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Context.—Maternal obesity is a significant public health concern that contributes to unfavorable
outcomes such as inflammation and insulin resistance. Women with obesity may have impaired
metabolic flexibility (i.e. an inability to adjust substrate metabolism according to fuel availability).
Impaired metabolic flexibility during pregnancy may mediate poor preghancy outcomes in women
with obesity.

Purpose.—The purposes of this study were to: 1) compare metabolic flexibility between
overweight/obese and lean women; and 2) determine the relationships between metabolic
flexibility, inflammation following a high-fat meal, and maternal metabolic health outcomes (i.e.
gestational weight gain and insulin resistance).

Procedures.—This interventional physiology study assessed lipid oxidation rate via indirect
calorimetry before and after consumption of a high-fat meal. The percent change in lipid
metabolism was calculated to determine ‘metabolic flexibility’. Maternal inflammatory profiles
(CRP, IL-6, IL-8, IL-10, IL-12, TNF-a) and insulin resistance (HOMA-IR) were determined via
plasma analyses.

Main Findings.—64 women who were pregnant (lean=35, overweight/obese=29) between 32
and 38 weeks gestation participated. Lean women had significantly higher metabolic flexibility
compared to overweight/obese women (lean 48.0+34.1% vs overweight/obese 29.3+34.3%,
p=0.035). Even when controlling for pre-pregnancy BMI, there was a negative relationship
between metabolic flexibility and percent change in CRP among the overweight/obese group (r=
-0.526, p=0.017). Metabolic flexibility (per kg fat free mass) was negatively correlated with
postprandial HOMA-IR (2 hr: r=-0.325, p=0.016; 4 hr: r=-0.319, p=0.019).

Conclusions.—Overweight and obese women who are pregnant are less ‘metabolically flexible
than lean women, and this is related to postprandial inflammation and insulin resistance.

Keywords
pregnancy; obesity; high-fat meal; postprandial; lipid oxidation

1. Introduction

Maternal obesity is a significant public health concern in the United States as over 50% of
women enter pregnancy overweight or obese(1). Maternal obesity is associated with a large
number of unfavorable maternal outcomes including gestational weight gain, insulin
resistance, and inflammation (2-10). Metabolic adaptations, specifically changes in lipid and
carbohydrate metabolism, occur during normal physiologic pregnancy to provide an
adequate nutrient supply to the developing fetus (11, 12). However, in women with obesity
these metabolic adaptations may be augmented by additional maternal metabolic
dysfunction during pregnancy (11, 13), which in turn may have important implications for
maternal and neonatal health (14).

Metabolic flexibility is the ability to adjust substrate metabolism according to fuel
availability and is a critical aspect of metabolic health(15). For example, in response to a
high-fat meal, a metabolically flexible individual upregulates lipid oxidation while shifting
away from carbohydrate oxidation. To the contrary, an inability to upregulate lipid oxidation
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in response to an increase in dietary fat, termed “metabolic inflexibility,” is associated with
metabolic disease and may contribute to a positive energy balance and weight gain (16). In
non-gravid adults, impaired fat oxidation and metabolic inflexibility has been linked with
obesity and has significant implications for long-term health, as it contributes to increased
triglycerides, impaired glucose metabolism, and insulin resistance (15, 17, 18). During
pregnancy, the inability to upregulate fat oxidation in response to a high-fat meal (i.e.
metabolic inflexibility) may result in a positive energy balance and excessive gestational
weight gain, as well as exaggerated insulin resistance beyond what is considered to be a
normal physiologic response to pregnancy; however, metabolic flexibility during pregnancy
has not been studied.

Dampened metabolic flexibility has also been intricately linked to systemic inflammation in
non-pregnant adults (18). Previous studies suggest obesity-associated over-nutrition may
contribute to inflammation and this subsequent inflammation may lead to further metabolic
dysfunction, including metabolic inflexibility (18), thus perpetuating a vicious cycle.
Additionally, overweight/obese individuals tend to have high inflammatory responses to
high-fat loads(19), which has been recognized as a risk factor for cardiovascular disease
(20-22). During pregnancy, women with obesity have higher levels of inflammation during
normal fasted conditions relative to lean women (23, 24) but the inflammatory responses
following a high-fat meal are not well-established. Higher levels of inflammation following
a high-fat meal among women who are pregnant and overweight or obese may be important
as they could contribute to the risk for the development of common complications during
pregnancy such as gestational diabetes and gestational hypertensive disorders (25, 26).

The relationships between maternal metabolic flexibility in response to a high-fat diet,
inflammation, and metabolic outcomes during pregnancy among women with obesity are
unknown. The primary purpose of this study was to compare metabolic flexibility between
women who are lean and women who are overweight/obese during late-gestation, and to
establish whether maternal metabolic flexibility is associated with maternal inflammation
following a high-fat meal. This study also aimed to determine the relationships between
maternal metabolic flexibility and inflammation following a high-fat meal and other
maternal metabolic health outcomes (i.e. gestational weight gain and insulin resistance). We
hypothesized that women who are pregnant and overweight/obese would be less
metabolically flexible and have higher levels of inflammation compared to lean women who
are pregnant in response to a high-fat meal. Additionally, we hypothesized that metabolic
inflexibility and postprandial inflammation would be associated with gestational weight gain
and insulin resistance.

2. Materials and Methods

2.1.

Participants

Pregnant women (n=64) between 32 and 38 weeks of pregnancy were recruited from local
obstetric clinics, university—wide emails, local pregnancy fairs sponsored through the
regional Kentucky medical center affiliated with the study, and word of mouth. Late
pregnancy was chosen because as pregnancy progresses, insulin resistance, inflammation,
and blood lipids increase(27-29) (i.e. unfavorable metabolic adaptations to pregnancy are
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the most significant during late pregnancy). Therefore, late pregnancy is the most important
time point during pregnancy to study metabolic dysregulation and how it could impact both
mother and neonate. Inclusion criteria included: 1) age 18-44 years, 2) confirmed singleton
viable pregnancy with no fetal abnormalities at routine 18-22 ultrasonography, 3) self-
reported pre-pregnancy BMI between 18.5 and 45 kg/m? (lean: 18.5-24.9 kg/m?,
overweight: 25-29.9 kg/m?2, obese: =30 kg/m?2), 4) plans to deliver at the hospital affiliated
with the study, and 5) obstetric provider release to participate in the study. Exclusion criteria
included: multiple gestation pregnancy, inability to provide voluntary informed consent,
current use of illegal drugs (cocaine, methamphetamine, opiates, etc.), current smoker who
did not consent to cessation, current usage of daily medications by class: corticosteroids,
anti-psychotics (known to alter insulin resistance and metabolic profiles), history of or
current gestational diabetes, pre-pregnancy diabetes or prior macrosomic (>4500g) infant
(each elevate the risk for gestational diabetes in the current pregnancy, or undiagnosed
gestational diabetes), and dietary restrictions prohibiting them from consuming the
standardized meal/high-fat load. All study procedures were approved by the affiliated
university’s Institutional Review Board (IRB: 16-229) and all participants provided written
informed consent.

2.2. Setting.

Western Kentucky University Health Sciences Building and the Medical Center in Bowling
Green, Kentucky. Enrollment began in May 2016 and concluded in March 2018. All data
collection for the present study occurred between June 2016 and June 2018.

2.3 Study Procedures

2.3.1. Maternal Metabolic Flexibility Study Visit—Following a 10-hour fast,
participants reported to a fully equipped exercise laboratory located on the Western
Kentucky University Medical Sciences Campus at ~8:00am. Participants were provided with
written instructions for consuming a standardized meal the night before the study visit. The
meal was comprised of approximately 50% carbohydrate, 30% fat, and 20% protein. The
participant’s weight, height, and vital signs were taken upon arrival. 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 (Lange Skinfold Calipers, Beta Technology, Santa Cruz, CA), recording skin fold
thickness, and entering the data into a standardized equation that accounts for age as
previously described (30), a technique that has been used during pregnancy in prior studies
(31, 32). Participants completed the National Institutes of Health’s validated Dietary History
Questionnaire 11 (NIH DHQII) to determine potential differences in day-to-day diet (33).

After resting for at least 30 minutes, fasting metabolic measurements (resting metabolic rate,
respiratory quotient, carbon dioxide production, oxygen consumption) were assessed for 15
minutes using the TrueOne Canopy Option and TrueOne Metabolic Cart (TrueOne 2400,
Parvomedics, Sandy, UT). Lipid and carbohydrate oxidation rates were calculated by
measurement of oxygen consumption and carbon dioxide production as previously described
(34). During the 4-hour study period, participants were asked to remain reclined or seated
and resting. After the baseline resting metabolism measurement, a baseline blood draw was
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obtained. After the baseline blood draw, participants consumed a standardized high-fat meal,
similar in composition to previous studies (35, 36). The high-fat meal consisted of a
standardized smoothie from Smoothie King© that was prepared specifically for the study.
The smoothie was 1062 total kilocalories, of which 594 were from fat (55.93%), 312 from
carbohydrates (29.38%), and 156 from protein (14.69%). The smoothie compaosition was
representative of a typical meal in a western diet (35, 36). Participants were instructed to
finish the shake within twenty minutes, and the timer was started as soon as they began
drinking the smoothie. Additional blood samples were taken at 60 minutes (1 hour), 120
minutes (2 hours), and 240 minutes (4 hours). Blood samples were immediately centrifuged
and plasma was separated and stored at —80 degrees Celsius until final analyses were
performed. See Figure 1 for a more detailed description of which plasma analyses were
conducted at the various time points.

Indirect calorimetry was performed for 15 minutes from minute 120-135 (~2 hours post-
meal) and minute 225 to 240 (~4 hours post-meal), respectively. Time points for assessment
of metabolic responses to a high-fat load were chosen based on data from previous studies
exploring metabolic inflexibility and inflammation in response to a high-fat meal in other
populations (35, 37). Study visit procedures are outlined in Figure 1. Time points for
assessment of metabolic responses to a high-fat load were chosen based on data from
previous studies exploring metabolic inflexibility and inflammation in response to a high-fat
meal in other populations(35, 37). Time points differ from some standardized mixed meal
tolerance test protocols(38, 39); however, the meal in the present study was a much larger
percentage of fats (~60% in present study vs. 20-30% in mixed meal tolerance test studies)
which is likely to take longer to process and elicit metabolic changes. Therefore, the 4-hour
endpoint was chosen to increase the stringency of the study design and capture additional
metabolic responses beyond the first 2 hours.

2.3.2. Calculations—Metabolic flexibility was defined as the percent change in lipid
oxidation rate over the 4-hour study period, in response to the high-fat meal (at 2 and 4
hours post-meal).

(lipid oxidation post-meal — lipid oxidation at baseline )/lipid oxidation at baseline

Adipose tissue lipolysis was calculated by the area under the curve (AUC) for free fatty
acids (40, 41) assessed at baseline, 1 hour, 2 hours, and 4 hours post-meal.

Prior to leaving the study visit, participants were given an Actigraph GT9X Link
Accelerometer (ActiGraph LLC, Pensacola, FL) to wear for a week in order to assess their
physical activity levels as previously described (42). At delivery, maternal weight was
recorded to allow for appropriate gestational weight gain determination.

2.3.3. Blood Sample Analyses—BIlood draws were used to analyze maternal glucose,
insulin, free fatty acids, lipids, and inflammatory markers. All blood samples were analyzed
using standardized protocols. Blood samples for glucose were analyzed immediately with an
automated glucose analyzer (OneTouch, Ultra 2, LifeScan, Inc). Insulin, lipid panels, free
fatty acids, and CRP were analyzed, where assays were performed by trained experts and
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run in duplicate. Plasma insulin concentrations were assessed by electrochemiluminescence
technology (Cobas ¢6000, Roche Diagnostics, Indianapolis, IN). Insulin and glucose levels
assessed at baseline and 2 and 4 hours post-meal were used to calculate the homeostatic
model assessment-insulin resistance (HOMA-IR), which is an index of insulin resistance
(43, 44). High-sensitivity C-reactive protein (CRP) was measured by immunoturbidimetric
assay (Roach Diagnostics, Indianapolis, IN). Plasma free fatty acid concentrations were
determined by enzymatic colorimetric assay (Wako Pure Chemical Industries, Osaka,
Japan). Total cholesterol, triglycerides, and direct HDL were run with enzymatic
colorimetric assays completed using reagents manufactured by Roche Diagnostics and
analyzed on the Cobas c6000 analyzer. LDL was calculated using the Friedwald equation
(45). 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, <2.6% for insulin, <1.7% for Triglycerides,
<1.4% for cholesterol, and < 1.6% for HDL cholesterol.

Inflammatory markers (interleukin-8 (1L-8), interleukin-1p (IL-18), interleukin-6 (IL-6),
interleukin-10 (1L-10), and tumor necrosis factor (TNF-a)) were analyzed in duplicate using
The BD™ CBA Human Inflammatory Cytokines Kit Human Inflammatory Cytokine Kit
(BD Sciences), according to the manufacturer’s protocol.

2.4 Statistical Procedures

2.4.1. Sample Size Calculation—Due to the lack of data regarding metabolic
flexibility during pregnancy and the exploratory nature of the study, data from a previous
study comparing metabolic flexibility between several non-gravid populations using the
same methodology was used, where 29 subjects per group would provide 80% power to
detect differences in metabolic flexibility (via indirect calorimetry) between groups of
women who are pregnant (35).

2.4.2. Statistical Analyses—Normality of the distribution for each variable was tested
using Kolmogorov-Smirnov tests. Minimal data was missing (at random) and these data
points were removed from the data analysis. There were no missing data for the primary
outcome of metabolic flexibility. 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. Student’s
independent £tests for normally distributed variables and Mann-Whitney U tests for non-
normally distributed variables were used to compare outcomes between lean and obese
women who are pregnant. For categorical data, chi-square tests were used to assess
differences between groups. Comparisons between lean and overweight/obese women were
performed with repeated-measures ANOVA with emphasis on “weight status” (lean,
overweight/obese) X “time” (baseline, 2-hour post-meal, 4 hour post-meal) interaction,
indicating that women who are lean and women who are overweight/obese responded
differently to the high-fat meal. All data analyses were conducted using IBM SPSS
Statistics, Version 22 (Armonk, New York) on raw or log-transformed data.

Metabolism. Author manuscript; available in PMC 2021 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tinius et al. Page 7

3. Results

Approximately 1200 women were potentially eligible for the study and given information
regarding study participation via health care providers. Of those, ~150 women reached out to
the study team regarding potential participation. Of those 150, ~100 were eligible based on
inclusion/exclusion criteria, and 70 consented to participate. A total of 6 women were
excluded from the study after consent for failure to complete or show up for the study visit
(6). Demographic characteristics are presented in Table 1 (Total: N=64, lean women
(LEAN): n=35; overweight/obese women (OW/OB): n=29). Chronologic and gestation ages
at time of study visit, gestational weight gain, parity, ethnicity, and education level were all
similar between groups. There was a significant difference in pre-pregnancy BMI (p<0.001)
as well as body composition during late pregnancy (p<0.001) between LEAN and OW/OB
groups. Systolic blood pressure (SBP) was the only other demographic measure assessed
that was significantly different between groups. SBP was significantly higher among
OW/OB compared to LEAN (p=0.01).

Lifestyle behaviors, including physical activity, sedentary time, and dietary intake, were
compared between groups to ensure differences in outcomes were not simply due
differences in these lifestyle factors, as both are closely linked to metabolism and
inflammation (46) (Table 1). The objectively assessed percentage of time spent engaging in
moderate physical activity and sedentary time were not different between groups. The
overall estimates for total caloric and macronutrient intake were not different between
groups.

Insulin, glucose, and blood lipids were assessed in the fasted state. These baseline
metabolites are presented in Table 2 according to weight status group. High density
lipoprotein, insulin, glucose, HOMA-IR, and free fatty acids were all significantly different
between groups.

Metabolic assessment data are presented in Table 3. As expected, resting metabolic rate
(RMR) measures in the fasted and postprandial states were significantly higher (p<0.001)
among OW/OB relative to LEAN.

Metabolic Flexibility

There was a significant time effect for lipid oxidation (p<0.001) in response to the high-fat
meal, and there was also a significant “weight status” X “time” interaction effect in response
to the high-fat meal for lipid oxidation (p=0.012). Lipid oxidation rates and the percent
changes in lipid oxidation in response to the high-fat meal (i.e. metabolic flexibility) are
shown in Figure 2. Lipid oxidation measured 2 hours post-meal increased by 36.4+25.5%
among women who were lean compared to 22.9+35.1% among the women who were
overweight/obese (p=0.081) (Figure 2B). In order to ensure changes in metabolic responses
to the meal were not simply due to differing amounts of fat free mass, lipid oxidation values
and changes in lipid oxidation rates were both normalized to fat free mass. At 2 hours,
percent change in lipid oxidation rate per kilogram fat free mass were similar to non-
adjusted percentages (lean: 35.3+£24.6% vs. overweight/obese: 22.8+36.3%), and the
difference between groups was not statistically significant (p=0.081). At 4 hours post-meal,
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the lean group had significantly increased percent change lipid oxidation relative to women
in the overweight/obese group (LEAN: 48.0+34.1% vs OW/OB: 29.3+34.3%, p=0.035)
(Figure 2B), and these values were similar when adjusting for kilograms of fat free mass
(lean: 47.1+34.2% vs. overweight/obese: 29.2+35.4%, p=0.05).

Because metabolism and metabolic dysfunction are likely to continue to change as the
pregnancy progresses, these analyses were conducted a second time with adjustment for
gestational age at time of study. The outcome did not change as a result of adjustment for
gestational age. In order to account for other potential confounders, the analyses were
performed a third time to examine the differences in metabolic flexibility at 4-hours between
groups while adjusting for age, income, educational level, race, gestational weight gain, and
physical activity levels. With all of these covariates included in the model, the difference
between groups at 4-hours remained statistically significant (p=0.038).

Maternal Inflammatory Markers

Baseline and postprandial markers of inflammation were assessed in the fasted state and 4
hours post-meal (respectively). At baseline, inflammatory markers, specifically IL-6 and
IL-8, were significantly higher among the OW/OB group when compared to the LEAN
group (IL-6 p=0.003, IL-1p p=0.028) (Figure 3A). Following the high-fat meal, IL-8 tended
to be higher in the OW/OB group vs. the LEAN group (p=0.078) (Figure 3B). CRP was
significantly higher in the OW/OB group compared to the LEAN group at baseline and
following the high-fat meal (baseline: CRP p=0.002, 4-Hour: CRP p=0.006) (Figure 3C).
However, CRP was significantly lower following the high fat meal (p=0.006) in both groups.

Postprandial Glucose and Insulin Responses

Maternal insulin and glucose responses to the high-fat meal are shown in Figure 4. There
was a significant time effect for maternal glucose and insulin (p<0.001) in response to the
high-fat meal. There was a significant overall “weight status” effect (p<0.001) and a
significant “weight status” X “time” interaction effect for insulin (p=0.004) (Figure 4A), but
not for glucose (“weight status” effect p=0.106; “weight status” X “time” interaction effect
p=0.110) (Figure 4B). Insulin levels were significantly higher in the OW/OB group at all 4
time points (p<0.05). Only baseline glucose was significantly higher in the OW/OB group
(p<0.001); however, there was a trend for glucose to be elevated among the OW/OB group 1
hour post-meal when compared to the LEAN group (p=0.073).

Maternal Metabolic Flexibility, Postprandial Inflammation, and Postprandial
Insulin Resistance—The change in lipid oxidation at 2 hours and 4 hours post-meal
(indicators of metabolic flexibility and expressed per kg fat free mass) were negatively
correlated with postprandial HOMA-IR (assessed at 2 hours post-meal) (2 hr: r=-0.325,
p=0.016; 4 hr: r=-0.319, p=0.019). When adjusted for age, physical activity level, and
ethnicity (all factors that have been connected to metabolic flexibility and/or insulin
resistance in non-gravid populations(17, 47, 48)) the relationship between metabolic
flexibility and postprandial HOMA-IR remained significant at the 4-hour time point.
Metabolic flexibility was not associated with gestational weight gain.
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Postprandial lipid oxidation was associated with postprandial inflammation. Important
relationships between postprandial lipid oxidation and inflammatory markers (IL-6, IL-8,
IL-10) are shown in Figure 5. In response to the high-fat meal, when the percent change in
CRP and metabolic flexibility at 4 hours was analyzed within the OW/OB and LEAN groups
respectively (controlling for pre-pregnancy BMI), there was a negative relationship between
the change in CRP and 4-hour metabolic flexibility among women in the OW/OB group (r=
-0.526, p=0.017) but not among women in the LEAN group (r=—-0.125, p=0.503) (Figure 6),
Additional analyses were conducted and these relationships persisted when also controlling
for age, gestational weight gain, and physical activity levels. When also adjusted for
maternal HOMA-IR, the relationship between metabolic flexibility and change in
inflammation was no longer significant. (r=-0.439, p=0.060).

4. Discussion

The overall goal of this study was to compare metabolic flexibility between women with
overweight/obesity and women who are lean during pregnancy and to examine the potential
relationships between metabolic flexibility, postprandial inflammation, and maternal
metabolic outcomes (insulin resistance and gestational weight gain). We found, for the first
time, that women who are overweight/obese were less metabolically flexible compared to
women who were lean in response to a high-fat meal during late pregnancy, and metabolic
flexibility was negatively associated with maternal postprandial inflammation and insulin
resistance. Contrary to our hypothesis, metabolic inflexibility was not associated with higher
gestational weight gain (data not shown). Mounting evidence among non-gravid populations
indicates that the ability to adjust substrate oxidation according to nutrient availability,
termed “metabolic flexibility”, has significant implications for long-term health as it
contributes to weight status and insulin resistance (17). Additionally, it is well established
that obesity and other metabolic disorders are characterized by chronic low grade
inflammation in the fasted state that increases to a greater extent following a high-fat meal
(49). Our findings suggest that during pregnancy, overweight and obese women may also
have lower metabolic flexibility, and that this lower ability to oxidize ingested lipids may
contribute to other unfavorable maternal comorbidities such as maternal insulin resistance
and elevated postprandial inflammation. This is clinically relevant for both maternal and
fetal health, as evidence suggests that overweight/obese women with subclinical metabolic
impairments, including insulin resistance and elevated inflammation, are at increased risk of
adverse fetal programming (50-52).

In the present study among women in late pregnancy, metabolic flexibility was assessed by
measuring the change in lipid oxidation in response to a high-fat meal challenge. We found
that women who are pregnant and overweight/obese had a dampened ability to increase lipid
oxidation at 4 hours post the high-fat meal relative to their lean counterparts (i.e. were less
metabolically flexible). Others have suggested that in adults who are not pregnant, chronic
over-nutrition leads to a state of metabolic confusion, inflexibility, and insensitivity that is
associated with impaired nutrient sensing, dampened substrate switching, impaired energy
homeostasis, and possibly insulin resistance (53). In the case of over-nutrition,
mitochondrial “indecision” creates a cellular “metabolic gridlock” which contributes to
incomplete substrate oxidation, increases in oxidative stress, overabundances of metabolic
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intermediates, and subsequent ectopic storage depots (53). It is this evidence that suggests in
non-gravid individuals, the failure to appropriately upregulate fatty acid oxidation in
response to a high-fat meal can cause intracellular lipid accumulation and insulin resistance
over time (47). Our data support this as we found that women who overweight/obese had
lower metabolic flexibility (Figure 2B) and significantly elevated insulin at baseline and in
response to the high-fat meal (Figure 4A) during pregnancy. They also had significantly
higher glucose and HOMA-IR at baseline. Additionally, we noted that metabolic flexibility
and postprandial HOMA-IR were negatively correlated, suggesting that women who are
pregnant and insulin resistant have a dampened ability to upregulate lipid oxidation in
response to a high-fat meal compared to lean women.

Previous work exploring potential mechanisms underlying metabolic inflexibility has been
conducted in non-gravid individuals. This study is the first, to our knowledge, to
demonstrate metabolic inflexibility in response to a high-fat meal in overweight/obese
women during pregnancy. Additionally, the majority of work describing metabolic
dysfunction and impaired substrate shifting during pregnancy has focused on women with
gestational diabetes mellitus (GDM). For example, women with GDM have impaired lipid
oxidation and a dampened ability to alter substrate metabolism in response to physiological
cues during late pregnancy compared to those with normal glucose tolerance characteristics
(54, 55). However, little is known about cellular mechanisms potentially underlying
impaired postprandial substrate shifting among women with obesity during pregnancy that
have not been diagnosed with GDM. One previous study described cellular mechanisms in
skeletal muscle that varied between lean and obese women during pregnancy, which could
help explain metabolic differences between groups in the current study (56). Specifically,
they found that women who are pregnant with obesity have decreased mitochondrial enzyme
activity and antioxidant capacity, coupled with increased oxidative stress markers (56). They
reported that the mitochondrial NAD-dependent deacetylase sirtuin-3 (SIRT3) was
significantly lower in the skeletal muscle from women who are pregnant with obesity, and
suspected that this protein may play an important role in higher oxidative stress and
impaired mitochondrial enzyme capacity evident with obesity during pregnancy (56).

In the current study, the women who are pregnant and overweight/obese had elevated
markers of systemic inflammation and were less metabolically flexible compared to their
lean counterparts. There is sufficient evidence in non-gravid populations to suggest that
individuals who are obese, with lower metabolic flexibility exhibit a more pro-inflammatory
profile(57), which may lead to further metabolic inflexibility and dysfunction (18), thus
likely perpetuating a vicious cycle. Our study demonstrates the same may be true during
pregnancy. In this study, we found that baseline IL-6, IL-8, and CRP (markers of systemic
inflammation) were significantly higher among the overweight/obese women relative to the
lean (Figure 3A and 3C), which is consistent with findings from other studies (13, 58-61).
Excessive inflammation during pregnancy is associated with an increased risk for the
development of maternal metabolic complications during pregnancy, including insulin
resistance and hypertension (25, 26), as well as increased risk for future development of
maternal metabolic syndrome, insulin resistance, diabetes, hypertension, and cardiovascular
disease (62). Our findings support these relationships as postprandial CRP was related to
maternal systolic blood pressure and insulin resistance.
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Another novel finding of the present study was the divergent inflammatory response to the
high-fat meal between the overweight/obese and lean groups, which was associated with
metabolic flexibility. Postprandial CRP was significantly higher among the overweight/
obese group relative to the lean. In fact, the women in the OW/OB group saw a 2.67%
increase in CRP values, while the LEAN group actually saw a 10.83% decrease in CRP
following the high-fat meal. Of note, the change in plasma CRP values was associated with
metabolic inflexibility in overweight/obese women. It is possible that metabolic cells faced
with the constant metabolic stress of obesity-associated over-nutrition, leading to metabolic
inflexibility, may initiate an inflammatory response mediated by the activation of multiple
signaling pathways that may be nutrient-induced (63). In contrast, the relationship between a
change in plasma CRP values and metabolic flexibility was not present in lean women
during pregnancy. Perhaps the more metabolically flexible overweight/obese individuals
may be less likely to exhibit postprandial spikes in inflammation relative to overweight/
obese individuals that are less metabolically flexible.

It is also important to note that in the current study, postprandial HOMA-IR and postprandial
CRP values were significantly correlated. Again, this suggests there is a link between
metabolic flexibility, inflammation, and insulin resistance during pregnancy, a relationship
that has been shown in non-gravid individuals (15, 17, 18). Interestingly, the relationship
between metabolic flexibility and change in CRP was no longer significant when adjusting
for maternal HOMA-IR; suggesting a potential mediating role of insulin resistance in the
relationship between metabolic flexibility and inflammation. Inflammation may be involved
in the pathogenesis of insulin resistance and via versa, potentially creating a vicious
cycle(64). Our findings suggest that metabolic flexibility may lead to insulin resistance (as
previously demonstrated in non-gravid adults and based on the relationship between
metabolic flexibility and postprandial HOMA-IR) and that this insulin resistance may then
contribute to subsequent inflammation. However, it is difficult to parse out the direction of
these relationships as these variables have complicated and often interdependent pathways.

Taken together, findings from the present study suggest that metabolic flexibility could play
an important role in maternal health during pregnancy. Our data suggest that physical
activity in late pregnancy was not highly correlated with metabolic flexibility. These
findings, which are in in contrast to findings among the non-gravid, are surprising. Previous
research in men and women who are not pregnant has shown that endurance exercise
training can improve metabolic flexibility in skeletal muscle regardless of body weight status
(46). Therefore, exercise may be an intervention strategy that can improve metabolic
flexibility and thus, improve outcomes. Clinically, any potentially modifiable characteristic
(such as metabolic flexibility) that could positively alter inflammation, insulin resistance,
gestational weight gain, and blood pressure (four of the most common and worrisome
pregnancy-related ailments (65)) warrants further investigation. However, the fact that there
was not a relationship between metabolic flexibility and physical activity levels may mean
that during pregnancy, weight control may be of upmost importance to maintain metabolic
health, which is in contrast to some literature in non-gravid populations that suggests
improvements in fitness levels may improve metabolic health status regardless of body
weight(66). In addition, it has been suggested that the metabolic, inflammatory, and
endocrine stresses of pregnancy may “unmask” risk of future disease (56). Therefore,
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understanding the metabolic health of women during pregnancy, and the role of metabolic
flexibility, is important far beyond the 9 months of pregnancy as it will have serious long-
term implications for the mother.

Limitations/Strengths

The present study has several notable limitations. First, our study design did not allow us to
determine cause and effect. It is not clear if excess body weight contributes to metabolic
inflexibility or if metabolic inflexibility lead to excess weight gain and other related
metabolic dysfunction. Further research is needed to elucidate the relationships between and
mechanisms linking inflammation, metabolic inflexibility, and obesity. Next, our sample
consisted of predominately Caucasian women; therefore, our results cannot be generalized
to all populations. Another limitation is that recent dietary intake can influence metabolic
responsiveness to a meal (67, 68); thus, recent dietary patterns may have influenced results.
However, we did have participants complete an extensive dietary history questionnaire for
the month prior to the visit in order to account for differences in diet. In addition, we also
instructed participants to consume a standardized meal the night prior to the metabolic visit
in an effort to reduce this as a potential confounding variable.

Despite the limitations, the major strength of our study is that we demonstrated, for the first
time, that pregnant women who are overweight/obese have impaired metabolic flexibility,
and that it is connected to other unfavorable outcomes (i.e. inflammation and insulin
resistance). While metabolic flexibility has been studied in non-pregnant populations,
understanding the role that metabolic dysfunction could play is particularly important during
pregnancy as there are both maternal and offspring implications. Our study is also novel in
that we carefully examined postprandial metabolism among women who are pregnant,
which is important as most pregnant women spend the majority of the day in a postprandial
state. Further, we studied metabolic responsiveness to a high-fat meal, which is timely as
shifts towards high-fat diets are contributing to the incidence of obesity, type Il diabetes,
heart disease, and other chronic diseases that ultimately lower life expectancy (69). In
addition, our study was rigorously designed and implemented. We carefully assessed and/or
accounted for as many variables as possible that could influence metabolic outcomes (e.g.
gestational weight gain, gestation age, physical activity level, dietary intake). In addition, we
measured metabolic flexibility at 2-hours and 4-hours post-high fat meal during a 5-6 hour
study visit. Given that there were significant relationships and differences between groups in
metabolic flexibility detected more often at 4 hours versus 2 hours post high-fat meal, the
present study provides important information for future study replication; future studies
exploring metabolic flexibility during pregnancy should last at least 4-hours post-meal,
which is consistent with studies of metabolic flexibility in non-gravid populations(35, 37).

4.2. Conclusions

Overall, our data present compelling evidence linking metabolic inflexibility with
overweight/obesity, insulin resistance, and inflammation among women in late pregnancy.
The metabolic and inflammatory environment play an important role in maternal health
outcomes, and thus, should be considered when designing future intervention strategies to
combat obesity and its associated conditions during pregnancy. Additionally, health care
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providers should explore methods to improve metabolic responsiveness and function and
decrease inflammation during pregnancy.
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First study to look at metabolic response to high-fat meal during pregnancy
Lean pregnant women are better able to metabolize high-fat meals
The inability to metabolize dietary fats is linked to inflammation in pregnancy

Post-meal fat metabolism during pregnancy is related to insulin resistance
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Figure 1. Study Visit Procedures.

All participants had fasting/baseline metabolic assessments and blood draws conducted at
~8am following an overnight fast. Metabolic assessments and blood draws were repeated at

1, 2 and 4 hours after consumption of a high-fat meal.
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Figure 2. Maternal Lipid Oxidation and Metabolic Flexibility.
Maternal lipid oxidation rate is expressed per kilogram body mass at baseline and post high-

fat meal (2-hour and 4-hour) (A) and metabolic flexibility is displayed as the percent change
in maternal lipid oxidation at 2 hours and 4 hours post-meal (B). Women in the LEAN group
had significantly increased metabolic flexibility (% change in lipid oxidation) compared to
in the OW/OB group at 4 hours post-meal. These data suggest lean women were more
metabolically flexible than women who are overweight/obese during pregnancy.
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Figure 3. Maternal Inflammatory Markers.
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Women in the OW/OB group had higher levels of inflammation, particularly CRP, IL-6, and
IL-8 at baseline and CRP at 4-hours post high-fat meal compared to women in the LEAN

group.
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Figure 4. Maternal Postprandial Glucose and Insulin Responses.
There was a significant time effect for maternal glucose and insulin (p<0.001) in response to

the high-fat meal. There was a significant overall “weight status” effect (p<0.001) and a
significant “weight status” X “time” interaction effect for insulin (p=0.004)(Figure 4A), but
not for glucose (“weight status” effect p=0.106; “weight status” X “time” interaction effect
p=0.110) (Figure 4B). Insulin levels were significantly higher among the OW/OB group at
all 4 time points (p<0.05). Only baseline glucose was significantly higher among the
OWI/OB group (p<0.001),
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Figure 5. Relationships between 4-Hour Postprandial Lipid Oxidation Rate and Inflammatory
Markers (A: IL-6, B: IL-8, C: IL-10).
Postprandial lipid oxidation (g/kg/min) was significantly assoicated with postprandial 1L-6,

IL-8, and IL-10.
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Figure 6. Metabolic Flexibility and Change in CRP between Baseline and 4 Hours Post High-Fat
Meal.

There was a negative relationship between the change in CRP and metabolic flexibility (i.e.
% change in lipid oxidation) when controlling for pre-pregnancy BMI among the
overweight/obese women (p=0.017) but not among the lean women (p=.503).
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Table 1.
Participant Characteristics
Participants, n = 64 Lean=35 OW/OB=29 p-value
Demographic Characteristics
Age (y) 29.8+4.6 30.0£3.4 0.87
Pre-Pregnancy BMI (kg/m?) * 222415 32.245.7 <0.001
Body Fat Percentage (%) * 20.9+3.9 28.3+4.7 <0.001
Gestation Age at Visit (weeks) 34.4+1.8 34.5+1.5 0.81
End of Pregnancy Gestational Weight Gain (kg) 13.7+4.8 13.4+7.1 0.86
Systolic Blood Pressure (mmHg) * 116.8+13.4  127.8+125 0.01
Diastolic Blood Pressure (mmHg) 72.6+10.6 77.6+£10.3 0.10
Parity
Nulliparous 16 (46%) 15 (52%)
Multiparous 19 (54%) 14 (48%) 063
Ethnicity
Caucasian 34 (97.1%) 28 (96.6%)
African American 0 (0.0%) 1(3.4%) 0.36
Hispanic 1(2.9%) 0 (0.0%)
Education
High School Graduate 2 (5.7%) 2 (6.9%)
Some College 1(2.8%) 5 (17.2%)
Trade School 1(2.8%) 1(3.4%) 0.13
College Graduate 13 (37.1%) 14 (48.3%)
Post-Graduate Degree 18 (51.4%) 7 (24.1%)
Lifestyle Behaviors
Physical Activity
Sedentary Time (%) 57.9+11.6 61.7+£16.1 0.30
Moderate Physical Activity (%) 10.1+ 4.3 10.045.3 0.91
Diet
Total Kilocalories (kcal/day) 1770.44653  2118.1+1090 0.12
Total Fat (g/day) 71.6+36.6 81.2+45.1 0.35
Total Carbohydrates(g/day) 217.2472.8  269.5+143.9 0.07
Total Protein(g/day) 73.8+33.8 86.8+47.6 0.21

*
Significant difference (p<0.05) between lean and overweight/obese
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Table 2.
Baseline/Fasted Metabolites
Participants, n = 64 Lean=35 OW/OB=29 p-value
Cholesterol (mg/dL) 265.2+40.0 256.5+41.8 0.41
LDL (mg/dL) 150.1+41.5 145.9+37.0 0.68
HDL (mg/dL)* 72.1+21.6 62.4+16.7 0.05
Insulin (UU/mL)* 9.5+4.2 16.8+7.3 <0.001
Glucose (mg/dL)* 80.66.9 88.22+¢8.6  <0.001
Triglycerides (mg/dL) 209.8+77.9  245.7+85.8 0.09
Free Fatty Acids (meg/L)*  0.42+0.13 0.50+0.16 0.02
HOMA-IR* 1.9+0.9 4.3+3.2 <0.001
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Table 3.
Metabolic Rate and Substrate Metabolism
Participants, n = 64 Lean = 35 OW/OB =29 p-value
Baseline/Fasted
Resting Metabolic Rate (kcal/day) * 1731335 21244356 <0.001
Respiratory Quotient 0.82+0.07 0.82+0.06 0.885
Lipid Oxidation (g/min) 0.08+0.04 0.09+0.04 0.070
Carbohydrate Oxidation (g/min) 0.14+0.05 0.16+0.06 0.114
Lipid Oxidation per Kg Fat Free Mass (g/min) 0.0013 £0.0007  0.0013+0.0005  0.725
Carbohydrate Oxidation per Kg Fat Free Mass (g/min)  0.0023+0.0010  0.0023+0.0010  0.948
2-Hour
Resting Metabolic Rate (kcal/day) * 2047+334 2388+426 0.001
Respiratory Quotient 0.80+0.06 0.81+0.05 0.561
Lipid Oxidation (g/min) 0.1040.05 0.11+0.04 0.397
Carbohydrate Oxidation (g/min) 0.13+0.07 0.17+0.08 0.054
Lipid Oxidation per Kg Fat Free Mass (g/min) 0.0017+0.0008  0.0015+0.0005 0.168
Carbohydrate Oxidation per Kg Fat Free Mass (g/min)  0.0023+0.00112 0.0025+0.0011  0.505
4-Hour
Resting Metabolic Rate (kcal/day) * 1983+354 2426+395 <0.001
Respiratory Quotient 0.79+0.07 0.81+0.05 0.160
Lipid Oxidation (g/min) 0.10+0.05 0.11+0.04 0.449
Carbohydrate Oxidation (g/min) * 0.12+0.07 0.16+0.07 0.021
Lipid Oxidation per Kg FFM (g/min) 0.0018+0.0008  0.0015+0.0005  0.109
Carbohydrate Oxidation per Kg Fat Free Mass (g/min) ~ 0.0020+0.0012  0.0024+0.0010  0.181
Assessment/s over all time points
Lipolytic Rate (meg-min/L) 59.4+15.4 62.0+18.4 0.580

*
Significant difference (p<0.05) between lean and overweight/obese.
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