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Abstract 

Nutritional peripheral neuropathy is a clinically important condition associated with in-

adequate intake, malabsorption, bariatric surgery, aging, metabolic disease, and chronic 

medication exposure. B vitamins serve as essential coenzymes in mitochondrial energy 

metabolism, one-carbon metabolism, neurotransmitter synthesis, redox regulation, and 

myelin maintenance. This narrative review synthesizes mechanistic and clinical evidence 

linking B vitamin-dependent coenzyme systems to nutritional neuropathy and selected 

neuropsychiatric manifestations. Particular emphasis is placed on the tricarboxylic acid 

cycle, electron transport chain, urea cycle, folate–methionine cycle, and MTHFR-depend-

ent one-carbon metabolism. The proposed “dynamic coenzyme network” is intended as 

an integrative mechanistic framework rather than a stand-alone therapeutic recommen-

dation. Although biochemical interdependence among B vitamins supports evaluation for 

combined or functional deficiencies in selected patients, mechanistic plausibility should 

not be equated with clinical efficacy. Clinical consideration of B vitamin repletion should 

be guided by documented deficiency, dietary and gastrointestinal risk factors, medication 

exposure, neurological phenotype, and functional biomarkers such as homocysteine and 

methylmalonic acid. Adjunctive nutrients, including alpha-lipoic acid and acetyl-L-car-

nitine, may have context-specific relevance, particularly in metabolic neuropathies, but 

evidence for fixed multi-nutrient combinations remains heterogeneous. Further well-de-

signed clinical studies are needed to determine whether this mechanistic framework 

translates into meaningful neurological or neuropsychiatric benefit beyond established 

deficiency states. 
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1. Introduction 

Peripheral neuropathy arising from nutritional deficiency is a global problem influ-

enced by dietary restriction, gastrointestinal disease, bariatric surgery, aging, socioeco-

nomic factors, and medication-related impairment of nutrient absorption or metabolism 

[1–3]. Among acquired neuropathies, those secondary to nutritional deficiencies are par-

ticularly important because many can be stabilized or reversed with adequate, timely re-

pletion and supportive care [4]. The vitamins most vital for optimal functioning of the 

peripheral nerves include the B vitamins—B1/thiamine, B2/riboflavin, B3/niacin, B5/pan-

tothenic acid, B6/pyridoxine, B9/folate, and B12/cobalamin—each fulfilling unique but 

deeply interconnected biochemical roles [5]. 

Despite this complexity, clinical and scientific attention has historically focused on 

only a small subset of B vitamins—most commonly B1, B6, and B12—while the contribu-

tions of riboflavin, niacin, pantothenic acid, and folate to neurological health have re-

ceived comparatively little attention [6]. Furthermore, supplementation of a single defi-

cient vitamin in isolation may fail to account for metabolic interdependencies among B 

vitamins [5,7]. Basic and clinical evidence suggests that B vitamins have non-substitutable 

biochemical roles, although the clinical implications of this interdependence vary by defi-

ciency state, disease context, and available evidence [5]. 

The neurological consequences of B vitamin insufficiency should not be interpreted 

only within the narrow framework of peripheral axonal degeneration. Peripheral nerves 

and the central nervous system share a dependence on mitochondrial energy metabolism, 

one-carbon methylation, neurotransmitter synthesis, redox balance, and myelin mainte-

nance. Accordingly, B vitamin deficiency has been associated with a spectrum of neuro-

logical and neuropsychiatric manifestations, although the strength of evidence and causal 

certainty differ substantially across conditions [6,8,9]. This peripheral–central continuum 

is particularly relevant for cobalamin and folate deficiency, in which elevated methylma-

lonic acid and homocysteine, impaired methionine synthase activity, reduced S-adenosyl-

methionine availability, and altered methylation capacity may affect both myelin integrity 

and neurotransmitter metabolism [8,10–12]. 

A further clinically important but often underrecognized issue is that B vitamin de-

ficiency is not always caused by insufficient dietary intake alone. Chronic medication ex-

posure may reduce B vitamin availability through impaired absorption, altered transport, 

enzyme inhibition, accelerated catabolism, increased urinary loss, or antimetabolite ef-

fects. Representative examples include metformin-associated vitamin B12 deficiency, gas-

tric acid suppression-associated impairment of food-bound cobalamin absorption, isoni-

azid-associated pyridoxine deficiency, antifolate effects of methotrexate, antiepileptic 

drug-associated reductions in folate or pyridoxal 5′-phosphate, levodopa-associated alter-

ations in homocysteine and B vitamin metabolism, and loop diuretic-associated thiamine 

loss [3,13]. These mechanisms are particularly relevant in patients with neuropathy, dia-

betes, aging-related disorders, psychiatric disease, chronic pain, or polypharmacy, in 

whom nutritional risk may be compounded by metabolic and pharmacological stressors. 

The purpose of this review is to synthesize established biochemical pathways and 

clinically relevant evidence regarding B vitamin-dependent coenzyme systems in nutri-

tional neuropathy and neuropsychiatric vulnerability. The proposed “dynamic coenzyme 

network” does not represent a new metabolic pathway; rather, it is an integrative frame-
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work for interpreting how established vitamin-dependent pathways may converge in nu-

tritionally or pharmacologically vulnerable patients. We emphasize the distinction be-

tween mechanistic plausibility, preclinical evidence, observational associations, and inter-

ventional clinical data. Accordingly, this review discusses B vitamin repletion as a context-

specific clinical consideration guided by documented deficiency, risk factors, medication 

exposure, and functional biomarkers, rather than as a universal recommendation for 

broad supplementation. 

2. Methods 

This narrative review was designed to synthesize mechanistic and clinical evidence 

regarding B vitamin-dependent coenzyme networks in nutritional neuropathy and neu-

ropsychiatric vulnerability. A literature search was performed in PubMed/MEDLINE, 

Scopus, and Google Scholar from database inception to April 2026. Search terms included 

combinations of “B vitamins,” “thiamine,” “riboflavin,” “niacin,” “pantothenic acid,” 

“pyridoxine,” “folate,” “cobalamin,” “nutritional neuropathy,” “peripheral neuropathy,” 

“mitochondrial metabolism,” “TCA cycle,” “one-carbon metabolism,” “homocysteine,” 

“MTHFR,” “neuropsychiatric symptoms,” “metformin,” “proton pump inhibitors,” “an-

tiepileptic drugs,” “levodopa,” “alpha-lipoic acid,” and “acetyl-L-carnitine.” 

We prioritized peer-reviewed reviews, clinical practice guidelines, randomized con-

trolled trials, systematic reviews, meta-analyses, and mechanistic studies directly relevant 

to B vitamin metabolism and neural function. Preclinical studies were included when they 

clarified biochemical mechanisms but were not interpreted as direct clinical evidence. Ar-

ticles were excluded if they were unrelated to neural metabolism, focused exclusively on 

non-neurological outcomes, or did not provide sufficient mechanistic or clinical relevance. 

Because this was a narrative review rather than a systematic review, formal risk-of-bias 

assessment and meta-analysis were not performed. 

3. Overview of Nutritional Neuropathy 

Nutritional deficiencies may result from reduced intake—whether from starvation, 

foods poor in nutritional content, or restricted diets—or from reduced absorption due to 

gastrointestinal disease, prior bariatric surgery, or autoimmune conditions such as perni-

cious anemia [14–16]. Importantly, nutritional neuropathies due to poor intake or malab-

sorption frequently result from several concomitant deficiencies rather than a single iso-

lated deficiency [4,17]. Although these neuropathies assume different clinical patterns, 

most are length-dependent, sensory axonopathies; cobalamin deficiency neuropathy is 

the exception, often presenting with a length-dependent sensory neuropathy, frequently 

accompanied by subacute combined degeneration of the spinal cord. 

Mitochondrial dysfunction is one important mechanism through which nutritional 

deficiencies may affect neural tissue, particularly because neurons have high energy re-

quirements. However, nutritional neuropathies are mechanistically heterogeneous and 

may also involve impaired myelin maintenance, altered one-carbon metabolism, oxida-

tive stress, axonal degeneration, and medication- or disease-related metabolic stress. In 

neuronal tissue especially, damage to mitochondria due to the lack of crucial nutrients—

such as B vitamins required for correct mitochondrial function—causes an interruption of 

electron transport and a consequent reduction in ATP production, leading to impaired 

cellular vitality and ultimately to cell death [18,19]. Thiamine deficiency leads to selective 

neuronal cell death by multiple mechanisms: cellular energy failure, focal lactic acidosis, 

blood–brain barrier breakdown, mitochondrial dysfunction, and oxidative stress [20,21]. 

Beyond energy failure, other mechanisms include axon demyelination, particularly for 
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B12 and folate deficiencies, and oxidative stress resulting from the loss of antioxidant 

functions of these nutrients [10,11]. 

4. B Vitamin Coenzymes in Mitochondrial Energy Metabolism 

The tricarboxylic acid (TCA) cycle—also known as the Krebs cycle or citric acid cycle—

is a series of chemical reactions in the mitochondria that generate energy in the form of ATP 

from carbohydrates, fats, and proteins. Carbohydrates, fats, and proteins are first converted 

to acetyl-CoA, most often via pyruvate, and then undergo eight enzymatic reactions that 

result in the production of NADH and FADH2, which transfer the energy generated by the 

TCA cycle to the electron transport chain, ultimately leading to ATP synthesis. Because neu-

rons have high energy requirements and limited capacity to store high-energy compounds, 

sustained ATP production is important for neuronal integrity [22]. 

Of critical significance, the active coenzyme forms derived from B1/thiamine, B2/ri-

boflavin, B3/niacin, and B5/pantothenic acid are essential coenzymes in mitochondrial 

aerobic respiration and cellular energy production via their direct roles in the citric acid 

cycle, the electron transport chain, and the resultant formation of ATP. Acetyl-CoA, which 

incorporates B5/pantothenic acid-derived coenzyme A, provides the main substrate for 

the TCA cycle. In addition, B1/thiamine and B12/cobalamin play distinct, intersecting 

roles in the mitochondrial metabolism of glucose and fatty acids and amino acids, respec-

tively, thereby contributing substrates to the citric acid cycle. B6/PLP, B9/folate, and 

B12/cobalamin further participate through anaplerotic and one-carbon-related pathways 

that replenish TCA cycle intermediates, and through the methionine cycle whose prod-

ucts are essential for myelin maintenance. These relationships provide a biochemical basis 

for considering B vitamin status as an interconnected system, although the clinical rele-

vance of each vitamin depends on the specific deficiency state, disease context, and level 

of supporting evidence. 

4.1. B Vitamins as Coenzymes: Catalytic Recycling, Not Substrate Consumption 

A foundational concept essential to understanding B vitamin physiology is that these 

vitamins function as coenzymes (catalysts), not substrates (Figure 1)—they are neither con-

sumed nor destroyed during the enzymatic reactions they facilitate. Instead, they are chem-

ically transformed into a transiently modified form and then quantitatively regenerated, en-

abling each molecule to participate in thousands of reaction cycles. This catalytic economy 

has profound implications: even modest reductions in coenzyme availability may influence 

multiple enzyme systems, particularly in tissues with high metabolic demand, and a shift 

in the redox state of the mitochondria (due, for example, to pathological electron transport 

chain dysfunction) can secondarily inactivate B vitamin coenzymes [18,23]. 

Within the TCA cycle, the key recycling mechanisms operate as follows. NAD+, de-

rived from B3/niacin, accepts a hydride ion (H−) from TCA substrates at three dehydro-

genase reactions—isocitrate dehydrogenase, α-ketoglutarate dehydrogenase, and malate 

dehydrogenase—becoming NADH. NADH is not stored but immediately donates its elec-

trons to Complex I of the electron transport chain (ETC), regenerating NAD+. This regen-

eration is functionally important: if the ETC is impaired, NADH may accumulate and 

NAD+ availability may decline, thereby limiting NAD+-dependent TCA dehydrogenase 

reactions, even when B3 levels are otherwise adequate [24,25]. FAD, derived from B2/ri-

boflavin, undergoes an analogous cycle: it accepts electrons from succinate at succinate 

dehydrogenase (Complex II), becoming FADH2, and is regenerated by donating electrons 

to ubiquinone within the ETC. The entire FAD pool is continuously cycled in this manner. 

Critically, FAD is also the essential cofactor for MTHFR; if the FAD pool is diminished, 

the MTHFR reaction is impaired, reducing the regeneration of methionine from homocys-

teine [26]. 
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Figure 1. B vitamin-dependent coenzyme networks linking energy metabolism, one-carbon metab-

olism, and neural vulnerability. (A) Energy metabolism: TCA cycle, ETC, and urea-cycle interface. 

The tricarboxylic acid (TCA) cycle is shown as a central mitochondrial hub that generates reducing 

equivalents for the electron transport chain (ETC). B3/niacin-derived NAD+/NADH and B2/ribofla-

vin-derived FAD/FADH2 participate in TCA-cycle dehydrogenase reactions and electron transfer to 

the ETC. B1/thiamine, B2/riboflavin, B3/niacin, B5/pantothenic acid, and lipoate support the α-ke-

toglutarate dehydrogenase complex. Although not separately depicted, acetyl-CoA generation from 

pyruvate also depends on the pyruvate dehydrogenase complex, which requires B1, B2, B3, B5, and 

lipoate. Pyridoxal 5′-phosphate (B6/PLP) links oxaloacetate and aspartate metabolism through ami-

notransferase activity, thereby connecting the TCA cycle with the urea cycle. (B) One-carbon me-

tabolism: folate–methionine cycling, MTHFR, and anaplerotic flux. Riboflavin-derived FAD sup-

ports methylenetetrahydrofolate reductase (MTHFR) activity, folate provides one-carbon units, 

B12/cobalamin supports methionine synthase, and B6/PLP contributes to serine–glycine metabolism 

and transsulfuration. Homocysteine metabolism intersects with methylation capacity through me-

thionine, S-adenosylmethionine (SAM), and S-adenosylhomocysteine (SAH), and with TCA-related 

anaplerosis through α-ketobutyrate, propionyl-CoA, methylmalonyl-CoA, and succinyl-CoA. The 

transsulfuration pathway is simplified for schematic clarity; cystathionine-derived products include 

cysteine and α-ketobutyrate. MTHFR variants may influence enzyme activity in a context-depend-

ent manner, but genotype alone should not be interpreted as a stand-alone indication for supple-

mentation. Arrows schematically indicate the direction of metabolic reactions or pathway connec-

tions rather than quantitative flux. In panel A, black arrows denote core TCA-cycle flux, red and 

purple curved arrows denote NAD+/NADH and FAD/FADH2 redox cycling, respectively, and gray 

or light-blue arrows indicate coupling with the urea cycle and the ETC. In panel B, black arrows 

denote the principal folate–methionine cycle reactions, whereas blue arrows highlight selected path-

way inputs, cross-cycle connections, and downstream or anaplerotic branches. Abbreviations: ETC, 

electron transport chain; FAD, flavin adenine dinucleotide; FADH2, reduced flavin adenine dinu-

cleotide; MTHFR, methylenetetrahydrofolate reductase; NAD+, nicotinamide adenine dinucleotide; 

NADH, reduced nicotinamide adenine dinucleotide; PLP, pyridoxal 5′-phosphate; SAH, S-adeno-

sylhomocysteine; SAM, S-adenosylmethionine; TCA, tricarboxylic acid; THF, tetrahydrofolate. 

Coenzyme A (CoA), derived from B5/pantothenic acid, operates by a carrier (thioe-

ster) mechanism: CoA transiently binds acetyl or acyl groups as acetyl-CoA or succinyl-

CoA and is released in free form at the citrate synthase reaction and at the succinyl-CoA 

synthetase reaction. The released free CoA is immediately available for reuse—CoA itself 

is neither consumed nor degraded in these reactions. Thiamine pyrophosphate (TPP), de-

rived from B1/thiamine, functions as a cofactor of the PDH and α-KGDH multienzyme 

complexes: it transiently accepts an acyl group from the decarboxylation product and 

transfers it to the lipoic acid moiety on the E2 subunit, then is regenerated in free form, 

ready for the next catalytic cycle [22]. Pyridoxal 5′-phosphate (PLP), derived from B6/pyr-

idoxine, forms a Schiff-base intermediate with the amino group of the substrate, and after 

the transamination reaction, the pyridoxamine 5′-phosphate (PMP) form is regenerated 

back to PLP by the second half-reaction with α-ketoacids—completing a full catalytic cycle. 

4.2. Functional Coenzyme Availability Despite Catalytic Recycling 

Although B vitamins function as catalytic coenzymes that are regenerated during en-

zymatic reactions, this biochemical recycling does not imply that the total body pool of 

coenzymes is static or inexhaustible. Rather, multiple physiological and pathological pro-

cesses may deplete or limit the availability of functional coenzyme pools, supporting the 

need for adequate dietary intake and, when clinically indicated, targeted repletion [27,28]. 

First, unlike fat-soluble vitamins, B vitamins are water-soluble and are not stored in 

significant quantities in the body. They are continuously filtered and excreted via the kid-
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neys, resulting in a steady loss of total molecular pool. The concept of “recycling” applies 

only to the intra-cycle chemical regeneration of coenzymes within enzymatic reactions, 

not to the preservation of the total systemic pool. Consequently, adequate nutritional in-

take remains necessary to maintain systemic vitamin availability, particularly in patients 

with reduced intake, malabsorption, renal loss, or increased metabolic demand [29]. 

Second, coenzyme molecules themselves are subject to biological turnover. Cellular 

and protein turnover requires constant resynthesis of apoenzymes, and many vitamin-

dependent enzymes must bind their vitamin-derived cofactors to achieve or maintain cat-

alytically competent conformations [30,31]. Even in non-dividing cells such as neurons, 

continuous turnover of axonal proteins, synaptic components, and mitochondrial en-

zymes imposes a sustained demand for newly available coenzymes [32,33]. Given the ex-

ceptionally high metabolic activity of neuronal tissue, this requirement is particularly pro-

nounced in the nervous system. 

Third, functional deficiency may arise independently of total vitamin levels due to 

metabolic trapping. As discussed in Section 4.1, impairment of the electron transport chain 

leads to accumulation of NADH and depletion of NAD+, effectively reducing the pool of 

functionally available coenzyme despite adequate B3/niacin status [34,35]. This phenom-

enon is particularly relevant in metabolic disorders such as diabetes and aging-related 

conditions, where mitochondrial dysfunction and redox imbalance are well established 

contributors to neuropathy. In such cases, restoration of function may require both cor-

rection of the underlying pathology and increased substrate availability [36]. 

Fourth, coenzyme molecules may undergo irreversible oxidative or structural dam-

age—such as irreversible overoxidation of lipoamide or depletion of NAD+ pools—under 

conditions of oxidative stress, which is a hallmark of neuropathic and metabolic disorders. 

Damaged coenzyme-related molecules may be removed from catalytic cycles and require 

replacement through ongoing cellular turnover and vitamin availability, further increas-

ing demand [37,38]. 

Finally, disease states such as inflammation, neuropathy, and metabolic disorders are 

characterized by simultaneous increases in energy demand and oxidative stress. These 

conditions accelerate coenzyme turnover and impair recycling efficiency, ultimately ex-

ceeding the capacity of endogenous systems constrained by substrate availability, enzy-

matic capacity, and redox imbalance. As a result, endogenous regeneration may become 

insufficient in selected high-risk states, in which assessment of vitamin status and clini-

cally guided repletion may be appropriate [39–41]. 

Taken together, these mechanisms indicate that while B vitamins are not consumed 

in individual enzymatic reactions, the total functional pool of coenzymes is dynamic and 

sensitive to physiological and pathological conditions. Catalytic recycling therefore does 

not eliminate the need for adequate nutritional intake. Thus, the apparent paradox of cat-

alytic recycling and clinical vulnerability can be understood by recognizing that coenzyme 

systems operate within an open, dynamic biological network subject to loss, damage, and 

functional inactivation. This concept provides a functional, systems-based perspective of 

coenzyme availability that complements the traditional view of vitamin sufficiency based 

primarily on circulating levels. 

5. Individual B Vitamins: TCA Cycle Roles and Neuropathological 

Consequences of Deficiency 

5.1. B1/Thiamine 

Thiamine is arguably the B vitamin with the most direct and well-established con-

nection to both the TCA cycle and peripheral neuropathy. After phosphorylation within 

cells, free thiamine is converted to its biologically active form, thiamine pyrophosphate 
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(TPP), which acts as a coenzyme for three major enzymes in glucose metabolism: trans-

ketolase (TK) in the pentose phosphate pathway, pyruvate dehydrogenase (PDH) in the 

pyruvate-to-acetyl-CoA conversion linking glycolysis to the TCA cycle, and alpha-ke-

toglutarate dehydrogenase (α-KGDH) within the TCA cycle itself [26]. PDH enables the 

formation of acetyl-CoA—the primary entry point of substrates into the TCA cycle—and 

also serves as a precursor for the neurotransmitter acetylcholine and for myelin synthesis. 

α-KGDH catalyzes the conversion of α-ketoglutarate to succinyl-CoA within the TCA cy-

cle, thereby sustaining cycle flux and regulating the levels of neurotransmitters including 

glutamate, GABA, and aspartate. 

In mammalian tissue, thiamine pyrophosphate (TPP) functions as an essential coen-

zyme for key multienzyme complexes, primarily including transketolase (important in 

maintenance of the myelin sheath), pyruvate dehydrogenase (energy production in the 

TCA cycle), α-ketoglutarate dehydrogenase (neurotransmitter synthesis), and branched-

chain keto acid dehydrogenase. TK activity is the most sensitive to variations in thiamine 

concentrations in brain regions; consequently, thiamine deficiency leads to increased oxi-

dative stress, reduced cell proliferation, and decreased synthesis of fatty acids including 

myelin [1]. Clinically, long-term thiamine deficiency is associated with dry beriberi—a 

length-dependent large fiber sensory and motor axonal neuropathy—and Wernicke–Kor-

sakoff syndrome at the central level [5,42]. 

5.2. B2/Riboflavin 

Riboflavin plays a pivotal role in the TCA cycle and mitochondrial electron transport 

chain through its biologically active coenzyme forms: flavin mononucleotide (FMN) and 

flavin adenine dinucleotide (FAD). These flavocoenzymes ensure the functionality of nu-

merous flavoproteins including dehydrogenases, oxidases, and reductases, which play 

pivotal roles in the mitochondrial electron transport chain, β-oxidation of fatty acids, re-

dox homeostasis, and the citric acid cycle itself. Riboflavin-derived FAD serves as a direct 

cofactor for succinate dehydrogenase (Complex II of the ETC), which catalyzes the con-

version of succinate to fumarate within the TCA cycle while simultaneously feeding elec-

trons into the respiratory chain. 

Beyond its direct TCA cycle role, riboflavin is uniquely positioned as a regulator of 

other B vitamins: the flavoproteins are involved in the synthesis, conversion, and recycling 

of B3/niacin, B9/folate, and B6-related coenzymes, and for the synthesis of all heme pro-

teins [43]. B2/riboflavin is also an obligate coenzyme with MTHFR in the folate cycle, and 

rate-limits the recycling of methionine synthase in the methionine cycle [43–45]. The con-

version of pyridoxine to its active form PLP relies on pyridoxine 5′-phosphate oxidase, a 

flavin mononucleotide-dependent enzyme; thus, B2/riboflavin deficiency can indirectly 

impair B6/PLP-dependent function. FAD-dependent processes may also influence cobal-

amin-related metabolism, although the clinical relevance of this interaction requires con-

text-specific interpretation [5]. 

5.3. B3/Niacin 

B3/niacin is converted to the coenzymes NAD+ and NADP+, which participate in ox-

idative reactions important for energy production. Within the TCA cycle, NAD+ functions 

as the electron acceptor for three critical dehydrogenase reactions—isocitrate dehydro-

genase, α-ketoglutarate dehydrogenase, and malate dehydrogenase—making it indispen-

sable for cycle flux and NADH generation that drives ATP synthesis through the ETC. A 

vast array of processes and enzymes involved in every aspect of peripheral and brain cell 

function depend on niacin-derived nucleotides, including oxidative reactions, antioxidant 

protection, DNA metabolism and repair, and cellular signaling events [46–48]. 
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B3/niacin deficiency may reduce the NAD+/NADH ratio, impaired TCA cycle func-

tion, and promotion of anaerobic glycolysis at the expense of mitochondrial oxidative 

phosphorylation [47,48]. Clinically, pellagra—the syndrome of niacin deficiency—is char-

acterized by dermatitis, diarrhea, and dementia, the last reflecting the profound depend-

ence of the nervous system on adequate NAD+ availability [49,50]. 

5.4. B5/Pantothenic Acid 

B5/pantothenic acid is the obligatory precursor to coenzyme A (CoA), which is uti-

lized as a fundamental coenzyme in numerous metabolic processes—most notably in the 

pyruvate oxidation step entering the TCA cycle and during both synthesis and oxidation 

of fatty acids. Acetyl-CoA, formed from pantothenate-derived CoA, is the principal sub-

strate entering the TCA cycle through condensation with oxaloacetate to form citrate. The 

pantothenate-derived CoA is also required by the PDH complex and succinyl-CoA syn-

thetase within the TCA cycle, making B5 an essential structural component of the cycle 

itself. 

B5/pantothenic acid deficiency may impair brain energy metabolism by impairing 

the levels of four mitochondrial TCA-cycle enzymes: the pyruvate dehydrogenase com-

plex, isocitrate dehydrogenase, the α-ketoglutarate dehydrogenase complex, and suc-

cinyl-CoA synthetase—all of whose functions are modulated directly or indirectly by CoA 

[51–53]. Because isolated pantothenic acid deficiency is uncommon in humans, the clinical 

relevance of B5 in neuropathy remains primarily mechanistic rather than supported by 

direct interventional evidence. Altered pantothenate or CoA-related metabolism has been 

described in selected neurodegenerative contexts, but these findings should not be gener-

alized to routine neuropathy management without further clinical evidence [54,55]. 

5.5. B6/Pyridoxine and PLP 

B6/pyridoxine is converted intracellularly to its active coenzyme form, pyridoxal 5′-

phosphate (PLP), which serves as an essential cofactor for over 140 enzymatic reactions 

involving the metabolism of glucose, lipids, and amino acids, as well as in neurotransmit-

ter synthesis. Although B6 does not directly catalyze TCA cycle reactions, PLP plays a 

critical role in feeding amino acid-derived carbon skeletons into the cycle through trans-

amination reactions—most importantly the conversion of aspartate to oxaloacetate, a key 

anaplerotic reaction that replenishes TCA cycle intermediates. In the nervous system, PLP 

is the cofactor for aromatic L-amino acid decarboxylase (catalyzing synthesis of serotonin 

and dopamine) and glutamate decarboxylase (catalyzing GABA synthesis). 

A notable clinical feature unique to B6 among the B vitamins is that both deficiency 

and excess can cause peripheral neuropathy [56–58]. In deficiency, a length-dependent 

peripheral neuropathy begins at the feet and ascends the lower limbs, with burning pain, 

numbness, paresthesias, and reduction in deep tendon reflexes [42]. Conversely, high B6 

intake from supplements may lead to a predominantly sensory neuropathy. The most typ-

ical pattern is a sensory ganglionopathy (or neuronopathy), which is non-length-depend-

ent, mediated by direct toxicity to dorsal root ganglia cells [57,58]. This dual risk under-

scores that B6 should be discussed as a nutrient requiring careful dose consideration ra-

ther than as a uniformly benign component of supplementation. Evidence for B6 as mon-

otherapy in neuropathy remains limited, and available clinical discussions usually in-

volve deficiency correction or combination regimens rather than isolated B6 treatment. 

5.6. B9/Folate 

B9/folate is required for the synthesis of pyrimidines and purines essential for DNA 

replication and cell mitosis, and plays a crucial role in nervous system repair in adults. 

Folate-derived tetrahydrofolate (THF) cycles through the folate cycle to provide one-car-
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bon units required for nucleotide synthesis and, critically, for the remethylation of homo-

cysteine to methionine in the methionine cycle—a reaction that also depends on B12/co-

balamin and B2/riboflavin. B9/folate deficiency may contribute to homocysteine accumu-

lation and reduced SAM availability, thereby affecting methylation-dependent processes 

relevant to myelin maintenance. 

A key interaction between folate and other B vitamins is the “folate trap” phenome-

non: B12 deficiency impairs methionine synthase activity, leading to trapping of folate as 

methyltetrahydrofolate and resulting in functional folate deficiency with increased uri-

nary folate loss even when dietary folate intake is adequate [11,45]. B9/folate deficiency 

neuropathy may present as a predominantly sensory neuropathy with slow progression, 

affecting deep sensation more than superficial sensation, and has been reported as a risk 

factor for neuropathy in selected populations [59–61]. Clinical interpretation of folate sta-

tus should be integrated with B12 status, because folate supplementation alone may mask 

hematological manifestations of B12 deficiency while neurological injury progresses. 

5.7. B12/Cobalamin 

B12/cobalamin participates in two major enzymatic reactions in the nervous system 

that directly intersect with the TCA cycle. In the mitochondria, adenosylcobalamin 

(AdoCbl) serves as a cofactor for methylmalonyl-CoA mutase (MCM), which catalyzes 

the conversion of L-methylmalonyl-CoA to succinyl-CoA—a key TCA cycle intermedi-

ate—derived from the catabolism of odd-chain fatty acids, certain amino acids, and cho-

lesterol. In the cytosol, methylcobalamin (MeCbl) is required by methionine synthase (MS) 

to convert homocysteine to methionine, which is essential not only for protein and neuro-

transmitter synthesis but also as a precursor to SAM, crucial for maintaining myelin 

sheaths. 

B12/cobalamin deficiency is among the better-established nutritional causes of com-

bined peripheral and central neurological manifestations, including myelopathy, periph-

eral neuropathy, optic neuropathy, cognitive changes, and, less commonly, psychiatric 

presentations [10,11]. B12/cobalamin deficiency-related neuropathy is related to impaired 

myelin maintenance and accumulation of metabolites such as homocysteine and 

methylmalonic acid, which trigger inflammation, oxidative stress, and microvascular dis-

ease [12,62,63]. The most common finding in B12/cobalamin deficiency-related neuropa-

thy is chronic axonal sensory polyneuropathy, and neurological sequelae may take 2–5 

years to manifest due to hepatic reserves [10,50,60]. 

6. Biochemical Interdependence of B Vitamins and the Concept of 

Combined Deficiency 

The concept of combined deficiency is clinically relevant in nutritional neuropathy 

because poor intake, malabsorption, alcohol exposure, bariatric surgery, and chronic med-

ication exposure may affect multiple B vitamins simultaneously [4,17]. Biochemical inter-

dependence supports assessment for coexisting deficiencies in selected clinical contexts, 

but it does not imply that all patients with neuropathy require broad B vitamin supple-

mentation. Specific situations—such as alcoholism—are favorable to the development of 

multiple B vitamin deficiencies simultaneously, with B1/thiamine deficiency reported in 

30–80% of alcoholics, B6-related deficiency in 50%, and B12/cobalamin deficiency in 17% 

[64,65]. Metabolically, several B vitamins rely on the biologically active forms of B2/ribo-

flavin in order to function properly; a B2 deficiency could therefore give rise to secondary 

deficiencies in folate, B6/PLP-dependent function and B12/cobalamin metabolism [66,67]. 

The interdependence of B vitamins is vividly illustrated by their collective contribu-

tions to the TCA cycle and linked folate and methionine cycles. The pyruvate dehydro-
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genase complex alone requires B1/thiamine as TPP, B2/riboflavin as FAD, B3/niacin as 

NAD+, and B5/pantothenic acid as CoA, and B6 for transamination reactions feeding sub-

strates into the cycle [18]. Downstream, riboflavin (FAD) is required for succinate dehy-

drogenase, niacin (NAD+) for isocitrate dehydrogenase, α-ketoglutarate dehydrogenase, 

and malate dehydrogenase, pantothenate (CoA) for succinyl-CoA synthetase, and cobal-

amin (AdoCbl) for the anaplerotic conversion of methylmalonyl-CoA to succinyl-CoA 

[46,51]. 

B1/thiamine, B6/PLP, and B12/cobalamin have non-substitutable biochemical roles in 

neural metabolism, including energy production, amino acid and neurotransmitter me-

tabolism, and myelin maintenance [20,22,68]. Preclinical data suggest potential comple-

mentary effects of combined B1, B6, and B12 administration in experimental diabetic neu-

ropathy models [69]. However, these findings should be interpreted as hypothesis-gener-

ating and should not be directly extrapolated to routine broad supplementation in all pa-

tients with neuropathy. 

7. Anaplerotic Pathways and Interdependence in the TCA Cycle 

In addition to the core TCA cycle reactions, anaplerotic pathways—reactions that re-

plenish depleted cycle intermediates—also involve several vitamin-dependent enzymes. 

The most prevalent anaplerotic pathway involves the augmentation of succinyl-CoA from 

α-ketobutyrate generated from methionine within the methionine cycle, a process that re-

quires B12/cobalamin as adenosylcobalamin via methylmalonyl-CoA mutase, biotin, and 

branched-chain amino acid catabolism involving B1/thiamine, B2/riboflavin, B3/niacin, 

and B6-related coenzymes [18,70,71]. A second major anaplerotic pathway involves the 

direct synthesis of oxaloacetate from pyruvate by pyruvate carboxylase, which requires 

biotin (B7), underscoring that even vitamins less often discussed in the neuropathy liter-

ature contribute to the maintenance of TCA cycle flux [70,72]. 

Impairment of anaplerotic pathways due to deficiency of any of these vitamins re-

duces the availability of TCA intermediates, not only diminishing energy production but 

also limiting the synthesis of amino acids, fatty acids (including those required for mye-

lin), and nucleotides that are generated from cycle intermediates [23,62]. In neurons, 

whose metabolic demands are exceptionally high and whose regenerative capacity is lim-

ited, impairment of these pathways may contribute to axonal vulnerability, altered myelin 

maintenance, and neuropathic manifestations, particularly when combined with other 

nutritional or metabolic stressors [4,19,73]. 

8. Metabolic Cycle Interconnections: TCA Cycle, Urea Cycle, and the 

MTHFR-Linked Folate/Methionine Cycle 

8.1. The Urea Cycle–TCA Cycle Interface 

The TCA cycle does not operate in isolation; it is metabolically coupled to the urea 

cycle via shared intermediates and B6-dependent transaminase reactions—an intercon-

nection functionally linking the two pathways via the aspartate–argininosuccinate shunt. 

The key bridging metabolites are fumarate and aspartate. Fumarate, a TCA cycle interme-

diate produced by fumarase, is also a direct byproduct of the urea cycle’s argininosuccin-

ate lyase reaction—the step converting argininosuccinate to arginine and fumarate. This 

fumarate re-enters the TCA cycle and is hydrated to malate, then oxidized to oxaloacetate, 

replenishing TCA cycle intermediates in a major anaplerotic contribution from the urea 

cycle [18]. Conversely, the urea cycle depends on aspartate to incorporate the second ni-

trogen destined for urea, and aspartate is synthesized from oxaloacetate (a TCA cycle in-

termediate) via the aspartate aminotransferase reaction, which is entirely dependent on 

B6-derived PLP as a cofactor [74]. Similarly, glutamate—the primary nitrogen donor to 
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the urea cycle—is regenerated from α-ketoglutarate (also a TCA cycle intermediate) by 

B6-dependent aminotransferases [74]. These interactions illustrate a biochemical connec-

tion between nitrogen handling and mitochondrial metabolism, with B6/PLP serving as 

an important coenzyme at this interface [75]. 

8.2. The MTHFR-Linked Folate/Methionine Cycle and Its Intersection with the TCA Cycle 

The folate cycle and methionine cycle are closely interlinked with the TCA cycle 

through two principal enzymatic intersections. First, MTHFR catalyzes the irreversible 

reduction of 5,10-methylenetetrahydrofolate to 5-methyltetrahydrofolate (5-MTHF), the 

form of folate required for homocysteine remethylation to methionine. MTHFR is a fla-

voenzyme that requires FAD (B2/riboflavin) as an obligate cofactor; its activity is therefore 

directly dependent on B2 status, linking folate cycle flux to mitochondrial flavin homeo-

stasis [26]. Second, the methionine synthase reaction requires B12-derived methylcobala-

min as a cofactor, and the resulting methionine serves as a precursor to SAM, the universal 

methyl donor for myelin synthesis, DNA methylation, and neurotransmitter metabolism 

[6,45]. Methionine catabolism also connects back to the TCA cycle: methionine → SAM → 

homocysteine → cystathionine → α-ketobutyrate → propionyl-CoA → succinyl-CoA 

(TCA intermediate), a pathway dependent on B6/PLP-related transsulfuration enzymes 

and B12/cobalamin-dependent methylmalonyl-CoA mutase. This network illustrates how 

B2/riboflavin, B6/PLP, B9/folate, and B12/cobalamin converge in one-carbon metabolism 

and TCA-related anaplerotic flux. 

8.3. MTHFR Polymorphisms as a Mechanistic Example of Riboflavin-Dependent  

One-Carbon Metabolism 

The gene encoding MTHFR is subject to two well-characterized common single nu-

cleotide polymorphisms (SNPs) that reduce enzymatic activity: C677T (rs1801133) and 

A1298C (rs1801131) [76,77]. The C677T variant encodes an Ala222Val substitution that re-

duces FAD cofactor binding affinity, causing the enzyme to be thermolabile; homozygous 

TT individuals retain only approximately 20% of wild-type MTHFR residual activity, 

while heterozygous CT individuals retain approximately 56% [26]. This reduced FAD af-

finity means that MTHFR activity in TT individuals is highly sensitive to B2/riboflavin 

status: under low riboflavin intake, TT individuals lose substantially more enzyme activ-

ity, resulting in elevated plasma homocysteine concentrations [26]. 

These polymorphisms are extremely common globally. According to the 1000 Ge-

nomes Project, approximately 25% of the global population carry the MTHFR 677C>T al-

lele, with the highest frequency in Hispanics (47%), followed by Europeans (36%), East 

Asians (30%), South Asians (12%), and Africans (9%) [78–80]. Approximately 13.5% of 

Europeans are homozygous TT. The MTHFR 1298A>C polymorphism affects approxi-

mately 25% of the global population, with the highest frequency in South East Asians 

(42%) and Europeans (31%) [79,81]. In primary care cohorts, patients carrying at least one 

variant allele at either locus frequently exceed 50–60% of the population [44,81]. Notably, 

diabetic peripheral neuropathy and retinopathy occur more frequently among individu-

als with hyperhomocysteinemia driven by MTHFR SNPs, and a meta-analysis confirmed 

a significant association between MTHFR 677C>T and diabetic peripheral neuropathy 

[82,83]. 

These findings have mechanistic relevance but should not be interpreted as indicat-

ing that MTHFR genotype alone should guide supplementation. Common MTHFR vari-

ants are highly prevalent, and their clinical significance depends on biochemical context, 

including folate status, B12 status, homocysteine, methylmalonic acid, diet, comorbidities, 

medication exposure, and neurological phenotype. Therefore, MTHFR polymorphisms 

are best interpreted as one example of how B2/riboflavin-dependent enzyme function may 
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influence one-carbon metabolism, rather than as a stand-alone indication for genetic test-

ing or genotype-guided supplementation [43–45]. Consistent with this cautious interpre-

tation, professional guidance has questioned the clinical utility of routine MTHFR poly-

morphism testing in several settings; therefore, MTHFR genotyping should not be used 

as a substitute for biochemical assessment or clinical evaluation [84]. 

9. Dietary Reference Intakes, Safety Limits, and Context-Specific  

Repletion Considerations 

Understanding recommended intakes, safety limits, and clinically used repletion 

ranges is important for interpreting B vitamin biology in a clinically responsible manner. 

However, dietary reference values, tolerable upper intake levels, pharmacological doses, 

and physician-supervised repletion regimens should be distinguished. Table 1 summa-

rizes adult dietary reference intakes and safety limits, whereas Table 2 summarizes se-

lected clinical repletion contexts and evidence considerations. These ranges should not be 

interpreted as universal supplementation recommendations. 

Table 1. Adult dietary reference intakes and tolerable upper intake levels for B vitamins. 

Vitamin Active Coenzyme Form Adult RDA/AI US UL EFSA UL Safety Consideration 

B1 
Thiamine pyrophosphate 

(TPP) 
1.1–1.2 mg/day Not established Not established 

No established UL; toxicity 

is uncommon at standard 

oral doses 

B2 FAD, FMN 1.1–1.3 mg/day Not established Not established 

No established UL; excess 

may cause bright yellow 

urine 

B3 NAD+, NADP+ 14–16 mg NE/day 
35 mg/day for 

nicotinic acid 

Not established 

for nicotinamide 

Flushing and hepatotoxi-

city risk are mainly rele-

vant to pharmacological 

nicotinic acid doses 

B5 Coenzyme A 5 mg/day AI Not established Not established 

No established UL; very 

high doses may cause gas-

trointestinal discomfort 

B6 
Pyridoxal 5′-phosphate 

(PLP) 
1.3–1.7 mg/day 100 mg/day 12 mg/day 

Chronic high-dose expo-

sure may cause sensory 

neuropathy 

B9 THF derivatives, 5-MTHF 400 μg DFE/day 

1000 μg/day 

synthetic folic 

acid 

1000 μg/day 

High folic acid intake may 

mask B12 deficiency; inter-

pret with B12 status 

B12 
Methylcobalamin, adeno-

sylcobalamin 
2.4 μg/day Not established Not established 

No established UL; neuro-

logical injury may be par-

tially irreversible if defi-

ciency treatment is delayed 

Abbreviations: AI, adequate intake; DFE, dietary folate equivalents; EFSA, European Food Safety 

Authority; FAD, flavin adenine dinucleotide; FMN, flavin mononucleotide; NE, niacin equivalents; 

RDA, recommended dietary allowance; THF, tetrahydrofolate; UL, tolerable upper intake level; US, 

United States. 
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Table 2. Clinical repletion ranges and evidence considerations for B vitamins in neurological con-

texts. 

Vitamin Clinical Context Repletion Range Evidence Context Caution 

B1 

Deficiency, alcohol exposure, 

Wernicke-risk states, nutri-

tional neuropathy 

Oral 25–100 mg/day; 

parenteral dosing for 

acute severe deficiency 

Strong for deficiency syn-

dromes 

Do not delay parenteral 

therapy when Wernicke 

encephalopathy is sus-

pected 

B2 

Riboflavin deficiency; FAD-

dependent one-carbon me-

tabolism context 

10–100 mg/day in se-

lected clinical contexts; 

higher doses have been 

used for non-neuropathy 

indications 

Mechanistic and selected 

clinical contexts 

MTHFR genotype alone 

should not dictate sup-

plementation 

B3 
Deficiency prevention or pel-

lagra 

25–100 mg/day nicotina-

mide in selected contexts 

Strong for pellagra; limited 

for neuropathy-specific use 

Pharmacological lipid-

lowering niacin doses are 

a separate indication 

B5 
Rare deficiency or combined 

nutritional deficiency 

10–100 mg/day in se-

lected contexts 

Mostly mechanistic; lim-

ited direct neuropathy evi-

dence 

Isolated deficiency is un-

common 

B6 

Isoniazid exposure, defi-

ciency, selected drug-in-

duced risk states 

Dose should be individ-

ualized; physician-super-

vised short-term use 

may be appropriate in 

selected drug-induced 

deficiency contexts 

Strong for isoniazid-related 

prevention; caution for 

broad use 

Chronic high-dose pyri-

doxine can cause neurop-

athy 

B9 
Folate deficiency, hyperho-

mocysteinemia context 

0.4–1 mg/day commonly 

used for prevention or 

repletion; higher doses 

under physician supervi-

sion 

Strong for deficiency; 

mixed for neuropsychiatric 

outcomes 

Avoid folate monother-

apy if B12 deficiency is 

possible; MTHFR geno-

type alone should not de-

termine folate formula-

tion 

B12 

Confirmed or suspected defi-

ciency, malabsorption, met-

formin/PPI exposure, neu-

ropathy/myelopathy 

Oral 500–1000 μg/day or 

intramuscular regimens 

depending on severity 

and absorption status 

Strong for deficiency-re-

lated neuropathy/myelopa-

thy 

Serum B12 may not fully 

reflect functional defi-

ciency; consider MMA 

and homocysteine 

The ranges shown in Table 2 summarize commonly used clinical repletion ranges reported in se-

lected deficiency or high-risk contexts. They should not be interpreted as universal supplementation 

recommendations. Individual treatment should be guided by documented deficiency, clinical se-

verity, absorption status, medication exposure, functional biomarkers, comorbidities, and physician 

supervision. 

Several safety considerations warrant emphasis. For B6/pyridoxine, the EFSA low-

ered the adult tolerable upper intake level to 12 mg/day based on concerns regarding pe-

ripheral neuropathy risk, whereas the US UL remains higher. This discrepancy highlights 

the need to distinguish population-level safety limits from physician-supervised treat-

ment in selected deficiency or drug-induced risk states. For B12/cobalamin, no UL has 

been established, but delayed treatment of clinically significant deficiency may lead to 

incomplete neurological recovery. Therefore, dosing decisions should be individualized 

according to deficiency severity, absorption status, neurological phenotype, and func-

tional biomarkers [85]. 

https://doi.org/10.3390/nu18142306


Nutrients 2026, 18, 2306 15 of 26 
 

https://doi.org/10.3390/nu18142306 

10. Adjunctive Nutrients with Mitochondrial or Antioxidant Relevance: 

L-Carnitine and Alpha-Lipoic Acid 

10.1. L-Carnitine: Bridging Fatty Acid Oxidation and the TCA Cycle 

L-carnitine (β-hydroxy-γ-trimethylaminobutyric acid) is a quaternary amine synthe-

sized in the liver and kidney from lysine and methionine, or obtained from dietary sources 

(predominantly red meat and dairy) [86]. Its principal biochemical role is to transport 

long-chain fatty acids across the inner mitochondrial membrane via the carnitine palmito-

yltransferase (CPT) system, enabling their entry into the mitochondrial matrix for β-oxi-

dation. β-oxidation of fatty acids sequentially cleaves two-carbon units as acetyl-CoA, 

which then enters the TCA cycle directly via condensation with oxaloacetate in the citrate 

synthase reaction. In metabolically active neural tissues, fatty acid oxidation may contrib-

ute to mitochondrial substrate availability alongside glucose-derived metabolism. In this 

context, L-carnitine availability may influence fatty-acid-derived acetyl-CoA supply to the 

TCA cycle [86,87]. L-carnitine also exists in an acetylated form, acetyl-L-carnitine (ALC), 

which can directly donate acetyl groups for acetylcholine synthesis—the principal neuro-

transmitter at the neuromuscular junction—making it additionally relevant to peripheral 

nerve function. The carnitine shuttle system (CPT-I/CACT/CPT-II) enables the transport 

of long-chain fatty acids into the mitochondrial matrix, thereby linking fatty acid β-oxida-

tion to acetyl-CoA production and subsequent entry into the TCA cycle. 

Although free carnitine is structurally regenerated at the CPT-II step, the total body 

carnitine pool is subject to continuous depletion through renal excretion of both free car-

nitine and acylcarnitine species [88–90]. Moreover, endogenous L-carnitine biosynthe-

sis—which requires lysine, methionine, and cofactors including B3/niacin, B6-related co-

enzymes, and ascorbate—may be secondarily impaired when B vitamin status is inade-

quate, as methionine availability itself depends on the B12/cobalamin- and B9/folate-de-

pendent methionine cycle [91,92]. These mechanisms provide a biochemical rationale for 

considering carnitine status in selected conditions of nutritional deficiency, increased met-

abolic demand, chronic kidney disease, or impaired biosynthetic capacity, but they do not 

establish a general requirement for L-carnitine supplementation in all patients with neu-

ropathy [93–95]. 

Potential metabolic complementarity between L-carnitine and B vitamin-dependent 

pathways arises at several biochemical junctions. The acetyl-CoA generated by L-car-

nitine-facilitated β-oxidation enters the TCA cycle, where its efficient oxidation depends 

on B vitamin-derived coenzymes, including NAD+ from B3/niacin, FAD from B2/ribofla-

vin, CoA from B5/pantothenic acid, and TPP from B1/thiamine [23,75,87]. Conversely, 

without adequate B vitamin coenzyme support, the accumulation of TCA intermediates 

can impair the regeneration of free CoA, secondarily reducing carnitine-dependent fatty 

acid transport. Furthermore, the methionine required for L-carnitine biosynthesis is 

linked to the B12/cobalamin- and B9/folate-dependent methionine cycle, suggesting a bi-

ochemical connection between L-carnitine availability and B vitamin-dependent methio-

nine metabolism [45,88]. In a double-blind, placebo-controlled randomized trial of pa-

tients with type 2 diabetes and established peripheral neuropathy, a multi-component 

regimen including ALC, alpha-lipoic acid, SOD, and B12/cobalamin improved several 

neuropathy-related indices compared with placebo. However, because the intervention 

combined multiple components, the independent contribution of ALC cannot be isolated. 

A meta-analysis of randomized trials reported improvements in selected neuropathic out-

comes with ALC, including pain and vibration perception threshold; however, the in-

cluded studies varied in dose, duration, and outcome measures, limiting generalizability 

beyond the studied diabetic neuropathy populations [96]. 
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10.2. Alpha-Lipoic Acid: Structural Partner of Dehydrogenase Complexes and  

Antioxidant Adjunct 

Alpha-lipoic acid (ALA; 1,2-dithiolane-3-pentanoic acid) occupies a unique position 

among nutrients: it is not merely a cofactor but a structural component of the multienzyme 

pyruvate dehydrogenase (PDH) complex, covalently attached (as lipoamide) to the E2 di-

hydrolipoyl transacetylase subunit. Within the PDH complex, the lipoamide moiety of 

ALA acts as a swinging arm, transferring the acetyl group from B1/thiamine-derived TPP 

on the E1 subunit to B5/pantothenic acid-derived CoA on the E3 subunit, while being sim-

ultaneously reduced and re-oxidized by B2/riboflavin-derived FAD on the E3 (dihy-

drolipoyl dehydrogenase) subunit. ALA is therefore a structural and functional partner 

of B1/thiamine, B2/riboflavin, and B5/pantothenic acid at a major entry point into the TCA 

cycle, and its depletion—or its replacement by oxidatively damaged lipoamide—would 

impair the PDH complex independently of B vitamin availability [97,98]. The same 

lipoamide-containing multienzyme architecture is present in the α-ketoglutarate dehy-

drogenase complex (α-KGDH) within the TCA cycle, indicating that lipoate participates 

in two major mitochondrial dehydrogenase control points. 

Unlike the freely recycled B vitamin coenzymes (NAD+, FAD, CoA, TPP), ALA is not 

released from the enzyme complex after each catalytic cycle but remains covalently teth-

ered to the E2 subunit as lipoamide. Its replenishment is therefore driven not by urinary 

loss but by the continuous biosynthetic demand accompanying protein turnover of the 

PDH and α-KGDH complexes, and by irreversible oxidative inactivation of the lipoamide 

moiety under the conditions of oxidative stress that characterize nutritional and diabetic 

neuropathy [97–99]. Under conditions of excessive reactive oxygen species, lipoamide 

may undergo irreversible oxidative modification. In its free circulating form, ALA also 

functions as an antioxidant capable of scavenging reactive oxygen species and regenerat-

ing vitamins C and E and glutathione from their oxidized forms—a function that protects 

nerve tissue from the oxidative stress that characterizes nutritional neuropathy and dia-

betic neuropathy alike [97,100]. ALA improves insulin sensitivity and glucose uptake in 

peripheral tissues, potentially reducing the hyperglycemia-mediated oxidative damage to 

nerves [101,102]. Crucially, as an antioxidant, ALA can maintain the reduced state of 

lipoamide within the PDH and α-KGDH complexes, preventing their oxidative inactiva-

tion and thereby preserving TCA cycle activity in oxidative stress conditions—a function 

that may complement B vitamin-dependent enzyme activity under oxidative stress con-

ditions [18,97]. Clinical trials and meta-analyses suggest that alpha-lipoic acid may im-

prove selected neuropathic symptoms and electrophysiological outcomes in diabetic pol-

yneuropathy, particularly at commonly studied doses around 600 mg/day. However, 

findings are not uniform across trials, and the evidence is more directly applicable to dia-

betic neuropathy than to nutritional neuropathy or neuropsychiatric outcomes [103–106]. 

ALA, L-carnitine, and B vitamin-dependent pathways may be considered metaboli-

cally complementary in selected contexts: ALA and B vitamins share structural and func-

tional roles within the PDH and α-KGDH complexes; L-carnitine supports acetyl-CoA 

delivery through fatty acid oxidation; ALC provides acetyl groups relevant to acetylcho-

line synthesis; and ALA may protect B vitamin-dependent enzyme complexes and neural 

membrane lipids from oxidative stress. Clinical evidence for these components is strong-

est for ALA and ALC in diabetic neuropathy and selected entrapment neuropathy con-

texts, whereas direct evidence for fixed multi-nutrient combinations remains more limited 

and context-dependent [96,107,108]. 
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11. Clinical Implications: Assessment of B Vitamin Status in  

Neural Vulnerability 

11.1. Clinical Evaluation of Combined B Vitamin Deficiency 

In clinical practice, the identification of a single low B vitamin level should prompt 

evaluation for coexisting deficiencies, because the metabolic interdependencies described 

above suggest that poly-deficiency is common in nutritional neuropathy [4,5,17]. Serum 

B12/cobalamin and B9/folate levels should be interpreted together because of their over-

lapping roles in one-carbon metabolism and the possibility of combined deficiency 

[1,10,11]. Functional metabolites such as homocysteine and methylmalonic acid can help 

identify metabolic deficiency even when direct vitamin levels are borderline, particularly 

in patients with neurological symptoms, older age, diabetes, restrictive diets, bariatric sur-

gery, gastrointestinal disease, or chronic medication exposure [12,109,110]. 

This approach is important because serum vitamin concentrations do not always re-

flect intracellular coenzyme availability [10,12,110]. For example, mitochondrial redox im-

balance may functionally limit the NAD+/NADH or FAD/FADH2 cycling required for 

TCA cycle flux, while impaired cobalamin-dependent methylmalonyl-CoA mutase activ-

ity may elevate methylmalonic acid despite variable serum B12 levels. Clinical assessment 

should therefore integrate dietary history, gastrointestinal risk factors, medication expo-

sure, neurological phenotype, and functional biomarkers rather than relying on a single 

circulating vitamin value. 

11.2. Neuropsychiatric Relevance: Variable Strength of Evidence Across Outcomes 

Although this review focuses primarily on nutritional neuropathy, B vitamin-de-

pendent coenzyme pathways are also relevant to central neural function [6,8,9]. The 

strength of evidence linking B vitamin status to neuropsychiatric outcomes differs sub-

stantially by condition. Cognitive impairment, delirium, myelopathy, and neuropathy are 

more clearly described in established B12 or thiamine deficiency states. Associations be-

tween folate, B12, homocysteine, and depressive symptoms are biologically plausible and 

supported by observational evidence, but interventional findings remain heterogeneous 

and may depend on baseline deficiency, age, comorbidities, and homocysteine status. Psy-

chosis-like presentations have been reported in severe deficiency states, particularly B12 

deficiency, but these are uncommon and should not be generalized to primary psychiatric 

disorders. Evidence for fatigue and sleep-related symptoms is more indirect and may re-

flect multiple nutritional, endocrine, inflammatory, psychiatric, or medication-related fac-

tors. Therefore, neuropsychiatric symptoms should be considered a reason to assess nu-

tritional and metabolic risk in appropriate clinical contexts, not as a stand-alone indication 

for broad B vitamin supplementation. 

B6/PLP provides an additional connection because pyridoxal 5′-phosphate is re-

quired for neurotransmitter-related reactions involving serotonin, dopamine, γ-aminobu-

tyric acid, and glutamate metabolism. Both deficiency and excess of B6 may have neuro-

logical consequences: deficiency may impair neurotransmitter synthesis and amino acid 

metabolism, whereas chronic high-dose pyridoxine exposure can produce sensory neu-

ronopathy or peripheral neuropathy [56–58,111]. This duality supports careful, context-

specific repletion rather than indiscriminate high-dose use. 

11.3. Medication-Associated Limitation of B Vitamin Availability 

B vitamin deficiency should not be interpreted solely as a dietary problem. Chronic 

medication exposure may reduce B vitamin availability through impaired gastric release 

or intestinal absorption, interference with receptor-mediated uptake, increased urinary 

loss, vitamin antagonism, hepatic enzyme induction, accelerated catabolism, or increased 
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methylation demand [3]. These mechanisms are clinically relevant in patients with neu-

ropathy, diabetes, psychiatric disease, cardiovascular disease, chronic pain, or polyphar-

macy [3]. Metformin is a clinically important example because long-term use is associated 

with B12/cobalamin deficiency and may worsen or mimic neuropathic symptoms in pa-

tients with diabetes [3]. Gastric acid suppressive therapy, including proton pump inhibi-

tors and histamine-2 receptor antagonists, may impair the release of food-bound cobala-

min from dietary protein [3,112]. 

Isoniazid is a well-established cause of B6/pyridoxine-responsive neuropathy, while 

methotrexate and other antifolate agents interfere with folate-dependent pathways 

[3,113,114]. Enzyme-inducing antiepileptic drugs may reduce folate or pyridoxal 5′-phos-

phate status, levodopa metabolism may increase homocysteine and alter B6/PLP, B12/co-

balamin, and B9/folate metabolism, and loop diuretics such as furosemide may increase 

urinary thiamine loss [3,115–117]. Representative medication-associated mechanisms are 

summarized in Table 3. 

Table 3. Medication-associated limitations of B vitamin availability and their relevance to neural 

dysfunction. 

Mechanism Medication Vitamin Evidence Strength Clinical Consideration 

Impaired absorption Metformin B12/cobalamin Moderate–strong 
Long-term use, anemia, neu-

ropathy 

Reduced gastric release PPI/H2 blocker B12/cobalamin Moderate 
Older adults, malnutrition, 

neurologic symptoms 

Vitamin antagonism Isoniazid B6/pyridoxine Strong 
Prophylactic pyridoxine in 

high-risk patients 

Antifolate effect Methotrexate B9/folate Strong by indication 
Folate/folinic acid per proto-

col 

Enzyme induction 
Phenytoin/car-

bamazepine 
B9/folate and B6/PLP Moderate 

Long-term therapy, homo-

cysteine elevation 

Increased urinary loss Furosemide B1/thiamine Limited–moderate 
High-risk heart failure, poor 

intake 

Increased methylation 

demand 
Levodopa 

B6/PLP, B9/folate, and 

B12/cobalamin 
Moderate 

Neuropathy or high-dose 

chronic exposure 

11.4. Context-Specific Repletion in Patients with Deficiency or High-Risk Features 

When B vitamin deficiency or functional insufficiency is documented or strongly sus-

pected, the clinical goal of repletion is to restore adequate biochemical function while 

avoiding unnecessary high-dose exposure. Evidence from mechanistic, preclinical, and 

selected clinical sources suggests that B1, B6, and B12 have complementary roles in neural 

function, but this does not establish that fixed high-dose combinations are necessary or 

superior in all patients with neuropathy [7,22,69]. In particular, chronic high-dose pyri-

doxine exposure is associated with sensory neuropathy; therefore, B6-containing regi-

mens should be dose-conscious and clinically supervised [56–58,85]. 

In patients with established neuropathy and relevant nutritional, gastrointestinal, 

metabolic, medication-related, or functional biomarker abnormalities, repletion should be 

individualized according to clinical context. Patients with B12/cobalamin deficiency may 

require high-dose oral or intramuscular B12 depending on severity and absorption status 

[10,118]. Patients with suspected one-carbon metabolism impairment may require assess-

ment of B9/folate, B12/cobalamin, homocysteine, and methylmalonic acid, with careful 

avoidance of folate monotherapy in unrecognized B12/cobalamin deficiency. In patients 

with diabetes or metabolic neuropathy, oxidative stress-related and mitochondrial factors 

may be relevant to assessment. Adjunctive nutrients such as alpha-lipoic acid and acetyl-
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L-carnitine have been studied mainly in selected metabolic neuropathy contexts and 

should be discussed as indication-specific adjuncts rather than routine components of B 

vitamin repletion [96,100,102,103]. Patients taking medications known to impair B vitamin 

availability should be assessed not only for absolute deficiency but also for functional bi-

ochemical markers and compatible neurological phenotypes [3]. 

When a clinically relevant deficiency is promptly identified and corrected, nutritional 

neuropathies may stabilize or improve, although the degree of recovery depends on defi-

ciency severity, duration, and underlying comorbidities. However, if deficiencies go un-

recognized—particularly B12/cobalamin, B9/folate, or B1/thiamine deficiencies—neuro-

logical and neuropsychiatric deficits may become only partially reversible. Therefore, in 

patients with neuropathy and relevant nutritional, gastrointestinal, metabolic, or medica-

tion-related risk factors, B vitamin status may be interpreted as part of a broader metabolic 

assessment rather than as an isolated laboratory value. 

12. Evidence Summary 

Table 4 summarizes the types and relative strength of evidence supporting the prin-

cipal B-vitamin-related neural outcomes and adjunctive interventions discussed in this 

review. The evidence is strongest for correction of established thiamine and cobalamin 

deficiency states, whereas support for fixed B-vitamin combinations, genotype-guided 

supplementation, and adjunctive nutrients remains heterogeneous and context-depend-

ent. 

Table 4. Summary of evidence strength for B vitamin-related neural outcomes and interventions. 

Topic Evidence Type Strength Interpretation 

B12 deficiency neuropa-

thy/myelopathy 

Clinical, biochemical, guideline-

based 
Strong 

Treat confirmed or strongly suspected 

deficiency 

Thiamine deficiency neuro-

logical syndromes 
Clinical deficiency syndrome Strong 

Prompt repletion in high-risk deficiency 

states 

B6 deficiency neuropathy Clinical/pharmacological Moderate Replete deficiency; avoid chronic excess 

B1/B6/B12 combination for 

neuropathic symptoms 

Preclinical data and limited clini-

cal consensus 

Low–mod-

erate 

Consider only in selected deficient or 

high-risk contexts; not a universal neu-

ropathy strategy 

MTHFR genotype-guided 

supplementation 

Mechanistic, heterogeneous clini-

cal relevance 

Low/con-

troversial 

Genotype alone should not guide ther-

apy 

B vitamins and neuropsychi-

atric outcomes 

Observational studies, deficiency-

state reports, and heterogeneous 

interventional data 

Variable 

Interpret separately by outcome; assess 

deficiency risk and avoid causal over-

statement 

ALA in diabetic neuropathy 
RCTs/meta-analyses with variable 

results 
Moderate 

Indication-specific adjunct; evidence 

should not be generalized to nutritional 

neuropathy 

ALC in diabetic neuropathy 
RCTs/meta-analyses with hetero-

geneous regimens 

Moder-

ate/limited 

Potential adjunct in selected populations; 

heterogeneous data limit generalizability 

13. Limitations 

This review has several limitations. First, because it is a narrative review, the litera-

ture search and synthesis were not designed to provide the level of evidence certainty 

expected from a systematic review or meta-analysis. Second, many relationships de-

scribed in this article are based on established biochemical mechanisms, but mechanistic 

plausibility does not necessarily translate into clinical efficacy. Third, clinical evidence for 

broad or fixed multi-nutrient B vitamin combinations remains limited and heterogeneous, 
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with variability in patient populations, baseline deficiency status, formulations, doses, 

treatment duration, and outcome measures. Fourth, evidence differs substantially across 

neurological and neuropsychiatric outcomes; findings from deficiency states should not 

be generalized to patients without documented deficiency or relevant risk factors. Fifth, 

the clinical relevance of common MTHFR polymorphisms remains context-dependent, 

and genotype alone should not be used as a stand-alone indication for supplementation. 

Finally, adjunctive nutrients such as alpha-lipoic acid and acetyl-L-carnitine have more 

evidence in selected metabolic neuropathies than in nutritional neuropathy or neuropsy-

chiatric disorders, and their role in fixed combination regimens requires further study. 

14. Conclusions 

The B vitamin complex forms an interconnected coenzyme network that supports 

mitochondrial energy metabolism, one-carbon metabolism, neurotransmitter synthesis, 

redox regulation, and myelin maintenance. This mechanistic framework may help explain 

why nutritional neuropathy and selected neuropsychiatric manifestations occur in pa-

tients with dietary restriction, malabsorption, aging-related vulnerability, metabolic dis-

ease, or chronic medication exposure. However, biochemical interdependence does not 

by itself establish the clinical efficacy of broad B vitamin supplementation. Clinical evalu-

ation and repletion should be guided by neurological phenotype, dietary and gastrointes-

tinal risk factors, medication history, documented deficiency, and functional biomarkers 

such as homocysteine and methylmalonic acid. Future well-designed clinical studies are 

needed to determine whether correction of combined or functional B vitamin insufficiency 

improves neurological or neuropsychiatric outcomes beyond established deficiency states. 
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