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The increased activity of a transcription factor inhibits
autophagy in diabetic embryopathy

Cheng Xu, PhD1; Xi Chen, MD1; E. Albert Reece, MD, PhD, MBA; Wenhui Lu, PhD; Peixin Yang, PhD

BACKGROUND: Maternal diabetes induces neural tube defects and to light chain 3II, in neurulation stage embryos. Maternal diabetes
stimulates the activity of the forkhead box O3 (Fox)O3a in the embryonic

neuroepithelium. We previously demonstrated that deleting the FOXO3a

gene ameliorates maternal diabetes-induced neural tube defects. Mac-

roautophagy (hereafter referred to as “autophagy”) is essential for

neurulation. Rescuing autophagy suppressed by maternal diabetes in the

developing neuroepithelium inhibits neural tube defect formation in dia-

betic pregnancy. This evidence suggests a possible link between FoxO3a

and impaired autophagy in diabetic embryopathy.

OBJECTIVE: We aimed to determine whether maternal diabetes sup-
presses autophagy through FoxO3a, and if the transcriptional activity of

FoxO3a is required for the induction of diabetic embryopathy.

STUDY DESIGN: We used a well-established type 1 diabetic

embryopathy mouse model, in which diabetes was induced by strepto-

zotocin, for our in vivo studies. To determine if FoxO3a mediates the

inhibitory effect of maternal diabetes on autophagy in the developing

neuroepithelium, we induced diabetic embryopathy in FOXO3a gene

knockout mice and FoxO3a dominant negative transgenic mice. Embryos

were harvested at embryonic day 8.5 to determine FoxO3a and autophagy

activity and at embryonic day 10.5 for the presence of neural tube defects.

We also examined the expression of autophagy-related genes. C17.2

neural stem cells were used for in vitro examination of the potential effects

of FoxO3a on autophagy.

RESULTS: Deletion of the FOXO3a gene restored the autophagy

markers, lipidation of microtubule-associated protein 1A/1B-light chain 3I
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decreased light chain 3I-positive puncta number in the neuroepithelium,

which was restored by deleting FoxO3a. Maternal diabetes also decreased

the expression of positive regulators of autophagy (Unc-51 like autophagy

activating kinase 1, Coiled-coil myosin-like BCL2-interacting protein, and

autophagy-related gene 5) and the negative regulator of autophagy, p62.

FOXO3a gene deletion abrogated the dysregulation of autophagy genes.

In vitro data showed that the constitutively active form of FoxO3a mimicked

high glucose in repressing autophagy. In cells cultured under high-glucose

conditions, overexpression of the dominant negative FoxO3a mutant

blocked autophagy impairment. Dominant negative FoxO3a over-

expression in the developing neuroepithelium restored autophagy and

significantly reduced maternal diabetes-induced apoptosis and neural

tube defects.

CONCLUSION: Our study revealed that diabetes-induced FoxO3a

activation inhibited autophagy in the embryonic neuroepithelium. We also

observed that FoxO3a transcriptional activity mediated the teratogenic

effect of maternal diabetes because dominant negative FoxO3a prevents

maternal diabetes-induced autophagy impairment and neural tube defect

formation. Our findings suggest that autophagy activators could be ther-

apeutically effective in treating maternal diabetes-induced neural tube

defects.

Key words: congenital anomalies, diabetic embryopathy, impaired
autophagy, maternal diabetes, teratogenesis
Introduction
Pregestational maternal diabetes, both
type 1 and type 2, significantly increases
the risk of structural embryonic anom-
alies, with neural tube defects (NTDs)
and cardiovascular defects as the 2 major
types.1 Clinical data show that approxi-
mately 8000 babies born each year in the
United States have structural birth de-
fects due to pregestational maternal
diabetes.2 Diabetes in the general popu-
lation is on the rise and, proportionally,
the number of women of reproductive
age (18e44 years) with diagnosed dia-
betes is rapidly increasing. Currently,
there are close to 3 million women in the
United States and 60 million women
worldwide of reproductive age with
diabetes,3 and these numbers are ex-
pected to double in the next 10e15
years. Therefore, maternal diabetes-
induced birth defects have become a
serious public health problem. Despite
modern preconception care and
rigorous diabetes control, the rates of
structural birth defects are still 3e10
times greater in mothers with diabetes
than those without diabetes.1 Mecha-
nistic studies using animal models have
revealed the involvement of several
signaling pathways and transcriptional
factors in the etiology of diabetic
embryopathy, whichmay help to identify
potential therapeutics.4e10
Intracellular homeostasis is essential
for normal embryonic development and
any cellular imbalance resulting from
cellular organelle stress may lead to
abnormal embryogenesis.5 Cellular
organelle stress, including proapoptotic
kinase activation, endoplasmic reticu-
lum stress, and autophagy impairment,
has been shown to occur in the devel-
oping neuroepithelium exposed to
maternal diabetes.5,11e14 Autophagy, an
intracellular catabolic process, removes
dysfunctional protein aggregates and
damaged cellular organelles, and thus
maintains intracellular homeostasis. The
autophagy process starts with the for-
mation of double membrane vacuoles,
called “autophagosomes,” which re-
quires a group of proteins derived from
autophagy-related genes (Atgs).15 The
lipidation of microtubule-associated
protein l light chain (LC)3I is essential
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AJOG at a Glance

Why was this study conducted?
Previous studies have shown that autophagy is suppressed in diabetic embry-
opathy; however, the mechanism underlying maternal diabetes-repressed auto-
phagy in the developing embryo is unknown.

Key findings
Using gene deletion mouse models of the transcription factor FoxO3a, we found
that the transcription activity of FoxO3a is required for autophagy impairment in
maternal diabetes-induced neural tube defects.

What does this add to what is known?
The findings provide mechanistic insights for the transcriptional regulation
whereby maternal diabetes represses autophagy gene expression in diabetic
teratogenesis.
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for the elongation, curvature, and
closure of autophagosome mem-
branes.16 Autophagosomes engulf
dysfunctional proteins and organelles,
and eventually fuse with lysosomes for
substrate degradation and recycling.
Impaired autophagy leads to intracel-
lular imbalance and ultimately results in
cell apoptosis.5

Our previous studies have demon-
strated that maternal diabetes represses
autophagosome formation in neuro-
epithelial cells of neurulation stage em-
bryos.5,14 Impaired autophagy causes
neuroepithelial cell apoptosis,5 a critical
event in the induction of diabetic
embryopathy.11,17 The natural com-
pound, trehalose, restores autophagic
activity in the developing neuro-
epithelium suppressed by maternal dia-
betes leading to restoration of
intracellular homeostasis, diminished
endoplasmic reticulum stress and cell
apoptosis, and reduction of NTD for-
mation.14 Further studies reveal that the
proapoptotic kinase, protein kinase C
alpha, induces microRNA-129-2
expression, which in turn suppresses
the activity of the transcription
coactivator, Peroxisome proliferator-
activated receptor gamma coactivator 1a
(PGC-1a). This evidence suggests that
maternal diabetes impairs autophagy
using a transcriptional mechanism.

Members of the class O of forkhead
box transcription factors (Fox), specif-
ically FoxO1, FoxO3a, and FoxO4, are
key regulators of cellular longevity and
cell fate.18 The transcriptional activity of
FoxO3a is regulated by phosphorylation
and subcellular localization.18 Phos-
phorylated FoxO3a remains in the
cytoplasm, whereas dephosphorylated
FoxO3a translocates to the nucleus and
initiates transcription of dependent
genes via a transactivation/chromatin
remodeling domain (TAD).19 We have
previously reported that maternal dia-
betes dephosphorylates FoxO3a, but not
FoxO1 or FoxO4.11 We have also
demonstrated that deleting the FOXO3a
gene ameliorates maternal diabetes-
induced neuroepithelial cell apoptosis
and NTD formation.11 These findings
suggest the involvement of FoxO3a in
the intracellular imbalance seen in dia-
betic embryopathy.
Because both FoxO3a and autophagy

impairment are critically involved in the
etiology of diabetic embryopathy, and
because autophagy appears to be tran-
scriptionally regulated by maternal dia-
betes, we hypothesize that maternal
diabetes-activated FoxO3a suppresses
autophagy by repressing Atg expression.
We further postulate that the TAD of
FoxO3a regulates autophagy inhibition
and NTD formation in diabetic
embryopathy.
In the present study, we used FoxO3a

knockout (KO) mice and generated a
neuroepithelium-specific dominant
negative (DN) FoxO3a transgenicmouse
line that lacks the TAD. FoxO3a deletion
or DN FoxO3a overexpression abrogated
the inhibitory effect of maternal diabetes
on Atg expression and autophagy, lead-
ing to amelioration of diabetes-induced
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neuroepithelial cell apoptosis and
NTDs. Besides its role in diabetic
embryopathy, alteration of autophagy
likely contributes to the pathogenesis of
other pregnancy complications such as
placental insufficiency, fetal growth re-
striction, preterm birth, and
stillbirth.20e24 Therefore, investigating
the mechanism underlying maternal
diabetes-impaired autophagy will pro-
vide a broader perspective of the causes
of pregnancy complications.

Materials and Methods
Experimental design
Streptozotocin (STZ)-induced type 1
diabetes mouse model was used for our
in vivo studies to assess the numbers of
autophagosomes using LC3 immunoflu-
orescent staining, gene expression levels
using real-time quantitative polymerase
chain reaction (RT-qPCR), and LC3 pro-
tein levels using Western blotting. To
determine if FoxO3a mediates the inhib-
itory effect of maternal diabetes on auto-
phagy in the developing neuroepithelium,
we induced diabetic embryopathy in
FOXO3a gene KO mice and FoxO3a DN
transgenic mice. Embryos were harvested
at embryonic day (E) 8.5 for analysis of
FoxO3a and autophagy activity and at
E10.5 for NTDs. C17.2 neural stem cells
were used for in vitro examination of the
potential effects of FoxO3a on autophagy.

Animals
All procedures for animal use were
approved by the Institutional Animal
Care and Use Committee of University
of Maryland School of Medicine. Wild-
type (WT) C57BL/6J and FoxO3a KO
mice were purchased from the Jackson
Laboratory (Bar Harbor, ME). We
generated the Nestin promoter driven
FoxO3a-DN construct. Pronuclei
microinjection in the C57BL/6J back-
ground was carried out in the Genome
Modification Facility of Harvard Uni-
versity (Cambridge, MA).

Model of diabetic embryopathy and
morphological assessment of NTDs
We utilized the widely accepted strepto-
zotocin (STZ)-induced diabetes rodent
model. Briefly, 10-week-old WT female
mice were intravenously injected daily
can Journal of Obstetrics & Gynecology 108.e2
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TABLE 1
Primers for real-time polymerase chain reaction

Gene names Primer sequences

Ulk1 (Unc-51 like autophagy
activating kinase)

Forward 5’-ACATCCGAGTCAAGATTGCTG-3’

Reverse 5’-GCTGGGACATAATGACCTCAGG-3’

Beclin1 (Coiled-coil myosin-like
BCL2-interacting protein)

Forward 5’-ATGGAGGGGTCTAAGGCGTC-3’

Reverse 5’-TCCTCTCCTGAGTTAGCCTCT-3’

Atg5 Forward 5’-TGTGCTTCGAGATGTGTGGTT-3’

Reverse 5’-GTCAAATAGCTGACTCTTGGCAA-3’

p62 Forward 5’-AGGATGGGGACTTGGTTGC-3’

Reverse 5’-TCACAGATCACATTGGGGTGC-3’

Atg, autophagy-related gene.

Xu et al. Impaired autophagy in maternal diabetes-induced neural tube defects. Am J Obstet Gynecol 2019.
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with 75 mg/kg STZ (Sigma, St Louis,
MO) for 2 days. Diabetes was defined as
a fasting blood glucose level �16.7
mmol/L. STZ-treated females were
mated with WTmales. E0.5 was counted
once a vaginal plug was observed on the
morning after the mice were paired. E8.5
embryos were harvested for biochemical
and molecular analyses, and E10.5 em-
bryos were collected for morphological
studies.

Cell culture and transfection
C17.2 mouse neural stem cells (Euro-
pean Collection of Cell Culture, Salis-
bury United Kingdom) were maintained
in Dulbecco’s Modified Eagle’s Medium
(5 mmol/L glucose) supplemented with
10% fetal bovine serum, 100 U/mL
penicillin, and 100 mg/mL streptomycin
at 37�C in a humidified atmosphere of
5% carbon dioxide. C17.2 cells were
transfected with plasmids containing
constitutively activated FoxO3a (Addg-
ene plasmid no. 1788 Addgene, Ted-
dington, United Kingdom) and DN
FoxO3a (Addgene plasmid no. 1796
Addgene, Teddington, United
Kingdom)—both plasmids were gifts
from Dr Michael Greenberg—using
Lipofectamine 2000 (Invitrogen, Carls-
bad, CA) according to the manufac-
turer’s protocol. Transfected cells were
cultured for 48 hours under low- (5
mmol/L) or high- (25 mmol/L) glucose
conditions, and then were examined.

Western blotting
Equal amounts of protein (30 mg)
from cultured cells or embryos were
loaded on a sodium dodecyl sulfatee
polyacrylamide (SDS-PAGE) gel and
transferred onto Immunobilon-P
membranes (Millipore, Billerica, MA)
after electrophoresis. Membranes were
blocked in 5% nonfat milk for 1 hour,
and then incubated overnight at 4�C
with the following primary antibodies
diluted 1:1000 in 5% nonfat milk:
FoxO3a (no. 2497), phosphor-FoxO3a
(no. 9464), and LC3 (no. 2775) anti-
bodies (Cell Signaling Technology,
Danvers, MA). Membranes were then
exposed to horseradish peroxidase
(HPR)-conjugated goat antirabbit
108.e3 American Journal of Obstetrics & Gynecol
secondary antibodies. To calibrate
protein amounts, membranes were
stripped and probed with a mouse
anti-b-actin antibody, 1:10,000
(ab8224; Abcam, Cambridge, United
Kingdom). Signals were detected using
the Super Signal West Femto
maximum sensitivity substrate kit
(Thermo Scientific, Waltham, MA).
Quantification of blots was performed
using VisionWorksLS software (UVP
Company, Upland, CA).

RNA extraction and RT-qPCR
Total RNA was isolated from cells or
embryonic tissue using the RNeasy
mini kit and reverse transcribed using
the QuantiTect reverse transcription
kit (Qiagen, Hilden, Germany). Real-
time polymerase chain reaction (RT-
qPCR) was performed using the
Maxima SYBR Green/ROX qPCR
Master Mix assay (Thermo Scientific
Danvers, MA). The primers for RT-
qPCR are listed in Table 1. RT-qPCR
and subsequent calculations were
performed by a StepOnePlus Real-
Time PCR System (Applied Bio-
systems, Foster City, CA).

Immunofluorescent staining and
microscopy
E8.5 embryos were fixed in the
methanol-chloroform-glacial acetic acid
ogy JANUARY 2019
solution (6:3:1), embedded in paraffin,
and sectioned at 5 mm through the
anterior neural tube. Deparaffinized
sections were incubated with LC3 anti-
body (no. 2775; Cell Signaling Technol-
ogy) at 1:200 dilution or green
fluorescent protein (GFP) antibody (no.
TP401; Torrey Pines Biolabs East
Orange, NJ) at 1:400 dilution in phos-
phate-buffered saline with 10% heat-
inactivated donkey serum overnight at
4�C. After washes in PBS, sections were
incubated with Alexa Fluor 488-
conjugated donkey antirabbit IgG sec-
ondary antibody (Eugene, OR). Cell
nuclei were counter-stained with 4’,6-
diamidino-2-phenylindole (Cat.28718-
90-3, Sigma-Aldrich, St. Louis, MO).

The ApopTag Red in situ apoptosis
detection kit (S7165; Millipore Billerica,
MA) was used to detect apoptosis in E8.5
embryos. Cyto-ID (ENZ-51031-0050;
Enzo Life Sciences Farmingdale, NY,
USA) was used to observe autophago-
somes in C17.2 cells according to the
user’s manual.

All fluorescent staining, except anti-
LC3I, were analyzed by a Nikon Ni-U
microscope (Nikon, Melville, NY)
with a Plan Apo 20X objective lens
(Nikon, Melville, NY) and Iplab soft-
ware (Scientific Instrument Company,
CA). For LC3 staining, images were
recorded using a laser scanning
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FIGURE 1
FOXO3a deletion restores autophagy suppressed by maternal diabetes
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A, Protein abundance of phosphorylated (p)-FoxO3a, FoxO3a, and light chain (LC)3 in embryonic day (E) 8.5 wild-type (WT) and Foxo3a knockout (KO)
(FoxO3ae/e) embryos from nondiabetic or diabetic dams. Quantification of relative expression levels of p-FoxO3a vs total FoxO3a and LC3II vs LC3I were
shown in 2 graphs. B, Confocal images of immunostaining for LC3 in neuroepithelial cells of E8.5 embryos. LC3 punctate foci with diameter�20 pixels
were quantified by ImageJ software. Bars ¼ 5 mm. C, Messenger RNA levels of autophagy related genes. mRNA relative fold change is normalized by
b-actin. Experiments were performed using 3 embryos from 3 different dams per group (n ¼ 3). *Significant difference compared to other groups
(P < .05).
DM, diabetes mellitus; KO, knock out; ND, non-diabetes.
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confocal microscope (LSM 710; Zeiss,
Oberkochen, Germany). All images in
a given figure were taken with the same
setting.
Statistical analyses
All experimentswere repeated in triplicate.
Data are presented as means � SE. Stu-
dent’s t test was used for comparisons
JANUARY 2019 Ameri
between 2 groups. One-way ANOVA or
two-way ANOVA analysis of variance was
performed for >2 group comparisons
using the software (SigmaPlot 12.5;
can Journal of Obstetrics & Gynecology 108.e4
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FIGURE 2
Dominant negative (DN) FoxO3a reverts high glucose (HG)-suppressed autophagy

Glucose (mM)  5 5                          25                    25
pcDNA3            +                       - +                      -
FoXO3a-CA      - +                           - +   

Glucose (mM)  5 5                          25                    25
pcDNA3            +                       - +                      -
FoXO3a-DN      - +                           - +   

0
0.2
0.4
0.6
0.8

1
1.2

Ulk1

0

0.5

1

1.5

Beclin1

0
0.2
0.4
0.6
0.8

1
1.2

Atg5

0

1

2

3

P62

0

20

40

60

80

LG LG+CA HG HG+CA

P
un

ct
a

pe
r c

el
l

P
un

ct
a

pe
r c

el
l

0

20

40

60

80

100

120

LG LG+CA HG HG+CA

A

B

C

D

*

**
*

0
0.2
0.4
0.6
0.8

1
1.2

Ulk1

0
0.2
0.4
0.6
0.8

1
1.2

Beclin1

0
0.2
0.4
0.6
0.8

1
1.2

Atg5

0

1

2

3

4

P62

*

***

*

*

A and C, Representative Cyto-ID staining (green) images and quantification of autophagosomes in C17.2 neural stem cells. Blank pcDNA3 plasmids were
used as control. Cell nuclei counter-stained with 4’,6-diamidino-2-phenylindole, bars ¼ 15 mm. A, Low glucose (LG) (5 mmol/L) or HG (25 mmol/L)
culture conditions. C17.2 cells were transfected with constitutively active (CA) FoxO3a plasmids. C, C17.2 cells were transfected with DN FoxO3a.
Messenger RNA levels of autophagy related genes in 4 groups of those shown in B, A; and in D, C. mRNA relative fold change is normalized by b-actin.
Experiments were repeated 3 times (n ¼ 3). *Significant difference compared to other groups (P < .05).
CA, constitutively active; DN, dominant negative; LG, low glucose.
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FIGURE 3
Dominant negative (DN) FoxO3a overexpression ameliorates apoptosis and neural tube defects (NTDs) in
diabetic pregnancy
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A, Schematic of DN FoxO3a transgenic construct. B, Green fluorescent protein (GFP) antibody staining on embryonic day (E) 8.5 wild-type (WT) and
transgenic positive embryos. C, Neural tube defect (NTD) rates in E9.5 WT and DN FoxO3a transgenic embryos from nondiabetic or diabetic dams. D,
Representative images of E9.5 embryos; positions of sections used for hematoxylin-eosin staining (white lines of whole embryos). E, Representative
images and quantifications of terminal deoxynucleotidyl transferase 20-deoxyuridine 50-triphosphate nick end labeling assays. Apoptotic cells in V-shape
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TABLE 2
Dominant negative FoxO3a overexpression in neuroepithelium ameliorates
diabetes-induced neural tube defects

Group (dams)
Blood
glucose, mg/dL

Total
embryos

Embryos
with NTD NTD rate, %

Nondiabetic (n ¼ 10) 139.5 � 21.9 WT 43 0 0

DN FoxO3a 42 0 0

Diabetic (n ¼ 10) 444.5 � 46.2 WT 41 11 26.8a

DN FoxO3a 42 5 11.9

DN, dominant negative; NTD, neural tube defect; WT, wild-type.

a Significant difference compared with other groups in Fisher exact tests (P < .05).

Xu et al. Impaired autophagy in maternal diabetes-induced neural tube defects. Am J Obstet Gynecol 2019.
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SigmaStat, San Jose, CA). Statistical sig-
nificance was indicated when P < .05.

Results
FOXO3a gene deletion abrogates
the inhibition of maternal diabetes
on autophagy
Wehave previously reported thatmaternal
diabetes activates FoxO3a through
dephosphorylation, and that deletion of
the FOXO3a gene ameliorates maternal
diabetes-induced NTDs.11 Using FoxO3a
KO mice, we found that the ratio of
phosphorylated FoxO3a to total FoxO3a
was significantly reduced in E8.5 embryos
from diabetic dams, compared with em-
bryos from nondiabetic dams. We also
observed that phosphorylatedFoxO3awas
diminished in embryos of FOXO3a KO
mice (Figure 1, A).

To determine the impact of FoxO3a on
autophagosome formation in neurulation
stage embryos, the abundance of LC3II, an
index of autophagosome formation, was
assessed (Figure 1, A). Maternal diabetes
significantly decreased LC3II protein
expression in E8.5 embryos, whereas
expression levels of LC3II in embryos of
FoxO3a KO diabetic dams was compara-
ble to expression levels in embryos of
nondiabetic dams (Figure 1, A). Under
nondiabetic conditions, the expression
level of LC3II in embryos from FoxO3a
KO dams showed no difference when
compared to WT embryos (Figure 1, A).
Similarly, the number of LC3-positive
puncta, an index of autophagosomes, in
neuroepithelial cells from embryos of
diabetic dams were significantly reduced
by maternal diabetes, and FOXO3a dele-
tion restored the number of LC3-positive
puncta to that of the nondiabetic groups
(Figure 1, B). Maternal diabetes also sup-
pressed the expression of genes that pro-
mote autophagic activity, including Ulk1,
Beclin1, and Atg5, and up-regulated the
negative autophagy regulator p62
(Figure 1, C). FOXO3a deletion rescued
the expression of Ulk1, Beclin1, and Atg5
and abrogated the increase of p62 induced
by maternal diabetes (Figure 1, C).

FoxO3a activation mimics high
glucose in inhibiting autophagy
High glucose significantly decreased
the number of autophagic puncta in
108.e7 American Journal of Obstetrics & Gynecol
C17.2 neural stem cells (Figure 2, A).
Constitutively activated FoxO3a
mimicked the inhibitory effect of high
glucose on autophagosome formation
in cells cultured under normal glucose
conditions (Figure 2, A). Both high
glucose and constitutively activated
FoxO3 suppressed the expression of
Ulk1, Beclin1, and Atg5, and increased
the expression of p62 (Figure 2, B).
There was no synergistic effect on
autophagy inhibition between high
glucose and constitutively activated
FoxO3a (Figure 2, A and B). DN
FoxO3a blocked the inhibitory effect of
high glucose on autophagosome for-
mation (Figure 2, C). Cells transfected
with DN-FoxO3a cultured under high-
glucose conditions showed comparable
expression levels of Ulk1, Beclin1,
Atg5, and p62 to those in cells cultured
under normal-glucose conditions
(Figure 2, D).

Transgenic mice of the DN FoxO3a
mutant is resistant to diabetic
embryopathy
To further determinewhether the TADof
FoxO3a is necessary to elicit the effects of
FoxO3a activation on NTD formation
and autophagy suppression under
maternal diabetic conditions, we gener-
ated a mouse line that specifically over-
expressed DN FoxO3a, which lacks the
TAD, in the developing neuroepithelium
(Figure 3, A). The transgeneDNFoxO3a,
along with a separate cell nucleus local-
ized GFP, were driven by the Nestin
promoter from E8.0 onward.5 GFP
localized in the nucleus confirmed
ogy JANUARY 2019
neuroepithelium-specific expression of
the transgenes (Figure 3, B). The NTD
rate in DN FoxO3a embryos was signif-
icantly lower than in WTembryos under
maternal diabetic conditions (Figure 2, C
and D, and Table 2). Blood glucose levels
in diabetic dams were 3 times greater
than those in nondiabetic dams
(Table 1). TheDNFoxO3a embryoswere
morphologically indistinguishable from
their WT litter mates (Figure 2, D). The
number of terminal deoxynucleotidyl
transferase 20-deoxyuridine 50-triphos-
phate nick end labeling positive
apoptotic cells in the developing neuro-
epithelium was significantly higher in
WTembryos of diabetic dams compared
to that in embryos from nondiabetic
dams (Figure 3, E). The increase in
neuroepithelial cell apoptosis by
maternal diabetes was significantly
blunted by DN FOxO3a overexpression
(Figure 3, E).

DN FoxO3a rescues autophagy in
the developing neuroepithelium
exposed to diabetes
To investigate whether DN FoxO3a
expression in the developing neuro-
epithelium restored autophagy, indices of
autophagic activity were assessed in
neurulation stage embryos. Immuno-
blotting data showed that total FoxO3a
protein was significantly increased in DN
FoxO3a embryos (Figure 4, A). The ratio
of phosphorylated-FoxO3a to total
FoxO3awas significantlydecreased inDN
FoxO3a embryos exposed to diabetes
(Figure 4, A), indicating that FoxO3a
activity was increased by maternal
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FIGURE 4
Dominant negative (DN) FOxO3a overexpression rescues autophagy in diabetic pregnancy
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diabetes. The ratio of phosphorylated
FoxO3a to total FoxO3a in DN FoxO3a
embryos was restored to the level in em-
bryos of nondiabetic dams (Figure 4, A).
In addition, in DN FoxO3a embryos
LC3II protein abundance was signifi-
cantly decreased by maternal diabetes,
whereas LC3II protein abundance was
JANUARY 2019 Ameri
comparable to that found in embryos of
nondiabetic dams (Figure 4, A). The
number of LC3 puncta in neuroepithelial
cells was significantly reduced by
can Journal of Obstetrics & Gynecology 108.e8
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maternal diabetes, and DN FoxO3a
expression rescued LC3 punta number
(Figure 4, B).

Maternal diabetes-suppressed expres-
sion of Ulk1, Becn1, and Atg5 were
reverted back to the level in embryos of
nondiabetic dams by DN FoxO3a over-
expression (Figure 4, C). Maternal
diabetes-increased p62 expression was
abrogated by DN FoxO3a over-
expression (Figure 4, C).

Comment
The principal findings of the present
study are that the transcription factor
FoxO3amediates the inhibitory effect of
high glucose in vitro and maternal dia-
betes in vivo on autophagy by altering
autophagy gene expression. Deleting the
TAD of FoxO3a restores autophagy
suppressed by maternal diabetes and,
thus, ameliorates NTDs in diabetic
pregnancy. In the present study, the
autophagy positive regulators, Ulk1,
Becn1, and Atg5, and the autophagy
inhibitor, p62, were uncovered as
FoxO3a-responsive genes. We showed
that FoxO3a repressed the expression of
Ulk1, Becn1, and Atg5, and stimulated
p62 expression. Deleting FoxO3a or
inactivating WT FoxO3a under diabetic
conditions restored autophagy. There-
fore, our results indicate that FoxO3a
regulates diabetes-induced NTDs via
suppression of autophagy. Therefore,
the transcription activity of FoxO3a is
required for high glucose in vitro and
maternal diabetes in vivo-suppressed
autophagy.

The present study revealed the
importance of FoxO3a in autophagy
impairment of diabetic embryopathy.
Previous has been shown that FoxO3a
is critically involved in the induction of
diabetic embryopathy. It has been
demonstrated that FoxO3a up-
regulates proapoptotic gene expres-
sion in diabetic embryopathy.11 In
contrast, the present study revealed
that FoxO3a repressed Atg expression.
These findings increased our under-
standing in the gene regulation pro-
gram controlled by FoxO3a in diabetic
embryopathy. It has been known
that FoxO3a is regulated by oxidative
108.e9 American Journal of Obstetrics & Gynecol
stress-induced kinase signaling.
Oxidative stress is the central mecha-
nism in the induction of diabetic
embryopathy. It has been shown that
maternal diabetes induces oxidative
stress by enhancing the production of
endogenous reactive oxygen species
and decreasing cellular antioxidant
defense enzyme activity.8,9,17,25e27

Studies using the transgenic mouse
model that overexpresses the antioxi-
dant enzyme, superoxide dismutase 1,
have demonstrated that eliminating
reactive oxygen species caused by
maternal diabetes can effectively
resolve cellular stress and proapoptotic
signaling.28e30 In complementary with
the previous findings that FoxO3a
mediates the proapoptotic effect of
maternal diabetes, the present study
further discovered that the transcrip-
tion activity of FoxO3a is essential for
cell apoptosis because deletion of the
FoxO3a transactivation domain abol-
ished maternal diabetes-induced neu-
roepithelial cell apoptosis and NTD
formation. Supplements containing
natural antioxidants, such as curcumin
(found in the spice turmeric) and
epigallocatechin-3-gallate (EGCG)
(found in green tea), also effectively
suppress cellular stress, apoptosis, and
NTD formation in diabetic preg-
nancy.9,26,31 Specifically, EGCG can
block maternal diabetes-induced
FoxO3a activation.31 This experi-
mental evidence supports the hypoth-
esis that FoxO3a is a true downstream
effector of oxidative stress in diabetic
embryopathy. While the current study
extends the function of FoxO3a as an
autophagy negative regulator, the
FoxO3a upstream intermediators,
oxidative stress and its activated ki-
nases, are also presumptive negative
autophagy regulators.
We have shown previously that FoxO3a

is regulated by the proapoptotic kinase,
apoptosis signal-regulating kinase 1
(ASK1), and its downstream c-Jun N-ter-
minal kinases 1/2 (JNK1/JNK2) in dia-
betic embryopathy, and that deletion of
Ask1, Jnk1, or Jnk2 abrogates the increase
of FoxO3a activity in neurulation stage
embryos exposed to maternal
ogy JANUARY 2019
diabetes.11,32 The prosurvival kinase, Akt
(also known as protein kinase B), nega-
tively regulates FoxO3a by phosphoryla-
tion.33 Under diabetic or high-glucose
conditions, Akt activity is significantly
down-regulated, thereby increasing the
amount of dephosphorylated (activated)
FoxO3a in the cell. The regulation of
FoxO3a in the context of autophagy
regulation is not investigated in the current
study because the focus of this study is to
reveal whether FoxO3a suppresses auto-
phagy. However, the findings indicate that
FoxO3a is multifunctional in mediating
the teratogenesis of maternal diabetes.

Clinical implications
Alterations in autophagy are observed
in many pregnancy complications,
including placental insufficiency, fetal
growth restriction, preterm birth, and
stillbirth.20e24 Thus, findings in the
present study may further simulate
research into the role of autophagy
impairment in the cause of maternal-
fetal complications. Many components
of the upstream pathway that negatively
regulate autophagy in diabetic preg-
nancy are implicated in the pathogen-
esis of many maternal-fetal
complications. These components
include oxidative stress,19,31e35 proap-
optotic kinases,20,34 and the transcrip-
tion factor FoxO3a.17,31 Linking
autophagy regulation with the proposed
oxidative stress-ASK1/JNK1/2-FoxO3a
pathway may be a future direction in
uncovering the causes of pregnancy
complications. We have previously re-
ported that the naturally occurring
compound trehalose is a potent auto-
phagy activator and prevents diabetes-
induced NTDs.14 Testing the beneficial
effects of natural compounds, such as
trehalose, as autophagy activators will
be an important step in the develop-
ment of possible therapeutics in treating
pregnancy complications related to
diabetes. Trehalose, a natural disaccha-
ride, is produced in bacteria, yeast, in-
sects, fungi, and plants but not in
vertebrates.35 It consists of 2 glucose
molecules joined by the a, a-1, 1-
glycosidic bond. Currently, it is being
evaluated in several clinical trials
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including trials on reversal of arterial
aging (ClinicalTrials.gov identifier:
NCT01575288), oculopharyngeal
muscular dystrophy (ClinicalTrials.gov
identifier: NCT02015481), and spino-
cerebellar ataxia 3 (ClinicalTrials.gov
identifier: NCT02147886). Trehalose
has been used as a food stabilizer and
the Food and Drug Administration
characterizes trehalose as the Generally
Regarded as Safe category. Further
studies need evaluate the safety profile
of trehalose in pregnancy.

Research implications
Autophagy is a relatively new intracel-
lular organelle process and elucidating
the role of autophagy dysregulation in
maternal-fetal complications is an
important area. Because oxidative stress
is involved in many maternal-fetal
complications,21,36e40 investigating
oxidative stress-altered autophagy will
provide new mechanistic insights on the
pathogenesis of these maternal-fetal
complications. Immediate future study
should also determine if mitigating
oxidative stress by either superoxide
dismutase 1 in vivo expression or dietary
supplements of EGCG or curcumin
would restore autophagy in the devel-
oping neuroepithelium through inacti-
vation of FoxO3a.

Because ASK1 and JNK1/2 are up-
streamof FoxO3a, altered activity of these
kinases may also impact autophagy in the
developing neuroepithelium under dia-
betic or high-glucose conditions. Future
studies may evaluate the outcome of de-
leting Ask1, Jnk1, or Jnk2 on maternal
diabetes-suppressed autophagy. Likewise,
using a constitutively active Akt mouse
modelmay alleviate autophagy inhibition
by maternal diabetes. Altered kinase ac-
tivity is involved in the etiology of an
array of maternal and fetal complications
including in utero growth restriction and
preterm birth.20,34 Studying the potential
relationship between kinase activity and
autophagy regulation may reveal new
mechanistic insights underlying the cause
of these pregnancy complications.

Previous studies have supported the
notion that FoxO3a differentially regulates
gene expression, and that FoxO3a
repression of gene transcription relies on
histone deacetylases.33Wehave found that
maternal diabetes alters the expression of
histone deacetylases in neurulation stage
embryos.41 Therefore, it is possible that
the cross-talk between FoxO3a and his-
tone modifiers may be required for auto-
phagy inhibition in diabetic embryopathy
and warrants further study.
One FoxO3a-responsive gene, tumor

necrosis factor receptor type 1-
associated death domain (TRADD), has
been identified as playing a role in dia-
betic embryopathy.11,42 TRADD is a
proapoptotic factor leading to caspase 8-
dependent apoptosis in neuroepithelial
cells.11,41 The role of TRADD in auto-
phagy regulation is unknown. Therefore,
future studies may elucidate whether
TRADD participates in autophagy
impairment in diabetic embryopathy.

Strengths and weaknesses
The strengthens of our study are the use of
genetically modified mouse models in
determining the negative regulation of
autophagy by FoxO3a, the delicate design
of the animal studies in the cause of dia-
betic embryopathy, and the direct mech-
anistic insights gaining from animal
studies. One of the weaknesses of our
study is the lack of immediate clinical
impact. The study is not a human study
due to the inaccessible human fetal tissues.
Nevertheless, diabetic embryopathy is a
significant health problem and the current
study has potential translational value. n

Acknowledgment
We would like to thank Dr Julie A. Rosen, at the
University of Maryland School of Medicine, for
critical reading and editing. We appreciate
Dr Michael Greenberg for the CA FoxO3a and
DN FoxO3a plasmids.
References

1. Correa A, Gilboa SM, Besser LM, et al. Dia-
betes mellitus and birth defects. Am J Obstet
Gynecol 2008;199:237.e1–9.
2. Ornoy A, Reece EA, Pavlinkova G, Kappen C,
Miller RK. Effect of maternal diabetes on the
embryo, fetus, and children: congenital anoma-
lies, genetic and epigenetic changes and
developmental outcomes. Birth Defects Res C
Embryo Today 2015;105:53–72.
3. Gabbay-Benziv R, Reece EA, Wang F,
Yang P. Birth defects in pregestational diabetes:
defect range, glycemic threshold and patho-
genesis. World J Diabetes 2015;6:481–8.
JANUARY 2019 Americ
4. Chen X, Zhong J, Dong D, Liu G, Yang P.
Endoplasmic reticulum stress-induced CHOP
inhibits PGC-1alpha and causes mitochondrial
dysfunction in diabetic embryopathy. Toxicol Sci
2017;158:275–85.
5. Wang F, Xu C, Reece EA, et al. Protein kinase
C-alpha suppresses autophagy and induces
neural tube defects via miR-129-2 in diabetic
pregnancy. Nat Commun 2017;8:15182.
6. Zhao Y, Dong D, Reece EA, Wang AR,
Yang P. Oxidative stress-induced miR-27a tar-
gets the redox gene nuclear factor erythroid 2-
related factor 2 in diabetic embryopathy. Am J
Obstet Gynecol 2018;218:136.e1–10.
7. Lin X, Yang P, Reece EA, Yang P. Pregesta-
tional type 2 diabetes mellitus induces cardiac
hypertrophy in the murine embryo through car-
diac remodeling and fibrosis. Am J Obstet
Gynecol 2017;217:216.e1–13.
8. Wu Y, Reece EA, Zhong J, et al. Type 2 dia-
betes mellitus induces congenital heart defects
in murine embryos by increasing oxidative
stress, endoplasmic reticulum stress, and
apoptosis. Am JObstet Gynecol 2016;215:366.
e1–10.
9. Zhong J, Xu C, Reece EA, Yang P. The green
tea polyphenol EGCG alleviates maternal
diabetes-induced neural tube defects by inhib-
iting DNA hypermethylation. Am J Obstet
Gynecol 2016;215:368.e1–10.
10. DongD,Reece EA, Lin X,WuY,AriasVillelaN,
Yang P. New development of the yolk sac theory
in diabetic embryopathy: molecular mechanism
and link to structural birth defects. Am J Obstet
Gynecol 2016;214:192–202.
11. Yang P, Li X, Xu C, et al. Maternal hyper-
glycemia activates an ASK1-FoxO3a-caspase 8
pathway that leads to embryonic neural tube
defects. Sci Signal 2013;6:ra74.
12. Li X, Weng H, Xu C, Reece EA, Yang P.
Oxidative stress-induced JNK1/2 activation
triggers proapoptotic signaling and apoptosis
that leads to diabetic embryopathy. Diabetes
2012;61:2084–92.
13. Li X, Xu C, Yang P. c-Jun NH2-terminal ki-
nase 1/2 and endoplasmic reticulum stress as
interdependent and reciprocal causation in dia-
betic embryopathy. Diabetes 2013;62:
599–608.
14. Xu C, Li X, Wang F, Weng H, Yang P.
Trehalose prevents neural tube defects by cor-
recting maternal diabetes-suppressed auto-
phagy and neurogenesis. Am J Physiol
Endocrinol Metab 2013;305:E667–78.
15. Xie Z, Klionsky DJ. Autophagosome forma-
tion: core machinery and adaptations. Nat Cell
Biol 2007;9:1102–9.
16. Mizushima N, Yoshimori T. How to interpret
LC3 immunoblotting. Autophagy 2007;3:542–5.
17. Yang P, Reece EA, Wang F, Gabbay-
Benziv R. Decoding the oxidative stress
hypothesis in diabetic embryopathy through
proapoptotic kinase signaling. Am J Obstet
Gynecol 2015;212:569–79.
18. van der Horst A, Burgering BM. Stressing
the role of FoxO proteins in lifespan and disease.
Nat Rev Mol Cell Biol 2007;8:440–50.
an Journal of Obstetrics & Gynecology 108.e10

http://ClinicalTrials.gov
http://ClinicalTrials.gov
http://ClinicalTrials.gov
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref1
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref1
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref1
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref2
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref2
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref2
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref2
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref2
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref2
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref3
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref3
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref3
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref3
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref4
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref4
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref4
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref4
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref4
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref5
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref5
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref5
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref5
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref6
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref6
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref6
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref6
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref6
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref7
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref7
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref7
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref7
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref7
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref8
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref8
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref8
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref8
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref8
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref8
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref9
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref9
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref9
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref9
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref9
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref10
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref10
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref10
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref10
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref10
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref11
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref11
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref11
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref11
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref12
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref12
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref12
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref12
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref12
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref13
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref13
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref13
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref13
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref13
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref14
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref14
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref14
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref14
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref14
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref15
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref15
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref15
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref16
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref16
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref17
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref17
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref17
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref17
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref17
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref18
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref18
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref18
http://www.AJOG.org


Original Research OBSTETRICS ajog.org
19. Skurk C, Maatz H, Kim HS, et al. The Akt-
regulated forkhead transcription factor
FOXO3a controls endothelial cell viability
through modulation of the caspase-8 inhibitor
FLIP. J Biol Chem 2004;279:1513–25.
20. Burton GJ, Jauniaux E. Pathophysiology of
placental-derived fetal growth restriction. Am J
Obstet Gynecol 2018;218:S745–61.
21. Sultana Z, Maiti K, Dedman L, Smith R. Is
there a role for placental senescence in the
genesis of obstetric complications and fetal
growth restriction? Am J Obstet Gynecol
2018;218:S762–73.
22. Gomez-Lopez N, Romero R, Plazyo O, et al.
Preterm labor in the absence of acute histologic
chorioamnionitis is characterized by cellular
senescence of the chorioamniotic membranes.
Am J Obstet Gynecol 2017;217:592.e1–17.
23. Maiti K, Sultana Z, Aitken RJ, et al. Evidence
that fetal death is associated with placental ag-
ing. Am JObstet Gynecol 2017;217:441.e1–14.
24. Ilekis JV, Tsilou E, Fisher S, et al. Placental
origins of adverse pregnancy outcomes: potential
molecular targets: an Executive Workshop
Summary of the Eunice Kennedy ShriverNational
Institute of Child Health and Human Develop-
ment. Am J Obstet Gynecol 2016;215:S1–46.
25.Wang F, Reece EA, Yang P. Oxidative stress
is responsible for maternal diabetes-impaired
transforming growth factor beta signaling in the
developing mouse heart. Am J Obstet Gynecol
2015;212:650.e1–11.
26.WuY,Wang F, Reece EA, YangP. Curcumin
ameliorates high glucose-induced neural tube
defects by suppressing cellular stress and
apoptosis. Am JObstet Gynecol 2015;212:802.
e1–8.
27. Yang P, Zhao Z, Reece EA. Activation of
oxidative stress signaling that is implicated in
apoptosis with a mouse model of diabetic embry-
opathy.AmJObstetGynecol 2008;198:130.e1–7.
28.Wang F, Reece EA, Yang P. Superoxide
dismutase 1 overexpression in mice abolishes
maternal diabetes-induced endoplasmic
108.e11 American Journal of Obstetrics & Gynec
reticulum stress in diabetic embryopathy. Am
J Obstet Gynecol 2013;209:345.e1–7.
29.Weng H, Li X, Reece EA, Yang P. SOD1
suppresses maternal hyperglycemia-
increased iNOS expression and conse-
quent nitrosative stress in diabetic embry-
opathy. Am J Obstet Gynecol 2012;206:
448.e1–7.
30. Li X, Weng H, Reece EA, Yang P. SOD1
overexpression in vivo blocks hyperglycemia-
induced specific PKC isoforms: substrate acti-
vation and consequent lipid peroxidation in dia-
betic embryopathy. Am J Obstet Gynecol
2011;205:84.e1–6.
31. Yang P, Li H. Epigallocatechin-3-gallate
ameliorates hyperglycemia-induced embryonic
vasculopathy and malformation by inhibition of
Foxo3a activation. Am J Obstet Gynecol
2010;203:75.e1–6.
32.Wang F, Reece EA, Yang P. Advances in
revealing the molecular targets downstream of
oxidative stress-induced proapoptotic kinase
signaling in diabetic embryopathy. Am J Obstet
Gynecol 2015;213:125–34.
33. Zhang X, Tang N, Hadden TJ, Rishi AK. Akt,
FoxO and regulation of apoptosis. Biochim
Biophys Acta 2011;1813:1978–86.
34. Paquette AG, Shynlova O, Kibschull M, et al.
Comparative analysis of gene expression in
maternal peripheral blood and monocytes dur-
ing spontaneous preterm labor. Am J Obstet
Gynecol 2018;218:345.e1–30.
35. Ohtake S, Wang YJ. Trehalose: current use
and future applications. J Pharm Sci 2011;100:
2020–53.
36. Ginsberg Y, Khatib N, Saadi N, Ross MG,
Weiner Z, Beloosesky R. Maternal pomegranate
juice attenuates maternal inflammation-induced
fetal brain injury by inhibition of apoptosis,
neuronal nitric oxide synthase, and NF-kappaB
in a rat model. Am J Obstet Gynecol
2018;219:113.e1–9.
37. McMaster-Fay RA. Oxidative stress and
inflammatory biomarkers in normal and
ology JANUARY 2019
preeclamptic pregnancies. Am J Obstet Gyne-
col 2017;217:492–3.
38. Reece EA, Ma XD, Zhao Z, Wu YK,
Dhanasekaran D. Aberrant patterns of cellular
communication in diabetes-induced embryop-
athy in rats: II, apoptotic pathways. Am J Obstet
Gynecol 2005;192:967–72.
39. Reece EA,WuYK, Zhao Z, DhanasekaranD.
Dietary vitamin and lipid therapy rescues aber-
rant signaling and apoptosis and prevents
hyperglycemia-induced diabetic embryopathy in
rats. Am J Obstet Gynecol 2006;194:580–5.
40. Ferguson KK, Meeker JD, McElrath TF,
Mukherjee B, Cantonwine DE. Repeated mea-
sures of inflammation and oxidative stress bio-
markers in preeclamptic and normotensive
pregnancies. Am J Obstet Gynecol 2017;216:
527.e1–9.
41. Yu J, Wu Y, Yang P. High glucose-induced
oxidative stress represses sirtuin deacetylase
expression and increases histone acetylation
leading to neural tube defects. J Neurochem
2016;137:371–83.
42.Wang F, Weng H, Quon MJ, et al. Dominant
negative FADD dissipates the proapoptotic sig-
nalosome of the unfolded protein response in
diabetic embryopathy. Am J Physiol Endocrinol
Metab 2015;309:E861–73.

Author and article information
From the Departments of Obstetrics, Gynecology, and

Reproductive Sciences (all authors) and Biochemistry and

Molecular Biology (Drs Reece and Yang), University of

Maryland School of Medicine, Baltimore, MD.
1These authors contributed equally to this article.

Received July 11, 2018; revised Sept. 28, 2018;

accepted Oct. 1, 2018.

This research is supported by National Institutes of

Health grants R01DK083243, R01DK101972,

R01HL131737, R01HL134368, R01HL139060, and

R01DK103024.

The authors report no conflict of interest.

Corresponding author: Peixin Yang, PhD. pyang@fpi.

umaryland.edu

http://refhub.elsevier.com/S0002-9378(18)30870-6/sref19
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref19
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref19
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref19
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref19
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref20
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref20
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref20
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref21
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref21
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref21
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref21
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref21
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref22
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref22
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref22
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref22
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref22
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref23
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref23
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref23
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref24
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref24
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref24
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref24
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref24
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref24
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref25
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref25
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref25
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref25
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref25
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref26
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref26
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref26
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref26
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref26
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref27
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref27
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref27
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref27
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref28
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref28
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref28
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref28
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref28
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref29
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref29
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref29
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref29
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref29
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref29
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref30
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref30
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref30
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref30
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref30
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref30
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref31
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref31
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref31
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref31
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref31
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref32
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref32
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref32
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref32
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref32
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref33
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref33
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref33
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref34
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref34
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref34
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref34
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref34
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref35
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref35
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref35
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref36
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref36
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref36
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref36
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref36
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref36
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref36
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref37
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref37
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref37
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref37
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref38
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref38
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref38
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref38
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref38
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref39
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref39
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref39
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref39
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref39
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref40
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref40
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref40
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref40
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref40
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref40
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref41
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref41
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref41
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref41
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref41
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref42
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref42
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref42
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref42
http://refhub.elsevier.com/S0002-9378(18)30870-6/sref42
mailto:pyang@fpi.umaryland.edu
mailto:pyang@fpi.umaryland.edu
http://www.AJOG.org


Glossary of Terms
Diabetic embryopathy: Embryonic developmental deficiency in the prenatal or postnatal fetus induced by maternal diabetes in pregnancy.
Neural tube defects (NTDs): Congenital abnormalities resulting from the failure of neurulation, a process involving the formation of the
primitive brain and spinal cord during embryonic development.
Autophagy: Autophagy (or autophagocytosis) is the natural, regulated, destructive mechanism of the cell that disassembles unnecessary or
dysfunctional components. Autophagy allows the orderly degradation and recycling of cellular components. In macroautophagy, targeted
cytoplasmic constituents are isolated from the rest of the cell within a double-membraned vesicle known as an autophagosome. The
autophagosome eventually fuses with lysosomes and the contents are degraded and recycled. Three forms of autophagy are commonly
described: macroautophagy, microautophagy, and chaperone-mediated autophagy. In disease, autophagy has been seen as an adaptive
response to stress that promotes survival, whereas in other cases it appears to promote cell death and morbidity. In the extreme case of
starvation, the breakdown of cellular components promotes cellular survival by maintaining cellular energy levels.
Autophagy process-autophagosome: During the autophagy process, a double-membrane vacuole is formed, which engulfs dysfunctional
cellular components and eventually fuses to lysosome for the degradation of such components.
FoxO3a: Forkhead box transcription factor O3a is a human protein encoded by gene Foxo3a. As a transcription factor characterized by a
distinct forkhead DNA-binding domain, FOXO3a is involved in many important biological processes. For example, in the PI3 kinase signaling
pathway, FoxO3a can be translocated out the nucleus in its phosphorylation form by Akt. FoxO3a plays an important role in triggering
apoptosis by up-regulating genes involved in the cell death pathways.
Dominant negative (DN): A mutation leading to a gene product that adversely affects the normal product (wild-type gene product) in a cell.
Usually, a DN mutation leads to the loss of function of a specific protein.
LC3: Microtubule-associated protein 1 light chain 3, also called autophagy-related gene 8. The convention of cytosolic LC3I (18 kDa) to
autophagosome membrane bounded LC3II (16 kDa) is a critical event in autophagy.
LC3 lipidation: The covalent attachment of LC3 to the lipid phosphatidylethanolamine that is an essential step for autophagosome
formation.
C17.2: The C17.2 cell line is a clone of neural stem cells isolated from the external germinal layer of the neonatal mouse cerebellum. C17.2
cells have a potential to differentiate into a variety of cell types, such as neurons, oligodendrocytes, and astrocytes, when they are
transplanted into the appropriate part of the central nervous system in vivo or induced by neural factors in vitro.
miR-129-2:MicroRNA-129-2 is a member of the microRNA-129 precursor family. It was recognized as a tumor suppressor by affecting cell
migration, proliferation, and apoptosis through down-regulating the Sox4 gene in tumor cells. In diabetic embryopathy, it is up-regulated by
maternal diabetes and suppresses autophagy.
Endoplasmic reticulum stress: The endoplasmic reticulum is the cellular organelle that modifies and correctly folds newly synthesized
proteins into 3-dimensional structures. Accumulation of misfolded proteins in the endoplasmic reticulum lumen causes endoplasmic
reticulum stress, which, in turn, activates the unfolded protein response and leads to apoptosis.
Unfolded protein response: The accumulation of unfolded or misfolded proteins in the endoplasmic reticulum lumen triggers the activation
of 3 signaling pathways: the kinase of inositol-requiring enzyme 1-a pathway, the protein kinase R-like endoplasmic reticulum kinase
pathway, and the activating transcription factor 6 pathway. These 3 pathways are collectively called the “unfolded protein response.”
Prolonged unfolded protein response induces cell apoptosis.
Trehalose: Trehalose is a natural disaccharide consisting of 2 molecules of glucose. It is produced by bacteria, yeast, insects, fungi, and
plants. Trehalose has been used as a stabilizer in food products and is designated as Generally Regarded as Safe by the Food and Drug
Administration. Trehalose can activate autophagy and is being examined in several clinical trials in treating human diseases. There are
several clinical trials using trehalose in treating the following diseases: arterial aging (ClinicalTrials.gov identifier: NCT01575288), ocu-
lopharyngeal muscular dystrophy (ClinicalTrials.gov identifier: NCT02015481), and spinocerebellar ataxia 3 (ClinicalTrials.gov identifier:
NCT02147886).
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