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A B S T R A C T   

Fetal growth restriction (FGR) is one of the most common pregnancy complications culminating 
in adverse fetal outcome, including preterm birth, neonatal mortality and stillbirth. Compromised 
placental development and function, especially disruption in angiogenesis and inadequate 
nutrient supply are contributing factors. Fetal sex also influences placental function. Knowledge 
of gene expression changes and epigenetic factors contributing to placental dysfunction in FGR 
pregnancies will help identify biomarkers and help target interventions. This study tested the 
hypothesis that FGR pregnancies are associated with disruptions in miRNA - an epigenetic factor 
and mRNAs involving key mediators of angiogenesis and microvessel development. Changes in 
expression of key genes/proteins involved in placental dysfunction by RT-PCR and immunohis-
tochemistry and miRNA changes by RNA sequencing were undertaken with term placenta from 
12 control and 20 FGR pregnancies. Findings showed changes in expression of genes involved in 
steroidogenesis, steroid action, IGF family members, inflammatory cytokines and angiogenic 
factors in FGR pregnancies. In addition, upregulation of MIR451A and downregulation of MIR543 
in placentas from FGR group with female newborns and upregulation of MIR520G in placentas 
from FGR group with male newborns were also noted. MIR451A and MIR543 have been impli-
cated in angiogenesis. Consistent with gene changes, CD34, the microvessel angiogenesis marker, 
also showed reduced staining only in female FGR group. These findings provide evidence that 
epigentically regulated gene expression changes in angiogenesis and capillary development in-
fluence placental impairment in FGR pregnancies. Our preliminary observations also support for 
these changes to be driven in a sex-specific manner.   

* Corresponding author. Reproductive Medicine Center, The Fourth Hospital of Shijiazhuang affiliated to Hebei Medical University, 206 East 
Zhongshan Road, Shijiazhuang, Hebei, 050000, PR China. 

E-mail address: xiaohuawu65@126.com (X. Wu).   
1 co-first author. 

Contents lists available at ScienceDirect 

Heliyon 

journal homepage: www.cell.com/heliyon 

https://doi.org/10.1016/j.heliyon.2024.e28007 
Received 27 April 2023; Received in revised form 28 February 2024; Accepted 11 March 2024   

mailto:xiaohuawu65@126.com
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2024.e28007
https://doi.org/10.1016/j.heliyon.2024.e28007
https://doi.org/10.1016/j.heliyon.2024.e28007
http://creativecommons.org/licenses/by-nc-nd/4.0/


Heliyon 10 (2024) e28007

2

1. Introduction 

Intrauterine growth restriction (IUGR) or fetal growth restriction (FGR) is one of the most common pregnancy complications. 
Approximately 10–15% of pregnancies are affected by FGR, defined as the failure of the fetus to reach its genetically determined 
growth potential with fetal weight less than the 10th percentile for gestation age [1]. FGR can lead to adverse fetal outcomes, including 
preterm birth, neonatal mortality and even stillbirth with 30% of stillbirth ascribed to FGR [2]. The incidence of preterm labor and 
fetal mortality of FGR offspring is significantly higher than the normal birth weight babies [3–5]. The surviving FGR offspring are also 
at increased risk of developing cardiometabolic diseases during childhood and adulthood [6–8]. This is supported by the evidence of 
multiple large population-based cohort studies that have demonstrated that lower birth weight is associated with higher risk of 
incident myocardial infarction and adverse left ventricular remodelling [9,10]. These observations and postulation of the develop-
mental origin of health and disease (DOHaD) hypothesis has led to emphasis the need to understand the placental contribution on pre- 
and peri-natal infractions including FGR. 

Placenta helps maintain a conducive intrauterine environment by undergoing structural and functional adaptations to accom-
modate fetal growth in response to changing environmental milieu [11]. While the majority of FGR cases are idiopathic causes, many 
involve compromised placental development and function, especially due to impairment of placental angiogenesis and insufficient 
oxygen and nutrient supply to the fetus [12,13]. Terminal villi in placenta is the basic functional unit for transfer of oxygen and 
nourishment between mother and the fetus. As the functional component in terminal villi [14], the efficiency of terminal villi and 
therefore of placenta is dependent on among other factors, the microvessel density within the villous core [15]. Since placental size, 
morphology, and angiogenesis dictates placental function [16], these changes are also associated with reduction in capillarization of 
the terminal villi [17], reduced cell proliferation along with increased apoptosis and necrosis [18]. 

Angiogenic factors, such as vascular endothelial growth factor A (VEGFA) [19], endocrine gland-derived vascular endothelial 
growth factor (EG-VEGF) [20], placenta growth factor (PlGF) [21], hypoxia inducible factor 1 subunit alpha (HIF1A) [22], Angio-
poietin 1 (ANG1) and ANG2 [23] are among the factors reported to be involved in microvessel formation in terminal villi. Other 
mechanisms linking poor placental function in FGR pregnancies are the abnormal inflammatory response, both systemically at 
maternal and locally at the level of placenta [24], altered steroidogenesis [25], and impaired insulin-like growth factor (IGF) family 
signaling [26,27]. 

Aberrant expression of genes underlying placental disruptions in turn may be driven by epigenetic alterations mediated by, among 
others, the microRNA (miRNA). Placental miRNAs are being actively investigated not only because of their role in the growth and 
function of the placenta but also due to their evolving role in the pregnancy complications including FGR [28]. MiRNAs − 10b and 
− 363 are reported to be upregulated in the human term FGR placenta and these changes are associated with reduced expression of 
transcription factor KLF4 that promotes angiogenesis and genes associated with amino acid transport [29]. In addition, miRNAs − 518B 
and -150-5p are demonstrated to cause inhibition of trophoblast migration and angiogenesis [30,31]. These findings establish a role for 
aberrant miRNA expression to dysregulate placental angiogenesis leading to development of FGR. Due to the heterogeneity of etiology 
in FGR, there were difference among previous findings that still requiring further study [32]. Though some miRNAs were reported to 
be regulated in a sex-specific manner [33], few evidence was shown on global miRNA expression. 

Therefore, the goal of this project is to test the hypothesis that FGR pregnancies are associated with disruption in miRNA and 
mRNAs involving key regulators of angiogenesis and microvessel development. This hypothesis was tested in term placenta collected 
from primipara with normal and FGR pregnancies. While not the primary focus of the original study, inspite of the small sample size 
and uneven sex distribution, the impact of fetal sex on placental changes from this cohort were also examined to gain preliminary 
insight on sex-specific effects. 

2. Methods 

2.1. Human subjects 

Human subjects were recruited following written informed consent and studies performed following the guidelines approved by the 
Institutional Ethics Committee at Hebei Medical University Affiliated Obstetrics and Gynecology Hospital (Approval ID: 20210030) 
and Chinese Clinical Trial Registry (Registration Number: ChiCTR2100043159). Primiparous pregnant women with singleton preg-
nancies who delivered between 37 and 41 weeks of gestation were recruited from the Fourth Hospital of Shijiazhuang affiliated with 
Hebei Medical University (from August 2020 to March 2021). Gestational age was determined by the ultrasound assessment. Placentae 
were collected from enrolled women at term immediately following delivery. Most of the enrolled subjects was underwent vaginal 
delivery with placenta collected from only 2 subjects in the FGR group underwent C-section without onset of labor. Based on offspring 
birth weight women were classed into two groups, control and FGR. Pregnancies were designated as FGR when birth weight was below 
the 10th percentile for the gestational age as defined by the American College of Obstetricians and Gynecologists [34]. Criteria for 
exclusion included pregnancy complications, malnutrition, velamentous placenta, severe placental calcification or infarction, 
congenital malformation, and umbilical cord compromise. The demographic details and birth outcomes such as maternal age, body 
mass index (BMI), maternal substance abuse or smoking, adverse pregnancy history, maternal weight, weight gain throughout 
pregnancy, offspring birth weight and gender information were collected from the medical record. Placental samples from 20 FGR 
(Male 7, female 13) and 12 controls (Male 9, female 3) were used in this study (Table 1). 
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2.2. Placenta collection 

At term, whole placenta was collected immediately after the delivery and fetal membranes and the umbilical cord were removed 
and the weight and size were recorded. Placental volume (cm3) was calculated by the formula: largest diameter x smallest diameter x 
thickness (cm). Considering the heterogeneity of the placenta tissue, placental tissue was harvested from 5 different points repre-
senting the 4 quadrants and center and sample from the same region were assigned for either RNA, histochemical or caspase activity 
analysis from all subjects. For RNA analysis, placenta was dissected and washed with normal saline to remove maternal blood and 
placed in a cryogenic vial containing RNAlater [35] frozen and stored in − 80 ◦C until further analysis. For histomorphological and 
immunohistochemical analysis, a portion of placental fragments was also collected and fixed overnight at 4 ◦C in 4% para-
formaldehyde and embedded in paraffin. 

2.3. Histological examination 

Paraffin-embedded tissues were sectioned (4 μm) and stained with hematoxylin and eosin (H&E) following the traditional H&E 
staining protocol. For examination of CD34 expression, paraffin embedded placenta was sectioned (4 μm) and immunostained with a 
mouse monoclonal anti-human CD34 antibody (QBEnd 10, Gene Tech (Shanghai) Company Limited, Ch). Immunostaining was per-
formed on VENTANA BenchMark GX@ (Roche, Tucson, AZ USA) automated staining instrument following manufacturer recom-
mended protocol. Briefly, the sections were stained with hematoxylin-eosin and immunostained with an ultraView Universal DAB 
Detection Kit using the BenchMark Ultra immunohistochemistry/in situ hybridization staining module. The sections were incubated 
with primary antibodies for 32 min at 37 ◦C. The primary antibodies, which were diluted as per the specific suppliers’ instructions of 
1:100 dilution of the 1 mg/mL stock. High-resolution, whole-slide digital scan of both H&E and immuno stained slides was performed 
at 40 × magnification using Aperio CS2 Digital Pathology Scanner and Aperio Imagescope software (Aperio Technologies Inc. San 
Diego USA). Acquired images were saved as Tagged Image Format File (tiff) for further analysis. From each slide, five equal size regions 
of interest (ROI; 0.2645 μm2 each) were selected by experienced pathologist. Regions of interest was restricted to the microvessel rich 
area from different locations. Color deconvolution and microvessel analysis algorithms were employed to qualify the CD34 staining 
intensity and microvessel-associated parameters, respectively. With color deconvolution algorithm, the parameter settings for the DAB 
channel were tailored to efficiently identify CD34 staining in placenta villi and the parameter settings were saved as a Macro for the 
repeat use. Using the macro, average CD34 staining intensity, percentage of stained area, and total stained region was obtained. The 
procedures for Ki67 staining using the human Ki67 antibody (NO.GM027, Gene Tech (Shanghai) Company Limited, Ch) was similar to 
that of CD34 immunostaining with 1:100 dilution as recommended by the manufacturer followed by analysis with Aperio CS2 

Table 1 
Demographics of the pregnant women (n = 32).   

Mother 
N (%) or Median (range min-max) N (%) or Median (range min-max) 

FGR Male Female Control Male Female 

Infant sex 20 7 13 12 9 3 
Age (years) 28.45(23–34) 26.71(23–31) 29.38(26–34) 27.67(21–32) 27.89(22–32) 27(21–32) 
Race Asian 20 7 13 12 9 3 
Pre-pregnancy BMI 20.31 20.36 20.38 20.70 20.73 19.73 
Pre-pregnancy weight (kg) 53.38(40–70) 52.36(46–62) 53.92(40–70) 54.67(46–65) 55.22(48–65) 53(46–63) 
Weight near term (kg) 67.90(55–88) 69.29(60–76) 67.15(55–88) 71.50(60–88) 71.33(65–85) 72.00(60–88) 
Gestational weight gain (kg) 12.63(-4-23) 16.93(8–23) 13.23(-4-21) 16.83(10–25) 16.11(10–23) 19.00(10–25) 
Parity 0 100% 7 13 100% 9 3 

1 – – – – – – 
2 – – – – – – 
3 – – – – – – 
4 – – – – – – 

Smoking status Never 100% 7 13 100% 9 3 
Past 
smoker 

– – – – – – 

Education (n 
= 32) 

High school 5 3 2 5 3 2 
Some 
college 

1 1 0 1 1 0 

≥

Bachelor’s 
14 3 11 6 5 1 

Marital status Married 100% 7 13 100% 9 3 
Single – – – – – – 

Infant   
Route of 

delivery 
Cesarean 2 1 1 0 0 0 
Vaginal 18 6 12 12 9 3 

Gestational age (days) 39.49 
(38.00–40.43) 

39.20 
(38.00–40.43) 

39.65 
(38.14–40.57) 

39.32 
(38.29–40.43) 

39.33 
(38.57–40.43) 

39.29 
(38.29–40.14) 

Birth weight (g) 2650.50 
(2130–2900) 

2655.71 
(2500–2790) 

2647.69 
(2130–2900) 

3250.83 
(3000–3620) 

3240.00 
(3040–3620) 

3283.33 
(3000–3500)  
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software. 

2.4. Assessment of caspase-3 activity 

Caspase 3 activity was assessed in cyro-preserved tissues utilizing a colorimetric kit (No.C1116, Beyotime Biotechnology, Shanghai, 
Ch) following manufacturer’s recommendations. Briefly, 100 μl lysis buffer was added to about 10 mg of cryo-preserved placental 
tissue from each subject, homogenized using a cryogenic homogenizer and incubated on ice for 5min. Following this the homogenate 
was centrifuged at 16,000–20,000r/min for 10–15min and the placental lysate was collected and used to assess the Caspase 3 activity. 
To normalize between samples, total protein was also estimated in homogenate using Bradford Protein Assay Kit (NO.P0006, Beyotime 
Biotechnology, Shanghai, CH) and caspase-3 activity was expressed as ratio to mg amount of total protein. 

2.5. Real-time reverse transcriptase–polymerase chain reaction (RT-PCR) 

Frozen placental tissue was lysed using tissue cryogrinder (KZ–III–FP, Wuhan Servicebio Technology Company Limited, CH) and 
total RNA was isolated using Eastep@Supper Total RNA Extraction kit (Shanghai Promega Biological Products Ltd., Shanghai, CH) 
following manufacture’s protocol. The concentration and 260/280 ratios were determined using Nanodrop. In addition, the RNA 
integrity was tested by using RNA Agarose gel electrophoresis where the ratio of 28s RNA to 18s RNA was ~2:1 in all samples that are 
part of this analysis. Subsequently, 1000 ng of total RNA was reverse transcribed to complementary DNA (cDNA) with first-strand 
complementary synthesis system (Invitrogen, Life Technologies). Relative mRNA concentrations was assessed using SYBRgreen 
based real time RT-PCR using PowerUpTMSYBRTM Green Master Mix (ThermoFisher). Sequences for the oligonucleotide primers for 
the genes under study designed using Primer3 are shown in Table 2. The relative amount of each transcript was calculated using the 
ΔΔCT method and normalized to the endogenous reference gene beta-actin. The reference gene was chosen based on literature review 
[36–39]. 

2.6. RNAseq analysis 

2.6.1. Sequencing 
The total RNA was extracted by using Eastep@Supper Total RNA Extraction kit (Shanghai Promega Biological Products Ltd., 

Shanghai, CH) following manufacturer’s protocol, then purified by using the Total RNA Purification Kit (LC Sciences, Houston, USA), 
according to the manufacturer’s protocol. The total RNA quantity and purity were analyzed using Agilent Bioanalyzer 2100 and RNA 
6000 Nano LabChip Kit (Agilent, Santa Clara, CA USA) and RNA from subjects (control group: n = 6, 3 male and 3 female; FGR group: 
n = 7, 4 male and 3 female) with RIN number >7.0 was used for sequencing. Approximately 1,000 ng of total RNA were used to prepare 
small RNA library according to protocol of TruSeq Small RNA Sample Prep Kits (Illumina, San Diego, CA USA). The general procedure 
was as follows: the RNAs were ligated to 3ʹ adapters and the 5ʹ adapters were ligated to the other end of the RNA molecules. Then the 

Table 2 
Sequence of primers used.  

Gene ID Forward Primer (5′-3′) Reverse Primer (5′-3′) Accession Number 

β-Actin GGCACCCAGCACAATGAAG GCCGATCCACACGGAGTACT NM_001101.5 

IGF1 GCCCAAGACCCAGAAGTATCAGC TCCAATCTCCCTCCTCTGCTCT NM_001111285.3 
IGF2 TTCTCACCTTCTTGGCCTTCG GCGGAAACAGCACTCCTCAA NM_001291862.2 
IGFBP1 AGGAGCCCTGCCGAATAGAA CCATGGATGTCTCACACTGTCT NM_000596.4 
IGFBP2 CAAAAGCACGCGCTCTTCTCC TCATCGCCATTGTCTCCGC NM_001313992.2 
IGFBP3 CATCAAGAAAGGGCATGCTAAA GAGGAGAAGTTCTGGGTATCTG XM_047420325.1 
IGFBP4 CCCACGAGGACCTCTACATC ATCCAGAGCTGGGTGACACT NM_001552.3 
IGF1R AGTGCTGTATGCCTCTGTGAACC ATAGACCATCCCAAACGACCC XM_011521517.3 
IGF2R GAGGGAAGAGGCAGGAAAG TGTGGCAGGCATACTCAG NM_000876.4 
VEGF AGGGCAGAATCATCACGAAGT AGGGTCTCGATTGGATGGCA NM_001025366.3 
VEGFR1 CAGTGTGAGCGGCTCCCTTATG CACAGTCCGGCACGTAGGTGAT NM_002019.4 
VEGFR2 CCAGCAAAAGCAGGGAGTCTGT TGTCTGTGTCATCGGAGTGATATCC NM_002253.4 
PIGF CAGAGGTGGAAGTGGTACCCTTCC CGGATCTTTAGGAGCTGCATGGTGAC NM_002632.6 
HIF1A GAACGTCGAAAAGAAAAGTCTCG CCTTATCAAGATGCGAACTCACA NM_001243084.2 
EGVEGF AGGTCCCCTTCTTCAGGAAACG TCCAGGCTGTGCTCAGGAAAAG NM_032414.3 
ANGPT1 CAGACTGCAGAGCAGACCAGAA CTCTAGCTTGTAGGTGGATAATGAATTC NM_001199859.3 
ANGPT2 AGGAGGCGGGTGGACAATT CTCCTGAAGGGTTACCAAATCC NM_001118887.2 
CCL2 CTCTGCCGCCCTTCTGT CTTCTTTGGGACACTTGCTG NM_002982.4 
TNF CCCAGAGGGAAGAGTTCCCCA GGCTTGTCACTCGGGGTTCG NM_000594.4 
CD68 GCTACATGGCGGTGGAGTACAA ATGATGAGAGGCAGCAAGATGG NM_001040059.2 
ESR1 CAGGAACCAGGGAAAATGTG AACCGAGATGATGTAGCCAGC XM_017010383.2 
PGR GGCAGCACAACTACTTATGTGC TCATTTGGAACGCCCACT XM_006718858.4 
AR CCTGGCTTCCGCAACTTACAC GGACTTGTGCATGCGGTACTCA NM_000044.6 
CYP19 GGCAAGCTCTCCTCATCAAA CAACTCAGTGGCAAAGTCCA NM_001347252.2 
HSD3B AGAGGCCTGTGTCCAAGCTA TTTTGCTGTGTGGGTATGGA NM_000862.3 
HSD17B ATCCAGAGCCTCATCCATTG AACGCCTTGGAAGCTGAGTA XM_047423304.1  
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RNAs which were ligated with 3ʹ and 5ʹ adapters were reverse transcribed to create single stranded cDNA. The cDNAs were amplified, 
gel purified and used to generate libraries. The small RNA library quality was assessed by using Bioanalyzer 2100 (Agilent) with High 
Sensitivity DNA Chip Kit (Agilent) and single-end sequencing (1 × 50bp) on an Illumina Hiseq2500 at the LC-BIO (Hangzhou, China) 
following the vendor’s recommended protocol was performed. 

2.6.2. Dimensionality reduction 
Dimensionality reduction modeling was performed using SIMCA 17 (Sartorius Stedim Data Analytics AB, Sweden). Normalized 

counts for miRNA from placentae from both male and female offspring tissues were imported to SIMCA software for the analysis. 
Multivariate modeling was performed using unit variance (UV) scaling (mean centered and divided by the standard deviation). To get 
an overview of the data and identify patterns/groupings unsupervised principal component analysis (PCA) was performed. Specifically 
two-dimensional and three dimensional (3D) PCA clustering were employed, and the respective plots were explored. The scatter score 
plot of components 1 and 2 were explored to visualize differences in the two groups (classes). Observations that are close to each other 
have more similar miRNA expression profiles compared to the observations that are distant from each other. 

2.6.3. miRNA trimming 
Raw reads from miRNA sequencing were trimmed using cutadapt (v3.2) and specifically trimmed from the 5′ end using the 

sequence ‘TGGAATTCTCGGGTGCCAAGG’. Sequences were then sub-selected for reads that were less than 17bp. Finally, low-quality 
reads that did not match the default quality control scores were removed. 

2.6.4. Quality control metrics 
Fastqc was used to evaluate and multiqc was used to summarize the quality control metrics for both raw and trimmed files. 

2.6.5. Alignment and counts 
Trimmed reads were aligned to Genome Reference Consortium Human Build 38 patch release 14 (GRCh38.p14) (GRCh38.p14) 

using Spliced Transcripts Alignment to a Reference (STAR) aligner (v2.6.0c). FeatureCounts (v1.6.1) was used to count aligned 
fragments and then differential expression performed. 

2.6.6. Differential gene expression testing 
DESEq2 (1.24.0) utilizing negative binomial distribution on counts was used for determining the differential expression of miRNA. 

Sex-specific and treatment (control vs. FGR) effects in miRNA expression in placental tissue were also determined by comparing 1) 
control male with control female, 2) FGR male vs. FGR female, 3) FGR male vs. control male and 4) FGR female vs. control female. For 
miRNA differentially expressed transcripts that met the FDR <0.1 and absolute log2Fold Change >0.5 were considered significant. 
Finally, differentially expressed transcripts were visualized using volcano plots, and heatmaps were generated using the heatmap.2 
package. All differential expression testing and plots were processed using R statistical software (v3.5.1). 

Fig. 1. Placental characteristics – weight, volume and efficiency and newborn birth weight from the entire cohort (composite) and segregated by 
newborn sex are shown. Data are presented as mean ± SD with open bars representing the controls and solid bars representing the FGR groups 
(control group: n = 13; FGR group: n = 20). Asterisk (*) represents p < 0.05 by Student’s t-test and # represents large magnitude change by Cohen’s 
effect size analysis with Cohen’s d values ≥ 0.8 comparing control and FGR groups. 
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2.7. Statistical analysis 

Demographic, immunohistological and RT-PCR data were examined for homogeneity of variance using Fisher’s test and Student’s t- 
test was employed to compare the quantitative difference of assessed parameters between Control and FGR groups. Differences among 
the placentas from male and female newborn between control and FGR groups were also assessed by Student’s t-test. A p-value lower 
than 0.05 was considered significant. Additionally, data were also analyzed using Cohen’s effect size analysis [40,41] as smaller 
sample size and the lack of statistical significance may not be sufficient to reject the null hypothesis [42]. The computed Cohen’s 
d value of 0.8 and above indicates large effect size differences between the control and FGR groups. 

3. Results 

3.1. Subjects and placental characteristics 

The demographics of the 32 subjects from this study are summarized in Table 1. This cohort comprised of Asian women with a mean 
age of 28.18 (range 21–34 years). This homogeneous group consists of only married, non-smoking, primiparous women of similar pre- 
pregnancy body mass index (BMI) and comparable gestational weight gain. Most women reported to have a college degree and had 
mostly vaginal birth (with two undergoing elective c-section without onset of labor) and were of full term and showed no difference 
among mothers from control and FGR group. Deliveries were determined as FGR at birth based on the birth weight with those below 
the 10th percentile for the gestational age as defined by the American College of Obstetricians and Gynecologists was designated as 
FGR pregnancies. The placental and fetal characteristics comparing the control and FGR subjects are shown in Fig. 1. The fetal birth 
weight was significantly lower in FGR group compared with control group (3249.23 ± 210.61 g vs 2656.09 ± 181.08 g, p < 0.01). This 
was evident even when the newborns were segregated based on their sex. The placental weight tended (p = 0.08) to be lower among 
FGR patients however this was not evident when FGR mothers were segregated based on the sex of the newborn. The placental volume 
showed significant decrease (p = 0.04) among FGR mothers with this trend evident by large magnitude effect among the mothers with 
male newborns. Likewise, the placental efficiency calculated as the ratio of birth weight to the placental weight [43] was significantly 

Fig. 2. Placental caspase 3 activity and Ki67 immunostaining. Data for caspase activity and number of Ki67 positive/stained cells are presented as 
mean ± SD with open bars representing the controls and solid bars representing the FGR groups (control group: n = 13; FGR group: n = 20). Asterisk 
(*) represents p < 0.05 by Student’s t-test and # represents large magnitude change by Cohen’s effect size analysis with Cohen’s d values ≥ 0.8 
comparing control and FGR groups. Photomicrographs of the immunostaining from negative control generated by omitting primary antibody; 
squamous cell carcinoma as positive controls along with control and FGR placentae are shown. 
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lower (p < 0.01) among FGR subjects and this was also evident among both sexes of the newborn. 

3.2. Placental apoptosis and proliferation state 

Placental apoptosis measured via caspase 3 activity did not show any changes between control and FGR groups. However, when 
segregated by the sex of the offspring born the caspase 3 activity leaned to be lower in placentas from male newborn (p = 0.07) while in 
those with female newborns there was a large magnitude increase in caspase 3 activity (p = 0.06) (Fig. 2). Cellular proliferation marker 
Ki67 immunostaining showed a significant increase (p = 0.03) in placentas from the FGR group. This increase was only evident among 
the placentas with male newborns when segregated by sex of the newborn (Fig. 2). 

3.3. Placental relative mRNA concentrations of steroidogenic genes 

Placental relative mRNA concentrations of 17 hydroxy steroid dehydrogenase B (HSD17B) and aromatase (CYP19) were signifi-
cantly lower (p < 0.05) in the FGR group (Fig. 3). When segregated by the sex of the newborn, HSD17B leaned (p = 0.07) to be lower in 
placentas with male newborn only. In contrast, CYP19 expression was significantly lower in placentas with female newborns while in 
the males there was a large magnitude decrease (Fig. 3). While no change in androgen (AR) and progesterone (PR) receptor were 
evident when examined compositely, when segregated by sex of the newborn AR and PR expression showed a large magnitude increase 
in placentas with female and male newborns respectively (Fig. 3). No change in expression was observed for HSD3B and ESR1 
expression. 

3.4. Placental relative mRNA concentrations of insulin like growth factor (IGF) family members 

The placental expression of IGF1 and IGF binding protein 3 (IGFBP3) was significantly lower in FGR placentas (Fig. 4). When 
segregated by sex of the newborn, both IGF1 and IGFBP3 was significantly lower (p < 0.05) in females (Fig. 4). The expression of IGF1, 
IGFBP1 and IGF2 receptor (IGF2R) did not show any change between control and FGR. However, when segregated by sex of the 
newborn, the expression of IGF2 mRNA appear to be lower with a large magnitude decrease in placentas from female newborns while 

Fig. 3. The Relative mRNA concentrations of steroidogenic genes HSD3B, HSD17B and CYP19 and steroid receptors ESR1, AR and PR in placentas 
from entire cohort (composite) and segregated by newborn sex are shown. Data are presented as mean ± SD with open bars representing the 
controls and solid bars representing the FGR R groups (control group: n = 13; FGR group: n = 20). Asterisk (*) represents p < 0.05 by Student’s t-test 
and # represents large magnitude change by Cohen’s effect size analysis with Cohen’s d values ≥ 0.8 comparing control and FGR groups. 
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IGF2R appeared to be higher in placentas from male newborns (Fig. 4). The relative levels of IGFBP1 mRNA appeared to show a large 
magnitude increase in FGR placentas with male newborns but no change in expression of IGFBP2 and IGFBP4 expression was observed. 

3.5. Placental relative mRNA concentrations of inflammatory markers 

The qPCR analysis of the genes associated with inflammation such as cytokine TNF, chemokine CCL2 and macrophage infiltration 
marker CD68 in the placenta from control and FGR subjects are shown in Fig. 5. No change in the expression of these markers was 
evident between the control and FGR groups. However, when placental relative mRNA concentrations when assessed by segregating 
the newborn sex, the expression of the chemokine CCL2 and macrophage marker CD68 were significantly lower (p < 0.05) in placentas 
from pregnancies with female newborn (Fig. 5). 

3.6. Placental relative mRNA concentrations of angiogenic markers 

The RT-PCR analysis of the genes associated with angiogenesis in the placenta from control and FGR subjects are shown in Fig. 6. 
Relative mRNA concentration analysis showed that the mRNA expression of VEGFA leaned to be lower by large magnitude in placenta 
from FGR group while the VEGF receptors VEGFR1 and VEGFR2 showed no changes. Similarly, no change in the expression of EGVEGF 
was observed between the two groups. The expression of HIF1A and PIGF were significantly lower (p < 0.05) among the placentas from 
FGR group. While this trend was not observed among placentas when segregated by newborn sex for HIF1A, placentas with male 
pregnancies had a significantly lower (p = 0.02) PIGF mRNA. While no change in the relative mRNA levels of ANG1 and ANG2 was 
evident among the placentas from entire group, large magnitude increase in among placentas with female newborn was observed for 

Fig. 4. The Relative mRNA concentrations of IGF family members IGF1, IGF2, IGF1R, IGF2R, IGFBP1, IGFFBP2, IGFBP3 and IGFBP4 in placentas 
from entire cohort (composite) and segregated by newborn sex are shown. Data are presented as mean ± SD with open bars representing the 
controls and solid bars representing the FGR groups (control group: n = 13; FGR group: n = 20). Asterisk (*) represents p < 0.05 by Student’s t-test 
and # represents large magnitude change by Cohen’s effect size analysis with Cohen’s d values ≥ 0.8 comparing control and FGR groups. 
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ANG1 as opposed to a large magnitude decrease ANG2 among the placentas with male newborn. 

3.7. miRNA differential expression in FGR placenta 

3.7.1. Descriptive statistics 
Post-trimming, miRNA reads exhibited high mean read quality scores, per sequence GC content ranging from 20 to 80% and 

sequence duplication levels up to 30% 

3.7.2. miRNA expression in control group 
A partial separation in miRNA expression profiles was observed in 2D and 3D PCA plots generated using unsupervised model 

(Fig. 7). Comparison of miRNA expression (FDR <0.1 and absolute log2 fold change (abs log2FC > 0.5) between female and male 
controls demonstrated 7 miRNA specific in placentas with female newborns and 3 genes specific in the placentas with male newborns 
(Supplemental Table 1). In the control group, placentas from female newborns miRNAs MIR490 (log2FC 1.827; p = 0.097), MIR193B 
(log2FC − 1.104; p = 0.00137), and 5 of the MIR941 family MIR941-1 (log2FC − 1.5899; p = 0.009), MIR941-2 (log2FC − 1.602; p =
0.009), MIR941-3 (log2FC − 1.602; p = 0.009), MIR941-4 (log2FC − 1.602; p = 0.009), and MIR941-5 (log2FC − 1.602; p = 0.009) were 
upregulated compared to placentas from male newborns (Fig. 7). On the other hand, MIR451A (log2FC 1.635; p = 0.037), MIR372 
(log2FC 1.656; p = 0.097) and MIR136 (log2FC 0.995; p = 0.097) were upregulated in the placentas with male newborns compared to 
the placentas from female newborns (Fig. 7). 

3.7.3. miRNA expression in FGR group 
In the FGR groups comparing the placenta from male and female newborns, only one miRNA MIR518B (log2FC 1.589; p = 0.001) 

was upregulated in the placentas from female newborns compared to the male newborns (Fig. 7; Supplemental Table 2). 

Fig. 5. The Relative mRNA concentrations of inflammatory cytokine TNF, chemokine CCL2 and macrophage marker CD68 in placentas from entire 
cohort (composite) and segregated by newborn sex are shown. Data are presented as mean ± SD with open bars representing the controls and solid 
bars representing the FGR groups (control group: n = 13; FGR group: n = 20). Asterisk (*) represents p < 0.05 by Student’s t-test comparing control 
and FGR groups. 
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3.7.4. miRNA differential expression in control versus FGR group 
In mixed gender analysis, no change in miRNA was evident, however, distinct changes were observed when segregated by fetal sex. 

Among placentas from female newborns, 2D and 3D PCA plots generated by unsupervised clustering miRNA showed overlap between 
control and FGR groups (Fig. 8). Analysis by DESeq2 for miRNA found 2 dysregulated miRNAs (FDR<0.1 and absolute log2FC > 0.5). 
MIR451A was upregulated (log2FC 1.962; p = 0.049) whereas MIR543 was downregulated (log2FC − 1.331; p = 0.054) in placentas 
from FGR group with female newborns (Fig. 8, Supplemental Table 3). Among placentas from male newborns, 2D and 3D PCA plots 
generated by unsupervised clustering showed an overlap between control and FGR groups. FGR group modulated one miRNA at FDR 
<0.1 and absolute log2FC > 0.5. The sole miRNA observed to be regulated was MIR520G which is upregulated (log2FC 0.820; p =
0.049) in the FGR group placentas with male newborns (Supplemental Table 4). 

3.8. Placental microvessel characteristics 

Endothelial cell marker CD34 expression in placental microvessels immunohistochemically visualized and assessed is summarized 
in Fig. 9. The relative staining intensity, total stained area and percent total intensity of CD34 immunostaining was not different 
between control and FGR placentas. When segregated with sex, the relative placental staining intensity for CD34 showed a large 
magnitude increase in placentas from FGR pregnancies with male newborn while the percentage of total intensity of the stain was 
significantly lower (p = 0.004) in placentas from FGR pregnancies with female newborn. Assessment of the microvessel density and the 
microvessel area did not show any difference between control and FGR subjects. When segregated by sex, microvessel density was 

Fig. 6. The Relative mRNA concentrations of angiogenic markers VEGFA and its receptors VEGFR1 and VEGFR2, EBVEGF, HIF1A, PIGF, ANG1 and 
ANG2 in placentas from entire cohort (composite) and segregated by newborn sex are shown. Data are presented as mean ± SD with open bars 
representing the controls and solid bars representing the FGR groups (control group: n = 13; FGR group: n = 20). Asterisk (*) represents p < 0.05 by 
Student’s t-test and # represents large magnitude change by Cohen’s effect size analysis with Cohen’s d values ≥ 0.8 comparing control and 
FGR groups. 
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significantly lower (p = 0.015) in placentas from FGR pregnancies with female newborns. 

4. Discussion 

Utilizing term placenta from a homogeneous cohort of Asian primiparous pregnant women with and without FGR, expression levels 
of coding genes, proteins and miRNA that influence placental angiogenesis and function were assessed. Our findings showed changes 
in expression of genes involved in steroidogenesis, steroid action, IGF family members, inflammatory cytokines and angiogenic factors 
in FGR pregnancies. Most of significant changes were manifested in female placenta. A preliminary assessment also showed these 
changes were impacted by the offspring sex. At miRNA level, although no comprehensive changes were observed, significant changes 
were only evident in sexual dimorphic manner with upregulation of MIR451A and downregulation of MIR543 in FGR placentas with 
female newborns and upregulation of MIR520G in FGR placentas with male newborns. In keeping with these findings, the microvessel 
angiogenesis marker CD34 also showed reduced staining in female FGR placental. Although the placenta function was impaired both in 
male and female placenta, the change of microvessel density was only observed in female placenta but not in male, possibly due to the 
less susceptible on gene and protein expression in males associated with placental environment [44]. The significance of these 
sex-specific findings and their role in development of FGR are discussed below. 

4.1. Compromised placental function in FGR pregnancies 

Changes in placental morphology and angiogenesis have been shown to underlie placental dysfunction in FGR pregnancies [45]. 
Recruitment of primiparous women without pregnancy complication allowed exclusion of maternal parameters and fetal 

Fig. 7. Sex-specific miRNA sample clustering and differential expression in control or FGR placentas. Principal Component Analysis (PCA) 
2D among placentas from controls or FGR group with male or female newborns are shown on the left column (control group: n = 6, 3 male and 3 
female; FGR group: n = 7, 4 male and 3 female). Similarly, the 3D PCA plots are shown in the right for similar samples. For the PCA the 2D plots, 3D 
PCA plots are plotted with principal component 1 on X-axis and principal component 2 on Y-axis showing separation. Each point represents one 
sample. Volcano plot showing differences in miRNA expression comparing control female vs control male samples (bottom-top) and FGR female vs 
FGR male samples (bottom). miRNA are plotted by log2 fold change and -log10 adjusted p-values. The pink points represent miRNA that have 
absolute log2 fold change>0.05 and FDR <0.1. Blue dots represent miRNA that met absolute log2 fold change >0.5 but did not meet FDR cut off 0.1. 
Black dots represent those miRNAs that did not meet either the log2 fold change or FDR cut off. (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.) 
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malformation thus enforcing the focus on the main etiology resulting from placenta. Consistent with previous findings, lowered 
placental efficiency were evident in FGR pregnancies [46]. Meanwhile, the impaired placental function was evident in both male and 
female fetal placenta. 

4.2. Relative mRNA concentration changes in FGR placenta function and angiogenesis 

Placenta being a dynamic organ that undergoes significant anatomical and functional changes to keep up the demands of fetal 
growth requires to be constantly regulated by various processes. In line with this premise, genes that encode steroid synthesis and 
action, inflammatory process, IGF family members and angiogenic genes were altered in FGR group. The lower expression of CYP19, 
key gene in estradiol biosynthesis, in the placentas is in line with lower level of maternal estradiol observed in mothers with FGR 
pregnancies [47] and estrogen-suppressed placenta manifesting an impaired placental angiogenesis in animal study [48]. The lower 
placental expression of IGF1 and IGFBP3 in FGR group are also supportive of the role of IGF family members in development of FGR. 
IGFs are anabolic hormones that promote proliferation, mitochondrial protection, cell survival, tissue growth and development, 
anti-inflammatory, antioxidant, anti-fibrogenic and anti-aging activities in the developing fetus [49]. With placenta being a major 
source of IGFs [50], the lower expression of IGF is in line with low birth weight and impaired placental efficiency and capillary growth 
[51]. Preliminary analysis also indicated that the lower expression of IGF1 and IGFBP3 in the female placenta was observed along with 
the decreased capillary density in terminal villi and expression of pro-inflammatory chemokine CCL2 and macrophage marker CD68. 

Significant downregulation of angiogenic genes HIF1A and PIGF were evident among the placentas from FGR group, while 
placental expression of VEGF, ANG1, ANG2, and angiopoietin receptor (TIE-2) were found to be higher [52–54]. Since HIF1A regulates 
the expression of VEGF and angiopoietins, it is possible that lower expression of HIF1A in our cohort may have contributed to the lack 
of change in the expression of other angiogenic markers, consistent with the findings in a preeclamptic placentas where no significant 

Fig. 8. Sex-specific miRNA sample clustering and differential expression between control and FGR placentas. Principal Component Analysis 
(PCA) 2D among placentas from male or female newborns between control and FGR are shown on the left column (control group: n = 6, 3 male and 
3 female; FGR group: n = 7, 4 male and 3 female). Similarly, the 3D PCA plots are shown in the right for similar samples. For the PCA the 2D plots, 
3D PCA plots are plotted with principal component 1 on X-axis and principal component 2 on Y-axis showing separation. Each point represents one 
sample. Volcano plot showing differences in miRNA expression comparing control vs FGR among placentas from female newborns (bottom-top) and 
male newborns (bottom). The pink points represent miRNA that have absolute log2 fold change>0.05 and FDR <0.1. Blue dots represent miRNA 
that met absolute log2 fold change >0.5 but did not meet FDR cut off 0.1. Black dots represent those miRNAs that did not meet either the log2 fold 
change or FDR cut off. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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changes in angiogenic factors were observed [55]. Though the role of fetal sex plays in the placental perturbations are widely studied 
[29,56], our preliminary observations did not indicate any sex-dependent change on angiogenesis associated relative mRNA 
concentrations. 

Consistent with the compromised placental phenotype there was an increase in caspase activity in the placenta with female 
pregnancies. In contrast, in spite of the decreased placental efficiency and a trend for decreased placental volume, paradoxically the 
placenta from male pregnancies showed an increase in proliferative activity as evidenced by the Ki67 staining and decrease in caspase 
activity suggestive of an adaptive response to overcome compromise. In keeping with this premise of adaptive response, a trend for an 
increase in capillary density was evident in placenta of male pregnancies. Adaptive changes in angiogenesis reflective of increased 
efficiency have been reported with smaller size placenta [57]. Our preliminary observation of a trend for an increase in capillary 
density in male FGR placenta as opposed to downregulation in female FGR placenta is supportive of sexually-dimorphic compensatory 
responses. Previous studies [58,59] have also shown a trend for increase in capillary in male FGR placenta. 

4.3. Placental miRNA expression changes 

miRNAs are noncoding RNAs that regulate gene expression through micro-ribonucleoprotein effector complexes and sequence- 
specific recognition of target sites. As has been reported before [60] dimorphic expression of miRNA was observed between preg-
nancies with male and female newborns in both control and FGR groups. The significance of these sex-specific findings needs to be 
further explored. Interestingly, decreased expression of MIR451A expression in hepatocellular carcinoma was reported to play a role in 
increasing angiogenesis and VEGF expression [61,62]. This increase of MIR451A in FGR pregnancies in the present study was not 
associated with a change in VEGF expression. However, our finding of reduced staining for CD34, a microvessel endothelial marker is 
suggestive of reduced angiogenesis in FGR placentas with female newborns. This is in line with the negative regulation of angiogenesis 
associated with MIR451A elevation. In contrast to upregulation of MIR451A, downregulation of MIR543 in placentas from FGR group 
with female newborns was observed. However, while MIR451A negatively regulates angiogenesis, MIR543 expression positively 
regulates angiogenesis as demonstrated in cardiac endothelial cells [63] and non-small cell lung cancer [64]. Due to the opposing roles 
of MIR451A and MIR543 in regulating angiogenesis, the balance of the two may dictate the final impact on angiogenesis. These 
changes in miRNA in the FGR associated pregnancies with female fetuses are however indicative that dysregulation of angiogenesis 
may have epigenetic basis. 

In contrast in FGR associated pregnancies with male fetuses upregulation of MIR520G was observed. While a role for angiogenesis 
for this miRNA is not yet known, elevated expression of MIR520G have been observed in serum from preeclampsia pregnancies [65]. 
Additionally, this miRNA has been shown to negatively regulate trophoblast migration and invasion [65] processes essential for 
placental function. These findings support for the possibility that compromised placental trophoblast migration and invasion may be 
the basis for the development of FGR in pregnancies carrying male fetuses. 

4.4. Changes in placental angiogenesis 

CD34 is a cell surface marker that is expressed by a broad range of cells including hematopoietic, stromal, epithelial, and endo-
thelial cells and is now widely regarded as a marker of vascular endothelial progenitor cells [66]. CD34 positive endothelial cells under 

Fig. 9. Photomicrographs of endothelial cell marker CD34 immunostaining in the control and FGR placentas along with analysis of the staining 
intensity, percentage of total stain intensity and area of the stain, and microvessel density and area in placentas from the entire cohort (composite) 
and segregated by newborn sex are shown. Data for staining and microvessel characteristics are presented as mean ± SD with open bars representing 
the controls and solid bars representing the FGR groups (control group: n = 13; FGR group: n = 20). Asterisk (*) represents p < 0.05 by Student’s t- 
test and # represents large magnitude change by Cohen’s effect size analysis with Cohen’s d values ≥ 0.8 comparing control and FGR groups. 
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angiogenic stimuli are shown to migrate and from sprouting tip cells which are present in the leading edge of angiogenesis [67]. 
Because of this role of CD34 in active angiogenesis the evidence that reduced immunostaining intensity for CD34 in FGR associated 
placentas with female pregnancies suggests impaired angiogenesis as a contributory factor for development of FGR. Evidence that 
VEGF and CD34 expression correlates with angiogenesis in tumors [68] is supportive for the evidence that the large magnitude 
decrease in expression of VEGF receptor VEGFR1 may also contribute to this impeded angiogenesis in FGR placenta with female 
offspring. However, the upregulation of CD34 total staining intensity and stained area pointing to the proliferation of endothelial cell 
in male FGR placenta may again be reflective of a compensatory response to maintain non-branching angiogenesis in terminal villi of 
male FGR placenta. 

5. Limitations and conclusions 

This study provides strong evidence for impaired placental angiogenesis as a contributory factor for development of FGR and our 
preliminary observations supports that this occurs in a sex dimorphic manner. However, these findings should be viewed considering 
some limitations. The limitations are that this study was carried out in a small set of mothers from a non-diverse cohort. However, the 
fact that this study is from a non-diverse cohort of Asian women can be viewed as a strength as confounds arising from race can be 
avoided. As only primipara and term-pregnancies were chosen for recruitment, it lead to difference in distribution of fetal sex from 
both control and FGR groups. Nonetheless, this preliminary investigation showing statistical differences in sex-specific outcomes 
achieved in the face of low numbers emphasize the need for large scale investigations to validate the potential miRNA biomarkers 
identified. This comprehensive analysis of gene and key protein expression coupled with use of next generation sequencing to 
determine differentially expressed miRNA is the strengths of this study. However, our preliminary findings of sex-specific changes 
observed here should be viewed as providing proof of concept on the influence of fetal sex on FGR outcomes via impaired placental 
angiogenesis and function and needs to be explored further in a larger and more diverse cohort. Nonetheless this study points to the 
role for changes in key genes modulated through epigenetic regulation to have a contributory role in impaired angiogenesis underlying 
the development of FGR. 
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[34] I. Martín-Estal, R.G. de la Garza, I. Castilla-Cortázar, Intrauterine growth retardation (IUGR) as a novel condition of insulin-like growth factor-1 (IGF-1) 
deficiency, Rev. Physiol. Biochem. Pharmacol. 170 (2016) 1–35, https://doi.org/10.1007/112_2015_5001. 

[35] T.M. Mayhew, H. Jenkins, B. Todd, V.L. Clifton, Maternal asthma and placental morphometry: effects of severity, treatment and fetal sex, Placenta 29 (2008) 
366–373, https://doi.org/10.1016/j.placenta.2008.01.011. 

[36] Q. Meng, L. Shao, X. Luo, Y. Mu, W. Xu, L. Gao, et al., Expressions of VEGF-A and VEGFR-2 in placentae from GDM pregnancies, Reprod. Biol. Endocrinol. 14 
(2016) 61, https://doi.org/10.1186/s12958-016-0191-8. 

[37] S. Hutter, P. Hepp, S. Hofmann, C. Kuhn, J. Messner, U. Andergassen, et al., Glucocorticoid receptors α and β are modulated sex specifically in human placentas 
of intrauterine growth restriction (IUGR), Arch. Gynecol. Obstet. 300 (2019) 323–335, https://doi.org/10.1007/s00404-019-05189-7. 

W. Song et al.                                                                                                                                                                                                          

https://doi.org/10.1016/j.ejogrb.2015.06.021
https://doi.org/10.1016/j.ejogrb.2015.06.021
https://doi.org/10.1016/j.tice.2012.03.006
https://doi.org/10.1097/AOG.0000000000003070
https://doi.org/10.3389/fped.2019.00154
https://doi.org/10.2147/OTT.S230963
https://doi.org/10.2147/OTT.S230963
https://doi.org/10.1186/s13293-021-00405-z
https://doi.org/10.1016/s0093-691x(99)00258-7
https://doi.org/10.1097/00003081-200606000-00009
https://doi.org/10.1136/heartjnl-2022-321733
https://doi.org/10.1186/s12916-015-0545-7
https://doi.org/10.1111/apm.12842
https://doi.org/10.1016/j.placenta.2013.11.005
https://doi.org/10.1016/j.bbadis.2018.12.024
https://doi.org/10.1016/j.placenta.2009.11.010
https://doi.org/10.1016/j.placenta.2009.11.010
https://doi.org/10.1016/j.placenta.2020.05.003
https://doi.org/10.1016/j.placenta.2015.05.016
https://doi.org/10.1136/bmj.f108
https://doi.org/10.1038/s41598-021-84785-7
https://doi.org/10.1111/j.1471-052-8.2004.00308.x
https://doi.org/10.1111/j.1471-052-8.2004.00308.x
https://doi.org/10.1038/srep39812
https://doi.org/10.1203/01.pdr.0000185266.23265.87
https://doi.org/10.1203/01.pdr.0000185266.23265.87
https://doi.org/10.3390/ijms222212116
https://doi.org/10.1093/biolre/ioab006
https://doi.org/10.4049/jimmunol.1500295
https://doi.org/10.1002/pd.4045
https://doi.org/10.1155/2020/8715412
https://doi.org/10.1159/000497240
https://doi.org/10.1016/j.placenta.2016.12.008
https://doi.org/10.1371/journal.pone.0176493
https://doi.org/10.1371/journal.pone.0176493
https://doi.org/10.1093/biolre/ioz109
https://doi.org/10.1016/j.placenta.2020.02.019
https://doi.org/10.3390/ijms22052313
https://doi.org/10.1016/s0143-4004(05)80642-3
https://doi.org/10.1007/112_2015_5001
https://doi.org/10.1016/j.placenta.2008.01.011
https://doi.org/10.1186/s12958-016-0191-8
https://doi.org/10.1007/s00404-019-05189-7


Heliyon 10 (2024) e28007

16

[38] A. Chu, P. Najafzadeh, P. Sullivan, B. Cone, R. Elshimali, H. Shakeri, et al., Aldehyde dehydrogenase isoforms and inflammatory cell populations are 
differentially expressed in term human placentas affected by intrauterine growth restriction, Placenta 81 (2019) 9–17, https://doi.org/10.1016/j. 
placenta.2019.03.015. 

[39] C. Norton, D. Clarke, J. Holmstrom, I. Stirland, P.R. Reynolds, T.G. Jenkins, et al., Altered epigenetic profiles in the placenta of preeclamptic and intrauterine 
growth restriction patients, Cells 12 (2023), https://doi.org/10.3390/cells12081130. 

[40] J. Cohen, A power primer, Psychol. Bull. 112 (1992) 155–159, https://doi.org/10.1037//0033-2909.112.1.155. 
[41] S. Nakagawa, I.C. Cuthill, Effect size, confidence interval and statistical significance: a practical guide for biologists, Biol Rev Camb Philos Soc 82 (2007) 

591–605, https://doi.org/10.1111/j.1469-185X.2007.00027.x. 
[42] V. Amrhein, S. Greenland, B. McShane, Scientists rise up against statistical significance, Nature 567 (2019) 305–307, https://doi.org/10.1038/d41586-019- 

00857-9. 
[43] M.R. Marques, C. Grandi, L.M.P. Nascente, R.C. Cavalli, V.C. Cardoso, Placental morphometry in hypertensive disorders of pregnancy and its relationship with 

birth weight in a Latin American population, Pregnancy Hypertens 13 (2018) 235–241, https://doi.org/10.1016/j.preghy.2018.06.020. 
[44] N. Ke, L.H. Pi, Q. Liu, L. Chen, Long noncoding RNA SNHG7 inhibits high glucose-induced human retinal endothelial cells angiogenesis by regulating miR-543/ 

SIRT1 axis, Biochem. Biophys. Res. Commun. 514 (2019) 503–509, https://doi.org/10.1016/j.bbrc.2019.04.141. 
[45] T.R. Regnault, B. de Vrijer, H.L. Galan, M.L. Davidsen, K.A. Trembler, F.C. Battaglia, et al., The relationship between transplacental O2 diffusion and placental 

expression of PlGF, VEGF and their receptors in a placental insufficiency model of fetal growth restriction, J Physiol 550 (2003) 641–656, https://doi.org/ 
10.1113/jphysiol.2003.039511. 

[46] T.R. Regnault, R.J. Orbus, B. de Vrijer, M.L. Davidsen, H.L. Galan, R.B. Wilkening, et al., Placental expression of VEGF, PlGF and their receptors in a model of 
placental insufficiency-intrauterine growth restriction (PI-IUGR), Placenta 23 (2002) 132–144, https://doi.org/10.1053/plac.2001.0757. 

[47] C.S. Rosenfeld, Sex-specific placental responses in fetal development, Endocrinology 156 (2015) 3422–3434, https://doi.org/10.1210/en.2015-1227. 
[48] C. Rossi, M. Lees, V. Mehta, T. Heikura, J. Martin, I. Zachary, et al., Comparison of efficiency and function of vascular endothelial growth factor adenovirus 

vectors in endothelial cells for gene therapy of placental insufficiency, Hum. Gene Ther. 31 (2020) 1190–1202, https://doi.org/10.1089/hum.2020.006. 
[49] A.S. Sahay, A.T. Jadhav, D.P. Sundrani, G.N. Wagh, S.S. Mehendale, P. Chavan-Gautam, et al., VEGF and VEGFR1 levels in different regions of the normal and 

preeclampsia placentae, Mol. Cell. Biochem. 438 (2018) 141–152, https://doi.org/10.1007/s11010-017-3121-y. 
[50] S.P. Salas, G. Marshall, B.L. Gutiérrez, P. Rosso, Time course of maternal plasma volume and hormonal changes in women with preeclampsia or fetal growth 

restriction, Hypertension 47 (2006) 203–208, https://doi.org/10.1161/01.Hyp.0000200042.64517.19. 
[51] L.E. Sidney, M.J. Branch, S.E. Dunphy, H.S. Dua, A. Hopkinson, Concise review: evidence for CD34 as a common marker for diverse progenitors, Stem Cell. 32 

(2014) 1380–1389, https://doi.org/10.1002/stem.1661. 
[52] M.J. Siemerink, I. Klaassen, I.M. Vogels, A.W. Griffioen, C.J. Van Noorden, R.O. Schlingemann, CD34 marks angiogenic tip cells in human vascular endothelial 

cell cultures, Angiogenesis 15 (2012) 151–163, https://doi.org/10.1007/s10456-011-9251-z. 
[53] R. Sood, J.L. Zehnder, M.L. Druzin, P.O. Brown, Gene expression patterns in human placenta, Proc Natl Acad Sci U S A 103 (2006) 5478–5483, https://doi.org/ 

10.1073/pnas.0508035103. 
[54] C. Stenhouse, C.O. Hogg, C.J. Ashworth, Associations between fetal size, sex and placental angiogenesis in the pig, Biol. Reprod. 100 (2019) 239–252, https:// 

doi.org/10.1093/biolre/ioy184. 
[55] N. Takahashi, F. Anan, M. Nakagawa, K. Yufu, T. Ooie, T. Nawata, et al., Microalbuminuria, cardiovascular autonomic dysfunction, and insulin resistance in 

patients with type 2 diabetes mellitus, Metabolism 53 (2004) 1359–1364, https://doi.org/10.1016/j.metabol.2004.03.024. 
[56] K. Thiele, A.M. Hierweger, Riquelme Jia, M.E. Solano, J.P. Lydon, P.C. Arck, Impaired progesterone-responsiveness of CD11c(+) dendritic cells affects the 

generation of CD4(+) regulatory T cells and is associated with intrauterine growth restriction in mice, Front. Endocrinol. 10 (2019) 96, https://doi.org/ 
10.3389/fendo.2019.00096. 

[57] M.Y. Turco, A. Moffett, Development of the human placenta, Development 146 (2019), https://doi.org/10.1242/dev.163428. 
[58] A. Valinezhad Orang, R. Safaralizadeh, M. Kazemzadeh-Bavili, Mechanisms of miRNA-mediated gene regulation from common downregulation to mRNA- 

specific upregulation, Int J Genomics 2014 (2014) 970607, https://doi.org/10.1155/2014/970607. 
[59] C. Vayssière, L. Sentilhes, A. Ego, C. Bernard, D. Cambourieu, C. Flamant, et al., Fetal growth restriction and intra-uterine growth restriction: guidelines for 

clinical practice from the French College of Gynaecologists and Obstetricians, Eur. J. Obstet. Gynecol. Reprod. Biol. 193 (2015) 10–18, https://doi.org/ 
10.1016/j.ejogrb.2015.06.021. 

[60] A.K. Vyas, A. Veiga-Lopez, W. Ye, B. Abi Salloum, D.H. Abbott, S. Yang, et al., Developmental programming: sex-specific programming of growth upon prenatal 
bisphenol A exposure, J. Appl. Toxicol. 39 (2019) 1516–1531, https://doi.org/10.1002/jat.3836. 

[61] D. Wang, L. Cai, X. Tian, W. Li, MiR-543 promotes tumorigenesis and angiogenesis in non-small cell lung cancer via modulating metastasis associated protein 1, 
Mol Med 26 (2020) 44, https://doi.org/10.1186/s10020-020-00175-1. 

[62] G. Wang, S. Divall, S. Radovick, D. Paige, Y. Ning, Z. Chen, et al., Preterm birth and random plasma insulin levels at birth and in early childhood, JAMA 311 
(2014) 587–596, https://doi.org/10.1001/jama.2014.1. 

[63] L. Woods, V. Perez-Garcia, M. Hemberger, Regulation of placental development and its impact on fetal growth-new insights from mouse models, Front. 
Endocrinol. 9 (2018) 570, https://doi.org/10.3389/fendo.2018.00570. 

[64] M.S. Yan, P.J. Turgeon, H.J. Man, M.K. Dubinsky, J.J.D. Ho, S. El-Rass, et al., Histone acetyltransferase 7 (KAT7)-dependent intragenic histone acetylation 
regulates endothelial cell gene regulation, J. Biol. Chem. 293 (2018) 4381–4402, https://doi.org/10.1074/jbc.RA117.001383. 

[65] M. Yang, X. Liu, M. Jiang, J. Li, Y. Tang, L. Zhou, miR-543 in human mesenchymal stem cell-derived exosomes promotes cardiac microvascular endothelial cell 
angiogenesis after myocardial infarction through COL4A1, IUBMB Life 73 (2021) 927–940, https://doi.org/10.1002/iub.2474. 

[66] C.J. Bauer, M. Findlay, C. Koliamitra, P. Zimmer, V. Schick, S. Ludwig, et al., Preoperative exercise induces endothelial progenitor cell mobilisation in patients 
undergoing major surgery - a prospective randomised controlled clinical proof-of-concept trial, Heliyon 8 (2022) e10705, https://doi.org/10.1016/j. 
heliyon.2022.e10705. 

[67] L. Zhao, R. Ma, L. Zhang, X. Yuan, J. Wu, L. He, et al., Inhibition of HIF-1a-mediated TLR4 activation decreases apoptosis and promotes angiogenesis of placental 
microvascular endothelial cells during severe pre-eclampsia pathogenesis, Placenta 83 (2019) 8–16, https://doi.org/10.1016/j.placenta.2019.06.375. 
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