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Background and Purposes: The risk factors of poor postoperative angiogenesis

in moyamoya disease (MMD) patients remain unknown. We aimed to investigate the

association between hyperhomocysteinemia (HHcy) and postoperative angiogenesis of

adult patients with MMD.

Methods: A total of 138 adult patients with MMD were prospectively recruited from

July 1 to December 31, 2019. After excluding 10 patients accepting conservative

therapy and 77 individuals without postoperative digital subtraction angiography (DSA),

all 51 MMD patients were enrolled, and 28 patients received bilateral operations

separately. Patients were grouped according to postoperative angiogenesis and HHcy

presentation, respectively. Clinical data and laboratory examinations were compared.

Potential risk factors were evaluated by univariate and multivariate logistic regression

analysis. Nomogram was further performed. The biological functions of homocysteine

(Hcy) were explored in vitro.

Results: Comparing to the normal, patients with poor postoperative angiogenesis were

higher in serum Hcy (p = 0.004), HHcy ratio (p = 0.011), creatinine (Cr) (p < 0.001),

uric acid (UA) (p = 0.036), Triglyceride (p = 0.001), high-density lipoprotein cholesterol

(HDL-C) (p = 0.001), low-density lipoprotein cholesterol (LDL-C) (p = 0.009), ApoA

(p= 0.022), apolipoprotein B (ApoB) (p= 0.013). Furthermore, HHcy was more common

in men (p = 0.003) than women. Logistic analysis results showed that Hcy (OR = 0.817,

95% CI = 0.707–0.944, p = 0.006) was an independent risk factor. HHcy and Cr

were significantly associated with poor postoperative angiogenesis in MMD patients.

Further, Hcy could inhibit the proliferation, migration, and tube formation of human brain

microvascular endothelial cells (HBMECs), which can be reversed by vascular endothelial

growth factor (VEGF).

Conclusion: The HHcy was significantly correlated with poor postoperative

angiogenesis in adult patients with MMD. Hcy significantly inhibits HBMECs proliferation,

migration, and tube formation. Furthermore, VEGF could reverse the inhibition effect

induced by Hcy. Lowering the level of Hcy may be beneficial for postoperative MMD

patients. Focusing on the pathophysiology and mechanism of HHcy might help to guide

postoperative clinical management.
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INTRODUCTION

Moyamoya disease (MMD) is a rare cerebrovascular disease
characterized by progressive stenosis of the intracranial internal
carotid arteries (ICA) whose major branches with the emergence
of co-existing compensatory abnormal net-like vessels (1–4).
MMD is a major cause of stroke in children and young
adults and has been observed in different ethnic backgrounds
throughout the world, which is reported to be most common
in Asian countries such as China, Japan, and Korea (5, 6). In
surgical practice, indirect, direct, or combined revascularization
is frequently applied, but the risk factors affecting poor
postoperative angiogenesis need further research.

Homocysteine (Hcy) is reported to be a sulfur-containing
amino acid, and an important intermediate in folate, vitamin B12,
and one-carbon metabolism (7). It was reported that the genetic
factors such as the mutation in 5,10-methylenetetrahydrofolate
reductase (MTHFR) can change the plasma Hcy level. For
normal and healthy individuals, the Hcy level in serum is
between 5 and 15µM, and an increase exceeding 16µM is
called hyperhomocysteinemia (HHcy) which may be harmful
to vessels (8–10). Earlier studies have reported that the HHcy
as an independent risk factor for poor health, such as cancer,
coronary, Parkinson’s disease, and Alzheimer’s disease (8, 10–12).
Recently, Ge et al. showed that theHcy was associated with higher
ischemic complications rates in MMD patients (3). However,
the postoperative follow-up was limited, and the role of Hcy in
postoperative angiogenesis remains unclear.

In our current study, the characteristics of adult MMD
patients who underwent surgical options were collected to
explore the relationship between Hcy and postoperative
angiogenesis and performed experiments to explore the potential
role of Hcy on brain vessels.

METHODS

Study Participants
A total of 138 adult patients with MMD were prospectively
recruited from July 1 to December 31, 2019 at the Department of
Neurosurgery, Beijing Tiantan Hospital. A total of 10 individuals
did not receive surgical treatment and 77 individuals without
postoperative digital subtraction angiography (DSA) from the
previous cohort were excluded. Finally, 51 MMD patients were
prospectively enrolled in total, and 28 patients received bilateral
operations separately. Guidelines of the Research Committee
on Spontaneous Occlusion of the Circle of Willis in 2012
were used to diagnose MMD byDSA (13). All participants
were signed the informed consent. The study was approved
by the Ethics Committee of Beijing Tiantan Hospital, Capital
Medical University (No. KY2016-048-01). The patients were
grouped according to postoperative angiogenesis and HHcy
presentation, respectively.

Data Collection
The possible risk factors associated with poor postoperative
angiogenesis were obtained, such as demographic data, clinical
features, laboratory examinations, image examination, and

surgical options. Age and sex are included in demographic
information. Blood pressure, heart rate, and body mass
index (BMI) were considered in clinical features. Laboratory
examinations were levels of Hcy, blood glucose (Glu), albumin
(ALB), total cholesterol (TC), triglyceride (TG), apolipoprotein
A (ApoA), apolipoprotein B (ApoB), low-density lipoprotein
cholesterol (LDL-C), high-density lipoprotein cholesterol (HDL-
C), uric acid (UA), creatinine (Cr), white blood cells (WBC), and
platelets (PLT). Suzuki stage was considered as imaging findings.
Surgical options were summarized into direct revascularization
or non-direct revascularization. After the participants had fasted
for over 12 h in the morning, their blood samples were collected.
The level of Hcy was extracted from medical records, and
the plasma level of Hcy was determined by enzymatic cycling
assay. An increase exceeding 15 µmol/L in serum Hcy level was
diagnosed as HHcy. All patients accepted routine postoperative
therapy and follow-up, including DSA 6 months postoperatively.
The postoperative angiogenesis was evaluated independently by 2
senior physicians according to theMatsushima classification (14).
In short, the surgical bypass covered the area including (A) more
than two-thirds of themiddle cerebral artery (MCA) distribution;
(B) between two-thirds and one-third; and (C) only one cortical
branch or no collateral circulation. Grade A and grade B were all
considered to be good postoperative angiogenesis.

Surgical Procedures
The 3 kinds of surgical procedures were used for
MMD treatment, such as direct, indirect, and combined
revascularization of the two (2). The detailed procedures
refer to our previous work. In short, the direct bypass was
the anastomosis of the cortical branch of the MCA and the
superficial temporal artery (STA). In indirect bypass, the STA
branch was isolated and placed on the cortical surface. Both
direct and indirect bypass performed on the same hemisphere
was called combined bypass.

Statistical Analysis
The SPSS software (version 25.0) and R software (4.0.5) were used
to perform the statistical analyses. The Pearson’s chi-square test
was used to compare the categorical variables. For continuous
variables, the t-test and Mann–Whitney U test were utilized. The
study employs logistic regression to investigate the independent
factors. The 95% confidence intervals (CIs) and odds ratios
(ORs) were calculated for potential risk factors related to poor
postoperative angiogenesis. It was statistically significant when
the p < 0.05 (two-sided).

RESULTS

Characteristics and Laboratory
Examinations of Postoperative
Angiogenesis
A total of 79 subjects were analyzed in this study. The
characteristics and laboratory examinations of postoperative
angiogenesis were summarized in Table 1. A total of 37 (46.8%)
subjects were in the poor postoperative angiogenesis group,
such as 21 men and 16 women. The proportion of men was
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TABLE 1 | Baseline characteristics and laboratory examinations of postoperative angiogenesis.

Variables All patients (n = 79) Postoperative angiogenesis P-value

Poor (n = 37) Good (n = 42)

Age, y, median (IQR) 37 (29–47) 40 (32–48) 34 (26–44) 0.01

Sex (%) 0.006

Male 32 (40.5) 21 (65.6) 11 (26.2)

Female 47 (59.5) 16 (43.2) 31 (73.8)

Primary symptom (%) 0.731

Infarction 54 (68.4) 26 (70.3) 28 (66.7)

Non-infarction 25 (31.6) 11 (29.7) 14 (33.3)

Medical history (%)

Hypertension 10 (12.7) 6 (16.2) 4 (9.5) 0.372

Diabetes 6 (7.6) 2 (5.4) 4 (9.5) 0.491

Hyperlipidemia 0 (0) 0 (0) 0 (0) *

Thyroid disease 0 (0) 0 (0) 0 (0) *

Smoking 10 (12.7) 5 (13.5) 5 (11.9) 0.83

Drinking 4 (5.1) 2 (5.4) 2 (4.8) 0.896

Clinical feature, median (IQR)

Heart rate, bpm 78 (74–80) 78 (72–80) 78 (75.5–80) 0.928

SBP, mmHg 127 (115–137) 127 (115–138) 122 (114.75–135) 0.297

DBP, mmHg 80 (75–90) 84 (76–94) 78 (74–90) 0.073

BMI, kg/m2 24.14 (22.64–26.83) 25.35 (23.26–27.68) 22.88 (20.63–25.84) 0.005

Surgical option (%) 0.042

Indirect bypass 46 (58.2) 26 (70.3) 20 (47.6)

Non-indirect bypass 33 (41.8) 11 (29.7) 22 (52.4)

Laboratory results, median (IQR)

WBC count, 109/L 5.60 (5.10–6.60) 5.72 (5.18–6.64) 5.58 (5.08–6.46) 0.883

PLT, 109/L 229 (203–275) 232 (198–272) 228 (213–278) 0.680

Glucose, mmol/L 4.45 (4.18–4.8) 4.45 (4.03–4.87) 4.46 (4.18–4.80) 0.791

Creatinine, µmol/L 53.4 (45.3–64.1) 61.8 (48.85–71.50) 49.4 (43.50–56.98) <0.001

Uric acid, µmol/L 288.3 (240.4–390.0) 318.8 (264.6–469.4) 281.7 (235.0–376.8) 0.036

Albumin, g/L 41.9 (40.0–44.5) 42.1 (39.8–43.9) 41.4 (40.0–44.9) 0.806

Triglyceride, mmol/L 1.35 (0.92–1.84) 1.78 (1.03–2.03) 1.14 (0.82–1.53) 0.001

Total cholesterol, mmol/L 4.09 (3.58–4.77) 4.24 (3.77–4.86) 3.88 (3.36–4.73) 0.116

HDL-C, mmol/L 1.08 (0.87–1.36) 0.94 (0.82–1.24) 1.23 (1.05–1.41) 0.001

LDL-C, mmol/L 2.58 (2.13–3.17) 2.81 (2.29–3.72) 2.21 (1.95–2.81) 0.009

ApoA, g/L 1.23 (1.07–1.43) 1.16 (1.00–1.26) 1.39 (1.10–1.47) 0.022

ApoB, g/L 0.84 (0.73–0.98) 0.89 (0.81–1.00) 0.77 (0.68–0.93) 0.013

Hcy, µmol/L 14.1 (11.26–16.41) 14.97 (12.01–17.60) 12.65 (8.77–14.68) 0.004

HHcy (%) 27 (34.2) 18 (48.6) 9 (21.4) 0.011

Suzuki stage (%) 0.165

I 1 (1.3) 0 (0) 1 (2.4)

II 21 (26.6) 13 (35.1) 8 (19.0)

III 41 (51.9) 16 (43.2) 25 (59.5)

IV 11 (13.9) 7 (18.9) 4 (9.5)

V 5 (6.3) 1 (2.7) 4 (9.5)

VI 0 (0) 0 (0) 0 (0)

PCA (%) 14 (17.7) 6 (16.2) 8 (19.0) 0.742

SBP, systolic blood pressure; DBP, diastolic blood pressure; BMI, body mass index; Hcy, homocysteine; HHcy, hyperhomocysteinemia; SD, standard deviation; IQR, interquartile range.

Suzuki staging and posterior circulation involvement were defined on the operative side. *P < 0.05, significant difference.
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TABLE 2 | Clinical characteristics of patients according to hyperhomocysteinemia (Hhcy).

Variables Hyperhomocysteinemia P-value

Absent (n = 52) Present (n = 27)

Age, y, mean (SD) 34 (28.3–44) 44 (32–47) 0.046

Sex (%) 0.003

Male 15 (28.8) 17 (63.0)

Female 37 (71.2) 10 (37.0)

Primary symptom (%) 0.005

Infarction 30 (57.7) 24 (88.9)

Non-infarction 22 (42.3) 3 (11.1)

Medical history (%)

Hypertension 4 (7.7) 6 (22.2) 0.082

Diabetes 4 (7.7) 2 (7.4) 1

Hyperlipidemia 0 (0) 0 (0) *

Thyroid disease 0 (0) 0 (0) *

Smoking 6 (11.5) 4 (14.8) 0.728

Drinking 2 (3.8) 2 (7.4) 0.603

Clinical feature, mean (SD)

Heart rate, bpm 78 (73–80) 80 (78–80) 0.135

SBP, mmHg 121 (114–135) 134 (118–140) 0.020

DBP, mmHg 78 (74–90) 90 (79–98) 0.025

BMI, kg/m2 23.19 (20.70–24.84) 26.67 (23.83–27.68) 0.001

Surgical option (%) 0.539

Indirect bypass 29 (55.8) 17 (63.0)

Non-indirect bypass 23 (44.2) 10 (37.0)

Laboratory results, median (IQR)

WBC count, 109/L 5.45 (4.97–6.40) 6.22 (5.60–7.10) 0.003

PLT, 109/L 229 (212–277) 230 (173–272) 0.304

Glucose, mmol/L 4.47 (4.18–4.97) 4.4 (3.91–4.72) 0.363

Creatinine, µmol/L 51.15 (43.9–60.8) 57.2 (47.9–71.4) 0.013

Uric acid, µmol/L 275.5 (234.9–339.1) 332.1 (287.9–469.0) 0.004

Albumin, g/L 41.4 (39.5–44.1) 43.0 (40.7–45.1) 0.111

Triglyceride, mmol/L 1.21 (0.78–1.69) 1.66 (1.03–2.09) 0.006

Total cholesterol, mmol/L 3.91 (3.45–4.78) 4.22 (3.67–4.60) 0.984

HDL-C, mmol/L 1.22 (0.91–1.36) 0.94 (0.81–1.25) 0.033

LDL-C, mmol/L 2.49 (2.12–3.23) 2.66 (2.21–3.17) 0.788

ApoA, g/L 1.26 (1.10–1.47) 1.16 (1.00–1.35) 0.175

ApoB, g/L 0.85 (0.72–0.98) 0.84 (0.77–1.00) 0.291

Suzuki stage (%) 0.825

I 1 (1.9) 0 (0)

II 15 (28.8) 6 (22.2)

III 27 (51.9) 14 (51.9)

IV 6 (11.5) 5 (18.5)

V 3 (5.8) 2 (7.4)

VI 0 (0) 0 (0)

PCA (%) 8 (15.4) 6 (22.2) 0.450

SBP, systolic blood pressure; DBP, diastolic blood pressure; BMI, body mass index; Hcy, homocysteine; HHcy, hyperhomocysteinemia; SD, standard deviation; IQR, interquartile range.

Suzuki staging and posterior circulation involvement were defined on the operative side. *P < 0.05, significant difference.

significantly higher in the poor postoperative angiogenesis group
(56.8%) than in the good postoperative angiogenesis group
(26.2%) (p = 0.006). In this cohort, the mean age was 40 ± 8
years. Between groups, subjects were significantly older in the

poor postoperative angiogenesis group (p= 0.001). As for clinical
features, BMI was significantly higher in the poor postoperative
angiogenesis group (p = 0.005). There was no significant
difference in the proportion of infarction as a primary symptom
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TABLE 3 | Univariate analysis of risk factors for patients with poor postoperative

angiogenesis.

Variables Univariate analysis

OR 95%CI P-value

Age 0.948 0.902–0.996 0.033

Sex

Female 3.699 1.435–9.532 0.007

Male * * *

Primary symptom (%)

Non-infarction 1.182 0.456–3.066 0.731

Infarction * * *

Clinical feature, mean (SD)

Heart rate, bpm 0.992 0.928–1.060 0.813

SBP, mmHg 0.975 0.943–1.008 0.143

DBP, mmHg 0.961 0.918–1.006 0.085

BMI, kg/m2 0.809 0.693–0.945 0.007

Surgical option (%)

Indirect bypass 0.385 0.152–0.974 0.044

Non-indirect bypass * * *

Suzuki stage 1.249 0.732–2.132 0.414

Laboratory results, median

WBC count, 109/L 1.108 0.793–1.548 0.547

LY 0.992 0.429–2.292 0.984

PLT, 109/L 1.004 0.995–1.014 0.387

Glucose, mmol/L 0.825 0.542–1.255 0.368

Creatinine, µmol/L 0.927 0.887–0.969 0.001

Uric acid, µmol/L 0.995 0.991–1.000 0.031

Albumin, g/L 1.026 0.896–1.176 0.708

Triglyceride, mmol/L 0.281 0.122–0.674 0.003

Total cholesterol, mmol/L 0.765 0.440–1.332 0.344

HDL-C, mmol/L 16.142 2.468–105.592 0.004

LDL-C, mmol/L 0.553 0.286–1.068 0.078

ApoA, g/L 10.2 1.202–86.578 0.033

ApoB, g/L 0.047 0.003–0.747 0.03

Hcy 0.905 0.834–0.982 0.016

PCA 1.216 0.379–3.898 0.742

SBP, systolic blood pressure; DBP, diastolic blood pressure; BMI, body mass index; Hcy,

homocysteine; OR, odds ratio.

Suzuki staging and posterior circulation involvement were defined on the operative side.
*P < 0.05, significant difference.

(p = 0.731), while it was 70.3% in the poor postoperative
angiogenesis group and 66.7% in the good postoperative
angiogenesis group (66.7%). In surgical options, 70.3% of subjects
received indirect bypass in the poor postoperative angiogenesis
group compared with 47.6% of subjects in the good postoperative
angiogenesis group (p = 0.042). Those with poor postoperative
angiogenesis showed a higher level of Hcy (p = 0.004), Cr
(p < 0.001), UA (p = 0.036), TG (p = 0.001), HDL-C
(p = 0.001), LDL-C (p = 0.009), ApoA (p = 0.022), and ApoB
(p= 0.013). Meanwhile, the occurrence of HHcy in patients with
poor postoperative angiogenesis was also significantly higher (p
= 0.011).

TABLE 4 | Multivariate analysis on the risk of poor postoperative angiogenesis.

Variables* Multivariate analysis

OR 95%CI P-value

Creatinine, µmol/L 0.881 0.783–0.992 0.037

Hcy 0.817 0.707–0.944 0.006

*Variables not finally entered into the model: age (P = 0.366), sex (P = 0.440), primary

symptom (P= 0.186), BMI (P= 0.517), glucose (P= 0.069), uric acid (P= 0.142), albumin

(P = 0.496), triglyceride (P = 0.164), total cholesterol (P = 0.214), HDL-c (P = 0.945),

LDL-c (P= 0.147), ApoA (P= 0.758), ApoB (P= 0.779), WBC (P= 0.835), LY (P= 0.484),

PLT (P = 0.403), surgical option (P = 0.156). BMI, body mass index; Hcy, homocysteine;

OR, odds ratio. *P < 0.05, significant difference.

Clinical Features of Patients According to
HHcy
Clinical features of subjects according to HHcy are summarized
in Table 2. The mean age in the HHcy group was significantly
older than in the normal Hcy group (p = 0.046). Men in the
HHcy group (63.0%) were also more than that in the normal
Hcy group (28.8%), which was statistically significant (p= 0.003).
As for primary symptoms, subjects with infarction as primary
presentation in the HHcy group (88.9%) were significantly
more than in the normal Hcy group (57.7%) (p = 0.005). In
clinical features, the level of SBP, DBP, and BMI is statistically
significant (p < 0.05). In laboratory examinations, the level of
WBC (p = 0.003), CR (p = 0.013), UA (p = 0.004), HDL-
C (p = 0.033), and TG (p = 0.006) in the poor postoperative
angiogenesis group was significantly higher than in the good
postoperative angiogenesis.

Logistic Analysis of Potentially Related
Factors Associated With Poor
Postoperative Angiogenesis
Potentially related factors for poor postoperative angiogenesis
in adult MMD subjects were analyzed. The univariate analysis
showed that age (p = 0.033), female (p = 0.007), BMI
(p = 0.007), indirect bypass (p = 0.044), UA (p = 0.031),
Cr (p = 0.001), TG (p = 0.003), HDL-C (p = 0.004), ApoA
(p = 0.033), ApoB (p = 0.03), and Hcy (p = 0.016) were
associated with poor postoperative angiogenesis in univariate
logistic analysis (Table 3). After adjusting for all potential
covariables, the results showed that creatinine (OR = 0.881,
95% CI = 0.783–0.992, p = 0.037) and Hcy (OR = 0.817,
95% CI = 0.707–0.944, p = 0.006) were independent factors
related to the poor postoperative angiogenesis (Table 4). We
also found that the HHcy was significantly associated with poor
postoperative angiogenesis.

Nomogram
To establish a predictive model of poor postoperative
angiogenesis, we constructed a nomogram based on related
factors in multivariate analysis, such as creatinine and Hcy. The
nomogram achieved a c-index of 0.779, which reflects good
predictive performance. The nomogram is shown in Figure 1.
We also generated a calibration curve for the nomogram, which

Frontiers in Neurology | www.frontiersin.org 5 June 2022 | Volume 13 | Article 902474

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


He et al. HCY in MMD Postoperatively

FIGURE 1 | Nomogram of related factors influencing postoperative angiogenesis. Hcy represents homocysteine. Angiogenesis represents the possibility of good

postoperative angiogenesis in adult moyamoya disease (MMD) patients.

is shown in Supplementary Figure 1. The mean absolute error
reached 0.019. Then, we performed the Hosmer–Lemeshow
goodness-of-fit test, which indicated that the model was well
calibrated (χ2

= 9.1299, p= 0.3315).

Hcy Inhibits Proliferation, Migration, Tube
Formation in HBMEC Which Is Reversed by
VEGFA
To further study the biological function of Hcy in the
angiogenesis of human cerebral vessels, we utilized human brain
microvascular endothelial cells (HBMECs) to perform in vitro
experiments. In the Edu assay, we found that the proliferation
was significantly decreased by Hcy and was reversed by vascular
endothelial growth factor (VEGF) treatment (Figure 2A). In
the CCK-8 assay, we further confirmed that the proliferation
rate was significantly decreased when treated with Hcy for
72 h (p < 0.01), and such effect could be reversed by VEGF
(Figure 2B). Migration assay and tube formation assay were
also performed to explore the influence of Hcy on vessel
formation, and the results revealed HBMECs treated with Hcy
were significantly decreased in migration (p < 0.01) and tube
formation (Figures 2C,D). After being treated with VEGF, the
effect of Hcy on HBMECs was reversed. The results indicated
that Hcy inhibits proliferation, migration, and tube formation in

HBMECs, and VFGF may become a potential treatment target
for those patients with poor postoperative angiogenesis.

DISCUSSION

In this study, we prospectively enrolled adult MMD patients and

investigated the potentially related factors of poor postoperative

angiogenesis and found the increased level of Hcy (p = 0.004)

and HHcy ratio (p = 0.011) were significantly associated with

poor postoperative angiogenesis patients. It suggested that the

Hcy plays a vital role in poor postoperative angiogenesis in

MMD patients. We also established a nomogram and found

patients with lower Hcy level is correlated with a better

postoperative angiogenesis in MMD patients. Furthermore, we

utilized HBMECs to conduct proliferation, migration, and tube

formation assays and showed the inhibition effect of Hcy on

cerebral angiogenesis can be reversed by VEGF.

The previous literature reported the link between Hcy and
acute ischemic events, such as acute myocardial infarction
(15). In this study, we revealed the potential effect of Hcy on
long-term postoperative angiogenesis in adult MMD patients.
Recently, HHcy was also reported to be associated with brain
disorders, such as stroke (16). Our previous studies showed
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FIGURE 2 | Homocysteine (Hcy) inhibits the HBMECs proliferation, migration, and tube formation, which is reversed by VEGF. (A,B) Edu assay and CCK-8 assay of

HBMECs treated with Hcy and VEGF165. (C,D) Transwell migration assay and tube formation assay of HBMECs treated with Hcy and VEGF165. *p < 0.05,

**p < 0.01.

that the HHcy was associated with a higher risk of MMD
and was correlated with postoperative acute ischemia within 7
days (3, 17). However, the relationship between poor cerebral
postoperative angiogenesis and HHcy is not well-understood.

The Hcy, a key metabolite of methionine, is thought
to participate in a variety of biological processes (18–20).
Although how Hcy is involved in the pathogenesis of MMD is
unclear, several possible mechanisms were reported in diseases.
Recently, advances have shown that increased Hcy in serum
level is a primary cause of cardiovascular diseases, diabetes,
neurodegenerative diseases, and so on. Hcy was also involved
in the initiation and progression of atherosclerosis by inhibiting
the expression of miR-195-3p and in turn, enhancing the

inflammation through IL-31 (21). In cardiovascular diseases, Hcy
was reported to cause endothelial dysfunction through ENaC,
or the toxicity related to iron containing proteins. Some studies
reported that the Hcy could induce cell injury via Akt/eNOS
pathway (22, 23). However, the possible role of Hcy on cerebral
endothelial cells needs further research.

In MMD patients, the key mechanism leading to HHcy
was thought to be associated with the mutation in MTHFR,
which can interrupt the Hcy metabolism (24). And studies
elucidated that Hcy may be involved in the pathogenesis
of MMD by increasing MMP-9 in the vascular wall to
induce inflammation (25, 26), but how Hcy is involved in
postoperative cerebral angiogenesis remains unclear. Sato et al.
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reported that in STA–MCA bypass operations, HHcy is a
risk factor for unsuccessful revascularization because it causes
hypercoagulation (27). It also suggested that postoperative
vitamin and folic acid replacement therapy contributes to an
improved success rate of bypass surgery in patients with MMD,
and postoperative replacement therapy may be beneficial in these
patients (28–30). Recently, it was reported that Hcy can induce
peripheral vessel apoptosis in vitro by modulating mitochondrial
dysfunction, and autography via MIF/mTOR signaling (31–
34). To study the effect of Hcy on postoperative cerebral
angiogenesis, we conduct proliferation, migration, and tube
formation experiments and found a significant decrease when
HBMECs were treated with Hcy, and the effect of Hcy on
HBMEC was further reversed by VEGF. The results confirmed
that the Hcy can directly inhibit the brain angiogenesis to affect
the long-term prognosis, and VEGF is a potential treatment for
patients with poor postoperative angiogenesis.

In past studies on MMD, researchers focused on perioperative
complications. However, studies on long-term follow-up
and metabolism factors are limited. We utilized laboratory
examinations to predict potential risk factors and further
explore the mechanisms of Hcy on cerebral vessels. The logistic
regression confirmed that the Hcy was an independent risk
factor of poor postoperative angiogenesis. In vitro experiments
confirmed the inhibition effect of Hcy on HBMECs. This
indicated that postoperative angiogenesis can be worsened
by HHcy in MMD patients. Interestingly, creatinine was also
found to be significantly associated with the outcome of this
study. Considering creatinine was at normal levels in whole
patients enrolled in the study, this difference may be due to
metabolites rather than pathological change, which may need
further exploration. The results revealed the important biological
role of HHcy on poor postoperative angiogenesis in MMD
patients. For postoperative MMD patients, the level of Hcy
should be monitored and well-controlled. Further, for patients
with poor postoperative angiogenesis, HHcy potentially can be a
therapeutic target and VEGF can be considered to be some kind
of treatment. However, there were still limitations in our study.
First, the sample size in the study was limited to a single-center
study. Second, we did not include children MMD patients,
which may be unaffected by HHcy due to the continuously high
expression of PI3K/AKT pathway which can activate the cerebral
vascular proliferation. Third, a follow-up up to several years is
needed. Finally, the comprehensive mechanism and therapeutic
drugs which may improve postoperative angiogenesis in MMD
patients need further research.

CONCLUSION

The study found that HHcy was significantly associated with
poor postoperative angiogenesis in adult MMD patients. Hcy
significantly inhibits HBMECs proliferation, migration, and tube
formation. Furthermore, VEGF could reverse the inhibition
effect induced by Hcy. Therefore, a new perspective that HHcy
can act as a potential indicator and target is provided, and VEGF
becomes a potential therapeutic drug to promote postoperative
angiogenesis in MMD patients. Lowering the level of Hcy may
be beneficial for postoperative MMD patients. In the future,
focusing on the underlying mechanism of HHcy might help to
guide postoperative clinical management.
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