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Richards EM, Rabaglino MB, Antolic A, Wood CE, Keller-
Wood M. Patterns of gene expression in the sheep heart during the
perinatal period revealed by transcriptomic modeling. Physiol
Genomics 47: 407– 419, 2015. First published June 30, 2015;
doi:10.1152/physiolgenomics.00027.2015.—Septa from sheep hearts
at 130 days gestation, term, and 14-day-old lambs were used to model
the changes in gene expression patterns during the perinatal period
using Agilent 15k ovine microarrays. We used Bioconductor for R to
model five major patterns of coexpressed genes. Gene ontology and
transcription factor analyses using Webgestalt modeled the biological
significances and transcription factors of the gene expression patterns.
Modeling indicated a decreased expression of genes associated with
anatomical development and differentiation during this period,
whereas those associated with increased protein synthesis and growth
associated with maturation of the endoplasmic reticulum rose to term
but did not further increase from the near term expression. Expression
of genes associated with cell responsiveness, for example, immune
responses, decreased at term but expression returned by postnatal day
14. Changes in genes related to metabolism showed differential
substrate-associated patterns: those related to carbohydrate metabo-
lism rose to term and remained stable thereafter, whereas those
associated with fatty acid oxidation facility rose throughout the
period. The timing of many of these maturational processes was
earlier in relation to birth than in the rodent. The importance of the
transcription factors, estrogen-related receptors, and v-myc avian
myelocytomatosis viral oncogene homolog was also highlighted in the
pattern of gene expression during development of the perinatal sheep
heart.

transcriptomics; heart; perinatal ontogeny; lamb

THE PERIOD OF DEVELOPMENT from the last 2 wk of gestation
through the first 2 wk of life spans a period of great functional
and metabolic challenge to the fetal and neonatal lamb heart.
Substantial maturation in form and function occur to meet
these challenges. In late gestation cardiomyocytes cease repli-
cation, becoming progressively binucleated and enlarged, with
increased width (8, 29). The mitochondria in cardiomyocytes
undergo a maturation process, becoming more closely associ-
ated with sarcomeres, and form a network in association with
cellular membranes. By term there are two clear populations of
mitochondria, those around the poles of the nuclei and those
associated with the myofibrils, although the process of mito-
chondrial network formation continues postnatally (7). The
extracellular matrix (ECM) between cardiomyocytes becomes
fine-tuned; the cardiomyocytes, already individually sheathed

by collagen, are bundled into functional groups of eight cardi-
omyocytes and form different contacts with the ECM (7). The
heart switches from utilization of glucose and lactate as the
primary energy sources in utero, to utilization of lactate and
fatty acids in the first few weeks after birth (4). This change in
the efficiency of metabolism complements the changing pre-
vailing tissue oxygen status and substrate supply, as well as
functional changes in cardiac work. At birth as the shunts in the
fetal circulation close, the biventricular pumping by the fetal
heart, to provide systemic cardiac output against a relatively
low arterial pressure, transitions to the two chambers acting in
parallel, with increased afterload in the left heart, but decreased
afterload for the right heart (61).

It has been appreciated for some time that cortisol, thyroid
hormone (T3), the insulin-like growth factor family (IGF1 and
IGF2), and estrogen-related receptors (ERRs) among others are
important contributors driving the maturation of the heart
during this time period (for review see Ref. 23). For example,
plasma T3 concentration increases at about 135 days gestation.
It is unclear whether other mechanisms also alter the heart over
this time period. The increased plasma T3 has been implicated
in the differentiation of the cardiomyocytes, slowing prolifer-
ation and stimulating binucleation (11) from 110 days gestation
through term (29). Cortisol and IGFs have also been implicated
in this process (11, 25, 68, 72), and both global glucocorticoid
receptor (GR) knockout mice and cardiomyocyte and smooth
muscle-specific knockout mice show significant deficits in
cardiac function and anatomy (59).

It has been assumed that cortisol and T3 act primarily at
glucocorticoid and thyroid hormone response elements, respec-
tively. But it is not known if these hormones are the only
maturing factors for the heart, nor whether they act at classical
hormone receptors to mediate the maturation. Recently it has
been shown that both glucocorticoids and thyroid hormones
can act in several other ways, for example with membrane
receptors that signal through second messenger systems (41) in
hybrid receptor dimers with other nuclear-acting receptors
directly binding to chromatin (18), by affecting the activity of
coactivators and corepressors either by attracting and tethering
to them or blocking their binding at functional sites on the
genome (30, 62) or by binding to negative response elements
(69). In the amphibian, the unliganded thyroid hormone recep-
tor alpha has been shown to affect growth and maturation when
thyroid hormone levels are low or absent (14, 73).

In this study gene expression microarray analyses were used
to test two hypotheses: first, that distinct temporal patterns of
gene expression patterns in the fetal and newborn heart will
reflect the temporal patterns of maturation events related to
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proliferation, structural maturation, and metabolic changes in the
heart over the last weeks of gestation and the first weeks of life;
and second, that cortisol and/or thyroid hormones would be the
most important transcription factors driving these patterns. We
analyzed RNA isolated from the septum of developing sheep at
130 days, term, and 14 days postpartum, intervals of �14 days
spanning late gestation and early postnatal life. The microarray
analysis methods used allowed examination of temporal
patterns of gene expression over this period of cardiac
transition, analysis of the function of the groups of genes
with each particular pattern of expression, and the transcrip-
tion factors underpinning the changes in gene expression.

MATERIALS AND METHODS

Animal treatment. All animal use in this study was approved by the
Institutional Animal Care and Use Committee of the University of
Florida. The animals used for the experiments at 130 days gestation
(n � 6) and at term (n � 8) were the control animals in previous
publications (31, 56). The ewes were euthanized (Euthasol; Fort
Dodge, IA); the fetuses removed; and sections of the septum dis-
sected, frozen in liquid nitrogen, and stored at �80°C until RNA
extraction was performed (21, 56). Lambs (n � 8, 4 male and 4
female) were born naturally and lived with their mothers in a tem-
perature- and light-controlled room in the animal care facility for 14
days. The lambs were monitored every 12 h for 2 days after birth and
then daily for weight, temperature, and plasma hormones, and every
3 days for electrolyte and hormone concentrations via a jugular
catheter placed on the day of birth. Lambs were also subjected to a
glucose tolerance test or insulin tolerance tests on days 5, 7, and 10
after birth (data reported elsewhere). The lambs were treated with
antibiotics postnatally (Polyflex; Fort Dodge, IA at 12.5–15 mg/kg bid
and/or Naxcel, 1 mg/kg sid). At 14 days of age the lambs were
euthanized, the heart removed, the septum dissected, and samples of
tissue frozen and stored as described for the fetal heart tissues. We
chose to use samples of septum in this study so as to include genes
related to both myocyte and Purkinje fiber maturation.

RNA extraction, labeling, and microarray hybridization. These
protocols have been described in detail for the 130-day gestation (n �
6) and term hearts (n � 8) (56); the same protocol was used for the
14-day-old samples (n � 8). RNA was extracted with Trizol (Invit-
rogen), further purified and DNase-treated with Qiagen RNeasy�
kits, and labeled with Cy3-dCTP dye using Agilent one-color labeling
kits. The labeled cRNA was fragmented, hybridized to Agilent 8 �
15k microarray slides (ovine 019221 arrays; G4813A, GPL14112
platform), washed, and scanned at the Interdisciplinary Center for
Biotechnology Research core at the University of Florida. The anno-
tation of this array platform was described in a previous publication
from our laboratory group (54). The raw normalized array data for this
experiment have been deposited in the National Center for Biotech-
nology Information’s Gene Expression Omnibus (GEO) and are
accessible through GEO Series accession number GSE66725 (http://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc�GSE66725).

Microarray analyses. The microarray data were imported into R
using the limma package for background correction and data normaliza-
tion using the quantile normalization method (67). Approximately 4,000
probes were excluded from analysis because of low intensity on the
arrays, reflective of low gene expression levels. Gene collapsing using the
weighted gene coexpression network analysis (WGCNA) package (34)
was performed to obtain the mean intensity of probes that were repeated
on the array and/or shared the same gene symbol, after these adjustments
7,345 genes were uniquely identified. Unsupervised analyses using prin-
cipal component analysis (PCA, prcomp function-R) and hierarchical
clustering analysis [Cluster 3.0 software, (16)] were performed to detect
major patterns of change in gene expression within these data. The
normalized, background-corrected, unique gene intensity data were sta-

tistically analyzed using the Bayesian estimation of temporal regulation
(BETR) method with an false discovery rate of 0.05 to detect differen-
tially regulated (DR) genes (3). This returned the probabilities of differ-
ential gene expression for each gene in the data set; those genes with a
probability of �99.999 were subjected to further analysis.

Then patterns of changed coexpressed genes over time within the
DR genes were detected using the WGCNA package for R. The
automatic method was employed for block-wise network construction
and detection of clusters. The resulting clusters were related with
gestational age to identify clusters of coexpressed genes with different
expression patterns over time (34).

Each cluster of genes with a similar pattern of gene expression was
modeled in Webgestalt (71, 75) using gene ontology terms to identify
significantly enriched biological processes, molecular functions, and
cellular compartments associated with them as previously described
(56). For the present analysis the identified genes on the ovine
microarray platform was used as the reference set. Some of the known
factors contributing to the maturation of the heart, such as T3
receptors and ERRs, are transcription factors. Therefore, analysis of
microarray results with Webgestalt was used to discover transcription
factor targets among the DR genes in each expression pattern. Web-
gestalt uses the Broad Institute’s molecular signatures database that
uses TRANSFAC gene sets. These gene sets comprise genes that
share a transcription factor binding site in the �2 to �2 kb around the
transcription start site. There are �615 transcription factor target gene
sets in the database. We used the human genome as the reference set
in these analyses. This allowed identification of transcription factors
targets overrepresented in each temporal expression pattern to suggest
transcription factors that might be important in regulating the DR genes.
The transcription factors associated with each pattern of gene expression
were modeled to discern both the timing of the actions of these known
factors and the involvement and timing of other transcription factors.
Finally protein-protein interaction modeling was performed with Web-
gestalt to indicate biologically important associations and to refine the
modeling of the biological processes associated with the five temporal
patterns of coexpressed DR gene expression. For analysis Homo sapiens
gene symbols were used for the corresponding ovine genes; therefore,
some DR gene sequences were not included in the subsequent analyses,
as no human homolog has been identified for them. In this study they
represented �2.2% of the genes.

Histology. Histology was performed to confirm some of the pro-
cesses modeled in our transcriptomic analyses. Cross sections of
hearts (�6 mm thick) were cut �10–15 mm from the apex of the
heart. Sections were fixed in 4% phosphate-buffered paraformalde-
hyde for 24 h before long-term storage in 70% reagent alcohol. The
tissue was embedded in paraffin wax and sectioned at 5 	m. Picro-
sirius red staining for collagen was performed as previously described
(55), as was hematoxylin-and-eosin staining (21). Cytochrome c
oxidase IV (COX IV) staining was performed with rabbit monoclonal
anti-COX IV antibody (Cell Signaling #4850) at 1:150 dilution for 2
h at room temperature following antigen retrieval in a pressure cooker
in citrate buffer and Bloxall and 5% normal horse serum treatment to
prevent nonspecific staining. The secondary antibody was Cy5-la-
beled goat anti-rabbit IgG (Molecular Probes AlexaFluor 647
#A21245) used at 10 	g/ml for 2 h at room temperature. Hoechst
33342 at 1 	g/ml was added to the first wash step (10 min) after the
secondary antibody step. The slides were mounted in Fluoromount G,
and the septa imaged on an Olympus BX 41 microscope with a DP 71
camera with appropriate filters. The merged blue and red images were
adjusted to decrease the blue intensities to 50% to correct for the
difference in intensities of the two stains.

RESULTS

Unsupervised PCA of the normalized gene expression dis-
tribution showed that the principal component of variability
separated two groups within the samples, the lambs, and the
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fetal ages; the second principal component of the variability
separated the two gestational ages (130-days gestation and
term, Fig. 1). The separation of the groups within the data can
also be visualized in the heat map in Fig. 1. Of 7,345 unique
genes, 1,763 genes were identified as DR by BETR in the
septum between fetuses at 130-days gestation, fetuses at term,
and lambs at 14 days of life. The 1,763 DR genes could be
broadly grouped into five categories based on the pattern of
gene coexpression changes over the perinatal period. For
simplicity of discussion, these patterns of gene expression have
been color-coded (as shown in Fig. 2). Four genes (ADCY9,
COQ3, PDE3B, and WBSCR16) were differentially expressed
but were not coexpressed with other genes and so were not
analyzed any further. The patterns of gene expression will be

described in a quasi-chronological pattern, beginning with
patterns with the highest expression in gestation, followed by
those that were highest in extrauterine life, and finally finishing
with a pattern that dipped at term but was higher at the other
times. The top 10 transcription factors modeled for each
pattern of gene expression, using the human genome as the
reference set, are seen in Table 1, along with the findings, if
any, for the transcription factors GR, thyroid hormone receptor
(T3R), and ERR1. See Supplemental Table S2 for a complete
list of transcription factors significantly (P � 0.05) associated
with each coexpression pattern in Webgestalt analyses.1

1 The online version of this article contains supplemental material.

Fig. 1. Top: principal component plot show-
ing the distribution of gene expression in
cardiac septum along the first 2 principal
components of the variance in the data iden-
tified in the unsupervised analysis of the
normalized, background corrected gene ex-
pression levels detected on the microarrays.
130-days gestation � blue, term � red, and
2 wk old � green circles. Bottom: heat map
representation of the unsupervised gene ex-
pression data for each animal, the closer
their data are on the y-axis, the more closely
related their gene expression levels. 130_1
through 130_6 are the 6 130-day gestation
samples, 140_1 through 140_8 the 8 term
samples, and Lamb_1 through Lamb_8 are
the 2-wk-old samples. The colored scale for
the heat maps, bottom right, shows the fold
change in expression levels of the gene from
the normalization point, where green is de-
creased, and red increased, expression.

Fig. 2. Heat map showing the clusters of
covarying gene expression detected in the
expression data by WGCNA analysis, la-
beled with colors to represent the different
patterns of gene coexpression over time.
130_1 through 130_6 are the 6 130-day
gestation samples, 140_1 through 140_8 the
8 term samples, and Lamb_1 through
Lamb_8 are the 2 wk old samples. The
colored scale for the heat maps, top right,
shows the fold change in expression levels
of the gene from the normalization point,
where green is decreased, and red increased,
expression

.
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The set of DR genes with expression highest at 130-days
gestation, declining by term, and staying unchanged relative to
term or showing a slight further decrease by 2 wk of age
contained 119 uniquely identified genes by Webgestalt from
125 DR genes (brown in Figs. 2 and 3A). The BPs associated
with this gene set are broadly defined as developmental process
(55 genes, adj. P value � 2.8 � 10�3) and include heart
development (12 genes, adj. P value � 8.1 � 10�3) including
cardiac septum development (5 genes, adj. P value � 1.4 �
10�2) and nervous system development (30 genes, adj.
P value � 8 � 10�4). Cell adhesion (17 genes, adj. P value �
3.06 � 10�2) was also related to this gene set. See Supple-
mental Table S1 for the complete list of biological processes
modeled for the five temporal patterns of coexpressed DR
genes with Webgestalt. ECM-receptor interaction was identi-
fied as an enriched KEGG pathway in this temporal pattern of
coexpressed genes (5 genes, adj. P value � 0.02). This induc-
tion by 130 days is reflected in the established pattern of
collagen deposition as observed histologically (Fig. 4, D–I).
The transcription factors most associated with this pattern of
decreasing gene expression are nuclear factor of activated
T-cells (NFAT), SP1, and LEF1, although GR, T3R, and ERR1
were also implicated, but with lower significance (Table 1).
Protein interaction analysis of this gene coexpression pattern
revealed genes related to central nervous system development
dependent on calcium ion binding in the biogenesis of lyso-
some-related organelle complex 1 (14 genes in H. sapiens
module 199, adj. P value � 0.026), and two genes involved in
trans-membranous receptor protein tyrosine phosphatase activ-
ity in the synapse (H. sapiens module 291, adj. P value �
0.033).

The set of DR genes that were highly expressed in the fetus
at 130 days and term but decreased dramatically by 2 wk of
postnatal age, contained 830 recognized genes from 863 DR
genes (turquoise in Figs. 2 and 3B). The BP assigned to the
gene set could be broadly associated with three major pro-
cesses: cellular component organization or biogenesis, local-
ization, and metabolic process. Cellular component organiza-
tion or biogenesis included cellular macromolecular complex
disassembly (37 genes, adj. P value � 7.6 � 10�8); most of
these 37 genes were ribosomal genes, and this was a subset of
cellular component disassembly at the cellular level (42 genes,
adj. P value � 1 � 10�4), and this was in turn a subset of

Table 1. Top 10 transcription factors and GR, T3R, and
ERR1 identified by Webgestalt analysis for each gene
expression pattern

Name Sequence #Genes/Total Adj. P Value

Brown

1 NFAT TGGAAA 27/1,871 4.5e�10

2 SPI GGGCGGR 31/2,891 7.3e�9

3 LEF1 CTTTGT 24/1,939 7.3e�8

4 unknown AACTTT 23/1,859 1.3e�7

5 unknown RNGTGGGC 15/758 2.4e�7

6 MAZ GGGAGGRR 24/2,250 6.7e�7

7 CEBPGAMMA 9/252 2.1e�6

8 FOXO4 TTGTTT 21/2,037 8.4e�6

9 AREB6 CAGGTA 13/780 1.2e�5

10 EGR1 8/266 3.14e�5

GR 6/276 0.001
T3R 4/248 0.014
ERR1 TGACCTY 8/1,023 0.017

Turquoise

1 SPI GGGCGGR 182/2,891 3e�44

2 MAZ GGGAGGRR 133/2,250 1.3e�28

3 LEF1 CTTTGT 112/1,939 5.5e�23

4 EI2 CAGGTC 124/2,450 8.6e�21

5 ELK1 SCGGAAGY 80/1,176 2.2e�20

6 FOXO4 TTGTTT 102/2,037 1.3e�16

7 unknown AACTTT 92/1,859 1.3e�14

8 MYC CACGTG 61/1,015 5.2e�13

9 NFY GATTGGY 65/1,141 7.1e�13

10 unknown GGGYGTGNY 46/655 4.2e�12

GR 12/276 0.014
T3R 18/248 1.5e-5
ERR1 TGACCTY 49/1,023 1.4e-7

Yellow

1 SPI GGGCGGR 22/2,891 1.2e�7

2 ELK1 SCGGAAGY 12/1,176 3.4e�5

3 ERR1 TGACCTY 11/1,023 4.2e�5

4 STAT1 4/248 0.014
5 SF1 TGACCTTG 4/243 0.014
6 STAT5B 4/239 0.014
7 USF 4/237 0.014
8 SP1 4/252 0.014
9 MEF2 4/268 0.015
10 MYC CACGTG 7/1,015 0.019

GR not detected
T3R not detected
ERR1 TGACCTY see 3 above

Blue

1 SPI GGGCGGR 127/2,891 1.38e�30

2 ERR1 TGACCTY 61/103 6.1e�20

3 ELK1 SCGGAAGY 62/1,176 8.9e�18

4 NRF1 RCGCANGCGY 53/894 2.6e�17

5 EI2 GAGGTG 88/2,450 3.1e�15

6 MAZ GGGAGGRR 83/2,250 5.1e�15

7 NFAT TGGAAA 73/1,871 2.4e�14

8 MYC CACGTG 51/1,015 5.8e�14

9 NFY GATTGGY 52/1,141 1.3e�12

10 GABP-B MGGAAGTG 39/744 3.6e�11

GR 9/202 0.0051
T3R not detected
ERR1-Q2 TGACCTY 14/257 9.6e-5

Green

1 LEF1 CTTTGT 27/1,939 5.6e�11

2 NFAT TGGAAA 26/1,871 9.1e�11

3 FOXO4 TTGTTT 22/2,037 5.4e�7

4 unknown AACTTT 19/1,859 1e�5

5 SOX9 8/236 1e�5

6 STAT 8/248 1e�5

Continued

Table 1.—Continued

Name Sequence #Genes/Total Adj. P Value

7 ISRE 8/246 1e�5

8 ETS2 RYTTCGTG 14/1,074 1.9e�5

9 MAZ GGGAGGRR 20/2,250 2.3e�5

10 E2A 7/241 7.4e�5

GR 6/276 0.0007
T3R not detected
ERR1 TGACCTY not detected

Transcription factors associated with each pattern of gene coexpression were
identified by Webgestalt and the human genome as the reference set. The top
10 most significant transcription factors are shown with their DNA binding
sequence, the number of genes regulated by the transcription factor suggested
in our data set against the total number of possible genes, and the P value
adjusted for multiple comparisons. The potential involvement of glucocorti-
coid receptor (GR), thyroid hormone receptor (T3R), and estrogen-related
receptor (ERR1) in the regulation of the coexpressed genes is also shown.
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macromolecular complex subunit organization (101 genes, adj.
P value � 5.5 � 10�3). An enriched KEGG pathway modeled
from the genes in this expression pattern was ribosome (32
genes, adj. P value � 1.25 � 10�12). Protein-protein interac-
tion modeling in Webgestalt suggests that the turquoise pattern
of ribosomal biogenesis was of cytosolic ribosomes (ribosomal
small subunit biogenesis in H. sapiens module 230, with 32
genes, adj. P value� 1.3 � 10�8); in contrast, genes related to
mitochondrial ribosome biogenesis were increased at term and
remained stable postnatally (yellow pattern in Fig. 2C, see
below). Included in the genes in the BP, metabolism, in the
pattern with high fetal gene expression were two major pro-
cesses, protein metabolism and RNA metabolism (translation
(84 genes, adj. P value � 5 � 10�4), RNA metabolic process

(72 genes, adj. P value � 2.7 � 10�3) and RNA catabolic
process (42 genes, adj. P value � 1.05 � 10�7). Protein
metabolism included translational initiation (39 genes, adj. P
value 3.08 � 10�9), translational elongation (34 genes, adj. P
value � 1.91 � 10�10), and translation termination (31 genes,
adj. P value � 1.91 � 10�10); translation termination was a
subset of both cellular component organization or biogenesis
and metabolism. Another significant BP was de novo post-
translational protein folding (13 genes adj. P value 4.9 �
10�3). The BP localization contained subgroups involved with
intracellular transport (162 genes, adj. P value � 3 � 10�4)
and targeting of proteins to membranes, particularly to ribo-
somal membranes (33 genes, adj. P value � 1.01 � 10�9).
Two of the significant molecular functions suggested for the

Fig. 3. The 5 panels of this figure show on the left a graph of the average gene expression of all the genes identified in a pattern (colored line) of gene expression
for each animal in the time point sampled (colored symbols), and on the right, the heat map showing the relative expression level of each gene in each animal.
1 � 130-days gestation (n � 6); 2 � term (n � 8); and 3 � 2-wk-old (n � 8). Expression pattern A � brown, B � turquoise, C � yellow, D � blue, E �
green. The number in the top right of each graph is the number of genes identified in each expression pattern. The colored scale for the heat maps, bottom right,
shows the fold change in expression levels of the gene from the normalization point, where green is decreased and red increased expression.
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genes in this pattern of expression were neurotransmitter re-
ceptor activity (9 genes, adj. P value � 3.4 � 10�3) and G
protein-coupled peptide receptor activity (14 genes, adj. P
value � 4.1 � 10�3). Neuroactive ligand-receptor interaction
was an enriched KEGG pathway for this gene expression
pattern (24 genes, adj. P value � 1.7 � 10�3). Thus, this
pattern of gene expression appears associated with the synthe-
sis of machinery necessary for cytoplasmic protein synthesis,
and protein synthesis, folding and transport within the cell, and
possibly involves assembling and correctly positioning signal-
ing molecules. Consistent with this, there is an increasing
organization and density of the cardiac myocytes (Fig. 4, A–F)
and a relative increase in multinucleate cells between preterm

and postnatal hearts (Fig. 4, A–C). The transcription factors
associated with decreased gene expression in the 2 wk old
lambs include SP1, MAZ, LEF1. There is also involvement of
ERR1, T3R, and NFKB at lower significance levels (i.e., fewer
genes) and GR and PPAR at even lower, but still significant,
levels (Table 1).

The smallest set of genes had increased expression at term
and remained at the same level of expression at 2 wk of age (72
genes uniquely recognized by Webgestalt from 73 DR genes;
yellow, Figs. 2 and 3C). The biological processes modeled
from these genes fell into six broad categories: small molecule
metabolic process (27 genes, adj. P value � 3.4 � 10�3),
catabolic process (23 genes, adj. P value � 4.7 � 10�3),

Fig. 4. Representative illustrations of the
histological changes in the heart, occurring
from 2 wk before term (A, D, G, J), to term
(B, E, H, K) and to 2 wk postnatally (C, F, I,
L). Top row, A–C: hematoxylin and eosin
staining illustrating increased density of the
myocardium; dividing nuclei are seen at all
ages (examples shown yellow arrows). 2nd
row, D–F: picrosirius red staining for colla-
gen (red), showing increased density of the
myocardium and increased collagen (red
staining); Purkinje fibers in the collagen can
be seen at all ages (examples shown with
white arrows), although Purkinje fibers are
more difficult to identify in the younger fetus
because of the relatively low collagen depo-
sition around them. 3rd row, G–I: periodic
acid-Schiff staining illustrating Purkinje fi-
bers (blue arrows) containing plentiful gly-
cogen (purple); collagen surrounds them, or-
ange arrows (H, I). 4th row, J–L: COX IV
(red) staining in mitochondria and nuclear
DNA stained with Hoechst 33342 (blue)
show increased mitochondrial density and
organization with maturation.
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generation of precursor metabolites and energy (10 genes, adj.
P value � 3.4 � 10�3), coenzyme metabolic process (6 genes,
adj. P value � 1.46 � 10�2), mitochondrion organization (8
genes, adj. P value � 3.4 � 10�3), and transport, a nonsignif-
icant broad category that included mitochondrial ATP synthe-
sis-coupled proton transport (3 genes, adj. P value � 3.4 �
10�3). The BP catabolic process included carboxylic acid
catabolic process (7 genes, adj. P value � 3.4 � 10�3), while
the BPs oxidation-reduction process and generation of precur-
sor metabolites and energy encompassed the categories respi-
ratory electron transport chain (5 genes, adj. P value � 3.4 �
10�3) and oxidative phosphorylation (3 genes, adj.
P value 8.5 � 10�3). ATP biosynthetic process (4 genes, adj.
P value � 4.7 � 10�3), ADP biosynthesis process (2 genes,
adj. P value � 3.4 � 10�3), and ubiquinone biosynthetic
process (2 genes, adj. P value � 2.17 � 10�2) were also
significant for this gene expression pattern. Protein interaction
analysis largely supported the above findings (e.g., acetyl-coA
biosynthetic process from pyruvate; H. sapiens module 46, adj.
P value � 9.13 � 10�5), TCA cycle (H. sapiens module 234,
adj. P value � 0.022) but suggested that both large and small
subunits of the mitochondrial ribosome were being synthesized
and participating in mitochondrial protein synthesis (H. sapi-
ens modules 568 and 235, both adj. P value � 0.032) and that
mitochondrial carbohydrate derivative transport (H. sapiens
module 551, adj. P value � 0.046) genes were coexpressed
with this pattern. The mitochondrial ribosomes’ involvement
with this increasing pattern of expression in late gestation
contrasts with the cytosolic ribosomal involvement in the
decreasing pattern of expression. Transcription factors impor-
tant for controlling the increases in gene expression were SP1,
ELK1, and ERR1 (Table 1). There was no direct effect of GR
or T3R noted for this pattern.

The second largest set of differentially expressed genes
progressively increased in expression from the 130-day fetus
through term and to 14 days postnatal life. This set contained
589 genes, 575 of which could be assigned to unique gene
names (blue, Figs. 2 and 3D). The principal BP associated with
this set of genes was broadly related to metabolism (396 genes,
adj. P value � 4.15 � 10�2), but this encompassed subsets
such as mitochondrion organization (23 genes, adj. P value �
1.18 � 10�2), lipid oxidation (17 genes, adj. P value � 2.9 �
10�3), carboxylic acid metabolic process (62 genes, adj. P
value � 1.18 � 10�2), mitochondrial transport (18 genes, adj.
P value � 4.7 � 10�3), autophagic vacuole assembly (7 genes,
adj. P value � 1.8 � 10�2), and cofactor biosynthetic process
(16 genes, adj. P value � 1.81 � 10�2). The cellular compo-
nents involved in the DR genes in this set include mitochon-
drion (104 genes, adj. P value � 1.85 � 10�5 and sarcoplas-
mic reticulum (8 genes, adj. P value � 1.67 � 10�2), as might
be expected given the BPs, but also autophagic vacuole (6
genes, adj. P value � 4.18 � 10�2) and peroxisome (15 genes,
adj. P value � 1.25 � 10�2). The relative change in organi-
zation of mitochondria is also evident in histologic sections
(Fig. 4, J–L). The primary transcription factors associated with
this pattern of gene expression are SP1, ERR1, and ELK1
(Table 1). GR and PPAR were also involved but are less
significant; there was no significant contribution of T3R to this
pattern of gene expression. Protein interaction modeling sug-
gested regulation of fatty acid oxidation associated with AMP
activated protein kinase complex activity (H. sapiens module

741, 7 genes, adj. P value � 0.0067). Activated AMPK
stimulating fatty-acid oxidation in muscle (8 genes, adj. P
value � 3 � 10�4) was one of two enriched pathway commons
(PC) pathways for this gene expression pattern, suggesting
genes with this expression pattern support fatty acid metabo-
lism. This is confirmed by the other enriched PC pathway of
this expression pattern, import of palmitoyl-coA into the mi-
tochondrial matrix (6 genes, adj. P value � 8 � 10�4).

The fifth pattern of DR genes had decreased expression at
term that increased again by 2 wk of extrauterine life (green,
Figs. 2 and 3E). This gene set consisted of 109 DR genes
yielding 107 genes that could be uniquely identified and
modeled in Webgestalt. These genes modeled six basic pro-
cesses: developmental process (51 genes, adj. P value � 4 �
10�4), single multicellular organism process (59 genes, adj. P
value � 4.81 � 10�5), response to stimulus (64 genes, adj. P
value � 1.86 � 10�5), regulation of biological quality (37
genes, adj. P value � 5 � 10�4), immune system processes (33
genes, adj. P value � 8.09 � 10�5), and establishment or
maintenance of cell polarity (7 genes, adj. P value � 1.5 �
10�3). The major transcription factors associated with this
pattern of gene expression are LEF1, NFAT, and FOXO4
(Table 1), but it is interesting that GR was of higher importance
as a transcription factor regulating this gene expression pattern
than any of the other patterns (6 genes, adj. P value � 0.0007,
Table 1). Protein interaction analysis suggested many interac-
tions typically related to immune system function, for example,
actin polymerization or depolymerization in lamellipodium (H.
sapiens module 111, 13 genes, adj. P value � 0.02), but genes
involved with JAK-STAT cascade signaling involved in
growth hormone signaling pathways (H. sapiens module 25, 21
genes, adj. P value � 0.038) were also significant.

DISCUSSION

Transcriptomic analyses have revealed five patterns of
changing gene expression over the last 2 wk of gestation and
the first 2 wk of extrauterine life. These patterns are consistent
with anatomical and cellular differentiation of the heart fol-
lowed by growth through protein synthesis and reorganization,
and metabolic processes that increase the potential to use lipids
rising throughout the period, whereas those allowing use of
carbohydrates peaking before birth. There also is a pattern
suggesting that immune activation in the heart is suppressed at
term. These patterns have been summarized in Fig. 5.

There are some limitations to the analyses as performed.
Discrete sampling times do not enable determination of precise
timing of the changes in gene expression, and there are a
relatively small number of genes in some of the gene coex-
pression pattern groups (e.g., yellow). Reliance on gene ontol-
ogy terms for the analyses necessarily biases results toward
well-studied areas and their processes, such as the brain and
immune system. However, there are clear trends in the gene
expression pattern analyses that complement previous knowl-
edge of heart development in the perinatal sheep and indicate
a major role of the transcription factors in the ERR family and
MYC in the process. Involvement of these transcription factors
has been well characterized in the rodent (1, 20, 26, 33, 36) but
is less well appreciated in the perinatal sheep heart.

The temporal pattern of gene expression in which expression
is highest at �15 days before birth and then declines through

413TRANSCRIPTOMIC MODELING OF PERINATAL HEART MATURATION

Physiol Genomics • doi:10.1152/physiolgenomics.00027.2015 • www.physiolgenomics.org



term and 2 wk of life (brown) includes genes in BPs associated
with differentiation of the heart, including regulation of cell
differentiation and neuronal differentiation (Fig. 5). Purkinje
fibers arise as specialized cardiomyocytes and acquire some
neuronal characteristics, for example, ubiquitin carboxyl-ter-
minal hydrolase-1 (also known as PGP9.5) and contactin 2
(53). Development of the septum would be expected to reflect
these BPs as it includes Purkinje and myocytes as well as
neuronal components around blood vessels and myocytes.
Thus genes in this pattern of expression were anatomically
associated with development of all aspects of the cardiovascu-
lar system including the heart, the atria, ventricles, and reas-
suringly, the septa. Cellular adhesion and ECM genes were
revealed in this pattern of expression, implying that closer
associations between cells to augment impulse conduction and
generation of greater force of contraction are also largely
complete by 130 days of gestation. This also agrees with the
observations that the last gross anatomical feature of the heart
to develop was the collagen sheath around individual cardio-
myocytes, and the bundles of two to eight, Purkinje fibers, seen
in the sheep (9, 46, 51, 74). Histology of the septum shows
Purkinje fibers are evident at all ages examined (Fig. 4, D–I),
although collagen deposition and organization of Purkinje
fibers in bundles appear to be greater after 130 days.

The transcription factors associated with this pattern include
NFATs, a family of calcium/calcineurin-regulated transcrip-
tion factors that often act in concert with AP1 to effect gene
transcriptional regulation. In nonimmune cells they can also act
with ANP and BNP and in skeletal muscle with slow-twitch
genes and the IP3 receptor. NFAT has been shown to be
important for heart valve formation and differentiation of
muscle fiber types, as well as via interactions with CRELD1
and calcineurin, necessary for VEGF-dependent proliferation
of endocardial cells (43). C/EBPgamma, a transcription factor

important for epicardial activation (27), and EGR1, involved in
excitation-contraction coupling (52) and cardiac fibroblast ap-
optosis (76), were also implicated in controlling the genes in
this coexpression pattern. Thus BPs of the set of genes follow-
ing this trajectory of expression suggest that the anatomical
development of the heart is largely complete by 130 days of
gestation; except for collagen deposition, most cells have
differentiated to their final phenotype and adhered to one
another.

The second pattern of gene expression reflecting the next
step in development is that of constant gene expression
throughout late gestation, but declining expression after birth.
This pattern is shown by the largest set of genes (turquoise,
Fig. 5). The BPs inferred for the group suggest that the growth
by protein synthesis and transport of nascent proteins to their
proper localization within the cells of the heart slows after
birth. The protein complexes in this expression pattern are
predominantly ribosomal, but also cytoskeletal, suggesting that
rearrangement of ribosomes and the cytoskeleton is complete
soon after birth. These genes were associated with the tran-
scription factors SP1, MAZ, LEF1, MYC, and NFY but also
ERR1, T3R and NFKB, and GR and PPAR. NFY interacts
with calcineurin and is important for mediating the actions of
verapamil to block L-type calcium channel activity and de-
crease the proapoptotic TXNIP in cardiomyocytes (10). It is
also increased in NKx2-5 knockout mice that display complex
cardiac phenotypes (38).

Despite this pattern of gene expression associated with
protein synthesis, the heart weight-to-body weight ratios of
130 day-gestation fetuses and newborn lambs are similar
(�0.7%) (7), although there is an increase in the fraction of
myocardium that is cardiac muscle (�76% to 85%) (66)
(Fig. 4, A–F). Since fetuses and lambs are growing rapidly
throughout this time period, the pattern of increased expres-

Fig. 5. A summary illustration of the most
significant patterns of gene expression dis-
covered over time from 2 wk before term
(�2), to term, and to 2 wk postnatally (�2).
The color-coded gene expression patterns
are shown as colored lines; images repre-
senting the major processes modeled for the
expression pattern are shown in boxes with
background colors matching the line drawn
for their expression pattern.
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sion of genes associated with protein synthesis likely re-
flects the switch from hyperplastic to hypertrophic growth
(15, 37), beginning at about 110 days gestation through
early extrauterine life (29) in the sheep, but at about post-
natal day 3– 4 of the rat (37). This switch can be driven by
a fall in IGF2 (seen in the brown expression group) acting at
the IGF1 receptor that drives proliferation (68) and a rise in
thyroid hormone activity. MYC, a transcription factor asso-
ciated with this coexpression pattern, decreases at the switch
from proliferation to differentiation and prior to cell hyper-
trophy in the developing heart. MYC is important for
controlling proliferation, because its overexpression causes
an increase in cardiomyocyte number with normal matura-
tion (28). Thyroid hormone precursor (T4) levels, tissue
deiodinases, and T3R rise beginning at about 135 days
gestation, slowing the proliferation driven by IGF as gesta-
tion advances (12, 23, 68). However, the binucleation that
follows cessation of proliferation begins at about 110 days
of gestation, and so it is likely that this is transition is not
driven solely by thyroid hormone-bound T3R, as suggested
by the relatively small number of genes driven by TRE.
Indeed, this process is complex as it was recently shown that
at 100 days of gestation, IGF1 combined with T3 decreased
the phosphorylation of ERK and AKT (growth and differ-
entiation effectors respectively downstream of T3R and
IGF1R) but increased their phosphorylation at 135 days
gestation; these hormones both increase the phosphorylation
of ERK and AKT when administered alone at either age
(12). MYC overexpression enhances the ability of T3R
activity to increase hypertrophic growth in the differentiated
cardiomyocyte (57). This coexpression pattern (high
throughout gestation and decreasing after birth) is the only
one of the three patterns in which MYC is modeled as a
transcription factor targeting genes that also has significant
T3R gene targets, suggesting that they may interact to
decrease proliferation and increase hypertrophic growth
toward the end of gestation. It could also be driven by LEF1
that interacts with ß-catenin to cause hypertrophy in both
adult and neonatal mouse hearts (13).

A third pattern was displayed by the set of genes whose
expression was decreased at term relative to either 2 wk before
term or 2 wk after birth (green, Fig. 5). The BPs associated
with these genes were developmental, and responses to many
kinds of stimuli, including immune, temperature, stress, virus,
wounding, and chemical stimuli. This suggests the blunting of
the responses to these stimuli at term. In the cow both innate
and acquired immune responses are lowest between 3 wk
prenatally and 3 wk postnatally (40). Considering that gluco-
corticoids in the sheep fetus peak at term (60), the pattern of
blunted responses may result from transcriptional repression
due to the high steroid levels at this time, and indeed the GR
was implicated as a fairly important transcription factor of this
gene expression pattern. Other studies, in this case in models of
caloric restriction to increase longevity, have suggested that a
decrease in genes regulating immune function pathways, in-
cluding inflammation (2), occurs in concert with activation of
beneficial pathways associated with metabolic health (e.g., the
mitochondrial electron transport system, cytosolic ribosomes,
and regulation of mitochondrial redox potential). This suggests
that immune function is related to metabolic health. Thus, the
dip in immune responsiveness modeled at term in this study

may be a mechanism to promote metabolic changes during the
challenging switch to extrauterine life (42).

Mitochondrial organization, structure, and metabolism fig-
ure prominently in two gene expression patterns (yellow and
blue). Genes with an increasing expression from day 135 to
term but no further increase after term (yellow) include genes
controlling mitochondrial organization, the respiratory electron
chain, and ATP, ADP, ubiquinone biosynthesis, and carboxylic
acid catabolism. The transcription factor MYC, an important
regulator of metabolic processes, is known to increase glyco-
lysis (as well as mitochondrial mass, OXPHOS, and electron
chain transport function) (26). MYC is a transcription factor
identified as a regulator of genes following this pattern (yel-
low) of protein expression (adj. P value � 0.019), although it
is also implicated in controlling genes with the turquoise and
blue patterns of expression, as befits its major role in metabolic
regulation (as indicated by staining for COX IV, a mitochon-
drial enzyme; Fig. 4, J–L). This suggests that as the cells of the
heart become terminally differentiated in late gestation but are
still actively growing and organizing, they are also increasing
their ability to synthesize ATP from sugars. The capacity to
generate ATP through these pathways then remains constant
from term through the first 2 wk of life (Fig. 5). In contrast,
expression of genes associated with the ability to use fatty
acids continuously rises throughout the time period of our
study (blue pattern). Indeed, an increasing ability to use fatty
acids is indicated by increased expression of genes associated
with lipid oxidation, the carnitine shuttle, and the organization
of mitochondria and mitochondrial transport. This is consistent
with the ability of the postnatal heart to utilize free fatty acids,
which are a more efficient fuel than glucose (i.e., more ATP
per molecule metabolized) but require more oxygen per unit of
energy. The fetal heart predominantly uses glucose and lactate
as energy sources, although the fetal sheep heart can use lipids
if they are supplied before birth (4). Postnatally the supply of
fatty acids increases, and the heart switches away from carbo-
hydrates as the main energy source (22) to preferential use of
fats during the first few weeks of life, so that by 15 days of age
about 80% of the oxygen used by the LV is used for long-chain
fatty acid oxidation (4, 49). Thus, this pattern of gene expres-
sion clearly reflects this ongoing process in the fetal and
neonatal heart.

The metabolic switch has been associated with the ERRs,
especially ESRRG, in mouse knockout studies (1). ESRRG
does not have a specific gene set in the Broad Institute’s
database, presumably because it binds to the same motif as
ESRRA; thus we cannot identify which ERR is important in
our gene expression patterns. This is unfortunate because
ESRRA knockout mice are relatively normal because of
compensation by cofactor upregulation, whereas ESRRG
knockout mice die immediately after birth after failing to
complete the metabolic shift to fatty acid metabolism among
a myriad of other problems (1). Nevertheless, genes con-
taining the binding motif in their promotor region for this
transcription factor family were overrepresented in all but
one of our expression patterns, but most significantly in the
metabolically associated expression patterns, highlighting
their importance in perinatal heart maturation. Various co-
factors of ERRs are found in different expression patterns
for example RARA and CREB1 (20) in the pattern with
highest gestational expression (brown) and STAT3 (20) in
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the continuously rising pattern of gene expression (blue).
NRF1, another cofactor in the continuously rising (blue)
pattern, has been suggested to maintain the expression
pattern set up by a more short-lived interaction of ERR and
PPARGC1A gene products on transcription (20). This sug-
gests that the pattern of coactivator expression with ERRs
may define when and how the ERRs affect heart maturation.

These two patterns of gene expression also include genes
that alter mitochondrial structure and function. The mito-
chondrial organization regulated in the pattern with high
prenatal gene expression is concerned with mitochondrial
respiratory chain component assembly (2 genes, adj. P value
10�3), and regulation of the mitochondrial membrane po-
tential in an antiapoptotic fashion (2 genes, adj. P value �
1.4 � 10�2), a different role in mitochondrial organization
from that seen with the progressively increasing pattern of
gene expression. The mitochondrial organization that occurs
with this pattern of expression is suggestive of remodeling
of the mitochondrial system as it involved fusion, fission,
morphogenesis, apoptosis, organization of the mitochon-
drial membranes, and targeting of proteins to mitochondria
(Fig. 4, J–L). The mitochondrial genome, the mitochondrial
nucleoid, a membrane-bound complex, was also involved as
would be expected if mitochondrial fission and fusion oc-
curred. Mitochondrial fission requires contact with the en-
doplasmic reticulum (24), and it has been estimated that
10 –20% of the mitochondrial surface participates in endo-
plasmic reticulum (ER) contacts in the rat liver, an organ
with a highly dynamic mitochondrial network (50). In-
creases in expression of genes associated with mitochon-
drial organization followed the increase in expression of
genes involved with the organization of the ER, thereby
setting up the potential for mitochondrion-ER interaction.
For example, the protein product of the MFF gene, within
the continuously rising (blue) pattern of gene expression,
localizes to the site of fission and recruits other proteins to
produce fission (24).

At term, the mitochondria of the cardiomyocytes are
organized into two pools, one around the poles of the
nucleus and the other associated in a very orderly fashion
with the sarcomeres (7). The mitochondrial network of a cell
is in constant flux, being a dynamic, energy-dependent
structure that responds quickly to the state of the cell and is
very dependent on the cell type. The groundwork for the
cardiomyocyte mitochondrial reticulum is laid by the genes
with the yellow expression pattern and built upon with the
genes in the blue pattern of gene expression, both in terms
of the “anatomy” of the structure and the energy sources that
it can use to fuel the cell and maintain its own structure.

Since the energetic state of the cell and the biophysical
forces on the cardiomyocyte regulate its mitochondrial net-
work, it is likely that a bidirectional flow of signals from
mitochondrion to cell and cell to mitochondrion shapes the
network and determines the functionality of the cardiomy-
ocyte. One of the most highly significant transcription
factors associated with the progressively increasing (blue)
pattern of gene expression, NRF1, has been described as one
of the key regulators of nuclear-mitochondrial communica-
tion. It is transcriptionally activated downstream of
PPARGC1A, the so-called master regulator of mitochon-
drial biogenesis, that acts through ESRRA (64) and GABPB

(aka NRF2) to induce NRF1 expression (45), but NRF1 is
also a coactivator partner with PPARGC1A, revealing their
complex interaction in mitochondrial biogenesis (reviewed
in Ref. 63). Another transcription factor known to interact
with PPARGC1A, PPAR, was also important in this pattern
of gene expression. Transcription of PPARGC1A is strongly
induced in the postnatal mouse, but nearly absent before
birth (35). Primary cultures of embryonic mouse cardiomy-
ocytes treated with a GR agonist show myofibril maturation
and increased mitochondrial oxygen consumption that is
blocked by PPARGC1A knockdown, suggesting that gluco-
corticoids act through induction of PPARGC1A (58). The
pattern of increasing expression of genes regulated by fac-
tors either downstream of, or coactivators with, PPARGC1A
throughout the study period suggest it may be important in
maturation of cardiac function in the perinatal sheep. How-
ever, there was no change in expression of PPARGC1A over
the time course we studied, although it is possible that
PPARGC1A is induced earlier than 130 days in the sheep or
that these time points miss short-lived changes in
PPARGC1A expression.

MEF2, a family of transcription factors with gene targets
in the expression pattern that rises to term then remains
constant (yellow), is reported to control expression of
PPARGC1A and to be involved with cardiac differentiation,
postnatal growth (32), cardiac muscle development in
response to stress, mitochondrial biogenesis (48), extracel-
lular matrix protein expression (39), and vascular develop-
ment of the heart (6). The transcription factor MYC regu-
lates mitochondrial positioning within the cell (26) and was
significantly associated with this pattern of gene expression,
but it also has other major effects on mitochondria that are
also consistent with this rising pattern of gene expression,
such as a role in normal cardiac development (28) and
increased expression following T3R stimulation prior to
hypertrophic growth that is magnified by overexpression in
transgenic mice (57).

The rising pattern of expression suggests that there is
large-scale mitochondrial remodeling in the septum of the
perinatal sheep fetus that may occur earlier in ontogeny than
in the rat, but this would need to be confirmed by further
studies. The different developmental stages of the newborn
sheep and rodent may contribute to these differences, as
may the relative size, shape, and contraction rate of the
cardiomyocyte in large animals compared with small and
relatively immature rodents, which is suggested to affect the
EC coupling within the cell (65) and, in turn, affect their
metabolic and mitochondrial systems.

Both GREs and T3RE are found in the mitochondrial ge-
nome and have been shown to affect mitochondrial DNA
transcription when bound by their respective hormone recep-
tors; GR and TR are also localized in mitochondria but may
have a slightly different structure from the cytosolic receptor
(5, 17, 19, 47). The genes in the continuously rising pattern of
gene expression (blue) includes a significant number associated
with GR as a transcription factor, but the pattern that rises in
the perinatal period and then remains constant (yellow pattern)
does not, and neither seems to depend on T3R. This implies
that the increase in mitochondrial remodeling could be driven
by GRE both on the nuclear and on the mitochondrial DNA,
but that thyroid hormone, well known to effect mitochondrial
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biogenesis postnatally (for example Ref. 70) may do so by
interactions with other factors rather than the T3R for example
PPARs (44) (PPAR, 11 genes, adj. P � 0.0025, blue pattern).

In summary, transcriptomic analysis of gene coexpression
patterns illustrates the sequential development of cardiomy-
ocyte structure and metabolism that is necessary for matu-
ration of cardiomyocytes and for the transition in function
occurring in the postnatal period. In particular, temporal
patterns of the maturation were suggested by the modeling.
During this period of development the anatomical differen-
tiation of the septum slows, and then the ER matures and
becomes closely associated with the evolving mitochondrial
network. The ability of the cells to metabolize carbohydrates
matures prenatally, but the ability to efficiently use fatty
acids rises throughout this time, in contrast to the rodent
where this occurs postnatally. Also, the timing of the coex-
pression of genes regulated by the transcription factors
MYC and ESRRs was different in the sheep compared with
rodents. In addition, there is a period of decreased immune
and cellular responsiveness, likely controlled by high glu-
cocorticoid levels perinatally, that may influence metabolic
health in the transition to extrauterine life.
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