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INTRODUCTION 

Homocysteine (Hcy) is a sulfur-containing amino acid derived from methionine (Met). 

The pathological elevation of serum Hcy is clinically called hyperhomocysteinemia 

(HHcy)[27]. Quite a few diseases, such as cardiovascular disease[39], dementia[33], 

schizophrenia[28], cancer[12],l
ET

/F1 12 Tf
r

, 

https://fanyi.so.com/?src=onebox#%20range
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completely unknown yet. Thus, this study was designed to identify the relationship 

between MTHFR S-sulfhydration and its bioactivity under physiological conditions and 

observed the change of MTHFR in HHcy. In this way, we intended to explore a novel 

mechanism that might be involved in the disorder of Hcy metabolism, and therefore, 

provided possible new therapeutic targets for HHcy. 
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chemiluminescent assay (Fig 3B) and NADPH-Menadione Oxidoreductase Assay (Fig 3C) 

indicated that MTHFR bioactivity was significant decreased in HHcy mice model. 

Meanwhile, in vitro, we treated HL-7702 cells with Hcy and detected a decline of MTHFR 

bioactivity as well (Fig 3D, 3E). To further verify these results, QSG-7701 cells were treated 

with Hcy, and the results of decreased MTHFR bioactivity were gotten (Fig 3F, 3G). These 

results indicated that MTHFR bioactivity was inhibited in HHcy. Why did this happen? Next, 

we will further explore the underlying mechanism. 

Hydrogen sulfide level was inhibited in HHcy 

In view of the influence of S-sulfhydration on MTHFR bioactivity, firstly we observed the 

impact of HHcy on H2S level. The 64 serum samples of coronary heart patients were 

divided into the control group (Hcy ≤10 μmol/L, n=17) and HHcy group (Hcy >10 μmol/L, 

n=47) according to their Hcy level. The level of H2S in HHcy group were significantly lower 

than control group (Fig 4A), and Hcy level was negatively correlated with H2S level (Fig 4B). 

HHcy mice also exhibited a ed HL

2
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of oxygen. H2Sn can S-sulfurate cysteine residues of proteins[17]. Alternatively, under 

oxidative conditions some cysteine residues (R-Cys-SH) are oxidized to become R-Cys-SOH, 

and at the exposure to NO, R-Cys-SH is oxidized to R-Cys-SNO. Both R-Cys-SOH and R-Cys-

SNO can be S-sulfurated by H2S to R-Cys-SSH[15,16]. In order to further explore the effect of 

exogenous H2S on Hcy metabolism in vivo, we measured the serum Hcy level in the NaHS 

rescue group and found that the total serum Hcy level was significantly lower than that in 

the HHcy group. This result showed that H
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mutations were not strictly positive correlation with the MTHFR S-sulfhydration level or 

bioactivity, which might be related to the synergistic, antagonistic or complementary roles 

of the remaining amino acid residues in the protein. Our present study was for the first 

time to illustrate that MTHFR could be S-sulfhydrated and this kind of post-translational 

modification resulted in change of its bioactivity. Of cause, this was only the rather 

preliminary discussion about S-sulfhydration sites of MTHFR, and the specific effect of 

each mutation or synergistic effects after multiple site mutations on MTHFR need further 

effort to be clarified in the future. 

In summary, the work presented here suggested an overarching idea that MTHFR 

bioactivity was positively correlated with its S-sulfhydration level. Here we highlighted that 

MTHFR inactivation was not only due to polymorphisms or phosphorylation, but also an 

outcome of insufficient S-sulfhydration. It was also worth noting that we had uncovered an 

important role of MTHFR S-sulfhydration’ decline in the progress of HHcy. Further, our 

work indicated that H2S donors could protect MTHFR bioactivity, thus might be a potential 

target for effective treatment of HHcy in clinic. 

Innovation 

MTHFR, a key enzyme involved in Hcy metabolism, was closely related the occurrence 

and development of HHcy. Our study for the first time demonstrated that bioactivity of 

MTHFR was positively correlated with its S-sulfhydration level. NaHS, 
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work: anti-MTHFR antibody (Abcam, ab203786), anti-β-tubulin antibody (ABclonal, AC031), 

Normal Rabbit IgG (Cell Signaling Technology, 2729) 

Ethics and clinical experiment 

The clinical trial was carried out in accordance with the Declaration of Helsinki of the 

World Medical Association. The 64 serum samples of coronary heart patients were 

collected from Xuanwu Hospital, Capital Medical University. The study protocol was 

approved by the institutional ethics committee of Capital Medical University. All subjects 

have given written informed consent after being informed of the purpose and nature of 

this study. All serum samples were collected from the fasting 8 h research objects for the 

detection total Hcy levels by automatic biochemical analyzer. The H2S level was measured 

with methylene blue assay. 

Animals and cell culture 

Healthy male C57BL/6J mice (8-week-old, SPF grade, n=10 each group) were provided by 

the Animal Center, Capital Medical University. Mice fed on common diet were used as 

control (
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Method one: the H2S level was determined by methylene blue kit (Jiancheng 

Bioengineering Institute, Nanjing, China, A146-1-1) according to the instructions provided 

by the manufacturer. 

Method two: After removal of cell medium, the cells were incubated with 100 μM H2S 

fluorescence probe (Sigma, 802409) in PBS buffer for 2h min at 37℃, followed by washing 

the cells with PBS buffer. The treated cells were further incubated with blank phenol red 

free media. Fluorescence images were acquired by confocal microscopy. 

Measurement of MTHFR bioactivity 

The following two methods were used to detect MTHFR activity: 

Method one: MTHFR bioactivity in livers and cells were determined by commercial 

enzyme linked chemiluminescent kit (ShenZhen Ziker Biological Technology Co. Ltd, ZK-

M5940) according to the instructions provided by the manufacturer. In brief, after adding 

separate solutions to the samples as instructed, the samples were read at 450 nm. 

Method two: This assay was designed based on the principles described previously[23,42]. 

MTHFR bioactivity was determined by using NADPH-Menadione Oxidoreductase Assay. In 

brief, the reaction mixture in a total volume of 2 ml consisted of 1.0 ml phosphate buffer 

(100 mM, pH =7.2), 0.025 ml NADPH (10 mM NADPH in 0.02 M unneutralized Tris), and 

enzyme. This mixture was incubated at 25℃ for 5 min, and then the reaction was initiated 

by addition of 0.2 ml menadione (Saturated solution of menadione in 20% methanol/80% 

H2O). The reaction was monitored by measuring the change in absorbance at 343 nm. The 

extinction coefficient was associated with the oxidation of NADPH at 343 nm. 

Detection of protein S-sulfhydration 

The following two methods were used to detect the level of proteins S-sulfhydration 

Maleimide assay: This assay was designed based on the principles described 

before[31]. Briefly, tissue and cells proteins were enriched by immunoprecipitation 

assay. Next incubated with Alexa Fluor 680 conjugated C2 maleimide (red 

maleimide, 1 mM) and kept for 2 h at 4°C. Then the beads were re-suspended with 

1 ml lysis buffer and divided equally into two tubes, among which one was treated 
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Statistical analyses 

Data were represented as the means ± SEM. Unpaired Student’s t test was used to 

analyze data with only two sets. One-way analysis of variance (ANOVA) was performed to 

determine whether there was a significant difference between more than two data sets, 

followed by Bonferroni’s post hoc test, using Graph Pad Prism 7.0. Group differences at 

the level of P < 0.05 were considered statistically significant. 
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Fig. 2. MTHFR bioactivity was positively correlated with its S-sulfhydration level. (A-H) 

The HL-7702 cells or QSG-7701 cells were treated with DTT (1 mmol /L) or NaHS (1 mmol 

/L) for three hours respectively. In addition, the cells (HL-7702 cells, QSG-7701 cells) were 

treated with TCEP (1 mmol /L) or GYY4137 (200 μmol/L) for six hours respectively, enzyme 

linked chemiluminescent kit (A, B, E, F, n=7) or NADPH-Menadione Oxidoreductase Assay 

(C, D, G, H, n=6, the greater the slope of the curve, the higher the activity) were used to 

detect MTHFR bioactivity. (I-J) HL-7702 cells or QSG-7701cells were treated with different 

concentrations DTT (1 mmol /L, 500μmol/L) or NaHS (1 mmol /L, 500μmol/L) for three 

hours. MTHFR bioactivity was detected with enzyme linked chemiluminescent kit, and 

MTHFR S-sulfhydration level was detected with modified biotin switch assay. Pearson 
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Fig. 4. H2S level were inhibited in HHcy. Methylene blue assay was used to detect H2S 

level. (A) The serum H2S level in 64 coronary heart patients (
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Fig. 5. HHcy reduced the level of MTHFR S-sulfhydration. (A-C) HHcy changed the proteins 

S-sulfhydration level both in mice model and cells model (n=4). (D-I) Maleimide assay and 

modified biotin switch assay proved that HHcy reduced MTHFR S-sulfhydration level both 

in mice model (D-E, n=4-5), HL-7702 cells (F-G, n=4-6), and QSG-7701 cells (H-I, n=4-6). 
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Fig. 6. H2S donor rescued the bioactivity of MTHFR in HHcy and reduced Hcy level. 

c57BL/6J mice given a Met diet and intraperitoneal injection of NaHS for 17 weeks were 

used as the rescue mice model. HL-7702 cells and QSG-7701 cells were treated with Hcy 

and NaHS to establish rescue cells model. After H2S donor treatment, H2S level in mice 

serum (A, n=5), HL-7702 cells (G, n=6), QSG-7701 cells (M, n=6), total protein S-

sulfhydration level (B, H, N, n=3 for each of three groups) were measured. In mice model 

(C-F, n=4-5) and cells model (I-R, n=4-7), MTHFR S-sulfhydration level and bioactivity were 

detected. (S) The serum level of total Hcy in mice model were detected (n=5). 
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Table 1 

Primers sequence of PCR 
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