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A B S T R A C T   

Embryo culture with and without human serum supplementation, previously common practice in assisted 
reproductive technologies (ARTs), have been associated with increased heart weight in early and late gestation in 
the sheep fetus. The present study aimed to determine whether the effects of embryo culture and transfer on 
cardiac growth and associated signalling pathways persist after birth. Embryos were either transferred to an 
intermediate ewe (ET) or cultured in vitro in the absence (IVC) or presence of human serum (IVCHS) and with 
methionine supplementation (IVCHS+M) for 6 days after mating. Naturally mated (NM) ewes were used as 
controls. There was an increase in the number of cardiomyocytes in the left ventricle of IVC and IVCHS+M 
compared to IVCHS lambs, but only in males. There were no differences in birth weight, body weight, relative 
heart weight, left ventricular weight, signalling molecules involved in hypertrophy, apoptosis or fibrosis at 6 
months of age between the treatment groups. However, there was increased protein abundance of signalling 
molecules involved in ribosomal biogenesis, in male offspring from the IVC and IVCHS+M groups compared to 
the IVCHS group. In conclusion, the composition of the culture media used for in vitro embryo culture altered the 
abundance of proteins involved in ribosomal biogenesis as well as cardiomyocyte endowment in a sex specific 
manner. Our data suggest that male embryos cultured in the presence of human serum leads to molecular and 
structural changes that may detrimentally impact cardiovascular health across the life-course.   

1. Introduction 

Changes in substrate availability during the periconceptional period, 
often observed during cases of maternal undernutrition and over
nutrition as well as in the use of Assisted Reproductive Technologies 
(ARTs), have been associated with altered cardiovascular development 
and function [1–7]. There is contrasting evidence that offspring 

conceived utilizing ARTs have an increased risk of heart disease and 
poor cardiovascular outcomes highlighting that small changes to the 
periconceptional environment can have a large and, importantly, vari
able impact on postnatal life. Though an increased risk of congenital 
heart disease has been documented [8,9], studies assessing the long- 
term health of offspring conceived utilizing ARTs are highly variable. 
Most studies have found no change in vascular function: however, there 
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are a number of studies that have identified elevated blood pressure in in 
vitro fertilization (IVF) children in childhood to early adulthood as well 
as vascular dysfunction in children at ~11 years of age and right ven
tricular dysfunction in 12 year olds [10–13]. These negative outcomes 
have been confirmed in animal studies, with mice conceived using IVF 
displaying altered renin-angiotensin-system, miRNA expression and 
reduced methylation in myocardial tissue at 3 weeks, 10 weeks and 1.5 
years old [14]. The duration of embryo culture is an additional risk 
factor in animal studies, with male but not female offspring having 
adverse cardiovascular outcomes associated with prolonged culture to 
blastocyst stage, but mostly cardiac metabolic dysfunction if embryo 
transfer occurred at early cleavage stage [15]. In contrast to these, a 
number of studies found no change in cardiometabolic outcomes in 
childhood to adulthood of individuals conceived through ART [16–20]. 
Although this is a reassuring outcome, continued observation is required 
as well as further investigation to tease apart and identify the mecha
nisms underlying cardiometabolic health in ART adults. 

The link between ARTs and detrimental cardiometabolic outcomes is 
not fully understood. However, preclinical animal studies have identi
fied mechanisms by which ARTs may alter cardiovascular physiology 
[15,21–23]. For example, embryo culture and transfer increase heart 
weight during fetal life in both sheep and cows [24–26] and cause large 
changes to cardiac gene expression in mice [23]. However, whether in 
vitro embryo culture has lasting consequences on postnatal cardiac 
development and growth is yet to be determined in an animal model 
where cardiac development parallels that of the human [27,28]. In vitro 
derived calves had increased heart weight and this persisted into post
natal life in the absence of changes in body weight [29]. We have also 
shown that there is no change in blood pressure as a result of ARTs in 
adolescent sheep [20]; however, no studies have investigated the effect 
of in vitro embryo culture and transfer on cardiomyocyte endowment, 
which is set at birth in humans and sheep [27,30–32], or the molecular 
pathways responsible for cardiac development and hypertrophy in 
postnatal life. 

Supplementation of IVF culture media with human serum was widely 
used throughout the 1990s in an attempt to more closely mimic in vivo 
culture conditions. Although serum free medium is now the gold stan
dard for effective preimplantation embryo culture in all species [33,34], 
there remains a population of individuals that were exposed to human 
serum during the periconceptual period that are now entering early 
adulthood. In ruminants, in vitro embryo culture in the presence of 
serum has shown to increase heart weight in fetal life, possibly due to 
decreased methylation [22]. This suggests that addition of methionine 
to the media may restore methylation status and thus normalize cardiac 
growth. Therefore, in this study, we aimed to investigate the impact of 
embryo transfer and in vitro embryo culture in the absence or presence of 
human serum along with methionine supplementation (intervention 
aimed at replenishing the methylation levels) on both cardiomyocyte 
endowment and cardiac growth in male and female adolescent sheep. 

2. Materials and methods 

2.1. Animal ethics and housing 

All procedures were approved by the IMVS/University of South 
Australia and the Primary Industries and Resources South Australia 
Animal Ethics Committee and comply with the Australian code of 
practice for the care and use of animals for scientific purposes (IMVS 
110/07, PIRSA 12/09). All investigators understood and followed the 
ethical principles outlined in Grundy et al [35] and the principles of the 
3Rs, specifically the reduction of the use of animals in research [36]. 

2.2. Animals and experimental design 

Ewes were randomly assigned as either donor, intermediate or final 
recipients as previously described [20]. All ewes received 100 % of 

nutritional requirements (7.6 MJ/day for the maintenance of a 64 kg 
non-pregnant ewe) as defined by the Agricultural and Food Research 
Council (1993) [37]. Donor ewes were supplemented with 350 g of 
peas/day for 14 days prior to ovulation to increase ovulation rates, 
which increased the metabolizable energy of the diet to 10.6 MJ/kg DM 
and 151 g/kg of crude protein. Synchronization and superovulation of 
donor ewes was performed following standard procedures [38–41]. 
Ewes were treated with progestagen pessaries (45 mg flugestone acetate; 
Intervet, France) for 12 days and 9.5 mL of follicle stimulating hormone 
was administered 48 h before removal of pessary (FSH; 190 mg NIH- 
FSH-P1 standard, Follotropin, Bioniche Inc., Canada) as two daily in
jections along with 500 IU of equine chorionic gonadotropin (eCG, 
Pregnecol, Bioniche Inc.) at the time of the first FSH treatment. Twenty- 
seven hours after pessary removal, synthetic gonadotrophin releasing 
hormone (GnRH, Fertagyl; 30 μg; Intervet, France) was administered. 
Both intermediate and recipient ewes were synchronized using proges
tagen pessaries and were injected with 400 IU eCG (Pregnecol, Bioniche 
Inc., Canada) at the time of pessary removal [42]. Ovulatory cycles of 
the recipient ewes were scheduled to synchronize with the ovulatory 
cycles of donor animals (±12 h). 

Eighteen hours after GnRH treatment, donor ewes were inseminated 
with fresh semen (20 × 106 spermatozoa) that was collected from one 
ram of proven fertility. The same ram was used for all replicates and 
breeding of naturally mated (NM) ewes. Uterine flushings were per
formed ~12–17 h after the expected median time of ovulation for the 
collection of zygotes [38,42]. Zygotes from donor ewes were either 
transferred to an intermediate recipient (ET) or cultured in a defined 
synthetic oviductal fluid medium in the absence of human serum (in vitro 
culture, IVC) [43], presence of human serum (IVCHS) or presence of 
human serum with methionine supplementation (IVCHS+M) until day 6 
(day 0 = day of IVF). A group of ewes were naturally mated to result in 5 
experimental groups [20]. Zygotes selected for in vivo culture were 
transferred to intermediate recipients by mid-ventral laparotomy to a 
single intermediate recipient per replicate in groups of 7 to 22 embryos 
[42]. Synthetic oviduct fluid medium was prepared as previously 
described by Walker and co-workers [43,44]. IVC medium was a 
mixture of synthetic oviductal fluid containing bovine serum albumin (4 
mg/mL) and amino acids at oviduct fluid concentrations. IVCHS me
dium was a mixture of IVC medium and 20 % human serum (HS). HS 
was collected and prepared freshly for each replicate. Whole venous 
blood (10 mL) was collected and immediately centrifuged (2000g for 20 
min), plasma was allowed to clot and serum was harvested by 
compression of the clot. Serum was then heat inactivated at 56.0 ◦C for 
30 min, filtered and stored at 4.0 ◦C. IVC medium (16 mL) was mixed 
with HS (4 mL) to give a final concentration of 20 % HS. IVCHS+M 
medium was supplemented with 5000 μM of methionine (Sigma) and is 
the maximum amount which can be dissolved in the medium. Zygotes 
allocated to embryo culture groups (IVC, IVCHS and IVCHS+M) were 
washed three times in their respective medium, transferred to wells of a 
culture dish (Nunc Inc., USA) containing 600 μL of medium (IVC, IVCHS 
or IVCHS+M), covered with 300 μL sterile mineral oil (Sigma) and 
cultured for 6 days. In vitro embryo culture was performed in an atmo
sphere of 5 % CO2, 2.5 % O2 and 90 % N2 at 38.5 ◦C in groups of 12–15 
embryos. The culture medium was changed every 48 h. On day 6, em
bryos from the ET, IVC, IVCHS and IVCHS+M groups were transferred to 
synchronized final recipients (1 embryo per recipient) [20]. The feed 
allowance per singleton pregnancy was increased by 15 % every 10 days 
from gestational day 115 until the ewes lambed spontaneously. 

2.3. Post mortem 

Lambs were humanely killed with an overdose of sodium pentobar
bitone (Virbac Pty Limited, Australia) at 6 months of age. The heart was 
dissected, weighed, and samples were snap frozen in liquid nitrogen and 
stored at − 80 ◦C for subsequent mRNA and protein analysis or fixed in 4 
% paraformaldehyde for determination of cardiomyocyte number. 
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2.4. Estimation of cardiomyocyte number 

Fixed left ventricle tissue was serially sectioned into 2 mm slabs for 
determination of cardiomyocyte number as previously described 
[45–47]. Briefly, slabs were sampled using the smooth fractionator 
technique and 7–8 tissue sections were chosen for calculation of nu
merical density of cardiomyocyte nuclei using the optical disector 
technique. The tissue sections were embedded in glycolmethacrylate 
(Technovit 7100, Ax-lab, Denmark), a 30 mm-thick section was moun
ted on Superfrost Plus slides (Menzel-Glaser) and stained with Mayer’s 
hematoxylin and 0.15 % basic fuchsin. Thirty-two unbiased counting 
frames of 3000 μm2 surface area were randomly assigned by newCAST 
software (Visiopharm) software to each piece of the ventricle for point 
counting. A disector height of 10 μm in the centre of each section 
determined after a z-axis analysis was used to determine the numerical 
density of nuclei in a minimum of seven left ventricle (LV) pieces per 
animal. The numerical density of nuclei per μm3 of left ventricle (NV 
(nuclei/LV)) and total number of nuclei per left ventricle, N (nuclei, LV) 
was determined using previously published formulae [45,46]. Previous 
studies have shown that ~99 % of cardiomyocytes are binucleated in the 
left ventricle of the 9 week old sheep [48], therefore we assumed that 
almost all of the cardiomyocytes in the heart of 24 week old lambs (6 
months) would be binucleated. The number of cardiomyocytes in the LV 
(N (cm,lv)) was determined by dividing the NV (nuclei/lv) by the 
average number of nuclei per cardiomyocyte (which is 2 in this study). 

2.5. mRNA quantification 

RNA was extracted from left ventricle samples using TRIzol reagent 
(Invitrogen, Netherlands) using a tissue homogeniser (TissueLyser LT, 
Qiagen) and purified using RNeasy Mini Kit (Qiagen, Switzerland). The 
quality and concentration of the RNA was determined by measuring 
absorbance at 260 and 280 nm and the integrity of the RNA was 
confirmed by agarose gel electrophoresis. cDNA was synthesized using 
1 μg RNA by reverse transcription using Superscript III with random 
hexamers (Invitrogen Australia Pty Ltd., Australia). Negative controls 
containing no RNA or Superscript III were used to test for DNA 
contamination and reagent contamination [49]. All essential informa
tion regarding our procedure is included as per the MIQE guidelines 
[50]. Quantitative real-time reverse transcription-PCR was used to 
measure the expression of target genes relative to three housekeeper 
genes, hypoxanthine phosphoribosyltransferase 1 (HPRT) [51], phospho
glycerate kinase 1 (PGK1) [46] and glyceraldehyde-3-phosphate dehydro
genase (GAPDH) [46] on a ViiA7 Fast Real-time PCR system (Applied 
Biosystems, USA). These housekeeper genes were selected from a 
candidate list of 10 housekeeper genes based on their stability across 
treatment groups using GeNorm [51,52]. The primer sets for target 
genes included activation of PI3K pathway: IGF1 [53]; IGF2 [53]; IGF1R 
[53]; PI3K pathway: mTOR [54]; PI3K(p110 α) [54]; hypertrophic 
makers: ANP [6]; MHCβ [55]; apoptosis and fibrosis: TGFβ [56]; Bax 
[46]; BCL-2 [46]. Each qRT-PCR reaction well contained 3 μL of Fast 
SYBR Green Master Mix (Applied Biosystems), 0.8 μL H2O, 0.6 μL each of 
forward and reverse primer (GeneWorks, SA, Australia) for the target 
genes and 1 μL of diluted relevant cDNA. Three replicates of each cDNA 
were performed for each gene and controls containing no cDNA were 
also used to check for reagent contamination in each run. The data was 
analysed using DataAssist Software v3.0 (Applied Biosystems) and 
expressed as mean normalised expression (MNE) [57,58]. 

2.6. Protein extraction and Western blotting 

Left ventricle samples (~50 mg) were sonicated (John Morris Sci
entific, Australia) in lysis buffer (1 mL/100 mg tissue; 1 mmol/L Tris HCl 
pH = 8, 5 mol/L NaCl, 1 % NP-40, 1 mmol/L Na Orthovanadate, 30 
mmol/L NaF, 10 mmol/L Na Tetrapyrophosphate, 10 mmol/L EDTA and 
a protease inhibitor tablet (cOmplete Mini; Roche)). The suspensions 

were centrifuged (Eppendorf Centrifuge 5415, Crown Scientific, 
Australia) for 14 min at 14,300g and 4 ◦C. Protein content of extracts 
was determined using a Micro BCA Protein Assay Kit (PIERCE, Thermo 
Fisher Scientific Inc., USA) and bovine serum albumin (2 mg/mL stock 
solution) as a standard curve. Extracted protein (50 μg) was subjected to 
SDS-PAGE. Gels were stained with Coomassie blue and there were no 
differences in abundance of the major proteins present in each sample 
[51,54,59]. Due to the large number of samples, males and females were 
run on different gels, and one sample per animal were run per gel. 
Proteins were transferred onto a nitrocellulose membrane (Hybond ECL, 
GE Health Care, Australia). Nitrocellulose membranes were stained with 
Ponceau S (0.5 % Ponceau in 1 % acetic acid) to assess the efficacy of the 
transfer. The membranes were blocked with 5 % BSA or 5 % milk in Tris- 
Buffered Saline with 1 % Tween (TBS-T) for 1 h at room temperature. 
The membranes were then washed 3 times with TBS-T and then incu
bated with the respective primary antibody overnight at 4 ◦C. The 
membranes were then incubated with the respective secondary antibody 
with agitation for 1 h to determine protein abundance of key molecules 
in the IGF-PI3K signalling pathway: protein kinase B (Akt) and phospho- 
Akt (Ser-478) (Cell Signaling Technology, Inc., USA), mTOR and 
phospho-mTOR (Ser-2448) (Cell Signaling Technology) and RPS6 and 
phospho-RPS6 (Ser-235/236) (Cell Signaling Technology) [54,60]. 
Membranes were imaged using enhanced chemiluminescence (Super
Signal West Pico Chemiluminescent Substrate, Thermo Scientific, USA) 
on a ImageQuant LAS 4000 (GE Healthcare, Australia) and the protein 
abundance was quantified by densitometry using Image quant software 
(GE Healthcare, Australia). Samples were removed if there was a visible 
defect within the region of the protein of interest. The abundance of each 
protein was expressed relative to the loading control, β-actin. 

2.7. Statistical analysis 

Due to samples from males and females being run on different gels 
the evaluation of the effect of treatment on protein abundance were 
analysed within each sex and thus no comparison between sexes for 
protein data was performed. For consistency, the effect of treatment on 
other parameters such as birth weight, heart weight, cardiac gene 
expression and cardiomyocyte number were also analysed separately in 
males and females. All statistical analyses were performed in GraphPad 
Prism version 9, USA. Normality of the data was assessed using Shapiro- 
Wilk test for each measure. The effect of treatment within each sex was 
determined using one-way ANOVA. Turkey post hoc test was used to 
determine if there was a significant difference between treatment 
groups. Outliers were identified using the ROUT method with a Q = 1 %. 
Data are presented as mean ± Standard deviation. A probability level of 
5 % (P < 0.05) was taken as significant. For gene expression studies, all 
available samples were included resulting in; 5 NM, 6 ET, 9 IVC, 4 IVCHS 
and 7 IVCHS+M male offspring and 4 NM, 5 ET, 11 IVC, 7 IVCHS and 4 
IVCHS+M female offspring. For protein studies, samples were randomly 
selected resulting in; 4 NM, 5 ET, 5 IVC, 4 IVCHS and 5 IVCHS+M male 
offspring and 4 NM, 4 ET, 6 IVC, 5 IVCHS and 4 IVCHS+M female 
offspring. 

3. Results 

3.1. Body and heart weight 

There was no effect of in vitro culture and/or transfer of the embryo 
on birth weight or body weight, relative heart weight (heart weight/ 
body weight) and relative left ventricular weight (left ventricle weight/ 
heart weight) in either males or females at 6 months of age. However, 
there was an increase in absolute heart weight in male offspring from the 
IVC group compared to the NM, IVCHS and IVCHS+M groups, but not 
compared to the ET group (Table 1). 
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3.2. Cardiomyocyte endowment 

IVC and IVCHS+M groups had an increased number of car
diomyocytes and cardiac nuclei density in the left ventricle compared to 
the IVCHS group, but none of these groups were different from the NM 
and ET groups (Fig. 1). This effect of treatment was present only in males 
(P = 0.0486, P = 0.0472). 

3.3. PI3K pathway gene and protein expression 

Embryo transfer and embryo culture in the absence and presence of 
human serum as well as with methionine supplementation did not alter 
the gene expression of IGF-1, IGF-2, IGF-1R, IGF-2R (Table 2) or PI3K 
(Fig. 2) or the protein abundance of Akt and its phosphorylated form in 
males or females (Fig. 2). 

3.4. mTOR expression 

The cardiac gene and protein abundance of mTOR were not different 
in any treatment groups compared to NM. However, there was increased 
protein abundance of phospho-mTOR in the males of the IVC group and 
IVCHS+M group when compared to NM and IVCHS group (P = 0.0097; 
Fig. 3). 

3.5. Ribosomal biogenesis 

The protein abundance of RPS6 (P = 0.0105) was upregulated in the 
IVC and IVCHS+M groups, but only in males. However, the protein 
abundance of phospho-RPS6 (P = 0.0073) was increased in the IVC 
compared to the NM, ET and IVCHS groups, again only in males (Fig. 4). 

3.6. Cardiac protein translation 

The mRNA expression of 4EBP1 was not different in any of the 
treatment groups compared to the NM group in both males and females 
(Table 2). 

3.7. Markers of hypertrophy, fibrosis and apoptosis 

There was no significant difference in the mRNA expression of 
markers of hypertrophy such as ANP and MHCβ. There was also no 
difference in mRNA expression of TGFβ and the ratio of the pro- 
apoptotic gene, Bax, to the anti-apoptotic gene, Bcl-2, which are key 
markers for fibrosis and apoptosis, respectively, in the ET, IVC, IVCHS or 
IVCHS+M compared to the NM group in both males and females 
(Table 2). 

4. Discussion 

Contrary to earlier reports, this study found that embryo culture and 
transfer did not result in large offspring syndrome (also known as 
Beckwith-Wiedemann Syndrome in humans) in the ET, IVC, IVCHS and 
IVCHS+M groups at birth [44,61]. We also found no change in lamb 
weight at 6 months in any treatment group. In addition to overgrowth of 
the body, it has been reported that in vitro culture with and without 
human serum supplementation alters growth of major organs, including 
the heart, liver and kidney [22,24]. We found an increase in absolute 
heart weight of male offspring in the IVC group, but no increase in 
relative heart weight or relative left ventricular weight. This is in 
contrast to previous studies demonstrating increased body weight in 
sheep at birth and increased heart weight at 1 year, despite similar body 
weight to naturally mated controls [29,62,63]. A possible explanation 
may be due to procedural differences or the culture media used [63]. 
The observed changes in only male offspring are similar to a mouse 
model of in vitro embryo culture where systolic blood pressure was 
increased in only males in postnatal life [64]. In another study, in vitro 
fertilization resulted in increased glucose intolerance in only males [65]. 
Male fetuses are in general more vulnerable to nutritional deprivation 
during pregnancy whereas females are more vulnerable in cases of 
overnutrition [66,67]. These dimorphic responses to manipulations 
during embryonic and fetal development may arise from differences in 
the ability of each sex to respond and adapt to specific challenges 
[67,68]. These sex-differences are also observed in later life where pre- 
menopause females are at a lower risk of cardiovascular diseases 
possibly due to the presence of estrogen [69,70]. However, males are 
exposed to higher levels of androgens such as testosterone, which are 
pro-hypertensive, and males are more susceptible to various cardio
vascular diseases [69,70]. The results of this study therefore are 
consistent with the larger context of programmed cardiovascular dis
ease, with males being more affected than females. 

Heart development is particularly vulnerable to perturbations during 
pregnancy impacting cardiomyocyte endowment at birth and in early 
postnatal life [28,71–74]. For example, early gestation onset fetal 
growth restriction results in fewer cardiomyocytes in late gestation [46] 
that this persists from 9 weeks after birth and into adulthood in sheep 
[48,75] and into adolescence in guinea pigs [47]. In this study, we found 
a sexually dimorphic response to the different culture media used where 
male embryos cultured in the presence of human serum (IVCHS) had less 
cardiomyocytes in comparison to offspring that were cultured without 
the addition of human serum (IVC). Furthermore, the addition of 
methionine (IVCHS+M) restored cardiomyocyte number to that of the 
IVC group. The differential cardiomyocyte endowment across the 
cultured groups may be due to cardiac remodelling processes such as an 
increase in autophagy or decreased proliferation earlier in gestation and 
requires further investigation [76,77]. We have previously shown that 
this protocol did not change blood pressure or its regulation by the 

Table 1 
Biometry of 6 month old lambs. Values are mean ± SD. NM, natural mate; ET, embryo transfer; IVC, in vitro embryo culture; IVCHS, in vitro embryo culture with human 
serum; IVCHS+M, in vitro embryo culture with human serum and methionine supplementation. Data were analysed using a one-way ANOVA (treatment group). 
Different superscripts denote mean values that are significantly different from each other (P < 0.05).   

NM ET IVC IVCHS IVCHS + M P 

Males n 5 6 9 4 7  
Birth weight 5.64 ± 0.26 5.47 ± 0.30 5.85 ± 0.16 5.76 ± 0.45 6.14 ± 0.41  0.7534 
Body weight 44.8 ± 1.6 47.0 ± 1.9 49.3 ± 1.2 42.4 ± 1.8 45.5 ± 1.8  0.2566 
Absolute heart weight 207 ± 9 a 219 ± 10 ab 239 ± 5 b 193 ± 9 a 208 ± 11 a  0.0450 
Relative heart weight 4.63 ± 0.13 4.66 ± 0.13 4.87 ± 0.15 4.56 ± 0.11 4.57 ± 0.16  0.4552 
Relative LV weight 0.34 ± 0.01 0.31 ± 0.01 0.33 ± 0.02 0.31 ± 0.01 0.34 ± 0.02  0.8730 

Females n 4 5 11 7 4  
Birth weight 5.76 ± 0.14 4.78 ± 0.17 5.12 ± 0.17 5.63 ± 0.46 5.22 ± 0.41  0.5193 
Body weight 39. 38 ± 1.23 35.90 ± 1.14 40.68 ± 1.36 38.43 ± 1.47 38.75 ± 2.90  0.3122 
Absolute heart weight 182 ± 5 174 ± 14 180 ± 8 181 ± 10 187 ± 14  0.2451 
Relative heart weight 4.63 ± 0.07 4.82 ± 0.27 4.45 ± 0.14 4.71 ± 0.17 4.87 ± 0.38  0.7883 
Relative LV weight 0.34 ± 0.01 0.30 ± 0.02 0.34 ± 0.01 0.32 ± 0.01 0.34 ± 0.03  0.8696  
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Fig. 1. In vitro embryo culture containing human 
serum decreases the total number of car
diomyocytes, but only in male sheep offspring. 
There was a decreased total number of car
diomyocytes in the left ventricle of IVCHS when 
compared to IVC and IVCHS+M IVCHS only in 
the males (A; P = 0.0486) of 6 months old lambs 
with no change in females (B), these same 
changes were also present in the density of car
diomyocytes (C; P = 0.0472, D). Micrographs E, 
F, G, H are representative Mayer’s hematoxylin 
and basic fuchsin stain from NM, IVC, IVCHS and 
IVCHS+M groups respectively (Arrows indicated 
cardiomyocyte nuclei, scale bar = 10 μm). Values 
are mean ± SD. NM, natural mate (Males n = 5, 
Females n = 3); ET, embryo transfer (Males n = 4, 
Females n = 4); IVC, in vitro embryo culture 
(Males n = 7, Females n = 11); IVCHS, in vitro 
embryo culture with human serum (Males n = 3, 
Females n = 7); IVCHS+M, in vitro embryo cul
ture with human serum and methionine supple
mentation (Males n = 6, Females n = 4). Thirty- 
two unbiased counting frames of 3000 μm2 sur
face area were assessed per animal. mRNA 
expression was run in triplicate and one sample 
per animal was run per western blot. Different 
superscript letters denote mean values that are 
significantly different from each other (P < 0.05). 
Data were analysed using a one-way ANOVA 
(treatment group).   
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sympathetic system [20], hence this change was in the absence of 
vascular stress. We therefore sought to understand the impact of IVC on 
molecular regulation of cardiac growth. 

We explored signalling pathways that play a pivotal role in regu
lating cardiac growth in both fetal and postnatal life [28,78,79] and 
found that there was no difference in expression of Insulin-like growth 
factor (IGF1, IGF2, IGF1R, IGF2R) or PI3K in any of the treatment groups. 
Protein abundance of Akt1, Akt2 and phospho-Akt also remained un
altered, providing evidence that PI3K is not activated as a result of ET or 
IVC. However, the protein abundance of phospho-mTOR was upregu
lated in males in the IVC and IVCHS+M groups, with no change in 
mRNA and protein abundance of mTOR. This suggests that mTOR is not 
regulated by the traditional upstream PI3K pathway [80,81]. Evidence 
suggests that amino acid signalling can activate mTOR independent of 
the PI3K pathway and regulate mTOR through the Class III PI3K and 
mammalian Vps (vacuolar protein sorting) 34 homologue (hVps34) 
[82–85]. In addition, mTOR can also be activated by amino acids 
through other intermediate signalling molecules such as Rag GTPases 
and Rheb [85–87]. Therefore, culture of embryos in media containing a 
variety of amino acids may increase the activation of mTOR and this 
effect persists into postnatal life. 

mTOR activates two downstream molecules that contribute to hy
pertrophic growth; 4EBP1, which increases translational rate and effi
ciency, and RPS6, which increases translational capacity by enhancing 
biogenesis of ribosomes [88,89]. Although there was no change in 
4EBP1 mRNA expression; we observed an increase in RPS6 expression in 

the IVC and IVCHS+M groups as well as phospho-RPS6 in IVC, but only 
in male offspring. This suggests an enhanced translational capacity may 
be present in males in the IVC group, potentially increasing hypertrophic 
growth in later life. An increase in translational efficiency of existing 
ribosomes is required for the initial and rapid response to stimuli for 
hypertrophic growth [90,91], but not sufficient for sustained hypertro
phic growth, which is achieved by synthesis of new functional ribosomes 
through ribosomal biogenesis [92–94]. However, there was no change in 
relative heart weight in any of the treatment groups, which suggests that 
the increased expression of signalling molecules for ribosomal biogen
esis may not have reached the required threshold for phenotypic 
changes in heart weight at this age. There was no difference in the 
expression of hypertrophic markers ANP and MHCβ suggesting that 
embryo transfer and culture does not result in pathological hypertrophy 
through activation of Gαq signalling. In vitro culture and transfer of 
embryos also had no effect on markers of fibrosis and apoptosis, such as 
TGFβ and the ratio of Bax to Bcl-2. This is in contrast to the findings from 
a study where periconceptional undernutrition resulted in increased 
activation of pathways leading to fibrosis and apoptosis in the twins of 
late gestation sheep fetuses [54]. Consistent with our study, changes in 
periconceptional nutrition also result in no changes in hypertrophic 
markers [6,95]. 

Serum free medium is now the standard for effective preimplantation 
embryo culture for all species [33,34]. However, serum is known to 
increase the effects of in vitro culture on embryo development and was 
used within this study to provide a model for assessing the effects of ART 

Table 2 
Cardiac gene and protein expression of markers of hypertrophy, apoptosis and protein translation in 6 month old lambs. Values are mean ± SD. NM, natural mate; ET, 
embryo transfer; IVC, in vitro embryo culture; IVCHS, in vitro embryo culture with human serum; IVCHS+M, in vitro embryo culture with human serum and methionine 
supplementation. MNE, mean normalised expression. Data were analysed using a one-way ANOVA (treatment group).   

NM ET IVC IVCHS IVCHS + M P 

Males n 5 6 9 4 7  
PI3K (MNE) 0.307 ± 0.068 0.293 ± 0.061 0.278 ± 0.061 (n = 8) 0.312 ± 0.048 0.301 ± 0.059  0.8741 
mTOR (MNE) 0.344 ± 0.029 (n = 4) 0.258 ± 0.071 0.379 ± 0.134 0.328 ± 0.059 0.336 ± 0.108  0.2840 
ANP (MNE) 0.387 ± 0.344 (n = 4) 0.468 ± 0.379 (n = 5) 0.190 ± 0.234 (n = 7) 0.170 ± 0.071 0.378 ± 0.311  0.3594 
MHCβ (MNE) 19.78 ± 6.408 11.86 ± 5.771 13.39 ± 3.851 (n = 8) 21.27 ± 11.40 14.66 ± 3.765  0.0797 
TGFβ (MNE) 0.087 ± 0.022 0.105 ± 0.024 0.093 ± 0.024 (n = 8) 0.111 ± 0.026 (n = 3) 0.090 ± 0.017  0.4604 
BAX:BCL2 (MNE) 3.144 ± 1.179 2.499 ± 1.485 2.766 ± 1.426 2.670 ± 0.380 2.838 ± 0.928  0.9336 
IGF1 (MNE) 0.056 ± 0.021 0.074 ± 0.031 (n = 5) 0.070 ± 0.039 (n = 8) 0.058 ± 0.027 (n = 3) 0.082 ± 0.033  0.6893 
IGF2 (MNE) 1.454 ± 0.345 1.466 ± 0.135 1.411 ± 0.382 (n = 8) 1.629 ± 0.244 (n = 3) 1.185 ± 0.344 (n = 6)  0.3438 
IGF1R (MNE) 0.366 ± 0.057 0.373 ± 0.104 0.432 ± 0.092 (n = 8) 0.406 ± 0.135 0.350 ± 0.057 (n = 6)  0.4842 
IGF2R (MNE) 0.559 ± 0.030 0.536 ± 0.082 0.619 ± 0.111 (n = 8) 0.617 ± 0.049 0.500 ± 0.127 (n = 6)  0.1523 
4EBP1 (MNE) 0.254 ± 0.110 0.195 ± 0.043 0.208 ± 0.066 0.257 ± 0.092 0.240 ± 0.082  0.5901 
n 4 5 5 4 5  
Akt1 (AU) 0.649 ± 0.218 0.811 ± 0.234 0.676 ± 0.157 0.614 ± 0.093 0.742 ± 0.292  0.6567 
Akt2 (AU) 4.136 ± 0.459 5.133 ± 1.093 3.264 ± 1.795 3.764 ± 1.545 3.335 ± 1.505 (n = 4)  0.2554 
Phospho-Akt (AU) 1.153 ± 0.647 1.495 ± 0.746 1.108 ± 0.668 1.957 ± 1.276 1.138 ± 1.309  0.6701 
mTOR (AU) 1.048 ± 0.621 0.929 ± 0.258 0.987 ± 0.228 0.718 ± 0.160 1.177 ± 0.700  0.6583 
Phospho-mTOR (AU) 6.479 ± 4.847 (n = 3) 20.33 ± 4.447 22.73 ± 12.45 (n = 3) 5.522 ± 2.790 32.56 ± 17.58 (n = 3)  0.0097 
RSP6 (AU) 3.84 ± 3.22 3.36 ± 2.72 9.09 ± 5.11 (n = 3) 2.59 ± 0.569 11.23 ± 3.91 (n = 3)  0.0105 
Phospho-RSP6 (AU) 0.064 ± 0.039 0.100 ± 0.028 0.275 ± 0.134 0.044 ± 0.034 0.163 ± 0.109  0.0073 

Females n 4 5 11 7 4  
PI3K (MNE) 0.309 ± 0.084 0.324 ± 0.067 0.271 ± 0.066 0.334 ± 0.071 0.342 ± 0.093 (n = 3)  0.3396 
mTOR (MNE) 0.388 ± 0.067 0.309 ± 0.061 0.284 ± 0.095 0.273 ± 0.097 0.320 ± 0.181  0.4423 
ANP (MNE) 0.184 ± 0.129 (n = 3) 0.224 ± 0.163 0.440 ± 0.550 (n = 9) 0.550 ± 0.516 (n = 6) 1.102 ± 1.087  0.2066 
MHCβ (MNE) 22.21 ± 4.953 (n = 3) 15.79 ± 4.385 (n = 4) 14.49 ± 2.831 (n = 9) 16.76 ± 5.925 (n = 6) 19.74 ± 12.11  0.3547 
TGFβ (MNE) 0.103 ± 0.024 0.087 ± 0.030 0.096 ± 0.020 0.095 ± 0.016 0.097 ± 0.036  0.8922 
BAX:BCL2 (MNE) 2.382 ± 1.314 3.131 ± 0.438 2.296 ± 0.808 3.123 ± 0.491 3.385 ± 0.818  0.0678 
IGF1 (MNE) 0.044 ± 0.030 (n = 3) 0.068 ± 0.039 0.057 ± 0.025 0.052 ± 0.021 0.047 ± 0.029  0.7162 
IGF2 (MNE) 1.359 ± 0.834 1.208 ± 0.170 (n = 4) 1.317 ± 0.355 1.394 ± 0.271 1.920 ± 1.208  0.4301 
IGF1R (MNE) 0.516 ± 0.131 0.415 ± 0.085 0.369 ± 0.076 0.469 ± 0.155 0.516 ± 0.290  0.2839 
IGF2R (MNE) 0.651 ± 0.012 (n = 3) 0.548 ± 0.112 0.602 ± 0.083 0.560 ± 0.157 0.507 ± 0.153  0.4754 
4EBP1 (MNE) 0.264 ± 0.112 0.270 ± 0.101 0.233 ± 0.086 0.200 ± 0.053 0.269 ± 0.117  0.6065 
n 4 4 6 5 4  
Akt1 (AU) 2.537 ± 0.083 3.015 ± 1.482 2.431 ± 1.731 2.223 ± 1.238 (n = 4) 5.221 ± 3.510  0.2012 
Akt2 (AU) 4.095 ± 1.284 5.860 ± 3.025 4.265 ± 2.161 4.500 ± 0.844 (n = 4) 1.941 ± 1.630 (n = 3)  0.2010 
Phospho-Akt (AU) 0.223 ± 0.063 (n = 3) 0.244 ± 0.119 0.288 ± 0.169 0.264 ± 0.125 0.115 ± 0.052 (n = 3)  0.4421  
mTOR (AU) 0.943 ± 0.501 (n = 3) 1.137 ± 0.172 0.632 ± 0.494 (n = 5) 0.552 ± 0.339 (n = 3) 1.328 ± 1.039 (n = 3)  0.2877 
Phospho-mTOR (AU) 0.058 ± 0.045 (n = 3) 0.057 ± 0.010 (n = 3) 0.112 ± 0.075 (n = 5) 0.052 ± 0.025 (n = 4) 0.159 ± 0.128  0.2597 
RSP6 (AU) 1.242 ± 0.776 1.639 ± 1.350 2.966 ± 1.931 1.655 ± 1.096 3.178 ± 2.089 (n = 3)  0.4588 
Phospho-RSP6 (AU) 0.058 ± 0.045 0.057 ± 0.010 0.112 ± 0.075 0.052 ± 0.025 0.159 ± 0.128  0.2597  
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procedures that have already occurred prior to the transition to serum 
free medium being the gold standard. As we are studying the impact of 
different ART approaches on adolescent sheep, this data applies to 
procedures that occurred in the past where the human offspring are now 
more than twenty years old. Human serum is a complex mixture of a 
variety of substances such as proteins and peptides, including albumins, 
enzymes, hormones, nutrients, electrolytes, growth factors and other 
small organic molecules. Therefore, it is difficult to dissect the effects of 
each individual component on embryo development [96]. The highly 
variable nature of human serum in different batches and individuals also 
makes it difficult to pinpoint any specific component of the serum or a 
combination of components that may be inhibiting or normalising the 
effects of embryo culture media on different signalling molecules in the 
current study [97,98]. Although methylation was not measured within 
the present study, the general lack of change between the IVCHS and 
IVCHS+M groups also suggests that there may be either no effect of and/ 
or no alteration in methylation levels with the addition of human serum. 
It is also possible that the additional methionine content in the medium 
may have a negative impact, as high levels of methionine can suppress 
the activity of DNA methyltransferase [99]. One suggestion is that oo
cytes and embryos at early stages may not have the proper machinery to 
metabolise excess methionine [100]. These intracellular mechanisms 
can result in suppression of the methylation cycle and alteration in 
normal methylation levels [99]. We did however find that methionine 
restored the deficiency in cardiomyocytes within the human serum 
treated offspring, implying a small but protective role in cardiac 
development. 

It is possible that the chosen age (6 months old) within this study 
captured the beginnings of an upregulation to hypertrophic signalling 
and alterations in heart growth may be seen in later life. Six months of 
age is equivalent to adolescence in the sheep. Assessing the cardiovas
cular consequences of ARTs in adolescence allows us to begin to un
derstand how in vitro embryo manipulation may impact the 
cardiovascular health of offspring not only in adulthood but across the 
life course. For example, previous evidence in six months old sheep 
suggested no change in basal blood pressure or alteration to the baror
eflex in response to ART [20]. However, clinically a number of studies 
demonstrate elevated blood pressure in IVF children to early adulthood 
as well as vascular dysfunction in children at ~11 years of age and right 
ventricular dysfunction in 12 year olds [10–13]. These findings have a 
direct impact on ART procedures and the clinical follow-up of in
dividuals from ART pregnancies at younger ages. A weakness of this 
study was that we were unable to assess cardiac function within the 
offspring. But given the lack of change in blood pressure or baroreflex 
[20] along with the lack of change in relative heart and LV weight within 
the current study support the notion of no cardiac functional change at 
adolescence in offspring of ART, but cardiovascular health may be 
detrimentally affected in later life. 

(caption on next column) 

Fig. 2. In vitro culture and/or transfer of sheep embryos does not change PI3K 
expression or cardiac protein abundance of AKT in either males or females. 
There was no change in mRNA expression of PI3K (A and B) or the protein 
abundance of Akt1 (C and D), Akt2 (E and F) and phospho-Akt (G and H) across 
the treatment groups. Values are mean ± SD. NM, natural mate (mRNA: Males 
n = 5, Females n = 4; Protein: Males n = 4, Females n = 4); ET, embryo transfer 
(mRNA: Males n = 6, Females n = 5; Protein: Males n = 5, Females n = 4); IVC, 
in vitro embryo culture (mRNA: Males n = 9, Females n = 11; Protein: Males n 
= 5, Females n = 6); IVCHS, in vitro embryo culture with human serum (mRNA: 
Males n = 4, Females n = 7; Protein: Males n = 4, Females n = 5); IVCHS+M, in 
vitro embryo culture with human serum and methionine supplementation 
(mRNA: Males n = 7, Females n = 4; Protein: Males n = 5, Females n = 4). 
mRNA expression was run in triplicate and one sample per animal was run per 
western blot. Different superscript letters denote mean values that are signifi
cantly different from each other (P < 0.05). Data were analysed using a one- 
way ANOVA (treatment). 
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Fig. 3. Increased cardiac protein abundance of phospho-mTOR in 
male sheep offspring in the IVC and IVCHS + M groups, but not the 
IVCHS group. There was no change in the cardiac gene or protein 
expression of mTOR across treatment groups (A & C, males; B & D, 
females). However, there was increased protein abundance of 
phospho-mTOR in the males (E; P = 0.0097), but not females (F) in 
the IVC and IVCHS+M. Values are mean ± SD. NM, natural mate 
(mRNA: Males n = 4, Females n = 4; Protein: Males n = 4, Females n 
= 4); ET, embryo transfer (mRNA: Males n = 6, Females n = 5; 
Protein: Males n = 5, Females n = 4); IVC, in vitro embryo culture 
(mRNA: Males n = 9, Females n = 11; Protein: Males n = 5, Females 
n = 6); IVCHS, in vitro embryo culture with human serum (mRNA: 
Males n = 4, Females n = 7; Protein: Males n = 4, Females n = 5); 
IVCHS+M, in vitro embryo culture with human serum and methio
nine supplementation (mRNA: Males n = 7, Females n = 4; Protein: 
Males n = 5, Females n = 4). mRNA expression was run in triplicate 
and one sample per animal was run per western blot. Different su
perscript lettters denote mean values that are significantly different 
from each other (P < 0.05). Data were analysed using a one-way 
ANOVA (treatment).   
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Fig. 4. Differential regulation of cardiac RPS6 abundance in IVC and IVCHS + M groups. Culture of sheep embryos in the absence of human serum and presence of 
human serum with group resulted in an increased protein abundance of RPS6 in males (A; P = 0.0105), but not in females (B). The protein abundance of phospho- 
RPS6 was upregulated in males in the IVC group (C; P = 0.0073), but not in the females (D). Values are mean ± SD. NM, natural mate (Males n = 4, Females n = 4); 
ET, embryo transfer (Males n = 5, Females n = 4); IVC, in vitro embryo culture (Males n = 3, Females n = 6); IVCHS, in vitro embryo culture with human serum (Males 
n = 4, Females n = 5); IVCHS+M, in vitro embryo culture with human serum and methionine supplementation (Males n = 3, Females n = 3). One sample per animal 
was run per western blot. Different superscript letters denote mean values that are significantly different from each other (P < 0.05). Data were analysed using a one- 
way ANOVA (treatment). 
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5. Conclusion 

The present study provides evidence for an increased rate of ribo
somal biogenesis in IVC males, which may affect protein translational 
capacity as a result of embryo transfer and/or embryo culture. However, 
the increase in ribosomal biogenesis did not result in hypertrophic 
growth of the heart, which may be due to the young age of the lambs. It 
is possible that the present study has captured the beginnings of an 
upregulation to hypertrophic signalling and alterations in heart growth 
may be seen in later life as this process progresses. There was also evi
dence to suggest that the addition of human serum during IVC to male 
embryos was detrimental to later life cardiomyocyte endowment and 
that this was prevented by the addition of methionine to the culture 
medium. We speculate that upregulation of the pathways involving ri
bosomal biogenesis may lead to cardiac hypertrophy in later life and 
that this effect may be particularly evident in the male offspring from the 
IVCHS group due to their decreased cardiomyocyte endowment. Long- 
term cardiovascular health assessment is therefore warranted in those 
male individuals conceived with the aid of ART, especially those 
exposed to human serum. 

Translational perspectives 

The study shows that manipulations as early as the periconceptional 
period can result in differences in molecular mechanisms that are 
responsible for the alteration in heart development as a result of ART 
procedures and these alterations persist into postnatal life. This warrants 
the need for life course studies that are able to demonstrate the effects of 
ART/IVF in later stages of life. 
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