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ARTICLE INFO ABSTRACT

Keywords: Cognitive impairment, a prevalent issue in aging populations, significantly affects quality of life and public
Neuroprotection health systems. Among various contributing factors, Vitamin B12 deficiency emerges as a critical yet modifiable
Methylcobalamin risk factor, impacting neurological and cognitive health. Vitamin B12, an essential micronutrient derived from
Myelin degeneration . . o . . . . .
H o animal-based foods, is vital for myelin integrity, neurotransmitter synthesis, and homocysteine metabolism. Its
omocysteine . . . . . . .

v . deficiency disrupts these processes, leading to neurotoxic effects such as oxidative stress, vascular damage, and

Neurodegeneration

neurodegeneration, which exacerbate cognitive decline. This review combines evidence from human and animal
studies on the neurocognitive impacts of Vitamin B12 deficiency and evaluates supplementation strategies. It
underscores the multifactorial nature of B12 deficiency, driven by dietary inadequacies, physiological changes,
and environmental factors, especially in high-risk groups such as the elderly and vegetarians. Proactive mea-
sures, including routine screening, dietary adjustments, and early supplementation, are essential to prevent
deficiency-related cognitive impairments. Advancements in biomarkers and neuroimaging also promise
improved diagnosis and intervention strategies, highlighting an interdisciplinary approach to optimizing

Environmental stressors

cognitive health outcomes.

1. Introduction

Cognitive impairment is a growing concern, particularly among
aging populations, with far-reaching implications for individual well-
being and public health systems worldwide [1]. It encompasses defi-
cits in memory, executive function, language, and attention, signifi-
cantly affecting daily functioning and quality of life [2,3]. While
genetics, age, and lifestyle factors influence cognitive decline, there is
increasing awareness of the essential role micronutrients play in main-
taining brain health [4,5]. Among these, Vitamin B12 (cobalamin)
deficiency is recognized as a risk factor for cognitive impairment due to
its influence on neurological health and cognitive pathways. This defi-
ciency highlights the complex relationship between nutrition and brain
function [6,7].

Vitamin B12 is an essential micronutrient obtained from animal-
derived foods [8]. It plays a crucial role in neuronal health, maintain-
ing myelin sheath integrity, and supporting neurotransmitter produc-
tion [9]. A deficiency in Vitamin B12 disrupts several biochemical

* Corresponding author.
E-mail address: tanvipremchandanilO@gmail.com (T. Premchandani).

https://doi.org/10.1016/j.dscb.2025.100220

Available online 2 April 2025

pathways, primarily the methylation cycle and homocysteine meta-
bolism [10-12]. Elevated homocysteine, a hallmark of Vitamin B12
deficiency, exerts neurotoxic effects, including oxidative stress, vascular
damage, and excitotoxicity, all of which contribute to cognitive decline
and structural brain changes [13-15]. Azzini et al. have demonstrated
that supplementation with Vitamin B12 can reduce homocysteine levels,
thereby mitigating some of these adverse effects on brain health [16].
The neurological consequences of Vitamin B12 deficiency can man-
ifest in various ways, ranging from peripheral neuropathy to central
nervous system abnormalities [17]. Deficiency may impair cognitive
functions such as memory, processing speed, and reasoning abilities.
Evidence suggests a strong association between Vitamin B12 deficiency
and conditions like mild cognitive impairment (MCI) and Alzheimer’s
disease [18]. Lachner et al. have shown that Vitamin B12 deficiency
leads to myelin degeneration, which disrupts nerve signaling. This
disruption results in symptoms ranging from memory loss and confusion
to severe motor dysfunction and dementia [19]. Furthermore, studies on
both animal models and human subjects have demonstrated that chronic
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Vitamin B12 deficiency is associated with white matter lesions, similar
to those observed in neurodegenerative conditions [20].

The interaction of dietary, physiological, and environmental factors
contributing to Vitamin B12 deficiency significantly impacts cognitive
health [21].This highlights the urgent need for proactive public health
measures to address this issue effectively. Advances in biomarker
research and neuroimaging hold considerable promise for enhancing
diagnostic accuracy and enabling the early detection of cognitive im-
pairments related to Vitamin B12 deficiency [22].

This review focuses on the latest research regarding the relationship
between Vitamin B12 and cognitive impairment in both human and
animal studies. Additionally, it explores the implications of Vitamin B12
supplementation in preventing cognitive decline. The article aims to
provide a comprehensive overview of the neurological consequences of
B12 deficiency, identify gaps in current knowledge, and propose di-
rections for future research. Such an interdisciplinary approach is
essential to improving diagnosis, optimizing treatment protocols, and
enhancing outcomes for affected individuals.

2. Neurological impact of vitamin B12 deficiency

Vitamin B12 exerts profound effects on neurological health through
several interrelated mechanistic pathways, including its role in
methylation reactions (Fig. 1) [23], myelin synthesis and maintenance
[24], neuroprotection [25], oxidative stress modulation, and gene
regulation [26]. A deficiency in B12 can lead to a spectrum of neuro-
logical disorders (Table 1), ranging from peripheral neuropathy to
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Fig. 1. The role OF vitamin B12 in maintaining CNS homeostasis and cogni-
tive function.
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severe cognitive impairment, emphasizing the necessity of maintaining
adequate B12 levels for optimal neurological function [27].

2.1. Methylation pathway and neurotransmitter regulation

One of the primary roles of vitamin B12 in neurological health is its
involvement in methylation reactions, particularly in the conversion of
homocysteine to methionine [28]. This reaction is catalyzed by methi-
onine synthase, an enzyme that relies on B12 as a cofactor. Methionine,
in turn, is a precursor for S-adenosylmethionine (SAMe), a universal
methyl donor essential for DNA methylation, histone modification, and
neurotransmitter [29,30].

SAMe plays a crucial role in the regulation of neurochemical path-
ways, including those involving serotonin, dopamine, and norepineph-
rine, all of which influence mood, cognition, and neuroplasticity [31]. A
deficiency in B12 results in decreased SAMe levels, leading to impaired
methylation reactions, which are associated with neuropsychiatric
symptoms such as depression, anxiety, and cognitive decline. Studies
have demonstrated that elevated homocysteine levels, a consequence of
B12 deficiency, are linked to an increased risk of dementia and Alz-
heimer’s disease due to disrupted neurotransmitter balance and
increased neurotoxicity.

2.2. Myelin synthesis and maintenance

Vitamin B12 is critical for maintaining the structural integrity of
myelin, the protective sheath surrounding nerve fibers that facilitates
efficient nerve signal transmission [32]. B12 is a cofactor in the con-
version of methylmalonyl-CoA to succinyl-CoA, a key step in fatty acid
metabolism [33,34]. This process is essential for the synthesis of myelin,
which insulates neurons and ensures proper signal conduction [35].

B12 deficiency leads to defective myelin synthesis, resulting in
demyelination, particularly in the spinal cord, manifesting as subacute
combined degeneration (SCDC) [36]. This condition is characterized by
progressive degeneration of the dorsal and lateral columns of the spinal
cord, leading to sensory ataxia, spasticity, and peripheral neuropathy
[37]. Furthermore, a deficiency in B12 has been associated with optic
neuropathy, cranial nerve dysfunction, and cerebellar ataxia, as
observed in some case studies [38].

2.3. Neuroprotection and axonal regeneration

Vitamin B12 has been shown to enhance nerve repair and axonal
regeneration by modulating key neuroprotective pathways. In traumatic
brain injury (TBI), B12 promotes functional recovery by stabilizing
microtubules, facilitating remyelination, and inhibiting apoptosis via
the endoplasmic reticulum (ER) stress pathway [39]. Research findings
indicate that B12 treatment significantly reduces brain water content
(from 91.91 % in TBI to 86.11 % with 0.5 mg/kg and 85.31 % with 1.5
mg/kg B12) and improves motor function recovery, as assessed by
Garcia scores [40]. At the molecular level, B12 downregulates ER stress
markers such as GRP78, IREla, XBP-1, and CHOP, thereby reducing
caspase-12-mediated apoptosis. Additionally, B12 treatment restores
microtubule-associated proteins (MAP-2 and Tau) and increases myelin
basic protein (MBP) expression, promoting remyelination. The neuro-
protective effects of B12, particularly when combined with ER stress
inhibitors like 4-phenylbutyric acid (4-PBA), suggest its potential as a
therapeutic agent for neurodegenerative conditions and TBI recovery
[41].

2.4. Oxidative stress regulation and inflammatory pathways

Another crucial role of B12 is its function as an intracellular anti-
oxidant. Recent research suggests that B12 acts as a mitochondrial
antioxidant, mitigating oxidative stress-induced neuronal damage.
Oxidative stress has been implicated in various neurological disorders,
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Table 1
Comprehensive overview of neurological and cognitive implications of vitamin B12 deficiency.
Neurological Cognitive Neurological Affected Brain Biochemical Markers Associated Diagnostic Tools Treatment Options Reversibility of Prevention Strategies References
Symptoms Symptoms Mechanisms Regions Disorders Symptoms
Peripheral Memory loss  Myelin sheath Cerebral Elevated homocysteine Dementia Serum B12, Vitamin B12 injections Partially reversible Dietary intake of B12-  [63]
neuropathy degradation cortex methylmalonic acid with early rich foods, fortification
(MMA) tests treatment
Sensory disturbances  Impaired Disrupted methylation Hippocampus Low serum B12 Alzheimer’s Neurological Oral or intramuscular ~ Fully reversible in ~ Monitoring B12 levels  [64]
attention pathways disease examinations, MRI B12 supplements early stages in at-risk populations
Ataxia Reduced Impaired DNA Prefrontal Increased MMA and Depression Neuropsychological High-dose B12 Reversibility Regular screening in [65]
executive synthesis cortex homocysteine levels tests supplementation depends on elderly, vegetarians,
function duration of and vegans
deficiency
Gait abnormalities Language Axonal degeneration  Subcortical Deficient red blood cell ~ Peripheral Complete blood count  Cyanocobalamin or Frequently Educating high-risk [66]
difficulties regions production neuropathy (CBC) tests hydroxocobalamin reversible with groups about dietary
therapy prompt treatment  sources
Muscle weakness Cognitive Neuroinflammatory Basal ganglia  Elevated serum Cognitive Plasma homocysteine Folate co- Often reversible if ~ Addressing [67]
decline changes homocysteine levels impairment measurement supplementation treated within 6 malabsorption issues (e.
months g., pernicious anemia)
Tremors Difficulty in Oxidative stress Thalamus Low levels of holo- Schizophrenia ~ Vitamin metabolite Diet modification Limited Prophylactic [68]
decision- transcobalamin profiling reversibility in supplementation for
making severe, long-term bariatric surgery
cases patients
Numbness Poor spatial Altered Parietal lobe High homocysteine, low  Multiple Neuroimaging, evoked = Methylcobalamin Symptom Routine [69]
awareness neurotransmitter B12 sclerosis potential studies injection improvement with  supplementation in
synthesis prompt susceptible
intervention demographics
Spasticity Delayed Disrupted Occipital lobe  Elevated cystathionine Vascular Functional MRI Oral B12 therapy for Gradual Nutritional guidelines  [70]
reaction times mitochondrial dementia mild cases improvement with  for pregnancy and
function sustained therapy  lactation
Psychiatric Reduced Impaired neurogenesis Cerebellum Methylmalonic acid Autism Cognitive and Sublingual B12 Recovery is variable Enhancing food [71]
disturbances problem- elevation spectrum functional assessments  supplements based on fortification programs
solving ability disorders underlying
conditions
Visual impairment Slow Neuronal Optic nerve Decreased SAM (S- Parkinson’s Eye exams, MRI scans ~ Combination therapy High recovery Raising awareness in [72]
processing demyelination adenosylmethionine) disease (B12 with folate and potential with early public health policies
speed levels iron) therapy
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including diabetic neuropathy, where increased levels of advanced
glycation end products (AGEs) contribute to nerve damage [42].

Vitamin B12 plays a crucial role in reducing oxidative stress and
inflammation in diabetic patients, supporting peripheral nerve health.
Higher B12 levels (>250 pmol/L) in diabetic vegetarians were linked to
lower fasting glucose (p < 0.05) and HbAlc (p = 0.02), alongside
increased antioxidant enzyme activity, particularly catalase (p = 0.01).
Additionally, B12 negatively correlated with oxidative stress markers
such as oxidized LDL-cholesterol (r = —0.19, p = 0.03) and inflamma-
tory cytokine interleukin-6 (r = —0.33, p < 0.01) in diabetic omnivores.
These findings highlight the protective role of B12 in mitigating meta-
bolic and inflammatory complications in diabetes [43].

In addition, B12 deficiency has been linked to neuroinflammatory
responses, as evidenced by increased levels of pro-inflammatory cyto-
kines. In a Saudi population study, B12 levels were negatively correlated
with TNF-a in all subjects (r = —0.14, p < 0.05) and more significantly in
adults (r = —0.242, p < 0.01), highlighting its anti-inflammatory role.
Additionally, lower B12 levels were linked to increased insulin resis-
tance (HOMA-IR: r = —0.252, p < 0.01) and metabolic inflammation,
suggesting that maintaining adequate B12 may help mitigate neuro-
inflammation and associated cardiometabolic risks [44]. Chronic
inflammation exacerbates neurodegeneration, leading to conditions
such as multiple sclerosis and Alzheimer’s disease. This ability of B12 to
modulate inflammation underscores its significance in neuroprotection
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and disease prevention [45]. The synergistic benefits of B vitamins,
including folate and vitamin B6, are also noteworthy, as they collec-
tively mitigate neuroinflammation, enhance DNA repair, and promote
methylation, reducing the risk of age-related cognitive decline [46].

2.5. Epigenetic regulation and RNA methylation

Emerging evidence suggests that B12 plays a role in epigenetic
regulation through RNA methylation. A recent study demonstrated that
B12 deficiency leads to dysregulated m6A RNA methylation, which af-
fects gene expression patterns related to neuronal function. Specifically,
changes in m6A methylation of genes such as Prkca, which encodes
protein kinase C alpha (PKCa), have been observed, suggesting a po-
tential mechanism through which B12 influences neuroplasticity and
brain development [47]. Emerging research also highlights the epige-
netic role of Vitamin B12 in modulating inflammatory biomarkers
linked to cognitive impairment. Cassiano et al. (2023) demonstrated
that B12 supplementation may regulate peripheral blood biomarkers in
long COVID patients experiencing visuoconstructive deficits, potentially
mitigating cognitive impairments through methyl-dependent epigenetic
mechanisms [48].This finding suggests that B12 deficiency may
contribute to neurodevelopmental disorders and cognitive impairment
by altering gene expression and neuronal signaling pathways.
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Fig. 2. Schematic representation of vitamin B12 gastric processing and enteric absorption mechanisms in humans.
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3. Clinical evidence from case studies

Clinical case studies have extensively documented the neurological
manifestations of Vitamin B12 deficiency, highlighting its diverse pre-
sentations across different age groups and clinical scenarios. A notable
case involved a previously healthy 56-year-old man who presented with
progressive neuropathy and declining mental status over several
months. The patient initially developed numbness in his fingertips and
the balls of his feet, progressing to a loss of motor control in his hands,
leading to frequent dropping of objects. Laboratory investigations
revealed a markedly low serum Vitamin B12 level, confirming the
deficiency. Following Vitamin B12 supplementation, the patient expe-
rienced significant improvement in neurological symptoms [49].

Another case study described a 32-year-old man who developed
progressive sensory ataxia and paresthesia over 15 days, despite having
normal hemoglobin, mean corpuscular volume (MCV), and no hema-
tological abnormalities. His serum B12 levels were significantly low
(143 pg/ml), yet his homocysteine levels remained within normal limits.
Neurological symptoms, including absent deep tendon reflexes, were the
sole manifestation of B12 deficiency. MRI and nerve conduction studies
showed no abnormalities. With B12 supplementation, his symptoms
improved, emphasizing the need to screen for B12 deficiency in patients
with unexplained neurological symptoms, even in the absence of he-
matological markers [50].

Another case involved an 8-month-old male infant who exhibited
decreased activity, increased drowsiness, and reduced interaction with
parents. These symptoms were linked to a deficiency of cobalamin
(Vitamin B12). Early recognition and supplementation led to significant
improvements in the infant’s neurological function [51].

Vitamin B12 deficiency can manifest solely with neurological
symptoms, even in the absence of hematological abnormalities. A
documented case highlighted a patient presenting with progressive
sensory ataxia and paresthesia. Notably, the patient had normal hemo-
globin levels and mean corpuscular volume. Serum Vitamin B12 was
markedly low, and neurological symptoms improved with appropriate
supplementation [52].Diagnosing Vitamin B12 deficiency can be chal-
lenging, especially when classic hematological signs are absent. A case
study detailed a patient with significant neurological symptoms and low
serum Vitamin B12 levels but without anemia or macrocytosis. Further
tests revealed elevated methylmalonic acid levels, confirming the defi-
ciency. This case emphasizes the need for a high index of suspicion and
comprehensive biochemical testing in patients with unexplained
neurological symptoms [53].

Collectively, these case studies underscore the critical importance of
considering Vitamin B12 deficiency in the differential diagnosis of
neurological disorders. Early detection and intervention are paramount
to prevent irreversible neurological damage.

3.1. Population-level research

Population-level research has extensively examined the neurological
implications of Vitamin B12 deficiency, revealing significant associa-
tions across diverse demographics. Vitamin B12 deficiency is prevalent
among older adults and has been linked to various neuropsychiatric
symptoms, including cognitive impairment, peripheral neuropathy, and
myelopathy. Notably, these neurological manifestations can occur even
in the absence of hematological abnormalities, complicating diagnosis
and delaying treatment. Research has demonstrated a significant cor-
relation between Vitamin B12 deficiency and cognitive decline. A study
by Wang et al. (2020) found that low serum levels of Vitamin B12 were
associated with an increased risk of Alzheimer’s disease and other de-
mentias. The study highlighted those individuals with deficient Vitamin
B12 levels had a 1.5-fold higher risk of developing cognitive impair-
ments compared to those with adequate levels [54]. Ramirez Alvarez
et al. (2024) explored the impact of chronic proton pump inhibitor (PPI)
use on cognitive health in older adults. They identified a significant
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correlation between long-term PPI use, which reduces B12 absorption,
and neurocognitive deficits [55]. A 2017 systematic review of four Eu-
ropean observational studies found a positive association between PPI
use (such as omeprazole, esomeprazole, lansoprazole, and pantoprazole)
and dementia, with a 1.4-fold increased risk (95 % CI: 1.36-1.52, p <
0.001) [56]. However, three separate meta-analyses published in 2019
yielded conflicting results. Li et al. found no significant association be-
tween PPI use and dementia (RR = 1.23, 95 % CI: 0.90-1.67 for de-
mentia; RR = 1.01, 95 % CIL: 0.78-1.32 for Alzheimer’s disease) [57].
Similarly, Song et al.’s analysis of 642,305 participants showed no sig-
nificant association with dementia (HR = 1.04, 95 % CI: 0.92-1.15) or
Alzheimer’s disease (HR = 0.96, 95 % CI: 0.83-1.09), although the
studies exhibited substantial heterogeneity [58]. Conversely, Zhang
et al. found a significant increase in dementia risk (HR = 1.29, 95 % CI:
1.12-1.49), particularly among European participants (HR = 1.46, 95 %
CI: 1.23-1.73) and those aged 65 years or older (HR = 1.39, 95 % CL:
1.17-1.65) [59]. Two additional meta-analyses—Hussain et al. and
Desay et al.—did not find a significant association between long-term
PPI use and dementia, even in follow-up periods exceeding five years.
Overall, while some studies suggest a potential link between chronic PPI
use and dementia, the most recent and comprehensive analyses do not
establish a clear causal relationship [60,61].

Vitamin B12 deficiency also affects pediatric populations. A retro-
spective clinical study conducted by Serin et al. (2019) included 38
children aged 0-18 years presenting with neurological symptoms such
as syncope (n = 6), dizziness (n = 4), hypotonia (n = 9), inability to sit or
walk without support or gait ataxia (n = 2), convulsions (n = 4), hand
tremor (n = 1), tingling sensations and paresthesia (n = 3), vision
blurring (n = 1), and fatigue and concentration difficulties (n = 8). All
patients had confirmed Vitamin B12 deficiency and recovered within
one month after supplementation [62].

Collectively, these population-level studies underscore the critical
importance of considering Vitamin B12 deficiency in the differential
diagnosis of neurological disorders across various age groups. Early
detection and intervention are paramount to prevent irreversible
neurological damage.

4. Vitamin B12 metabolism, mechanisms and implications for
cognitive health

4.1. Dietary sources and initial processing in the stomach

Vitamin B12 is naturally present in animal-based foods such as meat,
fish, dairy, eggs, and fortified foods. It does not exist in significant
amounts in plant-based diets, making supplementation necessary for
vegetarians and vegans. When consumed, B12 is bound to dietary pro-
teins, which must be broken down for the vitamin to be absorbed. This
process begins in the stomach, where gastric acid and pepsin break down
food proteins, releasing free B12 (Fig. 2). However, the free vitamin is
immediately bound by haptocorrin (transcobalamin I), a glycoprotein
secreted by salivary glands and gastric mucosa. Haptocorrin protects
B12 from the acidic environment of the stomach, preventing its [73,74].

4.2. Absorption in the small intestine

After gastric processing, the B12-haptocorrin complex travels to the
duodenum, where pancreatic proteases degrade haptocorrin, releasing
free vitamin B12 once again. At this stage, B12 binds to intrinsic factor
(IF), a glycoprotein secreted by gastric parietal cells. The B12-IF com-
plex is highly specific and essential for the vitamin’s absorption, as B12
cannot be absorbed efficiently in its free form. The B12-IF complex
continues through the small intestine until it reaches the terminal ileum,
where it binds to cubilin, a receptor on enterocytes. This receptor-
mediated endocytosis allows the complex to be internalized into intes-
tinal cells. Once inside the enterocyte, B12 is released from IF and
subsequently binds to transcobalamin II (TCII), which facilitates its
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Table 2
Detailed Analysis of Research Studies on Vitamin B12 Deficiency and Cognitive Outcome.
Study  Study Design Sample Size Study Population Cognitive Test Vitamin B12 Levels Outcomes
Period
[135]  Observational 2991 2 years Elderly Koreans MMSE-KC, Word List, Sufficient >350 pg/mL, No significant association
(Cross-sectional) (70-84) FAB, TMT-A Insufficient <350 pg/mL between B12 and cognitive
decline.

[136]  Prospective cohort 1648 10 years Adults >65 (UK) Cognitive decline rate Low B12 Higher B12 associated with a 30

measurement % slower cognitive decline.

[137] Cross-sectional N/A 2 years Stroke patients Cognitive function, MRI Low B12 Linked with white matter

of brain lesions and possible cognitive
impairment.

[138] Cross-sectional 643 N/A Alzheimer’s MMSE, Dementia Rating B12 deficiency (varied Lower B12 associated with

patients Scale, Digit Span cutoff levels) worse cognitive performance in
Alzheimer’s patients.

[139] Rat model (high- N/A N/A Rats Behavioural tests Supplementation Improved cognitive function via

fat diet-induced) transketolase activity.

[140]  Cross-sectional 707 2019-2021 Aging rural Indian Cognitive assessments Low levels High risk of cognitive decline in

observational adults older adults.

[141] Cross-sectional N/A 2019 Adults with Neuropsychological tests Low levels Hyper-homocysteinemia and

observational cognitive decline increased dementia risk.

[142]  Prospective and 752-765 3 years 85+ years SMMSE 170-324 pmol/L Higher quartiles associated with

Cross-sectional (quartile) better SMMSE scores.

[143]  Prospective 155 4 years 60+ years MMSE 282 + 106 pmol/L No significant association with
cognitive decline.

[144]  Cross-sectional 2403 - 65+ years Not specified 167-371 pmol/L (tertile) No significant association
between B12 levels and
dementia incidence.

[145] Cross-sectional 220 patients, Not Depression patients MoCA D-CI: 119.93 + 50.87 pg/ Lower B12 associated with

100 controls specified with/without mlL, p-NCI: 160.82 + cognitive dysfunction.
impairment 58.61 pg/mL

[146] Animal Study 30 C57BL/6 12 weeks Mice exposed to Behavioural assays Reduced under PM2.5 MeCbl supplementation

mice PM2.5 (maze tests) exposure improved cognitive function
and reduced apoptosis.

[147]  Open-label single- 39 2008-2021 Dementia patients MMSE B12 < 172 pmol/L Significant improvement in

arm MMSE after supplementation.

[148] RCT 2214 3.4 years Patients with MMSE 500 pg daily No significant effect on

stroke/TIA cognition.

[149] RCT 2919 2 years Elderly population MMSE, TICS-m 500 pg daily No effect on global cognition.

Table 3
Comprehensive Risk Factors for Vitamin B12 Deficiency and Treatment Approaches.
Risk Factor Mechanism Prevalence/ Demographics Symptoms Biomarkers Treatment Protocol References
Impact Affected
Vegetarian/Vegan  Limited intake of animal- High among Predominantly Fatigue, Elevated MMA Oral B12 supplements [150]
Diets based B12 sources strict younger adults neurological and HCys (1000-2000 pg/day);
vegetarians/ symptoms fortified foods
vegans (tingling, balance
issues)
Gastrointestinal Malabsorption due to Moderate Adults and elderly Anemia, pale skin, Low serum B12; Intramuscular [114]
Disorders conditions like Crohn’s diarrhea, weight Elevated HCys injections (1000 pg
disease or celiac disease loss and MMA every week for 4 weeks)
Medication Use Interference with B12 ~10%—-30%in  Patients with Type Cognitive Low serum B12, Routine monitoring; [151]
(Metformin) absorption due to altered chronic users 2 Diabetes dysfunction, high HCys Oral or IM B12 based on
gut microbiota tingling in levels
extremities
Aging Population Reduced gastric acid ~15%—-20%in  Elderly Memory loss, Low serum B12, High-dose oral or IM [152]
secretion leading to poor those over 60 depression, elevated MMA injections as needed
absorption irritability
Pernicious Autoimmune destruction ~1 %—-2 % in Predominantly Severe anemia, Positive intrinsic IM injections for life; [153]
Anemia of gastric parietal cells, general older adults jaundice, factor antibodies; 1000 pg every month
causing lack of intrinsic population neuropathy Elevated MMA
factor production
Pregnancy Increased demand for B12 ~ Moderate Pregnant women, Neural tube defects ~ Low serum B12, Oral B12 [154]
due to fetal development particularly in the fetus; borderline HCys supplementation;
vegetarians maternal fatigue and MMA levels prenatal vitamins
Alcoholism Reduced dietary intake High among Adults with chronic ~ Peripheral Low serum B12, Nutritional counselling; [155]
and malabsorption due to chronic alcohol alcohol use neuropathy, elevated liver High-dose B12
damaged gastric lining users memory issues enzymes supplements
Chronic Kidney Elevated excretion and Moderate CKD patients Fatigue, pallor, Reduced serum IM B12 injections; [155]
Disease poor utilization of B12 shortness of breath B12 levels dialysis-related

adjustments
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transport into the bloodstream. Without intrinsic factor or functional
cubilin receptors, vitamin B12 absorption is severely impaired, leading
to deficiencies [75-78].

4.3. Transport and cellular uptake

Once absorbed, vitamin B12 enters the body through two different
mechanisms i.e. passive diffusion across the gastrointestinal mucous
membranes and receptor-mediated absorption [79]. Passive diffusion
accounts for only about 1 %2 % of orally ingested B12, meaning that
high oral doses are required for therapeutic efficacy when the
receptor-mediated process is impaired [80]. In receptor-mediated ab-
sorption, B12 is initially bound to Haptocorrin (HC)/R-factor, which is
secreted by the salivary glands. Once in the duodenum, pancreatic
proteases degrade HC, releasing free B12, which then binds to intrinsic
factor (IF)—a glycoprotein secreted by gastric parietal cells. The B12-IF
complex travels to the terminal ileum, where it interacts with cubam
receptors, a heterodimer consisting of cubulin (an outer protein) and
amnionless (a transmembrane protein), located on the brush border of
enterocytes [81]. This complex is then endocytosed, and B12 is subse-
quently released into the bloodstream.

Once in circulation, free B12 binds to either HC or transcobalamin
(TC). B12 bound to HC remains biologically inactive, as it is not
absorbed by cells [82]. However, when bound to transcobalamin II
(TCII), forming the holotranscobalamin (holoTC) complex [83-85]. This
form of B12 is biologically active and recognized by cells. through
endocytosis via the CD320 receptor [86].Inside the cell, the holoTC
complex is degraded in lysosomes, freeing B12, which is transported into
the cytoplasm by CbIF [87]and CblJ [88].

Within the cytoplasm, B12 undergoes intracellular transport and
modifications to support two crucial enzymatic functions. Methyl-
cobalamin facilitates methionine synthase, which catalyzes the reme-
thylation of homocysteine into methionine using methyl-
tetrahydrofolate (MTHF) as a methyl donor. This reaction is critical
for the folate cycle and methionine cycle, ensuring the production of key
biological molecules like DNA and RNA. While Adenosylcobalamin
serves as a cofactor for methylmalonyl-CoA mutase, an enzyme that
converts methylmalonyl-CoA to succinyl-CoA, thereby replenishing in-
termediates in the tricarboxylic acid (TCA) cycle [89].

4.4. Intracellular metabolism and biochemical functions

The first major biochemical function of B12 occurs in the cytoplasm,
where methylcobalamin acts as a coenzyme for methionine synthase.
This enzyme catalyzes the conversion of homocysteine to methionine, a
reaction essential for DNA methylation and nucleotide synthesis.
Methionine is a precursor for S-adenosylmethionine (SAMe), a universal
methyl donor involved in neurotransmitter synthesis, phospholipid
metabolism, and epigenetic regulation. Disruptions in this pathway can
lead to increased homocysteine levels, which are associated with
neurodegenerative diseases [90].

The second key function of B12 occurs in mitochondria, where
adenosylcobalamin serves as a coenzyme for methylmalonyl-CoA
mutase, an enzyme that converts methylmalonyl-CoA to succinyl-CoA.
This reaction is essential for fatty acid metabolism, energy production,
and myelin synthesis. A deficiency in B12 leads to the accumulation of
methylmalonic acid (MMA), a biomarker of metabolic dysfunction that
contributes to neurological damage [91].

4.5. Disruptions in B12 metabolism due to deficiency

Vitamin B12 deficiency can arise due to dietary insufficiency,
malabsorption disorders, autoimmune conditions, and genetic muta-
tions affecting B12 transport or metabolism. One of the most common
causes of B12 deficiency is pernicious anemia, an autoimmune disorder
where the immune system attacks parietal cells in the stomach, leading
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to a lack of intrinsic factor (IF). Since intrinsic factor is required for B12
absorption in the ileum, its absence results in severe B12 deficiency,
even when dietary intake is sufficient.

Another major cause of B12 deficiency is atrophic gastritis, a con-
dition commonly seen in older adults where the stomach lining becomes
inflamed and loses its ability to produce gastric acid. Since gastric acid is
necessary to release B12 from dietary proteins, its absence significantly
impairs B12 absorption. Other conditions such as Crohn’s disease, celiac
disease, and surgical removal of parts of the stomach or small intestine
can further contribute to impaired absorption [92-94].

Genetic mutations can also disrupt B12 metabolism. Mutations in
genes encoding TCII, methylmalonyl-CoA mutase, or methionine syn-
thase can interfere with B12 transport and intracellular processing,
leading to elevated homocysteine and MMA levels even in individuals
with adequate B12 intake. Patients with these genetic mutations often
present with early-onset neurological and hematological symptoms that
require lifelong B12 supplementation [95].

The neurological symptoms of B12 deficiency progress in a predict-
able manner. Early signs include paresthesia (tingling sensations in the
hands and feet), memory impairment, difficulty concentrating, and
mood disturbances such as depression and irritability. As the deficiency
worsens, gut disturbances, muscle weakness, and cognitive impairment
become more pronounced. If left untreated, severe B12 deficiency can
lead to irreversible neurological damage, including dementia and spinal
cord degeneration [96].

5. Risk factor for vitamin B12 deficiency

Vitamin B12 deficiency is a multifactorial condition influenced by
several dietary, physiological, and environmental factors, particularly
affecting vulnerable populations such as the elderly (Tables 2& 3) [97,
98]. Impaired absorption is a primary cause, frequently associated with
pernicious anaemia due to insufficient production of intrinsic factor
[99], essential for B12 absorption, or gastrointestinal surgeries that
affect the stomach or small intestine, limiting B12 uptake.

5.1. Dietary factors

Vitamin B12 deficiency is a significant global health issue influenced
by dietary patterns, with individuals following plant-based diets at the
highest risk due to the absence of naturally occurring B12 in plant foods.
Studies have consistently shown that vegetarians and vegans exhibit
lower serum B12 levels and a higher prevalence of deficiency-related
complications such as megaloblastic anemia, cognitive decline, and
peripheral neuropathy [100]. Moravcova et al. (2024) discuss the
prevalence of B12 deficiency in individuals adhering to vegetarian and
vegan diets. The lack of animal-derived foods in these diets significantly
increases the risk, leading to symptoms like fatigue and neurological
impairments. These findings emphasize the importance of fortified foods
and high-dose oral supplements for these populations [101]. Dietary
habits also contribute significantly, especially in individuals following
vegetarian or vegan diets, as vitamin B12 is predominantly found in
animal products, making these groups particularly susceptible to defi-
ciency [102,103]. Dominguez Lopez et al. (2024) examined the role of
the Mediterranean diet in promoting cognitive health, with findings
indicating that Vitamin B12, along with other nutrients, plays a vital role
in preventing cognitive impairment in older populations [104]. A study
conducted in North India on 1512 individuals from a lacto-vegetarian
community found that median B12 levels were below the normal
range (<220 pg/mL), suggesting widespread multigenerational dietary
inadequacy [105]. In Slovenia, a national food survey found that 37.3 %
of adolescents, 31.7 % of adults, and 58.3 % of elderly individuals had
inadequate B12 intake (<4 pg/day), with the highest deficiency rates
observed among elderly males [106]. Deficiency among vegetarians and
vegans is particularly concerning in pregnant and lactating women, as
low maternal B12 levels have been linked to fetal growth restriction,
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neurodevelopmental deficits, and increased risk of metabolic disorders
in offspring [107]. In India, a large-scale national nutrition survey re-
ported that 31 % of adolescents had serum B12 deficiency, with urban
boys and rural girls showing the highest risk [108] . Cooking methods
also play a role, as boiling and frying reduce B12 content in food, and the
use of certain cookware materials such as stainless steel has been asso-
ciated with lower bioavailability [109]. Additionally, food fortification
and supplementation strategies have been effective in reducing B12
deficiency in at-risk populations, with studies demonstrating that forti-
fied cereals, plant-based milks, and high-dose oral B12 supplements
significantly improve serum B12 levels [110]. Chen et al. investigated
the relationship between dietary intake of methyl donor nutrients
(MDNs) such as folic acid, choline, vitamin B12 and cognitive impair-
ment in the elderly, considering the role of the intestinal microbiome.
Analysis of the intestinal microbiome revealed differences in microbial
composition between the two groups, suggesting that MDNs may in-
fluence cognitive function by modulating gut microbiota. These findings
highlight the potential of MDN-rich diets in preventing cognitive decline
among the elderly [111]. However, despite the availability of these in-
terventions, awareness and adherence to supplementation remain low,
particularly among economically disadvantaged groups [112]. In
conclusion, dietary patterns are a key determinant of vitamin B12 status,
with vegetarians, vegans, the elderly, and pregnant women facing the
highest risk. Addressing deficiency requires targeted nutritional in-
terventions, public health policies promoting fortification, and
increased awareness about supplementation to prevent long-term health
consequences.

5.2. Physiological and medical conditions

Vitamin B12 deficiency is frequently caused by physiological and
medical conditions that impair its absorption, metabolism, and trans-
port. One of the most common causes is pernicious anemia, an auto-
immune disorder in which antibodies attack gastric parietal cells,
reducing the production of intrinsic factor, a protein essential for B12
absorption. This condition leads to megaloblastic anemia and neuro-
logical impairments if left untreated [113]. Gastrointestinal disorders
such as Crohn’s disease, celiac disease, and chronic atrophic gastritis
significantly impair Vitamin B12 absorption by causing inflammation
and damage to the intestinal lining, thereby reducing nutrient uptake.
Karunarathna et al. (2024) reviewed these conditions and identified
reduced intrinsic factor production and malabsorption as key contrib-
utors to B12 deficiency. In such cases, intramuscular B12 injections are
recommended as an effective management strategy to bypass absorption
barriers and restore adequate levels [114]. Studies indicate that 10-15
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% of people over 60 years old suffer from B12 deficiency, primarily due
to age-related gastric atrophy, which reduces stomach acid production
needed to release B12 from food. Moreover, individuals who have un-
dergone gastrointestinal surgeries, such as bariatric surgery or gastrec-
tomy, face a high risk of deficiency due to the removal of parts of the
stomach or intestines that facilitate B12 absorption [115]. Additionally,
metabolic and genetic disorders can interfere with the utilization of B12,
causing functional deficiencies even in individuals with normal intake
levels [116]. Beyond absorption issues, certain chronic diseases such as
diabetes and kidney disease also contribute to B12 deficiency, particu-
larly among patients on long-term metformin (Glucophage) therapy,
which has been shown to lower serum B12 levels and lead to neuro-
pathic complications [117]. Neurological and psychiatric disorders,
including cognitive decline, dementia, depression, and peripheral neu-
ropathy, are also closely linked to B12 deficiency, as the vitamin plays a
crucial role in myelin formation and neuronal function [118]. In severe
cases, vitamin B12 deficiency can lead to hematological abnormalities
such as pancytopenia and even hemolytic anemia, with studies indi-
cating that approximately 1.5 % of B12 deficiency cases present with
hemolysis [119]. The interplay between physiological conditions,
medical disorders, and vitamin B12 metabolism highlights the necessity
of early detection and intervention through appropriate supplementa-
tion or treatment strategies to prevent irreversible neurological and
hematological complications.

5.3. Medication-induced deficiency

Certain medications have been identified as significant contributors
to vitamin B12 deficiency by interfering with its absorption, transport,
or metabolism. Among these, proton pump inhibitors (PPIs) and H2-
receptor antagonists, which are widely prescribed for acid reflux and
peptic ulcers, reduce gastric acid production, impairing the release of
B12 from dietary proteins and leading to malabsorption. Studies have
reported that chronic PPI use for over two years is associated with a 65
% increased risk of B12 deficiency, particularly in older adults [120].
metformin (Glucophage), a first-line medication for type 2 diabetes, has
also been linked to reduced B12 levels by altering gut microbiota and
affecting calcium-dependent absorption in the ileum [121,122]. A
meta-analysis found that long-term metformin (Glucophage) users had,
on average, 19 % lower serum B12 levels compared to non-users, with
deficiency rates as high as 30 % among elderly diabetic patients [123].
Additionally, prolonged use of certain anticonvulsants, such as
phenytoin and phenobarbital, has been associated with decreased B12
levels due to interference with folate metabolism, which is essential for
cobalamin function [124]. Nitrous oxide, often used as an anesthetic,
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Table 4
Critical Insights into Neurovascular, Cognitive, and Metabolic Research.
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Study Research Focus Population Methods Key Findings Implications Future Directions

No.

[172] Microvascular changes in Adults >60 years, Microscopy, plasma Hcy and microvascular Early biomarkers for Test B-vitamin
cognitive decline 40 participants biomarkers, MRI changes predict decline. intervention identified. supplementation effects.

[173] GBA dysfunction in IBD and  IBD patients Review of biomarkers GBA dysfunction linked to Supports gut-brain Study probiotics for
NDDs and inflammation NDDs; biomarkers unclear therapeutic exploration. ~ neuroprotection.

[174] Vitamin B12 in TBI recovery =~ Male mice Behavioral, stress B12 improves recovery, Potential TBI treatment Human TBI trials with B12

assays, histology reduces oxidative stress. with B12 suggested. supplementation.

[175] telmisartan (Micardis) and Male rats Behavioral tests, Both reduce AD biomarkers Combination therapy as Test combined treatments
B12 in AD models biomarkers, histology and improve cognition. a potential strategy. clinically.

[176] B-vitamins in pregnancy and ~ Pregnant women, Review of OCM and B-  Deficiencies impact Need pregnancy- Assess long-term child
neurodevelopment offspring vitamin studies maternal and child health. specific B-vitamin outcomes of B-vitamin use.

guidelines.

[177] Hcy and APOE ¢4 in AD/MCI, other Biomarkers, MRI, Hcy effects vary with APOE  Stratify trials by APOE Evaluate genotype-specific

neurodegeneration patients stratified analyses €4 genotype. genotype. B12 effects.

inactivates B12 by oxidizing its cobalt core, leading to acute neurolog-
ical symptoms and myeloneuropathy in individuals with pre-existing
deficiency [125]. Furthermore, chemotherapy agents such as metho-
trexate (Methotrexate) and certain antibiotics like chloramphenicol
have been implicated in reducing B12 metabolism, contributing to he-
matological abnormalities such as macrocytic anemia [126].Given the
widespread use of these medications, routine monitoring of B12 levels in
at-risk populations, particularly older adults and chronic disease pa-
tients, is crucial to prevent irreversible neurological and hematological
complications.

5.4. Environmental factors

Environmental factors have been increasingly recognized as con-
tributors to vitamin B12 deficiency, impacting populations through
various mechanisms such as pollution, soil degradation, and socioeco-
nomic conditions. Long-term exposure to particulate matter (PM2.5)
from air pollution has been linked to disruptions in the gut microbiome,
reducing populations of B12-producing bacteria like Bacteroides and
Faecalibacterium, which are crucial for maintaining adequate B12 levels
[127-129]. Additionally, industrialized farming and soil depletion have
led to lower B12 content in crops and animal feed, indirectly affecting
human B12 intake. Regions with high environmental contamination or
reliance on processed foods often show higher rates of deficiency due to
lower natural B12 availability in diets [130]. Another environmental
factor contributing to B12 deficiency is limited access to fresh, B12-rich
foods in lower-income communities, where economic constraints lead to
reliance on plant-based or processed diets with insufficient B12 intake.
Water contamination with cyanobacteria, which can produce B12 ana-
logs that compete with active B12 absorption, has also been identified as
a risk factor for deficiency in certain regions [131]. This environmental
factors combined with oxidative stress and inflammation, further com-
plicates the deficiency, affecting cognitive function [132,133].
Addressing these environmental risks requires policies that improve air
quality, enhance soil nutrient retention, and promote food fortification
strategies to ensure adequate B12 intake across different populations.

5.5. Integrated risk profile

The risk of vitamin B12 deficiency is shaped by the complex interplay
of dietary, physiological, medical, medication-induced, and environ-
mental factors, making it a multifactorial condition that affects diverse
populations. Dietary intake remains a primary determinant, with strict
vegetarians and vegans facing the highest risk due to the absence of
naturally occurring B12 in plant-based foods, necessitating reliance on
fortified foods or supplementation [125]. Physiological and medical
conditions such as pernicious anemia, gastrointestinal disorders, and
age-related gastric atrophy significantly impair the body’s ability to
absorb B12, particularly among the elderly and individuals with chronic

diseases [134]. Additionally, medications like proton pump inhibitors
and metformin (Glucophage) further contribute to B12 malabsorption,
particularly in patients undergoing long-term treatment for acid reflux
or type 2 diabetes. Beyond these individual factors, environmental in-
fluences such as pollution, soil depletion, and limited access to fresh,
B12-rich foods exacerbate deficiency risks, particularly in low-income
populations and urban settings [127]. The interaction of these risk fac-
tors suggests that B12 deficiency is rarely caused by a single factor but
rather a combination of influences that vary by age, lifestyle, and health
status. Addressing this issue requires a multi-pronged approach,
including dietary modifications, targeted supplementation, early
detection in high-risk groups, and broader public health interventions
such as food fortification and environmental policies to mitigate
external risk factors.

6. Vitamin B12 biomarkers in cognitive decline

Vitamin B12 deficiency has been closely linked to cognitive decline
and neurodegenerative diseases (Fig. 3) such as dementia and Alz-
heimer’s disease. To accurately diagnose and assess the impact of B12
deficiency on brain function, multiple biomarkers are used, including
serum vitamin B12, holoTC, MMA, and total homocysteine (tHcy).
These all serve as indirect indicators of vitamin B12 status, offering in-
sights into metabolic dysregulations that contribute to neurological
impairments. Each biomarker varies in sensitivity and specificity,
influencing its clinical utility (Table 4). Understanding their relative
accuracy, clinical thresholds, molecular mechanisms, and temporal
relationship with cognitive decline is essential for improving early
diagnosis and intervention strategies.

6.1. Key biomarkers of vitamin B12 status

Serum vitamin B12 concentration is the most commonly used marker
for assessing B12 status, but it has significant limitations. It measures
total circulating B12, most of which is bound to haptocorrin and is
biologically inactive. While normal serum B12 levels range from 200 to
900 pg/mL, individuals with levels between 200 and 350 pg/mL may
still experience neurological and metabolic symptoms of deficiency.
Research has shown that many individuals within this range have
elevated MMA and homocysteine levels, indicating functional B12
deficiency despite seemingly adequate serum B12 concentrations [156,
157]. The limited sensitivity and specificity of serum B12 make it an
unreliable standalone marker for diagnosing deficiency, necessitating
the use of additional biomarkers. holoTC, the fraction of vitamin B12
bound to transcobalamin, represents the biologically active portion of
B12 that is available for cellular uptake. It is considered a more sensitive
marker of early B12 deficiency compared to total serum B12 levels.
Studies indicate that holoTC levels below 35 pmol/L are associated with
an increased risk of cognitive impairment [158]. Because holoTC
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comprises only 10 to 30 percent of total circulating B12, it provides a
more precise measurement of functional B12 availability. This makes
holoTC a valuable tool in diagnosing early-stage deficiency, particularly
when serum B12 levels are inconclusive.

Methylmalonic acid serves as a functional biomarker of B12 defi-
ciency and is a byproduct of a metabolic reaction that requires B12 as a
coenzyme. Inadequate B12 impairs the activity of methylmalonyl-CoA
mutase, leading to the accumulation of MMA in the blood and cere-
brospinal fluid. Elevated MMA levels above 0.4 pmol/L are highly spe-
cific for functional B12 deficiency and have been strongly correlated
with cognitive decline. The accumulation of MMA disrupts mitochon-
drial function, leading to neuronal damage and myelin degradation,
processes that contribute to neurodegeneration. Because MMA is not
significantly affected by folate status, it is considered one of the most
reliable markers of B12 deficiency in cases where other biomarkers
provide ambiguous results [159-162].

Total homocysteine is another critical biomarker used to assess B12
status. Vitamin B12 is required for the enzymatic conversion of homo-
cysteine to methionine, a process necessary for DNA methylation and
neurotransmitter synthesis. When B12 levels are insufficient, homo-
cysteine accumulates in the bloodstream, leading to oxidative stress and
vascular inflammation. Elevated homocysteine levels above 13 umol/L
have been associated with an increased risk of neurodegenerative dis-
eases, including Alzheimer’s disease and vascular dementia [163,164].
However, because homocysteine levels can also be influenced by folate
status and renal function, it is considered a less specific marker of B12
deficiency compared to MMA.

6.2. Clinical thresholds for biomarker interpretation

Establishing precise clinical thresholds for B12 biomarkers is essen-
tial for diagnosing deficiency and preventing long-term neurological
damage. Serum B12 levels below 200 pg/mL are generally classified as
deficient, but clinical symptoms can develop in individuals with levels
below 350 pg/mL. holoTC levels under 35 pmol/L indicate a reduced
availability of B12 for cellular use, making it an early indicator of
deficiency [165,166]. MMA levels above 0.4 pumol/L are considered
indicative of impaired B12 metabolism, while total homocysteine levels
exceeding 13 umol/L are associated with an increased risk of cognitive
impairment. Research has shown that relying on a single biomarker can
lead to diagnostic errors, and a combination of multiple markers,
including holoTC and MMA, offers the highest diagnostic accuracy. In-
dividuals with normal serum B12 but elevated MMA and homocysteine
levels have a significantly higher risk of cognitive decline, underscoring
the importance of comprehensive biomarker analysis in clinical practice
[163].

6.3. Molecular mechanisms linking B12 biomarkers to cognitive decline

The molecular mechanisms linking these biomarkers to cognitive
deterioration involve disruptions in methylation, neurotransmitter
synthesis, and myelin integrity. Elevated homocysteine levels, resulting
from B12 deficiency, contribute to oxidative stress, vascular dysfunc-
tion, and neuroinflammation, accelerating brain atrophy in regions like
the hippocampus and prefrontal cortex. Oner et al. (2024) demonstrated
that increased homocysteine levels are strongly associated with neuro-
inflammation and cognitive deterioration [167]. Additionally, Miller
et al. (2024) suggest that microvascular abnormalities, combined with
homocysteine elevation, act as early markers of age-related cognitive
decline [168]. MRI studies further confirm that individuals with
elevated homocysteine levels exhibit faster hippocampal atrophy and
increased white matter lesions.

MMA elevation serves as an indicator of mitochondrial dysfunction,
as methylmalonyl-CoA accumulation disrupts normal cellular meta-
bolism. This leads to impaired energy production in neurons, contrib-
uting to neurodegeneration [169]. Chronic MMA elevation has been
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shown to result in progressive neuronal damage by impairing ATP
synthesis and increasing oxidative stress within brain cells. The
disruption of mitochondrial function further exacerbates myelin
degradation, resulting in the demyelination of neurons, a hallmark of
cognitive disorders and neurodegenerative diseases.

6.4. Temporal relationship between biomarker changes and cognitive
decline

Longitudinal studies suggest that changes in B12 biomarkers precede
clinical symptoms of cognitive decline by several years, highlighting the
importance of early intervention. Research tracking older adults over a
period of six to ten years has found that individuals with persistently low
holoTC and elevated MMA levels have a significantly higher risk of
developing dementia. These findings emphasize the need for continuous
biomarker monitoring rather than relying on single-point measure-
ments. Early detection of rising MMA and homocysteine levels provides
a critical window for intervention before irreversible neuronal damage
occurs [170].

Vitamin B12 supplementation has been shown to improve biomarker
levels, particularly MMA and homocysteine, though cognitive benefits
are dependent on the timing of intervention. Clinical trials have
demonstrated that individuals with mild cognitive impairment who
receive B12 therapy experience slower cognitive decline, whereas those
with advanced dementia do not show significant improvement [171].
This underscores the importance of early diagnosis and timely inter-
vention in preventing long-term neurological deterioration.

7. Conclusion

The evidence presented underscores the critical role of vitamin B12
in maintaining cognitive health, particularly in older adults and
vulnerable populations. Deficiencies in this essential nutrient have been
linked to structural brain changes, such as myelin degeneration and
elevated homocysteine levels, both of which contribute to cognitive
decline. While vitamin B12 supplementation, particularly in the form of
methylcobalamin, has shown promise in reversing neurological damage
in animal models, clinical studies in humans provide mixed results,
indicating a need for further research. Environmental factors, such as
exposure to particulate matter and dietary insufficiencies, compound
the risk of B12 deficiency, further emphasizing the importance of
monitoring and managing B12 levels in populations at risk. Future
studies should aim to clarify the therapeutic potential of vitamin B12 in
preventing or mitigating cognitive decline and explore the interactions
between environmental, dietary, and genetic factors in B12 metabolism
and cognitive health.
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