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Abstract

Background: Early-life iron deficiency is a common nutrient deficiency worldwide. Maternal iron deficiency increases the
risk of schizophrenia and autism in the offspring. Postnatal iron deficiency in young children results in cognitive and
socioemotional abnormalities in adulthood despite iron treatment. The rat model of diet-induced fetal-neonatal iron
deficiency recapitulates the observed neurobehavioral deficits.

Objectives: \We sought to establish molecular underpinnings for the persistent psychopathologic effects of early-life iron
deficiency by determining whether it permanently reprograms the hippocampal transcriptome. We also assessed the
effects of maternal dietary choline supplementation on the offspring’s hippocampal transcriptome to identify pathways
through which choline mitigates the emergence of long-term cognitive deficits.

Methods: Male rat pups were made iron deficient (ID) by providing pregnant and nursing dams an ID diet (4 g Fe/kg) from
gestational day (G) 2 through postnatal day (PND) 7 and an iron-sufficient (IS) diet (200 g Fe/kg) thereafter. Control pups were
provided IS diet throughout. Choline (5 g/kg) was given to half the pregnant dams in each group from G11 to G18. PND65
hippocampal transcriptomes were assayed by next generation sequencing (NGS) and analyzed with the use of knowledge-
based Ingenuity Pathway Analysis. Real-time polymerase chain reaction was performed to validate a subset of altered genes.
Results: Formerly ID rats had altered hippocampal expression of 619 from >10,000 gene loci sequenced by NGS, many of which
map onto molecular networks implicated in psychological disorders, including anxiety, autism, and schizophrenia. There were
significant interactions between iron status and prenatal choline treatment in influencing gene expression. Choline supplementation
reduced the effects of iron deficiency, including those on gene networks associated with autism and schizophrenia.
Conclusions: Fetal-neonatal iron deficiency reprograms molecular networks associated with the pathogenesis of
neurologic and psychological disorders in adult rats. The positive response to prenatal choline represents a potential
adjunctive therapeutic supplement to the high-risk group. J Nutr 2016;146:484-93.
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Introduction

Iron deficiency anemia affects >30% of pregnancies and
preschool-age children worldwide (1-5). Iron deficiency during
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fetal or early postnatal life has been associated with short- and
long-term cognitive and behavioral abnormalities in humans,
including increased risks for autism, anxiety, depression, and
sleep disturbances in childhood (6-9) and anxiety, depression,
and schizophrenia in adulthood (10, 11). Iron treatment resolves

9 Abbreviations used: BDNF, brain-derived neurotrophic factor; FDR, false
discovery rate; FID, formerly iron deficient; FID-C, formerly iron deficient and
choline supplemented; G, gestational day; ID, iron deficient; IPA, Ingenuity
Pathway Analysis; IS, iron sufficient; IS-C, iron sufficient and choline supple-
mented; mTOR, mechanistic target of rapamycin, NGS, next generation
sequencing; PND, postnatal day.
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FIGURE 1 RNA-Seq data generated from PND65 male rat hippocampus

following gestational iron deficiency with or without choline supplementa-
tion. (A) Flow chart of RNA sample preparation and sequencing by
[llumina HiSeq. The right panel shows total NGS reads from RNA
libraries for each diet group. (B) Log(FC) plot shows differentially
expressed genes between FID and IS data sets. Ave., average; bp,
base pairs; CPM, count per million; Down, downregulated. FC, fold
change; FID, formerly iron-deficient; FID-C, FID choline; IS, iron
sufficient; 1S-C, IS choline; NGS, next generation sequencing; nt,
nucleotides; PND, postnatal day; Up, upregulated.

some acute developmental sensory and motor deficits but fails to
mitigate learning and affective behavior (10, 12-16). These
persistent effects exact a substantial cost to society in terms of
education, jobs, and mental health (17). Similar behavioral
abnormalities are evident in rodent models of maternal-fetal
iron deficiency (18-22). These effects are accompanied by
abnormal neuronal morphology (23, 24) and glutamatergic
neurotransmission (25) in the hippocampus that persist into

adulthood (22, 23, 25). The molecular underpinnings of the
long-term findings need to be elucidated.

Supplementation of choline during late fetal or early neonatal
life has been shown to mitigate behavioral abnormalities in
models of genetic and early-life environmental insults (26-29).
In a rodent model of early-life iron deficiency, prenatal choline
supplementation protects against recognition memory deficits
and brain-derived neurotrophic factor (Bdnf) dysregulation in
formerly iron deficient (FID)® rats by reversing epigenetic
modifications induced by early-life iron deficiency (30, 31).
These findings suggest that this adjunct treatment may target
molecular mechanisms underlying the long-term sequelae of iron
deficiency. The extents to which iron status and choline
supplementation affect the entire hippocampal transcriptome
and whether the gene networks that are affected relate to the
observed behavioral outcomes (22, 30) remain to be determined.

The hippocampus is a component of neural circuitry that
regulates cognitive and affective behaviors (32). Perturbations of
the hippocampal structure and function have been associated
with dysfunction in cognition and social behavior (33), as well
as a number of psychopathologies. Reduced hippocampal
volume and dysfunction have been correlated with anxiety
and schizophrenia (34-37). Hippocampal synaptic impair-
ments have been associated with the pathogenesis of autism
spectrum disorders (38). Although these hippocampal sequelae
have been demonstrated in adult rats that were iron deficient
(ID) during early life (23, 25, 39), the molecular underpin-
nings remain uncharacterized.

In the present study, we sequenced the hippocampal tran-
scriptome of FID adult rats to identify molecular networks
persistently affected by early-life iron deficiency that may
underlie the associated cognitive impairments and the elevated
risks for the pathogenesis of autism (6, 7) and schizophrenia
(11). We also analyzed FID and iron sufficient (IS) rats treated
with a choline-fortified diet from gestation day (G) 11 to G18
to determine whether prenatal choline supplementation can
prevent changes in gene networks affected by early-life iron
deficiency. Collectively, the findings delineate molecular changes
underlying the long-term consequences of iron deficiency and
provide a potential mechanism by which choline treatment may
preserve behavioral function in FID individuals.

TABLE 1 Real-time (TagMan) PCR validation of RNA-Seq data of PND65 rat hippocampal transcriptome following gestational iron

deficiency with or without choline supplementation’

Fold of IS
RNA-Seq Real-time PCR

Iron status X choline?
Gene IS-C FID FID-C IS-C FID FID-C P value Fvalue
ApoE 091 0.86* 0.93 0.76*** 0.73*** 0.99 <0.0001 422
Cartpt 0.58** 0.50%** 0.45%** 0.94 0.58 1.15 0.08 3.58
Drdla 1.08 122 1.00 118 1.39** 1.07 0.0005 16.6
Gash 0.50** 0.64 0.80 0.35*** 0.44** 0.66*** <0.0001 114
Gda 1.19** 1.24%** 1.06 1.33%** 1.58%** 1.14 <0.0001 139
Hert 0.74 0.57* 1.00 0.75 0.44** 1.07 0.06 417
lgf1 1.03 1.33* 1.06 1.04 1.20%* 0.96 0.0066 8.98
Mbp 0.94 0.86* 1.04 0.64** 0.61*** 0.79 0.0002 22.2
Pld5 1.27 2.57%** 1.89%** 1.39** 2.35%** 1.1 <0.0001 40.6
Pmf1 0.95 0.47* 0.96 0.617%** 0.62*** 0.74** <0.0001 90.5

"Values are means (n = 4 for RNA-Seq and n = 5 for real-time PCR). *, **, ***Different from IS: *P < 0.05, ** P < 0.01, ***P < 0.001. FID, formerly iron deficient; FID-C,
FID-choline; IS, iron sufficient; IS-C, IS choline; PND, postnatal day. A list of definitions of gene and protein names used in this table is included in Supplemental Material.

2 Two-factor ANOVA.
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Methods

Animals. G2 pregnant CD1 Sprague-Dawley rats were purchased from
Charles Rivers Laboratories. The rats were kept in 12-h:12-h light:dark
cycle with ad libitum access to food and water. The induction of fetal-
neonatal iron deficiency and supplementation of choline were carried out
following a previously described protocol (30) using diets with similar
compositions. In brief, pregnant dams were given a purified ID diet (4 mg
Fe/kg, 1.1 g choline chloride/kg, TD 80396; Harlan Teklad) from G2 to
postnatal day (PND) 7, at which time nursing dams were given a purified
IS diet (200 mg Fe/kg, 1.1 g choline chloride/kg, TD 01583; Harlan
Teklad) to generate ID pups. Control IS pups were generated from
pregnant dams maintained on the purified IS diet. For choline supple-
mentation, pregnant rat dams were fed choline-fortified ID (4 mg Fe/kg,
5.0 g/kg choline chloride) or IS (200 mg Fe/kg, 5.0 g choline chloride/kg)
diet from G11 through G18. All litters were culled to 8 pups with 6 males
and 2 females at birth to minimize the sex-specific litter biases in
maternal nurturing behavior (40). Pups were weaned at PND21, and
littermates were housed together with four rats/cage until PND65.
Only male offspring were used in the experiments. The University of
Minnesota Institutional Animal Care and Use Committee approved all
experiments in this study.

Hippocampal dissection. PND635 rats were killed by injection of
pentobarbital (intraperitoneally, 100 mg/kg). Brains were removed from
the cranium and bisected along the midline on a metal block cooled in an
ice bath. Hippocampi were dissected and immediately flash-frozen in
liquid nitrogen and stored at —80°C as previously described (30).

RNA-Seq. Hippocampal RNA (7 = 4/group) was isolated by using
RNAqueous RNA isolation kit (Ambion Inc.), quantified, and validated
by RiboGreen RNA quantification (Invitrogen) and an Agilent 2100
Bioanalyzer (Agilent Inc.). The 16 pups for this analysis came from 12
dams (3 dams/group). Sample size was estimated with the use of power
analysis described previously (41) to achieve optimal NGS data with
high quality reads and alignments. Barcoded libraries were created for 4
biological replicates/group [IS, iron sufficient and choline supplemented
(IS-C), FID, and formerly iron deficient and choline supplemented (FID-
C)] with the use of a TruSeq RNA v2 kit (Illumina). Libraries were size-
selected to have ~200-bp inserts. Each library was sequenced as a 50-bp
pair end across 2 lanes on the flow cell by using the HiSeq2000 (Agilent
Inc.). Except for 1 FID-C library, the total depth of sequence reads were

>4.0 X 107/library with mean quality scores above Q30 (Figure 1A).
NGS data are deposited and stored at the Minnesota Super Computing
Institute and can be made available upon request.

gRT-PCR. The qRT-PCR experiments were carried out as described
previously (31) with 5 biological replicates (7 = S/group). The sample
size was chosen based on our previous reports (30, 31). The 20 pups for
this analysis came from 16 dams, which were different from the dams
used in the RNA-Seq experiments. In brief, 1 pg of total RNA was used
to generate cDNA (High Capacity cDNA reverse transcription Kit;
Applied Biosystems) and diluted 10-fold to give a 200-uL final volume.
Gene expression was quantified with the use of TagMan Gene Expression
Assay probes (Applied Biosystems) and a MX3000P instrument (Strat-
agene). Samples were analyzed in technical duplicates. Fold changes are
means of duplicates, normalized to B-actin (internal loading control).

Bioinformatic Analysis. RNA-Seq reads were qualified by using
Galaxy FastQC and aligned with the use of the TopHat package (42) and
the rat genome (rn4). Differential gene expression analyses were performed
by using the EgdeR package (43). Differentially expressed genes between
groups (FID compared with IS, IS-C compared with IS, FID-C compared
with FID, and FID-C compared with IS-C) were identified with a log, fold
change of 0.20 and a false discovery rate (FDR) of < 5%. Hierarchic
clustering analysis was performed by using the differentially expressed
genes observed at least once. Ward’s criterion for genes with 1 — (correlation
coefficient) was used as a distance measure. A clustering heat map was
generated by using a z score scaled across all replicates for each gene.

Ingenuity Pathway Analysis. The knowledge-based Ingenuity Path-
way Analysis (IPA; Qiagen) was employed to identify networks, canonic
pathways, molecular and cellular functions, and behavioral and neuro-
logic disorders as previously described (44). The “core” analyses were
performed employing a high-stringency filter, direct interactions, exper-
imentally observed confidence, and cutoff settings at log, (fold change):
0.2 and P < 0.05. IPA comparison analyses were performed to identify
the effects of early-life iron deficiency or choline treatment among tested
groups.

Statistics. For qRT-PCR validation, interactions between iron status
and choline treatment were analyzed by 2-factor ANOVA with post hoc
Bonferroni-corrected # test for differences between groups. o was set
at < 0.05. Values are means = SEMs. There were no significant differences
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FIGURE 2 Annotated functions associated with dysregulated genes in the hippocampus on PND65 of FID rats. A number of downregulated
factors (A) are known to be involved in neurotransmission and long-term potentiation, whereas a greater number of upregulated factors (B) are
implicated in the pathogenesis of Alzheimer disease, autism, schizophrenia, and anxiety disorders. FID, formerly iron deficient; PND, postnatal
day. A list of definitions of gene and protein names used in this figure is included in Supplemental Material.
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in variance between the groups that were compared. For IPA comparison
analysis, Fisher’s exact test was used to calculate a P value for the
association among genes in the data sets, pathways, and functions.

Results

Fetal-neonatal iron deficiency reprogrammed the adult
hippocampal transcriptome. Fetal-neonatal iron deficiency
persistently altered the PND65 FID hippocampal transcriptome.
NGS sequenced 10,787 loci of IS and FID transcriptomes.
Differential gene expression analysis identified 377 upregulated
and 242 downregulated genes (Figure 1B, FDR < 0.05), which
represents 5.74% of the mapped loci. These genes were
categorized as follows: 41-53% other (e.g., structural, trans-
membrane, nuclear factor, and unknown), 14-20% enzyme, 8 %
transcription regulator, 7-8% transporter, 5-6% kinase, 2-4%
ion channel, 3-4% peptidase, 3% phosphatase, 2-4%
G-protein—coupled receptor, 1% transmembrane receptor, and
<1% of translation regulator, growth factor, and nuclear
hormone receptor. To independently verify the RNA-Seq data,
we used qPCR to analyze selected up- and downregulated genes
implicated in neural plasticity (e.g., ApoE, Gda, Pld5, and Mbp)
and behavior (e.g., Drd1a, Cartpt, and Igfl). The qPCR data
confirmed the RNA-Seq results (Table 1).

The FID adult hippocampal transcriptome showed altered
gene networks associated with nervous system develop-
ment and psychological disorders. Fetal-neonatal iron
deficiency downregulated genes that map onto functional
networks previously implicated following early-life iron defi-
ciency (19, 25, 45, 46), including neurotransmission and
neuroplasticity (Figure 2A). Networks that were not previously
known to be sensitive to iron deficiency were also identified
(Table 2), including genes within a large interactive network that
are regulated by transcription factors important for nervous
system development (Supplemental Figure 1A). Similar to previ-
ous findings in the ID hippocampus (45), a number of upregulated
genes in the FID hippocampus mapped onto the pathogenesis of
Alzheimer disease (Figure 2B). Many of the substantially
upregulated genes are involved in the etiology of anxiety
disorders, autism, and schizophrenia (Figure 2B, Table 3). The
upregulated genes clustered to an interactive network centering
on RNA polymerase II, histone H3, and Akt, which are
important regulators of gene expression and cellular growth
(Supplemental Figure 1B). Canonic pathway analysis identified
signaling mechanisms that have previously been shown to be
disrupted by fetal-neonatal iron deficiency, including mechanistic
target of rapamycin (mTOR)/p70S6K, dopamine, and BDNF
signaling pathways (Figure 3) (46—48). Gene dysregulation was

TABLE 2 Top 5 decreased diseases and functions in the hippocampus on PND65 of FID rats annotated by Ingenuity Pathway

Analysis'
Disease or
Category function annotation Pvalue Molecules Molecules, n
Cell-to-cell signaling Neurotransmission 433 x 107° Apba3, Apoe, Digap3, FbxoZ, GrinZe, Grm4, Kenj11, 16
Kik8, Nefh, Nrgn, Park7, Pop1rdb, Rxrb, S100b, Scnib, Slc1a3
Release and reuptake 2.19 X 1072 Gsn, Nr2f6, Park7, Plg 4
of neurotransmitter
Long-term potentiation 3.04 x 1072 Apoe, Cebpa, Nrgn, Plg, Rapgef3, Rxrb, S100b 7
Nervous system Development of neurons 324 x 1075 Apoe, Arhgef25, Bean, Brsk1, Ccdc64, Clu, Cyth2, Digap3, 24
development Fam107a, Grm4, Gsn, KIk8, Mbp, Ncdn, Nefh, NrZf6,
and function Numbl, Plg, Pop1rdb, Prkesh, S100b, Slc1a3, Stk11, Ubb
Abnormal morphology 938 x 1074 Aadat, Apoe, Brsk1, Cdk5rZ, Dnm1, Fbxo2, Glb1, GmZa, 14
of neurons Kik8, Nefh, Ppp1r9b, Pvalb, Scnib, Slc1a3
Outgrowth of neurites 112 x 1072 Apoe, Arhgef25, Bcan, Brsk1, Cdk5rZ, Cnpy2, 12
Fam107a, Nefh, Pcsk1n, Plg, Ralgds, Scn1b
Abnormal morphology 127 x 1073 Apoe, Brsk1, Cdk5r2, KIk8, Lhx2, Pop1rdb 6
of hippocampus
Behavior Cognition 138 x 1072 Apoe, Cebpa, Deaf1, Fam107a, Fbxo2, GmZa, Grm4, Kenj11, 14
KIk8, Ncdn, Park7, Rapgef3, Rxrb, S100b
Locomation 1.05 x 1073 Aadat, Apoe, Dnm1, Kenj11, Lgi4, Park7, Peskin, Plg, 12
Ptger1, Rxrb, Scn1b, Slc27a4
Lipid metabolism Concentration of lipid 181 x 1073 Alb, Apoe, Aqp3, Cbs/Loc102724560, Cebpa, Clu, Cpe, Ctss, Cxcl14, 21
Glb1, Gm12253, Mif, Neul, Pck2, PeytZ, Plg, Pvalb, Rapgef3,
Sec1412, Slc27a4, Thrsp
Quantity of steroid 225 x 1073 Alb, Apoe, Cbs/Loc102724560, Cebpa, Clu, Ctss, Cxcl14, Mif, NeuT, 14
Plg, Pvalb, Rapgef3, Sec1412, Slc27a4
Synthesis of lipid 1.09 X 1072 Alb, Ang, Apoe, Cebpa, Clu, Gsta3, lgfbp7, Mif, Peyt2, Plg, Sec1412, 16
Slc1a3, Sle27a4, Slc9a3r2, Stk11, Thrsp
Molecular transport Transport of molecule 6.94 x 1073 Afm, Agap3, Ak1, Alb, Ang, Apoe, Aqp3, Brsk1, Cpe, Erp29, Fxyd7, 32
GmZa, GrinZc, Grm4, Gsn, Hgs, Ifi27, Kenj11, Lin7b, Mif, Mic1,
Nmb, Pnp, Psd, Ptger1, Rtn2, Scn1b, Slc1a3, Slc27a4,
Slc9a3r2, Stk11, Stx4
Release of catecholamine 754 x 1073 Gsn, Nr2f6, Park7, Plg 4
Efflux of cholesterol 112 X 1072 Apoe, Clu, Ctss, Rxrb 4

" FID, formerly iron deficient; PND, postnatal day. A list of definitions of gene and protein names used in this table is included in Supplemental Material.
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bidirectional (up and down) in some pathways (Figure 3) and
unidirectional in others (Supplemental Table 1). The dysregu-
lated genes in the FID transcriptome predicted alterations in
the activity of upstream regulators, which are implicated in
mediating neural plasticity and transcriptional regulation
(Supplemental Figure 2).

Choline supplementation during late gestation reduced
the effects of fetal-neonatal iron deficiency on the adult
hippocampal transcriptome. In the FID and FID-C tran-
scriptomes, 10,839 loci were sequenced, of which 1084 upregu-
lated and 1254 downregulated genes were altered, representing
21.6% of the mapped loci (Figure 4A). Hierarchic gene clustering
identified a set of genes dysregulated by iron deficiency that
responded to choline treatment (Figure 4B). These include a
normalization of iron deficiency—induced downregulation of
127 genes and upregulation of 181 genes (Figure 4B, Venn
diagrams). Functional annotation by IPA showed a partial
normalization of specific molecular and cellular functions
altered by early-life iron deficiency (Supplemental Table 2).
The greatest recovery of iron deficiency-impaired functions
occurred in gene networks associated with neurologic disorders
including autism, schizophrenia, and Alzheimer disease (Figure
4C), as well as in neurotransmission and cellular microtubule
dynamics (data not shown). In total, 13 of 18 autism-associated
genes and 21 of 51 schizophrenia-associated genes were recov-
ered by prenatal choline treatment (Supplemental Table 3). A
large number of the normalized genes mapped onto interactive

networks that mediate transcriptional regulation and neuronal
growth and differentiation (Supplemental Figure 3).

Late gestational dietary choline supplementation repro-
grams the hippocampal transcriptome of the adult IS rats.
The long-term effects of dietary choline supplementation
during pregnancy on the adult hippocampal transcriptome in
the always IS animals are unknown. Thus, we examined the
effects of prenatal choline supplementation on the adult
hippocampal transcriptome. NGS data of IS and IS-C tran-
scriptomes mapped onto 10,799 loci. Analysis of differentially
expressed genes identified 636 upregulated and 563 down-
regulated genes (Figure SA, FDR < 0.05), representing 11.1% of
the mapped loci. Dysregulated genes mapped onto functional
networks that are important for cell-to-cell signaling, cellular
organization, neurologic disease, and psychological disorders
(Figure SA). The substantially dysregulated genes were also
involved in the pathogenesis of Alzheimer disease, depression,
and schizophrenia (Figure 5B).

Discussion

Characterizing the functional networks of genes persistently
altered by early-life iron deficiency is an important step in
ultimately developing improved preventive and remedial strate-
gies, particularly in light of the failure of iron treatment alone to
diminish long-term dysfunction. To identify such networks and

TABLE 3 Top 5increased diseases and functions in the hippocampus on PND65 of FID rats annotated by Ingenuity Pathway Analysis'

Disease or
Category function annotation P value Molecules Molecules, n
Neurologic disease Alzheimer disease 1.05 X 107° Ace, Adam10, AkapZ, Akap5, Aqp1, Chrmb, Dhx9, Dnm1l, GabraZ, Gabrb2, Gabrb3, 29
Gabrg2, Gad2, Grin3a, Gsk3b, Hdac9, Htr2c, Lphn2, Mapk10, Opal, Pcdh11X,
Pgr, Pten, Rab14, Rnf219, Soat1, Synj1, Tphl, Ttr
Movement disorders 1.86 x 107* Abcb7, AnxaZ, Aqp1, Ca13, Chrm5, Chrna7, Clen3, Cntn1, Dgkb, Esrrg, Etv1, Faslg, 44
Fgf12, Fgf14, Fmod, GabraZ, Gabrb2, Gabrb3, GabrgZ, GadZ, Gnaq, GnatZ, Grin3a,
Gsk3b, Htr1b, HtrZc, lgfbp5, Kenabl, Lrni1, Mpz, Oprll, Pde10a, Pdpkl, Pkia,
Plcb4, Ppargcia, Ptond, Rnf2, Scn3a, St8sia3, Synj1, Topl, Traf6, Usp13
Huntington disease 183 x 1073 Aqp1, Chrmb, Dgkb, Esrrg, Fgf12, GabraZ, Gabrb2, Gabrb3, Gabrg2, GadZ, Gnat2, 25
Grin3a, Htr1b, HtrZc, Kcnabl, Lrm1, Pdel0a, Pkia, Ppargcla, Scn3a, St8sia3,
Synj1, Top1, Traf6, Usp13
Psychological Mood disorders 337 x 1078 Akap10, Ankrd6, Cal13, Chrmb5, Chrna7, DipZc, Dpp10, Gabra2, Gabrb2, Gabrb3, 30
disorders Gabrg2, Gad2, Galr1, Grin3a, Gsk3b, Hdac9, Htr1b, Htr2c, Htrd, Pde10a, Pdella,
Pdeila, Pgr, Scn3a, Synj1, Tacrl, Tph1, Ttr, Ubr1, Zkscan1
Autism 6.15 x 107* GadZ, Grin3a, Hdac9, HtrZc, Pten, Smad4 6
Schizophrenia 114 x 1073 Ace, Ap1g1, Atf2, Chrm5, Chrna7, Clint1, Elavl4, GabraZ, Gabrb2, Gabrb3, GabrgZ, 23
GadZ, Grin3a, Gsk3b, Hdac9, Htr1b, HtrZc, Htrd, Kpna3, Sp4, Sytl, Tph1, Ttr
Behavior Anxiety 8.05 x 1077 Akapb, Bmpria, Chrna7, Elavl4, Gabrg2, GadZ, Galrl, Htr1b, Htrd, Lrrn1, Nampt, 16
Npy2r, Pleb4, Slc4a10, Tacrl, Trpc4
Exploratory behavior 597 x 1073 Gsk3b, Htrd, Kenb2, Lrrnl, Lsamp, Pde10a 6
Emotional behavior 1.05 X 1072 Aridsb, Gabrg2, Gad2, Galr1, Gsk3b, Htr1b, HtrZc, NpyZr, Rab3c, Tacrl, Tph1 "
Nutritional disease Eating disorders 167 x 107° Cal13, Chrmb, Gabra2, Gabrb2, Gabrb3, Gabrg2, Grin3a, Htr1b, HtrZc, Htrd, NpyZr, 14
Pank1, Pgr, Pten
Obesity 184 x 107° Ace, Aridbb, Ca13, Chm, Crbn, Gabra2, Gabrb2, Gabrb3, Gabrg2, GadZ, Grin3a, 25
Hdac, Htr1b, HtrZc, Htrd, JakZ, Med1, Nampt, NpyZ2r, NrZcZ, Pde10a, Pdel1a,
Ppargcia, Pten, Scn3a
Metabolic disease Amyloidosis 1.06 X 107° Ace, Adam10, Akap2, Akap5, Aqp1, Chrm5, Dhx9, Dnm1l, Gabra2, Gabrb2, Gabrb3, 30

Gabrg2, GadZ, Grin3a, Gsk3b, Hdac9, HtrZc, Igfbp5, Lphn2, Mapk10, Opal,
Pedh11X, Pgr, Pten, Rab14, Rnf219, Soat1, Synj1, Tph1, Ttr

'FID, formerly iron deficient; PND, postnatal day. A list of definitions of gene and protein names used in this table is included in Supplemental Material.
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FIGURE 3 Altered mTOR/p70S6K (A) and dopamine/BDNF/CDK5 (B) signaling pathways in the hippocampus on PND65 of FID rats. BDNF,
brain-derived neurotrophic factor; CDK5, cyclin-dependent kinase 5; FID, formerly iron deficient; mTOR, mechanistic target of rapamycin; PND,
postnatal day. A list of definitions of gene and protein names used in this figure is included in Supplemental Material.

pathways, we examined the adult hippocampal transcriptome.
Our results demonstrate the wide-ranging effects of early-life iron
deficiency by identifying over 600 genes and their relevant
molecular networks that are permanently altered by this nutrient
deficiency, including disruptions in known pathways such as
mTOR and Bdnf.

The alterations that were identified in the molecular networks
are consistent with observed long-term behavioral deficits, includ-
ing cognitive deficits and anxiety, found both in FID humans (20,
21, 49, 50) and in rodent models (6-17, 51). The changes within
specific gene networks may constitute key components of the
neurobiological mechanisms underlying the effects of iron defi-
ciency. For example, altered expression of genes associated with
neuronal transmission and abnormal neuronal morphology may
underlie disruptions in long-term potentiation (22, 25) and
dendritic branching (23) seen in FID animals. Thus, the altered
interactive gene networks identified in this study help establish the
molecular mechanisms through which iron deficiency leads to these
long-term behavioral deficits in FID individuals (17). We also iden-
tified pathways, which, to our knowledge, are novel, that were al-
tered in the FID hippocampal transcriptome, including glucocorticoid
receptor signaling and the oxidative stress response pathway
(Supplemental Figures 4 and 5). Coupled with the change in
dopamine receptor signaling (Figure 2B), altered glucocorticoid
receptor signaling is consistent with increased anxiety behavior and
altered stress responses observed in both FID rats (18, 19, 21, 52)
and humans (8, 53). The altered NRF2-mediated oxdative stress
response pathway is of interest given its role in maintaining
cellular homeostasis in responses to diverse extracellular
stressors (54, 55). Moreover, emerging evidence suggests a
link between NRF2-mediated signaling and the etiology of
autism spectrum disorders (56) and schizophrenia (57, 58),
both of which have been associated with the offspring of
maternal iron deficiency in humans (6, 7, 11).

Mechanisms underlying the risk for psychiatric disorders
such as schizophrenia (11) that are associated with early-life iron
deficiency remains uncharacterized. Adult FID rats exhibit a
deficit in sensorimotor gating during prepulse inhibition (22, 59)
and reduced social interaction (30), suggesting that a rodent

model of early-life iron deficiency displays a schizophrenia-like
phenotype in adulthood. Here we report that about 51 genes
were altered in the FID hippocampal transcriptome, which are
mapped onto the pathogenesis of schizophrenia (Supplemental
Figure 6, FID compared with IS), providing a potential mech-
anism for the association between schizophrenia and early-life
iron deficiency. The findings also highlight the consistency
between dysregulated gene networks and functional outcomes in
FID rats (22).

Prenatal choline supplementation substantially repro-
grammed the adult hippocampal transcriptome of both FID and
always IS animals. This effect was much more pronounced in the
FID hippocampus, in which choline supplementation modified
expression of nearly twice the number of genes as in the IS-C
group. Our major finding was that choline supplementation
normalized expression levels of more than half of all genes
dysregulated by iron deficiency and multiple molecular net-
works, including those implicated in neurotransmission, autism,
and schizophrenia. Interestingly, although choline treatment
facilitates the normalization of a subset of dysregulated genes
induced by early-life iron deficiency that are associated with
schizophrenia (21 of 51), expression of a larger number of genes
within the interactive network were also modified by choline
treatment (Supplemental Table 3). Many of these genes were
functional analogues of the non-recovered genes, suggesting that
choline promotes a corrective action by influencing the regula-
tion of alternative substrates. The beneficial effects of prenatal
choline treatment are consistent with previous studies that show
the increased expression of synaptic plasticity genes in animal
models of early-life environmental insults (30, 60, 61). Collec-
tively, these findings provide new insights into the molecular
mechanisms by which early-life iron deficiency and prenatal
choline treatment modify gene regulation that ultimately lead
to long-term behavioral abnormalities. Despite the incom-
plete recovery of the transcriptome in the FID-C hippocam-
pus, our findings suggest that choline supplementation could
be effective as an adjunct therapy in humans to prevent some
long-term behavioral consequences of fetal or early postnatal
iron deficiency.
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FIGURE 4 Prenatal choline supplementation partially normalized
dysregulated genes in the hippocampus on PND65 of FID rats. (A) Scatter
plot showing differentially expressed genes between the FID-C and
FID groups. (B) Heat map showing gene clusters from all treat-
ment groups. The key indicates differential gene expression by
diet. Overlapped regions of Venn diagrams depict genes (127
downregulated and 181 upregulated) altered in the FID and normalized
in the FID-C group. (C) Interactive gene networks implicated in the
pathogenesis of Alzheimer disease, schizophrenia, autism, and mood
disorders that were normalized by prenatal choline treatment of the FID
group. CPM, counts per million; Down, downregulated; FC, fold change;
FID, formerly iron deficient; FID-C, FID-choline; IS, iron sufficient; IS-C, IS
choline; PND, postnatal day; Up, upregulated. A list of definitions of gene and
protein names used in this figure is included in Supplemental Material.

The extensive overlap between the negative early-life iron
deficiency effects and the positive effects of prenatal choline
treatment on gene regulation suggests a common underlying
mechanism. One potential mechanism is stable epigenetic
modifications across the genome (31, 62, 63). We have previ-
ously demonstrated that early-life iron deficiency alters RNA
polymerase II activity and modifies histone H3 of the Bdnf
promoter (31), which could potentially serve as a mechanism for
the long-term downregulation of hippocampal Bdnf. In the
present study, we found alterations in gene networks centered
on RNA polymerase II and histone H3 in the FID hippocam-
pus, which were normalized with concurrent choline supple-
mentation. This finding provides additional evidence that
choline supplementation may be targeting epigenetic mecha-
nisms underlying the long-term cellular and behavioral effects
of iron deficiency. Given the evidence that choline supple-
mentation influences DNA methylation (62, 63), future
studies could determine whether these epigenetic changes
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involved DNA methylation or histone modification and whether
they occurred at gene regulatory regions (e.g., promoters and
enhancers).

Consistent with previous studies, prenatal choline supple-
mentation produced beneficial effects on gene expression in FID
hippocampus. However, it appears to have some negative effects
on the hippocampal transcriptome of IS rats. These findings
suggest that the effects of choline on hippocampal gene
expression may be dependent in part on iron status. In the IS
rats, prenatal choline supplementation altered expression of
genes within molecular networks associated with neuropathol-
ogies and psychological disorders. One major finding is that
dysregulated genes existed within functional networks associ-
ated with schizophrenia (Figure 5C). Although more functional
analysis is needed to corroborate these molecular changes, our
preliminary finding of reduced sensorimotor gating (data not
shown) in IS-C rats is consistent with the prediction based on
gene expression analysis. Our negative findings were somewhat
unexpected with respect to previous studies that report the
beneficial effects of prenatal choline supplementation in normal
animals with improved hippocampal expression of Bdnf (60),
neurotransmission (64, 65), dendritic structure (66), and spatial
memory (67). The discrepant outcomes in these studies may be
due to the differences in the routes of choline delivery (feed
pellets compared with drinking water), dosages, treatment
durations, and the postnatal ages at which analyses were
performed. In particular, timing of maternal choline supplemen-
tation appears to be a key factor. Supplementation throughout
gestation and lactation (G2 to PND7) shows a downregulation
of hippocampal Bdnf expression in both FID and IS rats,
whereas choline supplementation given on G11-18 results in
upregulation of hippocampal Bdnf in the FID offspring (30, 68).
Williams and colleagues (60, 61) reported that prenatal choline
treatment induces bidirectional changes in expression of synap-
tic plasticity genes (e.g., increased Bdnf and double cortin, lower
glial fibrillary acidic protein); however, these changes were not
accompanied by improved long-term potentiation in normal
adult rats. Likewise, no change in hippocampal expression of
nerve growth factors was observed between choline-treated and
untreated normal male rats at 24 mo of age (69). Collectively,
the effects of choline supplementation on gene expression in the
brain appear largely positive but may also be dependent on the
design of the study, where the dosage, treatment duration, and
type of early-life insult need to be considered. Clearly, there is a
need for additional research, particularly on the timing and
dosage of choline supplementation, to clarify how this supple-
mentation can benefit hippocampal development and, ulti-
mately, cognitive and socioemotional behaviors in the FID and
IS animals.

In conclusion, early-life iron deficiency is a major clinical
condition with long-lasting cognitive, emotional, and behavioral
effects even after iron repletion. Accumulating evidence shows
an increased risk for autism (6, 7) and schizophrenia (11)
following maternal and fetal iron deficiency. These long-term
effects constitute the true cost to society (17). Our findings
highlight molecular pathways disrupted in the FID hippocampus
that have been found to be associated with cognitive impair-
ments and the development of psychopathologies (e.g., autism
and schizophrenia). The findings underscore the need to identify
populations at risk for brain iron deficiency before the detection
of systemic iron deficiency anemia, by which time the brain has
already become ID (3, 15, 70). In order to do this, the identification
of novel molecular markers that can index brain iron status is
needed. This would advance the field beyond the current methods
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FIGURE 5 Prenatal choline supplementation reprogrammed the hippocampal transcriptome of PND65 IS-C rats. (A) Bar graphs showing functions
that are associated with dysregulated genes in the transcriptome of IS-C rats. The key above the graph explains the number of altered genes and
direction of change relative to IS rats. (B) Gene networks altered in the IS-C hippocampus that are implicated in the cognitive impairment and the
pathogenesis of schizophrenia, major depression, and Alzheimer disease. Down, downregulated; IS, iron sufficient; IS-C, IS choline; PND, postnatal
day; Up, upregulated. A list of definitions of gene and protein names used in this figure is included in Supplemental Material.

of screening for iron deficiency anemia (e.g., hematocrit, ferritin,
and hepcidin), which are inadequate to detect brain iron deficiency.
The disruptions of specific molecular networks were diminished by
choline treatment during late gestation, supporting the use of
choline as an accessible and effective adjunct therapy for those at
risk for fetal and early postnatal iron deficiency (71-73).
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