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Abstract

Placental insufficiency causes intrauterine growth restriction (IUGR), a common Key Words
complication of pregnancy. In skeletal muscle, IUGR reduces fetal myofibril size, reduces > fetus
myoblast proliferation and reduces expression of genes in cell cycle regulation clusters. > IGF

The myocardium is striated like skeletal muscle, and IUGR also reduces cell cycle activity » insulin

and maturation in cardiomyocytes, despite cardiac output preferentially directed to the » myocardium
coronary circulation. We hypothesized that cardiomyocyte growth restriction would » corticosteroids

be accompanied by similar changes in cell cycle regulation genes and would reduce
cardiomyocyte cell cycle activity, number, maturity and size. Pregnant ewes were housed
in elevated ambient temperatures from ~40 to ~115 days of gestation (dGA) to produce
placental insufficiency and IUGR; fetal hearts were studied at ~134dGA. Hearts were
biopsied for mRNA analysis and then dissociated into individual myocytes (Control n=8;
IUGR n=15) or dissected (Control n=9; IUGR n=13). IUGR fetuses had low circulating
insulin and insulin-like growth factor 1 (IGF1) and high circulating cortisol. Bodies and
hearts of IUGR fetuses were lighter than those of Controls. Cardiomyocytes of IUGR
fetuses were smaller, less mature, less active in the cell cycle and less numerous than

in Controls. Further, there was a pattern of downregulation of cell cycle genes in IUGR
ventricles. IUGR growth profiles in heart and skeletal muscle suggest similar regulation
despite differences in blood and nutrient delivery prioritization. IGF1 signaling is

suggested as a mechanism regulating altered growth in IUGR striated muscle and a
Journal of Endocrinology

potential therapeutic candidate.

Introduction

Intrauterine growth restriction (IUGR) results from
inadequate placental function limiting fetal nutrient
delivery, impairing normal growth and development
(Marconi & Paolini 2008). Infants affected by placental
insufficiency redirect a greater proportion of oxygenated
blood flow to the upper body, which enhances nutrient
delivery to vital organs, including heart and brain, at the
expense of other tissues such as skeletal muscle (Baschat

& Hecher 2004, Bellotti et al. 2004, Brown & Hay 2016).

(2018) 239, 253-265

These fetal adaptations have life-long health implications,
a phenomenon known as the Developmental Origins
of Health and Disease first articulated by Barker and
colleagues (de Boo & Harding 2006, Fernandez-Twinn
& Ozanne 2010, Barker & Thornburg 2013). Placental
restriction is associated with obesity, reduced lean body
mass, insulin resistance and cardiovascular disease in
adulthood (Phillips et al. 1994, Fall 2011, Alexander
et al. 2015, Camm et al. 2015). Thus, while the heart
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and skeletal muscle are differently prioritized to receive
nutrients during placental insufficiency, there are negative
consequences for both following IUGR.

Hearts of fetal humans, sheep, rodents and other

mammals grow by myocyte proliferation, terminal
differentiation (which 1is associated with cellular
enlargement, multinucleation and cessation of

proliferation) and enlargement of both proliferative and
terminally differentiated myocytes (Zak 1974, Clubb &
Bishop 1984, Kim et al. 1992, Huttenbach et al. 2001,
Burrell et al. 2003, Jonker et al. 2015). Despite shunting
shown to maintain coronary perfusion during IUGR
in humans and sheep (Baschat & Hecher 2004, Bellotti
et al. 2004, Tare et al. 2014), hearts of fetal sheep with
experimental placental insufficiency are reduced in
weight (Bubb et al. 2007, Louey et al. 2007, Morrison et al.
2007, Tare et al. 2014). IUGR is associated with less mature
cardiomyocytes and reduced proliferation in near-term
fetal sheep, while disagreement persists as to whether the
cells are smaller in fetal sheep and humans (Takahashi
et al. 1995, Murotsuki et al. 1997, Mayhew et al. 1999,
Bubb et al. 2007, Louey et al. 2007, Morrison et al. 2007,
Botting et al. 2014).

Cardiac and skeletal muscle are both striated
muscle, characterized by the organization of contractile
proteins into sarcomeres, an abundance of mitochondria
and (in many species, including humans and sheep)
multinucleation on maturity (Adler et al. 1996). Unlike
fetal cardiac muscle, in which working myocytes undergo
cytokinesis, skeletal muscle grows by proliferation of
myoblasts and their subsequent differentiation and
fusion to form multinucleated myotubes (Brown & Hay
2016). Also unlike the heart, skeletal muscle blood flow
is reduced in IUGR, leading to a substantial reduction
in oxygen and amino acid delivery (Poudel et al. 2015,
Rozance et al. 2018); total mass and cross-sectional area
of hindlimb muscles are consequently reduced (Soto
et al. 2017, Rozance et al. 2018). Myoblasts capable of
proliferating are maintained proportional to total number
of nuclei and even enhanced relative to myofiber number
(indicating immaturity), but cell cycle activity in those
myoblasts is reduced (Yates et al. 2014, Soto et al. 2017).
Pathway analysis in near-term IUGR skeletal muscle
found decreased expression of clusters of genes related to
proliferation and differentiation (Soto et al. 2017).

We hypothesized that in near-term fetuses with
severe [IUGR we would find ventricular cardiomyocyte
immaturity, reduced proliferation and suppression of
intracellular growth regulatory pathways similar to
those suppressed in skeletal muscle (Brown & Hay 2016,
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Soto et al. 2017). To test this hypothesis, we used a well-
established sheep model of chronic, progressive placental
insufficiency that results in severe IUGR (Thureen et al.
1992, Limesand et al. 2007, Regnault et al. 2007). Placental
insufficiency is initiated mid-gestation to reduce placental
transfer of oxygen, amino acids and glucose similar to that
experienced by the human IUGR fetus (Bell et al. 1987,
Barry et al. 2008). We examined growth characteristics of
cardiomyocytes and mRNA levels of genes that regulate
the cardiomyocyte cell cycle.

Materials and methods

Animal model

Animal use was approved by the Institutional Animal
Care and Use Committee of the University of Colorado,
Denver.

Columbia-Rambouillet sheep (Ovis aries) with
singleton pregnancies were studied at the University
of Colorado Perinatal Research Center as previously
described (Soto et al. 2017). The fetuses in this study were
included in previously published studies (Brown et al.
2012, Culpepper et al. 2016, Rozance et al. 2018). In brief,
pregnant ewes were housed in environmental chambers
with elevated ambient temperatures (40°C for 12h; 35°C
for 12h) and 40% humidity from ~40-day gestation
(dGA, term=147dGA) to ~115dGA to produce placental
insufficiency and IUGR, after which they were housed
in ambient temperatures and humidity (IUGR, n=15).
Control ewes were housed in the same facility at ambient
temperatures and normal humidity (Control, n=8). All
sheep had access to water ad libitum. Maternal feed intake
was matched on an absolute basis between sheep in the
Control and IUGR groups (maternal weight-adjusted feed
intake did not differ between groups).

Animals underwent surgery for fetal and maternal
catheter placement as previously described, including
catheterization of the fetal abdominal aorta (Soto et al.
2017). Briefly, ewes were fasted for 24 h and water deprived
for 12h prior to surgery. Diazepam (0.2mg/kg) and
ketamine (20mg/kg) were administered intravenously,
and then ewes were maintained throughout surgery
on isoflurane inhalation anesthesia (2-4%). Maternal
analgesia was provided with intramuscular Banamine
(1.1mg/kg) (Merck Animal Health USA, Madison, NJ,
USA). Surgical recovery was at least 5 days.

On the morning of tissue collection, fetal arterial
blood was assayed for measurement of pH, partial
pressure of CO, (PCO,), partial pressure of O, (PO,),
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O, saturation, O, content, hemoglobin, insulin, insulin-
like growth factor 1 (IGF1), norepinephrine and cortisol
using biochemical methods previously described
(Limesand et al. 2006, Brown et al. 2012).

Fetal heart collection

Animals were killed by intravenous pentobarbital sodium
(Fatal Plus; Bortech Pharmaceuticals, Dearborn, MI, USA).
The fetus was weighed, and the heart was immediately
excised. Blood was flushed from fetal hearts with a
heparin-containing Tyrode’s solution (Jonker et al. 2007).
As the high-pressure pumping chambers, we focused on
the ventricles. Mid-ventricular biopsies were excised and
frozen, and wound edges were sealed with cyanoacrylate.
Hearts were enzymatically dissociated and cells were fixed
with formaldehyde as previously described (Jonker et al.
2007). As ventricular wall weight cannot be obtained from
dissociated hearts, contemporaneous groups of Control
and IUGR age-matched fetuses with similar physiological
and physical parameters were used to obtain ventricular
wall weights (Control n=9, IUGR n=13) as previously
described (Jonker et al. 2007).

Cardiomyocyte measurements

Length and width measurements were obtained from
random, non-repeating photomicrographs from no fewer
than 90 isolated cardiomyocytes separately from each
ventricular wall, as previously described (Jonker et al.
2007). A shape factor, measured from no fewer than
ten mononucleated and binucleated myocytes per fetal
ventricular wall, was used to calculate myocyte volume
from length and width measurements (Jonker et al. 2007).

The number of nuclei in at least 300 myocytes from
each ventricular wall of each animal was tabulated to
determine the fractions of mono-, bi-, and quadrinucleated
cells.

Detection of anti-Ki-67 antibody binding (MIB-1,
Dako) was used to determine cell cycle activity from
~500cells per ventricular wall per animal as previously
described (Jonker et al. 2007).

Cardiac number myocyte quantification

Cardiomyocyte number was calculated as previously
described (Jonker et al. 2007, 2015), with minor
modifications. The proportional relationship between
ventricular wall weight and heart weight was derived from
values measured from a subset of animals (Control, n=9;

239:2 255

IUGR, n=13). This was used to calculate ventricular wall
weights from total heart weight for each enzymatically
dissociated heart. Wall weights were multiplied by
the proportion of myocardium, which is composed
of myocytes (Smolich et al. 1989), and divided by the
specific gravity of 1.05g/mL, which was then divided by
the proportionally represented myocyte volumes (Jonker
et al. 2007, 2015) to yield myocyte number per wall. As
there were not enough quadrinucleated cells to obtain
morphometric measurements, and as they have been
found previously to be twice the volume of binucleated
cells (Jonker et al. 2015), they were included in calculations
using twice the volume of binucleated cells.

RNA extraction and quantitative real-time PCR
analysis

Total RNA was isolated from myocardial biopsies, reverse
transcribed and used in qPCR using the AACT method
(Lightcycler 480 II; Roche Life Science) as previously
described (Brown et al. 2014, Soto et al. 2017). Genes for
analysis were selected based on the KEGG pathway analysis
for fetal sheep IUGR skeletal muscle previously published,
in addition to some other key cell cycle regulators (Soto
et al. 2017). Those primers for qPCR assays that were not
published previously (Soto et al. 2017) are provided in
Table 1. mRNA expression levels of reference genes did
not vary by treatment or ventricular wall; therefore, all
experimental genes are expressed as a ratio with the equal-
weighted average of the reference genes. mRNA levels are
expressed relative to average LV Control values.

Statistical analysis

Comparisons of blood parameters and necropsy weights
were by Student’s unpaired t-test (Prism 6, GraphPad
Software). Sex distribution was assessed using chi-
square test. Treatment (Control, IUGR), ventricular wall
(LV, septum, RV) and sex (male, female) were initially
screened as main effects by Student’s unpaired t-test;
although sex differences do sometimes emerge in fetal
cardiac studies (Lumbers et al. 2009, Botting et al. 2018),
no significant sex effect was found in this dataset; thus,
sex was not included in the final analysis. The effect of
sex was not evaluated for mRNA gene expression due
to limited sample size. Two-way ANOVA was used to
determine the effects of treatment and ventricular wall on
cardiomyocyte and mRNA parameters. When indicated
by a significant interaction term, multiple comparisons
were conducted with Holm-Sidak correction. Pearson’s
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Table 1 Sequences of primers used for qPCR.

Forward Reverse

Cyclin A2 (Ccna2) CCTGCAAACTGCAAAGTTGAA GGTGAAGGTCCAGGAGACA
Cyclin D1 (CendT) ACTACCTGGACCGCTTCCT TTGGAGAGGAAGTGCTCGAT
Cyclin D2 (Ccnd?2) TCCTCTCGCCATCAATTACC TCCTGAGGCTTGATGGAGTT
Cyclin-dependent kinase 4 (Cdk4) ATTTCCTTCATGCCAACTGCA CCAACACTCCACATGTCCAC
Cyclin-dependent kinase 6 (Cdk6) GCATCGTGATCTAAAACCACA GAGTCCAATCACGTCCAAGA
Activator of S phase kinase (Dbf4) ATCTGGGAGGGCGAGTTGAAGAAT TGAGGTGATGTGGTTTCCGCAGTA
Myeloid ecotropic viral integration site 1 homolog (Meis7) ATATCATGAGGGCGTGGCTG ATAGGTCCTGGTGCCCTGAT
Myeloid leukemia factor 2 (M/f2) CTCAGCATCACAGATGGCAA CATGTCGTTCATCATCCCAA
Cyclin-dependent kinase inhibitor 1A (p27) GAGGACCACTTGGACCTGT TCTGCGTTTGGAGTGGTAGA
Cyclin-dependent kinase inhibitor 1B (p27) GCTTGCCCGAGTTCTACTAC CATTTTCTTCTGTTCTGTTGGC
Ribosomal protein L32 (Rp/32) AATCAAGCGGAACTGGCG GGCATTGGGATTGGTGATT
Ribosomal protein L37a (Rp/37a) ACCAAGAAGGTCGGAATCGT GGCACCACCAGCTACTGTTT

Transcription factor Dp-1 (Tfdp1)
Protein kinase C inhibitor protein-1 (Ywhaz)

correlation coefficients were calculated to explore
relationships between circulating hormones and
cardiomyocyte parameters in [UGR fetuses; if significant,
linear regression was performed to determine if
relationships were similar between Control and IUGR
fetuses. If not different, regression relationships were
determined for all fetuses pooled. P<0.05 was considered
statistically significant.

Results

Fetal physiological characteristics

Gestational age (Control: 134.9+0.8, IUGR: 134.2+1.2)
and sex distribution (Control: 50% male, IUGR: 53% male)
were not different between groups. Placental insufficiency
reduced fetal arterial PO,, hemoglobin saturation, O,

AGGTCTTCATCGACCAGAACCTCA
CAAACGCTTCACAAGCAGAGAGCA

TACCAATCACCACTTGCTGCGAGA
TGCTGTGACTGATCCACAATCCCT

content and plasma glucose (Table 2). No changes were
observed in pH, PCO,, total hemoglobin or plasma lactate.
IUGR reduced fetal arterial plasma insulin and IGF1 levels
and increased cortisol and norepinephrine levels.
Placental insufficiency reduced fetal body weight
(Fig. 1A) and heart weight (Fig. 1B). The ratio of heart-
to-body weight was not different, but tended to be lower
in IUGR (P=0.0613; Fig. 1C). Because IUGR changed
hormone levels, the relationship of heart weight with
these factors was tested in IUGR fetuses and found to be
correlated with IGF1 (r=0.8497, P<0.0001) (Fig. 1D).
Ventricular wall weights were reduced by IUGR (main
effect, P<0.0001) and affected by anatomical location
(main effect, P<0.0001), but there was no significant
interaction between these terms (P=0.0619; Fig. 1E).
Wall weights normalized to heart weight were affected by
anatomical location only (P<0.0001) (Fig. 1F).

Table 2 Arterial blood gas and chemistry in control and IUGR fetal sheep aged ~134dGA.

Control (n=8)
pH 7.35+0.02

Hemoglobin (mmol/L) 7.8x1.6
PCO, (mmHg) 50.7+2.8
PO, (mmHg) 19.8+1.6
O, saturation (%) 47.6+5.9
O, content (mmol/L) 3.1+0.5
Glucose (mg/dL) 21+5
Lactate (mmol/L) 2.5+0.5
Insulin (ng/mL) 0.4+0.2
Cortisol (ng/mL) 9.2+7.0
Norepinephrine (pg/mL) 602+404
IGF1 (ng/mL) 125+37

Groups compared by Student’s t-test. Data are shown as mean +s.p.
ns, not significant.

Comparison of means

IUGR (n=15) P-Value
7.35+0.02 ns
7.4+1.0 ns
51.5x2.2 ns
14.8+2.8 0.0002
30.7+10.9 0.0006
2.1+0.9 0.0063
144 0.0019
2.7+0.9 ns
0.2+0.1 0.0171
23.6+18.2 0.0431
1699 + 1492 0.0034
54+33 0.0001
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Cardiomyocyte growth and maturation

The interaction term between treatment and anatomical
location of cell origin was not significant for any myocyte
measurement.

IUGR reduced cell cycle activity expressed as a
percentage of mononucleated myocytes (P=0.0191;
Fig. 2A). Ventricular source did not affect cell cycle activity
(P=0.0905). IUGR reduced the proportion of binucleated
myocytes — an index of maturation (P=0.0383; Fig. 3B).
Proportion quadrinucleated was not different between
groups and was less than 1% of all cells (data not shown).
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Figure 2

Cardiomyocyte cell cycle activity and maturation in Control and IUGR
fetal sheep. (A) Cell cycle activity, as determined by Ki-67 protein
labeling, in Control (n=8) and IUGR (RV and LV n=13; Septum n=14)
fetuses at ~134dGA. (B) Cell immaturity, as indicated by proportion
binucleate, in IUGR fetuses (LV n=15, RV and septum n=14) and Control
fetuses (n=8). Groups compared by 2-way ANOVA and Holm-Sidak test.
Different from *Control (P<0.05). Data are shown as mean +standard
deviation.
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9'/ Figure 1
® =0 Body and heart weights in Control and IUGR fetal
"/. sheep. (A) Body weight, (B) heart weight and

(C) heart weight relative to body weight in
Control (n=8) and IUGR (n=15) ~134dGA fetuses.
(D) Following significant correlation within IUGR
fetuses between circulating IGF1 and heart
weight, regressions on separate treatment groups
were not found to be significantly different and a
single regression was fit between circulating IGF1
levels and heart weight (Y=0.1262X+10.18,
r2=0.77, P<0.0001). (E) Ventricular wall weights
and (F) wall weights relative to heart weight in
Control (n=9) and IUGR (n=13) fetuses at
~134dGA. Groups in panels A, B and C compared
by Student’s t-test. Groups in panels D and E
compared by 2-way ANOVA and Holm-Sidak test.
Different from *Control, #RV, and tSeptum
(P<0.05). Data are shown as mean =standard
deviation.
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Mononucleated myocyte lengths were reduced
by IUGR (P=0.0012) and were different across the
ventricular walls (P=0.0012) (Fig. 3A). IUGR did not affect
mononucleated width (P=0.0612), but ventricular origin
did (P<0.0001; Fig. 3B). Mononucleated myocyte volumes
were reduced by IUGR (P=0.009) and different across the
ventricular walls (P<0.0001; Fig. 3C).

Binucleated myocyte lengths were reduced by IUGR
(P=0.0108) and affected by ventricular origin (P<0.0001;
Fig. 3D). Binucleated widths were not changed by IUGR,
but were different across the ventricular walls (P<0.0001;
Fig. 3E). IUGR reduced binucleated myocyte volumes
(P=0.0196), which were also affected by ventricular origin
(P<0.0001; Fig. 3F).

Cardiomyocyte number was reduced by IUGR
(P=0.0361) and different across the ventricular walls
(P<0.0001; Fig. 4).

Associations between circulating factors and
myocyte parameters

Because IUGR changed circulating hormones, the
correlation of cardiomyocyte growth parameters with
these factors was tested in ITUGR fetuses. IGF1 levels in
IUGR fetuses were correlated with myocyte number in the
LV (r=0.6903, P=0.0044), septum (r=0.7388, P=0.0025)
and RV (r=0.5682, P=0.034) (Fig. 5).

Insulin levels in IUGR fetuses were correlated with LV
binucleate length (r=0.5763, P=0.0245), RV binucleate

length (r=0.5472, P=0.0429), RV binucleate width
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(r=0.6034, P=0.0223) and RV mononucleate length
(r=0.5988, P=0.0237) (Fig. 6). There was a tendency for
a correlation with septum binucleate length (r=0.5067,
P=0.0644). It was determined that the slopes of the
regressions binucleate length against insulin levels
differed significantly between Control and IUGR fetuses
for LV (P=0.0181) and that the regression for Control
fetuses was not significant; therefore, the relationship for
the IUGR fetuses alone was determined.

Log-transformed cortisol levels in IUGR fetuses
were negatively correlated with LV binucleated width
(r=—0.5312, P=0.0416) and RV binucleated length
(r=—0.6427, P=0.132) (Fig. 7). There were tendencies for
correlation with RV proportion binucleated (r=0.5291,
P=0.0517) and negative correlation with RV binucleate
width (r=-0.5297, P=0.0514).

Log-transformed norepinephrine levels in ITUGR
fetuses were correlated with RV proportion binucleated
(r=0.5507, P=0.0413), and septum (r=-0.6112,
P=0.0202). There was a tendency for negative
correlation with RV binucleate width (r=-0.4684,
P=0.0912) and binucleate length in the septum
(r=-0.5193, P=0.0570). Linear regression relationships
for RV proportion binucleated were not different
between Control and IUGR fetuses, but the regression
relationship for all fetuses together was not significant.
Linear regression relationships for septum proportion
binucleated had different intercepts between Control
and IUGR fetuses (P=0.0103), and the slope of the
regression for the Control relationship was not different
from zero.
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RV Septum LV

# #

Figure 3

Cardiomyocyte size in Control and IUGR fetal
sheep. (A) Mononucleated myocyte length,

(B) width, and (C) volume and (D) binucleated
myocyte length, (E) width, and (F) volume in
Control fetuses (n=8) and IUGR fetuses (LV n=15,
RV and septum n=14) at ~134dGA. Groups
compared by 2-way ANOVA and Holm-Sidak test.
Different from *Control, ¥RV and tSeptum
(P<0.05). Data are shown as mean+standard
deviation.

* * *

Septum LV

Cardiac mRNA expression levels

Reference genes Rpl32, Rpl37a and MIf2 did not vary with
treatment or between ventricles (Table 3).

IUGR reduced the mRNA expression of Ccna2 (cyclin
A2) and Ccnb2 (cyclin B2) (Table 3). Treatment interacted
with ventricular source for Ccnb1 (cyclin B1l) and Ccnd2
(cyclin D2); for both genes, RV expression was lower
in TUGR, while RV expression was greater than LV. RV
expression was also greater than LV for Ccnb2 (cyclin B2).
There was no effect of treatment or ventricle on Ccndl
(cyclin D1) or Ccne2 (cyclin E2) levels.

IUGR reduced ventricular Cdk1 expression (Table 3).
The interaction term was significant for Cdk6; IUGR
reduced Cdké6 expression in the RV, and expression was

A 4 B
& 2 — 1.0 #
~ * * * o —_—
Z E &
g e
P ©
8 1 52 0.5
£ 5%
I 2 E
e 0 0.0
RV Septum LV RV Septum LV
[ Control [ IUGR
Figure 4

Myocyte number in Control and IUGR fetal sheep. (A) Total myocyte
number, and (B) number of mononucleated myocytes in IUGR (LV n=15,
RV and septum n=14) and Control fetuses (n=8) at ~134dGA. Groups
compared by 2-way ANOVA and Holm-Sidak test. Different from
*Control, #*RV, tSeptum (P<0.05). Data are shown as mean +standard
deviation.
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greater in the RV than the LV. There was no effect of
treatment or ventricle on Cdk4 levels.

Cdkn2c (p18) expression was greater in the RV than
LV, while Cdknla (p21) was lower in the RV (Table 3).
There was no effect of treatment or ventricle on Cdknlb
(p27) levels.

IUGR reduced the expression of Plk1, Cdc20, Mad2,
Bub1b, and Espll (Table 3). Treatment interacted with
ventricular source for Dbf4; IUGR reduced Dbf4 expression
in the RV, and RV expression was greater than LV. RV
expression was also greater than LV for Bub1b and Ywhaz.
There was no effect of treatment or ventricle on Chk1.

There was no effect of treatment or ventricle on
transcription factors Tfdp1 or Meis1 (Table 3).

Discussion

We found that near-term fetuses affected by chronic
placental insufficiency and IUGR had smaller
cardiomyocytes with reduced terminal differentiation
and proliferation, and consequently a diminished
myocyte complement in the heart. Impaired growth and
maturation was found across all ventricular walls, and
these differences all contribute to the smaller hearts found
in IUGR fetuses. These changes were supported by reduced
mRNA expression of cyclins and cell cycle effectors and
checkpoint genes in IUGR hearts.

Comparison of the heart and skeletal muscle in IUGR

Although the work demanded of fetal skeletal muscle is
less than that of cardiac muscle, both are types of striated
muscle and cellular complements of both are mostly set
by the time of birth (Rowe & Goldspink 1969, Widdowson
et al. 1972, Burrell et al. 2003, Bergmann et al. 2015,
Jonker et al. 2015). We found previously that skeletal
muscle is lighter in IUGR fetuses, the cross-sectional area

0
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Figure 5

Circulating IGF1 levels predict cardiomyocyte
number in Control and IUGR fetal sheep.
Following significant correlation within [IUGR
fetuses (P<0.05), regressions on separate
treatment groups were found to be not
significantly different, and a single regression was
fit between circulating IGF1 levels and (A) RV
myocyte number (Y=0.0006741X+0.1393,
r2=0.1747, P=0.0529), (B) septum myocyte
number (Y=0.001819X+0.2649, r2=0.4092,
P=0.0013) and (C) LV myocyte number
(Y=0.005212X+0.805, r2=0.3177; P=0.0051).
Linear regression+95% confidence intervals are
plotted with raw data.
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of the myofibers is smaller and that there is less myoblast
proliferation; yet, the skeletal muscle maintains the pool
of Pax7+ myoblasts with proliferative potential (Yates et al.
2014, Soto et al. 2017, Rozance et al. 2018). Our findings
in this study are comparable, with lighter hearts in IUGR
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Figure 6

Circulating insulin predict some cardiomyocyte dimensions in Control and
IUGR fetal sheep. Following significant correlation within IUGR fetuses
(P<0.05), regressions were found to be different by treatment for (A) LV
binucleate length, therefore the regression on insulin for IUGR fetuses is
plotted (Y=25.41X+71.44, r=0.3321, P=0.0245) (Control regression was
not significant). Regressions for other parameters were not significantly
different by treatment, and a single regression was fit between
circulating insulin levels and (B) RV binucleate length (Y=15.63X+80.57,
r2=0.2883, P=0.01), (C) RV binucleate width (Y=3.731X+13.46,
r2=0.2631, P=0.0146), (D) RV mononucleate length (Y=16.86X+58.18,
r2=0.4327, P=0.0009). Linear regression+95% confidence intervals are
plotted with raw data.
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Figure 7

Circulating cortisol predicts some cardiomyocyte dimensions in Control
and IUGR fetal sheep. Following significant correlation within IUGR
fetuses (P<0.05), regressions on separate treatment groups were found
to be not significantly different, and a single regression was fit between
circulating cortisol and (A) LV binucleate width (Y=-1.604X+13.21,
r2=0.2778, P=0.0098) and (B) RV binucleate length (Y=-6.587X+91.76,
r2=0.2031, P=0.0353). Linear regression+95% confidence intervals are
plotted with raw data.

fetuses, smaller myocytes, lower indices of proliferation
and decreased maturation.

Life-long reduction in lean mass (Fall 2011) and
cardiomyocyte number (Vranas et al. 2017) suggests that
no adaptive mechanism helps the IUGR newborn undergo
adequate physiological ‘catch-up’ of muscle growth.
Nevertheless, in near-term IUGR skeletal muscle the pool
of Pax7+ myoblasts with proliferative potential is not
reduced and in the heart, the mononucleated population
of cardiomyocytes capable of proliferating is increased,
suggesting opportunity for therapeutic intervention.
Indeed, cultured Pax7+ skeletal myoblasts from IUGR
fetuses responded much more aggressively to proliferative
signals than Control cells in vitro (Soto et al. 2017). As
circulating insulin and IGF1 concentrations are reduced,
this suggests that an IGF1 rescue strategy in IUGR could
yield a rapid increase in myocyte endowment at term
(Harding et al. 1994, Sundgren et al. 2003, Eremia et al.
2007, Soto et al. 2017).

Pathway analysis in near-term IUGR skeletal muscle
found decreased expression of clusters of genes related to
cell cycle regulation (Soto etal. 2017). The most profoundly
affected genes include G1 progression regulators cyclin
E2 and p18, initiator of DNA replication Mcm6, G2/M
progression regulator Plk1, regulators of commitment
to mitosis cyclin B1, cyclin B2 and Cdkl1, regulator of
nuclear movement and chromosome separation CDC20,
spindle assembly quality control molecule MAD2, spindle
checkpoint regulator BUB1B, initiator of separation of
sister chromatids in mitosis ESPL1 and DNA damage cell
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cycle arrestor CHK1. We found that many of those genes
with reduced expression in skeletal muscle are also reduced
in cardiac muscle, including PLK1, cyclin B1, cyclin B2,
CDK1, CDC20, MAD2, BUB1B and ESPL1, supporting
the parallels in response to in utero challenge between
these two types of striated muscle despite differences in
preferential nutrient delivery during IUGR.

Hormonal regulation of cardiac growth in IUGR

Hormonal regulation of growth might help explain similar
growth and gene expression patterns in IUGR skeletal
muscle and heart despite preservation of nutrient delivery
to the myocardium. In order to reduce the rate of spurious
findings, we screened cardiac growth parameters against
circulating hormone concentrations by performing
correlations only within IUGR fetuses, followed up by
testing whether regressions between Control and IUGR
fetuses were different and, if they were not, performing
regression on pooled fetal parameters. These results do
not show causality, but indicated potential mechanisms
regulating specific aspects of myocyte growth in the near-
term fetal heart.

In TUGR fetuses, IGF1 and insulin levels are half
those in Control fetuses. IGF1 is the main endocrine
driver of fetal growth (Murray & Clayton 2013, Hellstrom
et al. 2016), is critical to skeletal muscle growth in
development (Liu et al. 1993, Mavalli et al. 2010) and is
a profound stimulus of cardiomyocyte proliferation in
the fetal heart (Sundgren et al. 2003). Fetal heart weight
and cardiomyocyte numbers were predicted by circulating
IGF1 levels. Circulating insulin levels predicted most
myocyte length dimensions as well as one width
dimension. Consequently, IGF1 and/or insulin receptors
might be therapeutic targets for treatment to increase fetal
myocyte replication.

In contrast to IGF1 and insulin, cortisol and
norepinephrine levels are more than doubled in near-
term IUGR fetuses. In fetal cardiomyocytes, cortisol has
been linked to proliferation (Giraud et al. 2006, Reini et al.
2008, Feng et al. 2013) and enlargement (Lumbers et al.
2005), and also to apoptosis (Reini et al. 2008, Feng et al.
2013). However, cortisol reduced myoblast proliferation
and causes myotube atrophy through decreased protein
synthesis and increased protein degradation (Morgan
et al. 2016). Cortisol in fetal skeletal muscle suppresses
IGF1 expression (Li et al. 2002), but not IGF1 receptor 1
expression (Jellyman et al. 2012), and IGF1 opposes the
effects of cortisol on skeletal muscle (Glass 2010, Morgan
et al. 2016). Circulating cortisol levels negatively predicted
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two binucleated myocyte dimension parameters,
supporting a role of growth repression in the heart. How
cortisol interacts with low levels of IGF1 to suppress
growth or induce apoptosis in IUGR skeletal and cardiac
muscle remains to be determined.

Norepinephrine is a non-selective adrenergic
agonist linked to hypertrophy in adult cardiomyocytes.
Phenylephrine, a selective a-adrenergic agonist, strongly
stimulates hypertrophy in fetal sheep cardiomyocytes. It
is notable that we found a reduction in cardiomyocyte size
in IUGR fetuses concurrent with elevated norepinephrine,
which suggests that cardiac adrenergic signaling is altered
in IUGR or that there is a mechanism actively repressing
fetal cardiomyocyte growth during placental restriction.
Indeed, high circulating fetal norepinephrine inhibits
overall fetal growth (Milley 1997, Bassett & Hanson 1998).

Interpretation of cardiac effects of IUGR

Body and heart weight were reduced in this study, as is
common in models of placental restriction (Louey et al.
2007, Morrison et al. 2007, Tare et al. 2014). Reduction
in heart weight relative to body weight, toward which
there was a tendency in this study, has been found in
carunclectomy-induced IUGR (Bubb et al. 2007). The
carunculectomy model is created by surgical excision of
placental implantation sites in ewes prior to breeding,
which induces a progressive phenotype from early in
gestation similar to the environmental model used in this
study. This contrasts with fetoplacental embolization,
induced in the last third of gestation, in which heart
weight relative to body weight is unchanged (Louey et al.
2007) or increased (Murotsuki et al. 1997).

The relative contributions of small myocyte size,
inhibited proliferation and less terminal differentiation to
overall cardiac undergrowth in IUGR can be estimated by
calculating the loss in mass attributable to each difference.
Reduced heart weight is due to smaller myocyte size
(~30-55%), reduced myocyte number (~20-40%), changes
in non-myocyte components (~20%) and reduced
terminal differentiation (~5-10%; because binucleated
cells are larger than mononucleated cells). Reduced
proliferation and maturation is common to humans
affected by placental insufficiency and animal models
of TUGR (Takahashi et al. 1995, Murotsuki et al. 1997,
Mayhew et al. 1999, Bubb et al. 2007, Louey et al. 2007,
Morrison et al. 2007, Botting et al. 2014).

Although diminished cellular volume due to
shorter myocytes in [IUGR was the largest contributor to
reduced heart weight in this study, there is disagreement
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among other studies about the role of retarded
myocyte enlargement in IUGR hearts. One study in
indicates that IUGR reduces
mononucleated myocyte length and width, but only
binucleated width near term (Morrison et al. 2007);
however, these results are confounded by the finding
that Control binucleated myocytes shrink in length and
width over the period of 132-141dGA. In contrast, no
differences in myocyte dimensions have been found in
fetoplacental embolization models, which are initiated in
the last third of gestation (Bubb et al. 2007, Louey et al.
2007). It may be that the effect of IUGR on cardiomyocyte
size occurs over a long period and is only detectable when
placental insufficiency is initiated early in gestation.

carunclectomized ewes

Differences between LV and RV myocytes

Due to hemodynamic shunts, both fetal ventricles pump
against similar pressure into the systemic circulation and
are more alike in mass and geometry in the fetus than
at any later age. Despite these similarities, fetal myocyte
appear to have a ventricular ‘identity’: RV cardiomyocytes
are larger and less numerous than LV myocytes (Burrell
et al. 2003, Jonker et al. 2007). Although these differences
were found in this study, the changes induced by IUGR did
not vary by ventricular wall, consistent with other studies
(Bubb et al. 2007, Jonker et al. 2011, Segar et al. 2013).
Relationships shown between circulating hormones and
myocyte parameters that are significant only in one
ventricle should not be taken as proof of a ventricular
‘identity’, as causative effects of hormones have not
been established in this study. The basis of the apparent
ventricular ‘identity’ remains unknown.

Strengths and limitations of the study

The ovine model of chronic and progressive placental
insufficiency used in this study shares many phenotypic
characteristics with human placental insufficiency,
including similar patterns of heart and brain sparing,
lower rates of amino acid, glucose and oxygen transfer
from mother to the fetus, reduced circulating growth
factors and elevated catecholamines (Barry et al. 2008).
This model also allowed for chronic catheterization of the
fetal circulation for fetal blood sampling concurrent with
cardiac tissue collection, to correlate in vivo physiological
measures with comprehensive morphometric data.
Further, cardiomyocytes from left, right and septal
ventricular walls were isolated after heart dissociation,
which allowed for ventricular-specific comparisons of
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cardiomyocyte number, maturity and size. However, we
were not adequately powered to assess sex differences for
all measurements in this study, despite reports of sexual
dimorphism in cardiomyocyte number related to IUGR
(Botting et al. 2018). Further, tissue availability limited
further evaluation of downstream signaling activation by
insulin and IGF1.

Conclusions

IUGR fetuses had low circulating insulin and IGF1 levels,
high circulating cortisol levels and light bodies and hearts.
IUGR cardiomyocytes were smaller, less mature, less
active in the cell cycle and less numerous than Control
cells, and there was downregulation of cell cycle genes in
TUGR hearts. We did not find differences in heart size and
cardiomyocyte indices attributable to fetal sex; therefore,
sex as a main effect was not included in the final model.
Interactions between sex and treatment could not be
fully evaluated due to small sample size and should be
pursued in future studies. Similarities between heart and
skeletal muscle in IUGR leading to reductions in myocyte
cell cycle activity, number, size and maturation suggest
similarities in regulation of growth, perhaps through
IGF1 and insulin signaling, despite differences in nutrient
delivery prioritization. Further studies are required to
understand the potential of fetal anabolic hormones
such as insulin and IGF1 as therapeutic agents to increase
myocyte number in hearts of IUGR fetuses.
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