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Abstract

Intrauterine growth restriction (IUGR) affects up to 10% of pregnancies and often results in short- 

and long- term sequelae for offspring. The mechanisms underlying IUGR are poorly understood, 

but it is known that healthy placentation is essential for nutrient provision to fuel fetal growth, and 

is regulated by immunologic inputs. We hypothesized that in pregnancy, maternal food restriction 

(FR) resulting in IUGR would decrease the overall immunotolerant milieu in the placenta, leading 

to increased cellular stress and death. Our specific objectives were to evaluate: (1) key cytokines 

(e.g. IL10) that regulate maternal-fetal tolerance, (2) cellular processes (autophagy and ER stress) 

that are immunologically-mediated and important for cellular survival and functioning, and (3) 

evaluate the resulting IUGR phenotype and placental histopathology. After subjecting pregnant 

mice to mild and moderate FR from gestational day (GD) 10 to 19, we collected placentas and 

embryos at GD19. We examined RNA sequencing data to identify immunologic pathways affected 

in IUGR-associated placentas and validated mRNA expression changes of genes important in 

cellular integrity. We also evaluated histopathologic changes in vascular and trophoblastic 

structures as well as protein expression changes in autophagy, ER stress, and apoptosis in the 
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mouse placentas. Several differentially expressed genes were identified in FR compared to control 

mice, including a considerable subset that regulates immune tolerance, inflammation and cellular 

integrity. In summary, maternal food restriction decreases anti-inflammatory effect of IL10 and 

suppresses placental autophagic and ER stress responses, despite evidence of dysregulated 

vascular and trophoblast structures leading to IUGR.
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1. Introduction

Intrauterine growth restriction (IUGR) is a poorly understood complication of pregnancy, 

affecting up to 10% of pregnancies. As the causes of IUGR are myriad, IUGR is thought to 

encompass a broad spectrum of diseases that results from poor nutrient provision to the 

fetus. This adverse intrauterine environment may, in some cases, result from disordered 

placentation or poor maternal health and nutrition [1,2]. It is critical to understand the 

contribution of maternal diet towards the pathophysiology of IUGR, as IUGR not only 

places offspring of these pregnancies at increased risk of short-term morbidity, but also at 

increased risk for adult-onset cardiovascular and metabolic diseases [3-6].

The placenta plays an important role in IUGR as it is the essential organ for transportation of 

nutrients from maternal blood to the fetus. Studies of placental gene expression have shown 

that the placenta is able to sense and respond to changes in the immediate environment (e.g. 

maternal diet) in ways that directly alter the transport of nutrients to the fetus [7-9]. The 

transfer of nutrients is largely mediated by blood flow and transcellular transport, via 

placental vasculature and across trophoblast cells. The reported placental changes seen in 

human IUGR include a degenerated syncytiotrophoblastic lining, fibrin deposition, 

hypovascular/avascular villi and large areas of infarction [10]. These findings likely 

represent changes that occur in response to longstanding nutrient and oxygen insufficiency 

in IUGR. These changes further exacerbate poor blood flow to the fetus, resulting in poor in-

utero growth of the fetus.

The development and maintenance of placental structure and cellular function are dependent 

upon immune modulation with several pathways communicating to allow immune tolerance 

at the maternal-fetal interface. A growing body of evidence suggests that pathology in 

pregnancy disorders such as preeclampsia, recurrent miscarriage and IUGR can be related to 

altered immune tolerance. Interleukin-10 (IL10), an anti-inflammatory cytokine, is a key 

immunologic signal that is altered in these pregnancy states. It normally acts as an anti-

inflammatory pleiotropic regulator in pregnancy via suppression of inflammatory cytokines, 

inhibition of antigen expression via major histocompatibility complex (MHC) class II 

expression, protection against vascular dysfunction and inflammation, and modulation of 

endoplasmic reticulum (ER) stress and autophagy [11] (Figure 1).

Our specific research objectives were to ascertain the effect of maternal food restriction 

resulting in placental insufficiency and IUGR on key cytokines in pregnancy affecting 
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immune tolerance, e.g. IL10, and on downstream immunologic pathways regulating cellular 

maintenance, e.g. autophagy and ER stress. As autophagy and ER stress are processes that 

are essential for cellular functioning in the face of pathologic stimuli such as nutrient 

deprivation and hypoxia, we hypothesized that maternal food restriction during pregnancy 

would result in IUGR and concomitantly decrease “anti-inflammatory” signaling in the 

placenta and increase cellular stress and death via alterations in autophagy and ER stress. To 

do this, we exposed pregnant mice to varying degrees (25% and 50% restriction of daily 

food intake, by weight) of maternal food restriction (FR) during the second half of gestation, 

and assessed the effect of maternal FR on placenta and embryo weight. FR during 

gestational days (GD) 10-19 was chosen to mimic the chronicity of human IUGR, which 

more commonly manifests in the second half of pregnancy. This time period was also chosen 

because placental function and gene expression dramatically affect fetal growth patterns 

during this portion of pregnancy. To initially undertake a global approach, we analyzed RNA 

sequencing data generated from whole placental samples to identify key genes involved in 

immunomodulatory pathways that were affected in our animal model of IUGR. We 

identified candidate genes not previously characterized in placental pathology per se, but 

known to be important in autophagy, ER stress, and vascular inflammation in other human 

diseases. We then validated altered mRNA expression of these specific genes by real time 

PCR. We employed a combination of western immunoblotting as well as 

immunohistochemistry to evaluate whether tissue-level and/or protein expression of IL10 

and markers of autophagy and ER stress pathways reflected the same directional changes as 

seen in the transcriptomic changes in these placentas. We also examined the placentas for 

histopathologic findings consistent with IUGR, and to localize associated degenerative 

changes that we would expect to see with altered autophagy and ER stress pathways. Taken 

together, these experiments further our understanding of how maternal diet specifically 

affects the immunologic milieu at the maternal-fetal interface and the cellular health of key 

placental structures for nutrient provision to the fetus.

2. Methods and materials

This study was conducted in accordance with established guidelines and all protocols [12] 

were approved by the Animal Research Committee of the University of California Los 

Angeles in accordance with the guidelines set by the National Institutes of Health. C57/BL6 

mice were housed in 12:12 hour light-dark cycles with ad libitum access to a standard rodent 

chow diet (Pico Lab Rodent Diet 20, cat# 5053, Lab Diet, St. Louis, MO; major ingredients 

included: ground corn, soybean meal, wheat middlings, whole wheat, fish meal, dried beet 

pulp, wheat germ, cane molasses, brewers dried yeast, ground oats, dehydrated alfalfa meal, 

soybean oil, whey, and calcium carbonate), and the vitamin and mineral premixes. The 

macronutrient content of the diet was comprised of the following: carbohydrate (62.3% 

energy), protein (24.5% energy), and fat (13.1 % energy).

2.1. Placental samples

At 8 weeks of age, male and female mice were mated overnight, and pregnant mice were 

identified by the presence of a vaginal plug (designed as gestational day 1). Pregnant 

females were transferred to individual cages and reared on the same chow diet ad libitum 
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until gestational day 10, at which point they were randomly assigned to three groups: 1) 

control group - ad libitum access to the standard rodent diet, 2) mild restriction group – 

restricted by 25% of their daily intake from gestational day 10 to 19, and 3) moderate 

restriction group – restricted by 50% of their daily intake from gestational day 10 to 19, as 

previously described (n=4-5 pregnant mothers/group) [7]. On GD 19, animals were 

euthanized by intraperitoneal injection of 100 mg/kg of phenobarbital. The placentas were 

separated from the respective fetuses and collected (n=20-25/group). The placentas and 

fetuses were weighed in a Mettler AB104 precision balance (0.01 mg sensitivity), and then 

immediately snap-frozen and stored at -80°C until further analysis. In some cases, placentas 

were fixed in paraffin and then processed for immunohistochemical staining, as described 

below (section 2.6).

2.2. RNA sequencing

For this analysis, only two groups were considered. Whole placental samples were obtained 

from control and 50% FR groups (n=5/group). Briefly, tissue from single placentas was 

homogenized and RNA extracted as previously described [7]. Total RNA was quantified 

using the Qubit RNA assay (Thermofisher Scientific, Waltham, MA). 1,000ng of total RNA 

was used as starting material for each sample. Library preparation was performed using the 

Illumina TruSeq RNA Sample Preparation kit, according to the manufacturer's instructions. 

Libraries were run using 50-bp single-end reads on the HiSeq2000 System (Illumina), and 

reads were mapped with TopHat, which keeps unique alignments and those with up to two 

mismatches [13]. The quality of alignments was checked with FastQC and the resulting file 

was processed through the HTSeq program to create a gene matrix as input for downstream 

analysis. DESeq [14] was used to calculate differential expression, generating Reads Per 

Kilobase per Million mapped reads (RPKM) per gene [7].

2.3. Library analysis

Genes were considered differentially expressed between control and the 50% FR group if 

differentially methylated regions (DMR) located close to those genes had significantly 

different mean expression levels as determined by Student's t-test, p<0.05. Details on 

determination of mean methylation levels are included in section 2.3.1 below. Pathway 

analysis was then conducted to identify genes that were involved in functional 

immunomodulatory pathways. Specifically, genes previously identified as important in 

inflammatory, immunologic, vascular, autophagy, or ER stress pathways in human disease 

were selected for further validation.

2.3.1. Statistical analysis methods used in RNA sequencing and library 
analysis—For each CG site, a t-score was calculated from the t-test of mean difference 

between the two groups of comparison. Sites with an absolute t-score greater than or equal 

to 1.5 (approximately top 10%) were deemed candidate DMRs. For each candidate DMR, z-

score of average t-score from all CG sites within the region was calculated. If the absolute z-

score was greater than threshold, as calculated based upon the false discovery rate of <5% 

[7], and mean methylation levels in the two groups differed by at least 15%, the region was 

considered a DMR. Genes that overlapped or had transcription start sites within 5Kbp of the 

DMR were considered associated genes to the DMR of interest. Genes were considered 
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differentially expressed between control and the 50% FR group if differentially methylated 

regions (DMR) associated with those genes had mean expression levels that were 

significantly different between the two groups, by Student's t-test, with unadjusted p-

value<0.05. Log2 ratios and adjusted p-values using Bonferroni correction were also 

calculated. False discovery rate for p value cutoffs was <5% [7].

2.4. qRT-PCR

Total cellular RNA was isolated using the RNeasy mini kit (Qiagen, Valencia, CA. USA). 

cDNA was generated from 1 μg of total RNA from placental tissue (n=6/group) by reverse 

transcription (RT) using a Superscript III Reverse Transcriptase kit (Invitrogen, San Diego, 

CA). Amplification was performed in triplicate using Taqman-based detection on a Step One 

real-time quantitative PCR thermocycler (Applied Biosystems), as previously described 

[12]. For IL-10, the IL-10 Taqman Gene expression Assay Mm01288386_m1 was used 

according to the manufacturer's instructions (Applied Biosystems). For all other genes of 

interest, a Fam/Tamra probe was used (Eurofins, MWG Operon). Relative gene expression 

was calculated using the comparative CT method [15] with 18S (Applied Biosystems, 

#4319413E) expression used as the internal control for normalization. The amplification 

cycles consisted of: 50°C for 2 minutes, 95°C for 20 seconds, then 45 cycles of 95°C for 1 

second (denaturation) and 56-59°C for 20 seconds (annealing), followed by 72°C for 5 

minutes (extension). Specific annealing temperatures, exon-spanning primers for 

amplification, and probe sequences for detection are provided in Table 1.

2.5. Western blotting

BAX (Bcl-2 associated X protein) and BCL2 (B-cell lymphoma 2) protein detection was 

undertaken to evaluate for changes in apoptosis in whole placental samples. BIP (Binding 

immunoglobulin protein) detection was undertaken by Western blot analysis to evaluate 

overall ER stress in whole placental samples. Briefly, tissue homogenates from whole 

placental samples were solubilized in 50mM Tris, pH 6.8, containing 2% SDS. Protein 

concentration was determined by using the Bio-Rad dye-binding assay. Western blotting was 

performed as described previously (n=9/group) [16]. Briefly, the solubilized protein 

homogenates (20 μg) were subjected to electrophoresis on 10% SDS-polyacrylamide gels 

and transferred to nitrocellulose membranes (Transblot; Bio-Rad, Hercules, CA). The 

following primary antibodies were used for signal detection: BAX antibody (Cell Signaling 

Technology, 1:750 dilution), BCL2 antibody (Cell Signaling Technology, 1:750 dilution), 

and BIP antibody (Cell Signaling Technology, 1:1000 dilution). Anti-vinculin antibody 

(Sigma-Aldrich, St. Louis, MO, 1:7000) was used to detect endogenous vinculin, which 

served as an internal control for inter-lane loading variability [17]. For all bands, resultant 

optical density was ensured as linear to the loading protein concentrations, and the intensity 

of the protein bands was assessed by densitometry using the Scion Image software program 

[16].

2.6. Immunohistochemistry

Immunohistochemistry for detection of IL10, markers of autophagy (LC3B, a ubiquitin-like 

protein involved in the ATG-8-conjugation system, necessary for the formation of the 

autophagosome), vasculature (CD34+ endothelial cells), and trophoblast cells (cytokeratin 
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staining) was performed. All tissues were rinsed in PBS, fixed in cold 10% neutral buffered 

formalin for 24 hours and then transferred to cold 70% ethanol. Samples were embedded in 

paraffin and sectioned at 5 μm thickness. A single section from each placenta was stained 

with hematoxylin and eosin by the Tissue Procurement Core Laboratory (TPCL) at UCLA. 

Samples were deparaffinized and dehydrated in alcohol. Antigen retrieval was performed 

using 0.1 M citrate, pH 6.0, at 95°C for 20 min. The slides were then incubated with 

antibody or control rabbit pre-immune serum at the same dilution overnight. The antibody 

signal was visualized using the Vectastain ABC kit (Vector, PK6101). Negative controls (no 

incubation with primary antibody) were included for each experiment. Anti-IL10 (Abcam, 

ab33471) was used at a dilution of 1:100; anti-CD34 (Abcam, ab81289) was used at a 

dilution of 1:100; pan cytokeratin (DAKO, Z0622) was used at a dilution of 1:50; LC3B 

(Abcam, ab168831) was used at a dilution of 1:50. Antibody staining was detected using the 

appropriate species Vector ABC kit (Vector Laboratories, PK6106) followed by the DAB 

substrate [18].

Image Calibration: Staining was captured using a 4×, 10×, 20× or 40× objective (×40 or 

×100 or ×200 or ×400 magnification) from at least four non-overlapping microscopic fields 

by an AxioCam CCD digital camera (Carl Zeiss). Files were saved in a 12-bit tagged image 

file format (.tif). To perform area analysis, unmodified, uncompressed. tif image files of 

staining were accessed in Photoshop as previously described [19].

2.6.1. Statistical analysis of immunohistochemistry data—We conducted 

quantitative analysis of vasculature using ImageJ software. The observer was blinded to 

experimental group, and using systematic random sampling, at least three non-overlapping 

regions within the labyrinthine layer from each placental section (40× magnification images) 

were analyzed. Control, 25% FR, and 50% placentas (n=8/group) were evaluated and 

standardized for equal pixel size. For vascular quantification, CD34 positively stained cells 

were identified and contiguous positively stained cells were marked to create an outline of 

the vascular area. Region of interest analysis was conducted to calculate the summative area 

of positively outlined areas per region.

Because of the pattern of distribution of positive staining, semi-quantitative analysis of IL10 

(n=4-7/group) and trophoblast staining (n=8/group) was conducted by a pathologist blinded 

to phenotypic information. Staining was quantified by grading the overall positive staining 

of cells with intensities of 0 to 4 akin to a Likert scale (0=below the level of detection, 

1=weak, 2=mild, 3=moderate, 4=strong) [20].

Quantitative analysis of LC3B staining was performed by counting the number of positively- 

and non-staining spongiotrophoblast cells per region of interest, located in the junctional 

zone. All cell counts were completed in triplicate on randomly selected fields (taken at 40×) 

per placental section and average cell counts calculated for each mouse placenta (n=3-4/

group).

2.7. Statistical Analyses

All statistical analyses were conducted in GraphPad Prism software (version 5, GraphPad 

Software Inc., La Jolla, CA) and data are presented as means ± SEM. Significant differences 
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between three groups were analyzed using one-way analysis of variance (ANOVA) with 

Fisher's LSD, unless otherwise indicated (for qRT-PCR and western blotting studies). Post-

hoc Tukey's multiple comparison testing was used to determine significant differences in 

pairwise comparisons. When comparisons were made between two groups only, Student's t-

test was performed. All p-values are reported as 2-tailed with statistical significance set at 

<0.05 for all comparisons. Sample sizes were based upon previously published data 

evaluating placental gene expression using this murine model of maternal FR resulting in 

IUGR [7]. Power analyses conducted using gene expression data (by qRT-PCR) from that 

study, which showed mean relative expression=1.0 with SD=0.1, indicate that 5-8 animals 

per experimental group was sufficient to detect a 25-35% change in gene expression from 

the control group. These sample sizes achieve 89% power to detect a difference of at least 

25-35% using the Hsu (with Best) multiple comparison test at a 0.05 overall significance 

level.

3. Results

3.1 Placenta and embryo weight

Compared to controls (n=20), 25% FR mice (n=25) did not demonstrate a decrease in 

placental weight. However, 50% FR mice (n=21) demonstrated a significant (p<0.01) 

decrease in placental weight compared to control and 25% FR mice (control: 0.08±0.002g 

versus 25% FR: 0.08±0.002g versus 50% FR: 0.06±0.002g). The 50% FR mice displayed a 

29% decrease in placental weight compared to the control and a 31% reduction compared to 

the 25% FR mice. Both the 25% FR mice and 50% FR mice showed a significant (p<0.01) 

decrease in embryo weight compared to controls (25% FR: 42% decrease; 50% FR: 48% 

decrease) (control: 1.16±0.02g versus 25% FR: 0.67±0.01g versus 50% FR: 0.61±0.03g). 

There was no significant difference in embryo weight between 25% and 50% FR mice.

3.2 RNA sequencing pathway analysis in placental tissue

There were almost 700 genes that were differentially expressed between 50% FR and 

control groups, as previously reported [7]. Approximately 15% of these genes have unknown 

clinical significance in human physiology or disease. Of the remainder, approximately 7% of 

the genes that had differential RNA expression in the 50% FR group compared to controls 

have been associated with immunologic function, vascular and endothelial maintenance, 

inflammation, autophagy, or ER stress (Table 2).

3.3 qRT-PCR

In order to extend the results found by RNA sequencing to the 25% FR group, we utilized 

qRT-PCR to determine gene expression in all groups, with a focus on genes involved in 

autophagy, ER stress and inflammation in human disease. We validated differences in 

expression between control, 25% FR and 50% FR groups (n=6/group) for three genes 

involved in autophagy, Dram1 (control: 1.009±0.059 versus 25% FR: 0.816±0.094 versus 

50% FR: 0.301±0.062; p<0.001), Fbxo32 (control: 1.010±0.062 versus 25% FR: 

0.708±0.046 versus 50% FR: 0.305±0.046; p<0.001), and Scd1 (control: 1.012±0.067 versus 

25%FR: 0.851÷0.114 versus 50% FR: 0.581±0.048; p<0.006). Three genes which are 

known to be functionally important in the endoplasmic reticulum (ER) stress response, 
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Pdia4, Creld2, and Derl3 were also significantly differentially expressed between groups 

(control: 1.014±0.075 versus 25% FR: 0.955±0.038 versus 50% FR: 0.493±0.038; 

p<0.0001), (control: 1.009±0.057 versus 25% FR: 0.885±0.054 versus 50% FR: 

0.738±0.089; p<0.04), (control: 1.007±0.073 versus 25% FR: 0.746±0.078 versus 50% FR: 

0.479±0.091; p<0.001), respectively. Lastly, two genes involved in vascular inflammation 

were found to be differentially expressed, Map3k6 (control: 1.030±0.084 versus 25% FR: 

1.697±0.120 versus 50% FR: 2.000±0.305; p<0.02) and C1qa (control: 1.022±0.088 versus 

25% FR: 0.804±0.096 versus 50% FR: 0.459±0.059; p<0.0008) (Fig 2). In addition, given 

the key anti-inflammatory role of IL10 in pregnancy, we quantitated its expression and found 

that Il10 levels in whole placenta decreased in FR compared to control groups (control: 

1.113±0.214 versus 25% FR: 0.328±0.058 versus 50% FR: 0.320±0.072; p<0.001).

3.4 Western immunoblotting

Our results above suggested that FR results in alterations to autophagy and ER stress 

pathways. To translate these differences, BAX, BCL2, and BIP protein expression were 

assessed by Western blot analysis. There was no significant difference in BAX (p=0.19) or 

BCL2 (p=0.46) protein expression among groups (Fig 3A,3B). However, BIP expression 

was down regulated in FR groups (control: 97.62±5.94 versus 25% FR: 77.46±4.71 versus 

50% FR: 69.21±4.60; p=0.0016) (Fig 3C). As a marker of generalized ER stress, this 

observation is consistent with our qPCR findings of decreasing ER stress with increasing 

severity of food restriction.

3.5 Placental histopathology

Histopathology was undertaken to evaluate for differences in placental structures among 

groups. No appreciable differences were seen between groups in the overall architectural 

organization of the placenta as visualized by H&E staining (Fig 4).

IL10 and LC3B immunostaining was performed to evaluate for protein-level expression of 

inflammatory markers and bulk autophagy. Positive staining for IL10 was seen 

predominantly within the junctional zone of the placenta (Fig 5A), and overall positive 

staining for IL10 was decreased with increasing degrees of food restriction (control: 

3.60±0.24 versus 25%FR: 1.75±0.25 versus 50% FR: 1.25±0.25; p<0.0001) (Fig 5B). 

Similarly, positive staining for LC3B was seen predominantly within the junctional zone, 

and detected in mostly spongiotrophoblast cells, though occasionally seen in giant 

trophoblast cells (Fig 5C). Overall numbers of spongiotrophoblasts and giant cell 

trophoblasts (determined by morphology) were not different between groups (p=0.38 and 

p=0.81, respectively). Average number of LC3B-positively staining spongiotrophoblast cells 

per section (using region of interest analysis) was significantly different between groups 

(control: 13.44±2.39 versus 25% FR: 4.89±0.29 versus 50% FR: 5.17±1.18, p=0.0087) (Fig 

3D).

Evaluation of vascular and trophoblast structures was specifically undertaken, as these 

structures are essential for nutrient provision from the mother to the fetus. Within the 

labyrinthine area, FR mice showed a graded decrease in vasculature with increasing severity 

of FR, as analyzed by CD34 immunohistochemical analysis (Fig 6A). When summative area 
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of vasculature per region of interest was compared, there was a significant decrease in both 

FR groups compared to controls (control: 35264±3530 versus 25% FR: 23224±1623 versus 

50% FR: 20156±2193; p<0.01) (Fig 6B). Overall trophoblast integrity was altered in the FR 

mice, as demonstrated by pan cytokeratin immunohistochemistry staining (Fig 6C). Sections 

were graded 0 to 4+ on overall positivity of staining, and there was a significant difference 

between groups (control: 3.125±0.125 versus 25% FR: 2.000±0.267 versus 50% FR: 

1.500±0.267; p<0.01) (Fig 6D). Qualitative review revealed degenerative changes of the 

cytokeratin-positively staining structures with a decreased percentage of positively stained 

cells overall in FR groups compared to control.

4. Discussion

Our animal study demonstrates that maternal nutrient deprivation during pregnancy affects 

the immunologic milieu in the placenta, specifically affecting both gene and protein 

expression of IL10 and associated cellular stress responses to nutrient deprivation via 

autophagy and ER stress. Our findings are consistent with our hypothesis that IL10 

expression is decreased in maternal food-restricted placentas. These findings are in line with 

human data showing that placental insufficiency uniformly seen in various disorders of 

pregnancy such as recurrent miscarriages, preeclampsia, and/or intrauterine growth 

restriction may be due to disordered immune tolerance and/or dysregulation of IL10 

[11,21-23].

IL10 is a known key anti-inflammatory cytokine in pregnancy, but has been shown in other 

inflammatory human disease to also regulate autophagic and ER stress responses. In our 

model, we provide evidence that bulk measures of autophagy and ER stress are suppressed 

at the junctional zone of the murine placenta in conditions of maternal food restriction. 

These findings are contradictory to our hypothesis that IL10 reduction leads to increased 

cellular death via autophagy and ER stress. Instead, these findings suggest that placental cell 

populations adapt to chronic nutrient restriction by decreasing cellular autophagic and ER 

stress responses in order to continue to function and survive to provide nutrients and blood 

flow to the growing fetus. We identified, by RNA sequencing and pathway analysis, novel 

genes important in these cell homeostasis regulatory pathways that are differentially affected 

by maternal food restriction. However, the suppression of autophagy, ER stress, and anti-

inflammatory signals localized largely to the junctional zone in maternal FR-associated 

placentas does not adequately compensate for dysregulation of vascular and trophoblast 

structures within the murine labyrinth.

Autophagy is the process by which damaged organelles and protein aggregates are engulfed 

into autophagosomes, fused with lysosomes and degraded by hydrolases. This process is 

essential for cell survival and regulation of energy and nutrient homeostasis. Therefore, we 

had hypothesized that in our model of maternal food restriction and intrauterine growth 

restriction, markers of autophagy would be increased. However, we found the opposite – that 

bulk measures of autophagy are decreased. These contradictory findings are in line with the 

existing debate on whether placental insufficiency leads to induction or suppression of 

autophagy as some groups have shown that up-regulation of autophagy is associated with 

fetal growth restriction and preeclampsia [24-26]. It is generally accepted that both in vivo 
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and in vitro, starvation conditions activate autophagy. However, these responses are highly 

tissue-specific, and modulated by multiple and complex input signals. The placenta is a 

unique organ that is responsible for sustenance of the growing fetus, often at the expense of 

maternal well-being, and therefore, may regulate autophagic processes differently in 

response to nutrient deprivation.

Our results in placentas associated with FR overall suggest that bulk autophagy is decreased, 

especially in the junctional zone of the murine placenta. We believe that this seemingly 

contradictory finding may reflect the function of certain autophagy genes to inhibit 

inflammation, as seen in tissue-specific knock-out animal models of autophagy genes 

resulting in wide spread tissue over-inflammation [27,28]. In fact, in in vivo cancer models, 

autophagy inhibition has been demonstrated to favor immunosuppression, leading to 

increased tumor aggressiveness [29]. If this is also true in pregnancy at the maternal-fetal 

interface, our results suggests that the autophagic suppression seen in the FR-associated 

placentas may represent a compensatory mechanism to maintain pregnancy in the face of a 

pro-inflammatory environment.

By RNA sequencing, we identified a number of autophagic genes that may be suppressed in 

IUGR induced by maternal food restriction. For example, Dram1, or DNA-damage regulated 

autophagy modulator 1, is a gene regulated as part of the p53 tumor suppressor pathway that 

encodes a lysosomal membrane protein required for the induction of autophagy via this 

pathway. In our murine FR-associated placentas, Dram1 expression was significantly 

decreased compared to controls implying suppressed autophagy via this pathway. This is in 

contrast to reports by Hung et al, who found increased levels of DRAM in human IUGR 

placentas [24]. Fbxo32, or F box protein 32 (also known as atrogin-1), deficiency in a 

knock-out animal model has been associated with premature death of cardiomyocytes via 

impaired autophagy [30]. In our model, FR led to decreased production of Fbxo32, perhaps 

affecting autophagy-induced cell death. Scd1, stearoyl-CoA desaturase 1, is a key player in 

fatty acid biosynthesis. Therefore, its reduction in our FR groups may simply represent poor 

maternal nutrient supply. However, inhibition of Scd1 has been shown to reduce starvation-

induced autophagy [31]. Therefore, the reduced levels of Scd1 seen in FR groups may 

reflect compensation in these placentas to reduce the induction of autophagy by starvation.

ER stress is the disruption of protein folding in the endoplasmic reticulum, resulting in the 

accumulation of misfolded proteins within the ER. This pathologic process results from 

disturbances such as ER calcium depletion, nutrient deprivation, oxidative stress, DNA 

damage, or energy perturbation. When ER stress is persistent and excessive, the unfolded 

protein response (UPR) initiates apoptosis to eliminate stressed cells and also activates NF-

κB and the inflammasome. ER stress has been implicated as a contributor to pathology in 

human intrauterine growth restriction, likely due to deficient placental perfusion inducing 

oxidative stress [32-35]. Again, our findings are contradictory to our hypothesis that ER 

stress increases in the nutritionally inadequate environment of IUGR. In our study, overall 

protein expression of BIP decreases with increasing severity of maternal FR, with no change 

in apoptotic markers between groups. This finding may again be related to the unique ability 

of the placenta to immunologically mediate stress responses in order to maintain cellular 

viability and function to protect and provide for the developing fetus.
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IL10 has been found to modulate ER stress in other inflammatory disorders [36-37], but its 

role in placental ER stress has not been defined. By RNA sequencing, we have discovered 3 

novel markers of ER stress that are differentially expressed in placentas of food-restricted 

mothers. We demonstrate decreased levels of Pdia4 (also known as ERP72), a mediator of 

the unfolded protein response, in FR groups compared to control mice. We also 

demonstrated decreased levels of Creld2, a stress-inducible gene that may regulate the ER 

stress response and progression. Mutations in promoter sites of this gene result in decreased 

basal activity and responsiveness to ER stress stimuli using luciferase reporter analyses [38]. 

Lastly, Derl3 was found to have decreased expression in FR placentas. Derl3 encodes an 

important component of ER-associated degradation. In vitro studies have demonstrated that 

overexpression of this gene enhances ER stress responses and promotes cellular survival, 

whereas decreased expression decreases ER response but increased cell death in response to 

ischemia [39]. Taken together, the decreased expression of these 3 genes would result in 

decreased functional ER stress activity in the face of nutritional deprivation.

Lastly, the protective effects of IL10 on vascular function and inflammation have been 

observed both in pregnancy models and non- pregnancy states [22-23]. IL10 knockout mice 

have been shown to exhibit impaired spiral artery remodeling and poor placental 

angiogenesis, resulting in IUGR, when exposed to environmental toxins. Treatment with 

recombinant IL10 rescues the pregnancy, seemingly via restoration of endovascular activity 

[40]. Outside of pregnancy, IL10 has also been implicated as a mediator of vascular 

protection in hypertension, diabetes and atherosclerosis [41-43]. Therefore, one interesting 

consequence of disordered IL10 seen in adverse pregnancy outcomes is that it may be 

involved in vascular remodeling seen in placental insufficiency and the developmental 

programming of cardiovascular disease seen in the offspring of pregnancies complicated by 

IUGR, preeclampsia, or prematurity. An interesting candidate gene that was greatly 

increased in FR placentas is Map3k6 (mitogen-activated protein 3 kinase 6), which mediates 

angiogenic and tumorigenic effects via VEGF expression [44]. Again, this increase may 

represent an attempt at compensation for poor placental vascularization secondary to 

nutritional restriction-induced remodeling, as is evident by our immunohistochemical 

staining for CD34+ endothelial cells. We also demonstrated decreased levels of C1qa, a 

polypeptide chain of complement subcomponent C1q. Complement C1q-induced activation 

of β-catenin signaling has recently been shown to contribute to hypertensive arterial 

remodeling [45]. Contrary to our expectations, C1qa levels were decreased in our FR 

placentas, again highlighting the inconsistencies of whether cellular protective mechanisms 

are impaired or enhanced in response to adverse environments in these pathologic conditions 

of pregnancy.

Our histopathologic findings were consistent with the reported placental findings in human 

IUGR [46-47], where placental hypovascularity and trophoblast degeneration lead to poor 

blood flow and nutrient transfer to the fetus [48]. However, it should be noted that despite 

decreased vascularity and damaged trophoblast layers within the labyrinthine area of FR-

associated placentas, placental weight was not changed. It may be that in mild FR, placental 

mass is relatively maintained at the expense of fetal growth, whereas moderate FR crosses a 

critical threshold, beyond which placental self-preservation is impaired. Taken together, our 

histopathologic data suggests that alterations in immune tolerance, and placental 
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compensatory responses to protect cellular health via decreasing autophagic and ER stress 

responses, may allow for functional compensation at mild levels of FR, but are inadequate at 

more moderate levels of FR.

There are several strengths and limitations to our study. The use of animal models to study 

human disease is often necessary in diseases like IUGR, where detection occurs late in the 

course of disease making progression of disease difficult to study. However, careful 

consideration into the specific animal model chosen is essential, as there are both similarities 

and differences to human placental structure and pregnancy with any animal model [49,50]. 

Though both mouse and human placentas are hemochorial, meaning fetally-derived 

trophoblasts are directly bathed in maternal blood [48], there are significant differences in 

gestation and litter size, which may explain why human pregnancies demonstrate much 

greater adaptive capacity in protecting fetal weight. These differences present a major 

limitation of our study, as the extent to which animal data can be applied to human disease 

remains under debate. We specifically chose this mouse model of late chronic maternal food 

restriction as it has been shown to result in IUGR, and it has been well-characterized in its 

effect of maternal health and hormonal status during pregnancy, nutrient transfer to the fetus, 

and short- and long-term effects on the offspring [7,48,51]. However, as stated previously, 

architectural differences in mouse and human placenta present challenges in comparing 

changes specific to the nutrient exchange layers. To address this, we utilized a discovery-

based technique of RNA sequencing to identify patterns of placental gene expression 

changes that may be altered in growth restriction. This allows for a non-biased evaluation of 

how specific genes involved in immunologic function and cellular maintenance are affected 

in IUGR, and identification of potentially novel players in placental insufficiency.

Using whole placenta, we found 700 genes that were significantly differentially expressed 

between groups, and performed pathway analysis, which demonstrated that the pathways of 

interest were well represented among the differentially expressed genes. However, another 

limitation of our study was that adjusted p-values from RNA sequencing analysis were 

nonsignificant in some of our genes of interest involved in immunologic pathways. This 

limitation may have occurred because of the smaller sample sizes used for RNA sequencing. 

This sample size was chosen as genome-wide sequencing techniques applied to large groups 

can be cost-prohibitive, and the main purpose of RNA sequencing in this study was to screen 

for pathway changes. To address this issue on a gene-specific basis, we validated RNA 

expression of specific genes of interest by qRT-PCR using larger sample sizes across all 

three experimental groups. In addition, there is still significant debate and remaining 

unknowns in the field on the crosstalk between autophagy, ER stress and apoptotic 

pathways. Our study does not establish cause-and-effect, and further mechanistic studies on 

these pathways in IUGR are warranted to more definitively link decreased IL10 with 

autophagy and ER stress.

In conclusion, our murine model of chronic, mild to moderate late gestational FR of the 

pregnant mouse represents an animal model of IUGR with reasonable fidelity to the human 

condition, based on histopathologic similarities. Consistent with our hypothesis, we found 

that IL10 expression in the murine placenta is decreased in maternal gestational food 

restriction. Using RNA sequencing techniques, we have demonstrated that a significant 
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portion of gene expression changes seen on a whole placental level involve immunologic 

pathways and associated cellular maintenance processes. However, contrary to our 

hypothesis that maternal FR results in increased autophagy and ER stress, leading to cellular 

death, we found that bulk measures of these pathways are decreased in maternal FR-

associated placentas. We believe that these findings suggest that the placenta serves as a 

unique interface, that must preserve fetal growth in the face of adverse maternal 

environment, and that these mechanisms are immunologically mediated. As such, placental 

compensatory responses appear to be distinct and opposite to the inflammatory, autophagic 

and ER stresses described in in vitro nutrient deprivation.
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Figure 1. 
Scheme representing crosstalk between IL10, autophagy, ER stress, and apoptotic pathways.
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Figure 2. qRT-PCR validation of placental RNA expression of genes involved in vascular 
inflammation, autophagy and ER stress in mice exposed to maternal FR
For each candidate gene, average mRNA expression level from control, 25% FR, and 50% 

FR groups (n=6/group, based on power calculations for detect a 25% difference in mean 

expression between groups to achieve 89% power at a 0.05 overall significance level) was 

calculated by qRT-PCR. Data are represented in graphs as means ± SEM. Asterisks indicate 

a significant difference between indicated FR group compared to control (p<0.05) by post-

hoc Tukey's multiple comparison testing. Reported p-value for each gene is by one-way 

ANOVA between all three groups.
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Figure 3. Western immunoblotting of apoptosis and ER stress markers in the placentas of 
gestational FR-exposed mice
Representative blots of BAX (A), BCL2 (B) proteins as markers of apoptosis, and BIP (C) 

as a marker of ER stress are shown. There were no significant differences between groups 

for BAX and BCL2 expression. BIP expression however, was decreased in both the 25% and 

50% FR groups, compared to controls. Data are represented in graphs as means ± SEM. 

Asterisk indicates p<0.05 by ANOVA. C=control, 25%=25% FR group, 50%=50% FR 

group (n=9/group).
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Figure 4. Hematoxylin & eosin staining of control, mild and moderate FR mouse placentas at 4× 
magnification
Representative murine placental sections stained by H&E from control, mild- and moderate-

FR exposed mice (n=8/group). La: labyrinth; JZ: junctional zone; D: decidua. Scale bars 

represent 500μm.
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Figure 5. IL10 and LC3B staining in murine placenta after maternal FR
(A) Representative sections from each group (control, 25% FR, 50% FR) stained for IL10 

demonstrate decreasing positive staining for IL10 (brown; 20× magnification) with 

increasing severity of maternal FR. Arrows indicate positive staining. Scale bars represent 

100 μm. D: decidua; JZ: junctional zone; La: labyrinth. (B) Decreasing histologic grading 

scores of overall positively of IL10 staining in FR groups compared to controls (n=4-7/

group). Data are represented in graphs as means ± SEM. Asterisks indicate p<0.0001 

between the indicated group compared to the control group, by post-hoc Tukey's multiple 

comparison testing. Listed p-value represents significance between groups, by ANOVA. (C) 

Representative sections from each group (control, 25% FR, 50% FR) stained for LC3B 

(brown; 20× magnification) demonstrating decreasing numbers of positively-stained 

spongiotrophoblasts in the junctional zone of FR mouse placenta with increasing severity of 

FR. Arrows indicate positive staining of spongiotrophoblasts. Scale bars represent 100μm. 

(D) Decreased average numbers of positively staining spongiotrophoblasts for LC3B per 

region of interest in FR groups compared to controls (n=3-4/group). Data are represented in 

graphs as means ± SEM. Asterisk indicates p<0.05 between all groups, by ANOVA.
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Fig 6. Vascular and trophoblast changes in the murine placenta with maternal FR
(A) Representative sections from each group (control, 25% FR, 50% FR) stained for CD34 

(brown; 20× magnification) in endothelial cells within the labyrinthine region (20×). Arrows 

indicate blood vessels. Scale bars represent 100μm. (B) Quantitative analysis of sum of 

vascular area per region of interest at 40×. Each placental section from all three groups (n=8/

group) was analyzed in triplicate. Vascular areas were defined as outlined by contiguous 

positively stained cells. Data are represented in graphs as means ± SEM. Asterisks indicate 

p<0.05 (between indicated FR group and control), by post-hoc Tukey's multiple comparison 

testing. Listed p-value indicates significance between all groups, by ANOVA. (C) 

Representative placental sections from each group (control, 25% FR, 50% FR) stained for 

trophoblast cells using cytokeratin (brown, 20× magnification). Qualitatively, degenerative 

changes (dilated maternal spaces, with a decreased percentage of positive stained cells in the 

25% and 50% FR groups compared to controls) are seen in murine trophoblast layers within 

the labyrinth. Arrows indicate trophoblast lining. Scale bars represent 100μm. (D) Decreased 

histologic grading scores of overall positivity of cytokeratin stain in FR groups compared to 

controls (n=8/group). Data are represented in graph as means ± SEM. Asterisks indicate 

p<0.01 between indicated FR group vs. control, by post-hoc Tukey's multiple comparison 

testing. Listed p-value indicates significance between all groups, by ANOVA.
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Table 1
Primer and probe sequences and conditions used for qRT-PCR

Gene Annealing temperature Forward primer Reverse primer Probe

Dram1 57°C 5′-ACACAGGAACAAC TCCTCCA 5′-AACGGGAGTGCT GAAGTAGC 5′-TCTCTGCATTTCT TGGCGCAGC

Fbxo32 57°C 5′-TTCTCAGAGAGGCA GATTCG 5′-GAGAATGTGGCA GTGTTTGC 5′-CCAATCCAGCTGC CCTTTGTCA

Scd1 59°C 5′-TTCTTCTCTCACGT GGGTTG 5′-CGGGCTTGTAGTA CCTCCTC 5′-CGCAAACACCCG GCTGTCAA

Pdia4 57°C 5′-GGATGCTGCTAACA ACCTGA 5′-CCAGGGAGACTTT CAGGAAC 5′-CAAGTTTCACCAC ACTTTCAGCCCTG

Creld2 57°C 5′-TGTGTGGATGTGGA TGAGTG 5′-AGCCGTTGACATT CTCACAG 5′-CATCTCCGTGCAG CGATGGC

Derl3 57°C 5′-CTCTTCGTGTTCCG CTACTG 5′-AGGAATCCCAGC AGAGTCAT 5′-AACCCTCCTCCAG CATGCGG

Map3k6 56°C 5′-TACAACGCGGATGT AGTGGT 5′-AACAGAGGAGCA CGTTGTTG 5′-TTCTACCACCTCG GCGTGCG

C1qa 57°C 5′-GAGCATCCAGTTTG ATCGG 5′-CATCCCTGAGAG GTCTCCAT 5′-ACCACGGAGGCA GGGACACC

Nutr Res. Author manuscript; available in PMC 2017 October 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Chu et al. Page 24

Ta
b

le
 2

G
en

es
 d

if
fe

re
nt

ia
lly

 e
xp

re
ss

ed
 b

et
w

ee
n 

co
nt

ro
l a

nd
 5

0%
 F

R
 g

ro
up

s 
by

 R
N

A
 s

eq
ue

nc
in

g 
th

at
 a

re
 in

vo
lv

ed
 in

 v
as

cu
la

r,
 im

m
un

ol
og

ic
al

 a
nd

 
in

fl
am

m
at

or
y 

pa
th

w
ay

s

Fi
ve

 p
la

ce
nt

as
 f

ro
m

 c
on

tr
ol

 a
nd

 f
iv

e 
pl

ac
en

ta
s 

fr
om

 5
0%

 F
R

 m
ic

e 
w

er
e 

pr
oc

es
se

d 
fo

r 
R

N
A

 s
eq

ue
nc

in
g.

 T
hi

s 
ta

bl
e 

re
pr

es
en

ts
 th

e 
ca

nd
id

at
e 

ge
ne

s 

id
en

tif
ie

d 
as

 d
if

fe
re

nt
ia

lly
 e

xp
re

ss
ed

 b
et

w
ee

n 
co

nt
ro

l a
nd

 5
0%

 F
R

 g
ro

up
s,

 b
y 

un
ad

ju
st

ed
 p

-v
al

ue
<

0.
05

, i
nv

ol
ve

d 
in

 im
m

un
ol

og
ic

, i
nf

la
m

m
at

or
y 

an
d 

va
sc

ul
ar

 p
at

hw
ay

s.
 F

or
 e

ac
h 

ge
ne

 li
st

ed
, a

ve
ra

ge
 e

xp
re

ss
io

n 
le

ve
l f

or
 th

e 
co

nt
ro

l a
nd

 5
0%

 F
R

 g
ro

up
 is

 r
ep

or
te

d,
 a

s 
w

el
l a

s 
lo

g2
 f

ol
d 

ch
an

ge
, p

-v
al

ue
 b

as
ed

 

up
on

 S
tu

de
nt

's
 t-

te
st

 a
nd

 a
dj

us
te

d 
p-

va
lu

e 
us

in
g 

B
on

fe
rr

on
i c

or
re

ct
io

n 
be

tw
ee

n 
gr

ou
ps

. G
en

es
 a

re
 g

ro
up

ed
 b

y 
fu

nc
tio

na
l r

ol
es

 in
 in

na
te

 im
m

un
ity

, 

va
sc

ul
ar

 a
nd

 e
nd

ot
he

lia
l f

un
ct

io
n,

 in
fl

am
m

at
io

n,
 a

ut
op

ha
gy

 a
nd

 E
R

 s
tr

es
s.

G
en

e
A

ve
ra

ge
 

E
xp

re
ss

io
n 

L
ev

el
 

(c
on

tr
ol

)

A
ve

ra
ge

 
E

xp
re

ss
io

n 
L

ev
el

 
(5

0%
 F

R
)

L
og

2 
F

ol
d 

C
ha

ng
e

P
-v

al
ue

P
-v

al
ue

 (
ad

j)

In
na

te
 I

m
m

un
ity

IL
21

r 
(i

nt
er

le
uk

in
 2

1 
re

ce
pt

or
)

1.
05

6
0.

34
6

-1
.6

7.
73

E
-0

8
0.

00
1

IL
23

r 
(i

nt
er

le
uk

in
 2

3 
re

ce
pt

or
)

0.
36

6
0.

07
8

-2
.2

9.
11

E
-0

6
0.

04
2

M
ar

co
 (

m
ac

ro
ph

ag
e 

re
ce

pt
or

 w
ith

 c
ol

la
ge

no
us

 s
tr

uc
tu

re
)

0.
01

9
0.

85
6

5.
5

0.
00

02
0.

18
7

C
eb

pa
 (

C
C

A
A

T
/e

nh
an

ce
r 

bi
nd

in
g 

pr
ot

ei
n,

 a
lp

ha
)

6.
30

6
9.

70
8

0.
62

0.
00

8
1

Sf
rp

1 
(s

ec
re

te
d 

fr
iz

zl
ed

-r
el

at
ed

 p
ro

te
in

 1
)

1.
19

9
0.

84
4

-0
.5

0.
01

5
1

Sy
t1

1 
(s

yn
ap

to
ta

gm
in

 X
I)

1.
48

1
1.

08
0

-0
.4

5
0.

01
5

1

Si
gl

ec
1 

(s
ia

lic
 a

ci
d 

bi
nd

in
g 

Ig
-l

ik
e 

le
ct

in
 1

, s
ia

lo
ad

he
si

n)
0.

66
0

1.
13

2
0.

78
0.

03
3

1

Py
hi

n1
 (

py
ri

n 
an

d 
H

IN
 d

om
ai

n 
fa

m
ily

, m
em

be
r 

1)
0.

30
0

0.
56

4
0.

91
0.

03
4

1

Is
g1

5 
(I

SG
15

 u
bi

qu
iti

n-
lik

e 
m

od
if

ie
r)

20
.8

49
34

.6
89

0.
73

0.
04

5
1

V
as

cu
la

r 
an

d 
en

do
th

el
ia

l 
m

ai
nt

en
an

ce
T

nf
sf

15
 (

tu
m

or
 n

ec
ro

si
s 

fa
ct

or
 s

up
er

fa
m

ily
, m

em
be

r 
15

)
0.

07
2

0.
01

9
-1

.9
4.

03
E

-0
5

0.
07

5

G
m

52
 (

sy
nc

yt
in

 a
)

17
.5

55
32

.5
74

0.
89

0.
00

07
0.

33
9

W
ls

 (
w

nt
le

ss
 h

om
ol

og
)

14
.8

02
9.

68
6

-0
.6

1
0.

00
07

0.
33

9

N
cf

1 
(n

eu
tr

op
hi

l c
yt

os
ol

ic
 f

ac
to

r 
1)

0.
32

2
0.

59
8

0.
89

0.
00

1
0.

41
2

B
m

pe
r 

(B
M

P-
bi

nd
in

g 
en

do
th

el
ia

l r
eg

ul
at

or
)

6.
38

3
11

.6
46

0.
87

0.
00

4
0.

73
7

M
ap

3k
6 

(m
ito

ge
n 

ac
tiv

at
ed

 p
ro

te
in

 k
in

as
e 

6)
1.

82
3

2.
86

2
0.

65
0.

00
6

0.
98

1

Ly
ve

1 
(l

ym
ph

at
ic

 v
es

se
l e

nd
ot

he
lia

l h
ya

lu
ro

ni
c 

re
ce

pt
or

 1
)

11
.9

50
23

.4
72

0.
97

0.
01

2
1

C
ld

n5
 (

cl
au

di
n 

5)
7.

49
7

11
.3

38
0.

60
0.

01
3

1

N
ts

r1
 (

ne
ur

ot
en

si
n 

re
ce

pt
or

 1
)

0.
34

9
0.

06
7

-2
.4

0.
01

6
1

C
5a

r1
 (

co
m

pl
em

en
t c

om
po

ne
nt

 5
a 

re
ce

pt
or

 1
)

0.
25

7
0.

53
5

1.
1

0.
02

1
1

K
cn

k6
 (

po
ta

ss
iu

m
 in

w
ar

dl
y-

re
ct

if
yi

ng
 c

ha
nn

el
, K

6)
3.

90
5

2.
97

5
-0

.3
9

0.
02

9
1

Nutr Res. Author manuscript; available in PMC 2017 October 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Chu et al. Page 25

G
en

e
A

ve
ra

ge
 

E
xp

re
ss

io
n 

L
ev

el
 

(c
on

tr
ol

)

A
ve

ra
ge

 
E

xp
re

ss
io

n 
L

ev
el

 
(5

0%
 F

R
)

L
og

2 
F

ol
d 

C
ha

ng
e

P
-v

al
ue

P
-v

al
ue

 (
ad

j)

L
rg

1 
(l

eu
ci

ne
-r

ic
h 

al
ph

a-
2 

gl
yc

op
ro

te
in

 1
)

2.
04

4
3.

73
2

0.
87

0.
03

5
1

U
cp

2 
(u

nc
ou

pl
in

g 
pr

ot
ei

n 
2,

 m
ito

ch
on

dr
ia

l, 
pr

ot
on

 c
ar

ri
er

)
11

.9
18

16
.6

72
0.

48
0.

03
5

1

T
rp

v6
 (

tr
an

si
en

t r
ec

ep
to

r 
po

te
nt

ia
l c

at
io

n 
ch

an
ne

l, 
V

6)
9.

53
0

5.
23

4
-0

.8
6

0.
04

9
1

G
cl

m
 (

gl
ut

am
at

e-
cy

st
ei

ne
 li

ga
se

, m
od

if
ie

r 
su

bu
ni

t)
6.

09
8

8.
71

8
0.

52
0.

04
9

1

In
fl

am
m

at
io

n
M

m
p8

 (
m

at
ri

x 
m

et
al

lo
pe

pt
id

as
e 

8)
0.

19
8

0.
56

1
1.

5
2.

77
E

-0
5

0.
07

0

Sf
xn

5 
(s

id
er

of
le

xi
n 

5)
0.

49
5

0.
32

5
-0

.6
1

0.
00

8
1

Sl
fn

4 
(s

ch
la

fe
n 

4)
0.

43
3

0.
73

6
0.

77
0.

01
0

1

IL
18

ra
p 

(i
nt

er
le

uk
in

 1
8 

re
ce

pt
or

 a
cc

es
so

ry
 p

ro
te

in
)

0.
23

3
0.

14
4

-0
.7

0
0.

01
1

1

T
nf

 (
tu

m
or

 n
ec

ro
si

s 
fa

ct
or

)
0.

33
8

0.
17

6
-0

.9
4

0.
01

2
1

B
ok

 (
B

cl
2-

re
la

te
d 

ov
ar

ia
n 

ki
lle

r 
pr

ot
ei

n)
51

.0
91

38
.3

83
-0

.4
1

0.
02

5
1

Fp
r2

 (
fo

rm
yl

 p
ep

tid
e 

re
ce

pt
or

 2
)

0.
14

9
0.

35
4

1.
25

0.
02

7
1

Pl
xn

c1
 (

pl
ex

in
 C

1)
0.

14
2

0.
23

8
0.

74
0.

03
2

1

B
ln

k 
(B

-c
el

l l
in

ke
r)

0.
48

5
0.

74
2

0.
61

0.
04

3
1

C
1q

a 
(c

om
pl

em
en

t c
om

po
ne

nt
 1

, q
 s

ub
co

m
po

ne
nt

, a
lp

ha
 

po
ly

pe
pt

id
e)

5.
33

3
10

.8
83

1.
03

0.
04

9
1

A
ut

op
ha

gy
Fb

xo
32

 (
f 

bo
x 

pr
ot

ei
n 

32
)

23
.1

76
13

.7
30

-0
.7

6
0.

00
5

0.
80

8

Sc
d1

 (
st

ea
ro

yl
-c

oe
nz

ym
e 

A
 d

es
at

ur
as

e 
1)

5.
81

8
4.

33
9

-0
.4

2
0.

01
7

1

D
ra

m
1 

(D
N

A
 d

am
ag

e 
re

gu
la

te
d 

au
to

ph
ag

y 
m

od
ul

at
or

 1
)

10
.6

96
7.

79
4

-0
.4

6
0.

00
9

1

E
R

 s
tr

es
s

C
re

ld
2 

(c
ys

te
in

e-
ri

ch
 w

ith
 E

G
F 

lik
e 

do
m

ai
ns

 2
)

42
.2

40
27

.4
44

-0
.6

2
0.

00
3

0.
72

4

D
er

l3
 (

D
er

1-
lik

e 
do

m
ai

n 
fa

m
ily

, m
em

be
r 

3)
23

.3
24

14
.5

17
-0

.6
8

0.
01

9
1

Pd
ia

4 
(p

ro
te

in
 d

is
ul

fi
de

 is
om

er
as

e 
as

so
ci

at
ed

 4
)

82
.8

34
60

.3
77

-0
.4

6
0.

01
0

1

Nutr Res. Author manuscript; available in PMC 2017 October 01.


	Abstract
	1. Introduction
	2. Methods and materials
	2.1. Placental samples
	2.2. RNA sequencing
	2.3. Library analysis
	2.3.1. Statistical analysis methods used in RNA sequencing and library analysis

	2.4. qRT-PCR
	2.5. Western blotting
	2.6. Immunohistochemistry
	2.6.1. Statistical analysis of immunohistochemistry data

	2.7. Statistical Analyses

	3. Results
	3.1 Placenta and embryo weight
	3.2 RNA sequencing pathway analysis in placental tissue
	3.3 qRT-PCR
	3.4 Western immunoblotting
	3.5 Placental histopathology

	4. Discussion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Fig 6
	Table 1
	Table 2

