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BACKGROUND: Maternal nutrient restriction (MNR) is a widespread cause of fetal growth restriction (FGR), an independent
predictor of heart disease and cardiovascular mortality. Our objective was to examine the developmental and long-term impact of
MNR-induced FGR on cardiac structure in a model that closely mimics human development.

METHODS: A reduction in total caloric intake spanning pregestation through to lactation in guinea pig sows was used to induce
FGR. Proliferation, differentiation, and apoptosis of cardiomyocytes were assessed in late-gestation fetal, neonatal, and adult guinea
pig hearts. Proteomic analysis and pathway enrichment were performed on fetal hearts.

RESULTS: Cardiomyocyte proliferation and the number of mononucleated cells were enhanced in the MNR-FGR fetal and neonatal
heart, suggesting a delay in cardiomyocyte differentiation. In fetal hearts of MNR-FGR animals, apoptosis was markedly elevated
and the total number of cardiomyocytes reduced, the latter remaining so throughout neonatal and into adult life. A reduction in
total cardiomyocyte number in adult MNR-FGR hearts was accompanied by exaggerated hypertrophy and a disorganized
architecture. Pathway analysis identified genes related to cell proliferation, differentiation, and survival.

CONCLUSIONS: FGR influences cardiomyocyte development during critical windows of development, leading to a permanent
deficiency in cardiomyocyte number and compensatory hypertrophy in a rodent model that recapitulates human development.
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INTRODUCTION

The negative impact of an adverse intrauterine environment on
the fetus and its potential for immediate and chronic sequelae has
long been appreciated. Barker and colleagues'™ first drew
attention to this phenomenon in the late 1980s with their
historical cohort studies in the United Kingdom linking ischemic
heart disease in adults with low birth weight. Mortality rates were
inversely proportional to birth weight, with low-birth-weight
infants having a 70% increase in risk of cardiovascular-related
mortality in adulthood.> Since these early formative studies, the
relationship between birth weight and heart disease has been
substantiated in numerous populations around the world and
expanded to other chronic diseases, including obesity, diabetes,
atherosclerosis, and hypertension.®™ This programming of disease
susceptibility is thought to arise from altered developmental
trajectories in response to an adverse intrauterine environment, in
turn leading to persistent deficits in organ structure and function.
Cardiac function in adulthood is particularly vulnerable to
developmental insults as the full complement of cardiomyocytes
is determined during critical perinatal and early postnatal periods,
with limited proliferative capacity thereafter.'®"!

Early growth of the myocardium is due to rapidly proliferating
mononucleated cardiomyocytes, which subsequently differentiate
into binucleated cells."®'" This latter phase begins in late
gestation and is completed shortly after birth in prenatal

developers such as sheep, guinea pigs, and humans.'>'?

Binucleated cells are terminally differentiated in that they
permanently exit the cell cycle; thus, the postnatal heart
accumulates mass primarily through hypertrophic growth. Given
the limited regenerative capacity in the adult heart, interference in
cardiomyocyte endowment during development may later
compromise the ability of the heart to compensate for increases
in afterload or recover from ischemic injury. Therefore, the
heightened risk of cardiovascular death in low-birth weight adults
may be attributable to aberrant cardiomyocyte maturation in
utero.

Developmental outcomes of an adverse in utero environment
will depend on the nature, timing, and duration of the adversity.
To date, the sensitivity of cardiomyocyte development to
perturbations in the intrauterine environment has been studied
exclusively in the context of fetal hypoxia, a common result of
antenatal complications such as placental insufficiency and
umbilical cord compression. Animal surgeries used to induce
placental insufficiency are often performed in late gestation; thus,
the results of these studies reflect acute responses to late-onset
fetal hypoxia. Nevertheless, these studies reveal delayed differ-
entiation of cardiomyocytes in fetal sheep subjected to chronic
hypoxia.'*™"® Less is known regarding the cardiac consequences
of maternal malnutrition, a predominant cause of fetal growth
restriction (FGR) in the developing world. For the current study, we
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examined developmental and long-term effects in the heart using
a model of global maternal nutrient restriction (MNR) spanning
pregestation, gestation, and lactation in the guinea pig. Unlike
other rodents but similar to humans and sheep, guinea pigs are
prenatal developers and have a relatively long gestation. The time
course of key developmental steps during guinea pig intrauterine
development, such as white and brown adipose tissue, mirror that
of humans.'” As well, the extent of trophoblast invasion is more
comparable to the human placenta than other widely studied
animals such as mice and sheep, making the guinea pig an ideal
model for in utero nutrient acquisition and metabolism.'” For
these reasons, the guinea pig has proven valuable in studies
investigating the influence of FGR on developmental outcomes'® 22
and was thus exploited in the present study to test the hypothesis
that MNR-induced FGR impairs cardiac development, leading to
permanent deficiencies in the adult heart.

METHODS

Animal model of nutrient restriction

All protocols and procedures were approved by The University of
Western Ontario Animal Use Subcommittee and followed the
guidelines of the Canadian Council on Animal Care. Briefly,
nulliparous female guinea pigs (Dunkin-Hartley, Charles River)
were randomly assigned to either a control group provided a full-
calorie ad libitum diet or an MNR group provided 70% of the
average food intake per kilogram of body weight of the control
cohort beginning 4 weeks prior to conception and continued until
mid-gestation (day 35). Thereafter, the MNR cohort was provided a
diet consisting of 90% of the average food intake of the control
cohort until postpartum day 14 to simulate undernourishment
through the lactation period. On day 15 post parturition all sows
allowed to deliver were provided a full diet (Guinea Pig Diet 5025,
LabDiet, St. Louis, MO).

The breeding strategy and diet used to establish a model of
moderate maternal nutrient restriction (MNR) in guinea pigs has
been previously described in detail.?® In addition, details regarding
litter size and the number of sows/litters for these cohorts have
recently been reported.”>** For the fetal cohorts, 9 control sows
produced 31 viable fetuses and 1 stilloorn, whereas 12 MNR sows
produced 42 viable fetuses and one stillborn. No more than one
male and one female fetus from any one pregnancy was selected
for further analysis for a total of eight males and eight females in
each of the control and MNR-FGR cohorts. For the neonatal and
adult cohorts, 16 control sows produced 44 live-born and nine
stillborn pups, while 177 MNR sows produced 52 live-born and
6 stillborn pups. For the neonatal cohort, 18 control (8 males and
10 females) and MNR-FGR (9 males and 9 females) were killed at
25+ 1dand 26 + 1 d, respectively. For the adult cohort, 18 control
(6 males and 12 females) and 16 MNR-FGR (6 males and 10
females) were killed at 109+ 1 d and 111+ 1 d, respectively. For
the neonatal and adult cohorts, no more than one male and two
females or two males and one female from the same litter were
used.

Animal necropsy and tissue preparation

A total of 102 animals were studied, thirty two from the fetal
group (60/61 days of gestation), 36 from the neonatal group
(25-27 days after birth), and 34 from the adult group.?* Prior to
necropsy, animals were weighed and then euthanized with 0.3 cc
intraperitoneal injection of sodium pentobarbital (MTC Pharma-
ceuticals, Cambridge, ON, Canada). At necropsy, visceral organs
were harvested, weighed, and stored for further analysis. Whole
hearts were placed in 5% potassium chloride solution, bisected
through the ventricular myocardium, and segments including
both ventricles and the interventricular septum were analyzed.
The middle third of the ventricular sections were stored in 4%
paraformaldehyde. The upper and lower thirds were flash-frozen
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in liquid nitrogen for later analysis. The middle sections were then
embedded in paraffin and mounted on slides for histological
examination.

Cardiomyocyte number, surface area, proliferation, and apoptosis
H&E-stained sections of the left ventricular myocardium were
analyzed in five separate high-power (40x) fields (hpf) per sample
using an Olympus inverted microscope equipped with a Nikon
digital camera system. In each 40x hpf, two blinded observers
counted the total number of cardiomyocytes and mononucleated
cardiomyocytes with an inter-observer concordance of >90%. To
determine the numbers of mononuclear cardiomyocytes, the
number of mono- and binucleated cardiomyocytes in five
separate hpf per sample were counted and the mean value for
each animal was calculated. Mononuclear cardiomyocytes were
expressed as a percent of the total cardiomyocytes per hpf. Only
cardiomyocytes where striations were clearly visible were counted.
Using ImageJ software, the cell area function was used to obtain
length and width measurements of cardiomyocytes sliced along
their longitudinal axis. In total 20 cells in 3 hpf of the mid-
myocardium from each subject were measured, including 10
mono- and 10 binucleated cells, as previously reported."
Cardiomyocyte length was determined using the longest axis in
longitudinally sliced sections. A bisecting perpendicular line across
the midline of mononucleated cells determined width measure-
ments for cardiomyocytes and midway between the two nuclei in
binucleated cardiomyocytes, as previously reported.'” All results
are expressed as umZ.

Cardiac cross sections from fetal and neonatal control and
MNR-FGR animals were also stained for Ki-67, a nuclear marker of
cell proliferation, and DNA strand breaks (TUNEL), a marker of
apoptosis. Following antigen retrieval with citrate buffer, sections
were blocked in normal goat serum and incubated with rabbit
anti-human Ki-67 (1:3000). Cardiomyocyte apoptosis was deter-
mined using the Apoptag peroxidase detection kit (EMD Millipore)
according to the manufacturer’s instructions. For quantification,
the number of positive cells and total cardiomyocytes in five
distinct 40x digital images were analyzed. Counts were performed
by two blinded observers with an inter-observer concordance of
>95%. Finally, a pathologist who was blinded to group allocations
reviewed all slides.

LC-MS/MS analysis

Protein concentration was measured with a BCA protein assay kit
(Thermo Scientific) from the lower-third (ventricular myocardium)
segment of neonatal hearts (five animals per group, one animal
per litter) that were homogenized in ice-cold lysis buffer (RIPA,
Thermo Scientific) and protease inhibitor cocktail (Thermo
Scientific). Later, 100 pg of protein was reduced with dithiothreitol,
alkylated using iodoacetamide, and digested overnight in trypsin.
Digested peptides were cleaned using C18 spin columns (Harvard
Apparatus), lyophilized, and analyzed on an Orbitrap Fusion tribrid
mass spectrometer coupled with an Ultimate 3000 nano-UPLC
system (Thermo Scientific). Reconstituted peptide (2pl) was
trapped and washed on a Pepmap 100 C18 trap for 10 min,
followed by separation on a Pepman 100 RSLC C18 column using
a gradient. Samples were analyzed by data-dependent acquisition
in positive mode with an Orbitrap MS analyzer for precursor scan
and ion-trap MS analyzer for MS/MS scans. The fragmentation
method was used for collision-induced dissociation and raw data
processed with Proteome Discoverer (v1.4, Thermo Scientific), and
then submitted for SequestHT search against the Uniprot
database. Peptide spectrum matching validation was performed
with the fixed-value PSM validator algorithm. Parallel reaction
monitoring was carried out on the same LC-MS platform and LC
elution conditions. For each candidate peptide, one signature
fragment was selected to calculate the peak area on the extracted-
ion chromatograph for that peptide using Thermo Xcalibur

Pediatric Research (2018) 84:537 - 544



a 80 7 p=0.003 b 50 p<0.001
3 -
s _ 7 S 100 *eEmast
2q 20 o o - aan
O ® 1 2 —l—ﬁ"E'lﬁ
g= =" witu £ ) ]
8 65 A o om
60 T T 0 T T
Control MNR Control MNR
€ 300 p=0.002 d 50, p<0.001
. |
= . £ !.ﬁ:
s 200 s . g 2009 . v
- +— o
ge sevess LT 5 %.
o 100 A o 100 A
= =
0 T T 0 T T
Control MNR Control MNR
Fig. 1 Descriptive characteristics of control and MNR birth cohorts.

a, b Number of completed days of gestation at birth (a) and birth
weight (b) for the control and MNR neonatal cohorts. ¢, d Absolute
weight gain (grams) (c) and relative weight gain (%) as a percent of
birth weight (d) at 4 weeks of life for the control and MNR neonatal
cohorts. Bars represent mean + S.D. Analysis by Student’s t test

software (ver. 3.0.63, Thermo Scientific). The peak area for each
peptide was normalized to the total number of identified peptide
sequences across different samples to control for variance. The
limma Bioconductor package was used to perform an empirical
Bayesian analysis (with settings trend=true, robust=true) of the
log-transform counts after quantile normalization to determine
differential protein levels between MNR-FGR and control cohorts.

Pathway analysis

The full complement of mouse RefSeq mRNA entries were cross-
referenced with the Ingenuity Pathway Analyst knowledgebase for
genes expressed in the heart and related to a priori processes of
interest. Rather than relying on Uniprot annotation of guinea pig
names, which is incomplete, murine mRNA orthology was deemed
the most reliable mapping method for Ingenuity Pathway Analysis
since IPA primarily relies on human, mouse, and rat gene names.
Of the 824 resulting genes, 399 orthologous genes were detected
in at least one sample in the proteomics data. All subsequent
analysis of pathway enrichment within these 399 genes was
performed with the causal network module of Ingenuity Pathway
Analysis (Qiagen Inc.).

Pathway analysis was confirmed using RT-PCR and immunohis-
tology. Primer sequences for RT-PCR: PARP1: CAG ACA CTG ACC
TGG TAG AT (forward); CTC TGG GGA ACC TAG TAA GG (reverse);
S15 (housekeeping): TTC TAC GCT CCT CAA AGA CT (forward); CAT
TTC TTT CCG GTT AGC CA (reverse). Total RNA was extracted with
Trizol and purified on a spin column (Qiagen). cDNA was
generated from 2 pug of RNA using Superscript Il (Invitrogen).
Real-time PCR was performed with SYBR green on a CFX384 Touch
Real-time PCR detection system (Biorad). Samples were run in
triplicate. Cardiac cross sections from fetal control and MNR-FGR
animals were also stained for PARP1 (Cell Signaling), as described
above.

Statistical analysis

Growth characteristics including body and organ weights, growth
rates, as well as cardiomyocyte counts and percentages,
proliferation markers, and cell surface area were compared using
analysis of variance and unpaired Student’s t test as indicated
(Prism 7, GraphPad Software, San Diego, CA). For all analysis,
statistical significance was assumed for p < 0.05.
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RESULTS
Fetal growth restriction impairs the accumulation of heart mass
during development
The guinea pig is an excellent model system for understanding
the effects of developmental perturbations given its resemblance
to human gestation. The guinea pig model of MNR used for the
present study was previously developed, and its impact on fetal
growth and other visceral organ development has been
reported.”®> MNR in pregnant guinea pig sows significantly
impaired fetal growth and led to a slightly shorter gestational
length and profound reduction in offspring birth weight (Fig. 1a, b).
On average, the offspring of MNR-induced FGR resulted in a 33%
reduction in birth weight compared with control offspring.
Consistent with a reduction of maternal caloric intake throughout
the lactation period, MNR-FGR pups gained less absolute mass
over the first 25 days of life compared with controls (Fig. 1c).
However, relative to birth weight, MNR-FGR pups exhibited a
rapid growth acceleration phase over the first 25 days after birth,
with nearly all pups doubling their birth weight by 3 weeks of life
(Fig. 1d). This finding was uncharacteristic of the control cohort.
Adult weights did not differ in a second cohort of animals that was
allowed to reach maturity (not shown). Although perinatal
maternal nutrient restriction results in impaired fetal growth,
MNR-FGR offspring experience rapid “catch-up growth” in the
early postnatal period to meet their anticipated final weight.
Visceral organs were harvested at 60 days post conception (fetal
stage) and 23-27 days postnatal age (neonatal stage) to examine
the gross and microscopic effects of MNR on heart development.?®
At the fetal stage, the brain-to-total body weight ratio in MNR-FGR
fetuses is significantly increased compared with control fetuses
(Fig. 2a). In contrast, heart-to-total body weight ratio did not differ
between MNR-FGR and control fetuses (Fig. 2b). Despite the
significant postnatal “catch-up” somatic growth of the MNR-FGR
cohort, heart mass did not increase proportionate to the increase
in body mass. In the neonatal cohort, brain-to-total body weight
ratio continued to be elevated in MNR-FGR neonates (4-weeks
old) compared with the control cohort, but heart-to-total body
weight ratio was now significantly reduced in MNR-FGR neonates
as compared with control neonates (Fig. 2¢, d). Thus, maternal
nutrient restriction throughout pregnancy and the lactation phase
of early postnatal growth significantly impairs heart development
such that relative heart mass is reduced in the neonatal period.
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Fig. 2 Maternal nutrient restriction preserves brain mass at the
expense of heart mass. a—-d Comparison of brain weight to total
body weight (TBW) ratio (a, ¢) and heart weight to total body weight
ratio (b, d) for control and MNR-FGR fetuses (a, b) and neonates
(¢, d). Bars represent mean + S.D. Analysis by Student’s t test
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Fig. 3 Maternal nutrient restriction impairs cardiomyocyte development in fetal and neonatal hearts. a Photomicrographs of left ventricular
myocardium from control and MNR-FGR fetuses and neonates. Black boxes indicate the area magnified below. *Denotes lumen of the left
ventricle. Scale bar equals 200 pm. b Number of cardiomyocytes per 40x hpf in fetal and neonatal control (white bars) and MNR-FGR (black
bars) hearts (*p < 0.001). ¢ Relative increase in cardiomyocyte number from fetal to neonatal stage in 40x hpf cross sections of control and
MNR-FGR hearts. d Percent of mononucleated cardiomyocytes of total cardiomyocytes per hpf in fetal and neonatal control (white bars) and
MNR-FGR (black bars) hearts (*p < 0.05). For (b-d) data represent mean number +S.D. (n = 16-18 per group). Analysis by two-way ANOVA

(b, d) and Student’s t test

Cardiomyocyte proliferation and morphology are adversely
affected by fetal growth restriction

Based on the observation that MNR-FGR neonates exhibit
reduced heart mass relative to total body weight, we sought to
examine the histologic features of the myocardium at both the
fetal and neonatal stages in each cohort. Microscopic examination
of H&E-stained sections of the ventricular myocardium from
MNR-FGR fetuses and neonates showed cytoplasmic degenera-
tion and diminished cell density, which were noted in the
subendocardium and extended into the adjacent mid-
myocardium of the left ventricle. Subsequently, we focused on
the mid-myocardium to permit blinded quantitative analysis
(Fig. 3a). Absolute numbers of cardiomyocytes per high-power
field (hpf) were significantly reduced in MNR-FGR fetuses and
neonates when compared with control fetuses and neonates,
respectively (Fig. 3b). No difference in the absolute number of
cardiomyocytes for fetal and neonatal cohorts was observed when
data were disaggregated for sex (data not shown). In comparison
with control neonates, the relative expansion in cardiomyocyte
numbers (per hpf) between MNR-FGR fetal and neonatal cohorts
was significantly reduced (Fig. 3c). Interestingly, MNR-FGR
neonatal hearts had a slightly but significantly higher percent of
mononucleated cardiomyocytes (per hpf) when compared with
control neonates, which was not apparent during the fetal stage
of development (Fig. 3d).

Highly proliferative mononucleated cardiomyocytes are com-
mon during fetal heart development, but give way to binucleated
cardiomyocytes in adult hearts.>® Thus, it is thought that mono-
nuclear cardiomyocytes are a more primitive cell population. To
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assess cell proliferation within each cohort, we identified Ki-67-
positive cardiomyocytes within the left ventricular mid-
myocardium. At both the fetal and neonatal stage, MNR-FGR
animals exhibit a threefold increase in Ki-67-positive cardiomyo-
cytes (per hpf) when compared with control (Fig. 4a, b). Most
strikingly, while only 12% of cardiomyocytes in control fetuses
were noted to be Ki-67 positive, 30-40% of cardiomyocytes were
Ki-67 positive in MNR-FGR fetuses with some hearts demonstrat-
ing >50% Ki-67-positive cardiomyocytes per hpf. Along with
increased proliferation, a high level of apoptosis was observed in
the MNR-FGR fetal heart, while apoptosis was negligible in the
hearts of control fetuses (Fig. 4c, d). Interestingly, the reverse
pattern emerged in the neonatal period with greater apoptosis in
the control hearts compared with MNR-FGR hearts.

The prominent effect of fetal growth restriction on proliferation,
differentiation, and apoptosis in the ventricular myocardium, as
revealed by immunohistochemistry, was substantiated by proteo-
mics analysis. Of the 399 salient protein candidates (see Methods:
Pathway analysis), only PARP1 passed the unpaired Student’s t test
with a false-discovery rate (FDR) multiple testing to correct p-
value < 0.05. This plus eight additional proteins passing the limma
test (see Methods: LC-MS/MS analysis) with FDR < 0.05 were
analyzed for pathway enrichment in Ingenuity Pathway Analyst
(IPA). The strongest predicted causal network as determined from
IPA for the nine differentially regulated proteins was identified
around genes related to cellular proliferation, differentiation, and
survival (Fig. 5a), with a network-bias-corrected p-value of 0.0177.
Pathway enrichment was confirmed using RT-PCR and immuno-
histology. PARP1 transcript expression was modestly, but

Pediatric Research (2018) 84:537 -544



The lifelong impact of fetal growth restriction on cardiac...
EP Masoumy et al.

a Control b
40 1 * [ Control
| — ]
Il MNR

© s 30 o
& £

3 20+

; *

DS @
_ \’ o l
©
T
c
: (]
% 0 T T
Fetal Neonatal
c d
500 = I Control
. Il MNR

= < 400 4
3 S
© <
e =

= 300 +

O

Q

S 200 4 *

a L

9]

Q
© < 100 +
©
: m
% 0 1 1

Fetal Neonatal
Gtk ==

Fig. 4 Maternal nutrient restriction increases the cardiomyocyte proliferative index in fetal and neonatal hearts. a Photomicrographs of
ventricular myocardium from control and MNR-FGR fetuses and neonates stained with anti-Ki-67 antibody (brown) and counterstained with
hematoxylin (blue). Scale bar equals 100 pm. b Quantification of Ki-67-positive cardiomyocytes (%) per 40 x hpf in fetal and neonatal control
(white bars) and MNR-FGR (black bars) hearts. Data represent mean number = S.D. (n = 6-8 per group, *p <0.001). ¢ Photomicrographs of
ventricular myocardium from control and MNR-FGR fetuses and neonates stained with anti-TUNEL antibody (brown) and counterstained with
hematoxylin (blue). Scale bar equals 100 pm. d Quantification of TUNEL-positive cardiomyocytes (%) per 40 x hpf in fetal and neonatal control
(white bars) and MNR-FGR (black bars) hearts. Data represent mean number + S.D. (n = 4 per group, one animal per litter, *p < 0.001). Analysis

by two-way ANOVA

significantly enhanced in MNR-FGR fetal hearts (Fig. 5b). PARP1
expression on cardiac cross sections was widespread in fetal
MNR-FGR hearts, with high concentrations observed in papillary
muscles and in the endocardium through to the mid-myocardium.
In contrast, PARP1-positive cells were rarely identified in control
fetal hearts (Fig. 5¢).

The residual effects of fetal growth restriction on adult hearts
Next, we examined the effects of MNR-FGR on adult hearts. Both
control and MNR-FGR offspring reached similar weights by
90 days after birth and did not differ in appearance, activity, or
total body weight (not shown). Differences observed in H&E-
stained sections from the left ventricular myocardium of MNR-FGR
vs. control adults were more pronouncede in fetal and neonatal
cross sections. MNR-FGR hearts were relatively atrophic with
disorganized and degenerating cardiomyocytes in the inner
aspect of the myocardium, including the papillary muscles, which
appeared atrophic (Fig. 6a). In contrast, cardiomyocytes were
progressively more hypertrophic in the mid and outer myocar-
dium with patchy anisonucleosis noted throughout. The dimin-
ished cell density and cytoplasmic degeneration apparent in the
earlier MNR-FGR cohorts were more distinct in MNR-FGR adults
along with marked cardiomyocyte hypertrophy observed through-
out the left ventricular myocardium (Fig. 6b).

While most visceral organs and brain weights were proportional
to total body weight and did not differ between MNR-FGR and
control offspring, the heart-to-total body weight ratio was
significantly reduced in MNR-FGR offspring as compared with
control offspring (Fig. 6¢). Similar to our observations in the fetal
and neonatal MNR-FGR cohorts, the absolute number of
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cardiomyocytes (per hpf) was significantly reduced in MNR-FGR
adults as compared with control animals (Fig. 6d). Despite the
reduction in total cardiomyocyte number in MNR-FGR adults, the
mean cross-sectional area of a random sample of cardiomyocytes
from each animal was significantly increased in MNR-FGR adults
as compared with control adults (Fig. 6e). Mononuclear cardio-
myocytes are relatively rare in the mature myocardium of control
animals, comprising <5% of the total cardiomyocyte number. In
contrast, mononuclear cardiomyocytes were 50% more abundant
in the ventricular myocardium of MNR-FGR adult hearts as
compared with controls (Fig. 6f). Despite the increase in immature
mononuclear cardiomyocytes in MNR-FGR adults, Ki-67-positive
cardiomyocytes were rarely identified and did not differ between
control and MNR-FGR adults (Fig. 6g).

DISCUSSION

In the setting of nutrient deprivation, intrauterine development
slows to conserve energy, leading to low birth weight, premature
delivery, and increased fetal and neonatal mortality. The well-
documented predisposition of low-birth-weight neonates to
cardiovascular disease as adults is likely attributable to aberrant
developmental trajectories involving the cardiovascular system.
This supposition has been demonstrated largely in rat and sheep
models of intrauterine oxygen deprivation, wherein the resultant
FGR is accompanied by delayed cardiomyocyte maturation and
structural changes in the vasculature.'>”'*?%%" |n the present
study, we characterize a novel model of the longitudinal effects of
FGR on cardiac development in a rodent species that closely
recapitulates human gestation and perinatal nutrition as well as
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downregulated (red) proteins, as well as literature-inferred activation (blue) and inhibition (orange) proteins. Top functions of the genes were
related to cellular proliferation, differentiation, and survival. The node shapes denote the following: triangle: kinase, fat diamond: peptidase,
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b Quantification of PARP-1 expression (RT-PCR) in whole hearts from fetal control (white bars) and MNR-FGR (black bars) animals. Data
represent mean + S.E.M. Analysis by Student’s t test. ¢ Photomicrographs of papillary muscle and ventricular myocardium from control and
MNR-FGR fetal hearts stained with anti-PARP1 antibody (brown) and counterstained with hematoxylin (blue). Scale bar equals 100 pm

postnatal maturation. Taken together, our results suggest that
cardiomyocyte maturation characterizing the transition from
intrauterine to extrauterine life is delayed under conditions of
MNR, leading to FGR and results in a permanent deficiency in
cardiomyocyte number. The exaggerated cardiomyocyte hyper-
trophy observed later in MNR-FGR adult offspring is suggestive of
compensatory growth in response to physiologic blood pressure
increases that accompany body growth throughout childhood
and adolescence. The guinea pig is especially suited to
extrapolating findings with respect to developmental outcomes,
given its resemblance to human gestation.

The functional capacity of the heart is largely determined
during critical developmental windows. Over the first two-thirds of
gestation, the accrual of cardiac mass is driven by rapidly
proliferating mononucleated cardiomyocytes.'® These early cardi-
omyocytes enter a maturation phase wherein they terminally
differentiate and permanently exit the cell cycle, a process that is
completed in the early postnatal period in precocious developers
such as guinea pigs and humans.'®"? Indeed, the relative
abundance of mononucleated cells decreased from 40% in the
late fetal stage to ~5% in the neonatal period in our control
guinea pigs, validating the use of this species in studies of cardiac
development. After terminal differentiation, the cell population
remains stable and further growth of the heart depends on
extracellular and intracellular expansion. The decreased number of
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total cardiomyocytes and increased proportion of mononucleated
cells in the neonatal and adult MNR-FGR guinea pig hearts imply
an interruption in this maturation process. With a fixed deficit in
cardiomyocyte population, postnatal normalization of wall stress
to hemodynamic load requires an exaggerated degree of
hypertrophy, evident by the increased cardiomyocyte area
observed in the hearts of our MNR-FGR guinea pigs. Apart from
the normal increase in hemodynamic load that occurs with
postnatal body growth, ventricular function in an under-endowed
heart would be further compromised by a pathological increase in
afterload due to hypertension, which has been reported in IUGR
animal models.>® Excessive intracellular hypertrophy following
cardiomyocyte reduction during development has been demon-
strated in studies using a hypertrophic rat model®*® and a knockout
mouse model>' Cellular disorganization, which contributes to
contractile dysfunction in heart disease,*® is known to accompany
excessive cardiomyocyte hypertrophy and was noted in the adult
MNR-FGR guinea pig hearts. It should also be noted that previous
studies have reported changes in cardiac shape, reduced stroke
volume, and abnormal systolic and diastolic function in children
and adolescents who experienced fetal growth restriction.*®
There has been little investigation into the role of apoptosis in
cardiac development; however, our results in normally grown
guinea pigs showing negligible apoptosis in the late fetal period
followed by marked apoptosis in the neonatal period suggest
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pruning to be a normal process in the final stages of cardiac
maturation. This process is likely required for remodeling in
response to the abrupt redistribution of blood flow that
accompanies birth, a theory supported by Fernandez et al3*,
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Fig. 6 Fetal growth restriction impairs heart growth and cardio-
myocyte growth in adult hearts. a Low- (20x) and high-power
(40 x) photomicrographs of the left ventricular endocardium and
epicardium from MNR-FGR adults. Scale bar equals 100 pm.
b Photomicrographs of ventricular mid-myocardium from control
and MNR-FGR adults. Black boxes indicate the area of myocardium
magnified below. *Denotes lumen of the left ventricle. Scale bar
equals 200 pm. ¢ Comparison of heart weight to total body weight
ratio for control and MNR-FGR adult guinea pigs. d Number of
cardiomyocytes per hpf (40 x ) in control and MNR-FGR adult hearts.
e Cross-sectional cardiomyocyte area in control and MNR-FGR adult
hearts. f Percent of mononuclear cardiomyocytes of total cardio-
myocytes per hpf in control and MNR-FGR adult hearts.
g Quantification of Ki-67-positive cardiomyocytes (%) per 40 x hpf
in control and MNR-FGR hearts. Data represent mean number + S.D.
4(n = 16-18 per group). Analysis by Student’s t test
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who report a surge in apoptosis in the post-birth murine heart that
was greater in the right ventricle and subsided at weaning. In
contrast to the negligible apoptosis in control fetal guinea pig
hearts, apoptosis is a striking feature in the fetal MNR-FGR hearts
and likely contributes to the reduction in total cardiomyocyte
number that persisted after birth and into adulthood. MNR-FGR
neonates did not exhibit postnatal upregulation of apoptosis as
observed in control neonates; however, MNR-FGR neonates did
maintain a higher proliferative index, which is likely due to the
persistence of mononucleated cardiomyocytes. This may reflect an
altered developmental trajectory if apoptotic signaling is coupled
to the cell cycle or a need for the undergrown heart to restrain
apoptosis to maximize its later functional capacity. Alternatively, it
is also possible that in MNR-FGR hearts, the physiologic phase of
neonatal apoptosis is delinked with maturation, occurs prema-
turely during the fetal period, and is quantitatively exaggerated as
compared to control guinea pigs, resulting in a persistence of
mononucleated cardiomyocytes in extrauterine life.

A pre-existing cardiomyocyte shortage may worsen gradually
with the normal age-related loss of cardiomyocytes> and limit the
heart’s capacity to overcome mechanical strain or recovery from
injury. Indeed, the risk of death from heart disease is elevated in
low-birth-weight adults’ and recovery from ischemic injury was
impaired in a rat model of FGR.3® On the other hand, the greater
number of residual mononucleated cells found in the adult
MNR-FGR heart appeals to the unconventional hypothesis that
regenerative capacity is enhanced to some degree. In vitro
evidence suggests that mononucleated cells maintain proliferative
potential into adulthood®” and the idea that regenerative capacity
is entirely lost with maturation has been recently challenged with
evidence from several species, including guinea pigs and humans,
revealing that the adult myocardium retains certain “niches” of
cardiac progenitor and stem cells able to differentiate in response
to injury.3%%39 Therefore, the higher proportion of immature cells
in our MNR-FGR adults may serve as a safeguard to protect the
myocardium against stress or disease, at least in the early stages.
Emerging evidence highlights the potential for gene therapy
involving the transcriptional factors GATA-4, Mef2c, and Tbx5
that can be used to reprogram damaged myocardium into
functioning cardiomyocytes.**~*

In summary, our study reveals that the impact of
maternal nutrient restriction on heart development involves
a deviation in the normal course of proliferation, differentiation,
and apoptosis that follows the transition from fetal to
neonatal life. This developmental interference prevents the heart
from attaining the full complement of cardiomyocytes, thereby
predisposing the heart to excessive hypertrophy and cellular
disorganization later in life, a finding that sheds light on the
relationship between fetal growth restriction and cardiac mortality
in later life.
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