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A B S T R A C T   

Background: Preeclampsia (PE) is a common and severe hypertensive disorder in pregnancy. 
Mesenchymal stem cell-derived exosomes (Exos-MSC) have been reported to mitigate the pro
gression of inflammatory diseases. The study aimed to explore the effects of human umbilical 
cord-derived Exos-MSC (huc-Exos-MSC) on PE-like models. 
Methods: Lipopolysaccharide (LPS) was used to construct in vitro and in vivo PE-like models. 
Exosomes were treated with LPS-induced PE-like cells and rats. 
Results: PE-like inflammatory models of pregnant rats and cells were successfully constructed in 
vivo and in vitro. miR-144 was screened by bioinformatics analysis. Exosomes were successfully 
extracted. Silencing FosB, overexpressing miR-144 or treating with exosomes extracted from huc- 
MSC overexpressing miR-144 in (Exos-MSCmiR− 144) reversed the LPS-induced decline in HTR-8/ 
SVneo cell viability and migration. In addition, the above groups decreased LPS-induced increases 
in interleukin 6 (IL-6), tumor necrosis factor-α (TNF-α), phosphorylated nuclear factor-kappaB 
(p–NF–κB)/NF-κB, soluble FMS-like tyrosine kinase 1 (sFlt-1), and Flt-1 levels. Simultaneously, 
transfection of miR-144 mimics and overexpressing FosB reversed those changes in the miR-144 
mimics group. miR-144 might alleviate LPS-induced HTR-8/SVneo cell inflammation by targeting 
FosB. Injection of Exos-MSCmiR− 144 in PE-like pregnant rats reversed LPS-induced increases in 
FosB expression, systolic and diastolic blood pressure (SBP and DBP), as well as mean arterial 
pressure (MAP), heart rate, urine albumin/creatine ratio, inflammatory factors, p–NF–κB/NF-κB, 
and sFlt-1 levels. Furthermore, compared with the model group, the proportion of live births was 
significantly higher in the model + Exos-MSCmiR− 144 group, while the apoptosis rate of fetal rat 
brain tissue was significantly lower. 
Conclusions: We found that huc-Exos-MSC-derived miR-144 alleviated gestational hypertension 
and inflammation in PE-like pregnant rats by regulating the FosB/Flt-1 pathway. In addition, huc- 
Exos-MSC-derived miR-144 could partially reverse the LPS-induced adverse pregnancy outcome 
and brain injury in fetal rats, laying the foundation for developing new treatments for PE.   
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1. Introduction 

Preeclampsia (PE) is estimated to affect 2–8% of pregnancies worldwide. This disease is the main cause of maternal and fetal 
mortality [1]. The main pathological features of PE are placental hypoxia-ischemia, inflammation, oxidative stress, vascular and 
endothelial cell dysfunction, etc., and these features eventually lead to a range of clinical symptoms such as hypertension, proteinuria, 
headaches and other systemic dysfunctions [2]. At present, the only confirmed treatment for PE is to deliver the fetus [3]. It is urgent 
for us to study the pathogenesis of PE further. 

In clinical studies, soluble FMS-like tyrosine kinase 1 (sFlt-1) can be used as a potential marker of PE and has been reported many 
times [4–7]. It has been proven that miR-139–5p promotes the proliferation and invasion of trophoblast cells by directly targeting 
sFlt-1 in PE [4]. Other studies have shown that inhibition of sFlt1 by the JNK/AP-1 pathway may be a potential pathway to prevent PE 
[5]. The AP-1 family consists of the Fos family and JUN family heterodimers, including Fos, FosB, Fos-like antigen 1 (FosL1), FosL2, 
Jun, JunB and JunD. They may be involved in the development of PE [5,8,9]. FosB has been proven to be closely related to PE, but its 
specific mechanism has not been studied in depth [10]. To the best of our knowledge, the regulatory mechanism of miRNA by targeting 
AP-1 has not been reported in PE. AP-1 is closely related to depression, Parkinson’s disease and other neurological diseases [11,12]. We 
speculated that regulating its pathways might affect fetal brain development through placental tissue. 

Mesenchymal stem cells (MSCs) have immunomodulatory properties and have been shown to have the potential to treat a variety of 
diseases, including PE [13,14]. The potential benefits of human umbilical cord-derived MSCs (huc-MSCs) may be due to interference 
with pathogenic immune responses and paracrine cell protection [15]. In vivo, huc-MSC-derived exosomes (huc-Exos-MSC) can 
improve the morphology of placental tissue in PE rats in a dose-dependent manner by inhibiting cell apoptosis and promoting placental 
tissue angiogenesis [16]. MicroRNAs (miRNAs) are a class of noncoding, single-stranded RNAs consisting of 19–25 nucleotides [17]. 
miRNA dysregulation and its potential functions have been important directions in elucidating the mechanisms of PE [18]. For 
example, miR-30-5p-mediated ferroptosis of trophoblast cells has been implicated in the pathogenesis of PE [19]. miR-4443 inhibits 
trophoblast migration and invasion in PE [18]. Extracellular vesicles (EVs) at least partially mediate paracrine activity. MSC-derived 
EVs can mimic the functions of parental MSCs by transferring their components, including miRNA, to recipient cells [20]. Exos-MSC 
can relieve myocardial ischemia-reperfusion, osteoarthritis, intervertebral disc degeneration and other diseases by transporting 
miR-182, miR-92a-3p, miR-21, etc. [21–23]. In related studies on PE, in vitro studies have shown that miR-133b derived from 
Exos-MSC can promote the proliferation, migration and invasion of HTR8/SVneo cells in PE by inhibiting SGK1 [24]. However, 
whether there are miRNAs in Exos-MSC that regulate AP-1-related pathways in PE is not clear and is worthy of further study. 

This research explores the potential mechanism of Exos-MSC in the treatment of PE-like models in vivo and in vitro and the effects on 
neuronal apoptosis in neonatal rats of eclampsia pregnant rats. We hope that this research will lay the foundation for the development 
of new methods for clinical diagnosis and treatment. 

2. Materials and methods 

2.1. Cell treatment 

HTR-8/SVneo cells (ZQ0482), commonly used in experiments as human villus trophoblast cells, were purchased from Zhongqiao 
Xinzhou (Shanghai, China). The cells were routinely cultured in a 37 ◦C incubator. The cells were processed according to the following 
two protocols. After reaching the predetermined time, the cells were collected. Each experiment was repeated at least three times. 

Protocol one was as follows: 
(i) Control: The cells were treated with the same volume of solvent (phosphate buffer saline) in the lipopolysaccharide (LPS) group 

for 48 h (ii) LPS: The cells were treated with 100 ng/mL LPS for 48 h [5,8]. (iii) LPS + negative control of silencing FosB (NC si-FosB): 
The cells were treated with 100 ng/mL LPS and simultaneously transfected with the NC of the si-FosB plasmid. (iv) LPS + si-FosB: The 
cells were transfected with si-FosB plasmid while being treated with 100 ng/mL LPS. 

Protocol two was as follows: 
(i) LPS: The cells were treated the same as above. (ii) mimics-NC: The cells were treated with 100 ng/mL LPS and simultaneously 

transfected with the NC of miR-144 mimics. (iii) miR-144 mimics: The cells were treated with 100 ng/mL LPS and simultaneously 
transfected with miR-144 mimics. (iv) miR-144 mimics + overexpression-NC (oe-NC): The cells were treated with 100 ng/mL LPS and 
simultaneously transfected with the NC of the oe-FosB plasmid. (v) miR-144 mimics + oe-FosB: The cells were transfected with oe-FosB 
plasmid and treated with 100 ng/mL LPS. 

2.2. Extraction and uptake of Exos-MSC 

The huc-MSCs (cat# CP-CL11) were purchased from Pricella Biotech (Wuhan, Hubei, China). The cells were cultured in a 37 ◦C 
incubator. The cells were cultured in a serum-free medium for 72 h. The exosomes were extracted from the cell culture medium ac
cording to the instructions of the exosomes extraction kit (4,478,359, Thermo Fisher, USA) as described previously [25]. Briefly, the 
supernatants from the collected cultures were centrifuged at 2000×g for 10 min to remove cellular debris and vesicles. They were then 
subjected to a second round of centrifugation at 10,000×g for 20 min. The resultant pellet contained exosomes, which were further 
extracted through ultracentrifugation at 110,000×g for 70 min and subsequently washed with PBS using the same ultracentrifugation 
conditions. Finally, the purified exosomes were resuspended in PBS. The BCA Protein Assay Kit (Thermo Fisher Scientific, USA) was 
utilized to quantify the exosomal proteins. The morphologic pictures of Exos-MSC were obtained via transmission electron microscopy 
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(TEM), as previously reported [26]. The particle size of exosomes were measured by nanoparticle tracking analysis (NTA), as pre
viously reported [27]. Exosomes were labeled with PKH26 (PKH26PCL, Sigma, Germany) and subsequently utilized to treat the 
HTR-8/SVneo cells for 12 h. The uptake of exosomes in HTR-8/SVneo cells was observed by confocal fluorescence microscopy 
(BA210T, Motic). 

2.3. Treatment of Exos-MSC 

The huc-MSCs were divided into 4 groups and treated according to protocol three. 
Protocol three was as follows: 
(i) MSC-NC: MSCs were transfected with the negative control plasmid of miR-144 mimics for 48 h (ii) MSC-miR-144: MSCs were 

transfected with miR-144 mimics for 48 h (iii) Exos-MSCNC: exosomes extracted from the cells of the MSC-NC group; (iv) Exos- 
MSCmiR− 144: exosomes extracted from the cells of the MSC-miR-144 group. 

The exosomes obtained above were derived from huc-MSCs transfected with NC or miR-144 mimics, and HTR-8/SVneo cells were 
processed according to protocol four. 

Protocol four was as follows: 
(i) LPS: The HTR-8/SVneo cells were treated with 100 ng/mL LPS for 48 h as described above. (ii) LPS + Exos-MSCNC: At the same 

time as LPS treatment, 1.3 × 105 particles/cell exosomes from the MSC-NC group were used to treat the HTR-8/SVneo cells for 48 h 
[28,29]. (iii) LPS + Exos-MSCmiR− 144: At the same time as the LPS treatment, 1.3 × 105 particles/cell exosomes from the 
MSC–NC–miR-144 group were used to treat the HTR-8/SVneo cells for 48 h. 

2.4. Animal treatment 

Sprague-Dawley (SD) rats (10–12 weeks, 280–330 g) were purchased from Hunan SJA Laboratory Animal Co., Ltd (Hunan, China). 
The rats were free to drink water and obtain food at (25 ± 2) ◦C with 12 h/12 h alternating day and night. To ensure that pregnant rats 
remained quiet during blood pressure measurement, female rats were trained to comply with caudate artery blood pressure mea
surements every day, and adaptive culture lasted for a week. The experiment was approved by the Central South University Animal 
Welfare Ethics Committee (NO.202103402). Male and female rats were cultured in a 1:1 mixed cage overnight. Thereafter, the male 
rats were separated. If a vaginal plug was seen the next morning, it was recorded as Day 0 of gestation (GD0) for that rat. Pregnant rats 
were divided into 5 groups (n = 6 rats/group), including the Sham, Model, Model + Exo-MSC-low (Exosomes treatment at a low 
concentration of 7.8 × 109 particles/mL), Model + Exo-MSC-mid (Exosomes treatment at a middle concentration of 1.55 × 1010 

particles/mL), and Model + Exo-MSC-high (Exosomes treatment at a high concentration of 3.1 × 1010 particles/mL) groups [16,30], to 
explore the optimal concentration for exosome treatment. 

Then, pregnant rats were further randomly divided into four groups on the GD14 (n = 10 rats/group). (i) Sham: sterile normal 
saline of the same volume as the model group was slowly injected into the tail vein of normally pregnant rats on the GD14, and a 
microinjection pump was used to control the speed. In addition, sterile saline was injected intraperitoneally as described for the Model 
+ Exos-MSCmiR− 144 group. (ii) Model: To establish a PE-like animal model, on the GD14, LPS (1 μg/kg) was injected into the tail vein 
with the help of a microinjection pump [31,32]; Sterile saline was injected intraperitoneally as described for the Model +
Exos-MSCmiR− 144 group. (iii) Model + Exos-MSCNC: As in the model group, the same dose of LPS was administered from the tail vein at 
the same time. However, pregnant rats were intraperitoneally injected with 3.1 × 1010 particles/mL exosomes suspension from the 
Exos-MSCNC group at 0.5 mL/day for 6 days. (iv) Model + Exos-MSCmiR− 144: Caudal vein injection was the same as the model group on 
the GD14. Pregnant rats were intraperitoneally injected with 3.1 × 1010 particles/mL exosomes suspension from the Exos-MSCmiR− 144 

group at 0.5 mL/day for 6 days. The blood pressure of pregnant rats in all four groups was measured every 2 or 3 days between 8:00 and 
12:00. On the GD18, the urine of pregnant rats was collected in a metabolic cage for 24 h and frozen at − 80 ◦C. Urine protein and 
creatinine levels were detected using a urine protein quantitative detection kit (A028-2-1, Nanjing, China) and a creatinine detection 
kit (C011-2-1, Nanjing, China). At GD20, 10 pregnant rats in each group were sacrificed. The weight of pregnant rats and the number of 
live and stillborn rats were recorded. Placental tissue, peripheral blood, and fetal brain were collected. The whole brains of fetal rats 
were fixed with 4 % paraformaldehyde for pathological evaluation. The remaining pregnant rats were sacrificed after giving birth 
naturally. 

2.5. ELISA kits 

The concentrations of interleukin 6 (IL-6), tumor necrosis factor-α (TNF-α), and sFlt-1 in the cells, cell supernatant, or serum of 
pregnant rats were measured, according to the manufacturer’s instructions. IL-6 (human, CSB-E04638h; rat, CSB-E04640r; Cusabio 
Biotech, China), TNF-α (human, CSB-E04740h; rat, CSB-E11987r; Cusabio Biotech, China), and sFlt-1 (human, ml038123; rat, 
ml059017; Mlbio, China) kits were used. Briefly, the samples were pretreated and incubated with an antibody working solution or 
enzyme at 37 ◦C for 1 h. Afterward, the samples were incubated with horseradish peroxidase-labeled working solution for 1 h at 37 ◦C 
or color developer for 15 min at 37 ◦C protected from light. Finally, the optical density (OD) value of each well was obtained at 450 nm 
via a multifunction enzyme analyzer (MB-530, Heales, China). 
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2.6. Western blot 

Total proteins in each group of cells, tissues or exosomes were extracted and then denatured. After SDS-gel electrophoresis, the 
proteins were transferred to nitrocellulose membranes. The primary antibodies were incubated overnight at 4 ◦C, including Flt-1 
(1:500, 13687-1-AP, Proteintech, USA), FosB (1:10,000, ab184938, Abcam, UK), CD63 (1:500, 25682-1-AP, Proteintech, USA), 
HSP70 (1:10000, 10995-1-AP, Proteintech, USA), p–NF–κB (1:1000, ab183559, Abcam, UK), NF-κB (1:50,000, ab23536, Abcam, UK), 
Caspase3 (1:1000, 19677-1-AP, Proteintech, USA), and β-actin (1:5000, 66009-1-Ig, Proteintech, USA). Finally, they were incubated 
with the secondary antibody HRP goat anti-mouse IgG (1:5000, SA00001-1, Proteintech, USA) or HRP goat anti-rabbit IgG (1:6000, 
SA00001-2, Proteintech, USA) for 90 min at room temperature. β-actin was used as an internal control. After the ECL color exposure, 
the gel imaging system (ChemiScope6100, Shanghai Qinxiang, China) was used for imaging analysis. ImageJ software (National In
stitutes of Health, USA) was used to semiquantify the grayscale values of the immunoblots. The ratio of the gray value of the target 
protein to β-actin is the semiquantitative result. 

2.7. Cell counting kit 8 (CCK8) 

The cells processed above were tested for cell viability according to the instructions of the CCK8 detection kit (NU679, Dojindo, 
Japan) as described by previous authors [33]. In short, 10 % CCK8 was added to each well of cells. Then, after incubation at 37 ◦C for 2 
h, the OD450 nm value was detected. 

2.8. Transwell 

Petri dishes were supplemented with complete containing 10 % fetal bovine serum. Then, Transwell chambers (3428, Corning, 
USA) were placed into petri dishes. The treated cells (2 × 105 cells/mL) were used to seed the upper compartment. The cells were 
incubated at 37 ◦C for 48 h. After the upper chamber was removed, the cells in the upper chamber were wiped clean. After fixation, the 
cells were stained with crystal violet. Cell migration was observed under a microscope after decolorization. The OD550 nm value was 
detected by the enzyme analyzer. 

2.9. Quantitative real-time PCR (qRT-PCR) 

Total RNA was extracted from tissues and cells according to the TRIzol specification (Invitrogen, USA). Then, the extracted RNA 
was reverse transcribed into cDNA. The target gene sequence was searched on NCBI, and primers were designed using Primer 5 
software (Premier, BC). Primer sequences of each gene were as follows. Rat-FosB, sense 5′-ATGTTTCAAGCTTTCCCCGGAGACT-3′, 
antisense 5′-GCTGGTTGTGATTGCGGTGA-3′; Rat-Flt-1, sense 5′- CAGGACCATGCACCATAGCA-3′, antisense 5′-GCAGTGCTCACCTC
TAACGA-3’; Rat-miR-144, sense 5′- GGGCCTTGGCTGGGATATCAT-3′, antisense 5′- GGGGTACCCAGACTAGTACATCA-3′; Rat-5S, 
sense 5′- GCCTACAGCCATACCACCCGGAA-3′, antisense 5′- CCTACAGCACCCGGTATCCCA-3′; Rat-β-actin, sense 5′- ACATCCGTAAA
GACCTCTATGCC-3′, antisense 5′- TACTCCTGCTTGCTGATCCAC-3′; Human-FosB, sense 5′-GCTGCAAGATCCCCTACGAAG-3′, anti
sense 5′- ACGAAGAAGTGTACGAAGGGTT-3′; Human-Flt-1, sense 5′- TTTGCCTGAAATGGTGAGTAAGG-3′, antisense 5′- 
TGGTTTGCTTGAGCTGTGTTC-3’; Human-miR-144, sense 5′- TACAGTATAGATGATGTACT-3′; Human-U6, sense 5′- 
CTCGCTTCGGCAGCACA-3′, antisense 5′-AACGCTTCACGAATTTGCGT-3′; Human-β-actin, sense 5′- ACCCTGAAGTACCCCATCGAG-3′, 
antisense 5′- AGCACAGCCTGGATAGCAAC-3′. The relative expression levels of each target gene were calculated using 2− ΔΔCt method 
with β-actin/5S/U6 as internal reference. 

2.10. Bioinformatics analysis 

The miRNA chip dataset GSE103542 was selected, including 16 PE and 8 Control samples. All data were normalized. The difference 
analysis R language limma package was applied. The cutoff was |logFC|>log 2 (1.5) and p < 0.05. Next, the interactions between the 
top six differentially downregulated miRNAs and FOS were selected and analyzed through DIANA Tools. The target predicted by hsa- 
miR-144 was subjected to Kyoto Encyclopedia of Genes and Genomes (KEGG) and Gene Ontology (GO) enrichment analysis. The 
enrichment analysis R language cluster profiler package was applied. p < 0.05 indicated a significant difference. 

2.11. Dual-luciferase assay 

The dual-luciferase assay was performed as previously described [34]. In brief, in a six-well plate, HEK-293A cells (AW-CNH216, 
Abiowell, Changsha, Hunan, China) were cultured to approximately 70 % confluence. The cells were subjected to the following four 
experiments. (i) The cells were cotransfected with pHG-MirTarget-FosB wild-type (WT) luciferase reporter vector (2 μg) and NC (50 
nM). (ii) The cells were cotransfected with pHG-MirTarget-FosB WT luciferase reporter vector (2 μg) and miR-144 mimics (50 nM). (iii) 
The cells were cotransfected with pHG-MirTarget-FosB mutant (MUT) luciferase reporter vector (2 μg) and NC (50 nM). (iv) The cells 
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Fig. 1. LPS induced inflammation and activated the FosB/sFlt-1 pathway in HTR-8/SVneo cells. (A–B) The concentrations of IL-6, TNF-α, and 
sFlt-1 were detected by ELISA. (C) The protein expression levels of p–NF–κB and NF-κB were measured by Western blot. (D) The protein expression 
levels of Flt-1 and FosB were measured by Western blot. *P < 0.05. n = 3/group. The original immunoblots are available in Fig. S3. Each experiment 
was repeated at least three times. 
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Fig. 2. Regulation of FosB/Flt-1 in LPS-induced HTR-8/SVneo cells. (A–B) The expression of FosB was detected by Western blot. (C) Cell 
viability of each group was detected by CCK8. (D) Cell migration was assessed by Transwell assays. (E) The levels of IL-6, TNF-α, and sFlt-1 were 
measured by ELISA. (F–G) The protein expression levels of p–NF–κB and NF-κB were measured by Western blot. (H) The Flt-1 expression was 
measured by qRT-PCR and Western blot. *P < 0.05. n = 3/group. The original immunoblots are available in Fig. S3. Each experiment was repeated 
at least three times. 

J. Sun and W. Zhang                                                                                                                                                                                                 



Heliyon 10 (2024) e24575

7

(caption on next page) 

J. Sun and W. Zhang                                                                                                                                                                                                 



Heliyon 10 (2024) e24575

8

were cotransfected with pHG-MirTarget-FosB MUT luciferase reporter vector (2 μg) and miR-144 mimics (50 nM). Lipofectamine 2000 
(2,028,090, Invitrogen, USA) was used to for cotransfection for 48 h. A dual-luciferase assay kit was purchased from Promega (E1910). 
After pretreatment, the cells were lysed for 15 min by adding 100 μL of 11xPLB lysate. LARII solution (100 μL) was added to the lysate, 
mixed and put into a luminescence detector (GloMax 20/20, Promega, USA) to detect the first luminescence (firefly luciferase activity). 
The first luminescence was terminated by adding 100 μL of Stop&Glo assay solution. The second luminescence value was detected 
(Reniera luciferase activity). The luciferase activity was normalized to Renilla luciferase activity. 

2.12. Terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick end labeling (TUNEL) staining 

The brain tissue sections of G20-day fetal rats were fixed in 4 % paraformaldehyde. TUNEL staining was performed, as previously 
described to measure neuronal apoptosis [35]. Briefly, the sections were treated with the TUNEL reaction mixture (40306ES50, YESEN 
Biotech, China), following the manufacturer’s instructions. Representative images were viewed and analyzed through a fluorescence 
microscope and Image-Pro Plus (IPP) software. 

2.13. Statistical analysis 

Statistical analysis was performed using GraphPad Prism 9.0 software (GraphPad Software, USA). An unpaired t-test was used to 
determine statistical significance between the two groups. Three groups or more were determined by one-way analysis of variance, and 
then Tukey’s HSD post hoc test was performed. The data are expressed as the mean ± standard deviation. *P value < 0.05 indicated a 
significant difference. 

3. Results 

3.1. LPS induced HTR-8/SVneo cell inflammation and activated the FosB/sFlt-1 pathway 

LPS was used to stimulate HTR-8/SVneo cells to construct the PE-like model. The results showed that LPS stimulation could induce 
the release of IL-6, TNF-α, and sFlt-1 (Fig. 1A and B). The ratio of p–NF–κB/NF-κB rose after LPS stimulation (Fig. 1C). FosB is one of the 
main members of the AP-1 family and might be involved in the development of PE [8]. Therefore, the expression of FosB was detected 
by Western blot. The results showed that the expression of sFlt1 and FosB increased significantly after LPS stimulation (Fig. 1D). The 
above results suggested that the increased expression of FosB might be related to HTR-8/SVneo cell inflammation. 

3.2. Silencing FosB might inhibit LPS-induced HTR-8/SVneo cells functional damage in regulating Flt-1 

To further verify the mechanism by which FosB affects the inflammation of HTR-8/SVneo cells, the cells were transfected with si- 
FosB and the corresponding NC control. The results showed that the expression of FosB was significantly reduced after transfection of 
si-FosB, indicating that the transfection was successful (Fig. 2A). Western blot results showed that compared with the LPS + NC si- FosB 
group, the expression of FosB in the LPS + si-FosB group was reduced (Fig. 2B). The results showed that silencing FosB significantly 
reversed the decrease in the cell viability, the cell migration speed, and the concentration of IL-6, TNF-α, and sFlt-1 caused by LPS 
stimulation (Fig. 2C–E). FosB silencing significantly reduced the expression of LPS-stimulated p–NF–κB/NF-κB and Flt-1 levels 
(Fig. 2F–H). These results suggested that silencing FosB might inhibit LPS-induced HTR-8/SVneo cells dysfunction by regulating Flt-1. 

3.3. miR-144 might inhibit LPS-induced HTR-8/SVneo cell activity by targeting FosB 

The miRNA regulatory network plays an important role in PE [36]. To further explore whether there is a corresponding miRNA 
regulating FosB in PE, we conducted a bioinformatics analysis through the GSE103542 database. The volcano map and heatmap results 
showed that compared with the control group, 12 miRNAs were significantly downregulated and 29 miRNAs were significantly 
upregulated in the placental tissue of PE (Fig. 3A and B). The top six miRNAs that were significantly downregulated in PE were 
miR-144, miR-412–3p, miR-542–3p, miR-544b, miR-582–3p, and miR-1248 (Fig. 3C). KEGG and GO results showed that the targeted 
mRNAs predicted by miR-144 were enriched in EGFR tyrosine kinase inhibitor resistance, proteoglycans in cancer, MAPK signaling 
pathway, RNA polymerase II proximal promoter sequence-specific DNA binding, proximal promoter sequence-specific DNA binding, 
and small GTPase binding and other pathways (Fig. 3D). Next, we predicted potential miRNAs that might target FosB by dlana tools, 
such as miR-144, miR-569, and miR-580. The only intersection of miRNAs differentially expressed in PE with potential miRNAs for 
FosB was miR-144 (Fig. 3E). Therefore, miR-144 was chosen for follow-up studies. 

Fig. 3. Regulation of FosB candidate miRNA screening. (A–B) Volcano and heatmaps of miRNAs expressed significantly differently in PE. (C) 
Box plot of the top six miRNAs significantly downregulated in PE. (D) GO and KEGG enrichment analysis. (E) The potential miRNAs that might 
target FosB were predicted by dlana tools. *P < 0.05. 
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To verify the above results, the expression of miR-144 in the placental tissue of PE-like pregnant rats and LPS-induced HTR-8/ 
SVneo cells was tested. Consistent with the prediction results of bioinformatics analysis, the expression of miR-144 was downregulated 
in placental tissues and cells induced by LPS (Fig. 4A and B). Fig. 4C demonstrates the predicted target binding sites of miR-144 and 
FosB (Fig. 4C). The dual-luciferase results showed that, compared with the miR-NC + FosB WT group, the relative luciferase activity of 
the miR-144 mimics + FosB WT group decreased, suggesting that miRNA-144–3p targeted FosB (Fig. 4D). 

Next, miR-144 was further overexpressed to explore its possible role in the LPS-induced cell model. The results showed that the 
expression of FosB in the miRNA-144 mimics group was significantly decreased compared with that in the mimic-NC group. In contrast 
to the miR-144 mimics + oe-NC group, the expression of FosB in the miR-144 mimics + oe-FosB group was significantly increased 
(Fig. 4E). After transfection with miR-144 mimics, the OD value and migration rate of cells were obviously improved. However, when 
transfected with miR-144 mimics and then transfected with oe-FosB, the OD value and migration rate showed a downward trend 
(Fig. 4F and G). The concentrations of IL-6, TNF-α, and sFlt-1, the ratio of p–NF–κB/NF-κB, and the expression of Flt-1 decreased 
significantly after transfection with miR-144 mimics. The miR-144 mimics + oe-FosB group reversed the above changes (Fig. 4H–K). 
Therefore, miR-144 might inhibite LPS-induced HTR-8/SVneo cell activity by targeting FosB. 

3.4. Exos-MSCmiR− 144 might alleviate the functional damage of HTR-8/SVneo cells induced by LPS via inhibiting the FosB/Flt-1 pathway 

Exos-MSC have been reported to promote HTR-8/SVneo cell migration and invasion, but the specific mechanisms have not been 
thoroughly studied [37]. We extracted Exos-MSC. The morphology and diameter of the extracted exosomes were measured by TEM 
and NTA. The results showed that the exosomes had an oval vesicle-like structure with an average particle size of 134.1 nm 
(Figs. S1A–S1B). Western blot results reflected that CD63 and HSP70 were expressed in huc-MSCs and Exos-MSC, and the expression in 
MSCs was more obvious (Fig. S1C). The above results indicated that the exosomes were successfully extracted. The results of the 
exosomes uptake experiment indicated that HTR-8/SVneo cells could successfully take up exosomes (Fig. S1D). 

First, different concentrations of exosomes (0, 3.25 × 104, 6.5 × 104, 1.3 × 105 and 2.6 × 105 particles/cell) were used to treat LPS- 
stimulated cells. The results showed that exosomes could promote the viability of cells in the model group in a concentration- 
dependent manner, and the exosome treatment at concentrations of 1.3 × 105 and 2.6 × 105 particles/cell had the most significant 
effect (Fig. S2A). Therefore, 1.3 × 105 particles/cell exosomes were chosen as the doses for cellular experimental treatments. To further 
explore whether the presence of miR-144 in exosomes affects the function of HTR-8/SVneo cells, first, huc-MSCs were transfected with 
empty or miR-144 mimics, and exosomes were extracted. The results showed that compared with that in the Exos-MSCNC group, the 
expression of miR-144 in the Exos-MSCmiR− 144 group increased significantly. The results of qRT‒PCR showed that compared to the LPS 
group, the expression of miR-144 in the LPS + Exos-MSCNC group and the LPS + Exos-MSCmiR− 144 group was increased, and the latter 
expression was higher (Fig. 5A). The expression of FosB in the LPS + Exos-MSCNC group and LPS + Exos-MSCmiR− 144 group was 
significantly lower than that in the LPS group (Fig. 5B and C). Compared with those in the LPS + Exos-MSCNC group, the cell viability 
and migration speed increased significantly in the LPS + Exos-MSCmiR− 144 group, while the concentrations of IL-6, TNF-α, and sFlt-1, 
as well as Flt-1 and p–NF–κB/NF-κB levels, decreased significantly (Fig. 5D–H). The above results illustrated that the exosomes 
extracted after transfection of miR-144 mimics might alleviate the functional damage of HTR-8/SVneo cells induced by LPS by 
inhibiting the FosB/Flt-1 pathway. 

3.5. Exos-MSCmiR− 144 might reduce inflammation in pregnant rats with PE-like and improve adverse pregnancy outcomes through the 
FosB/Flt-1 pathway 

To further verify the above results in animal experiments, a PE-like animal model was constructed. First, low (7.8 × 109 particles/ 
mL), middle (1.55 × 1010 particles/mL), and high concentrations (3.1 × 1010 particles/mL) of exosomes were used to treat LPS- 
stimulated animals in the model group. The results showed that exosomes at a concentration of 3.1 × 1010 particles/mL signifi
cantly inhibited the LPS-stimulated increase in SBP, DBP, and MAP levels. However, treatment with exosomes had no significant effect 
on heart rate or the urine albumin/creatinine ratio (Figs. S2B–S2C). Therefore, 3.1 × 1010 particles/mL exosomes were chosen as the 
doses for animal experimental treatments. Then, the animals were injected with exosomes extracted from huc-MSCs under different 
treatments. The Model + Exos-MSCmiR− 144 group could reverse the LPS-induced reduction in miR-144 expression and increase FosB 
expression in placental tissue (Fig. 6A and B). The results showed that the levels of systolic and diastolic blood pressure (SBP and DBP), 
as well as the mean arterial pressure (MAP), in the Model + Exos-MSCNC and Model + Exos-MSCmiR− 144 groups were significantly 

Fig. 4. miR-144 might inhibite LPS-induced HTR-8/SVneo cells activity by targeting FosB. (A) The expression of miR-144–3p in LPS-induced 
placental tissue of PE-like pregnant rats. (B) The expression of miR-144 was detected in LPS-induced HTR-8/SVneo cells. (C) The binding site map of 
miR-144 and FosB. (D) Dual-luciferase was used to detect the targeting relationship between miR-144 and FosB. (E) The expression of FosB was 
detected by Western blot. (F) Cell viability of each group was determined by CCK8. (G) Cell migration was assessed by Transwell. (H) The levels of 
IL-6, TNF-α, and sFlt-1 were measured by ELISA. (I–J) The expressions of p–NF–κB and NF-κB were measured Western blot. (K) The expressions of 
Flt-1 were measured by qRT-PCR and Western blot. *P < 0.05. n = 3/group. The original immunoblots are available in Fig. S3. Each experiment was 
repeated at least three times. 
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lower than those in the Model group, and these levels were lowest in the Model + Exos-MSCmiR− 144 group. Heart rate levels were 
significantly lower in the Exos-MSCmiR− 144 group than in the model group. However, there was no statistically significant difference in 
the urine albumin/creatine ratio (Fig. 6C–E). Compared to the Model group, the concentrations of IL-6, TNF-α, and sFlt-1, as well as the 
Flt-1 and p–NF–κB/NF-κB levels in the serum of pregnant rats in the Model + Exos-MSCNC and Model + Exos-MSCmiR− 144 groups, were 
decreased. The Model + Exos-MSCmiR− 144 was more obvious (Fig. 6F–I). The above results indicated that Model + Exos-MSCmiR− 144 

might reduce inflammation in PE-like pregnant rats through the FosB/Flt-1 pathway. 
Next, the pregnancy outcome of pregnant rats was counted. The weight of pregnant rats and live fetuses treated with exosomes 

accounted for an increase in contrast to the Model group (Fig. 7A and B). The neuronal apoptosis of fetal rats in the Model + Exos- 
MSCNC and Model + Exos-MSCmiR− 144 groups was less than that in the Model group, and the Model + Exos-MSCmiR− 144 group was 
more effective (Fig. 7C and D). The Model + Exos-MSCNC and Model + Exos-MSCmiR− 144 groups significantly reduced the LPS-induced 
rise in the cleaved Caspase3/Caspase3 ratio, and the effect was most pronounced in the Model + Exos-MSCmiR− 144 group (Fig. 7E). The 
results clarified that Exos-MSCmiR− 144 could improve adverse pregnancy outcomes and alleviate LPS-induced neuronal apoptosis in 
fetal rat brain tissue. 

4. Discussion 

In this experiment, we explored the effects of miR-144 or Exos-MSCmiR− 144 on HTR-8/SVneo cells and pregnant rats through the in 
vivo and in vitro models stimulated by LPS. In addition, we further explored the effects of Exos-MSCNC and Exos-MSCmiR− 144 on the 
brain neurons of newborn rats. The study found that Exos-MSCmiR− 144 alleviated gestational hypertension and inflammation in PE-like 
pregnant rats by regulating the FosB/Flt-1 pathway. In addition, Exos-MSCmiR− 144 might alleviate brain injury in fetal rats. 

Clinical data have suggested that plasma LPS levels are significantly elevated in patients with PE compared to those in healthy 
patients [38]. In general, LPS is a commonly used reagent for modeling inflammation, including PE-like, due to the advantages of easy 
control, good model reproducibility, and easily identifiable and measurable effects on the whole body. For example, Li et al. estab
lished a PE-like rat model by injecting 1.0 μg/kg LPS into the tail vein of normal pregnant rats [31], and Ji et al. investigated the 
protective effect of cysteine-based peptide in an LPS-induced PE-like rat model [32]. Ma et al. investigated the effect of vitamin D on 
model rats by an LPS-induced PE-like rat model [39]. Therefore, an LPS-induced PE-like model was used in this study. The results 
showed that SBP, DBP, MAP, heart rate, urine albumin/creatine ratio, and proinflammatory factor (including IL-6, TNF-α), 
p–NF–κB/NF-κB, sFlt-1, and Flt-1 levels were significantly increased in rats after LPS induction, suggesting that the model was suc
cessfully constructed. We did not explore the role of huc-Exos-MSC in other models, which is a limitation of our study. In future studies, 
we will explore the role and potential mechanisms of huc-Exos-MSC in other PE models, such as the L-NAME-induced PE model [40]. 

sFlt1 has become a potential target for the treatment of PE [41]. The concentrations of IL-6, TNF-α and sFlt-1 were increased after 
LPS treatment [8,42,43]. As an activating protein and transcription factor, AP-1 plays an important role in cancer, immunity, and 
inflammation [44–46]. However, there are few reports about FosB (AP-1 subunit) in PE. LPS stimulation can directly induce the 
expression of FosB [8]. The results of the study also showed that HTR-8/SVneo cells induced the expression of FosB and the release of 
sFlt1 under the LPS stimulation. FosB silencing might alleviate cell inflammation induced by LPS stimulation and improve cell viability 
and the migration rate. The expression of Flt-1 is related to FosB and c-Fos [47]. The AP-1 pathway might interact with the Flt-1 
promoter to regulate the release of sFlt1 [5]. Our results indicated that silencing FosB inhibited Flt-1 expression. The study 
revealed that silencing FosB to alleviate the symptoms induced by LPS might be related to the inhibition of the Flt-1 pathway. 

There are many reports of miRNAs in PE. For example, miR-29a-3p is significantly elevated in PE. Overexpression of miR-29a-3p 
inhibits hypoxia/reoxygenation-induced endothelial cell viability and angiogenesis [48]. miR-203a-3p inhibits PE inflammation by 
regulating the expression of IL-24 in macrophages [49]. The current study found that 12 miRNAs (such as miR-144, miR-412–3p, and 
miR-542–3p) were significantly downregulated and 29 miRNAs were significantly upregulated in the placental tissue of PE. We found 
that LPS stimulated FosB expression. FosB is one of the main members of the AP-1 family and might be involved in the development of 
PE [8]. This study focused on exploring the role of crosstalk between miRNAs and FosB in PE. Therefore, bioinformatics analysis was 
performed to screen for differentially expressed miRNAs that may interact with FosB in PE. We predicted potential miRNAs targeting 
FosB by dlana tools, such as miR-144, miR-569, and miR-580. The only intersection of miRNAs differentially expressed in PE with 
potential miRNAs for FosB was miR-144. Therefore, miR-144 was chosen for follow-up studies. Indeed, previous studies have 
demonstrated that maternal plasma miR-144 is significantly underexpressed in patients with PE [50]. miR-144 expression is down
regulated in placental tissues and is involved in the pathogenesis of PE [51]. Consistent with previous studies, further experiments 
confirmed that miR-144 was downregulated in LPS-induced cells and animal models. It is suggested that downregulation of miR-144 
may be a potential biomarker for diagnosing PE. Overexpression of FosB reversed the effects of miR-144 on the inflammation induced 
by LPS stimulation and the expression of Flt-1. miR-144 targeting FosB has been reported in pancreatic cancer [52]. Dual-luciferase 

Fig. 5. Exos-MSCmiR¡144 might alleviate the functional damage of HTR-8/SVneo cells induced by LPS via inhibiting the FosB/Flt-1 
pathway. (A) The expression of miR-144 was detected. (B–C) The expression of FosB was detected by qRT-PCR and Western blot. (D) Cell 
viability of each group was determined by CCK8. (E) The levels of IL-6, TNF-α, and sFlt-1 were measured by ELISA. (F) Cell migration was assessed 
by Transwell. (G–H) The Flt-1, p–NF–κB, and NF-κB expressions were measured by qRT-PCR or Western blot. *P < 0.05. n = 3/group. The original 
immunoblots are available in Fig. S3. Each experiment was repeated at least three times. 
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confirmed the interaction between FosB and miR-144 in our study. Thus, overexpression of miR-144 might target FosB to reverse the 
LPS-induced increase in sFlt1 expression and the decrease in cell viability and migration. 

EVs derived from hypoxic trophoblast cells regulate chondroitin polymerizing factor by delivering miR-150–3p to inhibit endo
thelial cell proliferation, migration, and angiogenesis [53]. EVs secreted by trophoblast cells under hypoxic conditions transferred 
miR-1273d, miR-4492, and miR-4417 to coordinate immune- and inflammation-related pathways to promote PE development [54]. 
Exos-MSC may alleviate the apoptosis of PE and promote the angiogenesis of placental tissue [16]. In addition, miRNAs derived from 
Exos-MSC can relieve various diseases, including osteoarthritis, diabetes, and fractures [55–57]. The miRNAs secreted by Exos-MSC 
are involved in the PE process. For example, the effects of miR-133b and miR-139–5p of Exos-MSC on the PE model have been 
explored [24,58]. miR-140–5p and miR-342–5p derived from huc-Exos-MSC inhibit the development of PE models [33,59]. As far as 
we know, the mechanism of action of Exos-MSCmiR− 144 in the PE-like models has been reported for the first time in this subject. 
Exosomes from the huc-MSCs that overexpressing miR-144 also improved the decrease in cell viability and migration rate caused by 
LPS stimulation in cell experiments, alleviating the inflammation induced by LPS stimulation. In addition, exosomes from the 
huc-MSCs that overexpressing miR-144 might alleviate LPS-induced hypertension, urine protein and inflammation in PE-like pregnant 
rats through the FosB/sFlt1 axis. 

The activation of AP-1 is related to the adverse pregnancy outcomes caused by inflammation of the placenta and can affect the 
survival rate of the offspring [60,61]. In this study, PE-like pregnant rats received a significant increase in the proportion of live births 
after being injected with Exos-MSCmiR− 144. In vitro experiments confirmed that miR-144 and FosB had mutual binding. It is suggested 
that exosomes might alleviate inflammation in PE-like pregnant rats by targeting FosB via transporting miR-144, thereby improving 
adverse pregnancy outcomes. The brain nerve development of newborn rats of PE pregnant rats may be affected [62]. AP-1 is asso
ciated with LPS-induced neuronal damage [63]. Our results indicated that Exos-MSCmiR− 144 might have a certain alleviating effects on 
brain neuronal apoptosis in fetal rats. The specific mechanism of action warrants further in-depth study. 

Other downregulated miRNAs in maternal PE were not studied, which is a limitation of our study. We plan to verify the effects and 
potential mechanisms of other miRNAs derived from maternal and huc-MSCs-Exos on PE by RNA sequencing and experiments in future 
studies. In addition, we focused on the role of FosB in PE, and other subunits of the AP-1 pathway may also play an important role in the 
process of PE. In the future, it can be further studied. 

5. Conclusions 

Exos-MSCmiR− 144 alleviated gestational hypertension and inflammation in PE-like pregnant rats by regulating the FosB/Flt-1 
pathway. In addition, Exos-MSCmiR− 144 might alleviate brain injury in fetal rats. 
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creatinine. The ratio in the liquid was measured. (F–G) The levels of IL-6, TNF-α, and sFlt-1 were detected by ELISA. (H–I) The levels of Flt-1, 
p–NF–κB, and NF-κB in the placental tissue were measured by qRT-PCR and Western blot. *P < 0.05. n = 10 rats/group. The original immuno
blots are available in Fig. S3. Each experiment was repeated at least three times. 
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