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Background: Circulating choline pathway nutrients play a critical role in first stroke and recurrent stroke. However, there is limited information available on the effects of choline pathway nutrients on the risk of moyamoya disease (MMD) and its subtypes. We investigated the association between circulating choline and betaine and the incident risk of MMD and its subtypes.

Methods: The case-control study enrolled 385 patients with MMD [i.e., 110 transient ischemic attack (TIA)-type MMD, 157 infarction-type MMD, and 118 hemorrhagic-type MMD] and 89 matched healthy controls.

Results: Serum choline and betaine were inversely related to the risk of MMD and its subtypes. The risk of MMD was decreased with each increment in choline level [per 1 μmol increase: odds ratio (OR), 0.756; 95% CI, 0.678–0.843] and betaine level (per 1 μmol increase: OR, 0.952; 95% CI, 0.932–0.972), respectively. When choline and betaine were assessed as quartiles, compared with the lowest quartile of serum choline and betaine levels, those in the highest quartile had a significantly decreased risk of MMD (choline, Q4 vs. Q1: OR, 0.023; 95% CI, 0.005–0.118; betaine, Q4 vs. Q1: OR, 0.058; 95% CI, 0.018–0.184).

Conclusions: Serum choline and betaine were associated with the decreased risk of MMD and its subtypes.
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Introduction

Moyamoya disease (MMD) is a rare cerebrovascular disorder, which is characterized by progressive stenosis/occlusion of the internal carotid arteries and their proximal branches, with the formation of collateral abnormal vascular network formation at the basal part of the brain (1). Although MMD is a rare cerebrovascular disorder, it is the main cause of stroke in children and adolescents in East Asian populations (2). There are two well-established MMD phenotypes: one is the ischemic type and the other is the hemorrhagic type (3).

The etiology of MMD is currently unknown and immune, inflammation, genetic, and other factors may have all contributed to the development and progression of MMD (2, 4, 5). A strong association has been found between RNF213 p.R4810K variant and MMD. Approximately 90% of Japanese patients, 79% of Korean patients, and 23% of Chinese patients showed this variant (6–8). Obviously, the incidence of p.R4810K variant was much lower in China than in other East Asian countries. Therefore, in addition to genetic factors, there are other factors contributing to MMD in China. In our recent case-control study, we found that several traditional modifiable risk factors, such as albumin (ALB), homocysteine (Hcy), body mass index (BMI), and high-density lipoprotein (HDL), were correlated with the risk of MMD (9). Nevertheless, the traditional risk factors cannot explain all of the MMD risk factors. Identification of novel risk factors is of urgent necessity, particularly modifiable risk factors.

In recent years, choline pathway metabolites have been of extensive interest and play an important role in many physiological and pathological processes of cardiovascular and cerebrovascular diseases (10–12). Choline is an essential nutrient with diverse biological functions, such as cell membrane integrity, cholinergic neurotransmission, lipid transport, and one-carbon metabolism (13). Betaine is a product of an irreversible oxidation reaction of choline, and it participates as a methyl donor in choline metabolism, which increases the remethylation of Hcy to methionine and influences DNA and histone methylation (14). Abnormal choline metabolism was implicated in the development and progression of processes of cardiovascular and cerebrovascular diseases. The current findings raise questions regarding the role of choline pathway metabolites in MMD risk. Therefore, we conducted this prospective study to investigate the association between serum choline and betaine and the risk of MMD and its subtypes.



Methods

In this study, we recruited prospectively consecutive adult patients with MMD aged 18 years or older at the Department of Neurosurgery, Beijing Tiantan Hospital, Capital Medical University from September 1, 2020 to December 31, 2021. All participants provided written informed consent. The protocol of this study was approved by the Ethics Committee of Beijing Tiantan Hospital, Capital Medical University.


Study participants

All patients with MMD were diagnosed using digital subtraction angiography according to the Japanese guidelines published in 2012 (15), and both unilateral and bilateral MMDs were enrolled. From September 1, 2020 to December 31, 2021, 500 patients (that included 418 adult patients) with MMD received their treatment at our center and 385 adult patients with complete choline and betaine measurements were enrolled in the study (Figure 1). Among the 385 adult patients, 110 cases were of transient ischemic attack (TIA)-type MMD, 157 cases were of infarction-type MMD, and 118 cases were of hemorrhagic-type MMD. In the control group, age-matched healthy individuals who came for routine checkups were recruited. Based on interviews with these individuals and their families, none of them had MMD or heart disease.
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FIGURE 1
 Flow diagram of the study participants.




Baseline data collection

All subject data were collected by trained research coordinators via questionnaires and independent chart reviews, which included age, sex, heart rate, systolic blood pressure (SBP), diastolic blood pressure (DBP), BMI, medical history (hypertension, diabetes, hypercholesterolemia, cigarette smoking, and alcohol consumption). Fasting blood was used to determine white blood cell count (WBC), lymphocyte (LY) count, neutrophil count, platelet count, glucose, ALB, creatinine, uric acid, triglyceride, total cholesterol, HDL cholesterol, low-density lipoprotein (LDL) cholesterol, Hcy, and estimated glomerular filtration rate (eGFR) by using an automatic clinical analyzer. RNF213 p.R4810K variant was detected. The primers were designed as follows: RNF213-4810F (rs112735431): 5′-GCCCTCCATTTCTAGCACAC-3′; and RNF213-4810R: 5′-AGCTGTGGCGAAAGCTTCTA-3′. Within 24 h of patients' admission to the hospital, fasting blood samples were drawn into serum separation tubes and ethylenediaminetetraacetic acid (EDTA) anticoagulation blood collection tubes and then all the blood samples were stored at −80°C in the Central Laboratory of Beijing Tiantan Hospital, Capital Medical University until testing was performed. Liquid chromatography-mass spectrometry was used to measure serum levels of free choline and betaine. Laboratory technicians who measured serum-free choline and betaine were blinded to baseline characteristics.



Statistical analysis

Baseline characteristics were presented and compared between cases and controls. Continuous variables are expressed as the means with SD. Group comparisons were carried out using Student's t-tests, Mann-Whitney U tests, or chi-squared tests, as appropriate. The generalized linear regression analysis was used to test for trends across the choline and betaine for continuous variables, and the Cochran-Armitage trend χ2-test or Mantel-Haenszel test was applied for categorical variables, as appropriate. We performed three logistic regression models to identify the independent risk factors of MMD and its subtypes: the crude model was an unadjusted logistic regression model; model 1 was adjusted for age, sex, heart rate, SBP, DBP, and BMI; model 2: model 1 was further adjusted for WBC count, LY count, neutrophil count, platelet count, ALB, creatinine uric acid, triglyceride, total cholesterol, HDL cholesterol, LDL cholesterol, apolipoprotein A (ApoA), apolipoprotein B (ApoB), Hcy, and eGFR. Statistical analysis was performed using SPSS software (version 20.0; IBM Corporation, Armonk, NY, USA) and R version 4.1.2. p < 0.05 was considered statistically significant.




Results


Study participants and characteristics

This analysis included 385 MMD cases (110 cases of TIA-type MMD, 157 cases of infarction-type MMD, and 118 cases of hemorrhagic-type MMD) and 89 matched controls with complete choline and betaine measurements. A total of 192 (40.5%) men and 282 (59.5%) women were included, and the median age was 41 years [interquartile range (IQR), 33–49 years]. The median plasma choline and betaine concentrations were 11.40 μmol/L (IQR, 8.70–13.30 μmol/L) and 33.70 μmol/L (IQR, 25.50–42.30 μmol/L), respectively.

Baseline population characteristics of MMD and controls are presented in Table 1. Patients with MMD had more risk factors for stroke than the healthy controls. MMD and its subtypes had higher levels of SBP, triglyceride, and ApoA and a higher prevalence of hypertension, diabetes mellitus, hypercholesterolemia, cigarette smoking, alcohol consumption, and evaluated Hcy (p < 0.05 for all). In addition, patients with MMD had lower levels of HDL cholesterol, choline, and betaine (p < 0.05 for all).


TABLE 1 Clinical and laboratory characteristics in patients with moyamoya disease (MMD) and healthy controls.
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Clinical characteristics of the patients with MMD according to the choline and betaine quartiles are shown in Table 2. Patients with higher choline levels tended to be men and older; had higher levels of glucose and betaine. Participants with higher betaine levels tended to be men and older, had higher creatinine and choline levels, and lower levels of triglyceride, total cholesterol, LDL cholesterol, HDL cholesterol, ApoA, ApoB, and eGFR. The correlation between betaine, choline, and other risk factors was done by Pearson's correlation coefficient test. There is a significant positive association between betaine and choline or total cholesterol (Figure 2).


TABLE 2 Baseline characteristics of patients with moyamoya disease (MMD) according to quartiles of serum choline pathway nutrients.
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FIGURE 2
 The heatmap showed the correlations between betaine, choline, and other risk factors. Significance: ***p < 0.001; **p < 0.01; *p < 0.05.




Choline pathway metabolites and risk of MMD

The associations of serum choline and betaine with the risks of MMD are presented in Tables 3, 4. Both serum choline and betaine were inversely associated with the risk of MMD. Overall, after fully adjusting for age, sex, heart rate, SBP, DBP, BMI, WBC count, LY count, neutrophil count, platelet count, ALB, creatinine uric acid, triglyceride, total cholesterol, HDL cholesterol, LDL cholesterol, ApoA, ApoB, Hcy, and eGFR, the risk of MMD was decreased with each increment in choline level [per 1 μmol increase: odds ratio (OR), 0.756; 95% CI, 0.678–0.843] and betaine level (per 1 μmol increase: OR, 0.952; 95% CI, 0.932–0.972), respectively. When choline and betaine were assessed as quartiles, compared with the lowest quartile of serum choline and betaine levels, those in the highest quartile had a significantly decreased risk of MMD (choline, Q4 vs. Q1: OR, 0.023; 95% CI, 0.005–0.118; betaine, Q4 vs. Q1: OR, 0.058; 95% CI, 0.018–0.184).


TABLE 3 The association between baseline choline levels and the risk of moyamoya disease (MMD) and its subtypes.
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TABLE 4 The association between baseline betaine levels and the risk of moyamoya and its subtypes.
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Choline pathway metabolites and risk of MMD subtypes

Consistently, the risk of TIA-type MMD was decreased with each increment in choline level (per 1 μmol increase: OR, 0.667; 95% CI, 0.559–0.796) and betaine level (per 1 μmol increase: OR, 0.940; 95% CI, 0.908–0.973), respectively. When choline and betaine were assessed as quartiles, compared with the lowest quartile of serum choline and betaine levels, those in the highest quartile had a significantly decreased risk of TIA-type MMD (choline, Q4 vs. Q1: OR, 0.052; 95% CI, 0.012–0.222); betaine, Q4 vs. Q1: OR, 0.064; 95% CI, 0.017–0.246).

The risk of infarction-type MMD was decreased with each increment in choline level (per 1 μmol increase: OR, 0.756; 95% CI, 0.678–0.843) and betaine level (per 1 μmol increase: OR, 0.952; 95% CI, 0.932–0.972), respectively. When choline and betaine were assessed as quartiles, compared with the lowest quartile of serum choline and betaine levels, those in the highest quartile had a significantly decreased risk of MMD (choline, Q4 vs. Q1: OR, 0.021; 95% CI, 0.003–0.150; betaine, Q4 vs. Q1: OR, 0.106; 95% CI, 0.025–0.449).

The risk of hemorrhagic-type MMD was decreased with each increment in choline level (per 1 μmol increase: OR, 0.712; 95% CI, 0.610–0.832) and betaine level (per 1 μmol increase: OR, 0.946; 95% CI, 0.919–0.975), respectively. When choline and betaine were assessed as quartiles, compared with the lowest quartile of serum choline and betaine levels, those in the highest quartile had a significantly decreased risk of MMD (choline, Q4 vs. Q1: OR, 0.023; 95% CI, 0.005–0.114; betaine, Q4 vs. Q1: OR, 0.084; 95% CI, 0.025–0.282).




Discussion

In this case-control study, we found that serum choline and betaine levels were inversely associated with the risk of MMD. After stratified by MMD subtypes, consistently, choline and betaine levels were also related to the risk of TIA-type, infarction-type, and hemorrhagic-type MMD. Therefore, our findings suggest that metabolites from choline pathways may play a crucial role in the risk of MMD and its subtypes.

Choline is a dietary component essential for normal functions of cell membranes, cholinergic neurotransmission, transmembrane signaling, lipid transport, and one-carbon metabolism (13, 16). Dietary deficiency of choline results in fatty liver disease, hemorrhagic kidney necrosis, muscle damage, and organ dysfunction (17). In the present study, we found that serum choline levels were inversely associated with the risk of MMD and its subtypes. Though it is unclear how choline contributes to MMD, several possible explanations can be proposed. First, existing evidence indicates that low dietary intake of choline and betaine may change epigenetic patterns and regulate gene expression via epigenetic modifications (18). One recent study reveals that DNA methylation was involved in the pathogenesis of MMD (19), the other study suggested that DNA methylation status at the sortilin 1 promoter CpG site may be a potential biomarker for MMD (20). Second, choline and betaine are important sources of 1-carbon units (11, 13, 16), when choline stores are inadequate, methylation of Hcy to methionine is decreased resulting in increased Hcy, and increased Hcy has been related to greater risk of MMD (9). Additionally, choline deficiency increases the activity of acetylcholinesterase (21), and serum cholinesterase activities reflect the intensity of the neuroinflammatory response in patients with stroke (22). Moreover, choline and betaine are metabolites of the choline pathway associated with decreased cardiovascular risks and recurrent strokes (23, 24).

Betaine is an oxidation product of choline, which is linked to folate and serves as a methyl donor in one-carbon metabolism (12, 14, 25). A low concentration of betaine is associated with a number of stroke risk factors, such as insulin resistance, diabetes mellitus, lipid metabolism, and atherogenic dyslipidemia (24, 26–28). In the current study, we observed an inverse relationship between betaine and risk of MMD and its subtypes. For these inverse associations, several possible pathophysiologic pathways have been proposed. First, betaine converts Hcy to methionine and dimethylglycine, which may reduce Hcy-induced oxidative stress, inflammation, apoptosis, autophagy, and endothelial dysfunction (14, 29–31). Second, betaine inhibits nuclear factor-κB activity, and nod-like receptor protein 3 (NLRP3) inflammasome activation has anti-inflammatory effects (14). Additionally, experimental studies have shown that betaine could reverse platelet aggregation in vivo and in vitro and protect against coagulation events (32).

The optimal treatment for MMD still remains controversial (33, 34). Currently, revascularization surgery is a routine treatment for MMD, but surgical bypass will not reverse the MMD process, and the major goal of the revascularization surgery is to reduce the risk of recurrent stroke and improve neurological functions (34). Meanwhile, the appropriate medical treatment, before or after surgical revascularization, is almost completely ignored by scientific reports. In the present study, choline and betaine levels were also related to the risk of MMD and its subtypes, which may suggest choline and betaine supplementation might be a novel medical strategy in patients with MMD. In addition, previous studies indicated that one-carbon metabolism supplementation has some benefits on stroke outcome, which may increase neuroplasticity and recovery after stroke (14, 35, 36). Recent research finds that methylenetetrahydrofolate reductase gene (MTHFR) and transcobalamin II (TCN2), which regulate Hcy metabolism, were novel susceptibility genes for MMD (37). In addition, betaine plays a major role in determining total Hcy levels, particularly in case of folate deficiency and MTHFR mutations (38). Furthermore, an observational study found that the high intake of choline and betaine was inversely associated with inflammation (39). These results highlight the need for prospective studies that choline and betaine supplementation in patients with MMD. As a further note, it has been found that choline and betaine intakes were not related to cardiovascular disease mortality risk (40, 41), which indicates choline and betaine supplementation in patients with MMD should be taken with caution and much further investigation. There were several limitations of this study. First, all of the patients in the present study were selected from one single neurosurgery center with heterogeneous study populations and risk of bias. Second, this study included only Chinese adults with MMD, so the results cannot be generalized to pediatrics or other ethnic groups. Third, data on dietary intakes of choline and betaine, phosphocholine, sphingomyelin, or other precursors were not collected. Therefore, further investigation of the association between choline and betaine intakes and MMD was limited. Fourth, as a result of the study design, we were unable to demonstrate that choline pathway biomarkers are causally linked with MMD and its subtypes, even after considering many potential confounders. To understand the causality of these risk factors, treatment and long-term follow-up are required.



Conclusions

Serum choline and betaine were associated with decreased risk of MMD and its subtypes.
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Sex, male 22(229) 38(39.2) 45 (46.9) 50 (52.1) <0.001* 31(323) 37(38.1) 34(35.4) 53(55.2) 0010
Clinical features
Heart rate, bpm 796 786 78£7 796 0.630 796 797 7945 786 0882
SBR, mmHg 130411 132415 134413 13312 0.103 131414 132413 13211 134£13 0.110
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Diabetes mellitus. 11(11.5) 16 (16.5) 17(17.7) 14(14.6) 0.571 10 (10.4) 12 (12.4) 15 (15.6) 21(21.9) 0.043*
Hypercholesterolemia 11(115) 12 (124) 18 (18.8) 14(14.6) 0.387 12(12.5) 17(17.5) 12(125) 14 (14.6) 0.948
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Creatinine, jumol/L 54124 14.44 5494+ 1320 5874+ 12.57 596741454 000" 5566 14.14 56.41 £ 12.95 5631:£13.77 59.07 % 14.5 0.110
Uric acid, mol/L 303,164 84.9 300354969 317.6£89.0 32634858 0.057 3057888 31474953 3069 86.1 32024863 0.125
Triglyceride, mmol/L 154% 116 160 %139 134£071 124081 0015 144 £ 110 146 £ 136 141093 141£078 0781
Total cholesterol, mmol/L 444£096 4394097 4214098 400093 0.001 4194088 4224108 4194098 1444092 0.104
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HHey (>15.00) 24(25.0) 23(23.7) 24(25.0) 22(229) 0.824 24(25.0) 33 (34.0) 17(17.7) 19 (19.8) 0.151
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Betaine 14314637 27.99 4220 36154248 50181025 <0.001* 17801139 3374+ 1167 367341258 4030 %1076 <0.001%
Choline 5894348 10.7142.65 11904233 12674302 <0.001* 4964225 9504078 11864055 1486171 <0.001*
Clinical manifestation
Ischemic type 65(67.7) 62(63.9) 71(74.0) 69(71.9) 0347 66 (68.8) 65(67.0) 67 (69.8) 69(71.9) 0612

Infarction 39(40.6) 37(38.1) 39(40.6) 42(43.8) 0.643 37(38.5) 42(433) 36 (37.5) 42 (43.8) 0702

TIA 26(27.1) 25(25.8) 32(333) 27(28.1) 0.649 29(302) 23(237) 31(323) 27 (28.1) 0919
Hemorrhagic type 31(323) 35(36.1) 25(26.0) 27 (298.1) 0347 30(31.3) 32(330) 29(30.2) 27 (28.1) 0.612

IVH 16 (16.7) 16 (16.5) 11(11.5) 13(135) 0.432 14(14.6) 14(14.4) 16 (16.7) 12(125) 0.827
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ICH 6(63) 8(32) 9(94) 6(63) 0.935 8(83) 5(2) 6(63) 10 (10.4) 0592

SAH 0(0.0) 360 10.0) 0(0.0) 0.695 0(0.0) 3060 1(1.0) 0(0.0) 0.695
mRS score < 2 at admission 38 (39.6) 51(52.6) 48 (50.0) 35(36.5) 0.642 36(37.5) 43(443) 50 (52.1) 43 (44.8) 0.253
Unilateral lesions 10 (10.4) 11 (113) 11(11.5) 16(16.7) 0273 9(9.4) 10(103) 12(12.5) 1717.7) 0.114
Suzuki stage’ 0993 0372

02 77 (40.1) 91 (469) 78 (40.6) 88(45.8) 81(422) 69(35.6) 95 (49.5) 89 (46.4)

34 89 (46.4) 87 (44.8) 92(47.9) 73 (38.0) 91(47.4) 99(51.0) 73 (38.0) 78 (40.6)

5-6 26(13.5) 16 (16.8) 22(232) 31(326) 20(10.4) 26(13.4) 24(12.5) 25(13.0)

ients with MMD.
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