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ABSTRACT 

A greater understanding of critical periods of body weight regulation, including pregnancy, 

may aid in efforts to optimize weight management strategies for the mother and her baby. 

The gestational period has been implicated to play, in the child, a vital role in the 

developmental origins of obesity and other cardiometabolic diseases later in life. Therefore, 

we initially examined existing literature on the role of maternal obesity and its link to 

pediatric obesity and documented the known underlying physiological mechanisms 

responsible for this relationship while suggesting potential intervention targets that may 

improve maternal-fetal outcomes. In a second paper, we aimed to quantify maternal 

predictors of large for gestational age (LGA) neonates in the Ottawa and Kingston (OaK) 

birth cohort with specific hypotheses verifying the independent contribution of maternal 

prepregnancy body mass index (BMI) and excessive gestational weight gain (GWG) to fetal 

overgrowth. This paper also highlights the clinical utility of the revised 2009 Institute of 

Medicine GWG guidelines and discusses the potential role of physiological factors 

underlying the observed associations between BMI, excessive GWG and LGA neonates.  As 

a follow-up to our population-level analysis (i.e., OAK cohort), papers three and four 

highlight how the insulin-like growth factor (IGF) axis, a vital regulator of growth and 

development, may be compromised at the molecular level in cases of maternal obesity 

(paper 3) and excessive GWG (paper 4).  In paper 3 we show that maternal obesity is 

associated with attenuated expression of IGF binding protein-4 (IGFBP4) in umbilical cord 

blood and discuss how this may preferentially promote fetal adipogenesis. The effects of 

excessive GWG on IGF axis protein expression are addressed in paper four where we show 
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that excessive weight gain during pregnancy is associated with increased expression of 

IGFBP3 in maternal circulation in normoglycemic term pregnancies. In this paper we discuss 

the potential inhibitory role of IGFBP3 on adipogenesis and how it relates to glucose 

intolerance during pregnancy. Recognizing that both obesity and excessive GWG can alter 

physiological processes in mother and her baby, appropriate evidence-based interventions 

are warranted to best optimize outcomes. In paper five, we discuss the results of a study 

which sought to assess patient information channels and knowledge of nutrition and 

physical activity during pregnancy with the intent that these findings be applied to best 

design efficacious strategies that cater to the needs of our target group of pregnant 

women. In our analysis we show that the majority of pregnant women studied would be 

willing to participate in a lifestyle intervention for their own personal health and that of 

their child. Of great interest was the observation that most women were not informed of 

the importance of pregnancy-specific energy intake, or made aware of their own healthy 

GWG targets. Additionally, many of the respondents reported receiving no information 

pertaining to appropriate physical activity recommendations; despite the fact that the vast 

majority of participants consider this lifestyle modality to be safe during their pregnancy. 

Finally in paper six, we build on the results of our previous work and evaluate the risks and 

benefits of physical activity during pregnancy on maternal-fetal outcomes through a review 

of the literature and note that engaging in non-sedentary pursuits during gestation may aid 

in maternal weight regulation, protect against metabolic disorders and optimize neonatal 

birth weight and body composition. Overall, the collective nature of the papers presented 

in this dissertation provides qualitative and quantitative evidence to support not only the 
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complexity of body weight regulation in the mother and her baby, but also highlights 

potential avenues for intervention that may improve maternal-fetal outcomes during this 

critical period.  
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PRELUDE TO THESIS 

Obesity is a complex disease of multifactorial etiology that involves an intricate 

interaction between genetic and environmental factors that influence energy balance 

regulation. Given the need to reduce individual risk of obesity-related pathology including 

type 2 diabetes and cardiovascular diseases, effective weight management strategies are of 

paramount importance. However, recidivism to common therapeutic paradigms (i.e., diet 

and exercise intervention) is likely, producing large inter-individual variation in one’s ability 

to maintain normal body weight, to lose weight and avoid weight regain. As such, a greater 

understanding of critical periods of body weight regulation, including pregnancy, may aid in 

efforts to optimize weight management strategies. The gestational period has been 

implicated, in the child, to play a vital role in the developmental origins of metabolic and 

cardiovascular diseases later in life. The premise of the following series of papers is to 

provide an overview of maternal contributors and potential modifiers of fetal growth 

(Figure 1.1) addressing the question through literature reviews, qualitative sampling using 

questionnaires, epidemiological analysis of a large birth cohort and quantitative assessment 

of molecular signalling pathways involved during pregnancy complicated by obesity or 

excessive GWG.  

 This thesis guides the reader through a narrative addressing the pertinence of 

maternal obesity and/or excessive GWG as predictors of infant size at birth and 

consequently throughout the life-course (Figure 1.2). Through a series of 6 manuscripts that 

address various aspects of this critical period, this thesis aims to better understand how 

maternal phenotype, excessive GWG and physical activity affect fetal growth. 
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Figure 1.1: Critical mediators and potential modifiers of fetal-placental growth during early 

human development 
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Figure 1.2: Obesity begets obesity through accelerated growth trajectory throughout the 

life-course without intervention. OW/OB, overweight and obesity; LGA, large for gestational 

age neonate 
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Figure 1.3: The insulin-like growth factor axis during pregnancy. GH, growth hormone; IGF, 

insulin-like growth factor; IGFBP, IGF binding protein; MGF, mechano growth factor 
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1.0 GENERAL INTRODUCTION 
 

Pediatric obesity is a complex condition of multi-factorial etiology involving, but not 

limited to, physiological, psychological, social and economic factors [1]. Further, strong 

relationships have been observed between parental body mass index (BMI) and offspring 

BMI [2], suggestive of an underlying genetic predisposition to positive energy balance. Also, 

familial risk factors have been identified [3]. Thus, this thesis will focus on physiological 

aspects and some modifiable determinants of positive energy balance. However, it is 

reasonable to postulate that the rising incidence of obesity may be due to gene-

environment interactions which predispose humans to epigenetic modifications that alter 

body weight and composition phenotypes over time [4, 5].  Of great interest is the idea that 

a predisposition to over-consume energy (i.e., hyperphagia) and high levels of sedentarism 

may be observed in offspring of women struggling with obesity, a finding documented in 

experimental animal models [6]. This observation aligns with Barker’s developmental 

origins of adult health and disease hypothesis [7] which originally linked poor nutrition in 

utero to chronic disease susceptibility and subsequent risk throughout the life course [4, 8, 

9]. For instance, prenatal cues that lead the developing fetus to predict a nutritionally 

sparse environment (e.g., in undernourished pregnancies) will result in a shift in the 

structural and functional development toward a phenotype matched to that environment 

[4]. If the child is born into an environment that does not match the predictive adaptive 

response in utero they will have a reduced capacity to cope with the environmental stress. 

In this case, if one is born into a nutritionally rich postnatal environment, after predicting a 

sparse one, they may be increasing their risk for metabolic disease later in life.  Additionally, 
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postnatal child overnutrition may lead to compensatory changes in growth trajectory that 

further shift the positioning of the adult phenotype exacerbating the mismatch between 

pre- and post-natal cues [4]. Yet, in the context of over-nutrition, recent evidence supports 

the ideology that positive energy balance through maternal obesity, excess gestational 

weight gain (GWG) and over-feeding can increase offspring predisposition to metabolic 

disease [10]; an effect thought to be mediated by alterations in epigenetic regulation of 

metabolic pathways [11, 12]. Given the increased prevalence of obesity, changing societal 

norms concerning weight regulation and the intergenerational nature of this condition [13], 

attention has shifted to threats of positive energy balance and excess weight gain  during 

pregnancy as an important contributor to childhood adiposity and predisposition of the 

offspring to metabolic dysregulation later in life [14-17].  The exact obesogenic factors 

leading to such disturbances are not fully understood but potential candidates pathways 

include those involved with maternal hyperleptinemia, hyperglycemia, hyperinsulinemia 

and chronic low-grade maternal inflammation, as reviewed by Rooney and Ozanne [5]. 

Despite numerous animal [6, 18-24] and human [2, 3, 25-35] studies that have examined 

the effects of maternal excess food intake and/or obesity on offspring obesity and type 2 

diabetes, our knowledge concerning the precise mechanisms mediating these pathologies 

are far from complete. Knowing that the growing fetus receives its sustenance from 

maternal sources through the placenta, much attention has been directed to examining the 

role of this highly specialized organ on substrate transfer and subsequent fetal growth 

regulation in pregnancy. It is not unrealistic to presume that behaviours such as healthy 

eating and physical activity, that alter maternal metabolism and modify the availability of 
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specific nutrients, could affect fetal weight and body composition and downstream health. 

Even though the placenta has been implicated as a pivotal substrate and energy regulatory 

organ [36, 37] few groups have explored the placental mechanisms in pregnancies exposed 

to maternal exercise or complicated by diabetes [27, 38-45]. However, the precise 

mechanisms underlying one’s predisposition to accelerated fetal growth and/or altered 

body composition in pregnancies complicated by obesity and excessive GWG remain to be 

fully established. Therefore, the following discussion will highlight factors involved with 

fetal growth with a focus on maternal obesity, gestational weight gain and potential 

modifiers of these processes.  

 

1.1 Maternal obesity, gestational weight gain, insulin resistance and risk of aberrant 

fetal growth trajectory 

It is well-established that maternal obesity is a risk factor for fetal macrosomia (i.e., 

birth weight >4000g) and several epidemiological studies have noted a J-shaped 

relationship between birth weight, adolescent weight and adult fat mass with babies born 

at birth weight extremes (i.e., small for gestational age (SGA) and LGA) at the greatest risk 

[46-49]. Additionally, both pre-pregnancy BMI and GWG are positively associated with 

infant birth weight [50-53].This is important because higher infant birth weights are 

associated with higher child BMI [54-56] and overweight during adolescence is a predictor 

of adult obesity [57]. Obese women are also likely to exceed the Institute of Medicine (IOM) 

GWG recommendations (see APPENDIX O) more often than mothers at normal pre-
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pregnancy weight [58, 59]. Recent findings demonstrate that neonates born from 

overweight mothers who exceed GWG recommendations have greater body fat percentage 

and greater fat mass compared to their offspring born to women who gained within the 

guidelines [60] which strengthens previous findings suggesting a strong link between GWG 

and downstream childhood obesity [61, 62].  

 

Although pre-pregnancy weight and GWG are surrogate markers of maternal energy 

reserve and modifiable targets during intervention [63-66], there is limited evidence 

available to explain the physiological processes underlying the observed associations. 

However, the pregnancy-induced development of the placenta, a temporary organ 

facilitating nutrient transport, substrate exchange between mother and fetus, and 

consequently fetal growth, may provide insight. During gestation, maternal energy surplus 

exposes both the placenta and fetus to excessive nutrient supply. It is speculated that 

through various mechanisms mediated by the placenta, enhanced exposure to substrate 

and hormones may alter the fetal growth trajectory. In fact, maternal insulin resistance, 

which commences in mid-late gestation [67], and is generally exacerbated in overweight 

and obese women,[46] has been implicated in cases of fetal overgrowth [33]. Consequently, 

as a result of excessive nutrient flux (of which glucose predominates) through the placenta, 

overweight and obese women give birth to a proportionally greater number of LGA (birth 

weight for gestational age ≥90th percentile) newborns when compared to women at a 

healthy pre-pregnancy weight. This may be in part due to the teratogenic effects of 

excessive fetal insulin secretion and the anabolic response to hormones and growth factors 
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in utero [68, 69]. Furthermore, alterations in maternal lipid metabolism (i.e., increased 

circulatory levels of free fatty acids) with the onset of insulin resistance in mid gestation 

increase fetal exposure to and subsequent storage of free fatty acids [70]. Collectively, 

these findings support the notion that those born LGA are more likely to struggle with 

excess weight throughout life; a relationship that appears to be mediated by maternal 

glucose intolerance, lipid metabolism and other aberrant signaling processes involving 

growth factors.  

 

1.2 Maternal obesity, insulin resistance and the role of developmental plasticity in 

regulating offspring weight and body composition 

During gestation, and in early  postnatal period, the developing fetus/neonate is 

highly susceptible to an ever-changing external environment, particularly maternal nutrient 

intake and energy expenditure, and adapts accordingly in attempt to thrive in postnatal life 

[4, 71]. Commonly referred to as ‘fetal programming’, developmental plasticity establishes 

pregnancy as a critical period of body weight regulation, for the unborn child, where central 

homeostatic processes and vital energy control pathways may be permanently altered [15]. 

For instance, with respect to energy intake, a maternal high-fat diet has been shown to 

alter the primate epigenome [72]. Further, concerning energy expenditure, regular physical 

activity exposure and its influence on human skeletal muscle has the ability to alter the 

expression of histone deacetylases (HDACs), vital proteins known to mediate epigenetic 

histone modifications and subsequently gene expression [73]. Despite extensive cross-talk 
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between central and peripheral organs and tissues designed to regulate neurobiological 

energy balance, in cases of maternal obesity it appears that this balance is perturbed and 

thus increases the risk for glucose intolerance in the offspring by altering adipocyte and 

neuroendocrine development of the fetus [9, 15].  Specifically, aberrant synchronization of 

the orexigenic (e.g., neuropeptide Y and agouti-related protein) and anorexigenic 

neuropeptide (e.g., pro-opiomelanocortin and cocaine- and amphetamine-regulated 

transcript) response to metabolic signals including glucose, insulin, ghrelin and leptin within 

the hypothalmus may alter energy balance regulation in the offspring of the obese mother 

[9]. For instance, experimental animal studies in the mouse have demonstrated that 

mothers who consumed an obesogenic diet rich in palatable fat and refined sugar gave 

birth to offspring who were hyperphagic, had increased adiposity and features  of the 

metabolic syndrome, including hypertension in addition to decreased energy expenditure 

when compared to controls [6]. Thus, excessive nutrient supply may be categorized as a 

form of fetal stress that has the potential to initiate metabolic disturbance in the 

developing offspring which may have lasting effects including predisposition to downstream 

weight gain if exposed to an obesogenic environment [4, 14].  

 

In fact, Li et al highlighted some of the important factors that contribute to the 

intergenerational cycle of obesity in humans noting that maternal overweight (OR = 2.2; 

95% CI = 1.3-3.7), obesity (OR = 5.1; 95% CI = 2.9-9.1), high birth weight (≥4000 g; OR = 2.0; 

95% CI = 1.2-3.4) and maternal weight gain during pregnancy (≥20.4 kg; OR = 1.7; 95% CI = 

1.0-2.9) are independently associated with the risk of childhood overweight and obesity, an 
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observation that holds true after adjustments for multiple confounders [74]. However, an 

abnormal intrauterine environment, particularly maternal insulin resistance, has 

demonstrated to be a strong predictor of fetal adiposity and may prove to be more 

accurate in forecasting down-stream offspring  obesity risk than absolute birth weight [75].  

The  strong, continuous association between neonatal adiposity, cord insulin concentrations 

and maternal glycemia is evidence supporting the Pederson hypothesis [70] in which a 

maternal induction of fetal hyperinsulinemia across a range of maternal blood sugar levels 

(i.e., less severe than diabetes) may alter neonatal adiposity [33]. Although many factors 

contribute to fetal predisposition to later adiposity, it is difficult to disentangle the single 

most accurate predictor of childhood obesity given the intimate relationships and 

interconnectedness of maternal obesity, weight gain, insulin resistance and their effects on 

fetal growth. This is in part due to a lack of longitudinal follow-up studies in this population 

as well as methodological limitations inherent to human research studies. However, the 

gestational period may be an important time point for preventive intervention in an 

attempt to optimize the intrauterine environment and subsequent downstream child health 

in pregnancy complicated with obesity and excessive GWG.  

 

1.3 The role of insulin in fetal growth complicated by maternal obesity  

Increased fetal growth in pregnancies complicated by obesity is mainly attributed to 

increased maternal adiposity, maternal insulin resistance, fetal over nutrition and placental 

hormones, although the underlying mechanisms are not fully understood [5]. Potential 
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mediators of fetal overgrowth include anabolic hormones, such as insulin, and adipose 

tissue derived hormones, called adipocytokines. During pregnancy, adipocytokines, 

including leptin, adiponectin, interleukin-6 (IL-6), tumour necrosis factor α (TNFα) and 

visfatin are also secreted by the placenta [76-78]. These hormones modulate maternal 

energy metabolism and insulin sensitivity, and have been implicated in pregnancy 

conditions that alter fetal growth, including gestational diabetes mellitus (GDM) and 

intrauterine growth restriction (IUGR). Certain metabolic hormones, such as leptin and 

insulin, as well as adipokines, such as IL-6 and TNFα, have been shown to stimulate nutrient 

transporters in the placenta [77, 79]. It has been hypothesized that in maternal obesity and 

excessive GWG, the elevated calorie intake increases the circulating concentrations of 

maternal metabolic hormones, which up-regulate placental nutrient transport, thus 

increasing nutrient delivery to the fetus and accelerating fetal growth [80]. 

 

1.4 Insulin and the potential for aberrant fetal growth  

Insulin, the major hypoglycemic hormone, is the primary signal regulating metabolic 

responses to feeding and carbohydrate uptake by peripheral tissues. Produced by the β-

cells of the pancreas, insulin is released through hepatic portal circulation and acts in an 

endocrine fashion where it affects substrate usage in the liver, muscle and fat [81]. Insulin 

secretion inhibits hepatic glycogenolysis and gluconeogenesis thereby suppressing 

endogenous glucose production. However, insulin may stimulate glucose uptake and fuel 

storage of glycogen and triglyceride in the liver, muscle and adipose tissue [82].  
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Optimal glycemic control is encouraged during pregnancy to attenuate the risk of 

GDM and fetal macrosomia to mom and baby, respectively. Maternal prepregnancy 

overweight, obesity and severe obesity, for example, are associated with a 2.14, 3.56 and 

8.56 increased likelihood of GDM when compared with normal prepregnancy weight 

women [83]. Further, mothers with GDM have a 5.5 times greater chance that their child 

will be born macrosomic, which is also associated with increased susceptibility to childhood 

overweight [84]. During pregnancy, fasted concentrations of insulin begin to rise from 

5mU/L around 20 weeks gestation and remain at roughly 8mU/L from the last half of 

gestation until term [85]. Insulin release, in response to a carbohydrate challenge, becomes 

pronounced by the third trimester such that oral or intravenous glucose-stimulated insulin 

secretion is approximately 1.5-2.5 times greater than in non-pregnant women [86-88]. 

Contrary to early pregnancy where insulin action is enhanced by estrogen and progesterone 

leading to lower fasting plasma glucose levels [89], late pregnancy is characterized by 

accelerated growth of the fetal-placenta unit and increasing insulin resistance [90]. Thus, 

decreased insulin sensitivity in later gestation may increase fetal anabolic processes in the 

presence of maternal nutrient excess.  

 

Work from animal models strongly suggests that maternal excess food intake and/or 

positive energy balance modifies offspring physiology including aspects related to appetite 

regulation, metabolic homeostasis and habitual physical activity levels [91]. Maternal eating 

and physical activity behaviour can modify the regulation of fetal energy balance (i.e., 

nutrient intake and caloric expenditure) and this concept is further exemplified in offspring 
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of the obese women due to their proportionally greater amount of adipose tissue 

deposition at birth compared to neonates of normal weight mothers [61, 75]; an effect 

thought to be partly mediated by insulin. Excessive fat cell accretion during the highly 

plastic antenatal period may predispose, if exposed to an obesogenic environment, a 

lifelong excess of body fat in offspring of  obese mothers [61]. As such, understanding the 

metabolic regulation of cell growth and differentiation, especially in vivo triggers of fetal 

adipogenesis, is pivotal to designing preventive and therapeutic approaches addressing the 

excessive fetal growth characteristic of maternal obesity and/or excessive pregnancy 

weight gain.  

 

Although a maternal hyperglycemic state may not reach the levels of clinical 

diagnosis for GDM, the fetus is more sensitive to slight glucose fluctuations as this substrate 

freely crosses the placenta via carrier-mediated facilitated diffusion through the glucose 

transporter proteins (i.e., GLUTs). This ‘fuel mediated teratogenesis’ induces fetal 

hyperglycemia, subsequent hyperinsulinemia and promotes fetal adiposity [92, 93]. 

Nonetheless, fetal insulin is required to initiate an anabolic response leading to 

carbohydrate storage, adipocyte hypertrophy and adipogenesis in response to maternal 

intake. Fetal fat mass, which contributes to the greatest inter-individual variation in birth 

weight, is affected by the maternal environment and is more strongly correlated with 

maternal pregravid weight than GWG [58]. Collectively, fetal anabolic alterations are 

associated with higher rates of LGA infants and it has been suggested that these in utero 
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perturbations alter energy balance mechanisms that result in positive energy balance and 

greater adiposity in childhood [58, 61]. 

 

In addition to carbohydrate substrate, excessive lipids may alter fetal secretion of 

anabolic hormones and growth factors and these may act in combination with glucose to 

predispose excessive fetal growth, as evidenced in a GDM population [75]. The gestational 

diabetic offers a clinical model to examine the effects of excess substrate flux from mom to 

baby particularly given the lack of studies examining these phenomena in the obese 

population. In an observational study, Hillier et al. [94] showed that in 5-7 year old children, 

weight status of offspring of mothers with well-controlled GDM was similar to offspring of 

mothers with normal glucose tolerance and that the risk for high weight-for-age was lower 

in children whose mothers were treated for GDM compared to those who were not, 

supporting the importance  of improved glycemic control during pregnancy to improve child 

growth outcomes. Moreover, fetal body composition may be altered in GDM and obese 

pregnancies by similar mechanisms as the accrual of fat mass during gestation can occur 

via: 1) direct transfer of non-esterified fatty acids (NEFA) from mom and, 2) de novo 

lipogenesis resulting from excessive concentrations of glucose and lactate in fetal 

circulation [95]. This effect is compounded in obese and GDM patients due to their 

resistance to the anti-lipolytic effects of insulin despite their hyperinsulinemic state [96]. 

The compounding effects of elevated serum glucose, and increased blood lipid 

concentrations provides two potential avenues contributing to metabolic dysfunction in 



12 
 

utero and its associated increase in fetal adiposity which may result in pro-atherogenic 

pathology in this population.  

 

Given that both diet and physical activity intervention have demonstrated an ability 

to normalize glycemic response in the overweight and obese [97], type-2 diabetic [98] and 

GDM [99] populations, coupled with the finding that physical activity can improve lipid 

profiles [100] and optimize IGF-I axis dynamics [101, 102], incorporating healthy behaviours 

into an intervention program for obese pregnant women may be advantageous to fetal 

development and minimize the intergenerational effects of excess nutrient transfer; as 

evidenced in numerous animal studies [103]. Overall, these findings suggest that maternal 

glycemic control may alter fetal birth weight and body composition as well as the 

downstream metabolic profile of mom and baby and be potentially mediated through the 

IGF axis.  

 

1.5 Insulin-like growth factors and fetal growth  

Optimal fetal development is dependent on a balanced interplay between growth 

suppressors and promoters originating from fetal, placental and maternal compartments 

(see Figure 1.1). Of these important regulators, the insulin-like growth factors (IGFs) play a 

vital role. This includes IGF-I, IGF-II, a family of 6 IGF binding proteins (IGFBP), as well as 

their receptors (IGF type 1 (IGF1R) and type 2(IGF2R)) and proteases (e.g., PAPP-A) which 
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ultimately regulate IGF bioavailability. IGF-I and -II are predominately produced by adult 

and fetal liver although the placenta also expresses these peptides [104] (see Figure 1.3).  

 

Whereas insulin is generally thought to have metabolic actions initiating a 

hypoglycemic response (i.e., works as an anabolic hormone peripherally), the IGF family of 

proteins have mitogenic and meiotic functions regulating cellular proliferation [105]. Of 

particular interest, however, is the role of IGF-I as this protein complex is both nutrient 

sensitive and the predominant growth factor involved in fetal growth and development 

during the later stage of pregnancy. Although IGF-II remains active throughout pregnancy, it 

plays a lesser role in late gestation as it is maternally imprinted, and predominately involved 

with early implantation and differentiation [104]. Furthermore, IGF-I is paternally 

imprinted, and consequently maternally expressed throughout gestation and susceptible to 

alteration as a result of maternal environment; particularly nutrition. The growth promoting 

effects of IGF-I include stimulation of fetal substrate uptake, reciprocal catabolic inhibition 

and improving placental transfer of nutrients from mom to baby [104, 106]. However, the 

role of the IGF axis in pregnancies complicated by obesity and/or excessive GWG and how 

this affects fetal growth has yet to be conclusively demonstrated in humans [107]. 

 

With respect to the IGFBPs, of particular interest are IGFBP-1 and -3 as these binding 

proteins are predominant modulators of IGF function; although the other IGFBPs play a 

vital, yet much less characterized role.  By altering the half-life of this complex the binding 
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proteins aid in transport to specific tissues and promote endocrine, autocrine and paracrine 

action [105, 108]. For instance, IGFBP-1 forms a binary complex with IGF-I whereas IGFBP-3 

forms a ternary complex with IGF-I and an acid labile subunit (ALS) providing a regulatory 

mechanism that controls the amount of circulating ‘free’ vs. ‘bound’ IGF-I in turn increasing 

bioavailability for tissue specific growth [104, 105]. IGFBP-3 is the most abundant binding 

protein and carries ~80-90% of the IGFs found in plasma [104, 105, 108] while IGFBP-1 

binds a mere 2% of circulating IGF-I [109]. IGFBP-1 has been cited as a vital down-regulator 

of IGF bioactivity as levels of IGFBP-1 decrease with increased carbohydrate intake and 

circulating insulin [110, 111]. Cord blood concentrations of IGFBP-3 have been shown to be  

elevated in neonates born LGA when compared to controls [112]. Further, IGFBP-1 

concentrations in cord blood were significantly reduced in neonates of GDM mothers 

whereas IGF-I levels were elevated [113]. This suggests that IGFBP-3 and IGF-I are elevated 

and the inhibitory IGFBP-1 levels may be reduced in LGA infants as there is an increase in 

the IGF-I free:bound ratio suggesting there to be increased IGF-I bioavailability at the tissue 

level. Regardless of the complexity of this system, these growth factors must be finely 

balanced to optimize fetal growth trajectories. 

 

As the predominant mediator of somatic development [108], growth-promoting 

pathways such as the IGF-I axis, are suspected to be partially responsible for excessive in 

utero growth characteristic of offspring from pregnancy complicated by obesity and /or 

excessive GWG.  However, a thorough understanding of the processes mediating obesity in 

the mother to the development of overweight in her child is limited. Catalano et al. [26] 
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demonstrated that fetuses of obese mothers develop insulin resistance in utero and Clapp 

et al. [39] suggested that maternal blood sugar levels serve as proxy measures for placental 

substrate availability throughout pregnancy; which affects feto-placental growth. 

Consequently, the glucoregulatory capacity of IGF-I, that is its ability to act as a 

hypoglycemic growth-promoting agent when bioactive, establishes IGF-I as a novel 

mediator of anomalous fetal growth in mothers with obesity [39, 110]. Conversely, 

underweight women give birth to proportionately greater number of small for gestational 

age (SGA), and significantly fewer LGA neonates [114]. In growth restricted fetuses for 

example, IGF cord serum concentrations remain low compared to appropriately sized 

neonates [115, 116]. Additional support for the growth-promoting role of IGF-I comes from 

transgenic mice with a homozygous defect of the igf1 gene (IGF1 knockout) who display 

significant embryonic and postnatal growth retardation [117, 118].  

 

Furthermore, when considering the growth-promoting role of IGF-I and its 

regulatory role in fetal body composition it is important to note the strong relationships 

between third trimester maternal IGF-I, placental mass and neonatal fat mass [39]; 

suggesting that IGF-I concentrations in maternal serum during late gestation may be 

valuable markers of deviant fetal growth in cases of severe obesity. The predictive value of 

IGF-I in cases of severe obesity may result from greater deviation from normative values for 

circulating levels of IGF-I that are more easily identified at body weight extremes (i.e., 

severely obese) and represent significant elevations in neonatal fat mass. Conversely, 

mothers of infants born SGA had lower IGF-I concentrations than did mothers of those born 
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average for gestational age (AGA) [116]. IGFBP-1 concentrations are negatively correlated 

with birth weight and growth restricted fetuses have demonstrated elevated 

concentrations of IGFBP-1 [119]. On the other hand, IGFBP-3 levels gradually increase 

throughout pregnancy, regardless of birth weight and maternal status, and remain high 

until delivery [39, 120]. Protease degradation of IGFBP-3 is also observed during pregnancy 

and it is speculated that this results in decreased affinity for IGF-I and thus increases IGF 

bioavailability for receptors on maternal tissues as well as the placenta [121, 122]. Chiesa 

and colleagues [123] observed higher insulin, leptin and IGFBP-3 levels in asymmetric (i.e., 

disproportionately large head) LGA neonates born to normal weight mothers when 

compared to symmetric LGA and AGA births further suggesting that excessive in utero fetal 

growth may be initiated by a teratogenic maternal environment. As such, maternal IGF-I 

and IGFBP-3 levels in serum are reduced and IGFBP-1 concentrations increased in cases of 

IUGR pregnancies when compared to control [124, 125]. Further, hepatic production of 

IGFBP-1 is inversely regulated by the portal supply of insulin [126] which may help explain 

the higher incidence of macrosomia in GDM [33]. Fetal IGF-I expression is sensitive to fetal 

insulin levels which are regulated by the presence of glucose transported through the 

placenta from the maternal circulation via the umbilical vein. Thus, a suboptimal 

intrauterine milieu caused by deterioration in glucose tolerance may stimulate fetal 

overgrowth in cases of maternal obesity. Overall, the growth promoting effects of 

enhanced IGF axis bioactivity likely involve the complex interplay between the maternal-

placental-fetal unit. It appears that appropriate coordination is necessary for optimal 



17 
 

growth with potential disturbances in signaling contributing to variation in phenotypes (i.e., 

LGA or IUGR neonates with varying body composition).  

 

Mechanistic evidence highlights the inhibitory role of IGFBP-1 and growth enhancing 

role of IGFBP-3 as demonstrated by a reduction in somatic growth and characteristic over-

growth in rodent models in which IGFBP-1 and IGFBP-3 are over-expressed, respectively 

[127]. What is known from a sheep model of pregnancy is that fetal IGF-I concentrations 

decline and fetal growth is compromised when the mother is undernourished; however 

fetal IGF-I levels normalize following glucose or insulin infusion [106]. This suggests that 

maternal nutrient consumption can either promote or restrict fetal growth dependent on 

maternal diet, energy intake and expenditure. Numerous studies cite a positive correlation 

between IGF-I levels in umbilical cord blood and infant birth weight and provide evidence 

that SGA fetuses display lower IGF-I concentrations [119, 128-130]. However, no correlation 

was observed between maternal concentrations of IGF-I, cord blood concentrations of IGF-I 

and absolute birth weight for gestational age suggesting that IGFs in cord blood originates 

from the feto-placental unit and does not cross the placenta from maternal circulation due 

to its size [104, 105]. In children with obesity, IGFBP-3, leptin and insulin are elevated and 

subsequently normalized following a 1-year weight loss intervention [97] supporting the 

role of lifestyle-induced weight loss in obese patients for improved metabolic health and 

IGF axis function. Interestingly, regular maternal physical activity throughout pregnancy did 

not improve maternal insulin sensitivity measured by 3 hour intravenous glucose tolerance 

tests but demonstrated marked reductions in cord serum levels of IGF-I, -II and infant birth 
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weight compared to offspring of sedentary controls [30] alluding to the role of the IGF axis 

in optimizing fetal growth. 

In summary, this brief review of the literature provides the reader with fundamental 

knowledge concerning the relationship between maternal obesity and/or excessive GWG 

and accelerated fetal growth. Although it is well established that a lack of glycemic control 

during pregnancy may compromise fetal growth and development, a thorough 

understanding of various other mediators of this process, including growth factors, are far 

from conclusive. Given the gap in the literature further research on these topics warrants 

scientific investigation.  

 

2.0 STRUCTURE OF THE THESIS 
 

An abnormal intrauterine milieu compromised by obesity and/or excessive GWG has 

demonstrated adverse effects on fetal metabolic function, growth and development.  

However, the precise ways in which maternal phenotype predicts offspring outcomes are 

not well characterized. Here we aimed to review the literature attempting to further 

understand the physiological mechanisms mediating the intergenerational transmission of 

obesity and adipose-related pathology. An epidemiological analysis of the Ottawa and 

Kingston birth cohort followed and contributed to our understanding of maternal predictors 

of infant birth size. By utilizing updated evidence-based guidelines for GWG this work 

provides support for the clinical utility of this tool for weight management in obstetrical 

practice.  As a follow-up we examined how obesity and/or GWG, strong predictors of 



19 
 

neonatal size, influenced the IGF axis in normoglycemic term pregnancies. This molecular 

characterization of a vital pathway regulating fetal birth size provides evidence that 

maternal obesity and/or excessive GWG alter protein expression patterns in the IGF axis 

when compared to normal weight pregnant controls who gain weight appropriately. Being 

aware that most women were entering pregnancy at elevated risk and gaining excessively 

throughout gestation we administered a patient-centred questionnaire inquiring about the 

use of various information channels and knowledge of physical activity and nutrition best 

practices during pregnancy. Lastly, we conclude with a narrative review that examines the 

evidence with respect to the effects of physical activity during pregnancy on improving 

maternal-fetal outcomes. 
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3.0 SPECIFIC AIMS AND OBJECTIVES 
 
I: To evaluate the literature concerning the developmental origins of metabolic and 

cardiovascular disease in pregnancy complicated by obesity and to discuss potential 

intervention strategies and the need to properly assess knowledge channels and 

information provided during pregnancy to best design effective interventions to prevent 

excessive GWG.  

 

II: To determine, through a population level analysis, predictors of infant birth weight in a 

regional cohort, highlight the maternal characteristics associated with fetal overgrowth and 

provide evidence that supports the clinical utility of the IOM guidelines to optimize birth 

weight.  

III: To characterize the IGF axis in pregnancy complicated by maternal obesity. 

IV: To determine if excessive gestational weight gain alters IGF axis protein expression 

patterns independent of prepregnancy BMI in normoglycemic term gestation. 

 V: To determine what information channels pregnant women utilize and understand their 

knowledge of physical activity and nutrition information during pregnancy to improve 

intervention efficacy to prevent excessive GWG.  

VI: To evaluate the literature on the effects of physical activity during pregnancy on 

maternal-fetal outcomes, discuss the risks and benefits to mother and baby, highlight the 

role that a physically active lifestyle plays in preventing aberrant fetal growth and 

understand how physical activity may optimize maternal-fetal growth trajectory. 
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4.0 MANUSCRIPT I 

 

 

 

Pediatric obesity: it’s time for prevention before conception 
 

Zachary M. Ferraro and Kristi B. Adamo 
 

Published as a review article in the childhood obesity special issue of  
Clinical Medicine: Pediatrics 2008:2 37-46. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Z. Ferraro searched the literature, retrieved sources, evaluated the evidence and wrote the 
manuscript. K. Adamo contributed to the evaluation of the extracted sources, critically 
revised the manuscript, supervised the research and provided guidance and support.  
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Preamble: Manuscript II 
 
 

Following our review of the literature it became apparent that a suboptimal 

intrauterine milieu may compromise downstream offspring health. Mounting evidence was 

also available to suggest that excessive GWG may impair physiological function 

independent of obesity. In 2009, responding to evidence linking maternal obesity and GWG 

to childhood obesity, the Instituted of Medicine (IOM) revised the GWG guidelines for 

pregnant women. However, it was unknown whether exceeding the updated 

recommendations that imposed an upper limit of GWG (i.e., 5-9 kg) for obese (i.e., BMI≥30) 

women could predict large neonates as previous guidelines did not restrict GWG for this 

group of patients. Therefore, we hypothesized that both prepregnancy obesity and 

exceeding GWG guidelines would significantly increase the likelihood of having a large 

neonate and thus we undertook a population level analysis aimed to verify predictors of 

infant size in the Ottawa and Kingston birth cohort. The following article outlines maternal 

characteristics associated with fetal overgrowth and describes the clinical utility of the 2009 

IOM guidelines to prevent poor fetal outcomes. It was our intent that the target audience 

for this manuscript be any health provider offering care to a pregnant population with an 

interest in halting the intergenerational cycle of obesity. 
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Excessive gestational weight gain predicts large for gestational age neonates independent 
of maternal body mass index 

 
Z.M. Ferraro, N. Barrowman, D. Prud’homme, M. Walker, S.W. Wen, M. Rodger and K.B. 

Adamo 
 

Published December 21, 2011 as an original article in the Journal of Maternal-Fetal and 
Neonatal Medicine: Epub ahead of print 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Z. Ferraro assisted with study conception, assisted with the data analysis, interpreted the 
data and drafted the manuscript. N. Barrowman assisted with data analysis, helped 

interpret the data, and critically reviewed the manuscript. D. Prud’homme helped interpret 
the data and approved the final version of the manuscript. M. Walker, S.W. Wen and M. 
Rodger lead the design of and received funding for establishment of the OaK birth cohort 

and approved the final version of the manuscript. K. Adamo assisted with study conception, 
helped interpret the data and critically reviewed the manuscript. 
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Preamble: Manuscript III 
 
 

In our epidemiological analysis of the Ottawa and Kingston birth cohort we 

identified strong independent contributors to fetal overgrowth including obesity and/or 

excessive GWG in reference to the updated recommendations. This finding has significant 

clinical relevance as it provides support to suggest that mothers who adhere to GWG 

recommendations can decrease their own postpartum weight retention and optimize the 

birth weight of their child which may promote a healthy growth trajectory. However, the 

mechanistic evidence attempting to explain the observed associations between maternal 

phenotype and neonatal size is limited. Therefore, we hypothesized that the growth-

enhancing components of the IGF system would be expressed to a greater extent and the 

growth inhibiting peptides down-regulated in pregnancy complicated with obesity. To verify 

our hypothesis we designed a series of small molecular studies to help expand the 

knowledge base in maternal-fetal medicine by examining the influence of obesity and 

excessive GWG on IGF axis protein expression patterns in mom and baby. 
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Characterization of the insulin-like growth factor axis in term pregnancies complicated  
by maternal obesity 
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design, data interpretation and critical review of the manuscript. 
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ABSTRACT 

Study question: To determine if maternal obesity affects insulin-like growth factor (IGF) axis 

protein expression patterns in maternal and cord blood. 

Summary answer: Maternal obesity attenuates cord blood expression of IGF binding 

protein (IGFBP)-4. 

What is known and what this paper adds: The IGF axis plays a critical role in fetal growth 

and development. Maternal obesity compromises IGF axis protein expression in fetal 

circulation and aligns with epidemiological studies suggesting that maternal obesity has an 

independent effect on fetal growth signals during in utero development. 

Design: Cross-sectional case control study involving 12 lean (BMI 18.5-24.9 kg/m2) and 12 

obese (BMI ≥30 kg/m2) women and their neonates at term. At study completion, IGF axis 

protein expression and hormone concentrations in both maternal and cord blood were 

examined. 

Participants and Setting: We obtained fasting serum samples from cases and controls 

matched for age, duration of gestation, mode of delivery, parity and glucose tolerance prior 

to, and the corresponding umbilical cord blood, immediately following elective caesarean 

section.  

Main results and the role of chance: Between group comparisons were made and revealed 

elevated maternal insulin (p=0.03) and leptin (p<0.01) concentrations in obese gravidas. 

After adjustment, maternal HOMA-IR score was positively correlated with both maternal 

BMI and leptin levels (p<0.01). Umbilical cord blood levels of IGFBP-3 were directly related 
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to fetal-placental weight ratio (p<0.01) and showed an inverse trend to maternal HOMA-IR 

(p=0.03). However, in cord serum from obese mothers IGFBP-4 expression was attenuated 

when compared to controls (p<0.05). 

Bias, confounding and other reasons for caution: None to report 

Generalizability to other populations: Our results provide preliminary evidence to support 

the applicability of our findings to other ethnic groups when pregnancy is complicated by 

obesity. 

Study funding/competing interests: This work was supported by the University of Ottawa, 

Faculty of Health Sciences/Children’s Hospital of Eastern Ontario Research Partnership 

Grant awarded to KBA and ZMF. The authors have no conflicts of interest to declare.  
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INTRODUCTION 

The insulin-like growth factor (IGF) family of ligands and binding proteins (IGFBP) are 

anabolic hormones involved in a diverse set of actions controlling metabolic function, cell 

growth and differentiation (Chiesa et al., 2008;Monaghan et al., 2004). The IGF system is 

composed of two growth factors, IGF-I and IGF-II, six binding proteins; IGFBP-1-6, and the 

IGF type 1 and 2 receptors (IGF-1R and IGF-2R).  IGF-I and –II form ternary complexes with 

an acid labile subunit and their binding proteins within the circulation and are expressed in 

adipose (Wabitsch et al., 2000) placental, fetal and maternal tissues (Han et al., 1996). 

Despite its synthesis in nearly every mammalian cell and ability to act in an auto-, para- and 

endocrine fashion,  the dominant source of IGF in human circulation is hepatic (Juul, 2003). 

The formation of the IGF ternary complex and subsequent proteolytic IGFBP cleavage 

regulates the amount of free or bioavailable IGF able to bind to its receptor(s). By binding to 

and activating IGF-1R via autophosphorylation of tyrosine residues in the intracellular β-

subunits , the IGFs  activate downstream signalling pathways within the targeted system 

(Jones and Clemmons, 1995). Of the binding proteins,  IGFBP-3 is the most ubiquitous in 

adult human circulation binding 95% of the total IGFs (Holly and Perks, 2006) with the 

remaining IGFs binding to IGFBP-1 through IGFBP-6 regulating bioactivity (Frystyk et al., 

2002;Jones and Clemmons, 1995).   

 

The maternal IGF system plays a vital role in fetal growth regulation via stimulation of 

extravillous trophoblast migration/invasion and facilitation of nutrient exchange through 
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the promotion of growth and  development of the placenta (Qiu et al., 2005). Elegant 

experimental animal models and observations from rare human genetic variants have 

highlighted the growth promoting potential of the IGF system (Dunger et al., 2006). When 

compared to wild type, igf1 knockout mice exhibit reduced birth weight, remain at a lower 

weight during the postnatal period and continue to weigh less throughout life (Baker et al., 

1993). Additional evidence for the pivotal role of the IGF system in optimal development 

comes from humans born with defects of the igf1 gene who are born small (Bonapace et 

al., 2003;Woods et al., 1996) and  the resulting fetal overgrowth when  igf2 is over-

expressed in Beckwith-Wiedemann syndrome (Morison et al., 1996). Observational data 

from population studies also report positive relationships between infant size at birth and 

cord blood levels of IGF-I, IGF-II and insulin (Ong et al., 2002) suggesting that up-regulation 

of IGFs may accompany fetal overgrowth. Maternal obesity is strongly associated with an 

increased risk of delivering a large-for-gestational age neonate (Ferraro et al., 2011) and 

impaired maternal glycemic control is associated with increased neonatal adiposity, a 

relationship mediated by fetal insulin production in response to a hyperglycaemic 

environment in utero (Metzger et al., 2008).  

The IGF system may be a candidate pathway involved in nutrient flux through the placenta 

during pregnancy complicated by obesity. Positive energy balance and subsequent aberrant 

fetal hormone response may contribute to heavier neonates or altered body composition. 

For instance, fetal adipogenesis peaks in late gestation (Mandrup and Lane, 1997), with 

greater than 90% of fetal body fat accrued in the third trimester  (Widdowson, 1974). In 

obese women, bioactive IGF-I is directly associated with IGFBP-3 concentration in blood 
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(Frystyk et al., 2009) and IGF-I stimulates the differentiation of preadipocytes through 

modulation of the IGFBPs (Boney et al., 1994). At term, the pregnancy-associated rise in 

maternal IGFBP-3 serum levels correlate positively with birthweight (Giudice et al., 

1995;Osorio et al., 1996), while the increase in free IGF-I during pregnancy is thought to be 

mediated by IGFBP-3 proteolysis (Hasegawa et al., 1995). Traditionally, IGFBP-1 acts to 

inhibit IGF function and is inversely related to insulin levels. In obesity, low serum 

concentrations of IGFBP-1 may regulate in vivo IGF-I bioavailability based on fuel supply 

(Frystyk et al., 2009). Lastly, although, the exact function of IGFBP-4 is not known, it may 

play a role in stem cell differentiation into muscle and fat and be modified in both 

pregnancy and obesity (Du et al., 2010). 

Therefore, we aimed to examine protein expression of vital regulatory components of the 

IGF system in control and obese mothers and their term neonates.  Specifically we aimed to 

determine if IGF-I, IGF-II, and IGFBP-1,-3 and -4 differed between lean and obese mother-

infant dyads. Given that obese women generally give birth to larger infants we 

hypothesized that the growth-enhancing components of the IGF system would be 

expressed to a greater extent and the growth inhibiting proteins down-regulated in 

pregnancies complicated with obesity.  

 

METHODS AND PROCEDURES 

Participants. Patients were recruited from the Ottawa Hospital General Campus, Maternal 

Fetal Medicine and Obstetrics clinics after the study was approved by the Ottawa Hospital 
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Research Ethics Board. Informed consent was obtained from all participants. Women who 

smoked, those with type 1, type 2 or gestational diabetes or any other medical 

complication such as hypertension, cardiac, vascular, autoimmune diseases and 

thrombophilias and a past history of fetal loss, fetal growth restriction or hypertensive 

diseases of pregnancy were excluded from either group such that we can examine the 

influence of obesity alone. Women carrying fetuses with congenital or chromosomal 

anomalies were also excluded. All women were classified as glucose tolerant following their 

prenatal glucose challenge test. 

Sample Collection. Fasting blood samples were obtained via peripheral venipuncture from 

12 normal weight pregnant women with pregravid body mass index (BMI) 18.5-24.9 kg/m2 

and 12 obese pregnant women with pregravid BMI ≥30 kg/m2 immediately prior to elective 

caesarean section to avoid any potential influence of labour. Corresponding venous serum 

was obtained from the umbilical cord following removal of the placenta as clinically 

indicated. The placenta was then weighed to the nearest gram using a calibrated electronic 

scale (Olympic Smart Scale, Natus Medical Inc. Seattle, WA, USA).  Following blood draws, 

the samples remained at room temperature for 30 minutes to allow for clotting and were 

subsequently spun at 1700xG for 15 minutes at 4˚C. The supernatant was removed, 

aliquoted into separate cryovials and frozen at -80°C for batch analysis. Maternal and fetal 

clinical variables were collected through a chart review upon study completion.  

Determination of IGF-II via Western Blot. The presence of IGF-II in human circulation was 

determined as previously described by Qiu et al. (Qiu et al., 2007). Briefly, aliquots of 0.5 µl 

of sera were diluted with 1X SDS non-reducing sample buffer (62.5 mM Tris-HCl, pH 6.8, 2% 
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SDS, 10% glycerol, 0.01% Bromophenol Blue), and subjected to electrophoresis with 10% 

tricine SDS-PAGE. The separated proteins were blotted onto a nitrocellulose membrane,  

treated with an antibody extender solution (Pierce, Rockford, IL), blocked with 5% 

dehydrated nonfat milk in TBS-T (Tris-Buffered Saline, pH 7 with 0.3% Tween 20), and 

subsequently probed with mouse anti- IGF-II (1-67) monoclonal antibody (clone S1F2; 

Upstate Biotechnology, Lake Placid, NY) and HRP-conjugated anti-mouse IgG. Bands of IGF-

II variants were visualized with ECL, and their relative contents quantified using 

densitometry with Alpha Ease FCTM software (Alpha Innotech, San Leandro, CA). This assay 

can detect a quantity of recombinant human IGF-II as low as 6.25 pg (Qiu et al., 2007). 

Determination of IGF-I and IGFBP-4 via Western Blot. The presence of IGF-I and IGFBP-4 in 

human and cord serum was determined as described above with the following 

modifications. Aliquots of serum (0.5µl) were resolved by 15% glycine SDS-PAGE under non-

reducing conditions and electrotransferred to nitrocellulose membranes. The membranes 

were blocked for 1 hour in 5% milk, immunoblotted with highly specific antibodies for IGF-I 

(#ab9572, Abcam, CA, USA) and IGFBP-4 (#sc6005, Santa Cruz Biotech, CA, USA) and 

quantified as described above. 

Determination of IGFBP-1 and -3 and via Western-Ligand Blot.  IGFBPs were determined 

using aliquots of 0.5µl of sera subjected to electrophoresis, transfer and , antibody extend 

solution treatment and blocking agents as described above for the determination of IGF-I 

and –II. The membranes were subsequently probed with biotinylated IGF-II (GroPep Ltd., 

Adelaide Australia, 50ng/ml prepared with TBS-T) at 4˚C overnight, followed by antibody 

highly specific to IGFBP-1 (#sc55474, Santa Cruz Biotech, CA, USA) and IGFBP-3 (#sc135947, 
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Santa Cruz Biotech, CA, USA) and finally by streptavidin-HRP (GE Healthcare, 

Buckinghamshire, UK, 1h at RT). Bands of IGFBPs were visualized, after being independently 

probed on separate days with highly specific antibodies targeting solely the protein of 

interest, with ECL and their relative contents were quantified via densitometry with Alpha 

Ease FCTM software as described above.  

Biochemical analyses of glucose, insulin, and leptin.  Glucose was measured by oxidase 

enzymatic methodology using the Cholestech LDX analyzer as described by the 

manufacturer (Hayward, CA, USA). Circulating insulin and leptin were analyzed in duplicate 

by ELISA using Luminex xMAP technology for the human metabolic hormone magnetic bead 

panel assay as described by the manufacturer (Millipore- Billerica, USA). The intra- and 

inter-assay CVs were 3% and 6% for insulin and 3% and 4% for leptin. 

Computation of outcome variables. GWG was calculated from anthropometric values 

obtained from the medical record using the difference of directly measured maternal 

weight at last prenatal visit minus directly measured prepregnancy weight. Homeostasis 

Model of Assessment – Insulin Resistance (HOMA-IR) was calculated as fasting glucose 

(mmol/L) x fasting insulin (pmol/L) /22.5 and subsequently log-transformed (Vogeser et al., 

2007). Fetal-placental weight ratio was calculated as birth weight (g)/placenta weight (g). 

Statistical Analysis.  SPSS Statistics software version 19 was used for outcome analysis 

(IBM, USA). Protein band optical densities were log-transformed and presented as the 

mean ± standard deviation (SD) percent above internal control (IC). The IC used was a 

pooled sample consisting of equal volumes of maternal and fetal sera taken from each 
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subject in the study. All other outcome variables are presented as the mean ± SD unless 

otherwise specified. A non-parametric two-tailed independent samples Kruskal-Wallis test 

was used to make conservative comparisons between groups for all patient characteristics 

as well as maternal-fetal levels of glucose, insulin and leptin. Spearman correlations were 

used to examine relationships between maternal and fetal characteristics and outcomes of 

interest. Significance was set to p≤0.05.Adjustments for multiple comparisons were made if 

necessary and presented within. 

 

RESULTS 

Patient characteristics 

Twelve obese (BMI ≥ 30 kg/m2) and 12 control (BMI 18.5-24.9 kg/m2) gravidas of 

comparable age and height were studied. As designed, mean BMI and pre-pregnancy 

weight differed between groups. Absolute amount of gestational weight gain (GWG) 

showed a trend towards difference between the groups as the controls tended to gain 

more overall. Fetal-placental weight ratio was significantly greater in the obese group 

compared to control (Table I). However, birthweight, gestational age at delivery, prenatal 

glucose screen and placenta weight did not differ between groups, yet a direct relationship 

was observed between BMI and HOMA-IR (Table III and Figure IIA). 

IGF and IGFBP  
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Expression of IGFBP-4 was reduced in cord blood from the obese sample (Figure I). 

Maternal expression of IGF-I, -II, IGFBP-1,-3, and -4 and cord blood expression of IGF-I, -II, 

IGFBP-1 and -3 were similar between groups (p>0.05, Figure III). HOMA-IR and cord blood 

IGFBP-3 expression showed an inverse trend, but did not remain significant following 

Bonferroni adjustment (Table III and Figure IIB). However, cord blood IGFBP-3 expression 

and fetal-placental weight ratio were directly related (Table III and Figure IID).  

Glucose, insulin and leptin 

Maternal glucose and cord levels of insulin, glucose and leptin did not differ between 

groups, although both maternal leptin and insulin were elevated in obesity (Table II). 

Further, maternal leptin was directly related to HOMA-IR (Table III and Figure IIC) and 

maternal BMI (Table III).  

DISCUSSION 

Maternal obesity contributes to adverse fetal outcomes including the development of 

insulin resistance in utero (Catalano et al., 2009) and large-for-gestational age (Ferraro et 

al., 2011). The present study illustrates, for the first time, a comprehensive description of 

the IGF axis in mothers and newborns in the context of maternal obesity. Our data reveals a 

difference compared to controls in the IGF axis, particularly in the down-regulation of 

IGFBP-4 cord blood expression in normoglycemic obese pregnancy. Although we are unable 

to make causal inferences due to the nature of our study and relatively small sample size, 

the metabolic dysregulation of growth controlling factors we present aligns with previous 
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observations of fetal insulin resistance in utero and greater accumulation of adipose in 

offspring of the obese (Catalano et al., 2003;Catalano, 2003).  

 

It is possible that attenuated expression of IGFBP-4 in cord blood from obese mothers may 

be in part due to proteolytic activity promoting IGF bioavailability which may alter 

regulatory processes involved with fetal growth and development. Whether increased 

binding protein cleavage exists in cord blood and contributes to the bioactivity of IGF-I in 

maternal obesity is not known. It is well documented, however, that the IGFBPs serve many 

functions including prolonging the half-life of, and providing a circulating storage reserve 

for, IGFs. They also have higher affinity for the IGFs than the IGF receptors (Jones and 

Clemmons, 1995). As such, IGFBPs have traditionally been described for their ability to act 

as IGF inhibitors preventing interaction with the receptors and reducing potential for 

excessive growth in response to the maternal milieu. Conversely, while IGFBP-4 and IGF-II 

are co-expressed in early development,  an IGFBP-4 knockout mouse study showed that 

IGFBP-4  can be both a positive and negative regulator of IGF activity in vivo identifying a 

dual role for this peptide (Ning et al., 2008). Nonetheless, in the context of positive energy 

balance and obesity, the inhibitory role of IGFBP-4 in IGF-regulated growth, deserves 

investigation as a protein not necessarily promoting excessive growth, but potentially failing 

to control optimal growth. This may be related to the fact that obesity is a chronic low-

grade inflammatory state that has been shown to,  for example, inhibit fetal stem cell 

differentiation in myocytes, while promoting adipogenesis (Du et al., 2010). Moreover, 

experimental mouse models examining myogenesis show that, when present in the 
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extracellular environment, the proinflammatory cytokines tumor necrosis factor-alpha and 

Interferon-gamma can alter the bioavailability of IGF-I by inhibiting IGFBP-4 expression and 

myogenic activity (Wieteska-Skrzeczynska et al., 2011). With respect to the growth 

inhibitory capacity of IGFBP-4, recent evidence suggests that in lung adenocarcinoma cells, 

epigenetic silencing of IGFBP-4 may also disrupt IGFBP-4-mediated growth inhibition (Sato 

et al., 2011). Epigenetic modifications during in utero development have also recently been 

identified as potential mechanisms promoting intergenerational transmission of obesity 

(Gluckman and Hanson, 2008). Collectively, these findings propose that aberrant IGFBP-4 

expression, potentially mediated through altered pregnancy-associated plasma protein-A 

(PAPPA) proteolytic activity may be implicated in failure to control optimal growth in the 

context of maternal obesity. It is important to note, however, that we were unable to 

directly observe potential cleavage products in the IGFBP-4 blots presented in the current 

study as the antibody used solely detected intact forms of IGFBP-4 thereby making 

visualization of potential proteolytic fragments impossible. Future studies should measure 

PAPPA expression in maternal and fetal blood as well as in placental tissue. Thus, if 

maternal obesity were to alter proteolytic cleavage of IGFBP-4 through epigenetic or 

inflammatory processes and result  in attenuated expression of a regulatory peptide, this 

mechanism may be implicated in fetal growth abnormalities. For instance, although fetal 

birth weights did not differ between groups, we cannot overlook the possibility that 

perturbations in the IGF axis may alter neonatal body composition favouring increased fat 

mass; an effect thoroughly documented in offspring of the obese (Catalano et al., 2009). 
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Although it remains to be established whether post-translational modification of IGFBP-4 

(e.g., phosphorylation and proteolysis) increases bioavailability of IGF in cases of maternal 

obesity, proteolytic cleavage of the other IGFBPs in vitro has been documented to increase 

IGF bioavailability (Forbes et al., 2008;Forbes and Westwood, 2008). For example, PAPPA, 

produced by human fibroblasts, enhances IGF bioactivity in vitro by proteolytic degradation 

of IGFBP-4 in pregnancy serum (Byun et al., 2001). This observation may offer insight to the 

difference we observed in IGFBP-4 expression in cord blood from maternal obesity. In fact, 

overexpression of a protease-resistant form of IGFBP-4 inhibits the ability of IGF-I to 

stimulate normal smooth muscle cell growth in mice and pigs (Nichols et al., 2007) 

demonstrating a cleavage-dependent effect  necessary for IGF bioactivity. Given that no 

clinical pathologies (e.g. GDM, pre-eclampsia) are overtly evident in our patient population, 

the reduction of inhibitory IGFBP-4 observed in cord blood from obese mothers, a finding 

not matched in maternal circulation, suggests the involvement of the placenta. Such 

adaptations may act in an obesity-dependent manner and augment fetal nutrient flux in 

this population; a notion supported by recent evidence identifying placental mTOR as an 

intracellular mediator linking growth factor and hormone signalling to maternal nutrient 

availability and fetal growth (Roos et al., 2009). Overall, our findings lead us to suggest that 

sub-clinical perturbations throughout pregnancy in maternal-fetal glucoregulatory capacity 

may be one contributing factor altering the developmental program of the child through 

the IGF axis. 

 



55 
 

Currently, examinations of IGF protein expression patterns in maternal obesity and insulin 

resistance are lacking and the regulatory mechanisms affecting IGFBP expression are not 

completely understood.  While there are many unknowns regarding the precise function of 

the IGF axis (Murphy, 1998), the dual ability of the IGFBPs to inhibit and stimulate the 

effects of IGF, or act independently of IGF, is a subject of ongoing research.   In the present 

study we confirm that maternal BMI and leptin levels positively relate to HOMA-IR, a 

marker of maternal insulin resistance previously been linked to enhanced fetal growth 

(Yajnik et al., 2003). Although failing to reach statistical significance in the present study 

after adjustment for multiple comparisons, both cord insulin and leptin levels have been 

identified as mediators in the direct relationship between higher birthweight, neonatal 

adiposity and insulin resistance in utero (Catalano et al., 2009;Sewell et al., 2006). We also 

show an inverse trend between cord expression of IGFBP-3 and maternal HOMA-IR. In our 

study, no women met the clinical diagnostic criteria for impaired glucose tolerance. As such, 

it is possible that sub-clinical deterioration of glycemic control may be in part regulated by 

the IGFBPs attempt to normalize growth under these conditions. Although we observed a 

non-significant trend between  attenuated expression of cord IGFBP-3 with maternal insulin 

resistance, a larger sample size may validate this finding. Interestingly, if such a significant 

correlation existed one could speculate that it may be related to a placenta-derived 

adaptive response to increase bioavailable IGF delivery to peripheral tissues in the maternal 

and fetal compartments with increasing peripheral insulin resistance and deteriorating 

glucose homeostasis.  In fact, Heald and colleagues demonstrated that higher circulating 

levels of IGFBP-3 are inversely related with insulin sensitivity (Heald et al., 2003).  Such an 
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adaptation may help explain enhanced fetal growth characteristic of maternal glucose 

intolerance (Yogev and Visser, 2009). With respect to fetal-placental weight ratio, a marker 

of placenta efficiency (Myatt, 2006), a further role of IGFBP-3 as a growth regulator 

emerges. Here we show a direct relationship between IGFBP-3 and placental efficiency. 

Whether this is a protective mechanism, guarding against excessive growth, is unknown. 

Collectively, aberrant regulation of IGFBPs in the context of obesity may influence fetal 

development and be related to maternal-fetal glycemic control, placental metabolism and 

substrate regulation. 

 

In the present investigation we did not find group differences between IGF-I, -II, IGFBP-1, 

and -3 expression patterns. However, given the complexity of the IGF axis, variation in 

proteolytic processing and difficulty measuring bioactive peptides, we cannot rule of the 

possibility that in vivo IGF bioactivity during pregnancy may differ between groups of free 

living humans. However, the similarities between obese and control in our study suggest 

that the growth-potentiating effects of maternal obesity on fetal development may be 

attenuated as an evolutionary conserved mechanism protecting against excessive fetal 

growth which the postnatal environment may not support. In fact, women in the obese 

group did not present with any adipose-related co-morbidities such as Type-2 diabetes or 

hypertension, were considered metabolically healthy and not at increased health risk solely 

based on BMI (Sharma and Kushner, 2009;Sharma and Padwal, 2010); an effect which in 

theory may have precluded differences in IGF axis perturbation in our study. However, 
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whether differences in IGF axis protein expression exist in more severe cases of obesity 

remains to be established.  

 

The limitations of our study include the cross-sectional design, relatively small sample size 

and inability to control for maternal dietary intake and physical activity patterns. However, 

we present a novel finding identified with validated methodology, while controlling for the 

acute effects of postprandial metabolism as all women were fasted for at least 12 hours. 

Through this design, we also attempted to control for diurnal variation in IGF metabolism 

given that all blood was drawn at the same time of day (i.e., the morning upon arrival to 

hospital admitting). Further, other than obesity as defined by BMI, our study population 

was homogenous in nature as all women were normoglycemic as defined by clinical 

standards. Lastly, in an attempt to avoid a confounding effect of mode of delivery on cord 

blood IGF profile all women in our study underwent elective caesarean section. Future 

studies are needed to confirm our findings using a larger sample size to eliminate the 

possibility of bias.  

 

Our findings align with epidemiological data suggesting that maternal obesity has an 

independent effect on fetal growth signals during in utero development. Although it 

appears that protective mechanisms attempt to offset adiposity-related impairments in IGF 

axis function, this study suggests that small deviations in IGFBP-regulated IGF 

bioavailability, arising from maternal obesity, may influence control of cellular anabolism in 
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fetal circulation. Overall, maternal obesity may not promote excessive fetal growth, 

however may negatively affect control of growth inhibiting peptides, thus effecting optimal 

fetal growth.  
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Patient Characteristics Control Obese p value 

Age (yr) 33.50(5.66) 30.92(5.86) 0.36 

Height (m) 1.65(.09) 1.61(.07) 0.23 

Pregravid weight (kg) 59.49(8.93) 102.84(30.60) <0.01 

BMI (kg/m
2
) 21.70(1.37) 39.51(10.70) <0.01 

Parity 2.25(.75) 2.25(.62) 0.97 

Gestational age (wks) 38.42(.99) 38.67(.98) 0.49 

Prenatal GCT (mmol/L) 6.81(1.28) 5.98(1.50) 0.26 

HOMA-IR (log) 0.25(.12) 0.50(.40) 0.12 

GWG (kg) 15.25(4.49) 11.08(5.18) 0.07 

Infant birth weight (g) 3290.41(428.85) 3544.00(356.07) 0.21 

Placenta weight (g) 735.63(137.31) 697.66(127.89) 0.38 

Fetal-placental weight ratio 4.55(.52) 5.19(.77) 0.03 

 

Table I: Patient characteristics 

HOMA-IR, homeostasis model of assessment insulin resistance; BMI, body mass index; GWG, 

gestational weight gain; GCT, glucose challenge test 
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Maternal endpoints Control Obese p  n 

Maternal Insulin (log. pg/ml) 2.63(.11) 2.85(.35) 0.03 21 

Glucose (mmol/l) 3.64(.50) 4.12(.53) 0.15 14 

Leptin (pg/ml) 14537.36(9191.77) 33656.33(15333.87) <0.01 21 

Fetal endpoints Control Obese p  n 

Cord Insulin (log pg/ml) 2.67(.31) 2.76(.24) 0.96 18 

Glucose (mmol/l) 3.23(.37) 3.08(.23) 0.48 7 

Leptin (pg/ml) 14406.22(10632.73) 24512.11(19018.80) 0.20 18 

 

Table II: Kruskal-Wallis test for between group differences in maternal and fetal endpoints 

Data are presented mean (standard deviation) 

 

 

 

Spearman Correlations 
 

BMI 
 

Cord IGFBP3  
Expression 

Maternal 
Leptin 

HOMA-IR  
 

Birthweight 
 

Fetal-placental  
wt ratio 

BMI (kg/m2)   -0.27 *0.77 *0.64 0.28 0.17 

Cord IGFBP3 Expression (log. % IC)    -0.16 **-0.57 0.07 *0.55 

Maternal Leptin (pg/ml)     *0.81 0.33 0.11 

HOMA-IR (log.)      0.14 -0.32 

Birthweight (g)       -0.04 

Fetal-placental wt ratio             

 
Table III: Spearman correlations between outcomes of interest 

HOMA-IR (n=14), homeostasis model of assessment insulin resistance; BMI (n=24), body mass index; 

IGFBP3 (n=21), insulin-like growth factor binding protein-3; Leptin (n=21); Fetal-placental weight 

ratio (n=23).Bonferroni adjustment for multiple comparisons, *p≤0.01, ** p=0.03 
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Figure I: Cord serum IGFBP4 expression is reduced in maternal obesity 

Results shown display optical densities relative to internal control and are representative of study 

population. IGFBP4, insulin-like growth factor binding protein-4; IC, internal control. 
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Figure II: Observed relationships in our patient population 

Maternal insulin resistance directly associates with A. BMI and C. Maternal leptin levels; B. Cord 

serum IGFBP3 expression inversely associates with maternal insulin resistance and directly relates to 

D. fetal-placental weight ratio. HOMA-IR (n=14), homeostasis model of assessment insulin 

resistance; BMI (n=24), body mass index; IGFBP3 (n=21), insulin-like growth factor binding protein-

3; Leptin (n=21); Fetal-placental weight ratio (n=23).Bonferroni adjustment for multiple 

comparisons, *p≤0.01, ** p=0.03 
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Preamble: Manuscript IV 
 
 
 

As noted above, in our epidemiological analysis of the Ottawa and Kingston birth 

cohort we identified strong independent contributors to fetal overgrowth including obesity 

and/or excessive GWG; a finding that has significant clinical relevance. In fact, LGA neonates 

have been reported to develop more adipose tissue, as measured by sum of skinfold 

thickness, than appropriately grown infants and tend to track that excess weight 

throughout the life-course. However, the evidence describing potential physiological 

mechanisms that explain the observed associations between excessive GWG and neonatal 

size is limited. Therefore, we hypothesized that the growth-enhancing components of the 

IGF system would be expressed to a greater extent and the growth inhibiting peptides 

down-regulated in pregnancy where GWG was excessive. Thus we followed-up on the 

previous manuscript characterizing the IGF axis in pregnancy complicated by obesity and 

designed a small molecular study that examined the influence of excessive GWG on IGF axis 

protein expression patterns in mom and baby. 
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ABSTRACT 

BACKGROUND: Excessive gestational weight gain (GWG) increases risk of large for 

gestational age neonates and subsequent tracking of excess weight throughout the life-

course for both mom and child. Although the physiological mechanisms underlying these 

associations are incomplete the IGF axis has garnered attention for its role in fetal growth 

and development. Our purpose was to characterize the independent effects of excessive 

GWG on IGF axis protein expression patterns in mother-infant dyads.  

METHODS: We obtained fasting serum samples and corresponding cord blood from 8 

control [(ADHERE group) i.e., those who gain in accordance to Institute of Medicine (IOM) 

GWG recommendations] and 13 exceeders [(EXCEED group) i.e., those who exceeded IOM 

GWG recommendations)]. At study completion, we examined protein expression of IGF-I, -

II, IGF binding protein (IGFBP) 1, -3, -4 and hormone concentrations in both maternal and 

cord blood.  

RESULTS: Between group comparisons were made and revealed elevated maternal leptin 

(p≤0.05) concentrations in gravidas who exceeded recommendations. After adjustment, 

maternal leptin levels were positively correlated with maternal HOMA-IR score and 

excessive GWG (p≤0.01). However, serum IGFBP-3 expression in the EXCEED mothers was 

greater than that in the ADHERE group (p≤0.05). 

CONCLUSIONS: Our findings suggest that small deviations in IGFBP-regulated IGF 

bioavailability, arising from excessive GWG/positive energy balance, may affect adipocyte 

differentiation through subclinical insulin resistance as measured by HOMA-IR. 
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INTRODUCTION 

Excessive gestational weight gain (GWG), defined as that above the 2009 Institute of 

Medicine (IOM) recommendations [1], is associated with greater likelihood of having a large 

for gestational age neonate [2] with increased adiposity and insulin resistance [3]. However, 

GWG in excess of the recommendations is also implicated in adverse maternal outcomes 

including gestational diabetes [4], hypertension and preeclampsia [5] as well as greater 

postpartum weight retention (PPWR) [6]. The insulin-like growth factor axis plays a vital role 

in growth and development, particularly in regulating cellular differentiation and 

hypertrophy as well as glycemic homeostasis [7]. IGFs elicit their intracellular effects by 

interacting with the IGF type 1(IGF-1R), type 2 (IGF-2R) or insulin-IGF receptor hybrids [8]. 

Initial reports identified IGFBP-3 as an insulin-antagonizing peptide, binding with high 

affinity to free IGF(s) and controlling bioactivity. In recent years, IGFBP-3 has been shown to 

act independent of the traditional receptors via nuclear translocation thereby capable of 

interrupting transcriptional regulation directly [8]. Of interest with respect to excessive 

GWG is that IGFBP-3 has been shown to inhibit adipocyte differentiation [9] and induce 

insulin resistance in vivo and in vitro [10]. Data from our group has demonstrated that IGF 

axis protein expression is compromised in pregnancies complicated by obesity [11], 

however the effects that excessive gestational weight gain has on IGFs and IGF binding 

protein (IGFBP) expression during human pregnancy, independent of maternal body mass 

index (BMI), is unknown. Understanding differences in weight accretion during critical 

periods of maternal-fetal growth and development may lead to more efficacious obesity 
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management strategies as PPWR is a known contributor to the intergenerational cycle of 

obesity [12]. 

 

Thus, the IGF system may be a candidate pathway involved in maternal substrate storage 

and/or nutrient flux through the placenta during pregnancy where excessive weight is 

gained. Positive energy balance and subsequent aberrant hormone responses may 

contribute to alterations in maternal and/or fetal body composition. For instance, fetal 

adipogenesis peaks in late gestation [13], with greater than 90% of fetal body fat accrued in 

the third trimester [14].  In obese women, bioactive IGF-I is directly correlated with IGFBP-3 

concentration in blood [15] and IGF-I stimulates the differentiation of preadipocytes 

through modulation of the IGFBPs [16]. At term, the pregnancy-associated rise in maternal 

IGFBP-3 serum level correlates positively with birthweight [17, 18] while the increase in free 

IGF-I during pregnancy is thought to be mediated by IGFBP-3 proteolysis [19]. Traditionally, 

IGFBP-1 acts to inhibit IGF function and is inversely related to insulin levels. Instances of 

chronic weight gain over time (i.e., obesity), display low serum concentrations of IGFBP-1 

that may regulate in vivo IGF-I bioavailability based on fuel supply [15]. Lastly, although, the 

exact function of IGFBP-4 is not known, it may play a role in stem cell differentiation into 

muscle and fat and be modified in both pregnancy and weight gain [20]. Therefore, we 

aimed to examine protein expression of vital regulatory components of the IGF system in 

controls [(ADHERE group) i.e., those who gain in accordance to IOM GWG 

recommendations] and mothers and their term neonates who exceeded IOM 

recommendations [(EXCEED group) i.e., those who exceeded IOM GWG recommendations].  
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Specifically we aimed to determine if IGF-I, IGF-II, and IGFBP-1,-3 and -4 levels differed 

between groups of mother-infant dyads. Given that mothers who gain excessively  during 

pregnancy generally give birth to larger infants, we hypothesized that; i) the growth-

enhancing components of the IGF system would be expressed to a greater extent and, ii)  

the growth inhibiting proteins down-regulated, in pregnancies with excessive GWG. 

 

METHODS AND PROCEDURES 

Participants. Patients were recruited from the Ottawa Hospital General Campus (a tertiary 

care center), Maternal Fetal Medicine and Obstetrics clinics after the study was approved 

by the Ottawa Hospital Research Ethics Board. Informed consent was obtained from all 

participants. Women who smoked, those with type 1, type 2 or gestational diabetes or any 

other medical complication such as hypertension, cardiac, vascular, autoimmune diseases 

and thrombophilias and a past history of fetal loss, fetal growth restriction or hypertensive 

diseases of pregnancy were excluded from either group such that we can examine the 

independent contribution of excessive GWG. Women carrying fetuses with congenital or 

chromosomal anomalies were also excluded. All women were classified as glucose tolerant 

following their prenatal glucose challenge test. 

Sample Collection. Fasting blood samples were obtained via peripheral venipuncture from 

21 gravidas (8 who met and 13 who exceeded IOM GWG recommendations relative to 

prepregnancy BMI) immediately prior to term elective caesarean section to avoid any 

potential influence of labour. Corresponding venous serum was obtained from the umbilical 

cord following removal of the placenta as clinically indicated. The placenta was then 
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weighed to the nearest gram using a calibrated electronic scale (Olympic Smart Scale, Natus 

Medical Inc. Seattle, WA, USA).  Following blood draws, the samples remained at room 

temperature for 30 minutes to allow for clotting and were subsequently spun at 1700xG for 

15 minutes at 4˚C. The supernatant was removed, aliquoted into separate cryovials and 

frozen at -80°C for batch analysis. Maternal and fetal clinical variables were collected 

through a chart review upon study completion. 

Determination of IGF-II via Western Blot. The expression of IGF-II in human circulation was 

determined as previously described by Qiu et al. [21]. Briefly, aliquots of 0.5 µl of sera were 

diluted with 1X SDS non-reducing sample buffer (62.5 mMTris-HCl, pH 6.8, 2% SDS, 10% 

glycerol, 0.01% Bromophenol Blue), and subjected to electrophoresis with 10% tricine SDS-

PAGE. The separated proteins were blotted onto a nitrocellulose membrane,  treated with 

an antibody extender solution (Pierce, Rockford, IL), blocked with 5% dehydrated non-fat 

milk in TBS-T (Tris-Buffered Saline, pH 7 with 0.3% Tween 20), and subsequently probed 

with mouse anti- IGF-II(1-67) monoclonal antibody (clone S1F2; Upstate Biotechnology, 

Lake Placid, NY) and HRP-conjugated anti-mouse IgG. Bands of IGF-II variants were 

visualized with ECL, and their relative contents quantified using densitometry with Alpha 

Ease FCTM software (Alpha Innotech, San Leandro, CA). This assay can detect a quantity of 

recombinant human IGF-II as low as 6.25 pg [21]. 

Determination of IGF-I and IGFBP-4 via Western Blot.The presence of IGF-I and IGFBP-4 in 

human and cord serum was determined as described above with the following 

modifications. Aliquots of serum (0.5µl) were resolved by 15% glycine SDS-PAGE under non-

reducing conditions and electrotransferred to nitrocellulose membranes. The membranes 
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were blocked for 1 hour in 5% milk, immunoblotted with highly specific antibodies for IGF-I 

(#ab9572, Abcam, CA, USA) and IGFBP-4 (#sc6005, Santa Cruz Biotech, CA, USA) and 

quantified as described above. 

Determination of IGFBP-1 and -3 and via Western-Ligand Blot. IGFBPs were determined 

using aliquots of 0.5µl of sera subjected to electrophoresis, transfer and , antibody extend 

solution treatment and blocking agents as described above for the determination of IGF-I 

and –II. The membranes were subsequently probed with biotinylated IGF-II (GroPep Ltd., 

Adelaide Australia, 50ng/ml prepared with TBS-T) at 4˚C overnight, followed by antibody 

highly specific to IGFBP-1 (#sc55474,Santa Cruz Biotech, CA, USA) and IGFBP-3 (#sc135947, 

Santa Cruz Biotech, CA, USA) and finally by streptavidin-HRP (GE Healthcare, 

Buckinghamshire, UK, 1h at RT). Bands of IGFBPs were visualized, after being independently 

probed on separate days with highly specific antibodies targeting solely the protein of 

interest, with ECL and their relative contents were quantified via densitometry with Alpha 

Ease FCTM software as described above.  

Biochemical analyses of glucose, insulin, and leptin. Glucose was measured by oxidase 

enzymatic methodology using the Cholestech LDX analyzer as described by the 

manufacturer (Hayward, CA, USA). Circulating insulin and leptin were analyzed in duplicate 

by ELISA using Luminex xMAP technology for the human metabolic hormone magnetic bead 

panel assay as described by the manufacturer (Millipore- Billerica, USA). The intra- and 

inter-assay CVs were 3% and 6% for insulin and 3% and 4% for leptin. 
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Computation of outcome variables. GWG was calculated from anthropometric values 

obtained from the medical record using the difference of directly measured maternal 

weight at last prenatal visit minus directly measured pre-pregnancy weight obtained 

preconception by their general practitioner. Percent (%) exceed GWG was calculated as the 

quotient of total GWG divided by the upper limit of recommended gain using the 2009 IOM 

guidelines relative to pregravid BMI then multiplied by 100 [1]. This allowed us to 

categorize women into ADHERE (≤100% recommended GWG) or EXCEED (>100% 

recommended GWG) groups independent of pregravid BMI to assess the effect of excessive 

GWG. Homeostasis Model of Assessment – Insulin Resistance (HOMA-IR) was calculated as 

fasting glucose (mmol/L) x fasting insulin (pmol/L) /22.5 and subsequently log-transformed 

[22]. Fetal-placental weight ratio was calculated as infant birth weight (g)/placenta weight 

(grams). 

Statistical Analysis. SPSS Statistics software version 19 was used for outcome analysis (IBM, 

USA). Protein band optical densities were log-transformed and presented as the mean± 

standard deviation (SD) percent above internal control (IC). The IC used was a pooled 

sample consisting of equal volumes of maternal and fetal sera taken from each subject in 

the study. All other outcome variables are presented as the mean ± SD unless otherwise 

specified. A non-parametric two-tailed independent samples Kruskal-Wallis test was used 

to make conservative comparisons between groups for all patient characteristics as well as 

maternal-fetal levels of glucose, insulin and leptin. Spearman correlations were used to 

examine relationships between maternal and fetal characteristics and outcomes of interest. 
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Significance was set to p≤0.05.Adjustments for multiple comparisons were made if 

necessary and presented within. 

 

RESULTS 

Patient characteristics 

Eight women who met and 13 who exceeded 2009 IOM GWG recommendations, of 

comparable age and height, were studied. As designed to assess the effects of relative 

excessive GWG, the mean percentage in excess of the GWG guidelines, based on pre-

pregnancy BMI differed between the groups. Mean pre-pregnancy BMI and weight were 

greater in the EXCEED group as expected given the narrower range of acceptable gain as 

pregravid BMI increases (Table 1). In the ADHERE group, 7 had pregravid BMIs classified as 

normal weight whereas one was classified as obese. In the EXCEED group, 4 and 9 women 

were categorized as normal weight and obese, respectively. However, birthweight, 

gestational age at delivery, prenatal glucose screen, placenta weight and fetal-placental 

weight ratio did not differ between groups. 

IGF and IGFBP 

Maternal expression of IGF-I, -II, IGFBP-1 and -4 and cord blood expression of IGF-I, -II, 

IGFBP-1 ,-3 and -4 were similar between groups (p>0.05, data not shown). Expression of 

IGFBP-3 was increased in maternal blood from the EXCEED group compared to ADHERE 

(p≤0.05) (Figure 1).  

Glucose, insulin and leptin 
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Maternal glucose, insulin and cord levels of insulin, glucose and leptin did not differ 

between groups (Table 2). However, maternal leptin was elevated in the EXCEED group 

(Figure 2) and showed a strong direct relationship with excess GWG and HOMA-IR (Figure 3 

and Table 3). Following Bonferroni adjustment, non-significant trends (i.e., where p<0.05 

prior to adjustment and between 0.01-0.05 post adjustment) were observed between 

excessive GWG and infant birthweight, maternal IGFBP-4 expression and HOMA-IR (Table 

3).  

DISCUSSION 

The present study illustrates, for the first time, an examination of the IGF axis in otherwise 

healthy mothers and newborns that adhere to and exceed 2009 IOM GWG guidelines. The 

fact that the participants suffered no medical or obstetrical complications (i.e., no GDM, 

hypertension, etc.) provided us with a unique opportunity to examine the influence of 

excessive GWG without the potential effects of the commonly associated complications or 

co-morbidities. This investigation reveals a small, albeit significant difference, in the IGF axis 

in the EXCEED vs. ADHERE group, particularly up-regulation of IGFBP-3 expression in 

maternal blood from normoglycemic pregnancies where GWG is excessive. Given our study 

design we are unable to assess causality, however, the metabolic dysregulation of maternal 

growth controlling factors we present in excessive gainers aligns with previous observations 

demonstrating that IGFBP-3 induces insulin resistance in adipocytes [10] via inhibition of 

adipocyte differentiation [9] and thus alters metabolic homeostasis.  
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Although induced during adipocyte differentiation, IGFBP-3 can paradoxically inhibit this 

process [23] and as adipogenesis proceeds, increasing adipose tissue IGFBP-3 levels may 

eventually signal a feedback mechanism limiting further differentiation of preadipocytes 

[9]. In fact, the dual regulatory role of IGFBP-3 in differentiation has been identified in other 

cell types including myoblasts [24], keratinocytes [25] and chondrocytes [26]. As such, it is 

possible that augmented expression of maternal IGFBP-3 may be in part due to a feedback 

response to excessive weight gain where IGFBP-3 sequesters free IGFs, preventing further 

differentiation of adipocytes and antagonizing IGF-induced glucose uptake and insulin-like 

activity. Previous investigations have demonstrated that IGFBP-3 [10, 27] inhibits insulin-

mediated glucose uptake in adipocytes and have suggested that the increase in free IGF-I 

during pregnancy is mediated by IGFBP-3 proteolysis [19]. In fact, Chan et al [9] using 3T3-

L1 adipocytes demonstrated that IGFBP-3 inhibits peroxisome proliferator activated 

receptor (PPAR) ƴ-dependent process of adipocyte differentiation by inhibiting the 

dimerization of retinoid X receptor (RXR) α and PPARƴ. These findings suggest that IGFBP-3 

has the potential to disrupt glycemic control and substrate uptake in adipose tissue. This 

notion aligns with the findings of Kim et al [10] who convincingly demonstrate that IGFBP-3 

induces insulin resistance in adipocytes in vitro and in vivo, and those of Nguyen et al [28] 

who show that in mice overexpressing human IGFBP-3 in vivo, insulin clearance is delayed 

and glucose-stimulated insulin secretion in pancreatic islets is reduced by both IGF-

dependent and IGF-independent mechanisms. Although several physiological factors are 

suspected to regulate IGFBP-3-induced alteration of glycemic control, we cannot preclude 

the possibility that augmented IGFBP-3 with excessive weight gain may preferentially elicit 
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a hypertrophic response in existing adipocytes at the expense of attenuated adipogenesis. 

If so, this may predispose women to preferentially store substrate in existing adipocytes; a 

fuel partitioning strategy that is metabolically disadvantageous when adipocyte 

proliferation rates are low [29, 30]. If excessive GWG compromises functional components 

of the IGF axis as demonstrated in the present investigation this might suggest that the IGF 

axis may be involved in maternal fat accretion, leptin production and subsequently the 

onset of insulin resistance in women who exceed recommendations.  

 

It is known that serum levels of leptin correlate with total body fat content and insulin 

resistance [31] in pregnant [32] and non-pregnant women [31-33]. In a group of healthy 

pregnant women in the first trimester [34] as well as those with gestational diabetes [35], 

serum leptin positively relates with insulin resistance a finding we substantiate at term in 

pregnancy complicated with excessive GWG. Given that serum leptin concentrations 

decrease following delivery, it has been argued [36] that factors other than fat mass alone 

cause increased leptin production throughout pregnancy, including placental contributions.  

However, Eriksson et al [37] showed that serum leptin was elevated in gestational week 8 

when increases in fat mass are minimal and when the placenta is not fully established 

providing support that increased leptin levels are not only due to increased fat mass but 

influenced by other unknown factors as well. These findings parallel with our observation in 

women who gain excessively, as leptin levels have been reported to be commensurate with 

adipose stores in pregnant women at term [32, 37].  Although, we acknowledge the 

possibility that the observed differences in maternal leptin at the end of pregnancy may 
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simply reflect between group differences in pregravid BMI, Shaarawy et al [38], comparing 

non-pregnant and pregnant women matched for pregravid BMI, determined that elevated 

serum leptin was directly associated with maternal adiposity of pregnancy. Furthermore, 

observations  from a randomized controlled trial with and without GWG restriction in BMI-

matched obese pregnant women, Wolff et al [39] showed that when patients in the 

intervention group successfully limited food intake and restricted GWG a significant 20% 

reduction in both insulin and leptin was observed. Collectively, these results suggest that 

independent of pregravid BMI and maternal leptin levels, appropriate GWG may attenuate 

adipose accretion and the commensurate leptin response, while excessive GWG may 

exacerbate maternal fat accretion thus raising leptin levels. 

 

Further, we present a strong direct relationship between maternal leptin levels and HOMA-

IR supporting previous work identifying pregnancy as both an insulin- and leptin-resistant 

state [32] partly mediated by increasing adiposity during pregnancy [37]. Indeed,  Eriksson 

et al [37] showed that total body fat percentage was significantly correlated with HOMA-IR 

and with serum leptin before and during pregnancy while leptin correlated with HOMA-IR 

identifying a complex interactive role of maternal leptin, adiposity and insulin sensitivity. 

Although we cannot make conclusive inferences about the composition of excessive GWG 

based on the results of our study, previous work suggests that high maternal fat content 

predominates and stimulates fetal growth as evidenced by data showing maternal total 

body fat [40] and excessive GWG [2] positively relate to birthweight and that neonates born 

to mothers who gain in excess have higher body fat [41]. Furthermore, the pregnancy-
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enhancing effect on the relationship between maternal body fatness and insulin resistance 

[37] may represent a physiological mechanism predisposing pregnant women to 

preferentially store body fat as excessive weight is gained. It is now widely accepted that 

maternal body size affects fetal growth and metabolic homeostasis [3, 42]. Our findings, in 

addition to others [43], suggest that maternal body size and/or weight gain are important 

factors determining the amount of dietary energy required by the developing child. 

Excessive GWG may present a mechanism by which offspring size and/or body composition 

is regulated via alterations in the IGF axis in response to dietary energy availability in the 

maternal environment. Although we were unable to comprehensively assess maternal or 

fetal body composition, we cannot exclude the hypothesis that GWG-induced perturbations 

in IGF axis function may alter maternal-fetal body composition; a phenomenon thoroughly 

documented in mother-infant dyads who gain excessively and is exacerbated as pregravid 

BMI increases leading greater relative fat mass accretion [6]. Therefore, future longitudinal 

investigations should examine the influence of physical activity energy expenditure and 

eucaloric dietary intake on IGF axis dynamics and maternal-fetal body composition to 

confirm our findings in a larger sample.  

 

The limitations of our study include the cross-sectional design, relatively small sample size 

and inability to control for maternal dietary intake and physical activity patterns. However, 

we present a novel finding identified with validated methodology, while controlling for the 

acute effects of postprandial metabolism as all women were fasted for at least 12 hours. 

Through this design, we also attempted to control for diurnal variation in IGF metabolism 



84 
 

given that all blood was drawn at the same time of day (i.e., the morning upon arrival to 

hospital admitting and fasting). Further, our study population was homogenous in nature as 

all women were normoglycemic as defined by clinical standards. In an attempt to avoid a 

confounding effect of mode of delivery on cord blood IGF profile all women in our study 

underwent elective caesarean section. Lastly, we used the most recent 2009 evidence-

based recommendations for GWG as outlined by the IOM [1]. 

 

Our findings provide further support that the GWG recommendations offer tremendous 

clinical value for primary care as women and providers can track and monitor weight status 

throughout pregnancy to not only reduce the likelihood of impairing maternal-fetal 

metabolic signals, but also the incidence of large for gestational age neonates [2]. 

Specifically, if altering weight pre-pregnancy is not a feasible option, being aware of 

another modifiable factor, GWG, that may promote down-stream infant health could 

provide motivation for women to gain weight within the limits. This reinforces the need to 

optimize GWG for all women as this determinant contributes to postpartum weight 

retention and infant birth weight; known contributors to the intergenerational obesity 

cycle. In conclusion, our results align with epidemiological data suggesting that excessive 

GWG has an independent effect on maternal growth signals during pregnancy. Although it 

appears that IGFBP-3 attempts to sequester free IGFs and prevent undesired increases in 

IGF bioactivity with excessive GWG, the potential consequent induction of impaired 

glycemic control renders excessive gain harmful. Therefore, this study suggests that small 

deviations in IGFBP-regulated IGF bioavailability, arising from excessive weight gain, may 
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influence adipocyte differentiation and glycemic control. Adhering to the 2009 IOM 

recommendations may improve physiological mechanisms designed to optimize growth 

regulating peptides in the mother during pregnancy.  

Authors’ roles: ZMF conceived the study, recruited the patients, collected the samples, ran 

the experiments, analysed the data and lead manuscript drafting. QQ supervised the 

experiments and assisted with data analysis. AG assisted with study design, helped 

interpret the data and critically reviewed the manuscript. KBA assisted with study design, 

data interpretation and critical review of the manuscript. All authors approved the final 

manuscript. 

 

Acknowledgments: We are indebted to the Ottawa Hospital General Campus Labour and 

Delivery Team for their assistance with patient recruitment and to Dr. Nina Fowler for her 

assistance with laboratory assays. This work was supported by the University of Ottawa, 

Faculty of Health Sciences/Children’s Hospital of Eastern Ontario Research Partnership 

Grant awarded to KBA and ZMF. The Ministry of Research and Innovation- Early Researcher 

Award (KBA) provided graduate funding for ZMF who is also a recipient of an Ontario 

Graduate Scholarship from the Ontario ministry of training, colleges and universities. 

 

 

 



86 
 

 Reference List 

 

 1.  Institute of Medicine. Weight Gain During Pregnancy: Reexamining the Guidelines.  2009. 
Washington, DC, The National Academies Press.  

 2.  Ferraro Z, Barrowman N, Prud HD et al. Excessive gestational weight gain predicts large for 
gestational age neonates independent of maternal body mass index. J Matern Fetal 
Neonatal Med. 2011. 

 3.  Catalano PM, Presley L, Minium J, Hauguel-De MS. Fetuses of obese mothers develop insulin 
resistance in utero. Diabetes Care. 2009;32(6):1076-80. 

 4.  Hedderson MM, Gunderson EP, Ferrara A. Gestational weight gain and risk of gestational 
diabetes mellitus. Obstet Gynecol. 2010;115(3):597-604. 

 5.  Fortner RT, Pekow P, Solomon CG, Markenson G, Chasan-Taber L. Prepregnancy body mass 
index, gestational weight gain, and risk of hypertensive pregnancy among Latina 
women. Am J Obstet Gynecol. 2009;200(2):167. 

 6.  Butte NF, Ellis KJ, Wong WW, Hopkinson JM, Smith EO. Composition of gestational weight 
gain impacts maternal fat retention and infant birth weight. Am J Obstet Gynecol. 
2003;189(5):1423-32. 

 7.  Juul A. Serum levels of insulin-like growth factor I and its binding proteins in health and 
disease. Growth Horm IGF Res. 2003;13(4):113-70. 

 8.  Jogie-Brahim S, Feldman D, Oh Y. Unraveling insulin-like growth factor binding protein-3 
actions in human disease. Endocr Rev. 2009;30(5):417-37. 

 9.  Chan SS, Schedlich LJ, Twigg SM, Baxter RC. Inhibition of adipocyte differentiation by 
insulin-like growth factor-binding protein-3. Am J Physiol Endocrinol Metab. 
2009;296(4):E654-E663. 

 10.  Kim HS, Ali O, Shim M et al. Insulin-like growth factor binding protein-3 induces insulin 
resistance in adipocytes in vitro and in rats in vivo. Pediatr Res. 2007;61(2):159-64. 

 11.  Ferraro, Z. M, Qiu, Q., Gruslin, A., and Adamo, K. Characterization of the insulin-like growth 
factor axis in term pregnancies complicated by maternal obesity. Human 
Reproduction.  
Unpublished Work 

 12.  Oken E. Maternal and child obesity: the causal link. Obstet Gynecol Clin North Am. 
2009;36(2):361-77. 

 13.  Mandrup S, Lane MD. Regulating adipogenesis. J Biol Chem. 1997;272(9):5367-70. 

 14.  Widdowson, E. Changes in Body Proportions and Composition during Growth. Davis, J and 
Dobbing, J. Scientific Foundations of Pediatrics.  153-163. 1974. London, Heineman. 



87 
 

 15.  Frystyk J, Brick DJ, Gerweck AV, Utz AL, Miller KK. Bioactive insulin-like growth factor-I in 
obesity. J Clin Endocrinol Metab. 2009;94(8):3093-7. 

 16.  Boney CM, Moats-Staats BM, Stiles AD, D'Ercole AJ. Expression of insulin-like growth factor-
I (IGF-I) and IGF-binding proteins during adipogenesis. Endocrinology. 
1994;135(5):1863-8. 

 17.  Giudice LC, de ZF, Gargosky SE et al. Insulin-like growth factors and their binding proteins in 
the term and preterm human fetus and neonate with normal and extremes of 
intrauterine growth. J Clin Endocrinol Metab. 1995;80(5):1548-55. 

 18.  Osorio M, Torres J, Moya F et al. Insulin-like growth factors (IGFs) and IGF binding proteins-
1, -2, and -3 in newborn serum: relationships to fetoplacental growth at term. Early 
Hum Dev. 1996;46(1-2):15-26. 

 19.  Hasegawa T, Hasegawa Y, Takada M, Tsuchiya Y. The free form of insulin-like growth factor I 
increases in circulation during normal human pregnancy. J Clin Endocrinol Metab. 
1995;80(11):3284-6. 

 20.  Du M, Yan X, Tong JF, Zhao J, Zhu MJ. Maternal obesity, inflammation, and fetal skeletal 
muscle development. Biol Reprod. 2010;82(1):4-12. 

 21.  Qiu Q, Jiang JY, Bell M, Tsang BK, Gruslin A. Activation of endoproteolytic processing of 
insulin-like growth factor-II in fetal, early postnatal, and pregnant rats and 
persistence of circulating levels in postnatal life. Endocrinology. 2007;148(10):4803-
11. 

 22.  Vogeser M, Konig D, Frey I, Predel HG, Parhofer KG, Berg A. Fasting serum insulin and the 
homeostasis model of insulin resistance (HOMA-IR) in the monitoring of lifestyle 
interventions in obese persons. Clin Biochem. 2007;40(13-14):964-8. 

 23.  Wabitsch M, Heinze E, Debatin KM, Blum WF. IGF-I- and IGFBP-3-expression in cultured 
human preadipocytes and adipocytes. Horm Metab Res. 2000;32(11-12):555-9. 

 24.  Foulstone EJ, Savage PB, Crown AL, Holly JM, Stewart CE. Role of insulin-like growth factor 
binding protein-3 (IGFBP-3) in the differentiation of primary human adult skeletal 
myoblasts. J Cell Physiol. 2003;195(1):70-9. 

 25.  Edmondson SR, Thumiger SP, Kaur P et al. Insulin-like growth factor binding protein-3 
(IGFBP-3) localizes to and modulates proliferative epidermal keratinocytes in vivo. 
Br J Dermatol. 2005;152(2):225-30. 

 26.  Spagnoli A, Hwa V, Horton WA et al. Antiproliferative effects of insulin-like growth factor-
binding protein-3 in mesenchymal chondrogenic cell line RCJ3.1C5.18. relationship 
to differentiation stage. J Biol Chem. 2001;276(8):5533-40. 

 27.  Chan SS, Twigg SM, Firth SM, Baxter RC. Insulin-like growth factor binding protein-3 leads to 
insulin resistance in adipocytes. J Clin Endocrinol Metab. 2005;90(12):6588-95. 



88 
 

 28.  Nguyen KH, Yao XH, Moulik S, Mishra S, Nyomba BL. Human IGF binding protein-3 
overexpression impairs glucose regulation in mice via an inhibition of insulin 
secretion. Endocrinology. 2011;152(6):2184-96. 

 29.  Arner E, Westermark PO, Spalding KL et al. Adipocyte turnover: relevance to human adipose 
tissue morphology. Diabetes. 2010;59(1):105-9. 

 30.  Lonn M, Mehlig K, Bengtsson C, Lissner L. Adipocyte size predicts incidence of type 2 
diabetes in women. FASEB J. 2010;24(1):326-31. 

 31.  Silha JV, Nyomba BL, Leslie WD, Murphy LJ. Ethnicity, insulin resistance, and inflammatory 
adipokines in women at high and low risk for vascular disease. Diabetes Care. 
2007;30(2):286-91. 

 32.  Highman TJ, Friedman JE, Huston LP, Wong WW, Catalano PM. Longitudinal changes in 
maternal serum leptin concentrations, body composition, and resting metabolic rate 
in pregnancy. Am J Obstet Gynecol. 1998;178(5):1010-5. 

 33.  Considine RV. Human leptin: an adipocyte hormone with weight-regulatory and endocrine 
functions. Semin Vasc Med. 2005;5(1):15-24. 

 34.  Mastorakos G, Valsamakis G, Papatheodorou DC et al. The role of adipocytokines in insulin 
resistance in normal pregnancy: visfatin concentrations in early pregnancy predict 
insulin sensitivity. Clin Chem. 2007;53(8):1477-83. 

 35.  McLachlan KA, O'Neal D, Jenkins A, Alford FP. Do adiponectin, TNFalpha, leptin and CRP 
relate to insulin resistance in pregnancy? Studies in women with and without 
gestational diabetes, during and after pregnancy. Diabetes Metab Res Rev. 
2006;22(2):131-8. 

 36.  Bajoria R, Sooranna SR, Ward BS, Chatterjee R. Prospective function of placental leptin at 
maternal-fetal interface. Placenta. 2002;23(2-3):103-15. 

 37.  Eriksson B, Lof M, Olausson H, Forsum E. Body fat, insulin resistance, energy expenditure 
and serum concentrations of leptin, adiponectin and resistin before, during and 
after pregnancy in healthy Swedish women. Br J Nutr. 2010;103(1):50-7. 

 38.  Shaarawy M, el-Mallah SY. Leptin and gestational weight gain: relation of maternal and cord 
blood leptin to birth weight. J Soc Gynecol Investig. 1999;6(2):70-3. 

 39.  Wolff S, Legarth J, Vangsgaard K, Toubro S, Astrup A. A randomized trial of the effects of 
dietary counseling on gestational weight gain and glucose metabolism in obese 
pregnant women. Int J Obes (Lond ). 2008;32(3):495-501. 

 40.  Forsum E, Lof M, Olausson H, Olhager E. Maternal body composition in relation to infant 
birth weight and subcutaneous adipose tissue. Br J Nutr. 2006;96(2):408-14. 

 41.  Hull HR, Thornton JC, Ji Y et al. Higher infant body fat with excessive gestational weight gain 
in overweight women. Am J Obstet Gynecol. 2011;205(3):211-7. 



89 
 

 42.  Catalano PM, Thomas A, Huston-Presley L, Amini SB. Increased fetal adiposity: a very 
sensitive marker of abnormal in utero development. Am J Obstet Gynecol. 
2003;189(6):1698-704. 

 43.  King JC. Physiology of pregnancy and nutrient metabolism. Am J Clin Nutr. 2000;71(5 
Suppl):1218S-25S. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



90 
 

 
   

Patient characteristics GWG Adhere GWG Exceed p value 

Age (yr) 33.88(6.6) 32.31(5.0) 0.61 

Height (m) 1.62(0.9) 1.63(0.7) 0.63 

Pregravid weight (kg) 64.07(20.0) 86.92(22.3) 0.03 

BMI (kg/m2) 24.51(8.7) 32.75(9.8) 0.02 

Parity 2.38(0.7) 2.08(0.4) 0.38 

Gestational age (wks) 38.38(1.1) 38.77(0.9) 0.20 

Prenatal GCT (mmol/L) 6.36(1.9) 6.39(1.3) 0.73 

HOMA-IR (log) 0.22(0.1) 0.52(0.3) 0.10 

Absolute GWG (kg) 11.89(3.6) 14.97(4.5) 0.12 

% Exceed IOM upper limit 78.21(18.0) 136.82(33.6) <0.01 

Infant birth weight (g) 3216.25(505.8) 3547.77(310.1) 0.10 

Placenta weight (g) 731.00(157.9) 742.83(94.7) 0.99 

Fetal-placental weight ratio 4.47(0.5) 4.87(0.6) 0.16 

 

Table 1: Patient Characteristics 

Unless otherwise specified n=8 ADHERE and n=13 EXCEED. HOMA-IR, homeostasis model of 

assessment insulin resistance (n=3 ADHERE, n=8 EXCEED); BMI, body mass index; GWG, gestational 

weight gain; GCT, glucose challenge test (n=5 ADHERE); % exceed IOM, institute of medicine upper 

limit of GWG based on prepregnancy BMI; placenta weight and fetal-placental weight ratio (n=12 

EXCEED); Kruskal-Wallis independent samples t-test used to compare group differences. Data 

presented mean (standard deviation).  
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Maternal endpoints GWG Adhere GWG Exceed p value 

IGF1 exp. (log. % IC) 2.32(0.1) 2.24(0.1) 0.24 

IGF2 exp. (log. % IC) 3.03(0.3) 2.95(0.2) 0.85 

IGFBP1 exp. (log. % IC) 2.09(0.1) 2.1(0.1) 0.65 

IGFBP3 exp. (log. % IC) 1.95(0.2) 2.16(0.3) 0.05 

IGFBP4 exp. (log. % IC) 2.22(0.1) 2.08(0.1) 0.12 

Maternal Insulin (log. pg/ml) 2.67(0.1) 2.81(0.3) 0.21 

Glucose (mmol/l) 3.68(0.5) 4.10(0.4) 0.41 

Leptin (pg/ml) 16659.50(11300.0) 29560.33(16119.8) 0.05 

Fetal endpoints       

IGF1 exp. (log. % IC) 1.87(0.2) 1.67(0.3) 0.31 

IGF2 exp. (log. % IC) 1.92(0.1) 1.92(0.0) 0.77 

IGFBP1 exp. (log. % IC) 1.95(0.1) 2.02(0.1) 0.22 

IGFBP3 exp. (log. % IC) 2.23(0.2) 2.19(0.1) 0.57 

IGFBP4 exp. (log. % IC) 2.11(0.2) 2.04(0.1) 0.39 

Cord Insulin (log pg/ml) 2.61(0.3) 2.83(0.2) 0.16 

Glucose (mmol/l) 3.56 3.01(0.1) 0.14 

Leptin (pg/ml) 18270.71(12319.1) 25837.75(18038.3) 0.35 

 

Table 2: Maternal and fetal outcome variables for mothers who ADHERE to and EXCEED GWG 

recommendations. IGF, insulin-like growth factor; exp, protein expression relative to IC, internal 

control; IGFBP, insulin-like growth factor binding protein; GWG, gestational weight gain; Kruskal-

Wallis independent samples test used to make between group comparisons. Data presented mean 

(standard deviation). Unless otherwise specified n=8 ADHERE and n=13 EXCEED. Maternal ADHERE 

glucose n=3; maternal EXCEED n=9, 8, 9 for insulin, glucose and leptin respectively.  Fetal ADHERE 

n=6 for IGF1, IGF2, IGFBP1, -3, -4, n=7 cord insulin, n=1 cord glucose, n=7 cord leptin; Fetal EXCEED 

n=11 for IGF1, n=12 for IGF2, IGFBP1, -3, -4, n=8 cord insulin and leptin, n=5 cord glucose.  
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Table 3: Spearman correlations between maternal and fetal outcomes. % exceed GWG, percent 

exceed upper limit for gestational weight gain based on pre-pregnancy body mass index; HOMA-IR, 

homeostasis model of assessment insulin resistance; IGFBP4, insulin-like growth factor binding 

protein-4; Leptin; birth weight; Bonferroni adjustment for multiple comparisons *p≤0.01, for trend 

** p=0.02, *** p≤0.05. 

 

 

 

 

 

 

 

 

 

Spearman Correlations % Exceed GWG 
Maternal 
Leptin HOMA-IR Maternal IGFBP4 Expression  Birthweight 

% Exceed GWG   *0.64 ***0.58 ***0.44 **0.47 

Maternal Leptin (pg/ml)     *0.81 -0.21 0.33 

HOMA-IR (log.)       -0.31 0.14 

Maternal IGFBP4 Expression 
(log. % IC)         -0.20 

Birthweight (g)           

Bonferroni adjustment for multiple comparisons *p≤0.01, for trend **p=0.02, *** p≤0.05  
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Figure 1: Excessive gestational weight gain augments maternal IGFBP3 expression. Representative 

serum expression patterns of glycosylated (g) and non-glycosylated (ng) maternal IGFBP3 isoforms 

of patients who ADHERE to or EXCEED the 2009 IOM GWG guidelines. IGFBP3, insulin-like growth 

factor binding protein-3; GWG, gestational weight gain; IOM, institute of medicine. 
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Figure 2: Maternal leptin levels increase in women who exceed 2009 GWG recommendations. 

GWG, gestational weight gain; IOM, institute of medicine; n=8 ADHERE group; n=9 EXCEED group. 
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Figure 3: Maternal leptin levels positively correlate with A. excessive GWG and B. HOMA-IR. 

Leptin (n=20); % Exceed upper limit of gestational weight gain (GWG) target recommendation based 

on prepregnancy body mass index; HOMA-IR (n=14), homeostasis model of assessment insulin 

resistance; Bonferroni adjustment for multiple comparisons p≤0.01 
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Preamble: Manuscript V 
 
 

Following completion of our epidemiological and molecular assessments examining 

the effects of maternal obesity and excessive gestational weight gain it was clear that both 

phenotypes independently contribute to aberrant physiology during pregnancy. This 

finding, coupled with the emergence of data from preliminary intervention trials during 

pregnancy lead us to hypothesize that many pregnant women are not receiving appropriate 

recommendations concerning physical activity engagement, appropriate weight gain 

targets or information about pregnancy-specific caloric intake. Thus we focused our efforts 

to developing and implementing a healthy eating and physical activity intervention to 

address the unmet needs of this population. However, despite a plethora of scientific 

literature telling pregnant women what recommendations are best, little to no patient-

centred evidence existed that evaluated the type and utility of advice presented to patients 

by care providers. Given the role that healthy eating and physical activity play in general 

health, body weight regulation and chronic disease risk reduction we aimed to determine 

how knowledge was mobilized from provider to patient. Therefore, we designed and 

administered a comprehensive lifestyle questionnaire for pregnant women. This allowed us 

to tailor the design of our intervention to the wants and needs our study population in 

hopes that it would limit attrition and fill their knowledge gaps. 
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8.0 MANUSCRIPT V 
 
 
 

An assessment of patient information channels and knowledge of physical activity  
and nutrition during pregnancy 

 
Z.M. Ferraro, Jane Rutherford, Erin J Keely, Lise Dubois and Kristi B Adamo 

 
Published as an original article in Obstetric Medicine 2011; 4:59-65. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Z. Ferraro helped conceive the study, lead creation of the questionnaire, recruited the 
patients, analysed the data and lead manuscript drafting. J. Rutherford helped with the 

creation of the questionnaire and critically reviewed the manuscript. E. Keely helped with 
study conception, questionnaire creation and critically reviewed the manuscript. L. Dubois 

assisted with questionnaire creation and critically reviewed the manuscript. K. Adamo 
helped conceive the study, assisted with questionnaire creation, critically reviewed the 

manuscript and supervised the research.  
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Preamble: Manuscript VI 
 
 
 

The results of the previous study suggested that although pregnant women believe 

that physical activity during pregnancy is safe, many are not getting proper guidance from 

their care providers with respect to the maternal-fetal advantages of this behaviour. Thus, 

we set out to synthesize the existing literature for care providers about physical activity and 

exercise during pregnancy and examined its influence on maternal-fetal outcomes in a 

reader friendly narrative intended for continuing medical education. In our review, we 

describe the seminal works as well highlight novel findings pertaining to the risks and 

benefits to mother and baby when physically active during pregnancy. Specifically, the 

following manuscript will focus on the role of a physically active lifestyle in preventing 

aberrant fetal growth and optimizing maternal-fetal outcomes including risk for several 

chronic conditions. 
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9.0 MANUSCRIPT VI 
 

 
 

The potential impact of physical activity during pregnancy on maternal and neonatal 
outcomes 

 
Zachary M. Ferraro, Laura Gaudet and Kristi B Adamo 

 
Published as an original article in Obstetrical &Gynecological Survey 2012; 67(2) 1-12. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Z. Ferraro searched the literature, retrieved sources, evaluated the evidence and wrote the 
manuscript. L. Gaudet critically reviewed the manuscript and provided clinical insight. K. 

Adamo contributed to the evaluation of the extracted sources, critically revised the 
manuscript, supervised the research and provided guidance and support.  
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10.0 FINAL DISCUSSION 
 

Children born to obese mothers or those who have experienced excessive GWG, have 

an increased risk of obesity themselves as a result of the likelihood of nutrient 

overexposure and associated developmental programming in utero as well as 

environmental exposure to the same obesogenic lifestyle as the mother. Accordingly, the 

developmental origin of adult disease hypothesis posits that environmental assaults during 

intrauterine life may alter central regulatory mechanisms of the developing child [4, 8, 71, 

106, 131]. Such in utero perturbations may predispose the fetus to limited movement and 

increased food intake behaviours later in life by compromising physiological thresholds of 

energy balance regulation. During this critical period developmentally plastic systems may 

be disrupting homeostatic balance of the oxrexigenic and anorexigenic responses to 

postnatal environmental stressors [9].  As such, chronic exposure to energy surplus, 

hormones and growth factors in utero may potentially increase offspring susceptibility to 

downstream chronic disease [4].  Therefore, it is of paramount importance to identify the 

underlying physiological factors involved with maternal-fetal obesity transmission to best 

design effective prevention and management strategies. 

 

The purpose of this dissertation was to help address the knowledge gaps  and  better 

understand maternal contributors to fetal growth and energy metabolism, validate 

population level predictors of excessive fetal growth, evaluate the effects of maternal 

obesity and/or excessive GWG on IGF axis protein expression in mom and baby, gather 
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information from a pregnant population that would help design preventive strategies and 

efficacious weight management interventions during gestation and review the evidence 

concerning physical activity as a potential modifier of fetal growth. This work provides 

several contributions including: 

i) Identification of independent contributors to excessive fetal growth including 

maternal obesity and/or excessive GWG with reference to the most recent 2009 

IOM GWG recommendations 

ii) The discovery of aberrant expression of IGFBP-4 in cord serum from pregnancies 

complicated by maternal obesity (see below table) 

iii) The discovery that excessive GWG augments expression of IGFBP-3 in maternal 

blood (see below table) 

 

                        Basic overview of Insulin-like growth factor related findings 

  Proposed role during growth & development Our results at term 

IGF-I ↑ fetal growth no change 
IGF-II ↑ placentation & early fetal growth no change 
IGFBP-1 ↓ fetal growth no change 

IGFBP-3 ↑ fetal growth ↑ with excessive GWG 

IGFBP-4 ↓ fetal growth ↓ in cord blood from obese 

 

iv) Identification of clinically relevant discussion topics during the prenatal visit that 

are not being addressed by the care provider. These include a lack of 

information about pregnancy-specific energy requirements, little to no evidence-

based recommendations about appropriate GWG targets and a lack of informed 

education concerning the beneficial role of physical activity during pregnancy 
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Conclusion 

What can be taken from this series of studies is that pregnancy is a critical period of 

body weight regulation for the mother and baby where obesity and/or excessive GWG may 

compromise molecular signals over time leading to subclinical and eventually clinical 

presentation of obesity-related pathology. However, human resiliency aids in our ability to 

maintain homeostasis, respond to allostatic loads placed on the body (i.e., overnutrition 

and sedentarism) and adapt to external stressors including physical. Interestingly, mom and 

baby may beneficially adapt to the external stimuli of human movement in the same way as 

non-pregnant individuals would, suggesting that human health may be optimized through 

lifestyle intervention. Future research should therefore aim to evaluate the effects of a 

physical activity and nutrition intervention during pregnancy on downstream child health in 

a randomized controlled trial. Furthermore, understanding the mechanisms underlying the 

association between the intrauterine milieu and childhood obesity by examining placenta 

nutrient transporters may enhance our knowledge of placenta form and function and help 

unravel the complex interactions mediating some of the observed changes in neonatal 

phenotype that may involve the maternal-fetal interface.  

 

As noted by Charles Darwin in his seminal work[132], given that “man tends to 

increase at a greater rate than his means of subsistence” we can speculate that this also 

holds true for those struggling with obesity such that as the global prevalence of this 

condition rises, a suitable solution for the associated pathology lags behind. And while 

knowing "In the struggle for survival, the fittest win out at the expense of their rivals 
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because they succeed in adapting themselves best to their environment” we must 

therefore acknowledge that “It is not the strongest of the species that survives, nor the 

most intelligent that survives. It is the one that is the most adaptable to change”. Such 

eloquent historical principles provide reason to pursue multidisciplinary strategies that 

optimize the intrauterine milieu as it is well known that “In the long history of humankind 

(and animal kind, too) those who learned to collaborate and improvise most effectively 

have prevailed”.  

 

Targeting a suboptimal intrauterine environment with natural therapies including 

healthy, balanced dietary practices and regular engagement in physical activities may 

promote beneficial maternal-fetal adaptations that resonate throughout the life-course. 

Presently, much attention, with respect to developmental origins of adult health and 

chronic disease, has focussed on the long-term effects of nutrient deprivation or energy 

deficits during pregnancy suggesting that those who have the most experience with famine 

may be at greatest risk for disease later in life. This is said to be in part due to a down-

regulating adaptation that limits overall fetal size to preserve the function of vital organs 

and systems including brain and heart. However, this is unlikely to result in the presentation 

of a diseased state unless the child is born into an environmental mismatch of energy 

surplus, thus overwhelming intelligently designed ‘thrifty phenotypes’ and predisposing 

aberrant catch-up growth. However, our present society is rarely forced to overcome such 

deprivation and is subjected to cope with experiences of nutrient excess and/or positive 

energy balance during pregnancy. Thus, this changes the way in which we adapt and project 
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developmental origins of chronic disease risk such that those in our society who may be at 

the greatest risk are not those with the most historical experience with famine, but those 

individuals whose ancestors had the least experience with excess. Such a continuum of 

disease risk based on one’s historical pregnancy experiences and the environment in which 

the offspring thrives post-natally will ultimately contribute to the major factors dictating 

the severity of metabolic compromise, if any, later in life. 

 

Overall, further insight regarding the precise regulation of the mechanisms 

mediating maternal phenotype and behaviours to fetal growth and development will 

ultimately lead to more effective pharmacological and behavioural interventions during the 

perinatal period. These advances may have a profound impact on clinical obstetrical 

practice and medical education as knowledge is disseminated from bench to bedside to 

optimize maternal-fetal outcomes in the presence of obesity and/or excessive pregnancy 

weight gain. Such knowledge exchange practices (see APPENDIX J) and fruitful collaboration 

will have a profound impact on patient triage, diagnoses, the implementation of weight 

management strategies, will lead to enhanced monitoring of phenotype throughout the life 

course and eventually will transform clinical and public health practices ultimately reducing 

the intergenerational burden obesity. 
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12.10 APPENDIX J – Knowledge translation initiatives during PhD tenure  
 

Ferraro ZM. The past, present and future of trainee and young professional involvement within the 
Canadian Obesity Network (CON). Invited oral address to CON-Student and new professional 
delegates. Canadian Obesity Network 2ndNational Obesity Summit. Montreal, Quebec. April 26-30, 
2011. 

 
Ferraro ZM. The preventive role of exercise for Gestational Diabetes Mellitus. Diabetes Regional 
Coordinating Centre Annual Symposium. Hampton Inn, Ottawa, Ontario. March 28, 2011. 
 
Ferraro ZM. Maternal obesity contributes to excessive fetal growth. Sherbrooke-Ottawa-Montreal 
Emerging Team (SOMET) Annual Research Day for the symposium on ‘Women and body weight 
changes during hormone transitions: sharing evidence from bench through clinical trials to action'. 
Montreal, Quebec. May 17, 2011. 

 
Ferraro ZM. Improving student involvement in knowledge translation initiatives. State University of 
Maringá, Paraná, Brazil. December 3-10, 2010. (Invited lecture series) 

 
Ferraro ZM. The intergenerational effects of maternal obesity: Managing chronic disease in mom 
while preventing it in baby. State University of Maringá, Paraná, Brazil. December 3-10, 2010. 
(Invited lecture series) 
 
ZM Ferraro. Champlain Maternal Newborn Regional Program, Perinatal Perspectives summer 
newsletter 'Maternal Obesity Management' invited editorial, June 2011 

 
ZM Ferraro. School Equipment and Injuries. Active Healthy Kids Canada. Canada’s Annual Report 
Card on Physical Activity for Children and Youth (School infrastructure and equipment section), 2011 

 
KB Adamo and ZM Ferraro. Healthy active moms, healthy active kids. Active Healthy Kids 
Canada.Canada’s Annual Report Card on Physical Activity for Children and Youth (Maternal-fetal 
health section), 2010 

 
Canadian Obesity Network Guest Speaker Grant for Knowledge Translation. ’Neurobiology of energy 
balance, energy balance and obesity-related pathology’. S. Yasai & Z. Ferraro $1000. September 
2009 (awarded) Hosted Dr Barry Levin. 
 
CIHR Institute for Community Support grant. K. Chechi, X. Ramos-Salas and the Canadian Obesity 
Network Student and New Professional National Executive (which Z. Ferraro was Chair and lead the 
intiative) $15000 (awarded). ’CON- Student and New Professional: community development and 
knowledge translation’ 2011. 
 
Canadian Obesity Network Guest Speaker Grant for Knowledge Translation. ’Forks verus Feet: The 
role of exercise and diet in obesity treatment and management’ Z. Ferraro & T. Saunders $1000. 
February 2011 (awarded) Hosted Drs Robert Ross and Yoni Freedhoff to address diverse audience at 
the University of Ottawa Health Sciences Complex 
 
CIHR Cafe Scientific Knowledge Translation Grant for ’Obesity: Disease or result of our modern 
environment?’ Z. Ferraro & T. Saunders. August 2011. $3000 (awarded)  
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12.11 APPENDIX K – Human placenta workshop certificate 
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12.12 APPENDIX L - Exercise is medicine certificate 
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12.13 APPENDIX M - Canadian Obesity Network educational ‘boot camp’ certificate 

 
 
 
 
 



173 
 

12.14 APPENDIX N – Canadian Perinatal Surveillance System birth weight for 
gestational age growth curves 
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12.15 APPENDIX O - Institute of medicine 2009 gestational weight gain guidelines 
 

 
 
 


