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Abstract

Purpose—The primary purpose of this study was to compare maternal plasma inflammation 

between physically active and inactive obese women during late pregnancy. The secondary 

purpose was to examine the relationships between maternal plasma inflammation and lipid 

metabolism and maternal and neonatal metabolic health in these women.

Methods—A cross-sectional, observational study design was performed in 16 obese-inactive 

((OBI) age: 25.0 ± 4.8 years, pre-pregnancy BMI: 36.3 ± 4.3kg/m2, body fat percentage in late 

gestation: 37.7 ± 3.5%) and 16 obese-active ((OBA) age: 28.9 ± 4.8 years, pre-pregnancy BMI: 

34.0±3.7kg/m2, body fat in late gestation: 36.6 ± 3.8%) women during the third trimester of 

pregnancy. Maternal plasma inflammation (C -reactive protein (CRP)) and insulin resistance 

(Homeostatic Model Assessment-Insulin Resistance (HOMA-IR)) were measured at rest. Plasma 

lipid concentration and metabolism (lipid oxidation and lipolysis) were measured at rest, during a 

30-minute bout of low-intensity (40% VO2peak) exercise, and during a resting recovery period 

using indirect calorimetry. Umbilical cord blood was collected for measurement of neonatal 

plasma insulin resistance, inflammation, and lipid concentration. Neonatal body composition was 

measured via air displacement plethysmography.

Results—Maternal plasma CRP concentration was significantly higher in OBI compared to OBA 

women (9.1 ± 4.0 mg/L versus 6.3 ±2.5mg/L, p=0.02). Maternal plasma CRP concentration was 

significantly associated with maternal lipolysis (r=0.43, p=0.02), baseline lipid oxidation rate 

(r=0.39, p=0.03), and baseline plasma free fatty acid concentration (r=0.36, p=0.04).

Conclusions—Maternal physical activity may reduce inflammation during pregnancy in obese 

women. Maternal lipid metabolism is related to systemic inflammation.
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Introduction

Maternal obesity (pre-pregnancy BMI ≥30kg/m2) prevalence is at a historic high with nearly 

one in three women entering pregnancy obese (King 2006). Pre-pregnancy obesity 

contributes to maternal inflammation, insulin resistance, and altered lipid metabolism 

(Herrera 2002; Ramsay et al. 2002), as well as neonatal adiposity and insulin resistance; all 

of which can have serious long-term health implications for women and their offspring 

(Borengasser et al. 2011; Heerwagen et al. 2010; Catalano et al. 2009b; Jarvie et al. 2010). 

In particular, maternal inflammation may play a significant role in the development of 

maternal insulin resistance and hypertension- two of the most common health issues 

diagnosed in obese pregnant women (Borzychowski et al. 2006; Schmatz et al. 2010; Ozgu-

Erdinc et al. 2014).

Maternal inflammation is elevated in normal-weight pregnant women (Watts et al. 1991). In 

obese pregnant women, maternal inflammation is further elevated (Schmatz et al. 2010), and 

might also negatively contribute to maternal long-term health as it is predictive of future 

cardiovascular disease risk in non-gravid adults (Lagrand et al. 1999). Interestingly, maternal 

inflammatory changes during pregnancy are believed to extend into the placenta, suggesting 

that the fetus of a woman with excessive inflammation is exposed to an inflammatory 

environment during development (Challier et al. 2008). This exposure might predispose 

neonates to have a higher risk for the development of metabolic disease in adulthood (Barker 

2004; Segovia et al. 2014)

Physical inactivity is recognized as an independent risk factor for obesity, insulin resistance, 

and type 2 diabetes in non-gravid adults (Blair and Brodney 1999; Blair 2009). The 

physiological and hormonal changes associated with pregnancy magnify this risk during and 

after pregnancy by causing an increase in adiposity and insulin resistance (Artal 2015). In 

pregnant women of normal body weight, physical activity reduces inflammation (Hawkins et 

al. 2014; Wang et al. 2014), as well as improves maternal insulin sensitivity (Hopkins and 

Artal 2013). In obese pregnant women, physical activity may decrease insulin resistance 

(van Poppel et al. 2014). In addition, neonates of normal-weight physically active women 

have lower adiposity compared to neonates born to inactive women (Clapp and Capeless 

1990; Hayes et al. 2014). However, the role of a physically active lifestyle on maternal 

metabolic health, particularly systemic inflammation, in at-risk obese pregnant women and 

their neonates is poorly understood. To our knowledge, the impact of physical activity on 

maternal systemic inflammation and lipid metabolism, and neonatal adiposity, insulin 

resistance, and inflammation has not been studied in exclusively obese pregnant women.

The primary purpose of this study was to compare maternal plasma inflammation between 

physically active and inactive obese women during pregnancy. The secondary purpose was 

to examine the relationships between maternal plasma inflammation and lipid metabolism 

and maternal and neonatal metabolic health in these women. We hypothesized that during 
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late pregnancy, physically active obese women will have lower plasma inflammation, lipid 

oxidation rate, lipolysis, and insulin resistance compared to inactive obese women. We also 

hypothesized that neonates of physically active obese women will have lower adiposity, 

inflammation, and insulin resistance than neonates of inactive obese women.

Methods

Subjects

Thirty-two women participated in the study (16 obese-inactive (OBA), 16 obese-active 

(OBA)). Four-hundred women receiving prenatal care at the Women’s Health Center or 

Women’s Health Clinic at Barnes Jewish Hospital/Washington University between August 

2013 and November 2014 were screened for inclusion. Sixty women who met all criteria 

with ongoing pregnancies were approached for participation late in their second trimester, 

and 40 agreed to participate. Eight were excluded due to delivering prior to scheduled study 

visits (n=2), non-compliance with study visits (n=4), or loss to follow-up once entered into 

the study (n=2). Inclusion criteria included women ages 18–44 years with a confirmed 

singleton viable pregnancy and no identified fetal abnormalities (as determined by routine 

anatomy ultrasound at 18–22 weeks) and pre-pregnancy BMI between 30 and 45 kg/m2. 

Physical activity information was gathered from standard-of-care health history 

questionnaires distributed by the clinic (questionnaires asked if women exercised regularly 

(yes/no). If they answered yes, they were given an open-ended question asking for type, 

frequency, and duration of activity). This form was used to identify potentially active women 

based on what they reported, and then once identified and confirmed via face-to-face 

conversation, they were recruited and potentially enrolled. All women in the active group 

reported exercising ≥150 minutes per week. Physical activity levels were then objectively 

confirmed via accelerometry. Patients were excluded for any of the following reasons: 1) 

multiple gestation pregnancy, 2) inability to provide voluntary informed consent, 3) self-

reported use of illegal drugs (cocaine, methamphetamine, opiates), 4) current smoker who 

did not consent to cessation, 5) current usage of daily medications by class: corticosteroids, 

beta-blockers, or anti-psychotics (known to alter insulin resistance and metabolic profiles), 

6) diagnosis of gestational diabetes in current pregnancy, 7) history of gestational diabetes, 

pre-pregnancy diabetes or prior macrosomic (>4500g) infant (each elevates the risk for 

gestational diabetes in the current pregnancy, or undiagnosed gestational diabetes), 8) 

history of heart disease, or 9) any other condition that would preclude exercise. Approval for 

this study was granted by the Institutional Review Board at Washington University (IRB ID: 

201306109, NCT: NCT02039414). All women gave informed consent prior to participating 

in the study.

Study Procedures

All study procedures were performed at the Washington University School of Medicine 

Institute for Clinical and Translational Science’s Clinical Research Unit (CRU). All pregnant 

women participated in two maternal visits between 32 and 37 weeks of gestation.
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Maternal Visit 1

Body composition was measured using skinfold anthropometry in order to determine 

maternal percent body fat. Body fat percentage was determined by pressing folds of the skin 

at seven sites with a caliper (Harpenden Skinfolds Caliper, Baty International, United 

Kingdom), recording skin fold thickness, and entering the data into a standardized equation 

that accounts for age as previously described (Jackson et al. 1980), a technique that has been 

used during pregnancy in prior studies (Taggart et al. 1967; Kannieappan et al. 2013). 

Cardiorespiratory fitness levels were assessed using the YMCA submaximal multistage 

cycle ergometer test as previously described (Beekley et al. 2004) using a Lode Corvial 

Recumbent cycle ergometer (Lode B.V., The Netherlands). Results were used to predict 

participant’s VO2peak via the VO2-Heart Rate extraction method, which is considered more 

accurate for pregnant women than the Astrand-Ryhming test (Sady et al. 1988; Thorell and 

Kristiansson 2012; Thorell et al. 2015). A three-lead electrocardiogram was applied to 

monitor heart rate throughout the duration of the exercise test. Subjects also completed the 

National Institutes of Health’s validated Dietary History Questionnaire II to determine 

potential differences in diet (Subar et al. 2001).

Maternal physical activity levels were objectively assessed during the week following visit 

one using the ActiGraph GT3X+ accelerometer (ActiGraph LLC, Pensacola, FL). The 

GTX3+ was placed on the non-dominant wrist with non-removable wristbands. The 

wristbands were cut off by the study team when they returned for their second visit to ensure 

the accelerometers were worn for the entire data collection period. Wrist-worn tri-axel 

accelerometers can be used as a valid measure of physical activity energy expenditure in 

pregnant women (van Hees et al. 2011). In addition, previous data on acceptability suggest 

participants do not object to wearing wrist-worn devices 24 hours/day, and we believe wrist-

worn devices with hospital-type wristbands would give us the best compliance and 24 

hours/day wear data (van Hees et al. 2011). Data was collected for seven consecutive days at 

30 Hz. The accelerometer output was sampled by a 12-bit analog-to-digital converter. The 

percentage of time spent sedentary as well as the amount of time spent participating in 

different categories of physical activity ranging from light and lifestyle to moderate were 

calculated using algorithms corresponding to the following activity counts: sedentary: 0 – 99 

counts/min, light: 100 – 759 counts/min, lifestyle: 760 – 1951 counts/min, moderate: 1952–

5724 counts/min (Freedson et al. 1998).

Maternal Visit 2

Approximately one week after Visit 1, participants were admitted to the CRU the morning 

after an overnight fast. The night prior, subjects were provided with written instructions 

from the CRU dietician for consuming a balanced meal with approximately 50% 

carbohydrate, 30% fat, and 20% protein. Upon admission to the CRU, height, weight, and 

vital signs were obtained. A catheter (IV) was placed in a hand vein and heated to 55 °C by 

using a thermostatically controlled box in order to obtain arterialized blood samples as 

previously described (Zello et al. 1990). Participants kept their hand in the box throughout 

the entire study visit. Participants rested in supine for 30 minutes prior to a baseline 15-

minute resting indirect calorimetry measurement using the TrueOne Canopy Option and 

TrueOne Metabolic Cart (TrueOne 2400, Parvomedics, Sandy, UT). Lipid oxidation rate was 
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calculated by measurement of oxygen consumption and carbon dioxide production as 

previously described (Frayn 1983). After a baseline blood draw, participants exercised at 

approximately 40% of their predicted VO2peak (based on the YMCA submaximal cycle test) 

for 30 minutes. Blood was drawn at 10, 20, and 30 minute time points during submaximal 

exercise. Indirect calorimetry was also performed at 10, 20, and 30 minutes (for 2 minutes at 

a time) during submaximal exercise using an exercise mouthpiece and nose clip for 

calculation of lipid oxidation rate during low-intensity exercise. Lipid metabolism was 

examined during exercise because exercise upregulates adipose tissue breakdown (lipolysis) 

and lipid oxidation (Horowitz and Klein 2000). In addition, we believe the exercise 

paradigm mimicked daily activity levels (~3–5 METS, e.g. household chores, caring for 

other children, walking), thus, representing metabolism during and after normal daily 

activities. After exercise termination, participants returned to supine and blood was drawn 

10, 30, and 60 minutes-post cessation of exercise (i.e. recovery). Resting indirect calorimetry 

using the canopy option was performed a second time for 15 minutes midway through the 

post-exercise recovery period. Visit 2 study procedures are shown in Figure 1.

Sample Analyses and Calculations

All blood samples were immediately placed on ice and plasma was separated by 

centrifugation within 30 minutes of collection. Plasma samples were stored at −80°C until 

final analyses were performed. Blood samples for glucose were collected in heparinized 

tubes and analyzed immediately with an automated glucose analyzer (Yellow Springs 

Instruments Co, Yellow Springs, OH). Plasma insulin concentration was measured by 

electrochemiluminescence technology (Elecsys 2010, Roche Diagnostics, Indianapolis, IN). 

Insulin and glucose levels were used to calculate the homeostatic model assessment-insulin 

resistance (HOMA-IR), an index of insulin resistance that reflects fasting glucose 

concentration measured at the fasting insulin concentration (Matthews et al. 1985; Cohen et 

al. 2006). High-sensitivity C-reactive protein (CRP) was measured by immunoturbidimetric 

assay (Roach Diagnostics, Indianapolis, IN). Blood samples used to determine plasma free 

fatty acids were collected in tubes containing EDTA. Plasma free fatty acid concentrations 

were determined by enzymatic colorimetric assay (Wako Pure Chemical Industries, Osaka, 

Japan). All blood sample analyses were run in duplicate by trained experts in the Core 

Laboratory for Clinical Studies as part of the Washington University Institute of Clinical and 

Translational Sciences. The inter-assay coefficients of variation in the Core Laboratory are 

≤1.2% for glucose, ≤3.2% for CRP, ≤2.7% for free fatty acids, and ≤4.3% for insulin. 

Lipolysis was calculated by the area under the curve (Pruessner et al. 2003; Allirot et al. 

2014) for free fatty acids from free fatty acid concentrations from baseline and throughout 

the exercise and recovery periods.

Neonatal Measurements

Upon admission to labor and delivery, maternal weight was measured and gestational weight 

gain was calculated using pregnancy weight at initiation for prenatal care (or self-report if 

>10 weeks gestation at first prenatal appointment) and subtracting that number from their 

weight upon admission to labor and delivery. At parturition, neonatal birth weight was 

obtained. In addition, 44 mL of umbilical cord blood was collected, centrifuged within 30 

minutes of delivery, and stored at −80°C until further analyses were performed. Umbilical 
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cord blood was used to determine neonatal HOMA-IR, free fatty acid concentration, and 

inflammation (CRP).

Within 48 hours of delivery, neonatal anthropometrics were measured in the CRU. Neonatal 

length (Pediatric Length Board, Ellard Instrumentation LTD, Monroe, WA) and head 

circumference (Gulick II Tape Measure, model 67020, Country Technology Inc., Gays 

Mills, WI) were measured. Body composition (fat and lean mass) was measured by skin fold 

thickness (Harpenden calipers, Baty International, West Sussex, UK) at four different sites 

(triceps, subscapular, ilium, and thigh) and by air displacement plethysmography (Pea Pod, 

Life Measurement, Inc., Concord, CA). Air displacement plethysmography is a superior, 

validated, measure of neonatal body composition(Ma et al. 2004; Ellis et al. 2007), but 

skinfold measurements were performed to better access any unusual distributions of body fat 

as well as provide the study team with baseline data that could be used for long-term follow-

up for the neonates when they outgrow the peapod. All neonates were full-term (≥37+0 

weeks) at the time of delivery except for one in the OBI group. Anthropometric 

measurements for this neonate were not included in the study results.

Statistical Analysis

The sample size (N=32) was sufficient to detect a difference in maternal CRP with a two-

tailed alpha of 0.05 and a power of 0.85 (beta=0.15), based on CRP data from a cohort of 

obese, non-gravid women as part of a 16-week exercise intervention trial (Arikawa et al. 

2011).

Normality of the distribution for each variable was tested using Kolmogorov-Smirnov tests. 

Student’s independent t-tests for normally distributed variables and Mann-Whitney U tests 

for non-normally distributed variables were used to compare metabolic outcomes between 

OBA and OBI women. Two-way repeated-measures ANOVAs (group × time) were used 

with Tukey post hoc analyses when comparing baseline, exercise, and recovery conditions. 

Groups were not perfectly matched therefore age, race, parity, and income were used as 

covariates when comparing CRP values between OBI and OBA women to ensure differences 

between groups were not due to any of these factors. Because fat consumption trended 

towards significance between OBI and OBA women, percent of calories from fat was used 

as a covariate when comparing lipid oxidation, lipolysis, and free fatty acids between 

groups. Pearson product-moment correlation coefficients for normally distributed variables 

or Spearman’s rank-order correlation coefficient for non-normally distributed variables were 

used to assess the degree of the relationship between variables. Partial correlations were 

used to adjust for potential confounders. All tests were two-sided with a p-value <0.05 

denoting statistical significance. Data were collected and managed using Research 

Electronic Data Capture (REDCap), hosted at Washington University School of Medicine 

(Harris et al. 2009). All data analyses were conducted using IBM SPSS Statistics, Version 22 

(Armonk, New York).
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Results

Maternal demographic variables

OBA women were older than OBI women, but all other demographics were similar between 

the groups (Table 1). No current smokers agreed to cessation in order to participate, thus, no 

current smokers were included in the study. Dietary composition was similar between 

groups; however, there was a trend for OBA women to consume a higher percentage of 

dietary fats (Table 2). Dietary fats were used as a covariate in subsequent analysis involving 

lipid metabolism because dietary fat consumption significantly influences lipid metabolism 

(Lawrence 2013).

Based on accelerometer data, OBA women spent significantly less time sedentary, and more 

time in light, lifestyle, and moderate physical activities than the OBI women (p≤0.001). 

Compliance was 100% as all women wore the accelerometer without removal for the entire 

seven days. OBA women also had higher predicted fitness levels compared to OBI women 

(33.7± 6.4 ml/kg/min vs. 24.7± 3.5 ml/kg/min, p<0.001). All OBA reported their primary 

mode of activity being walking (n=16), while secondary activities reported were yoga (n=2), 

weight-lifting (n=2), elliptical machine (n=2), biking (n=1), and swimming (n=1).

Maternal metabolic characteristics

Maternal plasma CRP concentration was significantly lower in OBA women compared to 

OBI women (6.3 ± 2.5 mg/L versus 9.1 ± 4.0 mg/L, p=0.02) (Figure 2). When adjusting for 

differences in age, race, parity, and income between groups, CRP remained significantly 

lower in OBA women compared to OBI women (p=0.002). When adjusting for pre-

pregnancy BMI, CRP was not statistically significant between groups (p=0.077). However, 

when adjusting for maternal body fat percentage at 32–37 weeks gestation, CRP remained 

significant between OBA and OBI women (p=0.035). Maternal HOMA-IR was similar 

between OBA and OBI women. All other maternal metabolic characteristics are shown in 

Table 1.

OBA women had lower lipolysis (36.9 ± 7.2 meq·min/L vs. 42.1 ± 11.0 meq·min/L, p=0.03) 

and had lower free fatty acids during the exercise bout (30 minute time point) (0.36 ± 0.10 

meq/L vs. 0.42 ± 0.13 meq/L, p=0.03) compared to OBI women. Maternal lipid metabolism 

between OBI and OBA groups is presented in Figure 3.

Maternal lipolysis was significantly correlated to maternal plasma CRP concentration 

(r=0.43, p=0.02). Maternal resting free fatty acid concentration was also correlated with 

maternal plasma CRP concentration (r=0.36, p=0.04). Similarly, maternal baseline (i.e. 

resting/before exercise) lipid oxidation rate and maternal plasma CRP concentration were 

positively correlated (r=0.39, p=0.03). When the relationship between lipid oxidation and 

inflammation was analyzed in the OBA and OBI groups individually, there was a trend for a 

positive correlation between lipid oxidation and CRP in OBI women (r=0.50 p=0.06), but 

not in OBA women (r= −0.12, p=0.67) (Figure 4).
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Neonatal Results

Neonatal anthropometric and metabolic outcomes were similar between groups (Table 3). 

Neonatal anthropometrics were not obtained for one neonate who was lost to follow-up. 

Cord blood could not be obtained for two OBI and four OBA women/neonates. There were 

no significant relationships between maternal and neonatal adiposity (r= −0.26, p=0.16), 

maternal and neonatal inflammation (r=0.19, p=0.37), or maternal and neonatal insulin 

resistance (r=0.20, p=0.35).

Discussion

Maternal outcomes

The primary finding of this study was that during late pregnancy, maternal systemic 

inflammation, measured by C-reactive protein, was lower in physically active obese women 

compared to inactive obese women. In non-pregnant populations, CRP values ≥3.0 mg/L 

have been associated with increased cardiovascular risk (Pearson et al. 2003). It appears both 

groups have elevated cardiovascular disease risk; however, physical activity during 

pregnancy might modulate this risk in obese women. Our finding is consistent with Hawkins 

et al. who found that physical activity is associated with lower CRP in normal-weight 

pregnant women (Hawkins et al. 2014). Our study extends this work by demonstrating the 

benefits of physical activity on inflammation also apply to obese pregnant women during 

late pregnancy- a population at high risk for excessive inflammation during pregnancy and 

its downstream sequela. This finding is clinically significant as higher inflammation might 

contribute to the increased acute and chronic risk for the development of metabolic 

complications (e.g. insulin resistance, gestational diabetes, hypertension, metabolic 

syndrome, cardiovascular disease) (Catalano et al. 2009a; Kosus et al. 2014; Ozgu-Erdinc et 

al. 2014) as well as additional risks for maternal infection, preterm delivery, and severe 

preeclampsia (Schmatz et al. 2010). Additionally, higher inflammation in inactive obese 

women during pregnancy will likely persist into postpartum (Christian and Porter 2014); 

thus, potentially contributing to a higher long-term diabetes and cardiovascular disease risk 

(Lagrand et al. 1999).

Of note, maternal CRP was not different when adjusting for maternal pre-pregnancy BMI. 

Thus, pre-pregnancy BMI could play a role in determining late-pregnancy maternal CRP 

values irrespective of physical activity levels. However, when adjusting for maternal body fat 

percentage at 32–37 weeks gestation, maternal CRP remained statistically higher in obese 

inactive women. Adjusting for maternal body fat percentage instead of BMI is warranted as 

skinfolds provide a more accurate measure of body fat; BMI does not distinguish fat and 

lean body mass (Nooyens et al. 2007). In addition, maternal body fat percentage and 

maternal CRP were measured at the same time (32–37 weeks gestation); thus, we believe 

that accounting for maternal body fat percentage more accurately accounts for any 

differences in maternal body composition between groups.

In non-gravid obese adults, excessive plasma free fatty acids and lipid oxidation are believed 

to initiate an inflammatory response (McIntyre and Hazen 2010). In the current study, 

maternal lipid oxidation and lipolysis were associated with maternal inflammation, 
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suggesting that this relationship between lipid metabolism and inflammation also exists in 

obese pregnant women. We suspect maternal physical activity during pregnancy might 

modulate lipid metabolism as physically active obese women had lower plasma free fatty 

acid concentrations during exercise and lower lipolysis across the entire study period. It is 

plausible that the difference in plasma free fatty acids between groups was only detected 

during exercise due to exercise being a condition in which lipid metabolism is upregulated 

(Horowitz and Klein 2000). Therefore, the exercise bout elucidated possible differences in 

lipid metabolism between groups that might not be seen during rest. In addition, differences 

in lipid metabolism during exercise (i.e. free fatty acids and lipolysis) might be clinically 

meaningful as this metabolic environment may represent a pregnant woman’s metabolism at 

intermittent times throughout the day when she is participating in daily activities such as 

housework, caring for other children, grocery shopping, or completing work-related tasks.

Our findings are consistent with data in non-gravid adults that suggests endurance exercise 

training increases efficiency of lipid metabolism including decreasing plasma free fatty acid 

turnover and oxidation during submaximal exercise (Martin 1996). Our study suggests 

maternal lipid metabolism might be moderately improved in obese women who participate 

in physical activity, and that this improvement may contribute to lower inflammation. Our 

finding is clinically important as lipid metabolism may be a modifiable upstream target that 

contributes to systemic inflammation in obese pregnant women (McIntyre and Hazen 2010).

Upon further examination, we noted that the relationship between lipid oxidation and 

inflammation was primarily driven by the obese inactive group. Lipid oxidation and CRP 

trended towards a positive correlation in inactive obese women, but this relationship did not 

exist in the physically active obese group. This suggests that although lipid oxidation rates 

were not different between inactive and active groups, the nearly positive correlation 

between lipid oxidation and inflammation in obese inactive pregnant women may be due to 

inactive women also having higher incomplete lipid oxidation. Incomplete lipid oxidation 

may then be contributing to downstream inflammation, which is supported by the increased 

C-reactive protein in the obese inactive group. Bell et al. suggests that in obesity, lipid 

oxidation may be incomplete and inefficient, leading to oxidative stress (Bell et al. 2010; 

McIntyre and Hazen 2010)- a known contributor to inflammation (Fernandez-Sanchez et al. 

2011). It is well-established that exercise improves efficiency of lipid metabolism as well as 

reduces oxidative stress (Martin 1996; Fisher-Wellman et al. 2009). Therefore, it is plausible 

that the reason for the lack-of association between lipid oxidation and inflammation in the 

obese active group was due to obese active women having improved efficiency of lipid 

metabolism resulting in complete oxidation of lipids, lower oxidative stress, and lower 

systemic inflammation. Further support of this theory is the connection between lipid 

metabolism and oxidative stress; oxidative stress is a known by-product of inefficient lipid 

metabolism (Bell et al. 2010). In addition, inflammation is believed to be a manifestation of 

oxidative stress, which is increased in obese individuals (Fernandez-Sanchez et al. 2011). 

Unfortunately, intermediate by-products of lipid metabolism were not measured, and we did 

not assess whether or not lipid oxidation was complete; therefore, this is speculative.
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Neonatal outcomes

Contrary to our hypothesis, there were no differences in neonatal metabolic outcomes 

between obese inactive and obese active women. Our study suggests that although neonates 

of obese active women were not leaner, exercise during pregnancy in this at-risk population 

does not appear to have a harmful impact on neonatal birth weight. These data are clinically 

important as the neonatal risks associated with obese pregnant women participating in 

exercise regimes are largely unknown. However, our neonatal outcomes should be 

interpreted carefully as our small sample size makes it difficult to draw any conclusions as 

we were likely underpowered to look at these outcomes.

Maternal inflammation and insulin resistance were not related to any neonatal metabolic 

outcomes (adiposity, insulin resistance, or inflammation). These findings suggest that 

maternal metabolic health may not have an acute impact on neonatal metabolic health. 

However, metabolic abnormalities may be programmed but not apparent or measurable until 

later in life (Almond and Currie 2011). One of the primary ideas behind the “fetal origins 

hypothesis” is the programming of poor metabolic health can remain latent for many years 

in the offspring (Barker et al. 2002; Almond and Currie 2011). Several studies have noted a 

long-term impact of maternal obesity or physical activity on neonatal adiposity and 

inflammation (Leibowitz et al. 2012; Mourtakos et al. 2015). Thus, long-term follow-up of 

neonates born to obese inactive and obese active women are needed to truly determine the 

impact of physical activity on long-term offspring health in obese pregnant women.

Limitations

Despite the current study’s novel findings, this study had several notable limitations. First, 

this study was powered based on the primary outcome of maternal plasma C-reactive protein 

concentration, thus, examination of other variables were very likely to be underpowered. 

Second, our cross-sectional, observational study design did not allow us to explore cause and 

effect relationships. Also, skinfold measurements, as used to determine maternal body fat 

percentage, have not been validated in pregnant women. Similarly, the YMCA submaximal 

cycle test protocol, as used to determine maternal fitness level, has not been validated in 

pregnancy. Another notable limitation is that we measured neonatal body composition 

between 24–48 hours postpartum when neonatal weight is known to slightly decrease 

(Flaherman et al. 2015; Miller et al. 2015), thus, this may have influenced our body 

composition measurements. However, we used birth weight as our primary measure of 

neonatal weight, which would not yet be influenced by neonatal postpartum weight loss. We 

also waited at least 24 hours to obtain the body composition measurements, thus, changes 

within the first 24 hours were less likely to influence our results.

Conclusions

We found that inflammation is lower in physically active obese pregnant women when 

compared to inactive obese pregnant women. The reduction in inflammation among 

physically active obese women might be related to improvements in lipid metabolism as 

measures of lipid metabolism and inflammation were related. Maternal physical activity did 

not influence neonatal metabolic outcomes, but long-term follow-up is needed. Future 
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studies should investigate the effect of physical activity on maternal inflammation via 

randomized clinical trials, as well as the possible role of incomplete lipid oxidation and 

oxidative stress on maternal and neonatal metabolic outcomes. In addition, the long-term 

impact of maternal physical activity on neonatal outcomes should be investigated.
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Figure 1. 
On visit 2, resting indirect calorimetry will be administered before and after a 30-minute 

bout of low-intensity exercise on a recumbent bicycle. Indirect calorimetry will also occur 

during the exercise bout at the time points indicated. Blood will be drawn before exercise, 

three times during exercise, and three times post-exercise.
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Figure 2. 
Maternal CRP was significantly higher in the OBI group compared to the OBA group. 

*p<0.05
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Figure 3. 
A. Maternal lipolysis was significantly higher in OBI women compared to OBA. B. 

Maternal plasma circulating free fatty acids were higher in OBA women during exercise 

compared to OBI women. C. There were no significant differences between maternal lipid 

oxidation rates between OBI and OBA women. *p<0.05
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Figure 4. 
Maternal lipid oxidation rate was positively correlated to maternal CRP across all 

participants (r=0.39. p=0.03), but this relationship appears to be driven by the OBI group 

(r=0.50, p=0.06), as this relationship did not exist in OBA women (r= −0.12, p=0.67).
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Table 1

Maternal baseline demographic and metabolic characteristics between OBI and OBA pregnant women

OBI (n=16) OBA (n=16) p-value

Age (y)* 25.0 ± 4.8 28.9 ± 4.8 0.03

Pre-pregnancy BMI (kg/m2) 36.3 ± 4.3 34.0 ± 3.7 0.09

Body fat percentage (%) 37.7 ± 3.5 36.6 ± 3.8 0.43

Gestation age at visit 2 (wks) 34+7 ± 1.4 34+4 ± 1.3 0.58

Gestational weight gain (kg) 10.3 ± 9.2 9.5 ± 6.8 0.78

Heart rate (bpm) 90.0 ± 10.8 88.5 ± 12.3 0.73

Systolic blood pressure (mmHg) 112.0 ± 10.9 111.6 ± 8.8 0.96

Diastolic blood pressure (mmHg) 71.5 ± 4.3 69.3 ± 7.9 0.33

Glucose (mg/dL) 80.3 ± 7.9 80.2 ± 8.3 0.96

Insulin (uU/mL) 18.7 ± 8.4 15.6 ± 9.1 0.24

HOMA-IR 3.8 ± 1.9 3.2 ± 2.3 0.24

C-reactive protein (mg/L)* 9.1 ± 4.0 6.3 ± 2.5 0.02

Total cholesterol (mg/dL) 207.8 ± 35.9 212.6 ± 46.1 0.74

HDL (mg/dL) 65.1 ± 12.3 68.5 ± 14.1 0.47

LDL (mg/dL) 110.6 ± 34.0 112.9 ± 39.9 0.87

Triglycerides (mg/dL) 160.0 ± 60.9 155.9 ± 59.9 0.85

Free fatty acids (meq/L) 0.49 ± 0.15 0.45 ± 0.14 0.46

Lipolysis (meq·min/L)* 42.1 ± 11.0 36.9 ± 7.2 0.03

Resting energy expenditure (kcal/day) 2167 ± 291 2099 ± 338 0.55

p-value (χ2-test)

Parity 0.29

Nulliparous 10 (63%) 7 (44%)

Multiparous 6 (37%) 9 (56%)

Income 0.28

Low income 8 (50%) 5 (31%)

Mod/high income 8 (50%) 11 (69%)

Race 0.34
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OBI (n=16) OBA (n=16) p-value

Caucasian 5 (31%) 9 (56%)

African-American 10 (63%) 6 (38%)

Other 1 (6%) 1 (6%)

Data presented as mean ± SD for continuous variables and number of participants and percent for discrete variables,

*
p<0.05
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Table 2

Average daily dietary composition between OBI and OBA pregnant women

OBI (n=15) OBA (n=16) p-value (t-test)

Energy intake (kcal) 2058.7 ± 845 2369.0 ± 1252 0.43

Fat (g) 69.1 ± 31.2 94.0 ± 62.9 0.18

Fat (% of kcal/day) 30.6 ± 7.1 34.9 ± 5.0 0.06

Carbohydrate (g) 295.4 ± 137 295.0 ± 122 0.99

Carbohydrate (% of kcal/day) 56.9 ± 10.6 51.4 ± 7.9 0.11

Protein (g) 73.3 ± 35.9 98.5 ± 68.1 0.21

Protein (% of kcal/day) 14.3 ± 3.5 16.1 ± 3.2 0.15

All data presented as mean ± SD,

*
p<0.05

Appl Physiol Nutr Metab. Author manuscript; available in PMC 2016 May 27.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Tinius et al. Page 22

Table 3

Neonatal outcomes for neonates of OBI and OBA pregnant women

Anthropometric outcomes OBI (n= 15) OBA (n=15) p-value

Birth weight (g) 3344 ± 428 3230 ± 515 0.80

Length (cm) 49.9 ± 2.0 49.6 ± 2.3 0.75

Head circumference (cm) 34.4 ± 1.2 34.3 ± 1.3 0.72

Fat mass via PeaPod (%) 11.2 ± 3.6 12.4 ± 2.9 0.35

Skinfolds

Triceps 5.1 ± 1.1 4.7 ± 0.9 0.35

Subscapular 4.4 ± 0.9 4.3 ± 0.6 0.72

Ilium 5.2 ± 1.4 4.7 ± 1.2 0.35

Thigh 6.9 ± 1.9 6.4 ± 1.3 0.49

OBI (n=16) OBA (n=15)

Gestational age at delivery (wks) 39+5 ± 1.4 39+0 ± 1.3 0.25

Mode of delivery 0.72

Vaginal 9 (56%) 10 (67%)

Cesarean 7 (44%) 5 (33%)

Gender 0.72

Male 10 (63%) 8 (53%)

Female 6 (37%) 7 (47%)

Cord blood values OBI (n=14) OBA (n=12)

Glucose (mg/dL) 80.7 ± 12.8 88.3 ± 20.7 0.31

Insulin (uU/mL) 7.5 ± 4.9 9.0 ± 7.2 0.57

HOMA-IR 1.6 ± 1.2 1.9 ± 1.6 0.55

Free fatty acids (meq/L) 0.16 ±0.06 0.16 ± 0.07 0.89

C-reactive protein (mg/L) 0.24 ± 0.21 0.16 ± 0.14 0.32

Data are presented as mean ±SD for continuous variables or number of participants and percent for discrete variables,

*
p<0.05
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