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Abstract

There is a strong relationship between low birth weight (LBW) and an increased risk of devel-
oping cardiovascular disease (CVD). In postnatal life, LBW offspring are becoming more com-
monly exposed to the additional independent CVD risk factors, such as an obesogenic diet.
However, how an already detrimentally programmed LBW myocardium responds to a secon-
dary insult, such as an obesogenic diet (western diet; WD), during postnatal life is ill defined.
Herein, we aimed to determine in a pre-clinical guinea pigmodel of CVD, both the independent
and interactive effects of LBW and a postnatal WD on the molecular pathways that regulate
cardiac growth and metabolism. Uterine artery ablation was used to induce placental insuffi-
ciency (PI) in pregnant guinea pigs to generate LBW offspring. Normal birth weight (NBW)
and LBW offspring were weaned onto either a Control diet or WD. At ˜145 days after birth
(young adulthood), male and female offspring were humanely killed, the heart weighed and
left ventricle tissue collected. ThemRNA expression of signallingmolecules involved in a patho-
logical hypertrophic and fibrotic response was increased in the myocardium of LBWmale, but
not female offspring, fed aWD as was themRNA expression of transcription factors involved in
fatty acid oxidation. The mRNA expression of glucose transporters was downregulated by LBW
andWD inmale, but not female hearts. This study has highlighted a sexually dimorphic cardiac
pathological hypertrophic and fibrotic response to the secondary insult of postnatal WD con-
sumption in LBW offspring.

Introduction

Globally, cardiovascular disease (CVD) is the leading cause of death, accounting for over
17 million deaths in 20151 and concerningly a shift to an earlier age of onset is also now being
reported.2 The onset of CVD is traditionally associated with poor lifestyle factors such as poor
diet (excessive calories and detrimental composition), smoking and physical inactivity.3 These
modifiable risk factors have traditionally been viewed as the primary cause of CVD. However, it
is now well accepted that poor in utero conditions, particularly those leading to low birth weight
(LBW), predispose offspring for a greater risk of developing adult-onset chronic disease,4,5 prior
to these traditional postnatal risk factors having an impact.

LBW is used in the clinical setting as a crude proxy for a suboptimal in utero environment
and a failure to meet genetic growth potential before birth, an outcome that often occurs in
association with a number of factors including placental insufficiency (PI), living at high altitude
or maternal undernutrition.5–7 In these scenarios, the developing fetus undergoes organ-specific
developmental changes that favour in utero survival. However, when these occur in organs such
as the heart, they inevitably set the stage for a metabolic mismatch in postnatal life and con-
sequential cardio-metabolic dysfunction.8 In humans, the predisposition to adult-onset CVD
in LBW offspring9,10 makes them particularly vulnerable to additional lifestyle risk factors or
“second hits” in postnatal life. These secondary postnatal stressors have the potential to firstly
unmask an underlying phenotype and secondly accelerate disease progression.11–16 Most nota-
bly, consumption of a western diet (WD; high in saturated fatty acids and processed carbohy-
drates) independently corresponds with an increased risk of developing pathological left
ventricular hypertrophy (LVH), even without the confounding effects of the poor cardiac out-
comes associated with being born small.17,18
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Various animal models have been used to demonstrate that
decreased nutrient and/or oxygen supply in utero results in
reduced cardiomyocyte endowment and remodelling19–22 as well
as impaired left and right ventricular function in postnatal life23,24

well before a WD could play a role in cardiac pathology. These
morphological and functional responses may be underpinned by
alterations to molecular signalling pathways within the heart.
For example, impaired in utero substrate supply results in the acti-
vation of the insulin-like growth factor-2 receptor (IGF2R) and
consequently pathological LVH that persists beyond birth due
to increased histone acetylation in the IGF2/IGF2R promoter
region.20,25–27 In addition, lambs born with a LBW not only have
this aforementioned IGF2R-mediated LVH but also display altered
myocardial glucose metabolism28, highlighting the importance of
studying cardiac growth and metabolic pathways concurrently in
the setting of LBW.

When uncomplicated by in utero cardiac programming, the
independent detrimental cardiac consequences of WD consump-
tion appear to be related in part to alterations in cardiac substrate
utilisation and energy metabolism. Indeed, increased dietary fat
content is related to myocardial remodelling, reduced cardiac
power and impaired diastolic function alongside either increased
cardiomyocyte fatty acid uptake, accumulation of myocardial tri-
glyceride content or increased mRNA expression of genes involved
in fatty acid utilisation.29–32 This suggests that WD-induced del-
eterious effects on the heart are driven by myocardial lipid accu-
mulation and/or lipotoxicity. However, whilst these independent
metabolically driven myocardial consequences of WD consump-
tion are relatively well established, little is understood as to how
an already reprogrammed and sensitised myocardium as a result
of in utero substrate restriction responds when a WD acts as a sec-
ond hit across the life course.

Importantly, there is a sex-dependent component to develop-
mental programming of the cardiovascular system.33–36 Thus,
should the cardiac outcomes remain metabolically driven, there
is evidence to suggest that the consequences of a WD second hit
may be differentially regulated according to offspring sex. When
born LBW, young adult male, but not female, guinea pigs main-
tained on a control diet, display ametabolic gene expression profile
associated with cardiac lipid accumulation.37 Such a cardio-
metabolic profile may be at particular risk of a secondary metabolic
stressor, suggesting that male LBW offspring may be particularly
vulnerable to poor cardiac outcomes following WD consumption.

Guinea pigs exhibit many strengths as a preclinical animal
model of the research investigating the developmental origins of
health and disease. Specific to this study, cardiac maturation
in utero occurs over a proportionally similar timeframe to
humans.38 Herein, we exposed both LBW male and female off-
spring to a postnatal WD from weaning and examined this impact
on their hearts as young adults. We postulated that when assessed
in young adulthood, the molecular pathways regulating cardiac
growth and/or metabolism would be dysregulated by both LBW
and WD in male offspring, but that only LBW females exposed
to a WD would have altered expression of key cardiac growth
and metabolic signalling molecules.

Methods

Animal care, maintenance and surgeries were conducted in accor-
dance with standards and policies of the Canadian Council on
Animal Care and the Western University Animal Care Committee
reviewed, approved and monitored all procedures. All investigators

understood and followed the ethical principles outlined in,39 and
study design was informed by guidelines (ARRIVE40 and DOHaD
research38,41).

Animals and surgery

Time-mated pregnant Dunkin-Hartley guinea pigs (Charles River
Laboratories, Wilmington, MA, USA) were housed in a tempera-
ture (20 ± 2°C) and humidity (30%–40%) controlled environment,
with a 12 h light–dark cycle and had access to guinea pig chow
(LabDiet diet 5025: 27% protein, 13% fat and 60% carbohydrates
as % of energy) and tap water ad libitum. Uterine artery ablation
surgery was performed at mid-gestation (32 days, term 69 days) to
reduce placental blood flow and subsequently fetal growth as pre-
viously described.42,43 Briefly, a midline incision was made below
the umbilicus in order to expose the bicornate uterus, and the num-
ber of fetuses was noted. At that time, arterial vessels were identi-
fied, and every second branch per placental unit was “picked up” by
a pair of micro forceps, and a diathermy pen was applied to ablate
the vessel (Bovie Medical, Clearwater, FL). In general, approxi-
mately 50% of arterial branches supplying each fetoplacental unit
were ablated.

At birth, all pups were weighed and at the end of the pupping
period, guinea pig pups were defined as normal birth weight
(NBW) if their body weights were within the 25th and 75th per-
centile of all pups born, and LBW if their body weights were below
the 25th percentile.44 Based on this, NBWpup weights were greater
than 90 g, and LBWweights were below 85 g, similar to pup weight
range allocations in uterine artery ligation, maternal feed restric-
tion and maternal hypoxia guinea pig models.37,45,46

Nutritional regime

At 15 days of age, pups were weaned and housed in individual
cages in a temperature (20 ± 2°C) and humidity (30%–40%) con-
trolled environment with a 12 h light–dark cycle. At this time, pups
were randomly assigned to either the control diet (CD; Table 1,
TD.110240, Harlan Laboratories, Madison, WI, USA) or the
WD (Table 1, TD.110239, Harlan Laboratories) thus creating 4
experimental groups with only one sex per litter per diet allocated
to each group: NBW-CD (n= 16; male, n= 8; female, n= 8),
NBW-WD (n= 15; male, n= 7 ; female, n= 6), LBW-CD (n= 13;
male, n= 6; female, n= 7) and LBW-WD (n= 11; male, n= 5;
female, n= 6).

Postmortem and tissue collection

At 143 ± 2d postnatal age (young adulthood; expected lifespan in
captivity= 4–8 years), guinea pigs were weighed and killed via CO2

inhalation. The heart was collected, trimmed of connective tissue
and weighed. The left ventricle was then excised before being flash
frozen in liquid N2 and stored at −80ºC for subsequent molecular
analyses.

Quantification of mRNA transcripts within the left ventricle

Total RNA extraction
Total RNA was extracted from ~50–60 mg of the ventricular sam-
ples (total n= 55), using Qiagen QIAzol Lysis Reagent and Qiagen
RNeasy purification columns (Qiagen Pty Ltd., Doncaster, Vic,
Australia).47,48 All extracted RNA samples were checked for integ-
rity by running them on an agarose gel stained with ethidium
bromide. Total RNA was quantified by spectrophotometric mea-
surements at 260 and 280 nm.
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cDNA synthesis
The optical density 260:280 nm ratios were used to calculate the
correct dilutions of extracted RNA to be used for cDNA synthesis.
The cDNAwas synthesised according to manufacturer’s guidelines
with Superscript III First Strand Synthesis System (Invitrogen),
using 2 μg of total diluted RNA, random hexamers, dNTP, DTT
and Superscript III in a final volume of 20 μL. A no template control
(NTC) containing no RNA transcript and a no amplification control
(NAC) containing no Superscript III were used to check for reagent
contamination and genomic DNA contamination, respectively.

Quantitative real-time RT-PCR

All essential information regarding our procedure is included as
per the MIQE guidelines.49 The expression of genes was measured
by qRT-PCR as previously described (Botting et al., 2018). Briefly,
those regulating IGF signalling (IGF1, IGF1R, IGF2, IGF2R), glucose
transport (GLUT1, GLUT4), mitochondrial biogenesis (PPARGC1A,
TFAM, NRF1), fatty acid transport into the mitochondria (CPT1B)
and fibrosis (Table 2) were measured by qRT-PCR.

Each sample was run in triplicate for each target and house-
keeper gene, and the mRNA amplification for each sample was
determined using Fast SYBR® Green Master Mix (Applied
Biosystems) in a final volume of 6 μl on a ViiA7 Fast real-time
PCR system (Applied Biosystems). Each well on the qRT-PCR
plate contained 1 μl of cDNA, 3 μl Fast SYBR Green Master
Mix (2×) and 2 μl of forward and reverse primers mixed with

differing amounts of H2O depending on the required final primer
concentrations. NTC for each primer set were included on each
plate to check for nonspecific amplification. The threshold was
set within the exponential growth phase of the amplification curve
and the corresponding Ct values were obtained to quantitate each
reaction.

The mRNA transcript abundance for each target gene was then
normalised to the abundance of the three housekeeper genes (TBP,
YWAHZ and B2M) usingData Assist 3.0 analysis software (Applied
Biosystems) and expressed as mean normalised expression.47,50

Protein extraction and western blotting

Protein extraction
Left ventricle tissue (˜100 mg) was sonicated (John Morris
Scientific, SA, Australia) in a lysis buffer compromising of 1 ml/
100 mg tissue of 1 mmol/L Tris HCl (pH= 8, 5 mol/L NaCl, 1%
NP-40, 1 mmol/LNa orthovanadate, 30 mmol/L NaF, 10 mmol/
L Na tetrapyrophosphate, 10 mmol/L EDTA) and a protease
inhibitor tablet (complete Mini; Roche). Samples were then centri-
fuged at 14,300 g and 4°C for 14 min (Eppendorf Centrifuge 5415,
Crown Scientific, Vic, Australia). A Micro BCA Protein Assay Kit
(PIERCE, Thermo Fisher Scientific Inc., Rockford, USA) was used
to determine the protein content of each sample. Bovine serum
albumin (BSA; 2 mg/mL stock solution) was used to form a stan-
dard curve. Extracted protein samples (50 μg) were subject to SDS
page and stained with Coomassie blue. Samples that displayed
differences in the abundance of major proteins were excluded.

Western blotting
Equal concentrations/volumes of each sample were subjected to
SDS page.28,51 Proteins in each sample were then transferred onto
a nitrocellulose membrane (Hybond ECL, GE Health Care, NSW,
Australia), which were subsequently stained with Ponceau S (0.5%
Ponceau in 1% acetic acid) in order to determine the efficacy of the
transfer. The membranes were briefly washed with 7% acetic acid

Table 1. Comparison of the dietary composition of the control and western diet

Dietary component Control diet (CD) Western diet (WD)

Total Protein (%kcal) 22 21

Total Fat (%kcal) 18 46

Saturated Fatty Acids 15 70

Polyunsaturated Fatty Acids 61 4

Monounsaturated Fatty Acids 24 26

Total Carbohydrates (%kcal) 60 33

Sucrose 11 22

Fructose – 7.6

Cholesterol (%kcal) – 0.25

Micronutrients

Vitamin A (IU/kg) 19,824 24,384

Vitamin D (IU/kg) 2203 2709

Vitamin E (IU/kg) 121 149

Vitamin K (IU/kg) 49.6 61

Choline (mg/kg) 1406 1729

Folic Acid (mg/kg) 10 12.4

Vitamin B6 (mg/kg) 18.1 22.3

Vitamin B12 (mg/kg) 0.03 0.04

Vitamin C (mg/kg) 1204.7 1481

Sodium (g/kg) 2.7 3.3

Potassium (g/kg) 5.6 6.8

Magnesium (g/kg) 1.7 2.1

Density (kcal/g) 3.4 4.2

Table 2. Primer sequences designed and validated for quantitative real-time
RT- PCR analysis

Gene Primer sequence 5’-3’ Accession number

COL1A FWD- AACGGAGACACCTGGAAACC
REV- TTGACTAGGTCCAGGGCTGA

XM_013149538.1

COL3A FWD- CAGAAATGGTGACCCTGGTATC
REV-GTAGGAGTCAAACTGTGGAGAATAG

XM_003478706.2

CTGF FWD- GACTTGACAGTGGGACGTTAG
REV- TCTTCCACCCGGGTATTCT

XM_003468462.3

MYH6 FWD- AGCTGAAGAAGGAGCAGGACA
REV- CGCATTGCGCTTCTGCTCA

X15938.1

MYH7 FWD- GCTGGCACTGTGGACTATAA
REV- CTTTCTTGGCCTTGCCTTTG

XM_003474485

MEF2C FWD- GCTTCACCTTGGCTCAGTAA
REV- GCTTCACCTTGGCTCAGTAA

XM_013143427

GATA4 FWD- CTGGTGGAATTTGCAAGAGAAA
REV- TAACAGGGACAAGGAGGAAATC

XM_005008194.2

NRF1 FWD- TGGCACCGTCTCACTTATTC
REV- GTCATCTCACCTCCCTGTAATG

XM_013158203

TFAM FWD- TTCACCGCGCGACTATTT
REV- GTGCGAGGTACCCTACTAAAC

XM_003473570

FWD, forward; REV, reverse.
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and then subjected to three 5 min washes in Tris-Buffered Saline
(TBS). The membranes were cut according to the size of the pro-
teins and blocked in 5% BSA in Tris-Buffered Saline with 1%
Tween (TBS-T) for 1 h at room temperature. The membranes then
underwent X3 5 min washes in TBS-T and were incubated with
their respective primary antibody Troponin I (ab19615, Abcam
Cambridge, MA, USA), phospho-Troponin I (#4004, Cell Signalling
Technology), AKT-1 (#4691, Cell Signalling Technology) or
phospho-AKT (T308, #9275, Cell Signalling Technology) at 4°C
overnight with agitation. Membranes were again washed 3× for
5 min in TBS-T before being incubated with the appropriate
Horse Radish Peroxidase labelled secondary IgG antibody for an
hour at room temperature. Enhanced chemiluminescence using
SuperSignal West Pico Chemiluminescent Substrate (Thermo
Scientific, IL, USA) was used to detect the blots. The Western blot
was imaged either using ImageQuant LAS 4000 (GE Health-
care, VIC, Australia) or a VersaDoc Imaging System (Bio-Rad
Laboratories Mississauga, ON, Canada), and the protein abundance
was quantified by densitometry using either Image quant software
(GE Healthcare, VIC, Australia) or ImageLab software (Bio-Rad
Laboratories,Mississauga, ON, Canada). The abundance of proteins
was then expressed relative to the loading control β-Actin (ATCB).

Statistical analysis

To control for the effect of sex but not eliminate it, data frommales
and females were separated, and a 2-way ANOVA (factors; birth
weight (NBW, LBW) and diet (CD, WD)) was performed within
each sex using STATA® (StataCorp, College Station, TX, USA).
When a significant interaction between birth weight and diet
was observed, data were split by birth weight, and a one-way
ANOVA was performed with Bonferroni’s correction for multiple
comparisons. Data are presented as mean ± SEM, and a probability
of 5% (P< 0.05) was considered significant for all analyses.

Results

In both males and females, offspring assigned to the LBW group
had significantly lower birth weights than those assigned to the

NBW group (Table 3). At tissue collection (˜145 days, young adult-
hood),WD fedmale offspring had lower body weights than CD fed
male offspring; however, there was no effect of birth outcome upon
male offspring body weight. There was a significant effect of LBW
and postnatal diet on female offspring body weight. LBW female
offspring had lower body weights, and WD fed female offspring
had lower body weights irrespective of BW. There was no effect
of either BW or postnatal diet on heart weight when normalised
to body weight in both male and female offspring (Table 3).

Impact of BW and postnatal diet upon IGF system

There was no effect of BW or WD on the mRNA expression of
IGF1 in male or female offspring (Fig. 1a & 1b). NBW-WD and
LBW-WD males had higher mRNA expression of IGF1R
(Fig. 1c), but the effect of WDwas not observed in female offspring
(Fig. 1d). There was a significant interaction between BW and diet
for the mRNA expression of IGF2, such that there was an effect of
postnatal WD in LBW male offspring. LBW-WD males had
increased mRNA expression of IGF2 (Fig. 1e). There was no effect
of BW or WD on IGF2 mRNA expression in female offspring
(Fig. 1f). The expression of IGF2R in male offspring was signifi-
cantly increased in LBW and also when exposed to WD
(Fig. 1g). There was no effect of LBWorWD on themRNA expres-
sion of IGF2R in female offspring (Fig. 1h).

WD effects upon hypertrophy-associated transcription factors
and markers of myocardial fibrosis in LBW offspring

WDconsumption was associated with an increasedmRNA expres-
sion of transcription factors GATA4 (Fig. 2a) andMEF2C (Fig. 2c)
in LBW male offspring. Conversely, LBW was associated with
decreased mRNA expression of GATA4 (Fig. 2b) and MEF2C
(Fig. 2d) in female offspring. NBW-WD female offspring had
decreased the mRNA expression of GATA4 and MEF2C. In both
male and female offspring, there was a significant interaction
between BW and postnatal diet on the mRNA expression of
CTGF.WDhad no effect on the expression ofCTGF in NBWmales
but significantly increased expression in LBWmales (Fig. 3a). WD

Table 3. Characteristics of male and female guinea pigs across experimental groups

NBW LBW

CD WD CD WD

Male offspring

n 8 7 6 5

Birth weight (g) 104.99 ± 2.69 99.55 ± 4.32 74.48 ± 2.69* 69.93 ± 3.39*

Body weight (g) at post mortem (143 ± 2d postnatal age) 803.65 ± 30.73 723.94 ± 24.15* 759.40 ± 27.91 698.52 ± 22.66*

Heart weight (g) 2.34 ± 0.15 2.37 ± 0.12 2.66 ± 0.12 2.14 ± 0.09

HW: Body weight (g/kg) 3.02 ± 0.12 3.23 ± 0.22 3.58 ± 0.21 3.35 ± 0.38

Female offspring

n 8 8 7 6

Birth weight (g) 106.23 ± 3.23 101.01 ± 3.09 73.51 ± 3.43* 72.13 ± 3.49*

Body weight (g) at post mortem (143 ± 2d postnatal age) 650.71 ± 24.26 602.81 ± 18.88# 604.23 ± 22.78* 533.75 ± 20.43*,#

Heart weight (g) 2.21 ± 0.11 2.11 ± 0.13 1.90 ± 0.36 1.64 ± 0.20

HW: Body weight (g/kg) 3.45 ± 0.16 3.48 ± 0.21 3.08 ± 0.59 2.95 ± 0.21

Data analysed by two-way ANOVA within each sex and presented as mean ± SEM. P< 0.05.
*, effect of birth weight;
#, effect of postnatal diet. NBW, normal birthweight; LBW, low birthweight; CD, control diet; WD, western diet; HW, heart weight.
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significantly decreased the mRNA expression of CTGF in NBW
females but had no effect in LBW females (Fig. 3b).

There was a significant interaction between BW and postnatal
WD on the mRNA expression of COL1A in male offspring such
that WD increased COL1A expression in LBW, but not NBW
males (Fig. 3c). There was no effect of either BW or postnatal diet
on COL1A expression in females. There was no effect of BW or
postnatal diet on the mRNA expression of COL3A1 in male off-
spring. However, WD decreased the expression of COL3A1 in both
NBW and LBW females. Both LBW and WD increased the
COL1A:COL3A1 ratio in male offspring (Fig. 3f). There was no
effect of either BW or postnatal diet on COL1A:COL3A1 in females
(Fig. 3g).

ThemRNA expression of cardiac alpha (α)-myosin heavy chain
(MYH6) was increased by both LBW and WD in male offspring.
There was no effect of BWor postnatal diet onMYH6 expression in
females (Fig. 4b). There was no effect of BW or postnatal diet on
the mRNA expression of cardiac beta (β)-myosin heavy chain
(MYH7) in male offspring (Fig. 4c). MYH7 expression was
decreased in LBW females and NBW-WD females (Fig. 4d).
The ratio of MYH7:MYH6 was decreased in LBW male offspring
(Fig. 4e). There was no effect of either BW or postnatal diet on
MYH7:MYH6 in females (Fig. 4f).

The phosphorylation of Troponin I was decreased in LBW-WD
male offspring (Fig. 5a). There was no effect of WD on the phos-
phorylation of Troponin I in female offspring, but LBW females

Fig. 1. Normalised mRNA expression of IGF1 (a,
b), IGF1R (c, d), IGF2 (e, f) and IGF2R (g, h) inmales
(left panel) and females (right panel). Data ana-
lysed by two-way ANOVA within each sex. Post
hoc analysis performed with Bonferroni’s correc-
tion for multiple comparisons. Data presented as
mean ± SEM. Unfilled bars, control diet; filled
bars, WD. #, effect of birth weight (NBW vs
LBW); * postnatal diet (control vs WD); P< 0.05.
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had higher phosphorylation of Troponin I than NBW female off-
spring (Fig. 5b).

Effect of LBW and WD on signalling molecules involved in
cardiac metabolism

Glucose transporters and AKT status
Postnatal WD decreased the mRNA expression of the insulin-
independent glucose transporter GLUT1 in male offspring (Fig. 6c).
There was no effect of postnatal diet or BWonGLUT1 expression in
female offspring (Fig. 6d). Both WD and LBW decreased GLUT4
expression in male offspring (Fig. 6e). There was no effect of post-
natal diet or BW on GLUT4 expression of female offspring (Fig. 6f).
WD decreased T308 phosphorylation of AKT in both NBW and
LBW female (Fig. 6b) but not male (Fig. 6a) offspring.

Expression of signalling molecules and transporters regulating
fatty acid oxidation
Both LBW and WD impacted the mRNA expression of key genes
involved in fatty acid oxidation. PPARGC1A was increased by
LBW and WD in male offspring (Fig. 7a). There was no effect of
WD on PPARGC1A expression in female offspring, but LBW females
had decreased mRNA expression of PPARGC1A (Fig. 7b). LBW and
WD increased the mRNA expression of CPT1B in male offspring
(Fig. 7c). There was no effect of WD on CPT1B mRNA expression
in females; however, LBW females had decreased CPT1B mRNA
expression irrespective of postnatal diet (Fig. 7d).NRF1was increased
by WD in LBW male offspring (Fig. 7e) and decreased by WD in
NBW female offspring (Fig. 7f). The mRNA expression of TFAM
was increased by WD in both LBW male and female offspring
(Fig. 7g, 7h).

Discussion

Multiple large epidemiological and mechanistic animal studies
have shown that cardiac health, contractile function andmolecular

markers of poor cardiac outcomes in adult life are associated with
suboptimal in utero conditions.23,24,52–58 Specifically, those in utero
environments where fetal nutrient and/or oxygen delivery is
restricted have the potential to cause structural changes and epige-
netic modifications to the cellular machinery within the heart.20,27

It is often difficult to tease apart the in utero derived predisposition
to CVD from the confounding lifestyle risk factors of the human
environment. These confounding lifestyle risk factors have been
termed ‘second hits’ on the path to programmed disease progres-
sion.16 Herein, we utilised a pre-clinical guinea pig model of PI
resulting in LBW induced through uterine artery ablation to
unmask the potentially additive and interactive “second hit” effect
of a postnatal WD on the expression of signalling molecules regu-
lating cardiac metabolism, growth and contractile function.

The adult myocardium responds to stress such as increased
afterload, infarction or metabolic dysfunction by reorganising cel-
lular machinery involved inmetabolism and contractile function.59

Concerningly, there is evidence that in response to in utero sub-
strate restriction, the fetal myocardium has already undergone
some level of remodelling well before the potential impact that a
second hit could have after birth. Interestingly, regardless of the
particular substrate (oxygen/glucose) that is restricted in utero, this
cardiac remodelling appears to be governed by the activation of the
IGF2R hypertrophic signalling pathway.20,25,27 In the present
study, we found that neither BW nor postnatal diet influenced
absolute or relative heart weight in either sex in young adulthood.
Despite this lack of change in heart weight, LBW male offspring
had elevated expression of IGF2R, and this effect was exacerbated
by WD. The culmination of pathological hypertrophic signalling
and stimuli downstream of IGF2R activation occurs in the nucleus
where amongst others, the transcription factors GATA4 andMEF2
act to upregulate the “fetal gene program”.60,61 Here the gene
expression pattern in the heart mimics that which would occur
during cardiac development in utero. The finding that WD upre-
gulated GATA4 and MEF2C expression in LBW male offspring

Fig. 2. Normalised mRNA expression of GATA4
(a, b) and MEF2C (c, d) in males (left) and females
(right). Data analysed by two-way ANOVA within
each sex. Post hoc analysis performed with
Bonferroni’s correction for multiple compari-
sons. Data presented as mean ± SEM. Unfilled
bars, control diet; filled bars, WD. #, effect of birth
weight (NBW vs LBW); *, postnatal diet (control vs
WD); P < 0.05.
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suggests that LBW males may be more susceptible to an increased
activation of this pathological hypertrophic signalling that may
eventually lead to LVH. Furthermore, one hallmark of pathological
cardiac hypertrophy is the presence of myocardial fibrosis.
Following the same mRNA expression pattern as the hypertrophic
signalling molecules, we observed that WD was associated with an
increased CTGF and COL1A mRNA expression in LBW male but
not female offspring. Further, the ratio of COL1A:COL3A1 was
increased by both LBW and WD and that the phosphorylation
of cardiac Troponin I was decreased in male LBW-WD offspring,
suggesting a stiffer less compliant myocardium that is prone to
contractile deficits.62 COL1A is approximately 37% stiffer than
COL3A, and it is thus thought that the ratio of the collagen

subtypes contributes to cardiac stiffness.63,64 Indeed, alterations
to the COL1A:COL3A1 ratio are linked to early diastolic dysfunc-
tion with preserved ejection fraction; the incidence of this type of
heart failure is climbing and predicted to soon be the leading type
of heart failure.65,66 Similar increases in ventricular fibrosis have
been observed in both fetal sheep and male, but not female,
non-human primates exposed to maternal nutrient restriction.25,35

Male and female LBW offspring were significantly smaller than
NBW offspring at birth; however, in young adulthood and inde-
pendently from postnatal diet, this difference in body weight
was no longer significant. This lack of weight difference in young
adulthood highlights a period of accelerated catch up growth, a
known feature of IUGR.67,68 LBW offspring that display this

Fig. 3. Normalised mRNA expression of CTGF
(a, b), COL1A (c, d), COL3A1 (e, f) and the ratio
of COL1A:COL3A1 (g, h) in males (left panel)
and females (right panel). Data analysed by
two-way ANOVA within each sex. Post hoc
analysis performed with Bonferroni’s correc-
tion for multiple comparisons. Data presented
as mean ± SEM. Unfilled bars, control diet; filled
bars, WD. #, effect of birth weight (NBW vs LBW);
*, postnatal diet (control vs WD); P < 0.05.
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catch-up growth are often predisposed to abdominal fat mass accu-
mulation and insulin resistance in later life.69,70 Such conditions are
themselves associated with the development of CVD. However,
pre-clinical signs of cardiac dysfunction and CVD progression,
which may occur earlier in the life course, often precede this fat
deposition and global markers of metabolic dysfunction.71 For

example, cardiac insulin resistance is associated with WD con-
sumption and precedes clinical markers of whole-body insulin
resistance.72,73 Unpublished data from our laboratory show that
although systemic glucose uptake is not different between NBW
and LBW offspring, cardiac-specific glucose uptake is impaired
by LBW. GLUT1 is the basal glucose transporter within the

Fig. 4. Normalised mRNA expression of MYH6
(a, b), MYH7 (c, d) and the ratio of MYH7:MYH6
(e, f) in males (left side) and females (right side).
Data analysed by two-way ANOVA within each
sex. Post hoc analysis performed with
Bonferroni’s correction for multiple compari-
sons. Data presented as mean ± SEM. Unfilled
bars, control diet; filled bars, WD; #, effect of
birth weight (NBW vs LBW); *, effect of postnatal
diet (control vs WD); P< 0.05.

Fig. 5. Protein phosphorylation of
Troponin I males (a) and females (b).
Data analysed by two-way ANOVA
within each sex. Post hoc analysis per-
formed with Bonferroni’s correction
for multiple comparisons. Data pre-
sented as mean ± SEM. Unfilled bars,
control diet; filled bars, WD; #, effect
of birth weight (NBW vs LBW); *, effect
of postnatal diet (control vs WD);
P < 0.05.

352 Jack R. T. Darby et al.

https://doi.org/10.1017/S204017442100043X Published online by Cambridge University Press

https://doi.org/10.1017/S204017442100043X


myocardium and differs to GLUT4 in that its ability to translocate
to the membrane in order to transport glucose is not reliant on
insulin binding.74,75 Herein, LBW was associated with decreased
mRNA expression of the insulin-dependent glucose transporter
GLUT4 in male offspring. Thus, suggesting that glucose uptake
is potentially reduced. In addition, the decrease in GLUT4
mRNA expression was further exacerbated when these LBWmales
were exposed to a WD. Thus, it appears that in males whilst the
expression of the insulin-dependent glucose transporter, GLUT4,
is decreased by both LBW and WD; the basal glucose transporter
GLUT1 is only decreased by the combined impact of LBW and
WD. GLUT4 translocation to the cell membrane is dependent
on the phosphorylation of AKT at Threonine 308 and Serine
473. Thus, it is interesting to note that despite the LBW- and
WD-induced reductions in glucose transporter expression within
the male myocardium, AKT phosphorylation at Threonine 308
was not influenced by WD in either NBW or LBW males but
was reduced byWD in females irrespective of BW. This may signify
that although glucose transportermRNAexpression is influenced by
WD in male offspring, the translocation of these transporters to the
membrane in males may in fact be maintained. On the other hand,
glucose is not the sole metabolic substrate of the heart and nor is the

phosphorylation of AKT solely associated with the translocation of
glucose transporters.76

At birth, when there is a sudden increase in oxygen availability
for oxidative phosphorylation, fatty acids become the preferred
energy substrate of the heart.77,78 Previous work from our labora-
tory suggests that the hearts of guinea pig IUGR born male off-
spring are predisposed to increased fatty acid uptake and lipid
accumulation37; a metabolic profile that may align with a cardiac
lipotoxicity. Other than glucose transporter translocation, AKT
phosphorylation is also associated with the translocation of the
long-chain fatty acid transporter, CD36, to the cardiomyocyte cell
membrane.76 Although we were unable to determine the cellular
localisation or mRNA expression of CD36 in the present study,
it is possible that the maintenance of AKT phosphorylation in
WD fed males may represent an increased abundance of CD36
on the cell membrane and thus an elevated uptake of long-chain
fatty acids into the cardiomyocyte. This is of concern as studies
in insulin-resistant rats show a high-fat diet impairs cardiac func-
tion secondary to increased CD36-mediated fatty acid uptake.31

In order to correctly metabolise an abundance of intracellular
fatty acids and avoid potentially toxic accumulations of lipid-
derived sub species such as diacylglycerols and ceramides, the

Fig. 6. Normalised protein abundance
of phosphorylated AKT (T308; a, b) and
mRNA expression of glucose transport-
ers GLUT1 (c, d) and GLUT4 (e, f) inmales
(left panel) and females (right panel).
Representative western blot images
(g). Data analysed by two-way ANOVA
within each sex. Post hoc analysis per-
formed with Bonferroni’s correction for
multiple comparisons. Data presented
as mean ± SEM. Unfilled bars, control
diet; filled bars, WD;. #, effect of birth
weight (NBW vs LBW); *, postnatal diet
(control vs WD); P< 0.05.
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cardiomyocyte must rearrange its cellular machinery and increase
the expression and activity of those molecules involved in fatty acid
utilisation.79 The proteins encoded by PPARGC1A, NRF1 and
TFAM act as transcription factors to upregulate the mRNA expres-
sion of genes involved in mitochondrial biogenesis and oxidative
phosphorylation.80,81 An increase in their expression alongside
the upregulation of CPT1B suggests an increase in oxidative phos-
phorylation and reliance on fatty acid utilisation. This may be a
response to a potential increase in fatty acid uptake or a result
of a programmed deficit in mitochondrial number. Reductions
in skeletal muscle mitochondrial content have been observed as
a result of both naturally occurring growth restriction in piglets

and as a result of either protein restriction or PI in rats.82–84

Furthermore, depletions in mitochondrial content are associated
with increased expression of both NRF1 and TFAM,85 both of
which were observed in the present study. Mitochondrial number
is regulated by energy demand.81 Therefore, one hypothesis may be
that the LBW heart has a persistent mitochondrial deficit and due
to increased fibrosis, the male heart requires more ATP than the
current mitochondrial complement can produce in order to con-
tract efficiently, potentially setting the stage for cardiac failure in
later life. Nevertheless, the aberrant mRNA expression profile of
genes linked to oxidative phosphorylation and mitochondrial bio-
genesis at this later life time point (young adult hood) suggest an

Fig. 7. Normalised mRNA expression of tran-
scriptional regulator PPARGC1A (a, b) and fatty
acid transporter CPT1B (c, d), mitochondrial tran-
scription factors NRF1 (e, f) and TFAM (g, h) in
males (left panel) and females (right panel).
Data analysed by two-way ANOVA within each
sex. Post hoc analysis performed with
Bonferroni’s correction for multiple compari-
sons. Data presented as mean ± SEM.
Unfilled bars, control diet; filled bars, WD. #,
effect of birth weight (NBW vs LBW); *, post-
natal diet (control vs WD); P < 0.05.
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in utero experience (in attempt to adapt to altered substrate avail-
ability) that leads to permanent changes to cardiac metabolism that
are observable as early as young adulthood.

In summary, we postulated that detrimental characteristics of
both cardiac hypertrophic, fibrotic and metabolism responses
would be evident in a sex-dependent manner as a result of LBW
and would only emerge in female LBW offspring when challenged
with a WD. The second hit of the postnatal WD unmasked a gene
expression profile in LBW male offspring that is associated with
pathological cardiac hypertrophy and myocardial fibrosis and
increased fatty acid uptake and utilisation (Fig. 8). Female off-
spring did not respond in the same way as their male counterparts.
Notably, we have shown that as early as young adulthood, the
young adult male myocardium is more vulnerable to the indepen-
dent and additive and interactive effects of in utero programming
by PI-induced LBW and a chronic “second hit” in the form of a
postnatal WD. These findings are critical to better define the effect
of sex in populations of earlier onset CVD where symptoms and
markers thereof may not yet be considered clinically significant.
Moreover, elucidating the interactions between an in utero derived
predisposition to CVD and a postnatal second hit synonymous
with an increasingly relevant lifestyle is paramount in understand-
ing the development and progression of CVD in the LBW adult
offspring.
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