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Abstract

:

The 5-10-methylenetetrahydrofolate reductase (MTHFR) enzyme is vital for cellular homeostasis due to its key functions in the one-carbon cycle, which include methionine and folate metabolism and protein, DNA, and RNA synthesis. The enzyme is responsible for maintaining methionine and homocysteine (Hcy) balance to prevent cellular dysfunction. Polymorphisms in the MTHFR gene, especially C677T, have been associated with various diseases, including cardiovascular diseases (CVDs), cancer, inflammatory conditions, diabetes, and vascular disorders. The C677T MTHFR polymorphism is thought to be the most common cause of elevated Hcy levels, which is considered an independent risk factor for CVD. This polymorphism results in an amino acid change from alanine to valine, which prevents optimal functioning of the enzyme at temperatures above 37 °C. Many studies have been conducted to determine whether there is an association between the C677T polymorphism and increased risk for CVD. There is much evidence in favour of this association, while several studies have concluded that the polymorphism cannot be used to predict CVD development or progression. This review discusses current research regarding the C677T polymorphism and its relationship with CVD, inflammation, diabetes, and epigenetic regulation and compares the evidence provided for and against the association with CVD.
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1. Introduction


5-10-Methylenetetrahydrofolate reductase (MTHFR) is an essential enzyme in folate and homocysteine (Hcy) metabolism. The gene for this enzyme is located on the short arm of chromosome 1 (1p36.3) and encodes for dimeric proteins [1]. The major product of the MTHFR gene is a 77 kDa protein, with a second 70 kDa isoform found in humans [2]. MTHFR catalyses the irreversible reduction of 5-10-MTHF to 5-methylTHF, a circulatory form of folate used in the remethylation of Hcy to methionine [2,3]. In total, 34 rare but deleterious mutations have been reported, and the location of the mutation may influence its impact [4]. For example, relative to their size, exons 5 and 6 harbour the most mutations, which may be more deleterious since these exons are located within the catalytic domain and may play a role in substrate binding [4]. Mudd et al. published the first report on MTHFR involvement in disease upon identifying a patient with homocystinuria due to severe MTHFR deficiency [5]. In 1988, a thermolabile variant of the MTHFR enzyme was identified in patients with cardiovascular disease (CVD). This deficiency was milder but more common and induced mild elevation of Hcy levels, which may be an independent risk factor for CVD [6].



The most common cause of elevated Hcy levels is thought to be the C677T MTHFR polymorphism (rs 1801133). This polymorphism involves the substitution of cytosine with thymine at position 677, resulting in an amino acid change from alanine to valine in the enzyme [1,7,8]. This common MTHFR gene mutation affects Hcy levels and is thought to contribute to hyperhomocysteinemia, reduced folate levels, and several CVD-associated diseases [9]. The C677T mutation reportedly disrupts thermostability, leading to enzyme dysfunction [10]. This product is termed thermolabile since enzyme activity is reduced at temperatures above 37 °C [11]. MTHFR enzyme activity appeared 50–60% lower in C677T homozygous (TT) patients, with activity decreasing by 65% at 46 °C [10]. Another commonly encountered polymorphism occurs at position 1298 on the MTHFR gene and involves the substitution of adenine with cytosine, resulting in an amino acid change from glutamate to alanine in the enzyme [12]. This mutation also produces reduced enzyme activity although not to the same extent as that caused by the C677T polymorphism [12].



Researchers investigating the ethnic and geographical distribution of the C677T MTHFR gene polymorphism in new-borns across 16 regions of Europe, Asia, Australia, the Middle East, and the Americas reported that the TT genotype was more frequently observed in China, Mexico, and Southern Italy, with a particularly low frequency observed in new-borns of African ancestry [13]. Furthermore, Schneider et al. reported that the frequency of the C677T polymorphism was lowest in Africa compared to that in populations from Europe and Asia [14]. Therefore, the prevalence of the C677T polymorphism is dependent on ethnicity and geographical location, with increased prevalence reported in Italian and Hispanic populations and low prevalence reported in African-American and Sub-Saharan African populations [12]. The MTHFR enzyme is involved in the transmethylation pathway, which involves the conversion of Hcy to methionine [15]. Research has suggested a connection between MTHFR gene polymorphisms, especially C677T and A1298C (rs 1801131), and several disease states, including kidney disease, CVD, neural tube defects, cancer, and liver disease [16]. This review serves to discuss the current research conducted in this field and to observe the evidence for and against the association between MTHFR gene polymorphisms and CVD.




2. MTHFR in Inflammation


Inflammation is mediated primarily by the nuclear factor kappa-light-chain-enhancer of activated B-cells (NF-κB) pathway, which involves several related transcription factors. The NF-κB protein is sequestered and rendered inactive in the cytoplasm during normal conditions by the inhibitor of nuclear factor kappa B alpha (IκBα) protein [17]. NF-κB is activated by certain signals, such as reactive oxygen species (ROS) and pro-inflammatory cytokines (interleukin (IL)-1, IL-6, and tumour necrosis factor alpha (TNFα)), and translocates into the nucleus to activate the inflammatory cascade, thus regulating the inflammatory response [17,18]. Inflammation occurs to remove potentially harmful stimuli, such as pathogens, toxins, or damaged cells, and promote tissue homeostasis [19]. However, if acute inflammation is not resolved, chronic inflammation, which is associated with the development and progression of numerous illnesses, may occur [19]. C-reactive protein (CRP) is an acute-phase protein primarily synthesised by hepatocytes and to a lesser extent by smooth muscle cells, lymphocytes, and adipocytes [20]. Increasing evidence indicates that CRP plays a role in inflammatory responses and other immune system responses, such as apoptosis and the production of cytokines, especially TNFα and IL-6. Further, CRP has been shown to increase up to 1000-fold at infection or inflammation sites and has been associated with CVDs [20]. Several factors can influence CRP levels, including weight, lipid profile, age, gender, and smoking status, as well as polymorphisms in the CRP gene [21]. Diabetes patients with the C677T polymorphism have reportedly exhibited increased levels of CRP and IL-6 [22].



Regarding the MTHFR C677T polymorphism and inflammation, Dedoussis et al. reported an association between the homozygous mutant genotype (TT) and increased inflammatory markers [23]. The study investigated inflammatory markers and MTHFR C677T genotype association in 574 CVD-free subjects from the Attica region in Greece and reported that 11% of subjects presented with the homozygous TT genotype, 48% with the heterozygous CT genotype, and 41% with the homozygous CC genotype (normal). Inflammatory markers, including CRP, white blood cell counts, and amyloid-A levels, appeared elevated in the TT genotype subjects compared to the CC and CT genotype individuals despite controlling for confounding variables [23]. Mild MTHFR deficiency caused by the C677T polymorphism was found to affect inflammatory and lipid pathways in a murine model [24]. Researchers found that MTHFR deficiency reduced s-adenosylmethionine (SAM) and betaine levels and increased s-adenosylhomocysteine (SAH) levels, resulting in reduced methylation capacity and alteration of inflammatory mediators. Furthermore, MTHFR-deficient mice fed a high-fat diet exhibited exacerbated effects in inflammatory and lipid pathways, with increased inflammation and lipid accumulation. These results suggest that MTHFR deficiency coupled with a low-quality high-fat diet may increase the risk of developing non-alcoholic fatty liver disease (NAFLD) due to disrupted methylation capacity, lipid metabolism, and inflammatory responses [24]. An estimated one billion people have NAFLD [25], which is characterised by inflammation and ectopic fat in the liver, causing liver dysfunction, fibrosis, end-stage liver disease, and cirrhosis [26]. Research has provided evidence highlighting the influence of microRNAs (miRNA) on NAFLD [27,28,29,30]. MicroRNAs are short, non-coding RNA molecules that function to regulate the expression of messenger RNA (mRNA), thereby influencing gene expression and protein synthesis [26]. An et al. investigated the effect of the C677T MTHFR polymorphism and miR-149 on NAFLD. Results showed that miR-149 was upregulated in TT genotyped hepatocytes treated with long-chain fatty acid (FFA), while MTHFR was downregulated in these hepatocytes [26]. However, FFA did not affect hepatocytes genotyped as CC, suggesting that the polymorphism influences the response to FFA and the development of NAFLD. miR-149, a regulator of the MTHFR gene, was upregulated in response to FFA in TT genotyped hepatocytes and in turn decreased MTHFR expression [26]. This study suggests that MTHFR genotype affects susceptibility to NAFLD.



The MTHFR C677T polymorphism was shown to be associated with inflammatory diseases, such as psoriasis (Caucasian Czech population) [31] and inflammatory bowel disease (Caucasian Irish population) [32], while both C677T and A1298C variants have been linked to rheumatoid arthritis in a Caucasian and Asian population [33,34]. Systemic inflammation has been linked with several diseases, including diabetes, coronary artery disease, and cancer. Studies have shown the presence of inflammatory processes in pancreatic beta cells of diabetes patients [35], and insulin resistance has been linked to cytokine-induced inflammation [36]. Furthermore, inflammatory cells and cytokines (TNFα, IL-1, IL-6, and monocyte chemoattractant protein-1 (MCP-1)) are thought to play important roles in the development and progression of atherosclerosis [37]. Khalighi et al. investigated whether MTHFR gene polymorphisms contributed to systemic inflammation in a cohort of 292 patients by determining two markers of systemic inflammation, namely neutrophil-to-lymphocyte ratio (NLR) and platelet-to-lymphocyte ratio (PLR) [37]. This study reported that the A1298C variant produced opposite effects compared to the C677T variant. Results showed that patients with the C677T variant displayed a greater NLR than C677T wild-type patients, while those with the A1298C variant displayed lower NLR and PLR than A1298C wild-type patients [37]. The above-mentioned studies provide compelling evidence that suggests a link between systemic inflammation and MTHFR gene polymorphisms.




3. Vitamin B Pathway and MTHFR Effects


B vitamins play important roles in the one-carbon cycle (Figure 1), which is essential for cellular function. The one-carbon cycle consists of interlinking biochemical pathways that include folate and methionine metabolism [38]. These metabolic pathways generate methyl groups for several essential processes, including DNA synthesis, antioxidant generation, and amino acid homeostasis [39]. Furthermore, methyl groups are involved in methylation reactions in epigenetic regulation, thereby influencing gene expression and protein synthesis [40]. One-carbon metabolism is regulated by methionine, vitamin B12, and vitamin B9 (folate), which are essential dietary requirements [39]. Folate and methionine cycles are linked by a rate-limiting enzyme, methionine synthase (MS), which converts Hcy to methionine using 5-methylTHF (produced by MTHFR) and B12 [41]. Ultimately, this cycle produces methyl donors that participate in essential cellular processes [42]. Therefore, genetic polymorphisms and vitamin B deficiencies can be detrimental to the one-carbon cycle, which may result in Hcy accumulation and vascular endothelium damage [43].



The C677T and A1298C polymorphisms are thought to be primary contributors to hyperhomocysteinemia, resulting in an increased risk of developing thrombosis [44]. Xuan et al. reported that the C677T polymorphism is associated with a 50% reduction in MTHFR enzyme activity as well as increased plasma Hcy and reduced plasma folic acid concentrations, which may promote endothelial dysfunction and increase the risk of developing various CVDs [45]. Characteristics of MTHFR enzyme dysfunction include elevated plasma Hcy levels, which is often used as the first indicator, increased plasma SAH and cystathionine, and decreased methionine and SAM [3]. These imbalances are attributed to dysfunctional methionine metabolism, which may further influence DNA methylation and gene expression. MTHFR-deficient patients may present with developmental delays, neurological and vascular issues, seizures, or thrombosis [2]. Severe MTHFR deficiencies are rare but are also the most commonly encountered inborn errors of folate metabolism [2].



Research has reported an association between hyperhomocysteinemia and low bone mineral density (BMD) as well as CRP, vitamin D, vitamin B12, and folate levels in postmenopausal women [46]. Two hundred and fifty women (aged 50–65 years) were recruited and divided into two groups based on BMD. Of the 250 women, 155 had low BMD, and 97 women were within the normal BMD range. Women with low BMD presented with increased Hcy and CRP levels and decreased levels of vitamin B12, vitamin D, and folate [46]. Furthermore, 77% of women with low BMD presented with the C677T MTHFR polymorphism, while only 37% of women with normal BMD presented with the mutation. Taken together, these results suggest an association between the C677T MTHFR polymorphism and elevated Hcy levels and inflammation, which may further influence osteoporosis onset [46]. The MTHFR enzyme is involved in the formation of SAM, which donates a methyl group for the progression of reactions catalysed by catechol-O-methyltransferase (COMT), an enzyme that participates in hormone regulation, thereby inactivating catechol oestrogens and playing a role in oestrogen metabolism [47]. Catechol oestrogens may contribute to increased ROS production, thereby inducing DNA damage, oxidative cell damage, and inflammation [48], and may further influence carcinogenesis and the development of CVDs and related diseases [49,50]. Research has shown that oestrogen-induced hypertension is age- and sex-specific; therefore, polymorphisms in the MTHFR gene may contribute to disrupted oestrogen metabolism and in turn influence oestrogen-associated diseases [49].



Vitamin B12 deficiency is thought to contribute to increased Hcy levels. Patients with low folic acid levels often present with low levels of B12 and other B vitamins [51]. In a study investigating the relationship between folate and homocysteine levels, sub-normal folate levels (<2 ng/mL) resulted in two-fold increases in Hcy serum levels, while low folate levels (2–3.9 ng/mL) resulted in increased Hcy levels compared to patients with normal folate levels (5–17.9 ng/mL) [51]. Therefore, folic acid and vitamin B12 supplementation is thought to improve hyperhomocysteinemia. Several studies have reported higher Hcy levels in patients with the TT genotype compared to CC, often coupled with low plasma folic acid levels [52,53,54]. Pereira et al. reported that plasma Hcy levels appeared increased in TT vs. CC patients (16.2 vs. 8.2 µmol/L), while low vitamin B12 levels were observed in TT vs. CC patients (196 vs. 301 pmol/L) [55]. Moreover, folate deficiency results in thymidine depletion, which increases the incorporation of uracil into DNA, resulting in impaired DNA repair and an increased likelihood of malignant transformation due to DNA instability and chromosome aberrations [56].




4. Effects Related to Cardiovascular Diseases


Many studies have reported associations between MTHFR gene polymorphisms, increased Hcy levels, and cardiovascular complications. A meta-analysis by Kang et al. reported an association between increased plasma Hcy and increased risk for haemorrhagic stroke [57]. Klerk et al. reported that patients with the C677T polymorphism presented with an increased risk of developing heart disease [58], and Yang et al. observed an increased risk for diabetic nephropathy development in a Caucasian population with type 2 diabetes mellitus (T2DM) and C677T polymorphisms [59], while Frosst et al. suggested that the C677T mutation may play a role in vascular diseases [7]. Kluijtmans et al. reported that the homozygous C677T MTHFR gene polymorphism is associated with a three-fold increased risk for the premature development of CVD [60]. However, conflicting evidence also exists. Zhong et al. reported no association with diabetes development in Asian, Caucasian, and African cohorts [61].



Bahadir et al. assessed the implications of the MTHFR C677T gene polymorphism in CVD development in diabetes patients. Patients with T2DM and severe CVD (107) but without nephropathy or retinopathy were recruited for the study [15]. The researchers employed polymerase chain reaction-restriction fragment length polymorphism (PCR-RFLP) to determine the presence of MTHFR C677T polymorphisms and reported 31, 62, and 14 subjects with the CC, CT, and TT genotypes, respectively. The results reported no correlation between MTHFR genotypes and several measured parameters, including visceral fat area, diabetes duration, cholesterol and triglyceride profiles, vitamin B12, Hcy, and HbA1c levels, and fasting plasma glucose [15]. This study concluded that the MTHFR C677T polymorphism cannot be used to assess CVD risk in diabetes patients [15]. However, the small sample size should be noted along with the lack of lifestyle information, such as smoking status, alcohol consumption, and information pertaining to dietary habits and physical activity.



Incidence of thrombosis further aggravates CVDs and associated disorders. Hyperhomocysteinemia has been associated with increased incidence of venous thrombosis. However, research has provided conflicting reports as to whether the C677T MTHFR polymorphism contributes to thrombosis [62]. Some researchers have reported no association between the C677T polymorphism and thrombosis [62,63], while others have reported significant associations between the two, or reported that the polymorphism is a risk factor for thrombosis development [64,65,66,67].



Several studies have suggested that MTHFR gene variants may contribute to disruptions in the Hcy pathway, which in turn exacerbates T2DM-associated complications [68,69]. High homocysteine levels were reportedly associated with increased risk of CVD in diabetes patients by promoting endothelial dysfunction and increasing the likelihood of atherosclerosis development [70]. Xuan et al. reported an association between the C677T polymorphism and myocardial infarction (MI) risk, but Alizadeh et al. reported no overall association in the TT vs. CT model [44,45]. MI is one of the most prevalent CVDs, and occurs when coronary arteries are occluded by clots produced during atherosclerotic plaque rupture [71]. MI is complex, often involves genetic and environmental factors, and is thought to be influenced by Hcy levels [44]. Therefore, the association between MTHFR polymorphisms and MI has been a research focus in recent years. The meta-analysis conducted by Alizadeh et al. included 47 studies and found no statistically significant association between MTHFR polymorphisms and MI risk [44]. However, sub-group analysis by ethnicity revealed that the T allele increased MI risk by 63% in African populations vs. the C allele, whereas the CT genotype decreased MI risk in North American (Caucasian) populations (vs. the CC genotype) [44]. Furthermore, the C677T polymorphism conferred protection against MI in the elderly (>50 years of age). The discrepancy between the two studies may be due to the sample size and controls used or may be because the meta-analysis by Xuan et al. was conducted in 2011, while that by Alizadeh et al. was conducted in 2016, and during this time, many more studies were conducted regarding the C677T MTHFR gene polymorphism and MI risk, ultimately producing conflicting results.



The C677T polymorphism is thought to be an independent risk factor for hypertension. Nishio et al. conducted a study in 1996 investigating the frequency of the C677T MTHFR polymorphism in relation to hypertension in a Japanese population and found no significant relationship between the two [72]. However, Qian et al. performed a meta-analysis of 25 studies investigating the polymorphism in more than 2800 Caucasian and Asian individuals with hypertension and reported a significant association between the polymorphism and hypertension in both populations [73]. Furthermore, a meta-analysis conducted by Meng et al. reported that the C677T MTHFR polymorphism is associated with T2DM susceptibility in Asian population but not in African or Caucasian populations [74]. Further reading regarding meta-analysis studies can be found in Table 1.




5. DNA Methylation and MTHFR Polymorphisms


DNA methylation, which is vital for normal gene regulation, involves the addition of a methyl group to cytosine nucleotides and is catalysed by DNA methyltransferases [102]. DNA methylation functions to regulate gene transcription by preventing transcription factor binding or promoting the binding of methyl-binding proteins, thus inhibiting or reducing gene expression [103]. Genetic polymorphisms and vitamin B deficiencies negatively impact the one-carbon cycle, which converts Hcy to methionine for DNA methylation and the maintenance of healthy vasculature [43]. The methyl group necessary for methylation can be donated by the Hcy cycle via methionine metabolism. Therefore, MTHFR is important in the process of methylation, as it participates in the conversion of methionine into SAM, a universal methyl radical donor [104].



Type 2 diabetes mellitus (T2DM) develops as a result of many interacting factors, including environmental and genetic aspects. Several studies have shown that DNA methylation patterns appear altered in diabetes patients [105,106,107], and this has prompted extensive research into epigenetic modifications in diabetes patients as well as the influence of genetic polymorphisms, such as the C677T and A1298C MTHFR gene polymorphisms [108]. Matsha et al. investigated global DNA methylation in a mixed-ancestry population from South Africa and showed that global DNA methylation increased in prediabetic and diabetic subjects, with a more pronounced increase in screen-detected diabetes subjects [108]. Furthermore, this research revealed that DNA methylation was not associated with the MTHFR C677T polymorphism but was instead associated with the NOS3 G894T polymorphism in this population. The NOS3 gene has been linked with diabetes and nitric oxide (NO) bioavailability, which influences endothelial function and contributes to vascular complications in diabetes [108]. This research provided important information regarding the influence of genetic and epigenetic changes on non-communicable diseases in the African setting since studies pertaining to this topic are lacking in Africa.



Several studies have suggested that hyperhomocysteinemia contributes to the development of diabetic nephropathy (DN) and retinopathy (DR) in patients with diabetes, especially those with MTHFR polymorphisms [109,110]. Diabetic retinopathy is a commonly encountered microvascular complication in diabetes patients and is the leading cause of adult-onset blindness worldwide [111]. Nitric oxide and ROS are known to play pivotal roles in the onset and progression of DR [43]. One-carbon cycle disruption, vitamin B deficiencies, and Hcy accumulation reportedly contribute to the development and progression of DR [43]. Diabetic nephropathy is a diabetes-associated complication and often leads to end-stage renal disease (ESRD), culminating in kidney failure [112]. The pathogenesis of DN is complex and involves an interplay between environmental and genetic factors, such as familial aggregation and the presence of polymorphisms [113]. The MTHFR gene is thought to play an important role in DN, since the MTHFR enzyme is involved in the metabolism of folate, which is lost to a greater extent during dialysis [114]. The C677T and A1298C polymorphisms are reportedly associated with DN and ESRD progression in a South Indian population. However, homocysteine levels did not correlate with ESRD progression in DN in this population [113]. In contrast with other studies, Errera et al. found no association between the C677T MTHFR gene polymorphism and the severity or progression of DR in a Brazilian population while excluding the influence of African ancestry from the data analysis. The authors suggest that the C677T MTHFR polymorphism is not a useful predictive marker for diabetes or DR [115].



Dos Santos Nunes et al. recruited 105 individuals to study the influence of methylation of the MTHFR gene promoter region on diabetes complications, such as DR and DN [116]. In total, 16 diabetes patients with DR and 29 with DN were recruited, while 60 diabetes patients without complications served as control subjects. Results of this study showed that hypermethylation in the MTHFR gene promoter region was associated with DR, in addition to biochemical, oxidative stress, and inflammatory parameters related to T2DM and its associated complications [116]. The CpG sites investigated in this study were located near transcription factor binding sites, and hypermethylation of these sites may disrupt MTHFR enzyme functions, thereby affecting Hcy and methionine metabolism [116]. This epigenetic dysregulation may exacerbate enzyme dysfunction and promote endothelial cell damage, further impacting microvasculature complications of diabetes, such as DR and DN. However, further research should be conducted on this topic using larger cohorts.




6. Treatments and Therapeutic Options


Vitamin B supplementation is particularly important during pregnancy if either parent is homozygous for the C677T MTHFR gene polymorphism, as this polymorphism has been linked with increased incidence of neural tube defects related to low folate status [117,118]. Betaine is often used as a treatment for MTHFR deficiency. Research has shown that betaine supplementation protects against neurocognitive decline in MTHFR-deficient patients [119,120]. Froese et al. suggested the use of betaine as a treatment option during pregnancy since betaine supplementation increased offspring survival and decreased male infertility in a well-characterised gene knock-out mouse model used to study MTHFR deficiency [3].



Interestingly, folate stabilises enzyme activity in individuals with the C677T polymorphism, effectively neutralising effects of the polymorphism [7,121]. Jacques et al. reported that the association between the C677T polymorphism and hyperhomocysteinemia was present in patients with low folate levels [121]. This research suggests that folate and vitamin B12 supplementation may effectively treat hyperhomocysteinemia. Guenther et al. heated lymphocyte extracts with or without 5-methyl THF and observed that MTHFR activity was greater in samples heated with folate supplementation, indicating a protective effect on MTHFR by folate [4]. Shi et al. suggested the use of vitamin therapy, possibly in conjunction with medical foods, to improve one-carbon cycle functioning and prevent the onset and progression of DR [43].




7. Conclusions and Recommendations


Polymorphisms in the MTHFR gene may play a role in the development of CVDs and diabetes-associated disorders, such as retinopathy and nephropathy (Figure 2). Research shows that this influence is dependent on ethnicity and geographic location. The evidence should be carefully considered when concluding the association of MTHFR with CVD and diabetes development. However, too many studies have reported on positive associations to ignore the potential use of this genetic polymorphism as a screening tool to determine the development and progression of several disease states. Further studies should be conducted with larger cohorts in various geographic regions and with various ethnic groups to successfully conclude the relationship between this gene and cardiovascular risk.
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Figure 1. Enzymes and cofactors involved in the one-carbon cycle, including methionine and folate metabolism. Dietary folate (vitamin B9) is converted into dihydrofolate (DHF) by the enzyme dihydrofolate reductase (DHFR) and is then reduced to tetrahydrofolate (THF). THF is converted to 5,10-methyleneTHF, which is converted to 5-methylTHF by the MTHFR enzyme (using vitamins B1, B2, and B3 as cofactors). 5-methylTHF is then used as a methyl donor in pyrimidine and purine synthesis and can donate a methyl group to regenerate methionine from homocysteine (Hcy); this reaction is catalysed by methionine synthase (MS) with vitamin B12 as a cofactor. This is termed remethylation. Dietary betaine from the liver can also serve as a methyl donor and participate in remethylation. Thereafter, methionine adenosyltransferase (MAT) catalyses the transfer of adenosine to methionine to generate s-adenosylmethionine (SAM), which functions in methylation reactions. SAM is then demethylated and forms s-adenosylhomocysteine (SAH), which is hydrolysed to form Hcy. Hcy can now enter the transsulfuration pathway to form cystathionine (catalysed by cystathionine beta-synthase (CBS)) and cysteine (catalysed by cystathionase). Cysteine is then used to synthesise glutathione (GSH), thereby regenerating antioxidant levels to combat damage by reactive oxygen species (ROS). Enzymes and cofactors are indicated in dark red and light green squares, respectively. 
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Figure 2. Potential effects of the MTHFR C677T polymorphism on several disease states. The polymorphism may affect inflammation, which is identified by increased inflammatory markers, such as c-reactive protein (CRP), white blood cell (WBC) count, and amyloid-A. Many studies have reported associations between the MTHFR C677T polymorphism and the development or progression of diabetes, cardiovascular disease (CVD), and vascular disorders (such as diabetic nephropathy (DN) and diabetic retinopathy (DR)). Furthermore, reduced enzyme activity contributes to increased homocysteine (Hcy) levels, reduced B vitamin levels, and disrupted methylation reactions. 
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Table 1. Further Reading: Meta-analysis studies conducted regarding MTHFR polymorphisms in various ethnic groups and associated metabolic diseases.
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	Study Title
	Associated Disease
	Reference





	MTHFR 677T variant contributes to diabetic nephropathy risk in Caucasian individuals with type 2 diabetes: a meta-analysis
	T2DM
	[59]



	Association of MTHFR C677T polymorphism and type 2 diabetes mellitus (T2DM) susceptibility
	T2DM
	[74]



	The effect of MTHFR C677T polymorphism on type 2 diabetes mellitus with vascular complications in Chinese Han population: a meta-analysis
	T2DM and vascular complications
	[75]



	Methylenetrahydrofolate Reductase Gene C677T Polymorphism and Diabetic Retinopathy: a Meta-Analysis
	DR
	[76]



	Methylenetetrahydrofolate reductase A1298C polymorphism and diabetes risk: evidence from a meta-analysis
	T2DM
	[77]



	Association between MTHFR C677T polymorphism and diabetic nephropathy in the Chinese population: An updated meta-analysis and review
	DN
	[78]



	Methylenetetrahydrofolate reductase (MTHFR) C677T polymorphism and susceptibility to diabetic nephropathy in Chinese type 2 diabetic patients: a meta-analysis
	T2DM and DN
	[79]



	Increasing prevalence of gestational diabetes mellitus when carrying the T variant allele of the MTHFR gene C677T polymorphism: a systematic review and meta-analysis
	Gestational diabetes
	[80]



	Relationship between methylenetetrahydrofolate reductase (MTHFR) A1298C gene polymorphism and type 2 diabetic nephropathy risk: a meta-analysis
	T2DM and DN
	[81]



	A Meta-Analysis of Association between Methylenetetrahydrofolate Reductase Gene (MTHFR) 677C/T Polymorphism and Diabetic Retinopathy
	DR
	[82]



	Genetics of diabetic neuropathy: Systematic review, meta-analysis and trial sequential analysis
	DN
	[83]



	Methylenetetrahydrofolate reductase C677T polymorphism and type 2 diabetes mellitus in Chinese population: a meta-analysis of 29 case-control studies
	T2DM
	[84]



	Plausible relationship between homocysteine and obesity risk via MTHFR gene: a meta-analysis of 38,317 individuals implementing Mendelian randomization
	Obesity risk
	[85]



	Association of homocysteine with type 2 diabetes: a meta-analysis implementing Mendelian randomization approach
	T2DM
	[86]



	Effects of Common Polymorphisms in the MTHFR and ACE Genes on Diabetic Peripheral Neuropathy Progression: a Meta-Analysis
	DN
	[87]



	ACE I/D and MTHFR C677T polymorphisms are significantly associated with type 2 diabetes in Arab ethnicity: a meta-analysis
	T2DM
	[88]



	Methylenetetrahydrofolate reductase (MTHFR) C677T gene polymorphism and diabetic nephropathy susceptibility in patients with type 2 diabetes mellitus
	T2DM and DN
	[89]



	Association between MTHFR C677T polymorphism and diabetic nephropathy or diabetes mellitus risk: need for clarification of data in a recent meta-analysis
	T2DM and DN
	[90]



	Methylenetetrahydrofolate reductase C677T polymorphism and diabetic retinopathy risk: a meta-analysis of the Chinese population
	DR
	[91]



	The relationship between methylenetetrahydrofolate reductase C677T polymorphism and diabetic retinopathy: A meta-analysis in multi-ethnic groups
	DR
	[92]



	MTHFR gene C677T polymorphism and type 2 diabetic nephropathy in Asian populations: a meta-analysis
	DN
	[93]



	Genetic susceptibility to type 2 diabetes: a global meta-analysis studying the genetic differences in Tunisian populations
	T2DM
	[94]



	Genetic risk of type 2 diabetes in populations of the African continent: A systematic review and meta-analyses
	T2DM
	[95]



	An updated meta-analysis of methylenetetrahydrofolate reductase gene 677C/T polymorphism with diabetic nephropathy and diabetic retinopathy
	DR and DN
	[96]



	Methylenetetrahydrofolate reductase genetic polymorphism and the risk of diabetic nephropathy in type 2 diabetic patients
	T2DM and DN
	[97]



	Common variants of homocysteine metabolism pathway genes and risk of type 2 diabetes and related traits in Indians
	T2DM
	[98]



	Is C677T polymorphism in methylenetetrahydrofolate reductase gene a risk factor for diabetic nephropathy or diabetes mellitus in a Chinese population?
	T2DM and DN
	[99]



	Interactions among Candidate Genes Selected by Meta-Analyses Resulting in Higher Risk of Ischemic Stroke in a Chinese Population
	Ischemic stroke
	[100]



	No Evidence of a Causal Relationship between Plasma Homocysteine and Type 2 Diabetes: A Mendelian Randomization Study
	T2DM
	[101]







T2DM, type 2 diabetes mellitus; DN, diabetic nephropathy; DR, diabetic retinopathy.
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