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Ethnopharmacological Relevance: Zishen Yutai pills (ZYP), a traditional Chinese patent medicine, was listed in China in 1981. It
is composed of 15 traditional Chinese medicines and has the effects of regulating menstruation, helping pregnancy, and preventing
abortion. In clinical practice, it is effective in preventing habitual and threatened miscarriages, and continuing to explore its mechanism
of action is very meaningful research.

Aim of the Study: To explore the possible mechanism of ZYP promoting angiogenesis at the maternal-fetal interface in recurrent
spontaneous abortion (RSA).

Materials and Methods: In vitro experiments, placental trophoblast cells (PTCs) were isolated from the placental tissue of RSA
mice and divided into six groups: Control group, Model group, ZYP group, miR-187 inhibitor NC group, miR-18 7 inhibitor group,
and miR-187 inhibitor+ZYP group. Cell viability and cell cycle were measured using CCK8 and flow cytometry, respectively. The
expression levels of miR-187, VEGF, VEGF-R1, and VEGF-R2 were measured using RT-qPCR, WB, and IF staining. Animal
experiments first establish an RSA mice model (CBA/J x DBA/2) and then randomly divide the mice into four groups (n=10): normal
pregnancy group, RSA model group, ZYP group, and progesterone capsule group. Observed the changes in embryo absorption rate,
pathological morphology of decidual tissue, and ultrastructure of vascular endothelial cells in each group of mice. RT-qPCR, WB, and
IF staining methods were used to determine the expression of miR-187, VEGF, VEGF-R1, and VEGF-R2.

Results: In vitro, ZYP promoted the viability of PTCs and regulated their cell cycle, and ZYP down-regulated miR-187, up-regulated
VEGEF, VEGF-R1 and VEGF-R2 levels. miR-187 inhibitor showed the same effects, and further ZYP intervention enhanced the
effects. In vivo, ZYP remarkably reduced embryo resorption rates, and improved the pathological morphology of decidual tissues and
ultrastructure of vascular endothelial cells. Moreover, ZYP down-regulated miR-187, up-regulated VEGF, VEGF-R1 and VEGF-R2.
Conclusion: In summary, ZYP can regulate the expression of VEGF via miR-187, then promote the angiogenesis at the maternal-fetal
interface, and playing a therapeutic role in RSA.
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Introduction

Recurrent spontaneous abortion (RSA) refers to spontaneous abortion that occurs two or more times in succession with the
same sexual partner before 28 weeks of pregnancy.' An estimated 0.5%~2.5% of women in reproductive age are affected by
RSA around the world.? Apart from many known causes such as genetic mutations, anatomical abnormalities, immunological
dysfunction and thrombotic state, the pathogenesis of approximately 50-60% RSA patients remains unknown.® Notably, the
normal angiogenesis of placental vellus at the maternal-fetal interface is an important factor to maintain normal pregnancy. On
the other hand, disorders of angiogenesis are thought to cause RSA. Among numerous factors, the synthesis and secretion of
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Angiogenesis

vascular endothelial growth factor (VEGF) is of great importance for angiogenesis.* VEGFR-1 has a dual effect, as it can
intercept VEGF during embryonic development and inhibit angiogenesis. In adults, it plays a promoting role in angiogenesis
through a kinase-dependent pathway. VEGF and VEGFR-2 binding can recruit hematopoietic progenitor cells and promote
the migration of monocytes. The VEGF/VEGFR-1 and VEGFR-2 pathways have a promoting effect on inflammatory
response and angiogenesis.” VEGF-R1 and VEGF-R2 are high-affinity receptors of VEGF and coordinate angiogenesis
after binding to VEGF.® VEGF and its receptors play an important role in recurrent miscarriage.” Therefore, to improve the
effects of treatment, it is essential to understand the mechanism of angiogenesis at the maternal-fetal interface in RSA.
Zishen Yutai pills (ZYP), a Chinese patent medicine, was listed in China in 1981 and has been used clinically for
more than 40 years. It was created on the basis of the famous prescription “Shoutai Pill” and has been used for clinical
treatment of “deficiency of spleen and kidney” syndrome. Previously, index components and high performance liquid
chromatography (HPLC) fingerprint analysis indicated that ZYP contained active ingredients such as loganic acid,
chlorogenic acid, loganin, sweroside, asperosaponin [ and so on, which were thought to be very important for its
efficacy.®” A lot of pharmacological and clinical studies have showen that ZYP has definite efficacy in the treatment of

11,12

RSA,' threatened abortion and premature ovarian failure, etc. Research also indicates that ZYP effectively improved
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the embryo loss rate and decidual angiogenesis of RSA mice by regulating the level of VEGF in serum.'® However, the
mechanism of ZYP promoting the angiogenesis at the maternal-fetal interface in RSA has not been investigated clearly.

microRNAs (miRNAs), a group of endogenous non-coding RNAs with a length about 22 nucleotides, function mainly
by regulating the expression of target genes.

MiR-187, a kind of miRNA that attracts much attention, has been extensively studied in malignant tumors,14 cerebral
ischemia,'> osteoporosis'® and other diseases, but rare studied in RSA.'® Conducted a genome-wide miRNA analysis in
villus and decidua of RSA patients in 2014, and found that the expression of miR-187 in villus of RSA patients was
significantly higher than that of normal pregnant women. Our previous research found that miR-187 could directly target
VEGF, so we speculate that miR-187 may participate in the development of RSA by regulating VEGF level.
Interestingly, it was found that ZYP could upregulate VEGF expression in RSA mice. This makes us consider that the
therapeutic effect of ZYP on RSA may be related to the fact that ZYP modulates the activity of miR-187, upregulates the
expression of VEGF, and promotes angiogenesis at the maternal-fetal interface. Therefore, the aim of this study was to
explore the mechanism of action of ZYP on angiogenesis at the maternal-fetal interface in RSA mice through in vivo and
vitro experiments, with a particular focus on the miR-187/VEGF axis.

Materials and Methods

Animals

CBA/J female mice (6 to 7 weeks old, 19+2 g) were purchased from Beijing Huafukang Biotechnology Corporation, with
Certificate No: SCXK (Beijing) 2019-0008. BALB/c, DBA/2 male mice (6 to 7 weeks old, 1942 g) as well as Sprague-
Dawley (SD) male rats (6 to 7 weeks old, 200+10 g) were obtained from Shanghai Slaughter Laboratory Animal
Corporation, with Certificate No: SCXK (Shanghai) 2017-0005. The study complies with the Regulations on the
Management of Experimental Animals approved by the State Council of the People’s Republic of China and has been
approved by the Local Animal Ethics Committee of Anhui University of Chinese Medicine (AHUCM-rats-2,021,078
China; AHUCM-mouse- 2,021,079 China)

Drugs

ZYP (Batch number: National Drug Certification Z44020008) was provided by Guangzhou Baiyunshan Zhongyi Pharmaceutical
Co. Ltd. (Guangzhou, Guangdong Province, China). ZYP is composed of fifteen traditional Chinese medicines (TCM), and the
names and plant sources (or preparation methods) of these TCM are as follows: Cuscutae Semen (Dry mature seeds of Cuscuta
australis R. Br. or Cuscuta chinensis Lam.), Atractylodis Macrocephalae Rhizoma (Dry rhizomes of Atractylodes macrocephala
Koidz.), Jujubae Fructus (Dry and mature fruits of Ziziphus jujuba Mill.), Codonopsis Radix (Dry radix of Codonopsis pilosula
(Franch.) Nannf, Codonopsis pilosula Nannf. var. modesta (Nannf.) L. T. Shen or Codonopsis tangshen Oliv.), Ginseng Radix et
Rhizoma (Dry roots and rhizomes of Panax ginseng C. A. Mey.), Dipsaci Radix (Dry roots of Dipsacus asper Wall. ex Henry.),
Eucommiae Cortex (Dry bark of Eucommia ulmoides Oliv), Taxilli Herba (Dry leafy stems of Taxillus chinensis (DC.) Danser.),
Morindae Officinalis Radix (Dry roots of Morinda officinalis How.), Cornu Cervi Degelatinatum (The remaining bone residue
after boiling deer antler glue for the antlers of Cervus nippon Temminck or Cervus elaphus Linnaeus.), Lycii Fructus (Dry and
mature fruits of Lycium barbarum L.), Rehmanniae Radix (Dry root tubers of Rehjnannia glutinosa Libosch), Aisni Corii Colla
(Solid glue made from dried or fresh skin of Equus asinus L. by boiling and concentrating), Polygoni Multiflori Radix (Dry root
tubers Polygonum multiflorum Thunb), Amomi Fructus (Dry and mature fruits of Amomum villosum Lour, Amomum villosum
Lour. var. xanthioides T. L. Wu et Senjen or Amomum longiligulare T. L. Wu.)."” Progesterone capsule (Batch number: National
Drug Certification H20041902) was provided by Zhejiang Xianju Pharmaceutical Co. Ltd. (Taizhou, Zhejiang, China).

Cells Isolation, Culture and Transfection

According to Clark’s classical method (Clark et al 1980) to establish RSA model (CBA/JxDBA/2) and normal pregnancy
model (CBA/JXxBALB/c), two female mice were mated with one male mouse. The female mice were examined for
vaginal plugs every morning and separated from the males if pregnant. The day of vaginal plug appearance was indicated
as Day 0 of pregnancy. RSA pregnant mice and normal pregnant mice were established, 15 in each group, were
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euthanized by cervical dislocation on Day 14 of gestation without any treatment. Placental tissues were isolated from the
uterus and stored in a —80 °C refrigerator.

The PTCs were isolated from placental tissues. Firstly, placental tissues were minced into small fragments and then
digested with trypsin (Beyotime, Shanghai, China) for 30 min at 37 °C in a shaking water bath for three cycles. The digestion
products were resuspended; then, supernatant was discarded and filtered through 200um pores nylon cell strainers. The PTCs
were collected by density gradient centrifugation using percoll solution (Solarbio, Beijing, China) and the macrophages
further were removed by differential adhesion. Finally, the obtained PTCs were added with warm DMEM-P/S to gain PTCs
suspension. PTCs were added with DMEM/F12 (1:1) of 10% fetal bovine serum and cultured in a 37 °C, 5% CO2 incubator.
For miRNA transfection, the RSA mice PTCs obtained in the logarithmic growth phase were inoculated into 6-well plate
with 10°-10° cells in each well. Next day, the transfection of target gene was performed using Lipofectamine 2000
(Invitrogen, Carlsbad, USA) following the instructions, the target gene including miR-187 inhibitor, miR-187 inhibitor
negative control (miR-187 inhibitor NC), all purchased from Gene Pharma Co, Ltd, Shanghai, China.

Preparation of Drug-Containing Serum

SD male rats were divided into 2 groups randomly (10 per group): drug-containing serum and blank serum groups. Drug-
containing serum group was gavaged with ZYP 2.5g/kg body weight/d (Equivalent to 10 times the median clinical dose for
human. The dosage of ZYP for clinical adults is 15g/d, which is equivalent to the animal dosage of 0.25g/kg/d.), meanwhile,
the same volume of distilled water was gavaged to blank serum group. Gavage volume was 0.2 mL/10 g, twice a day for 7
consecutive days. Two hours after the last administration, the abdominal aortic blood was collected and centrifuged at
3000 rpm/min for 20 min to obtain the upper serum. Then, the upper serum was inactivated and sterilized, and stored at —80 °C
for further examination.

Selection of Optimal Concentration and Time of ZYP

The logarithmic growth phase PTCs obtained from RSA mice was inoculated into 96-well plate at a concentration of 1.0x10°/mL
(100uL per well). After adhering to the plate wall, the cells were cultured in DMEM containing 10% fetal bovine serum with 5%
CO, at 37 °C. The PTCs were divided into drug-containing serum and blank serum groups, 3 parallel wells were set in each group.
In the drug-containing serum group, 100uL of serum with ZYP at a concentration of 1.25%, 2.5%, 5%, 10%, 20%, 40% was
added, respectively, and an equal volume of blank serum at density consistent with 20% serum with ZYP-containing serum was
added to the blank serum group. The cell proliferation was detected when the cells were incubated for 12, 24, 48 or 72 h. Then,
10uL of CCKS solution (Bioss, USA) was added to each well, and cells were cultured continuously for 4 h, and the supernatant
was carefully aspirated. Next, the blank well was set as zero, the optical density (OD) of each well was collected at 450 nm using
a microplate reader.

Cell Groups

The optimal concentration and acting time of ZYP-containing serum were obtained by CCKS assay, and according to the results,
PTCs were randomly distributed to following 6 groups: AG. Control group (normal pregnant mice PTCs exposed to blank
serum); BG. Model group (RSA pregnant mice PTCs exposed to blank serum); CG. ZYP group (RSA pregnant mice PTCs
exposed to optimal concentration of ZYP-containing serum); DG. miR-187 inhibitor NC group (RSA pregnant mice PTCs
transfected with miR-187 inhibitor NC exposed to blank serum); EG miR-187 inhibitor group (RSA pregnant mice PTCs
transfected with miR-187 inhibitor exposed to blank serum); FG. miR-187 inhibitor+ZYP group (RSA pregnant mice PTCs
transfected with miR-187 inhibitor exposed to optimal concentration of ZYP-containing serum). All PTCs were cultured for
optimal acting time.

CCK8 Assay

According to the results of optimal concentration and time of ZYP, the cell viability of each group was measured using
CCKS. In short, 100 puL optimal concentration of ZYP-containing serum or blank serum was added according to different
groups and incubated cells for optimal acting time. Then, 10 uL. CCKS8 solution was added to each well and further
cultured cells for 4 h. Finally, the OD value under 450 nm was detected using a microplate reader.
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Flow Cytometry

The PTCs in different groups were inoculated into 96-well plate at a density of 1.0x10%/mL. The cells were washed with pre-
cooled PBS, digested by trypsin, centrifuged at 2000 rpm for 5 min to remove the supernatant. Then, the cells were
resuspended in 0.5mL PBS, and 1 mL of pre cooled 70% ethanol was added at 4 °C for 2 hours. The cells were cleaned with
PBS and centrifuged again. One hundred microliter RNase A and 500 pL propidium iodide (Biosharp, Beijing, China) were
added and incubated at 37 °C for 30 min. Finally, cell cycle distribution was detected by using flow cytometry.

Groups and Drug Treatment

RSA model and normal pregnancy model were established. For in vivo experiment, the pregnancy model mices were
allocated into 4 groups (10 in each group), 10 normal pregnant mices formed normal pregnancy group (NPG), and 30
RSA pregnant mices were distributed randomly into RSA group (RSAG), ZYP group (ZYPG) and progesterone capsule
group (PCG). ZYP was intragastricly administrated with diluted solution containing ZYP at dose of 2.25g/kg/d and
progesterone capsule with diluted solution containing progesterone capsule at dose of 30 mg/kg/d (the dosage is based on
the clinical dose of 60 kg for adults and converted by the superficial area of the animal). The ZYP and progesterone
capsule were dissolved in distilled water and configured into diluted solutions with concentrations of 0.11g/mL and
1.5mg/mL, respectively. Starting from the first day of pregnancy, intragastric administration with a volume of 0.2mL/10g
was administered, while the NPG and the RSAG were gavaged with equal volume of distilled water. The dose was given
once a day and for successive 14 days.

Embryo Resorption

On the 14th day of pregnancy, pregnant mice were euthanized with cervical dislocation, and the uterus was dissected to
observe the embryo. Compared with the NPG mice, the uterus of aborted mice shows a “bamboo”-like change and the
resorbed embryo is marked with smaller size and necrotic hemorrhagic appearance. The embryo resorption rate = resorbed
embryos/(surviving embryos + resorbed embryos)x100%.

Sample Collection

After the observation of embryo resorption, the decidual tissues were peeled off from the uterine wall and rinsed with
0.9% saline. Then, the decidual tissues were split into three parts due to different purposes, one part was stored at —80 °C
for real-time qPCR (RT-qPCR) and Western Blot (WB), and one part was quickly fixed in 4% paraformaldehyde for
hematoxylin-eosin (HE) staining and Immunofluorescent (IF) staining, meanwhile the other part was cut into pieces at
the size of 1 mm? and fixed with 2.5% glutaraldehyde for transmission electron microscopy (TEM).

HE Staining

The decidual tissues we obtained were fixed in 4% paraformaldehyde and embedded in conventional paraffin. Then,
continuous sections with a thickness of 4 um were made. After that, the sections were stained with HE (Ebiogo, Hefei,
China) and sealed with neutral resin. The pathological morphology of decidual tissue was observed under an optical
microscope.

TEM Examination
The fresh samples we obtained for TEM were sent to Anhui Xinle Biology Co, LTD (Hefei, China) to examine the
ultrastructure of vascular endothelial cells using a transmission electron microscope.

RT-qgPCR

Total RNA was extracted from the PTCs or decidual tissue using Trizol reagent (Life Technologies, USA). The equal
amounts of total RNA were reverse-transcribed into cDNA using PrimeScript™RT reagent Kit (TaKaRa, Dalian, China),
and the RT-QPCR was performed using Novostart SYBR qPCR kit (Novoprotein, Shanghai, China) in accordance with
the instructions. In addition, U6 was the internal control gene for miR-187 and B-actin was the internal reference for
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VEGF, VEGF-R1 and VEGF-R2. Specific information is shown in Table 1. The relative expression was calculated using

2—AACt

the formula , and each group randomly selects 3 samples for the experiment.

Western Blot

The PTCs or decidual tissue was treated with RIPA lysis solution (Beyotime, Shanghai, China) and centrifuged at
12,000 rpm for 10 min, and then the supernatant was collected. The total protein was separated by SDS-PAGE gel
electrophoresis (both purchased from Solarbio, Beijing, China) with 70 V of electric voltage for 1 h and then directly
transferred onto a polyvinylidene fluoride (PVDF) membrane (Millipore, Massachusetts, USA). After the transferring
process was finished, the membrane was immediately washed with western washing solution for 5 min and blocked with
5% skim milk powder for 2 h at room temperature. Next, the primary antibodies were added to the blocked membrane
and incubated for overnight at 4 °C, including anti-VEGF (1:1000, bs-1313R, Bioss, USA), anti-VEGF-R1 (1:1500, bsm-
52338R, Bioss, USA), anti-VEGF-R2 (1:1000, ab39256, Abcam, Britain) and anti-GAPDH (1:1000, TA-08, Zsbio,
Beijing, China). Next day, the membrane was rinsed with PBS and added with secondary antibodies (Zsbio, Beijing,
China) and then incubated at room temperature for 2 h before washing. Finally, the protein bands were generated using
ECL luminescence kit (Thermo, Germany), and all bands were analyzed using the Image J software (Rawak Software
Inc, Germany). The relative expression of the total target proteins was calculated by taking GAPDH as an internal
reference. Three samples were randomly selected from each group.

IF Staining

IF staining of the cells, the PTCs were made onto slides, firstly fixed with 4% paraformaldehyde solution, and then
blocked with goat serum for 20 min. After the blocking process was completed, cells were covered with the primary
antibody dilutions, including anti-VEGF (1:50, bs-1313R, Bioss, USA), anti-VEGF-R1 (1:200, ab2350, Abcam, Britain)
and anti-VEGF-R2 (1:200, BS1373, Bioworld, USA), and incubated at 37 °C for 60 min, then rinsed in PBS wash buffer.
Next, secondary antibody (1:200, Ebiogo, Hefei, China) was added to the cells and cultured at 37 °C for 30 min, then
rinsed in the same way. Finally, slides were sealed by ProLong Gold Antifade Reagent with DAPI (Ebiogo, Hefei, China)
and scanned using digital slice scanner (3DHISTECH, Hungary).

IF staining of the tissues, the paraffin-embedded decidual tissues, with a thickness of 4um, were deparaffinized and
rehydrated firstly. Then, endogenous peroxidase activity was quenched, and antigen was retrieved in a microwave oven
(Midea, China). The following steps are the same as IF staining of the cells. Randomly, select 3 samples from each group
for the experiment.

Table | The Sequence of Primers

Gene Primer Sequence (5 ~3) Length (bp)

miR-187-5p Forward: ACACTCCAGCTGGGAGGCTACAACACAGGA 66
Reverse: TGGTGTCGTGGAGTCG

VEGF Forward: GAGTCTGTGCTCTGGGATTT 118
Reverse: AACCGTTGGCACGATTTAAG

VEGF-RI Forward: GTAGTGCTAGTGGTGGTGG 153
Reverse: CCTCCTGCTTCTGCTTGG

VEGF-R2 Forward: AACCTAGGCAATCTCTGCTC 102
Reverse: ACCTCAGAGAGCACAACAAA

ué Forward: CTCGCTTCGGCAGCACA 94
Reverse: AACGCTTCACGAATTTGCGT

B-actin Forward: AGTGTGACGTTGACATCCGT 120
Reverse: TGCTAGGAGCCAGAGCAGTA
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Luciferase Activity Assay

The PTCs were transferred into 96-well plates and grown to 50—70% confluence, then the cells were co-transfected with
wild-type (WT) or mutant (MUT) type of VEGF (both purchased from Hanbio Biotechnology Co, Ltd. Shanghai, China)
and miR-187 mimics or negative control using Lipofectamine 2000. After 48h, luciferase activity was tested by Dual-
Luciferase system (Promega, USA).

Statistical Analysis

All data were analyzed using the software SPSS 26.0. The experimental data were expressed as mean + standard
deviation (mean + SD). One-way analysis of variance (ANOVA) was used for multiple groups comparison when data
were normal distribution. Then, pairwise comparison between groups was further performed, where LSD test was used if
variance was equal, and Tamhane Test if variance was uneven. Kruskal-Wallis test was adopted for that data did not
conform to a normal distribution. Spearman test was used for correlation analysis. Differences were significant at
P <0.05.

Results

Optimal Concentration and Time of ZYP

As shown in Figure la, the viability of PTCs reached their peak at 48 h with the prolongation of the action time of the
ZYP-containing serum. There was a statistical difference compared with the 24 h dose groups (P<0.05). However, the
cell viability of each dose group did not increase at 72 hours, and there was no significant difference compared to 48
hours (P>0.05). As the concentration of serum containing ZYP increases, cell viability reaches its highest level under the
action of 20% concentration, which is statistically different from the effect of 10% concentration. Interestingly, under the
action of 40% concentration of ZYP serum, the cell viability was lower than that of 20% concentration of ZYP serum.
This may be related to the toxic effect of high concentration drug-containing serum on cells, leading to poor cell growth
and an increase in apoptotic cells. Therefore, a 20% concentration of ZYP serum was selected for the experiment, with
a cultivation time of 48 hours as the optimal serum concentration and cultivation time for subsequent experiments.

Cell Viability

The activity of PTCs was measured using CCK8 assay. The results (Figure 1b) were shown as follows: the cell viability
in model group was significantly lower than that in control group. However, compared with the model group, the cell
viability was significantly increased after the intervention of ZYP. In addition, when compared with the miR-187
inhibitor NC group, the cell viability was raised obviously in miR-187 inhibitor group, and the cell viability in miR-
187 inhibitor + ZYP group was higher than that in miR-187 inhibitor group.

150~
2507 -« 12h = 24h
48h — T72h -
£ 2004 2
g : é‘ 1004 . A
§ 150- e :g &
—3 /: d > 50_ *
8 100{ « 8
50 T Ll Ll L} T Ll Ll
0 12525 5 10 20 40 0- v r T T

Concentration(%) AG BG CG DG EG FG

(a) (b)

Figure | Effect of ZYP on cell viability in vitro. (a) The optimal concentration and time of ZYP on cell viability of RSA mice PTCs were selected by CCK8 assay. (b) The
effect of ZYP on viability of PTCs in different groups was analyzed by CCK8 assay. Data are presented as the mean % SD (n=9). *P<0.05 versus Control. "P<0.05 versus RSA.
#P<0.05 versus miR-187 inhibitor NC. *P<0.05 versus miR-187 inhibitor.
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Cell Cycle

Flow cytometry was performed to detect the cell cycle changes of PTCs (Figure 2a). As shown in Figure 2b, in

comparison with the control group, the proportion of G1 phase in model group was decreased, and the proportion of S
+G2 was increased (P<0.05), but the result was reversed after the intervention of ZYP (P < 0.05). Meanwhile, when
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Figure 2 Effect of ZYP on cell cycle in vitro. (a) Cell cycle distribution of PTCs in different groups was detected by Flow cytometry. (b) The percentage of cells in each phase
of the cell cycle was calculated. Data are presented as the mean * SD (n = 3).
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Table 2 Comparisons of Embryo Resorption Rates in Pregnant Mice

Group | Number | Surviving Embryos | Resorbed Embryos | Resorption Rate (%)

NPG 10 73 6 7.59

RSAG 10 55 20 26.67*
ZYPG 10 66 10 13.16%
PCG 10 67 I 14.10%

Notes: *P < 0.05 vs NPG; #P < 0.05 vs RSAG.

compared with the miR-187 inhibitor NC group, the proportions of miR-187 inhibitor group and miR-187 inhibitor +
ZYP group in G1 phase were increased, and S+G2 were decreased (P<0.05), and there were significant differences
between the two groups (P<0.05).

Effect of ZYP on Embryo Resorption

The embryo resorption rates of all groups were counted on day 14 of gestation. As listed in Table 2, the embryo
resorption rate in RSA group was obviously higher than that in normal pregnancy group. However, ZYP group and
progesterone capsule group showed lower resorption rates compared with RSA group.

The Pathological Morphology of Decidual Tissues

To observe the pathological morphology of decidual tissues, HE staining was performed. As shown in Figure 3a. In the normal
pregnancy group, cells in the decidua tissue expressed regular morphology, clear boundaries and compact arrangement. Besides,
cell nucleus inside was oval or almost round, and the cytoplasm was uniformly stained. Moreover, there are abundant blood
vessels in decidual tissue, with intact wall and no obvious blood stasis. Compared with the normal pregnancy group, the decidual
tissues in RSA group showed degenerative changes, decidual cells are characterized by reduced number, irregular shape and
disordered arrangement, the nucleus were pyknotic and stained deeply, and the cytoplasm was edematous and even vacuolated. In
addition, the number of blood vessels in decidual tissues was decreased as well. Whereas in ZYP group and progesterone capsule
group, the morphology of decidual cells was improved, and the number of blood vessels was increased obviously compared with
the RSA group.

The Ultrastructure of Vascular Endothelial Cells
The ultrastructure of vascular endothelial cell was observed by using TEM. Compared with the normal pregnancy group, the
decidual tissues in RSA group showed as following: incomplete structures of vascular endothelial cells, blurred nuclear

Figure 3 The changes in pathological morphology of decidual tissues and ultrastructure of vascular endothelial cells in vivo. (a) The pathological morphology of decidual
tissues observed by HE staining (200%). Scale bar, Imm. (b) The ultrastructure of vascular endothelial cells observed by using TEM (10,000%). Scale bar, 2um.
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membrane, obviously reduced ribosomes and rough endoplasmic reticulum with degranulation, severely deformed mitochondria
with most ridges and membranes were fused and obscured, and erythrocytes were found in blood vessels without thrombosis.
However, compared with the RSA group, structures of vascular endothelial cells in ZYP group and progesterone capsule group
were improved distinctly tending to the state of normal pregnancy group (Figure 3b).

Expression of miR-187, VEGF, VEGF-R| and VEGF-R2 Gene and Protein

The results of RT-qPCR (Figure 4a) and Western blot (Figure 4b and c) in vitro study were shown in Figure 4. In
comparison with the control group, model group was significantly increased in the expression of miR-187 gene, while
apparently decreased in the gene and protein expression of VEGF, VEGF-R1 and VEGF-R2. However, the results in the
ZYP group were totally in the opposite direction when compared with the model group. In addition, compared with the
miR-187 inhibitor NC group, the miR-187 inhibitor group showed significant downregulation in miR-187 gene expres-
sion but obvious upregulation in VEGF, VEGF-R1 and VEGF-R2 gene and protein expression, these results indicated
that PTCs of RSA mice were successfully transfected with miR-187 inhibitor, and also suggested that miR-187 could
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Figure 4 Relative expression of miR-187, VEGF, VEGF-R| and VEGF-R2 gene and protein in vitro. (a) Relative expression of miR-187, VEGF, VEGF-R| and VEGF-R2 mRNA
in different groups were detected by qRT-QPCR (n=9). (b and c) Quantification and representative Western blot of VEGF, VEGF-RI, VEGF-R2 protein in different groups,
normalized to GAPDH (n=3). All data are presented as the mean + SD. *P<0.05 versus Control. "P<0.05 versus RSA. #P<0.05 versus miR-187 inhibitor NC. *P<0.05 versus
miR- 187 inhibitor.
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negatively regulate the expression of VEGF, VEGF-R1 and VEGF-R2. And the effects in the miR-187 inhibitor + ZYP
group were enhanced when compared with the miR-187 inhibitor group.

Furthermore, Spearman correlation analysis was conducted between miR-187 and VEGF, VEGF-R1, and VEGF-R2
mRNA, and the results (Figure 5) showed that miR-187 has a negative correlationship with VEGF, VEGF-R1, VEGF-R2
mRNA, with R values of —0.645, —0.649 and —0.653, respectively.

The results of RT-qPCR (Figure 6a and b) and Western blot (Figure 6¢ and d) in vivo experiment were shown in
Figure 6. Compared with the normal pregnancy group, miR-187 gene expression in RSA group was markly increased,
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Figure 5 Spearman correlation analysis showed that miR-187 has a negative correlationship with VEGF, VEGF-RI, VEGF-R2, with R values of —0.645, —0.649 and —0.653,
respectively (all P < 0.01).
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Figure 6 Relative expression of miR-187, VEGF, VEGF-R| and VEGF-R2 gene and protein in vivo. (a) Relative expression of miR-187 in different groups were detected by
qRT-QPCR (n=9). (b) Relative expression of VEGF, VEGF-R| and VEGF-R2 mRNA in different groups were detected by qRT-QPCR (n=9). (c and d) Quantification and
representative Western blot of VEGF, VEGF-R I, VEGF-R2 protein in different groups, normalized to GAPDH (n=3). All data are presented as the mean + SD. *P<0.05 versus
normal pregnancy. “P<0.05 versus RSA.
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while VEGF, VEGF-R1 and VEGF-R2 gene, and protein expression were significantly decreased. In comparison with the
RSA group, ZYP group and progesterone capsule group were apparently reduced in miR-187 gene expression, but the
expressions of VEGF, VEGF-R1 and VEGF-R2 gene, and protein were increased noticeably.

Expressions of VEGF, VEGF-RI and VEGF-R2 Protein Verified by IF
The results of IF staining verified the protein expressions of VEGF, VEGF-R1 and VEGF-R2, which were consistent
with the results of Western blot experiment. For in vitro experiments, the positive expressions of VEGF, VEGF-R1 and
VEGF-R?2 in the control group were the strongest, while those in model group were obviously weakened, but the positive
expressions in ZYP group were significantly increased when compared with the model group. In addition, compared with
the miR-187 inhibitor NC group, the positive expressions of VEGF, VEGF-R1 and VEGF-R2 in the miR-187 inhibitor
group were enhanced, furthermore, the positive expressions in miR-187 inhibitor + ZYP group were more remarkable
than that in miR-187 inhibitor group (Figure 7).

For in vivo experiments, the positive expressions of VEGF, VEGF-R1 and VEGF-R2 in RSA group were visibly
decreased compared with the normal pregnancy group; however, the positive expressions in ZYP group and progesterone
capsule group were apparently increased than that in RSA group (Figure 8).

VEGF is a Target Gene of miR-187

As shown in Figure 9a, the possible target site between miR-187 and VEGF mRNA was predicted by using Bibiserv
(https://bibiserv.cebitec.uni-bielefeld.de/). Furthermore, in order to verify the targeting relationship between miR-187 and

VEGTF, a luciferase assay was conducted, and the results revealed that, compared with the miR-187 mimics NC, miR-187
mimics significantly down-regulated luciferase expression of VEGF-WT. However, when VEGF was mutated, miR-187
mimics had no apparent effect on the luciferase expression of VEGF-MUT contrast to miR-187 mimics NC (Figure 9b).
These results all suggested that VEGF is a target gene of miR-187.

Discussion

In this experiment, firstly, the PTCs model of RSA mice were obtained to study the effects of ZYP on it. This study
revealed that ZYP down-regulated miR-187, up-regulated VEGF, VEGF-R1 and VEGF-R2 expression. Meanwhile, ZYP
promoted the viability of PTCs and regulated their cell cycle. Then, using the miR-187 inhibitor, cells transfected with
miR-187 inhibitor showed the same effects as above, and the effects were more remarkable after further ZYP interven-
tion. In general, this study indicated that ZYP improved viability of PTCs by upregulating the expression of VEGF and
its receptor via miR-187.

To further validate the above inference, RSA mice models were established for in vivo experiments. It is satisfied that
the results of in vivo experiments were consistent with those of in vitro experiments. After treatment with ZYP, the
embryo resorption rate of pregnant RSA mice was significantly reduced, and the pathological morphology of decidual
tissues and ultrastructure of vascular endothelial cells were remarkably improved. In addition, the expression of miR-187
in decidual tissues was decreased, while VEGF, VEGF-R1 and VEGF-R2 were increased. Based on this, we conclude
that ZYP can regulate the expression of VEGF via miR-187, promote the angiogenesis at the maternal-fetal interface, and
thus play a therapeutic role in RSA.

In the process of pregnancy, about the third week after fertilization, the chorionic vasculature begins to generate, and
the placental circulation is established. Adequate circulating perfusion is an important factor in maintaining normal
embryonic development. If there is an imbalance in placental vascularization and insufficient blood supply, the embryo
may stop developing and miscarriage may occur.'® Currently, studies have confirmed that impaired angiogenesis at the
maternal-fetal interface is an important factor in the occurrence and development of RSA.'® Angiogenesis, a complex
process regulated by pro-angiogenesis and anti-angiogenesis factors,? in which VEGF is the pivotal substance that plays
an important role.

VEGF has the ability to increase vascular permeability, promote vascular endothelial cell migration and proliferation,
and ultimately accelerate neovascularization. However, the role of VEGF is played need to combine with its transmem-
brane receptors, such as VEGF-R1 and VEGF-R2, etc. If there is abnormal expression of VEGF or its receptors, it can
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lead to impaired angiogenesis. For example, diseases like cerebral ischemia and myocardial infarction both show reduced
VEGF expression and impaired angiogenesis.?'** Previous studies have shown that the expressions of VEGF, VEGF-R1
and VEGF-R2 in RSA were significantly decreased,** which is consistent with our research results. Studies showed
that asperosaponin VI, the main active extract of ZYP, enhanced angiogenesis of human umbilical vein endothelial cells
in vitro through activating the HIF-1a/VEGF pathway; meanwhile, which could promote vascularization of regenerated
tissue and wound healing in vivo.”> BSAT, a prescription similar to ZYP containing the same Chinese herbs such as
Cuscutae Semen, Atractylodis Macrocephalac Rhizoma, Codonopsis Radix, Dipsaci Radix, Taxilli Herba, Rehmanniae
Radix Praeparata, improved angiogenesis at maternal-fetal interface in RSA mice by modulating the VEGF/Ras/MAPK
signaling pathway.?® Previous studies showed that ZYP increased the expression of VEGF in the endometrium of post-
abortion rat model, promoted endometrial blood supply, and accelerated the recovery of endometrium.?’ In the present
experiment, both in vivo and in vitro experiments, ZYP increased the expression of VEGF, VEGF-R1 and VEGF-R2,
improved the viability of PTCs, and promoted the angiogenesis of maternal-fetal interface.

miRNAs, a class of endogenous non-coding RNAs, which are involved in a variety of diseases. Studies showed that miRNAs
are involved in the occurrence of RSA mainly through mechanisms that mediate angiogenesis,?® cell proliferation, apoptosis and
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Figure 9 VEGF is a target gene of miR-187. (a) The target site between miR-187 and VEGF mRNA. (b) Results of Luciferase activity assay (***P<0.01).

2930 etc. miR-187, a kind of miRNAs mainly associated with cancer, has been deeply studied in many

immune tolerance,
malignancies,'* cerebral ischemia and other diseases.'® Studies showed that high expression of miR-187 suppresses the
proliferation of non-small-cell lung cancer cells and induces cell cycle arrest at GO/G1 phase.’' Another study found that
miR-187 inhibitor can reduce the infarction size in middle cerebral artery occlusion/reperfusion rat model. These experiments
suggested that miR-187 negatively regulates both cell proliferation and angiogenesis.

There are few studies on miR-187 in RSA. One study found that miR-187 is highly expressed in the villus tissue of patients
with RSA, and overexpressed miR-187 suppresses the proliferation, migration and invasion of trophoblast cells by inhibiting
the PI3K/AKT signaling pathway via BCL6.%> Here, we found that the expression of miR-187 in RSA mice was significantly
increased, but it could be down-regulated obviously after ZYP intervention. At the same time, our study also found that miR-
187 can directly target VEGF and play a negative regulatory role on it. This suggested that ZYP may play a therapeutic role on
RSA by modulating the miR-187/VEGF axis and then further promoting angiogenesis at the maternal-fetal interface.

However, there are certain limitations in our study, due to the complex composition of ZYP, further research should
determine which active ingredients can promote angiogenesis, which will help fully clarify the therapeutic mechanism of
Zishen Yutai pills on RSA. The study on miR-187/VEGF axis in this experiment is still superficial, and further
experiments are needed to deeply explore the mechanism of miR-187/VEGF axis, then further study to understand the
role of ZYP on this mechanism.

Conclusion

In summary, this study firstly proposed the mechanism that miR-187 can target and regulate VEGF, by the mechanism
the delivery of ZYP promoted the angiogenesis at maternal-fetal interface and improved embryo survival rates of RSA
pregnant mice. The present study confirmed the effectiveness of ZYP and provided a novel treatment strategy for RSA
patients.
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