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ARTICLE INFO ABSTRACT

Introduction: Maternal nutrition is an extremely important health issue. We evaluated the impact of maternal
high fat diet (HFD) on pregnancy outcomes, elucidated how the rat placenta and fetus respond to diet manip-
ulation based on fetal sex, and identified candidate genes and pathways.

Methods: Rats were fed a normal or HFD diet for 10 weeks before conception and during gestation. The placenta
was collected on gestational day 21 and sexed. Placental histology was analyzed and placental candidate genes
and pathways were identified using whole-genome RNA next-generation sequencing.

Results: Pup weights in both sexes from HFD dams were reduced. The weight of the placenta from the HFD group
was also decreased in both sexes, but changes in placental layer distributions were only significant for female
fetuses. Maternal HFD altered the placental transcriptome in a sex-specific manner. Activation of the placental
renin-angiotensin system (RAS) by maternal HFD was associated with fetal growth restriction in both fetal sexes.
Conclusions: The placenta reacts to maternal HFD by altering the placental layer distribution and gene expres-
sion in a sex-specific manner. The male placenta in late gestation is thought to exhibit greater plasticity relative
to the female placenta; however, fetuses of both sexes exhibited similar growth restriction. Our data reveal an
association between the placental RAS and HFD-induced fetal growth restriction.
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1. Introduction fetal growth restriction [5]; both exhibit adverse impacts on later life.

Previous studies have demonstrated that a maternal high-fat diet

Widespread consumption of high-energy foods has increased dra-
matically and is linked to a global health burden of metabolic syndrome
and adverse maternal and fetal outcomes. Nutrition in pregnancy plays
an essential role in placental development, fetal growth, and organo-
genesis. Nutrition has been shown to impact pregnancy outcomes and
elicit long-term consequences on the health of offspring through a
process known as developmental programming [1,2]. According to
multiple studies, diet-induced maternal obesity may lead to multiple
adverse pregnancy outcomes [3], including fetal overgrowth [4] and

(HFD) affects the metabolic phenotype of offspring [6-9]. The health of
offspring is critically dependent on placental function, which mediates
the dynamic interaction between embryonic and maternal tissues and
ensures successful development of the embryo proper. The ability of the
placenta to supply nutrients to the fetus is determined by many factors,
including the nutritional state of the mother, utero-placental blood
flow, and the expression and function of trophoblast nutrient trans-
porters [1,10]. The intrauterine placental renin-angiotensin system
(RAS) is one of the major extrarenal RAS throughout pregnancy,

Abbreviations: Ace, angiotensin converting enzyme-1; Ace2, angiotensin converting enzyme-2; Agt, angiotensinogen; Agtrla, angiotensin II receptor type 1;
ANOVA, analysis of variance; Atp6ap2, (pro)renin receptor; AUC, area under curve; DEGs, differentially-expressed genes; FC, fold change; FPKM, fragments per
kilobase million; GD, gestational day; GO, gene ontology; GPT, glutamic-pyruvic transaminase; HFD, high fat diet; Ins2, insulin 2; IPGTT, intraperitoneal glucose
tolerance test; ITT, insulin tolerance test; IUGR, intrauterine growth restriction; JZ, junctional zone; KEGG, Kyoto Encyclopedia of Genes and Genomes; LZ, labyrinth
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regulating uteroplacental blood circulation [11,12], and has been
linked with maternal hypoxic stress [13], maternal-fetal blood flow and
fetal growth restriction [11,14]. Previous studies have reported several
candidate regulatory genes for many of the main phases of placental
development, from initiation and maintenance of the trophoblast
lineage to the complex functions of the mature placenta [15-18]. Stu-
dies of HFD mothers in humans and animal models have reported al-
tered placental growth, gene expression, and nutrient transporters
[7,19,20]; however, fewer studies have focused on the effects of ma-
ternal HFD on global placental gene expression. Moreover, even fewer
studies have focused on the potential programming effects of placenta
in a fetal sex-specific manner [7,19]. The evidence to date suggests that
sex-specific adaptation of the placenta in response to maternal meta-
bolic status may be central to differences in fetal growth and survival
[21,22]. Our previous study found that maternal HFD altered the off-
spring renal transcriptome in a sex-specific fashion [9]. Therefore, we
intended to elucidate whether placental adaptations after maternal HFD
exposure are sex-specific, analyze the alterations in placenta growth,
and identify candidate genes and pathways using whole-genome ribo-
nucleic acid (RNA) next-generation sequencing (NGS).

2. Materials and methods
2.1. Animals and experimental design

Our animal protocol was approved by the Institutional Animal Care
and Use Committee of the Chang Gung Memorial Hospital (approval
number 2016062805). Virgin Sprague-Dawley rats (n = 20) aged 7
weeks were obtained from BioLASCO Taiwan Co., Ltd, Taipei, Taiwan
and allowed to acclimatize for 1 week before being fed specific diets.
The rats were maintained in a light-controlled environment (12-h light/
12-h dark cycle, 22 °C) with a relative humidity of 55%, throughout the
study. Food and sterile tap water were available ad libitum. Female rats
were weight-matched and assigned to receive either normal rat chow
(0.8 kcal/g, 27.5 kcal% protein; 1.73 kcal/g, 59.7 kcal% carbohydrate;
0.43kcal/g, 12.6kcal% fat; Fwusow Taiwan Co., Ltd., Taichung,
Taiwan) or HFD (0.92 kcal/g, 16.4 kcal% protein; 1.42 kcal/g, 25.5 kcal
% carbohydrate; and 3.22kcal/g, 58kcal% fat; #D12331, Research
Diets, New Brunswick, NJ, USA) for 10 weeks before mating and during
pregnancy. Female rats were mated for 3 days. Gestational day (GD) 1
was considered to be mating day 1. Rats were sacrificed on GD 21 after
8h fasting. Placentas and fetuses were obtained and weighed. We la-
beled each placenta and fetus according to position in each uterine
horn. Placentas from bilateral proximal uterine horns were used for
further study. Some placentas were fixed in 10% formalin in neutral-
buffered solution for histological analysis, while others were im-
mediately frozen in liquid nitrogen and stored at —80 °C for quantita-
tive polymerase chain reaction (qPCR) analysis.

2.2. Sex determination

RNA was extracted from two piece of fetal tissue (tail and skin) to
established sex. The Sry gene was amplified to identify placental sex via
gPCR. Male placentas were identified by the presence of Sry mRNA
(Table S1), and female placentas were identified based on its absence.
Primers were designed using GeneTool Software (Biotools, Edmonton,
Alberta, Canada).

2.3. Biochemical assays

Plasma samples were used to evaluate total cholesterol and liver
enzyme glutamic-pyruvic transaminase (GPT) on an automatic bio-
chemical analyzer. Adiponectin and leptin levels were measured using
enzyme-linked immunosorbent assay (ELISA) kits (Adiponectin Rat
ELISA Kit Abcam, #ab108784 and Leptin Rat ELISA Kit Abcam,
#ab100773) according to manufacturer's instructions.
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2.4. Intraperitoneal Glucose Tolerance Test (IPGTT) and Insulin Tolerance
Test (ITT)

We performed glucose tolerance testing after dietary manipulation
for 8 weeks. After an 8-h fast, hyperglycemia was induced by injection
with 50% glucose (2 g/kg body weight). Blood glucose levels were
measured in tail vein blood samples using a glucometer (Accu-Chek,
Roche, Germany) at five time points: before injection and at 15, 30, 60,
and 120 min after the glucose load. The ITT was performed by injecting
insulin i.p. (1 U/kg body weight) after a 4-h fast. Blood glucose levels
were measured before and 15, 30, 60, and 120 min after insulin injec-
tion.

2.5. Histological analysis of the placenta

Placentas were sexed, resulting in four groups: control male, HFD
male, control female, and HFD female. Four to six litters per group with
one section per placenta were used for analysis. Briefly, 3-um sections
were prepared using a Leica RM2255 microtome. These sections were
then stained with hematoxylin and eosin. Sections were scanned using a
3D HISTECH Panoramic SCAN slide scanner and analyzed with
Panoramic Viewer software. The cross-sectional area of the entire pla-
centa was obtained, and placental zone analysis was performed using
ImageJ at 1.5 X magnification. The volumes of placental zones in each
section were calculated (area X thickness of the section). From these
measurements, the ratios of the labyrinth zone to whole placenta,
junctional zone to whole placenta, and decidua to whole placenta were
calculated.

2.6. RNA sequencing

Three placentas, one from each independent litter per group, were
pooled for whole-genome RNA NGS analysis performed by Welgene
Biotech Co. Ltd. (Taipei, Taiwan) after sex determination. Total RNA
was extracted using Trizol’ Reagent (Invitrogen, USA). Purified RNA
was quantified at OD260 nm using an ND-1000 spectrophotometer
(Nanodrop Technology, USA) and quantitated using a Bioanalyzer 2100
with a RNA 6000 LabChip kit (both Agilent Technologies, USA). All
procedures were performed according to manufacturers' protocols.
Library construction was performed using Agilent's SureSelect Strand
Specific mRNA Library Preparation Kit for 75SE (Single-End or Paired-
End) sequencing on the Solexa platform. Sequencing was performed
with the TruSeq SBS Kit. Raw sequences were obtained from the
[lumina Pipeline software bcl2fastq v2.0 and expected to generate
4 x 107 reads per sample. Gene expression levels were calculated as
fragments per kilobase million (FPKM) mapped reads. We used the
Cuffdiff tool, a program from the Cufflinks package [23] and Benjamini-
Hochberg correction for multiple-testing, and then calculated values of
the test statistic, i.e. p value and g value (p-value adjusted for false
discovery rate), to conduct significance testing. The output files from
Cuffdiff were further annotated by adding gene functional descriptions
and Gene Ontology (GO) classifications. The reference genome and
gene annotations were retrieved from the Ensembl database. GO ana-
lysis for significant genes was performed using Kyoto Encyclopedia of
Genes and Genomes (KEGG) and NIH DAVID Bioinformatics Resources
6.8 (NIH, Bethesda, MD, USA) to identify regulated biological themes
[24].

2.7. Quantitative real-time PCR analysis

NGS/RNA-seq analysis provides an excellent tool for analyzing a
large number of genes to focus on a smaller number of genes of interest.
We further analyzed the expression of a subset of genes of interest using
quantitative real-time PCR (qPCR). RNA was extracted using a pre-
viously described procedure [25]. Two-step qPCR was conducted using
QuantiTect SYBR Green PCR Reagents (Qiagen, Valencia, CA) on an
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iCycler iQ Multi-color Real-Time PCR Detection System (Bio-Rad,
Hercules, CA). Several components of the renin-angiotensin system
were analyzed, including renin (Ren), (pro)renin receptor (Atp6ap2),
angiotensinogen (Agt), angiotensin converting enzyme-1 and -2 (Ace
and Ace2), and angiotensin II receptor type 1 (Agtrla). Insulin 2 (Ins2)
also was analyzed. Ribosomal 18S RNA was used as a reference in all
analyses. Primers were designed using GeneTool Software (Biotools,
Edmonton, Alberta, Canada) (Table S1). All samples were run in du-
plicate. For the relative quantification of gene expression, the com-
parative threshold cycle (Cr) method was employed. The averaged Cr
was subtracted from the corresponding averaged r18S value for each
sample, resulting in ACr. AACt was achieved by subtracting the average
control ACt value from the average experimental ACt. The fold change
was established by calculating 27 *4“T for experimental versus re-
ference samples. Several genes were selected to further confirm the
NGS/RNA-seq results using qPCR with both technical and biological
replicates.

2.8. Statistics

Normally distributed data are presented as the mean *+ standard
error of the mean (SEM). Parameters were compared using one-way
analysis of variance (ANOVA) with the LSD post hoc test or two-way
ANOVA for multiple comparisons, where appropriate. A P < 0.05 was
considered statistically significant. All analyses were performed using
the Statistical Package for the Social Sciences software (SPSS; IBM,
Armonk, NY, USA).

3. Results
3.1. Maternal profile and pregnancy outcomes

Body weights of dams were not different between the two dietary
groups, but HFD dams exhibited increased total fat mass, especially
retroperitoneal fat (p = 0.001, Table 1). As shown in Table 1, liver
weight, total cholesterol, leptin, and adiponectin levels were similar
between groups; however, HFD dams exhibited increased GPT levels
(p = 0.042). Litter sizes, numbers of stillbirths, and live birth rates were
comparable between the two groups. Mean fetal weights and placental
weights were reduced in the HFD group. Moreover, the weight of the
fetus and placenta were reduced in the HFD group in both sexes (Fig. 1A
and B), indicating that maternal HFD caused intrauterine growth re-
striction (IUGR) and smaller placentas in both sexes.

Table 1
Maternal profile, biochemical analysis and pregnancy outcomes between con-
trol and HFD groups.

Variable Control (n=8) HFD (n=7) pvalue
Maternal profile
Body weight (g) 2775 = 8 279.8 = 7 0.838
Total fat mass (g) 125 = 1.1 159 * 0.9 0.040°
Subcutaneous (g) 6.5 = 1.1 9.0 = 0.6 0.092
Mesenteric (g) 2.5 + 0.1 2.2 + 0.1 0.141
Retroperitoneal (g) 3.4 £ 0.2 4.6 + 0.2 0.001**
Liver weight (g) 10.5 = 0.9 12.3 = 1.2 0.350
Maternal biochemical analysis
GPT (U/L) 338 =2 482 + 6 0.042°
Total-Cholesterol (mg/dl) 63.6 + 2 61.0 + 2 0.513
Leptin (ng/mL) 1.0 £ 0.2 21 £ 0.9 0.255
Adiponectin (ug/mL) 189 = 1.4 171 = 1.2 0.369
Pregnancy outcomes
Litter size (n) 10.1 = 0.5 104 = 1.3 0.829
Stillbirth (n) 1 2 -
Live birth rate (%) 98.7 (80/81) 97.3 (73/75)  0.608
Mean fetal weight/litter (g) 24 + 0.1 1.7 £ 0.1 0.016"
Mean placenta weight/litter (mg) 410 = 10 363 = 20 0.042°

@ p < 0.05, **p < 0.01 vs. control.
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Fig. 1. Fetal weight (A) and placental weights (B) between control and HFD
groups on GD 21 days. **p < 0.01, ***p < 0.001 vs. control, n = 8-11/
group.

3.2. Glucose tolerance

The HFD group had significantly impaired glucose tolerance relative
to the control group at 15, 60, and 120 min, as well as increased area
under curve (AUC) values (Fig. 2A). Similarly, ITT revealed that the
HFD group had significantly increased blood glucose levels upon fasting
and at 15min and 30 min. In addition, increased glucose AUC values
were observed over the course of the study (Fig. 2B), indicating that the
HFD group exhibited reduced insulin sensitivity.

3.3. Placental layer distribution

Abnormal distribution of placental layers can be indicative of pa-
thology. The mature placenta in rodents is composed of three broad
zones, including the maternal decidua on the outside, the junctional
zone (JZ) and the inner labyrinth zone (LZ), which mediates direct
nutrient exchange between fetal and maternal blood. Our results re-
vealed a significant increase in junctional zone thickness (p = 0.034,
Fig. 3B) and the volume of the junctional zone (HFD female:
0.00857 mm? vs. control female: 0.00430 mm?; p < 0.001) in female
placenta from HFD dams, whereas no differences in labyrinth and de-
cidua layers were noted among the four groups.

3.4. Maternal HFD alters the placental transcriptome

We used whole transcriptome analysis and analyzed differential
gene expression induced by maternal HFD and the sexual dimorphism
in placenta. The mean depth of coverage (X) was 103X for control male,
86X for HFD male, 109X for control female, and 86X for HFD female
groups, respectively. More than 10300 transcripts were identified in
each group. The mappability of genes relative to the rat reference
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Fig. 2. Comparing glucose tolerance in the HFD and control groups after diet manipulation for 8 weeks. (A) Intraperitoneal Glucose Tolerance Test and (B) Insulin
Tolerance Test. Data were analyzed by repeated measures ANOVA with post hoc least significant difference testing. The integrated AUC values were calculated using
the trapezoidal method. *p < 0.05, **p < 0.01, ***p < 0.001 vs. control, n = 6-8/group at each time point.

genome was 85.6% for control male, 82.5% for HFD male, 85.7% for
control female, and 83.4% for HFD female groups, respectively. The
criteria for the differential expressed genes (DEGs) were (1) genes that
are changed by FPKM > 0.3 in either the control or HFD groups, and
(2) minimum 2-fold difference in normalized read counts between
groups. A summary of the sequencing data is shown in supplementary
material. Among the DEGs, maternal HFD induced alterations in 1598
and 893 genes in the placental transcriptome of males and females,
respectively (Fig. 4A). A total of 556 altered genes were shared between
these groups. We next used DAVID v6.8 to identify functionally related
gene groups and gain more biological insight using our gene lists. We
identified 51 significantly KEGG pathways altered by HFD exposure in
male placentas and 31 significantly KEGG pathways in female pla-
centas. Among these pathways, we observed 21 overlapping pathways,
including focal adhesion, ECM-receptor interaction, complement and
coagulation cascades, and PI3K-Akt signaling pathway (Fig. 4B and C).

3.5. Sex differences in the placental transcriptome

By further analysis of the DEGs between males and females, we
identified a total of 287 and 218 genes in males and females, respec-
tively, that reached a minimum two-fold difference between sexes in
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the control diet and HFD groups (Figure S1). Among them, a total of 23
genes were shared between groups. We observed one significant KEGG
pathway, cell adhesion molecules (CAMs), that was related to sex dif-
ferences in the control group, and one gene in this pathway, Selp (fold
change FC = 0.36), that is important in regulation of blood pressure
and metabolic syndrome [26,27]. In the HFD group, the KEGG pathway
for vitamin digestion and absorption was significantly associated with
sex differences (Figure S1), including Cubn (FC = 2.01), which is in-
volved in the catabolism of lipoproteins and vitamin B;, absorption in
intestine and kidney [28,29], and has an essential role in transport of
nutrients during embryogenesis [30].

We observed that dietary manipulation had a significant impact on
the placental transcriptomes regardless of sex, but that male placental
transcriptomes were more likely to be altered relative to female ones.
We further analyzed the DEGs with a focus on genes that were pre-
viously reported to be altered by maternal HFD, obesity and/or fetal
growth restriction, including the RAS [14,31], AMPK signaling [4,32],
mTOR signaling [4,7,33], and insulin signaling [34,35] pathways.
Among these genes, 16 DEGs (1 up- and 15 down-regulated) were
shared between both fetal sexes, and all exhibited the same trend in fold
changes (Table S2). In addition, Ins2 expression was significantly dif-
ferent between fetal sexes in HFD groups (FC = 2.6); Ins2 has been
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Fig. 3. Thickness and composition of placental layers. (A) Histological appearance of the placental layers in four groups at GD 21. (B) Mean percentage of total
thickness of the decidua, junctional zone and labyrinth zone in four groups. Control male (n = 6 litters), HFD male (n = 6 litters), control female (n = 5 litters), HFD
female (n = 4 litters) *p < 0.05 vs. control male, control female and HFD male group.

implicated in negative regulation of feeding behavior (G0O:2000252)
and hormone activity (GO:0005179).

3.6. Maternal HFD changes expression RAS and Ins2 in placenta

In both sexes, placental mRNA expression of Ren, Atp6ap2, Ace,
Ace2, and Agtrla was significantly increased in the HFD group com-
pared with the control group (Fig. 5). In addition, maternal HFD sig-
nificantly reduced placental Ins2 mRNA expression relative to both
male and female control groups. We also validated several transcripts
using qPCR in male and female placenta that were observed to change
significantly in the NGS dataset. Comparison of the expression results
obtained using two platforms revealed good correspondence for most
pairs (Figure S2).

4. Discussion

The aim of our study was to determine the effects of maternal HFD
on rat placental histology and gene expression in a sex-specific manner.
Our major findings are: (1) Maternal HFD increased the retroperitoneal
fat component and GPT level, coinciding with maternal insulin re-
sistance. (2) Both male and female pup weights from HFD dams were
reduced compared with the control group, consistently exhibiting
IUGR. (3) The weight of the placenta from the maternal HFD group was
also reduced in both sexes, but changes in placental layer distributions
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were only significant in females. (4) The phenomenon of HFD-induced
fetal growth restriction may be associated with a placental RAS acti-
vation programming effect. (5) Maternal HFD altered the placental
transcriptome in a sex-specific manner as demonstrated by 1598 and
893 DEGs in males and females, respectively. These results also sug-
gested that dietary manipulation had a greater impact on the placental
transcriptomes than did fetal sex, and the placenta from male fetuses
exhibited greater changes than the female placenta.

We found that fetuses of both sexes from HFD dams exhibited
growth restriction, consistent with our previous report [9]. Moreover,
placental histology revealed that junctional zone thickness was ex-
clusively increased in female placenta with a relatively reduced per-
centage of the labyrinth zone. The result was similar to results reported
by others [22,36]. Kim et al. reported that diet-induced maternal obe-
sity significantly decreased labyrinth thickness and cell proliferation in
mid-to late-gestation age [22]. This is likely to be significant because in
the rodent placenta, syncytiotrophoblast cells form the nutrient trans-
port surface within the labyrinth layer, which regulates maternal-fetal
nutrient and oxygen exchange [15]. However, the junctional zone,
composed of trophoblast giant and spongiotrophoblast cells, produces
several hormones and angiogenic factors [37] that regulate maternal
blood flow and hormone production [15,38]. The placenta is a vital
source of steroid hormones, and progesterone and estrogens are the
main hormones of pregnancy regulating insulin and glucose home-
ostasis, lipid profile, and appetite [39]. Maliqueo et al. reported that
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Fig. 4. Transcriptome profiling of rat placenta at GD 21 using next-generation sequencing (NGS) analysis. (A) Venn diagram depicting unique and shared sets of DEGs
of HFD vs. control diet between male (white circle) and female placenta (grey circle). (B) Histogram presentation of the 51 KEGG functional annotations for the DEGs
in male HFD/Control. (C) Histogram presentation of the 31 KEGG functional annotations for the DEGs in female HFD/Control.

obesity during pregnancy altered the maternal serum progesterone and expression was significantly altered in the HFD group with fetal sex
testosterone concentrations depending on fetal sex [40]. Our data also differences. Ins2 encodes insulin that plays a critical role in the reg-
found that HFD altered female placental transcriptomes involved in ulation of carbohydrate and lipid metabolism. Therefore, we postulate
ovarian steroidogenesis (Fig. 4C), negative regulation of feeding be- that our observations of fetal sex-related increasing placental junctional

havior (GO:2000252), and hormone activity (GO:0005179). Ins2 zone thickness and alteration of Ins2 gene expression can be attributed

49



Y.-J. Lin, et al.

COMPLEMENT AND COAGULATION CASCADES
ECM-RECEPTOR INTERACTION

FOCAL ADHESION

PI3K-AKT SIGNALING PATHWAY

RENIN SECRETION

TNF SIGNALING PATHWAY

VITAMIN DIGESTION AND ABSORPTION
TRANSCRIPTIONAL MISREGULATION IN CANCER
LYSINE DEGRADATION

CHAGAS DISEASE (AMERICAN TRYPANOSOMIASIS)
CYTOKINE-CYTOKINE RECEPTOR INTERACTION
REGULATION OF ACTIN CYTOSKELETON

AMPK SIGNALING PATHWAY

SMALL CELL LUNG CANCER

CHEMOKINE SIGNALING PATHWAY
AMOEBIASIS

PHOSPHATIDYLINOSITOL SIGNALING SYSTEM
MICRORNAS IN CANCER

GLYCEROLIPID METABOLISM

MALARIA

MATURITY ONSET DIABETES OF THE YOUNG
FOXO SIGNALING PATHWAY

RHEUMATOID ARTHRITIS

PATHWAYS IN CANCER

PRION DISEASES

TOLL-LIKE RECEPTOR SIGNALING PATHWAY
CHRONIC MYELOID LEUKEMIA

PHAGOSOME

CHOLINE METABOLISM IN CANCER

OVARIAN STEROIDOGENESIS

PROTEOGLYCANS IN CANCER

Placenta 78 (2019) 44-53

B Shared pathway (21)
B Unique female HFD/Control (10)

0 10

20

30

Number o f genes

Fig. 4. (continued)

to sex-specific placental steroid hormones-gene-diet interactions.

Higher number of male placental DEGs were altered than female
placental DEGs. Since the KEGG pathway of vitamin digestion and
absorption is involved in lipid and vitamin B; 5 transport and absorption
during embryogenesis, our data suggest that diet manipulation alters
placental morphology and transcriptome via multiple mechanisms. The
placenta is a transient organ that serves as a buffer system to maintain
optimal nutrient status and oxygenation to the fetus, so our data po-
tentially suggest that the female placenta exhibited a reduced ability to
adapt to the poor intrauterine environment caused by maternal HFD.
This is consistent with our observation of fewer changes in female
placental gene expression relative to those of male fetuses. In other
words, the male placenta is more sensitive to in utero perturbations;
however, whether the consequences of these changes in placenta are
protective or adverse remains unknown. Although it is possible that the
male placenta has a relatively greater ability to restore the normal
placental layer distribution, this remains to be determined. Further
placental zonal specific gene expression study is likely to elucidate the
impacts of sex differences in response to maternal HFD.

The uteroplacental RAS is one of the major extrarenal RAS in
pregnancy, and a functional local RAS is critical for the regulation of
uteroplacental blood flow, prostaglandin synthesis, and estradiol se-
cretion [11,41]. Several reports have associated disturbances of the
uteroplacental RAS with IUGR and preeclampsia [42,43]. Shibata et al.
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reported that activation of the angiotensin II type 1 receptor (AT1-R) by
angiotensin II reduced the expression of the placental system A amino
acid transporter, which may contribute to IUGR [14]. In addition, life-
long HFD or maternal obesity has been associated with abnormal pla-
cental vasculature [44,45], altered trophoblast invasion [46], and local
placental inflammation [22,47]. From our NGS/whole genome se-
quencing data, we found two downregulated DEGs in the HFD group in
both fetal sexes, Agt and Rapgef1, that have been related to blood vessel
development (GO:0001568). We found that maternal HFD altered RAS
in placenta by increasing mRNA expression of Ren, Atp6ap2, Ace, and
Agtrla via the ACE/ANGII/ATIR axis. This finding is consistent with
previous reports and suggests that disturbances of fetoplacental RAS by
maternal HFD exposure may cause poor vascularization of the placenta
and placental dysfunction, in turn compromising fetal growth.

We observed that maternal HFD resulted in excess maternal fat
deposition, increased GPT levels, and an increased glucose AUC value
in IPGTT and ITT, which reduced insulin sensitivity. Abnormal liver
function has been associated with insulin resistance and nonalcoholic
fatty liver disease [48], and this could be a risk factor for metabolic
syndrome [49]. Our data are consistent with maternal HFD alteration of
several placental transcriptomes involved in glucose metabolism, in-
cluding the PI3K-Akt and insulin signaling pathways, which regulate
glucose metabolism.

HFD has often been used to promote obesity in rodents; however,
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Fig. 5. Effects of maternal high-fat diet on mRNA levels of (A-F) RAS and (G) Ins2 genes in placentas from male and female fetuses. The bar graphs present the two-

way ANOVA results using maternal diet and fetal sex as two factors. N (pups/L) = 10-17/4-6 per group; *p < 0.05, **p < 0.01,

some researchers did not identify significant differences in body weight
with HFD [50]. Our data showed IUGR from HFD dams and a similar
fetal restriction outcome was reported by Sasson et al. [51], which was
related to vasculogenesis and lipid metabolism. Our previous study
demonstrated that maternal HFD altered female offspring ster-
oidogenesis and coincided with upregulation of the imprinted gene Igf2
[52]. We subjected dams to HFD for 10 weeks prior to breeding and
observed that maternal insulin resistance and increased fat mass were
induced. Therefore, our study is a model to test the impacts of chronic
maternal HFD, rather than acute effects of maternal HFD. This dis-
crepancy may be explained by the different study period lengths, ma-
ternal phenotypes, and programming impacts on the reproductive
profile.

In conclusion, the placenta reacts and adapts to maternal HFD in a
sex-specific manner by altering placental layer distribution and gene
expression. Male placentas in the late gestational period are thought to
exhibit plasticity under the adverse maternal conditions induced by

51

*p < 0.001 vs. control male.

HFD; however, we observed that the both sexes had similar growth
restrictions in late gestation. The effect of IUGR may be associated with
placental RAS activation in both sexes. In summary, this study provides
a greater understanding of the role of the placenta and contributes to
the identification of relevant pathways in a maternal HFD model.
However, the long-term deleterious consequences of maternal HFD in
male and female offspring in adult life require further study to clarify
the effects of postnatal insults.
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