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Abstract

Obesity during pregnancy is associated with an increased risk of short- and long-term metabolic 

dysfunction in the mother and her offspring. Both higher maternal pregravid body mass index (kg 

m−2) and excessive gestational weight gain (GWG) have been associated with adverse pregnancy 

outcomes such as gestational diabetes, preeclampsia and fetal adiposity. Multiple lifestyle 

intervention trials consisting of weight management using various diets, increased physical 

activity and behavioral modification techniques have been employed to avoid excessive GWG and 

improve perinatal outcomes. These randomized controlled trials (RCTs) have achieved modest 

success in decreasing excessive GWG, although the decrease in GWG was often not within the 

current Institute of Medicine guidelines. RCTs have generally not had any success with decreasing 

the risk of maternal gestational diabetes (GDM), preeclampsia or excessive fetal growth often 

referred to as macrosomia. Although the lack of success for these trials has been attributed to lack 

of statistical power and poor compliance with study protocols, our own research suggests that 

maternal pregravid and early pregnancy metabolic condition programs early placenta function and 

gene expression. These alterations in maternal/placental function occur in the first trimester of 

pregnancy prior to when most intervention trials are initiated. For example, maternal accrural of 

adipose tissue relies on prior activation of genes controlling lipogenesis and low-grade 

inflammation in early pregnancy. These metabolic alterations occur prior to any changes in 

maternal phenotype. Therefore, trials of lifestyle interventions before pregnancy are needed to 

demonstrate the safety and efficacy for both the mother and her offspring.

INTRODUCTION

Obesity has become so pervasive that it is now recognized as a major public health concern 

during pregnancy.1 Obesity is classified as body mass index (BMI), weight in kilograms 

divided by height in meters squared (kgm−2), using the World Health Organization criteria; 

underweight BMI < 18.5, normal weight 18.5–24.9, overweight 25.0–29.9, obese class I 

30.0–34.9, obese class II 35.0–39.9 and obese class III ≥ 40.2 On the basis of the 2011–2012 
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National Health and Nutrition Examination Survey (NHANES), the prevalence of obesity in 

women of reproductive age (20–39 years) in the United States was 31.8% (95% confidence 

interval (CI) 28.5–35.5) and overweight plus obesity 58.5% (51.4–65.2).3 The prevalence of 

overweight and obesity is higher in non-Hispanic black and Mexican American women in 

the United States (Table 1). Although commonly used, the correlation of BMI with body fat 

within non-pregnant women of reproductive age explains about 50–70% of the variance in 

fat mass. However, with advancing gestation and the increase in total body water, the 

correlation becomes progressively less robust.4

Because obesity during pregnancy has become so prevalent, multiple lifestyle intervention 

trials (diet, physical activity and behavioral modification) have focused on avoiding 

excessive gestational weight gain (GWG) as a means to improve maternal metabolic 

function and perinatal outcomes. Unfortunately, these trials have had only limited success in 

decreasing perinatal morbidity. Hence, the purpose of this review is to evaluate the maternal 

and placental metabolism in pregnancy. We plan to demonstrate that lifestyle interventions 

initiated after the first trimester of pregnancy have minimal effect on placental gene 

expression and function related to perinatal morbidity.

TRENDS IN MATERNAL AND NEONATAL OBESITY

On the basis of Center for Disease Control and Prevention (CDC) data, there was no 

significant change in the prevalence of obesity in women of reproductive age from 2003–

2004 to 2011–2012.3 From 1999 to 2010, however, there was a trend in the increase in 

obesity (BMI ≥ 30) in women aged 20–39, that is, 28.4%, (95% CI 24.4–32.4) to 34.0% 

(95% CI 29.0–39.1) with a higher prevalence in non-Hispanic black and Mexican American 

women.5 Of greater concern is the increasing prevalence of class II (BMI ≥ 35, 17.2% (95% 

CI 14.2–20.7)) and class III obesity (BMI ≥ 40, 7.5% (95% CI 5.8–9.7)) in women aged 20–

39 in 2009–2010.6

Approximately 17% of US children and adolescents are obese; they have a BMI greater than 

the CDC 95th percentile for age and gender.7 There has also been an increase in mean term 

birth weight in developed nations.8,9 In Cleveland, we have reported a significant 116 g 

increase in mean term birth weight since 1975. This increase in birth weight encompasses 

weights from the 5th through 95th percentiles.10 Furthermore, high maternal pregravid BMI 

and not GWG was the strongest correlate for a high birth weight. Although some recent 

studies have published that the increase in birth weight has reached a plateau,11 we reported 

that this was secondary to increases in minority populations and earlier gestational age of 

delivery.12 Of potential greater concern is the increase in the Ponderal Index (weight/

length3, an estimate of neonatal adiposity, analogous to BMI in the adult) in our neonatal 

population over the last decade.12

RECOMMENDATIONS FOR WEIGHT GAIN IN PREGNANT OVERWEIGHT 

AND OBESE WOMEN

Gestational weight gain recommendations in pregnancy were first published by the Institute 

of Medicine (IOM) in 1990.13 Since that time, there has been a significant increase in the 
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number of women of childbearing age who are overweight or obese. Women are also 

becoming pregnant at an older age and with an increasing number of chronic medical 

conditions such as hypertension and diabetes. In 2009, the IOM revised the gestational 

weight guidelines taking into account more recent literature and specifically the increased 

proportion of overweight and obesity in women of reproductive age (Table 2). Although the 

2009 IOM recommendations for GWG are not dramatically different from the 1990 

guidelines, except for obese women, there were other substantive differences. These 

included using the WHO criteria for defining pregravid BMI2 and eliminating specific 

recommendations for certain populations including women of short stature, pregnant 

adolescents and different racial or ethnic groups.13

The recommendations for obese women were based in part on evidence that there is an 

inverse relationship between maternal pregravid BMI and GWG.14 Additionally, the IOM 

considered that there was an obligatory physiologic weight gain during pregnancy necessary 

for a healthy pregnancy, which consisted of approximately 8 kg of water, 1 kg of protein 

plus variable amounts (1–6 kg) of adipose tissue.13 Although some authors have suggested 

that less weight gain for obese women than the current IOM recommendations may improve 

some perinatal outcomes,15 there may be potential fetal risks relating to inadequate GWG in 

obese women.16

PRE-PREGNANCY OBESITY OR EXCESSIVE GWG RELATING TO FETAL 

OVERGROWTH

Thirty-eight percent of normal weight, 63% of overweight and 46% of obese women had 

gained weight in excess of IOM guidelines.17 These data are based on a general population 

in the United States obtained from the Pregnancy Risk Assessment Monitoring System 

(PRAMS) and the Pregnancy Nutrition Surveillance System (PNSS). At our hospital in 

Cleveland, 59% of overweight and 52% of obese women had excessive GWG. These 

percentages were higher in African American and Hispanic women. In obese women, 

excessive GWG was a significant risk factor for cesarean delivery and postpartum weight 

retention, but was not related to the development of preeclampsia or gestational diabetes 

(GDM).13 High GWG was associated with a modest increased risk of preterm birth, but was 

not related to an increased risk of fetal overgrowth or macrosomia.13 Excessive GWG is a 

primary risk factor for maternal post-partum weight retention, which becomes a significant 

risk factor for maternal pregravid obesity in a subsequent pregnancy.

Obesity in early pregnancy more than doubles the risk of obesity in the offspring between 

the ages of 2 and 4.18 Boney et al.19 reported that large for gestational age (LGA) neonates 

of mothers who were obese or developed GDM were at risk for developing the metabolic 

syndrome between ages 6 and 11. Maternal obesity and not GDM had a twofold increase in 

the hazard risk for the metabolic syndrome in the offspring, that is, GDM was not 

independently correlated with the metabolic syndrome in childhood. Dabelea et al.20 

reported that maternal obesity in utero is associated with type 2 diabetes in youth, 

independent of diabetes during pregnancy. We reported that in overweight/obese women, 

maternal pregravid BMI and not GWG was the greatest risk for fetal macrosomia, more 

specifically obesity.21 In our 8-year follow-up studies, maternal pregravid BMI, independent 

Catalano and deMouzon Page 3

Int J Obes (Lond). Author manuscript; available in PMC 2016 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of maternal glucose status or GWG, was the strongest predictor of childhood obesity and 

metabolic dysfunction.22 In a recent meta-analysis, Phillips et al.23 reported that, although 

maternal diabetes is associated with increased childhood BMI z-score, this was no longer 

significant when adjusted for maternal prepregnancy BMI. Therefore, maternal pregravid 

obesity is not only a risk factor for neonatal adiposity at birth, but also for the long-term risk 

of obesity and metabolic dysfunction in the offspring independent of maternal GDM or 

excessive GWG.

APPROACHES TO WEIGHT MANAGEMENT IN PREGNANCY 

COMPLICATED BY OBESITY

During pregnancy, medications for weight management are not recommended because of 

safety concerns and side effects.24 The classical anorexiants, such as phentermine, alter the 

release and reuptake of neurotransmitters that impact on appetite. Other drugs such as 

Orlistat reduce intestinal fat absorption by inhibiting pancreatic lipase. Metformin, which 

decreases hepatic glucose production, has been associated with decreased GWG in some 

studies when used to treat mild GDM.25 Metformin has not been used solely to manage 

GWG and crosses the placenta in significant amounts.25

The primary weight management strategies during pregnancy are dietary control, exercise 

and behavior modification. These strategies have been used either alone26,27 or in 

combination28,29 to avoid excessive GWG. Within each of these strategies, there are 

variations. For example, with diet, some studies have examined the role of food having a 

low glycemic index,26 whereas others have employed probiotic interventions.30 

Unfortunately, based on a recent Cochrane review, the authors conclude that there is not 

enough evidence to recommend any specific intervention for preventing excessive weight 

gain in pregnancy, because of methodological limitations, small sample and effect size.31 In 

general, nutritional strategies are more useful in avoiding excessive GWG during pregnancy 

in contrast to increased physical activity.32

LIFESTYLE INTERVENTIONS DURING PREGNANCY: ARE THEY 

SUCCESSFUL?

There have been numerous prospective trials examining lifestyle intervention for obese 

women during pregnancy. These studies had outcomes which included avoiding excessive 

GWG and decreasing adverse perinatal outcomes, specifically macrosomia, GDM and 

hypertensive disorders. For example, the Low Glycemic Index Diet in a pregnancy study to 

prevent macrosomia evaluated more than 800 women with a history of delivering a >4000 g 

or a macrosomic infant.33 Women were randomized to Low Glycemic Index Diet or no 

intervention at 13 weeks. Despite a decrease in GWG (12.2 vs 13.7 kg) in the intervention 

group, there was no difference in birth weight, birth weight centile, Ponderal Index or 

macrosomia between the groups. In 2011, a Danish group reported a randomized control 

lifestyle intervention trial.28 The intervention consisted of dietary guidance, free 

membership in a fitness center and personal coaching initiated between 10 and 14 weeks’ 

gestation. Although there was a decrease in GWG in the intervention group (7.0 vs 8.6 kg, P 
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= 0.01), paradoxically, the infants in the lifestyle intervention group had significantly higher 

birth weight (3742 vs 3593 g, P = 0.04) compared with controls.

In early 2014, three lifestyle intervention randomized controlled trials during pregnancy 

were published. Only one of these, the treatment (physical activity) of obese women in 

pregnancy (TOP), showed a modest (1.38 kg, P = 0.04) effect in a multivariate analysis 

decreasing GWG. There was no significant effect on either birth weight or LGA 

newborns.34 The pregnancy and glycemic index outcome study (PREGGIO) was a follow-

up randomized controlled trial to a small intensive study of 62 women, showing that a low 

glycemic index diet in the second and third trimesters of pregnancy reduced fetal birth 

weight/percentile and Ponderal index. In this study, women were assigned to either a low 

glycemic index diet or healthy eating according to local standards. Approximately one-third 

of the subjects in either group were overweight or obese. There were no significant 

differences in the primary outcomes of fetal growth. In a multivariate analysis, the glycemic 

load was the only significant predictor of fetal growth, but explained less than 1% of the 

variance.26 The lifestyle intervention advice for women who are overweight or obese 

(LIMIT) trial had as the primary objective to determine the effect of antenatal lifestyle 

interventions on health outcomes in overweight and obese pregnant women. Two thousand 

and twelve women between 10 and 20 weeks were randomized to a comprehensive dietary 

and lifestyle intervention and 1104 to standard care according to local standards. There was 

no significant difference in the incidence of LGA neonates between groups (19 vs 21%, P = 

0.24). There were fewer infants who were born greater than 4000 g in the intervention as 

compared to the standard care group (15% vs 19%, P = 0.04). No information, however, was 

provided on gestational age of delivery in the two groups, as gestational age is a strong 

correlate of birth weight at term. There were also no significant differences in GWG or 

proportion of women whose weight gain were below, within or exceeded the IOM GWG 

recommendations.29

There have been at least five meta-analyses published in the past 3 years of randomized 

control trials examining lifestyle intervention during pregnancy. All concluded that lifestyle 

intervention initiated during pregnancy has limited success in reducing excessive GWG, but 

not necessarily to within IOM guidelines. The literature contains scant evidence to support 

further benefits for infant or maternal health (fetal overgrowth, GDM or hypertensive 

disorders including preeclampsia).32,35–38 A Cochrane Review concluded that results from 

three randomized controlled trials suggested no significant difference in GDM incidence 

between women receiving exercise intervention vs routine care.39

In summary, lifestyle intervention initiated during pregnancy may reduce some excessive 

GWG; however, lifestyle interventions have not been successful in reducing fetal 

overgrowth, GDM or preeclampsia in obese women. Why have these lifestyle interventions 

not had greater success? Although there is no obvious answer, the sequence of physiological 

adaptations which occur in normal pregnancy may provide some clues.
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NORMAL PHYSIOLOGICAL ADAPTATIONS DURING PREGNANCY

The changes in body composition during pregnancy are primarily driven by adaptations of 

maternal metabolic homeostasis. The ultimate goal of pregnancy-induced metabolic 

alterations is to meet the high energy demands of fetal development. Glucose, the primary 

oxidative fuel used by feto-placental tissues, needs to be readily available for transplacental 

transfer, whereas maternal tissues can rely on other energy substrates, such as lipids.40 

Changes in insulin secretion and action are occurring over the course of pregnancy. The 

higher insulin sensitivity of early pregnancy facilitates cellular anabolism through activation 

of lipogenesis. In contrast, the insulin resistance, which culminates in the third trimester, 

allows adipose tissue to mobilize the lipids stored earlier and maternal skeletal muscle to 

utilize less glucose.41 These changes in maternal metabolic homeostasis result in increased 

circulating levels of insulin and triglycerides in late pregnancy.42,43

There is a 50–60% decrease in insulin sensitivity with advancing gestation in all pregnant 

women regardless of pregravid BMI. The decreased insulin sensitivity observed in obese 

and normal weight women in pregnancy is but a reflection of the maternal pregravid 

condition.44 The decreased insulin sensitivity in late gestation results in increased nutrient 

availability, such as glucose and lipids, for the fetus resulting in fetal overgrowth and 

adiposity (Figures 1 and 2). Because the increased adiposity and decrease in insulin 

sensitivity in overweight and obese women exists before and during early pregnancy, 

lifestyle interventions initiated usually in the second trimester are less likely to have any 

effect on maternal metabolism or metabolic conditions during pregnancy. Not surprisingly, 

in obese women, maternal pregravid measures of obesity are more strongly correlated with 

maternal outcome measures such as gestational diabetes, pre-eclampsia and fetal 

macrosomia as compared with other clinical parameters such as GWG.44 These maternal 

metabolic alterations during pregnancy are less amenable to lifestyle changes because of the 

physiological adaptations during pregnancy, the relatively short time between initiation of 

dietary changes and delivery and the decreased ability to perform significant increased 

physical activity with advancing gestation.

CELLULAR AND MOLECULAR ADAPTATIONS DURING PREGNANCY

In the pregnant woman, the adaptations of lipid metabolism follow a well-described biphasic 

pattern. The first half of pregnancy is centered on storing maternal energy as adipose tissue 

triglycerides, whereas in late pregnancy, the stored lipids are mobilized to be used by 

peripheral tissues and in preparation for lactation.45 The concentration of all plasma lipids 

and lipoprotein fractions increase with advancing gestation, with the exception of total non-

esterified fatty acids.46 The increase in total cholesterol and trigycerides, very low-density 

lipoprotein and low-density lipoprotein result in a hyperlipemic environment at the maternal 

fetal interface.47 This then allows for increased lipid oxidation in maternal liver and 

subsequent utilization of fatty acids for maternal energy needs. These sequential adaptations 

are facilitated by modifications in the plasma concentration of steroid hormones with large 

increases in estradiol and progesterone in healthy pregnancy.48 Estradiol upregulates the 

secretion of both very low-density lipoprotein hepatic subfractions, resulting in increased 

plasma trigycerides.46 Maternal obesity is associated with higher plasma concentrations of 
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trigycerides, very low-density lipoprotein-1 and -2 in the first trimester. However, in late 

pregnancy, plasma trigycerides and trigyceride-rich lipoproteins reach similar elevated 

concentrations in healthy lean and obese women. Total non-esterified fatty acid 

concentrations remain unchanged in obese mothers and their fetuses.49 However, there may 

be subtle differences in the concentration of individual fatty acids, which may be mediated 

through maternal diet. These data indicate that obese women are less flexible to pregnancy 

metabolic adaptations, than their normal-weight counterparts.

ROLE OF MATERNAL ADIPOSE TISSUE: METABOLIC AND ENDOCRINE 

FUNCTIONS

Lean women accrue adipose tissue earlier in pregnancy, whereas, women who are obese are 

more likely to be insulin-resistant prior to pregnancy and therefore gain less adipose tissue 

in early gestation.49 Hence, from a population perspective, obese women have less GWG as 

compared with normal weight women.14 White adipose tissue displays remarkable 

flexibility with an important and reversible capacity for expansion and contraction 

throughout adult life. Adaptations of adipose tissue during pregnancy develop in a temporal 

manner with an array of molecular changes preceding the anthropometric expansion of 

adipose mass.50 In healthy human pregnancy, early enhancement of adipose tissue and 

immune response (in comparison with pregravid measures) precedes the appearance of 

maternal phenotypic changes in body composition and insulin action (Figure 3). This 

biphasic pattern of early lipogenesis and late pregnancy lipolysis is associated with a sterile 

low-grade physiological inflammation as an early step towards the later development of 

physiological insulin resistance which peaks during late pregnancy. A substantial literature 

has established inflammation as an obligatory component of weight gain and adipose tissue 

remodeling in obesity and other diseases; low-grade inflammation is also a physiologic 

adaptation in healthy pregnancy.50

Adipose tissue is an organ demonstrating remarkable plasticity which allows changes in size 

and structure. Adipose tissue enlargement is a complex process relying on molecular cross-

talk between distinct cell types of the stromal-vascular fraction surrounding the 

adipocytes.51,52 In agreement with this concept, our research suggests that pregnancy-

induced adipose tissue expansion involves a combination of cellular mechanisms shared by 

pre-adipocytes, adipocytes, macrophages and endothelial cells (Figure 4). Different types of 

cells which are located within the adipose tissue itself contribute to its remodeling during 

pregnancy. Components of the extracellular matrix, which connect the adipocytes and 

angiogenic factors, are needed for the vascular growth and differentiation of pre-adipocytes 

into mature adipocytes which can then store lipids. Lipogenic genes and transcription factors 

need to be activated to help differentiation and maturation of the small pre-adipocytes into 

functional adipocytes. The macrophages which infiltrate the stromal cells produce 

proinflammatory cytokines, interleukin-6 (IL-6), IL-8 and tumor necrosis factor-alpha that 

may facilitate the development of insulin resistance.

The endocrine function of adipose tissue also evolves during pregnancy. The synthesis and 

plasma concentration of leptin and adiponectin, two major adipokines, exhibit longitudinal 

changes parallel to those of insulin sensitivity. Leptin concentrations increase in early 
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pregnancy, and there is a strong positive correlation between plasma leptin and maternal 

BMI.53 In contrast, adiponectin concentrations decrease with advancing gestation, analogous 

to decreases in maternal insulin sensitivity.54 Ideally, pregnant women should maintain a 

positive energy balance to sustain energy requirements for fetal development; therefore, it is 

not likely that increased leptin concentrations would affect the individual to reduce her food 

intake as pregnancy progresses. From a pragmatic perspective, it is expected that the rise in 

maternal leptin levels are not accompanied by the classic central effect in the regulation of 

food intake.

However, the increase over pregravid plasma values suggests that leptin may be needed for 

roles that are different from the hypothalamic regulation of appetite suppression.55 Higher 

maternal leptin concentrations may reflect a state of leptin resistance that is analogous to 

that of obese individuals whose elevated leptin levels do not successfully regulate energy 

homeostasis.56 Another possible explanation for the increase of leptin concentrations in 

pregnancy is the increase in the bound over free ratio in circulating leptin.55 Leptin can bind 

to an extracellular (soluble) leptin receptor that is released in the circulation by placental 

membrane shedding.57 The binding to this soluble isoform may delay the clearance of leptin 

from the circulation, which results in higher maternal plasma levels.

In contrast to leptin, adiponectin plasma concentration decreases in late pregnancy when 

maternal insulin resistance is highest.54 In contrast with the placenta’s ability to synthesize a 

large variety of cytokines there is no synthesis of adiponectin in the human placenta. We 

have proposed that lower maternal plasma adiponectin levels most likely reflect fluctuations 

in the synthesis and secretion by the maternal white adipose tissue.58 Additionally, 

inflammatory stress and dietary factors such as a high-fat diet may act as epigenetic 

regulators of the adiponectin gene downregulating adiponectin synthesis.58 The longitudinal 

modifications of adipokines in healthy pregnancy are further enhanced in the context of 

pregnancy associated with diabetes and obesity.59,60 Obesity in late pregnancy is associated 

with hypo-adiponectinemia which is inversely correlated to maternal insulin sensitivity and 

BMI but not GWG (Figure 5). The hypoadiponectinemia reflects the decreased expression 

of adiponectin mRNA and methylation of the adipose adiponectin gene of obese women.58

ROLE OF MATERNAL ADIPOSE TISSUE: IMMUNE FUNCTION AND LIPID 

SIGNALING

Adipose tissue generates a number of signaling molecules which can act within the adipose 

cells but also systemically. Expansion of the adipose tissue involves the connection and 

activation of metabolic and immune networks.50 Fatty acids either produced by de novo 

synthesis or lypolytic degradation of tissue fat play an important role in immune activation. 

Normal pregnancy is associated with low-grade inflammation that starts at 7–10 weeks 

gestation persists throughout gestation.50 Activation of Toll-like receptor 4 (TLR4) 

pathways by fatty acids translates downstream signals leading to the production of pro-

inflammatory cytokines.61 The activation of TLR4 signal transduction has been proposed as 

a molecular link between diet-induced obesity and increased insulin resistance.62 Adipose 

tissue TLR4 is activated in adipose tissue of obese as compared with normal weight women. 

Our group and others have proposed that nutritional changes, through either maternal 
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hyperphagia or dyslipidemia, are potential mechanisms which activate TLR4-induced 

inflammation through circulating fatty acids.63 TLR4 is also abundantly expressed in the 

placenta and localized on both syncytiotrophoblast cells facing the maternal blood and 

perivascular cells in contact with fetal blood. The localization of TLR4 at the maternal–fetal 

interface suggests that placental TLR4 can be targeted by both maternal and fetal derived 

lipid signals.

THE MATERNAL–FETAL INTERFACE: ROLE OF THE PLACENTA

The insulin resistance of pregnancy and particularly the mechanisms of insulin action are not 

well understood. Adiponectin, which has insulin-sensitizing properties, is a potential 

regulator of insulin action. Hence, mechanisms leading to decrease the expression or 

secretion of adiponectin, may be particularly relevant during pregnancy.64 The negative 

correlation of adiponectin with maternal estimates of insulin sensitivity and BMI in late 

pregnancy but not GWG (Figure 5) supports the concept that pregnancy-related regulation 

of plasma adiponectin may share similarity with adiponectin-induced regulation in 

obesity.65

The placenta represents an additional source of systemic adipokines and cytokines during 

pregnancy.66 Leptin is secreted by adipose tissue and the placenta,55 and the rise in plasma 

leptin levels in pregnancy is mainly contributed by the placenta.67 In contrast, we and others 

have shown that the placenta is not a source of adiponectin.58,68 However, the placenta may 

act as a functional target of maternal plasma adiponectin because there are a large amounts 

of adiponectin receptors expressed at the maternal placental surface. The metabolic actions 

of adiponectin are mediated via binding to specific adiponectin receptors.69 Both R1 and R2 

adiponectin receptors are expressed in the human placenta on the syncitiotrophoblast cells 

exposed to maternal blood.55 Furthermore, adiponectin regulates placental amino acid 

transporters via R2 receptor binding70,71 and decreases the production of human chorionic 

gonadotropin and progesterone.72 These findings suggest that implementing lifestyle 

intervention strategies aimed at preventing decreases in maternal adiponectin may impact 

placental transport of nutrients to the fetus.

Maternal metabolic homeostasis and pleiotropic functions of the placenta, including 

endocrine function, are compromised by obesity.73 Structurally and metabolically the 

placenta is an extremely flexible organ which succeeds to adapt to most maternal metabolic 

challenges. When exacerbated by maternal obesity, such modifications may eventually 

regulate lipid fluxes to the fetal circulation through metabolic immune interactions. How the 

molecular and cellular dysfunctions occurring at the maternal–fetal interface translate into 

greater fetal adiposity.

SUMMARY

Lifestyle interventions initiated during pregnancy may to some degree reduce excessive 

GWG, however, these interventions have not been successful in reducing fetal overgrowth, 

GDM or preeclampsia in obese women. On the basis of our research, we conclude that 

interventions need to be initiated prior to conception. Just as women with pre-existing 

diabetes need to normalize glucose levels before pregnancy to decrease the risk of 
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congenital anomalies, obese women must improve metabolic conditioning before pregnancy 

to decrease complications of fetal overgrowth and gestational diabetes during pregnancy. 

Because of the increased expression of lipogenic and inflammatory genes in maternal white 

adipose tissue and placenta of obese women in the first trimester of pregnancy, before any 

phenotypic changes become clinically apparent, obese women are less amenable to lifestyle 

changes improving metabolic function and clinical outcomes.

Terms such as ‘Metabolic Rehabilitation’ by Ethan Sims74 and ‘Fuel Mediated 

Teratogenesis’ by Norbert Freinkel were used to describe the importance of preconceptual 

metabolic control to avoid later metabolic dysfunction in the mother and her offspring.75

There are benefits of inter-pregnancy weight loss. A report from the research group in 

Cambridge, UK reported that obese mice fed an obesogenic diet before the first mating, then 

placed on an exercise regimen before and during a second pregnancy, had decreased 

placental lipid storage and transfer to the trophoblast.76 The obese exercise group also 

normalized insulin signaling in the placenta compared with dysregulated signaling in 

placentas of sedentary obese control mice resulting in improved fetal outcomes. In a recent 

population-based birth certificate historical cohort of over 10 000 births, mild-to-moderate 

interpregnancy weight loss in obese women reduced the risk of a subsequent LGA baby, 

odds ratio 0.61 (95% CI 0.52–0.73), whereas inter-pregnancy weight gain increased the risk 

of a LGA infant, odds ratio 1.37 (95% CI 1.21–1.54). The inter-pregnancy change in weight 

was not associated with an increased risk of a small for gestational age infant.77 Therefore, 

the concept that lifestyle intervention before pregnancy is important in improving placental 

function and development is gaining traction as a viable paradigm to improve perinatal 

metabolic outcomes.78 Prospective randomized trials are needed to demonstrate the safety 

and efficacy of such an intervention for both short and long-term benefits to the mother and 

her offspring.
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Figure 1. 
The longitudinal changes in insulin sensitivity, pregravid, early pregnancy (12–14 weeks) 

and late pregnancy (34–36 weeks) as estimated using the hyperinsulinemic–euglycemic 

clamp in normal weight, overweight and obese women.44
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Figure 2. 
The longitudinal changes in basal plasma triglyceride concentrations, pregravid, early 

pregnancy (12–14 weeks) and late pregnancy (34–36 weeks) in normal weight, overweight 

and obese women.
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Figure 3. 
Adaptations of adipose tissue during pregnancy develop in a temporal manner with an array 

of molecular changes preceding the anthropometric expansion of adipose mass.51 (a) 

Longitudinal fold changes in early (12–14 weeks) compared with pregravid measures of 

immune changes in healthy human adipose tissue during pregnancy. The TLR4 signaling 

pathway activated by lipopolysaccharide and free fatty acids (FFA) shown on the right of 

Figure 3a. (b) Longitudinal fold changes in early (12–14 weeks) compared with pregravid 

measures of lipogenic pathways adipose tissue during pregnancy. The signaling pathways 

relating to lipogenesis are shown on the right of Figure 3b.
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Figure 4. 
Pregnancy-related changes in adipose tissue immune network. Depicted are models of 

cellular networks that contribute to remodeling of adipose tissue in human pregnancy.51 

Multiple factors produced by several adjacent cell types cooperate to remodeling of the 

adipose tissue during pregnancy. Extracellular matrix components and angiogenic factors 

are needed for vascular and adipocyte growth. Lipogenic genes are required for cell 

differentiation and lipid storage. Macrophages located outside the adipocytes produce pro-

inflammatory cytokines such as Il-6, IL-8 and tumor necrosis factor-alpha that enhance 

neovascularization and facilitate the development of insulin resistance.
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Figure 5. 
The relationship in late pregnancy between maternal plasma adiponectin and maternal: (a) 

Insulin sensitivity as estimated by Homeostatic Model Assessment-Insulin Resistance 

(HOMA-IR) r =− 0.32, P=0.27, (b) BMI r =− 0.27, 469 P =0.001 and (c) GWG.
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Table 2

Recommendations for total and rate of weight gain during pregnancy by prepregnancy BMI13

Prepregnancy BMI BMI+
(kg m−2)
(WHO)

Total weight
gain range

(lbs)

Rates of weight
Gaina 2nd and 3rd

trimester (mean range in
lbs per week)

Underweight < 18.5 28–40 1 (1–1.3)

Normal Weight 18.5–24.9 25–35 1 (0.8–1)

Overweight 25.0–29.9 15–25 0.6 (0.5–0.7)

Obese (includes all classes) ≥30.0 11–20 0.5 (0.4–0.6)

Abbreviations: BMI, body mass index; WHO, World Health Organization.

a
Calculations assume a 0.5–2 kg (1.1–4.4 lbs) weight gain in the first trimester.
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