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ABSTRACT

The incidence of maternal obesity and its co-morbidities (diabetes, cardiovascular disease) continues to
increase at an alarming rate, with major public health implications. In utero exposure to maternal obesity
has been associated with development of cardiovascular and metabolic diseases in the offspring as a
result of developmental programming. The placenta regulates maternal-fetal metabolism and shows
significant changes in its function with maternal obesity. Autophagy is a cell-survival process, which is
responsible for the degradation of damaged organelles and misfolded proteins. Here we show an
activation of autophagosomal formation and autophagosome-lysosome fusion in placentas of males but
not females from overweight (OW) and obese (OB) women vs. normal weight (NW) women. However, total
autophagic activity in these placentas appeared to be decreased as it showed an increase in SQSTM1/p62
and a decrease in lysosomal biogenesis. A mouse model with a targeted deletion of the essential
autophagy gene Atg7 in placental tissue showed significant placental abnormalities comparable to those
seen in human placenta with maternal obesity. These included a decrease in expression of mitochondrial
genes and antioxidants, and decreased lysosomal biogenesis. Strikingly, the knockout mice were
developmentally programmed as they showed an increased sensitivity to high-fat diet-induced obesity,
hyperglycemia, hyperinsulinemia, increased adiposity, and cardiac remodeling. In summary, our results
indicate a sexual dimorphism in placental autophagy in response to maternal obesity. We also show that
autophagy plays an important role in placental function and that inhibition of placental autophagy
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programs the offspring to obesity, and to metabolic and cardiovascular diseases.

Introduction

More than 65% of women entering pregnancy in the US are
overweight or obese. Maternal obesity increases the risk of
adverse pregnancy outcomes including major malformations,
preeclampsia, pregnancy loss, and stillbirth.'” In addition, in
utero exposure to maternal obesity causes changes in the off-
spring’s body composition, and cardiovascular and metabolic
function as a result of developmental programming.*®

The placenta regulates maternal-fetal metabolism and
produces perhaps the broadest array of information mole-
cules (hormones, cytokines, and all other classes of signal-
ing molecules) of any other organ except for the brain.”
Placental function is now recognized as a critical regulator
of fetal growth and development, as it communicates the
maternal and intrauterine environment to the fetus, and as
a mediator of fetal programming.®*'° We and others have
demonstrated the presence of hypoxia, inflammation, and
oxidative stress''? in the placenta in various pathological
situations and their relationship to altered placental

function and developmental programming.'® Recently, we
have also shown a decrease in placental ATP levels, placen-
tal mitochondrial dysfunction, and reduced mitochondrial
biogenesis in overweight and obese women."?

Autophagy is responsible for the turnover of long-lived pro-
teins and of intracellular structures that are damaged or func-
tionally redundant."*'® Autophagy is initiated with formation
of a double-membrane structure called the phagophore, which
evolves into the autophagosome, an organelle that sequesters
cytoplasmic materials such as mitochondria, peroxisomes,
endoplasmic reticulum, protein aggregates, and lipids."” Upon
acidification the autophagosome fuses with the lysosome to
form the autolysosome, that degrades its content.'” Autophagy
is active at basal levels in most cell types where it is postulated
to play a housekeeping role in maintaining the integrity of
intracellular organelles and proteins.'®'? Certain environmen-
tal cues (such as starvation, high temperature, hypoxia, hor-
monal stimulation) or intracellular stress (accumulation of
misfolded proteins, endoplasmic reticulum [ER] stress and
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increased reactive oxygen species [ROS], and mitochondrial
damage) activate signaling pathways that increase autophagy."’
Recently, a role for autophagy in the central control of energy
metabolism has been identified.”® Here we hypothesized that
autophagy is activated in placentas with maternal obesity.

Results
Clinical characteristics of study patients

There were no significant differences in maternal and gesta-
tional age at delivery between the women of differing body
mass index (BMI; Table 1). By experimental design, mean
maternal BMI significantly differed between the chosen
groups (one-way ANOVA with Tukey’s post hoc test). The
gestational weight gain in OB mothers was significantly
smaller than in NW mothers (p = 0.003). Placentas of
females from OW women were significantly heavier com-
pared to placentas of females from NW women (p < 0.05),
while placentas of females from NW and OB women were
significantly lighter than placentas of males within the same
group of adiposity (p < 0.05).

Evidence for the increase in autophagy in placentas with
maternal obesity in a fetal sex-dependent manner

We have recently shown a decrease in placental ATP levels and
placental mitochondrial dysfunction with maternal obesity."
Reduction in ATP content has been previously linked to activa-
tion of AMPK (AMP-activated protein kinase), a crucial cellu-
lar energy sensor,”"** which, in turn, can drive autophagy.*> To
examine the activation of AMPK in placentas of OW and OB
women, western blot analysis for the phosphorylated (p-
AMPK) and total AMPK (t-AMPK) was performed (Fig. 1).
The ratio of p-AMPK to t-AMPK (Fig. 1A-B) was significantly
increased in male placentas ranging from 1.5 + 0.2 in NW
women to 2.1 £ 0.2 in OB women (p = 0.03), and showed a

Table 1. Clinical characteristics of study patients.
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tendency to increase in placentas of males from OW women
(1.9 & 0.5) and placentas of females with increasing adiposity,
but did not reach statistical significance (p = 0.1).

Activation of AMPK switches on autophagy, acting by either
inhibition of MTOR (mechanistic target of rapamycin [serine/
threonine kinase]) signaling®* or, as happens in the case of
energy depletion, by direct activation of BECN1/Beclin 1.>> We
found no differences in MTOR signaling as was indicated by
expression and/or phosphorylation of its downstream targets,
RPS6KB/S6K (ribosomal protein S6 kinase, 70 kDa) and
EIF4AEBP1/4EBP (eukaryotic translation initiation factor 4E
binding protein 1) (Fig. S1). In contrast, the protein expression
of BECN1 showed a significant increase in placentas of males
from OW (3.8 fold, p = 0.03) and OB (2.8 fold, p = 0.001)
women compared to NW women (Fig. 1C), suggesting an initi-
ation of autophagy. However, BECN1 expression in placentas
of females from NW women was already significantly greater
than in placentas of males from NW women and showed no
further increase with maternal adiposity. BECN1 binds with
antiapoptotic BCL2 (B-cell CLL/lymphoma 2) leading to the
inhibition of BECN1-mediated autophagic initiation.*® No dif-
ferences, however, in BCL2 expression were observed across
the groups (Fig. 1D).

Induction of autophagy has been shown to be associated
with an increase in the levels of ceramides.”” We therefore
measured the concentration of ceramides and dihydrocera-
mides in the placentas of males and females from normal
weight and obese women using a targeted metabolomics
approach (Fig. 2). No differences in the levels of C16, C18
and C22 ceramides were observed between the groups. Lev-
els of C20 ceramide, C16 and C18 dihydroceramides were
similar between female placentas of NW and OB women
and male placentas of OB women (Fig. 2A-B). However, in
male placentas from NW women, the levels of C20:0 cer-
amide (Fig. 2A) and C16/C18 dihydroceramides (Fig. 2B)
were reduced by 75% and 50%, respectively, compared to
male placentas of OB women (p = 0.03).

Pre-pregnancy or first trimester BMI group NW ow OB
Male Female Male Female Male Female
Sex of fetus n=10 n=10 n==6 n==6 n=10 n=10
Pre-pregnancy BMI(kg/m?) 22.7 22.2 2747, 27.3%, 35.9%, 36.3%,
(18.2-23.9) (19.5-24.9) (26.4-28.7) (25.0-29.9) (30.6-43.0) (30.8-44.0)
Maternal age (years) 285 27.8 29.2 29.1 31.1 27.5(22-36)
(20-37) (21-36) (23-32) (24-34) (23-38)
Gestational age (weeks) 39.2 39.5 38.2 38.9 39.0 39.0
(39-40) (38-40) (38.5-39) (38.5-40) (38-40) (38.5-40)
Weight gain (kg) 133 11.4 13.7 123 6.9%, 7.6,
(9.5-18.6) (8.1-17.3) (9.0-19.5) (5.9-20.5) (0-17.7) (0-14.1)
Placenta weight (mean +SEM, grams) 754 702", 724(505-740) 785%, 792(628-1007) 718"
(669-752) (669-752) (612-848) (401-837)
Birth weight (grams) 3640 3352 3448 3281 3453 3408
(3010-4325) (2995-4046) (2746-4063) (3100-3450) (2775-4402) (2920-3755)
Parity (%)
Primiparous 70% 70% 16% 50% 40% 70%
Multiparous 30% 30% 84% 50% 60% 30%
Ethnicity (hispanic/non-hispanic) 7/3 8/2 5/1 6/0 7/3 91

Note. Significant differences relative to the normal weight group were determined using a one-way ANOVA with Tukey’s post hoc testing for each gender. Values are
mean (range).”, p < 0.05 vs. NW group;*, p < 0.05 vs. males within the same group of adiposity. Sample sizes are given for males and females.
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Figure 1. Expression of markers of autophagy in placentas from women with
increasing adiposity. (A) Representative western blots for phosphorylated (p)-
AMPK and total (t)-AMPK, BECN1 and BCL2 with the corresponding ACTB in pla-
centas of males and females from NW, OW and OB women. (B) Box-and-whisker
plot of calculated ratio of p-AMPK:t-AMPK in males (left) and females (right). (C)
Quantification data for BECN1 in male and female placentas of NW, OW and OB
women. (D) Quantification data for BCL2 in placentas of males and females from
NW, OW and OB women. Data were normalized to ACTB. Data presented as box-
and-whisker plot, the bottom and top of the boxes indicate the 25th and 75th per-
centiles, and the whiskers indicate the 5th and 95th percentiles, x marks outliers, n
= 6—10 per group of adiposity/fetal sex *, p < 0.05 vs. NW group; , p < 0.05 vs.
males within the same group of adiposity.

Formation of autophagosomes in placentas with maternal
obesity

Autophagy is initiated by the nucleation/formation of the phag-
ophore, and the coordinated action of ATG (autophagy-
related) proteins results in the expansion of this membrane to
form the autophagosome.”® Western blots showed an increase
in the levels of placental ATG3 and ATG7 with maternal obe-
sity, which reached statistical significance for ATG3 in pla-
centas of females from OW and OB women (1.5 and 2.3-fold,
respectively vs. NW, p < 0.05, Fig. 3B) and for ATG7 in pla-
centas of males from OW and OB women (2 and 2.5-fold,
respectively vs. NW, p < 0.05) (Fig. 3C). The MAP1LC3B/
LC3B (microtubule-associated protein 1 light chain 3 beta)
cleavage (ratio MAP1LC3B-II to MAP1LC3B-I) was increased

significantly with maternal adiposity in male placentas suggest-
ing either increased formation or reduced clearance of autopha-
gosomes (Fig. 3D). Again, however, in female placentas of NW
women, the MAPILC3B-II/MAPILC3B-I ratio was signifi-
cantly greater than in male placentas of NW women. No
changes were found across the groups in ATG5 and ATGI12
(not shown).

The SQSTM1/p62 (sequestosome 1) protein is a ubiquitin-
binding receptor protein that binds directly to MAP1LC3B and
serves to link the ubiquitinated proteins to the autophagic
machinery to enable their degradation in the lysosome.* Since
SQSTM1 accumulates when autophagy is inhibited, and is
reduced when autophagy is induced, it is used as a marker to
study autophagic flux. Increase in maternal adiposity induced a
statistically significant accumulation of SQSTMI1 in placentas
of males from OW and OB mothers (2.4 and 2.2-fold, respec-
tively, p = 0.03), while no differences in SQSTMI levels were
observed between the female placentas of NW, OW and OB
women (Fig. 3E).

Markers of autophagosome-lysosome fusion are activated
in OW and OB placentas of males

After the autophagosome forms, the outer autophagosome
membrane become ready to fuse with the lysosome for the deg-
radation of enclosed cytoplasmic materials.’® Three proteins,
STX17 (syntaxin 17), SNAP29 (synaptosomal-associated pro-
tein 29) and VAMPS8 (vesicle-associated membrane protein 8),
are critical for autophagosome-lysosome fusion.’" As shown in
Fig. 4, placentas of males from OW and OB women had signifi-
cantly (p < 0.05) higher concentrations of STX17 (2.9 and 2.2-
fold, respectively, Fig. 4A-B), SNAP29 (2.7 and 1.7-fold,
respectively, Fig. 4C) and VAMP8 (3 and 2.3-fold, respectively,
Fig. 4D) when compared to male placentas of NW women.
Again, female placentas of NW women had significantly higher
levels of STX17 (2.4-fold, p = 0.02), SNAP29 (3.1-fold, p =
0.005), and VAMPS (2.3-fold, p = 0.01) compared to male pla-
centas of NW. No changes in expression of these proteins were
observed in placentas of females across the groups.

Lysosomal markers remained unchanged in placentas with
maternal obesity

The progression and resolution of autophagy critically
depends on lysosomal function, as lysosomes play a role in
the degradation of cellular components.”> The biogenesis of
autophagosomes and lysosomes is regulated by TFEB (tran-
scription factor EB).” We therefore measured protein
expression of TFEB (Fig. 5). Surprisingly, the levels of
TFEB were reduced in both male and female placentas
from OW and OB women compared to NW women, how-
ever, this only reached the statistical significance in pla-
centas of males (50%, p = 0.01; Fig. 5A-B). The protein
expression of lysosomal protease CTSB (cathepsin B) and
LAMP2 (lysosomal-associated membrane protein 2) did not
differ between NW, OW and OB groups in placentas of
males (Fig. 5C-D). Interestingly, in female placentas from
OB women, the expression of LAMP2 was significantly
increased compared to the NW group (1.5-fold, p < 0.05;
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Figure 2. Targeted metabolomics in placentas of NW and OB women with male and female fetuses. Levels of C16, C18, C20 and C22 ceramides (A) and C16/C18 dihydro-
ceramides (B) in placentas of male and female fetuses from NW and OB women. Values are mean & SEM, n = 10 per group of adiposity/fetal sex, *, p < 0.05 vs. NW
group; *, p < 0.05 vs. males within the same group of adiposity.

Fig. 5D). Thus, despite the fact that autophagosome forma- Autophagy response is defective in OB placentas of males
tion and autophagosome-lysosome fusion have been acti-
vated in OW and OB placentas of males, no changes in

expression of lysosomal markers were observed.

In order to visualize autophagy in vitro, primary trophoblasts
were isolated from male and female placentas of NW and OB
women, cultured for 72 h to allow syncytialization and stained
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Figure 3. Markers of autophagosome formation in placentas from NW, OW and OB women with male or female fetuses. (A) Representative western blots for ATG3, ATG7,
MAP1LC3B-l and MAP1LC3B-II, as well as SQSTM1 with corresponding ACTB. (B-E) Quantification data for ATG3 (B) and ATG7 (C) in placentas of males (left) and females
(right). (D) Ratio of MAP1LC3B-Il:MAP1LC3B-I in placentas of males and females. (E) Quantification data for placental SQSTM1 in males and females. Data were normalized
to ACTB. Data presented as box-and-whisker plot, the bottom and top of the boxes indicate the 25th and 75th percentiles, and the whiskers indicate the 5th and 95th per-
centiles, x marks outliers, n = 6—10 per group of adiposity/fetal sex, *, p < 0.05 vs. NW group; *, p < 0.05 vs. males within the same group of adiposity.
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Figure 4. Expression of markers for autophagosomal-lysosomal fusion. (A) Representative western blots for STX17, SNAP29 and VAMP8 with corresponding ACTB. (B-D)
Quantification data for placental STX17 (B), SNAP 29 (C), and VAMP8 (D) in males (left) and females (right) of NW, OW and OB women. Data were normalized to ACTB.
Data presented as box-and-whisker plot, the bottom and top of the boxes indicate the 25th and 75th percentiles, and the whiskers indicate the 5th and 95th percentiles,
x marks outliers, n = 6—10 per group of adiposity/fetal sex, *, p < 0.05 vs. NW group; ¥, p < 0.05 vs. males within the same group of adiposity.

with MDC (monodansylcadaverine). MDC is a spontaneously
fluorescent dye that is incorporated into the autophagosomes
and autolysosomes.’* To examine whether physiological stimuli
(starvation) induce autophagy in trophoblasts, we incubated
them either in full medium or starvation medium (4 amino
acids; Fig. 5E-F). When cultured in full medium, MDC staining
was undetectable in the trophoblasts of either males or females
from NW mothers (Fig. 5E). However, activation of autophagy
by starvation resulted in a 60-fold increase (p = 0.007) in char-
acteristic MDC staining of autophagic vacuoles in treated
trophoblasts. Syncytiotrophoblasts (ST) isolated from male but
not female placentas of OB women cultured in full medium
demonstrated a significant 18-fold increase in MDC staining
compared to NW women (p = 0.025, Fig. 5F). Surprisingly,
however, amino acid starvation of these ST caused a 10-fold
reduction in the percentage of MDC-positive cells (p < 0.05)
compared to nonstarved cells, indicating a dysregulation in
autophagic response. There were no differences between ST
from NW women and OB women with female fetuses when
cultured in full medium. However, amino acid starvation of
trophoblasts isolated from female placentas of OB women
showed a 12-fold increase in the number of autophagic
vacuoles (p = 0.004) as compared to nonstarved cells.

Generation and characterization of Atg7 conditional
knockout mice

Single transgenics Atg7 Flox/Flox mice (referred to as wild-type
mice, WT) and Cyp19al-Cre along with the double conditional
knockout mice Atg7 "'/Cyp19al (referred to as knockout mice,
KO) were born healthy and fertile without any apparent patho-
logical phenotype. No protein expression of ATG7 was detected
in the placentas of knockout mice (Fig. 6A), while expression
remained unchanged in the liver (Fig. 6A), lungs and hearts

(not shown). No differences in the protein expression of
BECNI1 were observed. Both MAP1LC3B-I and MAP1LC3B-II
forms were also detected in placentas of WT and KO mice
(Fig. 6A). No differences in litter size (6-9 pups per litter) and
placental weights (Fig. 6B) were found between WT and KO
mice. However, deletion of placental Atg7 caused a significant
53% reduction in birth weight compared to WT mice (p =
0.004; n = 7—10 fetuses from 6 mothers in each group) indicat-
ing a substantial fetal growth restriction (Fig. 6B). This resulted
in a significant reduction in placental efficiency in the KO mice
when compared to WT mice calculated as the body weight of a
pup divided by the mass of its placenta (2.7 £ 0.3 vs. 5.8 £ 0.9
respectively, p = 0.02).

Placental dysfunction in Atg7 conditional knockout mice

Next, we examined whether inactivation of autophagy by
ablation of Atg7 would affect placental function. Similar to
human placentas from OB mothers, placentas from condi-
tional KO mice had significantly lower concentrations of
TFEB (65%, p < 0.005; Fig. 6C). No differences in protein
levels of the NFKB subunits RELA/p65 and NFKB1/p50 or
HIF1A/HIF-1a (hypoxia-inducible factor 1, alpha subunit
[basic helix-loop-helix transcription factor]) were observed
between the groups (data not shown). One of the critical
regulators of placental development is the nuclear receptor
PPARG (peroxisome proliferator activated receptor
gamma).”> We found a significant increase in the level of
PPARG in placentas of KO mice compared to WT mice
(L.5-fold, p < 0.005, Fig. 6C). Fetal growth restriction has
been previously associated with overexpression of pro-apo-
ptotic TRP53 (transformation related protein 53),°**” and
activation of oxidative stress.”® Western blot analyses show
an increase in protein levels of TRP53 in placentas of KO
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Figure 5. Expression of markers for lysosomal biogenesis and lysosomal activity. (A) Representative western blots for TFEB, CTSB and LAMP2 in placentas of males and
females from NW, OW, and OB women. (B-D) Quantification data for TFEB (B), CTSB (C) and LAMP2 (D). Data normalized to ACTB. Data presented as box-and-whisker
plot, the bottom and top of the boxes indicate the 25th and 75th percentiles, and the whiskers indicate the 5th and 95th percentiles, x marks outliers, n = 6—10 per
group of adiposity/fetal sex. *, p < 0.05 vs. NW group; #, p < 0.05 vs. males within the same group of adiposity. (E-F) Representative images (E) and quantification data
(F) from monodansylcadaverine (MDC, green) staining of primary syncytiotrophoblasts isolated from NW and OB women (male and female fetuses) and cultured in the
presence or absence of amino acids (£ AA) for 6 h. Cells were counterstained by phalloidin staining of actin (red). Since there were no differences in MDC staining
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OB women vs. NW women; ?, p < 0.05 female vs. male STs from OB women.

mice vs. WT mice (1.5 -fold, p < 0.005; Fig. 6C). The
expression of mitochondrial antioxidant SOD2 (superoxide
dismutase 2, mitochondrial) was significantly reduced in
placentas of KO mice compared to WT (Fig. 6D), while
other antioxidants such as SOD1 (superoxide dismutase 1,
soluble) and CAT (catalase) did not change. Defective
autophagy has been previously linked to mitochondrial

dysfunction.’®*® We then measured the expression of the
subunits of the mitochondrial electron transport chain. The
subunits of mitochondrial complexes II (SDHB [succinate
dehydrogenase complex iron sulfur subunit B]), III
(UQCRC2 [ubiquinol-cytochrome ¢ reductase core protein
I1]) and complex V (ATP5A1 [ATP synthase, H* transport-
ing, mitochondrial F1 complex, alpha subunit 1, cardiac
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Figure 6. Analysis of placentas from Atg7 knockout mice. (A) Western blots of ATG7, BECN1, MAP1LC3B-I and MAP1LC3B-Il in placentas of WT and KO mice (top) and
expression of ATG 7 in the liver of WT and KO mice (bottom). (B) Placental and birth weights of WT and KO mice (n = 12—17/each group). (C) Representative western
blots and quantification data of transcription factors TFEB, PPARG and TRP53 in placentas of males and females from WT and KO mice, (D) Representative western blots
and quantification data of antioxidants SOD1, SOD2 and CAT. (E-F) Representative images (E) and quantification data (F) for protein expression of subunits of complexes
II, 1l and V of the mitochondrial electron transport chain. Data were normalized to GAPDH. Values are mean + SEM, n = 5 pregnant dams per each experimental group

with 4-7 pooled placentas per each dam. *, p < 0.05 vs. WT mice.

muscle]) were 50% decreased in KO mice compared to WT
(p < 0.01; Fig. 6E), indicating mitochondrial dysfunction.
No changes were observed in expression of subunits of
complexes I (NDUFB8 [NADH:ubiquinone oxidoreductase
subunit B8]) and IV (MT-CO2 [mitochondrially encoded
cytochrome c oxidase II]) (not shown).

Changes in placental morphology in placenta-specific
Atg7 null mice

Placentas of KO mice showed a 30% reduction in the area of
the maternal decidua (29.3% = 0.8 in WT vs. 22.5% =+ 1.6 in
KO, p = 0.02) and an 11% increase in the proportion occupied
by the labyrinth zone responsible for maternal-fetal nutrient
transfer (54.3% £ 1.0 in WT vs. 59.8 £ 0.8 in KO, p = 0.01;
Fig. 7A-B). These slight changes in placental structure suggest
that placental dysfunction seen in KO mice might be caused by
physiological rather than morphological changes.

Placenta-specific Atg7 conditional knockout mice are
sensitive to high-fat diet-induced obesity

We further investigated if the placenta-specific Atg7 knock-
out mice were developmentally programmed to obesity and
metabolic disease. The WT and Atg7 KO mice were fed a
high-fat diet starting at the age of 8 wk and continuing for
12 wk (Fig. 8A). The body weight of each mouse was mea-
sured weekly. The KO offspring exhibit catch-up growth
during their first months of life, and body weights at 8 wk
of either male or female WT and KO mice fed a regular
diet (RD) were indistinguishable (Fig. 8C). However, the
offspring of KO mice had higher sensitivity to a high-fat
diet (HFD)-induced obesity compared to WT mice
(Fig. 8B-F). At 20 wk of age, the body weight of HFD-fed
male KO mice was 48.5 & 0.4g (n = 7) exceeding that of
RD-fed KO mice (31.9 £ 1.1g, n = 11, p < 0.0001), and
HFD-fed WT mice (39.0 £ 2.0g, n = 7, p < 0.01), and
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Figure 7. Representative photomicrograph (A) and quantification data (B) of a
mouse placenta from WT and atg7 KO mice. The areas of decidua, junctional zone
(JZ; labeled) and labyrinth (labeled) were measured and normalized (in %) to the
total area of placenta. N = 5/group; *, p < 0.05 vs. WT mice.

RD-fed WT mice (32.7 £ 0.5g, n = 11, p < 0.0001;
Fig. 8C). The 37.9 £+ 4.5% weight gain in male KO fed a
HFD was greater than the 26.1 £ 7.5% weight gain in WT
mice fed a HFD (p < 0.02; Fig. 8E). In female KO mice fed
a HFD, the body weight was 27.7 &+ 0.5g (n = 9), which
was significantly higher than KO mice fed RD (17.2 + 0.8g,
n =11, p < 0.0001), WT mice fed a HFD (21.8 &+ 0.3g, n
= 8, p < 0.0001), and WT fed a RD (19.5 &+ 0.5g, n = 12,
p < 0.001, Fig. 8D). The weight gain in female KO after 12
wk of a HFD was 39.4 £+ 4.7% and exceeded the weight
gain in WT mice (17.5 £+ 6.2, p < 0.0002; Fig. 8F).

Placenta-specific Atg7 conditional knockout mice are
hyperglycemic and hyperinsulinemic

Male Atg7 knockout mice fed a regular diet were markedly
hyperglycemic (non-fasted blood glucose: 272 4+ 213.5 mg/
dl) compared to male WT mice (164.75 £ 12.1mg/dl, p <
0.0001) (Fig. 8G-H). When fed a high-fat diet, both male
and female KO mice developed severe hyperglycemia (412
+ 29.5mg/dl and 308 +13.8mg/dl, respectively) compared
with male and female WT mice on a high-fat diet (283 £
17.7mg/dl and 211 £ 16.9mg/dl, respectively, p < 0.005).
Male but not female HFD-fed WT mice developed signifi-
cant hyperinsulinemia compared to WT RD-fed mice. Male
KO had significantly higher levels of insulin when were fed
with both regular and high-fat diets compared to male WT
mice (Fig. 9A, p < 0.05). Changes in plasma glucose and
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Figure 8. Effect of a high-fat diet (HFD) on placenta-specific atg7 knockout mice.
(A) Time course of dietary intervention, (B) Representative images of wild-type
(WT) and atg7 knockout mice (KO) at the end of high-fat dietary regimen at the
age of 20 wk. (C-D) Body weight in WT and KO male (C) and female (D) mice after
exposure to high-fat diet (HFD) or to regular diet (RD). (E-F) Weight gain of WT
and KO mice after 12 wk of either RD or HFD in males (E) and females (F). (G-H)
Blood glucose in WT and KO mice fed a RD or HFD in males (G) and females (H).
Sample size is shown in (C) and (D). *, p < 0.05 vs. mice fed a regular diet; *, p <
0.05 vs. WT mice; %, p < 0.05 vs. males on the same diet.

insulin levels were further reflected in a significant increase
in the HOMA-IR (homeostasis model assessment-insulin
resistance) index (Fig. 9B), a quantitative measure of insulin
resistance, in male WT HFD vs. WT RD mice (4-fold, p <
0.05), in male KO RD mice vs. WT RD (4-fold, p < 0.05)
and in male KO HFD mice compared to KO RD and WT
HFD (3-fold, p < 0.05). No differences in HOMA-IR were
observed in female mice across the groups.
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Figure 9. Metabolic and cardiac dysfunction in placenta-specific Atg7 knockout mice. (A-B) plasma insulin levels (A) and HOMA-IR score (B) at 20 wk of age in WT and KO
mice fed either regular or a high-fat diet. (C-F) Adiposity and adipose tissue morphology in male and female RD or HFD-fed KO and WT mice. (C) Serum ADIPOQ concen-
tration. (D) H&E staining of histological sections of abdominal fat pads (original magnification x40). (E) Size distribution of adipocyte area after 12 wk of HFD, and (F)
mean adipocyte area of RD- or HFD-fed KO and WT mice. N = 150—200 adipocytes analyzed per each group. (G-H) Representative images (G) and quantification bars (H)
of Masson trichrome-stained sections from RD- or HFD-fed KO and WT mice (magnification x40). Results represent mean & SEM. N = 6 mice per group. *, p < 0.05 vs.
mice fed a regular diet; *, p < 0.05 vs. WT mice on the same diet; %, p < 0.05 vs. males on the same diet.

Increased adiposity in Atg7 KO mice

We then assessed whether differences in weight gain were
related to alterations in adiposity. There were no differences in
serum levels of ADIPOQ/adiponectin across the group, though

male KO HFD mice showed a tendency to decrease (Fig. 9C).
As shown in Table 2, the average weight of the visceral fat was
increased 2-fold in male and female KO HFD mice compared
to WT HFD mice. Interestingly, female HFD-fed WT and KO
mice showed a significantly larger accumulation of adipose
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Table 2. Normalized liver, heart and visceral adipose tissue weights in male and female WT and KO mice fed a regular or a high-fat diet.

Males
Organ weights WT/RD WT/HFD KO/RD KO/HFD
(normalized to body weight) N=6 N=38 N=38 N=7
Liver 0.029 0.026 0.029 0.028
(0.026-0.033) (0.017-0.028) (0.025-0.032) (0.025-0.036)
Heart 0.006 0.007 0.006 0.007
(0.005-0.007) (0.004-0.10) (0.004-0.009) (0.003-0.012)
Visceral adipose tissue 0.010 0.019%, 0.010 0.055
(0.007-0.013) (0.012-0.025) (0.006-0.015) (0.041-0.064)
Females
Organ weights(normalized to body weight) WT/RD WT/HFD KO/RD KO/HFD
N=10 N=6 N=8 N=7
Liver 0.026 0.020 0.023 0.024
(0.016-0.032) (0.006-0.033) (0.016-0.035) (0.018-0.034)
Heart 0.007 0.007 0.008 0.007
(0.005-0.010) (0.004-0.009) (0.007-0.009) (0.005-0.009)
Visceral adipose tissue 0.009 0.038 0.013 0.077
(0.004-0.010) (0.032-0.042) (0.005-0.023) (0.043-0.120)

*,p < 0.05 vs. mice fed a regular diet;”, p < 0.05 vs. WT mice;?, p < 0.05 vs. males on a same diet.

tissue compared to male mice within the same experimental
group. No differences in either liver or heart weights were
observed across the groups (Table 2). Sections of adipose tissue
from male WT HFD and KO HFD mice exhibited significantly
increased adipocyte size relative to RD-fed mice with adipo-
cytes from KO HFD mice being 25% larger than WT HFD
mice (p < 0.05) (Fig. 9D-F). Surprisingly, this was not
observed in female mice. Despite the large weight gain on
HED, the size of adipocytes was similar between female KO RD
and KO HFD mice. Furthermore, the KO HFD mice showed
an approximately 50% decrease in adipocyte size compared to
female WT HFD mice and an 80% decrease compared to male
KO HFD mice (Fig. 9F, p < 0.05).

Cardiac remodeling in HFD-fed Atg7 mice

shown that animals which were provided with a high-fat diet
for at least 8 wk developed an extensive cardiac fibrosis despite
a nonsignificant increase in body weight.*"*> While Masson’s
trichrome staining of tissue sections from WT and KO mice
showed increased collagen depositions in the hearts of all
HFD-fed animals, male and female KO HFD mice showed a
much greater area of fibrosis compared to WT HFD mice. In
addition, male WT HFD and KO HFD mice had larger accu-
mulation of fibrotic tissue compared to females within the
same experimental group (Fig. 9G-H).

Discussion

This study yielded several findings. First, there is a sexual
dimorphism in placental response to maternal obesity: pla-
centas of males switch to autophagy probably to maintain cellu-
lar homeostasis by degrading damaged organelles such as, for
example, mitochondria.*’ In contrast, female placentas from
normal weight women showed an increase in the levels of C20
ceramides, and C16/C18 dihydroceramides, phosphorylated
and total AMPK, autophagy markers BECNI, lipidated
MAPILC3B and proteins involved in autophagosome-lyso-
some fusion (STX17, SNAP29 and VAMP8) compared to male
placentas from NW women (Table 3). This increase in

prosurvival factors might confer further protection against
stress conditions, and might play a key role in sex differences in
fetal outcomes. It was previously shown that under similar con-
ditions, female fetuses make multiple adaptations in placental
gene and protein expression in response to intrauterine adver-
sity, such as maternal asthma, preeclampsia**** and maternal
stress,*® while male fetuses show fewer signs of adaptation.*’
Our study, however, revealed that male fetuses did respond to
maternal obesity with placental autophagy though with a dis-
rupted autophagic flux as indicated by inhibited autolysosomal
protein degradation and lysosomal biogenesis.

Next, deletion of autophagy in the mouse placenta causes
placental abnormalities similar to those seen with obesity in
women, and the mice with placenta-specific deletion of auto-
phagy appeared programmed to diet-induced obesity, and meta-
bolic and cardiac diseases as adults.

Our cohort included healthy weight, overweight, and obese
mothers with no medical conditions complicating their preg-
nancy. Gestational weight gain in most of these overweight and
obese women was within the recommended guidelines, which
may underlie why we see no excess of birthweight with mater-
nal obesity. Low maternal weight gain, however, did not associ-
ate with better placental function suggesting that pre-
pregnancy obesity is sufficient to affect the placenta. Changes
in placental metabolism may possibly have resulted in offspring
of similar weight in the obese and healthy weight women, but
with increased adiposity and lower lean mass in the infants
from obese mothers.*® This might not be the case, however, in
a rodent model of placenta dysfunction. We show here that
deletion of Atg7 leads to mitochondrial dysfunction in mouse
placenta, which might, in turn, cause placental insufficiency.
Thus, despite the differences in fetal outcome in human and
mice, both models suggest that placental abnormalities affect
the offspring’s metabolic health.

Autophagy is essential for normal placental development
and for maintaining pregnancy at different gestational
stages*”” and a protective role of autophagy in placental anti-
viral defense has been recently reported.”’ Placental autophagy
is also induced under pathological conditions, such as pre-
eclampsia and intrauterine growth restriction.”>*> Our study
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Table 3. Comparison of autophagy and lysosomal markers in male and female placentas from normal weight women and women with increased adiposity (OW and OB).

Males Females
NW Increased adiposity NW Increased adiposity

Markers for activation of autophagy:

Ratio p-AMPK:t-AMPK - 1 vs. NW - -

MTOR signaling - - - -

C20 ceramide - 1 vs. NW 4 vs. male -

C16/C18 dihydroceramides - 1 vs. NW 1 vs. male -
Autophagy markers:

ATG3 - - - 1 vs. NW

ATG7 - 1 vs. NW - -

BECN1 - 1 vs. NW 4 vs. male -

Ratio MAP1LC3B-Il:MAP1LC3B-I - 1 vs. NW 4 vs. male -

SQSTM1/p62 - 1 vs. NW - -
Markers for autophagosome-lysosome fusion:

STX17-SNAP29-VAMP8 - 1 vs. NW 4 vs. male -
Markers for autolysosomes:

TFEB - 1 vs.NW - -

CTSB - - - -

LAMP2 - - - 1 vs. NW

show that maternal obesity also activates placental autophagy
but in a fetal sex-dependent manner.

The energy sensor AMP-activated protein kinase (AMPK),
which is activated by ATP depletion or glucose starvation, was
previously thought to activate autophagy entirely through its
ability to inactivate the MTOR complex.”* Two studies, how-
ever, provide evidence that AMPK can also activate autophagy
via MTOR-independent mechanisms.**** In our study, activa-
tion of AMPK was found in male placentas from OW and OB
women while no differences in MTOR signaling were observed
suggesting that direct activation of autophagy by AMPK might
take place.

SQSTML1 is a receptor protein that plays an important role
in targeting ubiquitinated proteins to be transported to the
autophagic machinery for their clearance in lysosomes.’® Asso-
ciation of ubiquitinated proteins with SQSTM1 is not sufficient
for autophagic removal, and, for this reason, SQSTMI-positive
protein aggregates are often identified in diseases associated
with defective autophagy. The elimination of targeted sub-
strates by autophagy controls many aspects of normal physiol-
ogy, and failure to clear potentially toxic substrates, such as
damaged mitochondria, underlies at least some of the cellular
dysfunction that leads to the development of cardiovascular
disease,”” liver dysfunction,”®® neurodegeneration and can-
cer.” In our study, despite the fact that formation of autopha-
gosomes has been activated in male placentas from OW and
OB women, the expression of SQSTM1 was also increased sug-
gesting defective autophagy.

Defective autophagy has been reported in the context of
obesity and high-fat diet.°'** In adipocytes, for example, obe-
sity leads to an increase in autophagy, and in a study of obese
patients autophagy was particularly elevated in omental adipose
tissue.®> Unlike adipocytes, the liver displays a decrease in
autophagy in obese (ob/ob) mice.”® Chronic HFD results in an
autophagy defect in the hypothalamus that correlates with
increased inflammation, ER stress and obesity.®* The relevance
of autophagy in obesity was further exemplified in pancreatic
B-cells where selectively suppressing autophagy by breeding

B-cell-specific Atg7-deficient mice with ob/ob mice results in
severe diabetes.®® Pancreatic S-cells display an accumulation of
autophagosomes and decrease in lysosomal gene expression in
response to HFD.®” The placenta now joins the list of organs
that exhibit defective autophagy in the settings of obesity.

It was reported that STX17, an autophagosomal soluble N-
ethylmaleimide-sensitive factor attachment protein receptor
protein, interacts with cytosolic SNAP29 and lysosomal
VAMPS, inducing a fusion between the outer autophagosomal
membrane and lysosomal membrane.’’ Park et al.°® have
recently proposed that an inhibition of autophagosome-lyso-
some fusion is the main cause of autophagy arrest during lypo-
toxicity and obesity. However, we show an increase in the
protein expression of STX17, SNAP29 and VAMPS in pla-
centas of males from OW and OB women suggesting that the
mechanisms of defective autophagy can be tissue-specific.

Ceramides are bioactive sphingolipids with distinct chain-
length-specific biological functions.”” Despite the fact that a
role for ceramide in induction of autophagy has been
reported,””" the mechanisms whereby ceramides contribute to
autophagy remain unclear. Ceramides can induce the expres-
sion of BECN1,”° and long-chain ceramides (C18) can induce
lethal autophagy via lipidation of MAP1LC3B and selective tar-
geting of mitochondria by MAP1LC3B-II-containing phago-
phores (mitophagy) through direct interaction between
ceramides and MAPILC3B-I1.”> Dihydroceramides are the
immediate metabolic precursors of ceramides in de novo sphin-
golipid synthesis and for a long time were considered as inert
nonsignaling molecules. Several publications, however, have
reported that dihydroceramides can be directly involved in acti-
vation of autophagy: (1) dihydroceramides, but not ceramides,
mediate activation of autophagy in response to resveratrol,”?
(2) exogenous addition of dihydroceramides’* and induction of
C16:0, C24:0 and C24:1 dihydroceramides by celecoxib (a selec-
tive PTGS2/COX-2 inhibitor) have also been shown to induce
autophagy.”” Here we found that levels of C16 and C18 dihy-
droceramides were increased in male placentas with increased
maternal adiposity. Of ceramides, however, only C20 were



slightly increased, indicating that dihydroceramides may be
involved in activation of autophagy and placental physiology
per se and are not simply the inactive precursors of ceramides.

It is well known that there is a sexual dimorphism in devel-
opment of adverse pregnancy outcome with the male fetus
being more at risk.”® Our work again emphasizes that fetal sex
has a major influence on regulation of placental function and
adds to a growing body of evidence showing sexual dimor-
phism in placental function including basal placental gene
expression,””’® changes in gene expression in response to
maternal inflammatory status’””®' or maternal diet,*> and
expression of placental miRNAs.>

Sex-dependent differences in autophagic responses have
been shown before.**®” In a mouse model of cancer-induced
cardiac atrophy, Cosper et al.** found that males have a more
severe phenotype than females, including greater cardiac
autophagy. Sexual dimorphism was also found in neuronal
response to nutrient deprivation with neurons from males but
not females undergoing autophagy.®> In neonates, sex-depen-
dent activation of brain autophagy following hypoxia-ischemia
was observed with female neonates having greater basal
autophagy activity than males.®’”

The mechanisms underlying the sexually dimorphic effect of
maternal obesity remain poorly understood. One potential
explanation can be the fetal sex-dependent differences in the
levels of hormones. Both male and female fetuses are exposed
to high levels of estrogens in utero,®® however, it was shown
that pregnant women with preeclampsia have higher plasma
testosterone levels than healthy pregnant women.*>*° Dysregu-
lation in androgen signaling may affect placental function, and
several reports show that greater levels of testosterone might
lead to fetal programming of adult cardiovascular and meta-
bolic diseases.”"**

There is a substantial amount of data showing that placental
function is compromised in obese women,'>*>** but its effect
on the offspring remains unclear. We sought to investigate the
functional role of placental autophagy in vivo by generating
and characterizing a mouse model in which an essential
autophagy gene, Atg”7, was deleted in placental tissue. Interest-
ingly, lipidation of MAP1LC3B was still present in the pla-
centas of atg7 KO mice, which might be potentially explained
either by the contribution of other cell types, which can still
express ATG7 (endothelial cells, fibroblasts, macrophages, and
blood cells); or by activation of MAPILC3B lipidation by
ATG3,”* and Atg4.” In agreement with our study, accumula-
tion of lipidated MAP1LC3B -II has been previously shown in
the ATG7-deficient epidermis.”®

Deletion of Atg7 had a slight effect on placental morphology,
but significantly affected the placental function including
changes in mitochondrial genes, expression of antioxidants and
of nutrient-sensing factors. Furthermore, the placenta-specific
atg7 knockout mice showed an increased sensitivity to high-
fat-diet-induced obesity. This may be either a result of reduced
energy expenditure or decreased energy utilization/storage effi-
ciency or both. We found increased levels of blood glucose in
knockout mice fed either a regular diet (males) or a high-fat
diet (males and females). Interestingly, the plasma levels of
insulin and HOMA-IR scores were changed only in male mice.
The changes in adiposity in HFD-fed mice were also sex-
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dependent: the adipocyte size was increased significantly in
male WT (HFD) and KO (HFD) mice but not in female. It has
been shown that adipocyte hypertrophy, especially in the vis-
ceral fat compartment, is a significant predictor of the cardio-
vascular and metabolic alterations related to obesity.””*® In
fact, we have already observed an increased cardiac fibrosis in
the male KO (HFD) mice. Cardiac fibrosis is strongly associ-
ated with obesity and metabolic dysfunction and may contrib-
ute to the increased myocardial stiffness and diastolic
dysfunction,””® incidence of heart failure, atrial arrhythmias,
and sudden cardiac death in obese subjects.””'*

It is important to note that our mouse studies evaluated a
deletion of Atg7 to mimic autophagic deficiency, whereas in the
human placenta with maternal obesity, expression of ATG7
was increased. Therefore, some of the phenotypes that we
observed might be due to the uniqueness of ATG7-deficient
placental tissue and might not be relevant to human studies.

Although this study provided initial evidence for the placen-
tal response to maternal obesity in a fetal sex-specific manner,
the limited number of patients is a potential weakness. These
findings cannot be generalized to the broader community based
on this study alone, since in our cohort, no differences in birth
weights or fetal outcomes were observed. Our results will have
to be confirmed in a larger cohort, with longitudinal data to
assess the full impact of this study.

In summary, we show that defective autophagy occurs in the
placentas of obese mothers in a fetal sex-dependent manner,
which might represent one of the mechanisms contributing to
the placental dysfunction and to fetal programming of obesity
and metabolic disease in later life.

Materials and methods
Ethical approval and study participants

Placentae were collected from the Labor and Delivery Unit at
University Hospital under a protocol approved by the Institu-
tional Review Board of the University of Texas Health Science
Center San Antonio, with informed consent from the patients.

All procedures on animals were performed in accordance
with our Institutional Guidelines for Animal Research and the
investigation conformed to the Guide for the Care and Use of
Laboratory Animals published by the US National Institutes of
Health (NIH Publication No. 85-23, revised in 1996).

Materials

Monodansylcadaverine (MDC) and antibodies against SQSTM1/
p62 (P0067) and ACTB (actin, B; A2228) were from Sigma.
Antibodies against ATG3, ATG5, ATG7, MAPILC3B, and
BECNI1 were combined into the Autophagy Antibody Sampler
Kit from Cell Signaling Technology (4445). Five other antibodies
were also purchased from Cell Signaling Technology: p-AMPK
(2531), t-AMPK (2532), VAMPS$ (13060), TFEB (4240) and
CTSB/cathepsin B (3373). Anti-LAMP2 antibody was purchased
from ABNOVA (H00003920-A01). Mouse endothelial marker
anti-PLVAP/MECA32 antibody was purchased from Santa Cruz
Biotechnology (sc-19603). Anti-TRP53 was purchased from
Novus (NB 200-104), anti-PPARG from Santa Cruz



764 (&) S.MURALIMANOHARAN ET AL.

Biotechnology (sc-1273) and antibodies against SOD1 and SOD2
and catalase (CAT) from Abcam (abl3498, ab13533 and
abl6731, respectively). Anti-RPS6KB and anti-EIF4EBP1 anti-
bodies were purchased from Cell Signaling Technology (9202
and 9955, respectively).

Collection of placental tissue

Placentas were collected at term immediately following delivery
by elective Caesarean section (no labor) to avoid oxidative
stress induced by labor from uncomplicated pregnancies in
women with a range of pre-pregnancy or first trimester BMI
ranging from 18.5 to 45, grouped as normal weight (NW, BMI
18.5-24.9), overweight (OW, BMI 25-29.9) and obese (OB,
BMI>30).

Placental tissue processing and sampling

A random sampling technique was used to collect tissue from 5
sites in the placenta. Villous tissue 1x1x1 cm was dissected
out from beneath the chorionic plate, avoiding the basal plate,
flash frozen and stored at —80°C. Tissue was subsequently
thawed, the 5 samples from each placenta combined and
homogenized by mini bead beater (Biospec products, USA) in
lysis buffer as described previously.'” Total protein in the
homogenates was estimated using Bradford’s reagent (Bio-Rad,
5000205).

Isolation and culture of primary trophoblasts

Villous cytotrophoblasts (CTs) were isolated from placental tis-
sue of women with a range of adiposity using trypsin-DNAse
digestion and a Percoll (Sigma, P4937) gradient purification
method as we have previously described."”"'%* Cytotropho-
blasts spontaneously syncytialize with 72-h culture in DMEM-
F12 4+-10% FBS.

Western blot analysis

Proteins (20 pg) were separated on 4-20% precast linear gradi-
ent gels (Bio-Rad), transferred to nitrocellulose membranes and
blocked with 5% (w/v) nonfat milk in Tween 20 (0.1%)-TBS
(Fisher, BP337 and BP2471) for 1 h. Membranes were incu-
bated overnight at 4°C with primary antibody diluted in 1%
nonfat milk (w/v) in Tween 20-TBS and detected using an
appropriate peroxidase conjugated secondary antibody (anti-
rabbit antibodies were from Cell Signaling Technology, 7074;
and anti-mouse antibodies were from Amersham, NA931)
diluted in the same manner. Products were visualized by ECL
chemiluminescence (Millipore, WBKLS0050). Band intensities
were measured using the G-box system (Syngene, Frederick,
MD, USA).

Sphingolipid analysis

Lipids were extracted from villous placental tissue (100 mg)
using 200 uL of water and 800 uL of ice-cold chloroform:
methanol (2:1). Tissue samples were homogenized with a lyser
from Biospec (Bartlesville, OK) for 2 min with a one-min break

after the first min, and then maintained on ice for 30 min. After
centrifugation at 13,800 x g for 10 min, the chloroform layer
was removed, dried in vacuo and reconstituted in 50% isopro-
panol. HPLC-tandem-MS analyses were conducted on a
Thermo Fisher Q Exactive fitted with a PicoChip nanospray
source (New Objective, Woburn, MA, USA). HPLC conditions
were: column, PicoChip (Waters Atlantis dC18; 150 um X
105 mm; 3-um particle); mobile phase A, acetonitrile/water
(40:60) containing 10 mM ammonium acetate; mobile phase B,
acetonitrile:isopropanol (10:90) containing 10 mM ammonium
acetate; gradient (55 min total), 10 % B for 7 min (sample load-
ing), 10 to 99 % B over 33 min, 99% B for 15 min; flow rate,
1 pl/min. Data-dependent analyses were conducted using one
full MS scan (70,000 resolution, m/z 200) followed by 6 tan-
dem-MS scans using the following parameters: detection, posi-
tive ion; dynamic exclusion, 10s. SIEVE (Thermo Fisher) was
used to process the raw data files. Peak alignment and integra-
tion was performed and the relative abundance was generated
for each lipid among the different experimental groups. Sphin-
golipid species were identified using LipidSearch (Thermo
Fisher) and by searching the following databases: METLIN
(http://metlin.scripps.edu/index.php) and LIPID MAPS (http://
www.lipidmaps.org/data/structure/) using a 5-ppm mass toler-
ance. The putative lipid identifications were manually verified
through examination of the tandem mass spectra and in com-
parison with the retention times from commercially available
standards (Avanti Polar Lipids, 860644P-860650P (ceramides)
and 860625P-860629P (dihydroceramides).

Labeling autophagic vacuoles with monodansylcadaverine

Primary trophoblasts from NW and OB women were grown in
DMEM-F12 (Sigma, D6429 and 51651C) with 10% FBS
(Sigma, F2442) on sterile coverslips pretreated with 1% gelatin
(Sigma, G1393) as an adhesion solution. At 66 h after plating,
the ST were washed with phosphate-buffered saline (PBS;
GIBCO, 70011-044) and incubated either in amino acid-free
DMEM without FBS to trigger an autophagic response, or in
full DMEM-F12 medium. After 6 h of incubation, syncytiotro-
phoblasts were washed twice with PBS and incubated with
50 M monodansylcadaverine (Sigma, 30432) in PBS at 37°C
for 1 h. The cells were then washed 3 times with PBS and ana-
lyzed immediately by fluorescence microscopy (excitation filter
of 360 nm and an emission filter of 525 nm). The images were
captured with a CCD camera, and MDC staining was quanti-
fied using Image] (National Institutes of Health). After visuali-
zation of MDC, cells were fixed, permeabilized, blocked by 1%
BSA (Sigma, A2153) in PBS, and counter-stained with Alexa
Fluor 568 Phalloidin (Thermo Fisher, A20184), a high-affinity
filamentous actin probe.

Generation and characterization of placenta-specific Atg7
knockout mice

To investigate the role of autophagy in placental function, we
generated Atg7 conditional knockout mice by crossbreeding
mice homozygous for the Atg7 flox allele (Atg7”) that were
generated and provided by the RIKEN BRC through the
National Bio-Resource Project of the MEXT, Japan'® with a
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line of transgenic mice that express the Cre-recombinase under
the control of the 501 base pair region within the first exon of
human CYPI9 (exon L1; generated and provided by Dr. Gus-
tavo Leone, Ohio State University).'* CYP19A1/cytochrome
P450 is an aromatase responsible for the conversion of C19 ste-
roids to estrogens in various organs of the human body, includ-
ing gonads, brain, adipose, fetal liver, and placenta. Whereas
exons 2-10 contain the protein-coding sequence for CYP19A1,
the first exon consists of tissue-specific regulatory sequences. A
501 base pair region within the first exon of human CYPI19A1
(exon L.1) drives expression of a reporter transgene in mouse
synciotrophoblasts.'®>'° The placenta-specific Atg7 condi-
tional knockout mice Atg7”/Cyp19al-Cre were subsequently
backcrossed to the C57BL/6 background for at least 9 genera-
tions. The genotypes of the mice were determined and deletion
of Atg7 in placental tissue was confirmed by PCR using primers
as described previously.'”>'** The body weights of mutant and
control mice were measured once every week after wk 3. For
the dietary intervention, groups of mice at 8 wk of age were fed
either a regular diet with 17 kcal% fat (Teklad LM-485 Mouse/
Rat Sterilizable Diet) or a high-fat diet (HFD) with 45 kcal% fat
(Harlan Teklad Adjusted Calories Diet TD.06415) for 12 wk,
and body weights were measured once every week.

Placental morphology in Atg7 KO mice

One placenta from each of 5 WT and 5 KO mothers was col-
lected by cesarean-section on d 18.5, hemisected, fixed and
processed. Paraffin-embedded mouse placenta sections (5 pm)
were mounted on glass slides and stained with PLVAP/
MECA32. In each section, the total placenta area, the maternal
decidua, the endocrine (junctional) zone (Jz) and the labyrinth
zone (Lab), responsible for maternal-fetal nutrient transfer,
were measured using Image]J software.

Determination of plasma insulin and serum ADIPOQ/
adiponectin

Plasma insulin levels were measured using the Mercodia ultra-
sensitive mouse Insulin Elisa Kit (Mercodia, 10-1249-01). The
serum ADIPOQ level was determined with ADIPOQ ELISA kit
from Thermo Fisher Scientific (KMP0041). Insulin resistance
estimation was carried out using the homeostasis model assess-
ment method, HOMA-IR, and was calculated using the follow-
ing formula: Plasma glucose (converted to mmol/L) X plasma
insulin (pmol/L) collected at sacrifice in the fasting state
divided by 405 as described before.'?”'%%

Histology

For light microscopy, adipose and cardiac tissues were proc-
essed and embedded in paraffin. Sections (5-mm thick) were
cut from paraffin-embedded specimens and stained with hema-
toxylin and eosin (adipose tissue) or Masson’s trichrome stain-
ing (cardiac tissue). To quantify the adipocyte areas, H&E
images were captured at 40X magnification and analyzed using
Gene Tools from Syngene. Adipocytes were analyzed if they
met the following criteria: (1) the adipocyte contains an area
between 500 and 50,000 pixels; (2) the adipocyte has a shape
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factor of 0.35-1 (a shape factor of 0 indicating a straight line
and 1 a perfect circle); and (3) the adipocyte does not border
the image frame. From 100 to 200 adipocytes were analyzed in
each group. Cardiac fibrosis areas within sections were mea-
sured by visualizing blue-stained areas, exclusive of staining
that colocalized with intramural vascular structures. Using
Image] software (http://rsbweb.nih.gov/ij/), we used color-
based thresholding to determine blue-stained areas and non-
stained myocyte areas from each section. The percentage of
total fibrotic area was calculated as the summed blue-stained
areas divided by total ventricular described
previously.'”

area, as

Statistical analysis

Data are reported as mean £+ SEM. Comparisons of clinical
characteristics between groups were performed with the Stu-
dent ¢ test. Western blot data from human placentas were ana-
lyzed using Kruskal-Wallis test with Mann-Whitney U post
hoc test. Other experiments were analyzed using one-way anal-
yses of variance (ANOVA) with Tukey’s post hoc test used
where appropriate. P<0.05 was considered as significant.

ABBREVIATIONS

ACTB actin,

AMPK AMP-activated protein kinase

BCL2 B-cell CLL/lymphoma 2

BMI body mass index

CAT catalase

EIF4EBPI eukaryotic translation initiation factor 4E bind-
ing protein 1

GAPDH glyceraldehyde-3-phosphate dehydrogenase

HFD high-fat diet

HOMA-IR homeostasis model assessment-insulin resistance

KO knockout

LAMP2 lysosomal-associated membrane protein 2

MAPILC3B  microtubule-associated protein 1 light chain 3
B

MDC monodansylcadaverine

MTOR mechanistic target of rapamycin (serine/threo-
nine kinase)

NW normal weight

OB obese

ow overweight

PPARG peroxisome proliferator activated receptor gamma

RD regular diet

ROS reactive oxygen species

RPS6KB ribosomal protein S6 kinase, 70kDa

ST syncytiotrophoblasts

SNAP29 synaptosome associated protein 29kDa

SOD1 superoxide dismutase 1, soluble

SOD2 superoxide dismutase 2, mitochondrial

ST syncytiotrophoblasts

STX17 syntaxin 17

SQSTM1/p62  sequestosome 1

TFEB transcription factor EB

TRP53 transformation related protein 53

VAMPS8 vesicle associated membrane protein 8
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