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Background: Recurrent spontaneous abortion, a common condition in reproductive medicine, often arises from complex factors and
lacks specific treatments. While studies have associated folate metabolism abnormalities with poor embryonic development, research
on methionine metabolism, particularly homocysteine levels, has been limited.

Methods: In this study, we analyzed blood samples from women with RSA and those with normal pregnancies.

Results: We observed elevated homocysteine levels in women with RSA, which were correlated with increased total plasma
microparticles, endothelial microparticles (EMPs), and free plasma DNA. Furthermore, we exposed human umbilical vein endothelial
cells (HUVECs) to varying concentrations of homocysteine (0, 0.5, 1, 2, 4, 8 mmol/L). We found that higher homocysteine levels
exacerbated its cytotoxic effects on HUVECs. Flow cytometry revealed that homocysteine compromised cell membrane integrity,
enhanced membrane permeability, and promoted EMPs release. Our findings suggest that elevated homocysteine levels in women with
RSA may induce significant endothelial cell apoptosis, leading to endothelial dysfunction and an increase in released microparticles
and free DNA, potentially contributing to miscarriages.

Conclusion: This study may contribute to understanding and exploring the underlying mechanisms of unexplained recurrent
spontaneous abortion (URSA).

Keywords: unexplained recurrent spontaneous abortion, homocysteine, microparticles, vascular endothelial cells, endothelium-

derived microparticles, plasma DNA

Introduction

Recurrent spontaneous abortion (RSA) is a common pathological pregnancy condition in reproductive medicine,
characterized by the loss of a fetus three or more times before 20 weeks of pregnancy and affect approximately 2% of
fertile women.'* The best available data suggest that the risk of miscarriage in subsequent pregnancies is 30% after 2
losses, compared with 33% after 3 losses among patients without a history of a live birth, and this suggests that
consecutive pregnancy losses occurring twice should be medically evaluated seriously, as they significantly increase the
risk of a third miscarriage.' Several pathogenic mechanisms have been identified, including chromosomal abnormalities,
endocrine disorders, reproductive tract anatomical anomalies, immune system regulation disorders, and pre-thrombotic
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conditions.> ® Clinically, approximately 50% of recurrent pregnancy failures remain etiologically unidentified, classified
as unexplained recurrent spontaneous abortion (URSA). Treatment for these URSA cases is challenging due to the lack
of specific treatments.” Therefore, exploring the underlying mechanisms of URSA and seeking effective diagnostic and
therapeutic methods is crucial for patients.

Homocysteine (Hcy), also known as hyperhomocysteinemia, is a sulfur-containing four-carbon a-amino acid primar-
ily derived from dietary methionine. It serves as an important intermediate product in the metabolic process of
methionine and does not participate in protein synthesis. In the blood, Hcy predominantly binds to plasma proteins,
mainly albumin, through disulfide bonds, forming homocysteine dimers.® In 1969, McCully hypothesized that high levels
of homocysteine in the blood could contribute to disease after discovering homocysteine in autopsies of individuals who
died from hereditary diseases.’

In the human body, approximately half of homocysteine (Hcy) is converted into cysteine by lyase enzymes, yielding
by-products such as sulfate, pyruvate, and water. In healthy adults, Hcy levels in the blood range from about 5 to
15 pumol/L. When Hcy levels exceed 15 umol/L, it indicates hyperhomocysteinemia. Elevated levels of homocysteine are
recognized as significant risk factors for arterial and venous thrombosis, as well as atherosclerosis. Homocysteine can
directly or indirectly impair vascular endothelial cell function, promote vascular smooth muscle cell proliferation,
enhance platelet activity, and facilitate thrombus formation, thereby being recognized as an independent risk factor for
cardiovascular diseases.'®'?

In recent years, hyperhomocysteinemia has been found to be related to adverse pregnancy outcome, such as
preeclampsia, preterm birth, stillbirth, and so on.'*'* However, whether Hcy is involved in the occurrence of repeated
abortion has not been fully clarified. Therefore, in the present study, we aimed to understand the association between
plasma homocysteine levels and unexplained recurrent miscarriage. We examined plasma Hcy concentration, total
microparticle and endothelial microparticle (EMP), and plasma DNA levels in patients with unexplained recurrent

abortion, and investigated the effects of homocysteine on vascular endothelial cells.

Materials and Methods

Study Population
This study was approved by the Ethic Committee of The Second Affiliated Hospital of Soochow University (JD-LK
-2018-030-03), and all participants provided written informed consent.

The subjects included in this study were all patients who visited the Obstetrics and Gynecology Center of the Second
Affiliated Hospital of Soochow University from November 1, 2018 to October 15, 2019.

RSA diagnosis was based on medical history, ultrasound imaging examination, and blood testing. The study included
RSA patients (n=40, age: 31.2 + 5.8 years; gestational age: 64.2 + 6.7 days) and clinically normal pregnancies (n=40,
age: 27.5 + 4.3 years; gestational age: 54.4 + 4.1 days), who had given birth to healthy offspring without a history of
spontaneous abortion. All pregnant women were confirmed by elevated plasma HCG level, gestational sac, and yolk sac
in ultrasound images. In the normal pregnancy group, women with a history of spontaneous abortion, embryo develop-
ment cessation, basic diseases, or signs of threatened abortion such as abdominal pain and vaginal bleeding were
excluded. In the RSA group, subjects with the following abnormalities were excluded: (1) abnormal genital tract
anatomy; (2) history of basic diseases (Table 1) (3) positive autoantibodies: anti-nuclear antibody, anti-phospholipid
antibody, and others; (4) abnormal levels of thyroid hormone and positive anti-thyroid antibody; (5) prethrombotic
pathologic status; (6) positive vaginal secretions for mycoplasma, chlamydia, and ureaplasma urealyticum.

Plasma Samples Preparation

Venous blood samples were collected from fasting participants into tubes containing 3.2% sodium citrate (v/v, antic-
oagulant:blood = 1:9) and centrifuged at 4°C, at 3000 rpm for 10 minutes. Plasma was extracted, aliquoted, and stored
at —80°C until use.
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Table | Blood Test Items in
Recurrent Miscarriage

Patients with Unexplained

Project Name | Testing Result | Reference Ranges (Units)
FBG 4.46+0.49 3.89-6.11 (mmol/L)
GLU-2h 6.34%1.06 < 8.5 (mmol/l)
BUN 3.04+0.86 2.8-7.1 (mmol/L)
Cr 44.1% 8.1 45-84 (umol/L)
ALT 16.6+6.45 4-43 (U/L)

AST 15.82+4.22 7-38 (U/L)

GGT 12.19+6.42 7-32 (mmol/L)

TP 67.67+5.06 60-83 (g/L)

ALB 41.54+4.9 35-50 (g/L)

TC 4.7+1.04 0-5.69 (mmol/L)
TG 0.95+0.37 0.3-1.7 (mmol/L)
WBC 7.4%1.98 3.5-9.5 (1079/L)
Hb 121.26+15.11 I'15-150 (g/L)

PLT 217.96+57.1 125-350 (1079/L)
D-dimer 0.44£0.13 0-0.5 (ug/mL)
ATl 98.248.13 75-130 (%)

FT3 3.31+0.49 2.144.21 (pg/mL)
FT4 3.29+0.47 2.144.21 (pg/mL)
TSH 1.74+0.68 0.49—4.91 (WU/mL)

Abbreviations: FBG, fasting blood glucose values; GLU-2h, blood glucose values
2h after consumption of 75g glucose; BUN, blood urea nitrogen; Cr, creatinine
assay; ALT, alanine aminotrans ferase; AST, aspartate aminotransferase;y-GGT,
gamma glutamyl transpeptidase; TP, total protein; ALB, albumin; TC, total choles-
terol; TG, triglyceride; WBC, white blood cell count; Hb, hemoglobin; PLT, blood
platelet count; d-dimer; AT-lll, antithrombin Ill; FT3, free triiodothyronine three;
FT4, free triiodothyronine four; TSH, thyroid stimulating hormone.

Examination of Plasma Hcy Levels
Plasma homocysteine levels were determined using the homocysteine determination kit (Shanghai Fosun Changzheng
Medical Science) according to the manufacturer’s instructions.

Analysis of Plasma Microparticle

The plasma from the two groups was centrifuged, and the supernatant was collected as MPs-poor plasma. Anti-
endothelial cell antigen monoclonal antibodies (CD31-PE; cat: 555448 or CD62e-PE; cat: 551145, BD Biosciences)
were incubated at room temperature in the dark for 30 minutes. Samples without any antibodies were used as negative
controls. Flow-Count Fluorospheres were added to each reaction system. The number of MPs was measured using a flow
cytometer (Cytomics FC 500, Beckman Coulter)."

Homocysteine Diluent Configuration

Homocysteine powder (Sigma, cat: H9633) was weighed and diluted with PBS solution. The solution was thoroughly
mixed and completely dissolved. Bacteria were removed by passing through a 0.22 pm filter in an ultra-clean environ-
ment. A solution with a concentration of 16 mmol/L was prepared, and homocysteine solution concentrations of 0.5, 2, 4,
and 8 mmol/L were prepared. These solutions were stored in the refrigerator at —20°C in the dark.

Effect of Homocysteine on HUVEC Cells

Human umbilical vein endothelial cells (HUVEC) obtained from ATCC were cultured in RPMI 1640 medium with 10%
fetal bovine serum at 37°C and 5% CO,. To evaluate the effect of homocysteine, HUVEC cells were seeded at a density
of 2x10° cells/mL in a 6-well plate (1.5 mL per well) and incubated in a 37°C, 5% CO, cell incubator. The following day,
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when the cell density reached approximately 90%, different concentrations of Hcy solution (0, 0.5, 1.0, 2, 4, 8 mmol/L)
were added and incubated for 24 hours at 37°C in a 5% CO2 incubator. Subsequently, the toxicity of homocysteine
solution on human endothelial cells was assessed using the CCK8 assay (CCK-8; Japan; cat: CK04).

Apoptosis of Hcy Treated HUVEC Cells

HUVEC cells were seeded at a density of 2x10° cells/mL in 6-well plates. Subsequently, 1.5 mL of Hcy solution with
different concentrations (0, 0.5, 1.0, 2, 4, 8 mmol/L) was added and incubated for 24 hours. The HUVEC cells were then
digested with trypsin and 1640 medium containing serum to terminate digestion. The cell suspension was transferred to
a 1.5 mL centrifuge tube and centrifuged for 10 minutes. The supernatant was discarded, and the bottom 50 pL of cells
were retained and washed twice with PBS. The cells were then fixed with 70% alcohol and placed at —20°C overnight.
The following day, 10 uL of 1 mg/mL PI staining solution (Abcam, ab40776) was added, followed by the addition of
400 pL of 1xPBS at room temperature in the dark for 30 minutes.

Statistical Analysis

Data were analyzed and graphed using SPSS 19.0 and Prism 9.5 (GraphPad) software. The normality and equal variance of
the data were assessed using Levene’s test and Kolmogorov—Smirnov test, respectively. If the data passed the normality and
equal variance tests, Student’s #-test was used for two-group comparisons, and one-way analysis of variance was used for
comparisons among three or more groups. If the data did not pass the normality or equal variance test, the Mann—Whitney
test was used for two independent sample comparisons, and the Kruskal-Wallis test with Mann—Whitney test and
Bonferroni correction was used for multiple comparisons. Correlations were analyzed using Pearson’s correlation coeffi-
cient. Results were expressed as means + standard deviation, and p-values < 0.05 were considered statistically significant.

Results

Plasma Homocysteine Level Increased in Women with Recurrent Abortion

We detected plasma Hcy levels in normal pregnant women and patients with recurrent abortion. As shown in Figure 1,
plasma Hcy levels in women with recurrent abortion (8.43 + 0.35 pmol/L, n=40) were significantly higher than those in
normal pregnant women (6.05 £ 0.2 umol/L, n=40) (p < 0.0001), it is very statistically significant differences in the
variables for women with recurrent miscarriages in the two data sets.

20 - % %k %k %k

154 '

Plasma Hcy (umol/L)

NP RSA
(n=40)  (n=40)

Figure | Analysis of plasma Hcy levels in women with recurrent abortion and normal pregnant women; ***¥p < 0.0001, it is a significant statistical difference.
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Plasma Total-MPs and Endothelial-MPs in Women with Recurrent Abortion
Plasma samples were collected from 30 normal pregnant women and 30 patients with recurrent abortion, and the total
MPs in plasma were detected by FCM. The total number of MPs in the plasma of normal pregnant women and women
with recurrent abortion was 26.70 + 8.787 and 84.69 + 27.20, respectively. The total plasma MPs of women with
recurrent abortion were significantly higher than those of women with normal pregnancy (p = 0.002) (Figure 2A).
Using the cell surface marker CD31+ to indicate apoptotic and activated endothelial cell-derived microparticles, we
found that the number of endothelium-derived MPs in the plasma of women with recurrent abortion was also
significantly higher than that of normal pregnant women (n = 30, p = 0.009) (Figure 2B). Moreover, significant
correlations were found between plasma Hcy levels and total MP number (Figure 2C) or EMP number (Figure 2D).
These data indicate that the elevated number of total MPs and EMPs in women with recurrent miscarriage are related to
plasma Hcy levels, suggesting that enhanced plasma Hcy levels are an important stimulating factor for EMP production.

Increased Plasma Free DNA Levels in Women with Recurrent Miscarriage

To determine whether plasma free DNA was elevated in women with recurrent abortion, we measured the plasma free
DNA concentration using the nucleic acid-bound fluorescent dye PicoGreen. The plasma free DNA concentrations in
normal pregnancy and recurrent abortion were 46.57 + 2.44 pg/mL and 57.82 + 2.64 pg/mL, respectively. The level of
plasma free DNA in women with recurrent abortion was significantly higher than that in normal pregnant women
(Figure 3A). A significant correlation was found between plasma cell-free DNA and plasma Hcy in RSA women
(Figure 3B). These results suggest that high levels of plasma Hcy may promote DNA release from activated
neutrophils.
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Figure 2 Recurrent miscarriage and normal pregnant women were detected by FCM (A) analysis of the total MPs (B) analysis of CD3 1+ EMPs in plasma. Correlations
between plasma Hcy levels and the total MPs (C) or CD31+ EMP number (D) of plasma in women with recurrent miscarriage.
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Figure 3 (A) Analysis of plasma DNA levels in normal pregnant women and women with recurrent miscarriage. (B) Correlations between plasma Hcy levels and the plasma
DNA levels in women with recurrent miscarriage.

Toxic Effects of Homocysteine Solution on HUVECs Cells

Given the observed elevation of plasma Hcy and EMPs in women with recurrent miscarriage, and the significant correlation
between plasma Hcy and EMPs, we investigated the effect of homocysteine on endothelial cells. HUVECs were treated with
varying concentrations of Hey (0, 0.5, 1, 2, 4, 8 mmol/L) for 24 hours, and the toxic effect of homocysteine on HUVECs was
assessed using the CCKS assay. The results showed that Hey treatment significantly affected the survival rate of HUVEC
cells, and this effect was dose-dependent, suggesting that Hcy had a toxic effect on HUVEC cells (Figure 4A). We also
assessed the integrity of HUVEC cells using PI staining and flow cytometry. Compared to the control group, the percentage
of Pl-positive cells gradually increased in the Hcy-stimulated groups, which were 1.424 + 0.47%, 15.28 + 1.04%, 23.11 £
1.67%, 26.85 £ 1.56%, and 41.36 = 1.96%, respectively (Figure 4B). These results indicate that Hcy could disrupt the
integrity of HUVEC membranes and increase the permeability of the cell membrane.

Homocysteine Stimulates HUVEC to Release Increased EMPs

To investigate the effect of homocysteine on HUVECs, HUVECs were stimulated with different concentrations of Hey
(0, 0.5, 1, 2, 4, 8 mmol/L) for 24 hours. The cell supernatant was collected, and the number of EMPs released by
HUVECs was detected by flow cytometry. Compared with the normal control group (0 mmol/L), the number of EMPs
released by HUVECs after Hey stimulation gradually increased. Moreover, the number of EMPs released by HUVECs in
the Hey groups of 1, 2, 4, and 8 mmol/L was significantly higher than that in the control group, indicating that Hcy can
promote the release of EMPs by HUVEC cells (Figure 5).

Discussion
Recurrent miscarriage (RSA) is a prevalent pathological condition in reproductive medicine, affecting 1-5% of couples
striving for pregnancy, despite extensive efforts by clinicians and researchers to ascertain its etiology, approximately 50%
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Figure 4 Different concentrations of homocysteine solution were applied to HUVECs cells (A) Observe the cytotoxicity of HUVEC cells by CCK8 experiment, and (B) the
apoptotic of HUVEC cells was detected by PI staining and flow cytometry;**p < 0.01, it is a significant statistical difference.
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Figure 5 Different concentrations of homocysteine solution were applied to HUVEC:s cells, to analysis the number of EMPs released from HUVECs by FCM;**p < 0.01, it is
a significant statistical difference.

of cases remain unexplained, significantly impacting patients’ lives. Currently, the etiology and pathological mechanism
of half of unexplained RSA cases are multifaceted, with many attributed to endocrine disorders, metabolic abnormalities,
infections, etc.'® Recently, some experts have suggested a metabolic component, homocysteine (Hcy), wherein mild to
moderate hyperhomocysteinemia (HHcy) may pose a threat to women experiencing habitual abortion or placental
abruption. However, the specific pathological mechanism of damage remains unclear. Homocysteine, a sulfur-
containing amino acid formed during methionine metabolism, typically presents at fasting plasma concentrations of
5-15 pmol/L."” When Hcy fails to metabolize to methionine or cysteine due to genetic or nutritional deficiencies, it
accumulates systemically along with its protein-related metabolites, augmenting the Hcy-thiolactone pathway’s flux and
associating with various pathological conditions in humans.'® Therefore, metabolic abnormalities, such as elevated
homocysteine levels, alone or in combination, can impede pregnancy maintenance. The study we present aims to
elucidate the mechanism of HHcy in patients with recurrent spontaneous abortion through case studies and basic
experimental research.

Previous data suggest that homocysteine is not only a disease biomarker but also a guide for disease prevention.'’
During normal pregnancy, the concentration of Hcy in the blood shows a decreasing trend, with a more pronounced
decrease during 8—12 weeks of pregnancy.””' In our study, we observed that plasma Hcy levels in RSA patients were
significantly higher than those in normal pregnant women during the same period (6-10 weeks of gestational age),
suggesting a correlation between increased plasma Hey concentration and RSA. Steegers-Theunissen et al suggested the
relationship between recurrent early pregnancy loss and elevated homocysteine concentrations, and have been
proven.”*** However, the precise mechanism of action between homocysteine and miscarriage remains unclear.

Maternal vascular endothelial injury, which promotes thrombosis and affects fetal blood and oxygen supply, is also
one of the pathological mechanisms of recurrent pregnancy loss.>’ HHcy can also affect endothelial cell functions, such
as cytoskeleton remodeling, up-regulation of adhesion molecule expression, cell barrier dysfunction, and inflammatory
response.”* In our study, we observed that the elevated number of total MPs and EMPs in women with recurrent
miscarriage are related to plasma Hcy levels, suggesting that enhanced plasma Hcy levels are an important stimulating
factor for EMP production. However, the mechanism by which Hcy metabolism is blocked and high levels of Hcy
stimulate endothelial cells leading to endothelial dysfunction and the release of EMPs remains to be verified.

In our study, we observed significantly elevated plasma Hcy concentrations in women with RSA compared to
normal controls, along with a significant increase in the total number of plasma particles. Plasma MPs have various
sources, such as endothelial cells, platelets, white blood cells, and red blood cells, which release MPs during activation
or apoptosis.”>*® Among these plasma MPs, EMPs are released in response to endothelial cell injury, activation, and
apoptosis, serving as indicators of endothelial cell injury. The cell surface antigen CD31 serves as a stabilizing marker

for EMPs, with endothelial cell-derived particles represented by CD31".%
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To identify the primary source of increased particulates in the plasma of women with RSA, we detected CD31-
positive MPs and found a significantly higher number of CD31+ MPs in the plasma of RSA women compared to those
with normal pregnancies. These results suggest that the majority of the increased MPs in RSA women’s plasma are
EMPs, released during oxidative stress or apoptosis of endothelial cells. Additionally, Our study found that an increase in
plasma free DNA in women with URSA.

Our study showed that elevated levels of Hcy in women with RSA may stimulate endothelial cells, leading to
endothelial dysfunction and increased release of particles as well as free DNA. To visualize the effect of Hey on
endothelial cells, we treated HUVECs with varying concentrations of Hcy. We observed a significant reduction in the
survival rate of HUVECs cells following Hey stimulation, with a concurrent increase in the number of PI-positive cells
correlating with the Hey concentration. This suggests that elevated concentrations of Hecy exert cytotoxic effects on
HUVECs, compromising cell membrane integrity, increasing membrane permeability, promoting the release of EMPs
from endothelial cells, and potentially contributing to embryonic developmental arrest and miscarriage.

Conclusion

Our findings indicated that plasma Hcey levels were significantly elevated in women with recurrent miscarriages compared to
those with normal pregnancies. Additionally, the total number of MPs and EMPs, as well as plasma free DNA, were also
significantly increased in women with RSA. In vitro experimental results showed that the toxic effect of Hcy on HUVECs was
enhanced with the increase in Hey concentration. Our findings demonstrated that high levels of Hcy in women with RSA may
stimulate apoptosis of endothelial cells, which in turn leads to endothelial dysfunction, releasing microparticles and free DNA.
This affects embryo development, and may be related to embryo development arrest and abortion. Therefore, the present study
primarily elucidates the influencing factors and the role of homocysteine in the pathogenesis of recurrent miscarriage.
Additionally, it provides novel insights and therapeutic targets for the early diagnosis and prevention of recurrent miscarriage.
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