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Abstract

Vitamin B12 (cobalamin) is an essential micronutrient with a pivotal role in DNA synthesis, cellular replication, and maintenance
of genomic stability. Its biochemical functions are mediated through two enzymatic reactions that are critical for the integrity of
nucleotide biosynthesis and the proper functioning of the methylation cycle. Firstly, Vitamin B12 acts as a cofactor for methionine
synthase, an enzyme responsible for the remethylation of homocysteine to methionine. Methionine is subsequently converted to
S-adenosylmethionine (SAM), the primary methyl group donor used in the methylation of DNA, RNA, proteins, and lipids. DNA
methylation is a key epigenetic mechanism that regulates gene expression, ensuring proper chromatin structure and genomic
stability. Disruptions in this pathway due to Vitamin B12 deficiency can lead to aberrant DNA methylation patterns, which are
associated with various pathological conditions, including cancer, cardiovascular diseases, and neurodegenerative disorders.
Secondly, Vitamin B12 is involved in the conversion of methylmalonyl-CoA to succinyl-CoA via the enzyme methylmalonyl-CoA
mutase. This reaction is crucial for the catabolism of odd-chain fatty acids and certain amino acids, and it also plays a role
in the synthesis of deoxyribonucleotides, the building blocks of DNA. Impaired function of methylmalonyl-CoA mutase due
to Vitamin B12 deficiency results in the accumulation of methylmalonic acid, which can disrupt mitochondrial function and
contribute to neurotoxicity. Clinically, Vitamin B12 deficiency manifests in various hematological and neurological symptoms.
The most notable is megaloblastic anemia, characterized by the presence of large, immature, and dysfunctional erythrocytes in
the bloodstream. This condition arises from impaired DNA synthesis, which leads to ineffective erythropoiesis and the arrest of
cell division. Neurological complications, including peripheral neuropathy, cognitive decline, and myelopathy, are also common,
resulting from disrupted myelin synthesis and maintenance. In conclusion, Vitamin B12 is indispensable for the maintenance
of DNA integrity, efficient cellular replication, and the overall health of the hematological and nervous systems. Adequate levels
of this vitamin are crucial to prevent DNA damage, support proper methylation processes, and protect against the long-term

consequences of deficiency, including anemia, neurodegeneration, and increased disease susceptibility.
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Abbrevations

DNA: Deoxyribonucleic Acid; RNA: Ribonucleic Acid;
ATP: Adenosine Triphosphate.

Introduction

Vitamin B12, also known as cobalamin, is a water-soluble
vitamin essential for numerous biological functions,
particularly DNA synthesis, red blood cell formation, and
neurological function. Structurally, it is a complex molecule
containing a corrin ring with a central cobalt atom, which
allows it to act as a coenzyme in vital metabolic processes.
Unlike other vitamins, Vitamin B12 is unique in its
requirement for intrinsic factor, a glycoprotein secreted
by the stomach, for absorption in the small intestine. This
dependency on specific physiological mechanisms makes its
deficiency relatively common, particularly among individuals
with malabsorption syndromes, vegan diets, or aging-related
gastric atrophy [1,2].

Methylcobalamin

Function: Plays a critical role in methylation reactions in
the body, particularly in the conversion of homocysteine
to methionine, which is crucial for DNA synthesis and
neurological function.

Significance: It is the active form used directly by the body
in cellular reactions involving the methylation cycle.

Sources: Found in certain supplements and naturally in
animal products such as fish, meat, and dairy.

Therapeutic Use: Often used in supplements for neurological
health and addressing peripheral neuropathy or other nerve-
related issues.

Adenosylcobalamin

Function: Serves as a coenzyme for the enzyme
methylmalonyl-CoA mutase, which is involved in the
breakdown of certain fatty acids and amino acids to produce
energy.

Significance: It is essential for mitochondrial energy
production and plays a role in maintaining proper metabolic
processes.

Sources: Found naturally in animal-based foods but less
common in supplements due to stability issues.

Therapeutic Use: Particularly beneficial for energy
metabolism and addressing mitochondrial dysfunction.
Other Forms of Vitamin B12:

Cyanocobalamin: A synthetic, inactive form of B12

commonly used in supplements due to its stability. [t requires
conversion to methylcobalamin and adenosylcobalamin in
the body.

Hydroxocobalamin: A naturally occurring form often used
in medical settings, especially for treating B12 deficiency
and cyanide poisoning. It is converted into active forms in
the body.

Among its critical roles, Vitamin B12’s involvement in DNA
synthesis is of particular importance for maintaining cellular
and genomic integrity. Rapidly dividing cells, such as those in
the bone marrow and gastrointestinal epithelium, rely heavily
on adequate DNA replication and repair. Consequently,
Vitamin B12 deficiency disrupts these processes, leading
to impaired cell division and the manifestation of clinical
symptoms like megaloblastic anemia [3].

At the molecular level, Vitamin B12 functions as a coenzyme
for two key reactions:

Methionine synthase activity, which supports the
remethylation of homocysteine to methionine and links to
the production of S-adenosylmethionine (SAM), a universal
methyl donor crucial for DNA methylation and epigenetic
regulation [4].

Methylmalonyl-CoA mutase activity, which facilitates
the conversion of methylmalonyl-CoA to succinyl-CoA,
a precursor for deoxyribonucleotide synthesis and an
intermediate in energy metabolism.

The interplay between these pathways ensures not only the
synthesis of DNA but also its stability, as disruptions can lead
to errors in replication, accumulation of toxic intermediates,
and oxidative stress. Moreover, DNA methylation—a process
heavily influenced by Vitamin B12—serves as an epigenetic
mechanism for gene expression regulation. Deficiency-
induced aberrant methylation patterns are implicated
in various pathological states, including oncogenesis,
neurodegeneration, and cardiovascular diseases [5].

The growing recognition of Vitamin B12’s impact on
genomic stability has broadened its relevance beyond classic
deficiency syndromes, making it a focus of interest in fields
like oncology, neuroscience, and aging research. This review
delves into the biochemical mechanisms underpinning
Vitamin B12’s role in DNA synthesis, its clinical implications,
and the broader consequences of its deficiency on health and
disease [6].

Biochemical Role of Vitamin B12

Vitamin B12, or cobalamin, plays a pivotal biochemical
role in two essential metabolic pathways: the methionine
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cycle, which is integral to DNA methylation and epigenetic
regulation, and the catabolic pathway involving
methylmalonyl-CoA mutase, which is critical for nucleotide
biosynthesis and energy metabolism. These pathways
influence DNA synthesis, cellular replication, and genomic
stability [7,8].
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Structure of Vitamin B12.

Methionine Synthase and the Methylation Cycle

Vitamin B12 acts as a cofactor for the enzyme methionine
synthase (MS), which catalyzes the remethylation of
homocysteine to methionine [9,10]. This reaction is central
to the one-carbon metabolism pathway and has downstream
effects on DNA synthesis and epigenetic regulation:

Steps in the Methionine Cycle: Homocysteine
Remethylation: Methionine synthase uses Vitamin B12 in
its methylcobalamin form to transfer a methyl group from
5-methyltetrahydrofolate (5-methyl-THF) to homocysteine,
forming methionine.

Methionine Activation to S-Adenosylmethionine
(SAM): Methionine is subsequently converted to
S-adenosylmethionine (SAM), a critical methyl donor in
numerous methylation reactions, including DNA, RNA, and
protein methylation.

Importance of SAM in DNA Synthesis and Regulation:
DNA Methylation: SAM provides methyl groups for the
methylation of cytosine residues in DNA, a process critical
for regulating gene expression, maintaining chromatin
structure, and ensuring genomic stability. Hypomethylation,
often observed in Vitamin B12 deficiency, can lead to
chromosomal instability, increased susceptibility to

mutations, and aberrant gene expression patterns [11].
Epigenetic  Regulation: SAM-dependent methylation
of histones influences chromatin remodeling and gene
accessibility, directly impacting transcriptional regulation
and cellular differentiation.

Consequences of Vitamin B12 Deficiency in this
Pathway: Accumulation of homocysteine, a condition called
hyperhomocysteinemia, which is associated with oxidative
stress, endothelial dysfunction, and increased cardiovascular
risk [12].

Disruption in SAM production leads to impaired DNA
methylation, which can cause developmental abnormalities,
neurodegeneration, and increased cancer risk due to
epigenetic instability.

Methylmalonyl-CoA Mutase and Odd-Chain Fatty
Acid Metabolism

In the second major pathway, Vitamin B12 is required as
a coenzyme in its adenosylcobalamin form for the enzyme
methylmalonyl-CoA mutase (MCM). This enzyme catalyzes
the isomerization of methylmalonyl-CoA to succinyl-CoA,
a reaction essential for energy production, amino acid
metabolism, and nucleotide biosynthesis [13].

Steps in the Pathway

Generation of Methylmalonyl-CoA: Metabolism of odd-
chain fatty acids, valine, isoleucine, threonine,and methionine
produces methylmalonyl-CoA as an intermediate.

Conversion to Succinyl-CoA: Methylmalonyl-CoA mutase,
utilizing adenosylcobalamin, converts methylmalonyl-CoA to
succinyl-CoA, which feeds into the tricarboxylic acid (TCA)
cycle.

Role in DNA Synthesis

Succinyl-CoA is a precursor for heme biosynthesis and
indirectly supports the production of deoxyribonucleotides,
the building blocks of DNA.

The TCA cycle generates ATP and metabolic intermediates
required for anabolic processes, including nucleotide
synthesis.

Consequences of Vitamin B12 Deficiency in this Pathway:
Accumulation of methylmalonic acid (MMA), a toxic
metabolite, leads to metabolic acidosis, mitochondrial
dysfunction, and neurotoxicity.

Reduced availability of succinyl-CoA and impaired energy
production disrupt DNA synthesis and repair, contributing to
megaloblastic anemia and genomic instability.
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Interplay Between the Pathways

The two pathways influenced by Vitamin B12—methionine
synthase activity and methylmalonyl-CoA mutase activity—
are interconnected in maintaining cellular homeostasis:

The methylation cycle ensures adequate supply of SAM for
methylation-dependent processes, including those critical
for regulating the enzymes involved in DNA synthesis and
repair.

Summary of Biochemical Roles:

The succinyl-CoA pathway supplies intermediates essential
for energy production and nucleotide biosynthesis,
supporting cellular proliferation and genome maintenance.
Disruption in either pathway due to Vitamin B12 deficiency
creates a cascade of metabolic imbalances, with far-reaching
consequences for DNA synthesis and cellular health [14]
Table 1.

Pathway Vitamin B12 Form Enzyme Key Reaction Impact on DNA Synthesis
I . Methionine Homocysteine — SAM-dependent DNA
Methionine Cycle Methylcobalamin Synthase Methionine methylation, epigenetics
Methylmalonyl-CoA Adenosylcobalamin Methylmalonyl-CoA Methylma.llonyl-CoA — | Nucleotide blOSYl’l'FheSlS, energy
Pathway Mutase Succinyl-CoA metabolism

Table 1: By supporting these two pathways, Vitamin B12 ensures efficient DNA synthesis, regulates gene expression through
epigenetic mechanisms, and preserves mitochondrial and cellular function. These roles underscore its indispensability for

genomic stability and overall health [14].

Clinical Implications of Vitamin B12 Deficiency

Vitamin B12 deficiency has profound effects on hematological,
neurological, and systemic health due to its central role
in DNA synthesis, cellular metabolism, and methylation
processes. Deficiency disrupts cellular division, leads to
oxidative stress, and impairs neural function. Below are the
detailed clinical manifestations and systemic implications
associated with Vitamin B12 deficiency [15].

Hematological Implications

Megaloblastic Anemia

Pathophysiology: Impaired DNA synthesis caused by
Vitamin B12 deficiency leads to ineffective erythropoiesis
in the bone marrow. While RNA synthesis and cytoplasmic
maturation proceed normally, nuclear maturation is
delayed, resulting in the characteristic large, immature,
and dysfunctional erythrocytes observed in megaloblastic
anemia.

Clinical Features:

Fatigue, weakness, and pallor due to reduced oxygen-
carrying capacity.

Macrocytosis (large red blood cells) and hypersegmented
neutrophils observed in blood smears.

In severe cases, pancytopenia (reduction in all blood cell
types) may occur.

Diagnostic Markers: Elevated mean corpuscular volume
(MCV), low hemoglobin, and increased serum methylmalonic
acid (MMA) and homocysteine levels are indicative of Vitamin
B12 deficiency [8].

Thrombosis Risk from Hyperhomocysteinemia

Elevated homocysteine levels due to impaired methionine
synthase activity are associated with an increased risk of
thromboembolic events, such as deep vein thrombosis (DVT)
and stroke [16].

Neurological Implications

Neurological complications of Vitamin B12 deficiency are
often more insidious and may occur even in the absence of
anemia. The nervous system is particularly vulnerable due
to the roles of Vitamin B12 in myelin synthesis, methylation,
and mitochondrial function.

Peripheral Neuropathy

Mechanism: Deficiency disrupts myelin sheath integrity,
leading to demyelination of peripheral nerves.

Symptoms: Tingling, numbness, and burning sensations in
the hands and feet (stocking-glove distribution).

Progression: Untreated neuropathy can lead to
muscle weakness, coordination difficulties, and loss of
proprioception.

Subacute Combined Degeneration of the Spinal Cord
Mechanism: Demyelination affects the dorsal and lateral
columns of the spinal cord, impairing sensory and motor
function.

Symptoms: Loss of vibration and position sense, spasticity,
and ataxia. Advanced cases may involve paraplegia.
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Cognitive Impairment and Neuropsychiatric Disorders
Vitamin B12 deficiency has been linked to cognitive decline,
memory loss, and dementia-like symptoms, particularly in
older adults.

Psychiatric manifestations include depression, irritability,
and psychosis, emphasizing the role of Vitamin B12 in
neurotransmitter synthesis and brain function.

Developmental Implications

Vitamin B12 deficiency during pregnancy and early childhood
has significant consequences:

In Pregnancy: Low maternal Vitamin B12 levels are
associated with an increased risk of neural tube defects
(NTDs) in the fetus due to impaired DNA synthesis and folate
metabolism.

In Infants and Children: Deficiency can lead to developmental
delays, failure to thrive, and irreversible cognitive deficits.

Systemic and Long-Term Implications

Cardiovascular Diseases: Elevated homocysteine levels
from Vitamin B12 deficiency are an independent risk factor
for atherosclerosis, coronary artery disease (CAD), and
stroke.

Homocysteine promotes endothelial dysfunction, oxidative
stress, and inflammation, accelerating plaque formation.

Cancer Risk: Aberrant DNA methylation resulting from
inadequate SAM production can lead to genomic instability,
reactivation of oncogenes, and silencing of tumor suppressor
genes.

Vitamin B12 deficiency has been associated with an increased
risk of cancers, particularly colorectal and breast cancer.

Immune Dysfunction: Impaired DNA synthesis in immune
cells leads to reduced lymphocyte proliferation and function,
increasing susceptibility to infections.

Gastrointestinal Symptoms

Vitamin B12 deficiency can cause gastrointestinal
manifestations:

Glossitis: Inflammation of the tongue, presenting as pain,
redness, and atrophy of papillae.

Anorexia and Weight Loss: Due to reduced appetite and
malabsorption-related energy deficits.

Diarrhea or Constipation: Resulting from disrupted
epithelial cell turnover in the gastrointestinal tract.

Populations at Risk

Certain groups are at higher risk for Vitamin B12 deficiency
due to dietary or physiological factors:

Vegans and Vegetarians: Since Vitamin B12 is predominantly
found in animal products, strict plant-based diets can lead to
deficiency without supplementation.

Older Adults: Age-related gastric atrophy and reduced
intrinsic factor production impair Vitamin B12 absorption.

Gastrointestinal Disorders: Conditionslike Crohn’s disease,
celiac disease, or gastric bypass surgery disrupt Vitamin B12
absorption.

Prolonged Use of Medications: Proton pump inhibitors (PPIs)
and metformin can interfere with Vitamin B12 absorption.

Complications of Prolonged Deficiency

If left untreated, Vitamin B12 deficiency can lead to:
Irreversible Neurological Damage: Advanced cases of
subacute combined degeneration can cause permanent
sensory and motor deficits.

Cardiovascular Events: Chronic hyperhomocysteinemia
increases the risk of stroke and myocardial infarction.
Progressive Cognitive Decline: Untreated deficiency may
contribute to dementia or Alzheimer’s-like syndromes.

Clinical Management

Diagnosis

Blood Tests: Low serum Vitamin B12 levels, elevated MMA
and homocysteine, and macrocytic anemia.

Additional Markers: Holotranscobalamin (active B12) testing
can help diagnose early deficiency.

Treatment

Oral or Intramuscular Supplementation: Depending
on the severity, Vitamin B12 can be administered orally
(for mild cases) or intramuscularly (for severe cases or
malabsorption).

Dietary Modifications: For at-risk populations, increasing
dietary intake of Vitamin B12-rich foods (meat, fish, eggs,
dairy) or fortified products is essential [17].

Prognosis
Early detection and treatment typically lead to a complete
resolution of hematological symptoms.

Neurological symptoms may take longer to resolve, and
advanced cases may result in permanent deficits.
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Figure 1: Clinical Manifestations of Vitamin B12 Deficiency [18,19].

Mechanisms Linking Vitamin B12 to Genomic
Stability

Prevention of Homocysteine Accumulation [19]
Elevated homocysteine levels due to methionine
synthase impairment are associated with oxidative stress
and endothelial dysfunction, further compromising DNA
stability and repair mechanisms.

Reduction of Oxidative Damage

Vitamin B12 indirectly mitigates oxidative stress
by supporting mitochondrial function and reducing
the accumulation of toxic intermediates such as
methylmalonic acid.
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