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Abstract: Vitamin deficiency is well known to contribute to disease development in both humans and
other animals. Nonetheless, truly understanding the role of vitamins in human biology requires more
than identifying their deficiencies. Discerning the mechanisms by which vitamins participate in health
is necessary to assess risk factors, diagnostics, and treatment options for deficiency in a clinical setting.
For researchers, the absence of a vitamin may be used as a tool to understand the importance of the
metabolic pathways in which it participates. This review aims to explore the current understanding
of the complex relationship between the methyl donating vitamins folate and cobalamin (B12), the
universal methyl donor S-adenosyl-L-methionine (SAM), and inflammatory processes in human
disease. First, it outlines the process of single-carbon metabolism in the generation of first methionine
and subsequently SAM. Following this, established relationships between folate, B12, and SAM in
varying bodily tissues are discussed, with special attention given to their effects on gut inflammation.
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1. Introduction

The methionine cycle plays a crucial role not merely in the regulation of the essential
methionine but also in the generation of S-adenosyl methionine (SAM), a ubiquitous cofac-
tor necessary for methyltransferase reactions. Folate (vitamin B9) and cobalamin (vitamin
B12) are cofactors necessary for successful methionine regeneration from homocysteine,
a vascular risk factor, and for maintaining an abundant level of intracellular SAM. Defi-
ciency in SAM or its precursors leads to dysregulation of crucial methylation and cellular
dysfunction. In this review, we discuss the metabolic pathways responsible for generating
methionine and SAM, and the consequences of SAM deficiency in gastrointestinal tissue.
We also discuss the effects of folate and B12 deficiency in correlation with SAM depletion
in clinical studies, animal models, and cell culture systems. The observations collated
in this review highlight the complex role of methionine and SAM in human physiology
and disease.

2. Folate, B12, and the Methionine Cycle
2.1. Folate and B12

Folate, also known as vitamin B9, is a crucial vitamin in humans isolated from spinach
in 1941. The name folate was derived from the Latin word for leaf, folium [1]. Folate
supplementation soon showed similar effects as yeast and liver extracts in the prevention
of megalocytic anemia [2]. Leafy vegetables and citrus fruits are high in natural folates,
and the synthetic form of folate, folic acid, has been mandated as a grain supplement
by the US Food and Drug Administration since 1998 [1,3,4]. Probiotic intestinal bacteria
also have been known to synthesize folate and secrete it into the environment [5]. In
mouse models, this phenomenon has been shown to alleviate colitis [6]. Deficiency of
folate leads to impaired red blood cell generation, resulting in macrocytic anemia; during
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pregnancy, increased folate consumption is required to avoid neural tube defects in the
fetus [7,8]. Polymorphisms in genes related to folate metabolism such as MTHFR and
MTHFD (encoding methylenetetrahydrofolate reductase and dehydrogenase, respectively)
have been correlated with complications and spontaneous abortion during pregnancy,
though sometimes only when there are compound mutations [9,10]. For some patients, a
varied diet is insufficient to avoid folate deficiency: chronic malabsorption or improper
folate storage can be caused by alcoholism, inflammatory bowel disease, celiac disease,
and tropical sprue [11–15]. Folate comprises a pteridine ring, para-aminobenzoic acid,
and at least one glutamic acid (Glu) residue. Glu residue count is highly variable, and the
synthetic vitamin folic acid contains only one [16,17]. In the case of polyglutamic folates,
the additional Glu residues are removed by the intestinal mucosa prior to release into
circulation [18].

Both natural folates and synthetic folic acid undergo similar metabolic processing
before their function as a coenzyme is realized—they are first absorbed by the upper small
intestine by a carrier protein in the epithelium [19]. Absorbed folates are converted to
dihydrofolate (DHF) and tetrahydrofolate (THF) by the enzyme dihydrofolate reductase
(DHFR) [20]. Upon conversion to THF, folate can participate as a cofactor in single-carbon
metabolism. THF serves as a transient carrier of methyl groups via a two-enzyme pro-
cess. Serine hydroxymethyltrasferase (SHMT) catalyzes the conversion of THF and ser-
ine to glycine and 5,10-methylenetetrehydrofolate, using vitamin B6 as a cofactor [21].
Methylenetetrahydrofolate reductase (MTHFR) then converts the latter product into L-5-
methyltetrahydrofolate [22]. However, this is not the only method of processing folate;
5,10-methylenetetrahydrofolate can be used by thymidylate synthase (TS) to convert de-
oxyuridine monophosphate (dU) to deoxythymidine monophosphate (dT), yielding DHF
in the process as reviewed by Wilson and Mertes [23]. In addition to this metabolic product,
formyltetrahydrofolate synthetase (FTHFS) fuses a free formic acid with THF to generate
10-formyltetrahydrofolate, an essential precursor in purine biosynthesis [24,25]. Alterna-
tively, 5,10-methylenetetrahydrofolate can be processed via methylenetetrahydrofolate
dehydrogenase (MTHFD) to generate the same metabolite [26]. For this review, the term
‘folate’ will refer to folates before their metabolism into a coenzyme (as they exist both nat-
urally and synthetically in the diet) and their coenzyme forms. A schematic representation
of folate metabolism is shown in Figure 1.

Vitamin B12 consists of a corrin ring with a central cobalt molecule; attached to the
cobalt atom from above is a variable ligand distinguishing bioactive and dietary forms of
the vitamin, while below is a ribose-3-phosphate-dimethylbenzimidazole ligand [27–29].
Some species in the human intestinal microbiota have been found to synthesize B12, though
it is not believed that gut bacteria serve as a significant source of B12 in humans [30].
Like folate, it requires biochemical modification before it can participate in metabolism.
Human biochemistry makes use of adenosylcobalamin and methylcobalamin, which are
generated from dietary hydroxocobalamin and cyanocobalamin. Unlike folate, only two
reactions in normal metabolism require vitamin B12 as a cofactor—the conversion of
methylmalonyl-CoA to succinyl-CoA in the mitochondrion and the conversion of homo-
cysteine to methionine in the cytoplasm. A more thorough review has been conducted
by Allen and colleagues [31]. Despite this limited biochemical utility, B12 is essential, and
deficiency results in pernicious anemia due to impaired red blood cell development [32].
This effect is sometimes masked by folate’s beneficial effect on erythropoiesis and can lead
to misdiagnosis—a dangerous situation, as prolonged B12 deficiency also has deleterious
effects on myelination and nervous system development [33–35]. Infants are particularly
susceptible to neurological degeneration from B12 deficiency, and failure to restore normal
levels can result in severe damage [36–38].
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Figure 1. Outline of folate metabolism. Enzymatic processing of dietary folate to metabolically
active cofactors and subsequent participation in single-carbon metabolism (A). Molecular structure of
dihydrofolate DHF and tetrahydrofolate (B) as well as B12 (C). CHO: free formaldehyde or a formyl
group. CH2: methylene group. CH3: methyl group. Met: methionine. Hcy: homocysteine. Ser:
serine. Gly: glycine.
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The metabolism of cobalamin, known as vitamin B12, is thoroughly intertwined with
folate. B12 intestinal uptake is mediated by intrinsic factor (IF), a protein secreted by
parietal cells in the stomach [39]. The IF-B12 complex is then taken up by the cubam
receptor in the terminal ileum and transported through circulation via haptocorrin or
transcobalamin protein carriers [40,41]. The metabolism of cobalamin, known as vitamin
B12, is thoroughly intertwined with folate. Intrinsic factor (IF), a protein secreted by
parietal cells in the stomach, mediates B12 intestinal uptake [39]. The IF-B12 complex
is then taken up by the cubam receptor in the terminal ileum, released into serum by
MRP1, and transported through circulation via haptocorrin or transcobalamin protein
carriers [40–42]. Most cobalamin in serum is bound to haptocorrin; however, most cells
cannot absorb the haptocorrin-B12 complex [43]. Instead, the ubiquitously expressed
transcobalamin receptor (TCblR) mediates uptake of the transcobalamin-B12 complex into
the cell via endocytosis [44,45]. Upon lysosomal degradation, the receptor is destroyed,
and B12 is released; the proteins ABCD4 and LMBD1 are necessary for translocation across
the lysosomal membrane [46,47]. MMACHC, also called CblC, receives the translocated
B12 and catalyzes the removal of alkyl or cyanide ligands [48,49]. It coordinates with
MMADHC, alternatively named CblD, an enzyme that facilitates cob(II)alamin oxidation to
aquocobalamin [50]. The CblC/CblD complex interacts with methionine synthase (MS) and
methionine synthase reductase (MSR) to ensure efficient cofactor delivery to its associated
enzyme [51]. In addition, the enzyme methylmalonyl-CoA mutase in mitochondria requires
adenosylcobalamin to function; however, the mechanism by which mitochondria take up
cytosolic B12 remains unclear. One study in C. elegans suggests that an ABCG family protein
may mediate membrane transport, but no mitochondrial membrane proteins have been
identified in humans so far [52].

Any malfunction in this multi-factorial and complex process could lead to interruption
in B12 uptake, causing deficiencies and ultimately an increased risk of developing disease.
For example, autoantibodies against parietal cells or IF mutation may result in reduced
IF secretion, which leads to B12 malabsorption and deficiency [53,54]. Similarly, damage
to the ileum due to surgery or chronic inflammation, as seen in Crohn’s disease (CD),
causes impairment in B12 uptake and increases the risk of developing additional symptoms
and complications [55,56]. Metformin use in type 2 diabetes mellitus has also been corre-
lated with decreased serum B12; however, the mechanism underlying this phenomenon
is unclear [57,58]. Impaired intracellular B12 metabolism may likewise lead to metabolic
dysfunction [59]. Accumulation of unabsorbed B12 causes bacterial overgrowth and in-
flammation [60]. Vegetarians, mainly vegans, are also susceptible to vitamin B12 deficiency
due to a different cause—vitamin B12 is primarily found in animal products and is poorly
represented in plants [61–63]. As such, nutritional supplements are sometimes indicated in
this patient group; a more comprehensive review of B12 deficiencies in differing vegetarian
diets has been performed by Pawlak and colleagues [64].

Folate and B12 belong to a class of vitamins known as methyl donors, a descriptor
they share with choline and betaine, as summarized by Zeisel [65]. Methyl donors are
so named because of their importance in single carbon metabolism, by which methyl
groups are transferred from sources such as serine, glycine, and choline to a variety of
other compounds, including proteins, RNA, DNA, and intermediate metabolites. The
targets for methylation have been extensively reviewed elsewhere [66,67]. This process is
accomplished via the folate and methionine cycles. L-5-methyltetrahydrofolate donates
the methyl group attached to its 5′ carbon to B12 and subsequently homocysteine, convert-
ing it into methionine in a reaction catalyzed by methionine synthase (MS). This reaction
yields tetrahydrofolate, which can participate in formyl and methyl group metabolism
as described previously. Folate and B12 insufficiency leads to impeded methionine re-
generation [68]. Methionine synthase’s continued function depends on the availability
of methionine synthase reductase, an associated protein that reduces the nonfunctional
Cb(II) ion of B12 to Cb (I), ensuring continuous cofactor function [69]. The importance of
folate in fetal neural tube development has already been mentioned, but general methyl
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donor depletion in early life has been found to alter both long-term neurological changes
in mice and intestinal development in rats [70–72]. When these findings are combined
with research on the necessity of methyl donors for developing B cells, a picture of cell
growth and differentiation emerges, highly dependent on methyl donor availability and
methionine metabolism [73].

2.2. S-Adenosyl Methionine

S-adenosyl methionine is a modified form of the essential amino acid methionine,
where an adenosyl group is covalently connected to the sulfur to generate a sulfonium ion.
It serves as a universal methyl donor for a class of enzymes known as methyltransferases
(MTases), which catalyze the transfer of methyl groups to biomolecules such as DNA, RNA,
protein, and other metabolites that require them, as reviewed previously [66,67]. SAM is
synthesized from methionine and ATP via the enzyme methionine adenosyltransferase
(MAT), also called S-adenosyl methionine synthase [74]. SAM is a crucial precursor to the
anti-inflammatory polyamines spermidine and spermine [75]. Removal of the methyl group
by MTases converts SAM to S-adenosyl homocysteine (SAH), subsequently degraded into
adenosine and homocysteine by SAH hydrolase. This reaction can be inhibited by adenosine
dialdehyde and similar compounds, small-molecule SAH analogs. These compounds
have been used as indirect methyltransferase inhibitors by halting the cycle at this point,
consequently impeding methionine regeneration and causing SAH buildup, as SAH is a
methyltransferase inhibitor [76].

Following hydrolysis, homocysteine remains in the body as an intermediate metabolite
and nonessential amino acid with several potential fates. It can be converted to homo-
cysteine thiolactone with Met-tRNA synthetase and joined to proteins via oxidation with
thiol groups [77]. Homocysteine can also be processed by cystathionine-β synthase to yield
cystathionine, which is subsequently converted to cysteine via cystathionine-γ lyase using
vitamin B6 as a cofactor. The process is referred to as the trans-sulfuration pathway, and it
is crucial to the successful removal of SAH, a potent MTase inhibitor [78]. Alternatively,
it can be remethylated to methionine via one of two pathways. Previously we mentioned
vitamin B12’s cofactor activity in coordinating the removal of a methyl group from 5-
methyltetrahydrofolate in converting homocysteine to methionine. In addition to this
mechanism, betaine homocysteine methyltransferase (BHMT) can regenerate methionine
from homocysteine by removing a methyl group from betaine, a derivative of the methyl
donor and neurotransmitter choline [79]. This process is summarized in Figure 2. Interest-
ingly, the enzymes in the pathway are also used for the metabolism of selenocysteine and
selenomethionine, which are structurally similar to their sulfur-containing counterparts
but far less common in the body [80,81].

Defects in methionine and SAM metabolism, either genetic or resulting from low
levels of folate or B12, result in the buildup of one or more metabolites, associated with
deleterious effects in the body. Of these, hyperhomocysteinemia, defined as excessively
high serum homocysteine levels, has been associated with both global and tissue-specific
inflammation, as well as deleterious effects on the vasculature and bone [82–87]. At another
stage of the methionine cycle, hypermethionemia, or excessive levels of methionine, is
also observed to alter cell proliferation; when artificially induced in culture, activated T
cells divide more rapidly [88]. SAM can also serve as a precursor to purine nucleotides; as
such, it can be administered as part of a combination therapy to patients with congenital
abnormalities in purine biosynthesis to alleviate disease progression and symptoms [89].
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Figure 2. The methionine cycle. Methionine is converted to SAM by methionine adenosyltransferase
(MAT) and subsequently used as a methyl donor in methyltransferase reactions. This yields SAH as a
byproduct, hydrolyzed to homocysteine. Homocysteine is removed from the cycle by conversion
to homocysteine thiolactone or through the trans-sulfuration pathway to cysteine. Alternatively,
it is remethylated by one of two pathways: using methionine synthase with B12 as a cofactor and
5-methyltetrahydrofolate as a methyl donor or using betaine homocysteine methyltransferase and
betaine as a methyl donor.

3. Folate, B12, and SAM: Links to Tissue-Specific Inflammation
3.1. The Gastrointestinal Tract

Folate deficiency in IBS patients is neither surprising nor unprecedented. Studies
as early as 1968 describe low serum folate in groups of Crohn’s patients, and a recent
study found folate-associated metabolic pathways perturbed in CD and ulcerative colitis
(UC) [90,91]. As such, folate metabolism has not gone unnoticed as a therapeutic target. In
a pediatric IBD cohort dosed for one month with folate supplements, researchers found
changes in micronuclei, nucleoplasmic bridge formation, and apoptosis in enterocytes and
peripheral blood lymphocytes. These results were segregated by IBD typing—CD patients
showed decreased signs of chromosomal damage with folate supplementation, while UC
patients showed increased signs of it [92]. Folic acid supplementation reduced the incidence
of side effects of methotrexate, an immunosuppressive drug and folate analog used to treat
CD and rheumatoid arthritis [93,94]. A review of meta-analyses regarding environmental
risk factors identified high folate levels as protective against the development of IBD—this
suggests that the action of folate in the gut is not necessarily a reaction against the symptoms
of IBD but may have a prophylactic effect [95]. Genetic factors controlling folate metabolism
have been correlated with increased risk of IBD; the substitution of A2756 to G MTR, the
gene encoding methionine synthase, is particularly notable for corresponding with IBD in
a 2009 meta-analysis [96]. Examination of a mechanistic basis for this phenomenon is still
not clearly understood.

Folate bioavailability has shown distinct effects on host–microflora interactions. Folate
biosynthetic pathways are downregulated in intestinal bacteria during a CD relapse, an
observation which pairs with the finding that folate-producing probiotic bacteria alleviate
the inflammatory effects of chemically induced colitis in mice [6,97]. These phenomena are
observed in other animal models as well; methyl donor-enriched diets in a mouse model of
CD alter the expression of genes involved with colonization by adherent-invasive E. coli.
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The surface marker used by the pathogen to adhere to the epithelial lining was down-
regulated, as was calprotectin, an inflammatory marker, and IgA secretion. By contrast,
antibacterial genes such as Lyz1 and Lyz2 were upregulated [98]. This study builds upon
earlier findings in guinea pigs indicating that folate-deficient diets in early life sensitize
animals to Shigella infection [99]. The connection between folate, B12, and the gut micro-
biome has been shown to work in both directions—H. pylori infection decreases gut uptake
of folate and B12, leading to deficiency and pathogenic hyperhomocysteinemia [100].

These observations are not limited to folate; metabolic studies have shown perturba-
tions in methionine metabolism and branched-chain amino acid oxidation in IBD, both
pathways in which B12 is a crucial cofactor [91]. Furthermore, mutations in transcobalamin
II, a protein responsible for B12 transport in serum, are associated with UC [101]. In a
Swiss cohort of IBD that included CD, UC, and indeterminate colitis, B12 deficiency was
associated with higher CD activity, stenosis, nephrolithiasis, and other complications [102].
Mouse models of colitis offer a complex picture. B12 deficiency leads to increased microbial
dysbiosis in the gut flora and decreased enteric tissue damage. This effect may be caused
by depletion of B12-dependent CD8+ T cells and NK cells in the gut, resulting in a mini-
mized short-term inflammatory response to dysbiosis [103,104]. These results, however,
have not been replicated in humans. Notably, B12 ligands were shown to have drastically
different effects on inflammation in chemically induced murine colitis; cyanocobalamin
appeared to worsen pathogenesis and inflammation, while methylcobalamin ameliorated
them [105]. Conversely, methyl donor depletion in rats was shown to aggravate chemically
induced colitis and lead to ER stress; it is uncertain precisely which compound’s absence
was responsible for the effects observed [106].

Several studies have noted that perturbations in SAM availability and homocysteine
recycling correlate or cause worsening IBD symptoms or complications. Independent
of methyl donor levels, hyperhomocysteinemia has been correlated with osteoporosis in
CD patients in both univariate and multivariate analyses. By contrast, folate deficiency
was only correlated in univariate analysis [107]. In one study, vitamin B12 and SAM
restriction independently led to endoplasmic reticulum stress mediated by SIRT1 reduction,
which exacerbated colitis in rats [106]. In this species, induced colitis in conjunction
with methyl donor deficiency correlates with hepatic inflammation and macrovesicular
steatosis, where decreases in folate, B12, and the SAM/SAH ratio are closely correlated
with inflammatory markers [108]. A murine model of colitis included SAM in a study of
antioxidants as colitis treatment; SAM reduced serum amyloid A and TNF-α, improved
reduced glutathione in circulation, and restored colonic length [109]. Unfortunately, there
is a dearth of information assessing SAM’s effect on clinical IBD patients. While one study
has noted an inverse relationship between SAM levels and IBD diagnosis or activity, clinical
data are necessary to determine whether SAM supplementation ameliorates symptomatic
disease and reduces complications [110]. Should clinical data confirm the prior findings,
then mechanistic studies determining SAM’s effect will be warranted.

It is important not to overstate the significance of these findings; data are still mixed
on the clinical effects of methyl donor deficiency, particularly in the long term. In the
same Swiss study which found associations between B12 deficiency and CD complications,
folate-normal patients had an increased occurrence of osteoporosis and fistula formation.
Differences in treatment may explain this trend; patients treated with steroids, anti-TNF
agents, or antibiotics had lower rates of folate deficiency but may have had more severe
symptoms that necessitated such interventions [102]. A recent meta-analysis found no
statistical decrease of serum folate levels in CD patients compared with healthy controls,
though there was statistical significance in with IBD overall. The same analysis found that
B12 concentrations were only significantly reduced in studies on Asian populations [13].
This finding is particularly noteworthy given a contradictory study which found folate
and B12 deficiency specifically prevalent in CD patients compared with UC controls (22.2%
and 15.6% prevalence compared with 4.3% and 2.8% prevalence, respectively), though
indeterminate IBD was not studied [111]. Not all studies have correlated low serum folate or
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B12 with elevated homocysteine levels in CD, questioning the link between these nutrients
and metabolic imbalance in IBD [112–114].

The above findings are indicative of a pathogenic role for folate and B12 deficiency
in IBD. The precise interaction between these nutrients and IBD appears to segregate by
IBD subtype, with some conditions worsening in UC but not CD or vice versa. Overall,
worsening inflammation appears to be correlated with low folate and B12; however, future
studies are warned to be wary of the applicability of animal models to human conditions.
Furthermore, researchers investigating a mechanistic link between folate, B12, homocys-
teine, and SAM are strongly recommended to confirm the link between low methyl donors,
high homocysteine, and low SAM in their patient sets.

3.2. Systemic Inflammation

Methyl donor availability, particularly folate and B12, alters various body-wide in-
flammatory conditions in chronic and acute disease models. In some models, a mechanism
has been established; in others, only the characterization of the effect in specific tissues
has been confirmed. In addition to its metabolic role as a cofactor, vitamin B12 protects
against septic shock by scavenging nitrous oxide reactive oxygen species, which modulates
both their inflammatory signaling effect and the damage incurred by the cell producing
them. This antioxidative role is substantiated by the observation that supraphysiological
doses of B12 have differential effects on NOS expression based on the organ in question in
a model of toxic shock [115]. Furthermore, in a study analyzing the effects of vegetarian
and omnivorous diets on B12 level and inflammatory status in diabetic patients, Lee et al.
found that higher B12 levels in both dietary groupings were associated with lower IL-6
levels and increased catalase activity. However, the vegetarian group was more prone to
deficiency [116].

Folate and B12 exert a significant effect on systemic inflammation via their canonical
control of plasma homocysteine levels. Elevated homocysteine levels in serum have been
found to mediate vascular inflammation by inducing cathepsin V expression and conse-
quently the nuclear translocation of ERK1/2 [83]. This effect may be partially mediated
by oxidative stress; treatment with selenium reverses the deleterious effects of homocys-
teine on endothelial cells and neuronal cells [117,118]. Sodium selenite has also been
shown to reduce pathogenic clotting [119]. In addition, homocysteine stimulation results in
NLRP3 inflammasome activation and resulting cellular stress via TXNIP—this mechanism
contributes to homocysteine’s role as a risk factor in renal failure [120]. The failure to
maintain low homocysteine results in increased oxidative stress, particularly in patients
with chronic infection, sometimes with dangerous long-term effects; for example, sustained
hyperhomocysteinemia can lead to pregnancy complications in hepatitis E patients [86].

Altogether, there is evidence that maintaining appropriate folate and B12 levels modu-
lates systemic inflammation via an antioxidant effect and reduction of homocysteine, which
is a risk factor in vascular disease.

3.3. Immune Cells

A substantial body of evidence discussing the role of methyl donors in inflammation
continues to be gathered. Folate deficiency in RAW264.7 macrophages correlates with
increased pro-inflammatory cytokine secretion in vitro [121]. Correlating with this ob-
servation is the finding that folate supplementation in cultured macrophages mitigates
inflammation upon stimulation with LPS [122]. Notably, B12 deficiency has been shown
to reduce phagocytosis and bactericidal activity in neutrophils collected from human pe-
ripheral blood, suggesting a role for B12 in leukocyte function [123]. Homocysteine has
also been shown to augment inflammatory cytokine expression in vivo by affecting histone
methylation in macrophages [124]. Aberrant B cell development has been observed in
murine models of methyl donor depletion, with fewer B cells emerging from the pre-pro
stage compared with controls [73].
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Prior studies have noted relationships between SAM metabolism changes and dif-
ferential function in various immune cell types, particularly T cells. CD8+ T cells have
shown aberrant functionality in methionine-deficient cancer microenvironments, primar-
ily manifesting as reduced cytokine production and increased apoptosis [125]. In CD4+
T cells, methionine adenosyltransferase is found to be inhibited by ethanol, sensitizing
them to apoptosis and potentially explaining one factor of alcohol’s immunosuppressive
properties. Survival after methionine adenosyltransferase inhibition is rescued by SAM
supplementation [126]. This finding is of particular interest to patients with congenital
hypermethionemia, typically due to mutations in methionine adenosyltransferase [127].
However, there are caveats with these observations, as other investigations have found
that excessive methionine and methionine sulfoxide dosing has been correlated with M1
macrophage polarization and increased production of pro-inflammatory cytokines such
as IL-6 and TNF-α [128,129]. This suggests that the effects of methionine and methionine
sulfoxide excess may be a confounding factor in the investigation of SAM deficiency and
hyperhomocysteinemia. On this point, mechanistic studies like those undertaken with
hyperhomocysteinemia are warranted. Exploring in vivo effects based on observations
in vitro requires substantial care; systemic inflammation can increase if T cell survival is
biased towards pro-inflammatory subsets, and high methionine diets have been shown to
predispose rats to Th17 cell polarization [88,130].

The findings cited above suggest an essential role for methyl donors and SAM in
immune cell survival and function, modulating inflammation when there is an adequate
amount of methyl donors. When this improves pathogen removal, the overall effect might
be termed beneficial. However, in conditions involving an excessive immune response,
increased survival of immune cells may lead to persistence of inflammation. Further study
may clarify the utility of these ambiguous findings.

3.4. The Nervous System

While folate is well known for its importance in preventing neural tube defects in utero,
its effects on the nervous system do not end after birth. For example, folic acid supplemen-
tation has been shown to mitigate inflammation in Alzheimer’s disease, decreasing serum
TNF-α levels and slightly improving mental state in patients [131]. Folate’s importance to
the nervous system is further implied by the association of MTHFR polymorphisms with a
predisposition to migraine, which disappeared upon folate supplementation in a clinical
trial by Di Rosa et al. [132]. Echoing these findings are associations between MTHFR,
MTR, MTHFD1, and oxidative stress in patients with some types of neurodegenerative
disease [133].

B12 has been implicated in neuroprotection in various models of disease. Postmortem
sampling of prefrontal human cortexes indicated that B12 status was decreased with age.
The same study simultaneously found decreased methylcobalamin levels and methionine
synthase activity in the brains of autistic patients [134]. A clinical trial of methylcobalamin
supplementation showed moderate effects against diabetic neuropathy [135]. Neuroprotec-
tive effects of B12 were also found in rat models of both epilepsy and bacterial meningitis,
where B12 levels reduced oxidative stress, inflammatory cytokine expression, and hip-
pocampal damage [136,137]. In mice with methionine-high and B6, folate, and B12-low
diets, microhemorrhages and amyloid-plaque buildup was observed in neural tissue, corre-
sponding with increased inflammatory cytokine expression, emphasizing the protective
effect of methyl donors and the dangerous impact of homocysteine [138,139]. B complex
supplementation was shown to have a beneficial effect on peripheral nerve repair; B vitamin
injections reduced inflammatory cytokine expression, polarized macrophages towards an
M2 phenotype, and induced an anti-inflammatory phenotype in Schwann cells following
injury [140]. The fact that B12 is implicated in neuroprotection in both the central and
peripheral aspects of the nervous system suggests that neural tissue has a particular depen-
dence on vitamin B12 that is still being elucidated, with a specific interest in a putative role
for injury prevention and repair.
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Independent of folate and B12, SAM supplementation has shown striking effects
on neuroinflammation and pathogenesis. Conversely, high levels of homocysteine are a
risk factor for neurological disease [82]. SAM was reduced in the cerebrospinal fluid of
Alzheimer’s disease (AD) patients, while homocysteine is notably elevated in AD patient
plasma [84]. This reduction correlates with observations in 1995 of hypomethylation in
the amyloid-β gene of an AD patient, in addition to observations of global methylation
changes in the prefrontal cortexes of 12 AD patients compared with controls [141,142]. No-
tably, amyloid-β plaque buildup is reduced by SAM dosage in mouse models of AD [143].
Following ischemic stroke, a correlation between hyperhomocysteinemia and exaggerated
STAT3 activation has been found in microglia; it also exacerbated long-term tissue dam-
age [82,144]. At times, the distinction between methyl donor treatment and SAM treatment
is not a well-defined one; vitamin B12 injection has shown efficacy at reducing hippocampal
inflammation in a rat model of bacterial meningitis, and one of the mechanisms the authors
identified as protective was increased availability of SAM, leading to increased methylation
of CpG islands in the promotor of Ccl3 [136]. Interestingly, methionine restriction in helper
T cells has been found to reduce neuroinflammation by preventing T-cell proliferation and
differentiation into pro-inflammatory subsets in autoimmune diseases such as multiple
sclerosis [88]. This observation highlights the continuing need for further study on global
SAM effects in disease models, not merely tissue- or cell-specific studies.

From these findings, we conclude there is strong evidence for a beneficial role for folate,
B12, and SAM in modulating neuroinflammation. These findings have been corroborated
by investigators examining various types of neuroinflammation; the beneficent effects are
promising for clinicians who are interested in prophylactic treatments for at-risk patients.
We encourage further mechanistic studies on this topic to elucidate why the nervous
system, in particular, has shown responsiveness to this approach, and which compound or
treatment is most consistently beneficial.

3.5. The Liver

Liver disease has been correlated with decreased methyl donor availability in vivo
and in vitro. The trend is especially evident in chronic hepatitis C infection. Egyptian
hepatitis C and liver cirrhosis patients have been found to possess low serum folate and
elevated plasma homocysteine; furthermore, folate levels positively corresponded with
platelet count, indicating low thrombocytopenia [145]. In chronic hepatitis C patients, SAM
treatment improved response to pegylated interferon and ribavirin therapy by altering
the methylation status of STAT1 in cultured cells. This modification led to an enhanced
downstream signaling effect, which enhanced the antiviral state of the treated cells [146].
Improved interferon and ribavirin therapy responses were also found with vitamin B12
supplementation, though the authors ascribe this finding to B12-mediated IRES inhibition
independent of B12’s methyl donor activity [147]. The liver has been shown to have a
particular sensitivity to methyl donor deficiency during induced colitis in one rat model,
suggesting that these nutrients may have a protective role against hepatotoxic inflammation
in other tissues [108].

Outside the strict paradigm of infection, SAM dosing has been found to reduce ethanol-
induced apoptosis in primary hepatocytes. Interestingly, the authors found no indication
that it altered JNK activity in the proapoptotic signaling cascade and have postulated that
an antioxidant effect is responsible for the phenomenon [148]. The importance of SAM
in hepatocyte survival in response to inflammatory oxidative stress was highlighted in a
murine model of hepatitis, where SAM depletion led to liver failure and death [149].

In total, the literature evidence suggests a beneficial role for SAM in the resolution of
infection and the modulation of apoptosis in the liver. However, the findings are far from
conclusive and only examine liver health from the paradigm of infection.
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3.6. Other Tissues

Psoriasis, a chronic inflammatory condition primarily mediated by T cells, has been
shown to correlate with hyperhomocysteinemia, and folic acid derivatives or topical B12
treatment provided mild attenuation of inflammation in initial trials. Clinical trial patients
found a B12 containing cream superior to a standard hydrating cream for alleviating
symptoms [150–152]. Atopic dermatitis patients also found improved relief of symptoms
using B12 cream compared to the unmodified control [153,154]. However, these effects are
nutrient-specific; we could not find studies demonstrating folate as an effective intervention
alone, though some utility has been noted for folate supplementation in conjunction
with methotrexate treatment for psoriasis [155]. By contrast, vitiligo, a skin condition
characterized by loss of melanocytes and skin pigmentation, was reduced or halted in a
Swedish clinical trial that administered folic acid and intramuscular B12 [156].

Some studies have suggested a beneficial role for methyl donor supplementation in res-
piratory disease. Supplementation of cystic fibrosis patients with 5-methyltetrahydrofolate
and vitamin B12 reduced red blood cell oxidative stress, even in patients who were folate
and B12-normal [157]. Beneficent effects of methyl donors on oxidative stress were echoed
in a murine model of chronic asthma, where oxidative stress, tissue remodeling, and Th2
cytokine production were all ameliorated by SAM treatment [158]. Methyl donating nu-
trients have also been found to have beneficial effects on the lungs. A Greek cohort of
asthmatic girls was found to have an association between low serum folate and impeded
lung function [159]. The observed antioxidative effects of betaine in the lungs in response
to paraquat toxicity have been proposed to be mediated through liver-generated SAM [160].
Despite the beneficent effects previously described, SAM’s role in the airways remains
complex; SAM abundance can be scavenged by opportunistic pathogens like Pneumocystis
species, leading to pathogenesis [161].

These results highlight the beneficial effects of methyl donors at epithelial tissues,
which are consistently exposed to a broad category of microbes, some pathogenic. While
more studies are indicated, the current results suggest a positive impact on immune
regulation at these sites. It is too soon to conclude at this point that folate, B12, and SAM
have an exclusive or even generally positive impact on these conditions, but there is more
than enough justification to examine the effects in more detail. Figure 3 highlights the
beneficent effects of SAM supplementation in humans. Figure 4 notes the summed effects
of methyl donor depletion or supplementation in human and rodent models.
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model of the pathology of hypermethionemia, typically caused by defects in MAT preventing hepatic
processing to SAM. Accumulation of methionine in the cell leads to incidental oxidation to methionine
sulfoxide, necessitating enzymatic reversal (B). Summary of the effects of hyperhomocysteinemia on
disease pathology (C).
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4. Conclusions

When one examines the effect of methyl donors on distinct tissue types, a distinct
breakdown in effect by nutrient can be observed. In the gastrointestinal tract, folate, B12,
and SAM show marked anti-inflammatory effects on IBD, though SAM lacks support from
clinical patients. Folate and B12 further exert beneficent effects on systemic inflammatory
markers by reducing serum homocysteine, with an additional antioxidative effect in vi-
tamin B12. There is strong evidence that these vitamins also reduce neuroinflammation
and promote neural tissue survival, though further mechanistic studies are warranted to
determine how this effect is mediated. While present, direct evidence for SAM’s effect
on systemic inflammation and neuroinflammation is comparatively lacking. Studies on
immune cells also show anti-inflammatory effects upon folate and B12 dosage, with SAM
enhancing cell survival. However, the pro-inflammatory effects of methionine excess make
it challenging to determine whether SAM’s antiapoptotic effect will translate to reduced
inflammation in vivo. Vitamin B12 and SAM bioavailability have been shown to affect
hepatic cell survival and infection response, though folate data are comparatively lacking
in this tissue. In epithelial cells and airways, aberrant immune responses are ameliorated
by folate and B12, with SAM indicated as a likely mediator of their effects.

The findings collated in this review are striking not merely due to their variety, but
the potency of their effects as well. Methionine metabolism and changes in S-adenosyl
methionine levels are demonstrated to have wide-reaching and distinct effects on the same
tissue type; similar phenomena are demonstrated for the methyl donating metabolites that
control them. The complexity of the responses observed is a warning to those who might
attempt therapies centered on methionine metabolism; when dealing with a metabolite
crucial to many biological processes, it is necessary to tread carefully.
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Despite these challenges, the state of the literature indicates that in some circumstances,
folate, B12, and S-adenosyl methionine are capable of pleiotropic and powerful effects on
inflammation. Given their ubiquity in the body and the continuing problem of chronic
inflammatory disease, any dietary factor capable of complementing or replacing an anti-
inflammatory pharmaceutical is especially advantageous. Naturally, the contradictory and
complex findings necessitate further investigations to ensure SAM and methyl donor-based
interventions are protective and do not exacerbate infection or inflammation. Building
upon this, work in the future may enhance the capacity of physicians to engage the health
of their patients in ways that correct nutritional imbalances, mitigate chronic conditions,
and improve quality of life.
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Abbreviations

BHMT Betaine homocysteine methyltransferase
Ccl3 Chemokine (C-C motif) ligand 3
CD Crohn’s disease
CD4+ Cluster of differentiation 4-positive
CD8+ Cluster of differentiation 8-positive
DHF Dihydrofolate
DHFR Dihydrofolate reductase
ER Endoplasmic reticulum
ERK1/2 Extracellular signal-regulated protein kinases 1 and 2
FTHFS Formyltetrahydrofolate synthase
Gly Glycine
Hcy Homocysteine
IBD Inflammatory bowel disease
IF Intrinsic factor
IgA Immunoglobulin A
IL-6 Interleukin 6
IRES Internal ribosome entry site
JNK C-Jun N-terminal kinase
LPS Lipopolysaccharide
Lyz1/2 Lysozyme 1 and 2
MAT Methionine adenosyltransferase
Met Methionine
MS Methionine synthase
MTases Methyltransferases
MTHFD Methylenetetrahydrofolate dehydrogenase
MTHFR Methylenetetrahydrofolate reductase
NK cell Natural killer cells
NLRP3 NLR family pyrin domain containing 3
NOS Nitric oxide synthase
SAM S-adenosyl-L-methionine
SAH S-adenosyl homocysteine
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Ser Serine
SHMT Serine hydroxymethyltransferase
STAT1/3 Signal transducer and activator of transcription 1 and 3
THF Tetrahydrofolate
TNF Tumor necrosis factor
TNXIP Thioredoxin interacting protein
TS Thymidylate synthase
UC Ulcerative colitis
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9. Pereza, N.; Ostojić, S.; Kapović, M.; Peterlin, B. Systematic review and meta-analysis of genetic association studies in idiopathic
recurrent spontaneous abortion. Fertil. Steril. 2017, 107, 150–159.e2. [CrossRef]

10. Wang, B.; Liu, M.; Wang, Y.; Dai, J.; Tao, J.; Wang, S.; Zhong, N.; Chen, Y. Association between SNPs in genes involved in folate
metabolism and preterm birth risk. Genet. Mol. Res. 2015, 14, 850–859. [CrossRef]

11. Wu, A.; Chanarin, I.; Slavin, G.; Levi, A.J. Folate Deficiency in the Alcoholic—its Relationship to Clinical and Haematological
Abnormalities, Liver Disease and Folate Stores. Br. J. Haematol. 1975, 29, 469–478. [CrossRef] [PubMed]

12. Maruyama, S.; Hirayama, C.; Yamamoto, S.; Koda, M.; Udagawa, A.; Kadowaki, Y.; Inoue, M.; Sagayama, A.; Umeki, K. Red
blood cell status in alcoholic and non-alcoholic liver disease. J. Lab. Clin. Med. 2001, 138, 332–337. [CrossRef]

13. Pan, Y.; Liu, Y.; Guo, H.; Jabir, M.S.; Liu, X.; Cui, W.; Li, D. Associations between Folate and Vitamin B12 Levels and Inflammatory
Bowel Disease: A Meta-Analysis. Nutrients 2017, 9, 382. [CrossRef] [PubMed]

14. Ballestero-Fernández, C.; Varela-Moreiras, G.; Úbeda, N.; Alonso-Aperte, E. Nutritional Status in Spanish Adults with Celiac
Disease Following a Long-Term Gluten-Free Diet Is Similar to Non-Celiac. Nutrients 2021, 13, 1626. [CrossRef]

15. O’Brien, W.; England, N.W. Folate Deficiency in Acute Tropical Sprue. Br. Med. J. 1964, 2, 1573–1575. [CrossRef] [PubMed]
16. Angier, R.B.; Boothe, J.H.; Hutchings, B.L.; Mowat, J.H.; Semb, J.; Stokstad, E.L.R.; Subbarow, Y.; Waller, C.W.; Cosulich, D.B.;

Fahrenbach, M.J.; et al. Synthesis of a Compound Identical with the L. casei Factor Isolated from Liver. Science 1945, 102, 227.
[CrossRef] [PubMed]

17. Angier, R.B.; Boothe, J.H.; Hutchings, B.L.; Mowat, J.H.; Semb, J.; Stokstad, E.L.R.; SubbaRow, Y.; Waller, C.W.; Cosulich, D.B.;
Fahrenbach, M.J.; et al. The Structure and Synthesis of the Liver L. casei Factor. Science 1946, 103, 667–669. [CrossRef]

18. Pfiffner, J.J.; Calkins, D.G.; Bloom, E.S.; O’Dell, B.L. On the Peptide Nature of Vitamin Bc Conjugate from Yeast. J. Am. Chem. Soc.
1946, 68, 1392. [CrossRef]

19. Qiu, A.; Jansen, M.; Sakaris, A.; Min, S.H.; Chattopadhyay, S.; Tsai, E.; Sandoval, C.; Zhao, R.; Akabas, M.H.; Goldman,
I.D. Identification of an Intestinal Folate Transporter and the Molecular Basis for Hereditary Folate Malabsorption. Cell 2006,
127, 917–928. [CrossRef] [PubMed]

20. Selhub, J.; Rosenberg, I.H. Folate transport in isolated brush border membrane vesicles from rat intestine. J. Biol. Chem. 1981,
256, 4489–4493. [CrossRef]

21. Garrow, T.A.; Brenner, A.A.; Whitehead, V.M.; Chen, X.N.; Duncan, R.G.; Korenberg, J.R.; Shane, B. Cloning of human cDNAs
encoding mitochondrial and cytosolic serine hydroxymethyltransferases and chromosomal localization. J. Biol. Chem. 1993,
268, 11910–11916. [CrossRef]

22. Katzen, H.M.; Buchanan, J.M. Enzymatic synthesis of the methyl group of methionine. 8. repression-derepression, purification,
and properties of 5,10-methylenetetrahydrofolate reductase from Escherichia coli. J. Biol. Chem. 1965, 240, 825–835. [CrossRef]

23. Wilson, R.S.; Mertes, M.P. Chemical model for thymidylate synthetase catalysis. J. Am. Chem. Soc. 1972, 94, 7182–7183. [CrossRef]
24. Himes, R.H.; Rabinowitz, J.C. Formyltetrahydrofolate synthetase. II. Characteristics of the enzyme and the enzymic reaction.

J. Biol. Chem. 1962, 237, 2903–2914. [CrossRef]

http://doi.org/10.1021/ja01853a512
http://doi.org/10.1016/S0140-6736(47)91626-7
http://doi.org/10.1093/aje/kwn331
http://www.ncbi.nlm.nih.gov/pubmed/18953063
http://doi.org/10.1093/ajcn/73.4.765
http://www.ncbi.nlm.nih.gov/pubmed/11273852
http://doi.org/10.3389/fmicb.2019.02305
http://www.ncbi.nlm.nih.gov/pubmed/31649646
http://doi.org/10.1111/jam.14038
http://www.ncbi.nlm.nih.gov/pubmed/29969527
http://doi.org/10.1136/jcp.24.2.131
http://www.ncbi.nlm.nih.gov/pubmed/5551380
http://doi.org/10.1136/bmj.282.6275.1509
http://doi.org/10.1016/j.fertnstert.2016.10.007
http://doi.org/10.4238/2015.February.2.9
http://doi.org/10.1111/j.1365-2141.1975.tb01844.x
http://www.ncbi.nlm.nih.gov/pubmed/1191558
http://doi.org/10.1067/mlc.2001.119106
http://doi.org/10.3390/nu9040382
http://www.ncbi.nlm.nih.gov/pubmed/28406440
http://doi.org/10.3390/nu13051626
http://doi.org/10.1136/bmj.2.5424.1573
http://www.ncbi.nlm.nih.gov/pubmed/14211760
http://doi.org/10.1126/science.102.2644.227
http://www.ncbi.nlm.nih.gov/pubmed/17778509
http://doi.org/10.1126/science.103.2683.667
http://doi.org/10.1021/ja01211a515
http://doi.org/10.1016/j.cell.2006.09.041
http://www.ncbi.nlm.nih.gov/pubmed/17129779
http://doi.org/10.1016/S0021-9258(19)69461-5
http://doi.org/10.1016/S0021-9258(19)50286-1
http://doi.org/10.1016/S0021-9258(17)45250-1
http://doi.org/10.1021/ja00775a069
http://doi.org/10.1016/S0021-9258(18)60249-2


Healthcare 2022, 10, 61 15 of 20

25. Wasserman, G.F.; Mueller, W.T.; Benkovic, S.J.; Liao, W.S.L.; Taylor, J. Evidence that the folate-requiring enzymes of de novo
purine biosynthesis are encoded by individual mRNAs. Biochemistry 1984, 23, 6704–6710. [CrossRef] [PubMed]

26. Tan, L.U.; Drury, E.J.; MacKenzie, R.E. Methylenetetrahydrofolate dehydrogenase-methenyltetrahydrofolate cyclohydrolase-
formyltetrahydrofolate synthetase. A multifunctional protein from porcine liver. J. Biol. Chem. 1977, 252, 1117–1122. [CrossRef]

27. Goldblatt, M.W. Occupational diseases. Br. Med. J. 1955, 2, 611. [CrossRef]
28. Doddrell, D.; Allerhand, A. Assignments in the carbon-13 nuclear magnetic resonance spectra of vitamin B12’ coenzyme B12’ and

other corrinoids: Application of partially-relaxed fourier transform spectroscopy. Proc. Natl. Acad. Sci. USA 1971, 68, 1083–1088.
[CrossRef]

29. Hodgkin, D.C.; Kamper, J.; Mackay, M.; Pickworth, J.; Trueblood, K.N.; White, J.G. Structure of vitamin B12. Nature 1956,
178, 64–66. [CrossRef] [PubMed]

30. Ferrer, M.; Ruiz, A.; Lanza, F.; Haange, S.-B.; Oberbach, A.; Till, H.; Bargiela, R.; Campoy, C.; Segura, M.T.; Richter, M.; et al.
Microbiota from the distal guts of lean and obese adolescents exhibit partial functional redundancy besides clear differences in
community structure. Environ. Microbiol. 2013, 15, 211–226. [CrossRef]

31. Allen, L.H.; Miller, J.W.; de Groot, L.; Rosenberg, I.H.; Smith, A.D.; Refsum, H.; Raiten, D.J. Biomarkers of Nutrition for
Development (BOND): Vitamin B-12 Review. J. Nutr. 2018, 148, 1995s–2027s. [CrossRef] [PubMed]

32. Rickes, E.L.; Brink, N.G.; Koniuszy, F.R.; Wood, T.R.; Folkers, K. Crystalline Vitamin B12. Science 1948, 107, 396–397. [CrossRef]
[PubMed]

33. Conley, C.L.; Krevans, J.R. Development of Neurologic Manifestations of Pernicious Anemia during Multivitamin Therapy.
N. Engl. J. Med. 1951, 245, 529–531. [CrossRef] [PubMed]

34. Karnaze, D.S.; Carmel, R. Neurologic and evoked potential abnormalities in subtle cobalamin deficiency states, including
deficiency without anemia and with normal absorption of free cobalamin. Arch. Neurol. 1990, 47, 1008–1012. [CrossRef]

35. Lindenbaum, J.; Healton, E.B.; Savage, D.G.; Brust, J.C.M.; Garrett, T.J.; Podell, E.R.; Margell, P.D.; Stabler, S.P.; Allen, R.H.
Neuropsychiatric Disorders Caused by Cobalamin Deficiency in the Absence of Anemia or Macrocytosis. N. Engl. J. Med. 1988,
318, 1720–1728. [CrossRef]

36. Bousselamti, A.; El Hasbaoui, B.; Echahdi, H.; Krouile, Y. Psychomotor regression due to vitamin B12 deficiency. Pan Afr. Med. J.
2018, 30, 152. [CrossRef]

37. Hasbaoui, B.E.; Mebrouk, N.; Saghir, S.; Yajouri, A.E.; Abilkassem, R.; Agadr, A. Vitamin B12 deficiency: Case report and review
of literature. Pan Afr. Med. J. 2021, 38, 237. [CrossRef]

38. Kocaoglu, C.; Akin, F.; Caksen, H.; Böke, S.B.; Arslan, S.; Aygün, S. Cerebral atrophy in a vitamin B12-deficient infant of a
vegetarian mother. J. Health Popul. Nutr. 2014, 32, 367–371.

39. Allen, R.H.; Seetharam, B.; Podell, E.; Alpers, D.H. Effect of proteolytic enzymes on the binding of cobalamin to R protein and
intrinsic factor. In vitro evidence that a failure to partially degrade R protein is responsible for cobalamin malabsorption in
pancreatic insufficiency. J. Clin. Investig. 1978, 61, 47–54. [CrossRef]

40. He, Q.; Madsen, M.; Kilkenney, A.; Gregory, B.; Christensen, E.I.; Vorum, H.; Højrup, P.; Schäffer, A.A.; Kirkness, E.F.; Tanner,
S.M.; et al. Amnionless function is required for cubilin brush-border expression and intrinsic factor-cobalamin (vitamin B12)
absorption in vivo. Blood 2005, 106, 1447–1453. [CrossRef] [PubMed]

41. Rappazzo, M.E.; Hall, C.A. Transport function of transcobalamin II. J. Clin. Investig. 1972, 51, 1915–1918. [CrossRef]
42. Beedholm-Ebsen, R.; van de Wetering, K.; Hardlei, T.; Nexø, E.; Borst, P.; Moestrup, S.K. Identification of multidrug resistance

protein 1 (MRP1/ABCC1) as a molecular gate for cellular export of cobalamin. Blood 2010, 115, 1632–1639. [CrossRef] [PubMed]
43. Mørkbak, A.L.; Hvas, A.-M.; Lloyd-Wright, Z.; Sanders, T.A.B.; Bleie, Ø.; Refsum, H.; Nygaard, O.K.; Nexø, E. Effect of Vitamin

B12 Treatment on Haptocorrin. Clin. Chem. 2006, 52, 1104–1111. [CrossRef]
44. Quadros, E.V.; Nakayama, Y.; Sequeira, J.M. The protein and the gene encoding the receptor for the cellular uptake of

transcobalamin-bound cobalamin. Blood 2009, 113, 186–192. [CrossRef] [PubMed]
45. Youngdahl-Turner, P.; Mellman, I.S.; Allen, R.H.; Rosenberg, L.E. Protein mediated vitamin uptake: Adsorptive endocytosis of the

transcobalamin II—Cobalamin complex by cultured human fibroblasts. Exp. Cell Res. 1979, 118, 127–134. [CrossRef]
46. Coelho, D.; Kim, J.C.; Miousse, I.R.; Fung, S.; du Moulin, M.; Buers, I.; Suormala, T.; Burda, P.; Frapolli, M.; Stucki, M.; et al.

Mutations in ABCD4 cause a new inborn error of vitamin B12 metabolism. Nat. Genet. 2012, 44, 1152–1155. [CrossRef] [PubMed]
47. Rutsch, F.; Gailus, S.; Miousse, I.R.; Suormala, T.; Sagné, C.; Toliat, M.R.; Nürnberg, G.; Wittkampf, T.; Buers, I.; Sharifi, A.; et al.

Identification of a putative lysosomal cobalamin exporter altered in the cblF defect of vitamin B12 metabolism. Nat. Genet. 2009,
41, 234–239. [CrossRef] [PubMed]

48. Hannibal, L.; Kim, J.; Brasch, N.E.; Wang, S.; Rosenblatt, D.S.; Banerjee, R.; Jacobsen, D.W. Processing of alkylcobalamins in
mammalian cells: A role for the MMACHC (cblC) gene product. Mol. Genet. Metab. 2009, 97, 260–266. [CrossRef]

49. Kim, J.; Gherasim, C.; Banerjee, R. Decyanation of vitamin B12 by a trafficking chaperone. Proc. Natl. Acad. Sci. USA 2008,
105, 14551–14554. [CrossRef]

50. Yamada, K.; Gherasim, C.; Banerjee, R.; Koutmos, M. Structure of Human B12 Trafficking Protein CblD Reveals Molecular
Mimicry and Identifies a New Subfamily of Nitro-FMN Reductases. J. Biol. Chem. 2015, 290, 29155–29166. [CrossRef] [PubMed]

51. Bassila, C.; Ghemrawi, R.; Flayac, J.; Froese, D.S.; Baumgartner, M.R.; Guéant, J.L.; Coelho, D. Methionine synthase and methionine
synthase reductase interact with MMACHC and with MMADHC. Biochim. Biophys. Acta Mol. Basis Dis. 2017, 1863, 103–112.
[CrossRef]

http://doi.org/10.1021/bi00321a065
http://www.ncbi.nlm.nih.gov/pubmed/6335666
http://doi.org/10.1016/S0021-9258(19)75214-4
http://doi.org/10.1136/bmj.2.4947.1070
http://doi.org/10.1073/pnas.68.5.1083
http://doi.org/10.1038/178064a0
http://www.ncbi.nlm.nih.gov/pubmed/13348621
http://doi.org/10.1111/j.1462-2920.2012.02845.x
http://doi.org/10.1093/jn/nxy201
http://www.ncbi.nlm.nih.gov/pubmed/30500928
http://doi.org/10.1126/science.107.2781.396
http://www.ncbi.nlm.nih.gov/pubmed/17783930
http://doi.org/10.1056/NEJM195110042451404
http://www.ncbi.nlm.nih.gov/pubmed/14875204
http://doi.org/10.1001/archneur.1990.00530090082017
http://doi.org/10.1056/NEJM198806303182604
http://doi.org/10.11604/pamj.2018.30.152.12046
http://doi.org/10.11604/pamj.2021.38.237.20967
http://doi.org/10.1172/JCI108924
http://doi.org/10.1182/blood-2005-03-1197
http://www.ncbi.nlm.nih.gov/pubmed/15845892
http://doi.org/10.1172/JCI106995
http://doi.org/10.1182/blood-2009-07-232587
http://www.ncbi.nlm.nih.gov/pubmed/19897579
http://doi.org/10.1373/clinchem.2005.061549
http://doi.org/10.1182/blood-2008-05-158949
http://www.ncbi.nlm.nih.gov/pubmed/18779389
http://doi.org/10.1016/0014-4827(79)90590-1
http://doi.org/10.1038/ng.2386
http://www.ncbi.nlm.nih.gov/pubmed/22922874
http://doi.org/10.1038/ng.294
http://www.ncbi.nlm.nih.gov/pubmed/19136951
http://doi.org/10.1016/j.ymgme.2009.04.005
http://doi.org/10.1073/pnas.0805989105
http://doi.org/10.1074/jbc.M115.682435
http://www.ncbi.nlm.nih.gov/pubmed/26364851
http://doi.org/10.1016/j.bbadis.2016.10.016


Healthcare 2022, 10, 61 16 of 20

52. McDonald, M.K.; Fritz, J.-A.; Jia, D.; Scheuchner, D.; Snyder, F.F.; Stanislaus, A.; Curle, J.; Li, L.; Stabler, S.P.; Allen, R.H.; et al.
Identification of ABC transporters acting in vitamin B12 metabolism in Caenorhabditis elegans. Mol. Genet. Metab. 2017,
122, 160–171. [CrossRef]

53. Karlsson, F.A.; Burman, P.; Lööf, L.; Mårdh, S. Major parietal cell antigen in autoimmune gastritis with pernicious anemia is the
acid-producing H+,K+-adenosine triphosphatase of the stomach. J. Clin. Investig. 1988, 81, 475–479. [CrossRef] [PubMed]

54. Tanner, S.M.; Li, Z.; Perko, J.D.; Oner, C.; Cetin, M.; Altay, C.; Yurtsever, Z.; David, K.L.; Faivre, L.; Ismail, E.A.; et al. Hereditary
juvenile cobalamin deficiency caused by mutations in the intrinsic factor gene. Proc. Natl. Acad. Sci. USA 2005, 102, 4130–4133.
[CrossRef] [PubMed]

55. Beeken, W.L. Remediable defects in Crohn disease: A prospective study of 63 patients. Arch. Intern. Med. 1975, 135, 686–690.
[CrossRef] [PubMed]

56. Halsted, J.A. Megaloblastic anemia, associated with surgically produced gastrointestinal abnormalities. Calif. Med. 1955,
83, 212–217. [PubMed]

57. Aroda, V.R.; Edelstein, S.L.; Goldberg, R.B.; Knowler, W.C.; Marcovina, S.M.; Orchard, T.J.; Bray, G.A.; Schade, D.S.; Temprosa,
M.G.; White, N.H.; et al. Long-term Metformin Use and Vitamin B12 Deficiency in the Diabetes Prevention Program Outcomes
Study. J. Clin. Endocrinol. Metab. 2016, 101, 1754–1761. [CrossRef] [PubMed]

58. Singh, A.K.; Kumar, A.; Karmakar, D.; Jha, R.K. Association of B12 deficiency and clinical neuropathy with metformin use in type
2 diabetes patients. J. Postgrad. Med. 2013, 59, 253–257. [CrossRef]

59. Roze, E.; Gervais, D.; Demeret, S.; Ogier de Baulny, H.; Zittoun, J.; Benoist, J.F.; Said, G.; Pierrot-Deseilligny, C.; Bolgert, F.
Neuropsychiatric disturbances in presumed late-onset cobalamin C disease. Arch. Neurol. 2003, 60, 1457–1462. [CrossRef]
[PubMed]

60. Giannella, R.A.; Broitman, S.A.; Zamcheck, N. Vitamin B12 uptake by intestinal microorganisms: Mechanism and relevance to
syndromes of intestinal bacterial overgrowth. J. Clin. Investig. 1971, 50, 1100–1107. [CrossRef]

61. Banerjee, D.K.; Chatterjea, J.B. Serum vitamin B12 in vegetarians. Br. Med. J. 1960, 2, 992–994. [CrossRef]
62. Herrmann, W.; Obeid, R.; Schorr, H.; Hübner, U.; Geisel, J.; Sand-Hill, M.; Ali, N.; Herrmann, M. Enhanced bone metabolism in

vegetarians–the role of vitamin B12 deficiency. Clin. Chem. Lab. Med. 2009, 47, 1381–1387. [CrossRef] [PubMed]
63. Herrmann, W.; Schorr, H.; Obeid, R.; Geisel, J. Vitamin B-12 status, particularly holotranscobalamin II and methylmalonic acid

concentrations, and hyperhomocysteinemia in vegetarians. Am. J. Clin. Nutr. 2003, 78, 131–136. [CrossRef] [PubMed]
64. Pawlak, R.; Parrott, S.J.; Raj, S.; Cullum-Dugan, D.; Lucus, D. How prevalent is vitamin B12 deficiency among vegetarians?

Nutr. Rev. 2013, 71, 110–117. [CrossRef]
65. Zeisel, S. Choline, Other Methyl-Donors and Epigenetics. Nutrients 2017, 9, 445. [CrossRef]
66. Lyon, P.; Strippoli, V.; Fang, B.; Cimmino, L. B Vitamins and One-Carbon Metabolism: Implications in Human Health and Disease.

Nutrients 2020, 12, 2867. [CrossRef] [PubMed]
67. Miller, A.L. The methionine-homocysteine cycle and its effects on cognitive diseases. Altern. Med. Rev. 2003, 8, 7–19.
68. Krebs, H.A.; Hems, R.; Tyler, B. The regulation of folate and methionine metabolism. Biochem. J. 1976, 158, 341–353. [CrossRef]

[PubMed]
69. Leclerc, D.; Wilson, A.; Dumas, R.; Gafuik, C.; Song, D.; Watkins, D.; Heng, H.H.; Rommens, J.M.; Scherer, S.W.; Rosenblatt,

D.S.; et al. Cloning and mapping of a cDNA for methionine synthase reductase, a flavoprotein defective in patients with
homocystinuria. Proc. Natl. Acad Sci. USA 1998, 95, 3059–3064. [CrossRef]

70. Bressenot, A.; Pooya, S.; Bossenmeyer-Pourie, C.; Gauchotte, G.; Germain, A.; Chevaux, J.-B.; Coste, F.; Vignaud, J.-M.; Guéant,
J.-L.; Peyrin-Biroulet, L. Methyl donor deficiency affects small-intestinal differentiation and barrier function in rats. Br. J. Nutr.
2013, 109, 667–677. [CrossRef]

71. Muehlmann, A.M.; Bliznyuk, N.; Duerr, I.; Yang, T.P.; Lewis, M.H. Early exposure to a methyl donor supplemented diet and the
development of repetitive motor behavior in a mouse model. Dev. Psychobiol. 2020, 62, 77–87. [CrossRef]

72. Sahara, Y.; Matsuzawa, D.; Ishii, D.; Fuchida, T.; Goto, T.; Sutoh, C.; Shimizu, E. Paternal methyl donor deficient diets during
development affect male offspring behavior and memory-related gene expression in mice. Dev. Psychobiol. 2019, 61, 17–28.
[CrossRef]

73. Kurogi, T.; Inoue, H.; Guo, Y.; Nobukiyo, A.; Nohara, K.; Kanno, M. A methyl-deficient diet modifies early B cell development.
Pathobiology 2012, 79, 209–218. [CrossRef]

74. Shou, L.; Pan, F.; Chin, S.-f. Pancreatic Hormones and Hepatic Methionine Adenosyltransferase in the Rat. Proc. Soc. Exp.
Biol. Med. 1969, 131, 1012–1018. [CrossRef] [PubMed]

75. Soda, K. Polyamine Metabolism and Gene Methylation in Conjunction with One-Carbon Metabolism. Int. J. Mol. Sci. 2018,
19, 3106. [CrossRef] [PubMed]

76. Chen, D.H.; Wu, K.T.; Hung, C.J.; Hsieh, M.; Li, C. Effects of adenosine dialdehyde treatment on in vitro and in vivo stable protein
methylation in HeLa cells. J. Biochem. 2004, 136, 371–376. [CrossRef] [PubMed]

77. Hop, C.E.; Bakhtiar, R. Homocysteine thiolactone and protein homocysteinylation: Mechanistic studies with model peptides and
proteins. Rapid Commun. Mass Spectrom. 2002, 16, 1049–1053. [CrossRef]

78. Lu, S.C. S-Adenosylmethionine. Int. J. Biochem. Cell Biol. 2000, 32, 391–395. [CrossRef]
79. Ericson, L.E.; Williams, J.N., Jr.; Elvehjem, C.A. Studies on partially purified betaine-homocysteine transmethylase of liver.

J. Biol. Chem. 1955, 212, 537–544. [CrossRef]

http://doi.org/10.1016/j.ymgme.2017.11.002
http://doi.org/10.1172/JCI113344
http://www.ncbi.nlm.nih.gov/pubmed/2828428
http://doi.org/10.1073/pnas.0500517102
http://www.ncbi.nlm.nih.gov/pubmed/15738392
http://doi.org/10.1001/archinte.1975.00330050060010
http://www.ncbi.nlm.nih.gov/pubmed/1052664
http://www.ncbi.nlm.nih.gov/pubmed/13250423
http://doi.org/10.1210/jc.2015-3754
http://www.ncbi.nlm.nih.gov/pubmed/26900641
http://doi.org/10.4103/0022-3859.123143
http://doi.org/10.1001/archneur.60.10.1457
http://www.ncbi.nlm.nih.gov/pubmed/14568819
http://doi.org/10.1172/JCI106581
http://doi.org/10.1136/bmj.2.5204.992
http://doi.org/10.1515/CCLM.2009.302
http://www.ncbi.nlm.nih.gov/pubmed/19817650
http://doi.org/10.1093/ajcn/78.1.131
http://www.ncbi.nlm.nih.gov/pubmed/12816782
http://doi.org/10.1111/nure.12001
http://doi.org/10.3390/nu9050445
http://doi.org/10.3390/nu12092867
http://www.ncbi.nlm.nih.gov/pubmed/32961717
http://doi.org/10.1042/bj1580341
http://www.ncbi.nlm.nih.gov/pubmed/985432
http://doi.org/10.1073/pnas.95.6.3059
http://doi.org/10.1017/S0007114512001869
http://doi.org/10.1002/dev.21914
http://doi.org/10.1002/dev.21801
http://doi.org/10.1159/000337290
http://doi.org/10.3181/00379727-131-34029
http://www.ncbi.nlm.nih.gov/pubmed/5791769
http://doi.org/10.3390/ijms19103106
http://www.ncbi.nlm.nih.gov/pubmed/30309036
http://doi.org/10.1093/jb/mvh131
http://www.ncbi.nlm.nih.gov/pubmed/15598895
http://doi.org/10.1002/rcm.681
http://doi.org/10.1016/S1357-2725(99)00139-9
http://doi.org/10.1016/S0021-9258(18)70991-5


Healthcare 2022, 10, 61 17 of 20

80. Kieliszek, M. Selenium–Fascinating Microelement, Properties and Sources in Food. Molecules 2019, 24, 1298. [CrossRef]
81. Roman, M.; Jitaru, P.; Barbante, C. Selenium biochemistry and its role for human health. Metallomics 2014, 6, 25–54. [CrossRef]
82. Chen, S.; Dong, Z.; Cheng, M.; Zhao, Y.; Wang, M.; Sai, N.; Wang, X.; Liu, H.; Huang, G.; Zhang, X. Homocysteine exaggerates

microglia activation and neuroinflammation through microglia localized STAT3 overactivation following ischemic stroke.
J. Neuroinflamm. 2017, 14, 187. [CrossRef]

83. Leng, Y.P.; Ma, Y.S.; Li, X.G.; Chen, R.F.; Zeng, P.Y.; Li, X.H.; Qiu, C.F.; Li, Y.P.; Zhang, Z.; Chen, A.F. l-Homocysteine-induced
cathepsin V mediates the vascular endothelial inflammation in hyperhomocysteinaemia. Br. J. Pharmacol. 2018, 175, 1157–1172.
[CrossRef]

84. Nilsson, K.; Gustafson, L.; Hultberg, B.r. The Plasma Homocysteine Concentration Is Better Than That of Serum Methylmalonic
Acid as a Marker for Sociopsychological Performance in a Psychogeriatric Population. Clin. Chem. 2000, 46, 691–696. [CrossRef]

85. Perła-Kaján, J.; Jakubowski, H. Dysregulation of Epigenetic Mechanisms of Gene Expression in the Pathologies of Hyperhomo-
cysteinemia. Int. J. Mol. Sci. 2019, 20, 3140. [CrossRef]

86. Tiwari, D.; Das, C.R.; Sultana, R.; Kashyap, N.; Islam, M.; Bose, P.D.; Saikia, A.K.; Bose, S. Increased homocysteine mediated
oxidative stress as key determinant of hepatitis E virus (HEV) infected pregnancy complication and outcome: A study from
Northeast India. Infect. Genet. Evol. 2021, 92, 104882. [CrossRef] [PubMed]

87. Herrmann, M.; Tami, A.; Wildemann, B.; Wolny, M.; Wagner, A.; Schorr, H.; Taban-Shomal, O.; Umanskaya, N.; Ross, S.; Garcia,
P.; et al. Hyperhomocysteinemia induces a tissue specific accumulation of homocysteine in bone by collagen binding and
adversely affects bone. Bone 2009, 44, 467–475. [CrossRef]

88. Roy, D.G.; Chen, J.; Mamane, V.; Ma, E.H.; Muhire, B.M.; Sheldon, R.D.; Shorstova, T.; Koning, R.; Johnson, R.M.; Esaulova,
E.; et al. Methionine Metabolism Shapes T Helper Cell Responses through Regulation of Epigenetic Reprogramming. Cell Metab.
2020, 31, 250–266.e259. [CrossRef] [PubMed]

89. Lenherr, N.; Christodoulou, J.; Duley, J.; Dobritzsch, D.; Fairbanks, L.; Datta, A.N.; Filges, I.; Gürtler, N.; Roelofsen, J.; van
Kuilenburg, A.B.P.; et al. Co-therapy with S-adenosylmethionine and nicotinamide riboside improves t-cell survival and function
in Arts Syndrome (PRPS1 deficiency). Mol. Genet. Metab. Rep. 2021, 26, 100709. [CrossRef] [PubMed]

90. Hoffbrand, A.V.; Stewart, J.S.; Booth, C.C.; Mollin, D.L. Folate deficiency in Crohn’s disease: Incidence, pathogenesis, and
treatment. Br. Med. J. 1968, 2, 71–75. [CrossRef] [PubMed]

91. Kolho, K.-L.; Pessia, A.; Jaakkola, T.; de Vos, W.M.; Velagapudi, V. Faecal and Serum Metabolomics in Paediatric Inflammatory
Bowel Disease. J. Crohn Colitis 2017, 11, 321–334. [CrossRef]

92. Holland, N.; Harmatz, P.; Golden, D.; Hubbard, A.; Wu, Y.-Y.; Bae, J.; Chen, C.; Huen, K.; Heyman, M.B. Cytogenetic Damage in
Blood Lymphocytes and Exfoliated Epithelial Cells of Children With Inflammatory Bowel Disease. Pediatr. Res. 2007, 61, 209–214.
[CrossRef]

93. Fischer, E.A.; Hetland, M.L.; Krabbe, S. Folinic acid alleviates side effects of methotrexate in arthritis patients with side effects
despite folic acid supplementation: An observational cohort study. Rheumatology 2020, 59, 3566–3568. [CrossRef]

94. Saibeni, S.; Bollani, S.; Losco, A.; Michielan, A.; Sostegni, R.; Devani, M.; Lupinacci, G.; Pirola, L.; Cucino, C.; Meucci, G.; et al. The
use of methotrexate for treatment of inflammatory bowel disease in clinical practice. Dig. Liver Dis. 2012, 44, 123–127. [CrossRef]
[PubMed]

95. Piovani, D.; Danese, S.; Peyrin-Biroulet, L.; Nikolopoulos, G.K.; Lytras, T.; Bonovas, S. Environmental Risk Factors for In-
flammatory Bowel Diseases: An Umbrella Review of Meta-analyses. Gastroenterology 2019, 157, 647–659.e644. [CrossRef]
[PubMed]

96. Zintzaras, E. Genetic variants of homocysteine/folate metabolism pathway and risk of inflammatory bowel disease: A synopsis
and meta-analysis of genetic association studies. Biomarkers 2010, 15, 69–79. [CrossRef] [PubMed]

97. Klaassen, M.A.Y.; Imhann, F.; Collij, V.; Fu, J.; Wijmenga, C.; Zhernakova, A.; Dijkstra, G.; Festen, E.A.M.; Gacesa, R.; Vich Vila,
A.; et al. Anti-inflammatory Gut Microbial Pathways Are Decreased During Crohn’s Disease Exacerbations. J. Crohns Colitis 2019,
13, 1439–1449. [CrossRef] [PubMed]

98. Gimier, E.; Chervy, M.; Agus, A.; Sivignon, A.; Billard, E.; Privat, M.; Viala, S.; Minet-Quinard, R.; Buisson, A.; Vazeille, E.; et al.
Methyl-donor supplementation prevents intestinal colonization by Adherent-Invasive E. coli in a mouse model of Crohn’s disease.
Sci. Rep. 2020, 10, 12922. [CrossRef] [PubMed]

99. Nelson, J.D.; Haltalin, K.C. Effect of neonatal folic acid deprivation on later growth and susceptibility to Shigella infection in the
guinea pig. Am. J. Clin. Nutr. 1972, 25, 992–996. [CrossRef] [PubMed]

100. Park, A.M.; Omura, S.; Fujita, M.; Sato, F.; Tsunoda, I. Helicobacter pylori and gut microbiota in multiple sclerosis versus
Alzheimer’s disease: 10 pitfalls of microbiome studies. Clin. Exp. Neuroimmunol. 2017, 8, 215–232. [CrossRef]

101. Zheng, S.; Yang, W.; Wu, C.; Lin, D.; Ding, R.; Sun, L.; Jiang, L. Association of ulcerative colitis with transcobalamin II gene
polymorphisms and serum homocysteine, vitamin B12, and folate levels in Chinese patients. Immunogenetics 2017, 69, 421–428.
[CrossRef] [PubMed]

102. Madanchi, M.; Fagagnini, S.; Fournier, N.; Biedermann, L.; Zeitz, J.; Battegay, E.; Zimmerli, L.; Vavricka, S.R.; Rogler, G.; Scharl,
M.; et al. The Relevance of Vitamin and Iron Deficiency in Patients with Inflammatory Bowel Diseases in Patients of the Swiss
IBD Cohort. Inflamm. Bowel Dis. 2018, 24, 1768–1779. [CrossRef]

103. Lurz, E.; Horne, R.G.; Määttänen, P.; Wu, R.Y.; Botts, S.R.; Li, B.; Rossi, L.; Johnson-Henry, K.C.; Pierro, A.; Surette, M.G.; et al.
Vitamin B12 Deficiency Alters the Gut Microbiota in a Murine Model of Colitis. Front. Nutr. 2020, 7, 83. [CrossRef]

http://doi.org/10.3390/molecules24071298
http://doi.org/10.1039/C3MT00185G
http://doi.org/10.1186/s12974-017-0963-x
http://doi.org/10.1111/bph.13920
http://doi.org/10.1093/clinchem/46.5.691
http://doi.org/10.3390/ijms20133140
http://doi.org/10.1016/j.meegid.2021.104882
http://www.ncbi.nlm.nih.gov/pubmed/33905889
http://doi.org/10.1016/j.bone.2008.10.051
http://doi.org/10.1016/j.cmet.2020.01.006
http://www.ncbi.nlm.nih.gov/pubmed/32023446
http://doi.org/10.1016/j.ymgmr.2021.100709
http://www.ncbi.nlm.nih.gov/pubmed/33532242
http://doi.org/10.1136/bmj.2.5597.71
http://www.ncbi.nlm.nih.gov/pubmed/5646094
http://doi.org/10.1093/ecco-jcc/jjw158
http://doi.org/10.1203/pdr.0b013e31802d77c7
http://doi.org/10.1093/rheumatology/keaa277
http://doi.org/10.1016/j.dld.2011.09.015
http://www.ncbi.nlm.nih.gov/pubmed/22051323
http://doi.org/10.1053/j.gastro.2019.04.016
http://www.ncbi.nlm.nih.gov/pubmed/31014995
http://doi.org/10.3109/13547500903297184
http://www.ncbi.nlm.nih.gov/pubmed/20085490
http://doi.org/10.1093/ecco-jcc/jjz077
http://www.ncbi.nlm.nih.gov/pubmed/31066440
http://doi.org/10.1038/s41598-020-69472-3
http://www.ncbi.nlm.nih.gov/pubmed/32737335
http://doi.org/10.1093/ajcn/25.10.992
http://www.ncbi.nlm.nih.gov/pubmed/4562267
http://doi.org/10.1111/cen3.12401
http://doi.org/10.1007/s00251-017-0998-2
http://www.ncbi.nlm.nih.gov/pubmed/28526947
http://doi.org/10.1093/ibd/izy054
http://doi.org/10.3389/fnut.2020.00083


Healthcare 2022, 10, 61 18 of 20

104. Tamura, J.; Kubota, K.; Murakami, H.; Sawamura, M.; Matsushima, T.; Tamura, T.; Saitoh, T.; Kurabayshi, H.; Naruse, T.
Immunomodulation by vitamin B12: Augmentation of CD8+ T lymphocytes and natural killer (NK) cell activity in vitamin
B12-deficient patients by methyl-B12 treatment. Clin. Exp. Immunol. 1999, 116, 28–32. [CrossRef] [PubMed]

105. Zhu, X.; Xiang, S.; Feng, X.; Wang, H.; Tian, S.; Xu, Y.; Shi, L.; Yang, L.; Li, M.; Shen, Y.; et al. Impact of Cyanocobalamin
and Methylcobalamin on Inflammatory Bowel Disease and the Intestinal Microbiota Composition. J. Agric. Food Chem. 2018,
67, 916–926. [CrossRef] [PubMed]

106. Melhem, H.; Hansmannel, F.; Bressenot, A.; Battaglia-Hsu, S.-F.; Billioud, V.; Alberto, J.M.; Gueant, J.L.; Peyrin-Biroulet, L.
Methyl-deficient diet promotes colitis and SIRT1-mediated endoplasmic reticulum stress. Gut 2016, 65, 595–606. [CrossRef]
[PubMed]

107. Roblin, X.; Phelip, J.M.; Genevois, M.; Ducros, V.; Bonaz, B. Hyperhomocysteinaemia is associated with osteoporosis in patients
with Crohn’s disease. Aliment. Pharmacol. Ther. 2007, 25, 797–804. [CrossRef] [PubMed]

108. Harb, Z.; Deckert, V.; Bressenot, A.M.; Christov, C.; Guéant-Rodriguez, R.-M.; Raso, J.; Alberto, J.M.; de Barros, J.-P.P.; Umoret, R.;
Peyrin-Biroulet, L.; et al. The deficit in folate and vitamin B12 triggers liver macrovesicular steatosis and inflammation in rats
with dextran sodium sulfate-induced colitis. J. Nutr. Biochem. 2020, 84, 108415. [CrossRef] [PubMed]

109. Oz, H.S.; Chen, T.S.; McClain, C.J.; de Villiers, W.J. Antioxidants as novel therapy in a murine model of colitis. J. Nutr. Biochem.
2005, 16, 297–304. [CrossRef] [PubMed]

110. Schmedes, A.; Nielsen, J.N.; Hey, H.; Brandslund, I. Low S-adenosylmethionine concentrations found in patients with severe
inflammatory bowel disease. Clin. Chem. Lab. Med. 2004, 42, 648–653. [CrossRef]

111. Bermejo, F.; Algaba, A.; Guerra, I.; Chaparro, M.; De-La-Poza, G.; Valer, P.; Piqueras, B.; Bermejo, A.; García-Alonso, J.; Pérez,
M.-J.; et al. Should we monitor vitamin B12and folate levels in Crohn’s disease patients? Scand. J. Gastroenterol. 2013, 48, 1272–1277.
[CrossRef]

112. Ao, M.; Tsuji, H.; Shide, K.; Kosaka, Y.; Noda, A.; Inagaki, N.; Nakase, H.; Tanaka, K. High prevalence of vitamin B-12 insufficiency
in patients with Crohn’s disease. Asia Pac. J. Clin. Nutr. 2017, 26, 1076–1081. [CrossRef] [PubMed]

113. Casella, G.; Antonelli, E.; Di Bella, C.; Di Marco, E.; Piatti, M.; Villanacci, V.; Bologna, S.; Baldini, V.; Bassotti, G. Hyperhomocys-
teinemia in patients with Crohn’s disease. Tech. Coloproctol. 2013, 17, 497–500. [CrossRef] [PubMed]

114. Lambert, D.; Benhayoun, S.; Adjalla, C.; Gélot, M.-A.; Renkes, P.; Felden, F.; Gérard, P.; Belleville, F.; Gaucher, P.; Guéant, J.-L.; et al.
Crohn’s disease and vitamin B12 metabolism. Dig. Dis. Sci. 1996, 41, 1417–1422. [CrossRef] [PubMed]

115. Sampaio, A.L.F.; Dalli, J.; Brancaleone, V.; D’Acquisto, F.; Perretti, M.; Wheatley, C. Biphasic Modulation of NOS Expression,
Protein and Nitrite Products by Hydroxocobalamin Underlies Its Protective Effect in Endotoxemic Shock: Downstream Regulation
of COX-2, IL-1β, TNF-α, IL-6, and HMGB1 Expression. Mediat. Inflamm. 2013, 2013, 1–20. [CrossRef]

116. Lee, Y.-J.; Wang, M.-Y.; Lin, M.-C.; Lin, P.-T. Associations between Vitamin B-12 Status and Oxidative Stress and Inflammation in
Diabetic Vegetarians and Omnivores. Nutrients 2016, 8, 118. [CrossRef] [PubMed]

117. Ren, H.; Mu, J.; Ma, J.; Gong, J.; Li, J.; Wang, J.; Gao, T.; Zhu, P.; Zheng, S.; Xie, J.; et al. Selenium Inhibits Homocysteine-Induced
Endothelial Dysfunction and Apoptosis via Activation of AKT. Cell. Physiol. Biochem. 2016, 38, 871–882. [CrossRef] [PubMed]
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