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Abstract 
The intrauterine environment plays an important role in fetal development and downstream 

health. Given the rise in maternal obesity and the incidence of babies being born large-for-

gestational-age, research is needed exploring the mechanisms through which maternal obesity 

and health behaviours affect the delivery of nutrients to the fetus. This thesis includes three 

manuscripts in the pursuit of two objectives: 1) To determine whether there are changes in 

placenta nutrient transport-related gene expression in response to obesity, excess gestational 

weight gain, and variations physical activity and diet, and 2) To examine whether the Pregnancy 

Physical Activity Questionnaire is a reliable estimate of physical activity during the second 

trimester of pregnancy. In manuscript 1, we found that maternal obesity was not related to 

placenta nutrient transport-related gene expression, with the exception of lower placental mTOR 

expression in obese women who delivered male offspring, however, gestational weight gain was 

related to the gene expression of key proteins in the placenta.  In manuscript 2, it was determined 

that the Pregnancy Physical Activity Questionnaire significantly overestimates physical activity 

and is not correlated with direct measures of activity and thus should not be used in future 

research. In manuscript 3, we found that physical activity and diet modify the expression of the 

genes involved in placenta nutrient transport. Meeting physical activity guidelines was associated 

with lower expression of a fatty acid transporter and higher expression of an amino acid 

transporter, while sugar intake was related to the expression of a glucose transporter. Together, 

the studies that make up this thesis suggest that there are numerous factors that may be 

contributing to placenta nutrient transport-related gene expression in humans and that future 

research on the placenta ought to include direct measures of physical activity and maternal diet, 

as well as account for gestational weight gain with respect to the guidelines and fetal sex.  
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Part I 

1.1 General Introduction 

The intrauterine environment plays a critical role in fetal growth and it is an important 

predictor of long term health. The Developmental Origins of Health and Disease hypothesis, 

developed by the late David Barker, suggests that environmental assaults early in life (i.e. in 

utero) can alter fetal development such that there is a long term impact on health and future 

disease risk [1,2]. Furthermore, size at birth is an important predictor of health and it is 

associated with increased risk of metabolic disease [3].  For example, intra-uterine growth 

restriction is associated with increased risk of cardiovascular disease [1,4]. It is due to the lasting 

impact of these intrauterine threats that the prenatal period is such an important area of research. 

Traditionally, research was focused on the downstream health consequences of intrauterine 

growth restriction, however, there is evidence of a J- or U-shaped relationship between birth 

weight and downstream disease risk [3,5], and given the rise in obesity, the research focus is 

shifting towards the impacts of high birth weight. Different exposures during the prenatal period, 

including the maternal phenotype (i.e. obesity) and maternal lifestyle (i.e. gestational weight 

gain, physical activity, and diet) may alter the intrauterine environment, thus potentially 

modifying disease risk. There is accumulating evidence of the detriments of maternal obesity and 

excess GWG, and the benefits of PA and a healthy diet during pregnancy, nonetheless there is 

still limited knowledge of the mechanisms through which these effects occur. The placenta 

connects the mother and fetus, and it is thought that changes in pregnancy outcome and disease 

risk might be mediated through changes in the placenta. Altered nutrient transport across the 

placenta has been identified in fetal growth restriction and fetal over-growth due to maternal 
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diabetes [6-11], and it is hypothesized that changes in placenta nutrient transport also occur in 

pregnancies complicated by obesity. Although certain modifiable risk factors, such as gestational 

weight gain, physical activity and diet, are often the targets of interventions that aim to improve 

pregnancy outcomes, the interplay between the placenta and these behaviours is still largely 

unexplored. The following will provide an overview of placenta nutrient transport and will 

highlight the maternal factors identified as potential modifiers of this process that are the focus 

of this thesis. 

1.1 Nutrient Transport across the Placenta  

The placenta plays a fundamental role in the growth and development of the fetus, and 

fetal growth is directly related to the placenta’s ability to transport nutrients from maternal 

circulation to the developing fetus. To reach fetal circulation, nutrients from the maternal 

circulation must cross through the placenta, which occurs mainly through specific nutrient 

transporters. The following review provides an extensive overview of the role of the placenta in 

nutrient transport to the fetus and explores how an altered maternal environment, such as 

common pregnancy pathologies and maternal lifestyle, affect the expression and activity of these 

transporters. The molecular signaling pathways linking maternal nutrient availability and 

placenta nutrient transport are also discussed.  

 

1.1.1 Maternal-Fetal Nutrient Transport in Pregnancy Pathologies: The role of the 

Placenta 

The following article has been published in the International Journal of Molecular Sciences and 

has been formatted according to their requirements.  



Int. J. Mol. Sci. 2014, 15, 1-x; doi:10.3390/ijms150x000x 

3 

 

 

International Journal of  

Molecular Sciences 
ISSN 1422-0067 

www.mdpi.com/journal/ijms 

Review 

Maternal–Fetal Nutrient Transport in Pregnancy 

Pathologies: The Role of the Placenta 

Kendra Elizabeth Brett 
1,2

, Zachary Michael Ferraro 
3
, Julien Yockell-Lelievre 

4
,  

Andrée Gruslin 
3,5

 and Kristi Bree Adamo 
1,2,6,

* 

1
 Healthy Active Living and Obesity Research Group, Children’s Hospital of Eastern Ontario 

Research Institute, 401 Smyth Rd., Ottawa, ON K1H 8L1, Canada; E-Mails: 

kebrett123@gmail.com (K.E.B); kadamo@cheo.on.ca (K.B.A) 
2
 Faculty of Health Sciences, School of Human Kinetics, University of Ottawa,  

75 Laurier Avenue East, Ottawa, ON K1N 6N5, Canada 
3
 Division of Maternal–Fetal Medicine, Obstetrics and Gynecology, The Ottawa Hospital,  

501 Smyth Rd., Ottawa, ON K1H 8L6, Canada; E-Mails: zach.ferraro@gmail.com (Z.M.F.) 
4
 Ottawa Hospital Research Institute, Cancer Centre, 501 Smyth Rd., Ottawa, ON K1H 8L6, 

Canada; E-Mail: jyockell@ohri.ca 
5
 Chronic Disease Program, Ottawa Hospital Research Institute, 501 Smyth Rd., Ottawa,  

ON K1H 8L6, Canada 
6
 Faculty of Medicine, Pediatrics, University of Ottawa, 5 Laurier Avenue East, Ottawa,  

ON K1N 6N5, Canada 

* Author to whom correspondence should be addressed; E-Mail: kadamo@cheo.on.ca;  

Tel.: +1-613-737-7600 (ext. 4190); Fax: +1-613-738-4800. 

Received: 28 July 2014; in revised form: 3 September 2014 / Accepted: 4 September 2014 /  

Published: 12 September 2014 

 

Abstract: Appropriate in utero growth is essential for offspring development and is a critical 

contributor to long-term health. Fetal growth is largely dictated by the availability of nutrients in 

maternal circulation and the ability of these nutrients to be transported into fetal circulation via 

the placenta. Substrate flux across placental 
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gradients is dependent on the accessibility and activity of nutrient-specific 

transporters. Changes in the expression and activity of these transporters is 

implicated in cases of restricted and excessive fetal growth, and may represent a 

control mechanism by which fetal growth rate attempts to match availability of 

nutrients in maternal circulation. This review provides an overview of placenta 

nutrient transport with an emphasis on macro-nutrient transporters. It highlights the 

changes in expression and activity of these transporters associated with common 

pregnancy pathologies, including intrauterine growth restriction, macrosomia, 

diabetes and obesity, as well as the potential impact of maternal diet. Molecular 

signaling pathways linking maternal nutrient availability and placenta nutrient 

transport are discussed. How sexual dimorphism affects fetal growth strategies and 

the placenta’s response to an altered intrauterine environment is considered. Further 

knowledge in this area may be the first step in the development of targeted 

interventions to help optimize fetal growth. 

Keywords: placental transport; pregnancy; maternal; glucose; amino acids; fatty 

acids; fetal growth 
 

1. Introduction  

Pregnancy is a critical period of physiological change for both the mother and the fetus.  

As gestational age increases, so too does the need for energy to meet the nutritional demands of 

fetal development. Although in humans, only a modest increase of 340 and 450 kcal/day is 

required for the mother in the second and third trimester of pregnancy, respectively [1], maternal 

consumption must support her own basal metabolic function and continuously supply nutrients to 

the fetus. Pregnancy represents a natural state of maternal insulin resistance and the difference in 

maternal–fetal glucose concentration that increases with advancing gestation facilitates increased 

fetal macronutrient uptake [2]. Consequently, the metabolic needs of the growing fetus are met in 

part by the glucose concentration gradient across the maternal–fetal interface [3]. With 

advancing gestation, increases in fetal body weight are accompanied by changes in body 

composition such that there is a reduction in total body water concentration and large gains in 

white adipose tissue from the second trimester onwards [4,5]. The energy demands of fetal 

growth are substantial given the large caloric requirement associated with fat deposition, which 

accounts for 90% of energy deposited near term; the total estimated caloric requirement of a 

human fetus at term is 90–100 kcal/kg/day [6,7]. Energy intakes that diverge from the 
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appropriate energy requirement may alter the fetal phenotype through epigenetic processes that 

alter expression of the genotype, such that insufficient or excess energy intake may cause growth 

restriction and overgrowth, respectively. Placental dysfunction can also restrict fetal growth by 

limiting nutrient supply to the fetus [8,9]. Intrauterine growth restricted (IUGR) fetuses are often 

born with depleted fat and glycogen stores [10,11]. In contrast, those born large-for-gestational-

age (LGA), from mothers with obesity or to mothers who gain excessive weight during pregnancy, 

have increased adiposity [12–14] compared to average birth size newborns and mothers who gain 

the appropriate amount of weight, respectively. 

In order to sustain appropriate fetal development the mother must provide glucose, amino 

acids and fatty acids, which are transported to the fetus across the placenta. There is increasing 

evidence that maternal factors, including body mass index, gestational weight gain, lifestyle 

behaviors (e.g., physical activity, smoking), as well as placenta-mediated diseases, can affect 

fetal growth and pregnancy outcomes. Although the precise mechanisms through which these 

factors affect fetal growth have yet to be fully elucidated, changes in placental nutrient transport 

to the fetus are implicated. This review provides an overview of placental nutrient transport, it 

explores how pregnancy-specific pathologies and maternal health behaviors may affect 

transporter expression and activity, and describes the molecular signaling pathways implicated in 

these changes. 

2. Placenta Nutrient Transport 

Fetal growth is directly related to maternal nutrient availability and the placenta’s ability to 

transport these nutrients from maternal circulation to the fetus. The anatomical configuration of 

the placenta prevents direct contact of maternal and fetal blood, highlighting the importance of 

transport proteins, electrochemical gradients and diffusion channels for substrate exchange 

across the interface. Nutrient transport across the placenta and into fetal circulation is complex. 

There are two layers in the placental villi through which substrates, gases and water from 

maternal circulation must cross in order to reach the fetus [15,16]. The first layer, closest to 

maternal circulation, is made up of trophoblasts called syncytiotrophoblasts (SCTB), which line 

the villi. The SCTB constitute the transporting epithelium of the placenta, with two polarized 

membranes, the microvillous membrane (MVM) facing maternal circulation and the basal 

plasma membrane (BM) facing the fetal capillary. After passage across the SCTB membranes, 

substrates must cross the second layer of cells, the fetal capillary epithelium, before entry into 

the fetal circulation is complete (Figure 1). The fetal capillary endothelium is selectively 

permeable to molecules, such as amino acids and glucose, based on the size of the solute, and it 

is a relatively restrictive barrier against the diffusion of larger molecules [17,18]. Only smaller 
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solutes are highly permeable through the MVM and BM, and thus the SCTB constitutes a barrier 

and rate-limiting step of the transport of nutrients into fetal circulation. 

Complete maternal–fetal exchange across the SCTB relies on facilitated diffusion and active 

transport against concentration gradients to drive electrochemical potential and nutrient flux [19–

22]. Consequently, the transport of nutrients and solutes across the SCTB occurs via a number of  

passive and active processes including flow-limited diffusion, transcellular diffusion, facilitated 

diffusion/protein-mediated transfer and endocytosis/exocytosis [21]. Nutrients predominantly enter 

fetal circulation through nutrient-specific transport proteins located within the MVM and BM. 

The types of transporter (e.g., facilitated, active, passive, uni- or bi-directional, etc.), the subtypes 

expressed in the placenta, and localization to the MVM and/or BM, have been thoroughly 

reviewed by others [23,24]. 

Placenta nutrient transport is dependent on placental size, morphology (exchange zone surface 

area and tissue thickness), nutrient transporter capacity/availability, and utero- and feto-placental 

blood flow [25,26]. With respect to placental size, placenta weight is a marker of the available 

surface area for maternal–fetal nutrient exchange. Placental weight is an important determinant 

of both birth weight and fetal growth [27], and fetal and placenta weight are positively correlated 

near term [28]. If the placenta fails to achieve an adequate size it may be unable to support the 

development of the fetus [29]. On the contrary, an association between large placentas and poor 

neonatal outcomes including hypoxia [29] and macrosomia [28] has also been reported. A 

marker of placental nutrient transporter efficiency is the fetal to placenta weight ratio (birth 

weight: placenta weight; in grams) [30]. This ratio can be altered by changes in placenta weight, 

fetal weight or both (reviewed by Fowden et al.) [31]. A lighter placenta and a higher fetal to 

placenta weight ratio is considered more efficient as it is consistent with the fetal drive to obtain 

nutrients from the placenta [31,32]. A lower fetal to placenta weight ratio may indicate below 

average placenta nutrient transport efficiency, and has been associated with increased pregnancy 

complications such as pre-eclampsia, c-section delivery and spontaneous pre-term delivery [28]. 
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Figure 1. Nutrient transport across the placenta, featuring the SCTB and the fetal endothelium, and the location of key proteins 

involved in macronutrient (glucose, amino acids, fatty acids) transport at the MVM and BM. The SCTB is bathed in maternal blood 

on the apical surface instigating substrate transport at the MVM. This is followed by movement of the nutrients through the cytoplasm 

of the intermembrane space and interaction with the BM prior to uptake by the fetal capillary endothelium on the opposing side. 

Glucose is transported across the MVM and BM primarily by GLUT1. The accumulative transporters, System A, mediate the uptake 

of small neutral amino acids across the MVM and BM into the syncytium. Amino acids are transported across the BM towards the 

fetal capillary by System L facilitated transporters (TAT1, LAT2, 3 and 4) and exchangers. The exchangers, transport one amino acid 

in exchange for another, and thus they are dependent on the activity of the accumulative and facilitative transporters. LPL and EL 

hydrolyze maternal (TG) into FFA that cross the MVM through FATPs, FAT/CD36 and FABPpm. FFAs are trafficked through the 

cytosol via FABPs and across the BM by FATPs and FAT/CD36. Abbreviations: SCTB—syncytiotrophoblast; MVM—microvillous 

membrane; BM—basal membrane; GLUT—glucose transporter; LAT—large neutral amino acid transport; TG—triglycerides; 

LPL—lipoprotein lipase; EL—endothelial lipase; FFA—fatty acid; FAT/CD36—fatty acid translocase; FATP—fatty acid transport 

protein; FABP—fatty acid binding protein; FABPpm—plasma membrane fatty acid binding protein; X—exchangers. 
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With regard to nutrient-specific transporters, the placenta’s capacity for nutrient transport can be 

altered by changes in the number, density, distribution or activity of these transporters [33–35]. Glucose, 

amino acids, free fatty acids (FFAs) and cholesterol are the essential macronutrients for adequate fetal 

growth, and each nutrient crosses the SCTB through specific transporters (Figure 1). Seminal work from 

Jansson and Powell has added experimental evidence to support the hypothesis that the placenta 

functions as a nutrient sensor [36]. Alterations in placental nutrient transport are thought to represent a 

control mechanism by which the fetal growth rate is matched with the availability of nutrients in 

maternal circulation—restricting growth when nutrition is limited and accelerating growth when 

nutrients are in excess [36]. To demonstrate, amino acid transport is  

down-regulated prior to the development of IUGR in rats fed a low protein diet [33,37], highlighting 

that maternal malnutrition can affect nutrient delivery and growth of the fetus. An alternate hypothesis 

suggests that the placenta may respond in a compensatory manner by up- or down-regulating transporter 

activity in response to low or high substrate levels, respectively, in an effort to maintain normal fetal 

growth. In normal pregnancies, smaller babies had higher amino acid transport activity [38], meanwhile, 

glucose transport activity was reduced in a hyperglycemic mouse model [39]. This “adaptive regulation” 

may serve to protect the placenta and fetus from under or excessive exposure to nutrients [40]. This 

review will focus on the first hypothesis, that the placenta functions as a nutrient sensor, and how it 

relates to common pregnancy pathologies. Placental nutrient transport phenotypes have been well-

described in the context of IUGR and diabetic pregnancies [36] yet the proteins involved in nutrient 

transport are not sufficiently characterized, especially with respect to pregnancy complicated by obesity. 

2.1. Glucose 

Glucose is the primary energy substrate required for growth of the fetus and placenta. Fetal 

gluconeogenesis is minimal [41], and the fetus is almost entirely dependent on glucose from maternal 

circulation. Placental glucose transport occurs by facilitated diffusion along a concentration gradient 

through members of the glucose transporter (GLUT) family [3]. There are 12 members of the GLUT 

family, however GLUT1 is the only isoform abundantly expressed in early pregnancy and at term, and 

is the primary placental glucose transporter in humans [42]. There is an asymmetrical distribution of 

GLUT1 across the placental membrane, with a greater prevalence of GLUT1 on the MVM compared to 

the BM, suggesting that the rate limiting step of human placental glucose transport may occur at the BM 

[43]. Insulin like growth factor (IGF) 1, a known regulator of fetal growth [44], increases GLUT1 

protein expression and glucose uptake at the BM but not the MVM [45]. GLUT3 and GLUT4 are 

present in first trimester placentas suggesting a possible role in glucose uptake early in pregnancy. 

GLUT3 is primarily localized at the MVM of the SCTB, although it is also expressed in the 

cytotrophoblast and endothelium [46]. GLUT3 expression decreases substantially in the second and 

third trimesters such that the level in the third trimester is only 34% of that observed in the first trimester 

[46]. The insulin-sensitive GLUT4 is localized in the cytosol of the SCTB [47], and at term the 
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expression of GLUT4 is markedly reduced [47], suggesting a minimal role in glucose uptake from 

maternal circulation at term. 

2.2. Amino Acids 

Amino acids play a critical role in the development of fetal tissue. The plasma concentrations of most 

amino acids are higher in fetal circulation compared to maternal circulation [48], indicating active 

transport of amino acids across the SCTB [49]. The placenta expresses over 15 different amino acid 

transporters, and each is responsible for the uptake of several different amino acids [49]. The two most 

studied amino acid transport systems in the placenta are System A and System L [49]. System A is a 

sodium-dependent accumulative transport system which facilitates the transport of small neutral amino 

acids (SNAT) such as alanine, serine and glycine into the cell [49]. System A activity is present at both 

SCTB membranes, but is more highly expressed at the MVM [50]. The third trimester placenta 

expresses three isoforms of System A: SNAT1, SNAT2, and SNAT4 [51]. System A activity is 

stimulated by insulin, leptin, IGF1, and interleukin 6 [52–54]. System L is a sodium-independent 

exchanger for large neutral amino acid transport (LAT); it exchanges non-essential amino acids for 

predominantly essential amino acids with branched or bulky side chains, such as leucine [55].  

System L is stimulated by glucose and insulin [54] and its activity depends on the activity of the other 

systems to provide the amino acids that drive the system L exchange function [55]. Different isoforms 

of system L are found on the MVM (LAT1) and the BM (LAT2, LAT3, LAT4) [56,57]. The rate 

limiting step in amino acid transport is believed to be across the MVM [58].The transport of amino 

acids across the BM into fetal circulation occurs via facilitated diffusion down their concentration 

gradients through the transporters LAT3, LAT4 and TAT1, as well as exchangers [56]. 

2.3. Fatty Acids 

Fatty acids serve many critical roles in fetal growth including brain development and fat accretion. In 

maternal circulation, lipids are mainly found as triglycerides (TGs), phospholipids and cholesterol 

esters. TGs cannot cross the SCTB and are first broken down into FFAs by placental TG lipases [59]. 

The FFAs are then available for uptake into the placenta through FFA transport proteins [60]. 

Lipoprotein lipase (LPL) and endothelial lipase are both located at the MVM and hydrolyze TGs in the 

maternal circulation [61–63]. Endothelial lipase is also able to metabolize HDL, LDL and VLDL  

lipids [61,64]. The proteins associated with FFA transport include fatty acid transport proteins (FATP), 

fatty acid translocase (FAT/CD36), plasma membrane fatty acid binding protein (FABPpm), and fatty 

acid binding proteins (FABP). 

FATPs are integral membrane proteins that are important for the uptake of long chain fatty  

acids [65]. There are six members of the FATP family, five of which have been identified in placental 

trophoblasts (FATP1–4, and 6) [66]. FATP1 and FATP4 are frequently studied in placental tissue as 
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their expression correlates with docosahexanoic levels in maternal plasma, cord blood and placental 

phospholipids, suggesting an important role in the transfer of long chain polyunsaturated fatty  

acids [67]. The FATPs and FAT/CD36 are located on the MWM and BM and are involved in the 

transport of FFAs across the entire SCTB [68,69]. In contrast, FABPpm, which has a high affinity for 

long chain polyunsaturated fatty acids, is exclusively located on the MVM [68,69]. Five members of the 

FABP family (FABP1-5) have been identified in the trophoblast cells of the placenta and are localized 

in the cytoplasm of the SCTB [69]. The FABPs are responsible for cytosolic trafficking of FFAs to sites 

for esterification, beta-oxidation and subsequent transfer to the fetus [69]. The expression and activity of 

the proteins involved in fatty acid transport are influenced by insulin, IGF1 and  

leptin [70–72]. It remains unclear as to which step in the process limits the rate of placental fatty acid 

transport to the fetus. 

2.4. Cholesterol/Lipoproteins 

Cholesterol has an important role in fetal development, as it is an essential component of cell membranes 

and a precursor for steroid hormones. The fetus can synthesize cholesterol endogenously [73], but the 

placenta also transports cholesterol from maternal circulation to the fetus through  

cholesterol-carrying lipoproteins, such as low density lipoproteins (LDL), high density lipoproteins 

(HDL) and very low density lipoproteins (VLDL) [74]. The SCTB expresses lipoprotein specific 

receptors: LDL receptor (LDLR), scavenger receptor class B type I (SRBI) and VLDL receptor 

(VLDLR) [75–77]. Cholesterol from the placenta is transported to the fetus through specialized 

transporters, binding cassette transporter A1 and G1 (ABCA1 and ABCG1), located in the endothelial 

cells of the fetal vessels [78], as well as the MVM (ABCA1) and BM (ABCG1) [79,80]. 

3. Placental Nutrient Transport in Altered Fetal Growth 

Growth restricted infants typically have poor neonatal outcomes, and thus the earliest work on 

placental nutrient transport focused on IUGR. This was followed by research on fetal overgrowth  

(e.g., macrosomia) in pregnancies complicated with diabetes. With the rise in maternal overweight and 

obesity, more recent work has focused on the impact of obesity on nutrient transport and fetal 

overgrowth (Tables 1 and 2). 
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Table 1. Changes in expression level (protein or mRNA) and activity of the glucose, amino acid and fatty acid transporters 

in the human placenta associated with different pregnancy conditions 
1,2

. 

Nutrient 

Transporter 

IUGR—Placental 

Dysfunction 
Type 1 Diabetes GDM Obesity 

GLUT1 ▬ [43,81] 

▲* (BM) (birth weight > 

control) [82]  

▬ (MVM) (birth weight > 

control) [82] 

▬ (with and without LGA) [83].  

▲ (normal weight mothers; insulin controlled; 

no difference in birth weight) [84]  

▬ (normal weight mothers; diet controlled; no 

difference in birth weight) [84]  

▬ (obese mothers; diet or insulin controlled; 

no fetal overgrowth) [84] 

▬ (no fetal over growth) [84] 

GLUT3 ▲ [85]    

GLUT4 ▬ [85]  

▼ (normal weight mothers; insulin controlled; 

no difference in birth weight) [84]  

▼ mRNA (obese mothers; diet or insulin 

controlled; no fetal overgrowth) [84] 

▼ mRNA (no fetal  

over growth) [84] 

System A  

(SNAT1,2,4) 

▼* (MVM) [58,86]  

▬* (BM) [81] 

▼* (MVM) (macrosomic)  

(no maternal BMI) [87]  

▲* (MVM) (independent of 

fetal growth, similar maternal 

BMI) [88] 

▲* (MVM) (independent  

of fetal over growth) [81] 

▼* SNAT4 (no difference  

in birth weight) [89]  

▬ SNAT1, SNAT2  

(no difference in birth weight) [89]  

▬* (no difference in  

birth weight) [90]  

* positive correlation to  

birth weight [90]  

▲ SNAT2 (no difference in birth 

weight; positive correlation to birth 

weight) [90] 
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Table 1. Cont. 

Nutrient 

Transporter 

IUGR—Placental 

Dysfunction 
Type 1 Diabetes GDM Obesity 

System L  

(LAT1-4) 
▼* [91]  ▼* (MVM) (fetal overgrowth) [81] 

▬* (no difference in  

birth weight) [90] 

LPL 

▼* (preterm) [92]  

▲ mRNA  

(preterm) [93] 

▲* (macrosomic) [92]  

▬ (macrosomic) [92]  

▼ mRNA (birth weight > 

control; not macrosomic) [94] 

▬ * ( macrosomic) [92]  

▼ mRNA (birth weight > control;  

not macrosomic) [94] 

▲* (no difference in birth  

weight) [95]  

▬ mRNA (birth weight > control;  

not macrosomic) [96] 

Endothelial  

Lipase 

▲ mRNA  

(preterm) [93] 

▲ (birth weight > control; not 

macrosomic) [97]. 

▬ (no fetal over growth) [98]  

▲ (with obesity) (no fetal over growth) [98] 
 

FATP4    

▼ (no difference in  

birth weight) [95]  

▬ mRNA (birth weight > control;  

not macrosomic) [96] 

FAT/CD36    

▲ (no difference in birth weight) [95]  

▼ mRNA (male) (birth weight > 

control; not macrosomic) [96]  

▬ mRNA (female) (birth weight > 

control; not macrosomic) [96] 

FABP1  ▲ (macrosomic) [92] ▲ ( macrosomic) [92] ▼(no difference in birth weight) [95] 

FABP3    

▬ (no difference in  

birth weight) [99]  

▼(no difference in birth weight) [95] 

FABP4  
▲ mRNA (birth weight > 

control; not macrosomic) [94] 

▲ mRNA (birth weight > control;  

not macrosomic) [94] 

▬ (no difference in  

birth weight) [99]  

▲ (with diabetes) (birth weight > 

control; not macrosomic) [99]  

▬ mRNA (birth weight > control;  

not macrosomic) [96] 
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Table 1. Cont. 

Nutrient 

Transporter 

IUGR—Placental 

Dysfunction 
Type 1 Diabetes GDM Obesity 

FABP5   
▲ mRNA (birth weight > control;  

not macrosomic) [94] 

▲ mRNA (with diabetes)  

(birth weight > control;  

not macrosomic) [99]  

▬ (no difference in  

birth weight) [99]  

▼ mRNA (male) (birth weight > 

control; not macrosomic) [96]  

▬ mRNA (female) (birth weight > 

control; not macrosomic) [96] 

FABPpm    

▬ (no difference in birth  

weight) [99]  

▬ mRNA (birth weight > control;  

not macrosomic) [96] 
1
 Legend: ▬ no change in protein or mRNA expression, ▲ increase in protein expression (unless mRNA is indicated), ▼ decrease in protein 

expression (unless mRNA is indicated), * change in the activity of the transporter. If the box is left blank, there is currently no information on this 

transporter in this specific condition. Gender is specified only when a difference exists between the sexes; 
2
 IUGR—intrauterine growth restriction; 

GDM—gestational diabetes mellitus; GLUT—glucose transporter; SNAT—small neutral amino acid transporters; LAT—large neutral amino acid 

transporter; LPL—lipoprotein lipase; FATP—fatty acid transporter; FAT/CD36—fatty acid translocase; FABP—fatty acid binding protein; 

FABPpm—plasma membrane fatty acid binding protein. 
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Table 2. Changes in expression level (protein or mRNA) and activity of the glucose, amino acid and fatty acid transporters 

in the placenta in animal models of different pregnancy conditions 
1,2

. 

Nutrient 

Transporter 
IUGR—Nutrient Restriction Maternal Diet 

GLUT1 

Mice §▼(no change in fetal weight) [100]  

Mice ¥▲(reduced fetal weight) [100]  

Sheep § ▲(reduced fetal weight) [101]  

Baboon ¥ ▼(reduced fetal weight) [102] 

Mice ▲ (high fat) (increased fetal weight) [103] 

GLUT3  
Mice ▲ (high fat, high sugar) (§ reduced fetal weight;  

¥ no change in fetal weight) [104] 

System A  

(SNAT1, 2, 4) 

Mice ¥ ▲SNAT1(reduced fetal weight) [100]  

Mice ¥ ▼ (reduced fetal weight) SNAT4 [100]  

Sheep § (reduced fetal weight) [101]  

Baboon ¥ ▼SNAT2 (reduced fetal weight) [102] 

Mice ▲ SNAT2 (high fat) (increased fetal weight) [103] Mice 

(male) ▲ SNAT2 (“cafeteria” diet)  

(no change in fetal weight) [105]  

Mice (female) ▲ SNAT4 (“cafeteria” diet)  

(no change in fetal weight) [105]  

Mice ▲ SNAT2 (high fat, high sugar) (§ reduced fetal weight; 

¥ no change in fetal weight)[104] 

System L (LAT1–4) Baboon ¥ ▼ LAT1/2 (reduced fetal weight) [102]  

FATP4 Sheep § ▲(reduced fetal weight) [101]  

FAT/CD36 Sheep § ▲ (reduced fetal weight) [101]  

1
 Legend: ▬ no change in protein or mRNA expression, ▲increase in protein expression (unless mRNA is indicated), ▼ decrease in protein 

expression (unless mRNA is indicated), * change in the activity of the transporter, ¥ End of gestation in animal study, § Mid gestation in animal 

study. If the box is left blank, there is currently no information on this transporter in this specific condition; 
2
 IUGR—intrauterine growth 

restriction; GDM—gestational diabetes mellitus; GLUT—glucose transporter; SNAT—small neutral amino acid transporters; LAT—large neutral 

amino acid transporter; FATP—fatty acid transporter; FAT/CD36—fatty acid translocase. 
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3.1. Intrauterine Growth Restriction 

IUGR is characterized by the fetus not reaching its predetermined growth potential and can result 

from a multitude of causes, including placental dysfunction and maternal under-nutrition. With placental 

dysfunction, the nutrient supply to the fetus is insufficient despite adequate nutrient availability in the 

mother. Insufficient remodeling of the spiral arteries during placentation is the key physiological change 

that contributes to inadequate blood flow to the fetus, resulting in a reduction in nutrient and oxygen 

delivery and IUGR [8,9]. In maternal under-nutrition, there may be inadequate food supply or deliberate 

calorie restriction and thus there is insufficient availability of nutrients in maternal circulation, often 

resulting in nutritionally-induced IUGR [106]. In a small subset of the population, maternal obesity can 

also increase the risk of IUGR [107–109]. However, the mechanisms involved in the development of 

IUGR in the context of maternal obesity are not well understood and lie outside the focus of this review. 

3.1.1. IUGR—Placental Dysfunction 

With respect to glucose flux, although fetal hypoglycemia has been implicated in the 

pathophysiological mechanism of IUGR, this is not due to reduced glucose uptake or expression of the 

GLUT1 transporter at the SCTB [43,81]. However, there is increased expression of GLUT3 protein on 

the maternal aspect of the placenta in late-term IUGR compared to normal pregnancy, with no changes 

in GLUT1 or GLUT4 [85]. In this study, GLUT3 was expressed in the cytotrophoblast, and to a lesser 

degree in the SCTB, and it is thought that the increased expression of GLUT3 in the cytotrophoblast 

may contribute to an increased consumption of glucose by the placenta itself [85]. 

Placental amino acid transport in IUGR pregnancies has previously been reviewed [36,110,111], and 

reduced expression and activity of the amino acid transporters is consistently identified. This is intuitive, 

provided that amino acid concentrations in the cord blood in IUGR are significantly reduced compared 

to normal pregnancies [48]. Specifically, in IUGR the activity of System A is reduced in the MVM 

[58,86], but unaltered in the BM [81]. In preterm IUGR, System A activity in the MVM is reduced to a 

greater degree [81]. Additionally, the activity of the System L leucine transporter is reduced at the 

MVM and the BM [91], and taurine transporter activity is reduced at the MVM [112]. Taken together, 

diminished amino acid transporter activity, independent of altered expression, may be an adaptation by 

which the placenta responds to a suboptimal milieu in an attempt to regulate growth without 

compromising development of vital organs (brain and heart). Thus, down-regulation of amino acid 

transport capacity and efficiency to the fetus is likely an important contributing factor to the restricted 

fetal growth of these pregnancies. 

In the case of fat transport, the activity of LPL was found to be decreased by 47% in preterm IUGR 

placentas, compared with preterm controls, with no differences observed in term IUGR [92]. On the 

contrary, Gauster et al. found that LPL mRNA expression was increased by greater than two-fold  

in preterm IUGR compared to normal term placentas, in conjunction with a 30% reduction in  
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mRNA expression of endothelial lipase [93]. Altered lipoprotein receptor expression has also been 

identified in IUGR: an increase in LDLR protein and a reduction in SRBI protein compared to average-

for-gestational-age controls [113]. These changes in TG hydrolases and lipoprotein receptors may 

contribute to the reduced adiposity that is typical in IUGR infants. 

3.1.2. IUGR—Maternal Nutrient Restriction—Evidence from Animal Models 

Under-nutrition during pregnancy frequently occurs in developing countries and is also related to 

eating disorders, famine caused by natural disasters, food insecurity and voluntary calorie restriction to 

maintain a certain body image. Maternal nutrient restriction can alter placentation, and these effects may 

depend on the timing of the nutrient restriction. During the Dutch famine, babies who were exposed in 

mid to late gestation had less efficient placentas (birth weight adjusted for placenta area), in contrast, 

babies exposed in early gestation or who were conceived after the famine had ended had efficient 

placentas [114]. However, the influence of deliberate maternal nutrient restriction on placental nutrient 

transfer has only been investigated in animal models. 

Using a murine model of nutrient restriction (80% of control diet), Coan et al. generated mice with 

reduced birth and placental weight as well as reduced fetal to placental weight ratio, compared to control 

mice, [100]. At Day 16 in the nutrient restricted mice, the gene expression of placental GLUT1 was 

reduced 83% to that of the controls, although, by Day 19, GLUT1 gene expression was significantly 

greater than in the controls suggesting an attempted compensatory response of a highly plastic  

system [100]. However, nutrient restriction did not alter unidirectional materno-fetal clearance of tracer 

glucose at either time point. There was no difference in amino acid transporter expression or activity at 

Day 16, however, at Day 19, nutrient restriction increased the gene expression of SNAT1 and decreased 

the gene expression of SNAT4, which corresponded with increased amino acid clearance [100]. Work 

by Ma et al. demonstrated that deliberate maternal nutrient restriction to 50% of the control diet during 

the first half of gestation could alter placenta nutrient transport in sheep [101]. At mid-gestation, protein 

and mRNA expression of GLUT1, FATP4 and FAT/CD36 were elevated in the placentomes of nutrient 

restricted ewes, likely to maintain placental efficiency and fetal weight, however, despite this 

adaptation, placental and fetal weights were reduced compared to controls [101]. In ewes that were 

nutrient restricted for the first half of pregnancy but were fed 100% of the control diet during the second 

half of pregnancy, only FATP4 mRNA and protein levels were increased compared to controls at the end of 

gestation, and there was no difference in fetal or placental weight [101]. 

Collectively, these studies demonstrate placental plasticity to adapt to maternal nutrient restriction by 

altering its phenotype in an effort to maintain normal fetal growth. However, changes such as increased 

transport of fatty acids and glucose have the potential to alter the fetal body composition which could 

continue to impact the offspring in postnatal life [115]. Recently, Kavitha et al. were the first to explore 

changes in placenta nutrient transporter expression in response to maternal nutrient restriction in a non-

human primate [102]. Maternal nutrient restriction during gestation (70% of control diet) in baboons 
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reduced fetal weight, as well as the MVM protein expression of GLUT1 and the amino acid transporters 

TAUT, SNAT2, and LAT1/2 compared to the controls [102]. Given the similarities between human and 

primate reproductive physiology and placenta structure, this study is highly relevant for human health, 

nutrient deprivation and altered fetal growth, as it is not ethical to subject pregnant women to 

experimental nutrient restriction. 

3.2. Fetal Overgrowth 

Although not always the case, pathologies such as diabetes and obesity may result from positive 

energy balance, a net surplus of hormones (e.g., insulin), and/or growth dysregulated factors  

(e.g., IGF) [116,117], thereby increasing the risk of fetal overgrowth. Diabetes during pregnancy is 

associated with maternal hyperglycemia and hyperlipidemia, and thus increased glucose supply and 

altered lipid delivery to the fetus [118,119], whereas obesity during pregnancy is associated with 

elevated maternal lipid levels [59]. Obese mothers, and those who gain excess gestational weight, tend 

to birth infants with increased neonatal fat mass and body fat percentage [12,13,120], providing 

evidence that maternal adiposity predicts neonatal fat mass and not simply overall mass. It is thought 

that the increased availability of nutrients in maternal circulation stimulates the placenta to increase 

transport of these nutrients thus resulting in fetal overgrowth. 

3.2.1. Diabetes 

In pregnancies complicated by maternal diabetes, the alterations in nutrient transport differ between 

type 1 diabetes and GDM, and this has been extensively studied and documented in the seminal work by 

Jansson and Powell and colleagues [83,88,92]. In type 1 diabetes, studies show altered System A 

activity. For instance, System A activity was reduced by 49% in the MVM in macrosomic infants born 

to women with type 1 diabetes [87], in contrast, an increase in System A activity by 65%–80% has also 

been reported in type 1 diabetes, independent of fetal over-growth [88]. Of note, maternal weight was 

not accounted for in the former study [87], but maternal body weight was similar across groups in the 

latter [88], and thus the pathology of the diabetes in the mother may be different across studies affecting 

the results. Type 1 diabetes is associated with increased GLUT1 expression and increased glucose 

uptake at the BM, compared to healthy pregnancies, but no alterations were found at the  

MVM [82]. Compared to appropriate-for-gestational-age infants born to healthy mothers, type 1 

diabetes was also associated with an increase in LPL activity (but no difference in protein expression), 

an increase in FABP1 protein expression [92], and an increased expression of endothelial lipase [97]. 

Data gathered through microarray profiling of placenta samples has indicated that type 1 diabetes is 

associated with a 2.4-fold up-regulation of FABP4 compared to control, however, LPL expression was 

down-regulated nearly 3.4-fold [94]. The difference in LPL expression could be related to the fetal 

outcomes or how LPL was measured; Magnusson et al. observed higher LPL activity with macrosomic 

infants (but no change in protein expression) [92], conversely, Radaelli et al. found that LPL expression 
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was down-regulated, but the infants were not macrosomic [94]. These inconsistencies highlight the 

importance of comparing homogeneous populations (i.e., accounting for maternal and fetal 

characteristics), as well as exploring all aspects of expression (gene, protein, activity). 

The work conducted in GDM pregnancies is more difficult to interpret than type 1 diabetes, as 

treatment is not consistent across patients. Some women regulate their GDM with diet and exercise 

alone, while other women are required to take insulin. In most studies examining placenta nutrient 

transport characteristics, the mode of diabetes treatment is not considered and the groups contain both 

diet and insulin treated women, which might influence the pathology. In an earlier study of GDM 

pregnancies (22% insulin treated; 78% diet controlled; no record of maternal BMI), it was found that 

compared to pregnancies not complicated by diabetes, the expression and activity of GLUT1 was 

unaltered [83]. However, in studies that accounted for treatment modality and maternal BMI, the results 

differed according to treatment and BMI. In non-obese women, those with insulin controlled-GDM had 

higher protein and mRNA expression of GLUT1 when compared to non-obese diet controlled-GDM and 

healthy controls (protein only), as well as lower protein and mRNA expression of GLUT4 when 

compared to non-obese diet controlled-GDM (mRNA only) and healthy controls [84]. Furthermore, in 

the obese women with insulin controlled-GDM, GLUT4 mRNA expression was less than that of obese 

women with diet controlled-GDM and the obese, non-diabetic controls, but there was no change in 

protein expression [84]. Thus demonstrating the importance of considering maternal BMI and the 

manner in which the GDM is treated. 

With regards to amino acid transport, System A activity was higher at the MVM in women with 

GDM, with and without LGA babies, when compared to healthy controls, whereas amino acid transport 

was unaltered in cases of fetal over-growth alone [81]. This suggests that the change in System A 

activity is a response to the diabetic environment and not a feature of fetal over-growth. Additionally, 

we can infer that the type of treatment for GDM likely does not influence the pathology, as only seven 

women with GDM were treated with insulin (1/10 in the GDM group, 6/10 in GDM/LGA group), yet 

both groups exhibited similar levels of System A activity. System L activity was also higher at the 

MVM in GDM pregnancies with fetal over-growth [88]. In obese women with GDM (dietary regimen 

or insulin therapy), endothelial lipase expression was greater, however, obesity or GDM (dietary 

regimen or insulin therapy) alone had no effect on its expression [98]. In one study, the protein 

expression of FABP1 was 64% higher in GDM (insulin therapy (n = 3), diet only (n = 5)) when 

compared to appropriate-for-gestational-age infants born to healthy women, however, the activity of 

LPL was unaltered [92]. Using microarray profiling, GDM (all insulin therapy) preferentially activated 

genes related to lipid metabolism, with a two-fold up-regulation of FABP4 and FABP5 compared to 

control, however, LPL expression was down-regulated nearly three-fold [94]. In placental explants of 

women with GDM (all insulin therapy), fatty acid oxidation was reduced by 30%, and the TG 

accumulation was three-fold higher vs. non-diabetic control [121]. These alterations in placental lipid 
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metabolism are thought to be a regulatory step contributing to the fetal fat accumulation and 

macrosomia that often accompanies GDM. 

Gestational diabetes mellitus can also alter the expression of placental cholesterol transport proteins. At 

the SCTB, the LDLR mRNA and protein expression was significantly higher in women with GDM (all 

insulin therapy), independent of their BMI, compared to healthy controls. VLDLR expression was 

higher in overweight/obese women with GDM compared to the normal weight women with GDM and 

the healthy controls, and SRBI expression was significantly higher in normal weight women with GDM 

compared to the other groups [118].The expression of ABCA1 was significantly lower in women with 

GDM independent of BMI, meanwhile, the expression of ABCG1 was significantly lower only in 

overweight/obese women with GDM [118]. On the whole, these findings suggest that maternal diabetes 

may disrupt normal placenta nutrient transporter expression and activity, which may contribute to the 

accelerated fetal growth in these pregnancies. 

3.2.2. Obesity 

There is limited research on the effects of maternal obesity on placenta nutrient transport, particularly 

in normoglycemic humans. To our knowledge, there is only one study examining the impact of obesity 

on glucose transporters in the human term placenta. This study found no difference in GLUT1 mRNA or 

protein expression and only a significantly lower GLUT4 mRNA but not protein expression in the 

obese, normoglycemic patients, compared to healthy weight, normoglycemic  

patients [84]. However, there was no difference in birth weight between groups, raising the possibility 

that differences may not be present due to the similar fetal outcomes. Similar transport dynamics were 

also explored using high fat fed mice as a model of obesity [103]. Compared to the control mice, the 

high fat fed mice had increased fetal weight, an increased rate of glucose clearance and increased 

GLUT1 expression in the placenta [103]. This discrepancy between rodent and human models 

highlights the importance of considering whether the human subjects fully represent the population you 

aim to study. For instance, in this case, did the obese women with healthy weight children truly 

represent the obese phenotype that the authors wished to study? 

The impact of obesity has been explored on placental amino acid transport in humans, and decreased 

activity and expression of SNAT4 was shown in obese women compared to lean women, despite no 

difference in infant birth weight, meanwhile, SNAT1 and SNAT2 expression was unchanged [89]. 

These results were contrary to the author’s hypothesis and raised the possibility that reduced amino acid 

transfer and increased transport of FFA or glucose across the placenta (not measured) might occur in the 

obese women. We theorize that this could result in offspring of similar weight in the obese and lean 

women, but with increased adiposity and lower lean mass in the infants from obese mothers [13]. At 

term, the contribution of SNAT4 to amino acid transport is reduced, while SNAT1 and SNAT2 are 

believed to be the predominant contributors to System A transport [51,122]. Thus is it interesting that 

SNAT activity was decreased in the obese women despite similar expression of the key System A 
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transporters at term. It is possible that the similar expression of SNAT1 and SNAT2 may have 

contributed to the similarities in birth weight between groups [89]. Conversely, recent work in humans 

found no difference in the activity of System A or System L transporters when comparing normal 

weight to overweight/obese women (with no differences in birth weight), however, MVM System A 

activity was positively correlated with birth weight, but not maternal BMI [90]. Furthermore, the 

expression of SNAT2 was positively correlated with maternal BMI and birth weight, but neither SNAT1 

or SNAT4 were correlated to birth weight or BMI [90]. Given that System A activity was positively 

correlated with birth weight, it is possible that differences between groups might have been observed 

had the women with obesity given birth to macrosomic infants. Despite the contradictory results there is 

some evidence to suggest a possible link between maternal obesity, altered amino acid transport and 

increased fetal growth. Further work should consider using a more concise definition of the phenotype 

associated with pregnancies complicated by obesity (i.e., high maternal BMI, LGA fetus) to better 

understand the underlying mechanisms linking maternal habitus to fetal size at birth. 

There is a paucity of research on the impact of maternal obesity and the expression or activity of FFA 

transport proteins in human pregnancies, although evidence from an obese ovine model suggests that 

obesity alters placental fatty acid transport through changes in transporter levels and not TG hydrolysis. 

In this study of sheep, Zhu et al. found elevated fetal blood levels of cholesterol and TG, and increased 

FATP1 and FATP4 protein levels, but no difference in LPL expression [123]. In 2011, Scifres et al. 

found that placentas from obese-diabetic women exhibited an increase in FABP4 and FABP5 mRNA, 

and FABP4 protein expression, but no change in FABP3 or FABPpm, when compared to obese, non-

diabetic or normal weight women [99]. However there were no differences between the obese non-

diabetic and the normal weight women [99]. Furthermore, in 2012 Dubé et al. found that maternal 

obesity was associated with significantly higher FAT/CD36 mRNA and protein levels and LPL activity, 

but a lower expression of FATP4, FABP1 and FABP3 protein compared to the normal weight women 

[95]. However, the most recent evidence suggests that the susceptibility of the placenta to maternal 

factors may be fetal sex specific, and it may be important to explore outcomes in a sex specific fashion 

[96,124,125]. In particular, Brass et al. found the rate of placental oleic acid uptake was 43% lower in 

male offspring and 73% higher in female offspring born to obese women, compared to lean women 

[96]. Changes in placenta mRNA levels were also dependent on fetal sex, with lower FAT/CD36 and 

FABP5 expression among male offspring from obese women, whereas gene expression levels were 

unchanged in female placentas, regardless of maternal BMI [96]. This study also found no detectable 

differences in placental gene expression of LPL, FATP4, FABP4 and FABPpm between groups [96]. 

However, in the first two studies there was no difference in birth weight in the infants born to the lean 

and obese women [95,99]), and in the latter study, the infants born to the women with obesity were 

heavier than the infants born to the lean women, but they were not macrosomic [96].  

It is possible that greater changes in transporter expression and activity would have been observed had 

the impact of the maternal obesity been more apparent on the child (i.e., macrosomia). Given the paucity 
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of work in this area and the inconsistent results, it remains unclear if obesity is associated with specific 

alterations in placental nutrient transport and it is evident that further work is needed examining the sex-

specific differences. 

4. The Impact of Maternal Diet 

The high incidence of obesity and metabolic diseases is largely attributed to our unhealthy modern 

food environment, which promotes high calorie, but low nutrient quality diets. Given that fetal growth is 

closely related to the maternal nutrient supply, it may be important to explore the impact of unhealthy, 

excessive and unbalanced dietary composition on placental nutrient transport. Preliminary work has 

explored this topic in animal models. In a mouse model, the ad libitum consumption of a high fat diet 

(32% fat, 52% carbohydrate, 16% protein) for 8 weeks before mating and during gestation increased 

placenta transport of glucose (5-fold) and neutral amino acids (10-fold), and increased the expression of 

GLUT1 (five-fold) and SNAT2 (9-fold) [103]. In another mouse model, ad libitum access to a high fat, 

high sucrose “cafeteria diet” (58% fat, 25.5% sucrose, 16.4% protein) increased the expression of 

SNAT2 in male placentas and SNAT4 in female placentas [105]. Additionally, a high sugar, high fat 

diet (30% fat, 17% protein, 53% carbohydrate) during pregnancy in mice reduced placenta weight, 

increased placenta glucose and amino acid transport, and increased the expression of GLUT3 and 

SNAT2 [104]. Diets with varying compositions of fat and fiber have also altered the placenta mRNA 

expression of GLUT1, GLUT3 and SNAT4 in mice [126]. Although only explored in rodent models, it 

is important to appreciate that the absolute caloric quantity in addition to maternal diet composition (i.e., 

diet quality) may play an important role in altering placenta nutrient transport  

to the fetus. 

5. Molecular Mechanisms Regulating Altered Nutrient Transport 

The molecular mechanisms responsible for alterations in placental nutrient transport are largely 

understood to involve the mammalian target of rapamycin (mTOR) signaling pathway. The placenta 

nutrient sensing model, proposed by Jansson and Powell, suggests that mTOR, located in the 

trophoblasts cells, serves as the integrator of signals from maternal supply and fetal demand [20,127]. 

The mTOR pathway integrates various signals to regulate growth, including growth factors, stress, 

energy status, oxygen and amino acids [128]. mTOR receives maternal signals (e.g., insulin, leptin) at 

the MVM and transmits this information downstream to alter gene transcription and protein translation, 

resulting in up/down regulation of nutrient transport proteins implicated in fetal growth. The positive 

regulators of mTOR include the maternal hormones insulin, leptin and IGF1 [52,54,129,130], while 

adiponectin and hypoxia inhibit mTOR [129,131,132]. In particular, in cultured primary human 

trophoblast cells, the stimulation of System A activity by insulin and IGF1 is dependent on mTOR 

signaling [54]. Pregnancy complications, such as obesity, that alter maternal nutrient supply, adipokine, 
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cytokine and hormone levels can alter the mTOR pathway, thus leading to modifications in placenta 

nutrient transport and consequently modify fetal growth. 

 

mTOR is an atypical serine/threonine protein kinase that interacts with several proteins to form  

two distinct complexes named mTOR complex 1 (mTORC1) and 2 (mTORC2); albeit mTORC1 is 

better characterized in placenta nutrient sensing (Figure 2). mTOR is controlled by the intermediate 

Rheb which is regulated by the Tuberous Sclerosis Complex (TSC1/2). Various upstream effector 

kinases, such as protein kinase B (Akt/PKB), extracellular-signal-regulated kinase 1/2 (ERK1/2), and 

MAPK-activated, p90 ribosomal S6 kinase 1(RSK1) act on the TSC1/2 complex, thus affecting mTOR 

activity [128]. It is through these pathways that TSC1/2 transmits many of the upstream signals that act 

on mTOR, including growth factors and cytokines. For instance, growth factors, such as insulin and 

IGF1, signal through the IRS/PI3K and Akt/PKB pathway, which inactivates TSC1/2, thus activating 

mTORC1 in the presence of anabolic, growth promoting, signals. When activated, the ERK1/2 and 

RSK1 pathways have been shown to inhibit TSC1/2, thus activating mTOR. Pro-inflammatory cytokines, 

such as TNFα, may also lead to activation of mTORC1 through a mechanism similar to that of the growth 

factors by phosphorylating and inhibiting TSC1/2. Although, the mechanism is not fully elucidated, 

amino acids appear to activate mTORC1 independently of TSC1/2 [128]. mTOR also engages in 

extensive cross-talk with AMP activated kinase (AMPK) in response to cellular stress and energy 

depletion [133,134]. AMPK phosphorylation (activation) occurs via an accumulation of AMP and hence 

detects energy depletion (low ATP levels) which inhibits mTOR [133,135]. 

Protein synthesis is the best-characterized process that is mediated by mTORC1 activation.  

In primary villous explants and cultured primary human trophoblasts, mTOR is a positive regulator of 

System A and System L amino acid transporters [136,137]. This occurs predominantly at the post 

translational level by altering the transporter abundance at the plasma membrane through mTOR 

activation [138]; which may increase the cell surface abundance of amino acid transporters.  

The downstream proteins directly phosphorylated by mTORC1 are p70 ribosomal S6 kinase 1 (S6K1) 

and the eukaryotic initiation factor 4E-binding protein 1 (4EBP1), regulate translation [128].  

The phosphorylation status of S6K1 and 4EBP1 are used as an index of mTORC1 activity. Amino acid 

deprivation inhibits the activity of mTORC1, evident by the dephosphorylation (inactivation) of S6K1 

and 4EBP1 [139]. 
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Figure 2. Regulation of the mTORC1. Various upstream kinases (Akt/PI3K, ERK1/2, 

RSK1) converge on TSC1/2, which regulates mTOR through Rheb. Activation  

of mTORC1 leads to the phosphorylation of S6K and the dissociation of eIF4E from  

4E-BP, which in turn promotes protein synthesis. Insulin/ IGF phosphorylates Akt, which 

inhibits TSC2, thus releasing the inhibition of Rheb by TSC1/2. Activated Rheb stimulates 

mTORC1 signaling. AMPK, in response to low energy levels or hypoxia, phosphorylates 

TSC2, and thus inhibits mTORC1. Nutrients, specifically amino acids, activate mTORC1, 

independently of TSC1/2. Abbreviations: mTOR—mammalian target of rapamycin; 

mTORC1—mTOR complex 1; TSC—tuberous sclerosis complex; Akt/PKB—protein 

kinase B, ERK—extracellular-signal-regulated kinase, RSK1—MAPK-activated, p90 

ribosomal S6 kinase 1; IGF—insulin like growth factor; IRS/PI3K—insulin receptor 

substrate/phosphoinositide 3-kinase; AMPK—AMP activated kinase; S6K1—p70 ribosomal 

S6 kinase 1; 4EBP1—eukaryotic initiation factor 4E-binding protein; eIF4E—eukaryotic 

initiation factor 4E; eIF4B—eukaryotic initiation factor 4B; S6—ribosomal protein S6 

 

 



Int. J. Mol. Sci. 2014, 15 

24 

 

Alterations in the mTORC1 signaling pathway have been identified in pregnancies associated with 

abnormal fetal growth. Although substantial mechanistic evidence is available from in vitro work using 

trophoblast and BeWo cell line models of placenta physiology [136–138,140], we have focused on 

evidence from animal and human studies. When maternal nutrient availability is restricted, the activity 

of placental mTOR is decreased, such as in human IUGR [136,141], in protein restriction in the rat 

[33,142] and in nutrient restricted baboons [102]. Specifically, in the baboon at the end of gestation, 

maternal nutrient restriction is associated with decreased phosphorylation of the upstream (IRS1, Akt, 

ERK1/2, RSK1) and downstream (4EBP1, S6K1) proteins in the mTOR signaling pathway, as well as 

reduced placental expression of glucose and amino acid transporters and reduced fetal weights [102]. 

The down-regulation of mTOR signaling and nutrient transport in response to maternal nutrient 

restriction suggests that the placenta is matching fetal growth with the availability of nutrients, such that 

the offspring is smaller and thus a better match for an environment with limited nutritional resources. In 

nutrient restricted sheep at mid-gestation, the activity of placental AMPK and ERK1/2 was increased, as 

were GLUT1, FATP4, and FAT/CD36 protein levels, and fetal weight was reduced, however, the 

activity of mTOR and Akt signaling were not altered [101]. mTOR is activated by ERK1/2, but 

inhibited by AMPK, and these conflicting signals may contribute to the similarities between groups in 

mTOR activity. After re-alimentation to the control diet, the nutrient restricted fetuses reached similar 

weights to the control group at the end of gestation [101], although these offspring had greater adiposity 

and reduced insulin sensitivity [115]. This suggests that in certain circumstances where nutrients are 

restricted, that the placenta stimulates several mechanisms which may act independent of the mTOR 

pathway, in an effort to augment nutrient transport (i.e., glucose and fatty acids) to optimize fetal growth 

in less than favorable environmental conditions. 

When maternal nutrients are in excess, the mTORC1 signaling pathway is activated, as demonstrated 

in large for gestational age (LGA) babies born to obese women [90], and in high fat fed overweight rats 

[143]. In the obese women who gave birth to LGA babies, the activity of AMPK (which inhibits 

mTORC1), was decreased likely due to an excess of nutrients, and the insulin/IGF1 signaling pathway 

(which activates mTORC1) was activated, in association with increasing BMI and birth weight [90]. 

Additionally, the phosphorylation of the downstream targets of mTORC1 (S6K1 and 4EBP1) were 

positively correlated to early pregnancy BMI and birth weight [90]. This suggests that up-regulation of 

the mTOR signaling pathway with increasing maternal BMI may contribute to the increased amino acid 

transport and birth weight of these LGA babies [90]. In contrast, in obese,  

over-nourished sheep at mid-gestation, there was a reduction in total and phosphorylated AMPK, as 

well as reductions in total mTOR and ERK1/2, and phosphorylated Akt, mTOR and ERK1/2[144], with 

no difference in fetal weight at the end of gestation [123]. Overall, an excess of nutrients might inhibit 

the mTOR pathway, potentially through a negative feedback loop [145], in an effort to restrict excessive 

nutrient transport to optimize fetal growth. To illustrate, an excess of nutrients might result in continuous 

activation of mTOR-S6K1 signaling, which induces a negative feedback loop to attenuate PI3K signaling 
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by inhibiting IRS [145]. Collectively, this evidence suggests that dysregulated placental mTOR is 

implicated in abnormal fetal growth and that a complex interplay between maternal nutrient status and 

fetal growth is tightly regulated through molecular mediators that may be altered in human pregnancy 

pathologies. 

6. Sex Dependent Regulation of Fetal Programming 

A discussion about the regulators of fetal growth would be incomplete without considering  

fetal sex. In 2007, a review by Di Renzo and colleagues identified male sex as an independent risk 

factor for adverse pregnancy outcomes, including a higher rate of preterm birth, gestational diabetes 

mellitus (GDM), and macrosomia, with evidence suggesting that females have a better outcome in the 

perinatal period, particularly after preterm birth [146]. In 2010, David Barker’s lab proposed that “boys 

live dangerously in the womb”, due to their risky growth strategy, characterized by a quicker rate of 

fetal growth with less investment in placental growth, thus increasing their vulnerability to  

under-nutrition [147]. These differences in growth and survival suggest that male and female fetuses 

may not have identical responses to intrauterine stressors, and evidence suggests that this differential 

susceptibility to fetal programming insults is potentially mediated by sex specific differences in the 

placenta. In fact, adverse conditions in pregnancy appear to have a sexually dimorphic effect on fetal 

outcomes, with greater placental adaptation observed in female offspring [148]. Indeed, the Dutch 

Famine is associated with changes in placental size and later risk for hypertension in men, but not in 

women [149]. Sexual dimorphism in the human placenta has been noted in cytokine expression, the 

insulin-like growth factor pathways, and the response to cortisol in relation to asthma during pregnancy 

(reviewed by Clifton 2010) [124], and recently in preeclampsia, with significantly higher pro-

inflammatory cytokine production and apoptosis in the male placentas [125]. In rabbits, a high fat diet 

compared to a control diet during gestation induced sex specific adaptations in the placenta, including 

fatty acid accumulation in the female placenta thus protecting the fetus from dyslipidemia, and a down-

regulation of the gene LXRα (liver X receptor; involved in cholesterol exchange) in male placentas 

[150]. In a primate model (baboons), maternal nutrient restriction during gestation did not result in a 

synchronized molecular response in the placenta when fetal sex was not accounted for. However, when 

the sexes were treated as separate groups, the female placentas exhibited a highly coordinated response 

to the nutrient restriction which was absent in the males [151]. This adaptive response of the female 

placenta was also recently observed in humans. Walker and colleagues found a strong negative 

correlation between gestational weight gain and placental glucose uptake in the female placentas, but no 

significant relationship was observed in the males [152], suggesting that the female placentas were able 

to adapt to the excess gestational weight gain in order to optimize glucose supply to the fetus. It has 

been proposed that sex-specific placental adaptations attempt to cope with the same adverse maternal 

environment, thus underlying the importance of considering fetal sex when designing and analyzing 

placental tissue experiments [124]. 
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7. Conclusions and Future Directions 

There are immediate and long-term health consequences associated with fetal under- and  

over-growth. The placenta plays a pivotal role in offspring growth and adequate nutrient transport  

is critical to support this development. A thorough understanding of nutrient transport is vital to 

elucidating the mechanisms contributing to altered fetal growth. In addition, having a greater 

understanding of placenta metabolism of glucose, lipids and amino acids with respect to obesity, 

excessive gestational weight gain, GDM and fetal overgrowth is an important area of study. While some 

pregnancy complications and nutrient transporters have been extensively studied, much of the research 

remains inconclusive regarding how certain transporters (i.e., fatty acid transporters) are altered as a 

result of common pathologies (e.g., obesity). There are inconsistencies in the research findings 

concerning mechanisms of placenta transport in response to metabolic pathologies. We believe that 

these discrepant research findings are largely due to the heterogeneous methodology and populations 

explored (i.e., the populations are not properly characterized). 

With respect to GDM, the mode of treatment (diet controlled vs. insulin controlled) is an important 

consideration as the treatment likely influences the maternal glycemic control, and thus influences the 

severity of the insult to the intrauterine environment. For instance, as previously mentioned, in normal 

weight mothers with GDM, treatment affected the expression of GLUT1 [84]. Future studies in GDM 

pregnancies should consider the independent effect of diet and pharmacological (insulin or metformin) 

control of blood glucose, as different treatments modalities may influence the pathology. Moreover, it is 

also important to consider maternal BMI as the combination of GDM and obesity might alter the 

response [99]. Similarly, fetal birth weight is a crucial consideration when studying pregnancy 

pathologies that are related to fetal overgrowth (i.e., diabetes and maternal obesity). For instance, if 

there is no difference in birth weight between the infants born to the lean and obese women, than it is 

important to consider the sample size of the population to ensure sufficient power to detect changes in 

addition to assessing for potential confounders including maternal behaviors (diet and physical activity) 

and clinical parameters such as severity of impaired glycemia and dyslipidemia. It is possible that if 

there are insufficient differences in the fetal outcomes (i.e., birth weight), then there may not have been 

substantial variation in nutrient transport across the placenta. To appropriately identify contributors to 

altered fetal growth, it is likely necessary that differences in fetal growth exist between the populations 

being compared. In pregnancies complicated by maternal obesity, selecting only those with fetal 

macrosomia may be the ideal method to compare an obese to a lean pregnancy. Ensuring that the subject 

groups are sufficiently different with no other underlying pathology will ensure as representative a 

human model as possible. 

Additionally, recent evidence suggests that male and female placentas might respond in different 

ways to an adverse intrauterine environment, and thus future research must consider sex-related 

differences of the infant when exploring changes in the placenta to avoid masking potential important 
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findings. It has been proposed that ignoring the sex of the placenta is no longer sound scientific practice 

[124] as one cannot assume that the male and female fetus and placenta respond to environmental and 

maternal insults in the same manner. 

Furthermore, maternal dietary composition during pregnancy likely affects placental nutrient delivery 

to the fetus and thus warrants further exploration. Similarly, maternal energy balance is an important 

consideration. We propose that future work in humans should consider controlling for maternal energy 

balance, including precise quantification of caloric intake (quality and quantity of diet using diet record 

analysis), and directly measured physical activity (using accelerometers), so as not to confound the 

results and make appropriate recommendations based on properly phenotyped subjects. Indeed, Lewis et 

al. reported lower System A activity in women with lower arm muscle mass  

and those who reported strenuous exercise during pregnancy [153]. Equally important is gestational 

weight gain, a known contributor to fetal growth [154]. The total and rate of gestational weight gain 

should be accounted for in all work in which fetal growth is an important outcome as excessive 

gestational weight gain may have a greater influence on birth weight than an underlying pathology (i.e., 

obesity) [155]. Moreover, the body composition of both mother and infant, and how it pertains to the 

outcomes of interest, should be considered. Overall, if maternal dietary intake, hormones/growth factors, 

physical activity and gestational weight gain are associated with fetal growth parameters all future 

human experimental trials examining placenta transport should undertake due diligence and best 

account for these confounders. 

Overall, a better understanding of how the placenta responds to the altered maternal milieu will be 

especially important in today’s transformed obesogenic environment, which includes a rise in maternal 

obesity, poor dietary quality, a lack of physical activity and the propensity for women to gain more than 

the recommended gestational weight gain independent of pregravid BMI. Further knowledge in this area 

may be the first step in the development of targeted interventions to help optimize fetal growth. 
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In summary, this review highlighted numerous gaps in the literature and important 

considerations for future research. For instance, the research on the effects of maternal obesity on all of 

the placental nutrient transporters is incomplete and inconclusive. In addition, only two studies were 

identified that accounted for modifiable maternal behaviours such as GWG [12] and physical activity 

[13], with no evidence concerning how maternal diet might influence these transporters in the human 

population. Maternal obesity, gestational weight gain, physical activity and diet during pregnancy are all 

factors that can alter maternal energy balance, thus potentially influencing the hormonal and substrate 

exposures in the intrauterine environment. The following sections will summarize the current literature 

on these topics with the emphasis on why it is believed that these factors should be considered in 

research on the placenta. 

 

1.2 Excess Maternal body weight: Maternal obesity and gestational weight gain 

1.2.1 Maternal Obesity 

It is well known that there has been a rise in obesity over the last few decades, and nearly two-

thirds of North American women of child-bearing age are either overweight or obese [14]. This is a 

great concern to public health as there is a considerable amount of evidence linking maternal obesity to 

numerous adverse pregnancy complications as well as maternal and child health outcomes. These 

complications are summarised in Figure 1  and include increased risk of miscarriage, GDM, gestational 

hypertension, preeclampsia, instrumental/C-section delivery and fetal overgrowth (as reviewed by 

Adamo, Ferraro and Brett) [15,16]. Recently, in a cohort of Canadian women (n=1996), maternal 

obesity was associated with increased risk of preeclampsia (OR 5.3, 95% CI 3.3-8.5), gestational 

diabetes (OR 6.5, 95% CI 3.7-11.2) and delivery by C-section (OR 2.2, 95% CI 1.2-4.1) compared to 

normal weight women [17].  Given that birth weight is a surrogate marker for the health of the intrauterine 
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environment [18] , it is the association between maternal obesity and the increased risk of fetal 

overgrowth that is the most relevant to this thesis. Compared to normal weight women, the likelihood of 

delivering infants that are large-for-gestational-age (LGA) (birth weight >90th percentile) is 

significantly greater for women who are overweight (OR: 1.99, 95%CI: 1.17-3.37, p=0.01) or obese 

(OR: 2.64, 95%CI: 1.59-4.39, p<0.001) [19]. A recent systematic review and meta-analysis identified a 

significant role of obesity during pregnancy and the development of fetal overgrowth. Based on the 

variations in cut-points for fetal overgrowth, the authors found that maternal obesity was associated with 

greater odds of Class I macrosomia (birth weight 4000–4499 g) (OR 2.17, 95% CI 1.92-2.45), Class II 

macrosomia (4500–4999 g) (OR 2.77,95% CI 2.22-3.45), and birth weight greater than the 90
th

 

percentile, corrected for gestational age (OR 2.42, 95% CI 2.16-2.72) [20]. In addition to being born 

larger, infants born to obese women have altered body composition (higher percentage of body fat mass 

and less lean mass), compared to average for gestational age infants born to normal weight women 

[21,22].   

Unfortunately, infants born LGA predisposes the child to subsequent tracking of excess weight 

throughout the life-course [23,24],  as overweight and obesity have been shown to track very closely 

from infancy to childhood and to adulthood [25,26]. For instance, a meta-analysis found that being born 

LGA or macrosomic (>4000g) significantly increased the risk for downstream obesity (OR 2.07, 95% 

CI: 1.91-2.24), and this relationship persisted from preschool until early adulthood [27]. Pregnancies 

complicated by obesity are thus thought to represent the start of the intergenerational cycle of obesity, as 

excess maternal body weight during pregnancy contributes to the greater likelihood that her child will 

develop obesity later in life [28]. 
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Figure 1. Risks associated with pregnancies complicated by overweight or obesity. The x-axis shows the time course and the y-axis 

illustrates the degree of elevated risk for each outcome based on published literature (IVF = in vitro fertilization, CV = cardiovascular, 

UTI = urinary tract infection). 
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While there is plenty of epidemiological evidence linking maternal body weight to infant birth 

weight, there is limited knowledge of the mechanisms that contribute to these relationships.  

Pregnancies complicated by obesity are associated with increased growth and size of the placenta [29], 

and maternal hyperlipidemia and hyperinsulinemia [30,31]. Due to this increased availability of 

substrates in maternal circulation, the placenta is likely exposed to a greater supply of nutrients, namely 

glucose and free fatty acids, which may alter the transport of these nutrients across the placenta, thus 

leading to fetal overgrowth [30,32]. Given the impact of maternal obesity on fetal growth and pregnancy 

outcomes and the limited research on the effects of maternal obesity on placenta nutrient transport [33], 

it is believed that additional work is needed to determine how maternal BMI influences placental 

nutrient transport.   

 

1.2.2 Gestational Weight Gain 

Gestational weight gain (GWG) is also tightly linked to birth weight.  The GWG guidelines are 

specific to pre-pregnancy BMI and include an absolute amount and a recommended rate of weight gain 

(Table 1) [34]. Women who are overweight or obese have a smaller recommended GWG than normal 

weight women, and due to the more conservative guidelines for women who are overweight or obese, it 

is easier for these women to exceed the guidelines. Regardless of pre-pregnancy BMI, exceeding the 

GWG guidelines also increases the risk of delivering a LGA infant [19]. This is concerning, given that 

as few as 25% of Canadian women meet GWG guidelines [19,35], and overweight/obese women are 

three times more likely to exceed guidelines compared to normal weight women [36].  Furthermore, 

women who exceed the GWG guidelines are at increased risk for numerous pregnancy related 

complications, including gestational diabetes, preeclampsia, increased likelihood of delivery via C-

section, postpartum weight retention and an increased likelihood of entering a subsequent pregnancy at a 
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higher BMI [37-42]. Furthermore, a recent systematic review and meta-analysis demonstrated that 

exceeding GWG recommendations increases the risk of downstream child overweight/obesity by 40% 

[43]. Excess GWG is a modifiable risk factor with a high degree of inter-individual variability and it is 

evident that it is an important contributor to pregnancy outcomes. It is for this reason that it is believed 

that GWG, especially excess GWG, ought to be considered when studying nutrient transport across the 

placenta.  

 

Table 1. Gestational weight gain guidelines  

Pre-Pregnancy BMI Mean rate of weight gain in the 2nd 

and 3rd trimester 

Recommended total weight gain 

kg/week lb/week kg lbs 

BMI < 18.5 0.5 1 12.5 - 18 28 – 40 

BMI 18.5 - 24.9 0.4 1 11.5 - 16 25 - 35 

BMI 25.0 - 29.9 0.3 0.6 7 – 11.5 15 - 25 

BMI ≥ 30.0 0.2 0.5 5 - 9 11 - 20 

 

 

1.3 Physical activity during pregnancy 

1.3.1 Benefits of Physical Activity during Pregnancy 

Physical activity (PA) is an important part of a healthy pregnancy for the mother and baby 

[44,45].  PA is an important mediator of weight maintenance, and in addition to a change in the amount 

of food intake, a change in PA from pre-pregnancy levels was identified as a predictor of excessive 

GWG [46]. Prenatal PA does not increase the risk of adverse maternal or neonatal outcomes [47-50], 
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however, it is still important to monitor the intensity and duration of exercise [51]. Most research 

indicates that moderate amounts of prenatal PA is safe and does not compromise fetal growth in mothers 

who do not present any contraindications for exercise [15]. An exercise program consisting of moderate 

intensity walking (3X/week) initiated between 13 and 20 weeks gestations in previously sedentary 

women improved maternal fitness level  without affecting fetoplacental blood flow, risk of 

preeclampsia, or fetal growth (e.g. growth restriction, macrosomia, small- or large-for-gestational-age) 

compared to controls [52]. Most relevant to this thesis, is the finding from a large observational birth 

cohort (n= 79692) that indicated that participation in regular PA during pregnancy protects against birth 

weight extremes (i.e. small- and large-for-gestational-age), while increasing the likelihood of birthing an 

infant whose birth weight is appropriate for their gestational age [53]. In addition, vigorous PA in the first 

trimester was not detrimental to birth weight, and frequent vigorous PA (>4 times per week) reduced the 

risk of preterm birth [54]. Furthermore, prenatal PA is associated with reduced neonatal adiposity. In 

women who continued regular aerobic PA during pregnancy, there was a reduction in birth weight (-

310g) compared to the offspring of non-exercising mothers, of which approximately 70% could be 

explained by a reduction in neonatal fat mass (-220g) [55]. The small reduction in birth weight (fat mass) 

without increasing the incidence of small-for-gestational-age infants suggests that prenatal exercise may 

help to optimise, rather than restrict fetal growth. Other benefits of PA include reduced risk of 

instrumental delivery (e.g. forceps, caesarean section) [56], reduced incidence of GDM [57-60] and 

preeclampsia [61], less weight gain [62,63], and improved labour tolerance [64]. Due to the known and 

suspected benefits of prenatal PA, it is often included as a major component in lifestyle interventions 

during pregnancy, such as those designed to reduce the risk of gestational diabetes or prevent excess 

GWG. There is still limited knowledge of the mechanisms through which PA impacts the intrauterine 
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environment and fetal growth, however, since PA affects maternal energy balance, it also likely impacts 

nutrient transport across the placenta and should be considered in future research on the placenta.  

 

1.3.2 Physical Activity and the placenta 

 

Although limited, there is evidence that prenatal PA alters placental form and function. Regular 

weight-bearing exercise (i.e. running) during pregnancy is associated with increased cell proliferation and 

a greater villous volume in the placenta compared to a non-exercising control population [65]. In response 

to prenatal PA, there is an increased functional capacity of the placenta via an increase in placental surface 

area, improvements in blood flow, and an enhanced-perfusion balance [48,66], which may be a 

compensatory mechanism to increase the delivery of nutrients and oxygen to sustain fetal growth.  

Furthermore, regular exercise throughout pregnancy is associated with increased parenchymal volume, 

villous surface area, and vascular volume which suggests increased placental perfusion and improved 

transport capability [67].  

 

1.3.3 Physical Activity Guidelines 

The current guidelines for PA during pregnancy state that pregnant women with no 

contraindication to exercise should accumulate 30 minutes or more of moderate to vigorous intensity 

exercise 4 days per week [49,68,69]. For previously sedentary women, only 3 days per week of 

moderate intensity PA is recommended with a gradual increase towards 30 minutes [49]. For overweight 

and obese women, it is recommended that they stay within the target heart rate zones of 102-124bpm 

(aged 20-29) and 101-120bpm (aged 30-39) [70]. The Canadian Society for Exercise Physiology 

(CSEP) recommends that adults accumulate 150 minutes of moderate-to-vigorous PA (MVPA) per 
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week, in bouts of 10 minutes or more, to maintain good health [71].   CSEP’s guidelines for the adult 

population are more stringent, and were conceived from a strong body of evidence-based research [72], 

and they do not specifically exclude pregnant women from the population that should be meeting these 

guidelines. The specific details included in CSEP’s adult PA guidelines (intensity of PA, bouts of 10+ 

minutes) provides an advantage over the pregnancy specific guidelines in that these details can easily be 

measured using accelerometers and statistical software [73].      

  

Unfortunately, most Canadians, do not meet the PA guidelines that are important for good health 

[74,75], and the pregnant population is less likely than the non-pregnant population to meet PA 

guidelines [76]. Objectively measured PA and sedentary behaviour from the 2003-2006 NHANES 

survey found that pregnant women in the US are not meeting the recommendations for PA, in fact they 

participated in a mean of 12.3min/day of MVPA and also spent on average 57% of their time in 

sedentary behaviour [77] . Results from the Canadian Community Health Survey also found that 

pregnant women in Ontario were less likely to meet the PA guidelines than non-pregnant women 

(23.3% vs. 33.6%, P<0.05) [78]; and given that these results are based on self-reported data, the true 

proportion of pregnant women meeting the PA guidelines may be lower. Recent work from our lab 

found that of the pregnant women participating in the Maternal Obesity Management (MOM) trial  

(ISRCTN #75323409) [79] had poor adherence to both sets of PA guidelines over the course of 

gestation (Figure 2) [80].  
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Figure 2. PA guideline adherence from the participants in the Maternal Obesity Management trial  

 

1.3.4 Measuring PA during pregnancy 

One issue that became apparent during this review of the literature is that a large portion of the 

current research on prenatal PA and pregnancy outcomes continues to rely heavily on indirect and self-

reported measures of PA during pregnancy, despite evidence of the poor reliability of self-reported 

PA[81,82]. Many individuals unintentionally overestimate their PA due to issues with perception (i.e. 

perceived vs. actual time spent engaging in the activity) or a lack of understanding of intensity level, and 

thus questionnaire are less reliable than direct measures of PA. Previously, prenatal PA  measured by 

questionnaires was shown to correlate poorly with directly measured PA (i.e. accelerometry), with 

questionnaires often over-predicting moderate intensity PA, and under-predicting light PA or sedentary 

time [83-85]. Nonetheless, in 2014, there was at least three articles published on the relationships 

between prenatal PA and GWG that used self-reported estimates of PA [86-88], with reporting periods 

ranging from ≤14 weeks gestation [88] to 5 years postpartum [87], and at least four additional studies 

were published that relied on the Pregnancy Physical Activity Questionnaire (PPAQ) [89-92]. Although 
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the PPAQ is a ‘pregnancy specific’ questionnaire, it is likely that the PA measures obtained from this 

tool are imprecise and that direct measures of PA would be more accurate for research purposes. 

Relying on data from subjective questionnaires may result in misinterpretation of relationships between 

prenatal PA and health outcomes.  

 

1.4 Maternal Diet  

Finally, maternal diet is an area that is largely unexplored in relation to its impact on the human 

placenta. Diet can differ substantially between individuals, and variations in diet quality and quantity 

have the potential to influence fetal growth, however, as mentioned in the review paper, maternal diet 

has not previously been considered in any human studies on placental nutrient transport [33]. The 

number of calories consumed during pregnancy is an important consideration. Maternal dietary intake 

must meet the needs of both the mother and the growing fetus [93], however, despite popular beliefs, the 

need for increased energy intake during gestation is minimal [94].   In Canada, the recommended 

increase in calorie intake for normal weight women is 340kcal/day and 450kcal/day in the second and 

third trimesters, respectively [95], however, the needs for women who are overweight or obese are 

currently unknown. Consuming more calories than needed would result in a persistent positive energy 

balance which will likely contribute to increased GWG. Indeed, a change in the amount of food intake 

from pre-pregnancy levels has been identified as a predictor of excessive GWG [46]. Meanwhile, 

interventions that combine physical activity and dietary counseling appear to be successful in lowering 

GWG [96,97]. In addition to the number of calories consumed, other factors, such as the quality of the 

diet are important considerations. In a cohort of 1388 women, it was identified that consuming fried 

foods was directly associated with excessive GWG (OR 3.47, 95% CI 0.91-13.24, per serving per day), 

while consuming a vegetarian diet in the first trimester was inversely associated with excess GWG (OR 
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0.46, 95% CI 0.28-0.78) [98]. Furthermore, given that deliberate nutrient restriction and variations in 

diet composition altered the expression of placenta nutrient transporters in animal models (as reviewed 

by Brett et al.) [33], it is likely that variations in maternal diet would also affect the transport of 

nutrients in the human placenta. For instance, the placental expression of GLUT1 was different between 

women with insulin-controlled GDM and diet-controlled GDM [99], and although diet was not 

measured in this study, one can postulate that the women with diet-controlled GDM consumed less total 

sugar, which may have contributed to the differences in GLUT1 expression. It is for these reasons that it 

is believed that diet composition may be an important contributor to the delivery of nutrients to the fetus 

and that measuring diet should be considered in future research. 

 

1.5 Summary 

In summary, this review of the literature presents the importance of the intrauterine environment 

and the role of the placenta and identifies the gaps in the literature with respect to the impact of the 

maternal phenotype (i.e. obesity and GWG) and lifestyle (i.e. PA and diet) on nutrient transport across 

the placenta.  A thorough investigation of all the placental nutrient transporters is incomplete in the 

obese population and there is limited to no evidence concerning how gestational weight gain, maternal 

PA and diet might influence these transporters. In addition it summarizes the current literature on the 

detriments of maternal obesity and excess GWG on fetal growth and pregnancy outcomes, and the 

importance of PA and a healthy diet during pregnancy. Additionally, it was highlighted that prenatal PA 

research continues to rely on self-reported measures of PA, despite the availability of reliable and 

accurate tools for directly measuring PA. The following manuscripts aim to address these current gaps 

in the literature.  
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1.6 Structure of the thesis: 

Given the rising rates of obesity and the significance of the intrauterine environment in fetal 

development and downstream health, it is important that we improve our understanding of the factors 

that influence placental nutrient transport, a contributing factor to fetal growth. The general objective of 

this thesis is to gain a better understanding of the changes in expression patterns of the proteins involved 

in the regulation of nutrient transport across the placenta that may occur in response to different 

maternal phenotypes: obesity, excess gestational weight gain, and variations physical activity and diet. 

In the following articles, first I examined how obesity and gestational weight gain influenced the 

expression of the key placenta nutrient transporters and members of the mTOR and insulin signaling 

pathways. Being aware that there are many contributing factors to the maternal phenotype, such as 

physical activity and diet composition, we sought to explore how these factors influenced the expression 

of genes in the placenta. However, prior to that, in the second manuscript, I evaluated the accuracy of 

the commonly used Pregnancy Physical Activity Questionnaire for measuring physical activity during 

the second trimester. Finally, I conclude with my evaluation of the effects of directly measured physical 

activity and diet composition on the expression of the key placenta nutrient transporters and members of 

the mTOR and insulin signaling pathways.  
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1.7 Objectives and Hypotheses 

The specific aims of the thesis were accomplished through three manuscripts. These objectives were as 

follows: 

Manuscript 1: To determine if pre-pregnancy maternal obesity or excess gestational weight gain alters 

the expression of the genes involved in fatty acid, amino acid and glucose transport, and the mTOR and 

insulin signaling pathways in the placenta of normoglycemic term pregnancies. 

 

Manuscript 2:  To evaluate whether the Pregnancy Physical Activity Questionnaire (PPAQ) is a reliable 

estimate of physical activity during the second trimester by comparing the outcomes of the PPAQ to 

directly measured physical activity. We also aimed to determine whether there were differences in the 

accuracy of the PPAQ in women who meet physical activity guidelines during pregnancy compared to 

those who do not meet guidelines. 

 

Manuscript 3: To determine whether prenatal physical activity or variations in maternal diet alter the 

expression of genes involved in fatty acid, amino acid and glucose transport, and the mTOR and insulin 

signaling pathways in the placenta from lean women with term gestations. 

 

 

The general hypothesis of this thesis was that excess maternal weight during pregnancy, 

objectively measured physical activity, and maternal diet influence the expression of the genes involved 

in the regulation of nutrient transport across the placenta. The specific hypotheses, and the manuscripts 

that they accompany, are found below: 
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Manuscript 1: We hypothesized that maternal obesity and excess GWG would increase the 

expression of key genes involved in placenta nutrient transport, and mTOR and 

insulin signalling in the human placenta.  

 

Manuscript 2:  We hypothesized that the PPAQ would overestimate physical activity in all of the 

women, and that the differences between the two measures would be larger in the 

women who do not meet physical activity guidelines.  

 

Manuscript 3:  We hypothesized that variations in physical activity and diet would influence the 

expression of the of genes involved in fatty acid, amino acid and glucose 

transport, and the mTOR and insulin signaling pathways in the human placenta 
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Part II 

2.1 Preamble: Manuscript 1 

After completing the review of the literature it was apparent that the evidence is inconclusive 

with respect to how maternal obesity alters the expression of nutrient transporters in the placenta. It was 

discovered that the majority of the previous studies failed to account for gestational weight gain, in 

particular gestational weight gain with respect to the BMI specific guidelines, despite the mounting 

evidence to suggest that this factor has a strong influence on fetal growth. Thus an observational study 

was designed that aimed to test whether maternal obesity and gestational weight gain influenced the 

gene expression of the key nutrient transporters and members of the mTOR and insulin signaling 

pathways in the placenta.  It was also noted that in a number of the previous studies on maternal obesity 

and placenta nutrient transport that there was no difference in fetal birth weight between groups, a factor 

that may have influenced the results.  In an effort to ensure the comparison of two distinct populations 

with limited confounding factors, we specifically selected our groups as follows: women with obesity 

who gained in excess of the gestational weight gain guidelines with higher birth weight offspring, and 

lean women who gained within the guidelines with average-for-gestational-age offspring.  It was 

hypothesized that maternal obesity and excess gestational weight gain would increase the expression of 

key genes involved in the regulation of nutrient transport.  
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2.2 Manuscript 1 

 

 

Placenta nutrient transport-related gene expression: the impact of maternal obesity and excessive 

gestational weight gain 

 

 

K.E. Brett, Z.M. Ferraro, M. Holcik, K.B. Adamo 

 

 

Published as an original article in the Journal of Maternal-Fetal and Neonatal Medicine, 2015; early 

online DOI: 10.3109/14767058.2015.1049522.   
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2.3 Preamble: Manuscript 2 

The previous manuscript demonstrated that the ‘healthy obese’ maternal phenotype does not 

alter the expression of the genes involved in nutrient transporter or the mTOR or insulin signalling 

pathways, with the exception of lower mTOR in the obese women with male offspring. However, 

correlations were observed between gestational weight gain and some of the genes of interest, 

suggesting that variations in energy balance might influence placenta nutrient transport. Gestational 

weight gain is a modifiable risk factor that is influenced by lifestyle factors that are known to affect 

energy balance and substrate availability, specifically physical activity and diet.  Given this evidence it 

was clear that additional work was needed that examined the influence of physical activity and diet on 

the expression of the nutrient transporters and signalling molecules in the placenta. With regards to 

measuring physical activity during pregnancy, there is a still a strong reliance on indirect/self-report 

measures of physical activity, despite the evidence that direct measures are more reliable and accurate. 

Therefore, it was important to compare the regularly used Pregnancy Physical Activity Questionnaire 

(PPAQ) to direct measures of physical activity to determine whether this questionnaire could be used as 

a tool for research examining the relations between physical activity and placental gene expression. The 

following manuscript compares the PPAQ to directly measured physical activity and examines how well 

the questionnaire estimates different intensities of physical activity in both active and non-active 

women. It was hypothesized that the PPAQ would overestimated physical activity in all women, but that 

the degree of overestimation would be greater in the non-active women.  
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2.4 Manuscript 2 

 

 

 

Self-report Pregnancy Physical Activity Questionnaire overestimates physical activity 

 

 

K.E. Brett, S. Wilson, Z.M. Ferraro, K.B. Adamo 

 

 

The following original article has been accepted for publication in The Canadian Journal of Public 

Health, and has been formatted according to their requirements 

 



Accepted for publication in CJPH 

65 

 

Self-report Pregnancy Physical Activity Questionnaire overestimates physical activity 

Kendra Elizabeth Brett
1,2

, Shanna Wilson
1
, Zachary Michael Ferraro

1,3
, Kristi Bree Adamo

1,2,4
 

 

1
Healthy Active Living and Obesity Research Group, Children’s Hospital of Eastern Ontario Research 

Institute, Ottawa, Ontario, Canada K1H 8L1; 

 
2
School of Human Kinetics, Faculty of Health Sciences, University of Ottawa, Ottawa, Ontario, Canada 

K1N 8M5; 

3 
Division of Maternal-Fetal Medicine, The Ottawa Hospital – General Campus, Ottawa, Ontario, 

Canada K1H 8L6; 

4
Faculty of Medicine, Department of Pediatrics, University of Ottawa, Ontario, Canada K1H 8L6 

 

Corresponding Author: 

Kristi Adamo 

Healthy Active Living and Obesity Research Group, Children’s Hospital of Eastern Ontario Research 

Institute,  

401 Smyth Road, Ottawa, ON, Canada, K1H 8L1 

Tel: 613-737-7600 x4190  

  



Accepted for publication in CJPH 

66 

 

ABSTRACT 

OBJECTIVES: Physical activity (PA) research during pregnancy relies heavily on indirect/subjective 

measures of PA, which may be less accurate than directly measured PA. We tested whether the 

Pregnancy Physical Activity Questionnaire (PPAQ) could accurately estimate PA by comparing PPAQ 

results to directly measured PA.  

METHODS: PA was directly measured in the second trimester of pregnancy using Actical® 

accelerometers (valid day= 10+ hours; 4-7 valid days) in 29 women who completed the PPAQ. Activity 

variables from the PPAQ were calculated using all questions, and also by only considering the leisure 

time section. Women were classified as ‘active’ or ‘non-active’ using Canadian PA guidelines for adults 

(150 minutes moderate-to-vigorous (MVPA)/week, bouts of 10+ minutes). Bonferroni corrections were 

used to adjust for multiple comparisons. Data are presented as mean ± standard deviation or median 

(interquartile range).  

RESULTS: The PPAQ overestimated MVPA by 12.12 (14.34) hours/week in the combined sample, and 

the difference remained substantial when investigating the non-active [overestimate = 11.54 (10.10) 

hours/week] and the active women [overestimate = 16±11 hours/week] separately.  PPAQ-measured PA 

variables did not correlate with any of their respective Actical®-measured variables (p>0.008). The 

leisure time PPAQ questions overestimated MVPA by 1±3 hours/week, with a positive correlation 

between PPAQ-leisure time MVPA and Actical®-measured MVPA (r=0.565, p=0.001).  

CONCLUSION: The PPAQ significantly overestimates MVPA and does not provide an accurate 

estimate of PA in pregnancy. While PPAQ leisure time questions may help distinguish trends in PA, 

data from subjective questionnaires may result in misinterpretation of relationships between prenatal PA 

and health outcomes.  

Key Words: Maternal Health, accelerometry, Quantitative Evaluation, Qualitative Evaluation, Physical 

Activity 
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INTRODUCTION 

Physical activity (PA) is an important component of a healthy pregnancy, for both the mother 

and her child.
1,2

 Unfortunately, research exploring the impacts of prenatal PA continues to rely heavily 

on indirect and self-reported measures of PA, such as questionnaires or PA recalls, despite mounting 

evidence of the poor reliability of self-reported PA.
3,4

 Many individuals unintentionally overestimate 

their PA (e.g. lack of understanding of intensity), and thus the use of self-reported prenatal PA may be 

less accurate and may lead to the misinterpretation of health outcomes related to prenatal PA. Numerous 

self-report PA questionnaires correlate poorly with directly measured  PA during pregnancy, with 

questionnaires often over-predicting time spent in moderate intensity PA, and under-predicting time 

spent in light PA or sedentary time.
5-7

 Despite this evidence, in the past year three papers were published 

on PA and gestational weight gain (GWG) that used self-reported estimates of PA,
8-10

  and at least three 

studies were published using the Pregnancy and Physical Activity Questionnaire (PPAQ) to measure 

PA.
11-13

 The original development and validation of the PPAQ reports weak to moderate correlations 

between the PPAQ and directly measured PA,
14

 however, p-values were not reported. A second 

investigation reported moderate correlations between a French-translated PPAQ and directly measured 

light and moderate intensity PA, but not for sedentary or vigorous activity.
15

  Furthermore, both 

previous studies used uniaxial Actigraphs, and neither study compared the amount of time spent at 

different PA intensities as measured by the two methods in order to determine whether the PPAQ was 

over- or under-estimating PA. Since the PPAQ was designed to measure duration, frequency and 

intensity of activity,
14

  it is important to evaluate whether it can accurately measure the time spent in 

different PA intensities  
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The purpose of this paper is to compare PPAQ-measured PA to directly measured PA using 

omniaxial Actical® accelerometers during the second trimester of pregnancy, with a focus on time spent 

at different PA intensities. Secondly, as it is suspected that women who are regularly physically active 

may have better comprehension of PA intensity and duration and thus may be more accurate in 

reporting PA, we aim to determine if there are any differences in the accuracy of the PPAQ in women 

who meet PA guidelines during pregnancy compared to those who do not meet PA guidelines. It is 

hypothesized that the PPAQ will overestimated PA in all women, and the differences between the two 

measures will be larger in the women who do not meet PA guidelines during pregnancy.  

 

METHODS 

Women were recruited using flyers posted in medical facilities between weeks 13 and 28 of 

pregnancy from the Ottawa area as part of study examining the impact of PA on the placenta.  This 

study was approved by the research ethics board (REB#0903E) and written informed consent was 

obtained from all participants. Women who smoked, as well as those with type 1, type 2 or gestational 

diabetes, fetal growth restriction or hypertensive diseases of pregnancy were excluded.  Completion of 

the PA readiness medical examination (PARmed-X) for pregnancy was required to participate.
16

 

Maternal height was directly measured and pre-pregnancy weight was self-reported during their first 

visit. Prenatal PA was assessed using two methods: the PPAQ,
14

 and with an Actical® accelerometer.  

 

The PPAQ 

  The PPAQ is a self-administered questionnaire that asks respondents to report the time spent 

participating in 32 activities including household/care giving (13 activities), occupational (5 activities), 

sports/exercise (8 activities), transportation (3 activities) and inactivity (3 activities).
14

 For each 
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question, respondents select the option that best approximates the amount of time spent engaging in that 

activity during the current trimester. The PPAQ was completed between weeks 20-28, and women were 

asked to consider only the second trimester. Each question has six options, and possible time durations 

range from 0 to 6 or more hours per day and from 0 to 3 or more hours per week. The questionnaire 

includes an open ended section that allows respondents to add up to two activities that are not included 

in the list.  

 

The original PPAQ authors previously assigned each activity on the PPAQ to a specific 

metabolic equivalent (MET) value using field-based measurements in pregnant women
17

 and the 2000 

update to the compendium-based MET values (1 MET = 1 kcal/kg*hr).
18

 These MET values were used 

to classify each activity by intensity: sedentary (<1.5 METs), light (1.5 – <3.0 METs), moderate (3.0 – 

6.0 METs), and vigorous (>6.0 METs). The duration of time spent per week at each relative intensity of 

PA was calculated by adding the amount of time spent at each activity within a given intensity level. In 

congruence with a recent comparison paper,
3
 we excluded bicycling, swimming, and weight training 

from the analysis of the PPAQ, as these activities are not well measured by accelerometry. PPAQ 

activity variables were calculated using two methods: using all questions, and only considering the 

leisure time section (8 of the 32 questions). We considered the leisure time section on its own because 

the authors who developed the PPAQ observed higher correlation coefficients between the leisure time 

section and the average Actical® counts per minute, compared to the other forms of activity.
14

 

Additionally, women may be better able to estimate time spent participating in sports/exercise, rather 

than household/caregiving or occupational activities.  
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Accelerometry 

Free-living PA was assessed for 7 days with the onmiaxial Actical® accelerometer (Mini Mitter 

Company, Inc., A Respironics Inc. Company, Blend OR., USA), which measures acceleration in all 

directions.  Participants wore the accelerometer on an elastic waistband on the right hip during the day, 

except during bathing and aquatic activities. Participants kept daily logs to record when and why the 

Actical® was removed. Data reduction and analysis were harmonized with the Canadian Health 

Measures Survey, which has been used to measure PA in normal weight, overweight and obese 

adults.
19,20

  In brief, accelerometry data were downloaded as 60 second epochs and signals were reported 

as counts per minute and translated into steps per minute. Data was processed using standardized quality 

control and data reduction procedures in SAS version 9.3 (SAS Institute, Cary, USA).
19

 Respondents 

with 4 or more valid days (10+ hours of wear time) were retained for analyses.
20

 Standard cut-points 

were used to measure time spent in various level of movement intensity, including sedentary, light, 

moderate, and vigorous.
20,21

  

 

Adherence to the Canadian Society for Exercise Physiology’s (CSEP) Canadian PA guidelines 

for adults was used to classify the women as “active” or “non-active”. These guidelines recommend 150 

minutes MVPA per week accumulated in 10-minute bouts, to maintain good health.
20,22

 The more 

stringent, evidence-based PA guidelines for adults were used instead of pregnancy-specific guidelines in 

order to guarantee the selection of a very active population and because adherence to these guidelines 

has previously been measured using Actical® accelerometers.
19,20

   Since not all participants completed 

7 valid days, adherence to the guidelines was defined as an average daily MVPA > 21.43 minutes, 

which is equal to 150 minutes divided by 7 days.   
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Analysis  

We compared the PPAQ results to the Actical®-measured PA in the combined sample of all 

women and in the active and non-active women separately.  We performed these PPAQ variable 

comparisons using two methods: i) using all questions and, ii) considering only the leisure time section.  

Values greater than three standard deviations away from mean were excluded. Non-normally 

distributed variables were transformed using a logarithmic transformation. Despite transformation 

attempts, some variables remained non-normally distributed (all women: PPAQ-measured VPA, 

Actical-measured VPA and MVPA; non-active women: PPAQ-measured VPA, Actical-measured VPA) 

and non-parametric methods were employed. Paired sample t-tests and Wilcoxon signed-rank tests were 

used to test for potential differences in the PA variables between the PPAQ and the Actical® data. 

Effect sizes were calculated for the normally distributed variables using the Cohen’s d, 
23

 and for the 

non-normally distributed variables we used a modified r calculation followed by a conversion to 

Cohen’s d. 
24

 Independent samples t-tests and Mann-Whitney U tests were used to test for possible 

differences between the active and the non-active women. Spearman and Pearson correlations tested 

potential relationships between minutes of light, moderate, and vigorous PA, MVPA, and sedentary 

time, between the two measures of PA. For the descriptive characteristics, p<0.05 was considered 

statistically significant. For the comparisons between methods and the correlations, a Bonferroni 

correction was used to correct for multiple comparisons, thus p<0.0083 was considered significant. 

Statistical analyses were carried out using SPSS version 20.0 (SPSS Inc., Chicago, IL, USA).  
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RESULTS 

Characteristics of the women 

All women had uncomplicated pregnancies and there were no between group differences in 

demographic or anthropometric variables (Table 1).   Of the 29 participants, 16 women had 7 valid days 

of Actical® wear time. The number of valid days of Actical® wear time for the remaining women was 

as follows: 6 days (n=7), 5 days (n=4), and 4 days (n=2).  

 

Relations between the measurement tools 

The time spent in different intensities of PA (sedentary, light PA (LPA), moderate PA (MPA), 

and vigorous PA (VPA), and MVPA) as measured by the PPAQ and the Actical® are present in Table 

2. Relative to the Actical®, the PPAQ significantly over-predicted the number of minutes spent 

engaging in LPA, MPA and MVPA, with very large effect sizes.  Using only the PPAQ leisure time 

questions still over-predicted MVPA by 1.1 (3.4) hours/week, but to a lesser extent than using the whole 

PPAQ [12.1 (14.4) hours/week].  In some cases, the PPAQ reported implausibly high levels of activity; 

five women obtained more than 19 hours/day of activity, with two participant’s PPAQ results reporting 

>24 hours of activity per day.  

 

There are substantial differences in the classification of the women as “active” or “non-active” 

between the methods (Table 3). The Actical® and the PPAQ agreed in 34.4% of the cases. When only 

considering the leisure time section of the PPAQ, a large portion of the women were still misclassified 

as active, and the leisure time PPAQ agreed with the Actical® in 58.6% of cases.  

 

The comparison of the PPAQ to the Actical® when investigating the active and the non-active 

women separately is in Table 4. In the active women, the PPAQ significantly overestimated LPA, MPA, 
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and MVPA with very large effect sizes. In the non-active women, the PPAQ significantly overestimated 

LPA, MPA and MVPA with large to very large effect sizes. When comparing Actical®-measured PA 

variables between groups, the active women accumulate significantly more minutes of MPA, VPA, and 

MVPA, and have reduced sedentary time, compared to the non-active women. When comparing PPAQ-

measured PA variables, the active women accumulated more minutes of VPA and LT-MVPA, but there 

was no difference in sedentary time, LPA, MPA or MVPA. The PPAQ overestimated Actical®-

measured PA by similar amounts in both groups.  

 

PPAQ variables did not correlate with their respective Actical® measures for sedentary time, 

LPA, MPA, VPA or MVPA (Table 5).  LT-MVPA and Actical®-measured MVPA were positively 

correlated. When analyzed separately as active and non-active women, there were no correlations 

between the PPAQ and the Actical® variables (data not shown, p>0.05).  

 

DISCUSSION 

 

This analysis reveals discrepancies between Actical-measured PA and the PPAQ. Our data 

indicates that the PPAQ is not an accurate proxy of PA: it drastically overestimates LPA, MPA and 

MVPA in all women, and PPAQ-measured PA variables did not correlate with the Actical® measures of 

sedentary time, LPA, MPA, VPA or MVPA. This suggests that women may have difficulties accurately 

recalling or quantifying the duration or intensity of their activities, during their second trimester.  

 

These results conflict with the previous publications that concluded that the PPAQ was a 

reasonably accurate tool for assessing prenatal PA.
14,15

  The authors who developed the PPAQ only 
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reported weak to moderate correlations when comparing the PPAQ to 3 different published cut points 

for the Actigraph accelerometer [Spearman’s r=0.08-0.49 (n=54)], but failed to report p-values. Thus, it 

is unknown whether these correlations are statistically significant. In addition, Chandonnet and 

colleagues, tested a French-translated PPAQ in obese pregnant women, and found that the PPAQ was 

correlated with Actigraph measures of light and moderate intensity PA [r=0.46 for light, r=0.40 for 

moderate, p<0.01 (n=49)], but not sedentary or vigorous activity.
15

  Both previous studies used uniaxial 

Actigraphs rather than omniaxial Acticals, and pooled women from the three trimesters, and these 

differences may have contributed to the different results observed in the current study. Furthermore, 

neither of the previous manuscripts directly compared the time spent in different PA intensities as 

measured by the two methods. Given that only moderate correlations were found between the 

methods,
14,15

 it is unknown whether the PPAQ is under- or over-predicting PA or the magnitude of the 

difference. Based on our findings, and the missing p-values in the Chasan-Taber paper,
14

 we do not 

believe that the PPAQ is a reliable tool to estimate time spent in different intensities of PA during 

pregnancy.   

 

According to the Actical®-measured PA, only 10 of the 29 women met the PA guidelines, 

however according to the PPAQ, all 29 women met, if not vastly exceeded, these guidelines. Using the 

PPAQ and misclassifying a number of the non-active women as active is problematic, especially if this 

questionnaire were to be employed in research exploring the health effects of prenatal PA. A 

questionnaire that overestimates PA may increase the likelihood that spurious relationships will be 

observed. Using the PPAQ may cause relationships between PA and pregnancy outcomes to be missed 

if women who are not engaging in sufficient PA are grouped with the highly active women, thus 

diluting the actual level of PA in an active group of women.  
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This gross overestimation of PA and the lack of correlation between the PPAQ and the 

Actical®-measured PA call into question the findings from the recently published studies that used the 

PPAQ to measure PA during pregnancy.
11-13

 Given our findings that the PPAQ significantly 

overestimates PA, it is possible that the conclusions from the previous studies may not represent true 

relationships. The use of directly measured PA would have provided more reliable measures for PA and 

may have altered the results and interpretations.  

 

The over-estimation of PA and the inaccuracies of the PPAQ are consistent with previous work 

comparing self-report PA to directly measured PA. Bell and colleagues compared two different PA 

questionnaires to directly measured PA and found that both questionnaires over-estimated MVPA in 

lean and obese women and showed a poor ability to classify women as active or not (n=59).
5
 

Additionally, the International Physical Activity Questionnaire (IPAQ) over-predicted MPA, but under-

predicted LPA, with poor correlations between the IPAQ and accelerometer measures of PA during 

pregnancy (n=30).
6
 Furthermore, in overweight and obese pregnant women, the self-report Activity 

Questionnaire for Adults and Adolescents over estimated Actigraph-measured MVPA, and 

underestimated sedentary time (n=55).
7
 Unfortunately, the previous studies comparing the PPAQ to 

accelerometry data
14,15

 only report correlation coefficients and do not directly compare PPAQ-measured 

and accelerometry-measured time spent in different intensities of PA. Thus, it is unknown how well the 

PPAQ predicted time spent at different PA intensities in those papers. Collectively, these findings 

strongly suggest that PA questionnaires are not accurate methods of assessing PA during pregnancy.  

 

When investigating the active and the non-active women separately, by design the active women 

accumulated significantly more minutes of Actical®-measured MVPA. Contrary to our hypothesis, 



Accepted for publication in CJPH 

76 

 

there was no difference in how much the PPAQ over- or under-estimated any of the Actical®-measured 

PA variables between groups. Given that women who are regularly physically active might have a better 

understanding of the intensity and duration of PA, it was suspected that non-active women would be 

more likely to over-report their PA. However, when using the PPAQ, both groups over-reported their 

PA to the same extent.  

 

When only the leisure time section of the PPAQ was considered, the PPAQ continued to 

overestimate MVPA in all women, but to a lesser extent than the whole questionnaire [1.1(3.4) vs. 

12.1(14.4) hours per week]. When the group was divided into active and non-active women, there were 

no longer significant differences between LT-MVPA and Actical®-measured MVPA, which may have 

been the result of smaller sample sizes. LT-MVPA was significantly correlated with Actical®-measured 

MVPA, suggesting that using only the leisure time section of the PPAQ is a more reliable proxy for PA 

than the whole questionnaire. It is possible that the women were better able to recall or estimate the 

intensity and time spent participating in leisure time PA rather than all activities of daily living.  

 

Limitations 

One limitation is that the measurement collection periods differ. The Actical® was only worn for 

one week between weeks 14-28 of gestation, while the PPAQ reflects the second trimester. While both 

measures attempt to capture ‘usual’ levels of PA, it is possible that the women may have been 

experiencing unpleasant side effects of pregnancy during the week they were issued the Actical®, and 

may not have engaged in their usual level of PA. Comparatively, since the questionnaire covers the 

second trimester during which time engaging in PA may become increasingly more difficult as gestation 

progresses, the women may have had trouble accurately averaging their PA across the trimester.  In 
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addition, since the PPAQ was completed between weeks 20 and 28, the period of time considered as the 

second trimester varied from 7 weeks to 15 weeks. Furthermore, given the implausibly high levels of 

activity reported in the results from some of the questionnaires, it is possible that some women were 

double counting some activities, such as instances where two activities were performed simultaneously. 

The PPAQ does not include sleeping, eating or personal hygiene, so assuming that the women only slept 

for 6 hours per day, the total number of hours of sedentary, LPA and MVPA combined should not be 

higher than 18 hours per day. However, according to the PPAQ, 5 women accumulated more than 19 

hours per day of activity.  

 

Conclusion 

The PPAQ does not provide a reliable estimate of PA in pregnancy and we caution against the 

use of this questionnaire for research requiring an accurate measure of maternal energy expenditure 

during pregnancy. Although PPAQ leisure time questions may help distinguish trends in PA, data from 

subjective questionnaires may result in misinterpretation of relationships between prenatal PA with 

health and/or pregnancy outcomes.  
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Table 1. Anthropometric and Demographic Characteristics of the Women and their Offspring 

 Active  

(n=10) 

Non-Active 

(n=19) 

Maternal Age (years) 31 ± 3 32 ± 3 

Maternal height (cm) 166.9 ± 6.1 166.2 ± 6 

Married or living with partner  10 (100%) 19 (100%) 

White  9 (90%) 19 (100%) 

High school education  0 (0%) 1 (5%) 

College or University graduate 10 (100%) 18 (95%) 

Household income ≥$50,000 9 (90%) 19 (100%) 

Household income <$50,000 1 (10%) 0 (0%) 

Pre-pregnancy Maternal weight (kg) 63.7 ± 8.5 69.0 ± 15.7 

Pre-pregnancy BMI (kg/m
2
) 23.0 ± 3.2 25.0 ± 5.8 

Maternal weight at delivery (kg) 77.9 ± 7.6 84.4 ± 16.2 

Gestational weight gain (kg) 15.0 ± 3.5 13.9 ± 5.0 

Weeks of gestation of PPAQ assessment  24.8 ± 2.6 25.4 ± 1.9 

PPAQ completed just prior to Actical® 
§
 8 (80%) 13 (68%) 

Weeks of gestation at Actical® assessment 25.0 ± 2.8 23.0 ± 4.5 

Valid days of Actical® assessment 
‡
 6.9 ± 0.3 6.0 ± 1.0 

Wear time on valid days of Actical® (hours) 13.0 ± 0.3 13.6 ± 1.5 

Gestational age at delivery (weeks) 39.6 ± 1.4 39.1 ± 1.5 

Birth weight (g) 3669.7 ± 353.0 3352.1 ± 466.4 

Sex of infant (% female) 30% 53% 
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 *p<0.05 was considered significant 

†
 Data are presented as mean ± standard deviation or n (%) 

‡ 
Valid day of Actical® wear time = 10 or more hours of wear time 

§
 In most cases, the Actical® was worn in the week following the completion of the PPAQ. In cases 

where the Actical® was worn before 20 weeks gestation, the PPAQ was administered in the following 

weeks (range 4 to 10 weeks after Actical®).  
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Table 2. Comparison of the Amount of Time per Week Spent in Different Intensities of PA as 

Measured by the Actical® and the PPAQ and How Much the PPAQ Overestimates the Directly 

Measures of PA in All of the Women 

  PPAQ 

(min/week) 

Actical® 

(min/week) 

Effect Size (r) Over Estimate 

(hours/week) 

Sedentary  3570 (1418) 3045 (319) 0.51 8.6 (21.6) 

LPA  1380 (1252)
*
 897 (304) 1.02 8.8 (17.4) 

MPA  885 (893)
*
 150 (107) 1.76 12.5 (12.9) 

VPA  15 (135) 24 (58) -0.35 0.00 (1.8) 

MVPA 885 (810)
*
 159 (154) -1.57 12.1 (14.4) 

LT-MVPA  255 (293)
*
 159 (154) -0.80 1.1 (3.4) 

* p<0.0083 was considered a significant difference between the methods  

†
 All data (normally and non-normally distributed variables) are presented as median (interquartile 

range) for ease of comparison.  

‡ 
The mean ± standard deviation of the normally distributed variables are as follows: Actical Sedentary 

(3050 ± 235), sedentary overestimate (5.90 ± 17.35), Actical MPA (155 ± 90), VPA overestimate (0.38 

± 1.24), PPAQ LT-MVPA (279 ± 176), and LT-MVPA overestimate (1.39 ± 2.65) 
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Table 3. Classification of the Women as Active or Non-active According to the Actical®, the Whole 

PPAQ and the Leisure Time Section of the PPAQ  

 Active Non-Active 

Actical® 10 19 

PPAQ 29 0 

Leisure time PPAQ  22 7 

*Active is considered >150 minutes of MVPA per week. For the Actical®, as per standard methods, 

MVPA was accumulated in bouts of 10 minutes or more.  
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Table 4. Comparison of the Amount of Time per Week Spent at Different Intensities of PA According to the PPAQ and the Actical® 

and How Much the PPAQ Overestimates Different Intensities of Directly Measured PA in the Active and Non-active Women 

      Active Non-Active 

  PPAQ 

(min/wk) 

Actical® 

(min/wk) 

Effect 

Size 

Over 

Estimate 

(hrs/wk) 

PPAQ 

(min/wk) 

Actical® 

(min/wk) 

Effect 

Size 

Over 

Estimate 

(hrs/wk) 

Sedentary  3045 (1968) 2966 (267)
 †

 0.14 4.7 (36.1) 3570 (840) 3215 (332)
†
 0.64 8.6 (16.1) 

LPA  1995 (1616)
*
 925 (184)

*
 1.17 17.7 (19.7) 1305 (630)

*
 890 (347)

*
 0.81 6.4 (15.6) 

MPA  1193 (1073)
*
 233 (149)

*,†
 1.65 14.9 (17.8) 810 (450)

*
 98 (81)

*, †
 1.78 11.3 (9.6) 

VPA  135 (146)
‡
 68 (87)

†
 0.26 0.72 (2.6)

 
 0 (15)

‡
 0.9 (23.9)

†
 -0.19 0.00 (0.6) 

MVPA  1200 (1208)
*
 347 (224)

*, †
 1.51 14.5 (22.1) 825 (465)

*
 111 (75) 

*, †
 1.69 11.5 (10.1) 

LT-MVPA  465 (251)
‡
 347 (224)

†
 0.41 1.6 (4.7) 180 (195)

 ‡
 111 (75)

†
 1.47 1.1 (2.3) 

* p<0.0083 was considered a significant difference between the methods within the women of the same group 

† p<0.0083 was considered a significant difference in PA variables from the Actical® between the active and non-active women  

‡ p<0.0083 was considered a significant difference in PA variables from the PPAQ between the active and non-active women 

§   All data (normally and non-normally distributed variables) are presented as median (interquartile range) for ease of comparison.  

||  The mean ± standard deviation of the normally distributed variables are provided in supplemental file 1. 
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Table 5. Correlations Between the PPAQ and the Actical® Measures for the Different intensities 

of PA in all the Women 

  Correlation 

coefficient 

p-value N 

Sedentary -0.280 0.885 29 

LPA 0.275 0.157 28 

MPA 0.041 0.835 28 

VPA 0.430 0.022 28 

MVPA 0.021 0.914 28 

LT-MVPA 0.565 0.001* 29 

 

* p<0.0083 significant correlation between the PPAQ and the Actical® measure of the same PA 

variable 
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Supplemental File 1.  Mean and standard deviation for normally distributed variables from Table 4.  

 

  Active Non-Active 

  PPAQ 

(min/wk) 

Actical® 

(min/wk) 

Over Estimate 

(hrs/wk) 

PPAQ 

(min/wk) 

Actical® 

(min/wk) 

Over Estimate 

(hrs/wk) 

Sedentary  3077 ± 1167 2904 ± 178
 
 2.87 ± 21.17 N/A N/A 7.49 ± 15.37 

LPA  2082 ± 1026 951 ± 171 18.85 ± 16.14 N/A N/A 8.31 ± 11.07 

MPA  1183 ± 566 243 ± 81 15.50 ± 9.39 N/A 108 ± 53 N/A) 

VPA  128 ± 92 82 ± 48 0.47 ± 1.76
 
 N/A N/A N/A 

MVPA  1310 ± 569 344 ± 119 15.85 ± 10.47 N/A 118 ± 57 N/A 

LT-MVPA  429 ± 148 344 ± 119 1.41 ± 3.42 201 ± 135
 
 118 ± 57 N/A 

* N/A indicates that the variables is non-normally distributed and thus a mean ± standard deviation is not applicable 
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2.5 Preamble: Manuscript 3 

The previous manuscript found that the Pregnancy Physical Activity Questionnaire significantly 

overestimated moderate-to-vigorous physical activity and cautions against the use of this questionnaire 

for research requiring an accurate measure of physical activity. This finding supports discontinuing the 

use of this questionnaire and questions the validity of the results from previous research that relied on 

this questionnaire to measure physical activity.  After comparing these two methods of measuring 

physical activity, coupled with the findings from the first manuscript, the next study was designed to 

measure the effects of directly measured prenatal physical activity and maternal diet composition on the 

gene expression of nutrient transporters and insulin and mTOR signaling pathways in the human 

placenta. There is mounting evidence to suggest that physical activity can influence neonatal outcomes, 

however, there is limited mechanistic evidence that can explain these observed associations. 

Furthermore, despite the important contributions of diet towards good health, the research on maternal 

diet and placenta nutrient transport is limited to animal models. It was hypothesized that variations in 

physical activity and diet would influence the expression of the of genes involved in fatty acid, amino 

acid and glucose transport, and the mTOR and insulin signaling pathways in the human placenta.  

 

  



 

88 

 

2.6 Manuscript 3 

 

 

 

Prenatal physical activity and diet composition affect the expression of nutrient transporters and mTOR 

signaling molecules in the human placenta 

 

 

K.E. Brett, Z.M. Ferraro, M. Holcik, K.B. Adamo 

 

 

Published as an original article in Placenta 2015; 36:204-212  
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Part III  

3.1 Discussion 

The intrauterine environment plays a critical role in fetal development and downstream 

health. Given the rise in maternal obesity, the propensity for women to gain excess gestational 

weight and the incidence of babies being born large-for-gestational-age, there is the need for 

more prenatal research that addresses the mechanisms through which the maternal environment 

of excess body weight affects fetal growth, as well the potential modifiable factors that may 

offset these negative influences.  These behaviours are often the components of lifestyle 

interventions targeting women with obesity and include gaining the appropriate about of weight 

during gestation, regular physical activity and eating a healthy diet. Although there is 

accumulating evidence of the detriments of maternal obesity and excess GWG, and the benefits 

of physical activity and a healthy diet during pregnancy, there is limited knowledge of the 

mechanisms through which these effects occur. It is proposed that these factors may cause 

changes in the placenta biology, including transport of nutrients across the placenta, thus 

mediating some of the associated changes in neonatal phenotype.  

 

The purpose of this thesis was to help address the knowledge gaps and to gain a better 

understanding of the contribution of the maternal obesity and modifiable risk factors, such as 

excess GWG, physical activity and diet, on the expression of genes that regulate nutrient 

transport across the placenta, as well as evaluate the accuracy of the regularly used Pregnancy 

Physical Activity Questionnaire. This work provides several contributions including: 
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i. The discovery that the expression of the genes involved in nutrient transport, and the 

mTOR and insulin signalling pathways in the placenta do not differ between lean and 

obese women  

a. With the exception of lower mTOR in the obese women with male offspring 

ii. The discovery that GWG is related to the expression of genes in the placenta, particularly 

from male offspring (see table below) 

 Correlations with the percentage gained above GWG guidelines in 

placentas (male offspring)  

Gene Unadjusted Adjusted for weight of the placenta 

FABP3 r= -0.38, p= 0.20 r= -0.61, p= 0.04 

SNAT1 r= 0.65, p= 0.02 r= 0.63, p=0.03 

mTOR r= -0.65, p= 0.02 r= -0.65, p= 0.02 

IRS1 r= -0.51, p= 0.08 r= -0.59, p= 0.04 

IGF1R r= -0.45, p= 0.12 r= -0.64, p= 0.03 

 

iii. Determining that the Pregnancy Physical Activity Questionnaire significantly 

overestimates physical activity and is not correlated with direct measure of activity in 

both active and non-active women.  

iv. The identification of physical activity and diet as modifiers of placenta nutrient transport-

related gene expression  

a. The discovery that meeting physical activity guidelines was associated with lower 

expression of a fatty acid transporter (FATP4) and higher expression of an amino 

acid transporter (SNAT2), suggesting the potential for altered fatty acid and amino 

acid delivery to the fetus.  

b. The discovery that sugar intake was related to the expression of the principal 

glucose transporter (GLUT1), indicating that as there is an increase in the intake 

of sugar that there exists the potential for higher glucose transport to the fetus. 
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This thesis provides evidence that there are numerous maternal and fetal factors that may be 

contributing to placenta nutrient transport-related gene expression in humans and that moving 

forward it may not be sound scientific practice to ignore these factors when studying the 

placenta. Previous work on placenta nutrient transport only considered the disease status of the 

mother (i.e. diabetic or not) and failed to consider modifiable risk factors. To the best of our 

knowledge this work represents the first set of studies in humans that has considered directly 

measured PA, maternal diet composition, or whether GWG was gained in accordance with the 

current guidelines. Variation in factors that modify maternal energy balance, such as GWG, PA 

and diet, may alter the substrate and hormonal exposure of the placenta, thus influencing the 

expression of the genes involved in nutrient transport, while fetal sex may affect how the 

placenta reacts to these variations. There is extensive research to support gaining within the 

GWG guidelines to promote appropriate fetal growth [19,34], and given the high degree of inter-

individual variability for GWG it is unfortunate that previous research on placenta nutrient 

transport did not consider the effects of GWG with respect to the BMI-specific guidelines.  In 

addition, the observed association between sugar intake and GLUT1 expression highlights the 

importance of monitoring maternal diet, a conclusion that is further supported by the recent 

finding that maternal added sugar intake predicted the accumulation of fetal abdominal fat 

among pregnant adolescents [100]. Likewise, it should not be surprising that physical activity, a 

known mediator of health and energy balance, was associated with modifications in placenta 

nutrient transport-related gene expression.  

 

Considering how drastically different GWG, levels of PA, and sugar intake can be between 

individuals even if they all fall within the same BMI category (Table 2), failing to account for 
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variations in these potentially confounding factors might mask important differences.  The 

environmental exposure of the placenta of a mother who gains excess weight, has a sedentary 

lifestyle and a diet high in sugar is likely very different than that of a mother who gains the 

recommended amount of weight, is regularly physically active, and limits her sugar intake.  

Given the associations observed between physical activity, sugar intake and GWG and the genes 

of interest in Manuscripts 1 and 3, one can postulate that these two women could have very 

different gene expression profiles. Overall, these findings emphasize the importance of 

considering the whole picture, rather than focusing on one particular aspect of the pregnancy. 

This knowledge can be used to guide future research on placental nutrient transport and placenta 

biology more broadly, by ensuring that all relevant factors which might influence maternal 

energy balance and substrate transfer to the fetus are considered.  

 

Table 2.  Range of values for GWG, sugar intake, physical activity and sedentary time in the 

lean women who participated in the Active MOM study (n=23) 

Maternal Variable  Range of values 

GWG gained with respect to BMI-specific upper limit (%) 53 - 142 

Total sugar intake/day (g) 105 – 354 

MVPA/day accumulated in 10 min bouts (min) 0 – 94 

Minutes of sedentary time/day (min) 441 - 790 

 

Furthermore, this thesis provides evidence that lends support to the theory that “boys live 

dangerously in the womb”[101], as the placenta from male offspring may respond to intrauterine 

conditions in a different manner than female offspring, potentially affecting the delivery of 

nutrients to the fetus. For instance, in the placentas from male offspring we observed a -2.3 fold 
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change in mTOR expression in the women with obesity, and positive and negative correlations 

between the percentage of GWG gained above the BMI specific guidelines and key nutrient 

transporters and signalling molecules. The presence of these relationships in the placentas from 

male offspring but not in the combined sample suggests that the male placentas might be more 

susceptible to perturbations in maternal weight, or simply that they respond in a different manner 

to these perturbations than the placentas from female offspring. Given that these relationships 

were only examined at the level of gene expression, it cannot be concluded that the response to 

the excess maternal weight of the placentas from the male offspring is indeed ‘dangerous’, 

however, it does suggest that the placentas from male offspring may be responding discordantly. 

Thus future work exploring these relationships at the protein and activity level ought to consider 

offspring sex.  

 

Moreover, the findings from this thesis provide evidence in support of both placenta 

nutrient transport theories: the ‘nutrient sensor’ hypothesis, whereby nutrient delivery is matched 

to the availability of nutrients in maternal circulation, and the alternative theory of ‘adaptive 

regulation’, which suggests that the placenta responds in a compensatory manner by up- or 

down-regulating nutrient transport in response to low or high levels of nutrients. For instance, in 

manuscript 1, gaining excess GWG was positively correlated with SNAT1 (nutrient sensing), 

however it was inversely correlated with FABP3, mTOR, IRS1, and IGF1R (adaptive regulation). 

Similarly, in manuscript 3, sugar intake had a strong positive correlation with GLUT1 (nutrient 

sensing), as well as a negative correlation with mTOR and IGF1 (adaptive regulation). Given that 

both studies support the two conflicting theories, we might postulate that different genes may 

respond to the same stress in different manners, and that both theories may be correct. The 
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majority of the previous work focused solely on one nutrient or signalling pathway and the 

findings only supported one of the theories, thus it is possible that the findings would have 

differed had more macronutrient transporters and signalling molecules been considered.  

 

This work adds to the current literature on placental nutrient transport in the context of 

maternal obesity and draws attention to the possibility that a ‘healthy obese’ phenotype exists in 

pregnancy which may not alter the expression of nutrient transport related genes in the placenta. 

In the same manner that additional metabolic abnormalities are necessary to increase the 

mortality risk in an obese individual [102], perhaps additional metabolic co-morbidities, such as 

impaired glucose tolerance, are required before the gene expression of the placenta nutrient 

transporters is altered in pregnancies complicated by obesity. In order to isolate the specific 

effects attributed to obesity, the women in Manuscript 1 were selected as normoglycemic, with 

no overt metabolic co-morbidities, and it is possible that in this subgroup of healthy obese 

pregnant women that the metabolic insult to the intrauterine environment was minimal, and thus 

the gene expression was not dysregulated. Including women with obesity who deliver 

appropriate-for-gestational-age offspring in Manuscript 1, and in previously published studies, 

may have contributed to our null and as well as the conflicting findings in the literature. While 

maternal obesity increases the risk of pregnancy complications and increases the likelihood of 

birthing a large-for-gestational-age infant, it is important to remember that not all women with 

obesity will experience pregnancy complications nor will they all birth larger offspring. While 

there were four macrosomic infants born to the obese women in Manuscript 1, these women had 

otherwise healthy pregnancies and did not experience any additional pregnancy complications. 
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Indeed, future work is warranted that focuses on placenta nutrient transport in pregnancies that 

are compromised by obesity and fetal over growth.    

 

This thesis also reinforces the importance of directly measuring physical activity during 

pregnancy in order to gain accurate and reliable measures of the intensity and duration of 

physical activity, rather than relying on questionnaires. The PPAQ substantially overestimated 

physical activity (moderate-to-vigorous intensity overestimated by 15 hr/week) during the 

second trimester and misclassified all of the non-active women (as determined by direct 

measures) as being physically active. Misclassifying non-active women as active is problematic, 

especially if this questionnaire were to be employed in research exploring the effects of physical 

activity during pregnancy. If the physical activity level of the women in Manuscript 3 had been 

measured using the PPAQ then the findings of the study would have been substantially different. 

According to the PPAQ all 16 subjects in Manuscript 3 met (and vastly exceeded) CSEP’s 

physical activity guidelines (>150 minutes of moderate-to-vigorous physical activity/week) and 

would have thus been classified as ‘active’; this differs from the six active women and 10 non-

active women as determined by direct measures using Actical accelerometers. In addition, since 

none of the PPAQ-measured and Actical-measured physical activity variables were correlated, 

relying on the PPAQ for Manuscript 3 would have resulted in very different (if any) correlations 

being observed between the genes of interest and the physical activity variables. Given the 

inaccuracies of the PPAQ, we advise against any future use of this questionnaire, in addition it is 

recommended that caution be used when interpreting the findings from previous studies that 

have relied on the PPAQ to assess physical activity.  
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3.2 Future Directions 

These novel findings linking GWG, directly measured physical activity and sugar intake 

to the expression of genes in the placenta highlight the importance of considering all of the 

factors that might influence the intrauterine environment rather than focusing on only one aspect 

of the maternal phenotype (e.g BMI). To more comprehensively examine these concepts, future 

research with sufficient numbers (i.e. higher sample size) is needed to account for the sex of the 

offspring and to evaluate whether these factors also affect the protein expression and activity of 

the placenta nutrient transport-related genes. With respect to physical activity, it is advised that 

only direct measures, such as Actical® accelerometry, are used to measure energy expenditure.  

Additionally, given the potential for variability in diet and physical activity patterns across 

gestation, future work should consider multiple measures of physical activity and diet at different 

time points throughout pregnancy. Measures of infant body composition would also offer insight 

regarding whether any of these changes is contributing to altered neonatal body composition and 

not solely birth weight.  

Our lab has plans to continue along this research path, specifically focusing on further 

characterizing the effects of physical activity on the placenta.  I contributed to a proposal for a 

Research Growth Award from the Children’s Hospital of Eastern Ontario Research Institute that 

our lab was recently awarded in order to pursue this research. In addition, I am helping to draft a 

CIHR grant that aims to study the effects of physical activity on placenta biology. This project 

will be a continuation of the Active MOM study that I designed for this thesis, and will 

incorporate various techniques such as nutrient uptake in placenta explants, transcriptional and 

ribosomal profiling, and metabolome and exosome profiling. The knowledge gained from this 

thesis will be useful for these future projects with respect to properly selecting and characterizing 
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the patient populations (i.e. physical activity, diet, GWG, and offspring gender), as well as 

providing direction on which nutrient pathways may be worthy of further exploration (i.e. fatty 

acids and amino acid transport).  

 

 

3.3 Conclusion 

This work improves our knowledge of the maternal and fetal factors that influence 

placenta nutrient transport-related gene expression. While the direct implications of these 

findings to pregnant women and health care providers are still in their infancy, this work 

provides a valuable contribution to placenta based research. Considering that intervention studies 

that aim to optimize fetal growth and improve pregnancy outcomes often focus on eating a 

healthy diet, regular physical activity and meeting GWG guidelines, it is logical that these factors 

ought to be considered in observational and mechanistic research. Furthermore, this work 

emphasized the importance of using direct measures of physical activity during pregnancy in 

order to be confident that the findings reflect the true nature of the relationships studied. Overall, 

if the results from this thesis are applied to upcoming research, it will improve the quality of 

future prenatal research.  
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5.2 Appendices  

Appendix A - Qiagen Online data analysis tool for Manuscript 1 and 3 

http://pcrdataanalysis.sabiosciences.com/pcr/arrayanalysis.php 

 
 

Instructions  
1. Choose the experiment that was performed: Standard/Cataloged RT² Profiler PCR Array, 

Custom RT² PCR Array or individual assays 

2. Browse and select the MS Excel file containing your PCR data with a maximum number of 

100 samples. Click "Upload". 

3. Analysis Setup page: 

a. In the "Basic Setup" section, assign samples to different groups. At least two groups 

are needed, where one of those groups must be the control group. Click "Update" 

when finished. You may exclude samples from the analysis by selecting "Exclude" on 

the drop down menu. 

b. Review the "Data QC" section to assess each groups' PCR reproducibility, reverse 

transcription efficiency, and the presence of genomic DNA contamination. 

c. The "Select Housekeeping Genes" section allows you to remove or add preferred 

housekeeping genes for data normalization by clicking the appropriate checkboxes. 

Click "Update" when finished. 

d. Review the "Data Overview" section to see each group's distribution of threshold 

cycle values and the average of the raw data in each group. 

4. Analysis page: 

a. See the "Average Ct", "2^(- Ct)", "Fold Change", "p-value", and "Fold Regulation" 

sections for the results processed by the software from your data. The "Fold Change" 

and "p-value" results are used by the software in subsequent graphical analyses. 

5. Click "Export Data" to download a MS Excel file containing all raw and processed data from 

the "Readout" and "Analysis Result" sections. 

  

http://pcrdataanalysis.sabiosciences.com/pcr/arrayanalysis.php
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Appendix B. Pregnancy Physical Activity Questionnaire (PPAQ) used in Manuscript 2 
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Appendix C. Actical log sheet for Manuscript 2 and Manuscript 3 
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Appendix D - PARmed-X for Pregnancy for Manuscript 2 and Manuscript 3 
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Appendix E - ASA24 online tool for 3 day dietary record in Manuscript 3 
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Appendix F - HALO sub-maximal fitness test log sheet (Manuscript 3) 
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Appendix G - Consent form for lean vs. obese placenta study 
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Appendix H - Active MOM consent form (Manuscript 2 and 3)  
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Appendix I - MOM trial consent form (Active MOM is a sub-study of MOM trial) 
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Appendix J - MOM trial genetics consent form 
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Appendix K - Research Ethics approval for Placenta study in Obese women 
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Appendix L - Research Ethics approval for MOM trial  
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Appendix M - Research Ethics approval for Active MOM study (missing) 
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