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Abstract: Methylenetetrahydrofolate reductase (MTHEFR) is a key regulatory enzyme in the one-
carbon cycle. This enzyme is essential for the metabolism of methionine, folate, and RNA, as well
as for the production of proteins, DNA, and RNA. MTHFR catalyses the irreversible conversion of
5,10-methylenetetrahydrofolate to its active form, 5-methyltetrahydrofolate, a co-substrate for homo-
cysteine remethylation to methionine. Numerous variants of the MTHFR gene have been recognised,
among which the C677T variant is the most extensively studied. The C677T polymorphism, which
results in the conversion of valine to alanine at codon 222, is associated with reduced activity and
an increased thermolability of the enzyme. Impaired MTHER efficiency is associated with increased
levels of homocysteine, which can contribute to increased production of reactive oxygen species and
the development of oxidative stress. Homocysteine is acknowledged as an independent risk factor for
cardiovascular disease, while chronic inflammation serves as the common underlying factor among
these issues. Many studies have been conducted to determine whether there is an association between
the C677T polymorphism and an increased risk of cardiovascular disease, hypertension, diabetes,
and overweight/obesity. There is substantial evidence supporting this association, although several
studies have concluded that the polymorphism cannot be reliably used for prediction. This review
examines the latest research on MTHFR polymorphisms and their correlation with cardiovascular
disease, obesity, and epigenetic regulation.
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1. Methylenetetrahydrofolate Reductase (MTHFR)

Methylenetetrahydrofolate reductase (MTHEFR) is an enzyme encoded by the MTHFR
gene composed of 12 exons and located on chromosome 1p36.22. Its total length is
20,374 bp [1]. Characteristic elements, such as SP1, AP1, AP2, CAAT, or GC, are involved
in the regulation of the expression of this gene, but there are no TATA-box elements. The
structure of this promoter region is shared by other genes involved in homocysteine (Hcy)
metabolism, including cystathionine (3-synthase (CBS), methionine synthase (MS), and
methionine synthase reductase coding genes [2].

During MTHFR transcription, alternative splicing occurs, resulting in three different
mRNA molecules of 7074, 7018, and 7071 bp, which encode polypeptides of 697, 656,
and 696 amino acids, respectively [1]. On this basis, three variants of the human MTHFR
transcript have been distinguished: MTHFR 1, 2, and 3, which differ at the end of 5 [3].
As mentioned above, the presence of the transcript’s different sizes was due to alternative
transcription start sites and the use of polyadenylation signal sequences [4]. Western blot
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analysis discovered a major polypeptide of approximately 77 kDa in human tissues, while
a protein isoform of approximately 70 kDa was detected only in human liver tissue [5,6].

MTHER is an FAD-dependent enzyme that plays a significant role in the metabolism of
folate and Hcy, both of which are based on folic acid and other vitamins in the B group. This
enzyme catalyses the NADPH-linked reduction of 5,10-methylenetetrahydrofolate (5,10-
methylene-THF) to 5-methyltetrahydrofolate (5-methyl-THF). The last molecule is a methyl
group donor for the conversion of Hcy to methionine (Met) in the reaction catalysed by
methionine synthase (MS) (Figure 1). Vitamin By, acts as a cofactor during this process. Met
is then converted to S-adenosylmethionine (SAM), which is a crucial methyl group donor
for various reactions in the body, including the methylation of DNA [7], RNA, histones,
phospholipids, choline, sphingomyelin, acetylcholine, and other neurotransmitters [8].
Protein carboxymethylation may be involved in the repair of ageing proteins; also, heat
shock proteins are methylated in response to stress [9]. In addition, Hcy can be converted
to cysteine through a trans-sulphuration process involving the enzyme CBS and vitamin
Bg. Under Met deficiency conditions, CBS is not activated and MTHER is not inhibited by
SAM. As a result, Hey is converted back into Met, while cysteine contributes to glutathione
synthesis or is degraded to taurine (Figure 1) [10].
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Figure 1. The balance between the folate cycle and the methionine cycle is affected by vi-
tamin Byp. FPG, Folate polyglutamates; FMG, Folate monoglutamates; GCPII, glutamate car-

boxypeptidase II; PCFT1, proton-coupled folate transporter; DHF, dihydrofolate; DHRF, dihy-
drofolate reductase; THF, tetrahydrofolate; MTHFD, methylenetetrahydrofolate dehydrogenase;
SHMT, serinehydroxymethyl transferase; Ser, Serine; Gly, Glycine; MTHFR, methylenetetrahydro-
folate reductase; NADPH, nicotinamide adenine dinucleotide phosphate; FADH,, dihydroflavine-
adeninedinucleotide; MS, methionine synthase; Met, Methionine; MAT, methionine adenosyltrans-
ferase; SAM, S-adenosylmethionine; SAH, S-adenosylhomocysteine; SAHH, S-adenosylhomocysteine
hydrolase; BHMT, Betaine-homocysteine methyltransferase; CBS, Cystathionine-3-synthase; CTH,
Cystathionine gamma lyase; GCL, glutamate cysteine ligase; GSS, Glutathione synthetase; Glu,
Glutamic acid; By, vitamin B, (riboflavin); Bg, vitamin Bg (pyridoxine); Biy, vitamin By, (cobalamin).

2. MTHFR Polymorphism

The first documentation of MTHFR involvement in disease came from the research
conducted by Mudd et al. in 1972 [11]. They identified patients with homocystinuria, which
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Serine-rich region

was attributed to a significant deficiency in MTHEFR obtained from fibroblasts. Kang et al.
in 1988 described decreased activity and increased thermolability of the MTHFR enzyme in
lymphocyte extracts obtained from patients with ischemic heart disease (IHD) [12]. Some
of them had a decrease in enzyme activity by up to 75% and an increase in total Hcy levels,
but this was not the case in patients with high levels of folate and vitamin By, [13]. The
variations observed between individuals suggest the existence of genetic diversity within
MTHER. Currently, several dozen polymorphisms have been identified, with the most
studied being the C677T (rs1801133) and the A1298C polymorphism (rs180113) [14,15].
The first one involves a substitution of cytosine to thymine at position 677 within exon 4,
leading to a substitution of alanine to valine at position 222 within the catalytic domain
of the MTHEFR. This site is crucial in terms of the binding of flavin adenine dinucleotides
(FAD) and enzyme stability. The 677T allele encodes a thermolabile enzyme with reduced
activity and less affinity for its cofactor, FAD. Each copy of the 677T allele results in 35%
reduced enzyme activity. The 677TT homozygotes are believed to have reduced levels
of active folate (5-methyl-THF) and increased plasma levels of Hcy because it cannot be
remethylated to Met [6].

The prevalence of the C677T polymorphism varies by ethnic group and geographic
location and has a relatively high frequency worldwide. A meta-analysis of population-
based studies revealed that the worldwide prevalence of the T allele was estimated to be
24.0%, while the global occurrence of the TT genotype was 7.7%. However, upon closer
examination of different subgroups, it became evident that the prevalence of the T allele
exhibited significant variation: 10.3% in Africans, 31.2% in North Americans, 27.8% in
South Americans, 19.7% in Asians, 20.5% in Australians, and 34.1% in Europeans. The
prevalence of both the T allele and the TT genotype was lowest among Africans and highest
among Europeans. The occurrence of the T allele differs significantly between the Asian
population. Research carried out within Asian populations showed that this particular
gene polymorphism showed a notably higher prevalence in East Asian countries (44.7%
in China, 40.3% in the Republic of Korea, and 39.9% in Japan). On the contrary, South
Asian countries had a lower prevalence (11.4% in India, 16% in Pakistan, and 4.5% in Sri
Lanka) [16].

Another common MTHFR polymorphism is 1298A>C. However, the presence of this
variant does not lead to elevated levels of Hcy in heterozygous or homozygous individuals.
Instead, the combined heterozygosity of 1298A>C and 677C>T produces similar results to
having a TT genotype [17].

3. Regulation of MTHEFR Activity

Folate metabolism and the methionine cycle share a common step involving the
MTHER reaction, so regulation of reductase activity is crucial for maintaining reference
Met and SAM concentrations in cells. MTHEFR activity is inhibited by dihydrofolate (DHF)
and its polyglutamate analogues [18]. The human MTHER protein comprises multiple
domains, including an N-terminal catalytic domain, which houses a conserved serine-rich
region, and a C-terminal regulatory domain (Figure 2). The catalytic domain is connected
to the regulatory domain by a linker sequence (“linker region”). The regulatory domain
plays a role in binding to SAM, which subsequently functions as an allosteric inhibitor of
reductase activity [19]. The effect of the inhibition reaction is very slow and can be reversed
by the attachment of SAH, the demethylated form of SAM [20].

Linker region

Catalytic domain Regulatory domain

1

3548

337 363 644 656

Figure 2. Schematic representation of MTHER protein. The numbers given represent amino acids in
human MTHFR.
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The enzyme activity is also affected by multiple phosphorylation of the serine-rich
region [21]. One of the phosphorylation sites is Thr 34. The substitution of threonine to
alanine at position 34 completely blocks phosphorylation, suggesting that Thr 34 serves
as the initiation site for this process. Yamada et al. [20] expressed the mutant Thr34Ala in
baculovirus-infected insect cells infected with baculoviruses and compared its enzymatic
properties with the wild-type enzyme. MTHEFR was treated with alkaline phosphatase,
which removes seven phosphoryl groups from the enzyme. The wild-type exposed to
alkaline phosphatase and the mutant enzyme had higher activity compared to the wild-
type enzyme not treated with phosphatase, and they were also less sensitive to inhibition
by SAM [22]. Phosphorylation probably protects SAM from spontaneous degradation to
SAH and may induce a conformational change in the MTHFR enzyme. Furthermore, SAM
may affect the stability of the linkage to FAD, an essential cofactor of MTHEFR. The presence
of mutations or polymorphisms in the MTHFR gene that affect the function of FAD may
have similar effects [21].

The molecular basis of the enzymatic regulation remained unknown until 2018. The
article by Froese et al. identified the aforementioned “linker region”, which links two
processes: SAM binding to the regulatory domain and inhibition in the catalytic domain
(Figure 2). Moreover, these processes are individually mediated by regions more than
300 amino acids apart [21].

An indicator of the ability of cells to methylate DNA or form compounds requiring
methyl groups is the SAM/SAH ratio. Under conditions of low SAM/SAH ratio (methyl
donor deficiency), MTHFR is activated, leading to an increase in the concentration of active
folate (5-methyl-THF). As a result, the concentration of SAM in the cell increases. A high
SAM/SAH ratio leads to efficient and effective methylation, resulting in SAM-mediated
allosteric inhibition of the enzyme, which reduces the concentration of 5-methyl-THF and
decreases the activity of the methionine cycle, and thus also the production of SAM [21].

Observations of MTHER regulation by phosphorylation were validated in a study by
Zheng et al. [23].They investigated the activity of the DYRK1A /2 and GSK3A /B kinases re-
sponsible for multisite phosphorylation of MTHFR and its physiological significance in cells.
To confirm that the phosphorylated MTHEFR is less active than the non-phosphorylated
form, under physiological SAM concentration conditions (1-3 uM), mutant MTHFR knock-
in lines were created using the CRISPR method (Clustered Regularly Interspaced Short
Palindromic Repeats). The enzyme with a mutation (completely devoid of phosphorylation)
was compared to the original parental cell lines. The parental cell lines showed an increase
in 5-methyl-THF production in response to Hcy treatment, while the knockin cell lines
had high basal levels of 5-methyl-THF and did not respond to Hcy treatment. The results
suggest that multisite phosphorylation of the MTHFR enzyme is associated with SAM
attachment to inhibit MTHFR activity in cells [23].

In summary, the physiological function of multisite phosphorylation is considered to
be as follows: under conditions of high Met concentration, it provides maximum inhibition
of MTHFR by SAM, so that one-carbon units are “spared” for key processes, such as
purine and deoxythymidine monophosphate (dTMP) synthesis. On the contrary, under
low Met concentration conditions, MTHFR is dephosphorylated and becomes more active,
leading to a diversion of more one-carbon units into the Met and SAM synthesis pathway.
Dephosphorylation and activation of MTHFR may also serve as a cellular response to
hyperhomocysteinemia (HHcy), ensuring sufficient concentrations of active folate for the
remethylation of Hcy and the elimination of toxic effects caused by this amino acid [23].

4. Folate, Vitamin B1,, and Homocysteine Metabolism

Vitamin By is an essential exogenous microelement that naturally occurs in the form of
folates. Folates are a family of chemically similar compounds that are key cofactors involved
in the metabolism of one-carbon molecules. Folates include folic acid and its derivatives: 5-
methyltetrahydrofolate (5-methyl-THF), 5-formyltetrahydrofolate (5-formyl-THF or folinic
acid), 10-formyltetrahydrofolate (10-formyl-THEF), 5,10-methylenetetrahydrofolate (5,10-
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methylene-THF), and unsubstituted THF (tetrahydrofolate). The main biologically active
metabolite of ingested folic acid is 5-methyl-THF (5-MTHEF), known as levomepholic acid.
This form is found in plasma at the highest concentration and accounts for >90% of total
folate concentration. Most dietary folate is converted to 5-methyl-THF before entering
the bloodstream [24,25]. The estimated body content of folate is approximately 10 mg to
30 mg, while the normal serum level of total folate is approximately 5 to 15 ng/mL [26].
Inadequate folate levels hinder DNA replication and cell division, detrimentally impacting
rapidly dividing tissues, such as bone marrow, and leading to a decrease in blood cell
production [27].

Folic acid is the synthetic, water-soluble form of vitamin By, also known as pteroyl-
monoglutamic acid. Chemically, it consists of p-aminobenzoic acid, glutamic acid, and
a pteridine base. Folic acid itself cannot function as a coenzyme and must be reduced to
DHEF and then to THF in a two-step enzymatic reaction. Unlike naturally occurring folate,
not all folic acid supplied from fortified food is converted to 5-MTHE. The benefit of folic
acid supplementation is well established in the preconception period for the prevention of
neural tube defects. However, folic acid supplementation may lead to the accumulation of
unmetabolized folic acid (UMFA) in systemic circulation with potential toxic effects [26].
Consuming this synthetic form in excess of 200 pg per meal is suggested to exceed the
dihydrofolate reductase capacity (DHFR) to convert folic acid into THF [28]. In fact, the
metabolic and biological outcomes of the persistence of UMFA in the bloodstream are
currently undetermined.

A defect in folate metabolism involving the presence of the variant C677T, which leads
to reduced MTHEFR activity, is correlated with lowered blood folate levels [29]. Individuals
with severe MTHFR deficiency are characterised by highly impaired production of >-MTHF.
A study by Nishio et al. [30] in a Japanese population aged 20 to 73 years showed that
folate concentrations were significantly lower in those with the TT genotype than in those
with the CC genotype after the same folate supplementation. The researchers suggested
that the folate requirement of TT homozygotes may be 1.4 times higher compared to those
with 677CC/CT genotypes [30]. In addition, an association has been observed between
elevated Hcy levels and reduced levels of folate and vitamin B, among patients with
severe coronary atherosclerosis [31]. The MTHFR C677T polymorphism has also been
shown to alter the composition of folate derivatives in erythrocytes. Patients with the CC
genotype had folate only in the form of 5-methyl-THFE, while in those with the TT genotype,
the concentration of folate in red blood cells also consisted of formylated polyglutamate
THEF. The proportion of formyl-THF in TT homozygotes ranged from 0 to 59% of the total
folate in erythrocytes [32]. These results confirm that the thermolabile form of MTHFR
catalyses the synthesis of 5-MTHEF less efficiently compared to the normal form of the
enzyme. Furthermore, additional polymorphisms that influence folate metabolism include:
MTRR A66G, MTHFR A1298C, MTR A2756G, CBS 844ins68, and GCPII H475Y [33].

Folates enable the transfer of one-carbon groups (including methyl, methylene, or
formyl) in reactions necessary for the synthesis of nucleic acid precursors: purines, pyrim-
idines, and dTMP. They participate in Met, serine, glycine, and histidine metabolism, and
they are essential for the formation of methylating compounds responsible for proper
metabolism and regulation of gene expression [34]. Moreover, folate compounds are crucial
for all cells in the body, as they enable their normal growth, development, and reproduction.

Folate, which is present in foods as a polyglutamate conjugate, undergoes hydrolysis
in the intestinal mucosa to its monoglutamate form, which serves as the transport form
of folate (Figure 1). The active form, as mentioned earlier, is 5-MTHEF, which functions
intracellularly as a methyl group donor in the Hcy remethylation reaction. The conversion
of THF (the reduced form of folic acid) to 5,10-methylene-THF by 10-formyl-THF and
5,10-methenyl-THF is catalysed by the trifunctional enzyme methylene-THF dehydro-
genase (MTHFD), which exhibits the activities of formyl-THF synthase, methenyl-THF
cyclohydrolase, and methenyl-THF dehydrogenase [35]. THF can be directly converted
to 5,10-methylene-THF by the vitamin Bg-dependent enzyme serine hydroxymethyltrans-
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ferase (SHMT), resulting in the formation of glycine and 5,10-methylene-THFE. The latter is
then converted to 5-methyl-THF with the participation of MTHEFR (Figure 1) [36,37]. This
irreversible reaction catalysed by MTHER is crucial in the folate metabolism cycle because
it regulates the bioavailability of 5-methyl-THE, which is required for Met synthesis. Met,
on the other hand, can be metabolised to SAM, which functions as the main methyl group
donor, which is important in the methylation processes of DNA, histones, and other pro-
teins [38]. 10-formyl-THF can act as a carbon donor for purine synthesis. 5,10-Methyl-THF
donates a methylene group in the conversion reaction of dUMP to dTMP. In this reaction,
DHEF is formed, which is then reduced by DHEFR to THF [39].

Vitamin By; is a compound belonging to the cobalamin group, and it is one of the
eight water-soluble B vitamins. It must be supplied through food because the body cannot
synthesise it. Vitamin By absorption occurs in the terminal ileum with the help of an
intrinsic factor. It is stored mainly in the liver, and its reserves last for 5-10 years. Reduced
intake, malabsorption, or a rare, inborn defect in vitamin B, metabolism are the main
causes of deficiency. Vitamin By, is responsible for proper erythropoiesis; it is also involved
in DNA and RNA synthesis and carbohydrate and fat metabolism [40]. Some studies
have found that vitamin B, deficiency is associated with obesity. An example is a study
by Baltaci et al. that examined the relationship between overweight, obesity, insulin
resistance, metabolic syndrome (MetS), and vitamin By, concentrations. Mean vitamin
By concentrations among 976 individuals were significantly lower in overweight and
obese patients compared to normal-weight patients. Furthermore, lower vitamin levels
were shown in MetS patients and patients with insulin resistance, but these results were
not statistically significant. In addition, a negative correlation was observed between
vitamin Bj, levels and BMI [41]. Similar results were obtained in a study that examined
the relationship between vitamin Bj, concentrations and BMI in 116 obese, middle-aged
women. Women with obesity had lower vitamin By, concentrations (244.1 + 131.5 pg/mL)
compared to control patients (336.2 £ 163.1 pg/mL). Therefore, an inverse correlation
has also been observed between vitamin By, levels and BMI [42]. Based on this, it can
be assumed that overweight and obesity are risk factors that contribute to vitamin Bip
deficiency. Therefore, it is recommended that overweight individuals increase their intake
of this vitamin. Vitamin By acts as a cofactor for many enzymes, including MS, which
catalyses the conversion of Hcy to Met. Therefore, its metabolism is closely related to folate
metabolism. A deficiency in vitamin By, just like a deficiency in folate, has been shown to
cause higher levels of Hcy in the body. This is primarily because the conversion process
from Hcy to Met is not carried out effectively [43].

Hcy (2-amino-4-mercaptobutyric acid) is an amino acid formed by the demethyla-
tion of Met, and it contains a thiol group in its structure. For the correct progression of
the metabolic pathways in which this amino acid participates (remethylation and trans-
sulphuration), the presence of cofactors is necessary. These cofactors include B vitamins,
such as folic acid (vitamin By), vitamin B, vitamin By, and vitamin Bq,. The reference range
for the Hey concentration is 5-15 pmol/L [44,45]. Excessively high plasma concentrations
of Hcy, known as HHcy, lead to platelet activation and aggregation, hypercoagulability
(activation of clotting factors V and VII), oxidative stress, vascular endothelial dysfunction,
and the formation of atherosclerotic lesions. Hcy is considered an independent risk factor
for arteriosclerosis [46—48].

Endothelial dysfunction is defined as an impairment in the vascular endothelium,
which plays a critical role in maintaining homeostasis, including regulation of normal
smooth muscle relaxation. The exact pathomechanism through which Hcy causes damage
to endothelial cells is not fully understood. One hypothesis suggests that HHcy leads to in-
creased oxidative stress in the vascular system [49]. The toxic effects of this amino acid may
arise from the production of free radicals, which occurs when Hcy undergoes autooxidation
to form Hcy disulfide or when it forms mixed disulphides with other thiols. The tissue
factor (TF) is the main and primary initiator of the coagulation cascade. It is synthesised by
monocytes, platelets, and endothelial cells in response to inflammatory factors, and it is
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a contributing factor to venous thrombosis. Hcy at physiological concentrations induces
tissue factor expression in monocytes, which, in turn, exhibit dose- and time-dependent
procoagulant activity in response to Hcy, even at Hcy concentrations of 10 pmol/L [50].

Hcy affects the cellular oxidative balance. The effect of Hcy on the activity of antioxi-
dant enzymes in the cell appears to be dependent on the duration of exposure to elevated
levels of Hcy, as well as the type of tissue exposed. In the case of the central nervous system
(CNS), chronic HHcy (250 mg/kg body weight for 60 days) in mice was associated with
increased activity of the cytosolic form of superoxide dismutase (Cu/ZnSOD) and catalase
in the nucleus of the caudate shell and black nucleus. Similar results were obtained in
a rat model, in which chronic HHcy (0.03 pmol/g body weight, twice daily for 30 days)
increased superoxide dismutase (SOD) activity in the amygdala, catalase in the prefrontal
cortex, and glutathione peroxidase (GPX) in both structures [51]. However, there were no
significant changes in mitochondrial superoxide dismutase (MnSOD, SOD2) activity in the
prefrontal cortex or hippocampus of rats treated with Hcy (0.03 umol/g body weight, twice
daily for 30 days) [51].

In the context of the cardiovascular system, there are apparent effects regarding
the antioxidant activity of cells. Elevated oxidative stress in the vascular system has an
inhibitory impact on two crucial antioxidant enzymes, glutathione peroxidase (GPX-1)
and SOD. Hcy decreases the expression and activity of GPX-1. A study showed that
Hcy-treated aortic endothelial cells had reduced GPX-1 activity (up to 81% at 250 mM of
Hcy) [47]. Extracellular superoxide dismutase (EC-SOD) functions as a major “scavenger”
of free radicals in the extracellular space. Human fibroblast production of EC-SOD was
significantly inhibited at high concentrations of Hcy (1 mM), which was not observed at
low concentrations (10 and 100 uM). No morphological changes or cytotoxic effects of Hcy
were observed in human aortic endothelial cells or bovine aortic endothelium after 24 h
of incubation in solutions with different concentrations of Hcy (0; 0.01; 0.1 and 1 mM).
However, it was shown that Hcy-treated endothelial cells lost their ability to bind to EC-
SOD, resulting in a loss of the protective capacity of the endothelium against oxidative
stress [52]. A study showed an 88% decrease in MnSOD activity in rat myocardiocytes
after a three-week supply of Hcy (0.3 mmol Hcy /g body weight in the first week; 0.4 mmol
Hcy/g body weight in the second week; 0.6 mmol Hecy/g body weight in the third week)
compared to the control group [53]. Similarly, after Hcy treatment of rat myocardiocyte
cultures (30 umol/L Hcy for 60 min), a significant decrease in catalase and SOD activity
was observed. However, at the same time, GPX activity increased significantly [54]. The
time-dependent effect of Hcy on GPX production was supported by a study involving both
an in vivo rat model of HHcy (1.8 g/L of DL-Hcy for 4 weeks) and an in vitro model using
a cell line of HUVECs (200 uM Hcy for 8h). Although cells in culture subjected to acute
exposure to Hcy showed a statistically significant increase in GPX expression, mice with
chronic HHcy were characterised by lower expression of the enzyme [55]. This indicates a
time-dependent effect of HHcy on cells.

Navneet et al. [56] showed that the effect of HHcy on antioxidant enzyme expression
is dependent on the Keapl-Nrf2 pathway. In an in vitro model, they used Miiller glial
cells derived from the retina. Acute exposure to homocysteine (50 uM-1 mM for 24 h)
led to activation of the Nrf2 pathway (with a peak expression of Nrf2 3 h after Hcy
administration), increased expression of genes encoding antioxidant enzymes, including
NQO1, CAT, SOD2, HMOX]1, and GPX1, and a concomitant decrease in ROS and alleviation
of oxidative stress [56]. Miiller cells are the main glial cells in the retina, and they act as
a support and protection for adjacent neurones. Importantly, a study showed that the
different cells comprising the retina respond differently to excess Hcy—retinal ganglion
cells in isolation show marked sensitivity and reduced viability, while glial cells in isolation
show a strong antioxidant response combined with sustained viability over a wide range
of Hcy concentrations [56].

Furthermore, using mouse Miiller glial cells bearing Nrf2~/~ mutations, it was shown
that Hcy affects the activation of antioxidant enzyme expression through the Keap1-Nrf2
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pathway. Under physiological conditions, Keap1l (Kelch-like ECH-associated protein 1)
binds to Nrf2 (Nuclear factor erythroid related factor 2) and promotes its degradation,
which maintains low Nrf2 activity. However, when the Keap1 protein undergoes oxidative
modification, this can trigger the release of Nrf2 from Keap1, consequently activating the
Nrf2-Keap1l pathway. Hcy is one of the factors that can affect the oxidative modification of
the Keap1 protein. Nrf2 in its free state is translocated to the nucleus, where it influences the
expression of more than 500 genes related to antioxidant protection or cytoprotection [56].
Miiller glial cells of mice carrying mutations in the Nrf2 gene were characterised by reduced
viability and increased markers of oxidative stress compared to the wild type [56].

Sulphur-containing amino acids, such as Hcy, can undergo spontaneous processes
that lead to the generation of free radicals. It is possible that the Hcy molecule is a source of
intracellular superoxide anion (O%~). However, the inhibitory effect of Hey on endothelial
smooth muscle relaxation is probably due to increased O?~ production by endothelial
cells [57]. To evaluate the effect that Hcy has on endothelium-dependent and independent
vascular smooth muscle relaxation, Derek et al. used rabbit aortas. In addition, they
assessed O?~ production by cultured porcine aortic endothelial cells. They also measured
SOD activity in cell lysate from aortic tissue. Hcy was observed to significantly affect
the concentration- and time-dependent inhibition of endothelium-dependent relaxation
in response to acetylcholine and the calcium ionophore A23187. Incubation of porcine
aortic endothelial cells with Hcy also caused a significant time-dependent increase in
the concentration of O?>~ released by these cells. Changes in O?~ concentrations were
associated with a time-dependent increase in SOD activity in endothelial cells, which
became significant after 72 h. Increased SOD activity may be considered a protective
mechanism against oxidative stress in response to increased O>~ production after exposure
to Hcy. Furthermore, the increase in O?~ in endothelial cells was completely inhibited by
simultaneous incubation with Tiron (10 mmol/L), vitamin C (10 mmol/L), or vitamin E
(10 mmol/L). However, the source of O%>~ is unknown, as many cellular processes generate
(ol (including xanthine oxidase, NADH and NADPH oxidases, eicosanoid metabolism,
and respiratory chain enzymes) [58]. Current data on the effects of HHcy on antioxidant
protection are controversial. It has been suggested that there are different mechanisms that
depend on variables, such as Hcy concentration or duration of the HHcy state, according
to which Hcy affects the Keap1-Nrf2 pathway, thus leading to activation, or inhibition, of
enzymes involved in protection against ROS. It is suggested that at least during the early
stages of HHcy, Nrf2 factor-related antioxidant protection is activated.

In the blood, where oxidative conditions prevail, Hcy, due to the increased reactivity
of the thiol group, assumes oxidised states, accounting for approximately 98%, and at
the same time may participate in a series of disulfide exchange reactions with various
available thiol or disulphide compounds predominantly. Within this oxidised fraction,
about 75% forms complexes with proteins (Hcy-SS-PROT), primarily with albumin. The
remaining fraction is represented by nonprotein-binding disulfides, which include Hcy,
homocysteine—cysteine disulphide, and lesser amounts of other mixed disulfides, such
as homocysteine—cysteinylglycine disulfide (described as Hcy-SS-R) [59]. Only a small
percentage, approximately 1-2%, adopts the reduced form, which is characterised by a free
thiol group (Hcy-SH) [60] (Figure 3).

Depending on the plasma concentration of Hcy, HHcy can be divided into moderate,
intermediate, and severe forms. In the most severe form (concentrations above 100 umol/L),
there is a significant increase in the risk of thromboembolic complications, which contribute
to increased mortality. According to the American Hospital Association (AHA), the normal
range of Hcy concentrations is between 5 and 15 umol/L. However, some sources consider
concentrations above 12 umol/L to be elevated. In 2006, the American Stroke Association
and the American Society of Hypertension adopted Hcy concentrations above 10 umol/L
as criteria for HHcy [61]. Intermediate HHcy occurs when its plasma concentration is in
the range of 30-100 pmol /L. Severe HHcy is a condition in which the Hcy concentration
exceeds 100 pmol/L, primarily due to an inborn disorder in Hcy metabolism resulting
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in the development of homocystinuria. Homocystinuria, first described by Mudd et al.,
is associated with skeletal muscle weakness, seizures, and abnormal encephalographic
recordings. Biochemical studies have observed normal Met levels, normal CBS activity in
fibroblasts, and decreased MTHER activity [11].

Blood
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Figure 3. Forms of homocysteine (Hcy) with a special focus on blood oxidation. PROT-SH, Plasma
protein containing thiol, mainly albumin; R-SH, Hcy, Cys, glutathione, glutamylcysteine, cysteinyl-
glycine; PROT-SS-Hcy, Protein-bound Hcy; R, thiol or disulphide group, R-SS-Hcy, free, oxidised
Hcy; HS-Hcy, free, reduced Hcy.

The NATPOL study shows that in Poland, HHcy occurs in 17% of adults. However, in
people over 59 years of age with a high risk of ischemic stroke (IS), the prevalence of HHcy
exceeds 29% [62]. Numerous genetic and environmental factors cause HHcy. Among the
leading factors, we distinguish CBS deficiency, MTHFR deficiency, and vitamin By, folic
acid, or vitamin B¢ deficiency. Numerous studies have been published demonstrating the
correlation between plasma Hcy concentrations and IHD or venous thromboembolism.
According to Seo et al. [63], every 5 uM/L increase in Hcy concentration increases the risk
of CVD by 50% and also increases total cholesterol levels by 20 mg/dL. The occasionally
inconclusive results can be attributed to a variety of factors that influence the concentration
of this amino acid, including diet habits, genetic conditions, and the racial composition of
the studied population.

Several mechanisms are known to underlie the basis for CVD development. In re-
sponse to increased plasma Hcy concentrations, there may be vascular endothelial dysfunc-
tion, reduced expression of thrombomodulin and activated protein C [64], a decrease in the
presence of anticoagulant heparans [65], and a decrease in tissue plasminogen activator
receptors on the surface of vascular endothelial cells [66].

Homocysteine affects the functioning of blood vessels as well as the viability of nerve
cells [67]. This may be especially pertinent in cases of concurrent type 2 diabetes mellitus
(T2DM) and atherosclerosis or coronary artery disease. The occurrence of elevated levels of
Hcy in individuals with T2DM is associated with a greater incidence of macroangiopathy
and nephropathy [68].

Elevated Hcy levels result in various detrimental effects on both vascular and immune
cells. These effects are mainly triggered by the generation of reactive oxygen species
(ROS) and encompass endothelial damage, platelet activation, smooth muscle cells, LDL
oxidation, and the facilitation of interactions between endothelial cells and monocytes.
Additionally, similar to interleukin-6 (IL-6) or high glucose concentrations, Hcy induces
the formation of neutrophil extracellular traps (NETs). This suggests that Hcy may impact
immune function by promoting NETosis and disrupting platelet and neutrophils, thus
potentially increasing the risk of thromboembolic complications, especially in patients with
T2DM [69]. Hcy undergoes oxidation to disulphides (R-SS-Hcy) under aerobic conditions
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and at physiological pH [70]. In addition, a small fraction of Hcy is converted by aminoacyl-
tRINA synthetase to a cyclic form, homocysteine thiolactone (HCTL) [71]. Hcy can modify
proteins by binding to thiol groups in a process named S-homocysteinylation. Hcy may
also form permanent amide bonds in reactions between the activated carbonyl group
of HCTL and the e-amino group of lysine residues (N-homocysteinylation). HCTL is
unstable and can be hydrolysed back to Hcy. Under physiological pH conditions, 1 mM
of HCTL hydrolyses to ~0.71 mM of Hcy within 24 h. Incubation of 1 mM of HCTL with
albumin demonstrates that the S homocysteinylation reaction predominates over the N
homocysteinylation reaction of albumin [72].

Albumin has a single cysteine residue at position 34 (Cys 34). In the circulation, the
majority of Cys 34 (>65%) is present in the reduced free form (albumin-Cys34-SH), while
one third of albumin-Cys34 is bound to cystine (albumin-Cys34-55-Cys) and approximately
2% is bound to Hcy (Figure 3). In the circulation, free cysteine (Cys-SH) undergoes oxida-
tion to form cystine (Cys-S-5-Cys) in a process mediated by ceruloplasmin (Figure 4). The
superoxide radical readily reacts with Cu?*, which serves as a cofactor for ceruloplasmin.
This reaction leads to the generation of HyO, and consequently alters the oxidation reduc-
tion potential of the cell [73]. Albumin plays an important role in the oxidation of Hcy. The
albumin thiolate anion (Alb-Cys34-S-) is the form secreted into the blood by the liver. It re-
acts with cystine (Cys-5-5-Cys). Hcy then binds to the Cys 34 and forms albumin’s thiolate
anion and a mixed Hcy—cysteine disulphide. In the second step, the albumin thiolate anion
reacts primarily with the mixed Hcy—cysteine disulphide, resulting in a product in which
Hcy is mainly bound to albumin (Alb-Cys34-S-S-Hcy) (Figure 4) [74]. In albumin-deficient
plasma, we observed a reduction in the conversion of Hcy to its disulphide form, indicating
the paramount role of albumin availability in these reactions [72]. Studies have shown
that homocysteinylated albumin induces an inflammatory response, increases monocyte
adhesion to endothelial cells [75], and may contribute to cell apoptosis [76].
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Figure 4. Formation of homocysteine (Hcy) and albumin-bound Hcy in circulation. 1—Transport of
free reduced homocysteine (Hcy-SH) from cells to the circulation. 2—Hepatic secretion of albumin
thiolate anion (Alb-Cys34-57) into the circulation. 3—Auto-oxidation of free reduced cysteine
(Cys-SH) to cystine (Cys-S-S-Cys) by ceruloplasmin. 4—Reaction of the albumin thiolate anion
(Alb-Cys34-57) with cystine (Cys-S-S-Cys) to form the Alb-Cys34-S-S-Cys and cysteine thiolate anion.
5—Reaction of free reduced homocysteine (Hcy-SH) with cysteine-bound albumin (Alb-Cys34-S-S-
Cys) to form mixed homocysteine—cysteine disulphide (Hcy-S-5-Cys) and albumin thiolate anion
(Alb-Cys34-S7) 6—Reaction of albumin thiolate anion with Hcy-S-5-Cys and with homocystine
(Hcy-S-S-Hcey). 7—Auto-oxidation of Hcy to homocystine (Hcy-S-S-Hcy) through reaction with
copper-His3 of albumin; O,*~, superoxide anion; *, free radicals form.
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Endothelial cells produce nitric oxide (NO) in a reaction catalysed by endothelial nitric
oxide synthase (eNOS). NO has a vasodilatory effect on blood vessels, helps to maintain
vascular wall tension, and inhibits platelet aggregation and proliferation of the vascular
smooth muscle [77,78]. In the endothelium, folates serve as donors of methyl groups, as
well as donors of hydrogen and electrons necessary for the reduction of dihydrobiopterin
(BH,) to tetrahydrobiopterin (BHy). BHy is a cofactor of eNOS. The probable reason for
the uncoupling of eNOS, which is marked by a mismatch between eNOS levels and NO
production, is a decreased concentration of BHy. Under normal conditions, two BHy
molecules bind to each eNOS subunit, thereby facilitating electron transfer for the oxidation
of L-arginine. When BH, concentrations decrease, eNOS generates ROS that intensify
oxidative stress. At the same time, NO reacts with the superoxide ion (O?7) to form the
peroxynitrite ion (ONOO™), consequently reducing the availability of NO. Therefore, the
presence of BHy is crucial for proper endothelial function [79]. However, the mechanisms
through which HHcy reduces the bioavailability of endothelial NO are multifactorial.
Asymmetric dimethylarginine (ADMA), an endogenous inhibitor of eNOS, may play a
pivotal role in this process. Hcy can increase ADMA concentrations by inhibiting the
activity of dimethylaminohydrolase (DDAH), which is responsible for decomposition
of ADMA. Hcy exerts its inhibitory effect on DDAH either directly by reacting with its
cysteine components or indirectly by inducing oxidative stress, which leads to the oxidative
inactivation of DDAH. Furthermore, Hcy can raise ADMA levels by inducing endoplasmic
reticulum (ER) stress and apoptosis, resulting in increased proteolysis of proteins containing
methylarginine residues. The accumulation of ADMA in vascular endothelial cells inhibits
eNOS, leading to decreased NO production. Elevated concentrations of ADMA also affect
NO inactivation by uncoupling eNOS and increasing the superoxide anion radical of NO
(Figure 5) [80]. Additionally, Hcy can reduce NO bioavailability by affecting the function of
antioxidant enzymes, such as SOD, catalase, and GPX [81].
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Figure 5. Processes leading to endothelial dysfunction induced by homocysteine and asymmetric
dimethylarginine (ADMA). O,*~, superoxide anion; OONO™, peroxynitrite anion.
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Normal endothelial cells modulate the effect of Hcy on NO concentration by generating
S-nitrosothiols. In this reaction, highly reactive nitrosyl ion NO™ is attached to -SH groups,
resulting in the formation of a nitrosothiol group (SNO) [82].

In vitro studies conducted on endothelial cells isolated from the bovine aorta indicate
that prolonged exposure (>3 h) to Hcy results in a compromised response to endothelium-
derived relaxing factor (EDRF). On the contrary, a brief (15 min) exposure stimulates
EDREF secretion, resulting in the production of S-NO-Hcy, a potent antiplatelet agent and
vasodilator. In contrast to Hcy, S-NO-Hcy does not stimulate the production of H,O, and
does not undergo transformation into HCTL, which is considered a toxic substance to
the endothelium. These results imply that a properly functioning endothelium controls
the potential harmful effects of Hcy through the release of EDRF and the formation of
S-NO-Hcy. The adverse vascular effects of Hcy may result from a vascular inability to
maintain nitrosothiol formation due to an ongoing imbalance between NO production and
Hcy levels. This leads to progressive endothelial dysfunction [83].

5. MTHFR Gene Variants with Hyperhomocysteinemia and Cardiovascular Diseases

Elevated Hcy levels are considered an independent risk factor for the development of
CVD, which encompasses CAD, ML, IS, hypertension, and thrombosis [84,85].

HHcy may result from a deficiency in essential dietary components, such as vitamin
Bg, B1z, and folate. These vitamins act as donors of methyl groups in the remethylation
reaction. Additionally, HHcy can be genetically determined. The MTHFR gene, which
encodes the pivotal enzyme in folate processing, exhibits various common or rare single
nucleotide polymorphisms (SNPs) that can impact the activity of the MTHFR enzyme. In
particular, among these variants, rs1801133 (C677T) and rs1801131 (A1298C) are commonly
identified and associated with reduced MTHEFR activity.

In individuals carrying the C677T variant, enzyme activity decreased to approximately
67% and 25% for those with one copy (heterozygous) and two copies (homozygous) of the
T allele (MTHFR C677T polymorphism), respectively. Regarding the variant A1298C, those
with one copy and two copies of the allele show enzyme activity levels of approximately
83% and 61%, respectively, compared to individuals with the wild-type variant [86]. Fur-
thermore, individuals with the 677TT genotype show an increased thermolability of the
MTHER enzyme and elevated plasma Hcy concentrations [6].

Folate deficiency significantly contributes to the manifestation of HHcy in individ-
uals with the 677T allele. Research has shown that in individuals with lower plasma
folate concentrations (<15.4 nmol/L), those with the homozygous mutant genotype had
total fasting Hcy levels 24% higher than those with the 677CC genotype. However,
there were no significant differences between genotypes among individuals with fo-
late levels > 15.4 nmol /L [85].

A report from the AHA (American Heart Association) reveals that CVD is the leading
cause of death worldwide [87]. CVD includes various conditions, such as MI. Two meta-
analyses have investigated the association between the C677T polymorphism and an
increased risk of MI. The first meta-analysis, conducted in 2011, summarised the results
of 30 studies involving a total of 8140 patients and 10,522 controls. The MTHFR C677T
polymorphism was found to influence the risk of MI in young or middle-aged Caucasians
(under 50 years of age). Individuals with the TT genotype had a higher risk of MI than
heterozygotes with the CT genotype (OR = 1.275). However, no similar correlation was
observed in older people or among Asians or African Americans [88].

Another meta-analysis conducted in 2016 by Li et al. [§9] included 44 studies, which
collected data from a total of 9693 cases and 12,554 controls of both Caucasian and Asian
races. This analysis found no association between the C677T polymorphism and the risk of
MI in the entire group or in subgroups that considered ethnicity and gender [89].

The main risk factors for CAD include dyslipidaemia, T2DM, obesity, smoking, diet,
gender, and genetic variation [90]. In recent years, there has been a growing interest in
studying the role of genetic variation in the development of CAD. The influence of the
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C677T polymorphism on the pathogenesis of this condition has also been analysed. In
a meta-analysis among the Chinese population, which included 33 studies (6130 study
patients and 6163 controls), it was found that the C677T polymorphism was associated
with a higher risk of CAD (TT vs. CC: OR = 1.88) [91].

In addition, the groups were stratified by geographic location. Interestingly, the C677T
polymorphism posed a higher risk factor for CAD in patients from northern China (TT vs.
CC: OR =1.92) compared to southern China (TT vs. CC: OR = 1.69) [91]. This difference is
likely attributed to dietary folic acid deficiency, which is more prevalent among northern
Chinese residents. These disparities were already demonstrated in a large population study
in 2001 involving 2422 Chinese patients 35-64 years of age. Among them, approximately
40% of the people in the northern regions and only 6% of the people in the southern regions
had plasma folate concentrations less than 6.8 nmol/L. Similarly, folate concentrations in
red blood cells lower than 363 nmol/L were observed in approximately 30% of northerners
and only 4% of southerners [92]. This suggests that insufficient dietary folic acid intake
and impaired MTHEFR activity may be significant risk factors for the development of CVD.

Cardiovascular disease also includes coronary heart disease (CHD). CHD is charac-
terised by an imbalance between myocardial oxygen demand and supply, which results in
hypoxia and heart failure. In 2002, an extensive cross-population meta-analysis involving
22 studies in the European population, 10 studies in the North American population, and
8 studies from Japan, Australia, Israel, and Turkey included a total of 11,162 patients with
coronary heart disease. Individuals with the 677TT genotype had a 16% increased risk of
developing CHD compared to CC homozygotes. Individuals with TT and CT genotypes,
from both the study and the control groups, had higher plasma Hcy concentrations and
lower folate concentrations compared to those with the CC genotype. This supports the
hypothesis that impaired folate metabolism leading to high Hcy concentrations plays a
crucial role in the pathophysiology of CHD. Upon geographic analysis, it was also observed
that the 677TT genotype was closely associated with an increased risk of developing CHD
in Europeans (OR = 1.14), while this association was not observed in the North American
population (OR = 0.87). The increased risk of CHD in 677TT homozygotes was dependent
on the presence of low serum folic acid levels. The difference between the European and
American populations can be attributed to the enrichment of foods with folic acid in North
America. Therefore, folic acid deficiency was not observed in North America, so the effect
of the C677T MTHFR polymorphism did not influence the risk of developing CHD [93].

In the Copenhagen City Heart Study, MTHFR genotyping was performed in 9238
individuals from the Danish population. However, no association was found between
the 677TT genotype and an increased risk of IHD and venous thromboembolism, even
after considering 12 risk factors for their development. These factors included gender,
age, total cholesterol, high-density lipoprotein (HDL) fraction cholesterol, triglycerides,
fibrinogen, lipoprotein(a), factor V Leiden genotype, and also BMI, smoking, diabetes, and
hypertension [94].

The synergistic effect of the MTHFR C677T polymorphism and environmental factors
on the risk of hypertension was analysed among 708 Chinese Han patients with a mean
age of 46 years. The frequency of the 677T allele in the hypertensive group was 60.77%,
which was higher compared to patients with normal blood pressure (53.76%). Patients
with CT and TT genotypes had a higher risk of hypertension (OR = 1.52). Incorporating
both genotype and overweight/obesity into the analysis was associated with a signifi-
cant increase in the risk of hypertension (OR = 3.90). Patients with the TT genotype who
were overweight or obese exhibited elevated levels of total cholesterol and triglycerides,
as well as reduced levels of HDL cholesterol. The interaction between C677T polymor-
phism, overweight/obesity, and dyslipidaemia may play a key role in the increased risk of
hypertension [95].

In China, there are approximately 2.5 million new stroke cases per year, with over one
million individuals experiencing stroke-related complications [96]. Epidemiological studies
have also indicated an association between the MTHFR polymorphism and an increased
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risk of IS. In the Hakka population of southern China, the presence of the T allele was
shown to be an independent risk factor for developing IS. The study included 1967 patients
with IS and 2565 controls. A positive correlation was also observed in the dominant model,
indicating that individuals with both the TT genotype and the CT genotype were more
susceptible to developing IS compared to CC homozygotes. It is worth mentioning that
there are certain limitations to that study, including the lack of information on folic acid
supplementation, the absence of serum folic acid level assessments in patients, and the
exclusive focus on a single genetic polymorphism [97].

In Poland, a study was conducted on the association of the C677T polymorphism with
the risk of IS. The frequency of the TT genotype was significantly higher in the study group
(n = 152) than in the control group (n = 135) (11.8% vs. 4.4%). In both men and women,
the possession of the TT genotype was associated with an IS risk greater than two-fold
(OR =2.14) [97].

Different results were presented in an analysis by Q.-Q. Lv. et al. [98] in 2014, where
the effect of the C677T and A1298C variants of the MTHFR gene on the incidence of
IS was evaluated in the eastern Chinese population of 199 patients (study group) and
241 controls. Interestingly, the C variant of the A1298C polymorphism was observed more
frequently in IS patients (60.1%) compared to the control group (47.7%), suggesting a strong
association of the C allele with IS. CC homozygotes and AC heterozygotes of the A1298C
polymorphism had a significantly higher risk of developing IS (OR = 2.55). Unlike previous
analyses, no association was observed between the C677T polymorphism and IS in the
study population [98].

However, studies on the effect of MTHFR genotypes on cardiovascular disease (CVD)
risk often produce conflicting results. Discrepancies can be attributed to the multifactorial
aetiology of CVD, small study group sizes, ethnic differences in the populations studied,
and lack of consideration of the consumption of essential compounds within the MTHFR
metabolic pathway, such as folic acid or vitamin Bj,. The interactions between environmen-
tal and genetic factors, including different variants of MTHFR, are important in explaining
this variability.

Due to the complex and multifactorial nature of CVD, ongoing research is essential to
assess the significance of interactions between modifiable and nonmodifiable risk factors.
Among the unmodifiable risk factors, we can distinguish genetic predisposition, race,
gender, and ageing. Within the modifiable factors, we can differentiate clinical, environ-
mental, behavioural, and psychosocial elements [99]. Modifiable factors, such as T2DM,
hypertension, smoking, obesity, or air pollution, are generally considered more influential
than genetic factors. In the context of genetic factors, the presence of gene-gene interactions
should be taken into account, as well as the existence of other polymorphisms, such as
the NOS3 G894T, the ACE I/D polymorphism, or the A1166C polymorphism of the type 1
receptor for the angiotensin II gene.

Furthermore, the association between the C677T polymorphism of the MTHFER gene
and CVD may be influenced by the presence of concomitant HHcy, which is acknowledged
as a significant and independent risk factor for CVD. Unfortunately, there is no clear indica-
tion of the direction of these relationships. The example is a study involving 63 Brazilian
patients aged 46 to 68 who received coronary angiography. The patients were classified
according to the severity of atherosclerosis, including those without atherosclerosis, those
with mild/moderate atherosclerosis, and those with acute atherosclerosis. Significant differ-
ences in Hey concentrations in the group with acute atherosclerosis compared to the control
group (17.0 & 7.4 umol/L vs. 10.6 £ 3.9 umol/L) were observed. However, no correlation
was found between the presence of the C677T variant and HHcy [100]. Deficiencies in
folates have adverse effects on the one-carbon cycle, thus leading to the accumulation of
Hcy and an imbalance between different form of folates, which might be a stronger risk
factor than the presence of an unfavourable variant of C677T polymorphism.
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6. The Association of Variants of the MTHFR Gene with Obesity and Accompanying
Disorders of Lipid and Carbohydrate Metabolism

Obesity is a chronic disease characterised by an increase in body weight due to an
excess accumulation of body fat. According to the World Health Organisation (WHO), obe-
sity is characterised by a body mass index (BMI) equal to or exceeding 30 kg/m?. Currently,
obesity is one of the most pressing global health issues, with increasing prevalence reaching
epidemic proportions in both economically developed and developing countries. Since
1975, obesity has nearly tripled, and in 2016, there were more than 650 million obese adults
worldwide, comprising 13% of the global population. The World Obesity Federation esti-
mates that by 2025, a quarter of the world’s population will suffer from obesity. Particularly
alarming are the data indicating an increase in average BMI and the prevalence of obesity
among children and adolescents aged 5-19 in most countries. In 2016, approximately 6% of
girls and 8% of boys were estimated to be classified as obese.

The prevalence of obesity in the United States has consistently remained higher than
in other countries. The age-adjusted prevalence of obesity in adults was 42.4%, while the
age-adjusted prevalence of severe obesity (BMI < 40) in adults was 9.2% in 2017-2018. The
overall prevalence of obesity was similar among men and women, but the prevalence of
severe obesity was higher among women (11.5% vs. 6.9%). Furthermore, adults aged 40 to
59 years had the highest prevalence of severe obesity (11.5%) [101].

Obesity is a complex disease. In addition to environmental factors, such as a high-
energy diet and low physical activity, there is a significant genetic influence. The high
variability between individuals in response to environmental factors indicates a genetic
predisposition to excessive fat accumulation [102]. Currently, the genetic basis of obesity
and obesity-related diseases is an area of interest for numerous research centres. Under-
standing the genetic basis of obesity is considered a crucial factor that will contribute to
enhancing the effectiveness of preventive and therapeutic measures.

Genes associated with obesity development include the MTHFR gene. The 677T allele
has been associated with an increased risk of overweight and obesity, as well as associated
diseases, which include dyslipidaemia or insulin resistance. Unfortunately, the results of
studies are frequently inconclusive.

One of the larger studies that focused on the relationship between obesity and C677T
polymorphism came from three large, population-based cohorts: the British Women's Heart
and Health Study (BWHHS), The Avon Longitudinal Study of Parents and Children, and
the Copenhagen City Heart Study, with a total of 24,210 patients. A positive association
between the TT genotype and obesity (BMI > 30 kg/m?) was found only in patients with
BWHHS [103].

Similarly, no statistically significant differences were found in the prevalence of the
MTHEFR C677T polymorphism between obese and non-obese individuals in 1712 individ-
uals of Polish origin [104], in a young population in Mexico [105], or in a population of
Brazilian patients [106]. Regarding the first of the mentioned studies, a correlation was
established between excessive body weight, the TT genotype of the MTHFR gene, and
reduced folate levels. The study also demonstrated the influence of radical weight loss on
folate concentrations. In individuals with obesity and the TT genotype, serum folate levels
were markedly lower (6.6 £ 2.9 ng/mL) compared to those with the CT (8.0 & 3.7 ng/mL)
and CC (8.2 & 3.7 ng/mL) genotypes.

The complications resulting from overweight and obesity depend essentially on the dis-
tribution of body fat and the severity of the condition. Obesity underlies many chronic dis-
eases, such as T2DM, CVD, hypertension, obstructive sleep apnoea, and cancer. It also leads
to the development of insulin resistance and abnormal glucose and lipid metabolism [107],
as well as the secretion of numerous pro-inflammatory cytokines [108] and procoagulant
factors [109]. As mentioned above, the association between the MTHFR 677C>T poly-
morphism and overweight/obesity, as well as lipid profiles, glucose levels, and waist
circumference, was studied in a young Mexican population of 316 individuals (172 nor-
mal weight, 74 overweight, and 70 obese patients). No differences were observed in the
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distribution of genotypes between normal-weight and overweight or obese individuals.
Furthermore, after dividing the study group by gender, it was surprising that the TT geno-
type appeared to have a protective effect against the development of obesity in the male
study group, while women with the TT genotype had a smaller waist circumference [105].

The gold standard for body composition testing is the Dual-energy X-ray absorp-
tiometry (DXA) study. The DXA and anthropometric studies were carried out in 56 obese
Italians who followed a low-calorie Mediterranean diet for 12 weeks. The aim was to assess
whether the C677T polymorphism has an influence on achieving greater weight loss during
weight loss therapy in patients and whether the genotype can contribute to maintaining
the effects of this therapy over a longer period. The frequency of the T allele in the study
group was 19.6%, and the genotype frequencies of the CC, CT, and TT individuals were
69.6% (n = 39), 21.4% (n = 12), and 8.9% (n =5), respectively. Before the dietary intervention,
people carrying the T allele exhibited significantly higher body weight, BMI, and waist,
abdominal, and hip circumference, as well as a higher waist/hip ratio and greater total
body fat mass. The genotype analysis revealed an association between C677T polymor-
phism and body composition variables both before and after the 12-week intervention
involving the Mediterranean diet. Following the diet, there was a difference in the ratio
of total lean body mass (LBM), which mainly comprises muscle mass, to total fat mass
between the different genotypes. This indicated that carriers of the T allele primarily lost
muscle mass. For these individuals, it is important to pay special attention to their dietary
protein intake, as it can play a vital role in both enhancing and maintaining lean body
mass. The authors suggest that personalising dietary interventions based on the MTHFR
genotype could be considered. The MTHFR gene is highly expressed in skeletal muscle
because muscle formation is associated with the simultaneous production of Hey in relation
to creatine/creatinine synthesis. The gender—genotype interaction observed in men is likely
due to their greater muscle mass [110,111].

It is well known that a higher birth weight is associated with a higher BMI in child-
hood and later life, although the relationship is more intricate. Higher birth weight is
associated with higher fat-free mass in later life than with higher body fat mass. Frelut
et al. [112] investigated whether there was a correlation between C677T polymorphism,
birth weight, and the risk of developing CVD in 113 morbidly obese French adolescents
(BMI = 39.1 & 6.4 kg/m?) at the age of 14.4 + 1.5 years. The birth weight was lower in
those with the TT (2.95 & 0.48 kg) compared to those with the CC (3.34 £ 0.43 kg) and
CT (3.38 £ 0.50 kg) genotypes. This pattern persisted throughout the first year of life. At
2 years of age, children with the TT genotype achieved BMIs similar to those with other
genotypes. In this group, the onset of obesity was preceded by an early growth phase and
rapid weight gain. Furthermore, the basal mean insulin was significantly higher in TT
homozygotes (30.5 £ 21.6 UI/mL) than in individuals with CC (18.5 & 9.8 Ul/mL) or CT
(19.0 + 10.2 UI/mL). The median fasting insulin concentrations and HOMA IR were 58%
and 64% higher, respectively, in TT patients compared to individuals with CC or CT. This
suggests that the C677T polymorphism is related to early growth and the development of
insulin resistance in morbidly obese individuals, with the T allele being the responsible
factor [112].

The results of that experiment are confirmed by an analysis by Ong KK. He showed
that low birth weight and subsequent rapid weight gain are factors that lead to childhood
obesity and, later, to insulin resistance. This may be due to the fact that lower birth weight
is associated with a later higher ratio of fat mass to fat-free mass and more abdominal
adipose tissue [113].

The aforementioned reports demonstrate the significant role of the MTHFR gene poly-
morphism in lipid metabolism and its effects on BMI. Obesity represents a substantial risk
factor for the emergence of CVD, as it leads to the earlier onset of CVD events and a shorter
average lifespan compared to people of normal weight [114]. The potential involvement
of the C677T variant in the pathogenesis of CVD, including CHD, is primarily associated
with increased Hcy levels in most studies. HHcy and subsequent hypomethionemia are
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independent risk factors for endothelial damage through the excessive proliferation of
smooth muscle cells, H,O, production, as well as protein and lipid oxidation [115]. High
intake of saturated fatty acids (SFAs) was detected to be associated with high plasma Hcy
concentrations. To explain this, a study involving 5917 individuals from the Norwegian
population divided into two age groups (47-49 and 71-74 years) was conducted using
food frequency questionnaires and measurements of plasma total homocysteine (tHcy)
concentrations. The increased intake of SFAs is correlated with higher concentrations of
tHcy in plasma. The difference in plasma tHcy between the extreme quartiles of SFA intake
was 8.8%. However, a diet rich in long-chain omega-3 fatty acids appeared to reduce Hcy
concentrations only with high B vitamin supplementation [116].

Among the Turkish population, there was an association between the C677T polymor-
phism and BMI in patients with CHD, including 82 with diabetes and 112 without diabetes.
In one study, it was revealed that among diabetic patients with CHD, the frequency of
obesity was found to be higher in the CC genotype (27.84 + 4.24) than among those carrying
the T allele (27.84 4= 4.24 in CC, 24.09 4 3.38 in TT). Typically, lipids tend to exert a positive
influence on BMI. However, examination of the correlation between BMI and MTHFR
genotypes according to sex revealed that in diabetic women, the wild-type genotype (CC)
elevated BMI independently of lipids (p = 0.009). However, this association was not evident
in males. Furthermore, insulin resistance seems to elevate Hcy levels. Consequently, the
observed influence of the MTHFR polymorphism on BMI in patients with diabetes and
CHD might be attributed to elevated insulin levels. Furthermore, other genetic variations
within the MTHEFR gene, such as A1298C, could have exerted an additional influence [117].

Obesity is an important risk factor for type 2 diabetes mellitus (T2DM). Women
with a BMI of 30 kg/m? have a 28 times higher risk of developing T2DM compared to
women of normal weight. Furthermore, a BMI of 35 kg/m? increases the risk of T2DM by
93 times [118]. The interactions between the prevalence of overweight and obesity, variants
of the MTHFR gene, and the risk of developing T2DM are not fully understood. Studies
have revealed that HHcy can induce insulin resistance in adipose tissue by inducing ER
stress through activation of c-Jun N-terminal kinase (JNK) [119]. Hyperactivation of JNK
leads to serine phosphorylation in IRS-1 (insulin receptor substrate-1) and inhibition of
insulin receptor signaling [120]. A study conducted on rat adipocytes and mice with HHcy
showed that HHcy impairs glucose transport, particularly the insulin signaling pathway.
This impairment occurs through the reduction of insulin-stimulated tyrosine phosphoryla-
tion of the insulin receptor and IRS-1, an increase in serine phosphorylation of IRS-1, and,
hence, inhibition of Akt phosphorylation. These impairments were accompanied by an
increase in resistin expression [121]. Resistin, an adipokine produced by mature adipocytes
and macrophages, serves as a key mediator of insulin resistance and is closely related to
the generation of pro-inflammatory cytokines by adipocytes via the ROS-PKC-NF-«kB
pathway [121]. Furthermore, resistin is associated with the inflammatory environment due
to its primary secretion by monocytes and its correlation with IL-6 levels [122].

The relationship between the C677T polymorphism and insulin resistance was investi-
gated among 132 patients who had been diagnosed with insulin resistance. Measurements
of blood pressure, BMI, and waist and hip circumference were made, and fasting blood
glucose, insulin levels, and lipid parameters were also tested. The frequency of CT and TT
genotypes was significantly higher in patients with insulin resistance compared to controls
(OR =1.68). The C677T allele was also associated with obesity, hypertriglyceridemia, and
low levels of HDL fraction cholesterol [123].

Nurses are particularly susceptible to developing insulin resistance due to the adverse
effects of shift work, which disrupts the regulation of the biological clock. The biological
clock is an internal oscillator comprising biochemical processes occurring in the body’s cells
and tissues regulated by gene products independently of changes in the external environ-
ment. A meta-analysis conducted in 2023 demonstrated that shift work, characterised by
disrupted sleep-wake rhythms and disrupted eating patterns, has altered the functioning
of the biological clock. This, in turn, results in changes in metabolic parameters, such as
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glucose, insulin, and cholesterol levels [124]. Physiologically, the body exhibits diurnal
variability in glucose tolerance and insulin resistance. Glucose tolerance is greatest in the
morning, while insulin resistance is greatest in the evening. Thus, the disrupted meal
intake pattern often observed in shift workers is a risk factor for the development of insulin
resistance and T2DM [124]. The association between MTHFR 677C>T polymorphism and
insulin resistance was studied among 273 nurses aged 22-57 years working in five hospitals
at the Tehran University of Medical Sciences. The frequency of genotypes was CC—9.2%,
CT—51.6%, and TT—35.2%. An association was observed between the polymorphisms
studied and the HOMA-IR index and serum insulin levels. Nurses with variant T had a
significantly higher HOMA-IR index compared to CC homozygotes (p = 0.03). Participants
carrying the TT genotype (9.65 £ 4.00 pU/mL) exhibited significantly lower insulin levels
compared to participants with the CT genotype (14.12 & 15.34 pU/mL). The effect of taking
folic acid and vitamin Bj; on HOMA-IR was also investigated. This index was shown to be
lower in women taking supplements regardless of their genotype [125].

The association of MTHFR C677T and MTRR A66G polymorphisms with the develop-
ment of T2DM was studied among a Chinese Han population, including 180 patients with
T2DM and 350 healthy controls. It was investigated that the MTHFR C677T (OR =1.78 in
the homozygous codominant genetic model) and MTRR A66G (OR = 1.43 in the dominant
genetic model) were associated with a higher risk of T2DM [126]. The distributions of
the C677T variants were also compared among 682 Iranian patients with different lev-
els of obesity. The patients were divided into four groups: normal weight, obese, with
T2DM and obese, and with T2DM. Individuals with the TT genotype exhibited signifi-
cantly elevated plasma Hcy levels (34.6 & 26.5 umol/L) compared to those with the CC
genotype (15.1 £ 8 umol/L) or the CT genotype (16.4 £ 7.8 pmol/L). However, unlike
previous studies, there were no significant differences in genotype frequencies among the
groups [46].

Metabolic syndrome (MetS) is a complex disorder that involves the presence of obesity
and two of the three following criteria: high blood pressure, impaired glucose metabolism,
and elevated non-high-density lipoprotein (non-HDL) cholesterol level (atherogenic dys-
lipidaemia) [127]. The presence of these metabolic abnormalities increases the risk of
developing atherosclerotic cardiovascular disease and T2DM. Researchers do not agree
on the clear aetiology of MetS. Insulin resistance and central obesity are regarded as the
primary causes. Genetic predispositions are also an important risk factor [128].

In the Asian population, 158 patients with T2DM (118 with MetS and 40 without
MetS) and 55 healthy individuals were analysed. Serum insulin, folic acid, and vitamin
B, concentrations were assessed through radioimmunoassay, while hs-CRP concentra-
tions were measured through turbidimetric assay. Individuals with the TT genotype
had significantly higher concentrations of triglycerides (2.46 4 2.04 mmol/L—TT geno-
type, 2.63 = 1.75 mmol/L—CT genotype, 1.74 £ 1.07 mmol/L—CC genotype) and CRP
(3.17 £ 1. 82 mg/L—CC genotype, 4.43 £ 3.09 mg/L—CT genotype, 5.54 + 425 mg/L—
TT genotype) and a higher HOMA-IR index (1.95 £ 1.24 CC genotype, 2.69 £ 0.88 CT
genotype, 3.73 = 0.84 TT genotype) compared to CC homozygotes and CT heterozygotes.
Serum vitamin By levels in individuals with the TT genotype (388.42 + 213.20 pg/mL)
were lower than in patients with the CC genotype (599.73 £ 265.99 pg/mL) or the CT
genotype (498.25 £ 235.66 pg/mL). The interaction between adverse variants of the MTHFR
gene and increased CRP levels and decreased vitamin By, levels may explain the increased
predisposition of these patients to developing insulin resistance [129].

A group of 58 people with psychotic disorders taking neuroleptics for 12 months
was subjected to assessments of MetS, insulin resistance, and MTHFR C677T and A1298C
polymorphisms. Among individuals carrying the 677T allele, 53% met the MetS criteria,
whereas those with the CC genotype had a lower percentage of 23% (OR = 3.7). Patients with
the T allele had a risk nearly four times higher, despite similar exposure to antipsychotic
drugs. Both waist circumference and the TT genotype showed significant correlations with
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insulin resistance, indicating that these individuals are at increased risk of developing
insulin resistance [130].

Comparable findings were achieved at Renmin Hospital of Wuhan University, where
a study involved 651 people diagnosed with MetS and 727 healthy individuals. People
with the TT genotype of the MTHFR gene were shown to have a higher risk of developing
MetS (p = 1.59) compared to homozygotes of CC. TT homozygotes suffering from MetS had
higher blood pressure values (138/86 mmHg vs. 130/77 mmHg), fasting glucose levels
(6.02 vs. 5.40 mmol/L), and triglyceride levels (2.38 vs. 1.89 mmol/L) than the CC genotype.
Patients with MetS and the TT genotype were characterised by higher abdominal obesity,
dyslipidaemia, insulin resistance (HOMA-IR index in TT patients—3.44, CC—1.81), and
HHcy (15.62 vs. 10.55 pmol/L) compared to the CC genotype [131].

Menopause is associated with decreased glucose tolerance, altered fat distribution,
endothelial dysfunction, or abnormal plasma lipid levels. Oestrogen deficiency can also
lead to reduced insulin secretion by the pancreas [132]. Therefore, in postmenopausal
women, an excess of androgens may contribute to the development of insulin resistance
regardless of obesity [133]. It may also be associated with elevated Hcy concentrations, as
numerous studies indicate a connection between the metabolism of this amino acid and
insulin resistance.

In an analysis conducted at the Menopause Clinic of the University of Athens, 84 healthy
women aged 49 to 69 years were studied who had been in menopause for at least one
year. The study revealed an association between the MTHFR polymorphism and central
obesity, as well as increased androgenicity in these patients. The 677T allele (Ala222Val)
was positively correlated with testosterone concentrations, FAI (free androgen index),
and FEI (free oestrogen index). Furthermore, women with the 677T allele had a higher
BMI (p = 0.027) and WHR (waist-hip ratio; p = 0.044) compared to women with the CC
genotype [134].

The results indicating a relationship between polymorphisms in the MTHFR and
MTR genes and overweight/obesity are still controversial. Researchers investigated the
association of these polymorphisms in the Han population and conducted a meta-analysis
involving 5431 study patients and 24,896 control patients. No significant association was
found between the MTHFR C677T and MTRR A66G polymorphisms and overweight or
obesity [135].

Metabolic disorders also include autosomal dominant-inherited familial hypercholes-
terolemia. To examine the relationship between MTHFR gene polymorphisms and familial
hypercholesterolemia, a study was conducted involving 125 Caucasian citizens. The dis-
tribution of genotypes was as follows: CC—34%, CT—44%, and TT—22%. There was a
negative correlation between Hcy levels and HDL fraction cholesterol levels. Furthermore,
individuals with HHcy and the TT genotype had significantly reduced HDL fraction choles-
terol levels (TT—1.14 £+ 0.26 mmol/L; CT—1.33 + 0.39 mmol/L; CC—1.39 + 0.34 mmol/L)
regardless of age, BMI, sex, mutation of the LDLR gene (low-density lipoprotein receptor),
or vitamin By, and folic acid levels [136].

Reduced NO bioavailability is associated with obesity, as well as impaired NO-
dependent endothelial relaxation. Therefore, antioxidant medications, such as statins,
which reduce Hcy levels in individuals with hyperlipidaemia, can potentially lead to im-
provements in endothelial dysfunction through NO mechanisms and increased endothelin-1
expression [137]. The impact of simvastatin treatment (drug of a statin group) on Hcy
and nitrite levels (as a biomarker of NO bioavailability) and the influence of the 677C>T
polymorphism on the modification of treatment effects were examined. Twenty-five women
with BMI>30 kg/m? were administered a daily dose of 20 mg of simvastatin for six weeks.
Women with obesity with the T variant of the MTHFR gene were hypothesised to show
a greater reduction in Hcy levels after simvastatin treatment, and this effect may lead to
increased NO synthesis. Simvastatin treatment significantly reduced total cholesterol, LDL
fraction cholesterol, and Hcy concentrations and also increased nitrite concentration (up to
60.9%). Although simvastatin reduced Hcy levels in both groups (CC and T carriers), the
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extent of the decrease in Hcy levels was more pronounced in individuals with the T allele
(from 9.4 £ 2.9 to 7.5 £ 1.0 umol/L) compared to patients with the CC genotype (from
7.6 £1.91t0 6.8 = 1.5 pmol/L). However, the Hcy concentrations were comparable between
both groups after treatment. Similarly, prior to the intervention, nitrite concentrations were
markedly elevated in individuals who had the CC genotype when contrasted with those
who carried the T allele. However, after treatment, these levels did not show significant
differences between the groups. Obese women without comorbidities carrying the T variant
of the C677T polymorphism were shown to experience better benefits from simvastatin
treatment, particularly in terms of increased levels of NO [138].

The link between obesity and the C677T polymorphism may also be due to impaired
folic acid metabolism and its reduced bioavailability in patients with the TT genotype [6].
This hypothesis is supported by a National Health and Nutrition Examination Survey
(NHANES 1III; 1988-1994) that shows an association between low folic acid concentrations
and high BMI in women of childbearing age. For every 10 kg/m? increase in BMI, there
was a 15.6% decrease in plasma folic acid concentration [139]. However, the NHANES
2007-2010 do not show a correlation between BMI and erythrocyte folate concentrations
(indicator of body folate stores) [140].

The disruption in folate metabolism influenced by the presence of MTHFR polymor-
phisms is associated with an interruption in lipoprotein metabolism [141]. Therefore,
researchers have begun searching for explanations of obesity in the context of impaired
folate metabolism. Terruzzi et al. [141] in 2007 examined the association of multiple poly-
morphisms: MTHFR C677T and A1298C, MTR A2756G, MTRR A66G, BHMT G742A, and
CBS 68-bp ins. Polymorphic variants were determined in 54 subjects with a normal BMI
(22.4 + 1.8 kg/m?) and in 82 obese patients (BMI 34.1 + 7.1 kg/m?). Hcy, folic acid, and
vitamins Bg and By, did not show significant variance. However, leptin concentration exhib-
ited a significant increase (p = 0.005) in the obese patients in contrast to the control group. A
significant association was detected between genotypes AC of the MTHFR gene (OR = 2.5),
AG of the MTR gene (OR = 3.0), and AG of the MTRR gene and the development of obesity.
Furthermore, the risk remained remarkably higher for combined genotypes. However,
a similar correlation was not observed for the C677T polymorphism. The researchers
suggest that metabolism of Hcy is impaired in obese patients due to disrupted enzymatic
activity of MTHFR, MTR, and MTRR, which are responsible for providing donors of the
methyl group. This suggests that these polymorphisms serve as genetic risk factors for the
development of obesity [142]. The interplay between studied polymorphisms and lipid
profiles can be influenced by nutrition. Healthy diets possess the capacity to positively
impact lipid profiles, thus offering effective solutions for managing dyslipidaemia and
targeting biochemical pathways. This has the potential to alleviate the impact of genetic
variability on lipid metabolism in individuals.

7. Polymorphism of MTHFR and Its Relationship with Hyperhomocysteinemia,
Oxidative Stress, and Lipoprotein Modification

The C677T polymorphism of the MTHFR gene results in a 50-60% reduction in enzyme
activity [143]. This polymorphism is associated with increased oxidative stress, which
presents as an imbalance between pro-oxidant and antioxidant processes. This imbalance
plays an important role in the pathogenesis of many diseases and is a major contributor
to endothelial dysfunction [144]. To restore homeostasis and prevent endothelial damage
caused by ROS accumulation, cells intensively carry out the detoxification process, which
consumes significant amounts of glutathione (GSH), an important antioxidant. However,
in the presence of the GSH 677TT genotype, the depletion is higher. This is because under
conditions of high Hcy levels, this amino acid undergoes autooxidation, thus disrupting
the trans-sulphuration pathway responsible for the crucial synthesis of GSH [144]. This
results in an increase in cellular damage. With advancing age, the accumulation of toxins
and the increasing damage from oxidative stress contribute to the development of a wide
range of diseases and accelerate the ageing process.
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Oxidative stress marker concentrations and MTHFR genotype analysis were per-
formed in a group of 66 Egyptian beta-thalassemia patients aged 8 to 26 years. Among
patients with the TT genotype, a significant reduction in HDL cholesterol levels and the
HDL/LDL ratio was observed compared to patients with the CC genotype (p < 0.05).
Additionally, plasma levels of oxLDL (oxidised low-density lipoprotein) levels were found
to be significantly higher in patients with TT and CT genotypes than in those with the CC
genotype (p < 0.05). Plasma concentrations of MDA (malondialdehyde) were significantly
higher in TT patients, and concentrations of NOx (total nitric oxide) and TAC (total antioxi-
dant capacity) were significantly reduced compared to the CC genotype (p < 0.05). These
data highlight the possible involvement of the C677T polymorphism in influencing the de-
velopment of pro-oxidant diseases in individuals with TT homozygosity. This observation
aligns with the results of previous research studies [145,146].

In the context of obesity, irregular lipid metabolism can cause health issues, such as
hypertension, hyperlipidaemia, and diabetes. Furthermore, this disrupted lipid metabolism
plays a role in the production of reactive oxygen and nitrogen species (RONS), which
encompass superoxide radicals, hydrogen peroxide (H,O,), hydroxyl radicals, and nitric
oxide radicals. The primary origins of intracellular reactive oxygen species (ROS) include
mitochondria and NADPH oxidases, while additional contributors encompass eNOS
uncoupled, cytochrome P450, xanthine oxidase (XO), the endoplasmic reticulum (ER),
peroxidases, and cyclooxygenases. The interaction between these ROS sources can intensify
oxidative stress, thus leading to cellular impairment and dysfunction [147]. According to
the hypothesis of “kindling radicals”, the primary production of RONS triggers secondary
damage, such as eNOS uncoupling. In this process, electrons “leak” from the transport
chain and are transported to molecular oxygen, resulting in the formation of a peroxynitrite
ion instead of nitric oxide [148].

Oxidative stress is closely related to cancer, CVD, and neurodegenerative disorders,
including Alzheimer’s disease. HyO; is classified as an ROS, and it is found in high
concentrations in the brain. It appears that neurones have a stress sensor/regulator. PKCy
(protein kinase C isoform v) has a zinc finger domain. The oxidation of cysteine, which
enters this domain, triggers the activation of PKC. The activated kinase is then translocated
to the cell membrane and phosphorylates the gap junction proteins. This process is crucial
for disassembling gap junction plaques during oxidative stress. Inhibition of gap junctions
in response to oxidative stress could provide a temporary “stress-protective” effect to cells
by preventing the transmission of apoptotic signals to neighbouring cells through open
gap junctions [149]. The presence of PKC in brain tissues appears to prevent brain ischemia
and is a target of ischemic preconditioning [149]. This is especially important in post-stroke
patients. Stroke, which encompasses both acute IS and intracerebral haemorrhage, leads
to the demise of neuronal cells and the release of elements, such as damage-associated
molecular patterns (DAMPs), which trigger localised inflammation in the affected area
of the brain. Global cerebral inflammation can permanently shape the pathophysiology
of post-stroke brain damage and promote a decrease in global brain functions, such as
cognitive function [150].

Inflammatory cells, such as neutrophils, granulocytes, and macrophages, as well as T
cells and dendritic cells that possess NADPH oxidase activity, are capable of generating
RONS or at least activating phagocytic cells, thus resulting in an “oxidative burst” in
the bloodstream [151]. Hcy also demonstrates pro-oxidant properties, as research has
indicated that both Hcy and HCTL elevated ROS levels in human ARPE-19 cells (human
retinal pigment epithelial cells). ARPE-19 cells were treated with prooxidants, including
50 pug/mL of oxLDL, 500 uM of Hcy, 500 nM of HCTL, 100 ng/mL of AGE (advanced
glycation end products), and 200 uM of H,O,. The levels of pro-inflammatory cytokines
(IL-6, IL-8) were measured because elevated oxidative stress can induce an inflammatory
response. HCTL-treated cells were shown to exhibit the highest release of IL-6. The tested
metabolites activated the NF-«kB pathway, leading to pro-apoptotic changes in ARPE-19
cells [152]. Furthermore, a study conducted by Barathi et al. revealed that both Hcy and



Int. J. Mol. Sci. 2024, 25,193

22 of 31

HCTL are responsible for the accumulation of MDA in vascular endothelial cells, thus
serving as an indicator of oxidative stress [153]. Hcy disrupts the metabolism by cyclising
to form HCTL, which leads to homocysteinylation of proteins, including LDL. According to
research, incubation of LDL with 100 umol/L of HCTL for 2 h leads to homocysteinylation
of approximately 10% of lysyl residues in apoB-100 [154]. Thiolated LDL is taken up by
macrophages and HCTL is released from homocysteinylated LDL within the wall of the
blood vessel. This process promotes endothelial membrane injury, oxidation of cholesterol
and unsaturated lipids, platelet aggregation, deposition of sulphated glycosaminoglycans,
fibrosis, and calcification of atherosclerotic plaques [155].

HCTL levels were measured in patients with MTHER deficiency and CBS deficiency.
Plasma HCTL levels in individuals with TT genotypes (11.8 + 8.8 nM) of the MTHFR
gene were significantly higher compared to heterozygous CT individuals (0.5 £ 0.29 nM)
or wild-type (CC genotype) individuals (0.2 & 0.14 nM). [156]. High concentrations of
Hcy also promote the modification of LDL particles by inducing their oxidation. Ele-
vated levels of ox-LDL are associated with an increased risk of atherosclerosis, making
these modified lipoproteins indicators of this disease [64]. A study involving 115 Brazil-
ian adolescents (10-19 years) who had an elevated risk of CVD demonstrated that the
presence of the T allele in the MTHFR gene results in increased levels of oxLDL levels
(CT+TT—9.9 £20.5U/L, CC—3.9 £ 4.5 U/L). Adolescents with the T allele also showed
a tendency to have a larger waist circumference compared to those with the wild-type
allele. HDL concentrations were also found to be significantly lower in adolescents who
had Hcy concentrations in the higher tertile compared to those in the lower tertile [157].
This is possibly related to the suppression of gene transcription for apolipoprotein A-1, the
main protein component of HDL [158], and decreased HDL production in the liver [159].
Microarrays and RT-PCR analysis revealed reduced mRNA biosynthesis for ApoA-I and
ApoA-1IV and increased mRNA for cholesterol 7 x-hydroxylase (rate-limiting enzyme in
cholesterol conversion to bile acids) in the liver of Mthfr*/~ mice compared with Mthfr*/*
mice. Mthfr*/~ mice exhibited a decrease in Mthfr enzyme activity of 52% (in the liver)
and 62% (in plasma) of the concentration found in mice with the wild-type genotype [158].
Furthermore, a negative correlation was observed between ApoA-I and plasma Hcy con-
centrations, as well as between HDL cholesterol levels and plasma Hcy concentrations
in men with coronary heart disease [158]. Studies of HepG2 cells treated with Hcy at
5mmol/L revealed reduced levels of peroxisome proliferator activated receptor (PPAR)
o and ApoA-I protein and decreased ApoA-I promoter activity. Furthermore, the study
revealed an increased expression of both phosphorylated and nonphosphorylated forms
of MTHEFR after transfecting HepG2 cells with PPAR. This suggests that PPAR may be
involved in the regulation of ApoA-I and possibly even the MTHFR enzyme itself [158].

8. Epigenetic Modifications and the C677T Polymorphism of the MTHFR Gene

The proper functioning of enzymes in folate metabolism is essential for the synthesis of
methyl group donors, which are responsible for establishing the correct DNA methylation
pattern. Reduced methylation at specific DNA sites is associated with activation of the
transcription process, whereas increased methylation is associated with the inhibition of
transcription. Hence, polymorphic gene variants encoding Hcy/methyl cycle enzymes can
influence gene expression by altering DNA methylation [160]. Therefore, the connection
between inadequate folic acid intake and overweight/obesity may derive from epigenetic
regulation of gene expression. Dietary habits, such as the intake of dietary folic acid, which
is crucial for providing methyl groups necessary for DNA methylation processes, also
have a substantial impact. It has been observed that reducing the intake of folic acid in
humans leads to a decrease in genomic DNA methylation. The research comprised an
analysis of leukocytes obtained from the peripheral blood of healthy, postmenopausal
women. During a 7-week period, the individuals had a diet that was moderately low in
folate (118 pg/d). Following this period, they underwent 7 weeks of folate repletion (two
groups receiving either 200 ug or 415 ug of folate daily). Incorporation of [*H]methyl
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groups increased significantly (p = 0.0025) in response to folate depletion, suggesting
undermethylation of DNA. Furthermore, the reduced rate of DNA methylation observed at
week 7 was associated with decreased serum folate levels and significantly higher plasma
total homocysteine (tHcy) concentrations compared to initial measurements [161]. This
research offers proof that insufficient folate intake leads to a decrease in the methylation of
leukocyte DNA and suggests that the DNA methylation status could function as a marker
of folate levels.

Methylation also plays a crucial role in regulating the balance of concentrations of
SAM, SAH, choline, phosphatidylcholine (PC), and phosphatidylethanolamine (PE). The
methylation of PE is the primary process that consumes SAM, and when this process is
impaired, it leads to an increase in the SAM/SAH ratio and disrupts the overall methylation
capacity of the cell, ultimately causing an excess of histone methylation. The methylation
of PE for PC synthesis in the liver is of great significance because PC is crucial for liver
secretion of lipoproteins and bile [162].

The consumption of saturated fatty acids leads to an increased synthesis of PC from
PE through the action of phosphatidylethanolamine methyltransferase (PEMT), which can
result in elevated Hcy concentrations. PEMT consumes three molecules of SAM, resulting
in an equal number of SAH molecules, which are subsequently converted to Hcy by SAH
hydrolase. SAH has a high affinity for the catalytic centre of most SAM-dependent methyl-
transferases [163] and is a potential inhibitor of enzymes involved in transmethylation
processes, including MTHFR. Therefore, consistent hydrolysis of SAH to Hcy and adeno-
sine is essential to support the proper methylation of DNA, RNA, proteins, phospholipids,
histones, and neurotransmitters. In addition, elevated SAH concentrations in plasma and
lymphocytes have been linked to increased DNA hypomethylation in lymphocytes [164].
The functional outcomes resulting from reduced cellular methylation are considerable and
encompass various effects. These include the onset of nerve demyelination in the CNS,
decreased synthesis of neurotransmitters, decreased macrophage capacity for chemotaxis
and phagocytosis, and changes in cell membrane fluidity.

A study focused on investigating how the C677T polymorphism in the MTHFR gene
directly affects DNA methylation. The researchers assessed genomic DNA methylation in a
group of 19 patients; of these patients, 9 had the CC genotype, and 10 were TT homozygotes.
They used an enzymatic assay that measures the capacity of DNA to accept methyl groups
in vitro. DNA with less methylation in vivo has a greater ability to accept radioactively
labelled methyl groups in vitro. Patients with the TT genotype showed a greater methy-
lation capacity (12,615 £ 1836 dpm/2 microg of DNA) compared to CC homozygotes
(7843 £ 1043 dpm/2 microg of DNA; p < 0.05). This means that DNA from individuals
with the TT genotype is hypomethylated compared to DNA from individuals with the wild
type. Folic acid concentration in erythrocytes was also noted to be correlated with DNA
methylation capacity in patients with the TT genotype [165]. Global DNA hypomethylation
is also relevant in certain conditions, such as hypertension. A study investigating the
influence of the C677T polymorphism on global methylation was carried out in a cohort
of 218 hypertensive patients and 263 control subjects. Only cases without medication
had significantly lower global DNA methylation levels compared to controls (p = 0.05).
In cases, regardless of treatment, there was a substantial disparity of 5 mC% among the
three genotypes (CC, CT, and TT), while no such difference was observed in the control
group. Specifically, cases not on medication with the TT genotype exhibited significantly
reduced methylation levels compared to the TT genotype within the control group and the
treated cases (p < 0.01). Global DNA hypomethylation induced by hypertension can result
in various metabolic disadvantages, particularly in relation to cardiovascular health, due
to the genome’s instability. However, pharmaceutical interventions can help alleviate or
reverse this condition [166].
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9. Conclusions and Future Perspectives

Elevated levels of homocysteine, known as hyperhomocysteinemia, have emerged
as a significant risk factor for various cardiovascular and metabolic diseases. The C677T
polymorphism of the MTHER gene, associated with increased Hcy levels in the blood, may
have an impact on the risk of civilisation diseases. For individuals identified as carriers of
this polymorphism, adjusting diet and lifestyle factors is crucial to reduce the overall risk of
pathological states. Numerous studies suggest that polymorphisms in the MTHFR gene, es-
pecially the C677T variant, are linked to a higher risk of developing cardiovascular disease,
hypertension, diabetes, overweight, and obesity. However, this impact is not consistent and
is contingent on several factors, such as ethnic background, dietary habits, or the existence
of other gene variations involved in homocysteine metabolism and methylation processes.
However, more research should be conducted with larger cohorts in diverse geographic
regions and ethnic groups to comprehensively establish the relationship between this gene
and the risk of diseases.
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