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ABSTRACT

	Cobalamin, often known as vitamin B12, is a water-soluble vitamin that is necessary for one-carbon metabolism, erythropoiesis, DNA synthesis, and neurological integrity. Vitamin B12 deficiency is still a major global health issue despite its vital physiological functions; it is particularly common in vegetarians, pregnant women, babies, older adults, and people with metabolic or gastrointestinal diseases. The current research on vitamin B12 deficiency's epidemiology, biochemical roles, absorption methods, etiology, clinical manifestations, diagnostic indicators, and treatment options is compiled in this review. With the growing recognition of subclinical insufficiency, proper identification requires the use of functional biomarkers like homocysteine and methylmalonic acid. Clinical consequences include neuropathy, megaloblastic anemia, adverse pregnancy outcomes, and delayed cognitive development. High-dose oral medicine, Sucrosomial formulations, and better screening techniques are examples of treatment innovations that have improved management outcomes.In high-risk communities, public health interventions like targeted supplementation and dietary fortification are still crucial.  Greater availability and preventative measures are supported by ongoing advancements in molecular biology and biotechnological production.  In general, minimizing the long-term neurological and systemic effects of vitamin B12 insufficiency requires early diagnosis and immediate action.
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1. INTRODUCTION
[bookmark: _Hlk214087765]Cobalamin or vitamin B12 is a water-soluble vitamin that is needed to maintain the health of a human being, with significant roles in the synthesis of DNA, the formation of red blood cells, neurological functioning, and one-carbon metabolism. This has enabled it to be used as a cofactor in important enzymatic reactions because of its unusual chemical structure that contains a cobalt atom in the centre of a corrin ring. Although vitamin B12 has very significant functions, it is a global health problem and the rate of vitamin B12 deficiency is rising among all population groups, particularly vegetarians, vegans, pregnant women, older individuals and individuals with gastrointestinal diseases or genetic defects that impair absorption and metabolism of vitamin B12. Its deficiency has both direct and indirect influences on the hematological, neurological, metabolic and developmental health and therefore, the significance of knowing its biochemistry, absorption and its clinical relevance.

1.1. Epidemiology
Vitamin B12 deficiency is a significant problem of public health in the world. It affects approximately 6 to 12% of the population of the developed countries and even higher, greater than 40 to 60 in the developing countries, mainly in South Asia and sub-Saharan Africa. At-risk groups encompass vegetarians and vegans, pregnant women, children, the elderly people and people with chronic illnesses. The quiet but widespread prevalence of subclinical vitamin B12 deficiency in the adult population of India emphasizes the necessity for targeted screening strategies in high-risk groups (Singla et al. 2019)[1] and (Parikh F. 2025)[2]. Research indicated that the prevalence of vitamin B12 deficiency was notably elevated in infants between 6 to 11 months, marking this age range as particularly susceptible during the initial phase of complementary feeding. The researchers emphasize the importance of conducting regular screenings during infancy and early childhood and suggest that administering a single intramuscular dose of vitamin B12 at birth may be advantageous in areas with a high prevalence of deficiency and restricted access to diagnostic testing (Elgormus Y et al 2023)[3]. The vitamin B12 deficiency in children often presents as megaloblastic anemia, with some developing pancytopenia. It can cause neurological symptoms due to impaired myelin synthesis, which may become irreversible if untreated. Deficiency also affects somatic growth. Risk factors include poor dietary intake and malabsorption, and both oral and parenteral supplementation are effective, which is highlighting the need for awareness and preventive strategies (Mandal and Chandra 2025)[4].A study evaluating 238 individuals with low serum cobalamin levels (<200 ng/L) reported significant improvements in sleep duration, sleep quality, and overall quality of life following two months of vitamin B12 supplementation. Mean sleep duration increased from 6.46 ± 1.87 to 7.44 ± 1.42 hours, and Pittsburgh Sleep Quality Index (PSQI) scores decreased from 9.77 ± 5.01 to 4.31 ± 3.59. Improvements were also noted across multiple Short Form-36 Health Survey (SF-36) subscales, indicating enhanced physical and mental well-being (Adem Durmaz and Melek Topaloğlu 2024) [5].  


1.2 Chemical Structure and Biological Significance:
Vitamin B12 (cobalamin) is an essential dietary micronutrient that humans cannot synthesize and must obtain from food, primarily of animal origin, and its significance in supporting both simple and complex biochemical processes in the body. Cobalamin is the only vitamin with a cobalt atom attached to the corrin ring that allows it to serve in enzymatic reactions as an essential cofactor(O’Leary and Samman 2020)[6] and (Fang et al. 2022)[7]. It is noted that vitamin B12 exists in various chemical forms, including cyanocobalamin, hydroxocobalamin, adenosylcobalamin, and methylcobalamin (TemovaRakuša et al. 2022) [8].
It contributes to processes that are critical to cellular and systemic health, such as the synthesis of Deoxyribonucleic acid (DNA), methylation reactions, and energy metabolism. These responses are very critical to the sustenance of normal hematopoietic, neurological, and general metabolic homeostasis. The biological importance of vitamin B12 is not limited to the fundamental metabolic process and has been linked to cognitive health in old age, heart activity and the development of the fetus. 

1.3. Metabolic Functions:
Vitamin B₁₂ deficiency has been linked not only to haematological and neurological disorders but also to metabolic disturbances such as insulin resistance and body-composition changes. Its deficiency disrupts the activity of methionine synthase, resulting in homocysteine accumulation, and impairs methylmalonyl-CoA mutase, leading to elevated methylmalonic acid, ultimately causing myelin damage, abnormal DNA synthesis, and megaloblastic anemia (Lopes et al. 2019) [9].The vitamin B12 facilitates two important enzyme reactions during the methylation of methionine synthase and in a second reaction with methylmalonic acid mutase. The catalyst of the remethylation of homocysteine into methionine is methionine synthetase a process that is central to DNA synthesis, methylation reaction and multiplication of cells. The disruption of this pathway results in hyperhomocysteinemia which has been associated with cardiovascular diseases, mental impairment and complications during pregnancy. (Methylmalonyl-CoA) Methymalonyl-Coenzyme A mutase accomplishes the conversion of methylmalonyl-CoA to succinyl-CoA and links the metabolism of the amino acid and fatty acid to the tricarboxylic acid cycle. Absence of such a reaction results in the build-up of methylmalonic acid, and the latter is an approachable biomarker of B12 deficiency and induces a metabolic disharmony. The importance of these pathways is well established in the literature, which extensively explores the downstream consequences of B12 deficiency leads to the accumulation of branched-chain fatty acids in cell membranes, which, when deposited in neurons, result in neurological manifestations cardiovascular, and metabolic health(Zhao et al. 2022)[10] (Sayedali et al. 2023)[11] (SrivaniNutakki et al. 2023)[12].
.


1.4. Absorptive and Transportation Mechanisms:
Vitamin B12 absorption is an extremely complicated process, which entails coordination of gastric, pancreatic and intestinal elements. Vitamin B12 (cobalamin) obtained from animal-based foods undergoes a multi-step process involving its release from dietary proteins, binding to intrinsic factor, absorption in the ileum, transport through transcobalamins, and subsequent conversion into the active cofactor forms methylcobalamin and 5-deoxyadenosylcobalamin, (Chatterji, N., & Saraswat 2022) [13]. Dietary vitamin B12 that is predominantly present in animal food is initially bound to proteins. In the stomach, vitamin B12 is released by gastric acid and pepsin in the same way as these proteins bound with vitamin B12 before being degraded, as the vitamin B12 is bound to haptocorrin. The pancreatic enzymes degrade haptocorrin in the small intestine allow the binding of cobalamin to intrinsic factor, a glycoprotein that gastric parietal cells secrete. Receptor-mediated endocytosis occurs in the distal ileum, taking up the vitamin B12 -intrinsic factor complex. Once absorbed, vitamin B12 is affixed to a protein known as transcobalamin II which is employed in ferrying vitamin B12 to its respective target tissues such as the liver, bone marrow and nervous system. Clinical vitamin B12 deficiency can arise from disruptions at any stage of its absorption or metabolism, including dietary inadequacy, malabsorption syndromes, gastrointestinal surgeries, chronic medication use, and genetic defects(Fang et al. 2017)[7] and (Carmel 2019)[14].Colonic absorption, together with the very low daily excretion of vitamin B12, may help keep B12 levels stable in those who don't eat enough of it, which could explain why many vegetarian populations have reasonably stable B12 levels(Kurpad.et al 2023)[15].

1.5. Etiology and Risk Factors
Many factors cause the deficiency of vitamin B12. Deficiency is quite common, especially in individuals with low intake of animal foods (e.g., vegans, vegetarians), the elderly (due to malabsorption), and those with gastrointestinal disorders. One of the main causes of vegetarians and vegans is dietary insufficiency because bodily vitamin B12 in vegetarian food is not bioavailable. Consequences include haematological abnormalities (such as megaloblastic anemia), neurological damage (e.g., neuropathy, cognitive decline) and emerging associations with adverse pregnancy outcomes, vascular disease, bone and eye health. Cobalamin uptake is reduced in a variety of malabsorption syndromes, including pernicious anemia, celiac disease and Crohn's disease and after surgery to the gastrointestinal tract. Other factors that are leading to reduced absorption are chronic use of drugs such as metformin and proton pump inhibitors(PPI). Moreover, defects of genetic nature in terms of cobalamin transportation and the use of enzymes can trigger a deficiency. Clinically, vitamin B12 deficiency often presents with macrocytic anaemia, hyper-segmented neutrophils, fatigue, pallor, glossitis, peripheral neuropathy, ataxia, and even neuropsychiatric changes(Lopes et al., 2019)[9].
On laboratory evaluationserum B12, methylmalonic acid (MMA), and homocysteine is important. MMA and homocysteine are elevated in true deficiency, making them useful functional markers (Lopes et al., 2019)[9]. A systematic review examining daily vitamin B12 losses and absorption efficiency reported that approximately 0.13% ± 0.03% of total body stores are lost per day, corresponding to an estimated 1.4–5.1 µg daily loss in healthy adults and older individuals, as demonstrated (Doets et al. 2013)[16].On absorption the bioavailability, report a very wide range from as low as 4.5% (for a 38 µg dose from liver) to 83% (for a 3.0 µg dose from mutton meat). Overt and subclinical vitamin B12 deficiency is particularly prevalent in populations with high rates of dietary restrictions and gastrointestinal disorders, as shown in population-based studies(Gupta et al. 2024) [17] and (Mukhtar, M., Mohamed, Y., et al. 2024) [18].
According to a study on "Vitamin B12 Deficiency induced by Nitrous Oxide and Myelopathy," two female patients, aged 22 and 35, reported neurological issues as a result of long-term recreational nitrous oxide use. Even when serum B12 levels appear borderline, nitrous oxide can cause functional B12 insufficiency and myelopathy by oxidizing vitamin B12's active form, interfering with methionine synthase activity, and reducing myelin production. The 35-year-old woman had very low B12, significantly high homocysteine and methylmalonic acid, and leg weakness and swelling. Her spinal MRI showed no acute lesions, though she improved with intramuscular B12, vitamin D supplements, and physical therapy.
The 22-year-old patient exhibited escalating stiffness in the legs, tingling and cramping in the hands, along with low levels of B12 and MRI findings showing T2 hyperintensities in both the brain and dorsal spinal cord indicative of demyelination; she also showed improvement following B12 treatment and rehabilitation. In this context, N₂O oxidizes the cobalt atom in cobalamin (vitamin B12), transforming active methylcobalamin into inactive variants. This disruption hinders the function of methionine synthase — a crucial enzyme for methylation processes, including those necessary for myelin production. Consequently, this leads to demyelination (particularly in the dorsal/posterior columns of the spinal cord), resulting in a loss of vibration and positional sense, ataxia, weakness, spasticity, and in some cases, may progress to full-blown myelopathy or subacute combined degeneration (SCD).
The study emphasizes that nitrous oxide overuse can cause significant neurotoxicity, often presenting as dorsal column dysfunction or subacute combined degeneration, and that early recognition, biochemical evaluation beyond serum B12 alone, and prompt treatment are essential to prevent persistent or irreversible neurological deficits (Barmak et al.2024)[19].

1.6. Clinical Manifestations
Vitamin B12 deficiency has a wide range of clinical manifestations. Clinical conditions such as autoimmune gastritis/Pernicious anemia, gastric surgery, malabsorption syndromes, vegetarian/vegan diets, and certain drugs (e.g., metformin, proton-pump inhibitors) increased risk of deficiency. Babies born to mothers with vitamin B12 deficiency might develop slowly in terms of cognitive and motor development. Glossitis, gastrointestinal issues and augmented cardiovascular danger mediated by high levels of homocysteine are systemic manifestations of the disease. The multi-system involvement of vitamin B12 deficiency often complicates early diagnosis due to its subtle or nonspecific clinical presentation (Alruwaili et al. 2023) [20].Hematologically, the deficiency results in Megaloblastic anemia, which is the presence of macrocytic erythrocytes, unproductive erythropoiesis, fatigue, pallor and cardiovascular strain. There are neurological presentations that comprise peripheral neuropathy and impairment of the brain, mood disorders and in severe cases, subacute combined degeneration of the spinal cord. In humans, higher serum vitamin B12 levels have been associated with lower concentrations of Interleukin-6 (IL-6) and C-Reactive protein (CRP) after adjustment for confounders, indicating an inverse relationship between circulating vitamin B12 and inflammatory markers(Domínguez-López et al. 2024)[21].

1.7. Diagnostic Approaches
The level of serum B12 is not always a reliable measure of deficiency because normal levels circulating in the body can be insufficient to refill tissue hoards. The assessment can be done more accurately with the help of functional biomarkers, such as methylmalonic acid and homocysteine. High concentrations of such metabolites indicate dysfunction of enzymes that require vitamin B12. The biologically active fraction of vitamin B12 (holotranscobalamin II) has become a sensitive early marker. Diagnostic accuracy is improved with the use of a comprehensive evaluation based on these biomarkers and especially among high-risk populations. The combination of multiple biomarkers is essential to prevent delayed diagnosis and subsequent complications(Niklewicz et al., 2024)[22]. Type 2 diabetes mellitus patients on long-term high-dose metformin were found to have significantly elevated homocysteine levels, consistent with known concerns about reduced vitamin B12 bioavailability in this population. Interestingly, this cohort also exhibited lower methylmalonic acid levels and higher concentrations of transcobalamin and holo-transcobalamin compared to controls—an atypical pattern that does not align with classical B12 deficiency profiles (Mukhtar et al. 2024)[18]. These findings suggest complexity in B12 metabolism under metformin therapy, Holotranscobalamin (HoloTC) (often called “active vitamin B12”) provides earlier indication of B12 status changes (especially in pregnancy and infancy) and is less bound by certain protein interferences (Sobczyńska-Malefora et al., 2021)[23]. Vitamin B12 supplementation was found to be effective in correcting metformin-associated B12 deficiency, consistently improving serum B12 levels and reducing related clinical manifestations. The routine monitoring and timely supplementation can significantly prevent long-term neurological and hematological complications in metformin users, thereby supporting integration of vitamin B12 assessment into diabetes management protocols (Pratama et al., 2022)[24].
MMA and Total homocysteine (tHcy) are metabolic markers and can detect functional deficiency even when serum vitamin B12 is “normal”, but their interpretation is complicated by renal insufficiency, folate/ Pyridoxine (B6) / riboflavin status (Sobczyńska-Malefora et al., 2021)[23]. The clinical symptoms often come before classical lab abnormalities, and that diagnosis shouldn’t rely solely on serum vitamin B12 levels. They emphasis combining clinical assessment with appropriate lab markers (serum B12, methylmalonic acid, homocysteine) and incorporating risk factors (lifestyle, medications, disease history) shown in Table 1 below. 
Table 1. Overview of Key Laboratory Biomarkers Used in the Diagnosis of Cobalamin Deficiency
	Biomarker
	What it measures
			Strengths
	Limitations
	Clinical notes

	Total serum B₁₂
	The total cobalamin concentration in serum (bound to all carrier proteins)
	Widely available, first-line screening test
	Low sensitivity and specificity; may appear “normal” even when deficiency is present; affected by binding proteins and non-functional analogs
	A normal result does not rule out deficiency — consider further testing if clinical suspicion remains

	Holotranscobalmin
(holoTC, “active B₁₂”)
	The fraction of B₁₂ bound to transcobalamin (the portion available for cellular uptake)
	More responsive to recent changes in intake/absorption; earlier indicator of negative vitamin B12 balance
	Less widely used; fewer standardized reference ranges; may be influenced by other factors
	Low holoTC may be an early sign of deficiency even if total B₁₂ is “normal

	Methylmalonic acid (MMA)
	A metabolic marker: rises when intracellular vitamin B12 deficiency impairs conversion of methylmalonyl-CoA → succinyl-CoA
	Detects functional vitamin B12 deficiency even when serum vitamin B12 is normal; good specificity
	Elevated by renal impairment, some other metabolic disorders; slightly more expensive test
	Elevated MMA suggests tissue/functional B₁₂ deficiency; interpret in context of renal function

	Total homocysteine (tHcy)
	A metabolic marker: rises when remethylation (requiring vitamin B12 and folate) is impaired
	Useful when combined with other markers; indicates remethylationpathway stress
	Less specific: elevated in folate deficiency, B₆ deficiency, renal disease, other causes
	Elevated tHcy may suggest vitamin B12 deficiency but must interpret with folate/B6/renal status



1.8. Therapeutic Strategies
Vitamin B₁₂ deficiency can be treated via oral, sublingual, or parenteral (intramuscular/subcutaneous) supplementation. While intramuscular injections were long preferred — particularly in individuals with malabsorption or severe deficiency — recent evidence shows that high-dose oral supplementation can be effective even without intrinsic factor. For example, randomized controlled trials have found that daily oral doses (1000–2000 µg) over several months produced hematological and neurological responses comparable to intramuscular therapy.New preparations, including Sucrosomial vitamin B12, have enhanced bioavailability, patient compliance, and clinical performance. Oral supplementation has the potential to provide hematological and neurological outcomes comparable to parenteral therapy, and ensuring adequate prenatal intake is crucial for expectant mothers to prevent adverse fetal consequences such as neural tube defects and impaired neurodevelopment(Chatterjee& Saraswat 2022)[13] and (Biswas et al. 2024)[25].It is recommended that individuals consider regular consumption of vitamin B12, as even non-vegetarians—despite access to animal-derived foods—may still exhibit deficiency, indicating that dietary intake alone may not ensure sufficiency therefore, screening or supplementation may be necessary for high-risk groups such as young adults with dietary restrictions or possible malabsorption (SrivaniNutakki et al. 2023)[12].The treatment depends on underlying cause. For example, in dietary deficiency an adequate oral B12 supplementation may suffice; but in malabsorption (e.g., pernicious anemia, post-gastrectomy) parenteral administration is required. Treatment recommendations differentiate severity, with severe or acute presentations requiring initial parenteral vitamin B12, followed by long-term high-dose oral therapy depending on the underlying cause and absorption status. Prophylactic supplementation is advised for individuals at increased risk, such as those with malabsorption or on specific medications. Still its seen that High-dose oral B12 supplementation is effective and comparable to intramuscular therapy in most cases (Al Amin, A. 2023) [26]. Upon administration of vitamin B12 therapy, both clinical symptoms and haematological parameters improved significantly, highlighting the efficacy of timely supplementation. The importance of early recognition of subtle symptoms, especially in populations at risk, since delayed treatment may lead to irreversible neurological damage. And also note that routine screening and awareness programs could help reduce the burden of deficiency-related morbidity (Aher et. al. 2024) [27]. Because of absorption limitations, relatively high oral doses of vitamin B12 may be required for instance, 50–100 µg of cyanocobalamin daily or 2000 µg weekly can adequately meet the approximate daily requirement of 2.4 µg for healthy vegetarians. (Obeid et al. 2024) [28]. Cyanocobalamin, a synthetic and well-studied form of vitamin B12, is cost-effective and suitable for long-term supplementation. However, certain combinations—such as multivitamins containing vitamin C or copper—may degrade vitamin B12 or produce inactive forms, potentially impairing absorption (Rizzo, G. et al., 2016) [29]. The need for organizational and educational improvements within healthcare systems to support effective implementation of these strategies is also emphasized



1.9. Health and nutrition services: Public health and fortification
Vitamin B12 deficiency is an important population health problem, especially in groups of people who have a high prevalence of vegetarianism or have low access to animal-based foods. To minimize the prevalence of deficiency, various interventions have been used in most regions through public health programs, which include food fortification, supplementation programs, diversification campaigns and community education. The usefulness of fortification methods—particularly in staple foods—to help vulnerable groups achieve adequate vitamin B12 intake, along with the need for awareness campaigns and population-based screening to reduce long-term morbidity from clinical and subclinical deficiencies(Pawlak et al. 2013)[30]. Vitamin B12 deficiency remains under-diagnosed even among high-risk groups, and reliance on classical hematologic markers such as elevated Mean Corpuscular Volume (MCV) is insufficientrather, nutritional status and pregnancy emerge as key associated factors, underscoring the need for targeted screening in these populations(Sowndarya K et al. 2019)[31].


1.10. Molecular Biology and Biotechnology
Recent studies have increased the knowledge on the genetic, molecular and biotechnological mechanisms of vitamin B12 metabolism. The primary method for producing industrial vitamin B12 is through microbial fermentation, and recent improvements in metabolic engineering have significantly increased yield. In conjunction with these advancements, bioprocess optimization—such as improved medium formulations and fed-batch cultivation—has enhanced production efficiency and reduced overall costs. Fortifying functional foods with stable forms of vitamin B12, particularly cyanocobalamin, is an effective strategy for addressing deficiencies, especially among vegetarian populations with limited dietary intake. Furthermore, new delivery technologies like microencapsulation and liposomal or Sucrosomial formulations greatly enhance the stability and bioavailability of vitamin B12 in food products (RajuKumar et al 2023)[32].Genetic research has traced the mutations to absorption, transport and enzymatic use that gives information on personal vulnerability. The delivery systems are improved through nanotechnology, liposomal formulations, and Sucrosomial vitamin B12 with better oral absorption and clinical efficacy. The metabolic and epigenetic studies have shown that vitamin B12 deficiency has the capacity to trigger changes in DNA methylation, gene expression and neurodevelopment, which influence health outcomes in the long term. These innovations allow individualized medicine and targeted treatment of people who are at risk, enhancing the efficiency of supplementation and preventive measures Overall, the ongoing innovation in production techniques and fortification methods is essential for reducing the growing global problem of vitamin B12 deficiency.


2. FINDINGS and discussion
The review till now comprehensively evaluated the clinical and haematological characteristics of patients with vitamin B12 deficiency. It’s observed that the most common symptoms included megaloblastic anemia, fatigue, pallor, glossitis, and neurological manifestations such as paresthesia and numbness. Haematological findings revealed macrocytosis, elevated MCV, and hypersegmented neutrophils, consistent with classical features of vitamin B12 deficiency.
Cobalamin or vitamin B12 is a crucial vitamin in the synthesis of DNA, erythropoiesis and in maintaining neurological wellbeing. Lack of this vital micronutrient has been linked to an excessive number of clinical manifestations, such as megaloblastic anemia, neuro-developmental delays, cognitive issues, and metabolic issues. It has been established that inadequate vitamin B12 intake or absorption is a key social health issue, especially in groups that have mostly vegetarian diets, the elderly, pregnant women, and persons using long-term medications like metformin or proton pump inhibitors. Various studies in India show a high prevalence of deficiency in all age groups, with children, adolescents, and adults often showing low levels of serum vitamin B12, which are usually aggravated by socioeconomic and dietary factors.

There are clinical and neurological implications of vitamin B12 deficiency. In children, deficiency is a cause of delayed development, growth disorders and frequent infections. Prenatal maternal deficiency has been associated with neonatal underdevelopment in the form of low birth weight, neural tube defects and poor cognitive development. Vitamin B12 deficiency in adults particularly elderly patients is linked to memory impairments, depression and increased chances of developing neurodegenerative diseases. The neurological and hematologic implication shows that, early diagnosis and treatment of deficiency to prevent long-term complications are essential.

In order to be capable of measuring the vitamin B12 status, biochemical parameters such as serum vitamin B12, methylmalonic acid, and homocysteine are required since clinical manifestations may not be adequate to identify the disease in good time. Functional deficiency can actually exist even in the case when it is observed that the serum vitamin B12 levels are normal, which explains why it is necessary to conduct a comprehensive lab analysis. Recent research emphasizes the significance of the complex of different biomarkers to detect subclinical deficiency that is particularly crucial in high-risk populations.

Treatment of vitamin B12 deficiency is based on therapies which include oral, intramuscular and sub lingual supplements. Randomized controlled trials have demonstrated that oral high-dose vitamin B12 is often as effective as intramuscular therapy, in terms of hematological parameters as well as cognitive performance. New preparations such as Sucrosomial vitamin B12 are better absorbing and may be utilized on patients experiencing absorption problems. The study of the superior neurocognitive outcomes of pediatric and adult populations has supported the clinical relevance of long-term supplementation.

Clinical diagnostics and nutritional science are enhanced by various biomarkers for B-vitamin evaluation,
providing insights into metabolism, absorption, and function. Combining biomarkers improves accuracy in
studies, as no single marker can fully identify deficiencies. For instance, serum and red blood cell folate
distinguish between long-term and short-term folate status, aiding intervention assessments. In vitamin B12
analysis, direct and functional markers reveal metabolic issues beyond total B12 levels. Multi-biomarker
strategies boost diagnostic precision, helping identify at-risk groups and subclinical deficiencies. Ultimately,
these biomarkers inform therapeutic recommendations, improve nutritional epidemiology, and influence public
health initiatives regarding B-vitamin status.

The compounding and cumulative nature of the vitamin B12 deficiency are topical and interventions in the health area should be intensive. The prevention of the impact of the deficit issue, such as the fortification of food, prenatal supplementation programs, school-based prevention, and targeted screening of the groups of the high-risk population, are the measures that can be taken to facilitate the improvement of the health status of the population and achieve improved outcomes. Through awareness programs and dietary counseling, preventive efforts are necessary and particularly in areas where vegetarians are the majority.

Although this amount of research has been gathered, some gaps in knowledge still exist regarding the optimal supplementation techniques and results, as well as the general impacts of vitamin B12 deficiency on the metabolic and epigenetic health. Investigations in the future need to target case-specific practices depending on food habits, genetic inclinations, and biochemical indicators with a view to maximizing the effectiveness of intervention. The research on the problem of the intergenerational effects of maternal deficiency and its influence on chronic diseases and neurodevelopmental disorders can yield more information about the importance of vitamin B12 in the context of the social health of the population.


3. Conclusion
Vitamin B12 deficiency remains a globally pervasive yet preventable nutritional disorder with profound hematological, neurological, metabolic, and developmental consequences. The evidence synthesized in this review underscores that the burden of deficiency extends across all age groups, but is disproportionately higher among populations with limited intake of animal-source foods, malabsorption syndromes, chronic medication use, and increased physiological needs, such as pregnancy and aging. A consistent observation across studies is that deficiency often develops insidiously and remains undiagnosed until advanced manifestations—megaloblastic anemia, neuropathy, cognitive impairment, or adverse pregnancy outcomes—become clinically evident. This highlights the limitations of relying solely on clinical signs or serum vitamin B12 levels for diagnosis.

Advances in biochemical assessment now confirm that functional markers such as methylmalonic acid, homocysteine, and holotranscobalamin provide superior sensitivity for early detection, particularly in subclinical deficiency. These biomarkers are essential in identifying at-risk individuals before irreversible neurological damage occurs. Emerging evidence further demonstrates the complex interactions between vitamin B12 metabolism, inflammation, genetic determinants, and epigenetic regulation, emphasizing that deficiency is not merely a nutritional problem but contributes to broader metabolic and developmental dysregulation.

Therapeutically, both high-dose oral and parenteral supplementation are effective in normalizing biochemical abnormalities and improving clinical outcomes. Newer formulations such as Sucrosomial vitamin B12 have shown promising bioavailability, offering practical alternatives for individuals with impaired absorption. The consistent improvements observed in hematological indices, neurocognitive performance, sleep quality, metabolic parameters, and maternal–fetal outcomes affirm that timely intervention can significantly modify disease progression.

Given the substantial prevalence of deficiency in India and other developing regions, population-level strategies are urgently needed. Food fortification, routine screening of high-risk groups, antenatal supplementation, and community-based awareness programs are critical components of prevention. Addressing socio-economic and dietary determinants is equally important, particularly in predominantly vegetarian societies where endogenous stores are often insufficient. Strengthening primary healthcare systems to incorporate standardized diagnostic algorithms and ensuring access to affordable supplementation will further diminish the clinical and public-health burden.

Despite significant advancements, gaps remain regarding optimal dosing regimens, long-term metabolic impacts, and the role of genetic and epigenetic variations in susceptibility. Future research should prioritize longitudinal studies, personalized supplementation approaches, and evaluation of fortification policies. Overall, vitamin B12 deficiency represents a major yet modifiable public-health issue, and comprehensive strategies—combining early detection, effective treatment, and robust preventive interventions—is essential to reduce its widespread clinical and societal impacts.
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B6-Pyridoxine, or vitamin B6
B12/Vit B12-Vitamin B12/ Cobalamin
CBC-Complete Blood Count 
Co A- coenzyme A
CNS-central nervous system
CRP-C-Reactive Protein 
DNA-Deoxyribonucleic Acid
GI - gastrointestinal 
Hb-hemoglobin
Hcy / tHcy – homocysteine /total homocysteine.
HoloTC- Holotranscobalamin
MMA- Methylmalonic Acid 
MCV - Mean Corpuscular Volume 
PPIs - Proton Pump Inhibitors  
IF-6- Intrinsic Factor -
IL-6- Interleukin-6
SF-6- Short Form-36 Health Survey  
PSQI- Pittsburgh Sleep Quality Index 
TC-Transcobalamin
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