group; #
p < 0.05 compared to the reference group.
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Figure 5. Liver lipogenesis. The expression of key enzymes has been analyzed by western blot, and
liver triglyceride content has been assayed enzymatically. (a) Triacylglicerols (TAG) content. (b) Acetyl
Coenzyme A carboxylase (AAC). (c) Fatty acid synthase (FAS). Results have been referred to control
rats (100% value). Results are mean ± SEM (n = 6 animals per group). * p < 0.05 compared to the
HF–SD group; # p < 0.05 compared to the reference group.

To address the fate of glucose in the liver of the HF–RD group, glycogen content and liver pyruvate
kinase (PK) isoenzyme were determined as indicators of glycolytic flux. Glycogen content was similar
in all experimental groups. In addition, glucokinase and glycogen phosphorylase activities were
enzymatically assayed (Supplementary Figure S1) and no significant differences were found among
experimental groups. Therefore, in the HF–RD group, the enhanced glucose uptake was not directed
to glycogen, and we targeted a key enzyme of the glycolytic pathway, PK. Our results show that the
expression of the PK main liver isoform (PKLR) was significantly higher in the HF–RD group with
respect to the HF–SD and reference groups, having similar levels of both.

In addition, liver gluconeogenesis was analyzed in offspring by measuring the expression of
pyruvate carboxylase (PyC) and phosphoenolpyruvate carboxykinase (PEPCK) (Figure 4d,e). Our
results showed that the levels of PEPCK expression were similar between the two HF groups, and
significantly lower compared with the reference group. More interestingly, expression of PyC in liver
lysates was significantly higher in the HF–RD compared with the HF–SD and reference groups.

Next, the involvement of dietary intervention during pregnancy was analyzed in liver lipogenesis.
The enzymatic measurement of total TAG content in the liver from the different experimental groups
(Figure 5a) indicated that TAGs were being accumulated in the liver of the HF–RD when compared to
the other two offspring groups. Furthermore, the expression of acetyl-CoA carboxylase (ACC) and
fatty acid synthase (FAS), two key proteins involved in the metabolism of lipids in the liver, were
measured. Both the levels of ACC (Figure 5b) and FAS (Figure 5c) were significantly higher in the
HF–RD than in the HF–SD and reference groups.
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To study the effects of dietary carbohydrates as regulators of signaling pathways involved in
glucidic and lipid homeostasis was our next task. Therefore, we studied the phosphorylation status of
kinases that are essential for the regulation of these pathways (Figure 6). We analyzed the activation of
PKBAkt (Figure 6a) as a marker of insulin responsiveness in the liver [4]. Our results indicate that in
the HF–SD group there was a significant increase in the phosphorylation of the kinase compared with
the HF–RD and reference groups.

Figure 6. Signaling pathways involved in the regulation of liver metabolism. The phosphorylation
of key kinases has been analyzed by western blot. (a) PKB–Akt, (b) AMPK, (c) mTOR and (d) PDK4.
Results have been referred to control rats (100% value). Results are mean ± SEM (n = 6 animals per
group). * p < 0.05 compared to the HF–SD group; # p < 0.05 compared to the reference group.

Next, we assayed the activation of AMPK and mTOR, since they are involved in the control of cell
growth and development [14,15]. While AMPK showed similar phosphorylation levels in all groups
(Figure 6b), the phosphorylation of mTOR was higher in the HF–SD group compared with the other
two groups, reaching significance with respect to the reference group.

Pyruvate dehydrogenase complex (PDC) constitutes one of the main decision points in the
competition between fatty acids and glucose for oxidation [1]. The expression of PDK4 as the main
isoform widely distributed of PDK was also measured, revealing that there were similar levels
among groups.

Finally, the expression in cell lysates and nuclear extracts of carbohydrate-response
element-binding protein (ChREBP), which is regulated by dietary carbohydrates [16], was measured.
Our results (Figure 7) indicate that, while the total amount of ChREBP protein was found to be similar
in all experimental groups (Figure 7a), there was a significant increase in the nuclear concentration of
the transcription factor in the HF–RD group (Figure 7b). Since the sterol regulatory binding protein 1
and 2 (SREBP1 and SREBP2) transcription factors act in a coordinated way with ChREBP to regulate
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transcription of lipogenic genes, the expression of these transcription factors was assayed in nuclear
extracts from the different experimental groups (Figure 7c,d). The results indicate that SREBP1 and
SREBP2 nuclear expression was significantly enhanced in the HF–RD group compared with the HF–SD
group, while there was a decrease in the HF–SD group compared with the reference group.

Figure 7. Carbohydrate-response element-binding protein (ChREBP) and sterol regulatory binding
protein 1 and 2 (SREBP1 and SREBP2) expression in the liver. Total cellular (a) and nuclear (b)
ChREBP content was analyzed by western blot. Nuclear expression of SREBP1 (c) and SREBP2 (d) was
measured by western blot. Results were referred to rats (100% value). Results are mean ± SEM (n = 6
animals per group). * p < 0.05 compared to the HF–SD group; # p < 0.05 compared to reference group.
Glyceraldehyde-3-phosphate Dehydrogenase, GADPH.

4. Discussion

Avoiding pathologies such as obesity, diabetes, metabolic syndrome derived from the use of
highly processed meals and sedentary life are objectives of the WHO. These diseases are associated
with NAFLD, which is the commonest cause of chronic liver disease not only in adults but also in
children, particularly in Western countries. NAFLD is a clinical term that refers to excess hepatic fat
(5%–10% by weight) accumulation in the absence of excessive alcohol consumption [17]. Therefore, the
promotion of healthy diets rich in fiber and slow-digesting carbohydrates could be of importance in
the prevention of pathologies later in life [18].

Studies in animal models have been used to mimic human physiology, and the cafeteria diet
(high-fat content and rapid-digesting carbohydrates) constitutes an appropriate model to test the
importance of dietary intervention in the development of obesity, adiposity, metabolic syndrome and
the associated NAFLD [19].

Dietary intervention has a direct influence on normal physiological function, but also in different
pathological situations as metabolic syndrome, diabetes or cardiovascular disease [20]. Additionally,
there are evidences that adverse situations during early development could have a direct impact in
disease risk in later periods of life [21]. In fact, this is consistent with the theory of the developmental
origins of health and disease (DOHaD) that environmental factors, including nutritional status,
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during the stages of development through the fetal and neonatal period are related to the risk of
non-communicable diseases, such as metabolic syndrome, in later life [22].

One of the key points for dietary intervention is the control of glycaemia during pregnancy,
especially among obese women since there is a well-established relationship between insulin resistance
and adverse consequences for both mother and offspring. Studies are beginning to use different
mixtures of carbohydrates in which rapid-digesting carbohydrates (sacharose) are replaced with low
glycemic index (GI) carbohydrates as a rational approach [23].

It has been well established that a high-fat diet rich in rapid-digesting carbohydrates has deep
effects on liver carbohydrate and lipid metabolism. However, the knowledge of molecular bases of
how these changes can be translated to offspring is scarce. Some studies have reported that high-fat
diets during the period of pre-mating or gestation induce glucose intolerance in pups, and this change
is independent of the post-weaning diet [2,3]. Other studies have described that when high-fiber
and high-protein diets are consumed during pregnancy and lactation, there is a regulation of satiety
hormones and genes involved in glucose metabolism in offspring [5]. Furthermore, our previous
results indicate that a high-fat, rapid-digestive carbohydrate diet during pregnancy promotes an
increase in adipose tissue mass and a concomitant alteration of carbohydrate and lipid metabolism in
this tissue in the offspring [6]. More interesting, these adipose tissue alterations can be corrected when
slow digestive ones substitute the rapid-digesting carbohydrates.

In an individual, a high-fat diet containing rapid-digestive carbohydrates is able to increase liver
glucose uptake, glycolysis and alter glycogen metabolism. At the same time, it inhibits gluconeogenesis.
Therefore, under these circumstances the liver is a net glucose consumer, rather than a glucose exporter.
If we pay attention to lipid metabolism, a diet enriched in rapid-digesting carbohydrates blocks the
use of fatty acids to obtain energy and enhances the conversion of glucose to TAGs. Consequently,
these diets promote a hepatic lipogenic program that has local and systemic consequences, such as an
increase in blood TAGs and cholesterol, enhanced TAG transport to adipose tissue and, even worse,
hepatic steatosis [17].

The question that this article addresses is to confirm if these alterations leading to NAFLD are
also mimicked in the offspring of animals fed these diets during pregnancy [24], and whether a
slow-digestive carbohydrate supplementation to pregnant mothers has any protective effect later on
the offspring to prevent this risk.

In the HF–SD diet, the sugars (sucrose and maltodextrin) as rapidly metabolized carbohydrates
were substituted for a mixture of slow-digestive carbohydrates composed of isomaltulose, resistant
maltodextrins and fructooligosaccharides [6]. This dietary intervention during pregnancy has been
proven to prevent excess adipogenesis in offspring by modulating adipose tissue metabolism. More
important is to determine if these positive effects on adipose tissue are also present in the livers of the
HF–SD offspring.

The liver has a key role on metabolism homeostasis, and it has been demonstrated that
maternal obesity imposes a developmental programming on offspring, affecting mainly the liver, and
pre-disposing to obesity and NAFLD [17,25].

Our results confirm that a high-fat diet containing rapid-digestive carbohydrates during pregnancy
promotes a predisposition to develop NAFLD in the livers of offspring. These results are in agreement
with previous studies [24,25].

The liver lipid profile of the HF–RD animals was significantly different from the HF–SD rats,
mainly among TAGs. Remarkably, TAG and DAG concentrations in the livers of the HF–RD adolescent
rats increased, with the acyl chains in TAGs being shorter and less unsaturated than in the HF–SD
(Figure 3b). It should be highlighted that some individual TAG species in the HF–RD were greatly
higher than those of the other groups (Figure 3a). Interestingly, Petry et al. [26] suggest that fetal
imprinted genes may influence maternal circulating clinically relevant TAG concentrations early
in pregnancy. Concretely, TAGs (44:1), which increased 2.32-fold in the livers of the HF–RD when
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compared with the HF–SD rats in our study (Figure 3a), were found to be very strongly associated to
maternal and paternal transmissions and linked to insulin resistance.

Additionally, the concentration of polyunsaturated TAGs with long carbon acyl chains decreased
in the HF–RD when compared with the HF–SD (Figure 3b), with the length of their carbon acyl chains
being 18 carbons or longer (Figure 3b). Rhee et al. [4] found that lipids, especially serum TAGs of lower
carbon numbers and double-bond content, were associated with an increased risk of diabetes, whereas
lipids of higher carbon numbers and double-bond content were associated with a decreased risk.

There are data in the lipid profile that point out the possibility NAFLD developing in the HF–RD
offspring. The more important results related with this hypothesis mean an increase in liver TAGs
and lipogenic index combined with a significant decrease in PCs, and are considered as a hallmark
of this pathology [27]. The decrease in PCs may affect the PC–DHA levels that are incorporated in
very-low-density lipoproteins (VLDLs) secreted by the liver and transported to peripheral tissues. PCs
are required for the assembly/secretion of lipoproteins [28,29]. Formerly, reduced PC levels would be
expected to account for at least some of the TAG accumulation in the liver of HF–RD rats due to the
reduced secretion of VLDLs from the liver [30].

In conclusion, our lipidomic study indicates that offspring from animals fed an HF–RD diet during
pregnancy showed a lipid profile compatible with the early stages of liver steatosis. On the contrary,
the supplementation of high-fat diets with slow-digestive carbohydrates during pregnancy had a
protective effect on offspring, decreasing the risk of NAFLD. However, no liver histological changes
were observed in the different experimental groups (data not shown), probably due to the short period
of time (13 weeks after delivery) before the analysis.

The observed changes in the lipidome with a clear effect of the HF–RD diet increasing the
TAG content in liver could be explained by changes in the flux from glucose to lipids. Firstly, liver
carbohydrate metabolism was studied by measuring the expression of GLUT2 transporter and the PK
liver isoenzyme. Our results showed that the expression of GLUT2 was significantly higher in the
HF–RD group with respect to the HF–SD and reference groups. GLUT2 is the main glucose and fructose
transporter in the liver, which allows large bidirectional fluxes of glucose in and out the cell due to its
low affinity and high capacity (high Vmax and Km for glucose) [31]. Therefore, increased expression
of GLUT2 in the offspring from the HF–RD group indicates a permanent metabolic adaptation that,
by the increase in liver glucose uptake, resembles a situation of hampered insulin response [32]. The
increase in GLUT2 did not translated into a higher storage of glycogen in the HF–RD group. This
result indicates that, in our experimental setting, dietary treatment during pregnancy did not alter
liver glycogen storage and metabolism.

Pyruvate kinase is a glycolytic enzyme that catalyzes the last step, converting phosphoenolpyruvate
to pyruvate. Pyruvate kinase exists in a number of isoforms, the liver type (PKLR) being the most
abundant in that organ [33]. The combined higher expression of GLUT2 and PKLR in the HF–RD group
points to increased glycolytic flux in these animals compared with the reference and HF–SD groups.

The increase in glycolytic flux due to high glycemic index diets is usually combined with an
inhibition of liver gluconeogenesis. The decrease of PEPCK in both groups of rats with respect to
the reference group supports the inhibition of the gluconeogenic pathway. More interesting, liver
PyC was significantly higher in the HF–RD compared with the HF–SD and control groups. This
is a remarkable finding since PyC, in addition to its role in gluconeogenesis, is responsible for the
anaplerotic replenishment of the Krebs cycle. This replenishment is needed in processes where Krebs
cycle intermediaries are used for synthetic purposes, as in lipogenesis from glucose. Therefore, these
results are a first insight that in the HF–RD group there was a permanent adaptation to promote lipid
synthesis as the ultimate fate of glucose in liver. On the contrary, this channeling was corrected in the
HF–SD group.

Up to this point, our liver results, lipid data and higher PyC expression put forward an active
conversion of glucose to TAGs in the HF–RD group. Moreover, these animals had higher circulating
TAGs and an increase in adipose mass [6]. Liver TAG content was higher in the HF–RD than in
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the other two groups, in agreement with the results on lipidomics, and corroborating the enhanced
conversion of glucose into TAGs in this group. ACC and FAS that catalyze de novo synthesis of fatty
acids in liver were significantly higher in the HF–RD than in the HF–SD and reference groups. ACC
catalyzes the carboxylation of acetyl-CoA to Malonyl-CoA, the first committed step in long-chain fatty
acid synthesis [34]. Later, these fatty acids will be incorporated into TAGs and/or phospholipids. Its
expression is regulated at several levels, synthesis of the protein being one of them [35].

In the liver, FAS has long been categorized as a housekeeping protein, producing fat for the
storage of energy when nutrients are present in excess. Fatty acids are packed into VLDL particles and
delivered to adipose tissue and other extrahepatic tissues through the bloodstream [36]. Therefore, the
overexpression of FAS in the HF–RD group, combined with reduced PC levels, explains the higher
circulating TAGs observed in these animals [6] together with the increased deposits of TAGs on the liver.
On the contrary, the overall analysis of the HF–SD group indicates that the carbohydrate composition
of this diet mediates a metabolic state in which a lower use of glucose by glycolysis is combined with a
decrease in the synthesis of fatty acids and TAGs.

In addition to regulating the expression of a variety of proteins, dietary carbohydrates also
modulate signaling pathways involved in glucidic and lipidic homeostasis as Akt-, AMPK- or
mTOR-dependent transduction routes. Insulin stimulates hepatic lipogenesis after feeding through
an activation of the PI3-kinase–Akt pathway. Moreover, insulin fuels glycolysis, thus increasing
the availability of lipogenic precursors [37,38]. However, high-fat diets are clearly associated with
insulin resistance. The HF–SD diet significantly increased the phosphorylation of PKB–Akt, which was
measured as a marker of insulin responsiveness in the liver compared with the HF–RD and reference
groups. This result could point to better insulin sensitivity in the HF–SD group, which would be in
agreement with the data from the postprandial glycemic peak and total glycemic response that were
lower in HF–SD rats when compared to the HF–RD [6].

AMPK and mTOR are the main kinases responsible for integrating signals that control growth
and development [14,15]. In a favorable energy status, mTOR is active, but when there is a fuel
deficiency, activation of AMPK inhibits mTOR signaling [15]. Thus, the availability of nutrients leads
to an activation of TOR protein kinase activity, while a depletion of amino acids or glucose points to an
attenuation of mTOR phosphorylation [39]. AMPK, a sensor of fuel availability [40], showed similar
phosphorylation levels in all groups. On the contrary, the phosphorylation of mTOR was higher in
the HF–SD group compared with the other two groups. The regulation of mTOR is controlled by
upstream signaling pathways, such as the insulin-dependent signaling pathway, and measured by the
phosphorylation status of Akt–PKB and AMPK phosphorylation as a sensor of fuel availability [40].
Therefore, it could be concluded from these results that the higher phosphorylation of mTOR in the
HF–SD rats was driven by the activation of the insulin pathway, rather than changes in AMPK activity.

Metabolic flexibility is the capability of a system to regulate fuel (primarily glucose and fatty
acids) oxidation in response to nutrient availability. Thus, the possibility to change a substrate
catabolism nutritional state depends on the steadiness between oxidation and storage capacities. PDC
represents one of the key regulating points in the decision of the cell to use fatty acids or glucose as
a fuel. This complex is usually active in tissues in the fed state, but the inhibition of its activity by
pyruvate dehydrogenase kinase (PDK) is critical to maintaining energy homeostasis under nutritional
conditions [1,41]. PDK isozymes phosphorylate specific serine residues in PDC [42]. Of all the known
isozymes, PDK4 is highly expressed in the liver [1,41]. At the same time, PDK4 also controls glycolytic
flux, since inactivation of PDC by PDKs blocks acetyl-CoA synthesis from pyruvate, resulting in a shift
of pyruvate to the TCA cycle. Since PDK4 expression was similar among groups, it might demonstrate
that the effects of the dietary intervention during pregnancy do not translate in a short-term regulation
of metabolic flexibility in the liver, where PDK4 is relevant, but maybe involve long-term metabolic
regulation of the metabolism at the gene-expression level.

The long-term regulation of metabolism induced by high GI diets is mediated by specific
transcription factors that can bind to DNA and mediate the transcription of genes that code for the
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lipogenic enzymes. A relevant transcription factor is ChREBP, carbohydrate-response element-binding
protein, which is activated by glucose-6-phosphate. ChREBP includes in its structure several
phosphorylation sites and a glucose-sensing domain. In a low-GI diet or fasting, phosphorylation of
ChREBP mediated by cyclic AMP keeps the transcription factor inactive at the cytosol. On the contrary,
a high-GI diet increases xylulose-5-phosphate levels, which act as potent activators of the phosphatase
A2. In the non-phosphorylated state, ChREBP migrates to the nucleus, and glucose-6-phosphate binds
to the glucose-sensing domain. In this state, ChREBP enhances the transcription of the genes involved
in the conversion of glucose to fat [16].

Our results indicate that, although the total amount of ChREBP protein (Figure 7) was similar in
all experimental groups (Figure 7a), its nuclear concentration was increased in the HF–RD group. This
finding could be due to an increase in xylulose-5-phosphate levels in these animals in response to the
enhanced glucose uptake mediated by GLUT2. This event would activate phosphatase A2 and nuclear
translocation of ChREBP. Furthermore, the increased nuclear levels of ChREBP in the HF–RD group
are sufficient to explain the long-term modifications in the levels of key enzymes and transporters
leading to a metabolic inflexibility that channels liver glucose to lipid storage, since GLUT2, PKLR,
ACC and FAS expression is regulated at the transcription level by this transcription factor.

Transcription of the lipogenic genes is driven in a coordinated way with ChREBP by SREBP1 and
SREBP2 transcription factors. These transcription factors have a complex regulation that involves not
only a proteolytic activation, but also a regulation by carbohydrates [43]. Our results indicate that there
is a synergic regulation through dietary intervention in the liver’s nuclear amount of SREBPs. Both
transcriptional factors were incremented in the HF–RD group compared with the HF–SD group, and the
levels of SRBEPs in the HF–SD group were also significantly lower compared with the reference group.

5. Conclusions

The results presented in this article reinforce the importance of maternal nutrition during the
early critical period of development, and suggest that offspring exposed to a maternal HF diet with
rapid-digestible carbohydrates have a predisposition to develop NAFLD in later life. In contrast, these
negative effects are ameliorated by a maternal HF diet with slow-digestible carbohydrates, probably
through an increase in the sensitivity of the insulin signaling pathway, the modulation of key enzymes
and transporters and the normalization of the lipid profile. This demonstrates the role carbohydrates
play in a maternal diet on the developmental programming of metabolic flexibility in offspring, as well
as the relevance of the liver in these adaptive processes.
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Abstract: Sialic acids (Sia) are postulated to improve cognitive abilities. This study evaluated Sia
effects on rat behavior when administered in a free form as N-acetylneuraminic acid (Neu5Ac) or
conjugated as 6′-sialyllactose (6′-SL). Rat milk contains Sia, which peaks at Postnatal Day 9 and drops
to a minimum by Day 15. To bypass this Sia peak, a cohort of foster mothers was used to raise the
experimental pups. A group of pups received a daily oral supplementation of Neu5Ac to mimic the
amount naturally present in rat milk, and another group received the same molar amount of Sia as
6′-SL. The control group received water. After weaning, rats were submitted to behavioral evaluation.
One year later, behavior was re-evaluated, and in vivo long-term potentiation (LTP) was performed.
Brain samples were collected and analyzed at both ages. Adult rats who received Sia performed
significantly better in the behavioral assessment and showed an enhanced LTP compared to controls.
Within Sia groups, 6′-SL rats showed better scores in some cognitive outcomes compared to Neu5Ac
rats. At weaning, an effect on polysialylated-neural cell adhesion molecule (PSA-NCAM) levels in
the frontal cortex was only observed in 6′-SL fed rats. Providing Sia during lactation, especially as
6′-SL, improves memory and LTP in adult rats.

Keywords: milk oligosaccharides; infant formula; 6′-sialyllactose; cognitive development; sialic acid

1. Introduction

Breast feeding is associated with multiple health benefits. Infants fed human milk have lower
rates of intestinal and autoimmune diseases and food allergies and show higher intellectual quotient
(IQ) scores compared to formula-fed infants [1]. The unique composition of human milk plays a
key role in optimal development of newborns, and sialic acids (Sia) are considered as one of the
components responsible for the multiple benefits. They are present in most mammalian milks, mainly
conjugated to proteins and oligosaccharides, but also as free monosaccharides. Within this last group
of monosaccharides, there are some key core structures such as N-acetylneuraminic acid (Neu5Ac),
N-glycolylneuraminic acid (Neu5Gc) and deaminated neuraminic acid (Kdn), which encompass the
so-called Sia molecules [2]. Neu5Ac is the only form of Sia synthesized by humans [2] and is present
throughout the body, including brain [3].
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Most of the Sia in human milk, approximately 73% [4], are bound to oligosaccharides, generating
sialyloligosaccharides, which represent a significant fraction of human milk oligosaccharides (HMOs).
Oligosaccharides in human milk are at a higher concentration than in other mammalian milks, ranging
from 13.3–23 g/L in colostrum to 3.5–14 g/L in mature milk [4,5], with structural diversity and over
200 different molecules identified so far [6]. Conversely, bovine milk, which is the basis of most infant
formula, has an oligosaccharide content over 100-fold [7] lower than human milk. Although goat
milk-based infant formula is now available, its use is not as extensive as bovine milk-based infant
formulas. Interestingly, goat milk oligosaccharides have significant structural similarities to human
milk oligosaccharides [8].

Milk oligosaccharides from any mammal consist of acidic oligosaccharides, predominantly
sialylated ones, and neutral oligosaccharides, predominantly fucosylated compounds. There is a
significant difference in the distribution of these compounds between human and bovine milk [9].
Sialylated structures represent 70% of bovine milk oligosaccharides compared with 10–20% in human
milk [8], while fucosylated glycans are the most abundant form in human milk [10]. Within sialylated
compounds, a recent study showed 6′-sialyllactose (6′-SL) is the major representative during the
first two months, when it starts to sharply decrease so that 3′-sialyllactose becomes the predominant
sialyl-oligosaccharide of human milk beyond the fourth month [11].

Milk oligosaccharides have been linked to different biological functions in the newborn, such as
anti-infective activity [12,13], immune system and gastrointestinal development [14,15], modulation
of inflammation [16], bifidogenic activity [17], modulation of gut motility and activation of enteric
neurons [18] and even enhancement of central nervous system (CNS) functions [19]. Sia has been
described as an essential nutrient in the development of infant brain [20], since its highest concentration
in milk during early lactation concurs with a rapid increase of brain gangliosides [21]. Furthermore,
the content of gangliosides and protein-bound sialic acid is higher in the brain of breast-fed infants in
comparison to formula-fed infants [22]. Sia is a key component of brain gangliosides and polysialic
acid (polySia) attached to the oligosaccharide chains on neural cell adhesion molecule (NCAM); both
brain gangliosides and polysialylated-NCAM (PSA-NCAM) are crucial to ensure synaptic connections
and memory formation or neuronal outgrowth [3,20].

HMOs and, by extension, sialyloligosaccharides have been reported as important factors for
optimal development and maturation of the immune system [23]. HMOs are also prebiotics favoring
the growth of healthy gut microbiota and as pathogen decoys, inhibiting their adhesion to the intestinal
mucosa [24–26].

Several studies performed both in rodents [27] and pigs [28] have shown a relationship between
Sia and cognitive function. The mechanism of action for the role of Sia on cognitive development has
not been proven to date. However, recent research has shown the effects of HMOs on the gut-brain
axis (GBA) in rodents [29,30], which compliments their role as prebiotics. The gut-brain axis consists
of a bidirectional interaction between the central and the enteric nervous system [31]. The influences
of gut microbiota on human health and disease is an important topic in medicine that is believed to
occur via gut-brain microbe communication [32]. A recent study demonstrated associations between
gut microbiota and cognition in infants [33].

The first two years of life are a critical window for brain development, not only for rapid
proliferation and growth of neural cells, but also for increases in synapse connections [34]. Thus,
adequate early life nutrition is crucial to ensure optimal cognitive development in infants and children.

The present study was aimed at determining if early Sia supplementation, as a free or conjugated
form, plays a role during neural development in rats and whether effects could be detected later in life.
For that purpose, rat pups were orally supplemented with Neu5Ac or 6′-SL during the lactation period
and were evaluated using behavioral tests and electrophysiological measurements in both young and
adult rats.
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2. Materials and Methods

2.1. Animals

Pregnant Sprague-Dawley rats (n = 47) in the second week of gestation were purchased
from Charles River (Charles River, France) and kept under controlled environmental conditions
of temperature (22 ◦C ± 2), humidity (55% ± 10) and lighting (12 h light/dark cycles). Rats were fed a
standard diet ad libitum. Animal experimental protocols were approved by the Ethics Committee of
the Estación Experimental del Zaidín-CSIC (Consejo Superior de Investigaciones Científicas, Granada,
Spain. Approval number: CBA EEZ-2011/20), and the experiment was performed in accordance with
the Spanish and European regulations for the care and use of experimental animals for research.

2.2. Experimental Design

Rodent milk contains sialylated oligosaccharides, in particular 3′-sialyllactose (3′-SL) and
6′-SL [35]. In rat milk, total Sia levels peak at Postnatal Day 9 (PN9), sharply drop until Day 15 and
then slightly decrease until the end of lactation [36]. To bypass this peak of Sia, two cohorts of pregnant
rats were used with a time lag on the delivery day of 13 days, as shown in the experimental design
scheme (see Scheme 1). Animals were maintained on a chow diet for gestation, lactation and growth
(2018 Teklad Global 18% Protein Diet) until delivery. The first cohort (n = 20), hereafter called foster
mothers, was kept with its respective offspring until PN16. Experimental pups were born from the
second cohort of mothers (n = 27) and remained with them until PN3. On that day, 3-day-old pups
were removed from their dams, sexed and randomly distributed into 10 pups (5 males and 5 females)
groups with balanced weights and litters. Subsequently, they substituted for the 16 day-old pups
in foster mother cages. These dams willingly accepted the new litters and took care of them for the
rest of the lactation period. Afterwards, foster mothers and their litters were then distributed into
3 experimental groups of 4 dams each.

Scheme 1. Experimental design scheme. PN, postnatal day; Neu5Ac, N-acetylneuraminic acid; 6′-SL,
6′-sialyllactose; NORT, Novel Object Recognition Test; PSA-NCAM, polysialylated-neural cell adhesion
molecule; LTP, long-term potentiation; Sia, sialic acids; ♀, female; ♂, male.

Since the content of sialic acid in rat milk reaches the lowest values from PN16, all pups raised
by foster mothers received less Sia from milk than normally raised rats during early development.
To compensate for the deficiency of Sia in milk, one group of pups received an oral supplementation
of Neu5Ac from PN3 to weaning, and another group received the same molar amount of Sia given
as 6′-SL. The control pups were given water and, therefore, received approximately 5-times less Sia
than normally raised rats. In contrast, the 2 experimental groups received the same Sia levels naturally
present in rat milk, but from two different sources. Therefore, the model assessed adequate Sia intake
during lactation and the influence of the form in which it was provided.

Pups remained undisturbed with the foster rats except for a brief time while they received
supplementation (8 times/day; max. 5 min/time). After weaning, all mothers and 2 pups per litter
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were sacrificed by an intraperitoneal overdose of anesthetic. Brains obtained from the pups were
separated into hemispheres. One hemisphere was analyzed to determine Sia content at weaning by
high performance liquid chromatography (HPLC), and the other one was used to determine NCAM
and PSA-NCAM expression in the frontal cortex by Western blotting. Another set of weaned rats was
submitted to classical behavioral tests such as NORT (Novel Object Recognition Test) and Y maze tests.
Pups were then maintained for 1 year on a standard chow diet. At that age, males were used for LTP
measurements; meanwhile, females were subjected again to psychological tests to evaluate long-term
effects on learning and memory. Rats were then sacrificed, and brains were analyzed by HPLC to
determine Sia content at adulthood.

2.3. Sialic Acid Doses

Rat milk contains both forms of free Sia, Neu5Ac and Neu5Gc; since Neu5Ac is the most abundant
in humans [3] and is present throughout the body including brain, this was the form chosen as a free
Sia source to be used in the supplementation.

Rat milk concentration of sialic acid varies through the lactation period having a Sia peak
(≈8 mg/mL) at PN9 and dropping to lower levels by Postnatal Day 15 [35] (Figure 1a).

Figure 1. (a) Sia concentration (mg/mL) in rat milk throughout the lactation period per the
literature [36]. (b) Experimental data of rat pups’ weight evolution from birth until weaning.
(c) Estimated data of milk volume intake (mL) in rat pups from birth until weaning per the literature [37].
(d) Sialic acid dose (mg/kg/day) that rat pups were receiving from rat milk considering the data shown
in graphs (a–c).

To determine the effects of Sia, a model was designed in which one of the groups received
less Sia than that from normal lactation, while the other groups received the same levels of Sia as
naturally-nursed pups, either in the free form Neu5Ac or as 6′-SL. The daily dose of Sia was calculated
based on Sia content of rat milk, pup body weights and milk intake during lactation according to data
found in the literature [36,37] and to internal data from previous experiments (Figure 1b). Figure 1d
shows the theoretical Sia dose (mg/kg weight/day) that rat pups would normally receive from rat
milk. Equimolar stock solutions with Neu5Ac and 6′-SL were prepared. Variable volumes of these
stock solutions were given to the pups per day to adjust the Sia dose, as shown in Figure 1d.
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2.4. Analytical Determination of Sialic Acid Content by HPLC

Right hemispheres were analyzed to determine the total amount of sialic acid.
After homogenization of the brain, 35 mg were weighed and re-suspended at 0.2 mg/μL in
deionized water. Sia were released by mild hydrolysis in 0.2N H2SO4 at 80 ◦C for 1 h. After filtering
and centrifuging during 30 min at 10,000 rpm, supernatants were used for derivatization with
5-(difluoromethoxy)-2-mercapto-1H-benzimidazole (DMB) as described by Hara et al. [38] with some
modifications. Thus, 50 μL of samples and 50 μL of DMB reagent (8 mM DMB, 1.5 M acetic acid,
14 mM sodium hydrosulfite, 0.8 M 2-mercaptoethanol (Sigma Aldrich, Saint Louis, MO, USA)) were
kept for 2.5 h at 50 ◦C in the dark. A volume of 10 μL of the derivatized solution was injected on
an Alliance 2695 HPLC system equipped with a 474-fluorescence detector from Waters (Mildford,
MA, USA) as described by Martin et al. [39]. A LiChrosorb RP-18 column (5 μm, 250 mm × 4.6 mm)
with a LiChrosorb RP-18 guard cartridge (5 μm), both from Supelco (Bellefonte, PA, USA), was used.
DMB derivatives of Sia were isocratically eluted using 7% (v/v) methanol, 8% (v/v) acetonitrile in
water for 40 min at a flow rate of 0.9 mL min−1. All injections were performed at room temperature.
The eluent was monitored for fluorescence at 373 nm (excitation wavelength) and 448 nm (emission
wavelength). The gain was fixed at 1, and the attenuation at 64 for the 474-fluorescence detector. A set
of standards (25–250 ng Neu5Ac) was injected with every set of samples. Data were integrated by
the Millennium 4.0 software (Waters, Milford, MA, USA) coupled to the HPLC system. Standard
regression and sample quantitation were calculated by Microsoft Excel 2011 and Graph Pad (Prism 4,
San Diego, CA, USA).

2.5. Western Blotting

For Western analysis, ≈15–20 mg of frontal cortex samples of pups at weaning (PN22) were
homogenized in cold suspension buffer (PBS, 0.1% TritonX100 and protease inhibitor cocktail from
Sigma Aldrich, Saint Louis, MO, USA), centrifuged at 10,000 g for 15 min, and the supernatant
collected. The protein content was determined using the Bradford assay (Bio-Rad, Hercules, CA,
USA). Ten micrograms of protein, diluted in phosphate-buffered saline (PBS), were loaded into
Criterion XT 4–20% Bis-Tris gels (Bio-Rad). Separation was carried out using MOPS buffer (0.05 M
3-Morpholinopropane-1-sulfonic acid (MOPS), 0.05 M Tris base, 0.003 M SDS, 0.8 mM EDTA) and run
at 200 V for 45 min. Separated proteins were transferred onto nitrocellulose membranes for 3.5 h using
a Trans-Blot electrophoresis transfer cell. Six samples were run per group. After blocking non-specific
binding sites for 1 h with 3% bovine serum albumin (BSA, Sigma Aldrich, Saint Louis, MO, USA) in
TBS-TritonX100 (0.025% TritonX100, 20 mM Tris base, 150 mM NaCl, pH 7.6), blots were incubated
overnight at 4 ◦C with one of the following monoclonal antibodies: anti-NCAM (Santa Cruz, CA, USA)
at 1:2500; anti-PSA-NCAM (Millipore/Merck, Darmstadt, Germany) at 1:1000. All the antibodies were
diluted in TBS containing 1% BSA. After three quick washes in TBS-TritonX100, NCAM blots were
incubated for 2 h at room temperature with anti-IgG HRP at 1:5000 (Sigma Aldrich), while PSA-NCAM
were incubated with anti-IgG HRP (Bethyl laboratories, Montgomery, TX, USA) at 1:5000 for 2 h.
β-actin was used as a control for quantitation and detected with monoclonal antibody (Sigma Aldrich,
1:5000). After five washes in TBS-TritonX100, membranes were developed using Pierce Supersignal
West-Pico substrate (Thermo Fisher Scientific, Waltham, MA, USA) and quantified using a Chemidoc
XRS system from Bio-Rad (Hercules, CA, USA).

2.6. Long-Term Potentiation Measurement

One-year old male offspring were assigned to this analysis. Animals were anesthetized and
implanted with stimulating and recording electrodes in the hippocampus to measure LTP in vivo,
as previously described [40]. Based on prior research [41,42], animals were implanted with stimulating
electrodes at the Schaffer collateral-commissural pathway of the dorsal hippocampus (3.5 mm lateral
and 3.2 mm posterior to Bregma) as per stereotaxic coordinates. Four recording electrodes were also
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implanted targeting the ipsilateral stratum radiatum beneath the CA1 area (2.5 mm lateral and 3.6 mm
posterior to Bregma). Stimulation occurred, and the field excitatory post-synaptic potential (fEPSP)
was recorded. After the high-frequency stimulation (HFS) protocols, fEPSPs were recorded for 30 min.
Additional 15-min recording sessions were carried out during the following days.

2.7. Classical Behavioral Tests

A video tracking system, Sony Camera SSC-G213A (Sony Electronics Inc., Park Ridge, NJ, USA),
was used to record all animal trials. Rat performances were then analyzed offline using the analytical
software Viewer (Biobserve GmbH, Bonn, Germany) by a technician that was blinded to treatment.
An alcohol dilution was used to clean the surface of Y maze and NORT structures after each animal
performance to prevent odor cues.

2.7.1. Novel Object Recognition Test

NORT is based on the natural tendency of rodents to explore novel stimuli presented to them;
thus, when novel and familiar stimuli are present at the same time, the novel one will be naturally
explored for longer [43]. Therefore, this test was run in a black opened plastic chamber (40 × 40 cm),
known as the arena. Three objects differing in material, form and color were chosen. After 3 days
of habituation to the arena, an acquisition phase took place, and the animals were faced with two
different objects (familiar objects) for 10 min. One day later, animals were submitted to a retention test
in which a new object (novel object) substituted one of the familiar objects, allowing the animals to
explore them for 5 min. Animals were considered as exploring the objects when they approached their
whiskers at approximately 1–2 cm or licked them; exploration was never considered when they sat on
the objects [44]. The key parameter evaluated in this task was time spent by the rats exploring each
object, novel or familiar, during the retention phase.

2.7.2. Y Maze with Blocked Arm Test

The Y maze with blocked arm test measures the ability of rodents to explore new environments
and assesses exploratory behavior and memory [45]. The experimental design used was that proposed
by Dellu et al. [46] with some modifications. A Y-shape stainless-steeled structure (20 × 10.5 × 50 cm)
was used. There are two consecutive phases in the paradigm: an acquisition trial and a retention test.
During the acquisition trial, one of the three arms of the maze was blocked (novel arm), and rats could
explore the other two arms for 15 min. Four hours later, animals went through the test session in
which all arms were open to be explored for 5 min. Novelty was represented by the arm that was not
accessible in the acquisition phase. When introduced in the maze after a few hours, animal normal
behavior should be to explore first the previously hidden arm; thus, to evaluate animal memory skills,
it was analyzed whether animals went first into the novel arm.

2.8. IntelliCage® Protocol

The IntelliCage® (NewBehavior AG, Zurich, Switzerland) is a computer-based, fully-automated
testing apparatus used to analyze the spontaneous and learning behavior of rodents. This system
consists of a cage that presents 4 operant conditioning corners, which can locate one rat at a time.
Each corner is equipped with 2 motorized doors, which block or allow access to water bottles placed on
both sides of the corner. When a rat tries to access through whichever of the 2 doors (nose poke action),
the interruption of a light-beam sensor at either door triggers one or the other doors to open and allow
access to a water bottle. Radio frequency identification (RFID) transponders are implanted under the
rat skin, allowing for individual recognition; thus, rat entries into the corners are detected through
RFID antennas located there. Using this technology, conditioning protocols can be implemented to
evaluate the behavioral activities of the rats. Animals were implanted with the RFID-transponders,
and 1 day later, they were placed into the IntelliCage® (n = 8 rats/group) and maintained there during
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2 weeks for habituation and testing. The habituation process was counted with different stages: 1 day
of free exploration with all doors opened; 5 days in which doors were opened only upon a visit to the
corner; in the following 2 days, doors opened after a nose poke in the right place; in the last 4 days, one
nose poke opened any door only during two drinking sessions of 90 min per night, while the doors
remained closed during the rest of the night and day.

Thereafter, a paradigm to measure cognitive outcomes was tested by restricting water access to a
specific corner and time periods. During the two-day test, access to water was restricted to one corner
(correct corner) only during the two drinking sessions. If the rat nose poked any other corner, water
was not available. Each rat was randomly assigned a correct corner. Every visit to this assigned corner
was counted as correct, while incorrect visits were those to any other corner. Thus, only rats with
adequate cognitive skills could learn which is the correct corner in this place learning paradigm.

2.9. Statistical Analysis

Data are presented as the mean ± SEM. Graph displays and statistical analysis were done using
SPSS (SPSS Inc., Chicago, IL, USA) and GraphPad (GraphPad Inc., La Jolla, CA, USA) software.
Comparisons between groups were performed by Student’s t-test and one-way analysis of variance
(ANOVA) in NORT and Western blotting. Statistical differences between groups were determined with
a two-way repeated measure of the analysis of variance (ANOVA) in LTP measurements. The Y maze
test and IntelliCage® paradigm were analyzed through a contingency table analysis using Fisher’s test.
The significance level was established at p < 0.05 for all tests.

3. Results

3.1. Sialic Acid Content in Brain

The content of Neu5Ac in the right brain hemisphere of rats at weaning (PN22) and at 1 year
of age is shown in Table 1. Brain concentration of sialic acid (μg NeuAc/mg brain) did not show
significant differences among groups at any age.

Table 1. Concentration of Sia (μg Neu5Ac/mg) in brain in weaned and 1-year old rats supplemented
with different Sia sources or water during the lactation period. Data are the mean ± SEM.

Sia Concentration (μg Neu5Ac/mg Brain)

Neu5Ac Group 6′-SL Group Control Group
One-Way ANOVA

p-Value

Pups rats
(n = 8/group) 1.399 ± 0.067 1.405 ± 0.124 1.422 ± 0.058 p = 0.8336

1-year old rats
(n = 8–10/group) 1.018 ± 0.106 1.067 ± 0.025 0.9745 ± 0.096 p = 0.2143

Sia, sialic acids; Neu5Ac, N-acetylneuraminic acid; 6′-SL, 6′-sialyllactose.

3.2. Western Blot

Frontal cortex samples of weaned pups (PN22) were analyzed to determine NCAM and
PSA-NCAM expression by Western blotting (6 pups/group). Actin was used as a control for
quantitation. The control group was used as the reference group and ratios were calculated between
normalized values and the density mean for the control group.

As shown in Figure 2, no differences among groups related to NCAM expression (p = 0.8819)
were found. However, rats fed 6′-SL in the lactation period expressed significantly more PSA-NCAM
in the frontal cortex when compared to rats supplemented with Neu5Ac (p = 0.012) or control animals
(p = 0.041).
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Figure 2. Relative protein expression of NCAM (a) and PSA-NCAM (b) in frontal cortex samples of rat
pups of the three experimental groups at Postnatal Day 22. One-way ANOVA and Student’s t-test were
used for statistical analysis. Data are expressed as the mean ± SEM (n = 6 rats/group), p < 0.05 denotes
significant differences. NCAM, neural cell adhesion molecule; PSA-NCAM, polysialylated-neural cell
adhesion molecule; Neu5Ac, N-acetylneuraminic acid; 6′-SL, 6′-sialyllactose.

3.3. In Vivo LTP

At one-year of age, male rats were submitted to in vivo LTP (10 rats/group). A significant
response in LTP was evoked in all the groups following the HFS session (Figure 3). LTP responses were
significantly improved in male rats supplemented with 6′-SL during lactation compared to controls.
Differences were detectable several days after the stimulation. Neu5Ac group also reached a more
intense LTP than the control group, although the difference was not statistically significant.

Figure 3. Experimentally-evoked LTP in the groups of animals at one year of age. Data collected from
the three groups of animals before and after high-frequency stimulation (HFS) session (indicated by
the downward arrow). The HFS was presented after 15 min of baseline recordings. LTP evolution was
followed for up to four days. Statistical differences between groups were determined with a two-way
repeated measure of the analysis of variance (ANOVA). The three groups of animals presented a
significant (p ≤ 0.05) LTP in relation with baseline values. In addition, field excitatory post-synaptic
potential (fEPSP) values evoked after the HFS session were significantly larger (*, p ≤ 0.05) for the 6′-SL
group in comparison with values collected from controls. Data are represented as the mean ± SEM
(n = 10 animals/group). Neu5Ac, N-acetylneuraminic acid; 6′-SL, 6′-sialyllactose.
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3.4. Classical Behavioral Tests

A behavioral assessment with different paradigms such as NORT and the Y maze test
was performed at weaning and when animals were one year old. Results obtained at weaning
(n = 10 pups/group) did not show any difference in performance of the three groups tested (data
not shown). Conversely, data found at adult age (n = 8 rats/group) were more conclusive.

3.4.1. NORT

Regarding NORT, the key parameter to study was the time spent exploring the novel object versus
the familiar one in the retention phase. Thus, animals with good cognitive abilities tended to explore
the novel object for longer. As shown in Figure 4a, rats belonging to the groups that received Sia
supplementation, both Neu5Ac and 6′-SL, spent a significantly longer time exploring the novel object
than the familiar one. A significant difference in the exploration time of both objects was not found in
the control group.

Figure 4. (a) Percentage of time spent by the animals exploring a familiar object against a novel object
in NORT at one year of age. One-way ANOVA and Student’s t-test were applied for statistical analysis;
*, p < 0.05 denotes significant differences. (b) Percentage of animals that chose the novel arm first in
the Y maze during the retention test versus those that did not. Fisher’s test was applied for statistical
analysis; p < 0.05 denotes significant differences (n = 8 rats/group). Neu5Ac, N-acetylneuraminic acid;
6′-SL, 6′-sialyllactose.

3.4.2. Y Maze with Blocked Arm Test

As for the Y maze task, one-year old rats that received Neu5Ac or 6′-SL during lactation performed
significantly better than the control group by clearly identifying the blocked arm. During the retention
test, rats with superior cognitive abilities explored the arm first, since it represents novelty. Figure 4b
shows the percentage of animals from each group that visited the previously blocked arm first versus
the percentage of animals that chose one of the other two arms as their first option. Rats receiving
Sia achieved the best score, i.e., 88% of 6′-SL animals visited the novel arm first and 75% of Neu5Ac
rats. By contrast, the control group visited the novel arm with the same probability as the other two
combined. From a statistical standpoint, the 6′-SL group score was significantly higher, not only when
compared to the control group (p < 0.0001), but also compared to the Neu5Ac group (p = 0.0279).
There were also significant differences between Neu5Ac rats and control animals (p = 0.0004).

3.5. IntelliCage® Protocol

In the place learning paradigm performed with the IntelliCage® system (n = 8 rats/group),
results were aligned to the behavior observed in the classical tests. As previously explained, access
to water was restricted to the “correct corner” during the two drinking sessions of two consecutive
nights. The percentages of visits to the correct corner and visits to incorrect corners were analyzed.
Neu5Ac and 6′-SL groups obtained 41% and 39% correct visits, respectively, while the control group
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reached 25% of visits to the correct corner (Figure 5). Thereby, groups supplemented with Neu5Ac or
6′-SL exhibited a significantly better performance compared to the control group.

Figure 5. Percentage of total visits to the correct corner versus incorrect corner in the IntelliCage®

paradigm for each group of animals during the four drinking sessions of the two days of place learning.
Fisher’s test was applied for statistical analysis; p < 0.05 denotes significant differences; n = 8 rats/group;
one year of age. Neu5Ac, N-acetylneuraminic acid; 6′-SL, 6′-sialyllactose.

4. Discussion

In the current study, the impact of two forms of sialic acid, either free form or conjugated given
during lactation, on cognitive skills later in life was assessed. We evaluated cognitive functions with
behavioral and electrophysiological measurements, demonstrating that these sources of Sia given
at early stages after birth maintain cognitive function in adulthood when compared to a group that
received a lower amount of Sia, and that the provision of Sia as 6′-SL may confer some advantages
over the use of the free form.

Pioneering studies in the 1980s showed that exogenous Sia could be incorporated into brain
gangliosides and glycoproteins when injected intraperitoneally in rat pups [27]. Wang et al.
investigated the metabolic fate of intravenously-administrated 14C-Neu5Ac in piglets, concluding that
an exogenous source of sialic acid could cross the blood-brain barrier and be incorporated into various
tissues [47]. Carlson and House also demonstrated that Sia given by intraperitoneal injection or orally
significantly impacted the concentration of brain gangliosides and glycoproteins [48]. Another study
confirmed the impact of orally-administered sialic acid on cortical ganglioside concentration after
feeding rat pups a solid diet prepared with different Sia doses from PN17–31. Cortical gangliosides Sia
concentration was significantly higher in rats that received a Sia-supplemented diet provided by a
protein-bound source of Sia (casein glycomacropeptide) [49].

Considerable research has been carried out to date to elucidate the effects of supplementation
with Sia early in life on brain composition and behavior. In a study by Morgan and Winick [27], rat
pups were intraperitoneally injected with Neu5Ac or glucose (control group), and an improvement
of performance was observed in the Neu5Ac group. A piglet model was used by Wang et al. [28] to
evaluate the effect of a sow milk replacer supplemented with several doses of casein glycomacropeptide
for 35 days after weaning. Neu5Ac brain concentration, expression of two learning associated genes
and learning and memory abilities were positively impacted by the Sia supplementation. However,
a research team has recently reported two studies in which supplementation with sialyllactose from
PN2–PN22 or PN32 in piglets showed no significant effect on recognition memory [50], but did show a
sialic acid increase in hippocampus, prefrontal cortex and corpus callosum [51].

The novelty of the present work is three-fold: (1) the use of a unique foster rat mother model,
whereby rat pups were breastfed during the entire lactation period, but received milk with a lower
amount of Sia from PN3 until end of lactation; in addition, the animal intervention was performed at
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an early, developmental stage, which is challenging due to the vulnerability of pups; (2) the timeframe
in which Sia content in brain and cognitive outcomes in rats were measured; previous analyses were
carried out after weaning, when the Sia supplementation had just finished; herein, brain composition
analyses and behavior assessments were performed at the end of Sia supplementation, but also in
adult animals that had spent almost one year without receiving additional Sia; and (3) the use of 6′-SL
as a source of Sia in comparison to the free form.

Improved cognitive skills reported here were not attributable to an increased Sia content in a brain
hemisphere. In fact, Sia content in brain hemispheres samples was the same for the three experimental
groups at weaning and in adulthood. According to Wang et al., the ganglioside and glycoprotein
sialic acid concentrations in the brain frontal cortex are higher in breastfed infants when compared
to formula-fed infants [22]. In a study performed with piglets, it was observed that supplementation
with an exogenous source of Sia increased protein-bound sialic acid concentrations in the frontal
cortex [28]. Jacobi et al. also demonstrated in piglets that a formula supplemented with dietary 6′-SL
and 3′-SL increased the sialic acid bound to gangliosides in several areas of the brain [52]. As described
above, Mudd and co-workers have recently published a study in which piglets were fed several
diets containing different doses of sialyllactose from PN2–PN32 and showed that dietary sialyllactose
increased conjugated Neu5Ac in the prefrontal cortex, among other brain structures [51]. In our
study, Neu5Ac determination by HPLC was done in the whole hemisphere instead of in separate
structures. Thus, significant differences among groups could have been missed because Neu5Ac
may be accumulated in certain brain structures such as frontal cortex. Furthermore, it could be
hypothesized that Neu5Ac content in the brain of the different groups was different during an early
phase of development, promoting higher rates of axonal growth and enhanced connections between
neurons that would support the behavioral differences found in adulthood.

To further explore this, we analyzed NCAM and PSA-NCAM expression levels in the frontal cortex
of early weaned pups (PN22). NCAM is a widely-expressed protein involved in the stabilization and
modulation of CNS [3]. Polysialic acid (PSA) is a linear homopolymer of α2-8-linked Neu5Ac. PSA is
added to NCAM by a regulated post-translational process and varies through development [20].
Polysialylation supports the maintenance of an immature phenotype, allowing the neurites to
grow and sprout to connect the complex circuitry of the brain while its graded downregulation
enables fine-tuning of NCAM-dependent cell-cell interactions, stabilizing the newly-formed structures.
Following the findings of the studies previously cited [28,52], our results in weaned rats showed
that PSA-NCAM expression in the frontal cortex was significantly higher in the 6′-SL group when
compared to Neu5Ac and the control groups; this result suggests that conjugated Sia such as 6′-SL
might be taken up preferentially by the brain, enhancing the sialylation process of proteins highly
involved in brain development. The maintenance of PSA-NCAM levels suggests neuroplasticity may
be higher in the 6′-SL group.

With regards to cognitive evaluation, several behavioral tests were implemented consisting of
two classical tests including the Y Maze with blocked arm and NORT, as well as a novel cognitive
paradigm performed in the IntelliCage® system. Y maze and NORT have been used in previous animal
studies to evaluate the effects of nutrition on cognition [53,54] and were conducted at both ages in the
present work. IntelliCage® paradigm was only performed in adulthood. Data from weaned rats did
not show differences among groups in any of the classical tests. In fact, performing cognitive tests at
early ages of life entails certain methodological challenges. Leussis and Bolivar [55] pointed out that
pre-weanling and weanling rodents normally habituate slower to novel environments, showing low
exploratory activity when compared to older animals. It has been suggested that younger animals
would perform better in rewarded tasks. Longer periods of exposure or habituation have also been
proposed to increase the success of these tests. Based on our experience, the intense physical activity
and the lack of focus in very young rodents are the main hurdles found when carrying out cognitive
evaluation of weanling animals.
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Conversely, significant differences were found in the assessment of cognitive skills in adulthood.
In NORT, groups receiving Sia during lactation could distinguish better between novel and familiar
objects than the control group. Impairment of the perirhinal cortex, the main brain structure involved
in object recognition memory [44,56] has been suggested [57] as the reason why animals are not able
to get a good score on memory tasks like NORT. Results obtained from the IntelliCage® paradigm
confirmed that animals receiving Sia at early stages performed significantly better than the control
group in adulthood. As for the Y maze test, Sia-supplemented animals performed better than the
control rats, since they were able to recognize the novel arm easily. An interesting finding to highlight
was that, within groups supplemented with Sia, 6′-SL rats had better scores than animals that received
Neu5Ac during lactation, suggesting 6‘-SL may be a better source of Sia.

An added value of the present study is that animal cognitive assessments were also supported by
electrophysiological data based on in vivo LTP measurements. LTP is the basic mechanism for certain
types of hippocampal learning [40]. The best results were observed in Sia-supplemented animals,
mainly those of the 6′-SL group, while the control group performance was significantly lower than
that of 6′-SL rats. These data suggest early supplementation with Sia might enhance processes related
to neuronal plasticity.

Remarkably, control animals under-performed in all tests compared to Sia groups. In NORT,
there were no differences in exploration time for both objects. In the Y maze, no preference for visiting
the blocked arm first was shown. In the IntelliCage®, these animals scored poorly for correct visits,
and a low increase in fEPSP amplitude was found in LTP. These results highlighted a certain degree
of deficiency in control animals that could be explained by the lower amount of sialic acid and/or
other nutrients such as minerals [58] that they received during the lactation period. The data indicate
that the exogenous Sia provided by milk is necessary for the establishment of a neuronal network
that ensures long-lasting cognitive skills. Lower levels of Sia during this critical timeframe may lead
to premature aging of certain brain functions, while an exogenous supply of Sia was shown to be
effective in maintaining cognitive skills for a longer duration. This phenomenon agrees with our
previous research in which early supplementation during lactation with the HMO 2′-fucosyllactose
(2′-FL) induced cognitive benefits in adult animals [42]. This new perspective highlights the concept of
early nutrition [59] and the role of sialic acid in brain development.

Although the mechanism of action through which HMOs might exert this positive effect
on cognitive outcomes is not yet known, there are several hypotheses. The improved cognitive
performance observed in the Sia-supplemented groups could be due to an increase in the
polysialylation of NCAM [60] or to an increase of sialylated compounds in brain due to the additional
supply of Sia. There is a consistent body of evidence highlighting the potential biological importance
of sialylated compounds in brain. Gangliosides are known to be key molecules in many CNS functions
such as synaptogenesis, neurite and axonal growth and neural transmission [61–63].

Alternatively, 2′-FL orally given to adult mice also improves cognition and is dependent on
gut-brain crosstalk through the vagus nerve [29]. The gut-brain axis (GBA) is a complex bidirectional
network that communicates between the brain and gastrointestinal tract and modulates the respective
functions [31]. This gut-brain crosstalk is driven by neural pathways and immune and endocrine
mechanisms. It is known that one of the main factors able to trigger or modulate GBA is the intestinal
microbiota [64] by producing different metabolites, such as short chain fatty acids or neurotransmitters.
Several studies have reported how HMOs promote intestinal bacteria such as Bifidobacterium and
Lactobacillus [65,66] based on their prebiotic role. Tarr et al. reported that dietary supplementation
with both 6′-SL or 3′-SL effectively altered colonic microbiota communities, as well as diminished
stressor-induced alterations in colonic mucosa structure, anxiety-like behavior and immature neuron
cell numbers regardless of immune or endocrine functionality [30]. Despite this evidence, the role of
6′-SL as a GBA regulator and the mechanism underlying the reported effects are yet to be explored.
Thus, the reported benefits on CNS function could be related either to its prebiotic capability, with its
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uptake by the brain during the critical neurodevelopment period, inducing long-lasting biochemical
changes that ultimately enhance long-term cognitive skills or via GBA regulation.

With regards to the Sia sources used in this study, our results show that free Sia was less
effective than 6′-SL, possibly because free Sia is more rapidly eliminated in the urine and, therefore,
less bio-available. Nöhle and Schauer [67] suggested that metabolism of sialic acids bound to
oligosaccharides might take more time than free Sia, since the former would require hydrolysis.
In addition, oral treatment with 6′-SL in a mouse model of symptomatic GNE myopathy led to greater
restoration of sialylation in muscle and improvement in muscle size and function as compared to the
group treated with free Sia [68]. Based on these data, 6′-SL may be a better source of bio-available Sia.

5. Conclusions

In summary, our findings confirm the beneficial effects of supplementation of Neu5Ac or 6′-SL
during lactation on long-term cognitive development in rats. Both compounds had positive outcomes;
however, the results showed improved scores in behavior and electrophysiological analysis in those
animals that received 6′-SL compared to Sia. Further research is needed to delineate the mechanisms
of action underlying cognitive benefits and the potential role of intestinal microbiota.

6. Patents

There is one patent resulting from the work reported in this manuscript: the method of achieving
memory and learning improvement by the administration of sialic acid. Publication number:
WO/2015/085077. International Application Number: PCT/US2014/068582.
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Abstract: Energy intake requirements in pregnancy match the demands of resting metabolism,
physical activity, and tissue growth. Energy balance in pregnancy is, therefore, defined as energy
intake equal to energy expenditure plus energy storage. A detailed understanding of these components
and their changes throughout gestation can inform energy intake recommendations for minimizing
the risk of poor pregnancy outcomes. Energy expenditure is the sum of resting and physical
activity-related expenditure. Resting metabolic rate increases during pregnancy as a result of
increased body mass, pregnancy-associated physiological changes, i.e., cardiac output, and the
growing fetus. Physical activity is extremely variable between women and may change over the
course of pregnancy. The requirement for energy storage depends on maternal pregravid body size.
For optimal pregnancy outcomes, women with low body weight require more fat mass accumulation
than women with obesity, who do not require to accumulate fat mass at all. Given the high energy
density of fat mass, these differences affect energy intake requirements for a healthy pregnancy greatly.
In contrast, the energy stored in fetal and placental tissues is comparable between all women and
have small impact on energy requirements. Different prediction equations have been developed to
quantify energy intake requirements and we provide a brief review of the strengths and weaknesses
and discuss their application for healthy management of weight gain in pregnant women.

Keywords: pregnancy; energy expenditure; energy intake; physical activity; metabolic rate;
fetal development

1. Introduction

Pregnancy is a determining period of future health for women and children. For the mother,
poor pregnancy outcomes including excess gestational weight gain, gestational diabetes, hypertension
and preeclampsia, or having a cesarean section increase the risk for future obesity, type 2 diabetes and
cardiovascular diseases [1,2]. An infant born to a mother who experienced poor pregnancy outcomes
is at increased risk for preterm birth, macrosomia and growth restriction, catch-up growth, adiposity
and insulin resistance [3–5]. This increased risk for metabolic disease is not only limited to infancy or
childhood, but is carried into adulthood [6,7].

One of the key factors for achieving optimal pregnancy outcomes is energy balance or the
relationship between energy intake, energy expenditure and energy storage in maternal and fetal
tissues. The energy intake requirement for a pregnant woman reflects the amount of energy needed
to support maternal and fetal metabolism (energy expenditure) and fetal growth and accumulation
of energy depots during pregnancy (energy storage). Individual energy requirements depend on
numerous factors such as maternal pregravid body size, physical activity, and the physiological
demands of pregnancy in each trimester.

Between 1980 and 2010, various groups studied the energy requirements of pregnant women
(Table 1). However, these studies come with limitations which are seldom considered when translating
the findings into energy requirement recommendations. First, except for one study [8], the energy
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costs of weight gain are estimated based on all women studied. As such, women with excess weight
gain likely cause an overestimation of the energy intake requirements because they deposited more
energy than necessary, and their larger body size caused larger energy expenditure. Second, only one
study estimated energy costs for recommended weight gain [8], but classification of both maternal
pregravid body mass index (BMI) and recommendations for weight gain in pregnancy have since been
revised. Third, women with obesity are significantly underrepresented. In 2014, the prevalence of
obesity in women of childbearing age was 37% [9], whereas only three women with obesity have been
enrolled in energy requirement studies in total [10]. Similarly, the prevalence of obesity is even larger
among women of ethnic minorities (African American 57%, Hispanics 43%), yet the vast majority of
women studied were Caucasian. These are important considerations for the assessment of energy
requirements because both obesity and race have well-established effects on energy expenditure.
The observation that offspring of African-American mothers are already prone to obesity suggests
that energy metabolism may not only be differently regulated between races, but that this differential
regulation is transmitted from one generation to the next, independent of environmental factors or
lifestyle. Lastly, the main determinant of energy expenditure is body weight and thus, due to weight
gain, energy expenditure increases during pregnancy. An accurate estimation of the energy costs that
are a result of the increase in body weight as compared to the increased metabolic rate per body mass,
or due to the fetus requires appropriate adjustment for the increase in weight gain. Herein, we review
the energy intake requirements specific to the components of energy expenditure, including resting
metabolic rate, fetal development, and physical activity. We also provide an estimate of the energy
required to gain the appropriate amount of fat mass that relates to the recommended weight gain.

Table 1. Subject Characteristics of Cohorts in Energy Requirement Studies of Pregnancy.

First Author
Measurement
Time Points

Cohort Size Ethnicity Age BMI Excess GWG

Weeks Gestation N
White, AA,

Other

Butte, UW [10] 0, 22, 36 17 15, 0, 2 31 ± 4 18.9 ± 0.8 18%
Butte, NW [10] 0, 22, 36 34 24, 4, 5 30 ± 3 22.1 ± 1.5 35%

Butte, OV/OB [10] 0, 22, 36 12 9, 2, 1 31 ± 5 28.8 ± 2.6 100%
Forsum1 [11] 0, 17, 30 22 29 ± 4 22.3 ± 3.1
Forsum2 [11] 0, 36 19 28 ± 4 22.1 ± 3.4
Goldberg [12] 0, 6, 12, 18, 24, 30, 36 12 12, 0, 0 29 ± 3 23.0 ± 3.3

Kopp [13] 0, 9, 25, 35 10 29 ± 5 23.1 ± 2.1 10%
Lof [14] 0, 14, 34 23 30 ± 4 24.2 ± 4.8

Most [15] 15, 36 54 28, 22, 4 28 ± 5 35.8 ± 5.0 67%

Age and BMI (body mass index) are presented as mean ± SD at enrollment. AA: African-American, Others: Hispanic,
Asian, Biracial, ‘Other’, Excess GWG: gestational weight gain exceeding the guidelines at the time (1990), UW:
underweight, NW: normal weight, OV: overweight, OB: obesity, Forsum1 and Forsum2 indicate the two different
cohorts in the study: both measured before pregnancy, but at different times during gestation; Butte reported data
per BMI class: ‘UW’ indicates underweight: BMI ≤ 19.8 kg/m2, ‘NW’ indicates normal weight: BMI 19.8–26 kg/m2,
and ‘OV/OB’ indicates overweight/obesity: BMI ≥ 26 kg/m2.

To assist women and healthcare providers in achieving healthy rates of gestational weight gain,
prediction models have been developed to estimate energy intake requirements. In the final Section 5
of this review, we discuss the accuracy, strengths and limitations of these prediction models and
propose future directions for studies that are needed to better understand the high prevalence of excess
gestational weight gain among pregnant women.

2. Overview of Energy Intake Requirements of Healthy Pregnancy

2.1. Definition of Energy Requirements

Energy intake requirements are defined as dietary intake that is essential for an individual
to sustain optimal health outcomes [16]. In a non-pregnant population, this is generally weight
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maintenance. In that case, the goal is to achieve long-term energy balance, by maintaining an energy
intake that approximates energy expenditure. Total daily energy expenditure (TDEE) is the sum
of energy expended to support the resting metabolic rate (RMR), diet-induced thermogenesis and
physical activity. RMR accounts for 60–80% of TDEE and is dependent on body mass, sex, age and race.
Diet-induced thermogenesis or the energy expended in response to the digestion and processing of food
accounts for 10% of TDEE. Lastly, activity-related energy expenditure, the most variable component,
includes energy expended during activity associated with daily living and structured bouts of exercise.
The quality of the diet and type of activity may affect the determinants of energy balance, but these
interactions are not discussed.

2.2. Energy Requirements in Pregnancy

Energy intake requirements in pregnancy are defined as dietary intake necessary to support
optimal development of maternal tissues as well as to support fetal growth and development [1].
Therefore, requirements encompass energy intake that not only balances maternal and fetal energy
expenditure but also provides additional energy for fetal growth, as well as the growth of maternal
tissues such as fat mass, breast tissue, uterus and placenta. Thus, energy intake requirements in
pregnancy are not aimed at weight maintenance, but for appropriate rates of weight gain, which in
turn, minimizes the risks of adverse outcomes in the mother and her offspring.

For women of normal weight (body mass index 18.5 to 24.9 kg/m2), the recommended amount of
weight gain during pregnancy is 11.5 to 16 kg, according to the 2009 Institute of Medicine guidelines [1].
Within this range of weight gain, the risk for non-elective cesarean delivery, postpartum weight retention,
preterm birth, small- or large-for-gestational-age birth, and childhood obesity is minimized. The weight
gain recommendations are inversely proportional to maternal body mass index at conception and,
therefore, allow for more weight gain for women classified as underweight (12.5–18 kg) and less weight
gain for women who are classified as overweight (7–11.5 kg) and with obesity (5–9 kg). For women with
obesity, the weight gain recommendations have recently been challenged. Acknowledging limitations
of available data [17–19], the Institute of Medicine was unable to suggest weight gain recommendations
by obesity class [1]. Since then epidemiological studies propose that optimal pregnancy outcomes in
women with severe obesity (body mass index ≥ 35 kg/m2) are achieved if weight gain is restricted to
less than 5 kg or weight is maintained across pregnancy [20–26].

3. Energy Requirements for Expenditure

3.1. Total Energy Expenditure

3.1.1. Appropriate Adjustment of Energy Expenditure Data

As in non-pregnant populations, there is a linear association between energy expenditure
and body size in pregnant women such that energy expenditure is higher in heavier women,
see Figure 1 [10,27,28]. To be able to assess metabolic or behavioral differences or adaptations
in energy expenditure between women, energy expenditure needs to be compared independent of
body weight and this requires appropriate statistical adjustment of the raw (or absolute) data [27].
The consensus among energy metabolism experts is that the relationship between energy expenditure
and body weight (or body composition) is best characterized by a linear regression with an intercept
greater than 0 (EE = a + b × BW or EE = a + b × FFM + c × FM), and not by a simple ratio
(EE = b × BW). A ratio assumes that the intercept of the relationship between energy expenditure
and weight (or body composition) is equal to 0, see Figure 1A. Using a linear regression rather
than a ratio to describe the relationship between body weight and energy expenditure reduces the
coefficients ‘b’ for body weight (regression: 11.97, ratio: 21.56), improves the fit of the regression line
(regression R2 = 0.66, ratio R2 = 0.22), and eliminates systematic bias for the estimation of individual
variability, see Figure 1B,C. Using a ratio, women with lower body weight will be falsely characterized

52



Nutrients 2019, 11, 1812

as having high energy expenditure (‘Residual’), and vice versa, women with more body weight will be
falsely characterized as having low energy expenditure.

kc
al
/d

kc
al
/d

Figure 1. Appropriate adjustment of energy-expenditure data. (A) The association between
body weight and resting metabolic rate is characterized by linear regression (solid line,
RMR[kcal/d] = 598 + 11.97 × BW[kg], R2 = 0.66) and ratio (pointed line, RMR[kcal/d] = 21.56 × BW[kg],
R2 = 0.22); of note, logarithmic or polynomial approximations do not improve the prediction of RMR
(for both, R2 = 0.67). (B) Residual resting metabolic rate (RMR), calculated as measured RMR minus
predicted RMR; based on the regression equation in (A); the residuals show no structural over- or
underestimate based on body weight. (C) Residual RMR, based on the ratio equation; women with
increased body weight have significant lower residual RMR, and would be considered as having a low
adjusted metabolic rate.

3.1.2. Measurement by Doubly Labeled Water

Ideally, TDEE is objectively measured in free-living conditions by doubly labeled water [29].
The principle behind doubly labeled water is to indirectly assess carbon dioxide production from the
differential dilution rates of deuterium (2H) and oxygen-18 isotope (18O) after a prescribed dose of
the isotope-cocktail is ingested. After ingestion of the water, deuterium dilutes into the body water
pool and is excreted from the body via urine, sweat and water vapor in breath. In contrast, the oxygen
isotope is excreted not only through the loss of water but also as carbon dioxide. Thus, the difference
in dilution rates of 2H and 18O is proportional to carbon dioxide production. Then, estimation of TDEE
from carbon dioxide production requires an assumption or quantification of the oxygen consumption,
which can be inferred by measurement or estimation of the respiratory quotient (EE[kcal/d] =VCO2 [L/d]
× (1.1 + 3.9/RQ)) [29]. In most cases, the respiratory quotient or the ratio of carbon dioxide production
to oxygen consumption will not be measured throughout the doubly labeled water period, and thus,
requires assumptions. The best estimate for the respiratory quotient, which describes the macronutrient
composition of the energy expenditure, is the food quotient, which describes the macronutrient
composition of the energy intake. In most (pregnant and non-pregnant) studies, a respiratory quotient
equivalent to a standard western-style diet of 0.86 is used (35–40% energy from fat) [30]. In 12 h
overnight measurements of the energy expenditure, we observed no significant deviation from this
commonly used value (unpublished).

The use of doubly labeled water to estimate TDEE is limited to a period of 7–14 days. Measurements
of energy expenditure throughout pregnancy, therefore, require repeated, independent assessments of
TDEE at the beginning and end of the assessment period of interest. The mean energy expenditure
throughout pregnancy can then be calculated by the trapezoid method [31–35]. A limitation of this
approach is the assumption of linearity between TDEE measurements. More frequent measurements of
body weight and activity throughout this period, which is more feasible than TDEE, increase specificity,
e.g., towards trimester-specific requirements.
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3.1.3. First Trimester

Groups have performed cross-sectional comparisons of TDEE between pregnant and non-pregnant
women [36–39]; however, these are outside of the scope of the current review. In Figure 2, we show
published, time-series data of TDEE throughout pregnancy. On average, TDEE increases by
approximately 15 kcal per day per week or by 420 kcal per day from pre-pregnancy to delivery.
Prospective measurements of TDEE prior to pregnancy and in the first trimester have been reported in
four studies of non-obese women [10–12,14]. One study included women with obesity (n = 3), but they
were combined with overweight women [10]; another did not report changes in body weight during
pregnancy [13]. On average, TDEE does not change during the first trimester, at an average increase in
body weight of 3.2 kg [10–12,14]. Based on reported average changes in body mass and composition in
these studies, we estimated the changes in TDEE after adjustment for changes in body mass. Using the
linear regression equation of TDEE proposed by Gilmore and Butte et al. [31] that estimates TDEE
from fat-free mass, fat mass and age (TDEEpred[kcal/d] = 1528 + 29.4 × FFM[kg] + 13.6 × FM[kg] − 21
× age[years]), body-weight-adjusted TDEE declines by 55 kcal/d from pre-pregnancy until 13 weeks
of gestation across all studies. The components of TDEE that contribute to this decline could be of
metabolic and/or behavioral origin, which we will discuss in the following sections.

Figure 2. Total Daily Energy Expenditure during Gestation. Total daily energy expenditure (TDEE)
is presented per study and gestational age (GA). The regression line represents the average increase
during gestation (TDEE[kcal/d] = 2343 − 1 × GA[weeks] + 0.4 × GA2[weeks], R2 = 0.62). Forsum1 and
Forsum2 indicate the two different cohorts in the study: both measured before pregnancy, but at
different times during gestation; Butte reported the changes in TDEE per BMI class: ‘UW’ indicates
underweight: BMI ≤ 19.8 kg/m2, ‘NW’ indicates normal weight: BMI 19.8–26 kg/m2, and ‘OV/OB’
indicates overweight/obesity: BMI ≥ 26 kg/m2.

3.1.4. Second and Third Trimester

Only half a dozen studies have obtained prospective measurements of TDEE during the second
and third trimester of pregnancy using doubly labeled water [10–15]. On average, TDEE increased by 18
kcal/d/week or ~420 kcal/d from week 13 to 36, at an average increase in body weight of 10.3 kg [10–15].
After adjusting for the change in body weight, the increase in TDEE was 170 kcal/d from early to late
pregnancy (13 to 36 weeks). Using individual data from 112 women [10,15], we estimated that after
adjustment for body weight change, the increase in TDEE was only ~75 kcal/d; 110 kcal/d in non-obese
women and 45 kcal/d in women with obesity.

Based on these findings, energy expenditures from the second to the third trimester, are linearly
related to weight gain with an estimated 45–170 kcal/d increase. Aside from metabolic and/or behavioral
adaptations to pregnancy by the mother, the additional increase in TDEE also reflects the contribution
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of the fetus, since fetal metabolic rate has a disproportionately high energy expenditure to mass
(100 kcal/d/kg body weight vs. ~25 kcal/d/kg in adults) [40,41]. The metabolic contribution of the
placenta to TDEE is poorly understood but is likely an additional contributing factor. Therefore, to
understand the individual determinants of energy requirements in pregnancy, it is important to assess
the components of TDEE separately.

3.2. Basal Metabolism

3.2.1. Measurement by Indirect Calorimetry

Differentiation of the metabolic and behavioral adaptations to pregnancy requires the assessment
of individual components of TDEE, i.e., resting metabolic rate (RMR), diet-induced thermogenesis
and activity-related energy expenditure. The largest component of TDEE is RMR, which accounts
for 60–80% of daily energy requirements [10–12,14,28]. In majority of studies, RMR is measured by
indirect calorimetry using a bedside ventilated hood system. In contrast to using doubly labeled water,
oxygen consumption and carbon dioxide production are directly measured. The measurement of RMR
occurs during fasting conditions over 30–60 min and extrapolated to 24 h. The RMR measurements
have a high degree of accuracy, estimated at 3% [42], by test-retest reliability studies.

3.2.2. First Trimester

As with TDEE, only a few studies have assessed RMR before pregnancy and in early pregnancy.
In Figure 3, we present data from studies with prospective assessments of RMR and TDEE. On average,
RMR increased by 60 kcal/d during the first trimester (pre-pregnancy until week 13 [10–12,14] weeks
gestation), and by 20 kcal/d after adjustment for the increase in body weight. A comparable increase in
RMR (+30 kcal/d) was observed using individual data obtained by Butte and colleagues [10]. Thus,
aside from changes in energy expenditure due to body weight, metabolic rate increases to a small
extent, likely due to increased cardiac output [43] and/or hormonal changes, e.g., progesterone, human
chorionic gonadotropin [44].

3.2.3. Second and Third Trimester

During the second and third trimester, RMR increases by 390 kcal/d (or 17 kcal/d/week).
Considering the change in body weight, the increase in RMR across studies was predicted at
170 kcal/d [31]. Thus >50% of the increase in RMR (215 kcal/d) is not explained by body weight but
by the increased metabolic cost of pregnancy [10–12,14] that includes increased cardiac output [43],
increased work of breathing [45], fetal activity, metabolic rate of fetal tissues [40].

3.3. Physical Activity/Exercise

Physical activity throughout pregnancy is crucial for healthy gestation, despite the increased
physiological demands placed on the body [46–48]. Accordingly, many specialized guidelines and
recommendations have been established [49–53] to promote women to accrue sufficient activity
throughout gestation. These guidelines recommend at least 150 min of moderate physical activity
every week. In support of these physical activity guidelines, meta-analyses [46–48] report that habitual
exercise reduces the risks of excessive gestational weight gain by 32%, gestational diabetes by 38%,
hypertension by 39%, moderate depression by 67% and of macrosomia by 39%. Despite the concomitant
benefits of following physical activity guidelines during pregnancy, presently, less than 50% of women
adhere to the guidelines [54–58].
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Figure 3. Resting Metabolic Rate during Gestation. Resting metabolic rate is presented per study and
gestational age (GA). The regression line represents the average increase in the resting metabolic rate
during gestation (RMR[kcal/d] = 1334 + 10.3 ×GA[weeks], R2 = 0.55, using non-linear regression (pointed
line) did not improve the prediction, R2 = 0.57). Forsum1 and Forsum2 indicate the two different cohorts
in the study: both measured before pregnancy, but at different times during gestation; Butte reported
the changes in RMR per BMI class: ‘UW’ indicates underweight: BMI ≤ 19.8 kg/m2, ‘NW’ indicates
normal weight: BMI 19.8–26 kg/m2, and ‘OV/OB’ indicates overweight/obesity: BMI ≥ 26 kg/m2.

3.3.1. Measurement of Physical Activity

Physical activity can be quantified through measurement of the energy expenditure related to
physical activity or through measurement of body movement. Using available calorimetry data, the
easiest manner of quantifying activity-related energy expenditure is by subtracting metabolic rate
and diet-induced thermogenesis (10% of TDEE) from total daily energy expenditure (activity-related
EE = TDEE − 0.1x TDEE − RMR). Because body size not only affects RMR but also activity-related
energy expenditure, the most widely used adjustment is determined by assessing the physical activity
level (PAL), calculated as TDEE divided by RMR (PAL = TDEE/RMR). Of note, PAL may underestimate
physical activity levels due to the increased RMR during pregnancy, but validation studies have yet to
be performed. To assess the inter-individual variability within a cohort or over time, activity-related
energy expenditure can also be assessed as the residual of the linear regression, TDEE = a + b × RMR;
this value is positive for subjects with higher physical activity than average and is negative for subjects
with lower physical activity than average independent of metabolic body size. Because residual
activity-related energy expenditure is adjusted for the RMR, this value is directly proportional to
the amount of physical activity. Calorimetric assessments of activity-related energy expenditure are
limited by their relatively high costs and are, therefore, limited to small cohorts.

Devices that objectively measure physical activity such as accelerometers (i.e., Actigraph, Actical,
RT3, FitBit) are widely used in scientific studies, and by the public to overcome the limitations
associated with calorimetric measurements. Accelerometry assesses the magnitude and duration
of movement and gravitational forces of activity to yield outcome variables such as time-stamped
activity counts, duration and intensity. An advantageous feature that some accelerometers possess
(e.g., Actical) is the inclusion of a pedometer or step counter, which are shown to be valuable objective
tools for assessing physical activity interventions in pregnant women [59–61]. Accelerometers can
be combined with heart rate monitors to obtain a more objective measure of intensity, relative to an
individual’s fitness level [62,63]. To obtain a calorimetric estimate of physical activity (or total energy
expenditure), accelerometry-variables are imputed into proprietary equations that predict, but do not
measure, energy expenditure from body weight, height, and age of an individual.
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Lastly, the easiest, cheapest and most established method for the evaluation of the level of physical
activity include physical activity questionnaires, physical activity recall records and diaries. Specifically,
during pregnancy, the ‘gold standard’ Physical Activity Questionnaire (PPAQ) is a widely accepted
tool to assess the level of physical activity [64]. This self-administered questionnaire requires that
participants report time spent in 32 different categories of activities including household/caregiving
(13 activities), occupational (5 activities), sports/exercise (8 activities), transportation (3 activities),
and in-activities (3 activities) [64]. Limitations of self-report methods include their low accuracy and
reliability [65–67], as demonstrated by a significant overestimation of physical activity compared to
accelerometers [65,68–70].

3.3.2. First Trimester

In Figure 4, we provide the physical activity level data of the calorimetry studies of pregnancy.
During the first trimester, physical activity declined minimally in energy-requirement studies
(−60 kcal/d, −2%, −0.08 PAL). Early in pregnancy, physical-activity-related energy expenditure
accounted for 26–39% of energy expenditure in non-obese women [10–12,14] and for 23% in women
with obesity [28].

Figure 4. Physical activity level during gestation. Physical activity level is presented per study and
gestational age (GA). The regression line represents the average decline in the physical activity level
during gestation (PAL = 1.68 − 0.0015 × GA[weeks], R2 = 0.02). Forsum1 and Forsum2 indicate the
two different cohorts in the study: both measured before pregnancy, but at different times during
gestation; Butte reported the changes in PAL per BMI class: ‘UW’ indicates underweight: BMI ≤ 19.8
kg/m2, ‘NW’ indicates normal weight: BMI 19.8–26 kg/m2, and ‘OV/OB’ indicates overweight/obesity:
BMI ≥ 26 kg/m2.

3.3.3. Second and Third Trimester

During the second and third trimesters, physical-activity-related energy expenditure decreased
further by 3% (PAL, −0.12) [10–12,14]. Importantly, there is a significant variation between the studies;
some report an increase in PAL of 0.37 [11], and others a decrease of −0.38 in women with overweight
and obesity [10]; in a cohort of women who were exclusively obese (n = 54), PAL declined by 0.12 [15].

The variability in changes in activity is confirmed by studies using accelerometry. Some data show a
decrease in physical activity level [55,71], while others reported no change [55,72,73]. The discrepancy in
the literature may also relate to inconsistent methods of measurement, i.e., self-reported questionnaires
vs. different various objective measures. Among a wide variety of demographic variables that may
account for differences in physically active and inactive pregnant women, education and socio-economic
status are consistently reported as predictors [54,74]. Therefore, while health care professionals should
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be encouraging all women to adopt an active lifestyle adherent to the recommendations of ≥150 min
per week, they need to be cognizant of a woman’s demographic and socio-economic status and ensure
their guidance is relevant and feasible.

4. Energy Cost for Weight Gain

4.1. Determination of Appropriate Weight Gain and Composition

In addition to the energy intake requirements needed to balance energy expenditure, total energy
intake requirements also encompass energy deposition which during pregnancy includes maternal
fat accumulation and fetal growth. The amount and composition of healthy weight gain are highly
variable between women, particularly by BMI class [8]. Large epidemiological studies have assessed
the range of gestational weight gain for each BMI class that are associated with the lowest risk for
adverse pregnancy outcomes [17–19]. Based on these studies, the recommendations for appropriate
weight gain are inversely related to pregravid BMI [1]. Translating these weight gain goals into energy
intake requirements involves an understanding of weight gain composition because the components,
i.e., fat mass and fat-free mass, have different contributions to the total weight gain and have different
energy densities.

The differences in recommended weight gain have been attributed to the variance in fat mass
accumulation, but not fat-free mass [8,15,75,76]. Thus, recommendations for higher weight gain, e.g., in
underweight or normal weight as compared to overweight and obese women, imply that more fat
mass is accumulated while the variability in fat-free mass is smaller, and from the perspective of energy
content, less significant.

In most pregnancy studies, the density of fat-free mass is assumed to be 771 kcal/kg and the
density of fat mass 9500 kcal/kg [10,31,34,35]. Thus, the determination of energy intake requirements
for pregnancy is developed through the energy balance equation as:

EIR [kcal/d] = TDEE + (771[kcal/kg] × dFFM[kg] + 9500 [kcal/kg] × dFM[kg])

in which EIR is the estimated energy intake requirement, TDEE is the average total energy expenditure
during pregnancy, and dFM and dFFM are the changes in fat and fat-free mass during pregnancy.

4.2. Measurement of Body Composition in Pregnancy

The measurement of changes in body composition during pregnancy is challenging
(time-constraints) and costly, thus limited to small cohorts. Available methods include air displacement
plethysmography, isotope dilution, skinfold thickness measurement, bioimpedance, and magnetic
resonance imaging, which we have recently reviewed for their applications in pregnancy [77]. While all
methods can be used in pregnancy, the trade-off between cost, time and precision determines the best
choice. The most important consideration for the use of all methods in pregnancy is the adjustment for
an increase in fat-free mass hydration during pregnancy. Based on classic data by van Raaij et al. [78],
we have developed a prediction equation to estimate fat-free mass hydration dependent on gestational
age that allows standardization of methods across studies:

Hydration FFM [L/kg] = 0.724 + 0.00008484 × GA[weeks] + 0.00001435 × GA[weeks]2

where FFM is fat-free mass and GA is gestational age; R2 = 0.998, p < 0.001, and

Density FFM [kg/L] = 1.1 − 0.00002988 × GA[weeks] − 0.00000731 × GA[weeks]2

where FFM is fat-free mass and GA is gestational age; R2 = 0.999, p < 0.001.
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4.3. First Trimester

Independent of BMI class, the weight gain recommendations during the first trimester are 0.5 to
2.0 kg for all women [1]. To date, no study has assessed the composition of early pregnancy weight
gain, specifically for women that adhered to this recommendation. Using a conservative estimate for
the energy density of overall weight gain (7400 kcal/kg) [79], the energy requirements for weight gain
in early pregnancy are ~3,700–14,800 kcal, or 40–165 kcal/d over 13 weeks.

4.4. Second and Third Trimester

The accumulation of fat-free mass during the third and second trimester is ~7–8 kg and comparable
between women of different BMI classes [8,10,77]. Assuming an energy density of 771 kcal/kg fat-free
mass, the energy required to support this fat-free mass accumulation is 5000–6000 kcal or 30–35 kcal
per day, while studies report ~4,000–12,000 kcal [80,81] or 20–60 kcal/d. Considering the low energy
density of fat-free mass, the variability in fat-free mass accumulation does not strongly impact
energy requirements. In contrast, the variability in fat mass accumulation largely affects the energy
requirements for weight gain in pregnancy.

Several studies have assessed the energy requirements for weight and fat mass gain during
the second and third trimesters, yet few studies have determined these requirements specific to
women who gained the recommended amount of weight. Based on Lederman et al. [8], pregnant
women with a normal weight and recommended weight gain (BMI 19.8–26 kg/m2 and 11.5–16 kg,
respectively) accumulated ~4 kg of fat mass between 14 and 37 weeks gestation. The energy
intake requirements to support this energy deposition in fat is ~240 kcal/d over 22.7 weeks
(i.e., 4 kg × 9500 kcal × kg−1/159 d = 240 kcal/d). For underweight or overweight women, gains in fat
mass were 6.0 and 2.8 kg, and the respective energy intake requirements were 360 kcal/d and 165 kcal/d.
For women with obesity, we have recently shown that recommended weight gain is achieved with an
average 2.5 kg loss of fat mass (15 to 36 weeks of gestation) [15]. Therefore, instead of women with
obesity depositing energy, 160 kcal/d of energy are mobilized from fat mass in the second and third
trimester, and can, therefore, be subtracted from energy intake requirements. Given that 160 kcal/d is
mobilized from fat tissue, while the accumulation of fat-free mass only requires 20–60 kcal/d, the factor
of energy storage in the energy balance equation is negative and thus energy intake in pregnant women
with obesity should be lower than energy expenditure.

5. Models that Estimate Energy Intake Requirements

Experimental reports evaluating energy intake requirements have been an essential tool to
educate women and clinicians on the optimal energy intake during pregnancy. The Institute of
Medicine, using available data at the time published ‘Equations to Estimate Energy Requirement for
Pregnant Women’ (p. 316) [1]. The equation is based on the requirements of non-pregnant women
(EIR = 354 − 6.91 × age [years] + PA × 9.36 × BW [kg] + 726 × height [m], in which EIR are estimated
energy requirements, PA is physical activity (1.00 for PAL < 1.4, 1.12 for 1.4 ≤ PAL ≤ 1.59, 1.27 for
1.6 ≤ PAL ≤ 1.89, and 1.45 for 1.9 ≤ PAL ≤ 2.5), and BW is body weight. Importantly, by including
physical activity as a variable, this model accounts for individual differences in the level and changes
in activity. Energy costs for weight gain are assumed to be constant (180 kcal/d).

A dynamic model for the estimation of energy requirements for optimal weight gain has been
developed to better acknowledge the different contributions of fat and fat-free mass in different BMI
classes [34]. This model based on the most comprehensive studies of energy requirements in women
without obesity [10,12,13], estimates the energy requirements to achieve the recommended rate for
weight gain. The TDEE in this model is estimated using maternal age, body weight, and height, but not
physical activity.

Importantly, both the Institute of Medicine and the model by Thomas and colleagues, have included
all available data to develop an energy requirement prediction, and, therefore, have included data of
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women with excess and inadequate weight gain. Future models can, thus, be improved by restricting
models to those women with appropriate weight gain only.

5.1. First Trimester

For the recommended weight gain of 0.5–2 kg in the first trimester [1], the Institute of Medicine
and American College of Obstetricians and Gynecologists recommended women maintain pregravid
energy intake throughout the first trimester because the energy costs for weight gain are considered
minimal [1,82].

The energy intake requirement model suggests that all women should consume an additional
100–200 kcal/d to support first-trimester weight gain, assuming that physical activity does not decline
during the first trimester [10,34]. For women with obesity, we have recently shown that the model
significantly overestimates energy requirements by 400 kcal/d due to unaccounted lower levels of
physical activity as compared to the non-obese cohorts, on which the model is based [28].

Similar to the Institute of Medicine, we estimate the energy requirements to be 50–150 kcal/d.
An average decline in physical activity (PAL, −0.08 or −5%, or 60 kcal/d) may compensate those energy
costs, but this compensation may differ greatly between individuals.

5.2. Second and Third Trimester

The Institute of Medicine estimates the energy requirements during the second and third trimester
to be 340 kcal/d and 452 kcal/d, respectively [83]. The estimate is calculated as the sum of the increased
energy expenditure over pregnancy (8 kcal/d/week) and the costs of energy deposition (180 kcal/d).
The increase in energy expenditure is consistent with our estimates, whereas the proposed energy cost
for deposition neglects BMI-specific weight gain recommendations. In 2016, the American College of
Obstetricians and Gynecologists have, thus, adjusted their recommendations by acknowledging that
‘if you were overweight or obese, you may need fewer extra calories’ [82], without specific guidance.

The energy intake requirements model by Thomas et al. [34] estimated surplus energy requirements
to be only 400–600 kcal/d for underweight and normal-weight women, and 220–350 kcal per day for
overweight or obese pregnant women [34]. Because our estimates are based on the same data, they agree
for underweight, normal-weight and overweight women. However, the model was developed from
women without obesity or with obesity coupled with excess gestational weight gain, and, therefore,
for women with obesity, the model overestimates fat mass gains and thus energy requirements [15].

During the second and third trimester, we estimate that the energy requirements for expenditure
increase by 15 kcal/d per week, half of which is explained by the increase in body weight and
half by increased metabolic rate largely due to cardiac output and fetal metabolism. The energy
requirements for recommended weight gain differ by BMI class and range between 360 kcal/d for
underweight women, to −165 kcal/d for women with obesity, with the variation explained by fat mass
accumulation [8,77] at a constant fat-free mass accumulation equivalent of ~50 kcal/d.

6. Limitations and Practical Considerations

6.1. First Trimester

In clinical practice and research settings, it is challenging to quantify changes occurring in the
first trimester. Such an assessment requires a measurement prior to pregnancy and, ideally, close to
conception. In most studies, pre-pregnancy weights are estimated or abstracted from charts, which lacks
the control required to define energy requirements accurately. Moreover, access to weight data only
precludes interpretation of changes in body composition. Given the importance of the changes during
the first trimester, innovative study designs need to be developed to overcome this barrier.
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6.2. Variability in Energy Expenditure

Based on findings by Ravussin et al. in the late 1980s [84], studies have investigated whether
variability in the RMR would increase the risk of increased fat accumulation. Indeed, multiple
studies [27,85–87] support this hypothesis, showing that women with low RMR, that is residual RMR
adjusted for body weight or fat-free mass, gained more weight than women with higher adjusted
RMR. However, these studies adjusted energy expenditure using ratios, which prohibits them from
reliable conclusions. Nevertheless, in a re-analysis of the data generated by Butte (1994), we confirmed
the hypothesis of excess weight gain in women with lower adjusted RMR, who were not obese [27];
however, we did not observe this in women with obesity [15]. The origin of these differences in RMR
remains to be determined since body mass and composition explain only ~70% of its variation [28].

One of the determinants of energy expenditure is race. As in non-pregnant cohorts [88], RMR
in pregnant African-American women is lower than in Caucasian women (−80 kcal/d or −5%) [33].
This difference does not change over time and, therefore, adjusting energy intake recommendations
early in pregnancy is likely sufficient to consider the lower energy requirements of African-American
women during pregnancy.

We have reported that TDEE adjusted for body composition is ~600 kcal/d lower in women with
obesity [28] as compared to women without obesity [10,27,31]. Obesity status itself, after adjustment
for body weight, does not seem to affect RMR [28]. The difference in TDEE likely relates to differences
in physical activity, the timing of energy expenditure measurements and ethnicity of the cohorts.
Indeed, women with obesity were less active than women without obesity (PAL, 1.5 vs. 1.8) [28];
energy expenditure in the cohort with obesity was measured ~8 weeks earlier than in the cohort
without obesity (8 weeks × 15 kcal/week = 120 kcal/d) [10,31,77]; and 50% of women in the obese
cohort were African-American women, who have significantly lower energy expenditure (−8%) [33].

6.3. Communication of Recommendations

The communication of energy intake recommendations must be improved. Studies show that
only one in four women feels appropriately informed on weight gain or energy intake goals suitable
for pregnancy [89]. Aside from the notion that some form of communication has to be initiated,
qualitative studies are needed to inform how such information should be best communicated to patients.
For example, based on our recent study in women with obesity, the same energy intake target can be
expressed differently; e.g., 2700 kcal/d, 17 kcal/d/kg body weight, the diet should be equivalent to early
pregnancy energy expenditure, or eat ~5% less during pregnancy. Possible ways of communicating
these results to patients (pregnant women) that may be received and perceived differently are ‘try and
follow the energy intake requirement estimates using this equation/model’ [1,34], ‘try to maintain your
usual diet throughout pregnancy’, or ‘try to eat 5% fewer calories than you are expending’. Importantly,
such recommendations need to consider potential declines in physical activity. More work is needed to
establish best practices for knowledge translation and dissemination of this information. How to best
inform and guide women to make appropriate decisions and choices while pregnant is an active field
of research.

7. Summary

In summary, energy intake requirements during the first trimester are minimally different from
requirements before pregnancy (Table 2). Therefore, the Institute of Medicine model adopted from
non-pregnancy provides valid estimates of energy requirements to match energy expenditure. During
the second and third trimester, the development of the fetus and pregnancy-associated changes in the
mother occur, i.e., increased blood volume, cardiac output, increase energy requirements by ~390 kcal/d,
with small variations between women of differing body sizes. We estimate that 50% of this increase is
proportional to the increase in body mass, and 50% is due to the increased metabolic costs of pregnancy
and metabolic rate of the fetus. However, the energy requirements for weight gain differ significantly.
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We estimate that to achieve the recommendations for healthy gestational weight gain [83], underweight
women store 360 kcal/d as fat tissue, normal-weight women store ~240 kcal/d, overweight women
store 165 kcal/d, and women with obesity do not store energy at all, but instead mobilize 160 kcal/d
from adipose tissue energy stores.

Table 2. Summary of changes in body mass, composition and energy expenditure, proportional and
independent of body weight changes.

Tri-
Mester

Body
Weight

Fat-Free
Mass

Fat
Mass

TDEE
TDEE,
Pred

TDEE,
Res

RMR
RMR,
Pred

RMR,
Res

Non-Obesity

Forsum1 1 2.1 0.2 1.9 −146 26 −172 73 25 48
Goldberg 1 1.7 0.2 1.5 181 22 159 26 21 5
Butte, UW 1 4.6 2.1 2.5 −45 91 −136 76 67 9
Butte, NW 1 3.4 1.7 1.7 51 68 −18 53 50 3

Butte, OV/OB 1 5.0 1.9 3.1 −31 93 −124 111 71 41
Lof 1 2.3 0.9 1.4 2 41 −39 33 32 1

Average 1 3.2 1.2 2.0 2 57 −55 62 44 18

Non-Obesity

Forsum1 2 and 3 11.5 10.4 1.1 1226 312 914 381 199 181
Goldberg 2 and 3 8.0 5.9 2.0 252 193 59 298 129 168
Butte, UW 2 and 3 8.7 7.1 1.6 274 221 54 399 145 254
Butte, NW 2 and 3 11.7 8.9 2.8 284 290 −5 427 192 235

Butte, OV/OB 2 and 3 13.1 9.7 3.5 219 323 −104 531 215 316
Lof 2 and 3 10.8 7.5 3.3 341 256 85 349 173 176

Average 10.6 8.2 2.4 433 266 167 397 176 222

Obesity

Most 2 and 3 8.5 8.2 0.3 335 237 98 335 150 185

Changes in kilograms and kcal per day. TDEE: Total daily energy expenditure, Pred: predicted, changes proportional
to changes in body weight, Res: Residual, changes independent of changes in body weight, RMR: resting metabolic
rate. Forsum1 indicate the two different cohorts in the study: both measured before pregnancy, but at different times
during gestation; Butte reported the changes in PAL per BMI class: ‘UW’ indicates underweight: BMI ≤ 19.8 kg/m2,
‘NW’ indicates normal weight: BMI 19.8–26 kg/m2, and ‘OV/OB’ indicates overweight/obesity: BMI ≥ 26 kg/m2.

Current methods to assess energy intake requirements are limited in their prediction of energy
expenditure and energy storage. Specifically, body composition and physical activity data during
the first trimester are scarce. Given the importance of the first trimester for placental and fetal
development [90], more studies are required to better inform patients and clinicians how to achieve
healthier pregnancies. Particularly in women with obesity, energy expenditure (i.e., physical activity)
and energy deposition are overestimated and thus would allow women to consume an amount
of energy that would result in excess gestational weight gain. The level of physical activity is the
most variable component of energy expenditure and requires consideration on an individual level.
Commercially available accelerometers or built-in devices in mobile phones may assist women to
maintain or increase their level of physical activity during pregnancy; currently, less than 50% of
women meet the recommendations by leading institutions dedicated to promoting a healthy pregnancy.
Adherence to recommendations related to energy intake and energy expenditure (physical activity) are
key factors that will assist women in maintaining an appropriate energy balance thereby supporting
the needs of pregnancy and the growing fetus.
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Abstract: Excess maternal weight gain during pregnancy elevates infants’ risk for macrosomia and
early-onset obesity. Eating behavior is also related to weight gain, but the relationship to fetal growth
is unclear. We examined whether Healthy Mom Zone, an individually tailored, adaptive gestational
weight gain intervention, and maternal eating behaviors affected fetal growth in pregnant women
(n = 27) with a BMI > 24. At study enrollment (6–13 weeks gestation) and monthly thereafter,
the Three-Factor Eating Questionnaire was completed. Ultrasounds were obtained monthly from
14–34 weeks gestation. Data were analyzed using multilevel modeling. Higher baseline levels
of uncontrolled eating predicted faster rates of fetal growth in late gestation. Cognitive restraint
was not associated with fetal growth, but moderated the effect of uncontrolled eating on fetal
growth. Emotional eating was not associated with fetal growth. Among women with higher baseline
levels of uncontrolled eating, fetuses of women in the control group grew faster and were larger
in later gestation than those in the intervention group (study group × baseline uncontrolled eating
× gestational week interaction, p = 0.03). This is one of the first intervention studies to use an
individually tailored, adaptive design to manage weight gain in pregnancy to demonstrate potential
effects on fetal growth. Results also suggest that it may be important to develop intervention content
and strategies specific to pregnant women with high vs. low levels of disinhibited eating.

Keywords: pregnancy; gestational weight gain intervention; eating behavior; restraint; disinhibition;
uncontrolled and emotional eating; fetal growth; overweight and obesity; generalized linear models

1. Introduction

Over 50% of women in the United States enter pregnancy already having overweight or obesity;
the majority of these women (60%) gain more weight in pregnancy than is recommended by the Institute
of Medicine (IOM) [1]. Data also indicate that 23% of US 2–5-year-olds have overweight [2] and 9%–14%
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have obesity [3,4], underscoring the need for research on early obesity prevention. The prenatal
period may be an opportune time to intervene and break the intergenerational cycle of obesity by
reducing fetal exposure to an “obesogenic” intrauterine environment [5,6] through promoting maternal
energy balance (EB) (i.e., a nutrient-rich, low-energy dense diet and physical activity) [7]. Infant birth
weight is commonly used as a surrogate marker for intrauterine growth and as an indicator of the
conditions experienced in utero [8]. Maternal weight gain during pregnancy is necessary for healthy
fetal development, but high gestational weight gain elevates infant risk for macrosomia and early
onset obesity [1]. Further, infant birth weight is a positive, independent predictor of obesity during
later childhood [9–11], and high birth weight is associated with increased risk for adult-onset obesity
and diabetes [12].

Behavioral interventions have effectively managed weight among normal weight women, but
similar interventions have had mixed effects among women with overweight or obesity [13]. Together,
these data indicate the need for effective interventions that promote healthy gestational weight
gain and are able to influence the etiology of obesity for offspring at a critical time in development.
Based on past research and our own pilot data [7,14–17], we developed Healthy Mom Zone [18],
an individually tailored and “intensively adaptive” intervention to effectively manage gestational
weight gain and promote optimal maternal and child health in women with overweight or obesity.
This novel intervention provides each woman with the support needed to manage her gestational
weight gain, while adapting the dose and intensity of the intervention to her unique needs across
pregnancy. Healthy Mom Zone is also innovative, applying principles/methods from systems science
and engineering [19] including dynamical modeling, simulation, and controller design to optimize the
intervention. Intensive longitudinal data (e.g., weight, energy intake, eating behavior, physical activity,
and psychosocial factors) were collected and used in making decisions about adapting the intervention.

Throughout pregnancy, maternal nutritional status and dietary intake are key factors influencing
the health of both the child and mother [20]. However, misreporting of dietary intake is common,
making it difficult to identify how dietary intake patterns, macronutrient intakes, or even energy
density are associated with gestational weight gain and fetal programming [21]. Among pregnant
women with overweight or obesity, as many as one-third to one-half under-report dietary intake, with
rates higher in late compared to early pregnancy [22], a finding supported by our own Healthy Mom
Zone data [23].

Moreover, an individual’s eating behavior and attitudes influence food choices, impact the
regulation of food intake, and ultimately affect weight. Given the recall bias of self-reported dietary
intake, alternative modifiable factors such as eating behavior (e.g., restrained eating, uncontrolled
eating, emotional eating) that are relatively easy to measure may be amenable to intervention during
pregnancy. Dietary restraint and disinhibited eating (emotional and uncontrolled), as measured
by the Eating Inventory (EI) (also referred to as the Three Factor Eating Questionnaire [24,25]), are
psychological constructs that assess behavioral control and attitudes toward food and eating. Cognitive
dietary restraint is defined as a tendency to consciously restrict or control food intake, regardless of
physiological signs of hunger and satiety. Uncontrolled eating is defined as a tendency to overeat
relative to physiologic need and feeling of lack of control, whereas emotional eating is the tendency to
overeat during depressed and melancholic states [26].

Eating behaviors may be a “proxy” for dietary intake in lieu of accurate, self-reported dietary
intake [27]. In the general population, disinhibited eating is positively associated with food intake
and weight [28–32], but the association between dietary restraint and emotional eating with these
outcomes remains unclear [29–31,33–37]. In our current obesogenic environment, cognitive controls
of eating may be necessary to prevent overeating and moderate weight gain [38]. For example, a
randomized weight loss study reported that cognitive restrained eating was associated with lower
energy intakes [39]. In pregnant women, restrained eating and emotional eating have been positively
associated with poorer diet quality and greater overall weight gain [40–43]. However, cross-sectional
studies [30,31,44] and longitudinal data [45] in nonpregnant individuals have revealed that it is not the
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independent effects of restraint and disinhibition but their interaction that predicts food intake and
ultimately body weight, with restraint moderating the impact of uncontrolled eating. No study, to our
knowledge, has examined the long-term effects of the interaction between restrained and disinhibited
eating (uncontrolled or emotional) in pregnant women with overweight/obesity on fetal growth.

The primary aim of this study was to determine the effect of an individually tailored, adaptive
intervention designed to help pregnant women with overweight and obesity to manage their gestational
weight gain within the IOM guidelines on fetal growth, compared to a standard of care control. A
secondary aim was to explore the interactive effects of maternal cognitive restraint, with uncontrolled
and emotional eating during pregnancy, on fetal growth. Based on previous data [27,32,36,40,41,45],
we expect that: (1) fetuses of women receiving the treatment would gain weight slower on average
compared to control fetuses; (2) higher levels of emotional and uncontrolled eating will predict faster
fetal weight gain; and (3) cognitive restraint will attenuate the positive relationship between emotional
and uncontrolled eating and fetal weight gain. Findings from this study may inform counseling
during pregnancy.

2. Methods

2.1. Study Design and Participants

Data for this analysis were collected as part of an ancillary study to measure fetal growth in
women participating in Healthy Mom Zone, an optimization trial within the multiphase optimization
strategy (MOST) framework [46], of an adaptive intervention to manage gestational weight gain among
pregnant women with overweight or obesity [18]. This study was approved by the Pennsylvania
State University Institutional Review Board (study ID #00003752, initial approval date 12/1/2015),
and participants provided written consent for their participation. Women were eligible if they were
6–13 weeks pregnant with a single fetus, English-speaking, non-smoking, had a prepregnancy BMI
> 24, and were free of significant pregnancy complications or medical conditions. The study was
powered on the primary outcome of gestational weight gain; a sample size of 24 participants (12
per group) was determined to yield 80% power to detect a standardized effect size for gestational
weight gain of 1.2 using a two-sided test with a significance level of p = 0.05. We aimed to recruit 30
participants, accounting for up to 25% drop out [18]. Participants (n = 31) were randomized to the
intervention or a standard care control group. From this initial group, three women had a miscarriage
at <12 weeks gestation, and one woman dropped out of the study at 22 weeks gestation, representing
87.1% sample retention (9.7% miscarriage rate and 3.2% drop rate). For the purpose of analysis, women
with a prepregnancy BMI 24.1–29.9 were classified as having overweight (OW) and those with BMI ≥
30 were classified as having obesity (OB). Fetal growth data were collected on a total of 27 women
(intervention: 9 OW/4 OB; control: 7 OW/7 OB). One woman (control group, OW) did not complete the
baseline survey measure of eating behavior, resulting in a sample of n = 26 women for those analyses.

2.2. Intervention

Healthy Mom Zone is an individually tailored, adaptive intervention to optimize gestational
weight gain among pregnant women with overweight and obesity. This optimization trial was built
within the multiphase optimization strategy (MOST) framework [46] with the aim of developing an
intervention to efficiently and effectively manage weight gain over pregnancy. Details of the Healthy
Mom Zone intervention are published elsewhere [18], but in short, principles from the theory of planned
behavior (TPB) [47] and self-regulation [48] provide the conceptual framework for the intervention.
The key intervention components include education, goal-setting/action plans, self-monitoring, and
active learning. Participants in the intervention group met weekly with a study dietitian and were
given customized calorie and physical activity goals. Plots of each woman’s weight, physical activity,
and dietary intake via real-time data collection procedures were plotted to generate a report illustrating
gestational weight gain in the context of the IOM guidelines. This report was discussed by the dietitian.
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In addition, emails were sent discussing maternal behaviors that impact baby health and growth. Lastly,
gestational weight gain was evaluated weekly and decision rules were used in 3–4 week cycles to
decide when and how the intervention may be adapted for an individual. When a participant’s weight
gain trajectory exceeded the recommended rate, they received an intervention step-up consisting of
additional healthy eating active learning sessions (e.g., cooking demonstrations, grocery store tours)
and onsite physical activity sessions with a fitness instructor. All women in the study received standard
prenatal care (e.g., regular visits, prenatal counseling) with their personal healthcare provider.

2.3. Measures

At study enrollment, height and weight were measured by clinical research center staff. Participants
completed a baseline background questionnaire that assessed prepregnancy weight, height, age, years
of education, combined family income, and general health. At study enrollment and every four weeks
thereafter, women completed the three-factor eating questionnaire (TFEQ-21) [24] via online survey
through REDCap [49]. This 21-item scale, with a four point response scale ranging from (1) definitely
true to (4) definitely false, measures three subscales: cognitive restraint (e.g., “I consciously hold back
on how much I eat at meals to keep from gaining weight.”), uncontrolled eating (e.g., “Sometimes
when I start eating, I just can’t seem to stop.”), and emotional eating (e.g., “I start to eat when I feel
anxious.”). Scores for each subscale were calculated by averaging respective items.

Standard ultrasounds were obtained at approximately 14, 18, 22, 26, 30, and 34 weeks gestation by
a sonographer using the same ultrasound machine (Philips iU22 MATRIX, Philips Healthcare, Andover,
MA, USA). Standard fetal biometry measures including biparietal diameter (BPD), head circumference
(HC), abdominal (AC), and femur length (FL), were assessed. Estimated fetal weight was calculated
using a validated equation [50]. Gestational age was calculated using the date of last menstrual period.
All ultrasounds were reviewed by a study physician, and any concerns identified were communicated
to the participant’s personal physician. Birth weight and gestational age at birth were abstracted from
medical records or reported by participants if medical records were not available. Sex-specific birth
weight-for-gestational age percentiles were determined using the INTERGROWTH-21st standards [51].

2.4. Analysis

Eating behavior variables were centered to disaggregate within- and between-person effects and to
aid interpretation. Between-person effects were assessed using baseline levels of each eating behavior
centered on the population mean, so that the centered baseline values represented each individual’s
deviation from the average baseline level across all women in the study. Within-person effects were
assessed using change scores, such that each monthly eating behavior score represented a woman’s
change from her own baseline. Though survey data (i.e., eating behavior) and fetal ultrasounds were
collected monthly, the timing of these measurements relative to one another was variable due to
variation in gestational age at enrollment. For the purpose of this analysis, ultrasound data was paired
with the most recent eating behavior survey completed prior to the scan. In seven instances across four
participants, no eating behavior data preceded the scan, thus, survey data completed within seven
days after the scan were used. The mean (SD) time between survey completion and ultrasound scan
was 12.2 (8.9) days.

Statistical analysis was performed in SAS 9.4 (SAS Institute, Cary, NC, USA). Data were analyzed
using multilevel modeling (PROC MIXED). All models utilized the restricted maximum likelihood
(REML) estimation method, Satterthwaite method for computing df, and an unstructured covariance
structure. Determination of model fit was based on several criteria including model convergence, a
positive definite G matrix, and Akaike information criteria. Intraclass correlation coefficients (ICCs)
were calculated as the ratio of between-subjects variance to total variance. Change over time in each
of the three eating behavior subscales was modeled as a linear function of gestational week with a
random intercept and slope. For cognitive restraint, the random gestational week slope term resulted
in a nonpositive definite G matrix, so it was removed from the model. Interactions of gestational week
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with study group and prepregnancy BMI were tested to determine if the rate of change over time
differed by these variables.

Estimated fetal weight was also modeled using multilevel modeling. Linear, quadratic, and cubic
effects of gestational week were considered. Once the model describing fetal weight over time was
finalized, study group and maternal prepregnancy BMI were added, and interactions with gestational
week were tested. Next, a set of models were run for each of the three eating behavior constructs. These
models tested (a) main effect of the baseline eating behavior, (b) interaction between baseline eating
behavior and gestational week, (c) main effect of change in eating behavior, (d) interaction between
change in eating behavior and gestational week, (e) interaction between baseline and change in eating
behavior, and (f) three-way interaction between baseline and change in eating behavior and gestational
week. For all interactions with gestational week, interactions with both the linear and quadratic
gestational week terms were tested; the interaction with the quadratic term was dropped when not
significant and was not reported here. Finally, two sets of models were tested to evaluate interactions
between cognitive restraint and each of the two disinhibited eating behavior constructs (uncontrolled
eating and emotional eating). These models tested (a) interaction between baseline cognitive restraint
and baseline disinhibited eating; (b) three-way interactions between baseline cognitive restraint,
baseline disinhibited eating, and gestational week; (c) interactions of baseline cognitive restraint and
disinhibited eating with change in cognitive restraint and disinhibited eating; (d) three-way interactions
between change in cognitive restraint, change in disinhibited eating, and gestational week; and (e)
interactions described in (a)–(d) but with the quadratic gestational age term in place of the linear term.
Two final models, one including cognitive restraint × uncontrolled eating and one including cognitive
restraint × emotional eating, were evaluated using backward and forward selections.

3. Results

3.1. Descriptive Characteristics

Descriptive statistics are located in Table 1. Mean age of women at study entry was 30.6 (SD = 2.9)
ranging from 24 to 37 years. Mean gestational age at the start of the study was 10.6 weeks (median 10.7
weeks). The majority of women were married and pregnant with their first baby (66.7% no prior live
births; 33.3% had 1 previous live birth). Women were, on average, well-educated and fairly affluent.
Moreover, the majority (81.5%) of women were employed full-time. Forty-one percent of women
had obesity prior to pregnancy. Infants were born at a mean of 39.5 (1.4) weeks gestation. Mean
birth weight was 3381 g (SD 617, range 2050–4570), reflecting an average birth weight for gestational
age percentile of 56.6 (SD 31.9, range 2.6–99.4). Three infants (11.1%, 2 intervention, 1 control) were
macrosomic (birth weight > 4000 g), and four infants (14.8%, 2 intervention, 2 control) were small for
gestational age (SGA, <10th percentile) at birth. Out of 162 ultrasound scans, eight (4.9%) were flagged
by the study physician, including five for growth restriction concerns. For two of these participants
(both intervention), the concern resolved on its own at subsequent scans.

Mean (SD) baseline values were 2.79 (0.47) for cognitive restraint (range = 2.00–3.67), 2.15 (0.39)
for uncontrolled eating (range = 1.33–3.00), and 2.14 (0.59) for emotional eating (range = 1.00–3.33).
Baseline values did not differ by study group. Baseline cognitive restraint and uncontrolled eating
did not differ by prepregnancy BMI status, but women with obesity had significantly higher baseline
emotional eating than those with overweight (2.41 (0.52) vs. 1.95 (0.57), p = 0.047). Cognitive restraint
significantly decreased across gestation (restraint = 2.90–0.014 × gestational age in weeks, p = 0.0008),
as did uncontrolled eating (uncontrolled eating = 2.25–0.007 × gestational age in weeks, p = 0.006).
Emotional eating did not significantly change across gestation (emotional eating = 2.10–0.006 ×
gestational age in weeks, p = 0.14), and there were no differences in rate of change by study group
or prepregnancy BMI status for any of the eating behavior subscales. Baseline cognitive restraint
was negatively associated with change in cognitive restraint (p = 0.03), such that women with higher
baseline restraint experienced greater decreases in restraint across pregnancy. However, there was
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no association between baseline scores and change scores for uncontrolled eating and emotional
eating. Intraclass correlations were 0.59 for cognitive restraint, 0.85 for uncontrolled eating, and 0.79
for emotional eating, suggesting that the majority of variance in all three constructs was between
individuals rather than within individuals.

Table 1. Characteristics of women at baseline (n = 27).

Overall
(n = 27)

Intervention
(n = 13)

Control
(n = 14)

M (SD)
Range

M (SD)
Range

M (SD)
Range

Age (years) 30.6 (2.9)
24–37

30.3 (2.8)
24–35

30.9 (3.2)
27–37

Gestational Age at Study Start
(weeks)

10.6 (1.6)
7.3–13.0

10.5 (1.7)
7.3–13.0

10.6 (1.6)
7.9–12.9

Weight at Study Start (lbs.) 190.4 (46.8)
134–294

182.2 (40.5)
145–294

197.9 (52.3)
134–292

Body Mass Index 31.6 (7.0)
24.1–48.9

30.7 (6.7)
24.1–48.9

32.4 (7.5)
24.5–42.8

% % %

% BMI = 24.1–29.9 59.3 69.2 50
% Obese (BMI ≥ 30) 40.7 30.8 50

Parity
Primiparous (no prior live birth) 66.7 53.9 78.6

Multiparous: 1 previous live birth 33.3 46.2 21.4

Education
Graduate/professional 48.2 38.5 57.1

College 48.2 61.5 35.7
High school 3.7 0 7.1

Marital Status
Married 92.6 92.3 92.9
Single 3.7 0 7.1

Divorced 3.7 7.7 0

Race
Non-Hispanic White 96.3 92.3 100

Asian 3.7 7.7 0

Family Income
>$100,000 33.3 30.8 35.7

$40–$100,000 44.4 61.5 28.6
$20–$40,000 18.5 0 35.7
$10–$20,000 3.7 7.7 0

Employment
Full-time 81.5 84.6 78.6
Part-time 11.1 15.4 7.1

Self-employed 3.7 0 7.1
Other 3.7 0 7.1

Abbreviations: M =Mean; SD = Standard deviation; BMI = body mass index.
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3.2. Unconditional Polynomial Models for Fetal Weight Change

Fetal growth from 14–34 weeks was modeled using a multilevel model. The first model included
a random intercept and random and fixed linear effects of gestational week. The random intercept
resulted in a nonpositive definite G matrix and was removed from the model. Next, a quadratic
fixed effect of gestational week was added, which improved the fit of the model (likelihood ratio test
p < 0.0001). Quadratic random effects and cubic fixed and random effects were tested but did not
improve model fit.

3.3. Conditional Polynomial Models for Fetal Weight Change

3.3.1. Treatment Effect of Intervention and Fetal Growth

For Model 1, there was no significant main effect of study group on fetal weight. There was a
trend for an interaction between study group and gestational week (p = 0.095, Model 1, Table 2), such
that fetuses of women in the control group tended to grow faster and be larger in later gestation than
those in the intervention group (Figure 1), before and after adjusting for prepregnancy BMI.

Table 2. Multilevel model parameter estimates predicting change in fetal weight (g) based on
randomized intervention vs. control and interactions with eating (n = 27).

Model 1: Study Group

Term Est SE p

Intercept 1232.8 151.2 <0.0001

Gestational week −161.9 10.34 <0.0001

Gestational week2 5.80 0.21 <0.0001

Prepregnancy BMI 0.30 2.74 0.91

Study group: Intervention * 89.46 61.56 0.14

Study group * × gestational week −4.94 2.93 0.095

* Study group reference level is control. Abbreviations: Est = estimate; SE = standard error; BMI = body mass index.

Figure 1. Estimated fetal weight trajectory in intervention and control group (study group × gestational
week, p = 0.095). Estimates were generated using multilevel modeling (SAS PROC MIXED).

3.3.2. Individual Eating Behaviors and Fetal Growth

Eating characteristics (uncontrolled eating, emotional eating, and cognitive restraint) were each
added, individually, to Model 1 to test higher order interactions and main effects. When higher-order
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interactions were not significant, models were simplified. For uncontrolled eating, there was a
significant two-way interaction between baseline uncontrolled eating and gestational age2 (Table 3,
Model 2, p = 0.03). As shown in Figure 2, women with higher baseline levels of uncontrolled eating
had faster rates of fetal growth in late gestation. Next, change in uncontrolled eating from baseline
was added to the model. There was a significant interaction between change in uncontrolled eating
and gestational age (Table 4, Model 3, p = 0.04). In contrast to the effect of baseline uncontrolled
eating, women who experienced greater decreases in uncontrolled eating had faster rates of fetal
growth. In both Models 2 and 3, the gestational week × study group effect was statistically significant.
In addition, the interaction between baseline uncontrolled eating and gestational week2 from Model
2 remained statistically significant with the addition of change in uncontrolled eating, suggesting
independent effects of baseline and change in this eating behavior. Neither baseline levels nor change
across gestation in cognitive restraint or emotional eating were associated with fetal growth.

Table 3. Multilevel model parameter estimates predicting change in fetal weight (g) based on
randomized intervention vs. control and baseline uncontrolled eating (n = 26).

Model 2:
Study group + Baseline Uncontrolled Eating

Term Est SE p

Intercept 1195.7 154.5 <0.0001

Gestational week −160.9 10.34 <0.0001

Gestational week2 5.80 0.21 <0.0001

Prepregnancy BMI 0.89 2.86 0.76

Study group: Intervention * 122.0 63.02 0.06

Study group * × gestational week −6.59 3.03 0.03

Baseline uncontrolled eating 475.3 330.5 0.15

Baseline uncontrolled eating × gestational week −49.04 28.21 0.08

Baseline uncontrolled eating × gestational week2 1.21 0.57 0.03

* Study group reference level is control. Abbreviations: Est = estimate; SE = standard error; BMI = body mass index.

Figure 2. Estimated fetal weight trajectory at higher (mean + 1 SD) and lower (mean – 1 SD) levels of
baseline uncontrolled eating (UE), (baseline uncontrolled eating × gestational age2, p = 0.03). Estimates
were generated using multilevel modeling (SAS PROC MIXED).
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Table 4. Multilevel model parameter estimates predicting change in fetal weight (g) based on
randomized intervention vs. control, baseline uncontrolled eating, and change in uncontrolled eating
(n = 26).

Model 3:
Study group + Baseline Uncontrolled Eating

+ Change in Uncontrolled Eating

Term Est SE p

Intercept 1270.8 154.3 <0.0001

Gestational week −159.6 10.63 <0.0001

Gestational week2 5.74 0.21 <0.0001

Prepregnancy BMI −1.45 2.71 0.60

Study group: Intervention * 110.3 64.65 0.09

Study group * × gestational week −6.56 2.96 0.03

Baseline uncontrolled eating 532.6 330.8 0.11

Baseline uncontrolled eating × gestational week −53.72 28.26 0.06

Baseline uncontrolled eating × gestational week2 1.32 0.57 0.02

Change in uncontrolled eating 252.1 181.0 0.17

Change in uncontrolled eating × gestational week −13.94 6.74 0.04

* Study group reference level is control. Abbreviations: Est = estimate; SE = standard error; BMI = body mass index.

3.3.3. Cognitive Restraint × Disinhibited Eating and Fetal Growth

Lastly, backward and forward selection were used to estimate a final model that included
interactions between cognitive restraint and disinhibited eating (i.e., emotional eating and uncontrolled
eating). All potential three-way interactions were considered. For cognitive restraint × uncontrolled
eating (Table 5, Model 4), there were no significant three-way interactions. Baseline cognitive restraint
× change in uncontrolled eating emerged as significant (p = 0.02). In women who experienced increases
in uncontrolled eating across pregnancy, baseline cognitive restraint was negatively associated with
fetal weight. This interaction was not specific to a particular time in gestation (i.e., there was no
significant three-way interaction between baseline cognitive restraint, change in uncontrolled eating,
and gestational week). The interaction between baseline uncontrolled eating and gestational age2

remained significant, such that women with higher baseline levels of uncontrolled eating had faster
rates of fetal growth in late gestation. However, the interaction between change in uncontrolled eating
and gestational age observed in Model 3 did not emerge as significant in this final model. Lastly, the
effect of study group on change in fetal growth remained significant (study group × gestational week
p = 0.02).

For cognitive restraint × emotional eating, there were no statistically significant main effects or
interactions between restraint and emotional eating.

3.3.4. Post-hoc Analysis: Study Group × Uncontrolled Eating Interaction

Although neither baseline nor change in uncontrolled eating differed by study group, inclusion
of uncontrolled eating in Models 2–4 resulted in a statistically significant interaction between study
group and gestational age. To further investigate why this relationship might emerge after accounting
for baseline uncontrolled eating, we explored adding interactions between uncontrolled eating and
study group to Model 4. A two-way interaction between uncontrolled eating and study group was
not statistically significant, but there was evidence for a three-way interaction between baseline
uncontrolled eating, study group, and gestational age (p = 0.02, Model 5, Table 6). Higher baseline
level of uncontrolled eating was associated with faster fetal growth among control group participants
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but not among those receiving the intervention (Figure 3). Similar results were observed when these
interactions were added to Models 2 and 3.

Table 5. Multilevel model parameter estimates predicting change in fetal weight (g) based on
randomized intervention vs. control, uncontrolled eating, and cognitive restraint (n = 26).

Model 4:
Study Group + Uncontrolled Eating +

Cognitive Restraint

Term Est SE p

Intercept 1283.4 156.4 <0.0001

Gestational week −161.4 10.49 <0.0001

Gestational week2 5.80 0.21 <0.0001

Prepregnancy BMI −1.28 2.92 0.66

Study group: Intervention * 113.2 64.17 0.08

Study group * × gestational week −7.45 3.05 0.02

Baseline uncontrolled eating 501.5 328.3 0.13

Baseline uncontrolled eating × gestational week −49.78 28.03 0.08

Baseline uncontrolled eating × gestational week2 1.25 0.56 0.03

Change in uncontrolled eating −116.4 52.68 0.03

Baseline cognitive restraint 11.18 42.88 0.80

Baseline cognitive restraint × change in uncontrolled eating −272.3 116.9 0.02

* Study group reference level is control. Abbreviations: Est = estimate; SE = standard error; BMI = body mass index.

Table 6. Multilevel model parameter estimates predicting change in fetal weight (g) including
interactions between study group and uncontrolled eating (n = 26).

Model 5:
Study Group × Uncontrolled Eating

+ Cognitive Restraint

Term Est SE p

Intercept 1267.4 155.7 <0.0001

Gestational week −160.6 10.40 <0.0001

Gestational week2 5.80 0.21 <0.0001

Prepregnancy BMI −1.21 2.93 0.68

Study group: Intervention * 117.0 63.58 0.07

Study group * × gestational week −7.67 3.03 0.01

Baseline uncontrolled eating 256.8 352.8 0.47

Baseline uncontrolled eating × gestational week −35.22 28.64 0.22

Baseline uncontrolled eating × gestational week2 1.18 0.56 0.04

Change in uncontrolled eating −111.3 52.60 0.04

Baseline cognitive restraint 10.36 42.70 0.81

Baseline cognitive restraint × change in uncontrolled eating −259.0 116.1 0.03

Study group × baseline uncontrolled eating 310.6 175.3 0.08

Study group × baseline uncontrolled eating × gestational week −17.00 8.25 0.04

* Study group reference level is control. Abbreviations: Est = estimate; SE = standard error; BMI = body mass index.

77



Nutrients 2019, 11, 899

Figure 3. Estimated fetal weight trajectory at higher (mean + 1 SD) and lower (mean – 1 SD) levels of
baseline uncontrolled eating (UE) in intervention and control group participants, (baseline uncontrolled
eating × study group × gestational age, p = 0.04). Estimates were generated using multilevel modeling
(SAS PROC MIXED).

4. Discussion

Healthy Mom Zone, an individually tailored, adaptive intervention designed to effectively manage
gestational weight gain among women with overweight or obesity tended to result in a slower rate of
fetal growth compared to fetuses of control women, with significant effects emerging in models that
accounted for uncontrolled eating. Higher uncontrolled eating at study entry was associated with
faster fetal growth. Findings also suggest that cognitive restraint on its own appears to have little
effect on fetal growth, but may help moderate fetal growth among women who experience increases in
uncontrolled eating during pregnancy. Several of these findings warrant discussion.

Though not statistically significant in Model 1, the Healthy Mom Zone intervention had a
protective effect on fetal growth once uncontrolled eating was added (Models 2–4); intervention fetuses
gained weight at a slower rate on average compared to control fetuses. It is important to note that the
intervention did not increase risk for an infant being born small for gestational age. This finding has
clinical relevance for several reasons. Women who are overweight or obese are 65% and 163% more
likely, respectively, to deliver babies who are large for their gestational age, regardless of whether the
mother develops gestational diabetes during pregnancy [52]. In addition, risk of fetal macrosomia,
having a birth weight of more than 8 pounds or 4000 grams regardless of gestational age, is more
likely among women with obesity. This is important because women with overweight or obesity
are also more likely to exceed gestational weight gain guidelines, further elevating infant risk for
macrosomia. The clinical relevance is that decreasing risk for faster weight gain may decrease health
risks for the mother (e.g., labor and delivery complications) and the infant (e.g., childhood obesity,
metabolic syndrome) both during pregnancy and after childbirth. Thus, our behavioral intervention
has the potential to mediate this risk, in particular among pregnant women with overweight or obesity.

In the current study, both cognitive restraint and uncontrolled eating decreased on average across
gestation, and there was no change in emotional eating. Similarly, previous studies have found that
cognitive restraint is lower during pregnancy compared to prepregnancy levels or non-pregnant
women [53,54]. Research on changes in disinhibition across pregnancy is scant. We did not observe
any association between prepregnancy BMI and cognitive restraint or uncontrolled eating; however,
this may be because our sample was limited to women with BMI > 24. Two previous studies have
found that pregnant women with obesity tend to report higher levels of disinhibited eating [55,56] than
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their normal weight counterparts. Further research is needed to evaluate how these eating behaviors
change throughout pregnancy.

As hypothesized, greater uncontrolled eating in late first trimester was associated with faster
fetal growth in late pregnancy. However, there was no association between emotional eating and
fetal growth. To our knowledge, this study is the first to describe relationships between maternal
disinhibited eating during pregnancy and fetal growth in utero in a non-eating disorder population.
One previous study has examined the relationship between maternal eating behavior and postnatal
growth. Mothers’ emotional eating, assessed at infant age 12 months, was positively associated with
infant weight gain through 12 months, while external eating was negatively associated with infant
weight gain. Maternal restraint was not associated with infant weight gain [57]. Further research
is needed to clarify the relationship between maternal disinhibited eating and fetal/infant weight
gain, and to determine the extent to which this relationship is reflective of modifiable factors, such as
maternal diet, weight gain, and feeding practices, as opposed to nonmodifiable factors such as genetics.

Emotional eating and external eating have been associated with excess gestational weight gain [42].
Qualitative studies of pregnant women have found that emotional and external eating are often
described as a barrier to healthy eating and management of gestational weight gain [58–60]. Our
finding that uncontrolled eating is associated with fetal weight gain adds to this literature, suggesting
that disinhibited eating behaviors may be an ideal target for gestational weight gain management
interventions. Our Healthy Mom Zone intervention focused primarily on dietary intake, physical
activity, and self-monitoring of weight. Expansion of intervention content focused on mindfulness,
stress reduction, and emotion regulation, strategies that have been shown to reduce disinhibited eating
in nonpregnant populations [61–63], may further benefit pregnant women with overweight or obesity.

Similar to the uncertain relationship between restraint and weight in nonpregnant adults, mixed
findings have been reported for restraint and gestational weight gain [41,42,64,65]. Previous work in
nonpregnant populations suggests that restraint may not be directly associated with weight but rather
as a moderator of the effect of disinhibition [30,31,44,45]. A similar interaction effect may be involved
in fetal growth. We observed a significant interaction between baseline cognitive restraint and change
in uncontrolled eating, where among women who experienced increases in uncontrolled eating during
pregnancy, those with higher baseline cognitive restraint had smaller fetuses than those with lower
baseline cognitive restraint [31,44,45]. This suggests that a greater ability to consciously control food
intake may help protect against adverse effects of increases in uncontrolled eating on fetal weight gain.

We did not have an a priori hypothesis about differential effects of the intervention on fetal growth
by baseline eating behavior, but our post-hoc analysis of the interaction between study group and
baseline uncontrolled eating suggests that the intervention may have been beneficial, particularly for
women with higher baseline uncontrolled eating. It is possible that the intervention provided women
who were already prone to uncontrolled eating with strategies to cope with inclinations to overeat,
providing a buffering effect against excess fetal growth. Future analyses will examine whether baseline
levels of eating behavior predict differential response to the Healthy Mom Zone intervention for other
outcomes including maternal weight gain. Factors such as eating behavior that predict intervention
response may be used to identify patients that are most likely to benefit from an intensive intervention.

There are also some limitations of this research. The small sample size, although adequate for an
optimization trial within the MOST framework [46], precludes the ability to make assumptions at a
population level. The intervention and control groups were unbalanced in terms of the proportion of
women with obesity; however, all analyses controlled for prepregnancy BMI. In addition, the target
population was a homogenous sample of women (e.g., married, middle to upper class, Caucasian)
from largely rural and suburban areas in central Pennsylvania, thus limiting the extension of the study
findings to more culturally diverse and urban populations of pregnant women with overweight or
obesity. Future research will aim to broaden generalizability of our study findings. In addition, we
do plan to understand the application of Healthy Mom Zone to a more diverse sample of pregnant
women in the future, including those who are normal weight, more culturally diverse, and reside in
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varied communities across the US. Lastly, intensive longitudinal data collection may have affected
behavior, and responses may have become biased due to repeated assessments throughout gestation.
However, this longitudinal design is also a strength of this study, allowing us to better understand
how individual differences in eating behavior are related to fetal growth.

5. Conclusions

Healthy Mom Zone, an individually tailored, intensive behavioral intervention designed to help
women with overweight or obesity manage gestational weight gain shows promise for preventing
rapid fetal growth, particularly for women prone to uncontrolled eating, though these findings must be
replicated in a larger and more diverse sample. Our results also suggest that uncontrolled eating may
increase risk for faster fetal growth, and that restraint on its own seems to have little influence. However,
among women who experience increases in uncontrolled eating during pregnancy, higher restraint may
help moderate fetal growth. Implications for these findings include that understanding participant
eating behaviors at baseline may be important for future gestational weight gain interventions. Lastly,
findings illustrate a need to develop intervention content and strategies specific to women with high
vs. low levels of disinhibited eating.
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Abstract: A behavioral lifestyle intervention with partial meal replacement reduced excess gestational
weight gain in ethnically diverse women with overweight/obesity, but the effects on micronutrient
intake remained unknown. A secondary analysis of a randomized, controlled trial tested whether
the intervention improved micronutrient intake relative to usual care. Pregnant women (n = 211;
30.5 years of age, body mass index, BMI, of 32.0 kg/m2) were enrolled and randomized within site and
ethnicity (40% were Hispanic) into intervention (n = 102) or usual care (n = 109) groups. Two 24 h
dietary recalls were conducted on random days at study entry and late pregnancy (35–36 weeks
gestation). Nutrient adequacy was defined using the Estimated Average Requirement cut-point
method. At study entry and including prenatal vitamins, ≥90% of participants reported inadequate
intake of vitamins D and E and iron; 40–50% reported inadequate intake of calcium, protein, vitamins
A, C, B6, folate, magnesium, and zinc. From study entry to late pregnancy, the behavioral intervention
with partial meal replacement increased the overall intake of vitamins A, E, and D and copper and
reduced the odds of inadequate intake of calcium (odds ratio (OR) = 0.37 (0.18, 0.76)), vitamins
A (OR = 0.39 (0.21, 0.72)) and E (OR = 0.17 (0.06, 0.48)), and magnesium (OR = 0.36 (0.20, 0.65)).
A behavioral intervention with partial meal replacement during pregnancy improved the intake of
several micronutrients in Hispanic and non-Hispanic women with overweight/obesity.

Keywords: prenatal intervention; meal replacements; randomized clinical trial; lifestyle intervention;
obesity; RDA; micronutrients

1. Introduction

Maternal pre-pregnancy obesity and excess gestational weight gain are well established risk
factors for several adverse short- and long-term maternal and child health outcomes, including
pregnancy complications, diabetes, obesity, and cardio-metabolic comorbidities [1]. Compounding
risks, pregnant women with obesity are more likely than those with normal weight to have micronutrient
insufficiency [2–4], conferring additional potential risks of pregnancy complications and chronic
conditions in later life [5,6].

The Academy of Nutrition and Dietetics recommends that the optimal prenatal diet should limit
overconsumption yet prevent micronutrient insufficiency [5]. A varied and balanced diet, rich in
fruits, vegetables, and whole grains is recommended. Several studies have shown that comprehensive
lifestyle interventions that target reduced calorie intake and balanced nutrition can effectively reduce
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excess gestational weight gain in women with obesity [7], but less is known about intervention
effects on micronutrient intake. Micronutrient needs increase during pregnancy, particularly for
folic acid, iron, zinc, calcium, vitamin C, and vitamin D [8]. While supplementation can reduce
micronutrient deficiencies and some associated maternal and fetal complications [9–12], adherence to
prenatal multivitamins may be limited by gastrointestinal distress or nausea [13]. The provision of
micronutrient-rich foods [14,15] and nutrition educational interventions [16] can also improve dietary
quality and pregnancy outcomes, but few randomized clinical trials have been done, particularly in
pregnant women with obesity who are at risk of micronutrient insufficiency [15].

Healthy Beginnings/Cominezos Saludables was a randomized clinical trial designed to test the
efficacy of a partial meal replacement program versus usual care to reduce excessive gestational weight
gain in 257 pregnant women with overweight or obesity. The intervention significantly reduced
excess gestational weight gain, which was related to increased use of meal replacements during
pregnancy [17]. No significant treatment effect was seen on energy or macronutrient composition [17].
Since the provided meal replacements were fortified with vitamins and minerals, it is possible that
they could address underlying micronutrient inadequacies in pregnant women with overweight
or obesity. The purpose of this study was to determine if the behavioral intervention with partial
meal replacement compared with usual care improved micronutrient intake of pregnant women with
overweight and obesity.

2. Materials and Methods

2.1. Design

Healthy Beginnings/Comienzo Saludables was a randomized controlled trial conducted at
California Polytechnic State University, San Luis Obispo, California, and at the Miriam Hospital with
Women & Infants Hospital in Providence, Rhode Island, and was part of the Lifestyle Interventions for
Expectant Moms (LIFE-Moms) consortium [18]. Clinical Trial Registry Number: ClinicalTrials.gov,
www.clinicaltrials.gov, NCT01545934.

2.2. Participants

The study was conducted in accordance with the ethical principles of research; the protocol was
approved by the Institutional Review Boards of California Polytechnic State University (2018-264) and
the Miriam Hospital (2144-11), and all participants provided written informed consent. As previously
described [17,19], recruitment occurred November 2012 and October 2015 in California and Rhode
Island. Eligibility criteria included gestational age between 9 and 16 weeks, body mass index (BMI)
≥25, being English or Spanish-speaking, age ≥18 years, and singleton pregnancy. Participants were
excluded if they had glycosylated hemoglobin (Hb A1c) ≥ 6.5 or self-reported major health diseases
(e.g., heart disease, cancer, renal disease, and diabetes), and other (Figure 1). Of the 5381 screened
women, 24% were excluded due to BMI < 25, and 24% were excluded due to gestational age >16 weeks.
Other prevalent reasons for exclusions are shown in Figure 1.
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Figure 1. Participant flow and Retention in Healthy Beginnings/Comienzos Saludables. BMI = body
mass index.

2.3. Interventions

In this two-site trial, randomization was computer-generated by the study statistician, and
women were randomly assigned within site and ethnicity (Hispanic versus non-Hispanic) to one
of the two treatment conditions: (1) usual care or (2) behavioral lifestyle intervention with partial
meal replacement.

2.4. Usual Care

Participants in the usual care group received all aspects of usual care offered by their prenatal
care providers [20]. Usual prenatal care visits typically occur monthly until 28 weeks of gestation,
bi-weekly between 28 and 36 weeks of gestation, and weekly until delivery. Also, in this group
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at the time of study randomization, participants attended a ~20 min welcome visit with a study
interventionist, providing general information about healthy eating, physical activity, and the Institte
of Medicine (IOM)recommendations for total gestational weight gain [21]. Study interventionists were
bilingual registered dietitians or counselors with degrees in nutrition, community health, psychology,
kinesiology, or a related field. Participants received study newsletters with general information about
pregnancy-related health, including consuming prenatal vitamins, quitting smoking, planning to
breastfeed, and fetal growth.

2.5. Behavioral Lifestyle Intervention with Partial Meal Replacement during Pregnancy

Participants in the intervention group received all aspects of usual care plus a behavioral lifestyle
intervention designed to prevent excessive weight gain during pregnancy. As described previously [17],
the intervention targeted healthy eating, activity, and behavioral strategies. Each woman received
~20 min, individual, face-to-face counseling sessions with a study interventionist every two weeks
until 20 weeks of gestation and then monthly visits until delivery. Women were encouraged to
gain approximately one-half pound (0.23 kg) per week, on the basis of the 2009 IOM guidelines [21].
To promote adherence to weight gain guidelines, women were provided with a structured meal plan [22]
that was individually tailored to meet each participant’s self-reported dietary needs, including food
aversions, cravings, lactose intolerance, and specialized diets, such as vegetarianism. The plan provided
a caloric prescription of ~18 kcal/kg of body weight at study entry [23] and consisted of 30% of calories
from fat, 15–20% from protein, and 50–55% from carbohydrates [24]. Women were instructed to replace
two meals with a provided meal replacement shake or bar and to consume at least one meal of regular
foods and two to four healthy snacks each day. The meal replacement products were provided free of
charge at every intervention visit and in the quantities needed until the next scheduled intervention visit.
The study’s meal replacement options were selected at study onset by the investigators after an analysis
of various meal plan scenarios that considered the micronutrient and macronutrient composition of
specific meal replacement products, the participant’s use of prenatal vitamins, the intervention’s calorie
and nutritional goals, and the current micronutrient and macronutrient recommendations for pregnant
women [24]. Options included organic and lactose-free drinks and bars in a variety of flavors and
brands (Supplemental Table S1).

2.6. Outcome Assessments

Assessments were conducted early in pregnancy (between 9 and 16 weeks) and at 35–36 weeks
of gestation. The participants received $25 for completing each assessment. The assessment staff
was masked to randomization to minimize potential bias. Dietary intake was assessed at study entry
and 35–36 weeks of gestation using interview-administered 24 h recalls on two random days over a
week and completed using the National Cancer Institute Automated Self-Administered 24 h recall
(ASA-24; http://riskfactor.cancer.gov/tools/instruments/asa24.html) [25]. The ASA-24 provided values
(combined from food, beverages, and supplements) for thiamin, riboflavin, niacin, vitamin B6, folate,
vitamin B12, vitamin C, vitamin A, vitamin E, iron, zinc, calcium, magnesium, phosphorous, copper,
selenium, water, energy, carbohydrate, total fat, and protein and included intake of supplements [26].
Dietary intake was categorized as meeting or not meeting the Recommended Daily Allowance (RDA)
based on the Estimated Average Requirement (EAR) of the Institute of Medicine (IOM) for pregnant
women [27–32]. The RDA represents an estimate of the average daily intake level sufficient to meet
the nutrient requirements for 97–98% of healthy individuals. To assess the prevalence of inadequacy,
the cut-point method was used [29,33] to classify individuals with intakes below versus at or above the
median EAR considered needed for half of the individuals in the population (Table 1) [27–32,34,35].
For micronutrients in which an RDA and EAR had not been established (i.e., vitamin K, choline,
potassium, sodium), cutoffs based on Adequate Intakes (AI) were used, albeit interpreted with less
confidence [27–32]. The ASA-24 was also used to measure meal replacement intake, quantified as the
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total number of meal replacement products including shakes and bars that were consumed each day,
on average, during the assessment period.

Table 1. Estimated average requirements (EAR) 1 for pregnancy.

Nutrient Recommended Amount

Total Water (L/d) ** 3.0 **
Calcium (mg/d) 800

CHO (g/d) 135
Fiber (g/d) ** 28 **

Added sugars ≤25% of TE
Protein (g/kg/d) 0.88
Vit A μg, RAE/d 550

Vit C (mg/d) 70
Vit D (μg/d) 10
Vit E (mg/d) 12
Vit K μg/d ** 90 **

Thiamin (mg/d) 1.2
Riboflavin (mg/d) 1.2

Niacin (mg/d) 14
Vit B6 (mg/d) 1.6
Folate (μg/d) 520
Vit B12 (μg/d) 2.2

Choline mg/d ** 450 **
Copper (μg/d) 800

Iron (mg/d) 22
Magnesium (mg/d) 290
Phosphorus (mg/d) 580

Selenium (μg/d) 49
Zinc (mg/d) 9.5

Potassium mg/d ** 4.7 **
Sodium g/d ** 1.5 **

Abbreviations: Vit: vitamin; TE: total energy; d: day; RAE: retinol activity equivalents; CHO: carbohydrates:
1 EAR is the average daily nutrient intake level estimated to meet the requirements of half of the healthy individuals
who are pregnant and aged 19–30 years [27–32]. Vitamin A based on RAEs; vitamin E based on α-tocopherol; niacin
expressed as niacin equivalents; folate expressed as folate equivalents. Food and Nutrition Board, Institute of
Medicine, National Academies reports may be accessed via www.nap.edu [27–32], ** Adequate Intakes (AI) because
EARs have not been established; this cutoff is made with less confidence [27–32].

Weight and height were assessed in duplicate to the nearest 0.1 kg or 0.1 cm using a calibrated
standard digital scale and stadiometer with the participant in lightweight clothing without shoes.
Heritage and ethnicity were assessed by self-report using questionnaires with fixed categories. Marital
status, income, education, employment status, and childbearing history were also assessed by self-report
questionnaires. Gestational age in weeks at study entry was measured via clinical ultrasound.

2.7. Statistical Methods

Analysis Plan

To compare participants in the two groups and completers versus non-completers, Independent
t-test for continuous variables and Pearson χ2 test or exact tests for categorical variables were used.
To test if the intervention versus usual care affected micronutrient values, a repeated measures analysis
of variance was used. The models included the terms treatment group and group × time interactions
(fixed effect) and a priori defined covariates that included weeks of gestation at randomization, age,
ethnicity (Hispanic versus non-Hispanic), parity (multiparity versus primiparity), study entry BMI
category (overweight versus obese), household family income (≥50,000/year versus <50,000/year), and
baseline value of variable of interest [36]; site (California versus Rhode Island) was also included as
a fixed effect. (A sensitivity analysis that divided the income into four categories and also included

88



Nutrients 2019, 11, 1071

education did not alter the results). To test whether the intervention versus usual care improved
micronutrient adequacy (meeting versus not meeting RDA’s EAR cutpoint), logistic regression was
used that included the treatment group and the same covariates. Within the intervention group alone,
number of meal replacement products/day and changes in micronutrients status were also analyzed
via Pearson’s partial correlations, adjusting for the same covariates. Statistical significance was set
to p < 0.05. The SPSS (23.0.0; IBM Corporation; Armonk, NY, USA) statistical package was used for
all analyses.

3. Results

Figure 1 summarizes the participant flow and retention into Healthy Beginnings/Comienzos
Saludables. Participant characteristics were well balanced by randomized group (Table 2). At the
35–36 weeks of gestation visit, 82.1% (211/257) of participants completed the dietary assessment,
including 85.2% (109/128) of usual care and 79.1% (102/129) of intervention participants, with no
statistically significant (p = 0.55) differences in retention by group. The demographic characteristics
(site, group, BMI, age, education, parity, weeks of gestation at randomization) did not significantly
differ between participants who completed and those who did not complete the 35–36 weeks gestation
visit. Completers were more likely than non-completers to have adequate intake of phosphorus (38/43
versus 209/211; chi square test p = 0.002), niacin (32/46 versus 187/211; p = 0.002), riboflavin (33/46
versus 185/211; p = 0.011), and thiamin (23/46 versus 144/211; p = 0.03); no other significant differences
were observed.

Table 2. Baseline characteristics of the participants by condition.

Characteristic
Total
n = 211

Usual Care
n = 109

Intervention
n = 102

Age, years, Mean (SD) 30.5 (5.3) 30.0 (5.6) 31.0 (4.9)

Hispanic/Latino, No. (%)
Yes 85 (40.3) 43 (39.4) 42 (41.2)
No 126 (59.7) 66 (60.6) 60 (58.8)

Heritage, No. (%) (participants could select multiple)
American Indian or Alaskan Native 7 (3.3) 3 (2.8) 4 (3.9)
Asian 2 (0.9) 0 (0) 2 (2.0)
Black or African American 15 (7.1) 7 (6.4) 8 (7.8)
Native Hawaiian or Pacific Islander 4 (1.9) 3 (2.8) 1 (1.0)
White 131 (62.1) 67 (61.5) 64 (62.7)
Other 60 (28.4) 30 (27.5) 30 (29.4)

Marital Status, No. (%)
Married or living with significant other 148 (70.1) 97 (89.0) 51 (50.0)
Never married/divorced/widowed 63 (29.9) 12 (11.0) 51 (50.0)

Annual household Income $, No. (%)
<$24,999 49 (23.2) 28 (25.7) 21 (20.6)
$25,000–49,999 62 (29.4) 30 (27.5) 32 (31.4)
$50,000–99,999 60 (28.4) 30 (27.5) 30 (29.4)
≥$100,000 40 (19.0) 21 (19.3) 19 (18.6)

Education, No. (%)
High school or less 48 (22.7) 29 (26.6) 19 (18.6)
Some college/College 130 (61.6) 62 (56.9) 68 (66.7)
Post-graduate work 33 (15.6) 18 (16.5) 15 (14.7)

Employment, No. (%)
Employed Full Time (at least 35 hours/week) 121 (57.3) 62 (56.9) 59 (57.8)
Employed Part-Time (less than 35 hours/week) 38 (18.0) 22 (20.2) 16 (15.7)
Unemployed 52 (24.6) 25 (22.9) 27 (26.5)

Childbearing history, No. (%)
Primiparous 53 (25.1) 25 (22.9) 28 (27.5)
Multiparous 154 (73.0) 82 (75.2) 72 (70.6)

Weeks of gestation at study entry, Mean (SD) 13.6 (1.7) 13.5 (1.9) 13.8 (1.5)
Weight, kg, at study entry, Mean (SD) 84.9 (16.5) 86.1 (17.9) 83.6 (14.8)
BMI, kg/m2, at study entry, Mean (SD) 32. (5.3) 32.5 (5.4) 32.1 (5.3)
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Table 2. Cont.

Characteristic
Total
n = 211

Usual Care
n = 109

Intervention
n = 102

Weight status
Overweight, No. (%) 86 (40.8) 42 (38.5) 44 (43.1)
Obese, No. (%) 125 (59.2) 67 (61.5) 58 (56.9)

Preconception weight, Mean (SD) 83.0 (16.5) 81.9 (14.8) 84.1 (17.9)
Preconception weight status
Overweight, No. (%) 94 (44.5) 44 (40.4) 50 (49.0)
Obese, No. (%) 114 (54.0) 63 (57.8) 51 (50.0)

Weight gain from preconception to study entry, kg, Mean (SD) 1.9 (4.4) 1.8 (3.3) 19 (5.0)

Daily prenatal vitamin intake, No. (%) 105 (96.7%) 105 (96.3) 99 (97.0)

Abbreviations: SD: standard deviation; BMI is calculated as weight in kilograms divided by the square of height in
meters. Y: years. No.: number.

3.1. Intervention Effects on Micronutrient Intake

When examining the average changes in micronutrients from study entry to 35–36 weeks gestation
(Table 3), significant group × time interactions indicated that the intervention relative to usual care
increased the average intake of vitamins A (178.3 versus 34.6, μg/day, respectively; p = 0.0001),
E (1.9 versus −0.3 mg/day; p = 0.0001), and K (23.4 versus −11.7 μg/day; p = 0.04). In addition, the
intervention significantly increased (relative to usual care) the intakes of vitamin D (1.5 versus
0.5 μg/day; p = 0.045) and copper (259.2 versus −34.5, μg/day; p = 0.001) and significantly decreased
the intake of selenium (−11.0 versus −7.2 μg/day; p = 0.002).

Table 3. Micronutrient intake from early pregnancy (baseline) to 35 weeks of gestation by treatment group.

EAR
Usual Care; n = 109

Mean (SD)
Intervention; n = 102

Mean (SD)
Statistical
Results 1

Baseline 35 Weeks Baseline 35 Weeks T G × T

Total Water, L/d 3.0 ** 2.6 (0.9) 2.8 (1.1) 2.5 (0.8) 2.8 (0.9) 0.20 0.72
Calcium, mg/d 800 973.5 (355.8) 1026.0 (387.8) 928.9 (352.1) 1097.2 (378.0) 0.06 0.14

CHO, g/d 135 219.6 (68.3) 225.1 (71.9) 219.7 (75.6) 217.7 (63.3) 0.001 0.783
Fiber, g/d 28 ** 16.5 (6.3) 15.6 (6.6) 16.7 (6.9) 14.2 (6.4) 0.02 0.07

Added sugars, % TE <25% of TE 9.6 (4.6) 10.3 (7.0) 10.5 (6.1) 12.3 (10.3) 0.28 0.35
Protein, g/kg/d, 0.88 0.9 (0.3) 0.8 (0.3) 0.9 (.31665) 0.8 (0.3) 0.92 0.76

Vit A μg, RAE/d· 550 631.2 (336.6) 667.6 (372.3) 720.0 (378.9) 898.0 (402.9) 0.10 0.0001

Vit C, mg/d 70 90.1 (62.4) 78.0 (57.3) 103.3 (70.5) 94.6 (64.8) 0.03 0.09
Vit D, μg/d 10 4.1 (2.6) 4.6 (2.9) 4.0 (2.5) 5.5 (3.3) 0.55 0.045

Vit E, mg/d 12 7.2 (4.4) 6.9 (3.1) 7.3 (3.7) 9.2 (5.0) 0.03 0.0001

Vit K, μg/d 90 * 111.8 (108.6) 100.0 (105.0) 116.1 (114.3) 140.0 (175.3) 0.07 0.04

Thiamin, mg/d 1.2 1.5 (0.5) 1.6 (0.6) 1.5 (0.6) 1.5 (0.62) 0.04 0.91
Riboflavin, mg/d 1.2 1.9 (0.6) 2.1 (0.7) 1.9 (0.8) 2.0 (0.8) 0.63 0.77

Niacin, mg/d 14 22.2 (7.6) 22.3 (8.6) 22.2 (7.8) 22.4 (7.4) 0.01 0.95
Vit B6, mg/d 1.6 1.9 (0.9) 2.0 (0.9) 1.9 (0.8) 2.0 (2.0) 0.02 0.72
Folate, μg/d 520 519.4 (218.2) 554.1 (248.7) 557.9 (267.5) 550.3 (287.3) 0.01 0.71
Vit B12, μg/d 2.2 4.8 (3.1) 5.3 (2.8) 5.4 (4.2) 5.2 (2.9) 0.9 0.70

Choline, mg/d ** 450 ** 285.1 (160.4) 294.0 (150.3) 291.5 (208.6) 230.4 (138.5) 0.11 0.005

Copper, μg/d 800 1270 (471) 1236 (390) 1208 (363) 1467 (473) 0.14 0.0001

Iron, mg/d 22 14.0 (5.3) 15.1 (5.5) 15.1 (6.0) 15.7 (6.2) 0.003 0.70
Magnesium, mg/d 290 280.7 (90.5) 282.4 (93.7) 269.6 (79.4) 326.5 (99.3) 0.09 0.001

Phosphorus, mg/d 580 1246.6 (391.9) 1262.9 (407.4) 1172.6 (360.1) 1255.3 (353.4) 0.035 0.91
Selenium, μg/d 49 108.9 (37.9) 101.6 (28.3) 100.4 (38.4) 88.1 (28.9) 0.012 0.002

Zinc, mg/d 9.5 11.2 (4.6) 11.0 (4.0) 10.6 (4.0) 12.2 (4.8) 0.635 0.06
Potassium mg/d 4.7** 2.4 (0.7) 2.4 (0.8) 2.4 (0.8) 2.4 (0.7) 0.003 0.63

Sodium g/d 1.5 ** 3.2 (1.0) 3.1 (0.9) 3.1 (1.0) 2.8 (1.1) 0.118 0.04

Bold font used to highlight nutrients that statistically differed by randomized group. Abbreviations: TE: total
energy; T: time; G × T: group by time, Vitamin A based on RAEs; 1 Repeated measures ANOVA adjusted for weeks
gestation at randomization, age, ethnicity (Hispanic versus non-Hispanic), parity (multiparity versus primiparity),
study entry BMI category (overweight verssu obese), household family income (>50,000/year versus <50,000/year),
and baseline value of the variable of interest. However, the mean (SD) values in table are shown unadjusted. ** AI
because EARs have not been established; this cutoff is made with less confidence [27–32].
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3.2. Intervention Effects on Micronutrient Adequacy Based on the RDAs

Study Entry. Despite the prevalent intake of prenatal vitamins (97%, Table 2), significant
proportions of participants reported inadequate intakes of nearly every micronutrient on the basis
of the EARs for pregnant women (Table 4). The vast majority (≥90%) reported inadequate intakes of
fiber, vitamin D, Vitamin E, iron. Nearly half (between 40 and 50%) of the participants also reported
inadequate intakes of calcium, protein, vitamin A, vitamin C, vitamin B6, folate, magnesium, and
zinc. On the basis of AI cutoffs, inadequate intakes of choline and vitamin K were also quite prevalent
(Table 4). Few participants reported intakes that were at or above the recommended tolerable limit for
the micronutrients. Exceptions were that a majority of participants had higher than recommended
as tolerable levels of sodium (170/211; 81.0%), and a minority had excess magnesium (39/211; 18.5%),
folate (12/211; 5.7%), and niacin (19/211; 9.0%) at study entry (Table 5).

Table 4. Proportions with micronutrient inadequacy at 35 weeks of gestation by treatment group.

EAR
Usual Care; n = 109

No. (%)
Intervention; n = 102

No. (%)

Baseline 35 Weeks Baseline 35 Weeks Sig 1 OR 1
95% CI 1

Lower Upper

Total Water, L/d; No. (%) 3.0 ** 74 (67.9) 72 (66.1) 85 (83.3) 64 (62.8) 0.27 0.70 0.37 1.33
Calcium, mg/d; No. (%) 800 43 (39.5) 34 (31.2) 41 (40.2) 18 (17.7) 0.007 0.37 0.18 0.76

CHO, g/d; No. (%) 135 9 (8.3) 9 (8.3) 11 (10.8) 5 (4.9) 0.34 0.55 0.16 1.88
Fiber, g/d; No. (%) 28 ** 102 (93.6) 104 (95.4) 98 (96.1) 100 (98.0) 0.32 2.54 0.41 15.91

Added sugars, % TE; No. (%) <25% of TE 0 (0.00) 5 (4.6) 2 (2.0) 6 (5.9) 0.53 0.52 0.07 4.10
Protein, g/kg/d; No. (%) 0.88 53 (48.6) 71 (65.2) 52 (51.0) 71 (69.6) 0.42 1.30 0.69 2.45

Vit A, μg_RAE/d; No. (%) 550 53 (48.6) 50 (45.9) 44 (43.1) 26 (25.5) 0.003 0.39 0.21 0.72

Vit C, mg/d; No. (%) 70 45 (41.3) 56 (51.4) 39 (38.2) 41 (40.2) 0.17 0.66 0.37 1.18
Vit D, μg/d; No. (%) 10 106 (97.3) 103 (94.5) 99 (97.1) 95 (93.1) 0.53 0.68 0.20 2.27
Vit E, mg/d; No. (%) 12 98 (89.9) 104 (95.4) 91 (89.2) 79 (77.5) 0.001 0.17 0.06 0.48

Vit K, μg/d; No. (%) 90 ** 65 (59.6) 70 (64.2) 57 (55.9) 49 (48.0) 0.023 0.49 0.26 0.91

Thiamin, mg/d; No. (%) 1.2 29 (26.6) 24 (22.0) 38 (37.3) 31 (30.4) 0.08 1.61 0.95 2.73
Riboflavin (mg/d; No. (%) 1.2 10 (9.2) 9 (8.3) 16 (15.7) 10 (9.8) 0.25 1.43 0.77 2.66

Niacin (mg/d; No. (%) 14 12 (11.0) 15 (13.8) 12 (11.8) 11 (10.8) 0.58 1.18 0.66 2.11
Vit B6 (mg/d; No. (%) 1.6 46 (42.2) 44 (40.4) 36 (35.3) 27 (26.5) 0.06 0.56 0.31 1.03
Folate (μg/d; No. (%) 520 63 (57.8) 59 (54.1) 52 (51.0) 55 (53.9) 0.85 1.06 0.59 1.89
Vit B12 (μg/d; No. (%) 2.2 13 (11.9) 8 (7.3) 11 (10.8) 10 (9.8) 0.37 1.62 0.57 4.60
Choline mg/d; No. (%) 450 ** 98 (89.9) 99 (90.8) 91 (89.2) 100 (98.0) 0.048 5.00 1.02 24.60

Copper (μg/d; No. (%) 800 13 (11.9) 10 (9.2) 8 (7.8) 7 (6.7) 0.85 1.11 0.37 3.32
Iron (mg/d; No. (%) 22 102 (93.6) 102 (93.6) 90 (88.2) 90 (88.2) 0.55 0.72 0.25 2.08

Magnesium (mg/d; No. (%)) 290 69 (63.3) 64 (58.7) 70 (68.6) 38 (37.3) 0.001 0.36 0.20 0.65

Phosphorus (mg/d; No. (%) 580 1 (0.9) 3 (2.8) 1 (1.0) 3 (2.9) 0.99 1.01 0.18 5.74
Selenium (μg/d; No. (%) 49 2 (1.8) 3 (2.8) 8 (7.8) 9 (8.8) 0.08 3.67 0.88 15.30

Zinc (mg/d; No. (%) 9.5 42 (38.5) 47 (43.1) 44 (43.1) 36 (35.3) 0.25 0.71 0.39 1.27
Potassium mg/d; No. (%) 4.7 ** 0 (0) 0 (0) 0 (0) 0 (0) – – – –

Sodium, g/d; No. (%) 1.5 ** 2 (1.8) 2 (1.8) 5 (4.9) 7 (6.9) 0.68 0.91 0.57 1.45

Bold font used to highlight nutrients that statistically differed by randomized group. Abbreviations: 1 Logistic
regression analysis adjusted for weeks of gestation at randomization, age, ethnicity (Hispanic versus non-Hispanic),
parity (multiparity versus primiparity), study entry BMI category (overweight versus obese), household family
income (>50,000/year versus <50,000/year), and baseline value of the variable of interest. ** AI because EARs have
not been established; this cutoff is made with less confidence [27–32].

Study Entry to 35–36 Weeks of Gestation. Significant group x time interactions were observed that
indicated that the intervention significantly reduced the odds at 35–36 weeks of gestation of inadequate
intake based on the EARs for calcium (odds ratio (OR) = 0.34 (0.18, 0.76) p = 0.007), vitamin A
(OR = 0.39 (0.21, 0.72) p = 0.003;), vitamin E (OR = 0.17 (0.06, 0.48) p = 0.001), and magnesium
(OR = 0.36 (0.20, 0.65) p = 0.001), as shown in Table 4. Based on AIs, the intervention also decreased the
odds of inadequate intake of vitamin K (OR = 0.49 (0.26, 0.91)) and increased the odds of inadequate
intake of choline (OR = 5.0 (1.0, 24.6) p = 0.04).

From study entry to 35–36 weeks of gestation, the intervention reduced the odds of intake above
tolerable limits for sodium (OR = 0.47 (0.24, 0.91) p = 0.026) and increased the odds of intake above
tolerable limits for magnesium (OR = 2.0 (1.0, 3.7); p = 0.038) (Table 5).
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Table 5. Proportions with micronutrient levels above recommended tolerable limits.

Usual Care
n = 109

Intervention
n = 102

Sig 2 OR 2
95% CI

Upper Limit 1

Lower Upper

Baseline 35 Weeks Baseline 35 Weeks

Calcium no., % 2500 (mg/d) 0 0 0 0 – – – –
Vit A no., % 3000 (μg/d) 0 0 0 0 – – – –
Vit C no., % 2000 (mg/d) 0 0 0 0 – – – –
Vit E no., % 1000 (mg/d) 0 0 0 0 – – – –

Niacin no., % 35 (mg/d) 9 (8.2) 5 (4.6) 10 (9.8) 5 (4.9) 0.89 0.91 0.23 3.52
Vit B6 no., % 1000 (mg/d) 0 0 0 0 – – – –
Folate no., % 100 (μg/d) 4 (3.7) 7 (6.4) 8 4 (3.9) 0.10 0.27 0.05 1.30

Choline no., % 3500 mg/d 0 0 0 0 – – – –
Copper no., % 10,000 (μg/d) 0 0 0 0 – – – –

Magnesium no., % 350 (mg/d) 23 (21.1) 24 (22.0) 16 (15.7) 36 (35.3) 0.038 1.97 1.04 3.74
Phosphorus no., % 3500(mg/d) 0 0 0 0 – – – –

Selenium no., % 400 (μg/d) 0 0 0 0 – – – –
Zinc no., % 40 (mg/d) 0 0 0 0 – – – –

Sodium no., % 2.3 g/d 90 (82.6) 85 (78.0) 80 (78.4) 64 (62.7) 0.026 0.47 0.24 0.91

Abbreviations: 1 Upper limit (UL) is the highest level of daily nutrient intake that is likely to pose no risk of adverse
health effects to almost all pregnant women aged 19–30 years. As intake increases above the UL, the risk for adverse
effects increases. ULs are not intended to be a recommended level of intake, rather a level of intake that most
individuals can likely tolerate. 2 Logistic regression analysis adjusted for weeks of gestation at randomization,
age, ethnicity (Hispanic versus non-Hispanic), parity (multiparity versus primiparity), study entry BMI category
(overweight versus obese), household family income (>50,000/year versus <50,000/year), baseline value of the
variable of interest.

3.3. Intervention Adherence

From baseline to weeks 35–36, the intervention increased the average number of meal replacement
products reported each day by an additional 0.63 (SD 0.83) products/day. Increased reported intake
of meal replacement products/day was significantly related to increased intake of micronutrients
(Figure 2), including vitamin A (r = 0.33; p = 0.002), vitamin E (r = 0.30; p = 0.004), niacin (r = 0.21;
p = 0.043), thiamin (r= 0.31; p = 0.003), copper (r= 0.50; p = 0.0001), iron (r = 0.28; p= 0.008), magnesium
(r = 0.47; p = 0.0001), phosphorus (r = 0.22; p = 0.04), and zinc (r = 0.24l p = 0.02). Trend positive partial
correlations were observed for calcium (r = 0.21; p = 0.05), riboflavin (r = 0.20; p = 0.058), vitamin B6

(r = 0.20; p = 0.06), and choline (r = 0.20; p = 0.06), and a trend inverse correlation was observed for
vitamin K (r = −0.18; p = 0.08) (Figure 2). No significant correlations were observed for changes in
meal replacements and vitamin C, K, folic acid, B12, selenium, potassium, or sodium.

 

Figure 2. R values for changes in daily meal replacement servings/day and micronutrients from study
entry to 35 weeks gestation among the intervention participants. * p < 0.05.
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4. Discussion

A prenatal meal replacement intervention that reduced excess gestational weight gain also
improved the micronutrient intake of pregnant women with overweight and obesity. At study
entry, despite the intake of prenatal vitamins, more than 90% of participants reported inadequate
intakes of vitamin E, and about 50% reported inadequate intakes of calcium, vitamins A and K, and
magnesium. By 35 weeks of gestation, the prenatal lifestyle intervention with partial meal replacement
had cut by more than half the odds of these micronutrient insufficiencies. Given the association
between inadequate levels of nutrients during pregnancy and later adverse maternal and child health
conditions [5], these findings highlight an additional potential benefit of the lifestyle intervention that
reduced excess gestational weight gain [17].

At study entry, the vast majority of participants (81%) had higher than recommended intakes for
sodium. By 35 weeks gestation, the intervention reduced by nearly 90% the odds of excess sodium
intake based on AI cutoffs. The effects of excess sodium intake during pregnancy remain unclear [37].
Animal and some human studies have suggested that excess sodium may negatively affect the immune
system [38] and placental functioning [37,39,40] and contribute to the development of high blood
pressure and pre-eclampsia [41]. However, mixed findings and lack of evidence that restricting sodium
during pregnancy has any long-term health benefits to mothers or children have led the current
guidelines not to recommend sodium restriction during pregnancy, unless a woman has high blood
pressure [42,43]. In the current trial, the intervention did not have a significant effect on lowering blood
pressure [17], despite the reductions in sodium intake reported here.

The intervention-related increases in micronutrient intake generally occurred without promoting
an excess in micronutrients—with the exception of magnesium. The intervention increased the odds of
exceeding the recommended tolerable limit for intake of magnesium (i.e., 350 mg/day). The upper
limits are not intended to be a recommended “cap” but rather a level of intake that most individuals
could likely tolerate [29,30,34,35]. Nevertheless, high amounts of magnesium could result in diarrhea,
nausea, and abdominal cramping [29,30,34,35], which were not measured in the current study.

Also of note, the intervention increased the odds of inadequate intake of choline. Choline does
not yet have an established EAR, so cutoffs were based on AI, which should be interpreted with less
confidence [27–32]. Nevertheless, the reasons for an intervention-related decline in choline remain
unclear. The meal replacements likely did not contain adequate amounts of choline and might have
displaced typical consumption of choline-containing foods, such as eggs and milk. However, group
differences in milk intake were not observed (data not shown). Adequate intake of dietary choline may
be important for optimal fetal outcome (birth defects, brain development) and for maternal liver and
placental function [44]. Future research of the intervention approach should consider the promotion
of both egg and milk consumption or other choline-rich foods or a diet supplement that might assist
women in the intervention in meeting the daily choline intake recommendations.

This study is the first to examine whether a prenatal lifestyle intervention with partial meal
replacement that reduced excess gestational weight gain had positive effects on micronutrient intake
of pregnant women with overweight and obesity. The study’s strengths include its randomized design,
diverse population, blinded assessors, and two repeated, random, and interview-administered 24 h
recalls to measure the dietary intake. Limitations of this study include the fact that the assessment of
micronutrients was solely based on self-report, which could have overestimated the proportions with
inadequate intake [45]. Also, data were lacking for some micronutrients, including molybdenum and
iodine. Also, for micronutrients in which an RDA and EAR had not been established (i.e., vitamin K,
choline, potassium, sodium), cutoffs were based on AIs, which should be interpreted with less
confidence, since the amount and quality of data currently available may not be sufficient to make
reliable estimates [46]. The study design tested a treatment “package” and did not allow for isolation
of the independent contribution of meal replacements from other intervention components. Future
randomized clinical trials are needed to tease apart the intervention “package” and identify the
independent contribution of meal replacements and other intervention components on improving
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micronutrient adequacy. Only 82% of the original sample completed the dietary assessment, although
the characteristics of completers versus non-completers were similar. Also, the study’s sample size was
not powered to examine the effect of changes in micronutrients on maternal and fetal complications.

5. Conclusions

A comprehensive prenatal lifestyle intervention that reduced excess gestational weight gain [17]
also improved micronutrient intake and reduced the odds of inadequate intake of several micronutrients.
A low nutritional quality of the diet and inadequate intakes of micronutrients can have significant
consequences for both the mother and the developing fetus. Future research is now needed to
examine the generalizability and effectiveness of this prenatal lifestyle modification program in other
populations and settings.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/11/5/1071/s1,
Table S1: Nutritional Composition of Healthy Beginnings/Comienzos Saludables Meal Replacements.

Author Contributions: S.P., B.A., R.R.W. designed the research; S.P., R.R.W. conducted the research; S.P. analyzed
the data; S.P., R.R.W., B.A. wrote the paper; S.P. had primary responsibility for the final content. All authors read
and approved the final manuscript.

Funding: This research was funded by the National Institutes of Health National Heart, Lung, and Blood Institute
(HL114377). LIFE-Moms is supported by the National Institutes of Health through the National Institute of
Diabetes and Digestive and Kidney Diseases (NIDDK, U01 DK094418, U01 DK094463, U01 DK094416, 5U01
DK094466 [RCU]), the National Heart, Lung, and Blood Institute (NHLBI, U01 HL114344, U01 HL114377),
the Eunice Kennedy Shriver National Institute of Child Health and Human Development (NICHD, U01 HD072834),
the National Center for Complementary and Integrative Health (NCCIH), the NIH Office of Research in Women’s
Health (ORWH), the Office of Behavioral and Social Science Research (OBSSR), the Indian Health Service, and the
Intramural Research Program of the NIDDK.

Acknowledgments: We thank the participants in the study. We thank our unpaid recruitment sites, including in
California, Pacific Central Coast Health Centers, including Santa Maria Women’s Health Center, Bishop’s Peak
Women’s Health Center, and Templeton Women’s Health Center and the Community Health Centers (CHC) in
Templeton, San Luis Obispo, Santa Maria, and Nipomo, and Creating Harmony Women’s Healthcare, French
Hospital Medical Center, and Marian Regional Medical Center, and San Luis Obispo and Santa Barbara WIC
clinics, and, in Rhode Island, the Women’s Primary Care Center at Women and Infants Hospital, Center for
OB-GYN, Women’s Care, Inc. in Providence, Pawtucket and East Greenwich, Beitle, Bayside OB-GYN, Broadway
OB/GYN, RI WIC Clinics. We thank the paid research team members in CA, including Adilene Quintana-Diaz,
Noemi Alarcon, Martha La Spina, Maria Legato, Samantha Lalush, Adrian Mercado, Nick Katsantones, Megan
Ershov, Natali Valdez, Ana Stewart, Vanessa Rodriguez, Jill Jacoby, Hannah Feldman, and in RI, including Juliana
Duszlak (Luciani), Erica Ferguson-Robichaud, Denise Fernandes-Pierre, Kristen DeLayo, Kathryn Story, Stephanie
Guerra, Patricia Sandoval, Zeely Sylvia-Denmat, Isabella Cassell, Julie Krol, Sarah Morris, Briana Borgolini, Molly
La Rue, Kaitlyn Dahlborg, Genevieve Ramos, Whitney Howie, and Leah Sabatino. We thank the LIFE-Moms
consortium members for their paid contributions to the development and oversight of the common measures and
procedures shared across the trials. We thank Orgain and Pure Fit bar for providing product purchase discounts
in support of this study.

Conflicts of Interest: The authors report grants from the National Institutes of Health during the conduct of the
study. SP reports a grant from Weight Watchers International, outside the submitted work. The authors have no
other conflicts of interest to report.

References

1. Koletzko, B.; Godfrey, K.M.; Poston, L.; Szajewska, H.; van Goudoever, J.B.; de Waard, M.; Brands, B.;
Grivell, R.M.; Deussen, A.R.; Dodd, J.M.; et al. Nutrition during pregnancy, lactation and early childhood
and its implications for maternal and long-term child health: The early nutrition project recommendations.
Ann. Nutr. Metab. 2019, 74, 93–106. [CrossRef] [PubMed]

2. Nesby-O’Dell, S.; Scanlon, K.S.; Cogswell, M.E.; Gillespie, C.; Hollis, B.W.; Looker, A.C.; Allen, C.;
Doughertly, C.; Gunter, E.W.; Bowman, B.A. Hypovitaminosis D prevalence and determinants among
African American and white women of reproductive age: Third National Health and Nutrition Examination
Survey, 1988–1994. Am. J. Clin. Nutr. 2002, 76, 187–192. [CrossRef]

94



Nutrients 2019, 11, 1071

3. Agarwal, S.; Reider, C.; Brooks, J.R.; Fulgoni, V.L. Comparison of prevalence of inadequate nutrient intake
based on body weight status of adults in the United States: An analysis of NHANES 2001–2008. J. Am.
Coll. Nutr. 2015, 34, 126–134. [CrossRef]

4. Astrup, A.; Bugel, S. Overfed but undernourished: recognizing nutritional inadequacies/deficiencies in
patients with overweight or obesity. Int. J. Obes. 2018. [CrossRef] [PubMed]

5. Procter, S.B.; Campbell, C.G. Position of the Academy of Nutrition and Dietetics: Nutrition and lifestyle for a
healthy pregnancy outcome. J. Acad. Nutr. Diet. 2014, 114, 1099–1103. [CrossRef] [PubMed]

6. Shapira, N. Prenatal nutrition: A critical window of opportunity for mother and child. Womens Health 2008,
4, 639–656. [CrossRef]

7. Peaceman, A.M.; Clifton, R.G.; Phelan, S.; Gallagher, D.; Evans, M.; Redman, L.M.; Knowler, W.C.;
Joshipura, K.; Haire-Joshu, D.; Yanovski, S.Z.; et al. Lifestyle Interventions Limit Gestational Weight Gain in
Women with Overweight or Obesity: LIFE-Moms Prospective Meta-Analysis. Obesity (Silver Spring) 2018,
26, 1396–1404. [CrossRef]

8. Marangoni, F.; Cetin, I.; Verduci, E.; Canzone, G.; Giovannini, M.; Scollo, P.; Corsello, G.; Poli, A. Maternal
diet and nutrient requirements in pregnancy and breastfeeding. An italian consensus document. Nutrients
2016, 8, 629. [CrossRef]

9. Milman, N.; Bergholt, T.; Byg, K.E.; Eriksen, L.; Graudal, N. Iron status and iron balance during pregnancy.
A critical reappraisal of iron supplementation. Acta. Obstet. Gynecol. Scand. 1999, 78, 749–757. [CrossRef]

10. Czeizel, A.E. Periconceptional folic acid containing multivitamin supplementation. Eur. J. Obstet. Gynecol.
Reprod. Biol. 1998, 78, 151–161. [CrossRef]

11. Murphy, M.M.; Scott, J.M.; McPartlin, J.M.; Fernandez-Ballart, J.D. The pregnancy-related decrease in fasting
plasma homocysteine is not explained by folic acid supplementation, hemodilution, or a decrease in albumin
in a longitudinal study. Am. J. Clin. Nutr. 2002, 76, 614–619. [CrossRef] [PubMed]

12. Zeghoud, F.; Vervel, C.; Guillozo, H.; Walrant-Debray, O.; Boutignon, H.; Garabedian, M. Subclinical vitamin
D deficiency in neonates: Definition and response to vitamin D supplements. Am. J. Clin. Nutr. 1997,
65, 771–778. [CrossRef] [PubMed]

13. Koren, G.; Pairaideau, N. Compliance with prenatal vitamins. Patients with morning sickness sometimes
find it difficult. Can. Fam. Phys. 2006, 52, 1392–1393. [PubMed]

14. Dobbing, J.; Rybar Laboratories. Prevention of Spina Bifida and Other Neural Tube Defects; Academic Press:
London, UK; New York, NY, USA, 1983; p. xiv. 251p.

15. Fall, C.H.; Yajnik, C.S.; Rao, S.; Davies, A.A.; Brown, N.; Farrant, H.J. Micronutrients and fetal growth. J. Nutr.
2003, 133, S1747–S1756. [CrossRef]

16. Long, V.A.; Martin, T.; Janson-Sand, C. The great beginnings program: Impact of a nutrition curriculum on
nutrition knowledge, diet quality, and birth outcomes in pregnant and parenting teens. J. Am. Diet. Assoc.
2002, 102, S86–S89. [CrossRef]

17. Phelan, S.; Wing, R.R.; Brannen, A.; McHugh, A.; Hagobian, T.A.; Schaffner, A.; Jelalian, E.; Hart, C.N.;
Scholl, T.O.; Munoz-Christian, K.; et al. Randomized controlled clinical trial of behavioral lifestyle
intervention with partial meal replacement to reduce excessive gestational weight gain. Am. J. Clin. Nutr.
2018, 107, 183–194. [CrossRef]

18. Clifton, R.G.; Evans, M.; Cahill, A.G.; Franks, P.W.; Gallagher, D.; Phelan, S.; Pomeroy, J.; Redman, L.M.;
Van Horn, L.; Group, L.I.-M.R. Design of lifestyle intervention trials to prevent excessive gestational weight
gain in women with overweight or obesity. Obesity (Silver Spring) 2016, 24, 305–313. [CrossRef]

19. Phelan, S.; Wing, R.R.; Brannen, A.; McHugh, A.; Hagobian, T.; Schaffner, A.; Jelalian, E.; Hart, C.N.;
Scholl, T.O.; Munoz-Christian, K.; et al. Does Partial Meal Replacement During Pregnancy Reduce 12-Month
Postpartum Weight Retention? Obesity (Silver Spring) 2019, 27, 226–236. [CrossRef]

20. Conner, P.; Bartlett, S.; Mendelson, M.; Condon, K.; Sutcliffe, C. (Eds.) WIC Participant and Program
Characteristics 2008, WIC-08-PC; U.S. Department of Agriculture, Food and Nutrition Service, Office of
Research and Analysis: Alexandria, VA, USA, 2010.

21. Phelan, S.; Phipps, M.G.; Abrams, B.; Darroch, F.; Schaffner, A.; Wing, R.R. Randomized trial of a behavioral
intervention to prevent excessive gestational weight gain: The Fit for Delivery Study. Am. J. Clin. Nutr. 2011,
93, 772–779. [CrossRef]

22. Wing, R.R.; Jeffery, R.W.; Burton, L.R.; Thorson, C.; Nissinoff, K.S.; Baxter, J.E. Food provision vs structured
meal plans in the behavioral treatment of obesity. Int. J. Obes. Relat. Metab. Disord. 1996, 20, 56–62.

95



Nutrients 2019, 11, 1071

23. Artal, R.; Catanzaro, R.B.; Gavard, J.A.; Mostello, D.J.; Friganza, J.C. A lifestyle intervention of weight-gain
restriction: Diet and exercise in obese women with gestational diabetes mellitus. Appl. Physiol. Nutr. Metab.
2007, 32, 596–601. [CrossRef]

24. Otten, J.J.; Hellwig, J.P.; Meyers, L.D. DRI, Dietary Reference Intakes: The Essential Guide to Nutrient Requirements;
National Academies Press: Washington, DC, USA, 2006; p. xiii. 543p.

25. Kirkpatrick, S.I.; Subar, A.F.; Douglass, D.; Zimmerman, T.P.; Thompson, F.E.; Kahle, L.L.; George, S.M.;
Dodd, K.W.; Potischman, N. Performance of the Automated Self-Administered 24-h Recall relative to a
measure of true intakes and to an interviewer-administered 24-h recall. Am. J. Clin. Nutr. 2014, 100, 233–240.
[CrossRef]

26. Subar, A.F.; Kirkpatrick, S.I.; Mittl, B.; Zimmerman, T.P.; Thompson, F.E.; Bingley, C.; Willis, G.; Islam, N.G.;
Baranowski, T.; McNutt, S.; et al. The Automated Self-Administered 24-h dietary recall (ASA24): A resource
for researchers, clinicians, and educators from the National Cancer Institute. J. Acad. Nutr. Diet. 2012,
112, 1134–1137. [CrossRef] [PubMed]

27. Institute of Medicine (U.S.). Standing Committee on the Scientific Evaluation of Dietary Reference Intakes.
Dietary Reference Intakes: For Calcium, Phosphorus, Magnesium, Vitamin D, and Fluoride; National Academy
Press: Washington, DC, USA, 1997; p. xv. 432p.

28. Institute of Medicine (U.S.). Standing Committee on the Scientific Evaluation of Dietary Reference Intakes;
Institute of Medicine (U.S.). Panel on Folate Other B Vitamins and Choline; Institute of Medicine (U.S.).
Subcommittee on Upper Reference Levels of Nutrients. Dietary Reference Intakes for Thiamin, Riboflavin, Niacin,
Vitamin B6, Folate, Vitamin B12, Pantothenic Acid, Biotin, and Choline; National Academy Press: Washington,
DC, USA, 1998; p. xxii. 564p.

29. Institute of Medicine (U.S.). Panel on Dietary Antioxidants and Related Compounds. Dietary Reference
Intakes for Vitamin C, Vitamin E, Selenium, and Carotenoids: A Report of the Panel on Dietary Antioxidants and
Related Compounds, Subcommittees on Upper Reference Levels of Nutrients and of Interpretation and Use of Dietary
Reference Intakes, and the Standing Committee on the Scientific Evaluation of Dietary Reference Intakes, Food and
Nutrition Board, Institute of Medicine; National Academy Press: Washington, DC, USA, 2000; p. xx, 506p.

30. Institute of Medicine (U.S.). Panel on Micronutrients. DRI: Dietary Reference Intakes for Vitamin A, Vitamin K,
Arsenic, Boron, Chromium, Copper, Iodine, Iron, Manganese, Molybdenum, Nickel, Silicon, Vanadium, and Zinc:
A Report of the Panel on Micronutrients and the Standing Committee on the Scientific Evaluation of Dietary Reference
Intakes, Food and Nutrition Board, Institute of Medicine; National Academy Press: Washington, DC, USA, 2001;
p. xxii, 773p.

31. Institute of Medicine (U.S.). Panel on Macronutrients; Institute of Medicine (U.S.). Standing Committee on
the Scientific Evaluation of Dietary Reference Intakes. Dietary Reference Intakes for Energy, Carbohydrate, Fiber,
Fat, Fatty Acids, Cholesterol, Protein, and Amino Acids; National Academies Press: Washington, DC, USA, 2005;
p. xxv, 1331p.

32. Ross, A.C. Dietary Reference Intakes for Adequacy: Calcium and Vitamin D. In Dietary Reference Intakes for
Calcium and Vitamin D; National Academies Press: Washington, DC, USA, 2011; pp. 345–402.

33. Beaton, G.H. Approaches to analysis of dietary data: relationship between planned analyses and choice of
methodology. Am. J. Clin. Nutr. 1994, 59, 253S–261S. [CrossRef]

34. Institute of Medicine (U.S.). Food and Nutrition Board; Suitor, C.W.; Meyers, L.D. Dietary Reference Intakes
Research Synthesis Workshop Summary; National Academies Press: Washington, DC, USA, 2007; p. xii, 297p.

35. Institute of Medicine (U.S.). Panel on Dietary Reference Intakes for Electrolytes and Water. DRI, Dietary
Reference Intakes for Water, Potassium, Sodium, Chloride, and Sulfate; National Academies Press: Washington,
DC, USA, 2005; p. xviii, 617p.

36. Rasmussen, K.M.; Yaktine, A.L.; Institute of Medicine (U.S.). Committee to Reexamine IOM Pregnancy
Weight Guidelines. Weight Gain during Pregnancy: Reexamining the Guidelines; National Academies Press:
Washington, DC, USA, 2009.

37. Asayama, K.; Imai, Y. The impact of salt intake during and after pregnancy. Hypertens. Res. 2018, 41, 1–5.
[CrossRef]

38. Luo, T.; Ji, W.J.; Yuan, F.; Guo, Z.Z.; Li, Y.X.; Dong, Y.; Ma, Y.Q.; Zhou, X.; Li, Y.M. Th17/Treg Imbalance
Induced by Dietary Salt Variation Indicates Inflammation of Target Organs in Humans. Sci. Rep. 2016,
6, 26767. [CrossRef]

96



Nutrients 2019, 11, 1071

39. Lenda, D.M.; Boegehold, M.A. Effect of a high salt diet on microvascular antioxidant enzymes. J. Vasc. Res.
2002, 39, 41–50. [CrossRef]

40. Lenda, D.M.; Boegehold, M.A. Effect of a high-salt diet on oxidant enzyme activity in skeletal muscle
microcirculation. Am. J. Physiol. Heart. Circ. Physiol. 2002, 282, H395–H402. [CrossRef] [PubMed]

41. Dishy, V.; Sofowora, G.G.; Imamura, H.; Nishimi, Y.; Xie, H.G.; Wood, A.J.; Stein, C.M. Nitric oxide production
decreases after salt loading but is not related to blood pressure changes or nitric oxide-mediated vascular
responses. J. Hypertens. 2003, 21, 153–157. [CrossRef] [PubMed]

42. Visintin, C.; Mugglestone, M.A.; Almerie, M.Q.; Nherera, L.M.; James, D.; Walkinshaw, S.; Guideline
Development Group. Hypertension in Pregnancy: The Management of Hypertensive Disorders During
Pregnancy. BMJ 2010. [CrossRef] [PubMed]

43. Hypertension in pregnancy. Report of the American College of Obstetricians and Gynecologists’ Task Force
on Hypertension in Pregnancy. Hypertension in pregnancy. Report of the American College of Obstetricians
and Gynecologists’ Task Force on Hypertension in Pregnancy. Obstet. Gynecol. 2013, 122, 1122–1131.

44. Zeisel, S.H. Nutrition in pregnancy: The argument for including a source of choline. Int. J. Womens Health
2013, 5, 193–199. [CrossRef] [PubMed]

45. Garriguet, D. Impact of identifying plausible respondents on the under-reporting of energy intake in the
Canadian Community Health Survey. Health Rep. 2008, 19, 47–55. [PubMed]

46. Institute of Medicine (U.S.). DRI Dietary Reference Intakes: Applications in Dietary Assessment; National
Academies Press: Washington, DC, USA, 2000. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

97



nutrients

Article

Behavioral Determinants of Objectively Assessed
Diet Quality in Obese Pregnancy

Jasper Most 1, Candida J. Rebello 2, Abby D. Altazan 1, Corby K. Martin 3, Marshall St Amant 4

and Leanne M. Redman 1,*

1 Reproductive Endocrinology and Women’s Health, Pennington Biomedical Research Center, Baton Rouge,
LA 70817, USA

2 Clinical Trials Unit, Pennington Biomedical Research Center, Baton Rouge, LA 70817, USA
3 Ingestive Behavior, Weight Management, and Health Promotion Laboratory,

Pennington Biomedical Research Center, Baton Rouge, LA 70817, USA
4 Woman’s Hospital, 100 Woman’s Way, Baton Rouge, LA 70817, USA
* Correspondence: leanne.redman@pbrc.edu; Tel.: +1-225-763-0947

Received: 30 April 2019; Accepted: 24 June 2019; Published: 26 June 2019

Abstract: Interventions to promote healthy pregnancy in women with obesity by improving diet
quality have been widely unsuccessful. We hypothesized that diet quality is determined by eating
behaviors, but evidence in women with obesity is lacking. We evaluated diet quality and eating
behavior in 56 women with obesity (mean ± SEM, 36.7 ± 0.7 kg/m2, 46% White, 50% nulliparous)
early in pregnancy (14.9 ± 0.1 weeks). Diet quality was objectively assessed with food photography
over six days and defined by Healthy Eating Index. Eating behaviors were assessed by validated
questionnaires. Women reported consuming diets high in fat (38 ± 1% of energy) and the HEI was
considered “poor” on average (46.7 ± 1.3), and for 71% of women. Diet quality was independently
associated with education level (p = 0.01), food cravings (p < 0.01), and awareness towards eating
(p = 0.01). Cravings for sweets and fast foods were positively correlated with respective intakes of
these foods (p < 0.01 and p = 0.04, respectively), whereas cravings for fruits and vegetables did not
relate to diet intake. We provide evidence of the determinants of poor diet quality in pregnant women
with obesity. Based on this observational study, strategies to improve diet quality and pregnancy
outcomes are to satisfy cravings for healthy snacks and foods, and to promote awareness towards
eating behaviors.

Keywords: Pregnancy; obesity; diet quality; Healthy Eating Index; food cravings; mindful eating;
education; race; food photography

1. Introduction

Poor quality of maternal diet is considered one of the most significant predictors of adverse
pregnancy outcomes [1–5] and poor infant health [5–9]. Both poor diet quality and adverse pregnancy
outcomes are more frequent among women with obesity [10,11].

Among women with normal weight or who are overweight, improvements in maternal diet
quality reduced the prevalence of adverse outcomes including excess gestational weight gain [12,13],
gestational diabetes, and hypertensive disorders in mothers [2] and macrosomia in infants [14].
However, in women with obesity, successful dietary interventions are seldom reported, likely due to
small effects on diet quality [14–17].

To develop more successful behavioral interventions for women with obesity requires an
understanding of determinants of poor diet quality, i.e., consumption of specific food groups, mindful
eating, or food cravings. Others have shown in 24 h recalls, that poor diet quality of women with
obesity was determined by low intake of fruits [10], but not due to intake of other food groups. Eating
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behaviors such as mindful eating or food cravings associate with poor diet quality in nonpregnant
subjects [18]. Women with obesity appear more likely to report indulgence in food cravings and
less mindfulness towards eating, but such data has only been reported in women who were not
pregnant [19]. Furthermore, the available evidence from these studies is limited by their use of
self-reported diet data, varying metrics for diet quality, and lack of information on eating behaviors to
understand how behaviors could be targeted to improve diet quality. To our knowledge, no study has
defined the behavioral determinants of diet quality in pregnant women with obesity.

The aim of this study was to characterize diet quality in pregnant women with obesity and identify
maternal eating patterns and behaviors that contribute to the quality of the diet in early pregnancy. In
addition, we assessed if maternal eating attitudes and behaviors are influenced by race, education level,
or nausea and vomiting. To this end, dietary intake, including diet quality and eating patterns, and
eating attitudes and behaviors were simultaneously assessed between 13 and 16 weeks gestation. We
hypothesized that maternal eating behavior such as food cravings and mindfulness would contribute
to maternal diet quality objectively assessed by food photography.

2. Materials and Methods

2.1. Study Design

Participants were enrolled in a prospective observational study at the Pennington Biomedical
Research Center to assess the determinants of gestational weight gain [20,21]. Between 13 and 16 weeks
of gestation (14.9 ± 0.1 weeks), dietary intake and eating patterns were assessed over six consecutive
days by a validated food photography method [22]. Eating behaviors were assessed with self-report
questionnaires. The study was approved by the Pennington Biomedical Research Center Institutional
Review Board and written informed consent was obtained from all participants prior to the initiation
of procedures.

2.2. Participants

Enrolled women were pregnant, 18 to 40 years of age, with a measured BMI ≥30 kg/m2 at the
screening visit (gestational age, <15 weeks). Obesity was defined as class I: 30≤BMI<35 kg/m2, class
II: 35≤BMI<40 kg/m2, and class III: BMI≥40 kg/m2. Women who reported smoking, alcohol, or drug
use or had pre-existing hypertension, diabetes (HbA1c ≥6.5%), psychological or eating disorders or
reported medications/supplements that might affect body weight, planned termination of pregnancy,
and bariatric surgery were excluded. Fasting plasma glucose was measured in a venous blood sample,
collected after an overnight fast at the research center. Sociodemographic parameters including age,
race, parity, family income, education, and employment were obtained from self-report questionnaires.
Poverty to income ratio was determined as the ratio of individual income to poverty threshold based
on family size.

2.3. Dietary Assessment

Dietary intake was assessed over six days with the SmartIntake® smartphone application, which
is a validated food photography method for adult energy intake and diet quality, as assessed by
macronutrient intake (kcal from protein, fat, or carbohydrate) and intake of vitamin C, calcium, iron,
sodium, or fiber [22]. Prior to analysis, routine data handling procedures were followed and days
in which reported caloric intake was <60% of total daily energy expenditure measured by doubly
labeled water, were excluded to improve accuracy and eliminate reporting bias by BMI [20]. Total
daily energy expenditure was measured for seven days simultaneous to dietary intake [20]. When
using SmartIntake®, participants captured images of meals or food items consumed and plate (food)
waste. Participants defined the type of meal (breakfast, lunch, dinner, snacks) and every image
was automatically time-stamped to allow calculation of eating patterns (first and last meal of a day,
eating duration). Images were transmitted automatically in real-time via the phone application
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and were reviewed as a set by the participant and study staff at the end of the assessment period
to document potential missing data. Dietitians determined portion sizes using validated visual
comparison procedures [22], and the nutritional characteristics of each food were determined from the
United States Department of Agriculture (USDA) Food and Nutrient Database for Dietary Studies
2011–2012 [23] and manufacturers’ nutrient information.

Diet quality was defined by macronutrient composition expressed relative to total energy intake
(%EI), by the 2015 Healthy Eating Index (HEI) [24] and by macronutrient and micronutrient intake
as compared to the intake recommendations by the Institute of Medicine [25,26]. To calculate HEI,
foods and beverages were converted into the 37 USDA food pattern components [27] using the Food
Patterns Equivalents Database (FPED). The FPED serves as a unique research tool to evaluate food
and beverage intakes of Americans with respect to the 2015–2020 Dietary Guidelines for Americans
recommendations [28]. The 37 USDA scores were converted into 12 HEI subscores measured as cup
equivalents of fruit, vegetables, and dairy; ounce equivalents of grains and protein foods; teaspoon
equivalents of added sugars; gram equivalents of solid fats and oils; and the number of alcoholic
drinks. The HEI is a composite score of these subscores. The Healthy Eating Index 2015 ranges from
0 to 100, and HEI <51 indicates “Poor”, a score between 51 and 80 indicates “Needs Improvement”
and a HEI score >80 indicates “Good”.

2.4. Nausea and Vomiting of Pregnancy

The Modified-Pregnancy-Unique Quantification of Emesis and Nausea Index (PUQE)
questionnaire [29] is a validated instrument that assesses the severity of nausea and vomiting
of pregnancy [29,30]. A PUQE Summary Score of ≤6 is considered as having no or mild symptoms of
nausea and vomiting of pregnancy, a score between 7 and 12 is considered moderate and a score of
≥13 is defined as severe.

2.5. Eating Inventory

The Eating Inventory (EI), previously known as the Three Factor Eating Questionnaire [31,32],
evaluates eating behavior in three factor domains: dietary restraint, disinhibition, and perceived
hunger. A low score for dietary restraint, and high scores for disinhibition and perceived hunger,
indicate less control over eating behavior and more episodic overeating.

2.6. Food Cravings

Food cravings were evaluated with the Food Craving Inventory (FCI), which measures the
frequency of food cravings over the previous month. The FCI measures general cravings as well as
cravings for high-fat foods, sweets, carbohydrates/starches, and fast food fats [33]. The version used in
this study also included a scale to measure cravings for fruits and vegetables, and cravings for specific
foods measured with the FCI have been found to correlate with intake of those foods [34].

2.7. Mindfulness

Mindfulness towards eating was assessed with the Mindful Eating Questionnaire (MEQ) which
has been validated in pregnant women [35]. The MEQ explores mindfulness across five subscales,
including disinhibition, awareness, external cues, emotional response, and distraction [36]. Mindful
eating refers to an unbiased awareness of sensations around eating. Disinhibition measures the inability
to stop eating even when full. The awareness subscale measures an individual's awareness of the
sensory aspects of eating. Distraction refers to the tendency to think about other things and rush while
eating. The external cues subscale refers to eating in response to environmental cues, and emotional
response refers to eating in response to negative emotions. The emotional response and distraction
subscales are reverse scored, and five questions on the disinhibition are reverse scored. High scores are
indicative of mindful eating.
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2.8. Statistical Analysis

The sample size was attained from available data of the prospective observational study to
assess determinants of gestational weight gain (clinicaltrials.gov: NCT01954342), with energy intake
measured by energy intake-balance method [37] as the primary outcome. At the given sample size
(n = 56), the minimal detectable simple correlation for a power of 80%, at a two-sided significance
level of 0.05, was r = 0.37. For the regression analysis, we assessed the power (1-β) of independent
predictors post-hoc. Relationships between diet quality, eating patterns, and constructs of eating
behavior were first evaluated by simple Pearson correlation coefficients. Significant correlations were
linear; using power other than 1 did not increase the explained variability (change in R2 < 0.01). To test
independent effects of eating behaviors on diet quality adjusted for demographic factors, we performed
linear regression with HEI as the dependent variable and significant individual correlates of HEI as
independent variables. Frequencies were compared using Chi-Square tests. Comparisons between
African-American and White women were performed by independent Student’s t-test. Statistical
analyses were completed using SPSS Inc. software, Version 24 for Windows (IBM Corp, Armonk, NY).
Data are presented as mean ± SEM. All tests were performed with significance level α = 0.05, and
findings were considered significant when p < α.

3. Results

Fifty-six women with obesity (36.7 ± 0.7 kg/m2, 46% White, 50% nulliparous) who collected dietary
intake data that satisfied the criteria for inclusion were included in this analysis (Table 1).

Table 1. Subject Characteristics.

All, n = 56
Association with Diet Quality,

Healthy Eating Index

Mean ± SEM r, p

Race, n (African-American, White, Others) 25, 26, 5 0.11, 0.43
Gestational Age, weeks 11.3 ± 0.3 -

Maternal Age, years 28.3 ± 0.6 0.19, 0.16
Body weight, kg 97.8 ± 2.2 -

Body mass index, kg/m2 36.7 ± 0.7 0.01, 0.96
Obesity Class, n (1, 2, 3) 23, 21, 12 -

Fasting Plasma Glucose, mmol/L (range) 4.9 ± 0.1 (4.2, 6.1) 0.17, 0.20
Education, n (1, 2, 3) 6, 39, 11 0.31, 0.02

Employment, n (1, 2, 3, 4) 1, 14, 9, 32 0.18, 0.18
Household Income * 3.6 ± 0.3 0.14, 0.30

Parity, n (0, 1, ≥2) 28, 16, 12 −0.10, 0.46
Healthy Eating Index 46.7 ± 1.3 -

Education is categorized into High School (1), college (2), postgraduate work (3). Employment into medically
disabled (1), unemployed (2), part-time employment (3), and full-time employment (4). * Household income was
computed as a percent of federal poverty line (“poverty” < 1.0) according to family size. Parity is defined as number
of previous pregnancies of viable infant >20 weeks gestation.

3.1. Dietary Assessment

Participants reported consuming 3.8 ± 0.1 meals per day, of which 2.7 ± 0.05 meals were reported
as main meals (breakfast, lunch, or dinner) and 1.1 ± 0.1 meals as snacks. The average reported eating
duration (time between first and last photograph of any meal eaten) was 8:28 ± 0:31 h.

The mean reported energy intake was 2165 ± 43 kcal/day, which is equivalent to 84 ± 2% of energy
requirements assessed by doubly labeled water during the same period. On average, participants
consumed 46 ± 1% of energy as carbohydrates, 38 ± 1% as fat (41% saturated fatty acids, 35%
mono-unsaturated fatty acids, 24% poly-unsaturated fatty acids), and 16 ± 1% as protein. The HEI of
the diet was 46.7 ± 1.3, which is considered to reflect a “Poor” (<51) diet quality (Table 1). The HEI
was positively associated with education level, but was not associated with BMI (as continuous or
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categorical variable; Class 1: 46.2 ± 1.9, Class 2: 45.9 ± 2.4, Class 3: 49.1 ± 2.6, p = 0.47), parity, race,
age, income, or employment (Table 1). Breakfast consumption (p = 0.04) and an earlier last meal of the
day (p < 0.01) were associated with a higher HEI.

On an individual level, 71% of women in the cohort (n = 40) had a HEI <51 that is “poor”,
29% had a HEI between 50 and 80 indicating that diet quality “needs improvement”, and none of
the participants had a HEI >80 which is “good” diet quality (Supplemental Table S1). Scores of the
individual components within the HEI are summarized in Figure 1A and Table S1. Among these,
only mean intake of protein foods exceeded 80% of the HEI maximum protein score. Vegetables,
dairy, refined grains, and added sugars were between 50% and 80% of the maximum scores within the
respective categories, and intake of fruits (total fruits including juices, and whole fruits), greens and
beans, whole-grains, seafood, and plant protein, fatty acids and saturated fats, and sodium were below
50%, and thereby “poor”.

Macronutrient and fat composition associated significantly with diet quality. HEI associated with
intakes of protein (as % of total energy intake, r = 0.29, p = 0.03), but not carbohydrates. Moreover, HEI
was not associated with overall fat intake, but with intakes of saturated fatty acids (r = −0.37, p = 0.005),
mono-unsaturated fatty acids (r = 0.32, p = 0.02), and the ratio of unsaturated to saturated fatty acids
(r = 0.37, p = 0.005). Macronutrient and micronutrient intakes as compared to the recommendations by
the Institute of Medicine are presented in Figure 1B. For majority of nutrients, intakes were close to or
exceeding the recommendations, but intakes of fiber (62.5 ± 3.5%), vitamin B12 (41.5 ± 8.0%), vitamin
E (69.2 ± 3.8%), and iron (66.0 ± 2.9%) were particularly low.

Figure 1. Cont.
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Figure 1. Diet Quality per Healthy Eating Index Components, and Recommendations for Intakes
of Macronutrients and Micronutrients. Data are given as mean and mean ± SEM. (A) Values in
the dark grey area indicate the respective Healthy Eating Index (HEI) food group to be consumed
“poorly” (0–5), values in the light grey area as “needs improvement” (5–8) and in the white area as
“sufficient” (8–10), according to the HEI guidelines [25]. HEI components scaled from 0–10 are reported
as assessed and components scaled 0–5 were multiplied by two to facilitate comparability between
factors. (B) Values are expressed as intake as compared to the minimal macronutrient and micronutrient
intake recommendation by the WHO (maximum intake recommendation for alcohol and caffeine).
Macronutrient and Micronutrient intake values are adjusted for the degree of underreporting per
individual (−16 ± 2% vs. TDEE, adjusted intake=reported intake/reporting accuracy [“EI vs. TDEE”]).

3.2. Food Cravings

The total food craving score was 2.19 ± 0.07, ranging from 1.09 to 3.33. The most frequent cravings
were reported for “fast food fats” and “fruits and vegetables”, whereas “high-fat foods” and “sweets”
were less frequently craved. In Figure 2, the associations between food cravings and diet quality were
reported. Cravings for “high fat foods”, “sweets”, “carbohydrates and starches”, and “fast food fats”
associated negatively with HEI, but cravings for “fruit and vegetables” did not associate with HEI.

Cravings for “sweets” correlated significantly with added sugar intake (r = 0.39, p < 0.01), but
were not associated with the reported frequency of snack consumption (p = 0.65). Cravings for “fast
food fats” were significantly associated with increased consumption of carbohydrate (r = 0.27, p = 0.04)
and less consumption of fats (r = −0.30, p = 0.03). Increased cravings for both “sweets” and “fast food
fats” were associated with poor consumption of whole grains, seafood, and plant proteins (“sweets”:
p = 0.02 and p = 0.04, and “fast food fats”: p = 0.04 and p = 0.01, respectively). Cravings for “Fruit and
Vegetables” did not correlate with intake of any HEI component.

3.3. Eating Inventory

The average scores from the Eating Inventory were 8.1 ± 0.6 for cognitive restraint, 5.4 ± 0.4 for
disinhibition and 3.9 ± 0.3 for hunger. Fourteen (25%) women in the cohort were considered restrained
eaters and one (2%) a disinhibited eater (respective subscores >12). The HEI score for diet quality was
not associated cognitive restraint (p = 0.09), disinhibition (p = 0.73), or hunger (p = 0.43).
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Figure 2. Food Cravings and Diet Quality. Food cravings scores are reported per individual in relation
to their respective Healthy Eating Index. Cravings are reported as (A) total cravings and as cravings for
(B) Carbohydrates and Starch, (C) Sweets, (D) Fast Food Fats, (E) High Fat Foods and (F) Fruit and
Vegetables. Significant associations are indicated by linear regression.

3.4. Mindful Eating

The mindful eating summary score was 2.93 ± 0.04. Overall mindfulness as assessed by the
summary score was not associated with HEI (p = 0.22), meal/snack frequency, or timing. Subscores
higher than the overall summary score indicating mindfulness towards these eating behaviors were
reported for eating in response to negative emotions (“emotional eating”), inability to stop eating
even when full (“disinhibition”) and the tendency to think about other things and rush while eating
(“distraction”). Of the mindful eating subscores, only awareness correlated with HEI (r = 0.34, p = 0.01).
Awareness associated significantly with consumption of “Greens and Beans” (r = 0.30, p = 0.02), but
not with other HEI components.

3.5. Nausea and Vomiting and the Influence on Diet Quality

Forty-six percent of women reported no or only mild symptoms of nausea and vomiting whereas
54% experienced moderate symptoms, and none reported severe symptoms. Nausea and vomiting
severity did not correlate with demographic characteristics or HEI but was associated with a lower
energy intake (p = 0.02), skipping breakfast (p = 0.02), eating later in the day (p < 0.01), and consuming
all meals during a shorter period of time (p < 0.01).
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3.6. The Influence of Maternal Education on Diet Quality and Eating Behaviors

Education level was positively associated with HEI (r = 0.31, p = 0.02). Women with higher
education consumed more whole grains (p = 0.03), greens and beans (p = 0.02), and less added sugars
(p = 0.04). Women with higher education also reported eating more main meals (r = 0.30, p = 0.02), and
increased awareness towards the sensory aspects of eating (r = 0.33, p = 0.01). Education level was
positively associated with disinhibition scores, which indicates that higher educated women had less
control over eating behavior (r = 0.31, p = 0.02). The intent to restrict food intake also was associated
with education level (cognitive restraint, r = 0.29, p = 0.03) and could be in response to the tendency to
overeat, as indicated by the association between disinhibition and education level.

3.7. Independent Effects of Awareness, Cravings, and Education

In the linear stepwise regression model with HEI as the dependent variable and significant
individual correlates with HEI (n = 8) as independent variables, we observed that an early last
meal of the day (standardized β = −0.40, p < 0.001, 1−β = 0.94), cravings for sweets (standardized
β = −0.35, p = 0.004, 1−β = 0.84), and education (standardized β = 0.27, p = 0.02, 1−β = 0.65) were
independent predictors of HEI (R2 = 0.38, p < 0.001), but not other cravings, awareness towards eating
or breakfast consumption.

3.8. The Influence of Maternal Race on Diet Quality and Eating Behaviors

African-American women reported lower education, less income and higher parity than White
women. The HEI was not significantly different between African-American and White women (AA: 45.2
± 1.8 vs. White: 47.2 ± 1.8, p = 0.44). Reported energy intake as compared to energy requirements was
also comparable between races. However, eating patterns and eating behaviors differed significantly by
maternal race. Compared to White women, African-American women consumed their first meal later
in the day (+1:28 ± 0:36 h, p = 0.03), and reported eating fewer snacks (African-American vs. White,
−0.6 ± 0.2 snacks/day, p = 0.01). African-American women reported more cravings for high-fat foods
and carbohydrates and starches (p = 0.02 and p = 0.03, respectively), yet less disinhibition (p < 0.01),
indicating better control over their eating behavior compared to White women (Table 2).

Table 2. Eating Behavior Assessment.

African-American,
n = 26

White, n = 25 p for Race Range
High Values
Indicative of

Food Cravings

High Fat 2.12 ± 0.11 1.76 ± 0.10 0.02 1–5 More Craving
Sweets 2.12 ± 0.12 2.04 ± 0.12 0.64 1–5 More Craving

Carbohydrates and Starch 2.42 ± 0.11 2.03 ± 0.13 0.03 1–5 More Craving
Fast Food Fats 2.65 ± 0.12 2.47 ± 0.18 0.41 1–5 More Craving

Fruit and Vegetables 2.79 ± 0.16 2.45 ± 0.18 0.16 1–5 More Craving
Total Score 2.36 ± 0.09 2.08 ± 0.11 0.06 1–5 More Craving

Mindful Eating

Awareness 2.58 ± 0.12 2.53 ± 0.10 0.77 1–4 Mindfulness
Distraction 3.24 ± 0.10 2.95 ± 0.13 0.09 1–4 Mindfulness

Disinhibition 3.34 ± 0.08 3.00 ± 0.10 0.01 1–4 Mindfulness
Emotional Cues 3.54 ± 0.09 3.32 ± 0.10 0.11 1–4 Mindfulness

External 2.29 ± 0.11 2.69 ± 0.10 0.01 1–4 Mindfulness
Summary Score 2.99 ± 0.06 2.89 ± 0.06 0.24 1–4 Mindfulness

Eating Inventory

Cognitive Restraint 8.08 ± 1.04 7.69 ± 0.91 0.78 0–21 Greater Control
Disinhibition 4.20 ± 0.47 6.69 ± 0.66 0.004 0–16 Less Control

Hunger 3.52 ± 0.42 4.50 ± 0.40 0.10 0–14 Less Control
PUQE

Summary Score 6.48 ± 0.43 5.54 ± 0.4 0.12 3–15 Severe Symptoms

PUQE, Modified-Pregnancy-Unique Quantification of Emesis and Nausea Index.
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4. Discussion

Improvements in diet quality during pregnancy can prevent poor outcomes in nonobese women [1–9],
but dietary interventions have been largely unsuccessful in women with obesity [12,14,16,17,38,39].
We speculate that this may be explained in part by intervention approaches not being specific to the
eating patterns and behaviors in women with obesity and thus achieving only small effect sizes on diet
quality. Identifying maternal eating patterns that relate to diet quality in women with obesity will help
inform the development of future dietary interventions with greater specificity for this group. To this
end, we performed an observational cohort study and measured diet quality and eating behavior in
56 healthy women with obesity. In support of our hypothesis, diet quality in early pregnancy was poor,
which was related to increased food cravings and less awareness towards eating. Nausea and vomiting
severity were not associated with diet quality, but were inversely related to breakfast consumption and
energy intake. Lastly, we observed that diet quality and eating behaviors differed by education and
race, respectively.

Diet quality in our cohort of pregnant women with obesity was poor (HEI = 47, fat content = 38%)
and lower than prior reports of nonpregnancy cohorts in the US (49–64 [40–43]). Interventions
in pregnant cohorts with poor diet quality may be more successful in improving maternal and
infant outcomes as compared to previous lifestyle intervention studies, because the opportunity for
improvement is larger. Diet quality was higher in pregnant women in Australia (HEI = 72 [38]) and the
UK (fat content = 31% [15]), and diet quality improved by only 2% [12,38] to 5% [32], as assessed by
healthy eating index [38], adherence score to the recommended diet [12], Glycemic Index and Glycemic
Load [15].

We observed that poor diet quality is due to poor consumption of all food groups, except for
protein intake, and thus appropriate interventions require approaches to target all components of the
diet, e.g., Mediterranean diet, DASH diet. Nevertheless, our data also identify specific food groups and
behaviors that may affect overall diet quality more than others. For example, strategies to reduce high
fat intake, e.g., by reducing fast food intake, will likely reduce saturated fatty acid intake, but may also
result in less refined grain consumption. Moreover, increasing fruit and vegetable consumption would
likely increase dietary fiber and unsaturated fatty acid intake, thus providing a strategy to improve
multiple diet quality components. Increasing fiber intake may not only improve satiety and reduce
energy intake [44,45], but also improve gastrointestinal health and glucose homeostasis [46].

Food cravings increase the desire to eat and the satisfaction associated with eating [47]. In the
present study, cravings for healthy foods, e.g., fruits and vegetables, were reported more frequently
compared to cravings for unhealthy foods, e.g., sweets, fast food, high fat foods. Despite the frequent
cravings, fruit was consumed in poor quantities according to the 2015–2020 Dietary Guidelines for
Americans [29]. The inability to increase consumption of healthy foods in order to satisfy food cravings
for such foods may be due to a lack of availability, perceived cost, or misperception about the health of
certain foods [48]. Facilitating indulgence in cravings for healthy foods may also prevent cravings and
consumption of unhealthy foods [49].

Conversely to cravings for healthy foods, cravings for foods with poor nutritional value were often
indulged in and thereby contributed to poor diet quality, which is consistent with other studies [50].
Specifically, cravings for sweets were linked to intake of added sugar. This data supports and connects
evidence for a causal relationship between cravings for sugar [51], consumption of sugar [52] and excess
gestational weight gain. We also observed that fast food fats were frequently craved and correlated
with poor diet quality, whereas high fat foods were less frequently craved. The fast food fats subscale
is comprised solely of pizza, hamburgers, french fries, and potato chips, while the high fat subscale
includes eight foods, including bacon, gravy, and sausage. Thus, an important factor distinguishing
the two fat subscales is ease of access being that fast food fats are easier to acquire compared to foods
on the high fat subscale. Hence, these data support the notion that food accessibility may influence the
perception of cravings and the likelihood of eating for indulgence.
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Increasing consciousness about diet choices may benefit diet quality [53,54]. We observed that
awareness towards eating was associated with better diet quality. This confirms previous reports
of mindfulness in pregnant women with overweight and obesity [36,55]. In addition, we show that
mindfulness associates specifically with consumption of healthy foods, i.e., ‘Greens and Beans’, but not
with other HEI components. Thus, whereas increasing awareness would likely increase consumption
of healthy food items, no direct effect of reducing intake of unhealthy foods would be expected.
To our knowledge, only one study has successfully implemented a mindfulness-based intervention
in overweight, pregnant women [56,57]; however, the effect of the intervention on diet quality or
pregnancy outcomes was not reported.

We hypothesized that diet quality and eating behaviors would be affected by maternal demographic
characteristics such as education and race. Diet quality was poor in women with a college degree or
postgraduate education (HEI = 49.2) and in women with lower education levels (HEI = 44.4, p = 0.06),
which confirms similar findings of previous studies [58]. Women with less education were less aware
of their eating behavior and had a lower intent to restrict food intake, which may reflect lacking or
misguided knowledge on the risks of excess weight gain [59]. Qualitative studies in women enrolled
in the Special Supplemental Nutrition Program for Women, Infants, and Children (WIC) program who
generally have poor socio-economic status, report that they indeed feel uninformed about weight gain
in pregnancy and that receiving more information may increase the intent to restrict food intake to
optimize pregnancy outcomes [60]. Women with higher education levels had lower disinhibition scores,
indicating poorer self-control. To understand the main independent effects of individual correlates
with diet quality, we performed linear regression analysis with HEI as the dependent variable. We
identified education, cravings for sweets and an early last meal of the day as independent predictors of
diet quality. Awareness towards eating was not a significant predictor in the model, which suggests
that the beneficial effect of increased awareness towards eating on diet quality is mediated by eating the
last meal of the day earlier, or that education, cravings for sweets, and awareness were low/high in the
same women and were thus not independent of each other. Indeed, awareness correlated significantly
with both education and cravings for sweets.

We observed significant differences in eating behaviors, but not in diet quality between
African-American and White women in the present study, indicating the need for different approaches
to improve poor diet quality in all women. African-American women, who reported lower education
levels, less income, and higher parity, consumed the first meal later in the day but not the last meal, so
eating duration tended to be shorter. The severity of morning sickness was not reported to be different
between African-American and White women. The observation that African-American women ate
breakfast less frequently, and thus ate later in the day may have contributed to a reduced dietary intake,
which we reported previously [21]. In line with these findings, African-American women also reported
better control over their eating behavior and reported less snacking despite more cravings.

The strength of this study is the use of food photography. Food photography methods are more
accurate in measuring portion sizes and the composition of meals since these are analyzed in an
objective manner [22]. Furthermore, the food photography method is performed in real time and is
not prone to recall bias as with instruments reliant on recall, yet possibly to “attention bias” for the
reporting of snacks [20]. With respect to energy intake, implementation of data quality criteria in the
analytical stages minimizes the degree of under-reporting to less than 20% compared to doubly labeled
water and eliminates increased reporting bias typically observed with higher energy intake [20]. The
major weakness of this study is the lack of prepregnancy data. Thereby, we were unable to determine
whether poor diet quality and associated eating behaviors can be targeted prior to pregnancy. Further,
the observation period (six days) was relatively short as compared to other instruments such as a food
frequency questionnaire which recalls intake over a period of 1 to 12 months. Eating behaviors were
assessed by questionnaires and are prone to self-reporting bias. Importantly, all questionnaires were
previously validated in pregnancy. In addition, micronutrient, but not macronutrient, intakes may
be higher than reported due to prenatal vitamin supplement intake. Lastly, this study did not enroll
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women without obesity, and therefore we were unable to compare diet quality and eating behaviors
between women with normal weight, overweight, or obesity. Early pregnancy diabetes was excluded
by HbA1c, but no glucose tolerance test was performed to determine gestational diabetes.

5. Conclusions

The main behavioral determinants of poor diet quality in pregnant women with obesity include
the low consumption of fruits and vegetables, the indulgence into cravings for sweets, and eating late
in the day. Future intervention strategies developed with a specificity for improving diet quality are
therefore to increase the availability of fruits and vegetables rather than sweets or fast foods, which
may facilitate indulgence in the observed cravings for healthy foods, and to reduce late-night snacking.
In addition, women with lower education levels may benefit from educational interventions on the
risks of overeating, whereas women with higher education may benefit from strategies to increase
self-control. Future studies are required to show whether strategies to change those behaviors can be
successfully implemented and improve pregnancy outcomes in women with obesity.
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Abstract: Objective: Evaluate if an intervention based on nutritional counseling decreases total sugars
and energy consumption in overweight and obese pregnant women, compared to their previous
consumption and compared to women who only received routine counseling. Methods: Randomized
study of two groups: dietary counseling (Intervention Group: IG) and routine counseling (Control
Group: CG). The intervention consisted of three educational sessions focused on decreasing intake of
foods that most contribute to sugars consumption. Changes in sugars and energy consumption were
evaluated by a food frequency questionnaire before and after the intervention. Results: We evaluated
433 pregnant women, 272 in IG and 161 in CG, who before intervention had a mean consumption
of 140 g total sugars and 2134 kcal energy per day. At the end of the intervention, the IG showed
15 g/day lower consumption of total sugars (95% CI: −25 and −5 g/day), 2% less total energy from
sugars (95% CI: −3% and −1% g/day), and 125 kcal/day less energy than the CG (95% CI: −239 and
−10 kcal/day). Table sugar, sweets, and soft drinks had the greatest reduction in consumption.
Conclusions: The intervention focused on counseling on the decrease in consumption of the foods
that most contribute to sugars consumption in overweight and obese pregnant women was effective
in decreasing total sugars and energy consumption, mainly in the food groups high in sugars. Future
studies should examine if this intervention has an effect on maternal and fetal outcomes.

Keywords: nutritional intervention; pregnant women; overweight; obesity; total sugars; energy

1. Introduction

In recent years, Chile has had one of the highest prevalence rates of overweight and obesity in
Latin America [1]. Overweight has 39% prevalence and obesity has 29%; 51% of women in reproductive
age have a state of malnutrition due to excess [2]. This situation is of concern for the country, given the
consequences it represents for maternal and infant health. Excessive weight during pregnancy and
maternal obesity are associated with complications such as fetal trauma, congenital malformations,
recurrent abortion, gestational hypertension, preeclampsia, macrosomia (birth weight >4 kg at birth),
Caesarean births, and gestational diabetes, among others [3,4]. Long-term complications include the
appearance of obesity and noncommunicable diseases in both mother and child.

The appearance of pregnancy complications depends on the pre-gestation nutritional status,
but also on gestational weight gain (GWG). One of the most important contributors to GWG are
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eating habits. Elevated sugars consumption of foods with high energy value and high added sugars
predisposes these women to excessive GWG [5,6]. The study by Renault et al. [6] revealed that large
GWG is more related to intake of added sugars than to saturated fats. It is of interest to consider the
nutritional state of pregnant women, emphasizing the habitual consumption of these foods.

Interventions focused on diet and physical exercise during pregnancy have shown to be efficacious
in preventing excessive GWG and in other maternal–fetal outcomes, such as lower incidence of
gestational diabetes and Caesarean births [7–9]. The dietary component of the interventions has usually
been based on acquiring healthier eating habits (reduction of the glycemic index of foods, restricting
the consumption of saturated fats, and increased consumption of fruits and vegetables [10–12]. Others
have used recommendations based on food guides, considering preferences and alimentary beliefs [8].
However, there are no studies that show the effect of a nutritional intervention focused on the reduction
in consumption of those foods that most contribute to total sugars consumption.

We developed a home intervention strategy in Chile based on diet counseling and omega-3
supplementation in order to decrease the incidence of gestational diabetes mellitus in women who
began their pregnancy overweight or obese. The study protocol has been published elsewhere [13]
(Trial registration: NCT02574767). Briefly, the intervention attempts to achieve adequate metabolic
control for pregnant women and their children resulted in lower incidence of gestational diabetes
mellitus and lower incidence of macrosomia in the newborn. The present study evaluates whether
the dietary counseling decreased the consumption of total sugars and energy, compared to their
consumption before the intervention and compared to women who only received routine counseling.

2. Materials and Methods

2.1. Study Design

The prospective experimental study evaluated the frequency of consumption before and after
nutritional counseling of overweight and obese pregnant women, comparing the intervention group
(IG) to a control group (CG). The IG received dietary counseling, while the CG received the routine
control recommendations provided in the primary health centers of the Chilean Health-Care System.

2.2. Study Population

The study population consisted of pregnant women recruited from March 2016 to May 2018 in
health centers of the Puente Alto county of Santiago, Chile: 272 participants in IG and 161 in CG.
The inclusion criteria were: gestation of 15 weeks or less in the first prenatal control, 18 years of age
or older, single pregnancy, and overweight or obese in the first control. The exclusion criteria were:
previous diagnosis of diabetes or treatment with metformin or insulin, eating disorders (bulimia or
anorexia), or a risk pregnancy defined in the health center using the definition in the Chilean Health
Ministry guide [14].

The original group included 1002 women, 500 randomly assigned to IG and 502 to CG.
In the present study we included the subsample of participants who answered the food frequency
questionnaire (FFQ) at the beginning and end of the intervention between September 2016 and October
2018. Before the intervention, 408 and 264 participants answered the FFQ, respectively. At 35–37
weeks of pregnancy, 272 participants in the IG and 161 in the CG answered a second FFQ. The main
reasons the second FFQs were not obtained are given in the flowchart in Figure 1. No significant
differences were found in age, education, or nutritional status between the women who answered two
questionnaires with those who answered only one, nor with the women who did not answer the FFQ
(p > 0.05).
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Figure 1. Flow diagram of the recruitment, randomization, and dietary measurements of
trial participants.

2.3. Dietary Counseling

The general objective of the dietary intervention is to reduce the consumption of the main sources
of total sugars through a culturally tailored intervention culturally with recommendations simple
and easy to follow by pregnant women. Nutritional intervention consisted of three teaching sessions
focused on decreasing consumption of foods that are a relevant dietary source of sugars as well as
the use of behavioral techniques to allow participants to achieve eating behavioral changes. There
are no interventions similar to ours in the literature, but several clinical trials have also focused on
decreasing the consumption of foods with high glycemic index [15–18]. The consumption of high
carbohydrate foods influences maternal glucose levels, which results excessive gestational weight gain
and fetoplacental growth [17]. Some interventions focused on reducing foods with high glycemic index
have shown beneficial effects on maternal outcomes (gestational weight gain, fasting, and postprandial
glucose levels) and offspring birth weight [19].

We previously used a multiple pass 24-h dietary recall (R24h) applied to 114 pregnant women
who attended in the same health centers to identify the seven foods that most contributed to their
sugars consumption (43.4% of total sugars consumption). The “Top 7” were sweetened soft drinks,
juice with added sugar, powdered juices with sugar, cookies, table sugar, sweetened milk products, and
bread. The first session took place when the participants had less than 15 weeks gestation, the second
session at week 18, and the third between 24–28 weeks.

Session 1: “Introduction to gestational diabetes: sugars consumption during pregnancy and
consequences for the baby”.

This consisted of showing an animated video with relevant information on gestational diabetes
mellitus, illustrating the possible consequences of high sugars consumption on maternal–infant health
and recommending general care in this phase of life, including healthy eating and physical activity.
Participants were then given 6 photos with the Top 7 foods and a set of sugar cubes equivalent to
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5 g each (one teaspoon). Participants were asked to place the sugar cubes that they thought were
contained by each food on top of the corresponding photo. Then they were told the real amounts of
sugar and given recommendations according to what each participant observed and commented.

Session 2: “Learning to substitute intelligently”.
This consisted of presenting information on options of healthy food substitutes for those with

high sugars content. Each participant received a magnetic board with images of the Top 7, as well
as a number of photos of healthy and unhealthy foods. The participants were asked to choose two
alternatives that best substituted for the high-sugars foods in the same meal in which they eat those
foods, and to place the two photos of each pair together. Afterwards, the selected choices for each food
were analyzed, and recommendations to reinforce the consumption of healthy foods were given.

Session 3: “Identifying my eating habits”.
There were two activities in this session. The first activity used a board in the form of a traffic

light; the participant was shown five photographs of eating habits of a pregnant woman, and a brief
description of exactly what each photograph represented was read to her. The objective was for
the participant to place the photograph on the color to which she considered it belonged, where
green = healthy, yellow = caution, and red = risky.

The second activity was a roulette game with four colors: red, green, blue, and yellow. Each color
represented one of the topics treated in the previous two sessions. The participant spun the wheel
five times. According to the color that resulted for each time, she took a card from the stack with that
color that had a question on the corresponding topic. There were direct questions and multiple-choice
questions with three options, but only one correct.

According to the responses of the participant in the two activities her knowledge was reinforced,
emphasizing her weak points, and a general feedback of all the educational sessions was given.

2.4. Routine Counseling

The CG only received the routine counseling given in primary health centers in prenatal controls.

2.5. Data Collection

When participants were enrolled, sociodemographic (age, marital status, occupation, income,
composition of the home), obstetric (previous pregnancies and abortions, etc.), and morbidity (personal
and family history of depression, type 2 diabetes, hypertension) information was collected, and blood
pressure, height, and weight were measured. We also recorded information about the group of omega-3
fatty acids in which women were randomly allocated to receive (200 mg/day or 800 mg/day). By far,
this information is not known to the participants or the researchers; thus, we classified this variable
for the analyses as group 1 and group 2. GWG was calculated as the difference between the weight
at the last visit during pregnancy (35–37 weeks) and pre-pregnancy weight; it was analyzed both
as continuous (kg) and as categorical below, within and above the Institute of Medicine (IOM) 2009
guidelines (7–11.5 kg for overweight and 5–9 kg for obesity) [20].

Food consumption was measured using an FFQ applied twice by trained nutritionists. The first
was applied when the participant was enrolled in the study (before 15 weeks of gestation) and the
second was applied after the last visit (weeks 35–37 of gestation); both measured food consumption in
the previous month.

The semi-quantitative FFQ was designed to evaluate the habitual intake of foods that were a
relevant dietary source of total sugars and energy and, according to data derived from R24h mentioned
above, in which all foods and culinary preparations eaten by the participant were compiled. One R24h
was collected for each participant by a single trained dietitian using the multi-pass method [21] and a
photographic atlas of standard portions of usual foods and culinary preparations [22,23]. Contents of
energy and total sugars of foods were computed according to the weight/volume consumed and based
on nutrient composition databases. In the case of natural foods, we used the Chilean database [24] and
the United States Department of Agriculture [25] (USDA) nutrient database; in the case of packaged
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foods, we used a database previously built by our research group, based on nutrient fact panels of
packaged foods collected from supermarkets during 2015 [26]. No specific software was used for
dietary assessments. Food items consumed by participants were identified with numbers from 1 to
489 and then grouped into 171 food items according to their similarity in physical characteristics or the
content of energy or sugars in 100 g of the foods. We then calculated the percentage that each food
contributed to the total intake of energy and total sugars of the diet. These food items were listed in
decreasing order according to their contribution and the accumulated percentage calculated. Food
groups that provided 95% of the energy and total sugars were selected to design the FFQ. The R24H
results were also used to estimate the portions of each food usually consumed; these were selected as
the standard portions.

The final FFQ instrument contained 86 food items grouped in 16 food groups: cereals, tubers,
bread and cakes, cookies, snacks, sugars and sweets, ice cream, soft drinks and juices, fruits, vegetables,
legumes, meats, sausages, whole milk products, Chilean prepared foods, and oils. There were six fruits
that were asked about in all months, and some that were asked about only during part of the year: an
autumn–winter group from 21 March to 20 September and a spring–summer group from 21 September
to 2 March.

To help visualize portions and aid in asking about consumption, there was a specific photographic
atlas for this project with photographs of the standard portion of each food item, in the same order in
which they were asked. The participant answered how much and how often she consumed this food
in the month previous to the application of the FFQ.

2.6. Statistical Analysis

Energy and total sugars consumption were estimated by multiplying the consumption frequency
of a food by the mass of the standard portion of the FFQ, giving the monthly intake in grams per
food item. This was transformed to total daily intake in grams per item and then to daily energy and
total sugars consumption using the nutritional information collected at the International Network for
Food and Obesity/Non-Communicable Diseases Research, Monitoring and Action Support Project
(INFORMAS) of the Instituto de Nutrición y Tecnología de los Alimentos (INTA) of the Universidad de
Chile, and from the nutritional composition of foods of the USA Department of Agriculture (USDA).

The continuous variables were described by means and standard deviations, and the categories
by frequencies and proportions.

Differences in the consumption of total sugars and energy between the IG and CG in the baseline
and after the intervention were evaluated through the Student’s t-test.

The change in energy and total sugars consumption pre-and post-intervention within each group
was evaluated using t-test for paired samples.

Finally, the effect of dietary counseling intervention (categorical predictor variable: 0 = no, 1 = yes)
on total sugars consumption and energy (outcomes) was tested by multiple linear regression models
adjusted for the baseline value and by covariates. We repeated the models considering the change
between initial and final values in sugars/energy consumption as outcome.

All analyses were performed on an intention-to-treat basis, according to the treatment group
allocated at randomization.

Statistical analyses were performed using the Stata program version 13 (StataCorp LP: College
Station, TX, USA). The significance level for all tests was p < 0.05.

2.7. Ethical Aspects

The ethics committee of INTA of the Universidad de Chile approved the protocol and informed
consent procedure of the study. The women studied accepted to participate by signing an informed
consent form.
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3. Results

3.1. Characterization of the Participants

The characteristics of the 433 women studied at time of recruitment are shown in Table 1. Mean
age was 28 years (SD = 5.8); 63% were obese, no difference between groups. A total of 61% of the
participants responded to the FFQ during autumn and winter. A percentage of 74% of the participants
had finished secondary school and 55% were married; this percentage was higher in the IG than
in the CG (p < 0.05). The percentage diagnosis of depression was 27% (n = 77), and not different
between groups.

Table 1. Characterization of the study sample.

Variables

Control Group
N = 161

Intervention Group
N = 272 p-Value

Mean (SD) * N (%) ** Mean (SD) * N (%) **

Age (years) 28.2 (6.1) 27.9 (5.3) 0.629

Nutritional status
0.142Overweight 67 (42) 94 (35)

Obese 94 (58) 178 (65)

Marital state
0.004Single 82 (51) 100 (37)

Married 79 (49) 172 (63)

Level of studies

0.465
Primary school 33 (20) 70 (26)

High school 119 (74) 188 (69)
University 9 (6) 14 (5)

Activity

0.449
Work 80 (50) 129 (47)

Household labors 54 (33) 106 (39)
Other 27 (17) 37 (14)

Number of persons in the home 4.4 (1.9) 4.4 (1.7) 0.651

Monthly household income (US dollars)

0.333
≤ US 717 86 (53) 143(52)
≥ US 717 64 (40) 99 (36)

Other (no answer, doesn’t know) 11(7) 30 (11)

Relation to head of household

0.229
Head of household 33 (21) 47 (17)

Spouse, partner 57 (35) 119 (44)
Other 71 (44) 106 (39)

Depression before pregnancy

0.211
Yes 48 (30) 65 (24)
No 111 (69) 206 (76)

Doesn’t know 2 (1) 1 (0)

DHA supplementation
0.968Group 1 82 (51) 138 (51)

Group 2 79 (49) 134 (49)

Health center
Low NSE 79 (49) 120 (44) 0.318

Medium NSE 82 (51) 152 (56)

* Mean (standard deviation). ** N (%), Number (percentage).

Mean GWG at 35–37 weeks was similar in both groups: 8.6 kg (SD = 4.6) in the IG and 8.7 kg
(SD = 4.5) in the CG (p > 0.05). The proportion of women who exceeded the IOM recommendations for
GWG did not differ between groups (36.2% in the IG and 34.0% in the CG, p > 0.05.

3.2. Change in Total Sugars and Energy Consumption between Groups

The total dietary changes in mean intake of total sugars and energy before and after the
intervention and the differences between IG and CG are given in Table 2. The mean consumption
of total sugars in the group intervened with counseling was 143 g/day before the intervention and
111 g/day after the intervention, with a significant reduction of −33 g/day (p < 0.05). There was also
a significant reduction in total sugars consumption in the CG, from 137 g/day at the beginning to
124 g/day at the end (p < 0.05); however, the reduction in the IG was significantly greater (by 20 g)
than in the CG (p < 0.05).
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There was also a significant decrease in the total energy consumption in the IG, from 2203 to
1924 kcal/day, a decrease of 279 kcal/day. Total energy consumption also decreased in the CG, from
2064 kcal/day to 1996 kcal/day, but the difference was not significant (p = 0.191). The difference
between the groups after the intervention (72 kcal/day) was not significant (p = 0.264). However,
the reduction in energy consumption was significantly greater in the CG (p < 0.05).

3.3. Changes in the Consumption of Total Sugars and Energy by Food Group

Tables 3 and 4 show the changes in mean consumption of total sugars and energy, respectively, in
the food groups of the FFQ. There were significant decreases in total sugars consumption in the group
with dietary counseling in soft drinks and juices, table sugar and sweets, fruits, and milk products,
with decreases of 12, 9, 7, and 4 g/day, respectively (p < 0.05). Small but significant decreases in sugars
consumption were also observed in tubers, ice cream, vegetables, prepared foods, and oils. The CG had
significant decreases in sugars and sweets (−4 g/day) and soft drinks and juices (−9 g/day), and very
slight decreases in vegetables, prepared foods, and oils. The decrease in consumption was significantly
greater in the IG in sugars from fruit (−6 g/day), milk products (−3 g/day), and soft drinks and
juices, and it showed a tendency to decrease in ice cream (−1 g/day, p = 0.08) and sugars and sweets
(−4 g/day, p = 0.08). There was a significant reduction of total energy in the IG in the food groups in
which the dietary consumption was focused; snacks decreased by 16 kcal/day, sugars and sweets by
44 kcal/day, soft drinks and juices by 50 kcal/day, and whole milk products by 52 kcal/day (p < 0.05).
There were smaller but significant reductions in ice cream, tubers, fruits, vegetables, prepared meats,
and oils (p < 0.05).

In the CG, there were significant decreases in the consumption of table sugar and sweets
(−22 kcal/day), soft drinks and juices (−39 kcal/day) and a smaller decrease in the energy from
vegetables (−3 kcal/day) (p < 0.05). Snacks, fruits, and whole milk products that showed greater
decrease in the IG after counseling than in the CG, with −14 kcal/day, −30 kcal/day, and −42 kcal/day,
respectively (p < 0.05).

3.4. Effect of the Nutritional Intervention on Consumption of Sugars and Energy

Table 5 shows the results of the linear and multiple regression models. The multiple model
showed that the group with dietary counseling had a significant reduction in total sugars consumption
of 15.23 g/day (95% CI −25.01 to −5.46 g/day; p = 0.002), in energy by 125 kcal/day (95% CI −239 to
−10 kcal/day; p = 0.032), and in the percentage of energy derived from sugars by 2% (95% CI −3% to
−1%; p = 0.002), compared to the control group.
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In addition to baseline values, significant covariables in the multivariable models were maternal
age (β coefficient = −1.1, 95% CI = −2.1, −0.1) and health care center (β coefficient= −14.7, 95% CI
= −24.4, −4.9) for the model of sugars consumption, maternal age (β coefficient −16, 95% CI −27, −5),
and GWG (β coefficient 18, 95% CI 6, 30) for the model of energy, and health care center (β coefficient
−2, 95% CI −3, −1) for the model of percentage of energy derived from sugars.

We repeated the analysis using the change between initial and final consumption as the response
variable in a sensitivity analysis. The multiple models had similar results (Table S1).

4. Discussion

The present study showed that an intervention with dietary counseling in overweight or obese
pregnant women was effective in decreasing the consumption of foods that most contribute to total
sugars, energy, and the percentage of energy from sugars. Compared to participants who only received
routine counseling, the IG reduced the mean consumption of total sugars by 15 g/day and energy by
125 kcal/day, and also reduced the percentage of energy from sugars by 2%.

We did not find reported nutritional interventions focused on decreasing sugars comparable to
the present study. However, our results are consistent with other interventions of a similar nature.
A study in Mexico determined if the nutritional status of overweight and obese pregnant women
improved by implementing a personalized diet. These results indicated that the group of sugars had
a greater decrease in consumption (15.1%) than the other food groups evaluated [5]. This could be
attributed to the fact that the personalized diet emphasized eating foods with low glycemic index.
Poston et al. provided diet counseling to obese pregnant women centered on consumption of foods
with low glycemic index, including replacement of sugared soft drinks by ones with low glycemic
index and reduction of saturated foods; they showed that intervened participants reduced mean
intake of saturated fats, carbohydrates, and total energy, and increased intake of protein and fiber [10].
Petrella et al. [16] evaluated a nutritional intervention in overweight and obese pregnant women
in which the primary focus of the dietary intervention was decreasing high-glycemic index foods
consumption and substituting them with healthier alternatives. They observed that the group who
received the intervention decreased the consumption of sugar and increased the consumption of
vegetables and fruits [16]. Wolff et al. [27] performed a dietetic intervention restricted to energy
consumption, providing a distribution of macronutrients according to Danish recommendations; they
found changes in the composition of the diet and a decrease in total energy consumption similar to that
found in our study [27]. In contrast, an Australian randomized LIMIT trial performed an intervention
in lifestyle focused on maintaining equilibrium of carbohydrates, fats, and proteins to reduce intake
of foods rich in refined carbohydrates and saturated fats. They did not find a significant difference
in the mean daily energy consumption between the group of pregnant women randomized to the
intervention and the control group [28]. Our intervention may have been more effective because it was
focused on the foods that contribute most to sugars consumption, thus it may have been easier for the
participants to follow the indications. It has been shown that dietary interventions during pregnancy
are more effective than a combination of diet and physical activity in terms of weight gained during
pregnancy, suggesting that there may be poorer compliance by participants when a large number of
indications are given to the participants [29].

As far as we know, ours is the first Chilean study that presents detailed information on the
consumption of energy and total sugars in different food groups of the diet of overweight and obese
pregnant women. The dietary counseling was effective in differentially reducing some of the foods
that most contribute to sugars consumption (the Top 7). Compared to women in the CG, participants
from the IG had significant greater reductions of the intake (calories) of snacks and whole fat milk
products, which was also the case for total sugars coming from whole fat milk products. Besides
this, the intervention also decreased the intake of energy and sugars coming from fruits, even if
fruits were not part of the targeted food groups. The intervention also decreased the consumption
(calories) of sugars and sweets, and soft drinks and juices, but this was not significantly different
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from what happened in the CG. The intake of bread and cookies did not decrease. The decrease in
more than 15 g of total sugars intake observed in the adjusted models corresponded to a decrease
of 2% of energy from total sugars in the studied population. The baseline intake of total sugars was
26% of calories, which is much greater than the recommendations made for the general population
(i.e., <20% of daily energy intake from total sugars) [30]. Thus, the reported intervention helped
decrease one-third of the excessive intake of total sugars. Total sugars intake decreased mainly from
whole fat milk products and fruits, which could be interpreted as an unexpected outcome. In the
case of fruits, the intake of total sugars in the follow-up of the IG was 26 g, which corresponds to
2–3 servings of fruits, according to the recommendations (considering that most of them have about
10% of their weight as sugars). The women counseled also showed greater reduction (42 kcal/day) of
intake of whole milk foods and increase of 18 kcal/day in low-fat dairy products. These results comply
with the nutritional recommendations of the Health ministry for low-fat dairy products for pregnant
women, considered essential during pregnancy [31]. Evidence has shown that the absorption of
calcium increases during pregnancy, fulfilling the requirements of bone mineralization of the fetus [32].
The study of Osorio et al. [33] suggests that greater intake of low-fat dairy products is significantly
associated with lower risk of gestational diabetes mellitus. These findings lend weight to the context
of the present research [33].

The decrease in dairy products also implies a decrease in the consumption of both total and added
sugars, since the amount of total sugars among all yogurts and most whole fat milks were 2–3 times
the natural content of lactose (about 5% among milks and 7% among yogurts). Thus, the intervention
also helped in decreasing the gap between the intake and the recommendation of added sugars [34]
even when we cannot indicate in which extent given added sugars were not assessed.

As far as we know, it is not possible to anticipate the exact clinical impact of such dietary
improvement, but given the current knowledge on the detrimental impact of an excessive intake of
sugars [35] and the better understanding of the Developmental Origin of Disease paradigm [36,37],
it is plausible that this changes would imply relevant improvements in women and offspring health.
Although the evidence of the effect of dietary interventions in mothers with obesity focused on reducing
foods with high glycemic index on maternal and offspring cardiometabolic health is not consistent and
needs to be further studied, some animal experiments have shown positive results [19,38]. In our study,
the intervention was not associated with differences in GWG or in the percentage of women who
exceeded the IOM 2009 recommendations for GWG between groups; therefore, any effect of maternal
diet on maternal and offspring outcomes could be not mediated by changes in GWG. However, it is
possible that sample size of the present study is not large enough to ensure adequate power to detect
differences on GWG between groups.

The strengths of this study include its cohort design with close follow-up of the participants
and measurement of multiple variables, which helped fit the models. The construction of an FFQ
aimed at the consumption of sugars and energy based on an R24H questionnaire in a population with
similar characteristics allowed a reliable representation of daily consumption. FFQ is a method of
dietary evaluation used in most epidemiological studies [39,40], considered to provide a valid model of
long-term habitual consumption as well as being cheap, rapid, and easy to apply [41]. However, since
FFQs are self-reported, they may be subject to report bias. The IG may have reported lower intake
than the CG, given the fact that our intervention was not blind. However, the results of consumption
in the baseline were similar to those reported in the R24h of women who did not participate in the
intervention. Both groups showed decreases in the consumption of sugars and total energy, greater in
the IG, although evidence shows that pregnant women tend to increase energy consumption during
pregnancy [42]. Part of the decrease in the CG group may be due to the routine counseling received in
the prenatal attention.

This study showed that focused dietary counseling provided in only three sessions during a
12-week period can be effective in decreasing the consumption of sugars and energy. This is an
alternative to the current guidelines of the Chilean National Health Services, which recommend a
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generally healthy diet [31]. Future studies should evaluate if these changes produce maternal and
child results (lower incidence of gestational diabetes and macrosomia, among others). It would also
be interesting to know if these maternal dietary changes that may be motivated by the pregnancy are
maintained after the women give birth.

5. Conclusions

The implementation of a dietary intervention with nutritional counseling focused on sugars
consumption decreased the consumption of energy and total sugars in overweight and obese pregnant
women, mainly in the food groups high in free sugars. Future studies should evaluate if these changes
produce short- and long-term maternal and child results. Given its focus, this intervention may be
replicable in all primary health centers for pregnant women with the highest nutritional risk.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/11/2/385/s1,
Table S1: Effect of the nutritional intervention on the change of consumption of total sugars and energy. Linear
regression models.
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Abstract: Full breastfeeding (FBF) is promoted as effective for losing pregnancy weight during the
postpartum period. This study evaluated whether longer FBF is associated with lower maternal
postpartum weight retention (PPWR) as compared to a shorter FBF duration. The MILK (Mothers and
Infants Linked for Healthy Growth) study is an ongoing prospective cohort of 370 mother–infant
dyads, all of whom fully breastfed their infants for at least 1 month. Breastfeeding status was
subsequently self-reported by mothers at 3 and 6 months postpartum. Maternal PPWR was calculated
as maternal weight measured at 1, 3, and 6 months postpartum minus maternal prepregnancy weight.
Using linear mixed effects models, by 6 months postpartum, adjusted means ± standard errors for
weight retention among mothers who fully breastfed for 1–3 (3.40 ± 1.16 kg), 3–6 (1.41 ± 0.69 kg),
and ≥6 months (0.97 ± 0.32 kg) were estimated. Compared to mothers who reported FBF for
1–3 months, those who reported FBF for 3–6 months and ≥6 months both had lower PPWR over the
period from 1 to 6 months postpartum (p = 0.04 and p < 0.01, respectively). However, PPWR from 3 to
6 months was not significantly different among those who reported FBF for 3–6 versus ≥6 months
(p > 0.05). Interventions to promote FBF past 3 months may increase the likelihood of postpartum
return to prepregnancy weight.

Keywords: full breastfeeding; postpartum; weight retention; obesity

1. Introduction

Pregnancy is a period of rapid weight gain and change in body composition [1] as maternal
metabolism accommodates the demands of a growing fetus [2]. Gestational weight gain within the
recommended ranges based on prepregnancy body mass index (BMI) is important for optimal fetal
development [1,3] and accretion of fat depots necessary to support the energy cost of lactation [2].
Unfortunately, 47% of women in the United States have excessive gestational weight gain [4] and
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13–20% fail to return to their prepregnancy weight after delivery, weighing approximately 5 kg more at
6–18 months postpartum compared to prepregnancy [5,6]. Excessive postpartum weight retention
(PPWR) may in turn initiate a vicious cycle of obesity among women during their reproductive years
and contribute to future unhealthy pregnancies, diabetes, and cardiovascular disease [1].

Many factors influence variation in PPWR, including maternal prepregnancy BMI, gestational
weight gain, parity, age, race/ethnicity, education, diet, physical activity, and breastfeeding
duration [7–10]. Breastfeeding is of particular interest due to its established physical and psychological
benefits for both mother and infant during the postpartum period and beyond [11–13]. Prolonged
breastfeeding may theoretically promote postpartum weight loss owing to the energy expenditure
requirements of lactation [14] and mobilization of pregnancy-related accumulated fat stores [2].

To date, studies examining the association between breastfeeding and PPWR or postpartum
weight loss have yielded inconclusive findings [15–17]. In a recent systematic review, Neville et al.
concluded that, compared to other forms of infant feeding, there was insufficient evidence indicating
that breastfeeding is directly associated with postpartum weight change [18]. Of particular concern is
the issue of confounding, whereby women who breastfeed longer are more likely to have intended to
breastfeed [19], have greater social support [11], and have lower prepregnancy BMI [20] and gestational
weight gain [21] than women who breastfeed for short durations, never breastfeed or breastfeed only
partially. All these factors are directly associated with PPWR [7–10]. Most studies included in this
comprehensive review had relatively few women who were exclusively breastfeeding to 6 months as
recommended, and/or did not adjust for important potentially confounding variables. They also often
relied on self-reported maternal weight and lacked repeated measurements to assess patterns of weight
retention over time, both of which decrease precision. Additional studies that can characterize the
relationship between longer versus shorter full breastfeeding (FBF) and PPWR, including in women
who are strongly committed to and initiate full breastfeeding, are therefore warranted.

In this exploratory study, we aimed to examine the association between FBF duration and
maternal PPWR from 1 to 6 months postpartum using repeated measures of FBF and objectively
measured maternal anthropometry within a cohort of healthy, predominantly breastfeeding women.
We hypothesized that, compared to mothers who fully breastfed for 1–3 months and 3–6 months,
those who fully breastfed for ≥6 months would exhibit lower PPWR from 1 to 6 months, and from 3 to
6 months, respectively.

2. Materials and Methods

2.1. Study Population

The Mothers and Infants Linked for Healthy Growth (MILK) study is an ongoing prospective
cohort of mother–infant dyads recruited from Minneapolis, MN and Oklahoma City, OK [22]. Women
were included in the study if they: were 21–45 years of age at delivery; had a prepregnancy BMI of
18.5–40.0 kg/m2; had a healthy singleton pregnancy (i.e., spent <3 days in the hospital post-delivery for
vaginal deliveries and <5 days for caesarean section deliveries); delivered an infant at-term with a
birthweight of ≥2500 g but ≤4500 g; and reported an intention to breastfeed exclusively for at least
3 months. Women were excluded from the study if they consumed tobacco or >1 alcoholic drink per
week during pregnancy/lactation, had a history of Type 1 or Type II diabetes or current diagnosis
of gestational diabetes, were unable to speak or understand English, or if the infant had a known
congenital illness affecting feeding and/or growth.

Of the 370 mother–infant dyads enrolled into the MILK study (all fully breastfeeding at 1 month
postpartum), 32 were excluded due to missing information on breastfeeding status at 3 or 6 months or
maternal prepregnancy weight. The final analytic sample size included 338 mother–infant dyads with
complete information on FBF duration, maternal prepregnancy weight, and maternal weight on at
least one of the follow-up time points (i.e., at 1, 3 or 6 months postpartum).
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Written informed consent was obtained at baseline, and participants were compensated for
completion of each visit. All study protocols were approved by the institutional review boards
at the University of Minnesota, HealthPartners Institute, and the University of Oklahoma Health
Sciences Center.

2.2. Breastfeeding Status

Maternal breastfeeding status was ascertained at the 1-, 3-, and 6-month study visits. Mothers
were asked to report their breastfeeding habits, which were further classified as FBF, mixed-feeding or
fully formula feeding. Given our inability to discern “exclusive” (no other solid foods/liquids) from
“almost exclusive” breastfeeding (water, vitamins and minerals occasionally provided), we defined
FBF as maintaining breastfeeding with <24 oz of formula during the entire time period, and only
breast milk for the 2 weeks prior to the visit. Mixed feeding was defined as providing infants with
>24 oz of formula for each time period but also some breast milk. Fully formula feeding was defined
as providing infants only formula for each time period. We categorized the duration of FBF in terms
of the number of completed months of FBF as follows: 1–3 months, 3–6 months, and ≥6 months.
The frequencies of various barriers to lactation were queried at the 1-month study visit.

2.3. Maternal Anthropometry

Maternal prepregnancy weight (kg) was measured within 6 weeks of conception and abstracted
from electronic medical records. Maternal weight was then measured at the 1-, 3-, and 6-month study
visits using calibrated digital scales. Standard procedures were followed after cross-training of staff [23].
PPWR was calculated and defined as maternal weight at the 1-, 3-, and 6-month visits minus maternal
prepregnancy weight.

2.4. Covariates

Maternal educational attainment (high school/GED/Associates degree, Bachelor’s degree, graduate
degree), race/ethnicity (white, other), household income (<$60,000, $60,000–$90,000, >$90,000),
physical activity at 3 months postpartum (meets/does not meet moderate-to-vigorous physical activity
(MVPA) guidelines of 150 min/week) [24], and frequency of feeds at 1, 3, and 6 months postpartum
(≤6, >6 times/day) were self-reported by mothers. Dietary intake was self-reported by mothers at
1 month postpartum using a modified version of the Diet History Questionnaire II to reflect intake
during the past month [25]. Maternal age (years), parity (0, 1, ≥2), delivery mode (vaginal, caesarean
section), infant birthweight (grams), and infant sex (male, female) were abstracted from the mother’s
electronic medical records. Maternal gestational weight gain (kg) was calculated by subtracting
maternal prepregnancy weight from weight at delivery (measured within 2 weeks of birth and
abstracted from medical records).

2.5. Statistical Analyses

Characteristics of the mother–infant dyads were described using raw means ± standard deviations
(SD) and raw frequencies stratified by FBF duration. Chi-square tests and one-way ANOVAs were
used to compare participant characteristics by FBF duration for categorical and continuous variables,
respectively. The purpose of these statistical tests was to identify potential confounding variables.
One inclusion criterion for the study included an intention to fully breastfeed for at least 3 months and
the presence of breastfeeding support; however, n = 23 mothers stopped breastfeeding before 3 months.
As such, we examined differences in frequencies of barriers to lactation between women who fully
breastfed to 1–3 months and those who fully breastfed for ≥3 months using chi-square tests.

Linear mixed effects models (PROC MIXED) were then used to test the association of FBF duration
with repeated within-subject measures of maternal PPWR at 1, 3, and 6 months postpartum using an
unstructured covariance matrix. These models can accommodate unbalanced intervals of measurement,
time-dependent and independent exposures/covariates, and provide greater statistical power with

129



Nutrients 2019, 11, 938

serial measurements [26]. We first examined the crude association of FBF duration with maternal
PPWR. The model was then adjusted for maternal education, race/ethnicity, household income, MVPA
at 3 months postpartum, frequency of feeds (time-varying), age, parity, delivery mode, gestational
weight gain, and infant birthweight and sex. The main exposure (FBF duration) was included as a
main effect and as an interaction with time (time-varying). All covariates were included as main effects,
but we only retained an interaction with time if the corresponding estimate for the interaction had
a p-value < 0.05. Since maternal prepregnancy weight was part of the outcome variable, it was not
included as a potential confounder in adjusted analyses. However, in sensitivity analyses, we adjusted
for maternal prepregnancy BMI in final models to assess whether any observed associations persisted
after accounting for prepregnancy weight status. In another sensitivity analysis, we included maternal
Healthy Eating Index-2015 (HEI-2015) total scores and energy intakes at 1 month postpartum as
covariates in the final models. Dietary intake was not included in the main analysis owing to the
relatively large number of missing data (approximately 13%). Lastly, we tested whether similar findings
were observed in main analyses when maternal postpartum weight loss (defined as maternal weight at
1, 3, and 6 months minus maternal weight at delivery) was utilized as an outcome, rather than PPWR.

Because longitudinal mixed effects regression model estimates can be difficult to interpret in
the presence of time interactions, we derived and plotted the adjusted means ± SEs for PPWR from
the linear mixed model analysis specified above for each FBF group and each time point. Next,
a difference-of-differences analysis was conducted, such that the change in adjusted means of weight
retention over time (slopes) within each FBF duration category (e.g., PPWR at 1 month minus PPWR
at 6 months) were compared across FBF duration categories. Specifically, differences in PPWR from
1 to 6 months were compared for mothers who fully breastfed for 3–6 and ≥6 versus 1–3 months and
differences in PPWR from 3 to 6 months were compared for mothers who fully breastfed for 3–6 versus
≥6 months, with corresponding p-values derived from t-tests presented. Statistical analyses were
conducted using SAS, version 9.4 (SAS Institute, Inc., Cary, NC, USA).

3. Results

3.1. Participant Characteristics

Mothers included in the analyses were predominantly white, highly educated, and multiparous;
most mothers delivered vaginally, met MVPA guidelines at 3 months postpartum, and fully breastfed
for ≥6 months (Table 1). By the 6-month visit, less than half of the women who stopped FBF at
1–3 months were partially breastfeeding (48% were mixed feeding), while 73% of the women who
continued to fully breastfeed for 3–6 months were still partially breastfeeding (mixed feeding). Maternal
age, race, weight retention at 6 months postpartum, frequency of feeds at 3 and 6 months postpartum,
and infant birthweight differed significantly by FBF duration, such that mothers who fully breastfed
for longer durations were more likely to be older, white, retain less weight, feed more frequently at
3 and 6 months, and give birth to heavier infants (p < 0.05). There were no significant differences in
delayed lactogenesis, milk flow, milk supply, sore, cracked or bleeding nipples, breast engorgement,
breast yeast infection, clogged milk ducts, infected or abscessed breasts or breast milk leakage between
mothers who fully breastfed for 1–3 months versus ≥3 months (all p > 0.20; Table S1).

Table 1. Demographic, reproductive, and lifestyle characteristics of mother–infant dyads by full
breastfeeding duration (n = 338).

Participant Characteristics Full Breastfeeding Duration

Total
1–3 months

(n = 23)
3–6 months

(n = 63)
≥6-Months

(n = 252)

n (%) or mean ± SD p-Value

Maternal Age, years 30.8 ± 4.1 28.7 ± 4.9 30.7 ± 4.1 31.0 ± 4.0 0.03 *
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Table 1. Cont.

Participant Characteristics Full Breastfeeding Duration

Total
1–3 months

(n = 23)
3–6 months

(n = 63)
≥6-Months

(n = 252)

n (%) or mean ± SD p-Value

Maternal Race

White 288 (87) 14 (64) 51 (82) 223 (90)
Other 44 (13) 8 (36) 11 (18) 25 (10) <0.01 *

Maternal Education

High school /GED/Associates degree 74 (23) 10 (44) 11 (19) 53 (22)
Bachelor’s degree 135 (41) 9 (39) 27 (47) 99 (40)
Graduate degree 117 (36) 4 (17) 19 (33) 94 (38) 0.09

Household income

<$60,000 99 (30) 11 (48) 22 (39) 66 (27)
$60,000–90,000 80 (25) 4 (17) 15 (26) 61 (25)
>90,000 147 (45) 8 (35) 20 (35) 119 (48) 0.11

Parity

0 141 (42) 13 (59) 21 (35) 107 (43)
1 128 (39) 4 (18) 29 (48) 95 (38)
≥2 63 (19) 5 (23) 10 (17) 48 (19) 0.17

Delivery Mode

Vaginal 264 (80) 17 (77) 50 (81) 197 (79) 0.94
Caesarean section 68 (20) 5 (23) 12 (19) 51 (21)

Prepregnancy BMI, kg/m2 26.5 ± 5.6 28.1 ± 5.3 26.9 ± 6.9 26.2 ± 5.2 0.24

Gestational weight gain (kg) 12.3 ± 6.6 12.2 ± 8.8 11.7 ± 7.0 12.5 ± 6.3 0.69

Postpartum weight retention (kg)

1-month 3.9 ± 5.4 4.2 ± 7.2 3.2 ± 6.5 4.0 ± 5.0 0.56
3-months 2.8 ± 5.5 4.6 ± 7.9 1.9 ± 6.4 2.8 ± 4.9 0.13
6-months 1.4 ± 5.9 4.3 ± 7.8 0.9 ± 6.4 1.2 ± 5.5 0.05 *

HEI-2015 score at 1-month
postpartum

65.6 ± 8.9 64.8 ± 9.6 63.7 ± 6.3 66.4 ± 8.9 0.16

Energy intake at 1-month
postpartum (kcal)

1952 ± 761 1666 ± 770 1889 ± 633 1975 ± 666 0.14

Meets MVPA guidelines at
3-months postpartum (yes)

178 (54) 13 (62) 25 (40) 140 (57) 0.06

Frequency of feeds (per day)

1-month 9.7 ± 2.1 9.4 ± 2.3 9.4 ± 2.0 9.8 ± 2.1 0.44
3-months 7.6 ± 2.1 4.6 ± 2.1 7.8 ± 2.0 7.7 ± 1.9 <0.01 *
6-months 6.8 ± 2.1 3.6 ± 1.8 6.0 ± 2.8 7.1 ± 1.7 <0.01 *

Breastfeeding status at 6 months
postpartum

Fully breastfeeding 252 (74) 252 (100) <0.01 *
Mixed-feeding 57 (17) 11 (48) 46 (73)

Fully formula feeding 29 (9) 12 (52) 17 (27)

Infant birthweight, (g) 3534 ± 445 3329 ± 482 3620 ± 425 3530 ± 442 0.03 *

Infant sex
Male 172 (51) 10 (43) 38 (60) 124 (49) 0.22

Female 166 (49) 13 (57) 25 (40) 128 (51)

Abbreviations: BMI= body mass index; HEI-2015=Healthy Eating Index-2015; meeting MVPA guidelines: Moderate
to vigorous physical activity >150 min/week. * p < 0.05 for tests of differences in participant characteristics by full
breastfeeding duration using chi-square or one-way ANOVA for categorical and continuous variables, respectively.

3.2. Full Breastfeeding Duration and Postpartum Weight Retention

A significant interaction between FBF duration and time was observed, suggesting between-group
differences in PPWR over time (Table 2). To illustrate the interaction effect of FBF and time on PPWR,
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Figure 1 depicts differences in adjusted means ± SE of maternal PPWR from 1 to 6 months postpartum
by FBF duration. By 6 months postpartum, mothers who fully breastfed for 1–3, 3–6, and ≥6 months
had adjusted means ± SEs for PPWR of 3.40 ± 1.16 kg, 1.41 ± 0.69 kg, and 0.97 ± 0.32 kg. Compared to
mothers who fully breastfed for 1–3 months only, those who fully breastfed for 3–6 and ≥6 months
retained significantly less weight from 1 to 6 months postpartum (p = 0.04 and p < 0.01, respectively).
Although mothers who fully breastfed for 6 months or longer weighed approximately 0.45 kg less by
6 months postpartum than those who fully breastfed for 3–6 months only, this difference in PPWR at
6 months and slope of change in PPWR from 3 to 6 months was not significant between these two
groups (p = 0.15). These findings were independent of the statistical effects of numerous potential
confounders included in the model. Significant covariate effects were observed for MVPA and maternal
age, and time-dependent effects were observed for GWG, maternal education, parity, and mode of
delivery (Table S2).

Table 2. Association of full breastfeeding duration with maternal postpartum weight retention measured
from 1 to 6 months postpartum.

Crude Model (n = 338) Covariate-Adjusted Model a (n = 301)

β 95% CI p-Value β 95% CI p-Value

FBF duration

1–3 months Ref Ref Ref Ref
3–6 months −1.07 −3.67, 1.54 0.33 −1.55, 2.20
>6 months −0.24 −2.57, 2.08 0.18 0.49 −1.18, 2.16 0.53

Time c

1–3 months Ref. Ref Ref Ref
3 months 0.39 −0.68, 1.46 0.26 −1.34, 1.86
6 months 0.04 −1.79, 1.86 <0.01 1.97 −0.66, 4.61 0.20

FBF duration x time b,c

FBF 3–6 months at 3 months −1.60 −2.86, −0.35 −1.60 −2.95, −0.25
FBF 3–6 months at 6 months −2.27 −4.41, −0.13 −2.32 −4.54, −0.09
FBF ≥6 months at 3 months −1.55 −2.67, −0.43 0.03 −1.66 −2.86, −0.45 0.04
FBF ≥6 months at 6 months −2.76 −4.67, −0.85 −2.92 −4.90, −0.94

Abbreviations: CI = confidence interval; FBF = full breastfeeding. a Adjusted for maternal education, race/ethnicity,
household income, age, parity, delivery mode, prepregnancy weight, gestational weight gain, frequency of feeds at
1, 3 and 6 months (time-varying), physical activity level at 3 months postpartum, and infant birthweight and sex.
b Reference category = FBF 1 month. c Reference category = time 1 month.

In sensitivity analyses, after including maternal prepregnancy BMI as a potential covariate in
the final model examining the association between FBF duration and maternal PPWR, comparable
findings were observed for adjusted means and differences in slopes of PPWR over time (data not
shown). After additional adjustment for maternal total HEI-2015 scores and energy intake at 1 month
postpartum, adjusted means were consistent with those found in the main analyses. In this sensitivity
analysis, differences in slopes of change in weight retention from 1 to 6 months for women who fully
breastfed to ≥6 versus 1–3 months were similar to those reported above for the main analysis. However,
slopes of change in weight retention were no longer significantly greater among those who fully
breastfed to 3–6 versus 1–3 months (p < 0.10) (data not shown). Lastly, after examining postpartum
weight loss (versus PPWR) as an outcome, similar adjusted means and between-group differences in
weight loss over time were observed (data not shown).
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Figure 1. Adjusted means of maternal postpartum weight retention by full breastfeeding duration.
Abbreviations: FBF = full breastfeeding; Adjusted for maternal education, race/ethnicity, household
income, age, parity, delivery mode, prepregnancy weight, gestational weight gain, frequency of feeds at
1, 3, and 6 months (time-varying), physical activity level at 3 months postpartum, and infant birthweight
and sex. * p < 0.05 for differences in slopes. § p > 0.05 for differences in slopes.

4. Discussion

In this ongoing prospective cohort of mother–infant dyads, we examined the association of FBF
duration with maternal weight retention from 1 to 6 months postpartum. We found that, independent
of demographic, reproductive, and lifestyle factors, mothers who fully breastfed for longer durations
(i.e., greater than 3 months) had significantly greater reductions in PPWR from 1 to 6 months compared
to those who fully breastfed to 1–3 months only. Mothers who fully breastfed to 6 months or longer
retained approximately 0.45 kg less weight by 6 months postpartum than those who fully breastfed to
3 months only, but differences between these two groups were not statistically significant. The findings
from this exploratory analysis suggest that, among healthy women strongly committed and supported
to fully breastfeed, encouraging FBF beyond 3 months could reduce PPWR.

The American Academy of Pediatrics recommends exclusive breastfeeding to 6 months, followed
by complementary feeding with continued breastfeeding until 1 year and beyond as mutually desired
by mothers and their infants [27]. This practice promotes infant health but also has immediate
(postpartum) and long-term health benefits for mothers [11–13]. Breastfeeding is hypothesized to
mobilize pregnancy-related buildup of visceral and femoral fat stores as a source of energy for milk
production [2]. With the concurrent rise in prolactin, lipogenesis is inhibited in peripheral adipose
tissue and increases in the mammary glands [28]. Lipoprotein lipase activity in adipocytes (particularly
in the femoral region) also surges, resulting in greater weight loss among breastfeeding mothers [29].
Research has demonstrated that maternal total energy expenditure increases by approximately 15–25%
during lactation as the production of milk requires an additional 500 kilocalories per day on average [30].
If this excess energy expenditure is not offset by increases in energy intake and decreases in physical
activity, the expectation is that mothers will lose weight.
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Nonetheless, the 2018 CDC breastfeeding report card suggests that approximately 47% of women
in the United States exclusively breastfeed up to 3 months, and only 25% continue to do so up to
6 months with variation between states [31]. A host of social and biological determinants contribute to
early cessation of exclusive breastfeeding, including poor family and social support, embarrassment,
employment, lactation problems, and perceived lack of sufficient milk supply [32]. Most mothers in
the United States do not meet their breastfeeding goals [33], and it is unclear why 23 of the mothers in
our highly motivated and supported cohort ceased FBF between 1 and 3 months despite intending to
fully breastfeed for at least 3 months. There were no significant differences in early barriers to lactation
observed between those with an FBF duration of 1–3 months versus ≥3 months. It is possible that
mothers who stopped fully breastfeeding had to return to work, had fewer workplace accommodations
for breastfeeding, did not want to pump milk after returning to work or had infants who lost interest
in nursing or did not gain enough weight [33]. However, since none of these possible differences are
likely to drive postpartum weight loss, they are unlikely to explain the differences we have reported.

Our results on the association between FBF duration and PPWR are in line with those of other
studies [15,16,34]. In a cohort of 405 Brazilian women, mean weight retention was approximately
3.6 kg by 9 months postpartum, and longer breastfeeding duration was associated with lower PPWR
from 0.5 to 9 months of follow-up [15]. Similarly, Janney et al. reported a mean weight retention of
3.9 kg at 6 months postpartum and lower weight retention from 0.5–18 months postpartum among
110 mothers in the United States who had a longer duration of full and partial breastfeeding [16].
Contrary to our findings, Mullaney et al. reported no association between exclusive breastfeeding and
maternal weight change by 4 months postpartum among 470 Irish women enrolled in a prospective
cohort study (mean retention at 4 months postpartum was approximately 1.7 kg) [17]. Few studies
have had the opportunity to assess the association between prolonged FBF (i.e., up to 6 months) and
PPWR due to the limited number of US women who continue to breastfeed beyond 3 months. In one
study of over 25,000 mothers in the Danish National Birth Cohort, Baker et al. found that those who
breastfed as recommended (i.e., exclusively to 6 months and to any degree for 12 months) had a greater
reduction in PPWR at 6 months (regardless of prepregnancy BMI) and at 18 months (among women
within the BMI range of 18.5–34.9 kg/m2) [34].

Discrepancies in findings pertaining to the associations of FBF with PPWR are evident between
studies [8,17,35]. Complications in comparisons across research may be attributable to differences
in study design, sample sizes (and, accordingly, statistical power), definition and assessment of
breastfeeding duration and intensity, time points at which outcomes were assessed and/or periods
of collection that were collapsed into one variable, specific outcomes considered and methods used
to measure them, quality of exposure and outcome data, duration of follow-up, and confounders
included in analyses. It is important to note that our study population is relatively healthy, with 74% of
women fully breastfeeding to 6 months (well above the national rates for exclusive breastfeeding) [28]
and 55% meeting MVPA guidelines at 3 months postpartum. Among the 63 mothers who breastfed to
at least 3 months but not 6 months or more, 73% continued to practice mixed feeding, that is, feeding
their infants both breast milk and formula. If only some breastfeeding is required to achieve continued
postpartum weight loss, this may explain the similarity in the rate of weight loss from 3 to 6 months in
those who breastfed to ≥6 months as compared to only 3–6 months. Further, the mothers in our study
are highly educated and had a lower prepregnancy BMI compared to pregnant women in the United
States. Our findings of relatively low weight retention by 6 months postpartum even among those with
1–3 months of FBF (3.9 kg) and a nonsignificant difference in PPWR over time between mothers who
fully breastfed for 3–6 months versus to 6 months or longer may be attributable to these characteristics.

Our findings can be interpreted within the context of the strengths and limitations of the study.
A strength of our study is that the data were drawn from a contemporary, multisite, prospective cohort
with serial measurements from 1 to 6 months postpartum, which provides greater statistical power and
allows for descriptions of patterns of weight retention over time. Furthermore, we objectively measured
weight at 1, 3, and 6 months postpartum, extracted prepregnancy weight from electronic medical
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records and used rigorous definitions of FBF in real time, which minimizes recall bias. Our study
population is well characterized; thus, we were able to adjust for a range of clinical, sociodemographic,
and lifestyle potential confounders obtained from detailed questionnaires or medical records, including
key elements of energy balance, such as physical activity and dietary intake. A characteristic that
distinguishes this cohort from others is that the primary aim of the study was to assess the lactational
programming hypothesis. As such, we focused on maternal obesity and breastfeeding as main
exposures and were able to adjust for gestational weight gain and frequency of feeds within a day in
our primary analyses.

Our study also has important limitations. The MILK study was designed to address the relationship
of maternal weight status to breast milk composition in fully breastfeeding women. We were therefore
not able to assess the broader questions of whether PPWR differs among women who ever versus
never breastfeed, or between women who partially breastfeed for different durations versus those
who fully breastfeed. In addition, most of the women were fully breastfeeding for ≥6 months and
the samples of women with shorter FBF durations were relatively small. As such, the precision of
estimates for the 1–3 and 3–6 months FBF groups were lower than for the ≥6 months FBF group, and we
had reduced statistical power to detect PPWR differences between the three groups. Replication of
these findings is necessary in larger cohorts of women who initiate FBF but then cease FBF early to
characterize the benefit of FBF in reducing PPWR among women who follow breastfeeding guidelines.
The mother–infant dyads included in the cohort were primarily non-Hispanic white. Therefore,
the generalizability of our results is limited for other race/ethnic groups [35]. We did not collect
maternal anthropometry beyond 6 months and consequently could not examine whether the lower
weight retention associated with FBF was maintained in the long-term [36]. We also did not have a
sufficient sample size to stratify our analysis by maternal obesity [34]. This drawback is important,
given the observed differences in initiation and maintenance of FBF [37] and in fat distribution during
pregnancy among normal-weight, overweight, and obese women [38]. Maternal prepregnancy weight
was measured and abstracted from medical records within 6 weeks of conception, which may lead to
variation in assessment of true prepregnancy weight and introduce measurement error. Although we
adjusted for numerous theoretical and empirical confounders in our analyses, there may still be residual
confounding or confounding by unmeasured variables. Lastly, we only had measures of important
energy balance variables (i.e., diet and physical activity) at select time points. These behaviors tend to
correlate strongly over time, but this limitation may have resulted in residual confounding that could
have biased the estimates somewhat.

5. Conclusions

The perinatal period is one of significant weight and body composition change for women [1].
Consequently, this period is important for preventing excessive gestational weight gain and PPWR, both
of which may contribute to future metabolic disease risk. Findings from the present study correspond
to some prior research showing that longer FBF duration may be associated with reduced maternal
PPWR up to 6 months postpartum [15,16,34]. Coupled with data from other studies, it is evident that,
among healthy, predominantly breastfeeding mothers, FBF for prolonged periods (at least 3 months)
is associated with significantly less pregnancy weight retention during the postpartum period. FBF
for at least 3 months is a potentially modifiable infant feeding choice that not only promotes infant
health but also may help to prevent mothers from future development of obesity and cardiometabolic
disorders. Studies that identify how to reduce obstacles to prolonged full breastfeeding are critical to
advancing the health of both women and their children.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/11/4/938/s1,
Table S1. Differences in barriers to lactation among mothers who fully breastfed to one month only and those who
fully breastfed for more than one month (n = 338); Table S2: Association of maternal and infant covariates with
maternal postpartum weight retention from 1 to 6 months postpartum (n = 301).
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Abstract: Maternal antibody transfer to the newborn provides essential support for the infant’s naïve
immune system. Preterm infants normally receive maternal antibodies through mother’s own breast
milk (MBM) or, when mothers are unable to provide all the milk required, donor breast milk (DBM).
DBM is pasteurized and exposed to several freeze–thaw cycles, which could reduce intact antibody
concentration and the antibody’s resistance to digestion within the infant. Whether concentrations of
antibodies in MBM and DBM differ and whether their survival across digestion in preterm infants
differs remains unknown. Feed (MBM or DBM), gastric contents (MBM or DBM at 1-h post-ingestion)
and stool samples (collected after a mix of MBM and DBM feeding) were collected from 20 preterm
(26–36 weeks gestational age) mother–infant pairs at 8–9 and 21–22 days of postnatal age. Samples
were analyzed via ELISA for the concentration of secretory IgA (SIgA), total IgA (SIgA/IgA), total
IgM (SIgM/IgM) and IgG. Total IgA, SIgA, total IgM and IgG concentrations were 55.0%, 71.6%,
98.4% and 41.1% higher in MBM than in DBM, and were 49.8%, 32.7%, 73.9% and 39.7% higher in
gastric contents when infants were fed with MBM than when infants were fed DBM, respectively.
All maternal antibody isotypes present in breast milk were detected in the infant stools, of which IgA
(not sIgA) was the most abundant.

Keywords: passive immunization; antibodies; lactation; prematurity; proteolysis; breast milk

1. Introduction

Mother’s own breast milk (MBM) provides maternal exposure-specific antibodies that provide
passive immune protection to the infant. These maternal milk antibodies include IgA, IgG and IgM
isotypes, as well as the secretory forms of IgA and IgM [1]. The antibodies in MBM that are ingested
by preterm infants are comprised of ~80% total IgA (~73% SIgA/27% IgA), ~15% total IgM and ~5%
IgG [1]. The provision of maternal milk antibodies helps compensate for the infant’s naïve immune
system. Neonates have an immature intestinal immune system, as demonstrated by lower numbers of
plasma cells (immune cells that can produce IgA, IgM and IgG) in colonic and rectal biopsies from term
infants at 1–12 days postnatal age compared with those at 1 to 6 months postnatal age [2]. No study
has demonstrated the specific time when the preterm infants are able to produce their own SIgA in
the small intestine. Milk SIgA, which bind to and neutralize pathogens to prevent their adherence to
epithelial cells and infection [3–6], provide important immune compensation.
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Milk IgM and IgG may also play a role in infant intestinal mucosal defense. IgG can bind to
viruses and prevent their attachment to the mucosal surface or trap pathogens when IgG binds to
mucus [7]. However, IgG was less efficient than SIgA for altering attachment and trapping pathogens
in mucin [7]. Though IgM-secreting cells have been identified in the infant gut, the role of IgM in infant
mucosal immune defense remains unknown [2].

Preterm infants likely have an even less developed immune system than term infants. For example,
from 1–28 weeks postnatal, preterm neonates (24–28 weeks of gestation) produce less diverse IgG
antibodies (based on nucleotide sequences present in the variable region of the antibody gene as
detected by RT-PCR) in their blood compared with term infants (36–42 weeks of gestation) [8]. As they
are born early, preterm infants also miss some of the placenta–fetal IgG transfer that occurs for term
infants [9]. For preterm infants, maternal milk antibodies may help compensate for the potentially
lower secretion of antibodies, their loss of placenta–fetal IgG transfer time and perhaps lower immune
function compared with term infants.

To neutralize pathogens in the preterm infant gut, maternal milk antibodies must survive digestive
protease actions through the gastrointestinal tract to their site of action. Our recent studies demonstrated
that milk total IgA concentration decreased by 60% from milk to the preterm infant stomach at 2-h
post-ingestion, whereas total IgM and IgG were stable [1]. Two oral supplementation studies (in
adults fed bovine colostrum SIgA/IgA, IgM and IgG [10] and in preterm infants fed serum IgA and
IgG [11]) demonstrated that IgG and IgM survived intact to the stool, whereas SIgA/IgA did not.
On the other hand, some studies have demonstrated that SIgA from MBM can survive to the infant
stool and urine [12–14]. These oral supplementation studies did not determine the percentage of
survival for SIgA, total IgA, total IgM and IgG to the infant stool. Moreover, measuring Igs in infant
stool samples does not accurately represent the biological survival of Igs within the upper GI tract as
they can be further degraded by colonic bacteria.

Preterm-delivering mothers often have difficulty making enough milk to feed their infants and
often supplement with donor breast milk (DBM). Most mothers (72%) of very preterm infants (<27 week
of gestational age (GA) are unable to provide all the MBM required, thus DBM is used to complete
their diet [15]. Whether MBM and DBM differ in milk antibody concentrations remains unclear. DBM
processing includes pooling milks from different mothers, Holder pasteurization (62.5 ◦C for 30 min)
to inactivate viruses [16,17] and kill bacteria [18], and several freeze–thaw cycles. These factors could
result in lower concentrations of maternal milk antibodies.

As the degree to which MBM and DBM antibody concentrations differ and how this affects the
survival of antibodies during gastric digestion remains unknown, we examined these questions herein.
Evidence of lower antibody concentrations in DBM could determine whether modification of the
product or processing techniques are needed to improve infant health outcomes.

2. Materials and Methods

2.1. Participants and Sample Collection

2.1.1. Participants and Enrollment

This study was approved by the Institutional Review Boards of Legacy Health Systems and
Oregon State University. Samples were collected from twenty premature-delivering mother–infant
pairs ranging in GA at birth from 26 to 36 weeks (Table 1) in the NICU. Eligibility criteria included
having an indwelling naso/orogastric feeding tube, bolus feeding (<60 min infusion tolerated), feeding
volumes of at least 4 mL and mothers who could produce a volume of MBM adequate for one
full-volume feed per day. Exclusion criteria included neonates with diagnoses that are incompatible
with life, gastrointestinal system anomalies, major gastrointestinal surgery, severe genitourinary
anomalies and significant metabolic or endocrine diseases.
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Table 1. Demographics of preterm-delivering mother–infant pairs sampled for mother’s own breast
milk, gastric contents (1-h postprandial time) and stools (24-h post-feeding).

Demographics Preterm-Delivering Mother Infant Pairs 1,2

GA, week 30 ± 3 (26–36)
Postnatal age at mother’s milk feeding, days 8.6 ± 0.1 and 21.4 ± 0.1

Postnatal age at donor breast milk feeding, days 8.4 ± 0.1 and 21.6 ± 0.1
Birth weight at birth, kg 1.5 ± 0.7 (0.7–3.6)

Weight gain velocity, g/kg/day 3 11 ± 4
Length gain velocity, cm/week 3 1.0 ± 0.3

Head circumference gain velocity, cm/week 3 0.6 ± 0.3
Volume of feeding at 8–9 days of postnatal age, mL 16 ± 12 (2.5–38)

Volume of feeding at 21–22 days, of postnatal age, mL 28 ± 10 (14–49)
Infant sex 10 females; 10 males

Infant of a diabetic mother, n 3
SGA10, less than the 10th percentile 4, n 2
SGA3, less than the 3rd percentile 4, n 1

Intrauterine illicit drug exposure, n 2
C-section, n 16

Retinopathy of prematurity, n 0
Chronic lung disease, n 2
Gram-negative sepsis, n 1

Gram-positive sepsis or fungal sepsis 0
Late-onset sepsis 1

Antibiotics5 received postnatally, n 5
Necrotizing enterocolitis 0
Gastrointestinal bleeding 0

Cardiopulmonary resuscitation 0
Infant death 0

Length of stay in NICU 47 ± 29 (10–109)
1 Values are mean ± SD (range); 2 Number of paired milk and gastric and stool samples from 20 preterm infants was
n = 20 at 8–9 days and n = 16 at 21–22 days of postnatal age; 3 Birth to discharge; 4 Small for gestational age (SGA)
on the Fenton 2013 Growth chart; 5 Antibiotics were ampicillin/cefdinir.

2.1.2. Feeding and Sampling

In order to compare the concentration of immunoglobulins in DBM and MBM during preterm
infant digestion, we gave two separate feedings of DBM and MBM without fortification rather than the
typical feed consisting of a mixture of DBM and MBM with fortifier on days in which gastric sampling
was accomplished. Milk and gastric samples (1–2 mL) were collected on 8–9 and 21–22 days of life.
A separate sample of the donor milk (even though it was from 2 original pools) used to feed each infant
was collected and used as biological replicates for all the comparisons between MBM and DBM. At both
sample time periods, each infant received 2 of the normal 8 daily feedings as unfortified MBM or DBM
on alternate days (randomized order). We randomized the order of feeding MBM and DBM to control
for any potential effect of infant day of life on antibody digestion. The pool of DBM was acquired from
two batches at Northwest Mother’s Milk Bank. Three-liter batches were pasteurized and frozen in
50-mL doses so that only a small fraction was thawed for each infant feeding. The power analysis based
on detection of differences in antibody concentrations between MBM and gastric samples from preterm
infants in our previous study [1] indicated that at least 15 infants were required to compare DBM
and MBM-fed infants, as, in the previous study, most antibody concentrations differed significantly
between milk and stomach with this sample size.

Prior to feeding, any gastric residuals were removed by syringe via the feeding tube to remove
contamination from the previous feeding. Feedings were prepared at the Randall Children’s Hospital
at Legacy Emanuel NICU using aseptic technique. Frozen MBM and DBM were thawed in Ameda
Penguin warmers at 37 ◦C. Milk (either MBM or DBM) was fed to the infant via the nasogastric tube
with a feeding pump set to deliver the entire bolus over 30–60 min. A 2-mL sample of the gastric fluid
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was collected 30 min after the completion of feed infusion. This sample collection timing was selected
to match the gastric half-emptying time of premature infants to maximize time in the stomach as well
as our ability to collect remaining contents [19]. As the mouth and esophagus do not contribute to
proteolytic digestion, the use of nasogastric tubes (bypassing this) will likely not alter the results from
an enteral feed taking orally. After collecting the 2-mL gastric sample, 2 mL of additional feed plus the
additional volume recorded of gastric residue that was removed prior to the feed were provided to
avoid any nutritional interruption. Stool (1 g) was collected within 48 h of the gastric sampling time
point and was recovered from the diaper and scraped into a sterile jar. Stool sample collection was not
specific to DBM/MBM and thus represents stools deriving from a mixture of DBM and MBM feeding.
After collection of each sample type (feed, gastric and stool), samples were placed immediately on
ice and stored at −80 ◦C in the NICU. Samples were then be transported on dry ice to Oregon State
University for sample analysis.

2.1.3. Clinical Data Collection

Infant GA and postnatal age at mother’s milk feeding and at donor breast milk feeding were
collected (see Table 1).

2.2. Sample Preparation and ELISAs

Feed (MBM and DBM) and gastric samples were thawed at 4 ◦C, pH was determined and
samples (1 mL) were centrifuged at 4000× g for 20 min at 4 ◦C. The infranate was collected, separated
into aliquots (100 μL) and stored at −80 ◦C. Frozen stool samples (0.1 g) were diluted in 700 μL of
phosphate-buffered saline pH 7.4 (Thermo Fisher Scientific, Waltham, MA, USA) with 0.05% Tween-20
(Bio-Rad Laboratories, Irvine, CA, USA) (PBST) and 3% fraction V bovine serum albumin solution
(Innovative Research, Novi, MI, USA). Diluted stool samples were mixed by vortex for 2 min and then
the vials were centrifuged at 4000× g for 20 min at 4 ◦C. The supernatant was collected, separated
into aliquots (100 μL) and stored at −80 ◦C. Sample pH measurements were performed with an S220
SevenCompact pH/Ion meter (Mettler-Toledo) equipped with a combined sealed glass electrode.

The spectrophotometric ELISAs were measured with a microplate reader (Spectramax M2,
Molecular Devices, Sunnyvale, CA, USA) with two replicates of blanks, standards and samples.
SoftMax Pro 7.0 Microplate Data Analysis Software (Molecular Devices) was used to create a standard
curve with a Four-Parameter Logistic curve fit. Clear flat-bottom Immuno 96-well plates MaxiSorp
(Thermo Fisher Scientific) were coated with 100 μL of 1 μg/mL of capture antibodies: goat anti-human
IgA alpha-chain for SIgA or total IgA (SIgA/IgA); rat anti-human IgM mu-chain for total IgM
(SIgM/IgM) and goat anti-human IgG gamma-chain for IgG (Bio-Rad Laboratories). Plates were
incubated overnight at 4 ◦C. After incubation, plates were washed 3 times with PBST and then 100 μL
of blocking buffer (PBST with 3% of fraction V bovine serum albumin solution) was added in all
wells for 1 h at room temperature. Standard samples were prepared using purified IgA from human
colostrum (Sigma-Aldrich, St. Louis, MO, USA) for SIgA and total IgA, and purified IgM and IgG from
human serum (Sigma-Aldrich). The standard curves were prepared using a dilution series of standard
antibody in blocking buffer and the final concentration covered a range from 1 to 5000 ng/mL. Feed
(MBM or DBM) and gastric samples were diluted 250× with blocking buffer for total IgM and IgG
measurements and 500× for SIgA and total IgA measurements. Prediluted stool samples were diluted
in 250× for total IgA, total IgM and IgG, and 20× for SIgA. For each step (addition of standards/samples
and secondary antibodies at 1 μg/mL), washing and incubation for 1 h at room temperature were
performed. To determine SIgA concentration, mouse anti-human IgA secretory-chain was added, the
plate was washed and anti-mouse IgG:horseradish peroxidase (HRP) was added. To determine total
IgA concentration, goat anti-human IgA alpha-chain:HRP was used. For total IgM, goat anti-human
IgM mu-chain:HRP was used. For IgG, goat anti-human IgG gamma-chain: HRP was used (all
antibodies from Bio-Rad). The substrate (1×, 100 μL), 3,3′,5,5′-tetramethylbenzidine (Thermo Fisher
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Scientific), was added for 5 min at room temperature followed by addition of 50 μL of 2 N sulfuric acid
to stop the coloration reaction. Optical density was measured at 450 nm.

The protein concentration of all samples was measured with the BCA protein assay (Thermo
Fisher Scientific). Feed (MBM or DBM) and gastric samples were diluted 10× in the diluent provided
in the kit, whereas dissolved stool samples were diluted 250×.

2.3. Pasteurization and Freezing/Thawing Effects on Mother’s Milk Antibodies

To directly test the effect of pasteurization and freeze–thaw cycles on mother’s milk antibodies,
500 mL of milk from one mother who delivered a term infant at 38 weeks of gestational age was
pumped and collected in a sterile plastic bag at 12 days of postnatal age. Six 1-mL aliquots were
centrifuged at 4000× g for 30 min at 4 ◦C and the infranates were collected (skim milk). Three of these
skim milk samples were used for the control raw human milk (RHM) and 3 others were pasteurized
at 62.5 ◦C for 30 min for pasteurized skimmed human milk (PSHM). Three other 1-mL aliquots of
whole human milk were pasteurized without skimming (pasteurized whole human milk, PWHM).
After pasteurization, the PWHM samples were centrifuged at 4000× g for 30 min at 4 ◦C to remove the
lipid layer. Each sample was analyzed via ELISAs for SIgA, total IgA, total IgM and IgG.

To test the effect of freeze–thaw cycles, three 1-mL aliquots of whole raw milk were frozen at
–20 ◦C, 3 aliquots were frozen at –80 ◦C and 3 aliquots were stored on ice for 1 h. After 1 h in the freezer,
the samples were thawed rapidly at 37 ◦C. All samples were centrifuged at 4000× g for 30 min at 4 ◦C
to remove the lipid layer and analyzed via ELISAs for SIgA, total IgA, total IgM and IgG.

2.4. Statistical Analyses

Student’s t-tests were used to determine whether the measurements in samples differed between
8–9 and 21–22 days of postnatal age. As the concentrations of total IgA, SIgA, total IgM, IgG and
pH did not differ between 8–9 and 21–22 days of postnatal age (see Table S1 for statistical analyses),
these samples were combined to compare groups by type of feeding (MBM versus DBM) in milk and
gastric samples within the same mother–infant pairs using Wilcoxon matched-pairs signed-rank test
in GraphPad Prism software (version 7.03). All tests were nonparametric as some of the values did
not pass the D’Agostino and Pearson normality test. Wilcoxon matched-pairs signed-rank test was
also used to compare total protein concentration in samples at 8–9 and 21–22 days of postnatal age.
Though Student’s t-tests did not reveal differences between days 8–9 and 21–22 days of postnatal age,
we performed Wilcoxon matched-pairs signed-rank test to compare antibody concentrations in MBM
and DBM in milk and gastric samples at 8–9 days and 21–22 days separately, which are shown in
the supplemental data (Figure S1). Though our study was not designed to have statistical power to
compare infants by GA groups, we examined whether antibody concentrations in the samples differed
by GA groups (26–27 week, 30–31 week and 35–36 week) using Wilcoxon matched-pairs signed-rank
test, which is shown in the supplemental data (Figure S2). We also evaluated the effect of the antibiotics
that infants received or not in gastric and stool samples from both feedings (MBM and DBM) using
Student’s t-tests, which is shown in the supplemental data (Table S2). One-way ANOVA followed by
Dunnett’s multiple comparisons test were performed to compare RHM with PWHM and PSHM as
well as raw milk to frozen milks. Differences were designated significant at p < 0.05.

3. Results

3.1. Infant Demographics

The demographic details for the preterm-delivering mother–infant pairs are presented in Table 1.
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3.2. pH

The pH values of MBM (average 7.27 ± 0.05) were significantly higher than of DBM (average 6.57 ±
0.02, p < 0.001, Figure 1A), but they did not differ in gastric contents when infants were fed MBM or
DBM (average 5.2 ± 0.1, Figure 1A). Both MBM and DBM had higher pH values than their respective
gastric samples (p < 0.001) (Figure 1A).

Figure 1. (A) pH values of milk and gastric contents at 1-h postprandial time from 20 preterm infants
(26–36 weeks of gestational age (GA)) fed mother’s own breast milk (MBM) and donor breast milk
(DBM). Values are mean ± SEM, n = 36 for each group (n = 20 for 8–9 days and n = 16 for 21–22 days of
postnatal age). (B) Total protein concentration in milk and gastric contents from infant fed MBM and
DBM at 8–9 days (n = 20) (C) Total protein concentration in milk and gastric contents from infant fed
MBM and DBM at 21–22 days (n = 16). Asterisks show statistically significant differences between
variables (*** p < 0.001; ** p < 0.01) using the Wilcoxon matched-pairs signed-rank test.

3.3. Protein Concentration

Protein concentration in MBM collected at 8–9 days of life (average 20.2 ± 0.9 mg/mL) was 1.3-fold
higher than that in MBM collected at 21–22 days of life (average 15.6 ± 0.9 mg/mL, p < 0.001). Protein
concentration in the stomach (average 11.2 ± 0.6 mg/mL) did not differ between 8–9 and 21–22 days for
MBM or DBM. Protein concentration in MBM was 1.9- and 1.6-fold higher than in DBM at 8–9 (average
10.2 ± 0.4 mg/mL) and 21–22 days (average 9.4 ± 0.6), respectively (p < 0.001, Figure 1B). Protein
concentration in the stomach from preterm infants fed MBM (average 13.2 ± 0.7 mg/mL) was 1.6-fold
higher than those fed DBM (average 9.4 ± 0.8 mg/mL, p < 0.01, Figure 1B). Protein concentration
decreased 1.3-fold from MBM to gastric contents from infants fed MBM at 8–9 days (p < 0.01, Figure 1B)
but did not differ at 21–22 days of postnatal age (Figure 1B). Protein concentration decreased 1.2-fold
from DBM to gastric contents from infants fed DBM at 8–9 and 21–22 days postnatal age (combined
across days, p = 0.007, Figure 1B).

3.4. Maternal Milk Antibody Concentrations

3.4.1. Antibody Concentrations in MBM and DBM

Total IgA, SIgA, total IgM and IgG concentrations were respectively 55.0, 71.6, 98.4 and 41.1%
higher in MBM compared with DBM (p < 0.001, Figure 2A–D).
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Figure 2. Immunoglobulin concentrations in milk and gastric contents at 1-h postprandial time from
20 preterm infants (26–36 weeks of gestational age (GA)) fed mother’s own breast milk (MBM) and
donor breast milk (DBM). Concentration of (A) total IgA (SIgA/IgA), (B) secretory IgA (SIgA), (C) total
IgM (SIgM/IgM) and (D) IgG in milk and gastric samples. Values are mean ± SEM, n = 36 for MBM
and DBM (n = 20 for 8–9 days and n = 16 for 21–22 days of postnatal age). Asterisks show statistically
significant differences between variables (*** p < 0.001; ** p < 0.01; * p < 0.05) using the Wilcoxon
matched-pairs signed-rank test.

3.4.2. Maternal Antibody Digestion

Total IgA, SIgA, total IgM and IgG concentrations were respectively 49.8, 32.7, 73.9% and 39.7%
higher in gastric contents from infants fed MBM than infants fed DBM (Figure 2A–D).

SIgA and total IgM concentration significantly decreased (Figure 2B,C) 28.8 and 39.8%, respectively,
from MBM to the preterm infant stomach but did not change for total IgA and IgG (p> 0.05, Figure 2A,D).
Total IgA, SIgA, total IgM and IgG concentrations did not change from DBM to the preterm stomach
(Figure 2A–D).

In MBM, the proportions of total IgA, total IgM and IgG were respectively 79.4, 18.1 and 2.4%.
In the gastric contents after feeding with MBM, the proportions of total IgA, total IgM and IgG were
respectively 84.4, 12.2 and 3.3% (Figure 3A). The proportion of total IgA that was SIgA decreased from
80% in MBM to 60% in the gastric samples, whereas this proportion increased from 51% in DBM to
81% in the gastric samples.

Total IgA, SIgA, total IgM and IgG were detected in stools from preterm infants (Figure 3).
These antibodies could derive from the MBM and/or DBM feedings. Antibody concentration did not
differ in stool between 8–9 and 21–22 days of postnatal age. The proportion of total IgA, total IgM
and IgG was respectively 85.2, 12.7 and 2.1%, whereas SIgA was only 0.7% of total IgA (Figure 3).
The proportion of SIgA in stool was much lower than that present in milk and the gastric contents.
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Figure 3. Proportion of total IgA, total IgM and IgG (A) in mother’s own breast milk (MBM), (B) in
gastric contents at 1-h postprandial time from preterm infants fed MBM and (C) in infant stools (from
MBM, DBM and/or infant self). Proportion of SIgA and IgA from total IgA (D) in mother’s own breast
milk (MBM), (E) in gastric contents at 1-h postprandial time from preterm infants fed MBM and (F)
in infant stools. Values are mean, n = 36 for MBM (n = 20 for 8–9 days and n = 16 for 21–22 days of
postnatal age).

3.4.3. Pasteurization and Freeze–Thaw Effects

The concentration of total IgM decreased 62% from RHM to PWHM but those of SIgA, total IgA
and IgG did not differ (Figure S3). Concentrations of total IgA, SIgA, total IgM and IgG decreased 37,
23, 87 and 54%, respectively from RHM to PSHM.

For all isotypes, the concentration did not differ between fresh milk and that exposed to freeze–thaw
cycles at −20 or −80 ◦C (p > 0.05).

4. Discussion

The present study examined whether the concentration of maternal milk antibodies differed
between MBM and DBM and across their digestion in the stomach of preterm infants. We also
measured the survival of milk antibodies to the infant stool. For the first time, we demonstrated that
the concentrations of all the Ig isotypes (total IgA, SIgA, total IgM and IgG) were higher in MBM than in
DBM. The apparent lower antibody concentrations in DBM could be due to milk processing (including
Holder pasteurization), the different gestational age at which mothers delivered and different postnatal
day at which milks were expressed. Total IgM concentration was strongly reduced in both pasteurized
whole milk and skim milk, whereas total IgA, SIgA and IgG concentrations were reduced in pasteurized
skim milk but not in pasteurized whole milk. Our results that IgM was more sensitive to Holder
pasteurization than SIgA agree with those of Ford et al. [20] who reported that SIgA from centrifuged
MBM (pooled mature milk from term-delivering mothers) decreased 22% after Holder pasteurization,
whereas IgM concentration had 100% loss (IgG was not measured). This observation was in accordance
with our results in that the difference between MBM and DBM was the highest for IgM.

A previous study demonstrated that IgA and IgG concentrations were stable after freezing MBM
at −20 ◦C for 3 months [21]. In contrast, Pardou et al. [22] showed that total IgA concentration in MBM
from nursing mothers in the maternity ward and neonatal unit decreased 17.6% after freezing MBM
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at −20 ◦C for 4 days followed by thawing when contaminating bacteria were detected in milk via
culture methods but not when those bacteria were absent. IgA proteases produced by some microbes
(e.g., viridans streptococci and Bacteroides spp.) can cleave peptide bonds in the hinge region of the
IgA1 heavy chain and then reduce their concentration in contaminated milk [22]. Our investigation
showed that IgA, SIgA, IgM or IgG concentrations were maintained after freeze–thaw cycles at −20 and
−80 ◦C in human milk. Therefore, the effect of freeze–thaw cycles is likely minimal if the milk is not
contaminated but could reduce IgA1 concentration if the milk is contaminated. Before pasteurization,
MBM is thawed at least twice and it is manipulated by the donors (pumping milk) when making DBM,
which could lead to contamination with bacteria that produce these extracellular peptidases that could
degrade proteins.

As a baseline validation, protein concentration was lower in DBM than in preterm milk, which
validates the results of a previous study [23]. DBM is often donated from term-delivering mothers
at late lactation time, whereas the MBM examined in this study was from preterm mothers at early
lactation time, which may have higher antibody concentrations. We observed that the concentration
of total IgA or total secretory component (free secretory component (SC)/SIgA/SIgM) did not differ
between preterm milk and term milk from 6 to 28 days of postnatal age [1], and this observation was
also demonstrated by another study [24]. However, Chandra et al. [25] found that IgA concentration in
preterm milk was higher than in term milk from 3 to 15 days of postnatal age. Total IgA in colostrum
(1–3 days of postnatal age) from preterm-delivering mothers was higher than in colostrum from
term-delivering mothers in several studies [24–26]. Total IgA concentration in preterm milk decreased
from 1 week to 2 months of postnatal age [1] and from colostrum to mature milk [24] but did not
differ across time in term milk [1]. IgM and IgG did not differ across time postpartum in preterm
and term milk [1]. IgM and IgG concentrations in preterm-delivering mothers were lower than [1],
higher than [25] or similar to [27,28] that in term-delivering mothers. Therefore, the observed higher
total IgA concentration in MBM compared with DBM could be due to the early lactation time of the
preterm-delivering mothers. We observed a decrease in total IgM concentration with increasing GA,
but no correlation between GA and total IgA, SIgA or IgG concentrations. The present study found a
high variation (SD) in antibody concentration for all isotypes among mothers (possibly due to maternal
background factors, such as vaccination schedule, diets, etc.). These variations could be responsible for
the differing results between studies.

The proportion of SIgA and IgA (without SC) in milk from premature-delivering mothers as
well as the slightly higher proportion of IgG compared with IgM are in agreement with our previous
study where the proportion of antibody in preterm-delivering mothers was 82% for total IgA, 60% for
total secretory component (SC/SIgA/SIgM), 6.9% for total IgM and 11.0% for IgG [1]. Percentages of
SIgA in total IgA also matched the observations reported by Goldman et al. [29] that total SC (called
“SIgA” by the authors but actually representing total SC, as an anti-SC primary antibody was used)
concentration represented 90% of the total IgA in milk from term-delivering mothers. We also found a
similar proportion of these isotypes in the gastric samples from infants fed MBM compared with the
MBM samples (feeds).

For the first time, this investigation reported that total IgA, SIgA, total IgM and IgG concentrations
were higher in the stomach from preterm infants fed MBM than those fed DBM. This higher concentration
could be due to the initial higher concentration of maternal antibodies in MBM compared with DBM.
SIgA and total IgM in MBM were partially digested in the stomach, total IgA and IgG in MBM
were stable in gastric contents and none of the isotypes in DBM were digested. The lower apparent
digestibility of antibodies in DBM could be due to the changes in the Ig structure after pasteurization.
A previous study observed that pasteurization of breast milk enhanced the gastric digestion of
lactoferrin and reduced that of alpha-lactalbumin [30]. Protein susceptibility to protease (pepsin or
milk proteases) is influenced by the specific protein structure in the milk emulsion [31]. Pasteurization
could change the organization of Igs and reduce the accessibility of cleavage sites to proteases (i.e., milk
proteases or pepsin).
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Gastric digestion reduced the amount of SIgA and total IgM from MBM but total IgA and IgG
from MBM were not affected. No milk antibody isotype decreased significantly from DBM to the
gastric contents. SIgA, IgM and IgG after DBM feeding appeared to be slightly, but not significantly,
higher in the gastric samples. This observation could be due to contamination of the gastric contents
with residual from previous feeds based on MBM.

A small degradation of SIgA from MBM in the preterm infant stomach was observed, which is
similar to findings of our previous study where the decrease of total IgA was likely derived from
preterm gastric digestion of partly IgA and partly SIgA [1]. IgM was digested but total IgA and
IgG were stable in the present study, which differed from our previous findings that preterm infants
partially degraded total IgA but not IgG and IgM in the stomach [32]. These differences could be due
to the longer postprandial time (2-h post feed initiation) in the previous study [32] compared with the
present study (30 min post feed completion). The reduction of SIgA and total IgM in gastric contents
is due to the degradation by proteases (pepsin and/or milk proteases [33]) and not acid-induced
denaturation in the stomach, as we previously demonstrated that standard IgA and IgM did not
decrease in concentration in gastric acid conditions [1].

Antibodies detected in stool samples could derive from the MBM and/or DBM feeding or be
potentially generated by the infant. The proportions of Igs from MBM and DBM in infant stool differed
significantly from those in feed and gastric contents, especially the proportion of total IgA made up by
SIgA. Unlike MBM and DBM samples in which most of the total IgA was SIgA, most of the total IgA in
stool was IgA without the SC. IgM and IgG were detected in the stools at concentrations lower than
total IgA. The lower proportion of SIgA compared to total IgA in the stool was likely due to release
of the SC portion during gastrointestinal proteolytic digestion. A few studies have measured the
survival of milk Igs to infant stools [11,34]. A greater reduction of IgA compared with IgG or IgM in
preterm infant stools was previously observed [11]. These investigators fed preterm infants (1–28 days
of postnatal age (GA unknown) 0.8–2 kg BW) infant formula plus pasteurized pooled breast milk
supplemented with 600 mg daily of serum-derived human IgA (non-secretory form) (73%) and IgG
(26%). The stool samples collected contained 1–10 mg IgG per g of dried feces (percentage reduction
not calculated) and no IgA [11].

Five infants among the total of twenty received antibiotics (ampicillin/cefdinir) (Table 1). Provision
of antibiotics could change the microbiome and alter the survival of milk antibodies to the stool.
However, no differences were detected in the survival of Ig in the stomach and stool between infants
with and without antibiotics (Table S2). We did observe that SIgA concentration tended to be higher in
the gastric contents (after MBM feeding) from infants that did not receive antibiotics compared with
those that received antibiotics.

The gastric pH was similar between infants fed MBM and those fed DBM even though the initial
pH of MBM was higher than that of DBM. A previous study demonstrated that pasteurization of breast
milk did not affect its pH [30], whereas storage at −20 ◦C and thawing reduced its pH [35], likely
because of lipolytic release of free fatty acids [36]. The lower pH in DBM compared with MBM is likely
due to repeated freeze–thaw cycles during milk processing.

One limitation of this study is the collection of stool samples within a 48-h window after collecting
the milk and gastric samples. This window was selected for convenience to collect a stool sample
around the time of milk and gastric sample collections. We could not determine whether stool samples
derived from the MBM or DBM feeding, thus they represent a mixture of the total diet. Future studies
could attempt to separate DBM and MBM-derived stools using indigestible markers, such as food
colorants. Moreover, the immunoglobulins detected in the stool could also derive from the infant’s
own production. Though IgA-, IgG- and IgM-positive plasma cells are low in the lamina propria of the
rectum and colon of term infants in the first month, they are indeed present and could contribute to
the appearance of antibodies in the stool. In order to confirm that immunoglobulins in stool derive
from feed (MBM or DBM) rather than the infant would require a protein labeling approach. The use
of a single human milk sample to examine the effect of pasteurization and freeze–thaw cycles on the

148



Nutrients 2019, 11, 920

retention of antibodies could also represent a limitation. We used a single sample in order to focus on
the effect of treatment; however, variations in biological samples could modify the treatment effects.
Another limitation is that we did not have enough subjects to detect many differences between MBM
and DBM feeds and gastric contents when grouped by GA (26–27 weeks, 30–31 weeks and 35–36 weeks)
(Figure S2). Moreover, we did not have enough subjects to detect differences between days 8–9 and
21–22, though a larger sample size could have identified differences as many p-values for MBM were
close to being significantly different (Table S1, Figure S1).

These findings indicate that the concentration of maternal antibodies in DBM may be lower
than in MBM. If that is the case, preterm infants fed DBM may receive lower amounts of antibodies
than infants fed MBM. Lower ingestion of milk antibodies could result in lower protection against
infections in these vulnerable infants. Indeed, several studies may provide some evidence of lowered
protection. A clinical study of 226 infants observed that preterm infants fed raw MBM tended to have
lower infection rates than those fed pasteurized MBM (10.5% versus 14.3%) [37]. Another study of
243 preterm infants showed that infants fed MBM had fewer episodes of late-onset sepsis, necrotizing
enterocolitis, total infection-related events, shorter hospital stay duration and had a lower percentage
of blood samples that tested positive for Gram-negative bacteria than infants fed DBM [38].

5. Conclusions

The present study revealed that antibody concentrations (total IgA, SIgA, total IgM and IgG) were
higher in MBM from preterm-delivering mothers than in DBM. Their concentrations in gastric contents
were higher from infants fed MBM than those fed DBM, but Igs from DBM were less digested than Igs
from MBM. All isotypes were detected in stools from preterm infants, but the proportion of Ig made up
by SIgA decreased dramatically; most surviving Ig were IgA (without SC). The higher concentration
of antibodies in MBM than in DBM may make MBM more effective in preventing enteric pathogens
adhesion and invasion in newborns compared with DBM. This information could lead to changes in
processing and collection practices to preserve these immune components in DBM.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/11/4/920/s1,
Table S1: Statistical results (p-values) for Student’s t-tests to compare pH, protein concentration and antibody
concentration between samples from 8–9 days (n = 20) and 21–22 days (n = 16) of postnatal age for each sample
type (feed, gastric and stools) (separated days of postnatal age). MBM, mother’s own breast milk; DBM, donor
breast milk, Table S2: Statistical results (p-values) for Student’s t-tests comparing antibody concentration between
infants that received antibiotics (n = 5 at 8–9 days and n = 5 at 21–22 days of postnatal age) and infants that
did not receive antibiotics (n = 15 at 8–9 days and n = 8 at 21–22 days) in gastric and stool samples (combined
time of postnatal age). MBM, mother’s own breast milk; DBM, donor breast milk, Figure S1: Immunoglobulin
concentrations in milk and gastric contents at 1-h postprandial time from 20 preterm infants (26–36 weeks of
gestational age (GA)) fed mother’s own breast milk (MBM) and donor breast milk (DBM) at 8–9 days and 21–22
days of postnatal age. Concentration of (A) total IgA (SIgA/IgA), (B) secretory IgA (SIgA), (C) total IgM (SIgM/IgM)
and (D) IgG in milk and gastric samples. Values are mean ± SEM, n = 20 for 8–9 days for MBM and DBM and
n = 16 for 21–22 days of postnatal age for MBM and DBM). Asterisks show statistically significant differences
between variables (***, p < 0.001; **, p < 0.01; *, p < 0.05) using the Wilcoxon matched-pairs signed-rank test,
Figure S2: Immunoglobulin concentrations in milk and gastric contents at 1-h postprandial time from 3 gestational
age (GA) groups of preterm infants (26–27 weeks of GA, 30–31 weeks of GA, 35–36 weeks of GA) fed mother’s
own breast milk (MBM) and donor breast milk (DBM). Concentration of (A) total IgA (SIgA/IgA), (B) secretory IgA
(SIgA), (C) total IgM (SIgM/IgM) and (D) IgG in milk and gastric samples. Values are mean ± SEM, n = 8 for G
26–27 (n = 4 for 8–9 and n = 4 for 21–22 days of postnatal age for MBM and DBM); n = 8 for G 30–31 (n = 4 for 8–9
days and n = 4 for 21–22 days of postnatal age for MBM and DBM), n = 4 for G 35–36 (8–9 days of postnatal age).
Asterisks show statistically significant differences between variables (*** p < 0.001; ** p < 0.01, * p < 0.05) using the
Wilcoxon matched-pairs signed-rank test, Figure S3: Comparison of immunoglobulin concentration between raw
human milk (RHM) and pasteurized whole human milk (PWHM) or pasteurized skimmed human milk (PSHM)
(n = 3). Concentration of (A) total IgA (SIgA/IgA), (B) SIgA, (C) total IgM (SIgM/IgM) and (D) IgG in mother’s
milk. Milk samples were from one mother who delivered one term infants with 38 weeks of gestational age and 12
days of postnatal age. Asterisks show statistically significant differences between variables (***p < 0.001; *p < 0.05)
using One-way ANOVA followed by Dunnett’s multiple comparisons test.
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Abstract: (1) Background: Premature infants require mothers’ milk fortification to meet nutrition
needs, but breast milk composition may be variable, leading to the risk of inadequate nutrition.
We aimed at determining the factors influencing mothers’ milk macronutrients. (2) Methods: Milk
samples were analyzed for the first five weeks after premature delivery by infrared spectroscopy.
Mothers’ nutritional intake data were obtained during standardized interviews with dieticians, and
then analyzed with reference software. (3) Results: The composition of 367 milk samples from 81
mothers was (median (range) g/100 mL): carbohydrates 6.8 (4.4–7.3), lipids 3.4 (1.3–6.4), proteins
1.3 (0.1–3.1). There was a relationship between milk composition and mothers’ carbohydrates intake
only (r = 0.164; p < 0.01). Postnatal age was correlated with milk proteins (r = −0.505; p < 0.001)
and carbohydrates (r = +0.202, p < 0.001). Multiple linear regression analyses showed (coefficient)
a relationship between milk proteins r = 0.547 and postnatal age (−0.028), carbohydrate intake
(+0.449), and the absence of maturation (−0.066); associations were also found among milk lipids
r = 0.295, carbohydrate intake (+1.279), and smoking (−0.557). Finally, there was a relationship among
the concentration of milk carbohydrates r = 0.266, postnatal age (+0.012), and smoking (−0.167).
(4) Conclusions: The variability of mothers’ milk composition is differentially associated for each
macronutrient with maternal carbohydrate intake, antenatal steroids, smoking, and postnatal age.
Improvement in milk composition could be achieved by the modification of these related factors.

Keywords: maternal nutrition; breast milk; premature delivery; milk composition

1. Introduction

Premature infants require mothers’ milk fortification to meet their nutrition needs [1]. This
fortification is usually standardized using an assumed macronutrient milk composition [2]. However,
studies have suggested that breast milk composition variability may be much wider than expected [3,4],
leading to inadequate newborn nutrition. McLeod et al. performed a survey of protein and energy
intake by milk analysis within the first 28 days of life in 63 infants born before 33 weeks’ gestation to
assess their effect on growth [3]. Their results show that breast milk composition vary for all of the
macronutrients with median protein concentrations of 16.6 g/L ranging from 13.4 g/L to 27.6 g/L,
and median caloric intake of 73.3 Kcal/100 mL ranging from 63 Kcal/100 mL to 93 Kcal/100 mL. Of
note, actual protein intake was correlated with infants’ growth. The authors concluded that preterm
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milk composition is very variable, and routine fortification using assumed averaged composition may
result in inadequate nutrition with slower weight gain, as observed in their study [3].

Inadequate nutrition could indeed explain in part the postnatal growth restriction observed in
many premature infants [5,6]. We aimed at determining factors, including mothers’ nutritional intake,
which may be associated and explain breast milk macronutrient variability after premature delivery
before 34 weeks’ gestational age.

2. Materials and Methods

This is an observational study using milk bank data. In our level III Maternity Hospital, mothers’
own milk is pasteurized for premature infants. After pasteurization, we routinely analyze breast milk
composition to verify the appropriateness of standardized fortification. For the purpose of the study,
we collected data for all of the milk batches that each mother provided to the milk bank regardless
of the time of the milk collection to evaluate the milk composition variation throughout the first five
weeks of lactation. Each batch is a pool of one to three days, depending on the volume collected and
frozen by each mother at home. Once a volume of at least 500 mL was collected, the mother would
hand over the frozen batch to the milk bank for pasteurization. Hand-over occurred daily to twice
a week.

Mothers who delivered a premature infant before 34 weeks’ gestation at our unit were enrolled
within five days after delivery when they announced their choice for breastfeeding. Mothers’ dietary
preference and nutritional intake data were obtained during personalized interviews with experienced
dieticians. They used standardized questionnaires based on validated documents in the National
French survey. The dieticians recalled dietary intake information from the two weeks prior to the
interview. Perinatal data were prospectively collected at the time of the interview and from the mothers’
file. We analyzed maternal diet and macronutrient intake from the recall data averaged per day with
appropriate software (Geni® V7.0, Micro6, Villers les Nancy-F, France).

For milk analysis, we used the same protocol as described in the literature [7,8] and advised by the
manufacturer. In short, mothers milk pools over one to three days were delivered frozen (−20 ◦C) to
the milk bank, thawed, pasteurized, aliquoted in bottles of 50 mL, and stored at −80 ◦C. Two samples
of one mL from two different bottles of each batch were analyzed after homogenization by ultrasound
to compensate for milk thawing and verify the quality of the homogenization. We used infrared
spectroscopy pre-calibrated against a chemical reference with analytical accuracy <0.1 g/100 mL
(Miris AB® V3, Uppsala, Sweden). Since it has been shown that mid-infrared analyzers may require
calibration adjustment, we verified the calibration daily to ensure appropriate measures [9]. The
samples were rejected if variability was over 10%; otherwise, the average of the two values was kept
for further analysis.

We started our statistical analyses by power calculation relying upon McLeod [3]. We calculated
that to demonstrate a significant relationship with a coefficient of at least r = 0.550, which is considered
clinically significant, with an alpha risk of 0.016 (Bonferroni correction for the three nutrients) and
a power of 0.90, 78 mothers with at least two samples would be needed (Power and Precision™ V4,
Biostat Inc., Englewood, NJ, USA, 2001). Normally distributed data, assessed by a Shapiro–Wilk
test of normality, are presented as mean values with standard deviation (SD), the median, and the
interquartile range (IQR); non-normally distributed data are presented as medians with IQR only.
To evaluate the differences between groups, we used the Student t-test for continuous variables and
the Chi-squared test or Fisher exact test when appropriate for categorical variables. For continuous
variables not normally distributed, we used the Mann–Whitney U test. To determine which variables
were associated with milk composition, we performed a bivariate analysis, and then a stepwise
multiple linear regression, including all of the variables associated with milk composition in bivariate
analysis, with a tolerance set at 10−5 with the probability to remove the set at 0.15 and a confidence
interval of 0.95. Observed differences were considered statistically significant if p < 0.05. Statistical
analysis was performed with SYSTAT 12 software (2007, Systat Software Inc., San Jose, CA, USA).

154



Nutrients 2019, 11, 366

The study has been approved by our Institutional Ethics and Review Board on 9 March 2013
(Number: MRU13-02).

3. Results

3.1. Description of the Studied Population

From August 2013 to January 2014, 367 milk samples were obtained from 81 mothers (Figure 1).
Two to 10 batches were collected from the mothers (median (IQR): three (two to six)).

 
Figure 1. flow chart.

The mothers involved in the study were 29 years old (19–42) (median (range)). Their average
height was 1.64 m (1.53–1.85) for a weight of 63 kg (42–110) and a body mass index (BMI) of 23.2
(16.4–43). Weight gain during pregnancy ranged from 0 to 30 kg (mean 10.2 kg). The age of delivery
was 31 weeks’ gestational age (24–34). Twenty (25%) mothers smoked during pregnancy; 63 (78%) were
single pregnancies, and 19 (23%) presented with toxemia. Prenatal maturation with corticosteroids
was achieved in 37 (46%) mothers and partial maturation in 33 (41%). Vaginal delivery occurred in 42
mothers (52%) and cesarean section occurred in 39 (48%).

Forty-nine (60%) newborns were males; neonatal adaptation was good with an Apgar score above
six at one and five minutes for all infants. Their mean birth weight was 1523 ± 512 g (median (range)
= 1460 (600–2500) g).

3.2. Maternal Nutritional Intake and Milk Composition

Maternal nutritional intake was 2169 ± 562 Kcal/day (2146 (1197–3628)) with 88 ± 28 g/day (88
(40–213)) of fat intake, 86 ± 20 g/day (87 (40–160)) of protein intake, and 257 ± 81 g/day (247 (103–533))
of overall carbohydrate intake.

The global milk sample composition was (median [range]/100 mL): carbohydrates 6.8 g (4.4–7.3),
lipids 3.4 g (1.3–6.4), proteins 1.3 g (0.1–3.1). The correlation between mothers’ food intake and milk
composition is shown in Table 1.

Table 1. Linear regression between mothers’ food intake and milk composition (coefficient r).

Nutrients Intake Milk Calories Milk Proteins Milk Lipids Milk Carbohydrates

Log Energy 0.110 * 0.094 0.106 * 0.034
Protein 0.01 0.03 0.01 0.04

Fat 0.03 0.04 0.03 0.03
Carbohydrates 0.131 ** 0.109 * 0.127 * 0.035

* p < 0.05; ** p < 0.01.
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3.3. Perinatal Factors’ Effect on Milk Composition

3.3.1. Postnatal Age Effect on Milk Composition

Weekly mean protein content significantly decreased for the first four weeks post-delivery, and
then remained stable at week five. We observed a comparable but inverse evolution for carbohydrates,
and there was no significant difference over the first five weeks after delivery for the fat content of
mothers’ milk (Table 2).

Table 2. Average milk composition per postnatal week.

Week 1 (n = 52) 2 (n = 125) 3 (n = 91) 4 (n = 68) 5 (n = 31)

Protein 1.78 ± 0.39 * 1.40 ± 0.40 * 1.26 ± 0.34 * 1.08 ± 0.36 * 1.05 ± 0.40

Lipids 3.23 ± 0.80 3.58 ± 0.98 3.59 ± 0.97 3.41 ± 0.96 3.40 ± 1.06

CHO 6.50 ± 0.43 * 6.66 ± 0.38 * 6.70 ± 0.46 * 6.81 ± 0.44 * 6.75 ± 0.44

* p < 0.01.

We observed a significant linear regression for carbohydrate and an inverse correlation for protein
contents, as shown in Figure 2.

 
 

 
 

(a) (b) 

Figure 2. Linear regression between milk composition in g/100 mL and postnatal age (PNA) in days,
for: (a) Protein milk content (MLKPROT); (b) Carbohydrate milk content (MLKCBHYD).

3.3.2. Perinatal Factors’ Impact on Milk Composition in Bivariate Analysis

There was no relationship between the milk composition and the mothers’ age, weight, height, or
BMI before pregnancy. There was no relationship either for the mode of delivery, multiple pregnancies,
toxemia, or gestational age at delivery. We observed a weak association between weight gain during
pregnancy and milk lipid content (r = 0.117, p = 0.026). Finally, we observed a significant correlation
between milk composition and antenatal steroid maturation, smoking during pregnancy, and an
inverse relationship with the infants’ birth weight. Detailed data are shown in Table 3.
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Table 3. Confounding perinatal factors for milk composition.

Milk Content (Mean, g/100 mL)
Smoking Antenatal Steroids

Birth Weight (Linear Regression: r)
Yes No Yes No

Lipids 3.10 3.59 * 3.6 * 3.1 0.082
Carbohydrates 6.57 6.71 * 6.7 6.6 −0.259 *

Protein 1.34 1.33 1.3 1.2 −0.318 *
Calories 62.8 67.8 * 67.6 * 61.9 −0.106

* p < 0.05.

3.3.3. Stepwise Multivariate Regression Analysis of Factors Associated with Milk Composition in
Bivariate Analysis

All of the factors showing a significant association with mothers’ milk content in bivariate analysis
were included in the model presented in Table 4.

Table 4. Multivariate analysis of factors associated with mothers’ milk content.

Milk Content Postnatal Age Carbohydrate Intake Smoking No Steroids Weight Gain

Lipids (r2 = 0.087) NS 1.279 * −0.557 * NS NS
Carbohydrates (r2 = 0.071) 0.012 * NS −0.167 * NS NS

Protein (r2 = 0.299) −0.028 * 0.449 * NS −0.066 * NS
Calories (r2 = 0.101) NS 14.053 * −5.901 * NS NS

* p < 0.05; NS: non-significant.

4. Discussion

Our study confirms that breast milk composition in macronutrients has a large variability, as
suggested in previous studies [3,4]. Therefore, fortification of the assumed averaged macronutrient
in milk leads to inadequate nutritional intake for most premature infants. Our data show that
indeed, maternal nutrition may influence breast milk macronutrient composition in mothers who
delivered prematurely. Our data also show that only overall carbohydrate is positively correlated
with protein, fat, and caloric density. To our knowledge, this observation has not been yet reported.
In their study comparing the breast milk nitrogen content of mothers from two different Chinese
areas, Zhao et al. found no significant difference in 18 studied amino acids, despite significant lower
protein intake in one of the studied areas [10]. This is consistent with our results. Likewise, in their
study on maternal supplementation with omega-3 precursors, Mazurier et al. showed a qualitative
alteration with increased alpha-linoleic acid content, but no significant modification of the overall
lipid concentration [11]. This observation also recalls that a true difference in the secretory activity
of the mammary gland is not merely a difference in concentration. In a recent survey on food and
nutrient intake of women in France, Hebel et al. showed that few lactating mothers met the nutritional
guidelines, and may therefore be at risk of food and nutrient inadequacies [12]. One could speculate
that improving the maternal nutritional balance, especially an appropriate overall carbohydrate intake,
might contribute to improved milk composition for preterm infant feeding.

Longitudinal analysis of milk composition showed a significant decrease in milk protein content
with an inverse correlation for carbohydrate and a stable lipid concentration over the first four weeks
after delivery. These data are consistent with the publication of Maly et al. [8], who found the
same evolution for the three macronutrients and Mahakan et al. [4], who found a 50% decrease in
protein concentrations with a 30% increase in carbohydrate concentrations over the first 28 days
after delivery. From his review analysis on human milk in premature infants [13], which included
the studies Charpak et al. [14] and Bauer et al. [15], Underwood evaluated the changes in milk
composition over eight weeks from delivery, and found the same results as in our study over this
longer assessment period. Yoneyama et al. suggested that there may be a negative correlation between
protein content and milk volume and between early and mature milk [16]. This observation may
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explain why breastfeeding infants adjust their volume intake in relation with milk caloric density and
protein content. However, when feeding premature neonates, the amount of milk is usually fixed
to a target volume [17]. Therefore, protein content evolution is important to take into account when
considering the fortification of human milk for premature infants.

Few data are available for the impact of perinatal factors on milk composition. In our study, we
did not find any significant association among the mothers’ age, weight, height, or BMI before
pregnancy. In their study on maternal nutrition and body composition during breast feeding,
Bzikowska-Jura et al. [7] found a variance in milk fat content related to BMI. However, they studied
the actual BMI at three time points, while we differentiated between BMI before pregnancy and weight
gain during pregnancy, which was indeed associated with milk fat content. Thus, our results are
consistent with published data, but suggest that it is not BMI per se, but rather weight gain during
pregnancy that may be associated with milk composition. Also, there was no relationship for the mode
of delivery, multiple pregnancies, or toxemia. As in our study, Maly et al. [8] showed no effect of
the degree of prematurity at delivery on milk composition. However, we found a moderate effect of
birth weight in bivariate analysis, but not after adjusting for other confounding factors in multivariate
analysis (data not shown). Finally, we showed that breast milk protein concentrations were positively
correlated with mothers’ overall carbohydrate intake, and negatively correlated with the duration
of lactation from birth onwards, and the absence of steroid maturation; breast milk carbohydrate
concentrations were positively correlated with the duration of lactation, and negatively correlated
with smoking, as shown in the study of Bachour et al. [18], whereas breast milk lipid concentrations
were positively correlated with mothers’ carbohydrate intake and negatively correlated with smoking.

Our study has strength and limitations. Our strength relies upon the number of samples, the
blinded collection of the data, and the reproducibility of milk content measurements with a rejection
when the control variability was above 0.10. Also, the dietary questionnaire over two weeks recall,
which was given by experienced dieticians with an illustrated standardized catalog for the amount
of food, allowed an appropriate evaluation of the averaged usual diet of the mothers. However,
this questionnaire was given two weeks from the interview, and may not strictly reflect the diet of
the lactating mother at the time of milk collection. Anyhow, one may speculate that the level of
macronutrients intake would be only slightly modified from the routine diet of the patients. We did not
find a significant difference from the results with sugar, fibers, or overall carbohydrate; therefore, we
presented only the results with overall carbohydrate, but this would be confirmed by further targeting
the study. Finally, because this is an observational study, we were not able to standardize the time
that the mothers would hand over their milk collected at home to the milk bank, nor the number of
collection days within each pool. However, this would only vary from one to three days, and we
longitudinally evaluated the results over five weeks. Thus, even though this study does not really
present an individual longitudinal analysis, the linear regressions that were observed for the overall
population and the multivariate analysis, taking time as a confounding factor, are likely to allow a
good reliability for our findings.

In conclusion, our study confirms that human milk macronutrients composition has a wide
variability. This variability is differentially associated for each macronutrient, and associated with
maternal carbohydrates intake, antenatal steroids, smoking, and the delay from delivery. To improve
mothers’ milk composition to values closer to the one needed for achieving infants’ nutrition needs [19],
one could aim for improving the prenatal nutritional balance in pregnant women, particularly for
carbohydrate intake, supporting an appropriate weight gain during pregnancy, and advising stopping
smoking. In the case of expected prematurity, steroid maturation is also needed to improve milk
composition. Ideally, breast milk composition would be regularly measured for individualized
fortification to achieve the appropriate growth of preterm infants. However, when it is only possible to
apply standard fortification, at least human milk composition in relation to lactation duration from
birth should be taken into account. Targeting investigation should be performed and confirm the
observed data.
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Abstract: Maternal pregnancy nutrition influences fetal growth. Evidence is limited, however, on
the relationship of maternal diet during pregnancy and lactation on infant postnatal growth and
adiposity. Our purpose was to examine associations between maternal diet quality during pregnancy
and lactation with offspring growth and body composition from birth to six months. Maternal
diet quality was serially assessed in pregnancy and at one and three months postpartum, using
the Healthy Eating Index–2015 in a cohort of 354 fully breastfeeding mother–infant dyads. Infant
length-for-age (LAZ), weight-for-age (WAZ), and weight-for-length (WLZ) Z-scores were assessed
at birth, one, three, and six months. Infant body fat percent (BF%), fat mass (FM), and fat-free mass
(FFM) were measured at six months using dual-energy X-ray absorptiometry. Higher maternal diet
quality from pregnancy through three months postpartum was associated with lower infant WLZ
from birth to six months (p = 0.02) and BF% at six months (p ≤ 0.05). Higher maternal diet quality at
one and three months postpartum was also associated with lower infant FM at six months (p < 0.01).
In summary, maternal diet quality during pregnancy and lactation was inversely associated with
infant relative weight and adiposity in early postnatal life. Additional research is needed to explore
whether associations persist across the life course.

Keywords: maternal diet quality; pregnancy; lactation; infancy; growth; body composition

1. Introduction

The in utero environment is known to play an important role in fetal programming and subsequent
offspring growth and development [1]. Intrauterine nutritional and environmental exposures may
have adverse effects on lifelong organ structure and function, which ultimately influence offspring
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health and disease risk [1,2]. Within this context, research has shown that maternal pre-pregnancy
body mass index (BMI) [3], gestational weight gain [3,4], and lifestyle during pregnancy [5] may
influence offspring obesity. These effects may appear immediately in the form of macrosomia and birth
weight large-for-gestational age, or may be latent, with adiposity appearing later in life [3]. The role of
maternal diet during this window of vulnerability is of particular interest for obesity prevention [6].
Although maternal obesity is the strongest predictor of offspring obesity [3], the modifiability of
maternal diet is potentially a crucial tool in combating obesity in offspring.

Accruing animal and human evidence also indicates that maternal nutrition beyond the pregnancy
period may play a role in early life infant health and subsequent obesity and chronic disease risk [7–9].
For example, exclusive breastfeeding is recommended by the American Academy of Pediatrics and
other as the optimal nutritional source for infants and is currently initiated by the majority of United
States mothers [10,11]. It is possible that maternal diet influences breast milk composition, providing
a pathway by which maternal diet may directly influence offspring growth [12]. It is known, for
instance, that the composition of breast milk may alter epigenetic programming [13] and the infant gut
microbiome and later health and obesity risk [14]. Maternal diet preferences also indirectly influence
the general nutritional environment the infant is exposed to in the household through her purchasing
and child feeding patterns [15].

Studies exploring the associations of maternal diet during pregnancy and lactation with offspring
anthropometry or body composition have often focused on specific dietary components and the
macronutrient composition of diet with inconsistent findings [8,16–18]. Dietary intake as measured by
“single nutrients” is difficult to interpret given the interrelationships of most nutrients and biologically
active components within and among foods and the associations of overall food-intake patterns with
health [19]. Indices of diet quality, rather than specific nutrient intakes, may better reflect broader
food-intake patterns, intakes of combinations of foods, nutrient-nutrient interactions, and may be
more generalizable across populations [19]. A number of such indicators of diet quality have been
developed and are increasingly used in health outcomes research [20].

There is a paucity of research assessing the relationship of maternal diet quality across the entire
perinatal period (including both pregnancy and lactation) with offspring growth and body composition
in early life [21–25]. Most studies have focused on anthropometry at birth [21,22] or in childhood [24],
with few evaluating repeated measures of growth during infancy, a period of rapid change with
potential effects extending across the lifespan [26]. Furthermore, limited research has examined
the impact of maternal diet quality during pregnancy and lactation on measures of offspring body
composition [23,25], which may provide different insights into growth trajectories and chronic disease
risk [27].

The purpose of the present study is to evaluate associations of maternal diet quality during
pregnancy and lactation with measures of infant growth (length-for-age (LAZ), weight-for-age (WAZ),
and weight-for-length (WLZ) Z-scores from birth to six six months of age) and body composition (body
fat percent (BF%)), fat mass (FM), and fat-free mass (FFM) at six months of age). We hypothesized
that higher maternal diet quality (as measured by higher Healthy Eating Index–2015 (HEI–2015) total
scores) would be associated with higher infant LAZ and lower infant WAZ and WLZ from birth to six
months. We further hypothesized that higher maternal diet quality would be related to lower infant
BF% and FM and higher infant FFM at six months of age.

2. Materials and Methods

2.1. Study Population

Mother–infant dyads included in these analyses were enrolled in the Mothers and Infants LinKed
for Health (MILK) study, an ongoing prospective cohort study [28]. Mothers and their infants were
recruited from Minneapolis, MN, and Oklahoma City, OK. A total of 367 pregnant women aged
21–45 years, with a pre-pregnancy BMI of 18.5–40.0 kg/m2, an intention to exclusively breastfeed
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for at least 3 months, a healthy delivery (defined as <3 days in the hospital for vaginal deliveries
and <5 days in the hospital for caesarean section deliveries), and who delivered singleton infants
born at-term with a birth weight of ≥2500–≤4500 g were recruited into the study. Exclusion criteria
for the study were as follows: (1) mothers consumed tobacco or >1 alcoholic drink per week during
pregnancy/lactation; (2) mothers had a history of Type 1 or Type 2 diabetes or current gestational
diabetes; (3) mothers had a congenital illness affecting infant feeding or growth; and/or (4) mothers
were unable to speak or understand English. The final analytic sample included 354 mother–infant
dyads who had maternal dietary data and infant growth measures on at least one of the time points
when these items were measured.

The MILK study protocols were approved by the institutional review boards of the University
of Minnesota, HealthPartners Institute and the University of Oklahoma Health Sciences Center. All
women provided written informed consent at baseline and compensation was provided after each
measurement visit.

2.2. Maternal Diet

Maternal dietary intake data was collected during the third trimester of pregnancy and at one
and three months postpartum using the Diet History Questionnaire II (DHQ II), a food frequency
questionnaire (FFQ) designed to assess frequency of intake and portion sizes for 134 food and beverage
items and 8 dietary supplement items over the previous month [29]. A prior version of the DHQ II
(DHQ I) with minimal modifications to food lists and nutrient databases has been evaluated for validity
in prior research [29–31]. While one study showed that the DHQ I performed better than the Willett
FFQ and Block FFQ at estimating energy and absolute nutrient intake [29], others showed that men and
women under-reported energy and protein intakes on the DHQ I [30] which may lead to attenuation
of estimated disease relative risks for these nutrients [31]. The DHQ II was analyzed using Diet Calc
(National Cancer Institute, Bethesda, MD, USA), and food and nutrient values were generated using
the United States Department of Agriculture (USDA) Food Patterns Equivalent Database and the Food
and Nutrient Database for Dietary Studies.

Maternal diet quality during pregnancy and lactation was estimated using the HEI–2015, a scoring
system designed to measure adherence to the 2015–2020 Dietary Guidelines for Americans (2015–2020
DGA) [32]. The psychometric properties of the HEI–2015 were evaluated using data from exemplary
menus, a nationally representative sample and a prospective cohort study, with evidence supporting
construct validity and reliability and criterion validity [33]. Previous studies have assessed the validity
of prior HEI versions among pregnant women and showed that the index was useful in providing a
composite dietary intake measure [34].

The HEI–2015 total score is the sum of 13 subcomponent scores that measure adequacy (Total
Fruits, Whole Fruits, Total Vegetables, Greens and Beans, Whole Grains, Dairy Products, Total Protein
Foods, Seafood and Plant Proteins, and Unsaturated:Saturated fats) and moderation (Refined Grains,
Sodium, Added Sugars, and Saturated Fats). All subcomponents are scored from 0–5 or 0–10 based
on intake between the minimum and maximum standards. Moderation components are reverse
scored such that higher scores reflect lower intake. To account for variation in caloric intake between
participants, all HEI–2015 components are standardized to 1000 kilocalories, except for the ratio of
unsaturated to saturated fats. A higher HEI–2015 total score (out of 100) represents greater consistency
of the diet with the 2015–2020 DGA (32). The code used to calculate the HEI–2015 scores was developed
by the Division of Cancer Control and Population Sciences in the National Cancer Institute [35].

2.3. Infant Growth and Body Composition

At birth, one, three, and six months, infant length was measured with the infant undressed,
but diapered using the Seca 416 infantometer (Seca, Birmingham, UK). Infant naked weight was
measured using the high sensitivity scale embedded in the PEA POD (COSMED USA, Inc., Concord,
CA, USA). Age and sex-specific LAZ, WAZ, and WLZ were subsequently calculated using the World
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Health Organization Z-score classification system for term infants [36]. At six months, infant BF%,
FM, and FFM were assessed utilizing dual X-ray energy absorptiometry (DXA), with the infant in a
supine position wearing only a disposable diaper and swaddled in a light cotton blanket [37]. All
measurements were obtained using standardized protocols and after cross-training of study staff [38].

2.4. Statistical Analyses

To provide a comprehensive description of the mother–infant dyads, demographic and clinical
characteristics are presented as means ± standard deviations (SD) for continuous variables, and
frequencies for categorical variables by tertiles of maternal HEI–2015 total scores during pregnancy.
Differences in participant characteristics by maternal diet quality during pregnancy were evaluated
using one-way ANOVAs and chi-square tests for continuous and categorical variables, respectively.
Differences in participant characteristics among dyads who had complete dietary data during
pregnancy and infant WLZ at birth (N = 319) versus those who had complete dietary data at three
months postpartum and infant WLZ at six months (N = 257) were compared using t-tests and chi-square
tests for continuous and categorical variables, respectively. Pearson correlations were calculated to
test correlations between maternal HEI–2015 total scores during pregnancy and at one and three
months postpartum.

Linear mixed effects models (PROC MIXED) were then used to evaluate the associations of
repeated measures of maternal diet quality (HEI–2015 total scores) from pregnancy through three
months postpartum with within-subject measures of infant LAZ, WAZ, and WLZ from birth to
six months. The exposures were analyzed as continuous variables owing to the relatively limited
sample size and after studying goodness of linear fit using scatter plots. The data were first adjusted
for study site (Minneapolis, Oklahoma), maternal age (years), race (white, other), education (high
school/GED/associates degree, Bachelor’s degree, graduate degree), household income (<$60,000,
$60,000–90,000, >$90,000), and total energy intake (time-dependent; kilocalories) (Model 1). The full
models (Model 2) were additionally adjusted for the following potential confounders: pre-pregnancy
BMI (kg/m2), gestational weight gain (kilograms), parity (0, ≥1), mode of delivery (vaginal, cesarean
section), duration of exclusive breastfeeding (one, three, six months), infant gestational age (weeks),
and infant sex (male, female). The main exposures and all confounders were included as main effects,
but interactions with time were only retained if the corresponding p-value estimates were significant
at <0.05.

Next, linear regression models (PROC GLM) were run to examine separately the associations
of maternal diet quality during pregnancy, one and three months postpartum with infant BF%, FM,
and FFM at six months of age. The models were similarly adjusted for all aforementioned potential
confounders (Models 1 and 2), with the addition of infant WLZ at birth and infant exact age at six
months (Model 2). Given that infant fat mass index (FMI) and fat-free mass index (FFMI) scale to
length (fat mass or fat-free mass/length2) and have been proposed as more precise indicators of
adiposity and nutrition status [39], we also tested the associations of maternal perinatal diet quality
with these indices. We further explored associations of maternal diet during pregnancy and lactation
with compartment specific fat mass (trunk, arm, and leg) to detect changes in the relative distribution
of fat within the body in sub-analyses.

Lastly, in sensitivity analyses to examine if the relationship of maternal diet with infant growth
and/or body composition is modified by exclusivity of breastfeeding, the full models for both infant
growth and body composition were re-run to include only infants who were fully breastfed to six
months. All statistical analyses were performed using SAS 9.4 (SAS Institute Inc., Cary, NC, USA).
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3. Results

3.1. Participant Characteristics

The mothers included in the present study were mostly highly educated, white, multiparous, fully
breastfeeding at six months with average gestational weight gain, and above average HEI–2015 scores
during pregnancy and lactation (Table 1). Maternal education, parity, HEI–2015 scores at one and three
months postpartum, and infant gestational age differed significantly by tertiles of maternal HEI–2015
scores during the third trimester of pregnancy, whereby mothers with higher pregnancy HEI–2015
scores were on average more educated, nulliparous, had higher postpartum HEI–2015 scores and
delivered their infants later (p < 0.05). No significant differences were observed between characteristics
of the mother–infant dyads who had complete dietary data during pregnancy/infant WLZ at birth
and complete dietary data at three months postpartum/infant WLZ at six months postpartum (p >
0.05; data not shown). Maternal HEI–2015 scores during pregnancy were correlated with scores at one
and three months postpartum (r = 0.60 and r = 0.65; p < 0.001, respectively). HEI–2015 scores at one
and three months postpartum were also correlated with one another (r = 0.63, p < 0.001).

Table 1. Participant demographic and clinical characteristics by tertiles of maternal HEI–2015 total
scores during the third trimester of pregnancy (n = 329).

Participant Characteristics

HEI–2015 Tertiles (T) a

Total T1 (n = 109) T2 (n = 110) T3 (n = 110)

N (%) or Mean ± SD p-Value

Study site
0.47Minnesota 233 (66) 69 (63) 72 (65) 78 (71)

Oklahoma 121 (34) 40 (37) 38 (35) 32 (29)

Age, years 30.9 ± 4.1 30.2 ± 4.3 30.7 ± 4.4 31.4 ± 3.7 0.1

Race
0.71White 299 (86) 92 (85) 93 (87) 97 (89)

Other 49 (14) 16 (15) 14 (13) 12 (11)

Education

<0.001 *
High school/GED/Associates degree 80 (24) 37 (36) 26 (24) 11 (11)

Bachelor’s degree 136 (40) 42 (41) 38 (36) 48 (46)
Graduate degree 121 (36) 24 (23) 42 (40) 45 (43)

Household income

0.19
<$60,000 105 (31) 37 (36) 34 (32) 25 (24)

$60,000–90,000 85 (25) 30 (29) 24 (23) 27 (26)
>90,000 147 (44) 36 (35) 48 (45) 52 (50)

Parity
0.01 *0 146 (42) 33 (31) 54 (50) 52 (47)

≥1 204 (58) 74 (69) 55 (50) 58 (53)

Pre-pregnancy BMI, kg/m2 26.4 ± 5.4 27.2 ± 6.2 26.4 ± 4.9 25.5 ± 5.0 0.06

Gestational weight gain
0.23Below or within IOM guidelines 200 (57) 54 (501) 67 (62) 63 (57)

Exceeding IOM guidelines 149 (43) 53 (50) 41 (38) 47 (43)

Energy intake during pregnancy 1827 ± 530 1747 ± 550 1876 ± 535 1859 ± 498 0.15

Mode of delivery
0.39Vaginal 278 (80) 90 (83) 82 (76) 87 (81)

Caesarean section 70 (20) 18 (17) 26 (24) 21 (19)

HEI–2015 score during third trimester
of pregnancy 67.2 ± 8.7 57.5 ± 5.8 67.8 ± 2.1 76.1 ± 4.0 <0.001 *

HEI–2015 score at one month
postpartum 65.9 ± 8.4 60.6 ± 7.5 65.2 ± 7.0 71.2 ± 7.6 <0.001 *

HEI–2015 score at three months
postpartum 66.1 ± 8.7 60.5 ± 7.9 65.3 ± 7.2 71.5 ± 7.4 <0.001 *
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Table 1. Cont.

Participant Characteristics

HEI–2015 Tertiles (T) a

Total T1 (n = 109) T2 (n = 110) T3 (n = 110)

N (%) or Mean ± SD p-Value

Duration of exclusive breastfeeding
one month 21 (7) 7 (7) 10 (10) 2 (2) 0.16

three months 58 (18) 20 (22) 16 (16) 20 (19)
six months 235 (75) 65 (71) 74 (74) 81 (79)

Infant gestational age, weeks 39.8 ± 1.1 39.7 ± 1.0 39.6 ± 1.1 40.0 ± 1.1 0.04 *

Infant sex
0.84Male 178 (50) 53 (49) 57 (52) 53 (48)

Female 176 (50) 56 (51) 53 (48) 57 (52)

Abbreviations: HEI = Healthy Eating Index; BMI = Body Mass Index; IOM = Institute of Medicine. a HEI–2015 T1:
≤63.9; T2: 64.0–70.9; T3: ≥70.9. * p < 0.05 for tests of differences in participant characteristics by tertiles of maternal
HEI–2015 total scores during pregnancy using chi-square and one-way ANOVAs for categorical and continuous
variables, respectively. Data are presented as mean ± SD or column percentages.

As expected, higher intake of all adequacy components (except Dairy Products) and lower
intake of all moderation components were seen among mothers in the highest versus lowest tertile of
HEI–2015 total scores (Supplementary file Table S1). Higher (better) scores for Whole and Total Fruits,
Total Vegetables, Greens and Beans, Seafood and Plant Proteins, Total Protein Foods, Refined Grains,
and Added Sugars appeared to drive higher average HEI–2015 total scores. HEI–2015 total scores were
normally distributed at all time points and average scores were highest during the third trimester of
pregnancy (Supplementary file Figure S1).

Among infants, on average, LAZ decreased from birth to six months, whereas WAZ and WLZ
decreased from birth to three months, followed by a subsequent increase after three months (Table 2).
The mean fat mass among infants at six months was approximately 2.8 kg (34% of total body weight),
with most of the fat distributed in the legs (1.08 kg) and trunk (0.92 kg).

3.2. Maternal Diet Quality and Infant Growth

Maternal diet quality through pregnancy and lactation was inversely and significantly associated
with WLZ, such that a 10-unit increase in the HEI–2015 total score from pregnancy through three
months postpartum was associated with an approximately 0.12 lower infant WLZ from birth to six
months in the fully-adjusted model (β = −0.12, p = 0.02) (Table 3). There was no significant interaction
between maternal diet quality from pregnancy through three months postpartum and time, suggesting
no difference between prenatal and postnatal exposure on these outcomes. No associations of maternal
diet quality from pregnancy through three months postpartum with infant LAZ or WAZ were observed.
In sensitivity analyses, findings for infant LAZ, WAZ, and WLZ were comparable when models were
restricted to the 75% of study infants who were fully breastfed to six months.

3.3. Maternal Diet Quality and Infant Body Composition

Maternal diet quality during pregnancy and lactation was also inversely associated with infant
adiposity (Table 4). Specifically, a 10-unit increase in HEI–2015 total scores during pregnancy was
associated with an approximately 0.6% lower infant BF% at six months (β = −0.58, p = 0.05). A
10-unit increase in HEI–2015 total score at one month postpartum was associated with more than a
1% lower infant BF% (β = −1.28, p < 0.001) and 0.10 kg lower FM (β = −0.13, p = 0.001) at six months.
Likewise, a 10-unit increase in HEI–2015 total score at three months postpartum was associated with an
approximately 0.7% lower infant BF% (β = −0.66, p = 0.01) and 0.10 kg lower FM (β = −0.10, p = 0.01)
at six months. Findings were similar for associations between maternal diet quality at one and three
months postpartum and FMI/FFMI (data not shown). In sub-analyses, a 10-unit increase in HEI–2015
total scores at one and three months postpartum were associated with both lower trunk FM (β = −0.06,
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p = 0.001 and β = −0.04, p = 0.03, respectively) and lower leg FM (β = −0.05, p = 0.01 and β = −0.04,
p = 0.03, respectively). No other associations between maternal HEI–2015 scores during pregnancy or
lactation and infant body composition were found. In sensitivity analyses that restricted the analysis
to study infants that were fully breastfeeding at six months of age, associations between maternal
HEI–2015 scores and infant body composition were similar to those incorporating all infants, except
for associations between maternal HEI–2015 scores at three months postpartum and infant BF% and
FM at six months, which were no longer significant (p < 0.10).

Table 2. Average infant growth measures from birth to six months and body composition measures at
six months.

Infant Characteristics N Mean ± SD

Infant Growth from Birth to Six Months

Weight-for-age, Z-scores
Birth 350 0.46 ± 0.87

one month 343 0.13 ± 0.87
three months 332 −0.07 ± 0.88

six months 321 0.04 ± 0.96

Length-for-age, Z-scores
Birth 342 1.17 ± 1.23

one month 346 0.06 ± 1.09
three months 332 −0.03 ± 1.06

six months 321 −0.20 ± 1.09

Weight-for-length, Z-scores
Birth 341 −0.72 ± 1.40

one month 342 0.12 ± 1.08
three months 332 0.02 ± 0.98

six months 321 0.33 ± 1.07

Infant body composition at six months
Total body fat, % 317 33.98 ± 3.76

Fat mass, kg 317 2.76 ± 0.48
Fat-free mass, kg 317 5.29 ± 0.67

Trunk fat mass, kg 317 0.92 ± 0.22
Arm fat mass, kg 317 0.38 ± 0.20
Leg fat mass, kg 317 1.08 ± 0.23

Abbreviations: SD = standard deviation.

Table 3. Associations of HEI–2015 total scores from the third trimester of pregnancy through three
months postpartum with infant growth measures from birth to six months.

Model 1 Model 2

Infant Growth Measures
from Birth to Six Months

N β a SE p-Value N β a SE p-Value

LAZ 330 0.05 0.04 0.25 290 0.02 0.04 0.58
WAZ 330 −0.02 0.03 0.43 290 −0.04 0.03 0.15
WLZ 330 −0.13 0.05 0.01 290 −0.12 0.05 0.02

Abbreviations: SE = standard error; LAZ = length-for-age Z-score; WAZ = weight-for-age Z-score; WLZ =
weight-for-length Z-score. a HEI–2015 total score was converted such that a 1-unit increase corresponds to a
10-point increase in HEI–2015 score. Model 1 = adjusted for study site, maternal age, race, education, household
income and total energy intake during pregnancy. Model 2 = Model 1 + maternal pre-pregnancy BMI, gestational
weight gain, mode of delivery, parity, breastfeeding exclusivity at six months, infant sex, and gestational age. Bolded
values are statistically significant at p < 0.05.
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Table 4. Associations of HEI–2015 total scores during the third trimester of pregnancy and at one and
three months postpartum with infant body composition at six months.

Model 1 Model 2

Infant Body Composition
Measures at Six Months

N β a SE p-Value N β a SE p-Value

HEI–2015 total scores during pregnancy

BF% 281 −0.72 0.28 0.01 262 −0.58 0.29 0.05
FM 281 −0.06 0.04 0.12 262 −0.03 0.04 0.36

FFM 281 0.002 0.05 0.97 262 −0.001 0.05 0.99

HEI–2015 total scores at one month postpartum

BF% 254 −1.22 0.30 <0.001 235 −1.28 0.30 <0.001
FM 254 −0.10 0.04 0.01 235 −0.13 0.04 0.001

FFM 254 −0.003 0.05 0.94 235 −0.05 0.04 0.28

HEI–2015 total scores at three months postpartum

BF% 248 −0.69 0.25 0.01 229 −0.66 0.26 0.01
FM 248 −0.09 0.04 0.02 229 −0.10 0.04 0.01

FFM 248 −0.04 0.05 0.52 229 −0.05 0.06 0.37

Abbreviations: BF% = body fat percent; FM = fat mass; FFM = fat free mass. a HEI–2015 total score was converted
such that a 1-unit increase corresponds to a 10-point increase in HEI–2015 score. Model 1 = adjusted for study site,
maternal age, race, education, household income, and total energy intake during pregnancy. Model 2 = Model
1 + maternal pre-pregnancy BMI, gestational weight gain, mode of delivery, parity, breastfeeding exclusivity at
six months, infant sex, gestational age, weight-for-length Z-score, and exact age at body composition assessment.
Bolded values are statistically significant at p < 0.05.

4. Discussion

In this prospective cohort study, we examined the associations of maternal diet quality during
pregnancy and lactation with infant growth from birth to six months and body composition at six
months. We found that higher maternal diet quality (as evidenced by higher HEI–2015 scores) from
pregnancy through three months postpartum was inversely associated with infant WLZ from birth to
six months and BF% at six months. Similarly, higher maternal diet quality during lactation (one and
three months postpartum) was inversely related to infant FM (specifically trunk and leg fat mass) at six
months. These associations occurred independently of important confounders, such as pre-pregnancy
BMI and gestational weight gain. This research adds to accumulating animal and human evidence
that suggests that not only the in utero but also the postnatal nutritional environment influences infant
growth and body composition in infants who are breastfed and points to a potentially important role
of dietary constituents and quality in shaping offspring future health [6].

Our findings are concordant with those of several other studies assessing mostly maternal prenatal
diet quality and offspring growth and/or body composition at birth or later in life [21–25]. In line with
our findings, Shapiro et al. [23] showed that maternal HEI–2010 scores of ≤57 (v > 57) measured via
repeated 24-h recalls throughout pregnancy were associated with higher infant BF% (β = 0.58, p < 0.05)
and FM (β = 20.74, p < 0.05) at birth among mother-offspring pairs in the Healthy Start Study in the
United States. Likewise, in a pooled analysis of mother-child pairs from Project Viva (United States)
and the Rhea study (Greece) [24], a three-point increase in the Mediterranean diet score during the
first—second trimester of pregnancy (evaluated using an FFQ) was associated with lower offspring
BMI Z-scores in mid-childhood at a magnitude similar to that found for WLZ in our study (β = −0.14,
95% CI = −0.15, −0.13).

Conversely, several studies have not found significant associations between maternal prenatal
diet and infant growth [8,21,40]. For example, using data from the Infant Feeding Practices Study II,
Poon et al. [21] showed that both the alternate Mediterranean diet score and the Alternative Healthy
Eating Index for Pregnancy (AHEI-P) diet score (measured using an FFQ during the third trimester of
pregnancy) were unrelated to infant birth weight, birth size (large or small for gestational age), birth
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WLZ or change in WLZ at 4–6 months. Similarly, Rifas-Shiman et al. [40] reported a non-significant
lower risk of giving birth to a small-for-gestational age infant with increasing AHEI-P scores calculated
from responses to an FFQ during the first trimester of pregnancy among mother–infant dyads in
Project Viva. The literature does not adequately assess the role of maternal postpartum diet on infant
growth and/or body composition, which theoretically influences the infant via breast milk or the
household nutritional environment. In one study assessing maternal macronutrient intake during the
first trimester of pregnancy and at five years postpartum, Murrin et al. [8] demonstrated that higher
prenatal sugar intake and both prenatal and postnatal saturated fat intake as measured by an FFQ
were associated with a non-significant trend towards higher likelihood of having overweight/obese
offspring. Although many diet quality scores were moderately to strongly correlated in various
populations [41,42], use of the HEI–2015 as a measure of diet quality during pregnancy and postpartum
may explain some discrepancies in findings and may limit our ability to compare findings to other
studies using different diet quality scores or prior versions of the HEI.

The HEI–2015 aims to reflect the most recent DGA (2015–2020) and is thus generalizable to
other studies using these guidelines [32]. The mean HEI–2015 scores across pregnancy and lactation
ranged from 65.9 to 67.2 in our cohort. These scores are higher than the average scores for American
adults (~58 out of 100) [43] but may reflect the potential improvement in dietary intake that women
may pursue during the perinatal period [44]. Our study population is also more socioeconomically
advantaged and healthy relative to pregnant and lactating women in the United States, as evidenced by
a higher maternal education level, household income, lower pre-pregnancy BMI, and longer duration
of exclusive breastfeeding. Given the dearth of studies that parallel the timing and methods of our
exposure and outcome assessment and confounders considered, additional research is warranted to
replicate our findings in larger, more diverse cohorts.

It is important to note that, although our findings are qualitatively similar to those of several other
studies of maternal perinatal diet with infant growth and/or body composition [23,24], our effect sizes
and those of related studies are small relative to the contribution of other maternal factors, such as
obesity and gestational weight gain [45]. Even so, it is likely that infant adiposity is multifactorial, with
several elements each contributing small effects to overall growth and fat accrual [46]. Recognizing
and targeting these immediately modifiable factors, such as maternal diet in holistic interventions,
could have a significant influence on offspring obesity throughout the lifespan [47]. For example,
within the context of our study, a 10-unit increase in the HEI–2015 score could translate into increasing
consumption of fruits from none to ≥0.8 cup equivalents to maximize points for this adequacy
subcomponent (10 points). Alternatively, mothers could reduce consumption of refined grains from
≥4.3 oz equivalents to ≤1.8 oz equivalents to maximize points for this moderation subcomponent
(10 points).

Maternal perinatal diet quality may impact infant growth and/or body composition through
numerous mechanisms. Aside from direct influences on fetal growth, maternal prenatal and postnatal
nutrition may lead to epigenetic modifications that affect offspring metabolic function, growth hormone
secretion and appetite programming [13,48]. Higher HEI scores were associated with greater intake of
fruits, fibers, folate, and vitamin C, higher plasma concentrations of carotenoids and vitamin C, and
greater dietary variety in previous research [49]. In our study, we found that mothers in the highest
tertile of HEI–2015 had especially high scores (scores that were greater than or equal to 80% of the
maximum possible points for index components) on the Whole and Total Fruits, Total Vegetables,
Greens and Beans, Seafood and Plant Proteins, Total Protein Foods, Refined Grains, and Added Sugars
components. These beneficial characteristics of maternal diet are associated with reduced oxidative
stress and inflammation, which may be reflected in the nutritional environment in the household
during this critical period of offspring growth and development and throughout the life course [50].
Maternal diet may also alter the fatty acid profile [51] and the hormonal [52] and growth factor [53]
content of breast milk the infants in this study were ingesting, which could theoretically influence
growth and body composition [54].
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Our study has several notable strengths, including the prospective cohort design with repeated
measures of maternal diet from pregnancy through postpartum and infant growth from birth to
six months. These factors provide a valuable opportunity to assess concurrent and prospective
associations of maternal nutrition with offspring growth at a critical period of sensitivity in the life
course. Our use of overall diet quality as an exposure (v specific macronutrients) may better mirror
whole diet, accounting for the synergistic, interactive, and cumulative effects of multiple foods and
nutrients, and may be a more practical tool for nutrition communication throughout pregnancy and
lactation [19]. We also measured infant body composition at six months of age using DXA, which
accurately measures fat mass and soft-tissue body components and serves as a marker of potential
developmental programming [55]. We were able to account for the influence of a range of demographic,
clinical, and lifestyle factors, which may confound the association of maternal diet and offspring growth
and/or body composition.

We acknowledge potential limitations in our study. Maternal dietary intake was self-reported
by mothers using the DHQ-II, which is subject to recall bias, measurement error, and exposure
misclassification [56,57]. Nonetheless, this FFQ has been evaluated for validity in adult populations [29]
and our models adjusted for total energy intake to reduce potential systematic measurement error. Our
relatively small sample size and loss of data at later time points may have decreased statistical power.
However, mother–infant dyads with complete exposure and outcome data during pregnancy/at birth
were similar to those with complete exposure and outcome data at three months postpartum/six
months. Our study population comprises predominantly non-Hispanic white women, which may limit
generalizability across race/ethnicities. We did not follow-up infants beyond six months of age, which
may limit our understanding of the long-term consequences of maternal nutrition on offspring growth,
body composition and cardiometabolic diseases across the life course [58,59]. Important confounding
variables may have not been controlled for in analyses. Most notably, it is possible that maternal diet is
a marker for infant feeding practices that may influence child growth outcomes (including responsive
infant feeding and timing of introduction of solid foods). Lastly, given the observational nature of the
study, it is not possible to draw causal inferences from observed associations.

5. Conclusions

In conclusion, we found that higher maternal diet quality from pregnancy through three months
postpartum was associated with lower infant WLZ from birth to six months and lower infant BF% at
six months. Likewise, higher maternal diet quality at one and three months postpartum was associated
with lower total body, trunk, and leg FM at six months. These findings point to the importance of
focusing on maternal diet quality at critical periods of development, and the appreciable, albeit small,
independent influence that maternal nutrition may play in optimal infant growth and fat development.
Additional research is needed to determine the interplay between maternal perinatal diet quality,
long-term offspring growth/body composition, and later chronic disease risk susceptibility in hopes of
aiding current efforts to develop more specific dietary guidelines for pregnant and postpartum women.
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Abstract: Little is known about the growth patterns of low birth weight neonates (<2500 g) during
standardized thermal control and nutrition regulation to meet basal metabolism requirements
compared to those of non-low birth weight neonates (2500 g and above). We retrospectively
identified 10,544 non-low birth weight and 681 low birth weight neonates placed in thermo-controlled
incubators for up to 24 h after birth. All neonates were fed a 5% glucose solution 1 h after birth
and breastfed every 3 h (with supplementary formula milk if applicable) to meet basal metabolism
requirements. Maximum body-weight loss (%), percentage body-weight loss from birth to peak
weight loss (%/day), and percentage body-weight gain from peak weight loss to day 4 (%/day) were
assessed by multivariable linear regression. Overall, the growth curves showed a uniform J-shape
across all birth weight categories, with a low mean maximum body-weight loss (1.9%) and incidence
of neonatal jaundice (0.3%). The body-weight loss patterns did not differ between the two groups.
However, low birth weight neonates showed significantly faster growth patterns for percentage
body-weight gain: β = 0.52 (95% confidence interval, 0.46 to 0.58). Under thermal control and
nutrition regulation, low birth weight neonates might not have disadvantages in clinical outcomes or
growth patterns.

Keywords: growth chart; breastfeeding; physiological body-weight loss; thermal control; basal
maintenance expenditure

1. Introduction

During the first days of life, infants show a physiological phenomenon of temporary body-weight
loss. However, excess body-weight loss in the neonatal period tends to increase risks of hypoglycemia,
hypernatremia, and hyperbilirubinemia, resulting in permanent neurological damage [1]. While the
American Academy of Pediatrics criteria currently recommend a cut-off point of 7% for physiological
body-weight loss [2], excess loss resulting from inadequate intake is an emerging concern among
high-risk populations, such as (but not limited to) East-Asian neonates, even after controlling for
genetic polymorphisms [3–6].

In a cohort of non-low birth weight (NLBW) neonates (birth weight 2500 g and above) in Japan not
admitted to the neonatal intensive care unit (NICU), we previously reported a potential standardized
neonatal regimen, a local neonatal protocol involving a combination of thermal control and nutrition

Nutrients 2019, 11, 592; doi:10.3390/nu11030592 www.mdpi.com/journal/nutrients175
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regulation to meet basal metabolism requirements (~50 kcal/kg), in order to reduce the incidence of
neonatal jaundice by preventing excess body-weight loss [7]. This combination method included a
neutral thermal environment during the first hours after birth with an ambient room temperature
of ~34 ◦C (93.2 ◦F) [8–10]. In contrast to ambient room temperature (~24 ◦C/75.2 ◦F), a neutral
thermal environment maintained an optimal body temperature through circulatory stability and
improved digestive function [8–10]. The combination method also included nutrition regulation
to meet the basal metabolism requirement [11], in which neonates were fed a 5% glucose solution
1 h after birth, a convenient method to prevent hypoglycemia and neonatal jaundice [12], followed
by breastfeeding every 3 h with supplementary formula milk if applicable. In previous findings,
compared to either thermal control or nutrition regulation alone, the combination method had better
safety profiles for neonatal growth (e.g., serum glucose levels, circulatory stability, digestive functions,
and metabolism) [7,8].

In addition to gestational age and maternal factors (such as maternal smoking, preeclampsia, and
gestational diabetes), birth weight plays a crucial role in neonatal body weight growth. Compared
to NLBW neonates, low birth weight (LBW) neonates (birth weight <2500 g) are more likely to be
at risk for disadvantages in clinical outcomes or growth patterns, such as excess body-weight loss,
neonatal jaundice, and delayed body-weight growth [13–17]. However, few studies have focused on
LBW neonates not admitted to the NICU, and little is known about the contribution of our combination
method among LBW neonates.

Accordingly, the goal of the present study was to characterize the body-weight growth patterns
and clinical outcomes in this population of neonates who had received the combination method. Using
data from a cohort with NLBW and LBW neonates treated by the combination method, we examined
the detailed patterns of body-weight growth among NLBW and LBW neonates during the first days of
life. We also examined whether the body-weight growth pattern in LBW neonates differed from that in
NLBW neonates under the combination method.

2. Materials and Methods

2.1. Study Settings

This retrospective, longitudinal study of neonates during the initial days of life used clinical data
from a cohort of neonates born in Kubota Maternity Clinic in Fukuoka, Japan (1989 to 2017). The details
of the database are described elsewhere [7]. Briefly, Kubota Maternity Clinic was a general obstetrics
and gynecological hospital that provided general obstetrics care and closed in 2017. The characteristics
of the population were similar to those reported in previous studies in Japan [3,18,19]. All neonates
were treated with the combination method (standardized thermal control and nutrition regulation)
and discharged by a physician on day 4 or later, when the serum bilirubin level was <15 mg/dL,
body weight was recovered from its lowest level, and phototherapy was no longer required. Since the
bilirubin level usually peaks at approximately day 4 among Japanese neonates [18,19], discharge on
day 4 or later is the standard practice in Japan. Clinical information on all neonates and their mothers
had been collected since 1989, except for those who had neonatal asphyxia, congenital heart failure or
malformation, or were transferred to a tertiary hospital (such as a university hospital) for neonatal
intensive care. We obtained a de-identified dataset through a research agreement with the hospital; the
study was approved by the research ethics committees of Hakata Clinic and registered at UMIN-CTR
(UMIN000030011).

We included all 11,445 eligible term and preterm neonates treated with the combination method
who (1) had a birth weight 1700 g and greater, (2) had an Apgar score of 7 or higher, and (3) were
not admitted to the NICU. We excluded 221 neonates with incomplete data (1.9%), yielding a study
population of 11,224 neonates.
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2.2. Thermal Control and Nutrition Regulation to Meet Basal Metabolism

The details of standardized thermal control and nutrition regulation to meet basal metabolism, a
local neonatal regimen, have been described elsewhere [7,8]. Briefly, following delivery in a delivery
room maintained at ~25 ◦C (77 ◦F), neonates were immediately wiped with cotton towels, administered
intraoral suction on a warm bed at ~40 ◦C (104 ◦F), hugged by their mothers (skin-to-skin contact), and
placed in a transparent thermo-controlled incubator (N-ideal H-2000, Nakamura Medical Industry,
Tokyo, Japan) within 2 min of birth. Transparent thermo-controlled incubators were placed next to
delivery beds in the delivery room (not placed in the NICU). Neonates remained visible and were
continuously observed, not only by physicians and nurses (e.g., Apgar score), but also by their mothers.
All neonates remained in incubators for at least 2 h. For the first hour, the incubators were set at 34 ◦C
(93.2 ◦F); for the second hour, the temperature was turned down to 30 ◦C (86 ◦F) to help neonates
adapt to normal room temperature. After the initial 2 h, NLBW neonates were transferred to a bed in a
standard monitoring room set at ~24 to 26 ◦C (75.2 to 78.8 ◦F). LBW neonates with birth weights of
2000 to 2499 g stayed in incubators for an extra 2 to 12 h, while those with birth weights <2000 g stayed
in incubators for an extra 12 to 24 h at 28 ◦C (82.4 ◦F) before transferring to a standard monitoring
room. The optimal profiles of the neutral environment for thermogenesis, circulatory stability, and
actual central/peripheral body temperatures have been validated in previous studies with human
neonates [8–10].

For nutritional regulation, neonates were orally fed a 5% glucose solution (10 mL/kg) with
1 mL of vitamin K syrup containing 2 mg menatetrenone 1 h after birth and then breastfed every
3 h [7,12]. If breast milk production was insufficient, neonates were additionally bottle-fed formula
milk until they were sated to maintain a 50 kcal/kg basal metabolism [11]. The oral 5% glucose solution
has been shown to be a convenient method to prevent hypoglycemia, while allowing continuous
breastfeeding [7,12]. In addition, supplemental bottle-feeding with formula milk was based on
previous findings suggesting that the estimated calories provided by breast milk were below the basal
metabolism a few days after birth among the study population and that nutrition regulation did not
affect breastmilk production [7]. For NLBW neonates, high-calorie formula milk (16 kcal/20 mL) was
administered for the first 48 h, followed by normal-calorie formula milk (13 kcal/20 mL) after 48 h.
For LBW neonates, high-calorie formula milk was administered throughout the hospital stay.

2.3. Birth Weight Categories

Neonates, whose birth weights were normally distributed (Figure 1), were grouped into NLBW
(2500 g and above; n = 10,544) and LBW (<2500 g; n = 680) neonates. Both groups were further
categorized into a narrower range of birth weights: among LBW neonates, <2000 g (n = 20) and 2000 to
2499 g (n = 660); among NLBW neonates, 2500 to 2999 g (n = 5001), 3000 to 3499 g (n = 4752), 3,500 to
3999 g (n = 757), and 4000 g and above (n = 34).
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Figure 1. Distribution of birth weight among 11,224 neonates who received standardized thermal
control and nutrition regulation to meet basal metabolism.

2.4. Assessment of Clinical Outcomes and Changes in Body Weight

Using body-weight measured at birth and every day during the first four days (SW-5200, Toitu,
Tokyo, Japan), we determined the percentage body-weight growth every day [((weight each day −
birth weight]/birth weight) × 100%) and maximum body-weight loss (([birth weight − minimum
weight]/birth weight) × 100%). Excess body-weight loss was defined as a maximum body-weight loss
of at least 7% [2]. The incidence of neonatal jaundice was defined as use of phototherapy, which was
based on peak bilirubin levels ≥18 mg/dL along with other clinical findings [7].

Due to physiological body-weight loss, we divided the observation period into “decreasing”
(before the day of peak weight loss) and “increasing” (after the day of peak weight loss) periods. For
each period, we assessed the percentage body-weight change per day. During the first decreasing
period from birth to peak weight loss, we determined the body-weight loss per day ((birth weight −
minimum weight)/day of peak weight loss) and percentage body-weight loss per day (([birth weight
− minimum weight]/birth weight) × (100%/day of peak weight loss)). During the latter increasing
period, from peak weight loss to day 4, we determined the body-weight gain per day ((weight at
day 4 − minimum weight)/(4 − day of peak weight loss)) and percentage body-weight gain per day
((weight at day 4 − minimum weight]/birth weight) × (100%/(4 − day of peak weight loss)).

2.5. Statistical Analysis

To produce growth curves in a growth chart among the 11,674 neonates, we plotted the mean
body weights measured at birth and every day during the first four days separately by birth weight
categories. We directly connected the mean values with lines, because fitted lines such as splines
eliminated the initial drop of body weight in prior analyses (data not shown). We also drew a chart
indicating the percentages of body-weight growth stratified by birth weight. In these charts, we
additionally plotted the values measured at day 5 for neonates discharged at day 5 and later (10,336
neonates, 92%) and the values measured at one-month neonatal check-ups (approximately 30 days
after birth; 8071 neonates, 72%).

The background demographics and clinical outcomes were then compared between the LBW and
NLBW neonates by t- or chi-squared tests. In the decreasing period, the regression coefficient (β) and
95% confidence interval (CI) for the percentage body-weight loss per day against birth weight (referent
group, NLBW neonates) were estimated by linear regression. Covariates included sex, gestational
age, Apgar score, Cesarean delivery, maternal age, maternal body mass index, parity, hypertensive
disorders of pregnancy, and birth year. In the increasing period, the same regression analysis was
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applied for the percentage body-weight gain per day. In stratified analyses using a continuous variable
of birth weight, a linear regression model was applied for analysis among NLBW and NLBW neonates,
respectively, to check the association between birth weight and percentage body-weight-growth.

The alpha value was set at 0.05 and all P-values were two-sided. Data were analyzed using
STATA/MP 13.1 (Stata-Corp, College Station, TX, USA).

3. Results

Overall, the growth curves showed a uniform, J-shaped pattern across all birth weight categories
(Figure 2). On average, the neonates started to recover their weights within two days of birth and
the mean maximum body-weight loss (mean (SD)) was low (1.9% (1.5%)). The incidence of neonatal
jaundice was 0.3% and the incidence of excess body-weight loss was 0.4% (Table 1). We did not observe
any neonatal morbidity or mortality events, as well as readmission after discharge, during the study
period. Most of the background distributions differed between the NLBW and LBW neonates, except
for maternal age (Table 1).

Figure 2. Body weight growth curves stratified by birth weights. The mean body weights are shown as
connected lines stratified by birth weight categories. Values from day 0 through day 4 were estimated
in 11,224 neonates; values at day 5 and 1 month (approximately 30 days of birth) were estimated in
10,336 neonates and 8071 neonates, respectively.
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Table 1. Background and clinical characteristics of 11,224 neonates who received optimal thermal
control with sufficient nutrition.

Characteristics
Mean (SD) or number (%)

p
Total n = 11,224

NLBW Neonates
(≥2500 g) n = 10,544

LBW Neonates (<2500
g) n = 680

Background characteristics

Female 5468 (49%) 5066 (48%) 402 (59%) <0.001
Gestational age (weeks) 39.0 (1.2) 39.0 (1.1) 37.9 (1.4) <0.001

Birth weight (g) 3000 (337) 3,043 (300) 2346 (136) <0.001
Apgar score at 1 min 9.6 (0.6) 9.6 (0.6) 9.5 (0.6) <0.001
Caesarean delivery 899 (8.0%) 810 (7.7%) 89 (13%) <0.001

Maternal age (years) 31 (4) 31 (4) 31 (4) 0.58
Maternal BMI (kg/m2) 20.0 (2.0) 20.1 (2.0) 19.7 (2.0) <0.001

Multipara 5,256 (47%) 4,982 (47%) 274 (40%) <0.001
Hypertensive disorders of pregnancy 43 (0.4%) 36 (0.3%) 7 (1.0%) 0.005

Birth year 2001 (8) 2001 (8) 2002 (8) 0.001

Clinical outcomes

Maximum weight loss (%) 1.9 (1.5) 1.9 (1.5) 1.8 (1.5) 0.056
Excess weight loss 7% and above 44 (0.4%) 39 (0.4%) 5 (0.7%) 0.14

Day of peak weight loss 1.4 (0.9) 1.4 (0.9) 1.3 (0.9) 0.004
Body-weight loss per day (g) 40 (36) 41 (36) 31 (29) <0.001

Percentage body-weight loss per day (%) 1 1.3 (1.2) 1.3 (1.2) 1.3 (1.2) 0.52
Body-weight gain per day (g) 41 (24) 41 (25) 39 (21) 0.06

Percentage body-weight gain per day (%) 2 1.4 (0.8) 1.4 (0.8) 1.7 (0.9) <0.001
Peak bilirubin level at day 4 (mg/dL) 8.5 (2.7) 8.5 (2.7) 8.4 (2.7) 0.42

Phototherapy 30 (0.3%) 30 (0.3%) 0 (0.0%) 0.16

BMI, body mass index; NLBW, non-low birth weight; LBW, low birth weight. 1 Defined as ((birth weight −
minimum weight)/birth weight) × (100%/day of peak weight loss). 2 Defined as ((weight at day 4 − minimum
weight)/birth weight) × (100%/(4 − day of peak weight loss])).

Clinical outcomes, including maximum body-weight loss, bilirubin levels, and phototherapy,
did not differ between NLBW and LBW neonates. Although the mean body-weight loss per day
(grams) differed, the mean body-weight gain per day (grams) did not differ between groups (Table 1).
Compared to those in NLBW neonates, the duration to peak weight loss was shorter (1.4 versus 1.3
days, p < 0.003) and the percentage of body-weight gain per day was higher (1.4 versus 1.7%, p < 0.001)
in LBW neonates (Table 1). As birth weight decreased, the percentage body-weight gain increased
(Figure 3).

Figure 3. Daily percentages of bodyweight growth against birth weight. Each connected line shows
the change in the percentage bodyweight growth from birth weight (([weight at every day − birth
weight]/birth weight) × 100%), stratified by birth weight categories. Values from day 0 through day 4
were estimated in 11,224 neonates; values at day 5 and 1 month (approximately 30 days of birth) were
estimated in 10,336 neonates and 8071 neonates, respectively.
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Regression analyses in the decreasing period revealed that, compared to that in NLBW neonates,
the percentage body-weight loss per day did not differ in LBW neonates (Table 2). In the increasing
period, compared to that in NLBW neonates, the percentage body-weight gain per day was significantly
higher in LBW neonates (Table 2): β = 0.52 (95% CI, 0.46 to 0.58). In stratified analyses in the decreasing
period, a higher percentage of body-weight loss per day was only associated with higher birth weights
in NLBW neonates (Table 3). In the increasing period, a higher percentage of body-weight gain per
day was significantly associated with lower birth weights across all birth weight categories (Table 3).

Table 2. Body weight growth patterns against birth weight estimated by multivariable linear
regression analysis.

Characteristics
Model 1 3 Model 2 4

β (95% CI) p β (95% CI) p

Percentage body weight loss per day 1

LBW (<2500 g) −0.03 (−0.12 to 0.06) 0.52 0.03 (−0.06 to 0.13) 0.48
Female 0.05 (0.004 to 0.09) 0.03

Gestational week 0.03 (0.01 to 0.05) 0.001
Apgar score 0.13 (0.09 to 0.17) <0.001

Caesarean delivery 0.12 (0.03 to 0.20) 0.005
Maternal age 0.003 (−0.003 to 0.01) 0.34

Maternal body mass index −0.03 (−0.04 to −0.01) <0.001
Multipara 0.21 (0.16 to 0.26) <0.001

Hypertensive disorders of pregnancy 0.24 (−0.11 to 0.59) 0.18
Birth year −0.02 (−0.02 to −0.02) <0.001

Percentage body weight gain per day 2

LBW (<2500 g) 0.33 (0.26 to 0.39) <0.001 0.52 (0.46 to 0.58) <0.001
Female −0.12 (−0.15 to −0.10) <0.001

Gestational week 0.15 (0.14 to 0.16) <0.001
Apgar score −0.02 (−0.04 to 0.01) 0.17

Caesarean delivery 0.001 (−0.05 to 0.05) >0.99
Maternal age −0.005 (−0.005 to 0.004) 0.82

Maternal body mass index 0.001 (−0.01 to 0.01) 0.97
Multipara −0.08 (−0.11 to −0.05) <0.001

Hypertensive disorders of pregnancy 0.05 (−0.18 to 0.29) 0.66
Birth year −0.02 (−0.02 to −0.01) <0.001

β, regression coefficient; CI, confidence interval; LBW, low birth weight. 1 Defined as ((birth weight − minimum
weight)/birth weight) × (100%/day of peak weight loss). 2 Defined as ((weight at day 4 − minimum weight)/birth
weight) × (100%/(4 − day of peak weight loss)). 3 Simple linear regression model for body-weight growth patterns
against birth weight (referent group, NLBW neonates). Data were estimated in 10,544 non-low birth weight neonates
and 680 low birth weight neonates. 4 Additionally adjusted for potential confounding variables of sex, gestational
age, Apgar score, Cesarean delivery, maternal age, maternal body mass index, parity, hypertensive disorders of
pregnancy, and birth year.

Table 3. Regression coefficients and 95% confidence intervals estimated with a continuous variable of
birth weight in regression analyses, stratified by non-low birth weight and low birth weight neonates.

Characteristics
Percentage Body-Weight-Loss per Day 1 Percentage Body-Weight-Gain per Day 2

β (95% CI) 3 p β (95% CI)3 p

Overall (n = 11,224)

Birth weight (per 100 g) 0.01 (−0.003 to 0.01) 0.06 −0.05 (−0.06 to −0.05) <0.001

Non-LBW (2500 g and above, n = 10,544)

Birth weight (per 100 g) 0.01 (0.001 to 0.02) 0.02 −0.04 (−0.05 to −0.03) <0.001

LBW (<2500 g, n = 680)

Birth weight (per 100 g) 0.003 (−0.07 to 0.08) 0.93 −0.16 (−0.21 to −0.11) <0.001

Abbreviations: β, regression coefficient; CI, confidence interval; LBW, low birth weight. 1 Defined as ((birth weight
− minimum weight)/birth weight) × (100%/day of peak weight loss). 2 Defined as ((weight at day 4 − minimum
weight)/birth weight) × (100%/(4 − day of peak weight loss)). 3 Multivariable linear regression analysis for
body-weight-growth patterns against birth weight, adjusted for sex, gestational age, Apgar score, cesarean delivery,
maternal age, maternal body mass index, parity, hypertensive disorders of pregnancy, and birth year.
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4. Discussion

Under a local neonatal regimen involving a standardized thermal control and nutrition regulation
to meet basal metabolism, neonatal growth curves showed a uniform, J-shaped pattern with an initial
physiological body-weight loss (~2% loss from birth weight), regardless of birth weight. The incidence
of excess body-weight loss was low (<1%), with a short duration to peak weight loss (<2 days) and
a low incidence of neonatal jaundice (0.3%). Compared to NLBW neonates, LBW neonates did not
appear to have disadvantages in clinical outcomes, including excess body-weight loss and neonatal
jaundice. LBW neonates also potentially showed faster body-weight gain patterns, with a trend
suggesting that a higher percentage body-weight gain per day was associated with lower birth weight.

In the contemporary understanding of neonatal body-weight growth, the gradient of birth weight
for the speed of body-weight gain is positive. That is, heavier birth weight neonates enjoy the
advantages of faster body-weight gain and neonatal body-weight growth curves have continuously
shown a divergent pattern across birth weight categories [13–17]. During the second half of the
twentieth century, when perinatal and neonatal medicine and NICU were on the rise, this positive
gradient in birth weight for neonatal body-weight gain was considered a rule of thumb and early
illustrations of this positive gradient date as far back as Dancis et al. in 1948 [13]. Over the course of the
twentieth century, this positive gradient persisted, reflecting larger insensible water loss in lower birth
weight neonates (more premature neonates) [15,17,20]. Part of the reason for our observed pattern,
which may potentially buck the contemporary trend, may be due to the neutral thermal environment
that improves digestive function with circulatory stability, resulting in the neonatal capability to be
fed sufficiently to meet basal metabolism and prolonged thermal regulation in LBW neonates [8–12].
Additionally, in a recent study with exclusively breastfed neonates, 50% of neonates recovered their
weight around 10 days after birth [21]. By contrast, most of the neonates recovered their weight by 4
days after birth in our study, suggesting that our nutrition regulation with supplemental formula milk
may successfully meet the basal metabolism in our high-risk population.

Body weight is a robust and straightforward anthropometric indicator to grow neonates. The
criteria for body-weight-growth have been varied, which may partly due to differences in growth
patterns of breastfeeding and formula-feeding based on calorific intakes. For example, in Western
countries, studies suggest the potential cut-off point of ~5% to 12% for exclusively breastfed neonates
and ~2% to 3% for formula-fed neonates [22–26], while the American Academy of Pediatrics
recommends explicitly the cut-off point of 7% for excess body-weight loss among exclusively breastfed
neonates [2]. By contrast, in Japan, although some studies suggest the potential cut-off point of ~4% to
10% [3,7], and other expert opinions even support the cut-off point of up to ~15%, any evidence-based
clinical guidelines have yet to be established. Given the emerging concern for excess body-weight
loss from inadequate intake in East-Asian countries including Japan [3–5], physiological body-weight
loss would be a body-weight loss for neonates adequately fed to meet basal metabolism, at least in
high-risk populations. Indeed, we observed an initial ~2% body-weight loss as the physiological loss
with a low incidence of neonatal jaundice in our study population. Therefore, our growth chart may
help not only healthcare providers but also mothers of neonates in that high-risk population.

Gestational age and maternal factors during pregnancy may affect neonatal growth pattern.
In previous studies, gestational age ≤38 weeks was associated with an increased risk of neonatal
jaundice [27]. Maternal smoking during pregnancy and preeclampsia were associated with decreased
birth weight, whereas gestational diabetes was associated with increased birth weight [28–30]. In
Finland, comprehensive screening of gestational diabetes was associated with decreased mean
birth weight and macrosomia rates but was associated with an increased prevalence of neonatal
hypoglycemia [30]. In our study, gestational age was consistently associated with neonatal growth
pattern. However, significant effects of hypertensive disorders of pregnancy and maternal body mass
index were inconsistent under the combination method (although we could not assess the impact of
gestational diabetes due to the limitation of our data). Additionally, no hypoglycemia was observed in
our high-risk population. Therefore, in addition to LBW neonates, neonates with gestational age ≤38
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weeks, maternal smoking, preeclampsia, and gestational diabetes, might benefit the most from the
combination method.

Some limitations should be noted. First, we did not have a control group with other nutrition
treatments (exclusively breastfeeding and exclusively formula-feeding). In addition, we did not
have hourly data of body weight and did not include sick infants who required intravenous
infusion [13,25,31]. The thermal regulation also differed between birth weight categories, thereby
introducing potential bias and limiting external generalizability. However, internal validity might be
maintained for the comparison of NLBW and LBW neonates from the same source population. Second,
other anthropometric parameters, such as body length and head circumference, and potential maternal
confounding variables. such as diabetes, were not available [15–17,32]. However, body weight is
a reliable indicator of neonatal growth [7,15]. Third, use of supplemental feeding is controversial
due to the risk of breastfeeding failure, and excessive weight gain and the combination method
might raise concerns for introducing unintended adverse events [1,33]. However, in previous studies,
supplemental feeding did not affect breast milk production [7] and breastfeeding was not consistently
associated with the reduction of obesity or body fat mass in children or adolescents [34]. In addition,
a recent randomized clinical trial concluded that supplementing breastfeeding with early limited
formula milk (10 mL) did not interfere with breastfeeding [35]. Fourth, we were not able to assess the
impact of standardized early skin-to-skin contact on the incidence of hypothermia or hypoglycemia
compared to our early skin-to-skin contact within 2 min. However, in previous studies, profiles
of serum glucose levels and core/peripheral distribution of body temperature were likely better in
neonates with thermal regulation compared with those without thermal regulation [7–9]. Therefore,
future studies, including randomized controlled trials, are warranted to further understand how
thermal control and nutrition regulation influence neonatal growth.

Lastly, in the era of early neonatal hospital discharge, standardized thermal regulation and
nutrition regulation to meet basal metabolism (without NICU care) may reduce medical expenditures
of readmission for phototherapy with costly NICU care among LBW neonates [1,36]. Even in our
high-risk study population, we observed a very low incidence of neonatal jaundice (0.4%), which
corresponds to the incidence in Western settings [27,37]. Given the very low incidence of neonatal
jaundice, a potential reduction of medical expenditure would be expected by the combination method,
in addition to improved education (clinicians, nurses, and parents) and systemic institutional and
community-wide approaches [38,39]. Due to extra thermal regulation that might further stabilize
cardiopulmonary circulation and improve digestive function, no phototherapy was required in NLBW
neonates [8–10]. In addition, the combination method did not require intravenous infusion therapy
and did not result in neonatal morbidity, mortality, or readmission after discharge, thereby potentially
increasing the efficient use of NICU resources and potentially reducing clinical complications associated
with intravenous infusion among LBW neonates. Furthermore, the initial 2 h spent in the incubator
might help to avoid the substantially longer incubation required for phototherapy, thereby potentially
increasing opportunities for physical contact between mothers and their babies.

In conclusion, neonatal body-weight growth patterns were characterized under standardized
thermal control and nutrition regulation, with a low incidence of unfavorable clinical outcomes,
regardless of birth weight category. Under this combination method, LBW neonates might not have
disadvantages in clinical outcomes or growth patterns.
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Abstract: Vitamin B12 deficiency has been associated with increased risk of adverse pregnancy
outcomes. Few prospective studies have investigated the burden or determinants of vitamin B12

deficiency early in life, particularly among pregnant adolescents and their children. The objectives of
this study were to determine the prevalence of vitamin B12 deficiency and to examine associations
between maternal and neonatal vitamin B12 status in a cohort study of healthy pregnant adolescents.
Serum vitamin B12 and folate concentrations were measured in adolescents at mid-gestation (n = 124;
26.4 ± 3.5 weeks) and delivery (n = 131; 40.0 ± 1.3 weeks), and in neonates at birth using cord blood.
Linear regression was used to examine associations between maternal and neonatal vitamin B12

status. Although the prevalence of vitamin B12 deficiency (<148.0 pmol/L; 1.6%) in adolescents was
low during pregnancy, 22.6% of adolescents were vitamin B12 insufficient (<221.0 pmol/L; 22.6%) at
mid-gestation. Maternal vitamin B12 concentrations significantly decreased from mid-gestation to
delivery (p < 0.0001), and 53.4% had insufficient vitamin B12 status at delivery. Maternal vitamin B12

concentrations (p < 0.001) and vitamin B12 deficiency (p = 0.002) at delivery were significantly
associated with infant vitamin B12 concentrations in multivariate analyses, adjusting for gestational
age, maternal age, parity, smoking status, relationship status, prenatal supplement use, pre-pregnancy
body mass index, race, and intake of vitamin B12 and folate. Maternal vitamin B12 concentrations
significantly decreased during pregnancy and predicted neonatal vitamin B12 status in a cohort of
healthy pregnant adolescents.

Keywords: vitamin B12; micronutrients; pregnancy; adolescents; folate

1. Introduction

Vitamin B12 deficiency (serum vitamin B12 <148.0 pmol/L) is a major public health problem
globally [1,2]. Although the overall prevalence of vitamin B12 deficiency in the United States is
estimated to be relatively low (6%), the burden of vitamin B12 deficiency is higher in the elderly,
pregnant women, and young children (6–25%) [3]. Pregnant adolescents are at increased risk for a
variety of micronutrient deficiencies and pregnancy complications, though there is limited data from
this high-risk obstetric population.

Vitamin B12 deficiency in pregnancy has been associated with increased risk of pregnancy
outcomes, including spontaneous abortion, pregnancy loss, intrauterine growth restriction, low
birthweight (<2500 g), and neural tube defects (NTDs) [4–15]. Inadequate supply of vitamin
B12 in pregnancy and early childhood can lead to long-term deficits in growth development in
children [16,17].

Nutrients 2019, 11, 397; doi:10.3390/nu11020397 www.mdpi.com/journal/nutrients186
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Maternal vitamin B12 concentrations during pregnancy are thought to predict fetal [18–26] and
early infant [25,27–29] vitamin B12 status. Previous cross-sectional studies in Norway, Turkey, Germany,
United Kingdom, Serbia, and Brazil have noted a significant correlation between maternal and infant
vitamin B12 status at delivery [18,20–22,30–33]; however, in one study in Belgium, maternal and
infant vitamin B12 concentrations were not significantly correlated [34]. In one study in Germany,
maternal serum vitamin B12 and holotranscobalamin (holoTC) concentrations at delivery were
significantly correlated with cord blood holoTC concentrations (p < 0.05) [18]. In contrast, findings
from cross-sectional studies examining the associations between maternal and infant vitamin B12

concentrations later in the postpartum period have been heterogeneous [35–40]. Maternal vitamin B12

and holoTC concentrations were significantly correlated with infant vitamin B12 concentrations in the
first month (i.e., 2–30 days) postpartum in a study in Turkey [38]. In analyses in mother–infant dyads
in the first 6 months postpartum, maternal and infant vitamin B12 concentrations were significantly
associated in Canada and Cambodia (i.e., 3–27 weeks) [37], but not in India (i.e., 1–6 months) [35].

Prospective studies to date in The Netherlands, Norway, Turkey, India, and Spain have reported
significant associations [19,23,24,26,29] between maternal vitamin B12 status during pregnancy and
infant vitamin B12 status in cord blood or serum. In a prospective study in India, maternal
vitamin B12 status during pregnancy was associated with infant vitamin B12 concentrations at
6 weeks of age [28]. In contrast, a study in Norway was conducted to examine the associations
between maternal vitamin B12 biomarkers during pregnancy and vitamin B12 status in infants at
birth and 6 months of age; maternal vitamin B12 concentrations did not significantly predict cord
blood or infant vitamin B12 status, although there were significant associations noted for other
biomarkers (i.e., maternal holoTC, holohaptocorrin (holoHC), and methylmalonic acid (MMA)) [25].
Although some studies to date have been conducted to examine vitamin B12 status in pregnant
adolescents [41–43], most studies investigating the associations between maternal and infant vitamin
B12 status have been conducted among adult pregnant women (i.e., 18 to 40 years). Of these studies,
three cross-sectional studies reported participants which included adolescents, with age ranges of
15 to 38 years [32], 16 to 40 years [38], and 17 to 43 years [27]. However, adolescents comprised a
small proportion (<15%) of the sample, and data presented were not stratified by age group, which
constrained analysis and interpretation of findings for adolescents. There are limited prospective
studies on the associations between maternal and infant vitamin B12 status conducted in high-risk
obstetric groups such as adolescents.

Pregnant adolescents are at increased risk for a variety of micronutrient deficiencies and
pregnancy complications [41,44]. The inadequate dietary intake of key nutrients among adolescents
in industrialized countries [45], coupled with increased nutritional requirements for growth and
development, warrants concern for health outcomes among pregnant adolescents. However, few
data exist on the extent of vitamin B12 deficiency or its implications for fetal and child health in this
high-risk obstetric population, which comprises over 5% of the US population and 11% globally [46,47].
Well-designed prospective studies are needed to elucidate the burden of vitamin B12 insufficiency in
this key high-risk population and its implications for maternal and child health.

We, therefore, conducted a prospective observational analysis to: (1) determine the prevalence of
vitamin B12 deficiency and insufficiency in pregnant adolescents and their infants; and (2) examine the
associations of maternal and neonatal vitamin B12 status in healthy pregnant adolescents.
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2. Materials and Methods

2.1. Study Population

Participants included in this study were enrolled in one of two prospective cohort studies funded
by the United States Department of Agriculture (USDA). One study examined maternal and fetal
bone health among pregnant adolescents (“bone health study”) and collected maternal blood samples
at mid-gestation and delivery, and cord blood samples at delivery. The other study evaluated iron
status and anemia through gestation in pregnant adolescents aged 13 to 18 years and their infants
(“anemia study”), and collected maternal and cord blood samples only at delivery. Both studies were
observational cohort studies and not clinical trials (and, thus, do not need to be registered, as per
protocol for clinical trials). Pregnant adolescents were recruited between 2006 and 2012, from the
Rochester Adolescent Maternity Program (RAMP) in Rochester, New York.

Adolescents were eligible to participate if their pregnancies were 12 to 30 weeks in gestation at
the time of the adolescents’ enrollment in prenatal care at RAMP, and if the adolescents were healthy
and carrying a single fetus. Adolescents were excluded if they had any known medical complications,
including diabetes, preeclampsia, gestational hypertension, eating disorders, gastrointestinal diseases,
HIV infection, or any other diagnosed medical conditions. Data on maternal and neonatal iron
status [48,49] and on vitamin B12 transporters in placental tissue from this population [50] have been
previously reported.

2.2. Ethics

Written informed consent was obtained from all study participants. The research protocol and
study procedures were approved by the Institutional Review Boards (IRB) at Cornell University and
the University of Rochester. The IRB approval included laboratory analyses of micronutrients in
maternal and infant cord blood samples, including vitamin B12 and folate concentrations.

2.3. Follow-Up Procedures

Structured interviews were conducted to collect demographic information, including maternal
age, educational level, socioeconomic status, and obstetric history at the baseline clinic visit. Detailed
clinical, dietary (i.e., 24-h dietary recall), anthropometric, and biochemical data were collected at each
visit. The participant recruitment and flow chart are presented in Figure 1. Of 251 participants who
delivered at RAMP, a total of 194 participants (n = 138 participants in the bone study, recruited at
mid-gestation; n = 56 participants in the anemia study, recruited at delivery) had archived blood
samples available for analysis (Figure 1). All adolescents attending the Rochester Adolescent Maternity
Program were prescribed a prenatal supplement as standard of care, which contained 27 mg iron, 12 μg
vitamin B12, 1000 μg folic acid, and other micronutrients (i.e., 1200 μg vitamin A, 120 mg vitamin C,
10 μg vitamin D3, 22 mg vitamin E, 1.84 mg thiamin, 3 mg riboflavin, 20 mg niacin, 10 mg vitamin B6,
200 mg calcium, 25 mg zinc, and 2000 μg copper).
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272 Pregnant adolescents enrolled

21 withdrew from study  

251 Pregnant adolescents participated, 
delivered at RAMP

57 Participants did not have 
samples available for analysis

194 Participants had archived samples 
available for analysis of vitamin B12

138 participants
recruited at mid-gestation 

    Samples analyzed
• 124 Maternal mid-gestation 
• 131 Maternal delivery
• 89 Infant cord blood

56 participants 
recruited at delivery

Figure 1. Participant flow diagram.

2.4. Laboratory Analyses

Non-fasting maternal venous blood samples (mid-gestation, delivery) and infant cord blood
samples were allowed to clot at room temperature, separated by centrifugation, processed, and stored
below −80 ◦C until analysis. A total of 124 maternal mid-gestation (26.4 ± 3.5 weeks), 131 maternal
delivery (40.0 ± 1.3 weeks), and 89 infant cord blood samples were available for analysis.

Vitamin B12 concentrations were measured by electrochemiluminescence using the IMMULITE
2000 immunoassay system (Siemens Medical Solutions Diagnostics, Los Angeles, CA, USA). Three
levels of controls (Bio-Rad) were used for serum vitamin B12, with inter-assay coefficients of variation
(CV) of 4.2% for Level 1 and 4.8% for Level 3. Serum folate concentrations were measured using the
IMMULITE 2000 immunoassay system. The Bio-Rad Liquichek Immunoassay Plus Control (High &
Low) were used as controls, with intra-assay precision of 6.7% and inter-assay precision of 6.6%.
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2.5. Definitions of Outcomes

Conventional cutoffs were used to categorize variables where available; otherwise, medians of
variables were defined based on their distributions in the population. Vitamin B12 deficiency and
insufficiency were defined, following standard Centers for Disease Control and Prevention (CDC)
definitions, as less than 148 pmol/L and less than 221.0 pmol/L, respectively [51]. Anemia was
defined as hemoglobin <11.0 g/dL during the first and third trimesters, <10.5 g/dL during the second
trimester, and <11.0 g/dL at delivery; and anemia status was adjusted for race [52]. Folate deficiency
was defined as <6.8 nmol/L [51]. Maternal BMI was defined as the ratio of weight in kg to height in
m2 (kg/m2), and categorized as <18.5, 18.5 to <25.0, 25.0 to <30.0, and ≥30.0 kg/m2, in accordance
with the CDC and World Health Organization (WHO) classifications [53]. Infant low birthweight was
defined as <2500 g. Infant ponderal index was calculated as the ratio of weight in g to length in cm3

(g/cm3 × 100).

2.6. Statistical Analyses

Binomial and linear regression models were used to examine the associations of maternal
vitamin B12 status at mid-gestation and delivery with infant vitamin B12 status at birth. Binomial
regression models were used to obtain risk ratio (RR) estimates for dichotomous variables [54–56].
Non-normally distributed variables were natural logarithmically transformed to ensure normality
before further analysis. We also examined the associations between maternal and infant folate status.
The values in Table 1 are presented as non-transformed values for interpretation purposes.

We explored potential nonlinearity of the relationships between covariates and outcomes
nonparametrically, using stepwise restricted cubic splines [57,58]. If nonlinear associations were
not reported, they were not significant. The Rothman and Greenland approach was used to evaluate
and adjust for confounding, in which all known or suspected risk factors for the outcome which lead
to a >10% change-in-estimate were included in the models [59]. Observations with missing data for
covariates were retained in analyses using the missing indicator method [60]. Statistical analyses were
conducted using SAS software, version 9.4 (SAS Institute, Inc., Cary, NC, USA).
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3. Results

3.1. Baseline Characteristics

The characteristics of participants in this study are presented in Table 1. Participants and
their infants enrolled in the overall cohort studies and in the current study (i.e., with available
serum vitamin B12 data) were similar in terms of baseline characteristics, including maternal age,
socioeconomic characteristics, and nutritional status. A total of 194 participants had archived samples
available for analysis; 138 of these participants were recruited at mid-gestation (bone health study),
and 56 participants were recruited at delivery (anemia study) (Figure 1). We also examined potential
differences in demographic, socioeconomic, and nutritional factors between participants in the two
cohort studies. These variables were identified a priori as potential confounders and were considered
and adjusted for in all of the multivariate analyses. Vitamin B12 and folate concentrations were
analyzed in maternal samples that were collected at mid-gestation (n = 124) and delivery (n = 131);
and in infant cord blood samples (n = 89).

3.2. Maternal and Neonatal Vitamin B12 Status

Maternal and neonatal vitamin B12 status are presented in Table 2. At the mid-gestation
visit (n = 124; 26.4 ± 3.5 weeks gestation), 1.6% of women were vitamin B12 deficient (n = 2/124;
<148.0 pmol/L), and 22.6% were vitamin B12 insufficient (n = 28/124; <221.0 pmol/L). Maternal
serum vitamin B12 concentrations significantly decreased from mid-gestation to delivery (n = 61;
39.9 ± 1.0 weeks; mid-gestation: median = 358.9, interquartile range (IQR) = 233.9, 400.7 vs. delivery:
median = 226.2, IQR = 185.2, 311.8; p < 0.0001).

The prevalence of maternal vitamin B12 insufficiency at delivery (n = 70/131; 53.4%) was
significantly higher than at mid-gestation (n = 28/124; 22.6%, p < 0.05). The prevalence of vitamin B12

insufficiency was low in infants at birth: 0.0% were vitamin B12 deficient (<148.0 pmol/L), and
2.3% were vitamin B12 insufficient (<221.0 pmol/L). No mothers or infants were folate deficient
(<6.8 nmol/L) or insufficient (<10.0 nmol/L) during this study.

The associations between maternal and infant serum vitamin B12 concentrations are presented
in Table 3. Maternal vitamin B12 status at mid-gestation was not significantly associated with infant
serum vitamin B12 concentrations (p > 0.05).

At delivery, maternal serum vitamin B12 concentrations (p < 0.001) and vitamin B12 deficiency
(p < 0.0001) were significantly associated with infant serum vitamin B12 concentrations in multivariate
analyses, adjusting for gestational age at sample collection, maternal age, parity, smoking status,
relationship status, reported prenatal supplement use, pre-pregnancy BMI, race, and intake of
vitamin B12 and folate. Similarly, maternal vitamin B12 insufficiency at delivery was significantly
associated with infant serum vitamin B12 concentrations (p < 0.01) in multivariate analyses, adjusting
for gestational age at sample collection, maternal age, parity, smoking status, relationship status,
reported prenatal supplement use, pre-pregnancy BMI, race, and intake of vitamin B12 and folate.
Maternal serum folate concentrations were not significantly associated with infant serum vitamin B12

concentrations (p > 0.05).
The associations between maternal vitamin B12 and folate statuses and infant serum folate

concentrations are presented in Table 4. Maternal serum folate concentrations at mid-gestation were
not significantly associated with infant serum folate concentrations (p > 0.05).
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Maternal serum folate concentrations at delivery were significantly associated with infant
serum folate concentrations (p < 0.0001) in multivariate analyses, adjusting for gestational age at
sample collection, maternal age, parity, smoking status, relationship status, prenatal supplement
use, pre-pregnancy BMI, race, and intake of vitamin B12 and folate. Similarly, lower maternal serum
folate concentrations (<40.0 nmol/L) at delivery were associated with lower infant serum folate
concentrations (p < 0.0001) in multivariate analyses, adjusting for gestational age at sample collection,
maternal age, parity, smoking status, relationship status, prenatal supplement use, pre-pregnancy BMI,
race, and intake of vitamin B12 and folate.

4. Discussion

In this prospective analysis among pregnant adolescents, maternal vitamin B12 concentrations
significantly decreased during pregnancy and predicted neonatal vitamin B12 status. Although the
prevalence of vitamin B12 deficiency (<148.0 pmol/L; 1.6%) was low in adolescents during pregnancy,
22.6% of adolescents were vitamin B12 insufficient (<221.0 pmol/L; 22.6%) at mid-gestation. Maternal
serum vitamin B12 concentrations decreased significantly during pregnancy, and at delivery, 15.3% of
mothers were vitamin B12 deficient and 53.4% were vitamin B12 insufficient (Table 2).

This is among the first studies conducted to date to examine the burden of vitamin B12 deficiency
in pregnant adolescents and its association with neonatal vitamin B12 status in this high-risk obstetric
population. The prevalence of vitamin B12 deficiency in this study was low (1.6% mid-gestation,
15.3% delivery) and similar to a previous study conducted in Spain among pregnant adolescents
(vitamin B12 deficiency, T1: 8.3%) [42]. However, the prevalence of vitamin B12 deficiency noted in
this study was lower than previous studies conducted in pregnant adolescents in Canada (median,
T3: 158 pmol/L, IQR: 114, 207 pmol/L; vitamin B12 <148.0 pmol/L: 43%) [43] and in Venezuela
(vitamin B12 <200.0 pg/mL (<148.0 pmol/L), T1: 50.0%, T2: 58.8%, T3: 72.5%) [61]. Maternal
vitamin B12 concentrations in our study were also higher than in a previous study in pregnant
adolescents in the United Kingdom (geometric mean, Trimester 3 (T3): 177 pmol/L, 95% CI: 169,
185 pmol/L) [41].

The prevalence of vitamin B12 insufficiency (<221.0 pmol/L), however, was high in this study at
both mid-gestation (22.6%) and delivery (53.4%). Although all participants were prescribed prenatal
vitamins containing vitamin B12 and folic acid, self-reported adherence to prenatal supplements was
low. Additionally, while most participants reported dietary intake of vitamin B12 at or above the
RDA for this group (i.e., median (IQR): 4.5 (2.6, 6.6) μg/day vs. RDA: 2.6 μg/day), approximately
25% of participants reported dietary intake below the RDA. In addition to low dietary intake of
vitamin B12, vitamin B12 absorption could also be impaired by inadequate bioavailability, losses from
processing and cooking animal-source foods, high dose folic acid, metabolic changes during pregnancy
(e.g., hemodilution, fetal transfer), gastrointestinal symptoms, infections, and medications [4,62]. For
example, since vitamin B12 is bound to protein carriers in the food matrix, vitamin B12 bioavailability
may vary by food source [62,63].

The decline in maternal vitamin B12 concentrations during gestation in this study is also consistent
with previous studies in adult pregnant women in Canada [64], Spain [26], Norway [25,29], and
India [28,65], and in 12 of 13 longitudinal studies included in a systematic review of vitamin B12

status and birthweight in adult pregnant women [66]. The observed decrease in vitamin B12

concentrations throughout pregnancy could be due to hemodilution, increased protein synthesis,
increased requirements for methyl donors during gestation, or a low intake or adherence to prenatal
supplements to meet increased requirements [67]. However, there are limited data from pregnant
adolescents, who have higher nutritional requirements for their own growth.

The prevalence of vitamin B12 deficiency and insufficiency in infants was low in this study (0–3%).
Infant vitamin B12 concentrations were 2.5-fold higher than maternal vitamin B12 concentrations
at delivery. These findings are consistent with previous studies in adult pregnant women, which
have reported neonatal vitamin B12 concentrations 27% to 100% higher than maternal concentrations
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at delivery [18,19,21,26,30,31,33] and mid-gestation [23], although this has not been reported in all
studies [22,25,28,29]. Higher vitamin B12 concentrations in offspring indicate active transfer to the fetus,
which may occur due to upregulation of placental B12 transporter proteins or other active transport
mechanisms that have yet to be established.

In this study, maternal vitamin B12 status at delivery, but not at mid-gestation, was significantly
associated with infant vitamin B12 status. Maternal vitamin B12 status at delivery has been associated
with vitamin B12 status in offspring at birth in previous cross-sectional studies [18,20–22,30–33].
There are, however, limited prospective data on maternal vitamin B12 status during pregnancy
and its association with infant vitamin B12 status—particularly among adolescents—to compare
findings. Evidence from studies in adult pregnant women have reported significant correlations
between maternal vitamin B12 status during pregnancy and their infants [19,23,24,26,29]. Few
prospective analyses to date have considered potential confounders of these associations in multivariate
analyses [25,28]. In a recent study in adult pregnant women (median age = 22, IQR = 20–24 years)
in Southern India, maternal vitamin B12 status during each trimester was associated with infant
vitamin B12 status at 6 weeks of age [28], even after adjusting for maternal vitamin B12 supplementation.
Similarly, a study conducted among pregnant women (mean age = 29.9, SD = 4.4 years) in
Norway found that maternal vitamin B12 levels did not significantly predict cord blood or infant
vitamin B12 status, although other vitamin B12 biomarkers (i.e., maternal holoTC, holoHC, MMA) were
associated [25].

This study has several limitations. Neonatal micronutrient status was assessed at a single time
point from cord blood, precluding our ability to evaluate longer-term impacts on infant vitamin B12

status or functional outcomes. Longitudinal data on maternal vitamin B12 concentrations were available
only from a subset of participants in the parent cohort studies, limiting our ability to examine changes
in vitamin B12 concentrations during pregnancy. Although participants in both cohort studies had
similar sociodemographic characteristics (e.g., maternal age, gestational age at initiation of prenatal
care, adherence to prenatal vitamins, gestational age at delivery), participants enrolled at mid-gestation
(bone study) were more likely to be participants in the Special Supplemental Nutrition Program for
Women, Infants, and Children (WIC) program, current smokers, Caucasian, primiparous, and had
higher self-reported dietary intake of vitamin B12 and folate, compared to participants who were
recruited at delivery (anemia). All of these variables were identified a priori as potential confounders
and were considered and adjusted for in multivariate analyses; however, there may be residual
confounding due to additional factors that were not evaluated or adjusted for in these studies.
Vitamin B12 concentrations assessed at mid-gestation may not reflect vitamin B12 status during the
relevant etiologic period periconceptionally or for maternal–fetal transfer of cobalamin and subsequent
infant status and perinatal outcomes [68]. Additionally, serum folate is a biomarker of short-term
dietary intake and does not reflect longer-term or usual intake. Vitamin B12 and folate assessments
were also based on a single biomarker (i.e., total serum vitamin B12 and serum folate concentrations).
Inclusion of additional circulating (i.e., holo-transcobalamin) and functional (i.e., methylmalonic
acid) biomarkers of vitamin B12 metabolism and erythrocyte folate concentrations would improve
assessment and interpretation of findings in mother–infant dyads [4]. Additionally, while the low
prevalence of vitamin B12 deficiency in this study is similar to previous research in pregnant adolescents
in Canada and the United Kingdom, a study population of generally adequate vitamin B12 status
limits the generalizability of results to other populations that may be at greater risk for vitamin B12

deficiency, particularly in resource-limited settings [41,43]. Findings should also be interpreted in the
context of a folate-replete population (i.e., among participants prescribed high-dose prenatal folic acid
(1000 μg) and in a population exposed to folic acid fortification); this also limits the generalizability of
findings to other settings. Finally, although findings from this study demonstrated an association of
maternal and infant vitamin B12 status at delivery, the interpretation of these findings is not causal.
Future prospective studies are needed to examine mechanisms of vitamin B12 transfer to the fetus and
to determine the impact of vitamin B12 status on maternal and child health outcomes.
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5. Conclusions

In summary, in this cohort of healthy pregnant adolescents, maternal vitamin B12 concentrations
significantly decreased during pregnancy and predicted infant vitamin B12 status. This is one of
the first prospective studies to date to evaluate the burden of vitamin B12 insufficiency in pregnant
adolescents and their infants, a population that is at high risk for both micronutrient deficiencies and
pregnancy complications. Findings suggest that vitamin B12 deficiency is an important public health
problem in this high-risk obstetric population. Future research is needed to increase vitamin B12 status
and improve the health of adolescent mothers and their children.
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Abstract: Maternal obesity is associated with metabolic changes in mothers and higher risk of obesity
in the offspring. Obesity in breastfeeding mothers appears to influence human milk production as well
as the quality of human milk. Maternal obesity is associated with alteration of immunological factors
concentrations in the human milk, such as C-reactive protein (CRP), leptin, IL-6, insulin, TNF-Alpha,
ghrelin, adiponectin, and obestatin. Human milk is considered a first choice for infant nutrition due to
the complete profile of macro nutrients, micro nutrients, and immunological properties. It is essential
to understand how maternal obesity influences immunological properties of human milk because
alterations could impact the nutrition status and health of the infant. This review summarizes the
literature regarding the impact of maternal obesity on the concentration of particular immunological
properties in the human milk.

Keywords: maternal obesity; gestational weight gain; immunological properties; human milk;
nutrition; health

1. Introduction

In 2014, the number of pregnant women with overweight and obesity were estimated at 38.9 million
and 14.6 million, respectively, worldwide [1]. The prevalence of women of childbearing age with
obesity in the US from 1976 to 2014 increased four-fold, from 7.4% to 27.5% [2,3]. In addition, the
prevalence of pre-pregnancy obesity of mothers in the US was more than 20% [4,5]. According
to 38 jurisdictions of the District of Columbia, New York City, and 48 states in the United States,
the prevalence of mothers that had a normal body weight before pregnancy decreased from 47.3%
to 45.1% from 2011 to 2015 [6]. A review by Fields et al. (2016) brought attention to the association
between several bioactive components of human milk and adiposity in infancy [7]. There is great
interest in understanding the contributions of maternal obesity to changes in the composition or
functional properties of human milk. Obesity in lactating mothers was found to be related to changes
in the concentration of several bioactive components of their milk [8]. For example, an increased
leptin concentration found in human milk is noteworthy because leptin may contribute to maternal
obesity [9–14]. Alterations of immunological constituents may influence the genetic, metabolic, and
epigenetic processes in the child [15]. The excessive weight gain of an obese child was found to be
related the increase in leptin and adiponectin concentrations in the milk from obese mothers [16,17].
Furthermore, increased insulin-like growth factor 1 (IGF-I) and ghrelin in human milk were also
correlated with the increased growth rate of an obese infant [16–19].

Human milk consists of nutrients and active factors. In addition to nutritive functions, some milk
constituents also have bioactive properties such as whey proteins (immunoglobulin, lactoferrin, and
alpha-lactalbumin) and casein proteins (κ-casein and β-casein) [20]. Other bioactive proteins in human
milk include immunological factors such as antibodies, live cells, cytokines or signaling molecules;
enzymes such as lactoferrin, lysozyme, and bile salt stimulated lipase; glycoproteins or oligosaccharides
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(oligosaccharide-enriched fraction along with secretory IgA), glycolipids, and high molecular weight
protein), alpha-lactalbumin, gut microflora like prebiotic, haptocorrin (vitamin B12-binding protein),
and nutrients for the infants’ immune system [20]. The activities of these bioactive proteins need
further study.

Moreover, human milk composition, both over a single feeding and over the duration of lactation is
unique and dynamic. Colostrum is the first milk produced (30 mL/24 h) from 30 to 40 h until a few days
postpartum [21,22]. Transitional milk is the milk that is produced from 5 days to 2 weeks postpartum
and mature milk is the milk that is produced after 2 weeks postpartum [22]. Mature milk has two types,
foremilk and hindmilk. Foremilk is the initial milk of a feeding, while hindmilk is the last milk of feeding
(which contains milk fat up to three-fold more than in foremilk [23]. Some characteristics of human
milk depend on a multitude of factors of the mother. The DARLING (Davis Area Research on Lactation,
Infant Nutrition and Growth) study showed important determinants of human milk composition
to include maternal ideal body weight (%IBW), protein intake, nursing frequency, menstruation,
and parity [24]. The composition of protein in human milk is also significantly influenced by weaning
because weaning was shown to decrease the volume of milk production [25]. Furthermore, this study
also showed that milk volume and protein level were inversely associated; if the milk production
volume was decreased from >500 to <300 mL, the protein concentration would be increased from
1.23 to 2.01 g/100 mL [25]. The influence of obesity on the quality and quantity of human milk has
been demonstrated in several studies. A significantly different and less diverse microbiome in human
milk has been demonstrated over lactation period, maternal body mass index (BMI), and delivery
mode [26]. The ratio of omega-6 to omega-3 of obese breastfeeding mother is increased, while the
concentration of fatty acids (DHA, EPA, DPA,) and carotenoids (lutein) are decreased [15]. Alterations
of bioactive properties in the human milk of obese mothers could increase the incidence of obesity,
insulin resistance, type 2 diabetes, and other adverse metabolic outcomes [27].

The primary aim of this review is to describe the immunological functions of specific factors
in human milk and the alterations that occur in conditions of overweight and obesity mothers.
The secondary aim is to explore the other influential factors that stimulate alterations of specific
immunological properties that also could influence their functions in human milk.

2. The Function and Alteration of Immunological Properties in Human Milk

Breast milk contains essential bioactive components that have been demonstrated by numerous
studies. Many components studied have been found to provide a function, for example to prevent
infections, heal diseases, and improve health status [28]. Many bioactive components still remain
that are not well studied. Studies are needed to understand the implications of the alteration in
the specific bioactive components to maternal and infant health. One study demonstrated that the
alteration of specific bioactive components in human milk would influence infant health outcome in
both the short term and long term [29]. The understanding of this dynamic variation of human milk is
needed because it may suggest practices needed for breastfeeding management and distribution of
milk donations [22]. Modification of dietary intake and immunization can optimize the concentration
of bioactive components in human milk [30,31]. Table 1 lists the bioactive components of human
milk, and whether studies have reported any alterations in the concentration of milk of obese mothers.
The functions of these bioactives and details about the changes are described further in the text.

Table 1. Alteration of immunological properties in human milk of obese mothers.

No Bioactive Components Alterations References

1. Antimicrobial
a. Lactoferrin Increase Houghton et al., 1985 [32]
b. Lactadherin None reported -
c. Lactoperoxidase None reported -
d. Lysozyme None reported -
e. Mucins (MUC1 and MUC4) None reported -
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Table 1. Cont.

No Bioactive Components Alterations References

2. Cells
a. Lymphocytes None reported -
b. Macrophages None reported -
c. Neutrophils Increase Islam et al., 2006 [33]
d. Stem cells Decrease Twigger et al., 2015 [34]

3. Chemokines
a. Granulocyte Colony Stimulating Factor None reported -
b. Macrophage migration inhibitory factor (MIF) None reported -
c. Chemokine receptors (CXCR1/CXCR2) None reported -
d. CXCL-9 (MIIP) None reported -

4. Cytokines
a. Interleukin-1 beta (IL-1β) None reported -
b. Interleukin-2 (IL-2) Increase Collado et al., 2012 [35]

c. Interleukin-4 (IL-4) Increase (colostrum)
Decrease (1-month milk) Collado et al., 2012 [35]

d. Interleukin-6 (IL-6) No alteration Whitaker et al., 2017 [8]
Increase Collado et al., 2012 [35]

e. Interleukin-7 (IL-7) None reported -
f. Interleukin-8 (IL-8) None reported -
g. Interleukin-10 (IL-10) Increase Collado et al., 2012 [35]
h. Interferon gamma-induced protein 10 (IP-10) None reported -
i. Monocyte chemoattractant protein-1 (MCP-1) None reported -

j. Interferon Gamma (IFN-γ) Increase (colostrum)
Decrease (1-month milk) Collado et al., 2012 [35]

k. Transforming growth factor beta (TGF-β) Decrease Collado et al., 2012 [35]

l. Tumor necrosis factor-alpha (TNF-α) No alteration Fields et al., 2017 [18]
Increase (colostrum)
Decrease (1-month milk) Collado et al., 2012 [35]

5. Cytokines inhibitors
a. Tumor necrosis factor receptor-I (TNFR I) None reported -
b. Tumor necrosis factor receptor-II (TNFR II) None reported -

6. Growth Factors
a. Epidermal growth factor (EGF) Decrease Khodabakhshi et al., 2015 [19]
b. Heparin-binding EGF-like growth factor
(HB-EGF) None reported -

c. Insulin-like growth factor 1 (IGF-1) Increase Khodabakhshi et al., 2015 [19]
d. Nerve growth factor (NGF) None reported -
e. Vascular endothelial growth factor (VEGF) None reported -

7. Hormones
a. Adiponectin Increase Martin et al., 2006 [36]
b. Calcitonin None reported -
c. Erythropoietin (Epo) None reported -
d. Insulin Increase Fields et al., 2017 [18]

e. Ghrelin Decrease Khodabakhshi et al., 2015 [19]; Zhang
N, et al., 2011 [37]

f. Leptin Increase

De Luca et al., 2016 [9]; Lemas et al.,
2016 [10]; Uysal et al., 2002 [11];
Andreas et al., 2014 [12]; Quinn et al.,
2014 [13]; Eilers et al., 2002 [14];

g. Obestatin Decrease Aydin et al., 2008 [38]

h. Resistin No alteration Andreas et al., 2016 [39]; Savino et al.,
2012 [40]

i. Somatostatin None reported -

8. Immunoglobulins

a. IgA Increase (colostrum and
serum)

Miranda et al.,1983 [41]; Islam et al.,
2006 [33];
Fujimori et al., 2015 [42]

b. IgG
Increase Miranda et al., 1983 [41]
Decrease Islam et al., 2006 [33]
Constant (colostrum)
Decrease (serum) Fujimori et al., 2015 [42]

c. IgM Increase Islam et al., 2006 [33]
Increase (colostrum)
Decrease (serum) Fujimori et al., 2015 [42]

d. Insulin-like-growth factor-binding proteins
(IGFBP) Decrease Khodabakhshi et al., 2015 [19]
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Table 1. Cont.

No Bioactive Components Alterations References

9 Lipids Increase (triglyceride
and cholesterol) Fujimori et al., 2015 [42]

Increase (saturated fatty
acids)
Decrease (n-3 fatty
acidss)
Decrease (unsaturated to
saturated fatty acid ratio)
Increase (ratio of n-6 to
n-3)

Makela et al., 2013 [43]

Increase (ratio of n-6 to
n-3)
Decrease (lutein,
docosahexaenoic acid,
eicosapentaenoic acid,
and docasapentaenoic
acid)

Panagos et al., 2016 [15]

10. Microbiota Bifidobacterium (decrease)
Staphylococcus (increase)

Delzenne & Cani, 2011 [44];
Collado et al., 2012 [35]

11. Nucleic Acids None reported -

12. Oligosaccharide and Glycans
a. Human milk oligosaccharides (HMOs) No alteration Azad et al. 2018 [45]
b. Gangliosides None reported -
c. Glycosaminoglycans (GAGs) Decrease Cerdo et al., 2018 [46]
d. Osteoprotegerin None reported -
e. Soluble CD14s (SCD14s) Decrease Collado et al., 2012 [35]

13. Other Proteins

a. Alpha-Lactalbumin (LALBA)

Increase (6–15 days
postpartum)
Decrease (16–30 days
postpartum)
Decrease (31–60 days
postpartum)
Increase (>60 days
postpartum)

Sanchez-Poso et al., 1987 [47]

b. Alpha-1 Antitrypsin (AAT) None reported -
c. Alpha-Amylase (α-amylase) None reported -
d. Bile Salt Stimulated Lipase (BSSL) None reported -
e. Casein Decrease Jevitt et al., 2007 [48]
f. C-Reactive Protein (CRP) Increase Whitaker, 2017 [8]
f. Folate-Binding Protein (FBP) None reported -
g. Haptocorrin None reported -

2.1. Anti-Microbial

Lactoferrin is one of the major iron-binding glycoproteins in colostrum that is
immunomodulatory [49]. Lactoferrin is bound to iron and helps in uptake of iron in the cell by
specific receptors in the infant intestinal tract [50]. Lactoferrin also functions at the level of DNA,
as a transcription factor that influences for example, cell signaling proteins and immune protein
synthesis [20,51]. Lactoferrin acts to constrain bacterial growth by binding iron, limiting iron
needed for growth of bacteria and other pathogens [52]. The formation of lactoferrin without iron
has also been found in human milk. This form was demonstrated to eradicate Candida albicans,
Escherichia coli, Pseudomonas aeruginosa, Streptococcus mutans, Streptococcus pneumoniae, and Vibrio
cholerae [53]. Lactoferrin concentration was significantly greater in colostrum of mothers who were
greater than the 90% Weight for Height, an older surrogate measure for obesity (that corresponds to a
BMI > 30 kg/m2) [32].

Lactadherin is a glycoprotein associated with milk fat globules of human milk together with
mucins, xanthine oxidase, and butyrophylin [20]. The main role of lactadherin may be to protect the
newborn infant from rotaviral infection, a common cause of diarrheal disease and gastroenteritis [54].
Lactadherin works against the infection by creating apoptosis in infected cells of the infant and
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decreases inflammation by inhibition of TLR4 and the NF-κB signaling cascade [55–57]. Lactadherin
is not digested in the stomach and passes to the intestine to maintain gut health by ameliorating
inflammation [57–59]. A study in Mexico with 200 infants demonstrated that infants who were
breastfed by milk that contained a low concentration of lactadherin developed severe diarrhea [54].
Other infants who received high levels lactadherin from human milk were asymptomatic of diarrhea.

The catalytic reactions of lactoperoxidase have bactericidal effects that kill Gram-positive and
Gram-negative bacteria [60,61]. This bactericidal effect results from catalytic oxidation of substrate such
as thiocyanates with hydrogen peroxide resulting in hypothiocyanite ion (OSCN−). The concentration of
lactoperoxidase of human milk at the first 6 months was found to be constant between 1–1.5 units/mL [62].
Lactoperoxidase in human milk was shown to detoxify H2O2 both in the infant gut and mammary
gland of mothers, with additional anti-microbial functions. Whether lactoperoxidase concentration in
the human milk of obese mothers is altered has not yet been determined.

Another antimicrobial constituent of milk, lysozyme, is present at a concentration that is 3000-fold
higher in human milk than cow’s milk. It is an active enzyme that works together with lactoferrin to
effectively kill Gram-negative bacteria [63]. A study of the concentration of lysozyme in human milk
of obese mothers was not found.

Mucins, another antimicrobial factor, make up one of three major protein fractions of human
milk, along with casein and whey [64]. Mucins are a type of glycoprotein that consist of up to 80%
carbohydrate, including mannose, as well as sulfonic acid [65]. MUC1 and MUC4 were identified in
human milk for the first time by Liu et al. (2012) [66]. Furthermore, their study demonstrated that
MUC1 was better than MUC4 in protecting the human epithelium cells (FHs 74 Int cells, CaCo-2 cells)
from invasion by Salmonella [66]. Mucins are part of a passive immunity in human milk that protect
the infant small intestine and stomach by inhibiting the binding of pathogens [67,68]. There was no
study found that compared mucins concentration in the human milk of obese mothers to mothers with
normal BMI.

2.2. Cells

The existence of lymphocytes in human milk was first discovered in colostrum [69]. Another study
also showed that GFP+ leukocytes were transferred from mothers to their infants through breast
milk [70]. T lymphocyte cells (CD8+, CD4+, and CD19+) are produced by GFP+ leukocytes in
the Peyer’s patches (PPs) [71]. Moreover, Th-2 lymphocytes were shown to contribute to produce
specific cytokines such as IL-4, IL-13, IL-15 [56]. This study also demonstrated that the composition of
lymphocytes in human milk and blood were different [72]. There were no studies found that compared
lymphocyte concentrations in milk of obese mothers with other mothers.

Macrophages and the mammary endothelium support the production of TNF-Alpha in human
milk [73,74]. Macrophages protect the infant from the infection by pathogens by activation of
T-cells [75,76]. The cells move into the maternal blood and then are shifted to human milk by the
mammary epithelial cells [22]. There were no studies found that reported comparisons of macrophage
concentration in milk between women with obesity and normal weight conditions.

Neutrophils are another type of leukocyte that are abundant in the colostrum [77]. The three
activities of neutrophils in human milk are bactericidal, phagocytic, and enzymatic [78]. Microbiocidal
activity occurs through the production of oxidants and granule enzyme activities. In addition,
neutrophils demonstrated significant bactericidal activity against Staphylococcus aureus [78]. This study
by Grazioso and Buescher (1996) also demonstrated the effective ratio for phagocytosis between
neutrophils and staphylococci cells at 2:1. A study by Islam et al. (2006) demonstrated that the
percentages of breast milk phagocytes ( neutrophil-macrophages) of a cell count in mothers with
underweight, normal BMI, and overweight were 46.6% ± 19.35, 60.24% ± 6.93, and 55.55% ± 16.16,
respectively [33].

Stem cells have been found in human milk that differentiate into luminal, basal, and myoepithelial
layers [79]. These stem cells can regulate an octamer-binding transcription factor 4 expression that
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repairs human cells. The stem cells in human milk protect the cells of the infant [80]. The stem
cells in breast milk were hypothesized to function as a neuroprotective factor in a study that used
intra-nasal application of breast milk for rescuing preterm neonates from brain injury and to improve
long-term neurocognitive improvement of preterm infants [81]. A review by Kakulas (2015) concluded
that the number of lactocytes (mature mammary epithelial cells) in obese mothers was lower than
other reports of lactocytes in healthy mature milk likely due to lower milk supply of obese mothers.
In addition, a study by Twigger et al. (2015) in a review by Kakulas (2015) explained that the number
of lactocytes in mothers with obesity was decreased because of the lower expression CK18 expression.
Moreover, the lower expression of CK18 expression (a marker of luminal epithelial cell activity such as
lactocytes) would reduce epithelial tissue capability to synthesize milk in mammary glands in obese
mothers [34,80].

2.3. Chemokines

Chemokines are a type of cytokine that may stimulate cell movement [22]. Chemokine production
is influenced by lactoferrin and a derivative of lactoferrin [82]. These factors have not been studied
with regard to maternal body weight and lactation.

G-CSF functions as a hematopoietic growth factor, to stimulate the proliferation of clonal and
neutrophil progenitor differentiation [83]. A study by Wallace et al. (1997) showed that the concentration
of G-CSF in 30 samples of mothers with normal BMI ranged from 14 to >2500 pg/mL [84]. Again, there
was no information found as to how high maternal body weight affected this factor.

The production of macrophage migration inhibitory factor (MIF) is equivocal with some reports
that MIF is not produced by specific human cells [85]. Another study demonstrated that MIF is produced
by a large number of T-cells [86]. The specific interleukins found to induce MIF production are tumor
necrosis factor-alpha (TNF-α) and interferon gamma (IFNγ) [85,87]. There was no information found
regarding how or whether MIF is affected by maternal body weight.

2.4. Cytokines

Cytokines interact with the other cells and cross the intestinal barrier to enhance or defend,
and reduce inflammation [22]. The cytokines in human milk have roles as immunomodulatory and
anti-inflammatory to reduce infection in the infant [88]. Additionally, mammary glands need cytokines
for growth and development. Cytokines regulate proliferation and inflammation of cells [89].

Both regulation and development of mammary gland function are mediated by IL-6 and
TNF-Alpha [90]. In addition, fever and systemic inflammation also correlate with IL-6, for example
IL-6 was higher when mastitis occurred in the lobes [91,92]. IL-6, IL-10, and TGF-β are maternal
cytokines associated with maturation of the intestinal immune system. These cytokines also regulate
IgA production, development, and differentiation of cells [93]. A study by Whitaker et al. (2017)
found no significant association between the maternal weight and IL-6 level [8]. Another study by
Fields et al. (2017) also demonstrated similar results of no association between BMI of maternal mothers
and IL-6 concentration in their milk [18]. However, a study by Collado (2012) showed contrasting
results. IL-6 concentration was higher in colostrum of overweight and obese mothers (81.85 pg/mL)
than in colostrum of healthy BMI mothers (62.86 pg/mL), while IL-6 concentrations in 1-month milk
of overweight and obese mothers (13.22 pg/mL) was lower than IL-6 concentration of normal BMI
mothers (22.12 pg/mL) [35].

The main functions of IL-7 are to support lymphoid development, produce T-cells in the thymus,
and assist in T-cell survival at secondary of peripheral lymphoid tissue [94]. IL-7 from human milk is
absorbed by the infant through the intestine.

In a study of mothers with varying BMI, the concentrations of TNFα in colostrum and 1-month
milk of mothers with normal BMI were reported at 9.87 and 10.60 pg/mL, respectively [35]. However,
these values differ greatly from the study by Meki et al. (2003) [91]. This study concluded that TNFα is
a proinflammatory cytokine that increased over the course of lactation; however, the values seem to be
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similar with no standard deviation indicated. These authors also reported that the TNFα concentration
in colostrum and 1-month milk of mothers with BMI ≤25 kg/m2 and BMI >25 kg/m2 were 11.41 and
10.23 pg/mL, respectively. However, there was no statistically significant difference in the TNFα content
of the milk in these mothers [35]. The values for this cytokine are logarithmically different than those
reported by others in the literature [35]. Therefore, while no differences were detected by Meki et al.
the inconsistency with the literature makes it hard to conclude with certainty that the concentration of
TNFα is not influenced by maternal BMI.

2.5. Growth Factors

Epidermal growth factor (EGF) is a growth modulator that can be found in amniotic fluid [95].
The function of EGF in human milk, as a growth and weight regulator, is related to appetite of the
infant [19]. Another role of EGF is to support the maturation of infant gut by development, from a high
intestinal permeability to become more selectively permeable [95]. A study by Khodabakhshi (2015)
demonstrated that the EGF concentration in milk of obese mothers (0.038 ng/mL) was significantly
lower (p = 0.013) than that of mothers with normal BMI (0.040 ng/mL). Furthermore, low concentration
of EGF in the mother’s milk was significantly associated with higher infant body weight [19].

HB-EGF is a growth factor that can be found in both amniotic fluid and human milk [96,97]. HB-EGF
appears to protect the infant intestine, specifically the intestinal epithelium from cytokine-induced
apoptosis and hypoxic necrosis by decreasing the level of nitrogen and reactive oxygen species
produced [98–101].

The Insulin-like Growth Factors (IGF)-I in human blood were found in 1968 by Jacobs et al. [102].
IGF-1 has an important role in infant growth where the high concentration of IGF-1 in the human milk
promotes rapid growth to the infants that may be associated with overweight and obesity in later
life [103]. IGF-1 in breast milk is thought to protect premature infants from retinopathy of prematurity
(ROP) in the first 6 weeks of life; IGF-1 deficiency during the first weeks of neonatal life was associated
with ROP [104]. In addition, infants who consumed only breast milk had a lower incidence of ROP
than the infants who consume infant formula [104]. The concentration of IGF-1 in the human milk of
obese mothers (89.63 ng/mL) and normal mothers (75.09) was not significantly different (p = 0.787).

Specific neurons of the peripheral nervous system need nerve growth factor (NGF) to survive [105].
NGF has been shown to stimulate the phosphorylation of tyrosine on the TrkA protein receptor
in human mast cells-1 (HMC-1) [106]. There was no literature found that described the effect of
overweight or obesity in mothers on milk content or functions of NGF.

Human milk contains vascular endothelial growth factor (VEGF) and epidermal growth factor
(EGF) at concentrations that are 100 times higher than blood of lactating mothers [107]. The concentration
of VEGF from 33 samples of lactating mothers ranged from 12.6 to 155.0 (median 50.0) ng/mL.
The concentration of VEGF was significantly positively correlated with the EGF concentration, but negatively
correlated with hepatic growth factor (HGF) concentration [107]. VEGF receptors, such as fetal liver kinase
1, are expressed primarily in endothelial cells [108]. There were no studies found that investigated the
effect of maternal overweight or obesity on concentrations of VEGF and HGF.

2.6. Hormones

The role of adiponectin is to regulate metabolism of the body, specifically affecting satiety, tissue
sensitivity to insulin, stimulate glucose uptake, and decrease energy expenditure [109–111]. Studies
by Martin et al. (2006) showed a positive correlation between maternal BMI and the concentration of
adiponectin [36]. Furthermore, higher adiponectin in milk increases the risk of being overweight in
childhood [109]. In contrast, another study specifically demonstrated lower weight gain and leaner
body of neonates [112].

Calcitonin has functions to inhibit gastric acid production, or regulate fluid balance, food intake,
and gastrointestinal motility [113–115]. The calcitonin concentration level in the human milk was
found to be 10–40-fold greater than the concentration in the serum [116]. Lactating mothers have
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elevated serum calcitonin which is released into their milk [117]. The effects of maternal obesity on
milk calcitonin have not been reported.

Ghrelin was identified by Kojima et al. (1999), as a 28-amino-acid-peptide. It was found to be
predominantly expressed in the stomach [118], but it is also expressed in the pituitary, hypothalamus,
and pancreas and functions to regulate food intake, sleep, behavior, gastric acid secretion and motility,
glucose metabolism, exocrine and endocrine pancreatic function, cardiac performances and vascular
resistance, energy metabolism, cell proliferation and survival, stimulates of ghrelin (GH), Arginine
vasopressin (AVP), prolactin (PRL), adrenocorticotropic hormone (ACTH) secretion, and inhibits the
gonadotropin secretion [119]. Ghrelin in the human milk functions as a growth factor that stimulates
feeding by the infant [120]. A study by Khodabakhsh (2015) showed a negative correlation between
obese mothers and the concentration of ghrelin in milk [19]. A similar result also was also demonstrated
in a study by Zhang et al. (2011), where the concentration of ghrelin in human milk of normal weight
mothers was higher than that in mothers with obesity [37].

Insulin in human milk functions as a hormone, and also influences the microbiome community in
the lumen of the gastrointestinal tract [10]. Mothers with obesity accumulate more insulin in their
human milk than mothers with normal body weight [109,121]. A study by Ley et al. (2012) specifically
showed that the insulin concentrations were higher in the milk from obese mothers than mothers
with normal BMI at 3 months post-partum [121]. The impact of higher insulin and glucose in human
milk is more rapid growth of the infant which may increase risk for childhood obesity because of the
higher energy content of diabetic breast milk than breast milk of healthy mothers [122,123]. In addition,
Plagemann et al. (2002) observed a positive correlation between infant overweight and volume of
diabetic breast milk (DBM) consumed at 2 years of age compared to infants who consumed banked
breast milk from non-diabetic mothers [124]. This study showed early neonatal consumption of
breastmilk from diabetic mothers was positively correlated to risk of overweight, and impaired glucose
tolerance (IGT) during childhood [124].

Leptin is an adipocyte-derived hormone that was first found in 1994 [125]. Opposing the adiponectin
function, leptin functions to increase appetite and suppress energy expenditure. It is considered a
regulator of long-term energy balance [126]. The mean concentration of leptin at 1 month postpartum in
the human milk of 50 normal weight mothers was 2.5 ± 1.5 ng/mL [9]. The concentration of milk leptin
significantly decreased, up to 33.7% after 6 months of lactation, this may be in response to the decrease
in fat mass of the mothers [18]. A study by Fields et al. (2017) demonstrated other determinants of leptin
concentration in human milk such as BMI category, and gender of infant [18]. This study also showed
a significant positive correlation between maternal BMI and leptin concentration in human milk.
Furthermore, another study demonstrated higher concentrations of leptin in the milk of obese mothers,
up to three times the concentration in milk of normal weight mothers [10]. Uysal et al. (2002) also found
a significant correlation between high leptin concentration and maternal obesity [11]. The positive
association between maternal obesity and leptin concentration in milk also noted by Andreas et al.
(2014) and Quinn et al. (2014) [12,13]. At the 3rd and 28th day after delivery, the leptin concentration
in milk of mothers who had BMI over 25 showed a significantly higher concentration than the milk of
normal weight mothers [14]. Other data supporting this finding, are that increasing concentrations of
leptin were found in milk of obese mothers at 1 month postpartum (4.8 ± 2.7 ng/mL) [9].

Obestatin is a hormone that was found in 2005 in the gastrointestinal tract [127]. Obestatin in
human milk may control the appetite and gastrointestinal function of infant as the infant adapts
to receiving milk [38,128]. The concentration of obestatin is negatively correlated with the BMI of
mothers [38]. Therefore, the concentration of obestatin in the milk of overweight and obese mothers
will be lower than the concentration of obestatin in milk of normal weight mothers.

Resistin is a hormone in breast milk that regulates fetal growth, appetite, and metabolic
development of the infant [129]. The median concentrations of resistin in 23 samples of breast
milk were 0.18 ng/mL (IR = 0.44) [40]. Study by Savino et al. (2012) and Andreas at al. (2016) found
that the concentration of resistin was not altered in milk of mothers with obese BMI [39,40]. However,
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the concentration of resistin was higher in the serum of mothers with obese BMI [39]. The higher
concentration of resistin in the serum and milk would increase the concentration of hormones (cortisol,
estradiol, leptin, progesterone, prolactin, triiodothyronine, and thyroxine) and inflammatory marker
(C-reactive protein) [130].

Somatostatin functions to inhibit gastrin secretion [131]. The highest concentration of somatostatin
was found on the first day postpartum, in colostrum [132]. The concentration of milk somatostatin is
7.2 times higher than the concentration in the plasma of mothers, due to an active transport process
moving somatostatin from blood to mammary gland. Reports of maternal obesity on somatostatin
concentration have not been found.

2.7. Immunoglobulins

The major immunoglobulin found in human milk is Secretory IgA (sIgA, 80%–90%). This antibody
is transferred from the milk to the infant, at the rate of 0.3 g/kg/day. About 10% is absorbed from
the intestines and enters the infant blood [133]. A deficiency of sIgA in the mucous membranes
can be substituted by a high concentration of IgM antibodies, particularly for infants with selective
IgA deficiency [134]. Carbonare (1997) showed that sIgA fully protects the intestinal tract from
enteropathogenic E. coli antigens, and is not destroyed by digestion [135]. A study by Islam et al. (2006) also
compared the sIgA concentrations among three BMI groups. The study showed that IgA concentration
in the human milk of overweight (5.60 ± 1.47 g/L) and normal mothers (5.67 ± 165 g/L) were higher
than IgA concentration in malnourished mothers (5.22 ± 1.68 g/L) [63]. The standard deviation of the
IgA concentration in the milk of the mothers with normal BMI may be a typographical error as it seems
very high.

Unlike IgA, IgG and IgM are completely digested in the small intestine [20]. Thus, intact IgG is
not present in significant quantities at the intestinal mucosal surface of infants. IgG is present at a low
concentration (0.1 mg/mL) in human milk though it has a role in activating the complement system
and antibody-dependent cytotoxicity [136]. The concentrations of IgG in breast milk of mothers with
underweight, normal BMI, and overweight were 0.095 ± 024 g/L, 0.096 ± 024 g/L, and 0.093 ± 020 g/L,
respectively [33].

IgM concentration in the colostrum of human milk is the second highest of the immunoglobulins.
The mean concentration of IgM is 0.47 ± 0.10 g/L [33]. IgM protects the infant intestinal mucosal
surface from viruses and bacteria [136]. Islam et al. (2006) demonstrated the mean concentration of
overweight mothers and normal mothers were 0.47 ± 0.01 g/L and 0.47 ± 0.09 g/L, respectively.

Insulin-like growth factor-binding proteins can be found in human milk and include insulin growth
factor I (IGF-1) and insulin growth factor 2 (IGF-2). Colostrum contains the highest concentration of
IGF compared to the later milks [137]. IGF-1 functions to protect the enterocytes in the intestine from
damage by oxidative stress, stimulates erythropoiesis, and is related to increasing hematocrit [137].
IGF-binding protein 2 is higher in preterm milk than term milk [138]. IGF-1 concentration is influenced
by BMI of mothers whereby IGF-1 concentration was found to decrease significantly in the obese
breastfeeding mothers [19].

2.8. Lipids

Lipids contribute up to 44% of the total energy in human milk [139]. Lipids can have an antimicrobial
function in the infant intestine [140]. In addition, the activity and development of antimicrobial function
in infant’s gut is supported by milk fats through provision of nutrients [141]. Cell membranes of bacteria
were shown to be damaged by antimicrobial activity of free fatty acids and monoglycerides [142].
A study by Fujimori et al. (2015) demonstrated that both the triglyceride and cholesterol concentration
in the colostrum of overweight and obese mothers were higher than concentrations in colostrum
of normal weight mothers [42]. Another study by Makela et al. (2013) showed that the fatty acid
composition in human milk of overweight mothers was significantly higher in total saturated fatty
acids and lower in n-3 fatty acids than in milk of normal weight mothers [43]. Furthermore, unsaturated
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to saturated fatty acid ratios in milk and the ratio of n-6 to n-3 was higher in overweight mothers
versus normal weight mothers. A complete analysis of the various in fatty acids concentration in
obese and normal mothers has been conducted by Panagos et al. (2016) [15]. A meta-analysis and a
randomized controlled trial (RCT) showed associations between fatty acid composition in human milk
and child growth were not significant [143–146].

2.9. Microbiota

Human milk supports proliferation of the milk microbiota by regulating the balance of specific
microbiota such as, Lactobacillus, Bacteroides, and Bifidobacteria. The proliferation of these microbiota
stimulates the activation of T regulatory cells and transform intrauterine TH2 predominant to rebalance
TH1/TH2 [147]. About 200 kinds of important bacteria grow to constitute the first gut microbiota in
the newborn [148]. Bifidobacterium and Lactobacillus are the primary probiotic in the gut that provide
nutrients to the newborn intestine and protect it by establishing an acidic environment rich in short
chain fatty acids (SCFAs) [148,149]. Dendritic cells (DCs) and CD18+ cells function to capture the
microorganism from the mother’s intestinal bacteria and translocate them to lactating mammary
glands, therefore the number of DCs and CD18+ cells will increase late in pregnancy and during
lactation [150]. A decreasing number of Bifidobacterium and increasing number of Staphylococcus
have been demonstrated in human milk of obese and overweight mothers [35,44]. Furthermore,
the higher concentration of Lactobacillus and the lower of concentration of Bifidobacterium for 3 months
may contribute to increased risk of overweight and obesity to the infant [151]. Another study also
demonstrated that obese infant and obese children have significantly different microbial flora because of
different colonization through breast milk bacteria [152]. The alteration of the microbiota is not the only
influence on nutritional status of the infant, but may be related to increased risk of asthma, allergies,
inflammatory bowel disease, and type 1 diabetes. Thus, by Turnbaugh et al. (2012), Dibaise et al. (2009),
Karvonen et al. (2014), Kostic et al. (2015), Frank et al. (2007) and Cabrera-Rubio et al. (2012)
concluded that the bacteria in human milk of obese mothers may influence the health status of their
infants [153–158].

2.10. Nucleic Acids

The degradation of milk nucleic acid polymers (RNA) provides nucleotides, which have been
found to improve immune function, enhance the bioavailability of iron, adjust the microflora in the
intestine, alter plasma lipids, and support growth and maturation of the gut [159–163]. Production
of nucleotides in human milk needs further study because there is no study yet that compares the
concentration of nucleotides in the milk of mothers with obese and normal BMI.

2.11. Oligosaccharides and Glycans

Human milk oligosaccharides (HMOs) protect infants from microbial infections, protect gut
microbiota, prevent microbial adhesion, and invasion in the intestinal mucosa [164]. HMOs are
small carbohydrates that bind pathogen bacteria and also facilitate the establishment of a protective
microbiome in the intestinal tract of the infant [165]. HMOs are the main glycan and influential in
the human milk because they inhibit the growth of pathogenic bacteria by binding to the pathogen
and preventing pathogen binding to the intestinal epithelium [165]. HMOs prevent the attachment of
viruses and bacteria surface on intestinal epithelium [166]. HMO is involved in development of the
submucosa lymphoid structure and intestinal epithelial cell (IEC) barrier [166]. Colostrum contains
two kinds of HMOs, 2′-fucosyllactose and 3′-galacto-syllactose, that reduce cytokine production and
the inflammatory reactions [167,168]. A study by Azad et al. (2018) showed no significant correlation
between the maternal BMI and the concentration of HMO in human milk [45]. This is of interest because
a variation of HMO composition in human milk could influence the gut microbiome of the infant and
variation in HMO has been shown to be significantly related to growth and body composition of the
infant [169].
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Prebiotics such as glycosaminoglycans, oligosaccharides, glycoprotein, and glycolipids are needed
to support growth of the microbiota in the intestinal tract [166]. Glycosaminoglycans may be protective
to infants, particularly the newborn, because the number of these polysaccharides are highest at the
first month of lactation [170]. Furthermore, a study by Coppa et al. (2012) also demonstrated that the
number of glycosaminoglycans in preterm human milk was higher than in term milk. A study of
the association between BMI mothers and metabolic capacity of glycosaminoglycans was shown by
Cardo et al. (2018). They found significant degradation of glycosaminoglycan activity in human milk
of obese mothers compared to normal BMI mothers [46].

The concentration of soluble CD14 (sCD14) in the colostrum is 20-fold greater than the concentration
in maternal serum [171]. A function of sCD14 in the infant intestine is to modulate the innate and
adaptive immune response of bacterial colonization [171]. A study by Collado (2012) found that sCD14
in colostrum (28.22 μg/mL) and 1-month milk (5.54 μg/mL) of normal BMI mothers was higher than
that of overweight and obese mothers, which contained 23.21 and 4.35 μg/mL, respectively [35]. These
differences were not significant.

Osteoprotegerin is part of the TNF super family components that inhibit the activation of TNF-induction
to prevent proliferation process of T cells. The concentration of osteoprotegerin in epithelial cells of
the human mammary gland and human milk is 1000 times higher than the concentration in human
serum [172]. Osteoprotegerin function in the Th1 cells may re-balance the concentration of Th1 and
Th2 of newborn infants [173]. However, there was no study found that investigated maternal obesity
and overweight on osteoprotegerin concentration in human milk.

2.12. Other Proteins

Alpha-lactalbumin of human milk is a bioactive protein that can be found in the whey fraction of
milk [174]. Alpha-lactalbumin is present in both cow milk and human milk, and contains 123 amino
acids [175]. Alpha-lactalbumin makes up 22% of total protein and 36% of whey protein in human
milk [176,177]. The alpha-lactalbumin functions in synthesis of lactose and regulation of water
circulation to human milk through osmotic systems [176]. The level of alpha-lactalbumin in milk is
influenced by genetic, environment, and dietary factors [178]. For these reasons, alpha-lactalbumin plays
a vital role as a bioactive protein. A previous study showed that the concentration of alpha-lactalbumin
in human milk was influenced by nutritional status of mothers. Standard weight (SW) of mothers
significantly influenced the concentration of alpha-lactalbumin in human milk [47]. Specifically, the
concentration of alpha-lactalbumin in human milk of mothers who had SW, <10% SW, 10%–25% SW,
and >25% SW were significantly different at 16–30 days and 31–60 days after delivery.

α1-Antitrypsin is a protease inhibitor in human milk. It has been shown to be an influential
protein together with antichymotrypsin [179]. α1-Antitrypsin in human milk can be detected in the
stool of human milk-fed infants [180,181]. The function of α1-antitrypsin and antichymotrypsin may be
to permit absorption of certain bioactive proteins by limiting the digestibility of certain proteins in the
infant gut [182]. Furthermore, α1-antitrypsin and antichymotrypsin affected the total nitrogen balance
of infants who are fed by human milk. The inhibitory activity of α1-antitrypsin was not affected by pH
(down to pH 2) or temperature [183]. It may be relatedly a protector of bioactive proteins (such as
lactoferrin) at the small intestine, particularly in the upper part [183,184]. There was no study found
that explored maternal obesity or overweight and α1-Antitrypsin.

Alpha-amylase is another significant bioactive protein in human milk [185]. The newborn infant
has low concentrations of salivary amylase and pancreatic amylase activity. Milk amylase therefore
may function to compensate for the low infant alpha-amylase from human milk [186]. Future studies
should be conducted to better understand the significance of milk alpha-amylase for utilization
of carbohydrate in mixed diet-fed infants [182]. There was no report that explored alpha-amylase
concentration in milk of overweight and obese mothers.

Bile Salt Stimulated Lipase (BSSL) has been identified in human milk but not cow milk,
where it contributes to 1%–2% of total milk protein. BSSL is influential as an active enzyme to
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digest lipid in the lumen of the infant gut. It hydrolyzes the esters of vitamin A and cholesterol,
lyso-phospholipids, and other milk fats such as monoglycerides, diglycerides, and triglycerides [20].
A study by Andersson et al. (2007) demonstrated that BSSL can be destroyed or deactivated by the
pasteurization process. Therefore, preterm infants who consume pasteurized milk from donor mothers
show reductions in lipid absorption. Anthropometric measurements of length, weight, heel-to-knee of
infants who consumed non-pasteurized milk increased more in these growth markers than infants
who consumed pasteurized milk [187].

Human milk proteins are often classified according the nature of how the colloids are distributed
in milk, as either two components, whey or casein. Casein proteins are distinguished by their
arrangement in micelles. Human milk contains 20%–40% caseins [20]. The concentration of β-casein is
the highest among other human caseins. β-casein is a highly phosphorylated protein [188]. MUC2
functions to protect the human small intestine layer by multiple mechanisms [189]. The adhesion of
Helicobacter pylori is prevented by κ-casein activity at the gastric mucosa. More specifically, κ-casein
at the epithelial cell surface has role as a soluble receptor analogue which prevents the binding of
mucosal epithelium to bacteria [182]. The ratio of the concentration of casein and whey decreases over
time [190]. At the first 2 weeks after delivery, the ratio concentration of casein and whey was found to
be 20:80. After 2 weeks postpartum the ratio concentration of casein and whey changed to 35:65 and
stayed constant. The beta-casein expression was reduced in milk of overfed rats, which suggests a
similar effect might occur on beta-casein concentration in the human milk of overweight and obese
mothers [48].

C-reactive protein is an inflammatory protein marker that is primarily produced by the liver [191].
Maternal obesity was found to be associated with an alteration of CRP. A study by Whitaker et al.
(2017) showed that the concentrations of CRP in the human milk of 126 obese and or mothers with
excessive weight gain were significantly higher than mothers with the normal weight gain or lower
weight. High concentrations of CRP level in infant serum can increase the risk of cardiovascular
disease in the long term due to CRP level functions to control serum cholesterol level [192].

Folate-binding protein regulates the metabolism of the vitamin folic acid, through distribution,
absorption, and retention [193]. The soluble folate-binding protein (FBP) function is a glycosylated
compound that binds the vitamin in a way that prevents proteolytic degradation in the low gastric pH.
The glycosylation appears to provide protection from digestion [194]. Furthermore, folate bound to
FBP is gradually released in the small intestine mucosa [195]. There was no study found that reported
effects of maternal obesity or overweight on FBP concentration in milk.

Haptocorrin is an anti-microbial substance that was found to reduce E. coli and is stable against
proteolytic digestive enzymes [196]. In addition, haptocorrin remains undigested at pH 3.5 by pepsin
and pancreatic enzymes [196]. High concentrations of haptocorrin are not needed for pathogenic
activity. Another function of haptocorrin in human milk is as a substitute for intrinsic factor, that
helps in the absorption of Vitamin B12 in the newborn (acting as a vitamin B12-binding protein) [197].
There was no study found that reported effects of maternal obesity or overweight on haptocorrin
concentration in milk.

3. The Influence of Other Factors on the Levels of Immunological Properties in Human Milk

The composition of human milk is also influenced by other maternal factors, such as diet, age,
ethnicity, metabolic health, type of delivery, smoking, amount of sleep, stress, and physical activity.
Additionally, it is influenced by physiological factors such as diurnal variation, stage of lactation
and stage of nursing, as well as factors related to the infant, including gender, birthweight, body
composition, and behavioral factors, such as ad libitum feeding and time between feedings [7]. The
main influential factors on human milk composition are preterm delivery and stage of lactation [198].
Studies that demonstrate an influence of other factors that affect immunological properties of milk are
reported in Table 2.
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Table 2. Alteration of immunological properties by other influential factors.

Influence Factors Immunological Properties Alteration

Malnourishment

Lysozyme A study by Hennart et al. (1991) demonstrated that malnourished mothers had up
to four times higher concentration of lysozyme than well-nourished mothers [199].

Lactoperoxidase A study by Chang (1990) showed that the concentration of lactoperoxidase in
human milk of malnourished Chinese women decreased up to 50% [200].

sIgA The concentration of sIgA in milk of malnourished mothers was lower than the
concentration of sIgA in milk of normal weight mothers [41].

IgG
A study by Miranda et al. (1983), with malnourished Colombian mothers,
demonstrated lower IgG concentrations compared to milk of well-nourished
mothers [41].

Alpha-lactalbumin
A study by Lonnerdal et al. (1976) in Ethiopian and Swedish mothers
demonstrated that alpha-lactalbumin concentration in well-nourished mothers was
higher than in milk of malnourished mothers [178].

Lymphocyte The mean quantity of lymphocyte plasma cells in colostrum of mothers with low
BMI mothers was higher than that of mothers with normal BMI [33].

Lactation Stages Macrophages
The composition of colostrum is high in macrophages (30%–50% in
leukocytes) [201]. However, macrophage concentration was found to decrease after
1 month of lactation and maturation of human milk [22,202].

G-CSF
A study by Calhoun et al. (2000) demonstrated that the highest concentration of
G-CSF in human milk was 1–2 days postpartum. MIF concentration is highest at
the first month of lactation and continues to decrease with time of lactation [203].

IL-6 The IL-6 levels were at similar levels in milk samples taken at 1 month and 3
months postpartum [8].

IL-7

A showed that mean concentration of IL-7 was influenced by the age of infants.
IL-7 concentration in human milk of 6 months breastfed infants (103.5 ± 37.8 pg/dL)
was higher than IL-7 concentration of 2 months of breastfed infants
(69.8 ± 40 pg/dL) [204]. In a study of healthy mothers’ milk over time, the
concentration of TNFα in colostrum was higher than the concentration in
transitional and mature milk [205]. Another study showed that the TNFα
concentration in colostrum (402.80 ± 29.65 pg/mL) and mature milk
(178.30 ± 14.41 pg/mL) were higher than the TNFα concentration in transitional
milk (135.50 ± 8.26 pg/mL) [91].

EGF In milk of 33 mothers at day 1–7 postpartum, the concentration of EGF was
reported to range from 33.3 to 184.3 (median 71.2) ng/mL [107].

IGF-1
A study by Erikkson et al. (1993) showed that the concentration of IGF-1 in the
colostrum to transitional milk (decreased five-fold day 1 to day 3, and then
remained relatively constant through day 8 of lactation [206].

NGF

A study by Ai et al. (2012) measured NGF levels of seven healthy breastfeeding
mothers on the first 3 days postpartum. Measurement of NGF levels showed very
high variation and NGF levels postpartum milk were, 236 ± 332 ng/L,
173 ± 113 ng/L, and 178 ± 248 ng/L, for 1, 2 and 3 days, respectively, but were not
significantly different over time [207].

VEGF A study by Kobata et el. (2008) demonstrated decreasing concentrations of VEGF
from 1 to 7 days postpartum [107].

Ghrelin

While the ghrelin concentration was high in breast milk, there were significant
increases in infants’ weight gain at 4 months of age [208]. The negative correlation
between ghrelin concentration in serum and infants BMI occurred at the first
month of life [146].
Another study also showed that low concentration of ghrelin in infants would slow
the weight gain during the first 3 months [209].
Transitional milk and colostrum contain small amounts of Immunoglobulin G (IgG)
while the amount of IgG is higher in mature milk [20].

Lipid Colostrum, transition milk, and mature milk contains lipid concentrations of 3–4,
7.2, and 56.2 g/L respectively [210].

Gangliosides

Around 6%–10% of total lipid mass in human infant brain consists of gangliosides.
This concentration will be increase up to 3-fold from 10-weeks’ gestation to 5 years
of age [211]. GM1, GM3, and GD3 are three types of gangliosides in human milk
that bind pathogens without causing inflammatory reactions [212]. A study by
Thakkar et al. (2013) demonstrated that the concentration of gangliosides in human
milk was significantly higher at 120 days postpartum in male infants [213].

α1-antitrypsin
The concentration of α1-antitrypsin from 190 human milk samples of 94 maternal
mothers between 1 and 160 days after delivery was found to decrease over
time [179].

Alpha-amylase The decrease in alpha-amylase concentration could range up to 35% (p < 0.001)
during the first 3 months [214].
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Table 2. Cont.

Influence Factors Immunological Properties Alteration

Pregnancy length Chemokines
A study by Michie et al. (1998) showed that there were no differences in
chemokines concentration between human milk of mothers that delivered preterm
or full term [215].

G-CSF The production of G-CSF (at the first 2 days of colostrum) of premature delivered
mothers was lower than that of term mothers [216].

TNFα A study demonstrated that the concentration of TNFα in colostrum of mothers
with premature babies was lower than the mothers with full term babies [205].

Alpha-amylase No differences in alpha-amylase concentration were found in the human milk
produced for preterm infants or full-term infants [217].

BSSL There was no significant difference of characteristics of BSSL found in the human
milk produced from mothers with preterm or full-term infants [218].

Osteoprotegerin The concentration of osteoprotegerin in the milk of mothers whose deliver their
infant prematurely and full term was not significantly different [172].

Type of
Breastfeeding IL-7 A higher concentration of IL-7 was found in exclusively breastfed infants

compared to those that received mixed feeding [204].
Nutritional Status
of Infant IGF-1 A study showed that high BMI of infant was negatively correlated with the

concentration of IGF-1 in human milk [19].

4. Conclusions

Based on literature that were collected and reviewed, obesity and overweight of mothers appears
have a clear influence on the concentration of 29 immunological properties in human milk. An alteration
of any of these immunological properties could influence the function of the human milk. An increase
or decrease of immunological properties in human milk are predicted to influence the health status of
infants in both the short term and long term. Further research is needed to study the correlation of
high BMI with the 31 yet unstudied or unreported immunological properties in human milk and the
risk of specific diseases to the infants.

There are some limitations of this review. First, the range of years for publications of studies
reviewed was not limited. Some current studies might have different results compared to older studies
because of different number of participants, data collection methods, immunoassay methods and
detection, and statistical analyses. Second, many studies did not classify the samples collected as to
whether they were colostrum, hind milk, and fore milk. Differences in the composition of milk over the
duration of lactation should have different concentration of immunological properties. Furthermore,
these variations might influence the output of immunological actions related to their function as
protectors and supporters for infant growth and development.

5. Practice Points

Maternal overweight and obesity has been found to affect 29 immunological properties of human
milk. While a complete understanding of the implications of these changes to the infant are not known,
they add to the body of evidence supporting healthy weight management:

1. Medical practitioners, dietitian/nutritionists, and nurses should educate the pregnant mothers
with BMI > 30 kg/m2 about the risk of obesity to mother and infant and suggest restricting
excessive caloric intake outside of the recommended amounts needed for healthy infant growth.
The health care professionals support the pregnant mother in obesity by providing weight
management targets and the information about nutrient dense eating plans or menus.

2. After delivery, exclusive breastfeeding can be promoted as another component of energy
expenditure which will help prevent further weight gain by the obese mother. Breastfeeding
mothers should not follow a weight loss program until 6–8 weeks after delivery because it may
influence the quality and quantity of milk production. The overweight and obese mothers should
be encouraged and supported to exclusively breastfeed for at least for 6 months.

3. At 6–8 weeks postpartum, obese mothers should be encouraged to pursue healthy weight
loss programs with nutrient dense eating plans after lactation is well established. Health
professionals can emphasize that achieving a healthier BMI provides health benefits to both the
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infants (by normalizing the immunological properties concentration in milk) and to the mothers
(by decreasing the risk of metabolic diseases, such as, heart disease, diabetes mellitus, and cancer).

4. Even though composition of some immunological factors in milk changes in obesity, there is not
enough evidence at this time to suggest that the changes in the milk should preclude breastfeeding
the infant, as the benefits of breastfeeding are well established. In fact, obese mothers in the
US, Europe, Brazil, Latin America, Singapore, India, South Africa, and Australia, that cannot
breastfeed, can consult with international board certified lactation consultants (IBCLC) and
pediatricians to consider obtaining donor milk from a milk bank in one of these countries.

6. Research Agenda

1. The association of maternal obesity with immunological properties reported as unstudied in this
review need investigation.

2. The alteration of specific immunological properties and these effects on infant health condition
(when breastfed by obese mothers) should be examined both in the short term and long term.
A reduction of protective factors could have a negative impact on infant health.

3. The differences in infant health status after exclusive breastfeeding by obese mothers should also
be explored for obese mothers that practice nonexclusive breastfeeding. Exclusive breastfeeding
has been widely encouraged due to the benefits for mothers and infants. It is conceivable that
alterations in the immunological properties due to obesity may affect the usual advantages
associated with exclusive breastfeeding.
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