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An adverse intrauterine environment is associated with
the future risk of obesity and type 2 diabetes. Changes in
placental function may underpin the intrauterine origins of
adult disease, but longitudinal studies linking placental
function with childhood outcomes are rare. Here, we de-
termined the abundance and phosphorylation of protein
intermediates involved in insulin signaling, inflammation,
cortisol metabolism, protein glycosylation, and mitochon-
drial biogenesis in placental villus samples from healthy
mothers from the Healthy Start cohort. Using MANOVA,
we tested the association between placental proteins and
offspring adiposity (fat mass percentage) at birth (n = 109)
and infancy (4-6 months, n = 104), and adiposity, skinfold
thickness, triglycerides, and insulin in children (4-6 years,
n = 66). Placental IGF-1 receptor protein was positively
associated with serum triglycerides in children. GSK3p
phosphorylation at serine 9, a readout of insulin and
growth factor signaling, and the ratio of phosphorylated
to total JNK2 were both positively associated with mid-
thigh skinfold thickness in children. Moreover, peroxisome
proliferator-activated receptor y coactivator (PGC)-1«
abundance was positively associated with insulin in chil-
dren. In conclusion, placental insulin/IGF-1 signaling, PGC-
1«, and inflammation pathways were positively associated
with metabolic outcomes in 4- to 6-year-old children,

identifying a novel link between placental function and
long-term metabolic outcomes.

A range of noncommunicable diseases, including obesity
and type 2 diabetes, have intrauterine origins (1-3). The
intrauterine environment is largely determined by the
function of the placenta, the maternal-fetal interface
performing an array of functions critical for normal fetal
growth and development, including nutrient transport and
hormone synthesis. Emerging evidence suggests that pla-
cental structure and function impact life-long health (4-7).
We recently demonstrated that the activity of placental
mechanistic target of rapamycin (mTOR) complex
1 (mTORC1) is associated with cardiometabolic risk factors
at 4-6 years (8). Thus, a better understanding of the
mechanisms linking placental function to childhood and
adult metabolic disease risk may offer innovative avenues
to preventing them in future generations.

Here, we tested the hypothesis that altered abundance
and phosphorylation of key proteins involved in placen-
tal insulin/IGF-1 and inflammation signaling, cortisol
metabolism, protein glycosylation, and mitochondrial biogen-
esis (Fig. 1) are assodated with infant and child markers of
cardiometabolic health. We obtained placentas from
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109 mother/infant pairs from the larger Environmental
Influences on Child Health Outcomes (ECHO) Healthy Start
prebirth cohort and determined protein levels, testing
their association with metabolic outcomes measured in
the children at birth, infancy (4-6 months), and child-
hood (4-6 years).

RESEARCH DESIGN AND METHODS

Ethics Statement

We used placental samples, body composition data, and
serum biomarker data collected by the Healthy Start Study
(ClinicalTrials.gov, NCT02273297). This study was ap-
proved by the Colorado Multiple Institutional Review Board
at the University of Colorado Hospital (Aurora, CO). All
participants gave written, informed consent at enrollment.

Participant Measures and Sample Collection

Pregnant Women

The Healthy Start longitudinal prebirth cohort study com-
prises 1,410 women aged =16 years who enrolled in the study
between 2010 and 2014 at =23 weeks gestation. We
recruited women from the University of Colorado Hospital's
obstetrics dinics and excluded participants if they currently
had a multiple pregnancy or had a prior history of premature
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birth, diabetes, or serious psychiatric illness. Data collection
included maternal height, weight, demographics, and a fasting
blood sample between 24 and 32 weeks’ gestation (median
27 weeks), and is reported in detail elsewhere (9,10).

Placental Samples

In a convenience subsample of the Healthy Start cohort, as
part of the ancillary Healthy Start BabyBUMP (biology of
intrauterine metabolic programming) Project, we collected
trophoblast villi samples from placentas after delivery (n =
111), snap froze them in liquid nitrogen, and stored them
at —80°C. We excluded samples from two subjects because
they were from preterm births (<37 weeks), resulting in
a sample size of 109 for analysis.

Placental Signaling

We homogenized ~20 mg frozen placental villus tissue in
75 pL ice-cold buffer D (250 mmol/L sucrose, 10 mmol/L
HEPES, pH 7.4) with a 1:100 dilution of protease and
phosphatase inhibitors. Subsequently, we used Wes (Pro-
teinSimple, Santa Clara, CA) to perform Simple Western
assays to measure the phosphorylated and total abundance
of key proteins (Table 1). We ran the Wes plates accord-
ing to the manufacturer’s instructions, with minor
modification (200 V, 55 m separation time) using
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Figure 1—The placenta may play a role in the intrauterine origin of adult metabolic disease through several mechanisms, such as by
determining the flux of oxygen, nutrients, and methyl donors to the fetus, thereby regulating fetal growth and development. The activity of
placental insulin/IGF-1 signaling is positively correlated with fetal growth and regulates multiple downstream signaling pathways, including
mTOR and critical cellular processes such as mitochondrial biogenesis. Placental inflammation, which is activated in maternal obesity, may
also impact short- and long-term fetal outcomes, as increased p38MAPK and STAT3 signaling promote placental amino acid transport,
which is associated with increased fetal growth. Placental 113-HSD2 protects the fetus from excessive maternal cortisol, which causes fetal
growth restriction and predisposes the offspring to metabolic disease later in life. OGT, a broad marker of nutrient status and downstream
target of AMPK, is elevated in human skeletal muscle in type 2 diabetes, and placental OGT has been linked to poor neurodevelopment in
mice. We previously demonstrated that placental proteins involved in the mTOR and energy-sensing pathways (shown in gray) are associated
with child outcomes at 4-6 years of age (shown in green). Here, we investigated additional pathways (shown in yellow) and found that child
outcomes (shown in orange) are also linked to placental proteins involved in inflammation, mitochondrial biogenesis, and insulin signaling.

ER, endoplasmic reticulum; IL, interleukin.
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a 0.1 mg/mlL total protein concentration (Supplemen-
tary Table 1 and Supplementary Figs. 1 and 2). To
control for batch variation, we included an equalizer
sample on each plate that had clean median values for
each protein. We also multiplexed a loading control
(vinculin or B-actin) in each capillary to normalize the
protein levels to.

Table 1—Participant characteristics
Characteristics
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Offspring Outcomes

At birth, we obtained birth weight and length from medical
records (n = 105) and saved a cord blood sample to
measure insulin, glucose, free fatty acids, cholesterol,
and triglycerides. We measured body composition (fat
mass [FM] and fat-free mass [FFM]) with whole-body
air displacement plethysmography (PEA POD; COSMED)

Maternal characteristics
Prepregnancy BMI (kg/m?)
Gestational weight gain (kg)
Cesarean delivery, n (%)
Maternal insulin at 24-32 weeks’ gestation (unlU/mL)
Cord blood insulin (wlU/mL)
Cord blood glucose (mg/dL)

Newborn characteristics
Gestational age at delivery (weeks)
Sex, n
Female
Male
Adiposity (FM %)
Body weight (kg)
BMI z-score

Infant characteristics (4—6 months)
Age (months)
Adiposity (%)
Body weight (kg)
BMI z-score

Child characteristics (4-6 years)
Age (years)
Adiposity (%)
Body weight (kg)
BMI z-score
Midthigh skinfold (mm)
Triceps skinfold (mm)
Subscapular skinfold (mm)
Triglycerides (mg/dL)
Insulin (wlU/mL)

Protein pathway
Insulin/IGF-1 signaling

Inflammation

Cortisol metabolism

Protein glycosylation
Mitochondrial biogenesis

n =109
25.0 (23.8-26.0)
13.5 (12.2-15.1)
23 (21.1)
12.9 (11.6-14.2)
7.27 (6.20-8.34)
80.6 (77.3-84.0)

n =109
39.5 (39.3-39.8)

58
51
9.0 (8.4-9.9)
3.1 (3.0-3.2)
—0.49 (—2.39 to 1.42)

n = 104
4.50 (4.36-4.63)
24.38 (23.4-25.6)
6.6 (6.5-6.8)
—0.35 (—2.32 to 1.61)

n = 66
4.62 (4.56-4.68)
18.2 (16.7-19.8)
17.2 (16.6-17.8)
—0.06 (—1.72 to 1.61)

14.4 (13.3-15.5)
10.3 (9.5-11.1)

5.1 (4.7-5.5)
59.8 (51.4-68.2)

5.5 (4.8-6.2)

Protein measured
IGF-1r
GSK3apSer®
GSK3pS°/GSK3
ERK(1 /2)Thr202/Tyr204
ERK(1/2)Th"202/Tyr204_t5_ERK(1/2)
Procaspase 1
ST ATSTyr?OS
STAT3™7%_t5-STAT3
J NK1 Thr183/Tyr185

JNK1Thr183/Tyr185_tO_JNK1
JNK2Thr1 83/Tyr185
JNKzThH 83/Tyr1 85—'(0—JNK2
IL-18
p38MAPK
11B-HSD2
OGT
PGC-1a

Data are presented as mean with 95% Cl in parentheses, unless otherwise stated. 11B-HSD2, 11B-hydroxysteroid dehydrogenase type 2;
ERK, extracellular signal-regulated kinase; GSK3p, glycogen synthase kinase-3B; IGF-1r, IGF-1 receptor; IL-1B, interleukin-13; JNK,
c-Jun N-terminal kinase; OGT, O-linked N-acetylglucosamine transferase.
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and calculated adiposity as FM/(FM + FFM) * 100. We
measured body composition again in infancy, between
4 and 6 months (PEA POD, n = 101). When the children
reached 4-6 years (n = 66, median age 4.54 years), we
assessed body composition (BOD POD; COSMED, n = 62),
as previously described (10), and skinfold thickness twice
at the triceps, subscapular, and midthigh points using
skinfold calipers, with a third measurement if the first
two were off by >1 cm. We collected a fasted venous blood
sample from consenting children to measure circulating
levels of insulin, triglycerides, cholesterol, adiponectin,
and glucose.

Statistical Analysis

We analyzed the protein data as the phosphorylated form
or as the ratio of phosphorylated to total. We analyzed only
total protein in cases where the phosphorylated form was
not measured or not relevant. We performed all statistical
analyses in R (version 4.0.2). We tested the normality of
the data (Shapiro-Wilk test) and used Box-Cox transfor-
mations to normalize variables that were not normal. In
the one case where the transformed variable still did not
pass the Shapiro-Wilk test, we used an inverse normal
transformation. We performed the statistical tests on the
transformed values (Supplementary Table 2) but presented
the untransformed values in the graphs for interpretation.
We identified outliers with the Grubbs test and removed
one outlier for one subject (for serum insulin).

We performed MANOVA to test for a relationship
between the protein pathways and offspring body com-
position and cardiometabolic traits (Supplementary Table
3). When MANOVA showed a significant overall associ-
ation, we performed multivariate multiple regression
(MMR) to evaluate each dependent variable. Sex and age
affected the offspring cardiometabolic outcomes, so they
were included as covariates. Where indicated, linear re-
gression and correlation were used post hoc to further
explore complex relationships. All associations remained
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unchanged after reanalyzing data using BMI z-scores in-
stead of the actual BMI (data not shown).

Data and Resource Availability

The data sets generated during and/or analyzed during the
current study are available from the corresponding author
upon reasonable request. No applicable resources were
generated or analyzed during the current study.

RESULTS

Subject Characteristics

Our analysis included 109 mother/infant pairs at birth,
104 infants at 4-6 months, and 66 children at 4-6 years
(Table 1). Mothers had prepregnancy BMIs ranging from
19.9 to 45.8 kg/m”. Infants had an even sex distribution
(53% female), their gestational age at delivery ranged from
37 to 42 weeks, and two infants were born with macro-
somia (>4 kg).

No Effect of Maternal Prepregnancy BMI, 113-HSD2, or
OGT

Maternal BMI did not significantly affect any of the
signaling pathways (Supplementary Table 4). MANOVA
did not detect any association between placental proteins
involved in cortisol metabolism (Supplementary Table 5)
or protein glycosylation (Supplementary Table 6) on child
outcomes.

Proteins in the Insulin/IGF-1 Signaling Pathway Are
Associated With Child Outcomes at Birth and 4-6 Years
MANOVA of the insulin/IGF-1 signaling pathway proteins
(Supplementary Table 7) revealed a significant association
between placental IGF-1 receptor (IGF-1r) abundance and
body composition at birth (P = 0.045), with MMR showing
a negative association with adiposity (B = —2.267, P =
0.016) (Fig. 2A). By childhood, that association was no
longer significant; however, placental IGF-1r expression
was positively associated with child triglycerides (B =
0.350, P = 0.024) (Fig. 2B). At that same age, placental
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Figure 2—Placental insulin signaling proteins and child outcomes. MANOVA and MMR were performed for placental proteins in the growth
factor/insulin signaling pathway vs. child outcomes, adjusting for child sex and age. A-C: Scatter plots are shown for significant MMR results

that first passed significance with MANOVA.
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GSK3B%™ was associated with skinfolds (P = 0.009), with
a positive association with midthigh skinfold thickness
(B = 0.621 P = 0.041) (Fig. 2C). Previous research has
shown a positive association between maternal insulin
levels and placental GSK3p**™® (11), prompting our post
hoc linear regression showing a nonsignificant positive
trend between maternal insulin and placental GSK3p°*"
(B = 0.162, P = 0.112) and a significant positive associ-
ation between cord blood insulin and GSK3p**® (B =
0.245, P = 0.036). ERK(1/2)™%%17?%% t5-ERK(1/2) had
a significant relationship with skinfolds overall; however, it
did not have a clear relationship with any individual
skinfold measurements.

Placental JNK2, p38 Mitogen-Activated Protein Kinase,
and PGC-1a Are Associated With Child Outcomes at
4-6 Years

MANOVA on the inflammatory pathway (Supplementary
Table 8) revealed a significant relationship between pla-
cental p38 mitogen-activated protein kinase (MAPK)
abundance and growth trajectory from birth to 4-6 months
(P = 0.008), driven by a negative association with change
in adiposity from birth to 4-6 months (3 = —1.73, P =
0.007) (Fig. 3A). Similarly, p38MAPK had a negative as-
sociation with child triglycerides at 4-6 years of age
(B = —0.344, P = 0.046) (Fig. 3B). JNK2Pr183/Tyr185_
to-JNK2 was also associated with child skinfolds (P =
0.037), with a positive association with midthigh
skinfold thickness (B = 2.460, P = 0.005) (Fig. 3C). At
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4-6 months, there was a significant effect of both
JNK2Thr183/Tyr185 ¢ JNK2 (P = 0.006) and p38MAPK
(P = 0.0124) on infant body composition. Although the
univariate tests were not significant for either protein,
there was a positive correlation between JNK2T183/1yr185_
to-JNK2 and 4-6 month adiposity (r = 0.253, P = 0.0115)
(Supplementary Fig. 3A). Similarly, MANOVA revealed
a significant effect of STAT3™"*° on child body compo-
sition at 4-6 years (P = 0.047), without significant asso-
ciations with adiposity or body weight, although there
was a positive correlation between STAT3™""%° and
child adiposity (r = 0.324, P = 0.010) (Supplementary
Fig. 3B). The mitochondrial biogenesis pathway analysis
(Supplementary Table 9) revealed a significant positive
association between placental peroxisome proliferator—
activated receptor 7y coactivator (PGC)-1a and child in-
sulin at 4-6 years (B = 0.349, P = 0.019) (Fig. 3D). In
a post hoc analysis, PGC-1la was positively correlated
with IGF-1r (r = 0.39, P < 0.001) and OGT (r = 0.27,
P = 0.005).

DISCUSSION

A better understanding of the mechanisms linking placen-
tal function to childhood and adult disease will allow us to
develop innovative avenues to prevent obesity and di-
abetes in future generations. Here, we report that the
activity of placental pathways involving inflammation and
growth factor/insulin signaling were positively associated
with midthigh skinfold thickness and serum triglycerides
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Figure 3—Placental inflammation and mitochondrial biogenesis proteins and child outcomes. MANOVA and MMR were performed for
placental proteins in the growth factor/insulin signaling pathway vs. child outcomes, adjusting for child sex and age. A-D: Scatter plots are
shown for significant MMR results that first passed significance with MANOVA.
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in healthy 4- to 6-year-old children. Additionally, PGC-
la, which regulates mitochondrial biogenesis, was pos-
itively associated with child insulin. Collectively, these
findings suggest that activation of placental signaling
pathways promoting nutrient transport, protein syn-
thesis, and oxidative phosphorylation are related to
growth and development of offspring born to healthy
pregnant mothers.

Placental IGF-1r expression was positively correlated
with childhood serum triglycerides. Increased GSK3f
phosphorylation—indicating activation of placental insu-
lin signaling—was linked to child skinfold thickness. These
findings are in general agreement with our previous obser-
vations that the activity of placental mTORC1, down-
stream of insulin signaling, is positively associated with
child adiposity (8). The activation of placental insulin/IGF-
1 and mTOR signaling may be mechanistically involved in
the well-established link between maternal obesity/gesta-
tional diabetes mellitus (GDM) and metabolic disease in
the offspring (12,13). Given that these signaling pathways
promote placental nutrient transport, it is possible that
increased fetal nutrient delivery contributes to this asso-
ciation by increasing fat deposition in utero and/or alter-
ing fetal nutrient sensing systems.

In addition to being linked to infant adiposity, JNK2
was positively associated with midthigh skinfold thickness
in childhood. These findings are in general agreement with
studies reporting activation of placental JNK2 in maternal
obesity (14) and suggest that placental inflammation in
maternal obesity may predispose the infant to future
obesity. The inverse correlation between placental
p38MAPK and child triglycerides is contradictory. How-
ever, we speculate that this may reflect a positive corre-
lation between the ratio of phosphorylated to total
p38MAPK (which we were unable to measure) and adi-
posity in childhood.

Placental PGC-1a has been reported to be decreased in
GDM (15,16), possibly reflecting a homeostatic down-
regulation of mitochondrial respiration by glucose abun-
dance. In our cohort consisting largely of healthy
pregnant women and their children, placental PGC-la
was positively associated with child serum insulin. At first
glance, this may be counterintuitive as PGC-1a is phos-
phorylated by AMPK, which we previously reported was
negatively associated with child weight and skinfold thick-
ness at 4-6 years (8). However, we found that PGC-1a was
not correlated with the AMPK values measured in our
previous study in the same individuals. Instead, PGC-1a
was positively correlated with IGF-1r, a known stimulator
of mitochondrial biogenesis. PGC-1la was also positively
correlated with OGT. These two proteins form a complex
that mediates inappropriate gluconeogenesis in the di-
abetic liver via PGC-1a recruiting OGT to activate FoxO
via GlcNAcylation (17). Thus, greater IGF-1/insulin signal-
ing in the placenta may underlay the positive association
between placental PGC-1a and child insulin. Increased
placental mitochondrial respiration in response to
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enhanced PGC-1a signaling may provide additional ATP
for placental protein synthesis and active nutrient trans-
port promoting fetal growth and fat deposition, predis-
posing the infant for future metabolic disease.

The strengths of the study include having a cohort of
women across the BMI spectrum, a large sample size, and
follow-up with the children from birth to 4-6 years of age.
Because recruited pregnant women were largely healthy by
design, limitations of the study include the lack of women
with pregnancy complications, such as GDM and preterm
birth, known to be associated with programming of off-
spring metabolic disease.

Our findings suggest that activation of signaling path-
ways promoting placental nutrient transport, protein
synthesis, and oxidative phosphorylation could be in-
volved in metabolic pathways that contribute to meta-
bolic risk in young children. Our data provide additional
evidence that changes in placental function are linked to
long-term health in children and may serve as a founda-
tion for mechanistic studies in animal models and the
development of placental biomarkers and novel inter-
vention strategies to prevent future cardiometabolic
disease.
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