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a b s t r a c t

Introduction: Adequate nutrient delivery to the fetus is essential for optimal growth. Differences in
prenatal physical activity level and diet quality influence maternal energy balance and these factors may
alter placental nutrient transport. We investigated the associations between meeting physical activity
guidelines and the quality of maternal diet on the expression of genes involved in fatty acid, amino acid
and glucose transport, and mammalian target of rapamycin (mTOR) and insulin signaling in the placenta
from 16 term pregnancies.
Methods: Physical activity was directly measured with accelerometry, diet composition was assessed
with 24 h dietary recalls, and gene expression was measured with custom polymerase chain reaction
(PCR) arrays.
Results: Women who met physical activity guidelines had lower gene expression of fatty acid transport
protein 4 (FATP4), insulin-like growth factor 1 (IGF1), and the beta non-catalytic subunit of AMP-activated
protein kinase (AMPK), and a higher expression of SNAT2. There was a strong positive correlation
observed between total sugar intake and glucose transporter 1 (GLUT1) (r ¼ 0.897, p ¼ 0.000, n ¼ 12), and
inverse correlations between total sugar and mTOR and IGF1 expression. Percentage of total calories from
protein was inversely related to insulin-like growth factor 1 receptor (IGF1R) (r ¼ �0.605, p ¼ 0.028,
n ¼ 13).
Discussion: Variations in maternal physical activity and diet composition altered the expression of genes
involved in fatty acid, amino acid and glucose transport and mTOR signaling. Future research on placental
nutrient transport should include direct measures of maternal PA and dietary habits to help eliminate
confounding factors.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Physical activity (PA) contributes to a healthy pregnancy [1,2].
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(ACOG) recommend 30 min of aerobic exercise 4 days per week
during pregnancy [3e5]; however, the impact of prenatal PA on
human placenta gene expression has not been fully investigated.
Findings from animal models suggest that prenatal diet composi-
tion alters nutrient delivery to the fetus and warrants further
investigation in humans [6e8]. Although understanding the impact
of maternal lifestyle on the placenta is clinically relevant, research
on placental nutrient transport often fails to account for maternal
lifestyle behaviors (e.g. physical activity and dietary intake); factors
known tomodify energy balance, and potentially substrate delivery
to the fetus. Only one study has explored the relationship between
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placental amino acid transporter activity and maternal energy
balance using indirect measures of physical fitness and diet quality
[9]. We are currently unaware of research examining placental
nutrient transport using objective measures of PA or a precise
qualification of maternal diet. The placenta plays a vital role in
offspring growth and understanding which maternal factors in-
fluence placental nutrient transport is critical to elucidating the
mechanisms contributing to altered fetal growth. While we hy-
pothesize that prenatal PA and maternal diet alter the intrauterine
environment, specifically placenta function [10], this area has not
been fully explored. In order to begin to fill this knowledge gap the
aim of the present study was to examine the associations between
PA guideline adherence and maternal diet on the expression of
genes involved in fatty acid, amino acid and glucose transport, and
mTOR and insulin signaling in the placenta, which have been
implicated in the regulation of energy balance and fetal growth.

2. Methods

2.1. Recruitment

Women with a body mass index (BMI) of 18.5e24.9 kg/m2 (i.e. normal weight)
were recruited from the Ottawa area (Ontario, Canada). Ethical approval and
informed consent was obtained from all hospitals and participants. Women who
smoked, those with diabetes of any type, fetal growth restriction or hypertensive
diseases of pregnancy were excluded. Completion of the physical activity readiness
medical examination (PARmed-X) for pregnancy was required to participate in the
study [11].

The women visited the lab on two occasions between weeks 13 and 28 of
pregnancy. The second trimester was selected as this is considered the most
comfortable period for PA during pregnancy [12], and it is the trimester that is most
frequently used for PA assessments in pregnant women [12,13]. At the first visit
(between weeks 15e25), maternal height was directly measured, pre-pregnancy
weight was recorded, and a fasting blood sample was obtained via peripheral
venipuncture. At the second visit (between weeks 25e28), aerobic fitness was
assessed using the HALO submaximal cardiorespiratory fitness test, for which the
details have been previously published [14]. This self-paced walking test measures
oxygen consumption (VO2) and heart rate (HR) as participants progress through
incremental stages (Ultima PF/PFX pulmonary function and exercise system meta-
bolic cart). Peak oxygen consumption (VO2peak) was predicted by extrapolating the
HR-VO2 linear relationship to the predictedmaximumHR.Maternal and fetal clinical
variables were collected through a chart review of the antenatal and birth records.

2.2. Diet

Diet was assessed during the 2nd trimester by three 24-h dietary recalls (one
weekend day and two week days) using a free online program: Automated Self-
administered 24-h (ASA24) recall that was developed and validated by the US Na-
tional Cancer Institute [15]. Participants recorded everything that they ate or drank
over each 24 h period.

2.3. Physical activity

Free-living PA was assessed for 7 days with the Actical® accelerometer (Mini
Mitter Company, Inc., A Respironics Inc. Company, Blend OR., USA) between weeks
17e28 of gestation. Participants wore the accelerometer on an elastic waistband on
the right hip during day time, except during bathing and aquatic activities. The data
reduction and analysis were harmonized with the Canadian HealthMeasures Survey
approach [16e18]. In brief, accelerometry data were downloaded as 60 s epochs and
signals were reported as counts per minute and translated into steps per minute.
Data was processed using standardized quality control and data reduction pro-
cedures in SAS version 9.3 (SAS Institute, Cary, USA) [16]. Respondents with 4 or
more valid days (10 or more hours of wear time) were retained for analyses [18].
Standard cut-points were used tomeasure time spent in various levels of movement
intensity, including sedentary, light PA (LPA), moderate, and vigorous [18,19].
Adherence to the Adult Canadian physical activity guidelines was used to classify the
women as “active” or “non-active”. These guidelines recommend 150 min of
moderate-to-vigorous intensity physical activity (MVPA) per week accumulated in
10-min bouts [18,20]. Since not all participants completed 7 valid days, adherence to
the guidelines was defined as an average daily MVPA >21.43 min, which is equal to
150 min divided by 7 days. The more stringent PA guidelines for adults were used
instead of the pregnancy specific SOGC/ACOG guidelines in order to guarantee the
selection of a very active population.

2.4. Placenta collection

The placenta was collected within 30 min of delivery. The placenta was weighed
using a calibrated electronic scale. A biopsy of placental villous tissue of
approximately 0.5 � 0.5 cm thickness was obtained from healthy, non-necrotic
tissue within a 10 cm radius of the cord insertion. Biopsies were rinsed in PBS and
placed immediately in RNAlater® (QIAGEN Inc., Canada). After refrigeration for 24 h,
the RNAlater® was removed and the samples were stored at �80 �C for batch
analysis.

2.5. Blood samples

Following delivery of the placenta, a venous serum sample was obtained from
the umbilical cord. Glucose, total, HDL and LDL cholesterol, and triglycerides were
measured in the maternal and cord serum samples by oxidase enzymatic method-
ology using a Cholestech® LDX analyzer (Hayward, CA, USA).

2.6. RNA extraction

RNA was extracted using RNAzol®RT (BioShop Canada Inc., ON, Canada) from
25 mg of tissue following the manufacturer instructions. RNA concentration and
purity were measured with the NanoDrop 2000 (Thermo Scientific). RNA integrity
was confirmed by gel electrophoresis and qPCR (Perfecta SYBR Green FastMix and
qScript cDNA SuperMix, Quanta Biosciences).

2.7. Gene expression

The expression of 24 genes implicated in fatty acid transport, glucose transport,
and the mTOR and insulin signaling pathways were measured using a custom RT2

Profiler™ PCR Array (SABiosciences, ON, Canada). Housekeeping genes (UBC,
YWHAZ, ACTB, TOP1, CYC1) were selected due to their stability in the placenta
[21,22]. PCR was performed using an Eppendorf Mastercycler ep realplex 2S. Cycle
parameters were 95 �C for 10 min, followed by 40 cycles of 95 �C for 15 s and 60 �C
for 1min. Therewere two samples per plate. The expression of threemembers of the
System A amino acid transporter family (SNAT1, SNAT2 and SNAT4) were measured
using QuantiTect Primers Assays (SLC38A1, SLC38A2, and SLC38A4; Qiagen) and
Perfecta SYBR Green FastMix (Quanta Biosciences). Three housekeeping genes were
used (UBC, TOP1, and YWHAZ; Qiagen). Cycle parameters were as follows: 95 �C for
2min, followed by 40 cycles of 95 �C for 10 s and 56 �C for 30 s. All samples were run
in triplicate, with four samples per plate. Threshold cycle values (Ct) were directly
obtained by this methodology. RNA levels were analyzed relative to the geometric
mean of the housekeeping genes. Fold change was calculated using the web-based
data analysis tool from Qiagen. The fold difference in the active group relative to
control was determined by the 2(�DDCt) method [23]. The relative expression level of
each gene in the samples was calculated using the formula 2(�DCt), where
DCt ¼ Ct(gene of interest) e average (Ct(housekeeping genes)).

2.8. Statistical analysis

Data are presented as mean ± standard error of the mean. Differences between
groups were evaluated using a student's t-test. Values that were more than 3
standard deviations above the mean were excluded. Variables that were not nor-
mally distributed were transformed using a square root transformation. Pearson and
Spearman correlations tested relations between dietary and PA variables and the
relative expression of the genes of interest. Partial correlations tested the association
between the same variables while controlling for MVPA in the correlations between
the dietary variables and the genes of interest, and controlling for total sugar intake
in the correlations betweenMVPA and the genes of interest. For all analyses, p < 0.05
was considered significant. Statistical analyses were carried out using SPSS version
20.0 (SPSS Inc., Chicago, IL, USA).

3. Results

3.1. Characteristics of the women and offspring

Anthropometric, metabolic profile, and fetal outcomes were not
different between groups (Table 1). Ethnicity, educational attain-
ment, and household income were similar (data not shown). Two
macrosomic (>4000g) infants were born in the non-active group,
but when gestational age and sex were considered only one was
large-for-gestational-age (90th percentile). All other infants were
average-for-gestational-age. Only six women met CSEP's PA
guideline for adults. By design, the active women accumulated
significantly more MVPA per week (315 min) than the non-active
women (60 min), despite less total wear time (Table 2). The
active women also took more steps per day, had higher cardio-
vascular fitness, and accumulated less sedentary time. Only LPA
was similar between groups. Dietary intake was similar between
groups with the only differences being higher consumptions of fi-
ber and sodium in the active women (Table 3).



Table 3
Maternal diet composition.

Active (n ¼ 5) Non-active (n ¼ 8)

Energy (kcal) 2609.9 ± 165.4 2456.5 ± 199.5
Carbohydrate (g) 333.9 ± 16.6 338.0 ± 36.6
Calories from carbohydrate (%) 51.9 ± 3.6 54.5 ± 1.5
Protein (g) 102.6 ± 9.3 88.9 ± 7.2
Calories from protein (%) 15.7 ± 0.8 14.6 ± 0.7
Total fat (g) 107.0 ± 14.2 90.1 ± 5.2
Calories from fat (%) 36.4 ± 3.7 33.5 ± 1.6
Total sugar (g) 158.0 ± 11.1 167.9 ± 28.8
Total dietary fiber (g) 41.0 ± 2.3a 26.9 ± 1.6
Total saturated fat (g) 33.8 ± 3.9 31.1 ± 1.6
Total monunsaturated fatty acids (g) 38.7 ± 6.2 31.7 ± 2.1
Total polyunsaturated fatty acids (g) 26.0 ± 5.4 19.7 ± 2.9
Calcium (mg) 1545.1 ± 78.1 1300.6 ± 130.1
Iron (mg) 23.7 ± 2.1 19.7 ± 2.7
Cholesterol (mg) 365.9 ± 89.6 277.3 ± 27.3
Sodium (mg) 4436.8 ± 346.9a 3351.6 ± 199.3

a Indicates a significant difference between the groups at p < 0.05.

Table 1
Maternal and fetal characteristics.

Active (n ¼ 6) Non-active
(n ¼ 10)

Maternal age (years) 30.5 ± 1.4 31.0 ± 0.9
Maternal height (cm) 169.8 ± 2.1 168.7 ± 2.0
Pre-pregnancy maternal weight (kg) 63.5 ± 2.1 61.9 ± 3.0
Pre-pregnancy BMI (kg/m2) 22.3 ± 0.8 21.7 ± 0.8
Maternal weight at delivery (kg) 79.6 ± 3.4 76.6 ± 3.7
Gestational weight gain (kg) 15.9 ± 1.6 14.8 ± 1.4
Percentage of upper limit of GWG

for BMI (%)
99.3 ± 10.25 96.4 ± 10.3

Maternal glucose (mmol/L) 3.9 ± 0.1 3.9 ± 0.1
Maternal triglycerides (mmol/L) 1.0 ± 0.2 1.4 ± 0.2
Maternal total cholesterol (mmol/L) 5.1 ± 0.5 4.8 ± 0.2
Maternal HDL cholesterol (mmol/L) 2.0 ± 0.1 1.6 ± 0.1
Maternal LDL cholesterol (mmol/L) 2.9 ± 0.4 2.6 ± 0.3
Maternal Non-HDL cholesterol (mmol/L) 3.4 ± 0.5 3.2 ± 0.2
Gestational age at delivery (weeks) 39.5 ± 0.4 39.8 ± 0.2
Type of birth Vaginal ¼ 5 Vaginal ¼ 8

C-section ¼ 1 C-section ¼ 2
Birth weight (g) 3684.8 ± 43.3 3548.4 ± 110.9
Placenta weight (g) 644.2 ± 29.3 594.7 ± 30.9
Sex of infant Male ¼ 4 Male ¼ 6

Female ¼ 2 Female ¼ 4
Cord blood glucose (mmol/L) 4.1 ± 0.3 4.3 ± 0.3
Cord blood HDL cholesterol (mmol/L) 0.6 ± 0.1 0.6 ± 0.1

Abbreviations: BMI¼ bodymass index; GWG¼ gestational weight gain; HDL¼ high
density lipoprotein; LDL ¼ low density lipoprotein.
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3.2. Changes in gene expression in response to physical activity

The fold change of the genes in the active women compared to
the non-active women is shown in Table 4. The active women had
lower expression of FATP4, IGF1, and PRKAB1 and a higher expres-
sion of SNAT2 (p < 0.05), and a trend towards a lower expression of
IRS1, EIF4EBP1, and TSC2 (p < 0.07). MVPA was inversely correlated
with the relative expression of FATP4, mTOR, and IGF1 (Fig. 1), but
was not related to the other genes of interest (Table 5). When
controlling for total sugar intake, the correlation between MVPA
and the relative expression of mTOR was stronger, but the level of
significance weakened. Similarly, the correlation between MVPA
and IGF1 remained, but the p-value increased. The correlation be-
tween MVPA and FATP4 was reduced when controlling for sugar
intake. We suspect that the weaker level of significance in these
cases was due to the smaller number of women fromwhomwe had
available dietary information. A very strong inverse correlation
between MVPA and the relative expression of GLUT1 emerged
when the partial correlation controlled for sugar intake.
Table 2
Maternal physical Activity variables.

Active (n ¼ 6) Non-active (n ¼ 10)

Valid days 6.8 6.4
Wear time (hours) 13.0 ± 0.1a 14.1 ± 0.3
MVPA/day (minutes)b 45.0 ± 7.4a 8.5 ± 1.8
MPA/day (minutes)b 27.7 ± 5.1a 6.4 ± 2.1
VPA/day (minutes)b 11.7 ± 3.2a 1.3 ± 0.8
LPA/day (minutes) 191.8 ± 13.1 194.2 ± 13.3
Sedentary time (minutes) 533.4 ± 17.6a 633.2 ± 20.5
Steps per day 11038 ± 878a 6776 ± 327
VO2 peak (ml/kg/min) 37.7 ± 3.2a 29.3 ± 2.0

Abbreviations: MVPA ¼ moderate-to-vigorous physical activity; MPA ¼ moderate
intensity physical activity; VPA ¼ vigorous intensity physical activity; LPA ¼ light
intensity physical activity.

a Indicates a significant difference between the groups at p < 0.05.
b Accumulated in bouts of 10 min or more.
3.3. Relations between the diet and genes of interest

The correlation coefficients and the partial correlation co-
efficients from the dietary variables and the genes of interest are
shown in Table 6. There was a strong positive correlation observed
between total sugar intake and the relative expression of GLUT1,
and inverse correlations between total sugar and the relative
expression of mTOR and IGF1 (Fig. 1). Controlling for MVPA
strengthened the correlation between total sugar intake and GLUT1,
weakened the association between total sugar intake and mTOR,
but did not alter the association with IGF1. Total energy intake was
positively correlated with SNAT4 expression, and there was a trend
towards an inverse correlation between total energy intake and
mTOR, but both relationships disappeared when controlling for
MVPA. The percentage of total calories from protein was inversely
correlated with the relative gene expression of IGF1R, and this as-
sociation was strengthened when controlling for MVPA. The per-
centage of total calories from carbohydrates and fat were not
related to any of the genes of interest.
4. Discussion

To our knowledge, this is the first investigation to explore the
impact of objectively measured PA and maternal diet composition
on placental gene expression in humans. The results of this inves-
tigation suggest that differences in maternal PA and diet quality
during the second trimester are associated with altered expression
of genes involved in glucose, amino acid and fatty acid transport,
and the insulin and mTOR signaling pathways in the human
placenta. This suggests that lifestyle factors that influence maternal
energy balance may affect subsequent nutrient delivery to the
fetus. Thus, we propose that direct measures of PA and objectively
quantified dietary intake ought to be measured in future research
examining placenta nutrient transport to eliminate confounding
factors.

Prenatal PA has been shown to protect against birth weight
extremes (i.e. small- or large-for-gestational-age) and increase the
likelihood of delivering an average-for-gestational-age infant [24].
Despite substantial differences in PA between the active and non-
active women, there were no differences in GWG or birth weight,
although, there were two macrosomic infants born to non-active
women. GWG is also an important independent contributor to
birth weight [25,26], and the similar GWG likely contributed to the
similarities in birth weight between groups. However, increasing
energy expenditure through prenatal PA is associated with reduced



Table 4
Fold change in the expression of the genes in the active women compared to the non-active women.
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Fig. 1. Significant correlations between the average total sugar intake per day and MVPA during the second trimester and the relative expression of the genes of interest in the
placenta at term. A. Average total sugar intake per day was positively correlated with the relative expression of GLUT1 (r ¼ 0.897, p ¼ 0.000, n ¼ 12). B. Average total sugar intake per
day was inversely correlated with the relative mTOR expression (r ¼ �0.603, p ¼ 0.038, n ¼ 12). C. Average total sugar intake per day was inversely correlated with the relative
expression of IGF1 (r ¼ �0.636, p ¼ 0.026, n ¼ 12). D. MVPA was inversely correlated with the relative expression of FATP4 (r ¼ �0.534, p ¼ 0.033, n ¼ 16). E. MVPA was inversely
correlated with the relative expression ofmTOR (r ¼ �0.566, p ¼ 0.022, n ¼ 16). F. MVPAwas inversely correlated with the relative expression of IGF1 (r ¼ �0.656, p ¼ 0.006, n ¼ 16).

¼ Active women; C ¼ Non-active women.
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neonatal adiposity without reducing neonatal fat free mass or ab-
solute birth weight [27]. Thus, it is possible that the infants born to
active women had less fat mass than those born to non-active
women, despite no differences in birth weight.

According to our data, meeting PA guidelines during the second
trimester is associated with a nearly 2-fold lower gene expression
of FATP4. FATP4 transports free fatty acids across the placenta [28]
and thus lower FATP4 RNA expression in active women suggests
Table 5
Correlations between MVPA and the genes of interest.

Independent
variable

Gene of
interest

Correlation
coefficient

p-value N Partial correlation
controlling for
sugar intake
(n ¼ 12)

p-value
of partial
correlation

MVPA
(min/day)

mTOR �0.566 0.022* 16 �0.627 0.052
FABP3 �0.001 0.997 15 0.002 0.995
FABP4 �0.118 0.665 16 �0.095 0.795
FABP5 �0.344 0.192 16 �0.228 0.526
FATP2 �0.137 0.614 16 0.245 0.496
FATP4 �0.534 0.033* 16 �0.425 0.220
GLUT1 �0.032 0.908 16 �0.926 0.000*
SNAT1 0.021 0.938 16 0.020 0.954
SNAT2 �0.113 0.677 16 �0.198 0.560
SNAT4 �0.042 0.878 16 �0.021 0.951
IRS1 �0.380 0.147 16 �0.277 0.439
IGF1 �0.656 0.006* 16 �0.648 0.043
IGF1R �0.135 0.618 16 �0.260 0.469

*p < 0.05, significant correlation between the variables.
reduced potential for fatty acid transport to the fetus. Prenatal PA is
associated with reduced neonatal fat mass [27,29], consequently it
is not surprising that FATP4 expression is reduced in active women.
Meeting the physical activity guidelines was also associated with a
1.68-fold higher expression of SNAT2. SNAT2 is a key amino acid
transporter at term [30,31], and our data suggests that the physi-
cally active women may have the potential for higher amino acid
transport to the fetus. Previously, reduced System A amino acid
transport was associated with women who reported strenuous
exercise during pregnancy [9], however, this was based on self-
reported PA, which is not as reliable as directly measured PA
[32,33]. The potential for lower fatty acid transport and higher
amino acid transport to the fetus in the active women may explain
why there was no difference in birth weight between the active
women and the non-active women. Future work should measure
the protein expression and activity of FATP4 and SNAT2 in active
and non-active women, and should include a measure of infant
body composition to determine if reduced expression of FATP4 and
higher SNAT2 in the active women is contributing to improved
neonatal body composition.

The active women also had lower expression of members of the
insulin and mTOR signaling pathways including IGF1, PRKAB1, IRS1,
EIF4EBP1, and TSC2. In addition, MVPA was inversely correlated
with GLUT1 expression (when controlling for total sugar intake),
and MVPA was inversely correlated with mTOR and IGF1. IGF-I
peptides have a vital role in fetal growth [34], and lower IGF1
suggests lower levels of this growth promoting peptide in the
placenta; however, birth weight was similar in the active and non-



Table 6
Correlations between dietary variables and the genes of interest.

Independent variable Gene of
interest

Correlation
coefficient

p-value N Partial correlation
controlling for MVPA

p-value of partial
correlation

Total energy mTOR �0.547 0.053 13 �0.396 0.202
SNAT1 �0.351 0.240 13 �0.143 0.674
SNAT2 �0.509 0.075 13 �0.381 0.247
SNAT4 0.650 0.016* 13 0.376 0.254

Percentage of calories from carbohydrates mTOR �0.103 0.728 13 �0.364 0.245
GLUT1 0.319 0.288 13 0.304 0.336
IRS1 �0.363 0.223 13 �0.195 0.544
IGF1 0.206 0.0500 13 0.040 0.901
IGF1R 0.221 0.468 13 0.150 0.641

Percentage of calories from protein mTOR 0.050 0.872 13 0.060 0.853
SNAT1 �0.427 0.146 13 �0.563 0.071
SNAT2 �0.137 0.655 13 �0.228 0.501
SNAT4 0.051 0.867 13 0.269 0.424
IRS1 �0.516 0.071 13 �0.561 0.058
IGF1 �0.146 0.634 13 �0.211 0.511
IGF1R �0.605 0.028* 13 �0.644 0.024*

Percentage of calories from fat mTOR 0.033 0.915 13 0.414 0.205
FABP3 �0.234 0.465 12 �0.232 0.493
FABP4 �0.106 0.730 13 �0.060 0.861
FABP5 0.091 0.728 13 0.270 0.422
FATP2 0.285 0.345 13 0.343 0.302
FATP4 �0.039 0.899 13 0.176 0.604
IRS1 0.533 0.061 13 0.443 0.172
IGF1 �0.255 0.401 13 �0.035 0.919
IGF1R �0.107 0.727 13 0.025 0.941

Total sugar per day mTOR �0.603 0.038* 12 �0.550 0.080
GLUT1 0.897 0.000* 12 0.986 0.000*
IRS1 �0.021 0.948 12 0.193 0.571
IGF1 �0.636 0.026* 12 �0.610 0.046*
IGF1R �0.394 0.205 12 �0.312 0.350

*p < 0.05, significant correlation between the variables.
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active women. Similarly, studies performed by Hopkins et al. have
shown that women who participated in prenatal exercise had
offspring with lower cord levels of IGF-I and IGF-II, but no change in
birth weight distribution or in maternal IGF axis proteins relative to
controls [35,36]. These findings suggest that exercise may have
influenced fetal growth via the placenta. In both cases, a reduction
in IGF1 without a major shift in birth weight supports the notion
that exercise functions to normalize, rather than reduce fetal
growth.

The mTOR pathway integrates various signals (e.g. growth fac-
tors, energy status, oxygen) to regulate fetal growth [37]. The in-
hibition of mTOR significantly reduces the activity of placental
amino acid transporters [38,39]. The lower expression of members
of the mTOR signaling pathway in the physically active women
include both positive (IGF1 and IRS1) and negative (PRKAB1 and
TSC2) regulators of mTOR (summarized in Fig. 2). PRKAB1 is a reg-
ulatory subunit of AMPK, and AMPK detects energy depletion and
inhibits mTOR [40,41]. IRS1 transmits signals from the insulin re-
ceptor and IGF1R [42], the TSC1/2 complex transmits the upstream
signals from the IRS pathway to mTOR, and the deactivation of
EIF4EBP1 downstream of mTOR promotes protein translation,
namely synthesis of amino acid transporters [37]. A reduction in the
genes that positively regulate mTOR (i.e. IGF1 and IRS1), if accom-
panied by reduced protein expression, could lead to a reduction in
mTOR signaling. Meanwhile, a reduction in the genes that inhibit
mTOR signaling (i.e. PRKAB1 and TSC2), if accompanied by reduced
protein expression, may lead to increased mTOR signaling. The
reduction in both the positive and negative regulators of mTOR in
the active women may explain why the expression of one of the
amino acid transporters (SNAT2) was increased, while the other
two remained unchanged. Although our study was not powered to
detect absolute changes in birth weight, given that offspring birth
weight was similar between groups, a reduction in the positive and
negative regulators of mTOR may have optimized mTOR signaling
and consequently helped maintain normal fetal growth rather than
triggering restricted or excess growth.

The dietary variable with the largest effect on gene expression
was total sugar intake. GLUT1 is the primary placental glucose
transporter in humans at term [43]. The strong positive correlation
suggests that as sugar intake increases so does the expression of
GLUT1, and therefore there is the potential for increased glucose
transport to the fetus. This supports the theory that the placenta
functions as a nutrient sensor [44], where placental nutrient
transport is matched with the availability of nutrients in maternal
circulation. In lean women with GDM, those with insulin-
controlled GDM had higher GLUT1 expression when compared to
diet-controlled GDM and healthy controls [45]. Based on our
findings, we postulate that the women with diet-controlled GDM
may have made greater efforts to reduce total sugar intake, and this
may have contributed to the differences in GLUT1 expression in
insulin-vs. diet-controlled GDM; which further emphasizes the
importance of measuring diet in this area of research.

An alternative theory of ‘adaptive regulation’ suggests that in
an effort to maintain normal fetal growth the placenta up- or
down-regulates nutrient transporter activity in response to low or
high substrate levels, respectively [46]. For instance, glucose
transport was reduced in a hyperglycemic mouse model [47]. The
moderate inverse correlations between total sugar and mTOR and
IGF1 reported here support this theory. The placenta might
compensate for increased maternal sugar intake with lower
expression of members of the mTOR pathway thus helping to
moderate nutrient delivery to the fetus despite increased glucose
availability. This is further supported by the inverse correlations
between the percentage of calories from protein and IGF1R, and
between total energy intake and mTOR. However, the percentage
of calories from protein was not related to the expression of any of
the amino acid transporters, while total energy intake was posi-
tively correlated with SNAT4, with a trend towards an inverse



Fig. 2. Simplified mTOR signaling pathway with changes in gene expression in active women compared to non-active women. mTOR is controlled by the intermediate Rheb which
is regulated by TSC1/2. Insulin and IGF-I phophorylate AKT1 through IRS1, which inhibits TSC2, thus releasing the inhibition of Rheb by TSC1/2. Activated Rheb stimulates mTOR
signalling. Activation of mTOR leads to the phosphorylation of RPS6KB1 and the dissociation of eIF4E from EIF4EBP1, which in turn promotes protein synthesis. AMPK, in response to
low energy levels, phosphorylates TSC2 and inhibits mTOR.; ¼ a significant lower expression of this gene in the placenta of active women (p < 0.05);: ¼ a significantly higher
expression of this gene in the placenta of active women (p < 0.05);▽ ¼ trend towards lower expression of this gene in the placenta of active women (p < 0.07). Abbreviations: IGF-I
e Insulin-like growth factor 1; IGF1R e Insulin-like growth factor 1 receptor; IRS1 e Insulin receptor substrate 1; AKT1 e protein kinase B; TSC e tuberous sclerosis complex; AMPK
e AMP activated kinase; PRKAB1 e beta 1 non-catalytic subunit of AMPK; mTOR e mammalian target of rapamycin; EIF4EBP1 e Eukaryotic translation initiation factor 4E binding
protein 1; RPS6KB1 e Ribosomal protein S6 kinase, polypeptide 1; EIF4E e Eukaryotic translation initiation factor 4E; EIF4B e Eukaryotic translation initiation factor 4B; RPS6 e

Ribosomal protein S6; SNAT2 e Sodium-coupled neutral amino acid transporter 2.
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correlation between total energy intake and SNAT2. At term,
SNAT1 and SNAT2 are believed to be the predominant contribu-
tors to System A amino acid transport, while the contribution of
SNAT4 is reduced [30,31]. Thus, in response to a higher intake of
total energy, the placenta might compensate with reduced
expression mTOR and one of the key amino acid transporters
(SNAT2), thus potentially reducing the transport of amino acids, in
an effort to maintain normal fetal growth. This warrants further
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investigation on the protein expression and activity of the
members of the mTOR signaling molecules and the amino acid
transporters when maternal energy balance (i.e. PA and diet) are
objectively measured.

The macronutrient distribution of both groups of women was
similar to the acceptable macronutrient distribution ranges rec-
ommended for Canadians [48], which could explainwhywe did not
observe associations between the percentage of calories coming
from carbohydrates or fat and the genes of interest because greater
deviations in macronutrient composition may be needed to alter
placental gene expression. For instance, in animal models up-
regulation of placental nutrient transporter abundance and activ-
ity is a common response to abnormal nutrient availability (e.g.
high fat or high sucrose diets) [6e8,49].

Womenwhomet PA guidelines during the second trimester had
lower expression of FATP4 and members of the mTOR pathway, and
higher expression of SNAT2, compared to non-active women. Var-
iations in the quality and quantity of the diet during the second
trimester also affected the expression of nutrient transporters and
signaling molecules. These results are limited by the fact that PA
and diet were only measured during the second trimester and it is
unknown if these variables differed across gestation. Nonetheless,
we believe that these findings represent important considerations
regarding the importance of accounting for variations in maternal
lifestyle and energy balance during pregnancy. Future work with a
larger sample size would be valuable to confirm these findings and
investigate whether protein expression and activity of these mol-
ecules is also affected. The level of PA and diet composition of
women can be vastly different and likely alters the intrauterine
environment [10]. Based on our findings we advise that future
research on placental nutrient transport should include direct
measures of maternal PA and dietary habits to help eliminate
confounding factors.
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