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Abstract

:

Vitamin B12 (VitB12) is a micronutrient and acts as a cofactor for fundamental biochemical reactions: the synthesis of succinyl-CoA from methylmalonyl-CoA and biotin, and the synthesis of methionine from folic acid and homocysteine. VitB12 deficiency can determine a wide range of diseases, including nervous system impairments. Although clinical evidence shows a direct role of VitB12 in neuronal homeostasis, the molecular mechanisms are yet to be characterized in depth. Earlier investigations focused on exploring the biochemical shifts resulting from a deficiency in the function of VitB12 as a coenzyme, while more recent studies propose a broader mechanism, encompassing changes at the molecular/cellular levels. Here, we explore existing study models employed to investigate the role of VitB12 in the nervous system, including the challenges inherent in replicating deficiency/supplementation in experimental settings. Moreover, we discuss the potential biochemical alterations and ensuing mechanisms that might be modified at the molecular/cellular level (such as epigenetic modifications or changes in lysosomal activity). We also address the role of VitB12 deficiency in initiating processes that contribute to nervous system deterioration, including ROS accumulation, inflammation, and demyelination. Consequently, a complex biological landscape emerges, requiring further investigative efforts to grasp the intricacies involved and identify potential therapeutic targets.
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1. Introduction


Vitamin B12 (VitB12), also known as cobalamin (Cbl), is a water-soluble vitamin mainly found in animal foods, meat, milk, eggs, fish, and shellfish [1]. In the 1960s, the pivotal role of this micronutrient was recognized through studies on pernicious anemia, a condition directly linked to VitB12 deficiency [2]. Over the years, mild to severe alterations associated with VitB12 dysregulation have been described, even independent of vitamin intake or the amount of liver storage but mostly related to various inborn errors. Indeed, the extent of VitB12 deficiency-related issues is not only linked to low intake but also to the ability of the organism to uptake and utilize VitB12. Therefore, instead of determining the VitB12 levels, clinical practices focus on evaluating the levels of intermediate metabolites that can accumulate based on the biochemical reactions catalyzed by VitB12 (i.e., methylmalonic acid, MMA, and homocysteine, HCy) [3,4].



The range of diseases linked to VitB12 deficiency is broad, encompassing megaloblastic anemia, hypercellular and dysplastic bone marrow, growth and developmental challenges in children, infertility, thrombosis due to hyperhomocysteinemia (HHCy), and syndromes with fatal hematological and neurological symptoms [5,6,7,8]. VitB12 deficiency can give rise to a wide range of alterations, including both neurological and neuropsychological aspects, which can manifest as cognitive impairments, depression, mania, irritability, paranoia, delusions, and emotional instability [8]. Moreover, in recent years, VitB12 deficiency has been associated with neurodegenerative diseases (refer below for more information). Furthermore, disruptions in the autonomic nervous system and spinal cord accompany VitB12 deficiency, determining issues such as postural hypotension, incontinence, and impotence, while affecting the peripheral nervous system with symptoms like cutaneous sensory loss, reduced reflexes, symmetric weakness, and paraesthesia (Stabler et al., 2013; Kayali et al., 2019; Scalabrino et al., 2006 [8,9,10]).



The strategy of deficiency management aims to normalize the metabolic decompensation and primarily relies on the supplementation of VitB12 and on drugs targeting the reduction of toxic metabolite build-up. While these treatments are life-saving interventions, they often fall short of effectively addressing the underlying neurological abnormalities and only partially ameliorate symptoms caused by VitB12 deficiency. Recovery from neurological impairment poses significant challenges, primarily because the neurological dysfunction associated with VitB12 deficiency often manifests years after the onset of malabsorption or the absence of supplementation, i.e., when neurological recovery is no longer possible [11].



Inborn errors related to VitB12 uptake (e.g., Intrinsic Factor deficiency, Imerslund–Gräsbeck syndrome, transcobalamin deficiency) or intracellular VitB12 metabolism (such as methylmalonic acidemia with homocystinuria) have the potential to recapitulate and mimic the effects of VitB12 deficiency, and can provide valuable insights into the involvement of the nervous system. In these disorders, neurological impairments can manifest soon after birth. Although the diagnosis can be achieved within a few days after birth (especially in areas where metabolic postnatal screening is available, typically within 1 to 5 days), neurological impairments are not completely reversible despite prompt treatment [12]. It is essential to emphasize that VitB12 is indispensable for fetal development, although pregnancy can still progress even in the presence of VitB12 deficiency or severe inborn errors affecting its metabolism. Several factors may contribute to this phenomenon, including the exchange of reaction intermediates or end-products between the mother and fetus via the placenta and the inheritance of maternal components in the zygote (as discussed later). Furthermore, in a case report involving methylmalonic aciduria with homocystinuria as the inborn error, a combination of pre- and postnatal treatment with hydroxocobalamin (OH-Cbl) and folic acid (FA), along with postnatal treatment using OH-Cbl, folic acid, and betaine, avoided the onset of metabolic decompensation and enabled the patient to achieve a normal intelligence quotient (IQ), even though mild ophthalmic issues were still present [13]. Similarly, the offspring of mothers strictly adhering to a vegan or vegetarian diet, who breastfed their babies, exhibited neurological symptoms associated with VitB12 deficiency only during their second trimester coinciding with the onset of metabolic decompensation [14]. Furthermore, some individuals carry mutations associated with defects in VitB12 metabolism but only experience complications later in life [15]. On one hand, these observations suggest a correlation between metabolic decompensation due to a defect in VitB12 metabolism and disease symptoms. On the other hand, it is important to note that some disease-related manifestations, such as eye issues, may not be directly associated with metabolic imbalance. These observations raise questions about the possible existence of endogenous mechanisms that can counteract or buffer defects linked to VitB12, sustaining metabolic balance or postponing the onset of symptoms, or the possibility of non-biochemical but rather cellular and molecular mechanisms that could contribute to this phenomenon.



While previous research has primarily explored the biochemical alterations stemming from the defective pathways directly linked to VitB12 as a coenzyme, the investigation of secondary alterations involving molecular changes and cellular alterations is a more recent focus. Furthermore, despite the apparent link between neurological impairments and VitB12 deficiency, the possible neuropathological mechanisms have not yet been fully clarified. Therefore, in this review, we delve into the cellular processes and molecular mechanisms linked to VitB12 deficiency or VitB12 deficiency mimicking conditions (e.g., inborn errors), with a specific focus on the nervous systems. In addition, we report differences in experimental models used to investigate the role of VitB12 and highlight possible bias. Our objective is to emphasize potential mechanisms worth further investigation and to identify potential targets already described in the literature for future medical interventions, aiming for the improvement of neurological impairments due to VitB12 deficiency.




2. Vitamin B12 Micronutrient: As Essential as Complex


VitB12 comprises a group of four molecules distinguished by a solitary cobalt atom binding to a corrin-like core, along with 5,6-dimethylbenzimidazole (which, in turn, binds to ribose 5-phosphate) and a variable residue. This latter component encompasses one of the following groups: cyanide, hydroxyl, methyl, or 5′-deoxyadenosyl, which corresponds to cyanocobalamin (CN-Cbl), hydroxocobalamin (OH-Cbl), methylcobalamin (Me-Cbl), and 5′-deoxyadenosylcobalamin (also known as adenosylcobalamin, Ado-Cbl), respectively. OH-Cbl is the naturally occurring form of VitB12; conversely, CN-Cbl is a by-product of the extraction process and can be converted to the active forms, Me-Cbl and Ado-Cbl, following ingestion [3,4].



For human beings, VitB12 is not endogenously synthesized and is a cofactor for vital biochemical reactions [4,16,17]. In the cytoplasm, VitB12, in the form of Me-Cbl, is a methyl group donor and is involved in the synthesis of methionine from HCy and folic acid (FA) (a.k.a. VitB9) performed by methionine synthase (MTR); whereas, in mitochondria, VitB12, as Ado-Cbl, is a co-factor for L-methylmalonyl-CoA mutase (MUT), and participates in the synthesis of succinyl-CoA from L-methylmalonyl-CoA and biotin [3,4].



The uptake of VitB12 to specific cellular sites and its conversion to active forms are a multi-step process. Thus, alterations in VitB12 metabolism may be determined not only by dietary deficiencies or by impairments in the MTR or MUT (enzymes employing VitB12 as a co-factor) but also by other factors involved in its absorption. It is crucial to acknowledge that the clinical presentations resulting from metabolic issues associated with the absorption or processing of VitB12 may exhibit partial overlap with VitB12 deficiency. Hence, a cautious approach is necessary when interpreting the findings. Here, a brief description of the uptake mechanism is first provided, elucidating the factors that can lead to VitB12 malabsorption. A detailed exploration of the biochemical mechanisms underlying metabolic imbalances resulting from VitB12 deficiency, malabsorption, or inborn defects associated with VitB12 metabolism is then undertaken.



2.1. The Mechanism of Vitamin B12 Absorption


In humans, the uptake of VitB12 is a multi-step process (Figure 1), starting in the stomach with the release of VitB12 from food thanks to gastric juices. The free VitB12 binds to Haptocorrin (HC) (also named R-protein or Transcobalamin I and encoded by the TCN1), which is secreted by the oral mucosa. The HC protein has a glycosylated structure conferring resistance to low pH, thereby protecting VitB12 from harsh gastric conditions [18]. The VitB12-HC complex then enters the intestine and undergoes degradation in the duodenum. Pancreatic proteases can degrade the HC, and the resulting free VitB12 associates with Intrinsic Factor (IF) to form a complex. In the ileum, the VitB12-IF is specifically recognized by the cubam receptor on the apical surface of enterocytes. Such binding triggers receptor-mediated endocytosis, resulting in the internalization of the VitB12-IF complex. Subsequently, the complex is transported to lysosomes for further processing, and the cubam receptor is addressed to the plasma membrane to be recycled [19]. Cubam is a multifaceted complex that has not been comprehensively elucidated. It is comprised of two essential components: cubilin (CUB), encoded by the CUBN gene, and amnionless (AMN), encoded by AMN. However, additional proteins may contribute to the stability and function of this complex, including megalin (MAG), encoded by the LRP-2 gene, and receptor-associated protein (RAP), which interacts with specific components of the cubam complex [20,21]. Once the VitB12-IF complex reaches the lysosomes, IF undergoes degradation, releasing free VitB12, which is then actively transported into the cytoplasm with the help of two transmembrane proteins encoded by the LMBRD1 and ABCD4 genes [22]. In the cytoplasm, free VitB12 is conveyed through the basolateral side of enterocytes via active transport (mediated by multi-specific membrane transporter, multidrug-resistant protein 1, MRP1/ABCC1) or passive transport to the blood flow [23]. In the blood, VitB12 can bind with varying degrees of affinity to the known carriers, Transcobalamin (TC) (previously named Transcobalamin II and encoded by the TCN2 gene) and HC. VitB12 bound to TC (forming holotranscobalamin) represents the circulating bioavailable form of VitB12, and is absorbed by the peripheral cells via endocytosis mediated by the receptor CD320 (also known as Transcobalamin II Receptor) [23]. Although not precisely described, a mechanism similar to what occurs in enterocytes takes place in peripheral target cells. Following receptor-mediated endocytosis, within the lysosome, TC is degraded, and the CD320 receptor is recycled to the plasma membrane. In this manner, VitB12, no longer complexed to a protein, can enter the cytoplasm via lysosomal transporters for utilization by specific enzymes (MTR and MUT) and may even be exported [20,21].



Interestingly, about 80% of VitB12 (and inactive VitB12 analogues) is bound to HC, forming holohaptocorrin (VitB12-HC). This complex has a dual function: (i) VitB12-HC conveys VitB12 to the liver, where it undergoes uptake through endocytosis mediated by Asialoglycoprotein receptor (ASGPR); (ii) VitB12 from VitB12-HC can be transferred to TC (which has a higher affinity for VitB12). Thus, VitB12-HC is not only involved in the formation of the hepatic stock of VitB12 but also constitutes a reserve of circulating VitB12. It must be added that a small percentage of VitB12 is available in the blood flow in free form, and hepatocytes, in addition to having the ASGPR receptor, also express CD320, drawing a finely tuned reservoir system yet to be elucidated [24,25,26].




2.2. VitB12 Deficiency: The Cause and the Need for Supplementation


The transport of VitB12 to specific cellular locations and its conversion into active forms involve multiple steps, and a disruption in any one of these reactions can impact not only the lack of substrates and inborn errors linked to vitamin uptake/metabolism but also result in VitB12 deficiency. This deficiency can also be the result of autoimmune diseases, malabsorption following inflammatory diseases, and resection of part of the gastrointestinal apparatus [27,28]. For example, considering the formation of the complex VitB12-IF, besides mutations in the gene encoding for IF, several conditions can avoid the accomplishment of this step. In the autoimmune disease pernicious anemia, an anti-intrinsic factor antibody is produced that determines the non-absorption of VitB12 at the terminal ileum, thus making VitB12 not available. Gastric bypass surgery eliminates the IF-producing cells (parietal cells) in the digestion pathway, thus making IF not available. On the other hand, even when IF is available in the correct form, damage in the ileum, including surgical resection due to Crohn’s disease, inflammation from celiac disease, or infection with parasites (Diphyllobothrium latum and Giardia lamblia), can affect VitB12-IF uptake. Furthermore, evidence suggests a two-way balance of microbiota and VitB12 absorption: microbial intestinal flora is made up of bacteria that can synthesize VitB12 (Pseudomonas spp. and Klebsiella spp.), transform VitB12 into analogues, or consume VitB12. Furthermore, VitB12 and its analogues (globally known as corrinoids) have a role in bacterial gene modulation, thus suggesting that the levels of the above-mentioned molecules could modulate the microbiota balance [29]. Additionally, distinct endoscopic observations and variations in gastritis are frequently associated with the presence or absence of B12 deficiency [30], and there is a reported positive correlation between levels of VitB12 and Cubam R expression in duodenal mucosa [31]. This suggests that the lack of VitB12 may alter intestinal epithelium, although establishing this link is challenging due to the bidirectional influence between deficient epithelium and VitB12 malabsorption. Recent studies employing multi-omic approaches have shown that VitB12 deficiency disrupts the transcriptional and metabolic programming of ileal epithelial cells. This disruption reduces epithelial mitochondrial respiration and hampers carnitine shuttling, making the epithelial barrier more vulnerable to Salmonella Typhimurium [32,33]. Moreover, as later discussed, there exists a reciprocal relationship between microbiota and VitB12, and alterations in the microbiota may affect the intestinal epithelium [32,33,34].



It is to be noted that, although gut microbes can produce VitB12, they do not provide significant sources of cobalamin to humans for several reasons, including the fact that the total cobalamin found in the feces is only 2% of total need, and is produced mainly in the colon, which is downstream of the ileum, thus excluding the possibility of absorbtion [29].



The VitB12 stocked in the liver can be made available by reabsorption of the biliary cobalamin [24,25,35]. In humans, VitB12′s daily requirement is 1–4 μg, and the liver stores roughly 2–5 mg. Accordingly, VitB12 deficiency symptoms typically develop within 3–5 years of the beginning of the malabsorption, thus making the disease chronic and impairments not reversible in some cases [11].



Deficiency of VitB12, various inborn errors that can affect the absorption (such as IF deficiency and Imerslund–Gräsbeck syndrome), the transport (transcobalamin deficiency), and the intracellular metabolism of VitB12 (combined methylmalonic acidemia and homocystinuria depending on the genes involved), rely on a specific requirement of supplementation/treatment with VitB12 that allow patients to survive and, in some cases, improve neurological impairments. Moreover, medical evidence also suggests a beneficial role of high VitB12 dosage on some of the neuronal impairments [12].




2.3. Metabolic Decompensation after VitB12 Deficiency


The deficiency of VitB12, or more specifically, the alterations in MTR or MUT (for which VitB12 serves as a cofactor), not only avoids the biosynthesis of reaction intermediates but also determines the accumulation of substrates that are toxic at higher concentrations (Figure 2). In particular, alterations in MTR activity can block the methionine cycle and result in the non-synthesis of methionine and hyperhomocysteinemia (i.e., a high level of toxic HCy). However, through a parallel pathway, HCy can be converted into methionine and cystathionine with the involvement of betaine-homocysteine S-methyltransferase (BHMT) and cystathionine-beta-synthase (CBS), respectively. This results in a methionine pool that can be further converted into S-adenosyl-L-methionine (SAM) [36,37]. In mitochondria, VitB12-related alterations can alter the lipid metabolic pathways and reduce succinyl levels, thereby modifying the mitochondrial energy production balance. Note that some amino acids (namely methionine, threonine, isoleucine, and valine), cholesterol, and beta-oxidation of odd-numbered carbon chain fatty acids can lead to the synthesis of propionyl-CoA; the latter can be carboxylated into methylmalonyl-CoA by propionyl-CoA carboxylase, a biotin-dependent enzyme. Methylmalonyl-CoA, the substrate of L-methylmalonyl-CoA mutase, is then converted into succinyl-CoA in a VitB12-dependent reaction as mentioned above. Alterations in L-methylmalonyl-CoA mutase block the production of succinyl-CoA (although it can be alternatively obtained by the oxidative decarboxylation of alpha-ketoglutarate) [38], resulting in increased levels of MMA, methylmalonyl-CoA, and propionic acid. Furthermore, methylmalonyl-CoA inhibits carnitine palmitoyltransferase-1 (CPT1), which is responsible for converting long-chain acyl-CoAs to long-chain acyl-carnitines, the form of fatty acid that can be imported into the mitochondria. This could lead to a decrease in fatty acid oxidation and aberrant lipogenesis [35,39]. The independent role of VitB12 on lipid metabolism, a key risk factor for cardiometabolic disorders, has not been explored to a larger extent [35].



To provide a comprehensive picture, it is important to note that both forms of VitB12, natural OH-Cbl and synthetic CN-Cbl, undergo a series of biosynthetic modifications that lead to their conversion into the active forms, Me-Cbl and Ado-Cbl. This conversion process involves several enzymes, although not all of them have been fully characterized. Currently, nine enzymes have been described, the alteration of which can block the production or utilization of Me-Cbl, Ado-Cbl, or both cofactors: lipocalin-1 interacting membrane receptor domain-containing protein 1 (LMBD1), ATP-binding cassette subfamily D member 4 (ABCD4), methylmalonic aciduria type C and homocystinuria (MMACHC), methylmalonic aciduria type D and homocystinuria (MMADHC), methylmalonic aciduria type A (MMAA), ATP-dependent cob(I)alamin adenosyltransferase (ATR), methylmalonyl-CoA mutase (MUT), methionine synthase reductase (MSR) and methionine synthase (MTR) encoded by LMBRD1, ABCD4, MMACHC, MMADHC, MMAA, MMAB, MUT, MTRR, and MTR, respectively. Several mutations have been found to be associated with the mentioned genes, forming nine complementation groups. In particular, mutations in LMBRD1, ABCD4, and MMACHC genes (corresponding to cblF, cblJ, and cblC complementation groups) are associated with combined methylmalonic aciduria and homocystinuria. Mutations in MMAA, MMAB, and MUT (corresponding to cblA, cblB, and mut complementation groups) are associated with isolated methylmalonic aciduria, while mutations in MTRR and MTR (corresponding to cblE and cblG complementation groups) are associated with isolated homocystinuria. Mutations in MMADHC (belonging to the cblD complementation group) can be associated with all three clinical phenotypes [40].




2.4. A Speculative Scenario of VitB12 Deficiency


Though lacking precise pathological studies, considering our current understanding of physiological pathways, it is possible to speculate on additional biochemical implications of VitB12 deficiency that may affect molecular and cellular processes (Figure 2). In terms of energy metabolism, the insufficiency of VitB12 hampers the proper functioning of the Krebs cycle, as the conversion of methylmalonyl-CoA to succinyl-CoA is impeded. Consequently, cells might rely on aerobic glycolysis rather than respiration for energy production [41,42]. This shift in energy production may be exacerbated by the reduced cellular content of the succinyl-CoA product, specifically succinate, whose low levels are associated with the induction of the transcription of glycolytic genes [43,44]. Furthermore, decreased succinate levels can limit its inhibitory effect on 2-oxoglutarate-dependent dioxygenase (2-OGDD) enzymes, which include histone (JMJD) and DNA (TET) demethylases, thereby influencing the histone and DNA methylation processes. This phenomenon could be further exacerbated by the depletion of the methyl donor S-adenosylmethionine (SAM) pool, as a consequence of VitB12 deficiency, a universal methyl donor needed for the methylation of DNA, RNA, proteins, neurotransmitters, and phospholipids. Indeed, the lack of methionine following VitB12 deficiency can lead to SAM depletion. Additionally, the methylation reactions utilizing SAM produce S-adenosylhomocysteine (SAH). Normally, SAH undergoes hydrolysis, aiding in the recycling of adenosine and homocysteine. However, the accumulation of homocysteine (HCy) resulting from VitB12 deficiency causes an excessive build-up of SAH, which then inhibits methyltransferases. Consequently, these combined phenomena lead to significant molecular changes, including epigenetic modifications of DNA and histone proteins, ultimately influencing gene expression [45].



A deficiency in VitB12 is known also to be associated with an increase in oxidative stress. While a reciprocal relationship between oxidative stress and inflammation has been observed in the context of VitB12 deficiency (see below), the exact underlying mechanism of oxidative stress generation remains poorly understood [46]. For example, VitB12 possesses scavenging activity, and thus, its absence may directly contribute to an increase in oxidative stress. Additionally, it is believed that an excess of homocysteine (HCy) can undergo auto-oxidation, leading to the production of hydrogen peroxide [46]. Furthermore, HCy can be directed towards the initial synthesis of cysteine, which subsequently leads to the production of glutathione (GSH) (a vital antioxidant molecule). The desulfhydration process of homocysteine by cystathionine-β-synthase (CBS) needs SAM to act as an allosteric activator, and produces cysteine through cystathionine generating hydrogen sulfide (H2S), a molecule recognized for its anti-inflammatory and antioxidant effects. A deficiency of VitB12, which in turn leads to a decrease in SAM, can indirectly affect the production of both GSH and H2S [47]. Finally, the increased oxidative stress within the cell can alter the oxidation state of cobalamin, subsequently affecting VitB12 metabolism. Indeed, the higher oxidation state of cobalamin inhibits methionine synthase activity, thwarting the conversion of HCy to methionine. This intricate scenario emphasizes how a deficiency in VitB12 exerts far-reaching effects within the cell, extending beyond mere biochemical alterations.





3. Vitamin B12 Deficiency: What Can We Learn from Experimental Models?


This review draws upon a diverse array of data and results sourced from various models, encompassing cellular origins in both human and murine contexts, alongside animal models involving mice and zebrafish (Danio rerio). It is noteworthy that these organisms may display differences in the metabolic processes and uptake mechanisms of VitB12 that may not be conserved in the species considered. Therefore, observations collected in one model may not be extended to another one, requiring further elucidation to provide a better understanding (Figure 3 and Table 1). Moreover, inducing a state of VitB12 deficiency proves to be a challenging endeavor, and the other pivotal facet warranting scrutiny pertains to the administration of the optimal VitB12 dosage. Within this section, we will thoroughly explore these intricacies, which are strongly linked to the experimental challenges within the specific scope of VitB12 research.



3.1. VitB12 Deficiency and Supplementation in Experimental Models: Far from Simple


One of the main challenges in investigating VitB12 deficiency or potential benefits of supplementation is in setting the state of deficiency or the appropriate dosage of supplements. Regarding human cell cultures, there are two major issues. The most common cell culture media lacks VitB12 (MEM, D-MEM, L-15), and other media contain concentrations between 0.28 to 1 μmol/L (M-199, HAM F-10, HAM F-12, RPMI-1640, DMEM/HAM F12), while treated fetal bovine serum has VitB12 in trace [55]. Note that in human serum, the levels of ViB12 may vary slightly in different reports due to several influencing factors, including regional differences, individual health conditions, and testing methodologies. For instance, Ermens and co-workers reported that values between 250 and 850 pM are considered normal for healthy individuals [56]. This aligns with Carmel, which indicates low serum levels of VitB12 for values below 148 pM, low-normal between 148–258 pM, and normal or high for values above 258 pM [57]. Thus, when media containing VitB12 are employed, its concentration can be 300 to 1200 times higher than that found in human serum. On the contrary, cells growing in a medium lacking VitB12 can potentially exhibit VitB12 deficiency, alongside possible deficiencies in other essential nutrients. Moreover, achieving a state of VitB12 deficiency sufficient for detecting key biochemical markers, such as elevated levels of MMA or HCy, necessitates a significant amount of time. Unfortunately, this extended period often leads to the demise of the cell culture due to the starvation process. Conversely, when deficiency is achieved by treating cell cultures with an anti-VitB12, successful intracellular localization of the inhibitor hinges on its endocytosis. This process depends on the availability of a pool of Transcobalamin (TC), which leads to the formation of the VitB12-TC complex, followed by the occurrence of CD320-mediated endocytosis (reviewed by [23,58]). TC is generally found in the serum added to the medium (although the protein composition of serum is not standardized). Thus, the serum is a potential source of TC but also contains VitB12 in trace [55]. Consequently, achieving complete inhibition, total VitB12 deficiency, or a complete supplementation setup becomes complex. These issues have pushed researchers to explore genetically engineered models by targeting genes integral to the uptake or metabolism of VitB12, thereby aiming to establish systems that recapitulate VitB12 deficiency (see below). Indeed, through genetic manipulation of genes related to the absorption or metabolism of VitB12, a variety of animal models have been generated. These models can mimic VitB12 deficiency and enhance our comprehension concerning the biological process. Lastly, further consideration to be considered is the optimal dosage of VitB12 employed within the experimental designs to explore its beneficial effects. Whenever feasible, in this review, the dose is reported aiming to ascertain their comparability to physiological levels and/or current treatments employed in human beings (see below).



Numerous studies focusing on neuronal function (including part of the data reported in this work), related pathologies, and VitB12 utilize SH-SY5Y human neuroblastoma cell line. These cells exhibit several characteristics of mature neurons, making them valuable for investigating various aspects of human neuronal biology. There are several important considerations to be made regarding this cellular model. Firstly, it should be noted that the SH-SY5Y cell line, despite its widespread usage due to its easy maintenance, is originally derived from a human brain tumor. Furthermore, researchers often utilize the SH-SY5Y cells in their undifferentiated state, as these cells already exhibit neurogenic markers even during their proliferative phase. However, they can also be differentiated into neuron-like cells, characterized by their triangular cell bodies and the formation of neurite outgrowth processes. The most employed methods of differentiation involve the use of retinoic acid alone, retinoic acid in combination with brain-derived neurotrophic factor (BDNF), or retinoic acid in combination with phorbol 12-myristate 13-acetate (PMA). It is essential to recognize that the specific differentiation agent employed can significantly affect the global biology of the cells and raise certain implications that need to be considered when interpreting experimental results [59].



The complexities of VitB12 biology cannot be entirely replicated using 2D cell cultures alone. Nonetheless, these cultures provide critical insights into cellular and molecular mechanisms, forming the foundation for further exploration within organismal models.




3.2. Rodents as a Model for Studying VitB12 Deficiency


The system of VitB12 transporters exhibits slight differences between mice and humans. Mice lack HC, and TC shares characteristics of both human TC and HC, as it recognizes both VitB12 and analogues. Furthermore, under normal conditions, about 10% of circulating TC in humans is saturated with VitB12 compared to 50% in mice. The difference in the biology of VitB12 is evident considering the kidney’s role in rodents. In mice, the kidney acts as a VitB12 reservoir, accumulating the vitamin during loading and releasing it during deficiency, indicating a certain difference in the uptake and storage of VitB12 in this model [48]. Indeed, as mentioned previously, in humans, the organ responsible for storage is the liver and partially the blood, although the kidney plays a crucial role in the reabsorption of TC [48,60]. Based on these observations, Lildballe and co-workers, to investigate the effect of an excess or a deficiency of VitB12, designed a mouse model to continuously saturate the endogenous mouse TC with VitB12 or with the anti-VitB12 cobinamide (Cbi) using osmotic minipumps. The researchers achieved the maximally loaded transport system as all circulating TC remained saturated, and the excess of VitB12 or Cbi was excreted in the urine. The dose was 42 nmol/24 h and 102 nmol/24 h of VitB12 and Cbi, respectively. It is important to note that, on average, mice have approximately 58.5 mL of blood per kg of body weight. Therefore, a 25 g mouse would have a total blood volume of approximately 1.46 mL (58.5 mL/kg × 0.025 kg). Thus, the resulting concentrations of VitB12 and Cbi in the blood could theoretically reach 28.77 μM and 69.86 μM, respectively, per day. This corresponds to approximately 34,000 times the normal content of VitB12 in humans and about 82,000 times the amount of an antivitamin equivalent to normal values of VitB12 (considering the serum concentration of 850 pM as a reference [56]). When mice were subjected to elevated doses of VitB12, their plasma levels of VitB12 increased. Simultaneously, a decrease in the expression of Methylenetetrahydrofolate reductase (MTHFR) was observed in their kidney tissues. MTHFR is an enzyme essential for converting 5,10-methylenetetrahydrofolate into 5-methyltetrahydrofolate, which, in turn, acts as a methyl donor for the methylation of homocysteine to methionine, a process that depends on the presence of VitB12. Surprisingly, following a high dose of VitB12, although the level of MMA decreased, HCy levels increased, thereby suggesting that both insufficient and excessive VitB12 levels could negatively impact the HCy metabolism in a mouse model. Moreover, the excess VitB12 is accumulated primarily in the kidney, although the liver doubled its VitB12 uptake. Furthermore, the study revealed downregulation of TC and CD320 (i.e., the TC receptor) in the salivary gland, following a high-dose VitB12 treatment. Prolonged treatment with inactive VitB12 analogues like Cbi could eventually lead to VitB12 deficiency, although it does not influence the markers of VitB12 metabolism in mice (the red blood cell counts and the levels of MMA and HCy were unchanged). However, these markers are not well understood in mice, as mice with alterations in some proteins involved in the metabolism of VitB12, showing reduced tissue VitB12 levels, do not exhibit haematic alterations [61]. Interestingly, in both treated groups (high dose of VitB12 and Cbi), the white blood cell count increased, reaching the highest level in the VitB12-treated mice group. A comparable response has been observed in humans with excessive VitB12 load, where VitB12 was found to act as a cellular modulator in the immune response system [62]. Similar results were obtained using another antivitamin inhibitor, Coβ-4-ethylphenyl-cob(III)alamin, EtPhCbl [49]. In a study conducted by Mutti and coworkers, mice were treated with EtPhCbl, which binds to TC and can induce cellular VitB12 deficiency. The animals were administered 3.5 nmol/24 h of EtPhCbl, 3.5 nmol/24 h of VitB12 (CN-Cbl), or NaCl (control group) via osmotic mini-pumps over a period of four weeks. Thus, the concentration of VitB12 or EtPhCbl per day could have theoretically reached about 2.40 μM, roughly 2800 times the normal content of VitB12 in humans (considering the serum concentration of 850 pM as a reference [56]). The researchers analyzed plasma, urine, liver, spleen, submaxillary glands, and spinal cord for VitB12 levels and markers of VitB12 deficiency, including the levels of MMA and HCy. Animals treated with EtPhCbl showed elevated plasma MMA levels compared to controls and CN-Cbl-treated animals. A similar pattern was observed for HCy. It should be noted that the observed organs exhibit varying absorption capabilities for both VitB12 and EtPhCbl. Particularly, the spinal cord appears to be resistant to both treatments, suggesting the influence of biological barriers on VitB12 absorption; however, regarding the experiment of Mutti and colleagues, a global deficiency of VitB12 is observable when animals were treated with EtPhCbl [49]. Interestingly, mice with autoimmune encephalomyelitis (EAE) show both a reduction of CD320 and a lower level of VitB12 in the spinal cord, and these levels of VitB12 worsen when the animals are subjected to a VitB12-deficient chow diet [63]. These data, which appear to be in apparent discord, might imply a complex regulatory system for VitB12 levels in the spinal cord that remains unclear and possibly linked to the progression of the disease, particularly in experimental models.



Despite the mentioned differences in mice and humans regarding VitB12 uptake, observations from the human SH-SY5Y cell model and the mouse brain show a similar intracellular trafficking of VitB12. SH-SY5Y cells exhibit a distribution of VitB12 in the lysosomes, mitochondria, and cytosol, accounting for approximately 6%, 14%, and 80%, respectively. Similarly, in the mouse brain organelles, the relative distribution of VitB12 was approximately 12% in lysosomes, 15% in mitochondria, and 73% in cytosol [64,65].




3.3. Zebrafish as a Model for Studying VitB12 Deficiency


Another widely utilized experimental model for studying the role of VitB12 at the organism level is the zebrafish. The zebrafish possesses more cobalamin transport proteins, namely Tcn2, Tcn-beta-a (Tcnba), and Tcn-beta-b (Tcnbb). Interestingly, Tcn2, a TC homolog, possesses both the α-domain and β-domain, which work together to form a binding cleft, facilitating the attachment of cobalamin; in contrast, Tcnba and Tcnbb lack the α-domain, however, they exhibit a remarkably high affinity for cobalamin, closely resembling Tcn2. Furthermore, the zebrafish lacks a homolog of the TC receptor, CD320, although a homolog of cubilin, involved in the receptor-mediated endocytosis of VitB12-IF in humans, has been identified. In humans, TC recognition by CD320 is driven by contact with only the α-domain, while the binding kinetics of IF involve contact with the α-domain and β-domain of its receptor, cubilin. This indicates that zebrafish may employ an alternative receptor or pathway for cobalamin uptake into cells [66]. With regard to the VitB12 intracellular metabolism, Sloan and coworkers used an in silico approach to identify potential zebrafish orthologs of human genes. Many of these orthologs were found to be highly conserved, including mmachc, the zebrafish ortholog of MMACHC [54]. In humans, the MMACHC gene encodes for CblC, a protein involved in the final step of Ado-Cbl and Me-Cbl synthesis. Mutations in MMACHC are associated with methylmalonic aciduria and homocystinuria, cblC type (cblC) (MIM 277400), the most prevalent inborn error in intracellular VitB12 metabolism [67]. This condition is characterized by a complex array of symptoms, including metabolic decompensation related to VitB12, neurological abnormalities, ocular deficits, and craniofacial dysmorphia [68,69]. For instance, it was observed that mmachc shares 51% sequence identity with the human protein but differs at the C-terminus, resulting in a shorter protein (250 amino acids in zebrafish versus 282 amino acids in humans). These findings indicate a certain degree of similarity in intracellular VitB12 metabolism in the zebrafish compared to humans.



In the zebrafish, a mmachc morphant mutant exhibited a severe embryonic phenotype characterized by growth impairment, developmental delay, axis development abnormalities, impaired swimming, pericardial effusion, and brain edema. On the contrary, the germinal mutant using zinc finger nucleases (ZFNs) approach to target exon 2 of mmachc, in order to reproduce a similar common human pathogenic variant (c.271dupA p.Arg91Lysfs*14), led to different outcomes. Allele engineering determined the frameshift mutations and led to the nonsense-mediated decay of mmachc mRNA. Interestingly, unlike the mmachc morphants, ZFN-generated fish models survived the embryonic period and appeared at expected Mendelian ratios during the larval period. However, at 35 days post-fertilization (dpf), more than 90% of the homozygous mutants died, resulting in a skewed genotype distribution, and no homozygous mutants survived past 42 dpf [54]. The notable disparity observed between morphant mutants and germline mutants can be attributed to the different methods employed in generating these models. Morphant mutants are created using morpholinos or simRNA to target the mRNA of embryos, including maternal mRNA. On the other hand, germline mutants are generated using genome editing techniques, such as ZFNs, to introduce genetic modifications into zebrafish embryos at the one-cell stage or early developmental stages. Using the ZFNs approach, during this early stage, the zygotic genome is not yet active, and the embryo heavily relies on maternal mRNA for essential functions. Consequently, the presence of maternal mRNA can support the early stage of development even in mutated animals, allowing embryonic development to proceed [54]. Similar outcomes have been observed in mouse models as well [50].



The mmachc mutant zebrafish produced by Sloan and co-workers exhibited symptoms similar to human patients with cblC deficiency, including metabolic perturbations such as elevated levels of MMA, as well as increased oxidative stress and mild craniofacial dysmorphia [54]. The observation of mild craniofacial dysmorphia phenotype in zebrafish opens up new questions regarding the role of mmachc. Indeed, craniofacial dysmorphia is observed also in mice carrying the Mmachc mutation and is associated with alteration in HCy levels that can be detected in the model [37,50]. However, zebrafish lacking the expression of mmachc show mild craniofacial dysmorphia and no alterations in HCy levels [53], suggesting the outcome is not dependent on the alteration of metabolism but possibly due to specific (and unknown) activities of mmachc unrelated to VitB12 metabolism as a coenzyme. A similar conclusion can be made considering eye disease. Mutant zebrafish exhibited retinal degeneration and dysregulation of genes related to phototransduction and metabolism [54], similar to cblC-associated eye disease in humans, generally attributed to metabolic decompensation, specifically, hyperhomocysteinemia [70]. These observations provide a much better understanding that the previously observed defects may not be linked to VitB12 metabolic alterations but could be possibly due to its additional roles, extending beyond the metabolic functions of the proteins involved in the biochemical pathway. For instance, considering the occurrence of maculopathy and progressive retinal degeneration among patients with clbC and, to some extent, patients with cblD, interestingly, such conditions do not manifest in patients with mutations in the other genes associated with VitB12 metabolism [50]. Furthermore, the physical interaction between MMADHC and MMACHC has been identified, and their interaction has been hypothesized to mediate functions not directly related to VitB12 metabolism [71,72]. These less-known functions could partially explain the excellent clinical presentation of the patient who underwent intrauterine treatment and shows only mild ophthalmic issues [13], and the cases with late-onset symptoms that have been documented in individuals harboring mutations in the genes involved with VitB12 metabolism. Interestingly, patients with late-onset symptoms, despite carrying a mutation, develop symptoms only during their adolescence or adulthood [73,74,75,76,77,78]. This suggests the existence of mechanisms that could either delay the metabolic onset of the disease or, conversely, trigger it, and also suggests the possibility that some impairments could not be due to metabolic unbalance. Therefore, providing a definitive answer proves challenging, primarily due to the wide array of mutations (identical alterations on both alleles, different mutations for each allele, or even classic heterozygosity). Moreover, as mentioned before, the complexity deepens with the realization that these proteins are possibly engaged in functions extending beyond VitB12 metabolism. This additional role in function brings yet another facet of intricacy to the overall picture.



A concluding point worth emphasizing is that, although the models discussed here do not precisely mirror human physiology, they provide valuable insights into the potential outcomes of VitB12 deficiency, whether induced by dietary insufficiency or genetic manipulation, and the possible improvement of the current therapies. For example, individuals suffering from VitB12 deficiency are typically supplemented with OH-Cbl or CN-Cbl [8]. On the other hand, patients with cblC-related issues receive treatment involving parenteral OH-Cbl, betaine, and other supplements aimed at enhancing biochemical markers. However, the dosage of these treatments primarily depends on the case reports and medical practitioners’ preferences, taking into account the patients’ responses to therapeutic interventions, which can significantly vary among individuals [68]. Using the zebrafish model, the researchers observed that Me-Cbl treatment proved to be the most effective for improving the growth parameters in the cblC zebrafish, despite no significant alterations in the measured metabolites. This suggests that further exploration of Me-Cbl treatment in cblC patients could be considered; however, the treatment might require a combination with OH-Cbl, as Me-Cbl alone revealed only a minor decrease in the MMA levels in the zebrafish model [54]. Finally, it is worth noting that while organisms can offer more comprehensive insights into the biology of VitB12 compared to cells, which provide a more focused and simpler means of investigation into a specific cell type, various considerations need to be applied when using animal models. For example, although the zebrafish presents opportunities to gather information on the embryonic development and metabolic functions of VitB12 due to the conservation of many orthologs directly involved in metabolism, such as mmachc, it cannot be employed to investigate absorption-related issues in human beings due to disparities in this pathway between humans and zebrafish





4. Vitamin B12 Deficiency and Nervous System: Still Lacking Crucial Knowledge


The symptomatology associated with VitB12 deficiency clearly highlights how the lack of this essential micronutrient can result in impairments related to the nervous system. As mentioned above, VitB12 deficiency in children and infants, stemming from malnutrition or the strict vegan diet of lactating mothers, can impact their development, resulting in various cognitive and movement disorders as well as developmental delays [8]. This vulnerability is also evident in children born to pregnant women, who are at an increased risk of VitB12 deficiency due to factors such as being a vegetarian or vegan, having Crohn’s or celiac disease, or having undergone gastric bypass surgery [79,80]. In adults, VitB12 deficiency can give rise to numerous neurological disorders, such as numbness and tingling in limbs, depression, confusion, dementia, and optic neuropathy [5,6,7]. Furthermore, VitB12 deficiency is associated with cognitive functions, and while not entirely confirmed, some researchers suggest it can present as a risk factor for Alzheimer’s disease (AD) [81]. It is also linked to many other neurological disorders, such as Wernicke’s encephalopathy and subacute combined degeneration of the spinal cord and peripheral neuropathy [81]. These pieces of evidence are some examples that have spurred researchers to investigate potential alterations in the nervous systems, particularly at the biochemical level, shedding light on the intricacies resulting from VitB12 deficiency. However, recent studies have started to reveal that the impacts of VitB12 deficiency extend beyond mere substrate deficiencies or accumulated intermediates (metabolic decompensation), and also encompass more profound cellular transformations, involving modifications at the molecular and cellular levels. In this context, we explore the biochemical shifts and also delve into those of a molecular and cellular nature in the nervous system (Figure 4 and Figure 5). As discussed previously, establishing a system for either VitB12 deprivation or supplementation poses several challenges. Therefore, it is crucial to recognize that many of the concepts reviewed here are based on findings drawn from various sources, often involving speculation extrapolated from knowledge regarding non-pathological biochemical pathways.



4.1. Exploring the Potential Role of Vitamin B12 in Neuroinflammation


A recent study has reported that the complex of B vitamins (B1, B2, B3, B5, B6, and B12) can exert anti-inflammatory effects on BV2 microglial cells activated with lipopolysaccharides (LPS), inducing changes in the phenotype profile from M1 toward the M2 microglia type. Through in silico analyses, the authors hypothesized that this effect could be due to the high binding affinity of VitB12 with the CD14 receptor that could inhibit LPS transport and thereby, avoid TLR4 activation (Figure 4A) [82]. It is interesting to note that immune cells like microglia and macrophages shift from oxidative phosphorylation (typical of M2 type phenotype), which corresponds to an inactive state, to aerobic glycolysis (typical of M1 type phenotype), which corresponds to a proinflammatory state [41,42]. This forceful change in metabolism could be due to the deficiency of succinyl-CoA, which is a consequence of VitB12 deficiency, although no substantial data exists (Figure 4B). Many other studies have reported observations that suggest a strong link between neuroinflammation and VitB12 deficiency (Figure 5). For instance, VitB12, by affecting the SAM pool, can modulate the methylation status of the PSEN1 promoter. PSEN1 [83,84,85], a key player in the γ-secretase complex, crucially cleaves amyloid precursor protein (APP) to generate the β-amyloid peptide (Aβ). The latter is a principal constituent of amyloid plaques and is often associated with neuroinflammation [86]. A further link between VitB12 and neuroinflammation is given by the resulting increase in HCy after deficiency; the suppression of dietary VitB12 triggers an elevation of HCy, subsequently intensifying levels of PSEN1, BACE1 (the β-secretase enzyme), APP phosphorylation, and Aβ production within the rodent brain [84,86,87,88,89]. Furthermore, the absence of VitB12 triggers the production of reactive oxygen species (ROS), culminating in an increase in Aβ generation [90,91] and an upregulation of tumor necrosis factor-α (TNF-α) [92,93]. Notably, VitB12 deficiency is linked to increased TNF-α expression and decreased EGF (Epidermal Growth Factor) synthesis within the CNS of rats [94]. This imbalance significantly contributes to myelin damage and vacuolation [95,96]. Importantly, while TNF-α is associated with the inflammatory process, it seems that the myelin-damaging effect observed after VitB12 deficiency operates independently of its pro-inflammatory role. This has been substantiated through studies involving VitB12-deficient rats displaying Spinal Cord Demyelination (SCD) and in the cerebrospinal fluid (CSF) of patients with SCD due to VitB12 deficiency [10]. Subsequent studies have further elucidated the role of VitB12 in supplementation, showing that it can downregulate NF-κB and consequently decrease the level of TNF-α in the peripheral nervous system [93]. Moreover, an increase in the Jun mRNA levels was observed in VitB12-deficient mice, which could potentially lead to an increase in the JUN protein, forming the AP-1 heterodimer alongside FOS [97]. This could potentially contribute to increased neuroinflammation, considering AP-1 to be a pivotal regulator of gene transcription encoding cytokines, chemokines, and other proteins crucial for T-cell recruitment and ROS production [98]. The possible anti-inflammatory role of VitB12 is also suggested by Battaglia and co-workers, by establishing a VitB12-deficient condition in N1E-115 neuroblastoma, a cell line commonly used as a motor-like neuron model [99]. This was achieved by engineering the expression of a modified transcobalamin receptor, transcobalamin-oleosin (TO), which anchors to the intracellular membrane leading to the intracellular sequestration of VitB12. Consequently, the levels of Me-Cbl and SAM are reduced, whereas the MMA and HCy concentration levels increase. Interestingly, in this VitB12-deficiency model, the researchers observed an upregulation of phosphatase 2A (PP2A) and pro-nerve growth factor (proNGF), and these regulatory factors can influence the energetic signaling pathways involving ERK1/2 and Akt. Furthermore, the VitB12 deficiency mimicking conditions lead to an increase in p75NTR-regulated intramembranous proteolysis (RIP), associated with the elevated expression of two TNF-α converting enzymes (TACEs) and secretase enzymes, Adam 10 and Adam 17. These findings align with the observed increase in the TNF-α levels in the cerebrospinal fluid of patients and animal models with VitB12 deficiency, and the higher TNF-α levels may be attributed to the augmented TACE activity [99]. It is important to note that a deficiency in VitB12 in other human neuronal models, such as SK-N-SH and SK-N-BE, leads to a reduction in the expression of the Adam 10 gene [84].



The above-mentioned proinflammatory effect due to VitB12 deficiency could potentially impact neuronal physiology. Proinflammatory cytokines induced by VitB12 deficiency, like TNF-α (but potentially IL-1β, see below), could overactivate the N-methyl-D-aspartate (NMDA) receptors, subsequently causing excessive Ca2+ influx that triggers excitotoxicity [100]. In rats, VitB12 can inhibit protein kinase C (PKC) and, in turn, suppress voltage-dependent Ca2+ channel activity, decreasing Ca2+ influx into synaptosomes [101]. Interestingly, HCy can induce the expression of NMDA receptors and their phosphorylation [102], which could alter NMDA receptor trafficking and properties [103]. Altogether, this suggests a complex regulation of VitB12 metabolism involving the NMDA receptors (Figure 4C).



Despite its pivotal role in sustaining cellular functions, VitB12 also acts as a metabolic cofactor for gut microbes. Due to its influence on microbial communities, VitB12 additionally impacts local and peripheral immunity, contributing to the concept known as gut-brain homeostasis. It is important to note that VitB12 not only takes part in the metabolism of host cells but also actively fosters the preservation of healthy gut microbiota and its associated metabolites, which, in turn, have an effect on the host. Therefore, these elements play a crucial role in maintaining a protective immune equilibrium, both under normal and disease conditions. Additionally, since there exists some evidence supporting the notion that VitB12 may alleviate inflammation associated with brain pathologies, this could introduce a new layer of intricacy to our understanding of the role of VitB12 in neuropathology [104].




4.2. Hyperhomocysteinemia and Neuropathology


It is worth emphasizing that the brain is particularly susceptible to oxidative stress due to its high oxygen consumption, low antioxidant capacity, and a significant concentration of polyunsaturated fatty acids that are prone to lipid peroxidation [105]. Although VitB12 deficiency is known to be associated with a high oxidative stress status, there is a question about whether the accumulation of HCy due to a deficiency in VitB12 might contribute to oxidative stress buildup in the brain. Indeed, it is reported that even healthy individuals can show low levels of folate and VitB12, and also considerable amounts of HCy, leading to oxidative stress accumulation and inflammation [106]. In mice, the high level of HCy (hyperhomocysteinemia) determines cognitive impairment linked to synaptic remodeling of cortex neurons and induces a decreased expression of the transcription factors HES1 and HES5, which play a role in neuronal regeneration [107]. Interestingly, Zhang and co-workers reported that high concentrations of HCy reduce mitochondrial spare respiration capacity without affecting mitochondrial membrane potential and, surprisingly, lower the production of ROS in neural cell lines (cortical neuron cell line RN-c and mouse hippocampal neuron cell line HT22) [108]. In accord with this, in adult rats, hyperhomocysteinemia leads to the manifestation of anxiety-like symptoms, memory problems, and hippocampal atrophy without affecting ROS production [109]. Moreover, an excessive accumulation of HCy has been shown to trigger ROS-independent apoptosis in NSC-34D cells (a hybrid cell line of motor neurons), achieved through the activation of caspases 3 and 7 [110]. Therefore, these findings suggest an important role of HCy in neuropathology, potentially acting as a toxic agent, although the precise and possible relationship between hyperhomocysteinemia and oxidative stress remains to be clarified.




4.3. A Possible Role of VitB12 in the Modulation of Gene Expression


Although many speculations exist regarding the possible biochemical modifications that can lead to molecular changes, detailed mechanisms regarding epigenetic modifications and the possible involvement of VitB12 remain yet to be fully elucidated. As previously mentioned, a deficiency in VitB12 can yield a direct impact, such as diminishing the SAM and succinate pool, but also an indirect one by exacerbating cellular oxidative stress. This oxidative stress has the dual effect of deactivating certain elements, like histone deacetylase 2 (HDAC2), while concurrently activating the DNA methylating enzyme, DNMT1 [111]. Experimental results have pointed out that supplementary treatment involving CN-Cbl leads to increased genome-wide DNA methylation and decreased expression of proinflammatory genes, such as IL-1β and CCL3, in neonatal rats affected by pneumococcal meningitis [112]. This suggests a potential role of VitB12 in regulating inflammation through an epigenetic mechanism.



Recently, we have examined various RNA-seq datasets derived from the cells of the brain or nervous system of mice or rats under VitB12 deficiency conditions. Surprisingly, despite the considerable heterogeneity in terms of biological material and experimental protocols employed to induce VitB12 deficiency, an alteration in the expression levels of genes encoding ribosomal proteins was observed similar in all the animal models considered, suggesting the existence of a basic conserved underlying mechanism [113].



Zhong and collogues evaluated the protective role of VitB12 against oxidative stress induced by H2O2 treatment by studying changes in protein expression levels in an SH-SY5Y [114]. While this study focuses on proteins, it is conceivable that the majority of alterations in the protein pool result from modifications in gene expression. On comparing the cells treated with H2O2 and the cells treated with H2O2 followed by recovery in VitB12, 22 proteins were observed to be differently modulated. In particular, 12 proteins (MT1F, SUMO3, AKAP8L, PSMG4, DHFR, PYCR1, ALKBH3, DUS3L, PTBP1, APAF1, HSP90AB4P, MRGBP) were upregulated and 10 proteins (PRKCSH, KHDRBS1, NDUFA5, ANLN, CPSF3L, NME2, COL5A2, TBCEL, DSP, DPM3) were downregulated. The fact that these proteins exhibited both upregulation and downregulation indicates the existence of a complex cellular response to the treatment with VitB12. To provide a better understanding of the molecular mechanisms associated with the protective effects of VitB12, the researchers performed a network analysis using Cytoscape 3.10.1 (an open-source software platform used for visualizing, analyzing, and modeling complex biological networks). They constructed an integrated regulatory network that included differentially expressed proteins and their interaction targets derived from various databases. This network consisted of 614 nodes and 712 edges, providing a comprehensive view of the protein–protein interactions associated with VitB12 regulation. Furthermore, a gene ontology analysis was performed, and it highlighted robust associations between the genes influenced by VitB12 and essential biological processes, including the cellular macromolecule metabolic process, cellular and nucleic acid metabolic processes, and gene expression. Among the differentially expressed proteins, PTBP1, a protein involved in pre-mRNA processing, stood out as it was upregulated in VitB12-treated cells. PTBP1 has a crucial role in neuroprotection because the PTBP1 knockdown completely abolishes VitB12 neuroprotection [114]. Furthermore, it is intriguing to observe that PTBP1 is closely associated with pre-mRNAs within the nucleus, and its involvement extends to the regulation of pre-mRNA processing, as well as other facets of mRNA metabolism and transport. This could suggest the potential role of VitB12 in modulating the transcriptome by possibly influencing the alternative splicing mechanisms.




4.4. The Protective Role of Vitamin B12: A Story Told by Neuronal Diseases


Numerous insights into the role of VitB12 have been derived from pathologies that usually worsen due to VitB12 deficiency (Figure 6). As mentioned previously, oxidative stress is a feature of neurodegenerative diseases, and VitB12 can induce antioxidant effects by participating indirectly in the biosynthesis of glutathione and H2S [115]. Interestingly, oxidative stress is a risk factor for Alzheimer’s disease (AD) [116], a disease condition marked by inflammation, oxidative stress, and reduced levels of SAM and H2S [117]; these symptoms could highlight a potential connection with VitB12 metabolism. Furthermore, various post-mortem analyses of the AD brain tissue have revealed significant lipid modifications, including changes in the total phospholipids, sphingomyelin, ceramide, and particularly, plasmalogens [118,119]. Plasmalogens, with a vinyl ether bond at the sn-1 position of the glycerol backbone, are particularly susceptible to oxidation. The association between oxidative stress, lipid modification, and disease progression is intriguing, as the generation of Aβ occurs within the confinement of biological membranes [120]. Considering the evidence that suggests a link between VitB12 deficiency and neurodegenerative disease, including AD [121,122,123,124,125], Theiss and co-workers investigated the potential impact of VitB12 on cell lipid composition using SH-SY5Y as a model. Specifically, when the cells were treated with hydrogen peroxide (H2O2) to induce oxidative stress, the administration of VitB12 demonstrated a beneficial effect on the plasmalogens. This effect was attributed to the indirect antioxidant activity of VitB12, which upregulated the expression of superoxide dismutase (SOD) and catalase (CAT) enzymes responsible for degrading ROS [126]. A similar effect has been observed in melanocytes, where VitB12 (specifically Me-Cbl) can induce the activation of Nuclear factor erythroid 2-related factor 2 (NRF2), subsequently promoting the transcription of target genes SOD and CAT, and reducing oxidative stress triggered by H2O2 [127]. This observation is crucial and warrants investigation in nerve system models because NRF2 plays a pivotal role as the regulator of antioxidant defense [128], and its dysregulation has been increasingly noted in various neurodegenerative conditions [129,130].



In SH-SY5Y cells, VitB12 enhanced the synthesis of plasmalogens by promoting the expression of alkylglycerone phosphate synthase (AGPS) and choline phosphotransferase1 (CHPT1) [126], suggesting an impact of VitB12 on cell lipid composition. Interestingly, comparing the works of Theiss and Zhong (both were carried out using SH-SY5Y cells), it is to be noted that Theiss and coworkers employed VitB12 at a dose of 10 nM, which was indeed contrasting compared to the 20 mM concentration of VitB12 utilized by Zhong and co-workers. Considering the optimal VitB12 blood concentration, which ranges from 250 to 850 pM [56,57], it becomes apparent that the former study employed a concentration approximately 11 times higher than the upper limit observed in healthy individuals, whereas, the latter study utilized a concentration approximately 24,000,000 times higher. Although Zhong reported the absence of VitB12 toxicity, the high dose could bring to light the specific modifications not observable at the lower dose.



In AD, lysosomal function deteriorates due to defective lysosomal acidification and disrupted lysosomal proteolysis due to mutations in the AD-related PSEN1 gene. Interestingly, in the SH-SY5Y cell model engineered for expressing APP (SH-SY5Y-AβPP), which was treated with a proteasome inhibitor to induce lysosomal Aβ accumulation, the levels of lysosomal cobalamin doubled. Furthermore, in AβPPxPS1 transgenic AD mice, the lysosomal cobalamin levels in the brain were significantly increased by 56% compared to wild-type control mice. These findings provide evidence of impaired lysosomal cobalamin transport in AD, associated with amyloid-β accumulation [65], thereby suggesting that a cellular specific-compartmentation deficiency of VitB12 can arise in AD and exacerbate the disease itself. Moreover, HCy further induces dysfunction within the lysosomes and impairs autophagy in both human and mouse primary astrocyte cultures [131]. In the context of a scopolamine-induced AD rat model, observations within the hippocampus reveal that pre-treatment with VitB12 can not only effectively counter the decrease of neurexin 1 and neuroligin, and the elevation of COX-2 and activation of caspase-3 (markers employed to assess AD’s severity and progression) but also alleviate the decline of postsynaptic density protein 95 (PSD-95), a scaffold protein that regulates synaptic maturation and plasticity. These observations hypothesize the protective nature of VitB12 against hippocampal inflammation and apoptosis within the AD model induced by scopolamine. Furthermore, they also suggest a potential role in safeguarding the synaptic integrity within the AD model’s hippocampus [132].



A recent study has shown that oxidative stress-induced aggregates of TDP-43, associated with amyotrophic lateral sclerosis (ALS), cause mitochondrial dysfunction [133]. The potential protective role of VitB12 and its underlying mechanism were investigated by researchers in SH-SY5Y cells, which were overexpressing TDP-43 [134], and it was observed that mitochondrial toxicity induced by TDP-43 in SH-SY5Y cells led to disruptions in the mitochondrial membrane potential, intracellular calcium balance, reduced oxygen consumption, and decreased ATP production. However, these detrimental effects were mitigated when the cells were treated with OH-Cbl. Interestingly, OH-Cbl did not directly reduce the aggregation of TDP-43 but it effectively alleviated mitochondrial dysfunction. It was revealed that the alteration in TDP-43 expression activated the mitochondrial unfolded protein response (mtUPR) control system, which typically promotes cell survival and organelle repair. However, the excessive accumulation of TDP-43 in the mitochondria seemed to induce irreversible damage to the organelle itself. Moreover, OH-Cbl was observed to effectively suppress the upregulation of mtUPR genes, thereby attenuating the neurotoxicity induced by TDP-43, improving the mitochondrial function and oxidative stress [133].



In Parkinson’s disease (PD), the propagation of α-synuclein is associated with the mutation of leucine-rich repeat kinase 2 (LRRK2) [135]. Interestingly, Ado-Cbl acts as a mixed-type-allosteric inhibitor of LRRK2 by directly interacting with LRRK2, leading to significant alterations in the protein conformation and ATP binding within the LRRK2 structure. Thereby, Ado-Cbl disrupts the LRRK2 dimerization [136], possibly inhibiting the propagation of α-synuclein. Furthermore, in accordance with the previous observation, Cui and co-workers observed in the MPTP-induced PD mouse model that the inhibition of LRRK2 by Ado-Cbl resulted in restoring autophagy and, in turn, removed protein aggregations which could possibly aid the treatment of PD; in particular, they employed a Tetrahedral framework nucleic acid-VitB12 complex (TVC), which was aimed at overcoming possible limitations due to the blood–brain barrier and TC availability, obtaining good results on disease symptoms [137].



In the CNS of both EAE mice and multiple sclerosis (MS) patients, there is a significant downregulation of CD320. Interestingly, the Cd320−/− mouse model develops VitB12 deficiency in the nervous system and neuropathology associated with VitB12 deficiency [138]. Thus, the low expression of CD320 observed in EAE mice and MS patients could potentially cause impaired VitB12 uptake within the CNS, although, according to Scalabrino and co-workers, no change in VitB12 content was detected in the blood and cerebrospinal fluid (CSF) of MS patients [95]. Furthermore, studies have shown that mice deficient in VitB12 exhibit significantly reduced VitB12 levels in their spinal cords, increased histological damage, and severe EAE manifestations. These findings highlight a plausible connection between VitB12 deficiency and the progression of pathology in EAE and MS [62,139]. Jonnalagadda and colleagues investigated the alterations in gene expression patterns of a specific type of astrocytes known as immediate-early astrocytes (ieAstrocytes). These astrocytes, which constitute more than 95% of c-Fos-activated cells during EAE, are involved in the pathogenesis and progression of the disease, and exhibit a proportional rise in numbers with increasing severity of EAE [140]. The analysis revealed the differentially expressed genes to be associated with proinflammatory cascades, thereby suggesting an inflammatory response in VitB12-deficient astrocytes. Interestingly, VitB12-deficient astrocytes exhibited a reactive astrocyte phenotype, even in the absence of inflammatory stimuli. Furthermore, VitB12 deficiency resulted in the downregulation of genes related to neuroprotective interferon type I (IFN-I) signaling pathways in astrocytes, indicating a reduced sensitivity of astrocytes to IFN-I (which plays a crucial role in neuroprotection). Moreover, a significant decrease in the expression of IFN-β, an endogenous ligand for IFN-I receptors, was also revealed in VitB12-deficient EAE spinal cords, and this downregulation could be possibly due to the microglia and other potential immune cell types within the affected CNS. These mechanisms contribute to the aggravation of EAE symptoms in VitB12-restricted animals, shedding light on the involvement of this vitamin in neuroinflammatory conditions generally associated with MS [63]. Remarkably, in humans, clinical findings and MRI images often exhibit similar results for VitB12 deficiency and MS, including cerebral white matter demyelination, posing a significant challenge in accurately distinguishing between the two very different diagnoses [21]. Also, within MS patients, a reduction in VitB12 levels has been observed [139]; however, at the clinical level, it is known that VitB12 is crucial for the initial myelination and development of the CNS, as well as sustain its regular functioning. Therefore, VitB12 deficiency can result in demyelination of the cervical and thoracic dorsal and lateral columns of the spinal cord, sporadic demyelination in cranial and peripheral nerves, and white matter demyelination in the brain [8]. Despite these observations, the precise mechanism by which VitB12 deficiency triggers demyelination remains elusive. At the biochemical level, it is conceivable that the deficiency of SAM hampers the methylation of basic myelin protein and lipids, which can be detrimental to the myelin sheath. Furthermore, the build-up of methylmalonyl-CoA can result in a decline in normal myelin synthesis and the incorporation of anomalous fatty acids into neuronal lipids [21,141]. VitB12 deficiency can also influence myelin homeostasis by modifying the activity of oligodendrocytes and modulating the inflammation resulting in axon demyelination, thereby resulting in neuron injury and degeneration [139,142]. Also, VitB12 deficiency has been correlated with increased levels of TNF-α, along with decreased levels of epidermal growth factor (EGF) and IL-6 in humans [93,143]. This immunopathological scenario could be a contributing factor to demyelination. Besides demyelination, VitB12 deficiency can also lead to the accumulation of abnormal fatty acids in neuronal cells and modification in the levels of some neurotransmitters [20,144,145]. Altogether, these events result in neurodegeneration causing cerebral dysfunction, brain atrophy, and dementia [20,144,146], and emphasize that biochemical decompensation resulting from VitB12 insufficiency is not the sole contributor to demyelination; secondary effects, linked to cellular and molecular mechanisms due to VitB12 deficiency, can play a pivotal role in maintaining neuronal homeostasis.





5. Conclusions


In this review, we aimed to rationalize the currently available information concerning VitB12 deficiency and its impact on the nervous system, highlighting the heterogeneity of systems employed to gather these results and the experimental complexity involved. Overall, a clear link emerges regarding the role of VitB12 in the development, maintenance, and proper functioning of the nervous system.



Despite VitB12 studies commencing as early as the 1960s, the full extent of the biochemical alterations remains incompletely elucidated to this day. Even less understood are the specific molecular and cellular changes that can result from these metabolic alterations, although it is possible to speculate based on our current understanding of physiological states.



As discussed, various experimental limitations hinder the comprehensive characterization regarding VitB12, such as inducing deficiency or, conversely, supplementation. Similarly, the genetic engineering of enzymes involved in VitB12 metabolism, for the study of deficiency, poses challenges, given that these enzymes appear to be engaged in other molecular activities beyond their enzymatic function or their use of VitB12 as a cofactor.



Focusing on the nervous system, several studies highlight how metabolic alterations due to VitB12 deficiency can trigger molecular/cellular changes, such as the accumulation of oxidative stress, epigenetic modifications, modulation of gene expression or protein content, or alterations in lysosomal activity. Although these results primarily pertain to cellular dimensions, the deterioration of the nervous system, evident at the tissue and organ levels, includes phenomena like inflammation and demyelination.



Overall, while clinical data strongly link VitB12 deficiency to neurological issues, our current understanding of the underlying cellular and molecular mechanisms remains limited. The pathological data presented here have been integrated with our knowledge of physiological functionality, allowing us to hypothesize a part of the total picture framework. Nevertheless, acknowledging this association provides a powerful motivation to propel supporting research that can identify the precise mechanisms and find new therapeutic targets aimed at restoring the nervous system impairments due to severe VitB12 deficiency, rather than approaching these disorders with cures that can just decelerate the decline.







Author Contributions


Writing—original draft preparation, A.R.M., V.C. and M.F.; writing—review and editing, A.R.M., G.D.M., P.L.R., S.A.B., L.M., S.M., A.M.T., V.C. and M.F.; visualization, V.C.; supervision, V.C. and M.F. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by Sapienza University of Rome, Scientific Research grants 2021 (RP12117A5C8B6DC1) and 2022 (RP1221816749A2A8) to MF, 2021 (RM12117A86B6FF27) to PLR, 2021 (RM12117A895AFDD1) to AMT, Starter grant 2023 (AR123188A13167D9) to ARM; SM was partially supported by the Grant of Excellence, MIUR (ARTICOLO 1, COMMI 314–337 LEGGE 232/2016) to the Department of Science of Roma Tre University.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data is contained within the article.




Acknowledgments


The authors would like to express their gratitude to Andrea Fuso for his critical reading of the manuscript. The Figures were partly generated using Servier Medical Art, provided by Servier, licensed under a Creative Commons Attribution 3.0 unported license.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Watanabe, F. Vitamin B12 Sources and Bioavailability. Exp. Biol. Med. 2007, 232, 1266–1274. [Google Scholar] [CrossRef] [PubMed]

	



Scott, J.M.; Molloy, A.M. The Discovery of Vitamin B12. Ann. Nutr. Metab. 2012, 61, 239–245. [Google Scholar] [CrossRef] [PubMed]

	



Allen, L.H. Vitamin B-12. Adv. Nutr. 2012, 3, 54–55. [Google Scholar] [CrossRef] [PubMed]

	



Kräutler, B. Biochemistry of B12-Cofactors in Human Metabolism. In Sub-Cellular Biochemistry; Springer: Berlin/Heidelberg, Germany, 2012; Volume 56, pp. 323–346. [Google Scholar]

	



Andrès, E.; Federici, L.; Affenberger, S.; Vidal-Alaball, J.; Loukili, N.H.; Zimmer, J.; Kaltenbach, G. B12 Deficiency: A Look beyond Pernicious Anemia. J. Fam. Pract. 2007, 56, 537–542. [Google Scholar] [PubMed]

	



Ata, F.; Bint I Bilal, A.; Javed, S.; Shabir Chaudhry, H.; Sharma, R.; Fatima Malik, R.; Choudry, H.; Bhaskaran Kartha, A. Optic Neuropathy as a Presenting Feature of Vitamin B-12 Deficiency: A Systematic Review of Literature and a Case Report. Ann. Med. Surg. 2020, 60, 316–322. [Google Scholar] [CrossRef] [PubMed]

	



Sangle, P.; Sandhu, O.; Aftab, Z.; Anthony, A.T.; Khan, S. Vitamin B12 Supplementation: Preventing Onset and Improving Prognosis of Depression. Cureus 2020, 12, e11169. [Google Scholar] [CrossRef] [PubMed]

	



Stabler, S.P. Vitamin B 12 Deficiency. N. Engl. J. Med. 2013, 368, 149–160. [Google Scholar] [CrossRef]

	



Kayali, S.; Gökcebay, D.G. Influence of Vitamin B12 Deficiency on Autonomic Nervous System Activity in Children. Iran. J. Pediatr. 2019, 29, e92634. [Google Scholar] [CrossRef]

	



Scalabrino, G.; Mutti, E.; Veber, D.; Aloe, L.; Corsi, M.M.; Galbiati, S.; Tredici, G. Increased Spinal Cord NGF Levels in Rats with Cobalamin (Vitamin B12) Deficiency. Neurosci. Lett. 2006, 396, 153–158. [Google Scholar] [CrossRef]

	



Henríquez, P.; Doreste, J.; Deulofeu, R.; Fiuza, M.D.; Serra-Majem, L. Nutritional Determinants of Plasma Total Homocysteine Distribution in the Canary Islands. Eur. J. Clin. Nutr. 2007, 61, 111–118. [Google Scholar] [CrossRef]

	



Watkins, D.; Rosenblatt, D.S. Inborn Errors of Cobalamin Absorption and Metabolism. Am. J. Med. Genet. Part C Semin. Med. Genet. 2011, 157, 33–44. [Google Scholar] [CrossRef] [PubMed]

	



Trefz, F.K.; Scheible, D.; Frauendienst-Egger, G.; Huemer, M.; Suomala, T.; Fowler, B.; Haas, D.; Baumgartner, M.R. Successful Intrauterine Treatment of a Patient with Cobalamin C Defect. Mol. Genet. Metab. Rep. 2016, 6, 55–59. [Google Scholar] [CrossRef] [PubMed]

	



Chalouhi, C.; Faesch, S.; Anthoine-Milhomme, M.-C.; Fulla, Y.; Dulac, O.; Chéron, G. Neurological Consequences of Vitamin B12 Deficiency and Its Treatment. Pediatr. Emerg. Care 2008, 24, 538–541. [Google Scholar] [CrossRef] [PubMed]

	



Gramer, G.; Hoffmann, G.F. Vitamin B(12) Deficiency in Newborns and Their Mothers-Novel Approaches to Early Detection, Treatment and Prevention of a Global Health Issue. Curr. Med. Sci. 2020, 40, 801–809. [Google Scholar] [CrossRef] [PubMed]

	



Brown, K.L. Chemistry and Enzymology of Vitamin B 12. Chem. Rev. 2005, 105, 2075–2150. [Google Scholar] [CrossRef] [PubMed]

	



Osman, D.; Cooke, A.; Young, T.R.; Deery, E.; Robinson, N.J.; Warren, M.J. The Requirement for Cobalt in Vitamin B(12): A Paradigm for Protein Metalation. Biochim. Biophys. Acta Mol. Cell Res. 2021, 1868, 118896. [Google Scholar] [CrossRef] [PubMed]

	



Hygum, K.; Lildballe, D.L.; Greibe, E.H.; Morkbak, A.L.; Poulsen, S.S.; Sorensen, B.S.; Petersen, T.E.; Nexo, E. Mouse Transcobalamin Has Features Resembling Both Human Transcobalamin and Haptocorrin. PLoS ONE 2011, 6, e20638. [Google Scholar] [CrossRef]

	



Fyfe, J.C.; Madsen, M.; Højrup, P.; Christensen, E.I.; Tanner, S.M.; de la Chapelle, A.; He, Q.; Moestrup, S.K. The Functional Cobalamin (Vitamin B12)–Intrinsic Factor Receptor Is a Novel Complex of Cubilin and Amnionless. Blood 2004, 103, 1573–1579. [Google Scholar] [CrossRef]

	



Nielsen, M.J.; Rasmussen, M.R.; Andersen, C.B.F.; Nexø, E.; Moestrup, S.K. Vitamin B 12 Transport from Food to the Body’s Cells—A Sophisticated, Multistep Pathway. Nat. Rev. Gastroenterol. Hepatol. 2012, 9, 345–354. [Google Scholar] [CrossRef]

	



Kumar, S.; Mahto, M. Cerebral White Matter Demyelination in Vitamin B12 Deficiency: A Case Report. Indian J. Clin. Med. 2023, 13, 39–42. [Google Scholar] [CrossRef]

	



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. [Google Scholar] [CrossRef] [PubMed]

	



Rizzo, G.; Laganà, A.S. A Review of Vitamin B12. Mol. Nutr. Vitam. 2020, 105–129. [Google Scholar] [CrossRef]

	



Rashid, S.; Meier, V.; Patrick, H. Review of Vitamin B12 Deficiency in Pregnancy: A Diagnosis Not to Miss as Veganism and Vegetarianism Become More Prevalent. Eur. J. Haematol. 2021, 106, 450–455. [Google Scholar] [CrossRef] [PubMed]

	



Lacombe, V.; Lenaers, G.; Urbanski, G. Diagnostic and Therapeutic Perspectives Associated to Cobalamin-Dependent Metabolism and Transcobalamins’ Synthesis in Solid Cancers. Nutrients 2022, 14, 2058. [Google Scholar] [CrossRef] [PubMed]

	



Boachie, J.; Adaikalakoteswari, A.; Goljan, I.; Samavat, J.; Cagampang, F.R.; Saravanan, P. Intracellular and Tissue Levels of Vitamin B12 in Hepatocytes Are Modulated by CD320 Receptor and TCN2 Transporter. Int. J. Mol. Sci. 2021, 22, 3089. [Google Scholar] [CrossRef] [PubMed]

	



Green, R.; Allen, L.H.; Bjørke-Monsen, A.-L.; Brito, A.; Guéant, J.-L.; Miller, J.W.; Molloy, A.M.; Nexo, E.; Stabler, S.; Toh, B.-H.; et al. Vitamin B(12) Deficiency. Nat. Rev. Dis. Prim. 2017, 3, 17040. [Google Scholar] [CrossRef]

	



Ankar, A.; Kumar, A. Vitamin B12 Deficiency; StatPearls Publishing: Treasure Island, FL, USA, 2022. [Google Scholar]

	



Degnan, P.H.; Taga, M.E.; Goodman, A.L. Vitamin B12 as a Modulator of Gut Microbial Ecology. Cell Metab. 2014, 20, 769–778. [Google Scholar] [CrossRef]

	



Dholakia, K.R.; Dharmarajan, T.S.; Yadav, D.; Oiseth, S.; Norkus, E.P.; Pitchumoni, C.S. Vitamin B12 deficiency and gastric histopathology in older patients. World J. Gastroenterol. 2005, 11, 7078–7083. [Google Scholar] [CrossRef] [PubMed]

	



Kalra, S.; Ahuja, R.; Mutti, E.; Veber, D.; Seetharam, S.; Scalabrino, G.; Seetharam, B. Cobalamin-Mediated Regulation of Transcobalamin Receptor Levels in Rat Organs. Arch. Biochem. Biophys. 2007, 463, 128–132. [Google Scholar] [CrossRef]

	



Ge, Y.; Zadeh, M.; Mohamadzadeh, M. Vitamin B12 Regulates the Transcriptional, Metabolic, and Epigenetic Programing in Human Ileal Epithelial Cells. Nutrients 2022, 14, 2825. [Google Scholar] [CrossRef]

	



Ge, Y.; Zadeh, M.; Mohamadzadeh, M. Vitamin B12 Coordinates Ileal Epithelial Cell and Microbiota Functions to Resist Salmonella Infection in Mice. J. Exp. Med. 2022, 219, e20220057. [Google Scholar] [CrossRef] [PubMed]

	



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. [Google Scholar] [CrossRef] [PubMed]

	



Boachie, J.; Adaikalakoteswari, A.; Samavat, J.; Saravanan, P. Low Vitamin B12 and Lipid Metabolism: Evidence from Pre-Clinical and Clinical Studies. Nutrients 2020, 12, 1925. [Google Scholar] [CrossRef] [PubMed]

	



Rush, E.C.; Katre, P.; Yajnik, C.S. Vitamin B12: One Carbon Metabolism, Fetal Growth and Programming for Chronic Disease. Eur. J. Clin. Nutr. 2014, 68, 2–7. [Google Scholar] [CrossRef] [PubMed]

	



Chern, T.; Achilleos, A.; Tong, X.; Hsu, C.-W.; Wong, L.; Poché, R.A. Mouse Models to Study the Pathophysiology of Combined Methylmalonic Acidemia and Homocystinuria, CblC Type. Dev. Biol. 2020, 468, 1–13. [Google Scholar] [CrossRef] [PubMed]

	



Van Hove, J.L.K.; Saenz, M.S.; Thomas, J.A.; Gallagher, R.C.; Lovell, M.A.; Fenton, L.Z.; Shanske, S.; Myers, S.M.; Wanders, R.J.A.; Ruiter, J.; et al. Succinyl-CoA Ligase Deficiency: A Mitochondrial Hepatoencephalomyopathy. Pediatr. Res. 2010, 68, 159–164. [Google Scholar] [CrossRef] [PubMed]

	



Chien, D.; Dean, D.; Saha, A.K.; Flatt, J.P.; Ruderman, N.B. Malonyl-CoA Content and Fatty Acid Oxidation in Rat Muscle and Liver in Vivo. Am. J. Physiol. Endocrinol. Metab. 2000, 279, E259–E265. [Google Scholar] [CrossRef]

	



Froese, D.S.; Gravel, R.A. Genetic Disorders of Vitamin B₁₂ Metabolism: Eight Complementation Groups—Eight Genes. Expert Rev. Mol. Med. 2010, 12, e37. [Google Scholar] [CrossRef]

	



Ghosh, S.; Castillo, E.; Frias, E.S.; Swanson, R.A. Bioenergetic Regulation of Microglia. Glia 2018, 66, 1200–1212. [Google Scholar] [CrossRef]

	



Kramer, P.A.; Ravi, S.; Chacko, B.; Johnson, M.S.; Darley-Usmar, V.M. A Review of the Mitochondrial and Glycolytic Metabolism in Human Platelets and Leukocytes: Implications for Their Use as Bioenergetic Biomarkers. Redox Biol. 2014, 2, 206–210. [Google Scholar] [CrossRef]

	



Selak, M.A.; Armour, S.M.; MacKenzie, E.D.; Boulahbel, H.; Watson, D.G.; Mansfield, K.D.; Pan, Y.; Simon, M.C.; Thompson, C.B.; Gottlieb, E. Succinate Links TCA Cycle Dysfunction to Oncogenesis by Inhibiting HIF-Alpha Prolyl Hydroxylase. Cancer Cell 2005, 7, 77–85. [Google Scholar] [CrossRef] [PubMed]

	



Tannahill, G.M.; Curtis, A.M.; Adamik, J.; Palsson-McDermott, E.M.; McGettrick, A.F.; Goel, G.; Frezza, C.; Bernard, N.J.; Kelly, B.; Foley, N.H.; et al. Succinate Is an Inflammatory Signal That Induces IL-1β through HIF-1α. Nature 2013, 496, 238–242. [Google Scholar] [CrossRef] [PubMed]

	



Yi, P.; Melnyk, S.; Pogribna, M.; Pogribny, I.P.; Hine, R.J.; James, S.J. Increase in Plasma Homocysteine Associated with Parallel Increases in Plasma S-Adenosylhomocysteine and Lymphocyte DNA Hypomethylation. J. Biol. Chem. 2000, 275, 29318–29323. [Google Scholar] [CrossRef] [PubMed]

	



van de Lagemaat, E.E.; de Groot, L.C.P.G.M.; van den Heuvel, E.G.H.M. Vitamin B(12) in Relation to Oxidative Stress: A Systematic Review. Nutrients 2019, 11, 482. [Google Scholar] [CrossRef] [PubMed]

	



Xie, Z.-Z.; Liu, Y.; Bian, J.-S. Hydrogen Sulfide and Cellular Redox Homeostasis. Oxid. Med. Cell. Longev. 2016, 2016, 6043038. [Google Scholar] [CrossRef]

	



Lildballe, D.L.; Mutti, E.; Birn, H.; Nexo, E. Maximal Load of the Vitamin B12 Transport System: A Study on Mice Treated for Four Weeks with High-Dose Vitamin B12 or Cobinamide. PLoS ONE 2012, 7, e46657. [Google Scholar] [CrossRef]

	



Mutti, E.; Ruetz, M.; Birn, H.; Kräutler, B.; Nexo, E. 4-Ethylphenyl-Cobalamin Impairs Tissue Uptake of Vitamin B12 and Causes Vitamin B12 Deficiency in Mice. PLoS ONE 2013, 8, e75312. [Google Scholar] [CrossRef]

	



Chern, T.; Achilleos, A.; Tong, X.; Hill, M.C.; Saltzman, A.B.; Reineke, L.C.; Chaudhury, A.; Dasgupta, S.K.; Redhead, Y.; Watkins, D.; et al. Mutations in Hcfc1 and Ronin Result in an Inborn Error of Cobalamin Metabolism and Ribosomopathy. Nat. Commun. 2022, 13, 134. [Google Scholar] [CrossRef]

	



Buccellato, F.R.; Miloso, M.; Braga, M.; Nicolini, G.; Morabito, A.; Pravettoni, G.; Tredici, G.; Scalabrino, G. Myelinolytic Lesions in Spinal Cord of Cobalamin-deficient Rats Are TNF-α-mediated. FASEB J. 1999, 13, 297–304. [Google Scholar] [CrossRef]

	



Dinn, J.; Mccann, S.; Wilson, P.; Reed, B.; Weir, D.; Scott, J. Animal Model For Subacute Combined Degeneration. Lancet 1978, 312, 1154. [Google Scholar] [CrossRef]

	



Paz, D.; Pinales, B.E.; Castellanos, B.S.; Perez, I.; Gil, C.B.; Madrigal, L.J.; Reyes-Nava, N.G.; Castro, V.L.; Sloan, J.L.; Quintana, A.M. Abnormal Chondrocyte Development in a Zebrafish Model of CblC Syndrome Restored by an MMACHC Cobalamin Binding Mutant. Differentiation 2023, 131, 74–81. [Google Scholar] [CrossRef] [PubMed]

	



Sloan, J.L.; Achilly, N.P.; Arnold, M.L.; Catlett, J.L.; Blake, T.; Bishop, K.; Jones, M.; Harper, U.; English, M.A.; Anderson, S.; et al. The Vitamin B12 Processing Enzyme, Mmachc, Is Essential for Zebrafish Survival, Growth and Retinal Morphology. Hum. Mol. Genet. 2020, 29, 2109–2123. [Google Scholar] [CrossRef] [PubMed]

	



Arigony, A.L.V.; de Oliveira, I.M.; Machado, M.; Bordin, D.L.; Bergter, L.; Prá, D.; Henriques, J.A.P. The Influence of Micronutrients in Cell Culture: A Reflection on Viability and Genomic Stability. Biomed. Res. Int. 2013, 2013, 597282. [Google Scholar] [CrossRef]

	



Ermens, A.A.M.; Vlasveld, L.T.; Lindemans, J. Significance of Elevated Cobalamin (Vitamin B12) Levels in Blood. Clin. Biochem. 2003, 36, 585–590. [Google Scholar] [CrossRef] [PubMed]

	



Carmel, R. Biomarkers of Cobalamin (Vitamin B-12) Status in the Epidemiologic Setting: A Critical Overview of Context, Applications, and Performance Characteristics of Cobalamin, Methylmalonic Acid, and Holotranscobalamin II. Am. J. Clin. Nutr. 2011, 94, 348S–358S. [Google Scholar] [CrossRef] [PubMed]

	



Fidaleo, M.; Tacconi, S.; Sbarigia, C.; Passeri, D.; Rossi, M.; Tata, A.M.; Dini, L. Current Nanocarrier Strategies Improve Vitamin B12 Pharmacokinetics, Ameliorate Patients’ Lives, and Reduce Costs. Nanomaterials 2021, 11, 743. [Google Scholar] [CrossRef]

	



Kovalevich, J.; Langford, D. Considerations for the Use of SH-SY5Y Neuroblastoma Cells in Neurobiology. In Neuronal Cell Culture: Methods and Protocols; Springer: Berlin/Heidelberg, Germany, 2013; pp. 9–21. [Google Scholar]

	



Dastidar, R.; Sikder, K. Diagnostic Reliability of Serum Active B12 (Holo-Transcobalamin) in True Evaluation of Vitamin B12 Deficiency: Relevance in Current Perspective. BMC Res. Notes 2022, 15, 329. [Google Scholar] [CrossRef]

	



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. [Google Scholar] [CrossRef]

	



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. [Google Scholar] [CrossRef]

	



Jonnalagadda, D.; Kihara, Y.; Groves, A.; Ray, M.; Saha, A. FTY720 Requires Vitamin B 12 -TCN2-CD320 Signaling in Astrocytes to Reduce Disease in an Animal Model of Multiple Sclerosis. bioRxiv 2022. [Google Scholar] [CrossRef]

	



Zhao, H.; Ruberu, K.; Li, H.; Garner, B. Analysis of Subcellular [57Co] Cobalamin Distribution in SH-SY5Y Neurons and Brain Tissue. J. Neurosci. Methods 2013, 217, 67–74. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, H.; Li, H.; Ruberu, K.; Garner, B. Impaired Lysosomal Cobalamin Transport in Alzheimer’s Disease. J. Alzheimer’s Dis. 2015, 43, 1017–1030. [Google Scholar] [CrossRef] [PubMed]

	



Benoit, C.R.; Stanton, A.E.; Tartanian, A.C.; Motzer, A.R.; McGaughey, D.M.; Bond, S.R.; Brody, L.C. Functional and phylogenetic characterization of noncanonical vitamin B12-binding proteins in zebrafish suggests involvement in cobalamin transport. J. Biol. Chem. 2018, 293, 17606–17621. [Google Scholar] [CrossRef] [PubMed]

	



Lerner-Ellis, J.P.; Tirone, J.C.; Pawelek, P.D.; Doré, C.; Atkinson, J.L.; Watkins, D.; Morel, C.F.; Fujiwara, T.M.; Moras, E.; Hosack, A.R.; et al. Identification of the Gene Responsible for Methylmalonic Aciduria and Homocystinuria, CblC Type. Nat. Genet. 2006, 38, 93–100. [Google Scholar] [CrossRef] [PubMed]

	



Carrillo-Carrasco, N.; Chandler, R.J.; Venditti, C.P. Combined Methylmalonic Acidemia and Homocystinuria, CblC Type. I. Clinical Presentations, Diagnosis and Management. J. Inherit. Metab. Dis. 2012, 35, 91–102. [Google Scholar] [CrossRef] [PubMed]

	



Martinelli, D.; Deodato, F.; Dionisi-Vici, C. Cobalamin C Defect: Natural History, Pathophysiology, and Treatment. J. Inherit. Metab. Dis. 2011, 34, 127–135. [Google Scholar] [CrossRef]

	



Weisfeld-Adams, J.D.; McCourt, E.A.; Diaz, G.A.; Oliver, S.C. Ocular Disease in the Cobalamin C Defect: A Review of the Literature and a Suggested Framework for Clinical Surveillance. Mol. Genet. Metab. 2015, 114, 537–546. [Google Scholar] [CrossRef]

	



Plesa, M.; Kim, J.; Paquette, S.G.; Gagnon, H.; Ng-Thow-Hing, C.; Gibbs, B.F.; Hancock, M.A.; Rosenblatt, D.S.; Coulton, J.W. Interaction between MMACHC and MMADHC, Two Human Proteins Participating in Intracellular Vitamin B₁₂ Metabolism. Mol. Genet. Metab. 2011, 102, 139–148. [Google Scholar] [CrossRef]

	



Froese, D.S.; Kopec, J.; Fitzpatrick, F.; Schuller, M.; McCorvie, T.J.; Chalk, R.; Plessl, T.; Fettelschoss, V.; Fowler, B.; Baumgartner, M.R.; et al. Structural Insights into the MMACHC-MMADHC Protein Complex Involved in Vitamin B12 Trafficking. J. Biol. Chem. 2015, 290, 29167–29177. [Google Scholar] [CrossRef]

	



Xu, B.; Zhang, L.; Chen, Q.; Wang, Y.; Peng, Y.; Tang, H. Case Report: A Case of Late-Onset Combined Methylmalonic Acidemia and Hyperhomocysteinemia Induced by a Vegetarian Diet. Front. Pediatr. 2022, 10, 896177. [Google Scholar] [CrossRef]

	



Wang, X.; Sun, W.; Yang, Y.; Jia, J.; Li, C. A Clinical and Gene Analysis of Late-Onset Combined Methylmalonic Aciduria and Homocystinuria, CblC Type, in China. J. Neurol. Sci. 2012, 318, 155–159. [Google Scholar] [CrossRef] [PubMed]

	



Tsai, A.C.-H.; Morel, C.F.; Scharer, G.; Yang, M.; Lerner-Ellis, J.P.; Rosenblatt, D.S.; Thomas, J.A. Late-Onset Combined Homocystinuria and Methylmalonic Aciduria (CblC) and Neuropsychiatric Disturbance. Am. J. Med. Genet. A 2007, 143A, 2430–2434. [Google Scholar] [CrossRef] [PubMed]

	



Brox-Torrecilla, N.; Arhip, L.; Miguélez-González, M.; Castellano-Gasch, S.; Contreras-Chicote, A.; Rodríguez-Ferrero, M.L.; Motilla de la Cámara, M.L.; Serrano-Moreno, C.; Cuerda Compes, C. Late-Onset Methylmalonic Acidemia and Homocysteinemia. Nutr. Hosp. 2021, 38, 871–875. [Google Scholar] [CrossRef] [PubMed]

	



Wu, L.-Y.; An, H.; Liu, J.; Li, J.-Y.; Han, Y.; Zhou, A.-H.; Wang, F.; Jia, J.-P. Manic-Depressive Psychosis as the Initial Symptom in Adult Siblings with Late-Onset Combined Methylmalonic Aciduria and Homocystinemia, Cobalamin C Type. Chin. Med. J. 2017, 130, 492–494. [Google Scholar] [CrossRef] [PubMed]

	



Huemer, M.; Scholl-Bürgi, S.; Hadaya, K.; Kern, I.; Beer, R.; Seppi, K.; Fowler, B.; Baumgartner, M.R.; Karall, D. Three New Cases of Late-Onset CblC Defect and Review of the Literature Illustrating When to Consider Inborn Errors of Metabolism beyond Infancy. Orphanet J. Rare Dis. 2014, 9, 161. [Google Scholar] [CrossRef]

	



Pepper, M.R.; Black, M.M. B12 in Fetal Development. Semin. Cell Dev. Biol. 2011, 22, 619–623. [Google Scholar] [CrossRef] [PubMed]

	



Cruz-Rodríguez, J.; Díaz-López, A.; Canals-Sans, J.; Arija, V. Maternal Vitamin B12 Status during Pregnancy and Early Infant Neurodevelopment: The ECLIPSES Study. Nutrients 2023, 15, 1529. [Google Scholar] [CrossRef]

	



Calderón-Ospina, C.A.; Nava-Mesa, M.O.; Calderón-Ospina, C.A.; Nava-Mesa, M.O. B Vitamins in the Nervous System: Current Knowledge of the Biochemical Modes of Action and Synergies of Thiamine, Pyridoxine, and Cobalamin. CNS Neurosci. Ther. 2020, 26, 5–13. [Google Scholar] [CrossRef]

	



Rakić, M.; Lunić, T.; Bekić, M.; Tomić, S.; Mitić, K.; Graovac, S.; Božić, B.; Božić Nedeljković, B. Vitamin B Complex Suppresses Neuroinflammation in Activated Microglia: In Vitro and in Silico Approach Combined with Dynamical Modeling. Int. Immunopharmacol. 2023, 121, 110525. [Google Scholar] [CrossRef]

	



Fuso, A.; Cavallaro, R.A.; Orrù, L.; Buttarelli, F.R.; Scarpa, S. Gene Silencing by S-Adenosylmethionine in Muscle Differentiation. FEBS Lett. 2001, 508, 337–340. [Google Scholar] [CrossRef]

	



Fuso, A.; Seminara, L.; Cavallaro, R.A.; D’Anselmi, F.; Scarpa, S. S-Adenosylmethionine/Homocysteine Cycle Alterations Modify DNA Methylation Status with Consequent Deregulation of PS1 and BACE and Beta-Amyloid Production. Mol. Cell. Neurosci. 2005, 28, 195–204. [Google Scholar] [CrossRef] [PubMed]

	



Scarpa, S.; Fuso, A.; D’Anselmi, F.; Cavallaro, R.A. Presenilin 1 Gene Silencing by S-Adenosylmethionine: A Treatment for Alzheimer Disease? FEBS Lett. 2003, 541, 145–148. [Google Scholar] [CrossRef] [PubMed]

	



Ghosh, S.; Ali, R.; Verma, S. Aβ-Oligomers: A Potential Therapeutic Target for Alzheimer’s Disease. Int. J. Biol. Macromol. 2023, 239, 124231. [Google Scholar] [CrossRef] [PubMed]

	



Fuso, A.; Cavallaro, R.A.; Nicolia, V.; Scarpa, S. PSEN1 Promoter Demethylation in Hyperhomocysteinemic TgCRND8 Mice Is the Culprit, Not the Consequence. Curr. Alzheimer Res. 2012, 9, 527–535. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, C.-E.; Wei, W.; Liu, Y.-H.; Peng, J.-H.; Tian, Q.; Liu, G.-P.; Zhang, Y.; Wang, J.-Z. Hyperhomocysteinemia Increases Beta-Amyloid by Enhancing Expression of Gamma-Secretase and Phosphorylation of Amyloid Precursor Protein in Rat Brain. Am. J. Pathol. 2009, 174, 1481–1491. [Google Scholar] [CrossRef] [PubMed]

	



Prajjwal, P.; Asharaf, S.; Makhanasa, D.; Yamparala, A.; Tariq, H.; Aleti, S.; Gadam, S.; Vora, N. Association of Alzheimer’s Dementia with Oral Bacteria, Vitamin B12, Folate, Homocysteine Levels, and Insulin Resistance along with Its Pathophysiology, Genetics, Imaging, and Biomarkers. Dis. Mon. 2023, 69, 101546. [Google Scholar] [CrossRef]

	



Alam, P.; Siddiqi, M.K.; Chaturvedi, S.K.; Zaman, M.; Khan, R.H. Vitamin B12 Offers Neuronal Cell Protection by Inhibiting Aβ-42 Amyloid Fibrillation. Int. J. Biol. Macromol. 2017, 99, 477–482. [Google Scholar] [CrossRef]

	



Andrade, S.; Loureiro, J.A.; Pereira, M.C. The Role of Amyloid β-Biomembrane Interactions in the Pathogenesis of Alzheimer’s Disease: Insights from Liposomes as Membrane Models. Chemphyschem 2021, 22, 1547–1565. [Google Scholar] [CrossRef]

	



Peracchi, M.; Bamonti Catena, F.; Pomati, M.; De Franceschi, M.; Scalabrino, G. Human Cobalamin Deficiency: Alterations in Serum Tumour Necrosis Factor-Alpha and Epidermal Growth Factor. Eur. J. Haematol. 2001, 67, 123–127. [Google Scholar] [CrossRef]

	



Veber, D.; Mutti, E.; Tacchini, L.; Gammella, E.; Tredici, G.; Scalabrino, G. Indirect Down-Regulation of Nuclear NF-KappaB Levels by Cobalamin in the Spinal Cord and Liver of the Rat. J. Neurosci. Res. 2008, 86, 1380–1387. [Google Scholar] [CrossRef]

	



Scalabrino, G.; Buccellato, F.R.; Veber, D.; Mutti, E. New Basis of the Neurotrophic Action of Vitamin B12. Clin. Chem. Lab. Med. 2003, 41, 1435–1437. [Google Scholar] [CrossRef] [PubMed]

	



Scalabrino, G.; Galimberti, D.; Mutti, E.; Scalabrini, D.; Veber, D.; De Riz, M.; Bamonti, F.; Capello, E.; Mancardi, G.L.; Scarpini, E.; et al. Loss of Epidermal Growth Factor Regulation by Cobalamin in Multiple Sclerosis. Brain Res. 2010, 1333, 64–71. [Google Scholar] [CrossRef] [PubMed]

	



Mutti, E.; Magnaghi, V.; Veber, D.; Faroni, A.; Pece, S.; Di Fiore, P.P.; Scalabrino, G. Cobalamin Deficiency-Induced Changes of Epidermal Growth Factor (EGF)-Receptor Expression and EGF Levels in Rat Spinal Cord. Brain Res. 2011, 1376, 23–30. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Z.; Ciappio, E.D.; Crott, J.W.; Brooks, R.S.; Nesvet, J.; Smith, D.E.; Choi, S.-W.; Mason, J.B. Combined Inadequacies of Multiple B Vitamins Amplify Colonic Wnt Signaling and Promote Intestinal Tumorigenesis in BAT-LacZxApc1638N Mice. FASEB J. Off. Publ. Fed. Am. Soc. Exp. Biol. 2011, 25, 3136–3145. [Google Scholar] [CrossRef]

	



Wei, C.-J.; Li, Y.-L.; Zhu, Z.-L.; Jia, D.-M.; Fan, M.-L.; Li, T.; Wang, X.-J.; Li, Z.-G.; Ma, H.-S. Inhibition of Activator Protein 1 Attenuates Neuroinflammation and Brain Injury after Experimental Intracerebral Hemorrhage. CNS Neurosci. Ther. 2019, 25, 1182–1188. [Google Scholar] [CrossRef]

	



Battaglia-Hsu, S.-F.; Akchiche, N.; Noel, N.; Alberto, J.M.; Jeannesson, E.; Orozco-Barrios, C.E.; Martinez-Fong, D.; Daval, J.L.; Guéant, J.L. Vitamin B12 Deficiency Reduces Proliferation and Promotes Differentiation of Neuroblastoma Cells and Up-Regulates PP2A, ProNGF, and TACE. Proc. Natl. Acad. Sci. USA 2009, 106, 21930–21935. [Google Scholar] [CrossRef]

	



Paoletti, P.; Bellone, C.; Zhou, Q. NMDA Receptor Subunit Diversity: Impact on Receptor Properties, Synaptic Plasticity and Disease. Nat. Rev. Neurosci. 2013, 14, 383–400. [Google Scholar] [CrossRef]

	



Hung, K.-L.; Wang, C.-C.; Huang, C.-Y.; Wang, S.-J. Cyanocobalamin, Vitamin B12, Depresses Glutamate Release through Inhibition of Voltage-Dependent Ca2+ Influx in Rat Cerebrocortical Nerve Terminals (Synaptosomes). Eur. J. Pharmacol. 2009, 602, 230–237. [Google Scholar] [CrossRef]

	



Liu, H.; Wen, L.-M.; Qiao, H.; An, S.-C. Modulation of hippocampal glutamate and NMDA/AMPA receptor by homocysteine in chronic unpredictable mild stress-induced rat depression. Sheng Li Xue Bao 2013, 65, 61–71. [Google Scholar]

	



Chen, B.-S.; Roche, K.W. Regulation of NMDA Receptors by Phosphorylation. Neuropharmacology 2007, 53, 362–368. [Google Scholar] [CrossRef]

	



Roth, W.; Mohamadzadeh, M. Vitamin B12 and Gut-Brain Homeostasis in the Pathophysiology of Ischemic Stroke. EBioMedicine 2021, 73, 103676. [Google Scholar] [CrossRef] [PubMed]

	



Rink, C.; Khanna, S. Significance of Brain Tissue Oxygenation and the Arachidonic Acid Cascade in Stroke. Antioxid. Redox Signal. 2011, 14, 1889–1903. [Google Scholar] [CrossRef] [PubMed]

	



Guest, J.; Bilgin, A.; Hokin, B.; Mori, T.A.; Croft, K.D.; Grant, R. Novel Relationships between B12, Folate and Markers of Inflammation, Oxidative Stress and NAD(H) Levels, Systemically and in the CNS of a Healthy Human Cohort. Nutr. Neurosci. 2015, 18, 355–364. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, J.-W.; Ma, Y.-M.; Jing, L.; Wang, Y.-L.; Zhang, J.-Z. Synaptic Remodeling and Reduced Expression of the Transcription Factors, HES1 and HES5, in the Cortex Neurons of Cognitively Impaired Hyperhomocysteinemic Mice. Pathol. Res. Pract. 2020, 216, 152953. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, T.; Huang, D.; Hou, J.; Li, J.; Zhang, Y.; Tian, M.; Li, Z.; Tie, T.; Cheng, Y.; Su, X.; et al. High-Concentration Homocysteine Inhibits Mitochondrial Respiration Function and Production of Reactive Oxygen Species in Neuron Cells. J. Stroke Cerebrovasc. Dis. Off. J. Natl. Stroke Assoc. 2020, 29, 105109. [Google Scholar] [CrossRef] [PubMed]

	



Wyse, A.T.S.; Sanches, E.F.; Dos Santos, T.M.; Siebert, C.; Kolling, J.; Netto, C.A. Chronic Mild Hyperhomocysteinemia Induces Anxiety-like Symptoms, Aversive Memory Deficits and Hippocampus Atrophy in Adult Rats: New Insights into Physiopathological Mechanisms. Brain Res. 2020, 1728, 146592. [Google Scholar] [CrossRef] [PubMed]

	



Kim, J.; Kim, H.; Roh, H.; Kwon, Y. Causes of Hyperhomocysteinemia and Its Pathological Significance. Arch. Pharm. Res. 2018, 41, 372–383. [Google Scholar] [CrossRef]

	



Molognoni, F.; de Melo, F.H.M.; da Silva, C.T.; Jasiulionis, M.G. Ras and Rac1, Frequently Mutated in Melanomas, Are Activated by Superoxide Anion, Modulate Dnmt1 Level and Are Causally Related to Melanocyte Malignant Transformation. PLoS ONE 2013, 8, e81937. [Google Scholar] [CrossRef]

	



de Queiroz, K.B.; Cavalcante-Silva, V.; Lopes, F.L.; Rocha, G.A.; D’Almeida, V.; Coimbra, R.S. Vitamin B(12) Is Neuroprotective in Experimental Pneumococcal Meningitis through Modulation of Hippocampal DNA Methylation. J. Neuroinflammation 2020, 17, 96. [Google Scholar] [CrossRef]

	



Mathew, A.R.; Cavallucci, V.; Fidaleo, M. Altered Vitamin B12 Metabolism in the Central Nervous System Is Associated with the Modification of Ribosomal Gene Expression: New Insights from Comparative RNA Dataset Analysis. Funct. Integr. Genom. 2023, 23, 45. [Google Scholar] [CrossRef]

	



Zhong, L.; Zhou, J.; Chen, X.; Lou, Y.; Liu, D.; Zou, X.; Yang, B.; Yin, Y.; Pan, Y. Quantitative Proteomics Study of the Neuroprotective Effects of B12 on Hydrogen Peroxide-Induced Apoptosis in SH-SY5Y Cells. Sci. Rep. 2016, 6, 22635. [Google Scholar] [CrossRef] [PubMed]

	



Birch, C.S.; Brasch, N.E.; McCaddon, A.; Williams, J.H.H. A Novel Role for Vitamin B(12): Cobalamins Are Intracellular Antioxidants in Vitro. Free Radic. Biol. Med. 2009, 47, 184–188. [Google Scholar] [CrossRef] [PubMed]

	



Fernandez-Fernandez, S.; Bobo-Jimenez, V.; Requejo-Aguilar, R.; Gonzalez-Fernandez, S.; Resch, M.; Carabias-Carrasco, M.; Ros, J.; Almeida, A.; Bolaños, J.P. Hippocampal Neurons Require a Large Pool of Glutathione to Sustain Dendrite Integrity and Cognitive Function. Redox Biol. 2018, 19, 52–61. [Google Scholar] [CrossRef] [PubMed]

	



McCarty, M.F.; O’Keefe, J.H.; DiNicolantonio, J.J. A Diet Rich in Taurine, Cysteine, Folate, B(12) and Betaine May Lessen Risk for Alzheimer’s Disease by Boosting Brain Synthesis of Hydrogen Sulfide. Med. Hypotheses 2019, 132, 109356. [Google Scholar] [CrossRef] [PubMed]

	



Ayala, A.; Muñoz, M.F.; Argüelles, S. Lipid Peroxidation: Production, Metabolism, and Signaling Mechanisms of Malondialdehyde and 4-Hydroxy-2-Nonenal. Oxid. Med. Cell. Longev. 2014, 2014, 360438. [Google Scholar] [CrossRef] [PubMed]

	



Grimm, M.O.W.; Grösgen, S.; Riemenschneider, M.; Tanila, H.; Grimm, H.S.; Hartmann, T. From Brain to Food: Analysis of Phosphatidylcholins, Lyso-Phosphatidylcholins and Phosphatidylcholin-Plasmalogens Derivates in Alzheimer’s Disease Human Post Mortem Brains and Mice Model via Mass Spectrometry. J. Chromatogr. A 2011, 1218, 7713–7722. [Google Scholar] [CrossRef]

	



Bharadwaj, P.; Solomon, T.; Malajczuk, C.J.; Mancera, R.L.; Howard, M.; Arrigan, D.W.M.; Newsholme, P.; Martins, R.N. Role of the Cell Membrane Interface in Modulating Production and Uptake of Alzheimer’s Beta Amyloid Protein. Biochim. Biophys. Acta Biomembr. 2018, 1860, 1639–1651. [Google Scholar] [CrossRef]

	



Lopes da Silva, S.; Vellas, B.; Elemans, S.; Luchsinger, J.; Kamphuis, P.; Yaffe, K.; Sijben, J.; Groenendijk, M.; Stijnen, T. Plasma Nutrient Status of Patients with Alzheimer’s Disease: Systematic Review and Meta-Analysis. Alzheimer’s Dement. 2014, 10, 485–502. [Google Scholar] [CrossRef]

	



Shen, L.; Ji, H.-F. Associations between Homocysteine, Folic Acid, Vitamin B12 and Alzheimer’s Disease: Insights from Meta-Analyses. J. Alzheimer’s. Dis. 2015, 46, 777–790. [Google Scholar] [CrossRef]

	



Teunissen, C.E.; Lütjohann, D.; von Bergmann, K.; Verhey, F.; Vreeling, F.; Wauters, A.; Bosmans, E.; Bosma, H.; van Boxtel, M.P.J.; Maes, M.; et al. Combination of Serum Markers Related to Several Mechanisms in Alzheimer’s Disease. Neurobiol. Aging 2003, 24, 893–902. [Google Scholar] [CrossRef]

	



Chen, H.; Liu, S.; Ge, B.; Zhou, D.; Li, M.; Li, W.; Ma, F.; Liu, Z.; Ji, Y.; Huang, G. Effects of Folic Acid and Vitamin B12 Supplementation on Cognitive Impairment and Inflammation in Patients with Alzheimer’s Disease: A Randomized, Single-Blinded, Placebo-Controlled Trial. J. Prev. Alzheimer’s Dis. 2021, 8, 249–256. [Google Scholar] [CrossRef] [PubMed]

	



Remington, R.; Bechtel, C.; Larsen, D.; Samar, A.; Doshanjh, L.; Fishman, P.; Luo, Y.; Smyers, K.; Page, R.; Morrell, C.; et al. A Phase II Randomized Clinical Trial of a Nutritional Formulation for Cognition and Mood in Alzheimer’s Disease. J. Alzheimer’s. Dis. 2015, 45, 395–405. [Google Scholar] [CrossRef] [PubMed]

	



Theiss, E.L.; Griebsch, L.V.; Lauer, A.A.; Janitschke, D.; Erhardt, V.K.J.; Haas, E.C.; Kuppler, K.N.; Radermacher, J.; Walzer, O.; Portius, D.; et al. Vitamin B12 Attenuates Changes in Phospholipid Levels Related to Oxidative Stress in SH-SY5Y Cells. Cells 2022, 11, 2574. [Google Scholar] [CrossRef] [PubMed]

	



An, R.; Li, D.; Dong, Y.; She, Q.; Zhou, T.; Nie, X.; Pan, R.; Deng, Y. Methylcobalamin Protects Melanocytes from H2O2-Induced Oxidative Stress by Activating the Nrf2/HO-1 Pathway. Drug Des. Devel. Ther. 2021, 15, 4837–4848. [Google Scholar] [CrossRef] [PubMed]

	



Nguyen, T.; Nioi, P.; Pickett, C.B. The Nrf2-Antioxidant Response Element Signaling Pathway and Its Activation by Oxidative Stress. J. Biol. Chem. 2009, 284, 13291–13295. [Google Scholar] [CrossRef] [PubMed]

	



Cuadrado, A.; Rojo, A.I.; Wells, G.; Hayes, J.D.; Cousin, S.P.; Rumsey, W.L.; Attucks, O.C.; Franklin, S.; Levonen, A.-L.; Kensler, T.W.; et al. Therapeutic Targeting of the NRF2 and KEAP1 Partnership in Chronic Diseases. Nat. Rev. Drug Discov. 2019, 18, 295–317. [Google Scholar] [CrossRef] [PubMed]

	



La Rosa, P.; Petrillo, S.; Bertini, E.S.; Piemonte, F. Oxidative Stress in DNA Repeat Expansion Disorders: A Focus on NRF2 Signaling Involvement. Biomolecules 2020, 10, 702. [Google Scholar] [CrossRef]

	



Tripathi, M.; Zhang, C.W.; Singh, B.K.; Sinha, R.A.; Moe, K.T.; DeSilva, D.A.; Yen, P.M. Hyperhomocysteinemia Causes ER Stress and Impaired Autophagy That Is Reversed by Vitamin B Supplementation. Cell Death Dis. 2016, 7, e2513. [Google Scholar] [CrossRef]

	



Mehrdad, J.; Leila, E.; Emsehgol, N. The Effect of Vitamin B12 on Synaptic Plasticity of Hippocampus in Alzheimer’s Disease Model Rats. Int. J. Neurosci. 2023, 133, 654–659. [Google Scholar] [CrossRef]

	



Zuo, X.; Zhou, J.; Li, Y.; Wu, K.; Chen, Z.; Luo, Z.; Zhang, X.; Liang, Y.; Esteban, M.A.; Zhou, Y.; et al. TDP-43 Aggregation Induced by Oxidative Stress Causes Global Mitochondrial Imbalance in ALS. Nat. Struct. Mol. Biol. 2021, 28, 132–142. [Google Scholar] [CrossRef]

	



Jeon, Y.-M.; Kwon, Y.; Lee, S.; Kim, S.; Jo, M.; Lee, S.; Kim, S.R.; Kim, K.; Kim, H.-J. Vitamin B12 Reduces TDP-43 Toxicity by Alleviating Oxidative Stress and Mitochondrial Dysfunction. Antioxidants 2021, 11, 82. [Google Scholar] [CrossRef] [PubMed]

	



Jeong, G.R.; Lee, B.D. Pathological Functions of LRRK2 in Parkinson’s Disease. Cells 2020, 9, 2565. [Google Scholar] [CrossRef] [PubMed]

	



Schaffner, A.; Li, X.; Gomez-Llorente, Y.; Leandrou, E.; Memou, A.; Clemente, N.; Yao, C.; Afsari, F.; Zhi, L.; Pan, N.; et al. Vitamin B(12) Modulates Parkinson’s Disease LRRK2 Kinase Activity through Allosteric Regulation and Confers Neuroprotection. Cell Res. 2019, 29, 313–329. [Google Scholar] [CrossRef] [PubMed]

	



Cui, W.; Yang, X.; Chen, X.; Xiao, D.; Zhu, J.; Zhang, M.; Qin, X.; Ma, X.; Lin, Y. Treating LRRK2-Related Parkinson’s Disease by Inhibiting the MTOR Signaling Pathway to Restore Autophagy. Adv. Funct. Mater. 2021, 31, 2105152. [Google Scholar] [CrossRef]

	



Arora, K.; Sequeira, J.M.; Alarcon, J.M.; Wasek, B.; Arning, E.; Bottiglieri, T.; Quadros, E. V Neuropathology of Vitamin B 12 Deficiency in the Cd320−/− Mouse. FASEB J. 2019, 33, 2563–2573. [Google Scholar] [CrossRef] [PubMed]

	



Miller, E.R., III; Pastor-Barriuso, R.; Dalal, D.; Riemersma, R.A.; Appel, L.J.; Guallar, E. Meta-Analysis: High-Dosage Vitamin E Supplementation May Increase All-Cause Mortality. Ann. Intern. Med. 2005, 142, 37–46. [Google Scholar] [CrossRef] [PubMed]

	



Groves, A.; Kihara, Y.; Jonnalagadda, D.; Rivera, R.; Kennedy, G.; Mayford, M.; Chun, J. A Functionally Defined In Vivo Astrocyte Population Identified by C-Fos Activation in a Mouse Model of Multiple Sclerosis Modulated by S1P Signaling: Immediate-Early Astrocytes (IeAstrocytes). eNeuro 2018, 5, ENEURO.0239-18.2018. [Google Scholar] [CrossRef]

	



Briani, C.; Dalla Torre, C.; Citton, V.; Manara, R.; Pompanin, S.; Binotto, G.; Adami, F. Cobalamin Deficiency: Clinical Picture and Radiological Findings. Nutrients 2013, 5, 4521–4539. [Google Scholar] [CrossRef]

	



Nawaz, A.; Khattak, N.N.; Khan, M.S.; Nangyal, H.; Sabri, S.; Shakir, M. Deficiency of Vitamin B12 and Its Relation with Neurological Disorders: A Critical Review. J. Basic Appl. Zool. 2020, 81, 10. [Google Scholar] [CrossRef]

	



Scalabrino, G.; Veber, D.; Mutti, E. Experimental and Clinical Evidence of the Role of Cytokines and Growth Factors in the Pathogenesis of Acquired Cobalamin-Deficient Leukoneuropathy. Brain Res. Rev. 2008, 59, 42–54. [Google Scholar] [CrossRef]

	



Duncan, I.D.; Radcliff, A.B.; Heidari, M.; Kidd, G.; August, B.K.; Wierenga, L.A. The Adult Oligodendrocyte Can Participate in Remyelination. Proc. Natl. Acad. Sci. USA 2018, 115, E11807–E11816. [Google Scholar] [CrossRef] [PubMed]

	



Nishimoto, S.; Tanaka, H.; Okamoto, M.; Okada, K.; Murase, T.; Yoshikawa, H. Methylcobalamin Promotes the Differentiation of Schwann Cells and Remyelination in Lysophosphatidylcholine-Induced Demyelination of the Rat Sciatic Nerve. Front. Cell. Neurosci. 2015, 9, 298. [Google Scholar] [CrossRef] [PubMed]

	



Gröber, U.; Kisters, K.; Schmidt, J. Neuroenhancement with Vitamin B12-Underestimated Neurological Significance. Nutrients 2013, 5, 5031–5045. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 25 00590 g001] 





Figure 1. The diagram illustrates the key mechanisms outlined in the text regarding the absorption, storage, and intracellular metabolism of Vitamin B12 in human beings. 
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Figure 2. The lack of Vitamin B12 notably impacts MTR or MUT, enzymes reliant on it as a cofactor. This deficiency not only disrupts the biosynthesis of crucial compounds but also triggers the accumulation of reaction intermediates that are potentially toxic at increased concentrations, leading to metabolic decompensation. Lightning bolt icons indicate the metabolic steps that might indirectly contribute to oxidative stress. The light green arrows highlight further biochemical implications resulting from Vitamin B12 deficiency, potentially influencing molecular and cellular processes. 
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Figure 3. Divergent metabolic processes and uptake mechanisms of Vitamin B12 across human, mouse, and zebrafish. The question mark indicates that the mechanism has been poorly characterized. The arrows in the ‘metabolism’ part of the figure indicate an increase (if pointing upwards) or a decrease (if pointing downwards) in the metabolite or vitamin B12, while the equal sign indicates no change. 
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Figure 4. Vitamin B12’s functions as an anti-inflammatory agent by binding to CD14 (A), modulating potential energetic metabolism (B), and mediating NMDA receptor-linked excitotoxicity (C). 
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Figure 5. This outline explores the molecular and cellular changes in the nervous system during Vitamin B12 deficiency, potentially leading to neuroinflammation. It emphasizes that metabolic decompensation is just one facet of this intricate scenario. The question mark indicates that the mechanism has been poorly characterized. The dark blue arrows indicate an increase (if pointing upwards) or a decrease (if pointing downwards) of the compound or of the process. 
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Figure 6. Many insights into the function of Vitamin B12 have emerged from conditions that commonly deteriorate due to its deficiency. The outline illustrates the more recent findings regarding Alzheimer’s Disease (AD), Amyotrophic Lateral Sclerosis (ALS), Multiple Sclerosis (MS), Parkinson’s Disease (PD), and Vitamin B12 deficiency. The question mark indicates that the mechanism has been poorly characterized. The dark blue arrows signify a decrease in CD320. Purple arrows represent involved processes, while the blunt-ended line denotes an inhibitory effect. 
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Table 1. Experimental models.






Table 1. Experimental models.





	
Experimental Models

	
Induction of VitB12 Deficiency

	
Treatment

	
Reference






	
Mouse

	
Cbi supplementation through osmotic minipumps

	
21 female mice, 27 days treatment

	
[48]




	

	-

	
Group 1: 102 nmol/24 h of Cbi










	

	-

	
Group 2: 42 nmol/24 h of VitB12 (resulting in 2,000,000 times more concentrated respect to humans)










	

	-

	
Group 3: control










	
Mouse

	
EtPhCbl supplementation through osmotic minipumps

	
18 female mice, 27 days treatment

	
[49]




	

	-

	
Group 1: 3.5 nmol/24 h of EtPhCbl










	

	-

	
3.5 nmol/24 h of VitB12 (CN-Cbl)










	

	-

	
Group 3: control










	
Mouse

	
RoninF80L/F80L and Hcfc1A115V/Y mouse model using CRISPR/Cas9 genome editing

	
/

	
[50]




	
Mouse

	
1. Mmachcflox/flox mouse model generated using CRISPR/Cas9 genome editing

	
/

	
[37]




	
2. Mmachc-OE+/tg transgenic mouse line that over-expresses functional mmachc




	
Rat

	
Rats made VitB12 deficient by total gastrectomy

	
/

	
[51]




	
Rat

	
Rats administered with N2O (which induces the irreversible oxidation of Co+ to the Co+++ form, rendering VitB12 inactive).

	
/

	
[52]




	
Zebrafish

	
Embryos carrying the c.95_132delins28 p.Gly32Valfs*48 mutation in the mmachc (hg13) gene in a homozygous state

	
/

	
[53]




	
Zebrafish

	
1. mmachc morphant mutant created using morpholinos or simRNA to target the mRNA of embryos

	
/

	
[54]




	
2. Germinal mutant created using zinc finger nucleases (ZFNs) approach
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