
University of Connecticut
DigitalCommons@UConn

Honors Scholar Theses Honors Scholar Program

Spring 5-1-2016

Programming Heart Disease: Does poor maternal
nutrition alter expression of cardiac markers of
proliferation, hypertrophy, and fibrosis in offspring?
Cathy Chun
University of Connecticut, cathy.chun@uconn.edu

Follow this and additional works at: http://digitalcommons.uconn.edu/srhonors_theses
Part of the Animals Commons, Cardiology Commons, Cardiovascular Diseases Commons,

Cardiovascular System Commons, Cell Biology Commons, Cellular and Molecular Physiology
Commons, Developmental Biology Commons, Human and Clinical Nutrition Commons,
Molecular, Genetic, and Biochemical Nutrition Commons, Other Nutrition Commons, Pathological
Conditions, Signs and Symptoms Commons, and the Physiological Processes Commons

Recommended Citation
Chun, Cathy, "Programming Heart Disease: Does poor maternal nutrition alter expression of cardiac markers of proliferation,
hypertrophy, and fibrosis in offspring?" (2016). Honors Scholar Theses. 486.
http://digitalcommons.uconn.edu/srhonors_theses/486

http://lib.uconn.edu/?utm_source=digitalcommons.uconn.edu%2Fsrhonors_theses%2F486&utm_medium=PDF&utm_campaign=PDFCoverPages
http://lib.uconn.edu/?utm_source=digitalcommons.uconn.edu%2Fsrhonors_theses%2F486&utm_medium=PDF&utm_campaign=PDFCoverPages
http://digitalcommons.uconn.edu?utm_source=digitalcommons.uconn.edu%2Fsrhonors_theses%2F486&utm_medium=PDF&utm_campaign=PDFCoverPages
http://digitalcommons.uconn.edu/srhonors_theses?utm_source=digitalcommons.uconn.edu%2Fsrhonors_theses%2F486&utm_medium=PDF&utm_campaign=PDFCoverPages
http://digitalcommons.uconn.edu/srhonors?utm_source=digitalcommons.uconn.edu%2Fsrhonors_theses%2F486&utm_medium=PDF&utm_campaign=PDFCoverPages
http://digitalcommons.uconn.edu/srhonors_theses?utm_source=digitalcommons.uconn.edu%2Fsrhonors_theses%2F486&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/1006?utm_source=digitalcommons.uconn.edu%2Fsrhonors_theses%2F486&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/683?utm_source=digitalcommons.uconn.edu%2Fsrhonors_theses%2F486&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/929?utm_source=digitalcommons.uconn.edu%2Fsrhonors_theses%2F486&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/977?utm_source=digitalcommons.uconn.edu%2Fsrhonors_theses%2F486&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/10?utm_source=digitalcommons.uconn.edu%2Fsrhonors_theses%2F486&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/70?utm_source=digitalcommons.uconn.edu%2Fsrhonors_theses%2F486&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/70?utm_source=digitalcommons.uconn.edu%2Fsrhonors_theses%2F486&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/11?utm_source=digitalcommons.uconn.edu%2Fsrhonors_theses%2F486&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/97?utm_source=digitalcommons.uconn.edu%2Fsrhonors_theses%2F486&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/99?utm_source=digitalcommons.uconn.edu%2Fsrhonors_theses%2F486&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/101?utm_source=digitalcommons.uconn.edu%2Fsrhonors_theses%2F486&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/1004?utm_source=digitalcommons.uconn.edu%2Fsrhonors_theses%2F486&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/1004?utm_source=digitalcommons.uconn.edu%2Fsrhonors_theses%2F486&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/916?utm_source=digitalcommons.uconn.edu%2Fsrhonors_theses%2F486&utm_medium=PDF&utm_campaign=PDFCoverPages
http://digitalcommons.uconn.edu/srhonors_theses/486?utm_source=digitalcommons.uconn.edu%2Fsrhonors_theses%2F486&utm_medium=PDF&utm_campaign=PDFCoverPages


 
 

 

 

 

 

Programming Heart Disease: Does poor maternal nutrition alter expression of 

cardiac markers of proliferation, hypertrophy, and fibrosis in offspring? 

Cathy Chun 

University of Connecticut 

2016 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

Abstract 

 Maternal malnutrition can affect fetal organogenesis, metabolic processes, and factors 

involved in developmental regulation. Of the many physiological effects poor maternal nutrition 

can induce in offspring, one of the most important organs affected is the heart. Cardiovascular 

disease has been associated with poor maternal diet. It also been suggested that hypertension can 

originate during impaired intrauterine growth and development. Hypertension can trigger 

hypertensive heart disease and is associated with numerous heart complications. We 

hypothesized that poor maternal nutrition would alter critical growth factors associated with 

normal heart development, specifically, insulin-like growth factor (IGF)-1, IGF-2, transforming 

growth factor (TGF)β, and connective tissue growth factor (CTGF). Ewes (n = 82) were fed 

control (100% of NRC), over-fed (140% of NRC), or restricted-fed (60% of NRC) diets. The left 

ventricles of fetuses were collected at d 90 and 135 of gestation and gene expression was 

analyzed by real-time PCR. Data were analyzed using a MIXED model with treatment, gender, 

time point, and offspring as main effects and all interactions. Statistical significance was 

considered at P ≤ 0.05 and a tendency at P > 0.05 and ≤ 0.10. IGF-2 mRNA expression was 

increased in OVER singletons when compared with OVER triplets (P = 0.04), in CON twins 

when compared with CON triplets (P = 0.038), in RES triplets when compared with CON (P = 

0.031) and OVER triplets (P = 0.014), and in RES triplets when compared with RES singletons 

(P = 0.048). TGFβ mRNA expression was increased in RES females when compared with 

OVER females (P = 0.029). CTGF mRNA expression was increased in OVER twins when 

compared with RES twins (P = 0.0079), in RES triplets when compared with CON triplets (P = 

0.017), in RES triplets when compared with RES singletons (P = 0.0028) and twins (P = 

0.0009), in RES males when compared with CON (P = 0.05) and OVER males (P = 0.018), and 



 
 

was decreased in RES males when compared with RES females (P = 0.034). There were no 

effects of offspring number by treatment (P = 0.5806), gender by time point (P = 0. 6349), 

treatment by gender (P = 0.6233), or offspring by time point (P = 0.6470) on IGF-1 mRNA 

expression. These results suggest that poor maternal nutrition affects expression of cardiac 

markers important for normal heart development in a manner specific to treatment, gender, and 

litter size. 
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Literature Review 

Introduction 

 In response to challenges that occur during critical developmental periods, the fetus 

undergoes a process known as developmental programming (Godfrey et al., 2001). 

Developmental programming refers to the reorganization of numerous bodily processes in 

offspring due to maternal stressors such as nutritional and environmental related events during 

pregnancy. This phenomenon often leads to a multitude of problems related to metabolism, 

reproductive dysfunction, body composition, and growth (Godfrey et al., 2001). The 

Developmental Origins of Health and Disease Hypothesis describes the process by which a 

stimulus or insult to a growing offspring impose predispositions to unpredicted changes in 

organogenesis, metabolism, and tissue development during critical developmental periods that 

may persist into later life (Godfrey et al., 2001). Some causes of poor maternal nutrition are due 

to unfavorable environmental conditions and unregulated management (Wu et al., 2006). 

Additionally, flushing, a management practice for enhancing reproductive performance in 

livestock, also disrupts an animal’s normal nutritional balance (Wu et al., 2006; Schoonmaker 

2004). Of the many physiological effects poor maternal nutrition can induce in offspring, one of 

the most important organs affected is the heart, which is responsible for pumping blood 

throughout the body, providing the necessary nutrients and oxygen to tissues, and assisting in the 

removal of metabolic wastes. 

 

Normal heart development during gestation 

During gestation, cardiac stem cells, or early cardiac progenitor cells, express cardiac-

specific transcription factors such as GATA binding protein 4 (GATA-4), Homeobox protein 
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Nkx-2 (Csx/Nkx-2.5), and T-box 5 protein (TBX5) which mediate cardiogenesis (Cecchetto et 

al., 2010). These progenitors give rise to either cardiomyocytes or their supporting cells.  A 

population of cardiac stem cells reside in the cardiac crescent (Cecchetto et al., 2010). In 

humans, between days 15 and 22 of gestation, progenitors residing in the cardiac crescent give 

rise to the atria and ventricles (Martinsen et al., 2005). Early progenitors can also originate from 

the second heart field (Martinsen et al., 2005), where between days 22 and 28 of gestation, these 

cells are responsible for giving rise to the heart’s outflow tracts (Martinsen et al., 2005). Cardiac 

progenitors from this region are also required for chamber maturation which contribute to normal 

development of the right ventricle (Martinsen et al., 2005; Roche et al., 2012). Proper 

development of normal outflow tracts and the right ventricle for a single heart requires proper 

migration and proliferation of cardiac progenitors from the second heart fields (Martinsen et al., 

2005). The proepicardium is another contributor to cardiac development, and this portion of the 

heart is responsible for giving rise to the coronary vasculature between days 22 and 28 of human 

development (Martinsen et al., 2005). Additionally, the proepicardium also gives rise to the 

epicardium, or the outer epithelial layer of the heart, and to epicardium-derived cells, which 

populate the myocardial wall (Schlueter1 & Brand, 2011).  These epicardium-derived cells 

eventually differentiate into smooth muscle cells and fibroblasts (Schlueter1 & Brand, 2011). An 

additional cell population from the cardiac neural crest is responsible for forming the venous 

pole conduction system of the developing heart as well as generating cell populations responsible 

for cardiac function and contractility between weeks 4 to 8 of gestation in humans (Cecchetto et 

al., 2010; Martinsen et al., 2005). Together, this sequence of events, which involves fusion of 

progenitor cells, allows for the formation of the cardiac tube, looping of the tube, separation and 
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further fusion of cellular processes, eventually giving rise to the fully formed and functional 

four-chambered heart by 11th week of human pregnancy (Martinsen et al., 2005).  

After initial heart development, the majority of cardiac growth occurs through 

proliferation and hypertrophy of cardiomyocytes (Burrell et al., 2003). Located around the 

periphery of immature myocytes, myofibrils increase in volume and physically inhibit complete 

cell division (Burrell et al., 2003). As a result, cells become binucleated as there is an absence of 

cytoplasmic separation. Binucleated cells are also an indication of terminally differentiated cells 

(Burrell et al., 2003). Burrell et al. (2003), collected right and left ventricular heart samples from 

a cohort of sheep to observe gestational changes in uni- and binucleated cardiomyocytes and cell 

volumes. Sheep are a well-documented model for studying cardiac anatomy and development as 

their morphometry and function is similar to that of humans (Burrell et al., 2003). Although 2% 

of myocytes were binucleated at d 77 of gestation, this number increased by 50% at d 135 of 

gestation and 90% between 4 to 6 weeks of postnatal life (Burrell et al., 2003). Before 110 days 

of gestation, fetal cardiac growth and development appeared to result from hyperplasia of 

cardiomyocytes as myocyte numbers and ventricular weight increased at the same rate (Burrell et 

al., 2003). After 110 days of gestation, both hypertrophy and hyperplasia were simultaneously 

occurring. The myocyte number per gram of ventricular weight decreased indicating an increase 

in cell volume rather than number, and there was a greater proportion of binucleated cells 

indicating proliferation of myocytes (Burrell et al., 2003). As with any cellular processes 

involving cell proliferation and differentiation, a vast array of interactions between organs, 

cytokines, growth factors and hormones play important roles in proper development of the 

offspring. 
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The fetal hypothalamic-pituitary-adrenal axis is an essential component of proper cardiac 

development as it has a major role in fetal response to intra-uterine stress and also plays a role in 

organogenesis, growth, and cardiovascular regulation (Tappia et al., 2006). Two growth factors 

involved in the hypothalamic-pituitary-adrenal axis are insulin-like growth factor (IGF)-1 and 

IGF-2 (Dong et al., 2005). Through circulating and local pericardial concentrations, these two 

growth factors are responsible for cardiac proliferation and hypertrophy during pre- and postnatal 

life (Dong et al., 2005). Both IGF-1 and IGF-2 can bind to either IGF-1 receptor (IGF-1R) or 

IGF-2R to stimulate cardiac growth and development (Dong et al., 2005). The expression of both 

growth factors (IGF-1 and IGF-2) and their receptors (IGF-1R and IGF-2R) have been observed 

in both the left and right ventricles as early as d 80 of gestation in sheep (Wang et al., 2012). 

These growth factors act through two primary intracellular signaling pathways — the 

phosphatidylinositol-3 kinase (PI3K)/Akt pathway and the extracellular signal-regulated kinase 

(ERK) pathway (Dong et al., 2005; Beyar & Landesberg, 2010; Troncoso et al., 2014).   

When IGF-1 or IGF-2 binds to its tyrosine kinase receptors (IGF-1R or IGF-2R), the 

binding of the SH2 domain of the regulatory subunit of PI3K to the tyrosine kinase receptor 

activates PI3K (Dong et al., 2005; Beyar & Landesberg, 2010). Of the various classes of PI3Ks, 

class I PI3K, is the main effector in which isoform PI3Kα is activated by IGF-1 or IGF-2 (Dong 

et al., 2005; Beyar & Landesberg, 2010).  PI3Kα activates secondary messengers such as 

phosphatidylinositol-3 4 5-trisphosphate (PIP3; Dong et al., 2005; Beyar & Landesberg, 2010). 

PIP3 can induce expression of protein kinase B (AKT) by further activating proteins such as 

mammalian target of rapamycin (mTOR) which is involved in cell proliferation and hypertrophy 

of the heart (Dong et al., 2005; Beyar & Landesberg, 2010).  
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Binding of IGF-1 or IGF-2 to its receptors (IGF-1R or IGF-2R), activates adaptor 

proteins such as growth factor receptor-bound protein 2 (Grb-2) which in turn phosphorylates 

ERK through the mitogen-activated protein kinase (MEK) axis (Troncoso et al., 2014). 

Phosphorylated ERK can then translocate to the cell’s nucleus and initiate gene expression 

leading to cardiomyocyte proliferation and hypertrophy (Troncoso et al., 2014). 

Additionally during cardiac development, formation of non-myocytes (fibroblasts, 

endothelial cells, mast cells, vascular smooth muscle cells) also occurs (Mcmullen et al., 2007). 

Cardiac fibroblasts, one of the other cellular components of the heart, contribute to the 

extracellular matrix in several specific structures of the organ, including the valves, the 

atrioventricular node, and the cardiac skeleton (Souders et al., 2009). Transforming growth factor 

(TGF)β and connective tissue growth factor (CTGF) control myocyte proliferation, extracellular 

matrix deposition, cardiac remodeling, myofibroblast activation, and heart contractility (Dong et 

al., 2005, Dobaczewski et al., 2011, Fan et al., 2012). While both TGFβ and CTGF are important 

growth factors for normal heart development, they are also associated with myocardial fibrosis. 

In the adult heart, cardiac fibrosis is triggered when pathological conditions such as disease 

causes pressure or volume overload of the heart by increasing wall stress on the left ventricle 

(Mcmullen et al., 2007). To counterbalance the increase in wall stress, the heart triggers cardiac 

remodeling through a pathological hypertrophic response (Souders et al., 2009). TGFβ is one of 

the key mediators that triggers cardiomyocyte hypertrophy as well as fibroblast hyperplasia 

(Bujak & Frangogiannis, 2007; Souders et al., 2009). Furthermore, increased proliferation of 

fibroblasts upregulates collagen and fibronectin synthesis and decreases extracellular matrix 

degradation through activation of protease inhibitors (Bujak & Frangogiannis, 2007; Souders et 

al., 2009). This results in the accumulation of excessive extracellular matrix (Bujak & 
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Frangogiannis, 2007; Souders et al., 2009). Ultimately, this pathological response can impair 

myocardial contractility and cause cardiovascular dysfunction (Bujak & Frangogiannis, 2007; 

Souders et al., 2009).   

Three isoforms of TGFβ exist: TGFβ-1, TGFβ-2, and TGFβ-3 (Takeda & Manabe, 2011). 

Once TGFβ becomes activated, the growth factor binds to TGFβ-type 1 receptor (TGF-βR1) and 

type 2 receptor (TGF-β2R) on cardiomyocytes and non-myocytes (Takeda & Manabe, 2011). 

The binding of the growth factor to TGF-βR1 phosphorylates downstream intracellular 

intermediates such as receptor-regulated SMAD family proteins which then activate common-

mediator SMAD proteins (Takeda & Manabe, 2011). These common-mediator SMAD proteins 

act as transcription factors. Specifically, SMAD3 is required for TGFβ to induce expression of 

genes required for myocardial fibrosis (Takeda & Manabe, 2011). Besides SMAD-mediated 

transcription, TGFβ activates SMAD-independent signaling pathways, including extracellular 

signal-regulated kinase (ERK), c-Jun-N-terminal kinase (JNK), TGF-β-activated kinase 1 

(TAK1), abelson nonreceptor tyrosine kinase (c-Abl) and p38 Mitogen-activated protein kinase 

(p38 MAPK) pathways (Bujak & Frangogiannis, 2007). 

 The other growth factor involved in triggering many of the cellular processes underlying 

fibrosis which involves cell proliferation and synthesis of extracellular matrix is CTGF (Takeda 

& Manabe, 2011). This growth factor is expressed in cardiomyocytes as well as non-myocytes 

such as fibroblasts (Takeda & Manabe, 2011). Expression of CTGF can be induced by growth 

factors such as TGFβ (Takeda & Manabe, 2011). While the expression of CTGF weakly 

promotes fibrosis and hypertrophy of cardiomyocytes, when acting as a cofactor through 

induction of TGFβ, there is a more robust response (Takeda & Manabe, 2011).  
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While heart growth in early gestation occurs mainly through cardiomyocyte proliferation, heart 

growth in late gestation is predominately a result of hypertrophy (Porrello et al., 2008). 

Therefore, at birth, the heart contains most of the cardiomyocytes that it will have for life; thus, 

insults during gestation may have long lasting consequences. 

Causes of poor maternal nutrition  

Research in several species has revealed that alterations in maternal nutrition have long-

term effects on postnatal development of offspring, which may predispose the offspring to a 

variety of diseases. Poor maternal nutrition is defined as inappropriate levels of nourishment to 

the mother, which is often passed on to the offspring in utero. Nutrient depletion, abnormally 

high-energy or high-fat diets, or macro- or micro-nutrient imbalance are all examples of poor 

maternal diet (Wu et al., 2006). 

Maternal undernutrition can result from environmental or physiological extremes such as 

high milk output, metabolic disorders, multiple births, or continued growth of the dam 

(Schoonmaker 2014). Restricted feed intake during dry and winter seasons or under high 

environmental temperatures have been observed in pregnant dams due to poor quality of 

roughages or because of unfavorable temperature conditions (Wu et al., 2006).  

In contrast, maternal overnutrition involves excessive feed intake, which can be defined 

as high-energy, high-fat, or high protein diets (Wu et al., 2006). In the food animal industry, one 

of the causes of maternal overnutrition is due to traditional management practices. For example, 

the common practice of flushing involves increasing feed intake for a short period of time around 

conception to maximize the numbers of oocytes for ovulation in livestock. This practice can 

increase the number of fetuses per animal which will increase profits (Wu et al., 2006). 

Additionally, management of livestock which allows extensive grazing or situations where 
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animals are grouped and fed based on average body weight may cause below average body 

weight animals to be overfed (Schoonmaker 2014).  

 

Effects of maternal malnutrition on offspring  

Maternal malnutrition can affect fetal organogenesis, metabolic processes, and factors 

involved in developmental regulation (Godfrey et al., 2001).  For example, in a study conducted 

by George et al. (2010), offspring from overfed ewes had increased fetal crown-rump lengths, 

thoracic and abdominal girths, and fetal perirenal fat compared with control offspring at mid-

gestation. Furthermore, from the same study, fetal heart, pancreas, and liver weights, as well as 

the lipid content of fetal liver were also increased compared with controls at mid-gestation 

(George et al., 2010). Insulin resistance, disruption of glucose homeostasis, and increased levels 

of lipid biosynthesis have all been observed in offspring of overfed mothers (Borengasser et al., 

2013).  

Changes in maternal diet can also predispose offspring to developing cardiovascular 

disease (CVD), which may be a result of compromised cardiac function and structure (Godfrey 

et al., 2001). The Dutch Famine is a well-documented case that established a link between 

maternal undernutrition and an increased predisposition to develop cardiovascular disease in 

later life (Godfrey et al., 2001). Some observed effects of both over- and restricted-fed models 

include alternations in ventricular weights, cardiac morphology, and growth and fibrotic gene 

expression in fetuses (Vonnahme, 2003; Dong et al., 2005; Ge et al., 2013). While CVD has been 

associated with poor maternal diet, it also been suggested that hypertension, or high blood 

pressure, can originate during impaired intrauterine growth and development, and this condition 

can trigger hypertensive heart disease which is associated with numerous heart complications 
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(Godfrey et al., 2000). Hypertensive heart disease causes heart disorders such as heart failure, 

thickening and enlargement of the heart, and coronary artery disease.  If cellular signals 

contributing to cardiac hypertrophy are maintained or excessive, left ventricular hypertrophy 

becomes pathological leading to poor prognosis (Wang et al., 2012). Additionally, reduced 

growth before birth is a risk factor for left ventricular hypertrophy (Wang et al., 2012). Left 

ventricular hypertrophy can also induce problems related to coronary arteries as an enlarged 

heart can compress these vital structures which pump blood away from the heart. Other issues 

that may arise due to coronary heart disease and left ventricular hypertrophy include ischemic 

heart disease, heart failure, and arrhythmia.  

 

Effects of maternal nutrient restriction on fetal hearts  

Maternal nutrient restriction during gestation alters fetal heart size, weight, and 

morphology. Specifically, at d 78 of gestation, greater right and left ventricular weights per unit 

fetal weight were observed in offspring of ewes fed a restricted diet from d 28 to 78 of gestation 

(Vonnahme, 2003). This may be due to increased heart wall thickness and size, as increased 

ventricular size and thickness was observed at d 78 and d 135, respectively, in fetal offspring of 

ewes fed a restricted diet between d 28 and 78 of gestation (Dong et al., 2005).  Importantly, this 

effect may be multigenerational. In a study by Bertram et al. (2008), male offspring obtained 

from the second generation of guinea pigs fed a restricted-fed diet from d 1 to d 35 exhibited 

increased left ventricular thickness and mass as well as elevated blood pressure. Because an 

increase in fetal cardiac thickness, weight, and size could be indications of a pathological 

response to nutritional stress, myocardial fibrosis may very likely be initiated. In fact, myocardial 

fibrosis occurs during maternal undernutrition as researchers confirmed presence of myocardial 
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fibrosis through histological staining in both left and right ventricles of adult sheep offspring 

from ewes fed a restricted-fed diet between d 28 to d 78 of gestation when compared with 

controls (Ge et al., 2013). As alternations in fetal heart weight, size, thickness as well as 

myocardial fibrosis have been detected, it is likely that changes in growth factor expression may 

be the underlying factor to these observances.  

Variances in critical growth factors related to cardiac hypertrophy and proliferation and 

fibrosis have been observed. For instance, differences in protein expression of cardiac genes 

involved in heart development were observed by Dong et al., (2005). In their study, ewes were 

placed on a restricted fed-diet from d 28 to d 78 of gestation and some were euthanized at d 78, 

while the rest were placed back on a normal diet from d 79 to d 135 of gestation (Dong et al., 

2005). There was increased protein expression of IGF-1R and IGF-2R in the left ventricle as well 

an increased protein expression of IGF-1R in the right ventricle of offspring obtained from 

restricted-fed ewes fed at d 78 of gestation (Dong et al., 2005). Furthermore, fetuses from ewes 

that were placed back on a normal diet until d 135 only had elevated IGF-2R. Additionally, in a 

study conducted by Dong et al. (2008), ewes placed on a restricted-fed diet from d 28 to d 78 of 

gestation had fetuses with lower concentrations of plasma IGF-1. As growth factors such as IGF-

1 and IGF-2 and its receptors (IGF-1R and IGF-2R) are critical in proper heart development, the 

increased protein levels of IGF-1R and IGF-2R as well as decreased levels of plasma IGF-1 

could provide an explanation to why there was increased fetal heart weight, size, and thickness in 

maternal restricted-fed models. Furthermore, as fibrosis may be accompanying changes to fetal 

cardiac morphology in models of maternal undernutrition, it is also important to examine 

expression of growth factors involved in myocardial fibrosis. Indeed, Menendez-Castro et al. 

(2011), confirmed increased mRNA expression of profibrotic marker CTGF by almost 3 fold in 
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aortas newborn rat pups from restricted-fed protein mothers when compared with controls. 

Additionally, histological staining of fetal hearts obtained from restricted-fed ewes also 

confirmed that maternal nutrient restriction does indeed cause myocardial fibrosis (Fan et al., 

2012). Together, when growth factors responsible in extracellular matrix proteins are increased, 

this indicates fibrotic remodeling (Fan et al., 2012). As an increase in extracellular matrix 

material ultimately contributes to stiffness of the heart, this not only distorts the organizational 

structure of the organ, but it also affects its function by affecting ventricular contraction and 

relaxation (Fan et al., 2012).  

 

Effects of maternal overnutrition on fetal hearts  

Similar to the observances seen in fetal hearts of maternal undernutrition models, 

maternal overnutrition alters fetal heart weight and thickness. For example, fetal offspring from 

ewes fed an obesogenic diet from d 28 to d 78 of gestation exhibited increased heart and 

ventricular weights at d 78 (Dong et al., 2008). This may be due to increased heart wall thickness 

as increased right ventricular wall thickness was observed in fetal hearts obtained from ewes fed 

an overfed diet 60 days prior to mating to d 75 of gestation (Kandadi et al., 2013). As increased 

fetal heart weight and thickness could be indications of a pathological response to nutritional 

stress, myocardial fibrosis may also be initiated. Indeed, confirmation of myocardial fibrosis in 

fetal hearts was verified in fetuses obtained from ewes fed an over-fed diet between d 28 to d 75 

of gestation as there was increased collage deposition in fetal myocardium at d 135 of gestation 

as evidenced through histological staining (Huang et al, 2010). As alternations in fetal heart 

weight and thickness as well as myocardial fibrosis have been examined, it may be likely that 

changes in growth factor expression is the underlying factor to these observations.  
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Indeed, differences in growth factor expression involved in cardiac development in 

maternal overnutrition models were observed by Dong et al., 2005. Their study observed 

increased plasma IGF-1 levels in fetal hearts obtained from ewes on an overfed diet from d 28 to 

d 78 of gestation (Dong et al., 2005). This change in circulating concentrations of IGF-1 may 

perhaps have contributed to the increase in fetal ventricular weight and thickness in previous 

studies examining models of maternal overnutrition. Furthermore, as modifications to fetal 

cardiac morphology due to maternal overnutrition can be categorized as pathological response 

due to nutritional stress, expression of pro-fibrotic markers such as TGFβ could be affected. 

Indeed, in a study by Huang et al. (2010), there was increased protein expression of TGFβ at d 

75 and d 135 in fetal hearts of ewes fed an obesogenic diet from d 28 to d 75 of gestation. 

Furthermore, there was also an observance of increased in collagen deposition in fetal hearts 

obtained from the same study as a result of increased protein expression of TGFβ (Huang et al, 

2010). Ultimately, like fetal hearts obtained from maternal restricted-fed models, increased 

collagen deposition and expression of profibrotic markers such as TGFβ indicates fibrotic 

remodeling which can adversely affect the heart by altering its normal structure and function 

(Fan et al., 2012).  

 

Objective & Hypothesis 

Alterations in maternal nutrition can have long-term effects that increase the risk of 

cardiovascular disease, thus, understanding changes in gene expression related to cardiomyocyte 

proliferation, hypertrophy, and fibrosis may improve our ability to determine appropriate 

interventions. My objective for this project was to determine whether poor maternal nutrition 

during gestation alters fetal cardiac mRNA expression of IGF-1, IGF-2, TGFβ, and CTGF at d 



13 
 

90 and d 135 of gestation. Based on results in previous studies, I hypothesized that poor maternal 

nutrition (over- or restricted-feeding) would increase mRNA expression of IGF-1, IGF-2, TGFβ, 

and CTGF in the fetal hearts of over and restricted-fed ewes compared with controls at d 90 and 

d 135 of gestation.  

 

 

Materials and Methods 

 

All procedures were approved by the University of Connecticut’s Institutional Animal Care 

and Use Committee (Protocol # A13-059). Multiparous Western Whiteface ewes (n=99) were  

estrus synchronized using an intravaginal progesterone insert (CIDR; Easi-Breed CIDR Sheep 

Insert, Zoetis, Florham, NJ) for twelve days. Subsequently, ewes received a single intramuscular 

injection of PGF2α (Lutalyse, 5 mg/mL; Zoetis; Knights et al., 2001a, b) after CIDR removal and 

were randomly bred to 1 of 4 genetically related Dorset rams wearing marking harnesses. Day 0 

of pregnancy was recorded when a rump mark was evident. Ewes were placed into individual pens 

twenty days after mating. All animals transitioned to a complete pelleted feed for a duration of ten 

days. Confirmation of pregnancy for ewes (n=82) was detected using trans-abdominal ultrasound 

(Jones et al., 2015). After confirmation of pregnancy, ewes were randomly assigned to one of three 

diets: restricted-fed (RES: 60% of National Research Council [NRC] requirements for total 

digestible nutrients), over-fed (OVER; 140% of NRC requirements for total digestible nutrients), 

or control (CON; 100% of NRC requirements for total digestible nutrients) at d 30 ± 0.2 of 

gestation. Fresh water and salt licks were readily available to the animals at all times. On a weekly 

basis, each ewe was weighed and body condition scored by two trained handlers. Once body 

weight and body condition scores were recorded, rations were adjusted according to the ewe’s 
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body weight. For each diet group, samples from the offspring were collected at d 45, 90, and 135 

of gestation, and within 24 h of birth.   

Ewes (n = 5 to 7 per diet group/time point) were weighed and euthanized at d 45, 90 or 135 

of gestation (gestation length 145 days) with an intravenous injection of Beuthanasia-D Special 

(Merck Animal Health; Summit, NJ). The uterus and fetuses were removed for necropsy and tissue 

collection. Lambs were weighed and necropsied within 24 h of birth.  

 

Cardiac Sample Collection and Preparation 

Hearts (n = 11 to 13 per diet group/time point) were collected, measured, weighed, snap 

frozen in liquid nitrogen and stored at -80°C. At d 45 of gestation, the entire fetal heart was 

collected.  For samples taken at d 90 of gestation, two samples of left ventricle and one for the 

right were taken from each fetus. At d 135 and birth, three samples were taken from the left and 

right ventricles from each fetus. For this study, RNA was isolated from the left ventricle (∼100 

mg) of samples collected at d 90 and d 135 using a standard phenol/chloroform extraction protocol. 

Genomic DNA contamination was removed using Ambion Turbo DNase (Ambion Inc., Austin, 

TX) and cDNA was synthesized from 1 μg purified RNA with Superscript 3 reverse transcriptase 

(Life Technologies, Inc., Grand Island, NY) and random hexamers.  

 

Real-time PCR 

Quantitative real-time RT-PCR was used to assess the relative abundance of IGF-1, IGF-

2, TGFβ, and CTFG using primer sequences from Table 1. All real-time RT-PCR was carried 

out using the SYBR green fluorescence method in triplicate using an ABI Prism 7300 sequence 

detection system (PE Applied Biosystems/Life Technologies, Inc.). The specificity of the 
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products was determined by gel electrophoresis and analysis of the melting temperatures. Data 

are expressed as relative expression of target gene to acidic ribosomal-protein large subunit-P0 

(RpP0) mRNA expression (Duffield et al. 2009; Gentili et al. 2009).  

 

Statistical analysis 

 Data were analyzed using the MIXED procedure in SAS. Differences between diet groups was 

identified with the LSMEANS statement. Differences between treatments were deemed 

significant at P ≤ 0.05 and was considered a tendency at P > 0.05 and ≤ 0.10.  

 

Results 
 

IGF-1 mRNA expression 

 There were no effects of offspring number by treatment (P = 0.5806), gender by time 

point (P = 0. 6349), treatment by gender (P = 0.6233), or offspring by time point (P = 0.6470) on 

IGF-1 mRNA expression.  

 

IGF-2 mRNA expression 

There was an effect of offspring number by treatment (P = 0.013) on IGF-2 mRNA 

expression. IGF-2 mRNA expression was increased in OVER singletons when compared with 

OVER triplets (Fig 1; P = 0.04). There were no differences in IGF-2 mRNA expression between 

OVER twins and OVER triplets (P = 0.11) or between OVER singletons and OVER twins (Fig 

1; P = 0.37). IGF-2 mRNA expression was significantly increased in CON twins when compared 

with CON triplets (Fig 1; P = 0.038). There was a tendency for IGF-2 mRNA expression to be 

increased in CON twins when compared with CON singletons (P = 0.073). There was no 
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difference in CON singletons when compared with CON triplets (Fig 1; P = 0.51). RES triplets 

had increased expression of IGF-2 when compared with CON triplets (Fig 1; P = 0.031) and 

OVER triplets (Fig 1; P = 0.014). There was no difference in IGF-2 mRNA expression between 

CON and OVER triplets (Fig 1; P = 0.17). IGF-2 mRNA expression was increased in RES 

triplets when compared with RES singletons (Fig 1; P = 0.048) and tended to be increased in 

RES triplets when compared with RES twins (P = 0.097). There was no difference in IGF-2 

mRNA expression between RES singletons and twins (Fig 1; P = 0.45).  

There was an effect of offspring number by time point (P = 0.042) on IGF-2 mRNA 

expression. IGF-2 mRNA expression was significantly higher in d 135 twins when compared 

with d 135 singletons (Fig 2; P = 0.007) and d 135 triplets (Fig 2; P = 0.039). There was no 

difference in IGF-2 mRNA expression between d 135 singletons and triplets (Fig 2; P = 0.83). 

There was a significant increase in IGF-2 mRNA expression in d 135 twins when compared with 

d 90 twins (Fig 2; P = 0.0072).  

There were no effects of treatment by time point (P = 0.11), gender by time point (P = 

0.39), or treatment by gender (P = 0.087) on IGF-2 mRNA expression. 
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Figure 1. Effects of maternal nutrition over- and undernutrition during mid-to-late 

gestation on fetal cardiac IGF-2 mRNA expression in singletons, twins, and triplets. IGF-2 

expression was increased in OVER singletons when compared with OVER triplets, in CON 

twins when compared with CON triplets, in RES triplets when compared with CON and OVER 

triplets, and in RES triplets when compared with RES singletons. ††P ≤ 0.05 compared with 

OVER triplets. *P ≤ 0.05 compared with CON triplets.  #P ≤ 0.05 compared with CON and 

OVER triplets. $P ≤ 0.05 compared with RES singletons.  
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 Figure 2. Fetal cardiac IGF-2 mRNA expression at days 90 and 135 of gestation in 

singletons, twins, and triplets. IGF-2 expression was increased in d 135 twins when compared 

with d 135 singletons and triplets and also when compared with d 90 twins. *P ≤ 0.05 compared 

with singletons and triplets within the same time point. †P ≤ 0.05 compared with d 90 twins.  

.  
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TGFβ mRNA expression   

  There was an effect of treatment by gender (P = 0.046) on TGFβ mRNA expression. 

Transforming growth factor β mRNA expression was increased in RES females when compared 

with OVER females (Fig 3; P = 0.029). There were no differences in TGFβ mRNA expression 

between CON and RES females (Fig 3; P = 0.51) or between CON and OVER females (Fig 3; P 

= 0.12), but tended to be increased in RES females when compared with RES males (P = 0.071).   

There was an effect of offspring number by time point (P = 0.032) on TGFβ mRNA 

expression. TGFβ mRNA expression was increased in d 135 twins when compared with d 135 

singletons (Fig 4; P = 0.02) and tended to be increased in d 135 twins when compared with 

triplets (P = 0.064). There was no difference in TGFβ mRNA expression between d 135 

singletons and triplets (Fig 4; P = 0.91). There was a significant increase in TGFβ mRNA 

expression in d 135 twins compared with d 90 twins (Fig 4; P < 0.0001).  

There were no effects of offspring number by treatment (P = 0.24), treatment by time 

point (P = 0.38), and gender by time point (P = 0.86) on TGFβ mRNA expression. 
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Figure 3. Effects of maternal nutrition over- and undernutrition during mid-to-late 

gestation on fetal cardiac TGFβ mRNA expression. TGFβ mRNA expression was increased in 

RES females when compared with OVER females. *P ≤ 0.05 compared with OVER females.  
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Figure 4. Fetal cardiac TGFβ mRNA expression at d 90 and d 135 of gestation in 

singletons, twins, and triplets. TGFβ expression was increased in d 135 twins when compared 

with d 135 singletons and d 90 twins. *P ≤ 0.05 compared with d 135 singletons. †P ≤ 0.05 was 

considered significant when compared with d 90 twins. 
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CTGF mRNA expression 

 There was an effect of offspring number by treatment (P = 0.034) on CTGF mRNA 

expression. CTGF mRNA expression was significantly increased in OVER twins when 

compared with RES twins (Fig 5; P = 0.0079), but only tended to be decreased in RES twins 

when compared with CON twins (Fig 5; P = 0.085). There was no difference in CTGF mRNA 

expression between CON and OVER twins (Fig 5; P = 0.30). There was an increased CTGF 

expression in RES triplets when compared with CON triplets (Fig 5; P = 0.017), but only tended 

to be increased in RES triplets when compared with OVER triplets (P = 0.079). There was no 

difference in CTGF mRNA expression between CON and OVER triplets (Fig 5; P = 0.95). 

CTGF mRNA expression was increased in RES triplets when compared with RES singletons 

(Fig 5; P = 0.0028) and twins (Fig 5; P = 0.0009), but there was no difference in CTGF mRNA 

expression in RES singletons when compared with RES twins (Fig 5; P = 0.87). 

 There was an effect of treatment by gender (P = 0.032) on CTGF mRNA expression. 

CTGF mRNA expression was decreased in RES males when compared with CON males (Fig 6; 

P = 0.05) and OVER males (Fig 6; P = 0.018), but there was no difference in CTGF mRNA 

expression between CON and OVER males (Fig 6; P = 0.49). There was an increase in CTGF 

expression in RES females when compared with RES males (Fig 6; P = 0.034). 

  There were no effects of offspring number by time point (P = 0.65), treatment by time 

point (P = 0.46), and gender by time point (P = 0.13) on CTGF mRNA expression. 
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Figure 5. Effects of maternal nutrition over- and undernutrition during mid-to-late 

gestation on fetal cardiac CTGF mRNA expression in singletons, twins, and triplets. CTGF 

expression was increased in OVER twins when compared with RES twins, in RES triplets when 

compared with CON triplets, and in RES triplets when compared with RES singletons and twins. 

*P < 0.05 compared with RES twins. †P < 0.05 compared with CON triplets. #P < 0.05 

compared with RES singletons and twins.   
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Figure 6: Effects of maternal nutrition over- and undernutrition during mid-to-late gestation on 

fetal cardiac mRNA expression for CTGF relative to RPLP0.  CTGF expression was decreased 

in RES males when compared with CON and OVER males while its expression was increased in 

RES females when compared with RES males. *P ≤ 0.05 was considered significant when 

compared with males. †P ≤ 0.05 was considered significant when compared with RES males.  
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Discussion 

The aim of this study was to elucidate possible mechanisms behind the effects of poor 

maternal nutrition on fetal heart development. Fetal cardiac mRNA expression of IGF-1, IGF-2, 

TGFβ, and CTGF at d 90 and d 135 of gestation was therefore examined as they are important 

growth factors during normal and pathological heart development. Results from our experiment 

indicated that aside from IGF-1 mRNA expression, poor maternal nutrition affects expression of 

IGF-2, TGFβ, and CTGF in a manner specific to treatment, gender, and litter size.  

 

Changes in IGF-2 & CTGF mRNA expression due to maternal dietary treatment and offspring 

number  

We detected a difference in IGF-2 mRNA expression among singletons, twins, and 

triplets depending on maternal dietary treatment. IGF-2 mRNA expression was increased in 

CON twins when compared with CON triplets. It is likely that IGF-2 mRNA expression was 

increased in singletons when compared with triplets as the latter tend to have lower birth weights 

and size when compared with smaller sized litters (Yokoyama et al., 2011). Smaller fetal size 

and lower birth weight may lead to reduced heart formation due to a decrease of growth factors 

responsible in cardiac proliferation and hypertrophy, one being IGF-2 (Dong et al., 2005). IGF-2 

mRNA expression was also increased in OVER singletons when compared with OVER triplets 

and in RES triplets when compared with RES singletons. This indicates that maternal 

overnutrition increases IGF-2 mRNA expression in smaller litters when compared with larger 

litters, while maternal undernutrition increases IGF-2 mRNA expression in larger litters when 

compared with smaller litters. An explanation for this phenomenon could be that maternal 

overnutrition may be providing sufficient or excessive fetal cardiac growth in smaller litters as 
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opposed to larger litters by maintaining or increasing secretions of growth factors such as IGF-2. 

Maternal undernutrition may be increasing IGF-2 mRNA expression in larger litters as this will 

ensure adequate cardiac growth to maximize the chances of all of the offspring’s’ survival (Dong 

et al., 2005). In a similar study by Lie et al. (2013), there was no change in an abundance of key 

factors involved in cardiac proliferation and hypertrophy such as protein kinase C alpha (PKCα), 

ERK or mTOR in singletons obtained from restricted-fed ewes, but there was an increase in 

cardiac abundance of IGF-2R and PKCα in twins. These results along with our findings indicate 

that increasing growth factors important for cardiac development such as IGF-2 may be an 

important modification to protect heart growth in larger litters when there is a predicted decrease 

in fetal nutrition. Furthermore, we also observed an increase in IGF-2 mRNA expression in RES 

triplets when compared with CON and OVER triplets. Maternal undernutrition rather than 

maternal overnutrition induces maternal stress during pregnancy as confirmed by Amdi et al., 

(2013). Their study indicated that gilts fed a restricted-fed diet at d 25 to d 90 of gestation had 

higher cortisol levels when compared with control and over-fed gilts (Amdi et al., 2013). 

Additionally, it is likely that maternal undernutrition affects fetal development by altering fetal 

cardiac morphology. This has been confirmed by Dong et al. (2008), who observed increased 

heart and ventricular weights in fetuses obtained from restricted-fed ewes.  

Unlike IGF-2, our results for IGF-1 mRNA expression indicated that there were no 

effects of poor maternal nutrition on fetal hearts in a manner specific to treatment, gender, or 

litter size. While production of IGF-2 is essential for normal embryonic growth, IGF-1 is 

considered to be more important for postnatal growth and development (Griffeth et al., 2014). 

This may explain why there were no differences in IGF-1 mRNA expression in our study. Future 
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research evaluating other critical genes involved in embryonic development for the fetal heart 

should thus be examined. 

For CTGF, OVER twins had increased CTGF mRNA expression when compared with 

RES twins. In a similar study by Huang et al. (2010), myocardial fibrosis in fetal hearts was 

verified in fetuses obtained from ewes fed an over-fed diet between d 28 to d 75 of gestation as 

there was increased collage concentrations in fetal myocardium at d 135 of gestation. As 

myocardial fibrosis is induced by an increase in growth factors which are responsible for 

extracellular matrix deposition, Huang et al., (2010) and our findings indicate that fibrotic 

remodeling in fetuses of overfed ewes may have been caused by an increase in expression of 

profibrotic markers such as CTGF (Fan et al., 2012). Future research examining whether 

increased CTGF mRNA expression due to maternal overnutrition elevates an individual’s risk to 

CVD in later life should therefore be evaluated. Additionally in our study, there was increased 

CTGF expression in RES triplets when compared with CON triplets and also when compared 

with RES singletons and twins. Since there were no significant differences between RES 

singletons and CON singletons or between RES twins and CON twins, these results indicate that 

maternal undernutrition in triplets may be inducing increased expression of growth factors such 

as CTGF which is responsible for cardiomyocyte and fibroblast proliferation.  

 

Changes in TGFβ & CTGF mRNA expression due to maternal dietary treatment and gender  

Female offspring of restricted-fed ewes had increased TGFβ mRNA expression when 

compared with OVER females, but was no significant difference in RES males when compared 

with OVER males. This indicates that females from restricted-fed mothers are more inclined to 

secrete profibrotic growth factors such as TGFβ than those from overfed mothers. Similar to our 
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experiment, in a study conducted by Ge et al., (2013), researchers confirmed presence of 

myocardial fibrosis in both left and right ventricles of adult sheep offspring obtained from ewes 

fed a restricted-fed diet between d 28 to d 78 of gestation. These results along with our findings 

indicate that maternal undernutrition induces fibrotic processes in fetal hearts in a gender specific 

manner possibly through activation and increased mRNA expression of TGFβ. It would be 

interesting to examine if increased TGFβ mRNA expression in females from malnourished 

mothers would increase the likelihood of women developing CVD in later life. 

We also identified an effect of maternal dietary treatment in a gender specific manner on 

CTGF mRNA expression. CTGF mRNA expression was decreased in RES males compared with 

CON and OVER males. Additionally, CTGF mRNA expression was increased in RES females 

when compared with RES males. Because CTGF is involved in both normal and pathological 

development of the heart, excessive or insufficient amounts may alter cardiac morphology and 

function (Dong et al., 2005, Dobaczewski et al., 2011, Fan et al., 2012). Firstly, our results 

indicate that males from restricted-fed mothers may be less prone to activating pathways 

involved in preserving the heart than those from overfed mothers. Secondly, it may be that 

females from nutrient restricted gestational conditions are far more inclined than males exposed 

to the same in-utero condition to secrete greater amounts of growth factors such as CTGF to 

preserve the heart. This may also be a fibrotic response as a result of maternal dietary stress. 

Maternal undernutrition induces myocardial fibrosis Ge et al., (2013) so it is possible that 

profibrotic growth factors such as CTGF may be increased in a gender specific manner as a 

result of maternal nutrient restriction. It would be interesting to examine whether the decrease in 

CTGF mRNA expression in males or the increase in its expression in females from malnourished 

mothers would make individuals more susceptible to CVD in later life.  
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Changes in IGF-2 & TGFβ mRNA expression due to offspring number and time point  

In addition to the effects of maternal nutrition on offspring, there were interactions of 

offspring number by time point for IGF-2 and TGFβ mRNA expression. IGF-2 expression was 

increased in d 135 twins when compared with d 135 singletons and triplets and also when 

compared with d 90 twins. Similarly, TGFβ mRNA expression was increased in d 135 twins 

when compared with d 135 singletons and d 90 twins. Both IGF-2 and TGFβ mRNA expression 

was most likely increased in d 135 twins when compared with d 90 twins as it is during later 

stages of gestation where cardiac growth factors important for normal heart development. During 

this time, IGF-2 and TGFβ are upregulated to support the differentiation of cardiomyocytes 

towards the later end of gestation (Burrell et al., 2003; Dong et al., 2005, Dobaczewski et al., 

2011, Fan et al., 2012).  

 IGF-2 and TGFβ mRNA expression may have been increased in fetal hearts of d 135 

twins when compared with d 135 singletons as a mechanism to ensure guaranteed survival of 

offspring from larger litters. As nutrients have to be allocated to more than one organism for 

twins, fetal programming of the heart for twins may occur to maximize their survival.    

Increasing growth factors important for cardiac development such as IGF-2 and TGFβ may 

therefore result in adequate cardiac growth. Increased expression of IGF-2 and TGFβ in fetal 

hearts however, could also alter cardiac morphometry as excessive amounts of both of these 

growth factors could result in abnormal thickening and excessive collagen deposition of the heart 

(Bujak & Frangogiannis, 2007; Souders et al., 2009). Ultimately, this is detrimental as 

unwarranted extracellular material and thickening of the heart can impair myocardial 

contractility and cause cardiovascular dysfunction (Bujak & Frangogiannis, 2007; Souders et al., 

2009). Furthermore, IGF-2 mRNA expression was also increased in d 135 twins when compared 
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with triplets. One might assume d 135 triplets to display similar results in IGF-2 mRNA 

expression to d 135 twins as both groups are multiples. As we only have a limited number of 

triplet litters, this could have contributed to unpredicted results. It would be interesting to 

examine if the increase in IGF-2 mRNA expression of offspring from larger litters would result 

in an enhanced vulnerability to CVD in later life. 

 

Conclusion 

In this study, left ventricular samples of fetuses were collected at d 90 and 135 of 

gestation, and gene expression was analyzed by real-time PCR. Fetal cardiac mRNA expression 

of IGF-1, IGF-2, TGFβ, and CTGF were quantified to study the effects of poor maternal 

nutrition.  There were no observed effects of poor maternal nutrition on time point, offspring, or 

gender for IGF-1 mRNA expression. These results indicate that IGF-1 mRNA expression is not 

critical in terms of fetal cardiac development. Furthermore, the results of the experiment also 

indicate that maternal malnutrition affects mRNA expression of IGF-2, TGFβ, and CTGF in a 

manner specific to gender and litter size. Differences observed in mRNA expression of IGF-2 

and TGFβ is also dependent on a time point by offspring number interaction. Alternations of 

IGF-2, TGFβ, and CTGF mRNA expression in offspring may modify cardiac morphometry and 

function thereby predisposing them to CVD in later life. Future studies examining this claim 

should thus be extensively investigated. 

 

 

 

 



31 
 

References 

Amdi, C., L. Giblin, A. A. Hennessy, T. Ryan, C. Stanton, N.C. Stickland, and P.G. Lawlor. 

2013. Feed Allowance and Maternal Backfat Levels during Gestation Influence Maternal 

Cortisol Levels, Milk Fat Composition and Offspring Growth. Journal of Nutritional Science. 2.  

Beauchamp, B., A. Thrush, J. Quizi, G. Antoun, N. Mcintosh, O. Al-Dirbashi, M.E. Patti, and 

M.-E. Harper. 2015. Undernutrition during pregnancy in mice leads to dysfunctional cardiac 

muscle respiration in adult offspring. Bioscience Reports. 35(3).  

 

Barker, D. 2002. Fetal programming of coronary heart disease. Trends in Endocrinology and 

Metabolism 13(9): 364–368. 

Becker, A. M., M. Rubart, and L. J. Field. Inducing Embryonic Stem Cells to Become 

Cardiomyocytes. Regenerating the Heart. :7–24. 

Bertram, C., O. Khan, S. Ohri, D.I. Phillips, S.G. Matthews, and M.A. Hanson. 2008. 

Transgenerational effects of prenatal nutrient restriction on cardiovascular and hypothalamic-

pituitary-adrenal function. Journal of Physiology. 586(8): 2217-29.  

Beyar, R., and A. Landesberg. 2010. Introduction to Analysis of Cardiac Development: From 

Embryo to Old Age. Annals of the New York Academy of Sciences. 1188: 4-6. 

Borengasser, S. J., Y. Zhong, P. Kang, F. Lindsey, M. J. J. Ronis, T. M. Badger, H. Gomez-

Acevedo, and K. Shankar. 2013. Maternal Obesity Enhances White Adipose Tissue 

Differentiation and Alters Genome-Scale DNA Methylation in Male Rat Offspring. 

Endocrinology. 154(11): 4113-25  

Bujak, M., and N. Frangogiannis. 2007. The role of TGF-β signaling in myocardial infarction 

and cardiac remodeling. Cardiovascular Research. 74(2): 184–195. 

Burrell, J.H., A.M. Boyn, V. Kumarasamy, A. Hsieh, S.I. Head, and E.R. Lumbers. 2013. 

Growth and Maturation of Cardiac Myocytes in Fetal Sheep in the Second Half of Gestation. The 

Anatomical Record. 274(2): 952-961. 

Chen, M. 2000. CTGF Expression is Induced by TGF- β in Cardiac Fibroblasts and Cardiac 

Myocytes: A Potential Role in Heart Fibrosis. Journal of Molecular and Cellular Cardiology 

32(10): 1805-1819. 

Cecchetto, A., A. Rampazzo, A. Angelini, L.D. Bianco, M. Padalino, G. Stellin, and L. Daliento. 

2010. From Molecular Mechanisms of Cardiac Development to Genetic Substrate of Congenital 

Heart Diseases. Future Cardiology 6(3): 373-93.  

Dobaczewski, M., Chen, W., and N. Frangogiannis,. 2011. Transforming growth factor (TGF)-β 

signaling in cardiac remodeling. Journal of Molecular and Cellular Cardiology 51(4): 600-606. 



32 
 

Dong, F., S.P. Ford, C.X. Fang, M.J. Nijland, P.W. Nathanielsz, and J. Ren. 2005. Maternal 

Nutrient Restriction during Early to mid-Gestation Up-regulates Cardiac Insulin-like Growth 

Factor (IGF) Receptors Associated with Enlarged Ventricular Size in Fetal Sheep. Growth 

Hormone & IGF Research 15(4): 291-99.  

Dong, F., S. P. Ford, M. J. Nijland, P. W. Nathanielsz, and J. Ren. 2008. Influence of maternal 

undernutrition and overfeeding on cardiac ciliary neurotrophic factor receptor and ventricular 

size in fetal sheep. Journal of Nutritional Biochemistry 19(6): 409–414. 

Fan, D., Takawale, A., Lee, J., & Kassiri, Z. 2012. Cardiac fibroblasts, fibrosis and extracellular 

matrix remodeling in heart disease. Fibrogenesis & Tissue Repair 5(1): 15-15. 

Ge, W., N. Hu, L. A. George, S. P. Ford, P. W. Nathanielsz, X.-M. Wang, and J. Ren. 2013. 

Maternal nutrient restriction predisposes ventricular remodeling in adult sheep offspring. Journal 

of Nutritional Biochemistry. 24(7): 1258–1265. 

George, L.A., A.B. Uthlaut, N.M. Long, L. Zhang, Y. Ma, D.T. Smith, P.W. Nathanielsz, and S. 

P. Ford. 2004. Different Levels of Overnutrition and Weight Gain during Pregnancy Have 

Differential Effects on Fetal Growth and Organ Development. Reproductive Biology and 

Endocrinology 8: 75. 

Godfrey, K.M, and D.J. Barker. 2001. Fetal Programming and Adult Health. Public Health 

Nutrition. 4(2B): 611-24.  

Griffeth, R.J., V. Bianda, and S. Nef. 2014. The Emerging Role of Insulin-like Growth Factors in 

Testis Development and Function. Basic and Clinical Andrology. 24.1: 12.  

Centers for Disease Control and Prevention. 2015. Heart Disease Facts. 

http://www.cdc.gov/heartdisease/facts.htm (Accessed 28 April 2016.) 

He, Z., D. Wu, Z. Sun, Z. Tan, J. Qiao, T. Ran, S. Tang, C. Zhou, X. Han, M. Wang, J. Kang, 

and K. Beauchemin. 2013. Protein or energy restriction during late gestation alters fetal growth 

and visceral organ mass: An evidence of intrauterine programming in goats. Animal 

Reproduction Science. 137(3-4): 177–182. 

Huang, Y., X. Yan, J. X. Zhao, M. J. Zhu, R. J. Mccormick, S. P. Ford, P. W. Nathanielsz, J. 

Ren, and M. Du. 2010. Maternal Obesity Induces Fibrosis in Fetal Myocardium of Sheep. AJP: 

Endocrinology and Metabolism. 299(6): E968–E975. 

Jones, A.K., R.E. Gately, K.K. Mcfadden, S.A. Zinn, K.E. Govoni, and S.A. Reed. 2015. 

Transabdominal Ultrasound for Detection of Pregnancy, Fetal and Placental Landmarks, and 

Fetal Age before Day 45 of Gestation in the Sheep. Theriogenology. 85(5):939-945 

Martinsen, B. J., and J. L. Lohr. 2005. Cardiac Development. Handbook of Cardiac Anatomy, 

Physiology, and Devices. p. 15–23. 



33 
 

Mcmullen, J.R, and G.L. Jennings. 2007. Differences Between Pathological And Physiological 

Cardiac Hypertrophy: Novel Therapeutic Strategies To Treat Heart Failure. Clinical and 

Experimental Pharmacology and Physiology. 34(4): 255-62.  

Menendez-Castro, C., F. Fahlbusch, N. Cordasic, K. Amann, K. Münzel, C. Plank, R. 

Wachtveitl, W. Rascher, K.F. Hilgers, and A. Hartner. 2011. Early and Late Postnatal 

Myocardial and Vascular Changes in a Protein Restriction Rat Model of Intrauterine Growth 

Restriction. PLoS One. 6(5):e20369. 

Kandadi, M.R., Y. Hua, M. Zhu, S. Turdi, P.W. Nathanielsz, S.P. Ford, S. Nair, and J. Ren. 

2013. Influence of Gestational Overfeeding on Myocardial Proinflammatory Mediators in Fetal 

Sheep Heart. Journal of Nutritional Biochemistry 24(11): 1982-990.  

 

Lie, S., S. M. Sim, I. C. Mcmillen, O. Williams-Wyss, S. M. Maclaughlin, D. O. Kleemann, S. 

K. Walker, C. T. Roberts, and J. L. Morrison. 2013. Maternal Undernutrition around the Time of 

Conception and Embryo Number Each Impact on the Abundance of Key Regulators of Cardiac 

Growth and Metabolism in the Fetal Sheep Heart. Journal of Developmental Origins of Health 

and Disease. 4(5): 377-90.  

Osgerby, J. 2002. The Effect of Maternal Undernutrition on Ovine Fetal Growth. Journal of 

Endocrinology 173(1): 131-41.  

McMaster Pathophysiology Review. Physiology of cardiac conduction and contractility. 

http://www.pathophys.org/physiology-of-cardiac-conduction-and-contractility/ (Accessed 28 

April 2016.) 

Porrello, E., R.Widdop, and L. Delbridge. 2008. Early Origins Of Cardiac Hypertrophy: Does 

Cardiomyocyte Attrition Programme For Pathological ‘Catch-Up’ Growth Of The Heart? 

Clinical and Experimental Pharmacology and Physiology. 39: 51-59. 

Roberts, V. H. J., A. E. Frias, and K. L. Grove. 2015. Impact of Maternal Obesity on Fetal 

Programming of Cardiovascular Disease. Physiology 30: 224-31. 

Roche, P., M.P. Czubryt, and J.T. Wigle. 2012. Molecular Mechanisms of Cardiac Development. 

Cardiac Adaptations. 4:19-39.  

Schlueter, J., and T. Brand. 2011. Origin and fates of the proepicardium. Aswan Heart Centre 

Science & Practice Series. (2). 

Schoonmaker, J. 2014. Effect of Maternal Nutrition on Calf Health and Growth. Journal of Dairy 

Science. 26: 63-80.  

Souders, C. A., S. L.K. Bowers, and T.A. Baudino. 2009. Cardiac Fibroblast: The Renaissance 

Cell. Circulation Research. 105(12): 1164-176.  

Tappia, P.S., and C.A. Gabriel. 2006. Role of Nutrition in the Development of the Fetal 

Cardiovascular System. Expert Review of Cardiovascular Therapy. 4(2): 211-25. 



34 
 

Takeda, N., and I. Manabe. 2011. Cellular Interplay between Cardiomyocytes and Nonmyocytes 

in Cardiac Remodeling. International Journal of Inflammation. :1–13. 

Medical Terminology for Cancer. The Cardiovascular System (Heart and blood). 2013. 

http://www.cancerindex.org/medterm/medtm8.htm#section1 (Accessed 28 April 2016.) 

Troncoso, R., C. Ibarra, J. Vicencio, E. Jaimovich, and S. Lavandero. 2014. New insights into 

IGF-1 signaling in the heart. Trends in Endocrinology & Metabolism. 25(3): 128-37. 

Wang, K., L. Zhang, I. Mcmillen, K. Botting, J. Duffield, S. Zhang., C. Suter, D. Brooks, J. 

Morrison. 2011. Fetal growth restriction and the programming of heart growth and cardiac 

insulin-like growth factor 2 expression in the lamb. Journal of Physiology. 589(Pt 19):4709-22. 

Wang, K. C., K. J. Botting, M. Padhee, S. Zhang, I. C. Mcmillen, C. M. Suter, D. A. Brooks, and 

J. L. Morrison. 2012. Early origins of heart disease: Low birth weight and the role of the insulin-

like growth factor system in cardiac hypertrophy. Clinical and Experimental Pharmacology and 

Physiology. 39(11): 958–964. 

WebMD. How the Heart Works. http://www.webmd.com/heart-disease/guide/how-heart-works 

(Accessed 28 April 2016.) 

Wu, G., F. W. Bazer, J. M. Wallace, and T. E. Spencer. 2006. Intrauterine growth retardation: 

Implications for the animal sciences. Journal of Animal Science. 84: 2316-2337. 

Vonnahme, K. 2003. Maternal Undernutrition from Early- to Mid-Gestation Leads to Growth 

Retardation, Cardiac Ventricular Hypertrophy, and Increased Liver Weight in the Fetal Sheep. 

Biology of Reproduction. 69(1): 133-140.  

 

Yokoyama, Y., M. Sugimoto, J. Pitkäniemi, J. Kaprio, and K. Silventoinen. 2011. Height 

Growth of Triplets from Birth to 12 Years of Age in Japan. Twin Research and Human Genetics. 

14(5): 468-75.  

 
 

 


	University of Connecticut
	DigitalCommons@UConn
	Spring 5-1-2016

	Programming Heart Disease: Does poor maternal nutrition alter expression of cardiac markers of proliferation, hypertrophy, and fibrosis in offspring?
	Cathy Chun
	Recommended Citation


	tmp.1462062267.pdf.4pl0c

