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ARTICLE INFO ABSTRACT

Keywords: The ecto-5-nucleotidase (CD73)/adenosine signaling pathway has been reported to regulate
CD73 tumor epithelial-mesenchymal transition (EMT), migration and proliferation. However, little is
Adenosine

known about the metabolic mechanisms underlying its role in trophoblast proliferation and
migration. In this study, we aimed to investigate the metabolic role of the CD73/adenosine
signaling pathway on the proliferation and migration of trophoblast. We found that CD73 levels
were upregulated in preeclamptic placentas compared with the placentas of normotensive
pregnant women. EMT and migration of HTR-8/SVneo cells were enhanced when treated with a
CD73 inhibitor (100 puM) in vitro. Conversely, excessive adenosine (25 or 50 pM) suppressed
trophoblast cell EMT, migration and proliferation. RNA-seq, metabolomics and seahorse findings
showed that adenosine treatment resulted in increased expression of PDK1, suppression of aerobic
respiration, glycolysis and amino acids synthesis, as well as increased utilization of short-chain
fatty acids (SCFAs). Furthermore, the 13¢.adenosine isotope tracking experiment demonstrated
that adenosine served as a carbon source for the tricarboxylic acid (TCA) cycle. Our results reveal
the role of adenosine in regulating trophoblast energy metabolism is like a double-edged sword -
either inhibiting aerobic respiration or supplementing carbon sources into metabolic flux. CD73/
adenosine signaling regulated trophoblast EMT, migration, and proliferation by modulating en-
ergy metabolism. This study indicates that CD73/adenosine signaling potentially plays a role in
the occurrence of placenta-derived diseases, including preeclampsia.
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1. Introduction

Successful placental formation is essential for a healthy pregnancy and depends on well-functioning trophoblasts. In early gesta-
tion, villous cytotrophoblasts experience an epithelial-mesenchymal transition (EMT), differentiating into extravillous trophoblasts
(EVTs). During this differentiation, they acquire migratory and invasive phenotypes [1]. Subsequently, EVTs migrate into the decidua
and remodel the spiral arteries to supply adequate nutrients and oxygen to the fetus [2]. EVTs are one of the most important functional
cells in the placenta. Impaired proliferation, migration and EMT progression of EVTs are pivotal contributors to the pathogenesis of
placenta-derived diseases, such as intrauterine growth restriction, miscarriage, and preeclampsia [3].

Ecto-5"-nucleotidase (CD73) is a cell surface enzyme-producing extracellular adenosine from adenosine monophosphate (AMP) [4].
CD73/adenosine signaling has been shown to regulate EMT in various cancer cell types, including gastric, endometrial, and ovarian
cancer cells. However, the cellular specificity appears to determine the different roles of CD73 in mediating EMT. For instance,
elevated CD73/adenosine signaling promotes gastric cancer cell migration by positively modulating EMT [5]. On the contrary, loss of
CD73 enhances endometrial tumor progression [6,7]. CD73-derived adenosine suppresses the cellular migration of ovarian carcinoma
SKOV-3 cells by inducing the relocation of E-cadherin at the cellular contact zone to form adherens junctions, suggesting an
epithelial-like phenotype [8]. Although contradictory results have been observed in different cancer types, CD73/adenosine signaling
is increasingly recognized as one of the major pathways involved in the regulation of EMT. Owing to first-trimester trophoblast cells
sharing similarities with tumor cells, it has been proposed that they use similar mechanisms for regulating migration [9]. However,
whether CD73/adenosine signaling is associated with the EMT in EVT remains unclear.

In addition, it has been found that CD73-mediated adenosine production regulates energy metabolism by restricting glucose uptake
in T lymphocytes [10]. Energy metabolism is a potent regulator of cellular function [11,12]. Apart from providing essential energy
substrates, cellular energy metabolism provides the materials required to support biosynthesis for cell proliferation [13]. Indeed,
elevated levels of adenosine have been observed in the maternal and fetal circulation and placentas of preeclampsia patients [14-16].
Previous studies have shown that extracellular adenosine suppressed trophoblast migration by deactivating the MAPK signaling
pathway and reducing proMMP-2 levels [17,18]. However, the association between CD73/adenosine signaling and energy metabolism
of EVTs remains unclear. Therefore, this study focused on the metabolic role of the CD73-adenosine axis on the cellular function of the
EVTs and how this axis may be involved in the pathogenesis of placenta-derived diseases, including preeclampsia.

2. Material and methods
2.1. Collection of human placenta samples

The collection of human placenta tissue was approved by the Ethics Committee of Chongqing Medical University (Ethic No.
2014034). Informed consent was obtained from all participants. In this study, placenta tissues were collected from women with
normotensive pregnancies (39.00 + 1.24 weeks’ gestation, n = 12) and preeclampsia patients (37.14 + 1.52 weeks’ gestation, n = 12)
diagnosed in accordance with the American College of Obstetrician and Gynecologists (ACOG) guidelines [19]. The exclusion criteria
included diagnosed gestational diabetes, pregestational diabetes mellitus, cardiovascular disease, collagen disorder, chronic renal
disease, chronic hypertension, and multiple pregnancies. Participants in the preeclampsia and control groups were matched for age,
body mass index (BMI), and gravidity. Table 1 shows the clinical features of the individuals. Placental tissue was obtained during
cesarean section, placed in a sterile container, and transported to our laboratory for further preparation. Placenta tissue specimens,
approximately 1 cm x 1 cm, were dissected from 5 randomly maternal sites of the placenta. The samples were partitioned into small
pieces and washed three times with phosphate buffer saline (PBS). Some specimens were frozen in liquid nitrogen and stored at —80 °C
for western blotting, while the rest were fixed in paraffin for immunohistochemical examination. All samples were collected within 40
min after delivery.

2.2. Immunohistochemistry

The placenta tissues were washed with PBS and fixed overnight with 4 % paraformaldehyde (P0099, Beyotime, China) at room

Table 1

Clinical characteristics of the human participants.
Category Normal (n = 12) Preeclampsia (n = 12) P-value
Age (years) 29.25 +1.82 29.50 + 3.85 0.841*
Body mass index (BMI; kg/m?) 27.87 £ 1.59 28.04 + 2.44 0.839%
Gravidity 2.50 + 1.00 2.58 + 0.90 0.832%
Gestational age at delivery (weeks) 39.00 + 1.24 37.14 £ 1.52 0.125°
Placental weight (g) 534.17 + 56.16 420.00 + 120.91 0.009*
Neonatal birth weight (g) 3352.93 + 210.37 2652.50 + 745.18 0.003°
Proteinuria (g/24 h) 0.00 £ 0.00 2.75 £1.22 <0.001 °
Systolic blood pressure (mmHg) 112.33 + 8.98 155.08 + 19.68 <0.001*
Diastolic blood pressure (mmHg) 72.83 £9.20 98.25 +12.79 <0.001*

Values are shown as the mean + SD; ?Student T-test; and bMann-Whitney test.
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temperature. The tissues were then dehydrated and embedded in paraffin before sectioning into 4-mm sections. To perform the
immunohistochemical analysis, the sections were deparaffinized in xylene, rehydrated in a serial ethanol gradient, blocked with 3 %
H,0; for 10 min, and then microwaved in 10 mM citric sodium (pH 6.0) for 15 min to retrieve antigens. After that, the sections were
incubated with primary rabbit antibody against CD73 (1:200; #ab175396, Abcam, U.K.) at 4 °C overnight. Following incubation, a
goat-anti-rabbit IgG secondary antibody (1:500; #ab97051, Abcam, U.K.) was applied for 30 min at room temperature. The signals
were displayed with a diaminobenzidine solution. Sections stained with rabbit IgG served as negative controls.

2.3. Cell culture and chemical treatments

The HTR-8/SVneo immortalized human trophoblast cell line used in this study was obtained from the American Type Culture
Collection (ATCC, USA). The HTR-8/SVneo cell line was cultured in RPMI 1640 medium (C11875500BT; Gibco, USA) supplemented
with 10 % fetal bovine serum (FBS, ST30-2602; Pansera, Germany) and 1 % penicillin-streptomycin (C0222, Beyotime, China) at 37 °C
under 5 % CO3. The specific CD73 inhibitor a,p-methylene adenosine diphosphate (APCP, M3763; Sigma, USA, 100 pM) or AB-680
(HY-1125286; MCE, China, 100 nM), adenosine (ADO, HY-B0228; MCE, China, 25 or 50 pM), 5-N-ethylcarboxamidoadenosine
(NECA; HY-103173; MCE, China, 30 nM), 8-cyclopentyl-1,3-dipropylxanthine (DPCPX, HY-100937; MCE, China, 100 nM), ZM 241385
(HY-19532; MCE, China, 10 nM), and MRS 1706 (HY-103186; MCE, China, 10 nM) were used in this study.

2.4. Western blotting analysis

The total protein from placenta tissues or HTR-8/SVneo cells was extracted using a radio-immunoprecipitation assay (RIPA) lysis
buffer (P0013B, Beyotime Institute of Biotechnology, China) that contained a protease and phosphatase inhibitor cocktail (P1045,
Beyotime Institute of Biotechnology, China). Total protein concentration was determined using a Bicinchoninic Acid kit (P0012,
Beyotime Institute of Biotechnology, China). Protein from each sample (30 pg) was loaded and separated by 10 % SDS-PAGE gel
electrophoresis and transferred to the polyvinylidene fluoride membrane (03010040001, Roche, Switzerland). After blocking in 5 %
skim milk in TBST (20 mM Tris-HCL, 1500 mM NaCl, and 0.1 % Tween 20) at room temperature for 1.5 h, the membrane was washed
three times with TBST for 30 min and subsequently incubated at 4 °C overnight with the primary antibody including E-cadherin
(1:1000, #3195, Cell Signaling Technology, USA), N-cadherin (1:1000, #13116, Cell Signaling Technology, USA), Vimentin (1:1000,
#5741, Cell Signaling Technology, USA), CD73 (1:1000, #13160S, Cell Signaling Technology, USA), GAPDH (1:1000, #5174, Cell
Signaling Technology, USA) and f-actin (1:5000, Catalog#: GB11001, Servicebio, China). Subsequently, the membrane was washed
three times with TBST for 30 min and incubated with the horseradish peroxidase (HRP)-conjugated secondary antibody (1:5000,
Proteintech, China) in a blocking solution for an hour at room temperature. Inmunoreactive bands were illuminated by enhanced
chemiluminescence reagents and were analyzed using Fusion analysis software (FX5; Vilber Lourmat, France). All experiments were
repeated independently three times.

2.5. Measurement of CD73 activity

We assessed the CD73 enzyme activity of HTR-8/SVneo cells by measuring the conversion rate from AMP to adenosine. In brief,
HTR-8/SVneo cells were incubated with Hank’s balanced salt solution (HBSS) in the presence or absence of APCP for 30 min. After
washing 3 times with HBSS, cells were stimulated with 100 pM AMP for 10 min. Then, the supernatants (100 pl) were subjected to
liquid chromatograph-mass spectrometry (LC-MS) analysis (Agilent 1290-6495C, California, USA). An Ultimate® HILIC Amphion
column (2.1 x 100 mm, 3 pm, Welch Materials, China) was used for separation. The mobile phase consisted of (A) 0.1 % formic acid
solution and (B) acetonitrile, 0-2.0 min, 2 % A; 2.0-6.0 min, 70 % A; 6.0-7.0 min, 70 % A; 7.0-8.0 min, 2 % A. The flow rate was 0.3
ml/min, and the injection volume was 2 pl. Adenosine was monitored with an MRM transition of 268.11 to 136.1 m/z, fragmentor of
166 V and collision energy of 17 V. AMP was monitored with an MRM transition of 348.07 to 136.1 m/z, fragmentor of 166 V and
collision energy of 21 V. Data were processed with the Agilent MassHunter Quantitative Analysis software (version 10.1, Agilent,
USA). The enzyme activity of CD73 was expressed as adenosine production per mg protein for 10 min.

2.6. RNA-sequencing and data analysis

RNA sequencing was completed by Novogene Inc. (Beijing, China). Total intracellular RNA was extracted from HTR-8/SVneo cells
using TRIzol reagent (15596026, Invitrogen, USA) according to the manufacturer’s instructions. The integrity of total RNA was
measured using an Agilent 2100 Bioanalyzer. The cDNA library was constructed via the NEBNext Ultra Directional RNA Library Prep
Kit for Illumina. Qubit2.0 Fluorometer and quantitative RT-PCR (qQRT-PCR) were performed to determine the effective concentration of
the cDNA library. After library pooling, sequencing was performed using Illumina technology. High-quality reads were mapped to the
reference genome utilizing the HISAT2. Differential genes were selected following the criteria: |loga(FoldChange)| > 0 and padj<0.05.
GO Enrichment Analysis was applied to the differential genes. RNA sequencing was performed with three biological replicates from
each group.

2.7. qRT-PCR

Total RNA was isolated from HTR-8/SVneo cell lines with the TRIzol reagent (Invitrogen), according to the manufacturer’s
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instructions. A NanoDrop 2000 (Thermo Fisher Scientific) was used to determine extracted RNA concentration and quality. Extracted
RNA was reverse transcribed to ¢cDNA using an Evo M-MLV RT Kit (#AG11728, ACCURATE BIOTECHNOLOGY(HUNAN)CO.,LTD,
ChangSha, China). qPCR was performed using a SYBR Green Premix Pro Taq HS qPCR Kit (#AG11701, ACCURATE BIOTECHNOLOGY
(HUNAN)CO.,LTD, ChangSha, China) and a CFX96 Real-Time System (Bio-Rad, USA). Relative gene expression was calculated using
the 2724C method, and the GAPDH was used as a housekeeping gene. Primer pairs to perform gRT-PCR were as follows: N-cadherin:
forward: 5 GGACAGCCTCTTCTCAATGT 3/, reverse: 5 GCCACTTTTCCTGGGTCTC 3'; vimentin: forward: 5 GCACACAGCAAGGCGAT
3, reverse: 5° GATTCAAGTCTCAGCGGGC 3'; MMP9: forward: 5° CAGTACCGAGAGAAAGCCTATT 3/, reverse: 5° CAGGATGTCA-
TAGGTCACGTAG 3; PDK1: forward: 5 AACCGACACAATGATGTCATTC 3/, reverse: 5° ATGCGACTCATGTAGAATCGAT 3'; HK-II:
forward: 5 CGACAGCATCATTGTTAAGGAG 3/, reverse: 5 GCAGGAAAGACACATCACATTT 3; LDHA: forward: 5 AGGTGAT-
CAAACTCAAAGGCTA 3/, reverse: 5 CCCAAAATGCAAGGAACACTAA 3'; PFK: forward: 5 GCGAGACCAAGATAAATATCGC 3/, reverse:
5 CCTGTCGTTCTAGCTCCATTAT 3'; PDK4: forward: 5 CAAGATGCCTTTGAGTGTTCAA 3, reverse: 5 GGTCTTCTTTTCCCAAGACAAC
3'; GAPDH: forward: 5 GCACCGTCAAGGCTGAGAAC 3/, reverse: 5 TGGTGAAGACGCCAGTGGA 3.

2.8. Enzyme-linked immunosorbent assay (ELISA)

The concentration of intracellular acetyl-CoA (# JL32777; Jianglai Biology, China), extracellular ATP (#14432H1; Jiangsu Mei-
mian Industrial Co., Ltd, China), AMP (#2039H1; Jiangsu Meimian Industrial Co., Ltd, China), and adenosine (#1913H1; Jiangsu
Meimian Industrial Co., Ltd, China) were determined with ELISA Kits, analyzed according to manufacturer’s instructions.

2.9. Cell proliferation assay

HTR-8/SVneo cells were seeded into 96/well plates at 5 x 10 3 cells per well, precultured for 24 h, and then combined with
different concentrations of adenosine (0, 10, 25, 50, 75, 100 and 125 pM) for another 24 h. A 10 pl aliquot of CCK-8 solution
(HY-K0301; MCE, China) was added to each well, and the cells were incubated at 37 °C for 4 h. A Multiskan Go microplate reader
(Thermo Fisher Scientific) was used to measure the absorbance at 450 nm. All experiments were repeated independently three times.

2.10. Cell cycle assay

HTR-8/SVneo cells treated with or without adenosine were detached using trypsin, fixed with 500 pL iced 70 % ethanol, and
stained using a Coulter DNA-Prep Reagents Kit (Beckman Coulter, USA). The stained HTR-8/SVneo cells were then analyzed using a
CytoFlex Flow Cytometer (Beckman Coulter, USA). All experiments were repeated independently three times.

2.11. Cell wound-healing assay

HTR-8/SVneo cells were incubated in a 6-well plate at a density of 5 x 10° cells per well. When the cell confluence reached 80 %,
the cells were scratched with a 200 pl pipette tip, washed three times with PBS, and then RPMI 1640 medium containing 2 % FBS was
added. The scratch sizes of cells at 0 h, 12 h, and 24 h were recorded with a Z1 inverted microscope (Carl Zeiss, USA). The percentage of
wound healing was analyzed using ImageJ software (version 1.53; National Institutes of Health, USA). All experiments were repeated
independently three times.

2.12. Oxygen consumption rate and extracellular acidification rate measurements

The Cell Mito Stress Test Kit (#103707-100; Agilent, USA) was used to measure oxygen consumption rates (OCRs). The HTR-8/
SVneo cells were seeded in Seahorse micro-well plates in 80 pL of standard growth media. The cells were pretreated with different
treatments and incubated at 37 °C and 5 % CO- for 24 h. One pM oligomycin, 0.5 pM FCCP, and one uM Rot/AA, were added according
to the manufacturer’s instructions. The cells were analyzed using the XFp Extracellular Flux Analyzer (Agilent, USA).

The pH Xtra Glycolysis Assay Kit (# PH-100; Luxcel, Ireland) was used to measure the extracellular acidification rates (ECARs). The
HTR-8/SVneo cells pretreated with different treatments were incubated in a CO,-free incubator at 37 °C for 2 h, washed with
respiration buffer, and then had an addition of 150 pl of respiration buffer containing 1 pM pH probe. A further 0.02 uM of DMSO, 1 pM
oligomycin, and 50 mM 2-DG were added to the corresponding wells. The cells were analyzed using a CLARIOstar Plus plate reader
(BMG Labtech, Germany). All experiments were repeated independently three times.

2.13. Metabolomic analysis

2.13.1. The extraction of intracellular and extracellular metabolites

The cellular metabolism of HTR-8/SVneo cells was terminated using liquid nitrogen. Before extraction, 2,3,3,3-d4-alanine
(0.3 pmol/sample) was added to each sample as an internal standard. Intracellular metabolites were extracted with 1.5 ml of a fresh
extraction solution (methanol/chloroform, 9:1 v/v). The intracellular metabolite extracts and 0.5 ml of culture medium containing
extracellular metabolites were centrifuged at 2000 xg for 10 min. The isolated supernatants were then dried for 4-5 h with a Labconco
CentriVap® SpeedVac concentrator (Labconco Corporation) and stored at —80 °C until chemical derivatization.
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2.13.2. Methyl chloroformate (MCF) derivatization and gas chromatography-mass spectrometry (GC-MS) analysis

Dried intracellular and extracellular metabolite extracts were resuspended in 200 pl of sodium hydroxide (1 M). The MCF deriv-
atization step was performed according to the method published by Han et al. [20]. All MCF-derivatized samples were analyzed using
an Agilent GC7890B chromatography system coupled to a MSD5975 mass spectrometer (Agilent, California, USA) operating at 70 eV.
The GC column was a ZB-1701 GC capillary column (30 m x 250 pm id x 0.15 pm with a 5 m guard column, Phenomenex, USA).
GC-MS parameters and temperature programs were set according to the protocol reported in Han et al. [20].

2.13.3. Metabolite identification, data mining, and statistical analysis

For metabolite identification and deconvolution, the Automated Mass Spectral Deconvolution & Identification System (AMDIS)
software was used. The metabolites were identified by comparing MS fragmentation patterns and GC retention time to an in-house MS
library built from chemical standards. A commercial NIST mass spectrum library was used to identify the remaining chemicals.
Relative abundance of the metabolites was determined using the MassOmics XCMS R-based script by measuring the peak height of the
most substantial fragmented ion mass. These values were normalized by the internal standard (2,3,3,3-d4-alanine) and subsequently
by the total concentration in each sample. The Metaboanalyst 3.0 package for R was used to perform the principal component analysis
(PCA). Tukey’s honest significant difference test was used in R to test for significant differences between the treatment and control
groups. P values < 0.05 were considered statistically significant. The Pathway Activity Profiling (PAPi) algorithm [21] was used to
estimate and compare various metabolic pathways in HTR-8/SVneo cells with different treatments. Graphical illustrations of the
findings were generated using ggplot2 R packages. The metabolomic analysis was repeated with three biological replicates from each
group.
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Fig. 1. CD73 was upregulated in preeclampsia placental tissues (A) Immunohistochemical staining of CD73 in human term-placentas in normal
pregnancies (n = 3 biological replicates) and preeclampsia patients (n = 3 biological replicates). The distribution of CD73 in women with normal or
preeclamptic pregnancies was localized in trophoblast cells (400 x ; Scale bars: 100 pm). Serial sections of the same samples immunostained with
nonspecific IgG were shown as a negative control. EVT, extravillous trophoblast; CTB, cytotrophoblast; STB, syncytiotrophoblast; PE, preeclampsia.
(B) Representative western blotting analysis of CD73 in human term-placentas from normal pregnancies (n = 12 biological replicates) and pre-
eclampsia patients (n = 12 biological replicates). PE: preeclampsia. The original blots were provided in supplementary data as Supplementary
Fig. S5A. Results are shown as mean + SEM, **p < 0.01, Student’s t-test.
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Fig. 2. Adenosine signaling regulates gene expression of HTR-8/SVneo cells and the transcription of important EMT markers (A) HTR-8/SVneo cells
were treated with or without adenosine (50 pM) for 24 h and RNA-Seq (n = 3 biological replicates per group) was performed. The volcano plot
illustrates the 152 downregulated genes (green) and 41 upregulated genes (red) using RNA-seq data. (B)The Gene Ontology (GO) enrichment
analysis of differentially expressed genes (DEGs) from RNA-seq data. The ordinate indicates the enriched pathways, and the abscissa gene ratio
indicates the ratio of the DEGs number to the total number of genes in a certain pathway. The size of the dot indicates the number of genes with
biological process terms, while the color represents the adjusted p value. (C) Heat map with some EMT markers in control and adenosine-treated
samples from RNA-Seq. (D) Validation of RNA-seq data for some EMT markers by real-time PCR. (E) FPKM expression by RNA-seq between the
control and adenosine groups. (F) PDK1 mRNA level in human term-placentas of pregnant women with or without preeclampsia by using qRT-PCR.
PE: preeclampsia. Results are shown as mean + SD, n = 12 biological replicates, *p < 0.05, Student’s t-test. (G) HTR-8/SVneo cells were treated
with or without adenosine (50 pM) or APCP (100 pM) for 24 h, and the concentrations of Acetyl-coA in HTR-8/SVneo cells were measured using
ELISA. n = 3 biological replicates for each group. *p < 0.05, **p < 0.01, ***p < 0.001; One-way ANOVA. (For interpretation of the references to
Eolor in this figure legend, the reader is referred to the Web version of this article.)

2.13.4. 13C adenosine isotope tracking experiment

In 13C labeling experiments, HTR-8/SVneo cells were cultivated with or without 50 uM adenosine or 50 pM '3C-labelled adenosine
(#CLM-3678-0.05, Cambridge Isotope Laboratories, USA) and harvested after 24 h. Extraction of intracellular and extracellular
metabolites followed the identical procedure outlined in the non-labelling metabolomic experiment, as described in section 2.13.1.
The distribution of 3C-labelling from adenosine in the identified metabolite pool was calculated using the 13C/*C ratio in the major
mass fragments. Stable isotope labelled metabolites were identified by their metabolite-specific fragmentation and retention time
using AMDIS. The labelling degree of metabolites was assessed by the difference in the fragmentation patterns between '3C-labelled
metabolites and their counterpart 2C mass spectrum. All observed *C-labelled metabolites from samples without additionally
labelled substrates were corrected for natural isotope abundances. Finally, the percentage of isotope labelling enrichment in metab-
olites derived from the catabolism of 13C labelled adenosine was calculated by subtracting natural abundance from total 13C
enrichment. The calculation was based on a formula published in Han et al. [20].

2.14. Statistical analysis

The data are presented as mean + standard deviation (SD) or standard error of the mean (SEM). The data were analyzed using
GraphPad Prism software (version 8, GraphPad Software, USA) and SPSS software (version 22.0, SPSS Inc., USA). Data were examined
for normal distribution using Kolmogorov-Smirnov test. The Mann-Whitney test was used for non-normally distributed data, while the
unpaired two-tailed t-test was applied for the normally distributed data to compare the two groups. Alternatively, the one-way analysis
of variance (ANOVA) with Tukey post-hoc tests was used to compare multiple groups. A p-value <0.05 was considered to be statis-
tically significant.

3. Results
3.1. Clinical characteristics

The clinical characteristics of the study subjects are shown in Table 1. The age, BMI, and gravidity were similar between the
preeclampsia and the normotensive pregnancy groups. Women suffering from preeclampsia had significantly higher proteinuria,
systolic blood pressure, and diastolic blood pressure, but placental weight and neonatal birth weight were lower, as compared to
women with normotensive pregnancies.

3.2. CD73 expression was upregulated in preeclampsia human placentas

To determine the involvement of CD73 in the development of preeclampsia, we evaluated the expression of CD73 in human
placental tissue using immunohistochemistry and western blotting. As illustrated in Fig. 1A, CD73 was expressed in various types of
placental trophoblast cells, including cytotrophoblasts (CTB), syncytiotrophoblasts (STB), and EVTs. Western blotting demonstrated
that CD73 protein levels were increased in preeclampsia placentas (Fig. 1B).

3.3. The effects of APCP treatment on the extracellular levels of ATP, AMP and adenosine in HTR-8/SVneo cells

We first assessed the effect of APCP treatment on the enzymatic activity of CD73 by measuring the amount of 5-AMP hydrolyzed to
adenosine using LC-MS. A representative LC-MS chromatogram was presented in Fig. S1A. The results showed that the production of
adenosine with the treatment of 50 pM and 100 pM APCP was significantly decreased by 55.44 % and 70.37 % (Fig. S1A), respectively.
We then investigated the changes in the extracellular ATP, AMP, and adenosine concentration. Results showed that the APCP treat-

ment increased the extracellular concentration of ATP and AMP and decreased that of adenosine (Fig. S1B).

3.4. RNA-seq data analysis of the HTR-8/SVneo cells in the control and adenosine treatments

To characterize the impact of CD73/adenosine signaling on the transcriptome, we performed an RNA-seq analysis and compared
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Fig. 3. CD73/adenosine signaling affected the viability, cell cycle, migration, and induced an epithelial phenotype in HTR-8/SVneo cells. (A) Cell
viability was tested using Cell Counting Kit 8 (HY-K0301; MCE, China) at 24 h after treatment with 0, 10, 25, 50, 75, 100, 125 pM adenosine in
HTR-8/SVneo Cells. n = 3 biological replicates for each group. (B) The cell cycle of HTR-8/SVneo cells treated with or without 50 pM adenosine
were detected using flow cytometry. n = 3 biological replicates for each group. (C) Wound-healing assays for HTR-8/SVneo cells in the presence of
100 pM APCP or 25 pM adenosine. Images were taken at O h, 12 h and 24 h after treatment. n = 3 biological replicates for each group. (D) Western
blotting of N-cadherin, E-cadherin and Vimentin in the aforementioned groups of cells. n = 3 biological replicates for each group. The original blots
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were provided in supplementary data as Supplementary Fig. S5B. (E) HTR-8/SVneo cells were treated with or without 50 pM adenosine, 30 nM 5'-N-
ethylcarboxamido adenosine (NECA; non-selective adenosine receptor agonist), 100 nM DPCPX (A;-specific antagonist),10 nM ZM 241385 (Aza-
specific antagonist), and 10 nM MRS 1706 (Azp-specific antagonist). Western blotting of N-cadherin, E-cadherin and vimentin in the aforementioned
groups of cells. n = 3 biological replicates for each group. The original blots were provided in supplementary data as Supplementary Fig. S5C.
lz\esults are shown as mean + SD, One-way ANOVA with post-hoc Tukey HSD, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

HTR-8/SVneo cells with and without adenosine treatment. A total of 193 significant differential genes were discovered in the HTR-8/
SVneo cells treated with adenosine, including 41 upregulated genes and 152 down-regulated genes (Fig. 2A). Analysis of these dif-
ferential genes revealed that biological processes associated with extracellular adenosine signaling were enriched onto gene ontology
terms such as extracellular matrix organization, positive regulation of cell adhesion, positive regulation of cell migration, and regu-
lation of endothelial cell proliferation (Fig. 2B). Consistent with these enriched Gene Ontology terms, the expression of many
mesenchymal marker genes, including vimentin, N-cadherin, and MMP9 decreased in a panel of EMT-related genes (Fig. 2C). We
confirmed the expression levels of these genes using a qRT-PCR assay. The levels of vimentin, N-cadherin and MMP9 mRNA were
significantly decreased in the adenosine-treated cells (Fig. 2D), displaying a similar expression trend to the RNA-seq data. Notably, we
found that the transcription of pyruvate dehydrogenase kinase 1 (PDK1) was significantly increased (P < 0.01) through RNA-seq data
mining (Fig. 2E). We then examined the expression level of PDK1 mRNA in human samples by qRT-PCR, and the results showed that
preeclamptic placentas expressed increased levels of PDK1 mRNA as compared to normal placentas (Fig. 2F). Given that PDK1 is a key
factor of energy metabolism, curbing the formation of acetyl-CoA from pyruvate [22], an ELISA assay was performed to determine
whether adenosine alters acetyl-CoA levels in HTR-8/SVneo cells. As illustrated in Fig. 2G, the concentration of intracellular
acetyl-CoA was significantly decreased in the cells treated with adenosine and increased in the cells treated with APCP. These findings
suggest that CD73/adenosine may be involved in regulating proliferation, EMT, migration and energy metabolism of trophoblasts.

3.5. High concentrations of adenosine (ADO) inhibited the proliferation of HTR-8/SVneo cells

We performed a CCK-8 assay and flow cytometry analysis to investigate the effect of adenosine on the proliferation of HTR-8/SVneo
cells. The CCK8 results showed that the relative number of HTR-8/SVneo cells gradually decreased with the increase of adenosine
concentration, in a dose-dependent manner (Fig. 3A). At 50 pM adenosine, the viability of HTR-8/SVneo cells decreased by nearly 50
% relative to the control. Consistent with this finding, flow cytometry analysis revealed that 50 pM adenosine treatment of HTR-8/
SVneo cells for 24 h led to S phase arrest. Compared with the control, adenosine treatment caused an increase in the percentage of
cells in the S phase, which was accompanied by a decrease in the percentage of cells in the G2/M-phase (Fig. 3B).

3.6. CD73/adenosine signaling suppressed migration and epithelial-mesenchymal transition in HTR-8/SVneo cells

To investigate the migration of trophoblast cells under the conditions of activation or inhibition of the CD73-adenosine pathway,
we conducted the evaluation of the wound-healing assay on HTR-8/SVneo cells. It was found that the migratory capability of HTR-8/
SVneo cells was suppressed in the presence of adenosine treatment but could be enhanced by APCP treatment (Fig. 3C). Previous
studies found that CD73 was related to the EMT process and migration in cancer cell lines [5,8]. Therefore, it is important to un-
derstand whether CD73/adenosine signaling has an effect on the EMT process in HTR8-S/Vneo cells. Western blotting showed that the
inhibition of CD73 (APCP or AB-680) significantly decreased the expression of E-cadherin (epithelial marker) and increased protein
expression of N-cadherin (mesenchymal marker). By contrast, adenosine treatment resulted in the increased protein expression of
E-cadherin (Fig. 3D and Fig. S3).

To further validate that the effects of extracellular adenosine occur through triggering adenosinergic signaling pathways, we
treated cells with adenosine, NECA (non-selective adenosine receptor agonist), DPCPX (A;-specific antagonist), ZM 241385 (Aga-
specific antagonist), and MRS 1706 (Agg-specific antagonist). Western blotting showed that NECA treatment increased the expression
of E-cadherin and suppressed the expression of N-cadherin and vimentin, which was similar to adenosine treatment (Fig. 3E). The
selective Agp antagonist, but not the A; antagonist or Ay antagonist, prevented the NECA-mediated repression of EMT phenotype of
HTR-8/SVneo cells. This demonstrated that the inhibitory effect of adenosine on EMT in HTR-8/SVneo cells is mainly mediated by the
Ayp receptor. Then, we determined the expression of E-cadherin, N-cadherin, and vimentin in human samples using western blotting.
The results showed that preeclamptic placentas expressed an increased level of E-cadherin and decreased levels of N-cadherin and
vimentin compared to normal placentas (Fig. S2). Together, these results indicate that CD73/adenosine signaling inhibited trophoblast
migration through the EMT process.

3.7. Intracellular metabolite profiling

The PCA analysis plot of intracellular metabolite profiles of the three treatments revealed a clear separation among adenosine and
APCP treatments and control cells (Fig. 4A). The mass spectral library identified a total of 131 metabolites, 37 of which were
significantly different when comparing the two treatments with the control cells. The significant metabolites included eighteen amino
acids or their derivatives, three tricarboxylic acid (TCA) cycle intermediates or their derivatives, one antioxidant and vitamin, four
saturated fatty acids, four unsaturated fatty acids, one glyoxylate cycle intermediate, and six other metabolites (Fig. 4B). Fourteen
amino acids (beta-alanine, glycine, threonine, tyrosine, asparagine, valine, leucine, 2-aminoadipic acid, isoleucine, tryptophan,
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Fig. 4. Effects of CD73/adenosine signaling on metabolite profiling of HTR-8/SVneo cells (A) HTR-8/SVneo cells were treated with PBS (control
group) or 100 pM APCP (APCP group) or 50 pM adenosine (adenosine group) for 24 h, then intracellular and extracellular metabolites of each group
(n = 3 biological replicates) were measured by gas chromatography mass spectrometry (GC-MS). PCA plot of the metabolite profiles from control,
adenosine and APCP groups. (B) Heatmap of the intracellular metabolite profiles from adenosine and APCP treatment groups, when compared to the
control group, respectively. Relative levels of intracellular metabolites are displayed as log,-fold changes. Red colors represent higher concentra-
tions in the treatment than the control groups, while purple colors indicate lower metabolite levels, and the darker the color, the larger the dif-
ference. Tukey’s honest significance test, only p < 0.05 are shown. (C) Relative levels of extracellular metabolites in three different groups of HTR-
8/SVneo cells. The relative concentrations of extracellular metabolite were normalized using an internal standard (2,3,3,3-d4-alanine). Subse-
quently, each metabolite level was subtracted from the corresponding level in the blank culture medium. The normalized levels were further
adjusted for cell numbers using biomass. The positive values represent the release of metabolites into the medium, and the negative values indicate
the consumption of metabolites. Only metabolites found to be statistically significant between the control group and the treatment groups (Tukey’s
honest significance test, p < 0.05) were shown. Only the key differential extracellular metabolites are displayed; the remaining results can be found
in Supplementary Fig. S4. (D) Activity of HTR-8/SVneo cell metabolic pathways based on comparisons of intracellular metabolomics data between
the control group and the treatment groups. The metabolic pathway activities relative to the control group were visualized using a log, scale.
Positive values represent upregulated metabolic pathway activities, and negative values specify downregulated activities. The horizontal lines
indicate the 95 % confidence intervals for a ratio of two means (Treatments/Control). Solid patterns represent no statistical significance, and hollow
patterns indicate statistical significance (Tukey’s honest significance test p < 0.05). (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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Fig. 5. CD73 restricts mitochondrial respiration and glycolysis in HTR-8/SVneo cells (A) HTR-8/SVneo cells were pretreated with PBS (control
group) or 100 pM APCP (APCP group) or 50 uM adenosine (adenosine group) for 24 h, and OCR value of each group was measured using a Seahorse
analyzer. n = 3 biological replicates per group. (B) ECAR value of HTR-8/SVneo cells in the normal group, APCP group and adenosine group. n = 3
biological replicates per group. (C) Expression of hexokinase II (HK-II), phosphofructokinase (PFK), lactate dehydrogenase A (LDHA) and pyruvate
dehydrogenase kinase 4 (PDK4) mRNAs were analyzed by real-time PCR in HTR-8/SVneo cells with different treatments (n = 3 biological replicates
per group). *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; One-way ANOVA. (D) Incorporation of *3C derived from '3C adenosine into
several key metabolites from the HTR-8/SVneo cells with or without APCP treatment. The solid circle represents the 13C-labelled carbon atom, and
the hollow circle represents the unlabeled carbon atom. The fractional abundance differences of '*C-labelled metabolites are shown between the
unlabeled adenosine group (*3C-Natural abundance) and '3C adenosine group (*3C enrichment). M represents the main molecular ion of identified
metabolites. M+1 is 1 m/z higher than the M. n = 3 biological replicates per group. Significance: *p < 0.05, **p < 0.01, ***p < 0.001; Student’s
t-test.

alanine, phenylalanine, methionine, aspartic acid) were significantly decreased in the cells exposed to the adenosine treatment,
whereas two saturated fatty acids and three unsaturated fatty acids were slightly increased. In contrast, the majority of intracellular
metabolites (including nine amino acids, two TCA cycle intermediates, etc.) had a higher relative concentration in the APCP-treated
cells compared with the control cells.

3.8. Extracellular metabolite profiling

The PCA plot of extracellular metabolite profiles revealed a clear separation between cells treated with APCP and untreated control
cells (Fig. 4A). Meanwhile, the adenosine-treated cells did not show a distinct disparity from the control cells. We detected a total of
141 extracellular metabolites in the HTR-8/SVneo cells culture medium, and 50 of the extracellular metabolites were significantly
different (P < 0.05) when comparing the control and two treatments. The significant metabolites included two TCA cycle in-
termediates, three glycolytic intermediates, sixteen amino acids, two short-chain fatty acids, two medium-chain fatty acids, fifteen
long-chain fatty acids, one antioxidant and nine other metabolites (Fig. 4C). In the adenosine-treated cells, the uptake of short-chain
fatty acids and secretion of pyruvic acid was significantly increased (Fig. 4C). The adenosine-treated cells showed relatively smaller
differences in metabolite levels when compared to the control cells, than the differences observed when comparing the APCP-treated
cells to the control cells (Fig. 4C). A significant increase in the secretion of two TCA cycle intermediates (x-ketoglutaric acid and citric
acid), two glycolytic intermediates (lactic acid and 2-phosphoenolpyruvic acid), six amino acids, two medium-chain fatty acids, three
long-chain fatty acids and an antioxidant were observed when the HTR-8/SVneo cells were treated with APCP (Fig. 4C).

3.9. Metabolic pathways

To estimate the metabolic pathways that might be dysregulated in HTR-8/Svneo cells with different treatments, identified intra-
cellular metabolites were mapped onto the KEGG metabolic network. We found that thirty-six metabolic pathways, related to the
metabolism of energy, nucleotides, lipids, amino acids, cofactors and vitamins, and cell growth and death, appeared to have been
dysregulated in HTR-8/SVneo cells as a result of the two different treatments (Fig. 4D). It is worth noting that in HTR-8/SVneo cells,
APCP treatment significantly upregulated fourteen metabolic pathways including three pathways related to energy metabolism
(Fig. 4D). In addition, there is a significant upregulation of lipid metabolism and a significant downregulation of amino acid meta-
bolism in the adenosine-treated cells (Fig. 4D).

3.10. CD73/adenosine signaling suppressed the oxidative phosphorylation (OXPHOS) and glycolysis of HTR-8/SVneo cells

To further validate the effect of CD73/adenosine signaling on energy metabolism in HTR-8/SVneo cells, we measured the oxygen
consumption rates (OCRs) and the extracellular acidification rates (ECARs). The results demonstrated that compared with the un-
treated control cells, the APCP treatment significantly increased basal respiration, maximal respiratory capacity, ATP production
(Fig. 5A) and basal glycolysis (Fig. 5B) in HTR-8/Svneo cells, while adenosine treatment inhibited basal respiration, basal glycolysis
and maximal glycolytic capacity of HTR-8/Svneo cells. We also evaluated the mRNA levels of key enzymes involved in glucose
metabolism in HTR-8/SVneo cells: hexokinase II (HK-II), phosphofructokinase (PFK), lactate dehydrogenase (LDHA) and pyruvate
dehydrogenase kinase 4 (PDK4). The results showed that HK-II and PFK mRNA were decreased, while LDHA and PDK4mRNA were
increased in the adenosine-treated cells (Fig. 5C).

3.11. Isotope labelled adenosine tracing

To track the metabolism of adenosine in vitro, we supplied HTR-8/Svneo cells with 3C-labelled adenosine. In this study, C-
labelling patterns of intracellular metabolites were similar to extracellular metabolites. We observed that many metabolites were
significantly increased in two and/or three 13C-labelling in the HTR-8/Svneo cells incubated in a medium containing '>C-adenosine in
relation to cells treated with '?C-adenosine. These included lactate (one 13C-labelled), glutamate (one to five 13C-labelled), proline
(two to three 13C—labelled), and some TCA cycle intermediates including citrate (two to three 13C—labelled), succinate (one and three
13C-labelled), and fumarate (three '3C-labelled) (Fig. 5D).
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4. Discussion

Cellular metabolic homeostasis is critical for maintaining normal cell function. Clarifying the regulatory mechanisms in trophoblast
metabolism will further our understanding of the pathogenesis of gestational diseases related to trophoblast dysfunction. This study
applied metabolomics and transcriptomics analysis to reveal the metabolic role of the CD73/adenosine signaling pathway on
trophoblast function. Our results demonstrated that the expression of CD73 was significantly increased in the preeclamptic placenta.
By treating HTR-8/SVneo cells with adenosine and CD73 inhibitors, we found that the CD73/adenosine signaling pathway restricted
cellular energy metabolism and amino acid synthesis, and elevated the uptake of short-chain fatty acids in trophoblast cells. These
metabolic alterations likely contribute to the inhibition of proliferation, migration, and EMT of trophoblast cells.

4.1. Adenosine serves as a double-edged sword in the regulation of the TCA cycle

Our previous publication reported that CD73 inhibitors reduced the production of extracellular adenosine in placental trophoblast
cells [23]. Other studies also suggested that adenosine plays an important role in cellular energy metabolism and suppresses mito-
chondrial respiration [10,24]. Our RNA-seq and ELISA experiments demonstrated that adenosine promoted the expression of PDK1
(Fig. 2E) and decreased intracellular acetyl-CoA levels (Fig. 2G). It is known that PDK1 inactivates mitochondrial pyruvate dehy-
drogenase (PDH), which in turn decarboxylates pyruvate to acetyl-CoA and subsequently adds an acetyl group to TCA cycle in-
termediates to maintain mitochondrial function [25]. Although no study has reported a direct association between adenosine and
PDK1, adenosine is an activator of Wnt signaling [26,27], which is an upstream singling pathway to promote the expression of PDK1
[28]. Based on these findings, we suggest that extracellular adenosine signaling may activate PDK1 and lead to downregulation of the
TCA cycle.

However, adenosine may not only suppress respiratory metabolism but may also act as an alternative carbon source that feeds into
the TCA cycle. Our '3C-labelled adenosine metabolic flux results revealed that extracellular adenosine could be incorporated into
intracellular TCA cycle intermediates, lactic acid, and several amino acids (Fig. 5D). Although glucose is the primary source of carbon
and energy for cells, adenosine may become an important energy supply when cells experience metabolic stress [29]. Indeed,
extracellular adenosine is internalized via the equilibrative nucleoside transporters (ENTs), and then intracellular adenosine could be
either phosphorylated to AMP by adenosine kinase (ADK) or deaminated to inosine through adenosine deaminase reaction [30].
Subsequently, inosine can be decomposed into ribose-1-phosphate by purine nucleoside phosphorylase (PNP) and enter glycolysis
through the pentose phosphate pathway [29,31]. These data suggest that adenosine might be double-edged in regulating energy
metabolism in trophoblast cells. On the one hand, adenosine inhibits the TCA cycle by upregulating PDK1; on the other hand,
adenosine could be supplied into the metabolic flux as a carbon source.

4.2. CD73/adenosine pathway inhibits glycolytic metabolism but promotes the utilization of fatty acids in trophoblasts

Apart from influencing the TCA cycle, the CD73/adenosine pathway appears to regulate glycolytic metabolism and fatty acids
utilization in the trophoblast. Our results showed that CD73 inhibition increased glycolytic capacity (Fig. 5B) and promoted the
accumulation of extracellular lactic acid (Fig. 4C) in HTR-8/SVneo cells, while adenosine treatment decreased extracellular
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Fig. 6. CD73/adenosine signaling plays a role in the alteration of cellular metabolism.
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acidification rate (Fig. 5B) and promoted the secretion of pyruvate (Fig. 4C). Wang et al. showed the inhibitory effects of adenosine on
glycolysis and they also found that excess adenosine suppressed the expression of glycolytic-related enzymes (HK-II and PFK) by
activation of adenosine receptor 2A (A2aR) [32]. Finegan et al. also demonstrated that adenosine treatment suppressed the rate of
glycolysis and cellular acidosis [33]. It has been reported that pyruvate can be transported out of the cell by monocarboxylate
transporters (MCTs) [34-37], and these transporters were activated by elevated extracellular pH [38,39]. Thus, we speculate that the
increased secretion of pyruvate might result from the downregulation of glycolysis by adenosine. Furthermore, Sivaprakasam et al.
reported that MCTs are involved in the uptake of short-chain fatty acids (SCFAs) through the plasma membrane [40]. Li et al. found
that several types of SCFAs were increased in patients with preeclampsia and are positively correlated with systolic, and diastolic blood
pressure levels [41]. Our extracellular metabolite profiling pinpointed that the uptake of SCFA increased significantly when extra-
cellular adenosine concentration increased (Fig. 4C). Compared to long-chain fatty acids, the entry of SCFAs into the mitochondrial
membranes does not depend on the carnitine shuttle. Schonfeld and Wojtczak proposed that SCFAs can serve as a more immediate
energy fuel than LCFAs [42]. Since fatty acid oxidation and pyruvate metabolism are the main routes for the production of acetyl-CoA
[43], we propose that the uptake of SCFA may be a compensatory mechanism to facilitate the production of acetyl-CoA when pyruvic
acid secretion is promoted by adenosine. Further studies would validate this hypothesis.

4.3. The adenosine-induced energy dysregulation reduces migration and proliferation of trophoblasts

Adenosine-related suppression of trophoblast migration seems to be associated with dysregulated energy metabolism. Our seahorse
experiment showed that adenosine treatment decreased mitochondrial basal respiratory level and glycolysis level in HTR-8/SVneo
cells (Fig. 5A and B). Additionally, we found that the migration of HTR-8/SVneo cells was compromised after adenosine treatment
(Fig. 3C). Both RNA-seq analysis (Fig. 2C) and western blotting results (Fig. 3D) demonstrated that the expression of EMT-related genes
was decreased after adenosine treatment. Evidence suggests that preeclamptic placentas presented with mitochondrial dysfunction
[44] and glycolytic inhibition [45]. It has been reported that cell migration demands a large amount of energy generated from
mitochondria [46], and that dysfunction in aerobic respiration attenuated trophoblast migration [47]. Liang et al. demonstrated that
inhibition of aerobic glycolysis impaired EMT, migration and invasion of trophoblast [48]. These findings indicate that impaired
energy metabolism may result in the suppression of EMT and migration of trophoblast. On the other hand, adenosine seems to suppress
the proliferation of trophoblast through the downregulation of amino acid metabolism. Our metabolomics data showed that the
concentration of fourteen amino acids was decreased after adenosine treatment, while the levels of nine amino acids were increased
after CD73 inhibition (Fig. 4B). Amino acids are the essential building blocks for cell growth and proliferation, and the reduction of
amino acid bioavailability restrains cellular proliferative capacity [49,50]. Taken together, these findings suggest that the upregulated
CD73/adenosine signaling pathway can potentially disrupt the equilibrium of bioenergetic and biosynthetic processes, resulting in the
inhibition of EMT phenotype, migration, and proliferation of trophoblast. Since trophoblast dysfunction leads to defective remodeling
of spiral arteries, which is thought to be the leading pathomechanism in preeclampsia [51], the CD73/adenosine signaling pathway
may participate in the pathogenesis of preeclampsia.

There are some limitations in this study that are worth noting. Firstly, for ethical reasons, we could not obtain clinical samples
during early pregnancy and hence collected placenta during late pregnancy. Secondly, although the HTR-8/SVneo cell line is
frequently used as an EVT replacement, it may not fully represent EVTs under normal physiological conditions.

In summary, this study revealed a novel role of the CD73/adenosine signaling pathway in the metabolic remodeling of trophoblast
(Fig. 6). The CD73/adenosine signaling pathway suppressed energy metabolism and amino acids synthesis, and resulted in a
compensatory increase in SCFA utilization, all of which affected the EMT, migration and proliferation of trophoblast cells. Upregulated
CD73/adenosine signaling pathway may play an important role in the development and progression of preeclampsia, and is a possible
therapeutic target for the disease. Future studies of primary trophoblast cells and live animal subjects are required to verify our
findings.
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