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ABSTRACT: Endothelial cell damage is an important feature of preeclampsia
(PE). Human umbilical mesenchymal stem-cell-derived extracellular vesicles
(HUMSCs-derived EVs) have been shown to have therapeutic effects on a
variety of diseases and tissue damage. However, the therapeutic effect of
HUMSCs-derived EVs on endothelial injury in PE remains unclear. This study
explored the possible mechanism of HUMSCs-derived EVs in the treatment of
endothelial cell injury. Tumor necrosis factor a- and lipopolysaccharide-
induced endothelial dysfunction models were used to evaluate the therapeutic
effect of HUMSCs-derived EVs on endothelial injury. We further constructed
PE mouse models to explore the function of HUMSCs-derived EVs in vivo.
The changes of metabolites in endothelial cells after HUMSCs-derived EVs
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treatment were analyzed by metabolomics analysis and further validated by cell experiments. HUMSCs-derived EVs treatment can
alleviate endothelial cell injury in PE, involving cell proliferation, migration, angiogenesis, and anti-inflammatory. Importantly,
administration of HUMSCs-derived EVs improves hypertension and proteinuria in PE mice, alleviates kidney damage, and promotes
vascularization in the placenta. Furthermore, metabolomics analysis found that the arginine metabolic pathway is activated after
HUMSCs-derived EVs treatment. We also observed increased arginine level, nitric oxide content, and nitric oxide synthase activity,
and further experiments proved that activating the arginine metabolic pathway could alleviate endothelial dysfunction. Our results
reveal that HUMSCs-derived EVs could ameliorate PE endothelial dysfunction by activating the arginine metabolic pathway and

may serve as a therapeutic method for treating PE.
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B INTRODUCTION

Preeclampsia (PE) is a common hypertensive disorder of
pregnancy characterized by a systemic vascular disorder. The
diagnostic standard of PE is hypertension and proteinuria or
without proteinuria but complicated with multiple organs and
system dysfunction that appear after 20 weeks of pregnancy.' PE
is one of the diseases with the highest maternal and fetal
mortality, affecting an estimated 4 million women worldwide
and causing the deaths of >70,000 women and 500,000 babies.”
At present, there is still no effective drug treatment for PE.
Pregnant women often need to terminate their pregnancy early.
It is urgent to develop new treatment methods to improve
maternal and infant outcomes.

Mesenchymal stem cells (MSCs) are a kind of cells with self-
renewal ability and multidirectional differentiation potential,
widely used in disease treatment and tissue damage repair
research. MSC therapy can be used for the treatment of spinal
cord injury,3 autoimmune diseases,” diabetes mellitus,” acute
respiratory distress syndrome,® and other diseases. Extracellular
vesicles (EVs) are small particles with a bilayer lipid membrane
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structure released by living cells.” EVs have the advantages of
low immunogenicity, low toxicity, and good biological tolerance.
In comparison with live cell injection, EVs do not have the risk of
uncontrollable behavior such as cell differentiation, and
researchers have confirmed the safety of their intravenous
application in animal experiments.® EVs derived from various
cells have been studied for the treatment of diseases, such as
necrosis of the femoral head,” chronic heart failure, ' pulmonary
fibrosis,"* and ulcerative colitis."*

PE is a placenta-derived disease, and its development mainly
includes two stages:'"” insufficient remodeling of uterine spiral
arteries and systemic inflammatory damage. The first stage
occurs in the placenta. Insufficient trophoblast invasiveness
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Figure 1. Identification of HUMSCs and HUMSCs-derived EVs. (A) Alizarin Red staining of calcium nodules in HUMSCs after osteogenic
differentiation induction. (B) Oil Red O staining of lipid drops in HUMSCs after adipogenic differentiation induction. (C) Proteoglycan of
chondrogenesis differentiation-induced HUMSCs was observed by Alcian blue staining. (D) Surface markers of HUMSCs were detected by flow
cytometry analysis. The black line shows isotype control. (E) Transmission electron micrograph of HUMSCs-derived EVs. (F) NanoSight analysis of
the particle size distribution of HUMSCs-derived EVs based on S experiments. (G) Detection of HUMSCs-derived EVs ALIX, CD63, TSG101, CD81,
HSP70, and GM130 expression by Western blotting. (H) The PKH26-labeled EVs (red) were taken up by HUVECs. HUVECs nuclei were stained by

DAPL

leads to insufficient remodeling of the uterine spiral artery,
abnormal placental perfusion, and placental dysfunction. This is
the initial link in the pathogenesis of PE. The second stage is
when PE manifests clinical symptoms. The dysfunctional
placenta releases a variety of bioactive factors,'* including a
large number of antiangiogenic factors,' into the bloodstream.
These bioactive molecules target vascular endothelial cells,
resulting in extensive endothelial inflammation.'® Eventually,
the mother shows typical symptoms, such as hypertension and
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proteinuria. Therefore, improving vascular endothelial dysfunc-
tion is an important direction to explore the treatment of PE.
However, the therapeutic effect of human umbilical mesen-
chymal stem cell-derived extracellular vesicles (HUMSCs-
derived EVs) on endothelial injury in PE remains unclear.
This study aimed to explore the therapeutic effects of
HUMSCs-derived EVs on PE in both endothelial cells and PE
mice and to further reveal their potential mechanisms of action.
Our exploration could help develop a potential PE treatment.
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Figure 2. EVs ameliorate TNF-a or LPS-induced cell proliferation dysfunction and cell inflammation of HUVECs. (A,B) Cell proliferation of
HUVECs stimulated with TNF-a/LPS or EVs together was detected by the EdU assay (EdU: red, DAPI: blue). EDU*-HUVECsS rates were analyzed
statistically. (C,D) RT-qPCR detection of cellular inflammatory factors (ICAM-1, VCAM-1, and IL-6) mRNA expression of HUVECs stimulated with
TNF-a/LPS or EVs together. (E,F) ELISA kit detected cellular inflammatory factors (ICAM-1, VCAM-1, and IL-6) expression of HUVECs of each
group. (G,H) ELISA kit detected endothelial cell injury marker (ET-1, tPA and sFlt-1) expression of HUVECs of each group. *P < 0.0S, **P < 0.005,
*P < 0.05, and *P < 0.005.

H MATERIALS AND METHODS 5% CO,. After HUVECs grew to 70% confluency, cells were
treated with lipopolysaccharide (LPS) (1 pg/mL, Sigma,
L2630), tumor necrosis factor-a (TNF-a)(20 ng/mL, Sigma,
H8916), soluble FMS-like tyrosine kinase-1 (sFlt-1) (20 ng/

Ethics Statement. Ethical approval for this study for the
acquisition of clinical specimens was obtained from the Ethics

Committee of the Women’s Hospital of Nanjing Medical i1Ch
University (2021KY-10S). All animal experiments and proce- mL, MedChemExpress, HY-P70636), EVs (SO pg/mL), or L-

dures were approved by the Animal Core Facility of Nanjing arginine (200 nM, Abmole, M6894) for 24 h in different

Medical University (IACUC-2012054). experiments. 4
Cell Culture and Treatment. Samples of human umbilical Identification of HUMSCs. P3 HUMSCs were digested and

cord were donated by donors who voluntarily delivered term resuspended in PBS. Cells were then transferred to EP tubes at a
babies by a cesarean section. Human umbilical cords were concentration of 1 X 10°/100 yL. Each EP tube was added with
preserved and washed with PBS. Subsequently, human umbilical labeled antibodies separately: FITC-CD90, FITC-HLA-DR,
cord veins and arteries were removed and chopped into 1—2 mm PE-CD4s, PE-CD34, APC-CD10S, APC-CD73, and isotype

pieces. Cord pieces were placed in a six-well plate and cultured in control antibodies (Biogems, USA). Cells were labeled for 15
Dulbecco’s modified Eagle’s medium Nutrient Mixture F-12 min at room temperature, then washed with PBS and
(Ham) (DMEN/F12, Gibco, #11330500) supplemented with resuspended in 500 uL of PBS. There were at least 1 X 10°
10% fetal bovine serum (FBS) and 1% penicillin/streptomycin. cells in each tube for detection using flow cytometry.

The culture medium was changed every 3 d after the initial P3 HUMSCs were digested and inoculated in a 6-well plate.
plating. HUMSCs were harvested and subcultured after reaching The culture medium was discarded and replaced with 2 mL of

80—90% confluence. For cryopreservation, HUMSCs were Osteogenic Differentiation Kit (STEMCELL Technologies,
resuspended in a cryoprotectant solution consisting of 90% FBS USA, #05465) or Adipogenic Differentiation Kit (STEMCELL
and 10% dimethyl sulfoxide (DMSO) and stored in liquid Technologies, USA, #05412) after cell confluency reaching 90%.
nitrogen. In this study, HUMSCs between passages 3 and 7 were The culture medium was replaced every 3 days. After 20—30

used for experiments. days, cells were fixed with 4% polyoxymethylene and stained
Human umbilical vein endothelial cells (HUVECs) were using 0.1% Alizarin Red S (Beyotime, China, no. C0148S) or Oil
purchased from ScienCell Research Laboratories and cultured in Red O (Beyotime, China, no. C0158S) for 20 min. The calcium

endothelial cell medium (ECM, ScienCell, #1001) at 37 °C with nodules and lipid drops were observed and photographed under
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Figure 3. EVs ameliorate TNF-ar or LPS-induced cell migration and angiogenesis dysfunction. (A,B) Angiogenesis ability of HUVECs under
conditional treatment was determined by tube formation assay. Images were taken after 6 h. (C,D) Wound healing assay showed the changes of the
migration ability of HUVECs. Images were taken after 24 h. *P < 0.05 and *P < 0.05.

a microscope. 2 X 10° HUMSCs were resuspended in 2 mL of
complete Chondrogenic Differentiation Medium (STEMCELL
Technologies, USA, #05455), and 0.5 mL of the cell suspension
was added to 15 mL polypropylene tubes. The cap of the tube
was partially open and incubated for 3 days. 0.5 mL of complete
chondrogenic differentiation medium was added to the tube and
incubated for another 3 days. Half of it was replaced every 3 days
up to day 21. The chondrogenic pellets was fixed in 10%
formalin at room temperature for 30 min, following subsequent
standard paraffin embedding methods and staining 6 pm
sections with Alcian blue and Nuclear Fast Red.

Isolation and Identification of HUMSCs-derived EVs.
HUMSCs between passages 3 and 7 were used for EVs isolation.
FBS was centrifuged at 160,000g for 12 h at 4 °C to deplete EVs
before HUMSCs culture. A medium of HUMSCs was collected
after 48 h of culture in a complete medium containing 10% EV-
depleted FBS. The collected medium was centrifuged at 500g for
1S5 min at room temperature to remove cells and subsequently
centrifuged at 12,000g for 30 min at 4 °C to remove cell debris
and apoptotic bodies. Then the supernatant was transferred to
an ultracentrifuge tube (Beckman, USA) and centrifuged at
120,000g for 90 min at 4 °C to pellet EVs. EV pellets in each
ultracentrifuge tube were resuspended in 100 uL of PBS and
stored at —80 °C. The protein concentration of EVs was assayed
by a BCA Protein Quantification Kit (Vazyme, China, E112-01).

6432

A transmission electron microscope (TEM) was used to observe
the size and shape of the exosomes. Western blotting was used to
determine the expressions of CD63 (1:1000, Abcam,
ab134045), CD81 (1:1000, Abcam, ab109201), ALIX
(1:1000, Abcam, ab275377), TSG101 (1:1000, Abcam,
ab125011), HSP70 (1:1000, Abcam, ab181606), and GM130
(1:1000, Abcam, ab52649). NanoSight (NTA) was used to
analyze the size of the EVs sample.

Uptake of HUMSCs-derived EVs. According to the
manufacturer’s instructions, EVs were labeled with the red
fluorescent dye PKH26 kit (Sigma, USA, MINI26). HUVECs
were coincubated with labeled HUMSCs-EVs for 24 h at 37 °C,
washed 3 times with PBS to remove EVs that violate cellular
uptake, and then fixed with 4% polyoxymethylene for 15 min.
After washing with PBS again, the nuclei were stained with DAPI
(Invitrogen, USA, #2188179). The signals were observed, and
pictures taken with a fluorescence microscope.

Proliferation Assay. Cell proliferation was analyzed by a 5-
ethynyl-2'-deoxyuridine (EdU) assay after treatment as
described above. DNA synthesis was detected by Cell-Light
EdU ApolloS67 In Vitro Kit (Riobio, China, C10310-1)
according to the manufacturer’s instruction, and nuclei were
stained with DAPI (Invitrogen, USA, #2188179) and photo-
graphed using a fluorescence microscope.

https://doi.org/10.1021/acs.molpharmaceut.3c00816
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Figure 4. EVs improve symptoms in mice with PE (A) maternal tail-cuff blood pressure throughout gestation (n = 5). (B) Random urinary protein/
creatinine ratio of maternal urine at E4 and E18. (C) ELISA analysis of maternal serum sFlt-1 at E18. (D) Representative H&E staining and PAS
staining images of the mouse kidney from each group at E18; the arrows indicate renal glomeruli. H&E staining and CD31 immunohistochemistry of
the mouse placenta from each group at E18; the asterisk indicate the placenta labyrinth zone. *P < 0.05, **P < 0.00S, #P < 0.0S, and ##P < 0.00S.

Inflammation Factors Measurement. Inflammation
factors of HUVECs were measured by reverse transcription
quantitative PCR (RT-qPCR) and an ELISA Kit. For RT-qPCR,
total RNA was extracted from HUVECs using the RNA
Extraction Kit (Vazyme, China, RC101-01) according to the
manufacturer’s instructions. About 1 ug of RNA was reverse
transcribed using the Hiscript III Reverse Transcriptase Kit
(Vazyme, China, R302-01). qPCR was performed using the
SYBR Green PCR master mix (Vazyme, China, Q712-02) using
the StepOnePlus Real-Time PCR System (Thermo Fisher
Scientific Inc., USA). Primer sequences are listed in Supporting
Information Table 1. For the ELISA Kit, inflammation factors of
HUVECs were measured according to the manufacturer’s
instructions, for example, human intercellular adhesion
molecule 1 (ICAM-1) (EK1114, SAB), human vascular cell
adhesion protein 1 (VCAM-1) (EK1368, SAB), and human
interleukin-6 (IL-6) (EK1217, SAB).

Endothelial Cell Injury Marker Measurement. Endo-
thelial cell injury markers of HUVECs were measured according
to the manufacturer’s instructions, including human endothelin-
1 (ET-1) (EK1832, SAB), human tissue-type plasminogen
activator (tPA) (EK1870, SAB), and human vascular endothelial
growth factor receptor 1 (ELISA Kit, EK1384, SAB).

Tube Formation Assay. 200 uL cold Matrigel Matrix
(Corning, USA, #354248) per well was transferred into a 24-well
plate and incubated at 37 °C for 2 h. Then, HUVECs (1 X 10°
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cells per well) were seeded into the Matrigel-coated 24-well
plates and treated as described above. 6—8 h after seeding, an
inverted microscope was used to detect the tube formation. The
total length of the tubes was measured by Image] software.

Wound Healing Assay. HUVECs were seeded in a six-well
plate and cultured in ECM 5% FBS. When cells reached
confluence, cells were treated with mitomycin C (10 pg/mlL,
Abmole, China, #M5791) for 2 h. The mitomycin C treated cells
were extensively washed in PBS, and a scratch wound was
created across each well using a 200 L pipet tip. Then cells were
cultured in ECM with 1% FBS and treated differently as
described above for another 24 h. The migration of cells into the
“wound closure” was photographed and measured by Image]J
software. The following formula calculated the rate of migration:
wound closure (%) = (A — A,)/A, X 100, A, represents the
initial wound area, and A, represents the remaining wound area
after 24 h.

Animal Experiments. C57BL/6] mice were obtained at 8—
10 weeks weighing 25—30 g from the Beijing Vital River
Laboratory Animal Technology Co., Ltd. The mice were housed
under specific pathogen-free conditions with a 12 h light/12 h
dark cycle at the Animal Core Facility of Nanjing Medical
University. After 1 week of feeding to adapt the environment,
female and male mice were kept in the same cage at a ratio of 2:1.
The cohabitation was from 16:00 to 8:00 the next day. After the
mice were separated, the vaginal plug was checked. Mice with

https://doi.org/10.1021/acs.molpharmaceut.3c00816
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Figure S. EVs alleviate endothelial dysfunction associated with L-arginine metabolism. (A) Plotted map and tree map showed the different
metabolisms of HUVECs after EVs were cocultured and analyzed by KEEG pathway analysis. (B) Plotted map and tree map show the metabolism of

EVs analyzed by KEEG pathway analysis.

vaginal plugs detected were considered 0.5 days pregnant
(E0.5). The pregnant mice were randomly grouped into three
groups (S for each group): control group (tail vein injection of
control adenovirus on ES.5), PE group (tail vein injection of
sFlt-1 adenovirus on ES.S), and EVs treatment group (tail vein
injection of sFlt-1 adenovirus on the ES.S and tail vein injection
of HUMSCs-EVs 100 pg/mouse/day on E6.5 to E18.5). Blood
pressure was monitored every other day from E4.5 to E18.5
using the noninvasive tail artery blood pressure measurement
and analysis system. Random urine samples were collected on
E4.5 and E18.5, urine protein was detected by the Albuwell M
(Mouse Albumin ELISA) Kit (Exocell, USA, #1011), and urine
creatine was detected by the Creatinine Assay kit (Nanjing
Jiancheng Bioengineering Institute, China, #011-2-1). Urinary
albumin/creatinine ratio (ACR) was calculated by the following
formula: ACR = urine creatine/urine protein. At E18.5, the mice
were anesthetized with highly concentrated isoflurane in CO,
(approximately 60% inhalation) to collect blood, kidney, and
placenta. Plasma sFlt-1 was detected by the mouse Flt-1
Quantikine ELISA Kit (R&D, USA, MVR100). The histological
assessment included the evaluation of placental and kidney
biopsy specimens. Hematoxylin and eosin stain (H&E) and
periodic acid Schiff (PAS) staining of the kidney were used to
assess glomerular damage. H&E staining and immunohisto-
chemistry against CD31 (Abcam, USA, ab182981) of the
placenta was used to determine labyrinth and vascularization.
Metabolomics Analysis. LC—MS/MS analyses were
performed using a UHPLC system (Vanquish, Thermo Fisher
Scientific) by the Biotree Biomedical Technology Company in
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Shanghai. The UPLC BEH Amide column (2.1 X 100 mm, 1.7
um) was coupled to an Orbitrap Exploris 120 mass spectrometer
(Orbitrap MS, Thermo). The mobile phase consisted of
component A [25 mmol/L ammonium acetate and 25 ammonia
hydroxide in water (pH 9.75)] and component B
(acetonitrile). The autosampler temperature was set to 4 °C
and the injection volume to 2 L. MS/MS spectra were acquired
in information-dependent acquisition mode in the control of the
acquisition software (Xcalibur, Thermo) by The Orbitrap
Exploris 120 mass spectrometer. In this mode, the full scan MS
spectrum is evaluated by the acquisition software continuously.
The ESI source conditions were set as follows respectively: Aux
gas flow rate as 15 Arb, sheath gas flow rate as 50 Arb, full MS
resolution as 60,000, capillary temperature at 320 °C, MS/MS
resolution as 15,000 collision energy as 10/30/60 in NCE mode,
spray voltage as 3.8 kV (positive) or —3.4 kV (negative). The
raw data were converted to the mzXML format using
ProteoWizard and processed using an in-house program
developed in R and based on XCMS for peak detection,
extraction, alignment, and integration. Metabolite annotation
was performed by using the in-house MS2 database (Bio-
treeDB). The cutoff value for annotation was set to 0.3.

For metabolic pathway enrichment analysis of differential

metabolites, we mapped metabolite databases such as Kyoto
Encyclopedia of Genes and Genomes (KEGG) and PubChem
by differential metabolites and then searched and analyzed the
metabolic pathway of the pathway database of the correspond-
ing species, Homo sapiens (human). The results of the metabolic
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Figure 6. EVs active arginine metabolism in vitro. (A) Intracellular NO level of HUVECs after TNF-a, LPS, or sFlt-1 treated with or without EVs
cocultured (standardized by the total protein content of cells). (B) Relative intracellular NOS activity of each §roup. (C) Intracellular L-arginine levels
of each group (standardized by the total protein content of cells). *P < 0.05, **P < 0.005, *P < 0.05, and *P < 0.008.

pathway analysis are displayed in a bubble plot and a tree map
plot.

Nitric Oxide (NO) and L-Arginine Measurement.
HUVECs were lysed in ice-cold lysis buffer for the NO assay
(Beyotime Biotechnology, China, $3090), and Intracellular NO
production was determined by the Nitrate/Nitrite Assay Kit
(Beyotime Biotechnology, China, S0023) as per the manufac-
turer’s instructions. The intracellular L-arginine in HUVEC:s cell
lysis was determined by the ELISA Kit (Cloud-Clone Corp.,
CEB938Ge) as per the manufacturer’s instructions.

Endothelial Nitric Oxide Synthase (NOS) Activity
Assay. Intracellular NOS activity in HUVECs cell lysis was
determined by the total nitric oxide synthase assay kit (Nanjing
Jiancheng Bioengineering Institute, China, #A104-2-2) as per
the manufacturer’s instructions.

Statistical Analysis. All data were statistically analyzed and
graphed by GraphPad Prism 9 (San Diego, CA, United States).
Measurement data were expressed as the mean + standard
deviation. Each experiment was repeated at least three times.
Student’s t-test was used to compare the variation between the
two groups. Using one-way analysis of variance (ANOVA) was
used to compare variation among three groups, after which
pairwise comparison was performed with Tukey’s multiple
comparisons test. P < 0.05 demonstrated a statistically
significant difference.
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B RESULTS

Isolation and Identification of HUMSCs and HUMSCs-
derived EVs. The HUMSCs were isolated and cultured by the
method of tissue block adhesion. To detect the differentiation
potential of isolated HUMSCs, calcium nodules were observed
with Alizarin Red S staining after Osteogenic induction (Figure
1A). Lipid drops were observed with Oil Red O staining after
adipogenic induction (Figure 1B). Alcian blue staining was used
to assess the chondrogenic differentiation of the HUMSCs
(Figure 1C). Additionally, the expression of surface markers in
cultured HUMSCs was detected by flow cytometry analysis, and
the results showed that CD105, CD73, and CD90 on the cell
surface were positive while HLA-DR, CD34, and CD4S were
negative (Figure 1D). All these results indicate the multipotency
of HUMSC:s.

EVs were harvested from HUMSCs culture media using
ultracentrifugation and characterized by NTA, TEM, and
Western blot. NanoSight analysis showed the particle size
distribution of HUMSCs-derived EVs was from 100 to 200 nm
based on S experiments (Figure 1F). By TEM, it was also found
that HUMSCs-derived EVs were small round particles with
diameters of 100—200 nm (Figure 1E). Western blot showed
that EV protein markers ALIX, CD63, TSG101, CD81, and
HSP70 were all positively expressed in the samples, but GM130
was negatively expressed (Figure 1G). The red fluorescent dye
PKH?26 labeled EVs was used to observe the HUVECs uptaking
EVs. After 24 h of incubation, the red fluorescent signal was
observed by the fluorescence microscope to gather around the
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Figure 7. Arginine treatment ameliorates LPS-induced endothelial dysfunction. (A) Cell proliferation of HUVECs of each group was detected by the
EdU assay (EdU: red, DAPI: blue). EDU*-HUVECsS rates were analyzed statistically. (B) Angiogenesis ability of HUVECs of each group was
determined by tube formation assay. Images were taken after 6 h. (C) Wound healing assay showed the migration ability of HUVECs of each group.
Images were taken after 24 h. (D) RT-qPCR detection of cellular inflammatory factors (ICAM-1, VCAM-1, and IL-6) mRNA expression of HUVECs
of each group. (E) ELISA Kit detected cellular inflammatory factors (ICAM-1, VCAM-1, and IL-6) expression of HUVECs of each group. *P < 0.05,

**P < 0,005, *P < 0.05, and #P < 0.005.

nucleus of endothelial cells, indicating that the EVs entered into
the cells successfully (Figure 1H).

EVs Ameliorate TNF-« or LPS-induced Endothelial Cell
Dysfunction. To mimic endothelial cell injury in PE patients,
we induced dysfunction of HUVECs with TNF-a or LPS. The
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endothelial cell’s proliferative ability, migration ability, and
angiogenesis ability in vitro decreased after TNF-a or LPS
treatment, while expression of inflammatory factors (ICAM-1,
VCAM-1, and IL-6) and endothelial cell injury marker (ET-1,
tPA, and sFlt-1) increased. After coculturing with EVs,

https://doi.org/10.1021/acs.molpharmaceut.3c00816
Mol. Pharmaceutics 2023, 20, 6429—6440


https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.3c00816?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.3c00816?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.3c00816?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.3c00816?fig=fig7&ref=pdf
pubs.acs.org/molecularpharmaceutics?ref=pdf
https://doi.org/10.1021/acs.molpharmaceut.3c00816?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Molecular Pharmaceutics

pubs.acs.org/molecularpharmaceutics

endothelial dysfunction was found to be alleviated. EVs could
promote cell proliferation (Figure 2A,B) and reduce inflamma-
tory factor (Figure 2C—F) and endothelial cell injury marker
expression (Figure 2G,H) in the PE endothelial cell dysfunction
model. In the wound healing assay and tubule formation assay,
EV also showed good effects on promoting angiogenesis (Figure
3A,B) and cell migration (Figure 3C,D) in vitro.

EVs Improve Symptoms in Mice with PE. The PE mouse
model was constructed by tail vein sFlt-1 adenovirus injection at
ES. In comparison with PE mice, EVs treatment partially
alleviated hypertensive symptoms (Figure 4A), decreased ACR
at the end of pregnancy (Figure 4B), and reduced circulating
sFlt-1 levels (Figure 4C). H&E and PAS staining of mouse
kidneys showed that the renal glomerular capillaries of PE group
mice were occluded and endothelial cells proliferated. While the
EVs treatment can ameliorate kidney and placental damage
(Figure 4D). CD31 is a classic vascular endothelial cell marker,
and immunohistochemical results showed that the placenta of
PE mice lacked vascularization, while the labyrinthine sinusoids
were more abundant after EVs treatment (Figure 4D).

EVs Alleviate Endothelial Dysfunction Associated with
L-Arginine Metabolism. Metabolites in EVs cocultured
endothelial cell samples and EVs samples were analyzed using
metabolomic methods, and KEEG pathway analysis was
performed. The results showed that compared with normal
cultured endothelial cells, the arginine and proline metabolic
pathways of endothelial cells treated with EVs were activated,
and arginine and other substances significantly related to this
metabolic pathway could also be detected in EVs samples
(Figure SA,B).

EVs Active Arginine Metabolism In Vitro. To verify the
effect of EV's on arginine metabolism, we detected the changes of
L-arginine level, NOS activity, and NO level in cells after EVs
treatment in PE endothelial cell dysfunction models. The results
showed that arginine metabolism was activated in HUVECs
cocultured with EVs, and intracellular NO levels (Figure 6A),
NOS activity (Figure 6B), and L-arginine levels (Figure 6C)
were significantly increased.

L-Arginine Treatment Ameliorates LPS-induced Endo-
thelial Dysfunction. To further explore the effect of L-arginine
on endothelial dysfunction in PE, we used the LPS-induced
endothelial dysfunction model again to examine the effect of L-
arginine; the proliferation, angiogenesis, migration ability, and
the expression of inflammatory factors of endothelial cells were
detected, including the intracellular NOS activity and the NO
level. We determined that L-arginine treatment promoted cell
proliferation (Figure 7A), angiogenesis in vitro (Figure 7B), cell
migration (Figure 7C), and reduced expression of inflammatory
factors (Figure 7D).

B DISCUSSION

Our study demonstrated that HUMSCs-derived EVs can
alleviate endothelial cell dysfunction. In vitro experiments
showed that HUMSCs-derived EVs could promote endothelial
cell proliferation, migration, and angiogenesis and reduce
cellular inflammatory damage. In 1989, Robert and co-workers
proposed that PE is an endothelial cell disease rather than pure
hypertension, and the impaired coagulation and vasoconstric-
tion function of endothelial cells leads to the development of
hypertension.'” During the development of PE, a variety of
endothelial cell dysfunctions can be observed, such as decreased
proliferation, migration, and angiogenesis ability,18 cellular
inflammatory response, oxidative stress,”” and vasoconstriction
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dysfunction.” Researchers have found that relieving endothelial
cell dysfunction through various means can treat PE, such as
Priscila Rezeck Nunes using glyburide to enhance the
antioxidant capacity of endothelial cell.”’ Liu et al. uses
procyanidin B2 to attenuate sFlt-1-induced endothelial
dysfunction and impaired angiogenesis,”> Gu et al. uses
esomeprazole to inhibit hypoxia/endothelial dysfunction-
induced autophagy in PE.”> Previous researchers have
confirmed that endothelial cells are an effective target for the
treatment of PE. Our study also shows that HUMSCs-derived
EVs, as an excellent damage repair drug, can effectively alleviate
endothelial cell dysfunction and have the potential to treat PE.

In vivo experiments, we used the intravenous injection of an
sFlt-overexpressing adenovirus to construct a PE mouse model.
HUMSCs-derived EVs can ameliorate the symptoms of sFlt-
overexpressing adenovirus-induced PE in mice, alleviate kidney
damage, and increase the vascularization of the placental
labyrinth. sFlt-1 is an important antiangiogenic factor that can
competitively bind to vascular endothelial growth factor
(VEGF) and placental growth factor (PIGF) in circulation and
antagonize the angiogenesis effect of VEGF and PIGF. The
maternal placenta releases large amounts of sFlt-1 into the blood
during PE development,”* inducing endothelial cell dysfunction.
We found that MSC-derived EVs treatment can improve PE
symptoms such as hypertension and proteinuria, promote
vascularization of the labyrinth in the placenta, and significantly
reduce the concentration of sFlt-1 in serum.

Previous studies have shown that MSC-derived EVs can
protect trophoblasts or endothelial cells through the trans-
mission of microRNA (miRNA), long noncoding RNA
(IncRNA), and other mechanisms.”* To further explore the
possible mechanism by which EVs improve vascular endothelial
dysfunction, we used metabolomics analysis to compare the
changes of metabolites in endothelial cells after EV treatment
and performed a KEEG pathway analysis of the differential
metabolites. It was found that the metabolism of arginine and
proline in cells was significantly changed after the EV treatment.
Metabolomic analysis of EV samples also found that the
metabolites in EVs were significantly related to arginine and
proline metabolism, and substances such as L-arginine were
detected in the EV samples. L-arginine is an immediate precursor
of NO, considering the important role of NO in regulating
vasodilation, and many studies have attempted to improve
perinatal outcomes in hypertensive disorder-complicating
pregnancy by supplementation with L-arginine and reported
positive results. As recently reviewed by Menichini et al.,”’ L-
arginine supplementation reduces the development of PE and
lowers blood pressure. In pregnant women with fetal growth
restriction, L-arginine contributes to an increased birth weight,
improved placental circulation, and neonatal outcomes. In our
study, we treated the endothelial cell injury model with L-
arginine alone and determined that L-arginine can promote
endothelial cell proliferation, migration, and angiogenesis in
vitro and inhibit inflammation.

EVs are loaded with abundant cargoes such as RNA, DNA,
proteins, and small molecular compounds. Abundant miRNAs
in EVs have been shown to play important roles in endothelial
cells function, such as regulating angiogenesis,25 inflammatory
responses,”” and cytokine production.”” Metabolites in EVs,
such as L-arginine, also have therapeutic effects on endothelial
cell dysfunction. L-arginine is a substrate for intracellular NO
generation and can be directly catalyzed by NOS to generate
NO. As a signal transduction agent, NO is involved in many
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basic life activities, such as the regulation of vasodilation, blood
pressure regulation, and inflammatory response. During
pregnancy, NO mainly affects vasodilation, regulation of blood
volume, placental remodeling, and VEGF synthesis.”” Studies on
NO levels in PE patients have conflicting results, but more
studies report lower serum NO levels in PE patientsf’1 and using
NOS inhibitors NG-nitro-L-arginine methyl ester (L-NAME)
can induce PE symptoms in pregnant rats.”” In the process of
PE, NO synthesis is inhibited by many ways,” including
increased arginase activity which depletes the substrate L-
arginine, increased levels of asym-dimethylarginine (ADMA),**
the competitive inhibitor of L-arginine, and reduced endothelial
NOS activity after glutathionylation™ or 4-oxo0-2(E)-nonenal
(ONE) modification.”® In our study, EVs could promote NO
synthesis by upregulating the NOS activity and increasing
intracellular L-arginine levels, which may be one of the
mechanisms by which EVs improve endothelial cell dysfunction.
However, the regulation of NO biosynthesis is complex and
diverse; the effect of EVs on arginase or ADMA still needs to be
further explored, and the specific mechanism of NOS activity
regulation is still unclear.

One of the limitations of this study is that the use of a single
animal model, sFlt-1, overexpressing adenovirus-induced PE in
mice cannot perfectly mimic the pathological state of PE. In
addition, our study cannot rule out the effects of nucleic acids
and proteins carried by EVs on endothelial cells. The potential
mechanisms of these substances remain to be further explored.

B CONCLUSIONS

MSC-derived EVs can improve vascular endothelial injury in PE
by regulating arginine metabolism and NO synthesis, promoting
endothelial cell proliferation and angiogenesis in vitro and
improving symptoms in PE model mice. Our study demon-
strates EVs as a potential approach for PE treatment.
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M LIST OF ABBREVIATIONS

PE, preeclampsia; HUMSCs, human umbilical mesenchymal
stem cells; EVs, extracellular vesicles; HUVECs, human
umbilical vein endothelial cells; ECM, endothelial cell medium;
FBS, fetal bovine serum; LPS, lipopolysaccharide; TNF-q,
tumor necrosis factor-a; sFlt-1, soluble FMS-like tyrosine
kinase-1; TEM, transmission electron microscope; NTA,
NanoSight; EdU, S-ethynyl-2’-deoxyuridine; ICAM-1, inter-
cellular adhesion molecule-1; VCAM-1, vascular cell adhesion
protein-1; IL-6, interleukin-6; ET-1, endothelin-1; tPA, tissue-
type plasminogen activator; ACR, albumin/creatinine ratio;
H&E, hematoxylin and eosin stain; PAS, periodic acid Schiff;
NO, nitric oxide; NOS, nitric oxide synthase; miRNA,
microRNA; IncRNA, long noncoding RNA; L-NAME, NG-
nitro-L-arginine methyl ester; ADMA, asym-dimethylarginine
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