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Objective

This study aimed to explore the relationship between homocysteine (Hcy) and diabetic retinopathy (DR) and the impacts of the Hcy pathway on this relationship against this background.



Methods

This study retrieved 1979 patients with type 2 diabetes (T2D) from the First Affiliated Hospital of Liaoning Medical University in Jinzhou, Liaoning Province, China. Multiple logistic regression was used to analyze the effects of Hcy cycle on the relationship between Hcy and DR. Spearman’s rank correlation analysis was used to analyze the correlation between risk factors related to DR progression and Hcy. Finally, the results of logistic regression were supplemented by mediation analysis.



Results

We found there was a negative correlation between low concentration of Hcy and DR (OR : 0.83, 95%CI: 0.69-1). After stratifying all patients by cysteine (Cys) or Methionine (Met), this relationship remained significant only in low concentration of Cys (OR: 0.75, 95%CI: 0.61-0.94). Through the RCS curve, we found that the effect of Hcy on DR presents a U-shaped curve relationship. Mediating effect in Met and Hcy cycles was also significant [Total effect c (OR: 0.968, 95%CI: 0.938-0.998), Direct effect path c’ (OR: 0.969, 95%CI: 0.940-0.999), Path a (OR: 1.047, 95%CI: 1.004-1.091), Path b (OR: 0.964, 95%CI: 0.932-0.998)].



Conclusions

The relationship between Hcy and DR presents a U-shaped curve and the homocysteine cycle pathway has an impact on it. And too low concentration of Hcy indicates a lack of other substances, such as vitamins. It is suggested that the progression of DR is the result of a combination of many risk factors. Further prospective studies are needed to determine the role of Hcy in the pathogenesis of DR.
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Introduction

Diabetes is a metabolic disorders illness caused by the absolute or relative lack of insulin secretion, and type 2 diabetes (T2D) is more common in patients. At present, the incidence of diabetes has risen sharply around the world and has become a global public health event. According to 10th Edition of International Diabetes Federation (IDF) in 2021 there were 537 million people aged 20-79 with diabetes worldwide. This number is expected to grow to 643 million by 2030, and it will rise to 783 million by 2045 (1). As a populous country with 110 million people living with diabetes, China has the largest number of diabetic patients in the world, posing a huge challenge to healthcare system in China (2). Diabetic retinopathy (DR), as a major microvascular complication, is one of the most dangerous complications of diabetes. The prevalence of DR among diabetic patients worldwide was 34.6%, and it can reach 40.3% in developed countries (3). There are 2.6 million people had been suffered from visual impairment due to DR until 2015 (4), and this number has been growing over time. In China, 40% of diabetic patients suffer from DR (5), and 1/10 of DR will develop into vision-threatening DR (6). So, DR is considered to be an important factor leading to visual impairment and even blindness in working-age diabetic patients.

Many studies have found that the development of DR is not solely due to hyperglycemia, many patients with well-controlled glycemia also developed DR (7–9). And there is no obvious symptoms in the early stage of DR (10), so most of the current effective treatments are aimed at the late stage of DR, which often accompanied by serious adverse reactions (11). Therefore, it is particularly important to discover early biomarkers of DR’ development and carry out intervention in time.

Homocysteine (Hcy) is a sulfur-containing amino acid formed from methionine (Met) metabolism. In the Hcy cycle, a part of Hcy generates Cys through the trans-sulfurization pathway, and the other part is remethylated to regenerate Met. Hyperhomocysteinemia (HHcy) has been widely recognized as a risk factor for cardiovascular disease. Although the specific mechanism is unclear, studies have shown that Hcy causes cardiovascular disease by damaging the vascular endothelium (12, 13). As a microvascular disease, DR is also affected by Hcy to a certain extent. The Hcy cycle can regulate the balance of Met and Cys, linking the folate cycle to promote methylation (14), and the interaction between the various substances in the cycle can also affect the effect of Hcy on DR. In recent years, more and more researches about the effect of Hcy on DR have been carried out. At present, some published literatures have provided evidence for the effect of various risk factors on DR (15, 16), but the specific effect mechanism has been still not clear so far. Therefore, it is very important to understand the risk factors of DR, which provides the evidence for reducing the risk of DR in T2D and develops monitoring and intervention in high-risk groups and early-stage patients to reduce the risk of blindness in diabetic patients.

In this study, we aimed to explore the relationship between Hcy and DR and the impacts of Met and Cys involved in the Hcy cycle pathway on this relationship.



Materials and Methods


Study Method and Population

The First Affiliated Hospital of Liaoning Medical University (FAHLMU) is a tertiary general hospital located in Jinzhou, Liaoning Province, China. Inclusion criteria for this study were: 1) Patients diagnosed as T2D or treated with antihyperglycemic therapy; 2) Complete Hcy cycle and DR prevalence information. Exclusion criteria were: 1) T2D patients under 18 years old; 2) Subjects lacked the research indicators, height, weight, and blood pressure. Finally, a total of 1797 subjects were included in the present study, including 232 DR patients. The specific screening steps are shown in Figure 1. The diagnosis and classification of T2D in the present study were based on the standard published by World Health Organization (WHO) or treated with antihyperglycemic therapy (17). DR diagnostic criteria based on eye exam results for T2D (18).




Figure 1 | Schematic diagram of subject screening process. Hcy, Homocysteine; Met, Methionine; Cys, Cysteine; DR, Diabetic Retinopathy.



The Ethics Committee for Clinical Research of FAHLMU approved the ethics of the study, and informed consent was waivered due to the retrospective nature of the study, which is consistent with the Declaration of Helsinki.



Data Collection and Clinical Definitions

The data retrieved from the electronic medical records included demographic and anthropometric information, as well as current clinical factors and diabetic complications. Demographic included gender, age. Anthropometric measurements included height, weight, systolic blood pressure (SBP) and diastolic blood pressure (DBP). Clinical parameters included glycosylated hemoglobin (HbA1c), triglycerides (TG), total cholesterol (TC), high density lipoprotein cholesterol (HDL-C), low density lipoprotein cholesterol (LDL-C), urinary creatinine (UA), Serum creatinine (SCR), homocysteine (Hcy) ​​concentration, methionine (Met) concentration and cysteine (Cys)​​ concentration.

In the hospital, the measurements of anthropometric indicators were measured by using standardized procedures. Participants were allowed to wear light clothes and no shoes. Height and weight were measured to the nearest 0.5 cm and 0.1 kg, respectively. Blood pressure in adults was measured after a cuff on the right arm with a standard mercury sphygmomanometer and after a 10-minute rest in a seated position at an appropriate size. Age was obtained from the date of birth to the date of hospitalization or medical examination, and was calculated in years. The body mass index (BMI) was calculated as the ratio of body weight (kg) to squared height (m) and classified according to the overweight and obesity criteria recommended by the National Health Commission of China (19). DR was assessed by bilateral retinal photographs and defined as present if the following lesions were found: microaneurysm, retinal hemorrhage, soft exudate, hard exudate, or vitreous hemorrhage.

Based on the RCS curve, we defined the population with Cys concentration higher than 1.45 μmol/L as high Cys population, and the population with less than 1.45 μmol/L concentration as low Cys population (Figure S1); The population with higher than 16.9 μmol/L Met concentration was defined as the high Met population, and the population lower than 16.9 μmol/L was defined as the low Met population (Figure S2).



Laboratory Assay

Dried blood spots were used in the metabolomic assay, which were prepared from capillary whole blood through an 8-h fasting. We measured the metabolites by direct infusion mass spectrometry technology equipped with the AB Sciex 4000 QTrap system (AB Sciex, Framingham, MA, USA). High-purity water (7732–18–5) and acetonitrile (75-05-8) were purchased from Thermo Fisher (Waltham, MA, USA), and were utilized as diluting agent and mobile phase. 1-Butanol(71-36-3) and acetyl chloride(75-36-5) were obtained from Sigma-Aldrich (St Louis, MO, USA). Isotope-labeled internal standard samples of amino acids (NSK-A) were purchased from Cambridge Isotope Labo-ratories (Tewksbury, MA, USA), while standard samples of the Hcy(14857-77-3), Cys(52-90-4) and Met(63-68-3) were purchased from Chrom Systems (Grafelfing, Germany). In brief, 8.5 mL of venous blood was drawn from each participant at 08:00 to 09.30 h in the morning after an 8-h fasting. Laboratory tests were carried out at a specialized diagnostic laboratory. The level of lipid profiles was analyzed with an automatic biochemistry analyzer (Hitachi 7150, Tokyo, Japan). We also assayed the level of HDL-C and LDL-C by the selective solubilization.



Statistical Analysis

Continuous data were expressed as mean ± standard deviation (SD), non-normal distributed data were expressed as median (interquartile range), and categorical variables were expressed as numbers (percentages). In the four large groups divided by Cys and Met concentrations, it was tested whether there were differences between the patients in the DR group and the NDR group. The p-values of the repeated groups were FDR corrected. Continuous and normal distributed variables were tested with t-test or ANOVA, non-normal variables were analyzed by nonparametric test, and categorical variables were analyzed by chi-square test.

Binary logistic regression models were used to obtain odds ratios (OR) and the 95% confidence intervals (95%CI). Traditional risk factors for DR in T2D patients were adjusted through a structural adjustment program. Through the analysis, we obtained the unadjusted OR value and the adjusted OR value after adding traditional risk factors, including age, gender, body mass index, systolic blood pressure, diastolic blood pressure, low-density lipoprotein cholesterol, High-density lipoprotein cholesterol, triglyceride, total cholesterol, glycosylated hemoglobin, uric acid, serum creatinine.

Restrictive cubic spline (RCS) is a curve that can provide a more intuitive relationship. According to the change of the RCS curve, we select suitable nodes in the RCS. We used it to obtain cut-off values for metabolites associated with DR risk, and selected a cut-off point by visually inspecting the curves of DR probability. Then we repeated the logistic regression analysis in the Cys and Met populations to obtain the corresponding OR values to check whether the concentrations of Met or Cys would affect the relationship between Hcy and DR. Spearman correlation analysis confirmed the correlation between various factors in the Hcy cycle, Hcy and traditional related variables, and then through the mediation effect analysis, we analysis whether there is a mediating effect between Hcy cycle pathway and DR. We excluded patients with DR for >2 years to examine the effect of Hcy on the risk of DR. All analyses were performed using R version 4.1.0 and SAS 9.4.




Result


Description of Study Subjects

Table 1 summarizes the selected characteristics of the DR group and the control group in the total population and the population grouped by Cys and Met. The study included a total of 1797 participants with a mean age of 57.27 years (SD: 14.17) and a mean BMI of 26.14 kg/m² (SD: 4.66). 48.1% of subjects were male. 232 DR patients were included in the study, of which 119 (51.3%) were male. The power of all four groups was greater than 0.95.


Table 1 | Clinical and biochemical characteristics of participants according to the occurrence of diabetic retinopathy.



According to the Cys concentration, the population was divided into two groups. In the low Cys population, Only the differences of SBP, HbA1c and Hcy between two groups were statistically significant. DR patients had higher SBP, HbA1c concentration and lower Hcy concentration. In the high Cys population, the differences of HbA1c, TC and LDL-C between two groups among other indicators were statistically significant. The concentration of HbA1c, TC and HDL-C in the DR group were all higher.

We divided the general population into two groups according to the Met concentration of subjects in the same way. In the low Met population, the differences of SBP and HDL-C between two groups were statistically significant. The SBP and HDL-C concentrations in the DR group were higher. In the high Met population, except for TG, there was no significant difference in other indicators between the two groups, and the TG concentration was higher in the DR group.



The Association Between Homocysteine and Diabetic Retinopathy

The slope of the RCS curves of Hcy and DR have a process from large to small, and 7.7μmol/L is the junction point of the slope change. Among all subjects, 536 (29.8%) had plasma Hcy levels below 7.7 μmol/L (Figure 2).




Figure 2 | The relationship between Hcy concentration and DR risk in T2D patients. The red curve was derived from multivariate analysis that adjusted for age, gender, body mass index, systolic blood pressure, diastolic blood pressure, low-density lipoprotein cholesterol, high-density lipoprotein cholesterol, triglyceride, glycosylated hemoglobin, urinary creatinine and serum creatine.



For numerical Hcy, Hcy was inversely associated with DR risk in univariate regression, but the difference in this relationship was not significant (OR: 0.85, 95%CI: 0.71-1.03). After adjusting for traditional risk factors associated with DR, the negative correlation became significant and enhanced. After a step-by-step adjustment of the Model 1, we found that it was the adjustment of SBP that made the relationship between Hcy and DR significant. For the categorical Hcy (as reference), the relationship between Hcy and DR was significant in both univariate and multivariate regression (Table 2).


Table 2 | Odds ratio of Homocysteine (Hcy) for the risk of diabetic retinopathy.





The Influence of Methionine and Cysteine Levels on the Association Between Homocysteine and Diabetic Retinopathy

In the population grouped by Cys concentration, the relationship between Hcy and DR was only significant in the low Cys population. Both univariate regression (OR: 0.77, 95%CI: 0.63-0.93) and multivariate regression (OR: 0.75, 95%CI: 0.61-0.94) showed a negative relationship between numerical Hcy and DR. For the binary Hcy, this negative relationship was still significant. This negative association enhanced after adjusting for traditional risk factors (univariate regression (OR: 0.61, 95%CI: 0.41-0.9), multivariate regression (OR: 0.6, 95%CI: 0.4-0.9). In the high Cys population, the relationship between Hcy and DR was no longer significant in both univariate and multivariate regression.

In addition, after grouping the total population by Met level, the relationship between Hcy and DR became no longer significant. The mediating effect of Hcy and Met cycle on DR was significant. It was suggested that the grouping of Met concealed the heterogeneity of Hcy levels in the same pathway (Table 3).


Table 3 | Odds ratio of Homocysteine (Hcy) for the risk of diabetic retinopathy in different group by Met and Cys.





Correlation Between Homocysteine Cycle and Relevant Factors

We analyzed the correlation between three main factors involved in Hcy cycle pathway and other factors associated with the progression of DR, and only retained the factors that were significantly associated with Hcy (Figure 3). At first, the positive correlations between Hcy, Met and Cys were all significant, and the correlation between Hcy and Cys was the largest, r=0.37. In addition, there were significant correlations between Hcy and BMI, SBP, DBP, HbA1c, and UA, among which HbA1c and UA were negatively correlated. In addition to the Hcy-related indicators, the factor with the strongest correlation with Hcy was UA, r=-0.17. The small correlation coefficient may be affected by other unadjusted factors, but the significance of its correlation indicates the significance of our inclusion of adjustment.




Figure 3 | Spearman correlation coefficients and probability density plots between plasma Hcy and risk factors of DR (n=1797). BMI, body mass index. SBP, systolic blood pressure. DBP, diastolic blood pressure; HbAlc, glycated hemoglobin; Hcy, Homocysteine; Met, Methionine; Cys, Cysteine; UA, uric acid. *p-value <0.05, **p-value <0.01, ***p-value <0.001.





Mediating Effect of Homocysteine Cycle Pathway

We used the causal steps approach (20) to analyze the mediating effect of the Hcy cycle pathway. Tables 4, 5 showed the results of the mediation analysis. In Model 1 (Hcy as mediator), the total effect of Met concentration on DR was significant (OR: 0.968, 95%CI: 0.938-0.998). The interaction between Met and Hcy was significant (OR: 1.047, 95%CI: 1.004-1.091). The effect of Hcy on DR was significant (OR: 0.964, 95%CI: 0.932-0.998). Meanwhile, the direct effect of Met on DR remained significant (OR: 0.969, 95%CI: 0.940-0.999) after adjusting for the Hcy (Figure 4). It shows that the mediation effect is significant in Model 1, and it is incomplete mediation.


Table 4 | Mediation analysis of the relationship between Met and DR by Hcy.




Table 5 | Mediation analysis of the relationship between Hcy and DR by Cys.






Figure 4 | Mediation analysis of the relationship between Met and DR by Hcy. The mediation analysis adjusted for age, gender, body max index, systolic blood pressure, diastolic blood pressure, low-density lipoprotein cholesterol, high-density lipoprotein cholesterol, triglyceride, glycosylated hemoglobin, urinary creatinine and serum creatinine.



In model 2 (Cys as mediator), the total effect of Hcy on DR was significant (OR: 0.964, 95%CI: 0.932-0.998). The interaction between Hcy and Cys was significant (OR: 1.290, 95%CI: 1.227-1.355). However, the effect of Cys on DR was not significant (OR: 0.986, 95%CI: 0.956-0.1.017). After adjusting for Cys, the direct effect of Hcy on DR was still not significant (OR: 0.966, 95%CI: 0.932-1.000) (Figure 5). It shows that there is no mediation effect in the pathway of model 2.




Figure 5 | Mediation analysis of the relationship between Hcy and DR by Cys. The mediation analysis adjusted for age, gender, body max index, systolic blood pressure, diastolic blood pressure, low-density lipoprotein cholesterol, high-density lipoprotein cholesterol, triglyceride, glycosylated hemoglobin, urinary creatinine and serum creatinine.






Discussion

We divided the study population according to the slope change point of the RCS curve, and we obtained that the Hcy and DR are negatively correlated. In the study, it can be seen from the changing direction of the RCS curve that in people with low concentrations of Hcy, even if it is not reached the level of traditional high Hcy, there can still have an impact on the development of DR. And after the changing point of slope (7.7 μmol/L), the effect of Hcy on the risk of DR tends to be gentle, and it can be seen that the intervention before this point is more effective in reducing the risk of DR.

At present, many scholars have carried out relevant researches about the prediction of disease risk by Hcy level in the body. Hcy is considered to be related to a variety of diseases, especially the relationship with cardiovascular disease has been confirmed many times. In recent years, many scholars have begun to explore the effect of Hcy on diabetes and its complications, but the results of the relationship between Hcy and diabetes and its complications are controversial. Mainstream results suggest that Hcy is a risk factor for DR. A cross-sectional study in Hoorn identified Hcy as a risk factor for DR (21), and then they did a prospective cohort study which found that Hcy affects DR possibly by reducing transmethylation in vivo (22). However, there are also some findings that are considered to be consistent with our results. A study found that Hcy above its threshold will increase the risk of DR (OR=1.66), while Hcy below the threshold become a protective factor for the DR (OR=0.83) (23). Although the result at low concentrations of Hcy was not statistically significant, this result was consistent with us in direction. We believe that the small sample sizes of the study (n=140) and the lack of adjustment for HDL-C, LDL-C, and UA may account for the no statistically significant results. Another study found that the median Hcy concentration in healthy people was 7.8 μmol/L, and the Hcy concentration in diabetic patients increased to 10.2 μmol/L. And the Hcy concentration continued to increase in patients with DR (24). Although this article does not conduct in-depth research on the effect of lower concentrations of Hcy on the risk of DR, it is basically consistent with the range of DR risk reduction in our study. It can be seen that the effect of Hcy on the DR presents a U-shaped curve. We believe that the possible reasons for the discrepancy in the study results are as follows: 1. different definitions of the normal range of Hcy in different studies (25). 2. The lower Hcy level in T2D patients than in healthy subjects in this study is a partial reflection of the U-shaped curve for the effect of Hcy on DR.

Hcy is an important intermediate product in the metabolism of Met to Cys. In vivo, a part of Hcy will regenerate Met in two ways: 1) Remethylation under the action of Met synthase and VB12 to generate Met and Tetrahydrogen folic acid (THFA). 2) is catalyzed by Betaine-homocysteine S-methyltransferase to generate Met and dimethylglycine. Another part forms cystathionine under the action of cystathionine β-synthase (CBS) and VB6 through the trans-sulfation pathway, and cystathionine forms Cys and α-ketobutyric acid under the action of γ-cystathionine lyase (26, 27). This is the main metabolic process of Hcy in the body. And the changes of Met and Cys in vivo also have influence on Hcy.

In the population grouped by Cys, low concentrations of Cys showed a significant additive interaction on the protective effect of Hcy on DR. It can be seen that low concentrations of Cys enhance the protective effect of Hcy [total population (OR: 0.83, 95%CI: 0.69-1), low Cys population (OR: 0.75, 95%CI: 0.61-0.94)]. Cys ​​is a sulfur-containing amino acid that supports the occurrence of various reactions in the body, such as the transformation and synthesis of proteins and glutathione (GSH) (28). GSH is a tripeptide containing γ-amide bond and sulfhydryl, which has antioxidant and detoxification effects and maintains normal immune function of the body. Cys ​​is indispensable in the synthesis of GSH. Insufficient Cys​​ can lead to decreased GSH levels in the body, which in turn reduces the body’s antioxidant capacity, leading to decreased immunity and aging of the body (29). It can be seen that the protective effect is stronger in the population with low Cys concentration, which means that the Hcy level is relatively higher in the normal range of our study. We believe that this additive effect on Hcy protection is temporary. Some studies have found that when the concentration of Hcy reaches about 10 μmol/L, the effect on the microvascular disease of the body becomes a negative effect (24). The conclusions obtained from our study are not in conflict with the existing results. In addition, the blood pressure of the case group was higher than that of the control group, and the difference between the systolic blood pressure was statistically significant. The result is consistent with previous studies showing that elevated blood pressure is a risk factor for diabetes and its complications (30, 31). Blood pressure control can reduce the risk of the disease.

In addition, the population grouped by Met concealed the heterogeneity of Hcy levels on the same pathway, making the relationship between Hcy and DR no longer significant. We think it is due to the mediating effect between Met, Hcy and DR pathway. We found a positive correlation between Met and Hcy concentration, indicating that the reduction of Met will synchronously lead to the decrease of Hcy concentration in individuals, and affect the difference of the real Hcy level in the actual population.

There are some published papers that are inconsistent with our results. We speculate that the heterogeneity of the population may had an impact on the differences in results. In addition, our study only reflects the relative changes of DR risk and does not represent the actual protection threshold. And due to the different definitions of population divisions, too low concentrations of Hcy may lead to changes in other metabolites in the body, resulting in inconsistent conclusions. In some published papers, most scholars use the definition of high Hcy (>15 μmol/L) to divide the population (32, 33) to study the effect of high Hcy on the human body. Few scholars have studied the relationship between the population with relatively low Hcy concentration and the pathogenesis of DR. And our research is based on this.

The accumulation of Hcy ​​in the body may be caused by two reasons: excessive production or abnormal metabolism of Hcy. Disorders of Met metabolizing enzymes and Hcy metabolizing enzymes (CBS, MS, MTHFR) can lead to disorders of Hcy metabolism, resulting in elevated Hcy concentrations. Similarly, vitamins B2, B6, B12 and folic acid are important coenzymes in the process of Hcy metabolism, and deficiency of these vitamins can lead to abnormal Hcy ​​metabolism, resulting in Hcy accumulation and causing HHcy (27). Studies have found that DR patients generally have lower concentrations of folic acid and VB12 (23), and folic acid is the main nutritional factor affecting Hcy concentration (34). Vitamin D deficiency is common in people with diabetes, and its deficiency increases the risk of microvascular disease (35). The retina is rich in polyunsaturated fatty acids and is very sensitive to oxidative stress. As an antioxidant, vitamin C can play a protective role in DR progression (36). In addition, studies have found that although the relationship between vitamin A and DR has shown inconsistent results in various countries, it has been demonstrated that VA can significantly affect the development of DR (37). So, we believe that the protective phenomenon of Hcy in our study prompted other factors such as vitamin deficiency, drug use or disease state caused by abnormal Hcy metabolism. The use of metformin can reduce glycemia while leading to the deficiency of folic acid and VB12. Meanwhile, the metformin may affect Hcy metabolism, which in turn affects the progression of DR (10). Therefore, it can be seen from our research results that the progression of DR is not only the effect of one certain factor, but also the result of the joint action of many factors.

In addition, studies have found that when the population was binarized by Hcy concentration, the difference in the prevalence of DR between two groups was not statistically significant (25). This phenomenon is related to our study, which indirectly confirms that the risk of DR in the population with low Hcy concentration is not lower than that in the high Hcy population. It is suggested that we should consider the adverse effects of low Hcy on the levels of other substances related to the pathogenesis of DR in the human body.

Our research has important implications for clinical practice. At present, the clinical significance of high Hcy is mostly considered in clinical practice while little attention is paid to the joint effect of other factors reflected by Hcy. The study pointed out that the lower the level of Hcy in the body is not the better, and we should pay attention to the changes of other indicators reflected behind the low Hcy.

Our research also has shortcomings. First, due to the nature of the cross-sectional study, we could not prove the existence of a causal relationship, which requires more prospective cohort studies to confirm. Considering that there is still a lack of population studies on the Hcy pathway and the risk of DR, our study which as a cross-sectional study with a larger sample size, can provide certain etiological clues. DR caused by change in Hcy concentration or the change of Hcy concentration caused by DR in vivo have been a controversial topic in academic circles. Secondly, because of a lack of vitamin concentration and drug use, it is impossible to verify the effect of vitamins on this cycle, and the effect of drugs on the relationship between Hcy and DR cannot be determined either. Furthermore, our cases did not distinguish the types of DR. The difference in Hcy concentrations between patients with non-proliferating diabetic retinopathy (NPDR) and proliferative diabetic retinopathy (PDR) has been shown to be significant in some studies (24), and more detailed and in-depth studies are needed on the concentration of Hcy in patients with different types of DR.

In conclusion, we found an inverse relationship between low concentrations of Hcy and the risk of DR in T2D patients, suggesting that the influence curve of Hcy on DR may be U-shaped. This relationship was mainly influenced by the interaction of Cys in vivo and by changes in Met concentration. It may be a reflection of the lack of indicators such as vitamins in the body. Further experimental studies are needed to determine the role of Hcy in the pathogenesis of DR.
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<7.7umol/L reference

>7.7umol/L 0.73 (0.54-0.98) 0.04

In different models, the categorical Hey divided into two groups by 7.7umol/L was used as
a reference, and then observed changes of numerical and categorical Hey respectively.
Multivariable Model 1 was adjusted for age, gender, body mass index., systolic blood
pressure, diastolic blood pressure.

Multivariable Model 2 was adjusted for variables in Model 1 and concentrations of low-
density lipoprotein cholesterol, high-density lipoprotein cholesterol, triglyceride, total
cholesterol, glycosylated hemoglobin.

Multivariable Model 3 was adjusted for variables in Model 2 and concentrations of uric
acid, serum creatinine.
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Adjusted for age, gender, body mass index., systolic blood pressure, diastolic blood pressure, low-density lipoprotein cholesterol, high-density lipoprotein cholesterol, triglyceride, total

cholesterol, glycosylated hemoglobin, uric acid, serum creatinine.

Path ¢’ indicated the path from Met to DR (Outcome) when controlled for Hey (Mediator).
Path a indicated the path from Met to Hcy (Mediator).

Path b indicated the path from Hcy (Mediator) to DR (Qutcome).
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(48.1%)  (47.4%) (47.8%) (48.4%) (46.9%)
Weight (kg) 7173 7215+ 7058+ 0.263 71.36= 69.53+ 0205 7249z 70.69+ 0.206 70.84 + 69.36 + 0.279
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(36.4%) (36.1%) (38.3%) (33.8%) (39.5%)
BMI>28.0 551 231 31 (25.8%) 208 25 (22.3%) 241 30 (24.8%) 225 26 (23.5%)
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2.43)
TC (mmol/L) 4.76 (4.01, 4.69(4.01, 4.80(4.16, 0.206 4.73(3.95, 5.11(4.38, 0.001 4.80(3.98, 4.96(4.18, 0.097 4.69 (3.93, 4.88(4.16, 0.071
5.54) 5.40) 5.74) 5.52) 5.98) 5.49) 5.74) 5.42) 5.65)
HDL-C (mmol/L) 111+ 1.07 + 112+ 0.097 114 115+ 0732 1.09 + 116+ 0038 1.11x 111+ 0.946
0.35 0.32 0.37 0.38 0.42 0.34 0.41 0.36 0.30
Male (HDL-C<1.0 330 161 27 (22.5%) 131 20 (17.9%) 138 17 (14.1%) 147 20 (18.0%)
mmol/L) (18.4%) (21.2%) (16.3%) (19.2%) (17.4%)
Female (HDL- 726 330 43 (35.8%) 313 43 (38.4%) 296 48 (39.7%) 347 44 (39.6%)
C<1.3 mmol/L) (40.4%) (43.4%) (38.9%) (41.2%) (41.0%)
LDL-C (mmol/L) 2.83(2.25, 2.80(2.28, 2.80(2.26, 0948 2.82(2.24, 3.13(257, 0.004 291(232, 2.81(232, 0665 2.73(2.22, 2.89(229, 0.259
3.46) 3.45) 3.50) 3.42) 3.51) 3.45) 3.40) 3.42) 3.46)
Hey (umol/L) 8.18(7.47, 7.98(6.63, 7.67 (6.46, 0.007 8.41(7.87, 858(7.88, 0.507 816 (7.41, 7.93(7.05, 0.109 8.24 (7.60, 8.22(6.95, 0.656
8.84) 8.55) 8.30) 9.19) 9.10) 8.71) 8.63) 8.97) 9.03)
<7.7umol/L. 536 300 62 (51.7%) 162 22 (19.6%) 225 46 (38.0%) 227 38 (34.2%)
(29.8%)  (39.4%) (18.9%) (31.3%) (26.8%)
>7.7umol/L. 1261 461 58 (48.3%) 652 90 (80.4%) 494 75 (62.0%) 619 73 (65.8%)
(70.2%) (60.6%) (81.1%) (68.7%) (73.2%)
UA 278.00 284.20 305.00 0.149 265.70 284.05 0.460 282.00 289.00 0.779 273.55 29196 0.178
(181.00, (214.96, (238.25, (7.00, (175.08, (165.50, (196.00, (171.25, (228.50,
364.00) 371.00) 375.02) 358.00) 358.50) 369.50) 371.00) 360.00) 353.50)
SCR 59.00 58.80 56.12 0.902 59.85 59.52 0.813 58.00 56.74 0.803 60.60 57.00 0.326
(47.90, (47.52, (47.48, (47.08, (50.97, (46.05, 47.61, (49.16, (48.89,
75.51) 74.45) 75.26) 77.00) 74.22) 75.40) 74.89) 75.96) 72.43)

BMI, body mass index; SBP, systolic biood pressure; DBP, diastolic blood pressure; HbA1c, glycated hemoglobin; TG, triglyceride; HDL-C, high-density lipoprotein cholesterol; LDL-C,
low-density lipoprotein cholesterol; Hcy, Homocysteine; UA, uric acid; SCR, serum creatinine.

Data are mean + standard deviation, median (IQR), or n (%).

P values were derived from the t-test for normally distributed variables, Mann-Whitney U test for skewed distributions, Chi-square test (or fisher test if appropriate) for categorical variables.
P < 0.05 was defined as statistically significant.
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Parameter estimate (95%Cl) OR (95%Cl) P
Total effect -0.0367 0.964 (0.932,0.998) 0.03564
Direct effect path ¢’ -0.0349 0.966 (0.932,1.000) 0.05175
Path a 0.2543 1.290 (1.227,1.355) <0.01
Path b -0.0143 0.986 (0.956,1.017) 0.36798

Adjusted for age, gender, body mass index., systolic blood pressure, diastolic blood pressure, low-density lipoprotein cholesterol, high-density lipoprotein cholesterol, triglyceride, total
cholesterol, glycosylated hemogilobin, uric acid, serum creatinine.

Path ¢’ indicated the path from Hcy to DR (Outcome) when controlled for Cys (Mediator).

Path a indicated the path from Hcy to Cys (Mediator).

Path b indicated the path from Cys (Mediator) to DR (Outcome).
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