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Chapter 1

Poverty and Pellagra’s Penumbras
Adrian C. Williams and Lisa J. Hill

Abstract

Pellagra has largely been forgotten. This is unfortunate as important lessons are 
to be learnt about the diseases and social and economic consequences of poverty –  
and for the root cause of poverty (and of affluence) – that involve dietary nicotin-
amide and nicotinamide adenine dinucleotide (NAD) homeostasis. NAD disruption 
can occur not only from poor diet but from increased consumption from genotoxic, 
infectious and metabolic stresses. NAD deficiency is closely linked to poor physi-
cal and intellectual development, premature ageing and diseases of ageing. Acute 
infections, many with NAD-consuming toxins, that may differentially affect 
the NAD-depleted, now include COVID-19. Some Covid manifestations, such as 
myoclonic encephalopathy and “Long Covid,” resemble pellagra clinically and bio-
chemically as both have disturbed nicotinic and tryptophan metabolism. Symbionts 
that supply nicotinic acid, such as TB and some gut micro-organisms, can become 
dysbiotic if the diet is very deficient in milk and meat, as it is for 1–2 billion or 
more. High doses of nicotinamide lead to inhibition of NAD-consuming enzymes 
and excessive induction of nicotinamide-n-methyl transferase (NNMT) with 
consequent effects on the methylome: this gives a mechanism for an unrecognised 
hypervitaminosis-B3 with adverse effects of nicotinamide overload for consumers 
on a high meat diet with “fortified” foods and “high energy” drinks. Methods of 
measuring NAD metabolism routinely for screening the populations at risk of defi-
ciency and in metabolically ill or infectious disease patients should be developed 
urgently. Successful intervention should improve human capital and prevent many 
aspects of poverty, reduce discrimination and even the drive to emigrate.

Keywords: nicotinamide, tuberculosis, meat transitions, ageing, neurodegeneration, 
dementia, obesity, cancer, ACE2, Covid-19, NAD, Long Covid

1. Introduction

The 4 “D’s” of Dementia, Dermatitis, Diarrhoea and Death are taught to medical 
students but the interesting history of pellagra and its wider phenotype is largely 
forgotten [1–4]. A characteristic blank facies and a festinating gait, fasciculation 
of the tongue or myoclonic encephalopathy are classic features of well-known 
neurological diseases that were actually first described in the pellagra epidemics. 
Many other close mimics of neurodegenerative and neuropsychiatric disease, 
including frank psychoses were seen. Pellagrins harboured dysbiotic infections and 
succumbed to acute infections explaining the high mortality, the gut manifestations 
and the high incidence of tuberculosis (TB). Pellagra was widely believed to be 
hereditary and certainly ran in families. Transgenerational effects created vicious 
cycles of ill health and poor brain development and further poverty in a man-
made economic and market failure that caused a nutritional and metabolic trap. 
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Sufferers were exposed to considerable discrimination and “Othering”, whether as 
poor whites or blacks, that attracted the attention of eugenicists and sterilisation 
programmes as their fertility was high (when short of outright starvation), yet this 
situation is cured by a simple dietary intervention.

2. History and background

The 18thC European epidemics, as described by Gaspar Casal (1735), affected 
poor Mediterranean peasants on monophagic maize based polenta diets and little 
meat. The peasants themselves were all too aware of the condition and the relation-
ship to lack of animal products, such as milk, meat and butter. Earlier cases must 
have existed, perhaps called leprosy in biblical and in earlier times (true leprosy 
“disappears”, like TB, on a high meat diet or nicotinamide administered as an anti-
biotic). Central American peasants in the New World largely avoided pellagra by a 
cultural evolutionary approach that involved eating and growing maize with beans 
and cooking with alkali releasing nicotinamide – but these cultural adaptations 
were not transported with the plant (that compared with other cereals is low in both 
nicotinamide and tryptophan) in the Columbian exchange.

Casal agreed about the important role for diet and only later were genetic or 
infectious, from rotten maize, aetiologies favoured. The early 20th C American 
epidemic, that killed hundreds of thousands, predominantly affected poor blacks 
(and whites) working as semi-slave sharecroppers thrown in to poverty with the 
collapse of the cotton market and the loss of their own farms and hunting rights to 
plantations, eating maize, molasses (rum) and small quantities of low-quality pork. 
Joseph Goldberger working in the 1920’s after ground-breaking epidemiological 
and experimental work showed once again that diet was the crucial factor [5–7]. 
The discovery of nicotinic acid by Elvehjem and a role for tryptophan led to the 
cure of patients by Spies and the prevention of others through supplementation 
programmes in milled bread in the 1930s-40’s.

Pellagra was long believed to be degenerative in the dehumanising sense of 
the term. Recent research is clear that Homo sapiens evolved on a high meat diet: 
pellagra can therefore be seen as an atavistic example of human evolution in reverse 
gear. This does not downplay the role of dietary balance with plant foods and their 
contribution to our cooking and (agri-)culture and consciousness given their psy-
choactive, poisonous and medicinal properties [8–11]. Still, typical early modern 
and modern societies, unlike hunter-gatherers that share meat, have ruling “meat 
elites” that will go to almost any lengths to obtain it from wars or if necessary (in 
the past), human sacrifice creating their own dietary habitat and stratified classes 
of cognitive, creative and social capital in fragile social contracts [12–14].

Pellagrins, living in a very low meat habitat, were seen a different race having a 
different physiognomy that crossed colour lines even though it was an archetypal 
disease of poverty, rather like TB with which it is associated. Inferior cognition, 
antisocial and addictive behaviours led to discrimination as the “Butterfly caste.” 
This iconic example of cultural and retaliatory “honour” wars may be a denomina-
tor common to other disadvantaged groups and their identity politics (or the drive 
to migrate), that can distract from the underlying economic and dietary issues that 
need to be faced – and resolved by (meat) redistribution [15–17]. Pellagra casts a 
long shadow. Some historians date many of the tensions, racial discrimination and 
stereotyping with insulting epithets between poor whites and blacks from these 
times as in “The Mind of the South” with distant echoes in segregation, incarcera-
tion and apartheid around the world, such as in South Africa (another pellagra 
zone), to this day [15, 18].
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3. Pellagra summary

Pellagra was a systems failure causing premature ageing and widespread neuro-
degeneration or dysfunction with evidence of mitochondrial failure, oxidative stress 
and proteinopathy. Poor intellectual development and dementia were key features 
as were many neuropsychiatric effects and poor social behaviour. Severe forms 
resembled Jacob-Creutzfeld disease (still misdiagnosed at times), with myoclonic 
encephalopathy and common biochemical features with NAD disturbances [19]. 
Gut infections and a high incidence of TB were major features. There were many 
undiagnosed and untreated cases as the exaggerated sunburn rash (Casal’s necklace) 
was often not present or as noticeable (“pellagra sine pellagra”) particularly in those 
with pigmented skin.

4. Modern copy-cats

Pellagra demonstrates that a disorder that mimicked many neurodegenerative 
conditions, as now classified, can have a single and simple dietary cause even when 
there is evidence for (epi-) genetic involvement, dysbiotic microbiomes, mitochon-
drial and oxidative stress, and proteinopathy (Figure 1). This is not surprising as 
NAD is so central to metabolism in a “NAD” world (Figure 2) [20–23]. Dietary 
nicotinamide backed-up by the degradation of tryptophan on the kynurenine and 
“immune tolerance” pathway are the precursors to NAD. NAD(H) is critical to 
mitochondrial energetics as NADH, other dehydrogenase reactions, anabolism 
(as NADP), and NAD consumer pathways [24]. Stress from chemical or microbial 
toxins, requiring DNA or tissue repair by poly ADP ribose polymerases (PARPs) 
and Sirtuins could have the same pathological result by consuming NAD.

Some cancer and age-related antagonistic pleiotropy-type or somatic muta-
tions clearly interact with NAD metabolism and may respond to nicotinamide 
supplementation or restriction later in life [25–27]. Others such as high energy 
neurones in the frontal cortex or in dopaminergic neurones may suffer if there 

Figure 1. 
Pellagra’s penumbras. Classical pellagra encompassed multi-organ involvement and disturbed symbiotic 
and social relationships in the context of poverty. NAD deficiency may involve an even wider multifactorial 
phenotype and involve excess consumption and nicotinamide overload.



B-Complex Vitamins - Sources, Intakes and Novel Applications

6

are “too many mouths to feed” and need supplements [28–30]. Epigenetic devel-
opmental origins of health and disease (DOHaD) or somatic mutations may also 
be helped by a steady satisfactory dose of nicotinamide throughout lives and 
across generations avoiding various trade-offs such as poor repair or “disposable 
soma’s” to allow high fertility and unite downstream mechanisms: such as reactive 
oxygen species, mitochondrial failure, DNA methylation and protein misfold-
ing or physiological and immune collapse with the beneficial effects of calorie 
restriction, ketogenic diets and exercise [31–37]. Pellagra probably used all these 
mechanisms although this is best documented for mitochondrial, oxidative stress, 
and amyloidosis.

5. Test and trace

Pellagra may be being missed even with classical presentations let alone “pella-
gra sine pellagra” and when hidden in the pellagra penumbra where NAD deficiency 
may exacerbate other conditions. Alcoholism is a known risk factor and some 
cases treated rightly for thiamine deficiency with multivitamins may be obscuring 
cases with a pellagrous element contributing to lack of awareness of the condition. 
Pellagra may be endemic in the millions in poverty who are meat and milk deprived 
masquerading as Kwashiorkor (“juvenile pellagra”) or “environmental enteropathy” 
or as poor cognition or general ill-health and susceptibility to adverse effects of 
infection or trauma. A community screening test that would not be difficult to 
develop should be a priority and where found family and other contacts should be 
traced as they will be at risk [38–40].

6. TB known cons but some surprising pros

Tuberculosis, common diarrhoeal illnesses and very high death rates from acute 
infections, such as smallpox and measles, decrease markedly as societies modernise 
and increase their meat and nicotinamide intake. Nicotinamide and its analogues, 
such as Isoniazid, are TB antibiotics and many bacterial toxins (including TB’s), 
interact with NAD-consumer pathways so being NAD replete would improve host 

Figure 2. 
NAD is so central to our metabolism and our relationships with the outside milieu that it is appropriate to call 
this perspective an “NAD world” with many opportunities for lost homeostasis that could lead to the prevention 
of at the least many diseases of poverty.
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resistance making this less of a mystery [41–47]. Intriguingly this is more complex 
as TB excretes nicotinic acid (used as a test for pathogenic forms for many years), 
suggesting that when diet is poor, but not too poor, a low population of TB can act 
as a helpful symbiont, as may some gut organisms in stark contrast to acute infec-
tions [48–53]. High dietary dosage, as much as improved hygiene and less cross-
infection, will lead to an “absence of TB”, and other “Old Friends”. TB and even 
BCG vaccination have important roles in educating the immune system particularly 
the T cell population and reducing the over-reaction to otherwise harmless antigens 
characteristic of auto-immune and allergic disease [54].

7. Covid-19 discovers our Achilles heel

Covid-19 probably interferes with the tryptophan uptake pathway and therefore 
T cell and Interferon responses via a chaperone mechanism with the Angiotensin-
converting enzyme (ACE2) receptor through which it enters cells. This amino-acid 
uptake mechanism also malfunctions with mutations that lead to Hartnup disease 
that includes a pellagra-like syndrome [55]. Some clinical manifestations of Covid, 
such as on gut, skin and cognition, or “long Covid” (whose multi-organ symptoms 
as happened to pellagrins were often doubted), could be “formes fruste” or new 
versions of pellagra as is supported by documented abnormal tryptophan and 
nicotinamide metabolism [56–59]. At risk groups such as the elderly or those in poor 
countries on poor diets may be at risk as they start off from an NAD depleted state. 
It remains to be seen if supplementation would help before, during or after this or 
other acute infections.

8. Acute infections and switch to auto-immunity

“Meat transitions” appear to lead to a reduction in many infections and almost 
simultaneously (as in the late 19th C UK), trigger a demographic and epidemio-
logical switch toward infertility and auto-immune, allergic and other diseases of 
modernity. Immune intolerance with changes in T cell subset ratios result from 
inhibition of Indoleamine 2,3-dioxygenase (IDO) and the tryptophan to kynuren-
ine “immune tolerance” pathway as no longer necessary to supply nicotinamide 
[60, 61]. This immune tolerance extends to the foetus, where it was originally 
discovered, so may be partly responsible for declines (and occasional reversals), 
in fertility with modernity – higher doses also affecting cognition and educational 
levels contributing to a non-coercive form of population control even if not always 
welcome [25, 62–67]. Dietary modification of nicotinamide or tryptophan in diet, 
perhaps in concert with other vitamins such as Vitamin D, could affect the inci-
dence of auto-immune conditions such as Multiple Sclerosis [68].

9. Ageing gracefully

Meat transitions and “modernity” have, as if by magic, reduced the incidence 
of premature ageing, dementia, and death [69–73]. The extraordinary and fast 
increases in longevity and the fall of age adjusted incidence of dementia have no 
convincing explanation, and cannot be genetic or related to modern medicine even 
if antibiotics and vaccinations are part of the answer. In all species there are well 
described links between NAD metabolism and ageing, alongside resistance to infec-
tion, and premature death as was the rule with pellagra – so no magic is required. 
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NAD levels fall with age and with many diseases of ageing so could respond to 
nicotinamide supplementation [74–80]. Much has been written about paleo-diets as 
if major adaptations have not occurred since such as the co-evolved and convergent 
evolution of genetic (lactase persistence), and cultural adaptations (fermented 
milk as yoghurt and cheeses and cereals or beer (supplying potent nicotinamide-
riboside [81]), and extra amylases for starches as well as careful cooking of maize 
with alkali as “nixtamal” that may justify the term “Paleofantasy”. Yet, there may be 
something in the elderly being more reliant on the ancestral partly abandoned high 
meat diet as these and other genetic adaptations may be attenuated once past the 
reproductive peak [82].

10. Poverty, inequality and discrimination

Early pellagra-ologists, such as Lombroso, may have been right in sensing that 
pellagrins were atavistic examples of degeneration in the 19th C sense of the term 
given that increasing meat intake was an important step in our evolution from 
more herbivorous primates [83]. However this increase was tempered by a move 
down the food chain in the Mesolithic with more plant based foods, perhaps to 
increase our fertility, and this move accelerated with the Neolithic agricultural 
revolution [84, 85]. This was the start of the mixed blessings of “Cereal-ization” and 
“Calorie-ization” that continues to this day – except for those getting richer where 
“Meatification” is the rule as observed by Engel and his law [86]. Furthermore 
for 95% of our evolution as hunter-gatherers we shared meat or individuals were 
shunned without mercy (even though successful hunters may have used meat to 
obtain extra mates), so the non-egalitarian meat variances that developed recently 
are surprising and extreme with 100 fold variances across the globe between rich 
and poor [64, 87–90]. The poor particularly in poor countries as a consequence 
face an adverse metabolic and transgenerational NAD headwind that may come to 
define poverty [91]. Countries that do well (“rosbifs”), by contrast have a healthier 
anabolic NAD metabolism whereas collapses of empires have been linked to poor 
diet and uncontrolled “catabolism” unless a meat “safety net” is built [92–95].

Inequalities of meat intake between classes and countries may need to be fairer 
for everyone’s safety. These extremes are traceable back to 17th C common pas-
tureland “enclosure” movements and 19th C colonialism with the creation of the 
“third world.” All these and other mechanisms channel meat to the wealthy. The 
New World originally had few natural animal domesticates but this was corrected 
by the Columbian exchange enabling the rise of the West [96]. The global South 
was also unlucky in its meat supply particularly in Africa where a lack of animal 
domesticates and an abundance of human and veterinary infections in the tsetse 
fly belt such as trypanosomiasis and rinderpest and were prone to pellagra. Darker 
skin colour reduces the diagnostic help from the sunburn of pellagra but is a mixed 
blessing if it is acting as a warning (including allowing self-treatment), of the more 
serious cognitive effects of nicotinamide deficiency [38].

Much discrimination may be against groups previously or currently at risk from 
nicotinamide deficiency and conversely many who claim supremacy or that they 
are part of a meritocracy may have always had a better diet with more meat and 
nicotinamide. Engel first pointed out that all groups will increase meat intake once 
they can afford it and should be seen as an essential need for personal and national 
prosperity [97] as we elaborate in our companion chapter. Dominance in primates 
has been linked to high serotonin levels and may be the basis of “Biopower and 
Biopolitics” of “Superior” humans on the better diet [98, 99].
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11. Meat markets

The meat market and food supply chain has become very unequal and may be 
driving inequality affecting disease and demographic transitions and all working 
through differential doses of micronutrients relative to caloric intake (Figure 3) 
[100–104]. This dysfunctional market may be having profound effects on planetary 
and human health including those related to the commercial determinants of 
disease and the double burden of both wasting and obesity with epigenetic effects 
playing themselves out over individual’s lifetimes and across generations [105–108]. 
There is a case for de-commodifying meat (and fruit and vegetables), as was true in 
our ancestral state, enabling healthy living for all whatever their income, gender, or 
ethnic status [109–111].

12. Too much of a good thing?

A state of hypervitaminosis-B3 is also possible. Many conditions common with 
affluence and greed with a high meat intake (let alone nicotinamide supplementa-
tion), are linked to induction of the enzyme NNMT that includes many cancers, 
Parkinson’s disease and obesity and other aspects of the metabolic syndrome, 

Figure 3. 
A solution needs to be found between a more even supply of animal products to the rich and the NAD deficient 
poor with better farming techniques and supply chains with less waste. Rather than exacerbate climate change 
this could help through increased human and social capital and reduced risk of zoonoses and political friction.
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including diabetes [112–117]. NNMT detoxifies nicotinamide and is induced by high 
doses (being absent in herbivores), but consumes valuable methyl groups and nico-
tinamide overload might over-inhibit NAD-consumer enzymes that are metabolic 
master molecules (14–16) [118]. Nicotinamide’s methylated derivative resembles the 
dopaminergic neurotoxin MPTP and may, like nicotinamide, be a “double-edged 
sword”. When nicotinamide fortification was introduced in the 1940’s (in processed 
breads), this was never universal and never monitored or aimed at eliminating even 
classical pellagra worldwide. Furthermore any adverse effects in countries where 
meat and milk were in ample supply was never investigated even as manufacturers of 
foods and “high energy” drinks (such as Red Bull) added far more than was neces-
sary for supplementation. Short term there are few signs of toxicity but any adverse 
effects of nicotinamide overload may be long-term side-effects and harder to spot.

13. Poverty prevention: looking upstream

Pellagra’s history is well worth remembering given that nobody systematically 
makes sure that it or “pellagra sine pellagra” was eliminated. In addition several 
acquired infectious or metabolic or multifactorial genetic diseases may be amelio-
rated by temporary or permanent adjustments in the dose. Many in poverty are at 
risk given that variances of meat intake are now extreme and their acute infections 
will cause further NAD depletion in a vicious cycle. Pellagra should have remained 
a public health concern, doubtless helped by supplementation, but not helped by 
never being a universal policy or, as a multi-organ disease not being owned by any 
single specialty. Nicotinamide’s toxicity in high meat economies was never moni-
tored over the long-term and is not short of potential mechanisms through affecting 
NAD-Consumer controlled metabolism directly or via the methylome.

Recent poverty literature rarely indexes pellagra even though it is a paradigm of 
how economics and both material absolute and more relational social and cultural 
needs overlap let alone giving a mechanism for the extraordinarily strong correlations 
between income and life expectancy across countries and, to some extent, relative 
measures of income inequality within countries [119, 120]. Pellagra is a proven 
pathology of poverty that could make disputed behavioural mechanisms, such as 
high-fat high-calorie “fast food” or addictions or poor (economic) habits, or lack of 
exercise or even stress and psychosocial processes and other “life style drifts” sec-
ondary phenomena. The North–South geographies of poverty and ill-health is both 
explained and our responsibility to repair it given as reparations for exacerbation in 
colonial exploitative times. The “Mediterranean paradox” when, despite considerable 
income inequality, there is less than expected health inequality is also more under-
standable as a healthier omnivorous diet is more affordable here than elsewhere – and 
not considered as much of a mark of status or “Bourdieuian” distinction [121, 122].

Pellagra links poverty and poor diet to poor human and social capabilities and, 
we propose, if this need for meat was corrected in a “Moral economy” – as opposed 
to the worst of neoliberalism and demonisation of the poor and “Precariats” born of 
austerity – would allow for more equality of opportunity and education across lives 
and across generations with less discrimination. It would also create a new dawn for 
researchers and policy makers [123–128].

Many were surprised at how previous well-meaning policy interventions in 
the developed and less developed world had failed to reduce health inequalities 
that included welfare systems, such as the free at the point of need NHS. Since 
the introduction of the NHS the UK has seen an increase in many measures of 
health inequality including longevity [129–131]. Low income increases exposure 
to toxins and pollutants and accidents that may be partly to blame (as may poor 
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access compared with the middle classes) but diet that is often squeezed by costs of 
housing and other understandable social and less materials needs for entertainment 
and respect is contender. Diet is thought to be at least as important a risk factor for 
modern diseases as smoking and those that defined poverty as “a family is poor 
if it cannot afford to eat” may not have been so wide of the mark particularly if 
transgenerational teratogenic “cycles of disadvantage” are taken in to consideration 
as many reports on child development and maternal health even 50 years ago 
emphasised [132–137]. Sorting diet was largely beyond the reaches of the NHS as 
it is a preventive factor that starts in very early life whereas medical interventions, 
important as they are, happen late and that may explain their lack of impact on 
inequality.

Preston curves more optimistically suggest that modest increases in income 
improves health and happiness quickly with a low ceiling effect and diminish-
ing returns and this is compatible with a climb up Engels curve rather than with 
improvements in hygiene, health, education or technology [138–144]. Such a 
materialist effect as the poor eating more meat could be part of a new win-win 
“Enlightenment” [145]. Dietary dosage or nicotinamide supplements may in 
addition need to be boosted when individuals have certain mutations or are under 
stress, whether genotoxic or anoxic/metabolic – or restrained if there really is a 
hypervitaminosis B3 contributing to diseases of affluence. High meat diets and 
being NAD-Replete may even help solve the dangers of antibiotic resistance and the 
emergence of superbugs [146]. The environmental cost of optimising meat intake 
would be mitigated by affluent countries eating and wasting less but sharing more. 
The meat supply needs to be safe with the poor not having to rely on “bush meat” or 
risk food poisoning or old and new zoonoses, such as COVID-19, that are a danger 
to all [88, 147–149]. Supplementation of nicotinamide alone may however not be 
enough as animal products contain other helpful micronutrients such as iron and 
sources of methyl-groups such as choline and vitamin B12.

14. Conclusion

We should imagine along with John Lennon (1971) “No need for greed or 
hunger – A brotherhood of Man” and allow a return to our meat and micronutrient 
sharing roots. The immediate need is for further study using real world data by 
measuring Nicotinamide/NAD/NNMT and tryptophan metabolism. Monitoring 
should happen widely in populations at risk of both deficiency and excess from 
cradle to grave and in those with a variety of established diseases or trauma or 
asymptomatic mutations. Interventional studies should provide firm evidence from 
better nutritional research that does not assume that meat in moderation is toxic to 
planetary or human health [150].
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Chapter 2

Folates: An Introduction
Abbas Shams

Abstract

Folate is a naturally occurring essential nutrient which is vital for DNA replication 
and a necessary substrate in various enzymatic reactions which are involved in synthe-
sis of amino acids and vitamin metabolism. The synthetic and oxidized form of folate 
is folic acid, it is mainly incorporated into fortified foods and dietary supplements 
for preventive measures against folate deficiency. Folate deficiency has been linked 
with several abnormalities in both mother (anemia, peripheral neuropathy) and fetus 
(congenital abnormalities). Folic acid supplementation taken around the time of con-
ception has been known to alleviate the risk of neural tube defects in the off springs. 
Optimal intake and absorption of folates is required for the maintenance of the human 
body’s normal functioning and keeping the genomic integrity intact.

Keywords: folate, folic acid, neural tube defects, folate deficiency,  
congenital abnormalities

1. Introduction

Around 90 years ago anemic pregnant women in India were treated with a yeast 
extract used by a physician named Lucy Wills [1]. Later, the active compound in 
the yeast was identified as folate and at that time it was named as anti-anemia 
factor. The term folates refer to the group of various forms of water-soluble vitamin 
B9 namely folic acid, dihydrofolate (DHF), tetrahydrofolate (THF), 5,10-methyl 
tetrahydrofolate and 5-methyl tetrahydrofolate (5-MTHF) [2]. Folate cannot be 
synthesized by human body due to which we have to obtain it from exogenous diet 
sources such as beans, citrus fruits, leafy green vegetables, brewer’s yeast, and cow’s 
liver. It is available as folic acid in fortified foods, supplements, and multivitamins. 
It is available as folic acid in its synthetic oxidized form having only one glutamate 
residue in fortified in fortified foods, supplements, and multivitamins. Folate is 
essential for the normal functionality of human body as it provides one-carbon 
groups for biosynthesis of nucleotides, amino acids metabolism, and methylation 
of DNA [2]. A number of scientific studies have showed that folic acid is effective in 
the prevention of neural tube defects (NTD’s) [3, 4]. NTD’s are congenital malfor-
mations of structures of central nervous system which occur due to the failure of 
neural tube closure after conception between 21 and 28 days [5]. Hence optimal 
intake of folate during early pregnancy is necessary for the developing fetus; there 
is a higher risk of NTD’S occurrence in offspring during early pregnancy due to 
folate deficiency. Recently research have shown that normal folate metabolism 
reduces the concentration of blood homocysteine which in high concentrations may 
increase the risk of stroke and coronary heart diseases [6]. Studies suggests that 
during early pregnancy low maternal blood folate might be related to behavioral 
disorders in childhood and folate may also be a factor in cognitive functions such as 
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Alzheimer’s disease [7, 8]. In order to prevent these disorders and complications it 
is recommended to keep optimal blood folate levels and homocysteine levels below 
the accepted cutoff values, the recommended daily allowance of folate is 300 μg/day 
while there is a recommendation of 400 μg/day for women of reproductive age for 
prevention of the risk of NTD’S occurrence [9].

1.1 Structure of folate

The term folate represents the group of B vitamins (Vitamin B9) which have simi-
lar biological activity to folic acid. There are three major components in the parent 
structure of folic acid: a pteridine ring that can be either oxidized or reduced, coupled 
with para-aminobenzoic acid (PABA) through a methylene bridge, which is bound to 
glutamic acid or polyglutamate by a γ-peptide link [10]. Structure of an oxidized form 
of folate is illustrated in Figure 1, which can be converted to DHF after being reduced 
at the double bond present at the N-8 position. Further reduction at N-5 double bond 
leads to the formation of THF and in this state the N-5 of the pteridine moiety and 
N-10 of the PABA group may act as acceptors of single carbon units [11].

1.2 Folate absorption and one-carbon metabolism

The difference between synthetic folic acid and naturally occurring is that the 
former is the oxidized monoglutamate form while the latter being the reduced 
polyglutamate form. Dietary forms of folates are predominantly reduced polygluta-
mates in order get transported across the intestinal wall these polyglutamates need 
to be hydrolyzed via glutamate carboxypeptidase II (GCPII) inside the gut into 
monoglutamate forms which can cross the cell membranes [12]. There are three dif-
ferent types of proteins that helps in transport of monoglutamate folate form across 
cell membrane, such as proton-coupled folate transporter (PCFT), reduced folate 
carrier (RFC) and folate receptor proteins (FRα & FRβ). Intestinal uptake of folate 
appears to be PCFT dependent which is a pH dependent transporter because even if 
RFC is expressed in the intestine, mutations in the genes encoding for the RFC are not 
found to be linked with deficiency in folate absorption from intestine; the optimal 
pH required for folate transport is pH 5.5 [13]. RFC employs reduced folate carrier 
(RFC) as anion exchanger, cellular uptake of folate is dependent on RFC (supports 
low- affinity high-capacity uptake system) and folate receptor proteins (supports 
high- affinity low-capacity uptake system) while folate transport across blood brain 
barrier appears to require both PCFT and FRα [14]. Both the PCFT and RFC are 

Figure 1. 
The structure of folic acid, N-5, N-8, and N-10 are one carbon unit and/or hydrogen acceptors, glutamate may 
be n = 1 (monoglutamate form) or n = 2–10 (polyglutamate form [11].



23

Folates: An Introduction
DOI: http://dx.doi.org/10.5772/intechopen.102349

different in their specificities towards reduced and oxidized folate species and their 
expression inside gut, mutations in the genes encoding transporter proteins, leads to 
complications in the dietary folate uptake from intestine such mutations at the gene 
ALC46A1 (encodes PCFT) on chromosome 17q11.2, its treatment involves parenteral 
folate administration as orally administration of folate has been successful in some 
cases and it is really important to maintain the CSF (cerebrospinal fluid) folate above 
the levels associated with deficiency which are 15 ng/mL [15, 16].

The set of biochemical reactions mediated by folate cofactors is known as one car-
bon metabolism because there is transfer of one carbon units inside the enterocytes, 
firstly conversion from monoglutamate folic acid to dihydrofolate (DHF) occurs 
and then DHF is converted into tetrahydrofolate (THF) via dihydrofolate reductase 
(DHFR) which is NADPH dependent enzyme. Once reduction into THF occurs, the 
N-5 and/or N-10 serve as acceptors for one carbon units and these carbons are trans-
ferred at varying oxidation states which depends on their sources and the enzymes 
which catalyzes the reactions. In the next step THF is converted into 5,10-methylene 
tetrahydrofolate, where one carbon unit is accepted by THF from serine hydroxy-
methyl transferase (SHMT), vitamin B6 has a role of cofactor for SHMT, and glycine 
is released as the final product. Part of 5,10-methylene tetrahydrofolate can be con-
sumed for the synthesis of thymidine by donating its methylene unit or can be used in 
the de novo purine synthesis where it undergoes oxidation to 10-formyl-THF. Another 
part of 5,10-methylene tetrahydrofolate leads to the production of 5-methyl-THF in a 
reduction catalyzed by methylenetetrahydrofolate reductase (MTHFR).

5-MTHF serves as a substrate for the formation of methionine by donating its 
methyl group to homocysteine (Hcy) and converting it to methionine in a reaction 
catalyzed by methionine synthase which is a B-12 dependent enzyme. In mam-
malian cells methionine can be regenerated from homocysteine in a manner which 
is independent of folate and instead betaine (product of degradation of choline) 
is used via an enzyme called betaine homocysteine methyltransferase (BHMT), 
the expression of BHMT is limited only to liver and kidney [17]. Methionine has 
a vital role in protein synthesis as it can be converted to S-adenosylmethionine 
(SAM) which is a universal methyl donor and methylates major biomolecules 
such as adrenaline, carnitine or phosphatidylcholine, SAM is converted into 
S-adenosylhomocysteine (SAH) which undergoes hydrolysis to produce homo-
cysteine for beginning a new cycle as shown in Figure 2. Along with methionine 
synthase pathway, homocysteine also goes into the transsulfration pathway where 
in a cystathionine-β-synthase (CBS) catalyzed reaction, it is converted into cysta-
thionine (Cys), cystathionine can be hydrolyzed into cysteine by cystathionine-γ-
lyase enzyme as shown in Figure 2.

One-carbon metabolism is compartmentalized, and it takes place in compart-
ments inside cell, such as cytosol and mitochondria with nucleus having very low 
levels of folates [19]. These two subcellular compartments (cytosolic and mitochon-
drial) have different redox states due to which inside the mitochondria generation 
of formate from serine and glycine is favored while in cytoplasmic folate metabo-
lism there is incorporation of one-carbon units derived from mitochondrial pro-
duced formate into 10-formyl-THF and then to 5,10-methylene-THF, and 5-MTHF 
as well as synthesis of purines, thymidine along with homocysteine remethylation 
to form methionine [14]. Some of the metabolic steps such as the interconversion of 
serine and glycine occurs in both cytosolic and mitochondrial compartments [20]. 
In nucleus dUMP (deoxyuridine monophosphate) is converted to deoxythymidine 
monophosphate (dTMP) by thymidylate synthase (TYMS).

Folate one-carbon metabolism depends majorly on factors such as dietary 
folate intake and genetic polymorphism in the associated genes due to which any 
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disturbances in folate metabolism can lead to disruptions in regulation of DNA 
synthesis, abnormal homocysteine levels followed by subsequent pathological 
consequences. Deleterious mutations in associated genes such as a 19 bp deletion in 
gene encoding DHFR and single base substitutions in gene encoding MTHFR such 
as C677T and G1958A results in the formation of a thermolabile MTHFR enzyme 
and ultimately increasing levels of unmetabolized folic acid (UMFA) in blood, 
hyperhomocysteinemia and underlying health conditions such as cardiac complica-
tions and CNS malformations [21, 22].

2. Different species of folate

As we discussed in the introduction that folate is an umbrella term used for 
a diverse forms of water-soluble Vitamin B9, we will focus on two major folate 
species the first being the synthetic form called folic acid and the second one called 
5-methyl tetrahydrofolate (5-MTHF) which is the active form.

2.1 Folic acid

Folic acid is synthetic form and oxidized state of folate, it is mainly incorporated 
in fortified foods and dietary supplements for preventive measures against folate 
deficiency especially during pregnancy. Folic acid is different from naturally occur-
ring folate as shown in Figure 3 as it has a monoglutamate residue unlike the natural 

Figure 2. 
Folate one-carbon metabolism [18].
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folates which have polyglutamate residues. In order to be active metabolically folic 
acid needs to be converted into its reduced form THF, the oxidized form of folate 
has the advantage of being more heat stable as compared to the natural food form 
which is more heat labile and light sensitive [24].

Moreover, folic acid is 70% more bioavailable as compared with the other poly-
glutamates which needs to be hydrolyzed to monoglutamate form in order to get 
absorbed, it is absorbed more readily because of its monoglutamate nature, there is 
very minute probability of any adverse effects or hypersensitivity thus making it the 
best choice for food fortification. Folic acid is vital for necessary metabolic func-
tions and its optimal intake is recommended to maintain normal folate status. In 
Europe, the recommended daily allowance (RDA) for folic acid is 170–300 μg/day 
for women and for men it is 200–300 μg/day [25]. Folic acid is the major component 
in prenatal nutrition as folic acid requirement is increased during pregnancy and 
lactation in order to prevent NTD’s and other congenital complications.

2.2 5-MTHF: the active form of folic acid

5-Methyltetrahydrofolate (5-MTHF), also known as ‘Levomefolic acid’ accounts 
for 98% of the entire circulating folate, catalyzed by Methylene tetrahydrofolate 
reductase (MTHFR) and has several important roles which includes methylation, 

Figure 3. 
Structure of folic acid [23].

Figure 4. 
Structure of 5-MTHF [26].
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conversion of homocysteine to methionine, production of serotonin and melatonin. 
It is also responsible for the synthesis of DNA, the chemical structure of 5-MTHF is 
illustrated in Figure 4.

The L-5-methyl-tetrahydrofolate (L-5-MTHF) is present as the primary form of 
dietary folate and is also the only form (under the folate category) which is found 
normally in the systemic circulation. Thus, 5-MTHF is transported into peripheral 
tissues and is used for the maintenance of cellular metabolism. The crystalline form 
of L-5-MTHF is available as calcium salt (Metafolin (R)) and is popularly used in 
the commercial market as a supplement [27]. The data generated by Verhaar and 
colleagues, [28] indicated that administration of 5-MTHF can restore the endo-
thelial function in hypercholesterolemia patients and this could probably because 
5-MTHF has the potency to alter the cellular oxidative metabolism. These findings 
also tell us about the beneficial exploitation of oral folic acid therapy, which can be 
helpful in the reduction of cardiovascular disease risk.

It has been proven that 5-MTHF which occurs naturally is more advantageous 
to the body when compared to synthetic form of folic acid. This is due to the higher 
absorption rate of the former even when there is a change in the pH of the gastroin-
testinal tract. Another reason for this property of 5-MTHF is that its overall bio-
availability is unaltered in the presence of metabolic defects. The usage of 5-MTHF 
contrary to folic acid, potentially decreases the masking of certain hematological 
symptoms of vitamin B12 deficiency. The 5-MTHF is also capable of minimizing the 
interaction with drugs that cease the action of dihydrofolate reductase and thereby 
is successful in overcoming metabolic defects caused by methylene tetrahydrofolate 
reductase polymorphism [29].

In the human body the folate molecule acts as a one-carbon unit carrier, thus 
it serves as an essential component for the biosynthesis of nucleotides and also in 
the process of DNA replication. 5-MTHF has a vital role in methionine cycle as it 
donates a ▬CH3 group for homocysteine methylation to produce methionine and 
any imbalance in this process will act as a contributing factor to hyperhomocystein-
emia [30].

2.3 Folate deficiency

Folate is an essential nutrient vital for DNA replication and it is a necessary sub-
strate in various enzymatic reactions which are involved in synthesis of amino and 
vitamin metabolism. The demand for folate increases during pregnancy because 
it is required for nourishment of the fetus. Folate deficiency has been linked with 
several abnormalities in both mother (anemia, peripheral neuropathy) and fetus 
(congenital abnormalities). Folic acid supplementation taken around the time of 
conception has been known to alleviate the risk of NTD’s in the offspring [2].

The term ‘folate deficiency anemia’ is given to the medical condition in which 
there is a decrease in the number of red blood cells (anemia) in the blood. It is 
characterized by the presence of large-sized, abnormal RBC’s (megaloblasts), which 
are formed due to disrupted DNA synthesis. Folate deficiency occurs when the 
body’s demand for folate is not fulfilled, or when there is insufficient dietary intake 
or inadequate absorption of folate, and when the body loses more folate than usual.

Folate deficiency is also known to have many adversities, such as ‘megaloblastic 
anemia’, resulting from deranged cell maturation during erythropoiesis. NTDs, 
which is caused by failure of neural tube fusion during the early month of preg-
nancy. Another complication due to folate deficiency is hyperhomocysteinemia, 
which is a risk factor for cardiovascular and metabolic diseases especially in patients 
with end stage renal diseases. Folate deficiency usually occurs due to insufficient 
dietary intake, but other possible reasons are intestinal malabsorption, deranged 
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folate metabolism and elevated demand of folate during pregnancy, or even due 
to chronic alcoholism. Dietary folate intake can be assessed by the plasma folate 
concentration, and it is the most widely used method. For long-term status and 
tissue folate stores, the erythrocyte folate proved to be the best indicator [31].

Both in animals and humans, the methylation status of certain genes at birth 
can be modified due to folate deficiency, with probable pathogenic and tumorigenic 
effects in the offspring. The metabolic network of folates can be modified when 
there is a presence of pre-existing genetic polymorphisms and will also increase 
the risk of cancer, which include childhood leukemias. The protective effects of 
folic acid might be dosage dependent, as excessive (hyper) folic acid may have the 
adverse effect of nourishing certain types of tumors. Thus, it was concluded that 
the right amount of folate was required for the maintaining normal functioning of 
the human body and keeping the genomic integrity intact [32].

Abbreviations

DHF  dihydrofolate
THF  tetrahydrofolate
5-MTHF 5-methyl tetrahydrofolate
5,10-MTHF 5,10-methyl tetrahydrofolate
MTHFR  methylene tetrahydrofolate
NTD’S  neural tube defects
RDA  recommended daily allowance
UMFA  unmetabolized folic acid
PABA  para amino benzoic acid
GCPII  glutamate carboxypeptidase II
PCFT  proton-coupled folate transporter
RFC  reduced folate carrier
CSF  cerebrospinal fluid
DHFR  dihydrofolate reductase
NADPH  reduced nicotinamide dinucleotide phosphate
SHMT  serine hydroxymethyl transferase
BHMT  betaine homocysteine methyl transferase
SAM  S-adenosyl methionine
SAH  S-adenosyl homocysteine
CBS  cystathionine-β-synthase
CYS  cystathionine
TYMS  thymidylate synthase
DTMP  deoxythymidine monophosphate
DUMP  deoxyuridine monophosphate
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Vitamin B9 in Dark Green 
Vegetables: Deficiency Disorders, 
Bio-Availability, and Fortification 
Issues
Jagdish Singh

Abstract

Folic acid is a B complex water-soluble vitamin that is essential to humans, and its 
deficiency can cause problems including neural tube defects as well as heart-related 
diseases. An important feature of such vitamins is that they are generally not synthe-
sized by mammalian cells and therefore must be supplied in sufficient amounts in the 
diet. Folate is a generic term for compounds, possessing vitamin activity similar to 
that of pteroylglutamic acid, and is the form of the vitamin, which is naturally present 
in foods. The main dietary sources of folic acid are dark green and leafy vegetables 
such as spinach, asparagus, romaine lettuce, broccoli, bok choy, turnip green, beet, 
dried or fresh beans, and peas. The amount of folate that is absorbed and utilized 
physiologically varies among different food sources and different chemical forms 
of the vitamin. About 85% of folic acid is estimated to be bioavailable; however, the 
bioavailability of food folate is estimated at about 50% of folic acid. Several national 
health authorities have introduced mandatory food fortification with synthetic folic 
acid, which is considered a convenient fortificant, being cost efficient in production, 
more stable than natural food folate, and superior in terms of bioavailability and 
bio-efficacy. Presently, many countries affected by diseases associated with a lack of 
folic acid have made it mandatory to supplement foods with the vitamin. Considering 
the need, several analytical procedures were standardized to determine the presence 
of folic acid in different food matrices. The reported methods are simple, selective, 
robust, and reproducible and can be used in routine analyses.

Keywords: folic acid, vitamin B9, green leafy vegetables, bio-fortification, 
bio-availabilty

1. Introduction

Vitamin B9 also called folate or folic acid (FA) or pteroyl-L-glutamic acid is one 
of the eight water-soluble B vitamins. The chemical name of folic acid is N-[4-[[(2-
amino-3,4-dihydro-4-oxo-6-pteridinyl)methyl]amino]benzoyl]-l-glutamic acid. 
The chemical formula of folic acid is C19H19N7O6 and its molecular weight is 441.4. 
The IUPAC name is (2S)-2-[[4-[(2-amino-4-oxo-3H-pteridin-6-yl) methyl amino] 
benzoyl] amino] pentanedioic acid. Folic acid appears as odorless orange-yellow 
needles. Folic acid is a synthetic form of folate, found in vitamin supplements and 
fortified foods. Its structure has been shown in Figure 1.
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Folate, vitamin B12, and riboflavin have attracted scientific as well as health interest 
in recent years. Folate has a well-established role in preventing neural tube defects 
(NTDs); however, there are several other reports highlighting the potential role of 
folate and B-vitamins in protecting against several lifestyle diseases including heart-
related cardiovascular diseases (especially strokes), certain types of cancers, cognitive 
impairment, and bone-related osteoporosis. Folic acid is involved in carbon transfer 
reactions of amino acid metabolism, in addition to purine and pyrimidine synthesis, 
and is essential for hematopoiesis and red blood cell production. It is found in many 
foods and particularly in leafy green vegetables that are essential for the critical biosyn-
thetic pathways involving the transfer of methyl groups to organic compounds. Folate 
is important for a range of functions in the body. Folic acid (vitamin B9) works with 
vitamin B12 and vitamin C to help the body break down, use, and make new proteins. 
Folate is required in the synthesis of nucleic acids viz., DNA and RNA and is also part 
of the protein metabolism. It helps in the degradation of homocysteine, which is a risk 
factor for heart disease. Folic acid is required for growth, reproduction (during gesta-
tion and lactation), and antibody formation. As a coenzyme, it is involved in glycine 
metabolism and is essential for the synthesis of purines, as well as pyrimidines. It plays 
a major role in cell division and protein synthesis. Its deficiency induces chromosomal 
abnormalities [1]. It is essential for the formation of RBCs and prevention of folate 
deficiency anemia [2]. Folic acid deficiency can lead to congenital malformations in 
the fetus (spina bifida, encephalocele, cleft palate, and hydrocephalus), as well as heart 
disease [3–5]. Deficiency of folate leads to megaloblastic anemia (a condition where 
there is a reduction in RBCs, and the red blood cells are larger in size than normal). 
Other symptoms include weakness, fatigue; irregular heartbeat, shortness of breath, 
hair loss, pale skin, mouth sores, etc. The nutrient is very important during early 
pregnancy to reduce the risk of birth defects of the brain and spine [1]. An important 
feature of this vitamin is that they are generally not synthesized by mammalian cells 
and therefore must be supplied in sufficient amounts in the diet [6, 7].

2. Recommended dietary allowance (RDA)

The RDA for males and females aged 15 years and older is 400 μg DFE day−1 
(Table 1), whereas the RDA ranges from 65 to 300 μg DFE day−1 for ages between 

Figure 1. 
Chemical structure of the folic acid molecule.
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0 and 14 years. The requirement of folate for pregnant and lactating women is 
comparatively higher, respectively, 600 and 500 μg DFE day−1. The upper tolerable 
limit (UL) for folic acid has been reported as 1000 μg day−1. Men and women of age 
19 years and older should aim for 400 μg DFE. Those who are breastfeeding should 
aim to take around 500 μg per day. People who regularly drink alcohol should aim for 
at least 600 mcg DFE of folate daily since alcohol can impair its absorption. Higher 
daily doses (up to 4 mg) are recommended for women who have had a baby with a 
neural tube defect. Folate is essentially nontoxic, although there is some concern that 
high doses may mask pernicious anemia. The body absorbs folic acid from supple-
ments and fortified foods better than the folate from naturally occurring foods.

3. Common symptoms of folate deficiency

A diet lacking folate or folic acid can lead to a folate deficiency. Inadequate levels 
of folate (vitamin B9) and vitamin B12 during pregnancy have been reported to lead 
to an increased risk of neural tube defects (NTDs) [9]. Although both are part of 
the same biopathway, folate deficiency is much more common and therefore it is of 
much concern [10]. NTDs are birth defects of the brain, spine, or spinal cord and 
Spina bifida as well as anencephaly are the most common ones. The spinal column 
of the fetus does not close completely in spina bifida, whereas in anencephaly, most 
of the brain and skull do not develop properly due to which babies with anenceph-
aly are either stillborn or may die shortly after birth. The peri-conceptional folate 
supplementation can reduce the risk of neural tube defects (NTDs) and other 
congenital abnormalities such as cardiovascular malformations (CVMs), cleft lip 
and palate [4], urogenital abnormalities, and limb reductions [11]. Supplementation 
with folic acid reduces the prevalence of NTDs by approximately 70% indicat-
ing that 30% of these defects are not folate-dependent and are due to some other 
reasons, rather than alterations of methylation patterns. Many other genes related 
to NTDs exist, which may be responsible for folate insensitive NTDs. However, 
folate deficiency can also occur in people who is suffering from celiac disease that 
prevents the small intestine from absorbing nutrients from foods (malabsorption 
syndromes). Deficiency of folic acid can cause a wide range of problems in the 
human body, which may include tiredness, fatigue, and lethargy, besides muscle 
weakness and other neurological signs, such as tingling, burning, or peripheral 
neuropathy leading to numbness. It may also cause psychological problems, such as 
depression and memory problems, and gastrointestinal symptoms, such as nausea, 

Category Age RDA (μg day−1)

Infants 0–6 months 65

6–12 months 80

1–3 years 150

Children 4–6 years 200

7–14 years 300

Adults 15+ years 400

Pregnancy 600

Lactation 500

Source: Miller [8].

Table 1. 
Recommended dietary allowances (RDA) for folate.
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Figure 2. 
Neural tube defect—Spina bifida.

vomiting, abdominal pain, weight loss and diarrhea, headache and dizziness, and 
shortness of breath. Anemia, particularly megaloblastic anemia, is often the first 
sign that there is an underlying folate deficiency, and doctors will usually test for 
folate deficiencies when they encounter anemia. In pernicious anemia, our immune 
system attacks healthy cells in our stomach, which prevents the absorption of 
vitamin B12 from the food we eat, and this is the most common cause of vitamin 
B12 deficiency. Other factors include the lack of these vitamins in our diet. Besides 
this, certain medicines, including anticonvulsants and proton pump inhibitors 
(PPIs), can affect how much of these vitamins our body absorbs both. Vitamin 
B12 deficiency and folate deficiency are more common in older people. The folates 
are hydrolyzed to monoglutamate in the gut before absorption by active transport 
across the intestinal mucosa. Sometimes, passive diffusion also occurs when 
pharmacological doses of folic acid are consumed. Before it enters the bloodstream, 
the enzyme dihydrofolate reductase reduces the monoglutamate to tetrahydrofolate 
[12]. The major folate in plasma is 5-methyl-THF. The activity of dihydrofolate 
reductase varies among individuals [13]. It is yet not known whether the unmetabo-
lized folic acid has any biological activity or it can be used as a biomarker of folate 
status [14]. Folate is also synthesized by colonic microbiota and can be absorbed 
across the colon, although the extent to which colonic folate contributes to folate 
status is unclear [15]. The folate content of the body is estimated to be around 
15–30 mg. Half of this amount is stored in the liver and the rest amount is found 
in blood and body tissues [16]. Normally, the serum folate concentration is used to 
assess the folate status of the body. A value higher than 3 ng/mL indicates adequacy 
[17]. The erythrocyte folate concentration provides a longer-term measure of folate 
intake; a concentration above 140 ng/mL indicates adequate folate status [13, 17]. 
A combination of serum or erythrocyte folate concentration can also be utilized to 
assess folate status. Sometimes plasma homocysteine concentration is also used as a 
functional indicator of folate status because homocysteine levels rise when the body 
is unable to convert homocysteine to methionine due to deficiency of 5-methyl tetra 
hydrafolate [17]. Homocysteine levels, however, are not a highly specific indicator 
of folate status because they can be influenced by other factors, including kidney 
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dysfunction and deficiencies of vitamin B12 and other micronutrients [17, 18]. The 
most commonly used cutoff value for elevated homocysteine levels is 16 μmol/L. A 
homocysteine cutoff of 10 μmol/L has been proposed for assessing folate status in 
populations (Figure 2) [13].

4. Food containing folic acid

Folic acid is not found in natural food sources; however, folate is the natural 
form of vitamin B9, which is water soluble and naturally found in many foods 
commonly in dark green and leafy vegetables such as spinach, asparagus, romaine 
lettuces, broccoli, bok choy, turnip green, beet, dried or fresh beans, and peas 
(Table 2). The main dietary sources of folate are spinach, white beans, asparagus, 
dark-green leafy vegetables, Brussels sprouts, soybean, orange, and melons [19]. 
In addition to the aforesaid, beef liver, black-eyed peas, asparagus, lettuce, avo-
cado, broccoli, mustard greens, green peas, kidney beans, canned tomato juice, 
orange juice, dry-roasted peanuts, fresh orange and grapefruit, papaya, banana, 
hard-boiled egg, and cantaloupe are also good sources of folate. Other sources of 
this vitamin include sunflower seeds, avocados, peanuts, orange juice, pineapple 
juice, cantaloupe, honeydew melon, grapefruit juice, banana, raspberry, papaya, 
grapefruit, strawberry, corn, and wheat germ. Among animal products, liver (the 
folate storage organ in mammals) and liver products, whole eggs, and baker’s 
yeast are rich in folates. The major staple crops of the globe viz., rice and maize 
are low in folates (Table 3) [20]. However, pulses and other legumes and green 

Sr. No. Vegetables Folate content (μg/100 g)

1 Broccoli raw 63

2 Brussels sprout, raw 61

3 Kale, raw 141

4 Collards, raw 129

5 Endive, raw 142

6 Cauliflower green, raw 57

7 Cabbage Chinese (pak-choi), raw 66

8 Cabbage Chinese (pe-tsai), raw 79

9 Cabbage savoy, raw 80

10 Cabbage, raw 43

11 Cauliflower green, raw 57

12 Parsley, fresh 152

13 Spinach, raw 194

14 Peas, edible podded, raw 42

15 Peas green, raw 65

16 Soybean green, raw 165

17 Cowpea (black eyes) immature seeds, raw 168

18 Fava Bean pods, raw 148

Source: USDA Nutrient Database for Standard Reference.

Table 2. 
Folate content in raw vegetables.
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Food Serving size Folic acid/folate per serving* (μg)

Asparagus (cooked) 4 spears 88

Avocados 1 ounce 19

Beans

Black Beans (cooked from dried) 1 cup 256

Kidney/red beans (canned) 1 cup 131

Lentils (cooked from dried) 1 cup 358

Pinto beans (cooked from dried) 1 cup 294

Chickpeas/Garbanzo beans (canned) 1 cup 161

Chickpeas/garbanzo beans(cooked from dried) 1 cup 282

Blackeye peas (canned) 1 cup 122

Blackeye peas (cooked from dried) 1 cup 358

Bread products (made with enriched flour)

Bread, white 1 slice 35

Bread, whole wheat 1 slice 14–26

Bread, bagel 1–4 inch 
bagel

119

Broccoli (cooked) 1 cup 78

Collard greens (cooked) 1 cup 177

Corn on the cob (cooked) 1 ear 35

Sr. No. Cereals Folate content (μg/100 g)

1 Rice, brown, long grain, raw 23

2 Rice, white, short grain, raw 06

3 Wheat flour, whole grain, soft wheat 28

4 Wheat flour, whole grain 44

5 Wheat, durum 43

6 Corn grain, yellow 19

Sr. No. Pulses Folate content (μg/100 g)

1 Adzuki bean 622

2 Black bean 444

3 French bean 399

4 Kidney bean red 394

5 Chickpea 557

6 Lentil 479

7 Mung bean 625

8 Peas, split 274

9 Cowpea 659

10 Pigeon pea, immature seeds 173

Source: USDA Nutrient Database for Standard Reference.

Table 3. 
Folate content in raw cereal grains and legume seeds.
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leafy vegetables such as spinach, asparagus, lettuce, and Brussels sprouts are rich 
in folates (Tables 2 and 3). It has been reported that folate concentration in rice 
cultivars ranged from 11.0 to 51 μg/100 g with a mean of 26.0 μg/100 g [20, 21]. 
Singh [22] have also reported that legumes are a rich source of folates, followed by 
green vegetables, spices, and cereals. According to USDA [23], the amount of folates 
varies from 0.1 to 0.5 μg/g in brown rice, which is reduced by 60–67% during mill-
ing of rice. The folate content deteriorates on long storage (23%) and also during 
boiling (48.3%). Folate intake is strongly influenced by various methods of cooking 
that can degrade the natural forms of the vitamin in foods (Table 4). Steaming of 
spinach or broccoli, in contrast, resulted in no significant decrease in folate con-
tent, even for the maximum steaming periods of 4.5 min (spinach) and 15.0 min 
(broccoli).

5. Folate bioavailability

Folates from natural food sources can enhance the folate status only to a limited 
extent because of their poor stability while being cooked and also less bioavailabil-
ity when compared with the synthetic vitamin and folic acid [24]. In addition to the 
less bioavailability of food folates, the poor stability of folates in foods (particularly 
green vegetables) while cooking can substantially reduce the amount of vitamin, 
which is ingested, and this may be an additional factor that limits the ability of food 
folates from naturally available cooked foods to enhance the folate status. Folate 
bioavailability from different foods is considered to be dependent on several factors, 
including the food matrix, the intestinal deconjugation of polyglutamyl folates, 
the instability of certain labile folates during digestion, and the presence of certain 
dietary constituents that may enhance folate stability during digestion. However, 
limited folate bioavailability data are available for vegetables, fruits, cereal prod-
ucts, and fortified foods; hence, it is difficult to evaluate the bioavailability of food 
folate or whether intervention with food folate improves folate status. The amount 
of folate that is absorbed and utilized physiologically varies among different food 
sources and different chemical forms of the vitamin. At least 85% of folic acid is 

Food Serving size Folic acid/folate per serving* (μg)

Corn (frozen and cooked) 1 cup 51

Okra (cooked) 1 cup 74

Orange 1 orange 39

Orange juice 1 cup 110

Papaya 1 cup 53

Peas

Green peas, cooked (frozen or canned) 1 cup 75–94

Split peas (cooked from dried) 1 cup 127

Rice, enriched (cooked) 1 cup 195–222

Soybeans (cooked) 1 cup 93

Spinach (raw) 1 cup 58

Spinach (cooked) 1 cup 263

Source: USDA Nutrient Database for Standard Reference, Release 15.

Table 4. 
Folate content in cooked food.
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estimated to be bioavailable when taken with food [12, 25], whereas the bioavail-
ability of food folate is commonly estimated at about 50% of folic acid bioavailabil-
ity [26], but this should be considered as a rough estimate, as data on bioavailability 
of food folate vary between 30 [24] and 98% [27]. The chemically most stable folate 
form is synthetic folic acid [28], which is cheap to produce and therefore used for 
dietary supplements and food fortification. The folic acid consumed as a supple-
ment is highly bioavailable.

It has been reported that the polyglutamyl form of food folates is absorbed in 
the jejunum as monoglutamyl folate after removal of the polyglutamyl chain by 
intestinal γ-glutamyl hydrolase [29], which is thereafter reduced and methylated 
in the enterocyte. The extent of passive diffusion of the reduced and methylated 
folate across the cell membrane is very limited [30], as it takes place only at high 
doses. To some extent folate is also absorbed in the colon, and it is suggested that 
colonic absorption may contribute significantly to total folate absorption [31], but 
it is still unknown that how relevant this absorption is for maintaining folate status. 
However, it has been shown for humans [32] that folates synthesized by colon 
bacteria are bioavailable. Absorbed folate is transported to the liver, which contains 
about half the body pool of folate [33] and retains 10–20% of absorbed folate due to 
the first-pass effect [34], while the rest is transported via the systemic circulation 
to body tissues. Some liver folate participates in the enterohepatic circulation and 
is secreted into bile [35]. However, most biliary folate is reabsorbed, supposedly to 
moderate between-meal fluctuations in folate supply to cells [36].

National Health and Nutrition Examination Survey data (NHANES 2013–2014) 
show that the majority population in the United States consume adequate amounts 
of folate. The average daily intakes of folate from foods range between 417 and 
547 μg DFE per day for children between 2 and 19 years of age [37]. However, the 
mean dietary intakes for males who are 20 years and older are 602 μg DFE and for 
females, it is 455 μg DFE. It has been reported that although most of the people in 
the United States consume adequate amounts of folate, there are certain groups such 
as women of childbearing age and non-Hispanic black women who are still at risk 
of insufficient folate intakes. It has been further reported that about 35% of adults 
and 28% of children aged 1–13 years in the United States use supplements contain-
ing folic acid [38, 39] to meet their folate requirement. According to estimates of 
USDA-ARS [37], people aged 2 years and older who consume supplements contain-
ing folic acid get a mean of 712 μg DFE from those supplements. Several studies 
suggest that measurements of folate levels in the erythrocytes further confirm that 
most people in the United States have adequate folate status. Further there are also 
some analyses (NHANES 2003–2006), which shows that less than 0.5% of children 
(aged 1 to 18 years) have deficient folate concentrations in the erythrocytes [40]. 
Mean concentrations in this age group range from 211 to 294 ng/mL depending on 
age, dietary habits, and the amount of supplement use. In adults, mean erythro-
cyte folate concentrations range from 216 to 398 ng/mL, which also indicates the 
adequate folate status [39].

In contrast to this, there are also reports that some of the population groups 
are at risk of obtaining excess folic acid, primarily because of the folic acid they 
obtain from dietary supplements. About 5% of men and women aged between 51 
and 70 years and men aged 71 years and older have folic acid intakes exceeding the 
prescribed upper limit of 1000 μg per day [38]. Furthermore, 30–66% of children 
aged 1–13 years who take folic acid-containing supplements have intakes of folic 
acid from both fortified food and dietary supplements exceeding the upper limit 
of 300–600 μg per day [39]. Almost all children aged 1 to 8 years who consume at 
least 200 μg/day folic acids from dietary supplements have total intakes that exceed 
the upper limit [40]. Despite so many reports of excess intakes of folic acid, there is 
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very little information available about the long-term effects of consumption of high 
folic acid doses in children [14].

6. Folic acid biofortification

Biofortification is a promising and sustainable agriculture-based strategy to 
minimize Zn and Fe deficiency in dietary food substances [41]. Among the differ-
ent strategies deployed, the plant breeding approach to develop biofortified crops 
and agronomic supplementation of micronutrients, such as foliar/soil application 
along with chemical fertilizers, have received maximum attention [42]. Breeding 
staple food crops for higher micronutrient contents, where the density of minerals 
and vitamins in food staples may be increased either through conventional plant 
breeding or using transgenic techniques. It is recognized as a nutrition-sensitive-
agriculture intervention that can reduce vitamin and mineral deficiency [43]. 
Iron biofortification of beans, cowpea and pearl millet, zinc-biofortification of 
maize, rice, and wheat, and pro-vitamin A carotenoid-biofortification of cassava, 
maize, rice, and sweet potato are currently underway and at different stages of 
development [44, 45]. Results are promising for iron-biofortified crops, as partially 
iron-biofortified rice has improved the iron stores of reproductive-age women in 
the Philippines [46], iron-biofortified pearl millet has increased the iron stores and 
reversed iron deficiency in school children in India [47], and iron-biofortified beans 
have improved the iron stores in women in Rwanda [48]. The agronomic mode of 
biofortification includes the application of micronutrient fertilizer directly to the 
soil and/or foliar application. The agronomic biofortification is most suitable for 
staple crops with starch as the major component and is mainly practiced on crops 
such as rice, wheat, maize, sorghum, millet, and sweet potato and also on legumes. 
The foliar fertilization often results in more uptake of nutrients and ultimately 
efficient allocation in the edible plant parts [49]. Soil and foliar application com-
bined together gives better results and has been shown as the most effective method 
for biofortification [42, 50]. Foliar application of micronutrients is generally much 
more effective in ensuring uptake into the plant because in such cases, immobili-
zation of the nutrients in the soil can be avoided. Alternatively, microorganisms 
have been bioengineered to overproduce folates. Bacillus subtilis was modified at 
three different levels and an eightfold increase in folate levels was observed [51]. 
Metabolic engineering has also been developed in Lactococcus lactis leading to a 
more than threefold increase [52].

Several national health authorities have introduced mandatory food fortification 
with synthetic folic acid, which is considered as convenient fortificant, being cost 
efficient in production, more stable than natural food folate, and superior in terms 
of bioavailability and bio-efficacy. It has been reported that the mandatory folic 
acid fortification in such countries leads to significant increase in both serum and 
erythrocyte folate concentrations in all sex and age groups. Studies have shown that 
the mean serum folate concentration increased more than twofold (136%) and the 
mean erythrocyte folate concentration increased by 57%. The introduction of folic 
acid-fortified staple foods has effectively decreased the prevalence of NTD in the 
United States and Canada [53]. It was also observed that fortifying flour with iron 
and many water-soluble B group vitamins in the United States, Canada, and many 
other countries has resulted in preventing micronutrient deficiency conditions and 
is also a very cost-effective prevention of major neural tube defects viz., spina bifida 
and anencephaly, and also folate deficiency anemia. There are also reports show-
ing that fortification with folic acid has led to a reduction in cases of heart diseases 
like strokes, which occur due to elevated homocysteine levels. According to the 
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published reports, around 50 countries have implemented the mandatory folic acid 
fortification program, including the United States and Australia.

In January 1998, the U.S. Food and Drug Administration (FDA) suggested the 
processing industries to add 140 μg folic acid/100 g to enriched bread, cereals, 
flours, corn meals, pasta, rice, and other grain products [54] to reduce NTDs. 
Because cereals and grains are used as staples and are widely consumed, these 
products have become important supplement of folic acid to the diet. The fortifica-
tion program increased mean folic acid intakes in the United States by about 190 μg/
day [54]. Many other countries, including Costa Rica, Chile, and South Africa, have 
also established mandatory folic acid fortification programs [55, 56].

7. Analytical methods for the determination of folic acid

Methods reported in the literature for the determination of folic acid include 
HPLC with different detectors [57], electrophoresis [2], electrochemical methods 
[58], flow injection analysis [59], and spectrophotometric methods. Recently, 
some novel spectroscopic methods were reported for routine determination of 
folic acid. These methods are based on the formation of colored species on binding 
of folic acid with sodium nitroprusside and ammonia reagent to produce a dark 
yellow-colored chromogen (λmax at 390). A new, simple, easy, accurate, precise, 
economic, and sensitive UV spectrophotometric method for the determination of 
folic acid in commercial tablets has been reported. It was possible to determine the 
concentration of folic acid in commercial tablets at a λmax of 282.5 nm in a linear 
range of 1.0–17.5 μg mL − 1 with an R2 > 0.9999 and recovery between 100.6 and 
101.1% using a phosphate buffer solution at pH 9.0. De Moura Ribeiro Vinicus et al. 
[60] reported the spectrophotometric methods for the determination of folic acid 
in different pharmaceutical formulations, using 0.1 mol L−1 NaOH as solvent. This 
method is simple, selective, and robust.

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Meat and Vitamin B3: Getting a 
Grip on Engel’s Curve
Adrian C. Williams and Lisa J. Hill

Abstract

We evolved from herbivores to a meat eating “commons” in hunter-gatherer days 
and then to a non-egalitarian meat power struggle between classes and countries. 
Egalitarian-ism, trans-egalitarianism and extremes of inequality and hierarchy revolve 
around the fair-unfair distribution of meat surpluses and ownership of the means of 
meat production. Poor people on poor diets with too few micronutrients may explain 
many inequalities of human capital, height and health and divergent development of 
individuals and nations. Learning from past successes and collapses from switching 
trophic levels the lesson is that meat moderation toward the top of Engel’s curves, not 
calorie-centrism, is the best recipe for countries and classes. Improved health with 
longer lives and higher crystallised intelligence comes with an ample supply of micro-
nutrients from animal products namely iron, zinc, vitamin A, vitamin B12 and other 
methyl-donors (such as choline), and nicotinamide (vitamin B3). We concentrate on 
nicotinamide whose deficits cause the degenerative condition pellagra that manifests 
as poor emotional and degenerative cognitive states with stunted lives and complex 
antisocial and dysbiotic effects caused by and causing poverty.

Keywords: Nicotinamide, Vitamin B3, Engel’s curve, Poverty, Ageing, 
Neurodegeneration, Dementia, Cancer, ACE2, Covid-19, Free Energy, Energy 
gradients 

1. Introduction

Seeing world history from a meat perspective was initiated by Hinman and Harris 
(1939) [1] who believed (as did Homer’s heroes and many Gods) meat eating was key to 
the success and power relationships of nations and to class ascension (as if on the “Great 
Gatsby Curve”). Later Cokburn (1996) largely concurred as had McCay earlier (1912) 
[2]. De Castro in his “Geopolitics of Hunger” (1952) [3] was concerned over country 
and postcode food injustice and argued that Malthus (and Ehrlich 1971), was wrong 
and cereal dependence with increased fertility was the cause, not the effect, of popula-
tion booms quoting Doubleday’s “True Law of Population” (1842) [4] and significant 
epidemiological evidence that meat eating reduced fertility. Godwin and Boserup also 
disagreed with Malthus as they felt population pressure was “the mother of invention” 
and new agricultural technology as has been true, so far, but has not led to a good diet 
for the poor (“Golden rice” with extra vitamin A being an exception) and the returns 
may be diminishing or counter-productive (such as by encouraging population booms) 
and busts from the neolithic on.

McCarrison (1921) [5] and Boyd-Orr (1936) [6] after observations on differential 
tribal characteristics (such as the pastoralist Maasai being taller and healthier than 
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cultivators), on different diets in colonial India and Africa, complemented by the 
discovery of Beri-Beri and Pellagra in the 1940’s [7, 8], campaigned for square meals 
for all. Despite these early initiatives following the science and an analysis of natural 
experiments, poor nutrition is still the leading cause of death under the age of five 
as well as causing physical and cognitive stunting and both wasting and obesity. 
Acute hunger affects 150 million and given little monitoring or screening figures 
for micronutrient deficiency are likely to be higher than currently recognised, at 2 
billion. Geography is critical: if born un-lucky in the lowest 10% of income countries 
your typical income per head is $3 a day, making meat unaffordable, compared 
with $3000 plus in the richest countries. Country is now as important as class and 
that was not as true a century ago [9]. Meat may be the real “stuff” of comparative 
inequality that could be sorted as a practical non-transcendental move dealing with 
blighted lives, even if it just a start on fairer initial conditions [10–16]. This is not 
before time (today even in wealthy Europe 10 cm differences in height exist between 
the Netherlands and the UK), as even back in 1904 it was realised that poverty and 
poor diet meant the “tenement” child was stunted and had everlastingly poor odds 
that meant running the race of life with handicaps [17, 18]. Thomas [17] and Hunter 
[18] suggested poverty should be seen in clinical, not moral terms, relating to loss 
of income (including from industrial accidents or illness). Here we use pellagra, an 
archetypal disease of dietary poverty from a (cotton) market failure, as our general-
isable example of such a negative externality easily corrected by social insurance or 
cash given that Engel’s curve predicts that more would get spent on meat [19–22].

Pro-meat views are not exactly the “zeitgeist” of our times as meat is considered 
to be a major threat to both health and climate but calls to tax it, for instance, could 
be a serious misstep so an unbiased unpolarised debate is needed [23]. The human 
right to basic food “entitlements” that enable capabilities, capacities and optimal 
human capital may need adequate meat and explain the striking benefits of basic 
income trials [24–28].

2. The demand for meat: predictive pro-active brains

That the demand for meat is high, but elastic, is not surprising as we evolved as an  
(A (meat) + 2B (vegetable and fruit)), omnivore as have our cuisines and fusion foods. 
Our closest living relative’s (chimpanzees), eat and fish for insects but hunt meat 
rarely and not fairly. Fairs fare was our social leap in a software with a “Killer App” 
where needs based and conspicuous sharing of meat obtained as an “affordance” was 
the social norm (Figure 1). More meat in diet, as with the convergent evolution of the 
Neanderthals, led to bigger brains with nicotinamide as a key ingredient. Meat intake 
varied by latitude but once obtained there was a sharing culture with shunning of 
transgressors by the reproductive in-group - even if seeking meat was the usual cause 
of inter-band warfare and of global diasporas following animal trails [29–31]. Hunter-
gatherers had less “stuff” and what they had was often redistributed in feasts and 
“potlatches”: they have been considered an affluent society with leisure and family 
time for cooperative breeding and teaching [32, 33].

3. Engel’s curves: Families, Countries and Classes

The need and umami taste for meat is reflected in Engel’s law that he based on 
family budgets in Belgium (confirmed repeatedly) (Figure 2) [34–36]. Modified 
by Bennett [37], this law states that as families become richer they spend less on 
starchy food but more on meat. Later attempts to define a poverty food line, where a 
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safety net could lie, started with Seebohm Rowntree (1937) [38] and moved on with 
minimal wages and subsistence rates now $1.9 per day, although this is widely criti-
cised and is not enough to afford any animal products [39, 40]. The nutritional and 
biochemical advantages of affording meat, other than being a source of calories, 
revolve around micronutrients not easily obtained from plants such as iron, zinc, 
Vitamin A and several B vitamins [41–44]. B12 and Choline are important as methyl 
donors and B3 to the mitochondrial energy supply and as precursor to metabolic 
nicotinamide-adenine dinucleotide (NAD) - consumer master molecules. NAD is 
key to brain growth and “human capital” so meat cannot be trivialised as conspicu-
ous consumption as a “Veblen good” (with exceptions), or part of sexual politics 
(also with exceptions), and our “demonic” past [45] as it is a vital victual.

We may be more like eugenic eusocial insects with diet-induced castes than we like 
to think [46–48]. In some societies (such as the Taureg), this is explicit with pastoralist 

Figure 1. 
A synopsis of our journey from herbivores to omnivores on a high meat diet and socially compulsory meat 
sharing to extreme meat inequality. Moderate meat inequality may allow for phenotypic variation in the 
population with cognitive elites and workers with higher fertility at a cost. Severe meat inequality being 
the basis of much inequality of opportunity and the diseases of poverty (and affluence) as well as much 
discrimination and dehumanisation of the poor. Fighting for a fair meat ration has caused much friction and 
migration in the past and could continue or worsen if corrective action is not taken.
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nobles eating the crops of their cultivating slaves [49]. Poor maternal and infant diet 
may mean that those in poverty are born unequal, making and unmaking minori-
ties, particularly if that is then exacerbated by NAD consuming chemical pollution 
or excess infections. This is a preferable view point that sets limits that are easily 
corrected, than the idea of genetically determined human sub-species as first sug-
gested by Linnaeus (1758) [50] and modified by Blumenbach (1795) [51]. Eugenicists 
and social Darwinists agreed but these views were refuted early by Buffon, Darwin 
himself and Boas. Boas noted that exposure to new diets changed immigrant people’s 
“fleeting and superficial” differences just as the “Melting Pot” suggested and that 
hybrids (despite anti-miscegenation laws) were fertile and healthy arguing against 
separate species - first investigated on Pitcairn Island after the mutiny of the Bounty 
[52, 53]. Satisfying this need for better diet and meat in new power battles, whose 
old motives and underhand mechanisms we discuss [54], is important before society 
can progress and modernise linking meat, disease and demographic transitions, that 
remain patchy [52–56]. As Darwin noted on his Voyage of the Beagle “if the misery of 
our poor be caused not by the laws of nature, but by our institutions, great is our sin”.

4. Supply of meat

Let us first review the supply-side by rough ages of globalisation from pre-history 
hunting parties to “factory farm” industrialisation in the context of our NAD supply 
whilst harnessing external sources of energy (originating in NAD dependent photo-
synthesis) in metabolic network involving the major carbon, hydrogen, phosphorus 
and nitrogen cycles of life, that we have exploited and disrupted [26, 55–59].

5. Planet of the apes to Homo sapiens: Meat cornucopia

The “cradle of mankind” was in the African Rift valley after climate change led 
to deforestation expanding the savannah grasslands and supporting a population 

Figure 2. 
Engel’s law. As incomes rise the proportion spent on food (and rent) falls giving a disposable income for “luxury 
goods” and education and then services and is the consumer base for modern economies. As incomes rise the 
absolute spend on meat rises and on starches falls improving human capital and “grey matter” as micronutrient 
needs are met. There may be increased temptation, compared to the past, to deviate from this law when cheap 
calories and processed foods, costing 1/5th of vegetable equivalents, are available let alone other commercially 
available distractions and fashions.
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explosion of herbivores. Hominids evolved into this ecological niche and formed 
prosocial hunting parties aided by new technology from spears to the bow and (poison) 
arrow and dog domestication. H. sapiens emerged with egalitarian “reverse dominance” 
structures with “reciprocal altruism” to kin and selected non-kin with meat sharing and 
an extensive cattle vocabulary and spiritual connection with animals and plants [29, 60, 
61]. Human phylogeny and ontogeny (“EcoDevo”) revolved around cooperative feeding 
and a shared intentionality over resourcing meat, and over breeding with alloparenting, 
in three-generation families. Long dependent childhoods allow for gene expression 
intersecting with diet and epigenetic learning (such as hunting and gathering from 
tribal encyclopedias), allowing easier adaptation to changing environments [62, 63].

Pit roasting or boiling were the cooking (extra-somatic digestion), methods 
for meat and drying then salting for storage in newly invented pottery in “delayed 
return” societies [64]. Hunting and trapping and fishing (some forming the 
“Salmon nations”), parties crossed the globe, including via Beringia, extirpating 
animal (such as the woolly mammoth) and fish, sea-mammal and bird species - 
that alongside climate change led to the demise of megafauna and meat shortages 
temporarily alleviated by concentrating on smaller game. The interest and obses-
sion about meat and cattle is well preserved early in Cave paintings of Aurochs and 
Mammoths and sculptures (such as the “Lion man” representing hunting prowess) 
and other clay artefacts suggesting an early religious element with a veneration 
of cattle before they were even domesticated – when later some became gods and 
pastoralism was depicted in rock art, wall paintings and figurines [65].

This was the longest successful subsistence economy in our history and was the envi-
ronment to which we largely adapted. Extra amylases (to digest starches), and lactase 
persistence and milk, bread and beer fermentation produce are subsequent genetic and 
cultural co-evolutions. This period was culturally, with the origins of science and music 
[66] and metabolically affluent with the sort of joined-up thinking that later influenced 
the physiocrats [67–69]. The advent of cooking and life of yeasts added to this meta-
bolic thread – now lost and needing a new social contract [70–73]. Populations on the 
ancestral diet remained low, affecting division of labour, so it may be a “Paleofantasy” 
that these high meat diets were best, as they must have changed for a reason [74].

6. The (Neolithic) agricultural revolution and cerealization: grass roots

Homo evolved as a food producer and processor first with horticulture and play 
farming then cultivation of grasses (that we cannot digest easily unlike ruminants), 
and the co-domestication of cereals [75, 76]. Animal domestication and pastoralism 
came later in trading or conquest driven relationships that usually involved a degree 
of specialisation with nomads providing the meat [77–79]. Herdsmen and pastoral-
ists come in various forms, starting around 1000 BC with the humpbacked sanga 
cattle in Ethiopia and reindeer further north, depending on the seasonal transhu-
mance distances between summer and winter pastures that need to be travelled. 
Despite managing a distributive and exchange system, specialist pastoralists, such 
as those with horses and wheels, drove meat inequality hard with property owner-
ship (cattle, rather than land), and controlled meat surpluses [80–83]. Seafood was 
exploited more variably and often as a “famine food” perhaps as the “protein punch” 
was low and the effort high or over-fishing is too easy. Some in the “fertile crescent” 
were better off in “lucky latitudes” across temperate zones with mixed farming rop-
ing in animal predomesticates than others in the Americas and Africa (who also had 
carnivores and parasitic microbes to contend with in the tick and “Tsetse belt”.

We can now see various seeds of hierarchy (worse in the hunting season), inequal-
ity and how a trans-egalitarianism centred on the meat supply and its ownership 



B-Complex Vitamins - Sources, Intakes and Novel Applications

52

might have developed [84, 85]. Sedentism, materialism and social stratification and 
pathology emerged with a well fed ruling “cognitive” non-food producing class and a 
less well-fed worker and slave class as a proletariat with, by definition, high fertility 
[86–88]. Meat became commodified and Engel’s curve kicked in and got distorted 
later with the need for money competing over just about everything that used to be a 
common good or was a new luxury [89]. Where and when meat was scarce captured 
proles were used as (as was consecrated sacrificials) meat in the Americas as state-
registered cannibalism; less-coercive mechanisms of soft-power elsewhere made sure 
the rich were easily able to afford meat [90]. A (2nd) cerealization and calorieization 
event around 1000 AD in Europe specifically separated meat-eaters from grain-eaters 
with social penalties for transgressors in “Bourdieuian” social enclosures. Another 
transition phase involved tributary-redistribution by the feudal upper classes putting 
on regular feast days or by monasteries but then our niche construction comestibles 
were trusted, perhaps unwisely, to the market place [91–93].

7. Enclosure movements, clearances and conservation

Physical enclosures restricted the commons and hunting and pasture rights for 
serfs [94–97]. The argument used was that productivity is increased by landowners, 
by crop rotation improving nitrogen fixation and winter feed (turnips) for animals, 
compared with the overgrazing or overfishing of the “tragedy of the commons” or 
“prisoner’s dilemma”. Such arguments can be true of socialist strategies or privatisa-
tion [98] or cooperation as in “Stag Hunt” games and farmer cooperatives. Serfs 
were denied access to free meat and poachers fined or paid with capital punishment 
as in the Black act of 1723. “Rule of Capture”, or gleaning rarely applied. Thomas’ 
Paine (1796) in his “Agrarian Justice” [99] and the more radical Spence (1829) 
[100] started a chain of thinking about landowner’s debt to others in society and 
that “homesteading” (as in “go west young man”), or at least compensation for the 
removal of pastureland should be available to all [101–103]. By forcing workers to 
work for an income, now usually allotments in cities, the poor were at the mercy of 
market forces and the price of meat (factory workers often paying three-fifths of 
their wages in food).

Expropriation of land resources, as in the Scottish Clearances, also damaged 
local peasant farmers to the benefit of the meat supply to richer cities, becoming yet 
another basic mechanism of inequality and discrimination with loss of social and 
human capital for many – who often emigrated [104–106]. Despite higher incomes 
and more meat per person for a while after the population decline caused by the 
Black Death, by the 1700s the poor became virtually vegetarian [107–109].

Conservation efforts later had similar effects, even in the American land of abun-
dance, born amongst worries about non-white population increases destroying habitats 
to the further disadvantage of the poor with less pasture and hunting rights, driving 
poaching [110, 111]. The Cape is also a good example, as was India, as white hunters 
emulating aristocrats largely exterminated big game (after ivory and trophies) with 
improving rifles up to the High Veld and Limpopo river and set up safari reservations 
whilst denying locals any right to hunting despite their cattle being devastated by 
Rinderpest creating pellagra outbreaks - eventually the camera replaced the gun [112].

8. The Columbian exchange and aftermath

This early globalisation event is relevant as the Americas were poorly off for 
animal domesticates (early hunters had killed off both megafauna and horses). 
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Low meat diets may have contributed to their easy conquest by the Conquistadors’ 
superior technology and cognitive know-how and by infection, as somewhat immu-
nosuppressed [113]. Here is an example of a low meat culture being “laggards” with 
their late use of the alphabet, wheels and metallurgy. The Spanish brought horses, 
sheep, and goats and built ranches on an industrial scale with even feral “plagues of 
sheep” and a glut of cheap meat: whilst the imports of cereals and tubers contrib-
uted to “plague of corn” population explosions in the east [114–116]. Appropriation 
of Indian lands and the extinguishing of Bison and the rise of cattle/cowboy and 
“red meat republics” led to a high meat diet for white Americans and a poor meat 
diet for indigenous peoples [117]. The slave trade also led to a poor low (fatty/flap) 
meat diet for those forcibly imported from Africa and other indentured peoples.

9. Intermission for some early reflections

It cannot be a coincidence that these nutritionally deprived folk were felt to be an 
“inferior” race although racist, sexist and genetic explanations were invoked even 
if “Black Spartacus” revolts and humanist ideas gave abolitionists support for the 
idea we are, indeed, one race. Poor meat, milk and high corn diets were so rife they 
caused pellagra whose members with poor cognitive and social skills were known 
as the “Butterfly caste” and considered a degenerate race facing discrimination 
and the attention of eugenic movements. The eugenicist answer was sterilisation 
not diet, as discovered by Joseph Goldberger [118]. At times agriculture and maize 
has been rejected perhaps for this very reason as an “ecology of freedoms” with the 
ambivalence of “play farming”.

This ability to create a man-made economic and dietary environment and then 
blame the victims or consider them sub-human even in their (spiritual) responses is a 
fundamental attribution error made easier by physical segregation; even Lombroso, a 
famous pellagraologist, is best known for proposing (1887) the atavistic “l’uomo delin-
quent” [119–122]. The second amendment did not allow slaves or freedmen to carry 
arms (except when they ran out of white soldiers), impairing their ability to hunt as 
did the use of their lands for plantations [123]. Denying such people access to educa-
tion, health care (believing they have higher pain thresholds or prone to “Cachexia 
Africana”), or immigration or property rights (losing out on capital gains and heri-
table wealth increasing their debt) further reinforces stereotyping and ghettos, whilst 
obscuring the basic dietary cause that is lifelong and transgenerational [124–127].

Perhaps our original social sin is of not sharing, rather than the eating of 
meat and is the real reason for guilt and blanking over (unfair) access to meat. 
Displacement to the “narcissism of small differences” with discrimination over 
surface matters, particularly to people close to us physically or ethnically, is stronger 
than “clashes of civilisations” or even religions. Such trivia (with no biological 
basis), may be microagressive “smoke screens” over competition over neighbour-
ing means of meat production (as in the “curse of Cain” the farmer and founder 
of nations), and is something we need to overcome with a “species think” more 
empathetic to strangers on lower rungs (with the added benefit of less loneliness 
and more diverse friends that also drives ill health [128–133]. Hope comes from the 
relatively recent history of divide and rule racism (after Bacon’s rebellion of 1676 
that united poor whites and blacks but then “Jim Crow” laws took over for decades 
until the success of Civil Rights Movements), suggesting these attitudes are not 
“hard-wired” in our amygdala and pre-frontal/anterior temporal/posterior cingu-
late cortical areas (that degenerate in pellagra), and that implicit bias can improve 
once others are seen as part of a coalition for a common cause, such as survival of 
the species [134–137].
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10. Back to colonial times: Space and Race

It is useful here to differentiate between “settler” colonies, the “plantation” and 
the “conquered” states. “New Europe’s” such as in Australasia were similar to the 
Americas in that, at the expense of genocides/holocausts of indigenous populations, 
they created a meat surplus to export to the European core [138, 139]. Plantation 
colony peoples (other than the “planters”), suffered from a deterioration in their 
diet as land and labour were swept up in cash crop farming. Conquered states, such 
as India, had peasants taxed (providing the European centre with “free lunches”), 
in a “beggar thy neighbour” policy reducing incomes and impoverishing an already 
vegetarian diet - with no mercy given in the book-end Bengal famines [140–144]. 
Repercussions of these policies often born during the cotton empires continue 
to shape our world with little sight of reparations and restitution to those worst 
affected [145–148]. For instance, it is well established that dietary intervention dur-
ing pregnancy improves birth weight and development and academic achievement 
and blocks the programming of future ailments (including the metabolic syn-
drome) as first noted in the Dutch “Hunger Winter” of 1944 [149]. So it is impor-
tant that “battle fatigue” does not set in to this opportunity to correct constructively 
a past injustice.

More positively imperialism did, like the Columbian Exchange, lead to signifi-
cant transfers of plants with nutritional or economic - such as rubber) or medicinal 
value (such as quinine) largely by the Kew garden network instigated by botanists 
Banks and Hooker) - and animal species, some more productive such as the 
Hereford and Aberdeen Angus cattle (that largely replaced the shorthorn and Texas 
longhorn in all but the most arid areas) [150–152].

11. 1850s meat transition in Western Europe

After the 1700s when only the rich ate much meat a meat transition started 
in Britain (“Rosbifs” as depicted by Hogarth) with its “Hungry Empire” [153]. 
These times had started with well documented ill health, height and opiate 
and alcohol issues and (Chartist) hunger-revolts and “knife and fork” “milk 
famine” issues that spawned the luddites and trades unions as incomes were 
falling (some families living on boiled nettles). The new Poor Laws were harsh 
and the country flirted with revolution as happened across Europe [154]. Meat 
intake then doubled [155, 156]. Innovative agricultural practices and stock 
breeding increased production that just about kept up with population growth. 
The important increase came from imports from the “settler” colonies, and 
“Atlantic” cod, aided by advances in steam transportation and refrigeration 
(frozen meat imports to Britain were 200,000 tons in 1900 and 350,000 tons 
a decade later), with price drops that, for a change, benefited the urban poor, 
all paid for by profits from the cotton trade and other plantation income [157]. 
Britain accounted for a huge proportion of the transcontinental and transequa-
torial meat trade [158]. Repeal of the Corn Laws and repeal of excises on meat 
also helped the working class [23]. This was a period of significant food price 
deflation with cheap meat and vegetables attributed to increased productivity 
from technological improvements (including the cotton gin market but the 
market collapsed triggering the pellagra outbreak in the Americas) [159]. The 
influence of luminaries such as Thomas Paine’s “Rights of Man” (1791) [160] and 
Robert Owen (1813) [161] “man’s in-humanity to man” helped let alone Marx and 
Engels (Condition of the Working Class in England) and the Quaker movement. 
All efforts contributed to better diet and better (brain) health and longevity. 
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Infectious diseases particularly Tuberculosis virtually disappeared even if 
replaced by autoimmune diseases whilst fertility declined completing the first 
modern disease and demographic transitions [162, 163].

12. More recent times: place of markets

These have seen supply side “Green” revolutions using artificial fertilisers and 
hybrid or genetically modified seeds with higher yields and higher micronutrient con-
tent [164, 165]. This has resulted in continued “Calorieization” and “Cerealization” 
for the poor but “Meatification” for the rich and aspirant middle-classes. Grain Aid 
and subsidies concentrate on cereals (some used to feed animals). Rich countries such 
as the USA and Russia (meat and wheat diplomacy) have turned into major exporters 
of food with less produced locally putting poor nations at the mercy of international 
price hikes – as happened with the price hikes of 2008 after the economic meltdown 
bringing the poorest to the brink of famine [116, 166]. This reversal has paradoxes 
given Africa has enormous land banks and plenty of sun yet its agriculture would be 
familiar to those alive at the dawn of Christianity with a lack of irrigation - leaving it 
ill prepared for already baffling rainfall conditions and friction with nomads as the 
Sahara marches south. Russia, by contrast, may gain from melting permafrost. This 
is harsh as Africa contribute almost nothing to climate change even if there is now 
an opportunity, if supported, to leap frog with clean and electric technology. Rich 
countries in the Global North, who have greater access to the latest technology and 
economies of scale (favouring monocrops), and have political power through mega-
merged corporations, including meat processors, have by manipulating tariffs and 
trade rules supported their own farmers with subsidies (such as in the USA and EU). 
World Bank rules insist on neoliberal free-trade policies for others earlier in develop-
ment even though this distorts the market place to the benefit of the north.

Pushback on this faultline of neoliberal policies and the “dominium” of neo-
colonialism, being grimmer than the “imperium,” was helped by the oil embargo of 
1973–4 and the formation of the G-77 as a global south poor nations trade union, 
achieving some potency including over food supplies [167–169]. However these 
policies shut out many small farmers (many of them women), from markets who 
then become impoverished themselves on poor diets [170–172]. This all inhibits local 
development that needs early protection from cheap imports unless there is a local 
competitive advantage which there is in the tropics as in “Banana republics” but 
this is not true of staples or cattle that prefer temperate zones. These ‘meatonomics’ 
with subsidiaries cause meat deflation in the already rich world aided by ample oil 
induced efficiency gains.

13. Pastoralism – mixed farming

Pastoralists in Africa are threatened despite producing a high proportion of 
meat and milk and using geographically isolated range-land unsuitable for crops as 
 common pastureland and water resources get enclosed by developers and transhu-
mance routes (necessary for the best seasonal grazing and to avoid the tsetse fly), 
blocked so that they get marginalised and cannot afford their own produce and do 
not get integrated with mixed farming and agro-pastoralism that is not the simplest 
of evolutionary progressions. There is a false assumption that pastoralists dam-
age ecosystems and equilibria through over-grazing and exceeding the “carrying 
capacity” of the land. More thought needs to go in to this if meat production is to be 
increased including optimising vaccination programs [173, 174].
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14. Reap and sow

The vast grain export as Aid helped farmers in the USA dispose of their sur-
pluses helping short term but did not encourage local development. Some interven-
tions back-fired badly such as peanut farming in Tanzania, apple farming in Nepal 
and the exacerbation of a food crisis in Malawi [175]. Green developments can be 
criticised for fueling population explosions rather than credited for alleviating 
hunger. Import substitution encourages empty calorization of locally processed 
foods and drinks and is responsible for the “commercial determinants” of ill health 
and the triple burden of combining diseases of poverty with obesity rather than 
providing a balanced omnivorous diet [176–179].

The modern period has, despite the above, seen some telling upswings for the 
majority (such as 1945–1975), that relate to more egalitarian diets with more milk 
and meat after World War 2 rationing. A 30 years “Trente Glorieuses”, helped by 
the rise of welfare states, lasted longer than relief from the exigencies of war would 
explain. Divergences related to more neoliberal policies and less attention to or sym-
pathy for welfare and the incomplete success of civil rights, consumer or cultural 
power (music, sport) suggest something more fundamental [180–182]. Meat transi-
tions are nevertheless in progress as in China (the high price however favouring the 
upper and urban middle classes), but are only slowly occurring in India and only 
arguably in sub-Saharan Africa.

15. Meat downsides

Downsides of meat production and consumption given the “Long Shadow” of 
the livestock revolution and ecological “Hoof-prints” are well rehearsed as are health 
consequences of meat gluttony from gout onward to (bowel) cancer [183–185]. The 
knives are out for “hamburger” carnivores and this is not surprising given meat’s 
green-house gas effects (CO2, CH4 and N2O [186]), let alone animal rights concerns 
and risk of food poisoning (e.g. E.coli, Salmonella and Campylobacter), and emer-
gent zoonoses, including COVID-19).

Agri-businesses encroach on land over and above the pastureland that could not 
be used for crops, that is grabbed and de-forested with little attention to improving 
the soil long-term leading to desertification -and uses gigantic quantities of fossil 
fuels as “food-miles” and for artificial fertilisers with consequent loss of biodiver-
sity and insect apocalypses, from pesticide use [187, 188]. Meat markets and farms 
are under intense pressure, by the poor and the rich (with their exotic tastes), to 
produce in close ecological proximities often linked to de-forestation increasing risk 
of (bat) coronaviruses crossing species boundaries.

Rich Americans eat their body weight or more in meat per annum [189]. The 
poor in sub-Saharan Africa and other places in the “Dickensian” Global South eat 
negligible amounts. In middle- and low-income countries there is a marked class 
divide with the rich eating a great deal. Even in the USA or UK, the very poor can 
live in food deserts and metabolic ghettoes reliant on food banks when austerity is 
policy [190]. In 1962 the average for the Chinese was 6Kg of meat pa but that figure 
is now 60Kg and rising toward the American average of 120Kg [191].

Ten calories of animal feed (grain, soybean and fishmeal more than grass), 
produce one calorie of meat and require enormous quantities of land (deforesta-
tion), water, oil, artificial fertilisers (fixing nitrogen using fossil fuels and allowing 
eutrophication), antibiotics (enabling evolution of superbugs and not even given 
for therapeutic purposes), and pesticides (“silent springs”) [192]. Some relief 



57

Meat and Vitamin B3: Getting a Grip on Engel’s Curve
DOI: http://dx.doi.org/10.5772/intechopen.100056

comes from less use of ruminants and more of mono-gastric chickens and pigs 
(badly affected by pandemic induced culls) and plant-based green-marketed foods 
and drinks as meat and dairy substitutes.

The case against meat is, as a result of the above, strong as a major contributor 
(30–40%) to greenhouse gas emissions (methane and N2O ‘ tipping points’ as they 
are potent but have shorter half-lives than CO2 but do not have its fertiliser effect), 
and climate change (1.4%F since 1880) [193]. Meat intake is currently running at 
300 million metric tonnes having been 7 million in 1960 and could rise by another 
75% by 2050: artificial meats are unlikely to be the whole answer to curb this hunger 
but other mitigations such as less beef and more insects in diet are possible [194].

16. Vegetarianism

Widespread vegetarianism is usually proposed by those in the rich world 
who have all micronutrients available from other, often supplemented, foods not 
available to poor economic vegetarians [195, 196]. Embarrassment over meat eat-
ing and distancing from the sight of slaughter has a long history dating back to 
Pythagoras and tied up with concerns about man’s place in nature “Every moving 
thing that liveth shall be meat for you” (Genesis ix.2–3), versus “Take not away 
the life you cannot give: For all things have a right to live” (Dryden’s Ovid),- up 
to 17th and 18th C tracts and modern animal rights and animal sentience cam-
paigns and research [197, 198]. There is resistance to vegetarianism culturally, 
despite “Veganuary,” and converting to some plant-based diets that are heavily 
processed or engineered corn now ‘super-sweet’ can increase emissions and may 
have health risks or be too expensive [199–203]. Our new found feelings about 
stewardship of animals should extend to different geographies as “out of sight 
out of mind” may shield us emotionally from slaughter houses but should not 
work for other human-beings on poor monophagic vegetarian diets [204].

17. Omnivore’s dilemma or dialectic?

Thus, we have contradictory views on meat – is it our maker or breaker? The argu-
ment against meat is aimed at those who eat and waste a lot but relatively little dis-
course is about the needs of the poor and health inequalities and their “killing fields” 
[205–208]. Perhaps it is less of a dilemma if it is the high variances of meat intake that 
are the real problem alongside the replacement of vegetables with processed cereals 
and their products (such as high fructose corn syrup) and that this basic inequality 
affecting “food for thought” is driving many of the more obvious “Syndemic” prob-
lems from zoonoses to climate change to risk of wars and much ill health at the lower 
end of the income scales [209]. Let us look again at Engel’s Law [210].

18. Engel’s Law: Basic niche construction

In 2011 in Norway (GDP per person $62000) food budget share was 10% 
whereas in Chad (GDP per person $2000) the share was 52%. Poor households 
have to move up the income scale before the spend on starchy foods falls and the 
amount spent on the more elastic need for meat rises. It then can fall as the rich 
become “Flexitarian” in their eating habits (as suggested in Britain by George 
Cheyne (1733) and by Hippocrates with his “Regimens” much earlier [211]. 
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An unfortunate modern twist, whether poor in America or Africa, is to achieve food 
security by spending on high fat and high sugar processed foods (or materialistic 
goods from cars to phones), rather than low density fruit and vegetables that used 
to supply some micronutrients (such as folate and flavonoids let alone psychoac-
tive com-pounds in Victorian times when they were cheap) even when meat was 
unaffordable. This plays into the commercial determinants of disease in “fast food 
swamps” – with individuals then stigmatised for their life-style rather than the 
correct label of poor life circumstances [212, 213].

States have traditionally taken some interest up to point 1 providing grain but 
not point 2 as meat is often felt to be a hedonic “luxury” rather than having a health 
utility. (Henri IV was an exception in his push for “a chicken in every pot” and 
Papin’s “New Digester” pressure cooker (1679) helped poor to cook cheap animal 
products). Inflation is a painful tax on low to moderate income house-holds as 
are many austerity measures or actual taxes on food and drink – as is sometimes 
proposed for meat. Many rulers, whether fascist or socialist, have even put condi-
tions on supplying grain to useful workers and starved the “undeserving poor” or 
dissidents. Exceptions included the Kennedy’s who pointed out “the obscenity of 
conspicuous wealth amongst public squalor” backed up by some intellectuals in a 
tradition from Aristotle, and glimpsed by Mill, on emphasising a basic need for a 
good diet before other human attributes can really take off [214–218].

States and markets often ensure the extra meat goes to the urban middle classes 
(or middling diets) turning Engel’s Law into a political mechanism. Egypt, for 
example, in the 1970s imported grain for animal feed so that the richest 25% ate 
four times as much meat as the poorest 25% (and had form as their rulers sup-
pressed wages after the Black Death such that there was no survivor benefit for 
workers diets, as was seen in most of Europe) [219].

Other societies channel meat to the rich by restricting access to wildlife that 
normally favour the poor but then becomes an exotic commodity food for the rich. 
In Samoa hunting pigeons is comparable to English aristocrats hunting deer and as 
in China and earlier in the West wild delicacies from the land or the high seas were 
only inhibited when enforced by much stricter conservation laws [220, 221].

19. Preston’s curvilinear curves

Meat is an important component of any “unified growth theory” and is an 
achievable developmental goal. Prestons’ curves suggest that some element of 
modernity with a low ceiling effect after which there are diminishing returns 
can improve longevity, health and happiness as measured, for instance, by 
Happy Planet indices (Figure 3) [222]. Low-income poverty traps and middle-
income traps (the “Argentina paradox”) with economic divergences may be 
because Engel’s curves were not satisfied for enough of the people who then can 
not obtain college degrees [40]. Point 2 on Engel’s curve should be the target to 
avoid the “hidden hunger” of micronutrient deficiencies [223]. As Kristof has 
written “Future generations will be baffled at our heartlessness and our indif-
ference to suffering in impoverished countries” [224].

20. Wealth and health of nations: Lands of milk, meat and honey

Until a reasonable proportion of the population have climbed Engel’s curve 
either because the cost of grain and meat has fallen (due to increased productivity 
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in the agricultural sector or because that country can afford to import more) 
consumers do not have enough discretionary income and the motivation or “mar-
ginal propensity to consume.” [214, 225]. Living from paycheck to paycheck with 
debt and little capital does not allow spend on luxury goods (that include animal 
secondary products) or when that is satiated services – in other words the engine of 
want with a modern economy and a market that appreciates new ideas, technology 
and institutional governance [226–228]. The rise of consumerism, such as clothes, 
may however, as first noted by Marshall (1890) [229] and Veblen (1899) [230], be 
a chief driver of climate change and is fuelled by inequality and status anxiety that 
might be constrained by more equality. More educated better fed “sympathetic 
consumers” date back to abolitionists campaigns to reduce consumption of sugar 
and rum and is now evident in “Fair Trade” movements aware of invisible labourers 
and animal rights would be the aim resuscitating environmental Kuznets curves 
claims [231]. Power disparities should lessen with less income inequality allowing 
all to live in cleaner places and move up on the Great Gatsby curve by allowing all to 
“Green-up” as environmentalists [232, 233].

21. Declines and falls: Milk and meat famines

This underlying process for the wealth and health of nations has in the past led 
to the intellectual rise of hegemonies in the positive phase – such as the classical 
“Axial” age that independently at 4 different Eurasian sites in the “lucky latitudes” 
for domesticates fostered philosophical and scientific advances [234] and falls of 
Empires as in Ancient Greece and Rome and Mesoamerica from environ-mental 
“ecocides” with damage to the soil and to diet [235–238]. Easter and other Island’s 
“parable” collapses show the close relationship between diet, meat and ecology – 
eating all the birds led to eating all rats and “slash and burn” deforestation and then 
on a plant-based diet (as in “peak corn” in Mayan and elsewhere in post-Columbian 
times), boom bust demographics [239, 240]. Success or collapse can also be seen in 
terms of ecological succession and transfers between “r” selection and “K” selection 

Figure 3. 
Preston’s curves show the importance of income inequality to longevity and health and happiness and chances of 
rising up the social elevator. These curves rapidly flatten with a low ceiling effect. Better hygiene and education 
or medical innovations have been considered causative agents but better diets are the more likely factor. The 
ceiling effect would accord with Engel’s curves and would not be that hard to achieve at a low cost and with 
more sharing and less waste.
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for lower populations of higher quality that has to be driven by omnivorous diets 
avoiding “catabolic” and negative phases of the cycle that often follow peak inequal-
ity in states [241, 242]. Current failures to help a levelling up of under developed 
countries ignore the role of building human capital based first and foremost on a 
good diet and was not true of the Tiger economies [243–247].

22. National and personal exceptionalism: myths

The dietary “lurking variable” impact on demographic and disease transitions 
may have been under-played and the more superficial correlates with educational 
level or hygiene overplayed [248]. Education is dependent on cognitive skills (of 
both teachers and pupils), so a better diet must help: as well as fueling innovation. 
Patents correlate with their owner’s parental income but not with educational 
opportunities so early diet could be crucial [249]. Good diet must surely be a factor 
in the “Flynn” effect where improvements in performance on IQ tests improves fast 
with improved income so cannot be genetic or due to discrimination [250, 251]. Diet 
may not be any more deterministic than genes but may have more predictive power 
over success and gene expression by diet is easier to alter than genomes.

The “Great Enrichment” of the globe that began in the Netherlands 
(“Embarrassment of Riches”) then England is not easily explained by classical 
or neoclassical economics but had ideas from the well-fed “Bourgeoise” as their 
real “steam” power as a greater mass of people “could have a go” at innovation 
and invention - with better institutions and capital accumulation as secondary 
reinforcements to avoid intellectual “enclosures” from patents and monopolies 
[252, 253]. Fogel championed diet as being the prime mover with a well- nourished 
well paid workforce being a pre-condition for development [254–257] and has, at 
times, been the policy of the United Nations [258] as advised by others [259, 260]. 
Mechanisms that go beyond the need for calories with micronutrients create 
virtuous cycles: lessons on vicious cycles come from pellagra [261, 262] - affected 
“cotton” states still scored the lowest for social and economic well-being over 
50 years later and the highest for incarceration [263].

23. Less infection, lower fertility, autoimmunity, longer lives

Better diet improves host resistance as even if not catching an infection people are 
less likely to die - TB and measles are good examples - as well as increasing crystal-
lised intelligence from living longer. Not catching TB or other “Old Friends” because 
of better diet may contribute at least as much as better hygiene to the switch between 
chronic infections and auto-immune diseases so characteristic of modern states. 
Furthermore fertility falls, but quality of offspring improves; this being a non-
coercive form of population control and age structures from dividend to drag that is a 
mixed blessing in some economies with see-saws between birth control and infertil-
ity clinics, but an advantage to others, many in the south such as in Nigeria where 
population booms are dramatic and could eclipse the population of the United States, 
so once again meat moderation may be best to avoid “arcs of instability” [264, 265].

24. Clean, safe meat and justice

Reducing the variances in meat (and milk, fish and shrimp) intake perhaps to a 
mean of around 30–50 Kg per person per annum may be the way forward through 
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more sharing and less waste and better husbandry but is still, in essence, a power 
battle [266]. This meat pathway should be made cleaner and use emerging meat 
technologies as they become available and affordable. Risk of emergent zoonoses 
should be reduced. Only then would the lottery of one’s life chances so related to 
geography, including within states, and discrimination and snobbery often based 
on educational achievement even if fronted by the identity politics of the day, such 
as skin colour reduce or at the least enter a new chapter [267, 268].

Redistributive food justice as in school meals programmes (as advocated by the 
Black Panthers and opposed by the FBI who understood the power of food), would 
deliver more “bang for the buck” than high military and security budgets or even 
the high healthcare costs for those in their last few years [269]. Free school meals 
remains a marker of deprivation in many rich countries that correlates intellectual 
attainment and college entry: only when a strong dietary base is satisfied would a 
meritocracy make sense [270, 271]. A backlash would doubtless need to be over-
come as previously disadvantaged people become more assertive as seen with the 
Wilmington insurrection [272] (1898) or “Tulsa” riots on “Black Wall Street” (no 
food desert with 38 grocery stores), who stopped seeing themselves as second class 
citizens to the irritation of societies status quo ante [273].

25. Metabolism and free energy scales: Prometheus unbound

As Stephen J. Gould said in 1981 “Few tragedies or injustices can be more exten-
sive than the stunting of life by a limit imposed from without, but falsely identified 
as lying within.” Gould pointed out that intelligence like height could have high 
heritability within a family yet be very sensitive to poor diet in the population. 
Our propensity to virtue or violence may also have a lot to do with whether we are 
toward the top of Engel’s curves and full of energy and not too worried about being 
displaced [274]. A metabolic and more classic liberal approach, such as of Mill and 
Smith, that encompasses ethical commitment to others welfare is needed [275–277]. 
Ultimately this may all be about flux (as noted by Heraclitus) and thermodynamics 
turned on it’s head by use of oil. Our predicted needs are for NAD(H)-based internal 
(and external) energy gradients. Josiah Gibbs (1878) and followers understood that 

Figure 4. 
Metabolic health and metabolic ghettoes and rifts seen from a NAD(H) perspective. Poverty may one day be 
defined in biochemical not sociological terms, as NAD deficient. NAD deficiency then exacerbates infections, 
chemical pollution, stress and poor education to which the poor are more exposed, particularly when 
residentially segregated.
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chemiosmotic proton motive forces in mitochondria and chloroplasts were key as free 
energy usage based on Hydrogen ((H) carried by NAD and stored as ATP) connects 
our brains to the great cycles of life on a symbiotic planet connecting photosynthesis 
to respiration and combustion (Figure 4) [278–281].

26. Metabolic rifts

Local farming “100-Mile Diets” (as was normal until recently) and less de-
forestation or loss of mangrove swamps and less mono-cropping and better ground 
cover (absorbing CO2) and care of the soil reducing desertification and dustbowls 
with less artificial fertilisers and lower transportation needs will help. Humus and 
the soil are both chemical and biological systems (Darwin’s worms (1881) and their 
microbiome) with complex interactions. Losing the “commons” pastureland caused 
issues from the original metabolic rift between humans, animals and nature, as pro-
posed by Rousseau and Marx, such that manure or compost does not get returned to 
the soil through to modern views on the circular biomimicking economy [68, 238, 
282, 283]. Even losing the right to produce your own natural greenhouse gas emis-
sions is part of a multiple “Enclosure” movement making everything a commodity 
that is entrusted and traded for a profit in the market but not returning proceeds 
to the underpaid whose diet then loses out [284, 285]. A symptom of capitalism is 
that food chain workers on the land are in the frontline at food banks. Significant 
“Schumacherian Small is Beautiful” locavore counter-movements emanate from 
community peasant farmers, such as “La Via Campesina”, “Seikatsu” (allotments 
and “Dig for Victory” in WW2 that included chickens and pigs), with experiments 
in countries such as Cuba and slow food movements although they rarely major on 
meat and milk [286, 287]. Gardeners and horticulturalists and not only industrial 
farmers, have much to learn about sustainability tailored to the local landscape - 
desperately poor farmers will mine their land for survival (and pastoralists invented 
zero-grazing stall fed cattle), as often as capitalists in tendencies that date back to 
the bronze age as first noted by Xenophon in the fourth century BC [288].

A return to universal common arcadian pastureland is too big a Utopian ask but 
the idea of “Sitopias” with a “Humanomics” and restraints on the “invisible hand” 
with a “doughnut” economy allowing meat for all in a resilient panarchy - meat for 
the rich is subsidised - is on the cards and is not a zero-sum game reducing many of 
the current risks to ourselves and to the planet [289, 290].

27. Mayday: wars and pandemics?

“If a free society cannot help the many who are poor, it cannot save the few 
who are rich” was the socially sustainable message from president J.F. Kennedy’s 
inaugural back in 1961. The alternative of an increasingly unequal world and 
further geographies of poverty with new class structures and aggrandizers as 
global warning damages many agricultural systems would create a vicious cycle of 
biodiversity loss, even our “good-selves” [291–293]. Stressing of the meat supply 
risks emergent zoonoses - and war [294–296]. Dyer (2021) writing on wars from 
resource stress points out that primate and human rustling and outright wars, from 
the fierce Yanomamo on, were often over meat [297]. Livestock raiding may be a rite 
of passage for some but easily escalates to predatory raiding and has a lethal synergy 
with oil interests that can lead to geopolitical conflicts.

Revolutions and wars were often triggered by an excess of an elite class collud-
ing with the hungry poor. Aggressors cottoned on to the value of starving their 
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opponents in the American Civil war and World Wars - whose original purpose 
(like all empires as noted by Sophocles) was to gain pastureland (“Lebenstraum”). 
(Napoleon’s earlier serial mistakes had been sending grain to Britain thinking that 
the gold spent would be more destructive, then ignoring his own supply lines in 
Russia and again in the Haitian revolution of the enslaved [123]). Civil wars are 
vicious often starving opponents as is being seen now in South African insurrec-
tions that bring access to food to its knees with child support coming nowhere close 
to satisfying – and tragically not representing the ideals of Mandela [298]. Despite 
somewhat different histories this Anglo-Dutch colony (note the extraordinary 
cattle-killing episode of 1857) and the American issues south of the Mason-Dixon 
line, including the Caribbean and down to the Rio de la Plata, are the hard core of 
white supremacy and both being prone to pellagra are key to our argument – as is 
also supported by the Australian experience [299].

Worse could come with a dystopia of climate change with droughts or floods 
affecting global food production first in the southern tropics and subtropics (often 
affecting pastoralist first who have to move), and triggering forcible attempts to break 
down walls (the fall of the Berlin Wall was triggered by meat queues and “solidarity” 
revolts), constructed as enclosures of rich gated communities protecting their own 
food supplies, is not too hard to imagine [300]. The end of the Cold War changed 
the political worry to migration and “the Coming Anarchy” from movements from 
low meat zones (as has been the case for all major human migrations from “Out of 
Africa” on) with terrorists joining up for remuneration as much as religious fervour 
to feed their families [40]. Water shortages have led to migrations but cooperation 
between states have often mitigated friction so far but remains a danger - the same 
might happen if meat was equilibrated increasing resilience [301, 302]. Wars and even 
“wars” against pathogens, often blamed on foreigners fueling xenophobia, is not an 
answer [303]. Relying on vaccines does not address the underlying driver but a more 
ecological and veterinary “One Health” approach with an emancipated public health 
concentrating on natural resistance from a good diet and safer sources avoids “Red 
Queen” evolutionary dynamics - or microbes will indeed have the last say [304, 305].

28. Conclusion

What we have tried to demonstrate is that, despite the importance of meat in 
our evolution and sharing of meat during our long less hierarchal hunter-gatherer 
phase, since recorded history began getting a grip on Engel’s curve has been rigged 
for any but the rich and this mismatch has caused much inequality, disease, poor 
demographics and friction. Border wars and pandemics [306] would be a tragic own 
goal for rich and poor alike, given the political and societal impacts, if we cannot 
develop a new concept of the world from “emancipatory catastrophes” and cafeterias 
for all, not banquets for the few [40, 307]. These natural experiments and lived 
experiences aggregate evidence and by appreciating our “Bayesian” priors and 
precarity of the poor (all precarious), we can plan better for the future. Covid gives a 
current example of the poor being put at risk of late onset ailments from commercial 
‘bliss points’ that then become risk factors as well as the hunt for meat leading to 
unsafe farming practices allowing microbes to jump species (as also happened with 
the bovine and human prion disease epidemic). We have been mean, sometimes 
inadvertently, about recreating our ancestral meat commons and stunting others 
lives in order to be in charge then racialising conduct and cognition. Not thinking 
like a “species being”, but as classes or nations, puts our own species under threat let 
alone endangering many other species with extinction [308]. As Lewis Carrol said 
(in Through the Looking Glass, 1872) “the question is, said Humpty Dumpty, who 
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is to be master- that’s all”. Being more generous is to be more masterful over the 
longer term and more “Nordic” [309] and as with ancient potlatches would avoid 
the dangers of surplus wealth in general, let alone the specific dangers of meat and 
nicotinamide overload, as money has to be spent somehow often propping up the 
“rentier” class or in dangerous arms races or housing or stock market bubbles bailed 
out by governments at the expense of the poor, as pointed out by Bataille (1949) 
[218, 310]. Only a proportion of capital is spent in useful reinvestment, research 
and development but is hoarded by the 1% [311] or as Galbraith said earlier “beyond 
doubt wealth is the relentless enemy of understanding” echoing long held biblical 
concerns about ‘Mammon’ and ‘Paradise Lost’. A more anthropological vision of 
the world that questions the least questioned assumptions, as Paul Broca (a 19thC 
neurologist) suggested, would accept the lifetime importance of a good diet, with 
nicotinamide pathways as the “secret sauce” rather than carrying on with the 
disadvantaged “left behind” being subject to the most unlikely explanations for their 
plight and discrimination and snobbery from the elites - that wastes so much human 
talent and could cancel race matters that already are not an issue amongst well fed 
well educated elites [277, 312].
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Abstract

Vitamins B denote to some diverse kinds of vitamins which collectively, are 
recognized as B-complex vitamin. At hand are eight types of vitamins in vitamin 
B complex; thiamine (B1), riboflavin (B2), niacin (B3), pantothenic acid (B5), 
pyridoxine (B6), biotin (B7), folate (B9) also known as folic acid and cobalamin 
(B12). B vitamins have a direct impact on body energy levels, brain function and 
cell metabolism. There is a roundup of four top causes of vitamin B deficiency; a 
non-balanced diet, excessive alcohol consumption, various medications and gut 
malabsorption conditions. Deficiencies in these B vitamins can lead to a number of 
different symptoms like paresthesias, peripheral neuropathy, psychosis and heart 
attack and stroke over time if the deficiency is not reversed. Vitamins are found in 
highest abundance in meat, eggs and dairy or milk products such as butter, yogurt 
and cheese produced from milk of mammals usually buffaloes, cattle, goats, sheep 
and camels. Most people can get many nutrients they need, including B vitamins, 
by eating a varied diet of lean meats, grains, fruits and vegetables. This chapter 
provides an affluent of the most common types of vitamins B, including why body 
needs these, their deficiency symptoms and which foods contain them.

Keywords: B vitamins, B-complex vitamin, disorder, neuropathy, biochemical action

1. Introduction

Within little earnings nations, insufficient quantities of foodstuff (resulting 
situations like kid malnourishment and undersized development) and limited 
variety of foodstuff (resulting deficiency of vigorous micronutrients like vitamins, 
minerals or trace elements) remain to be urgency healthiness complications. 
Undernourishment entirely in its practices rises the threat of illness and premature 
expiry. Almost millions of persons in the biosphere do not have sufficient diet to 
consume. Undernourishment disturbs entirely age crowds, however it is particu-
larly common amongst poor persons and those with insufficient entrance to fitness 
teaching, good sanitation and clean water. Maximum of the malnutrition-related 
nervous complaints are escapable [1–3].

The body requires nutrients such as protein, fats and sugars to build tissues and 
fuel biological processes, but even when calories are plentiful, there are some vital 
nutrients that when missing, would cause catastrophic illness and death. One of the 
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first of these deficiency syndromes to be identified is scurvy, due to a deficiency 
of vitamin C that led to the discovery of the B vitamins, which is a group of water-
soluble chemicals working with enzymes to support a wide range of functions in the 
body [4].

The B vitamins are a group of eight nutrients, each with unique roles in keeping 
the body healthy. Though these vitamins share similar names (B1, B2, B3, etc.), they 
are chemically distinct compounds that often coexist in the same foods. Generally, 
dietary supplements containing all eight are referred to as a vitamin B complex. 
Each B vitamin is either a cofactor (normally a coenzyme) for key metabolic 
processes otherwise a precursor needed to make one. They are especially important 
for maintaining cell health and keeping energized with a unique function in the 
body. There are eight kinds of vitamins in the vitamin B complex: thiamine (B1), 
riboflavin (B2), niacin (B3), pantothenic acid (B5), pyridoxine (B6), biotin (B7), 
folate (B9, also known as folic acid) and cobalamin (B12) [5].

All B vitamins play crucial roles as coenzymes for enzymatic reactions in 
different biological systems. The eight B vitamins form a group of chemically very 
heterogeneous essential substances, which have a wide variety of functions in the 
human body. Further substances once thought to be vitamins have been given 
numbers (B4, B8, B10, B11 and others) in B-vitamin numbering scheme, however 
are subsequently discovered to be either not essential for life or manufactured by 
the body, thus not meeting the two essential qualifiers for a vitamin [6].

Individually, these eight B vitamins play key parts in the body desired to initiate 
the chemical reactions that upkeep body’s lots of tasks. For instance, cells usage 
B vitamins to create energy from fatty acids, sugar and other nutrients. Thus, 
deprived of B-complex vitamins, the human body may possibly not function fine of 
any kind. B vitamins are water-soluble or they can dissolve in water, thus excess B 
vitamins in body does not use are washed out through urination. The body can-
not easily store B vitamins for long periods of time, thus it is especially important 
to regularly consume B vitamins from diet or supplements to avoid deficiency. 
Entirely, B vitamins aid to transform the fats, carbohydrates and proteins consumed 
into energy. B vitamins are likewise required for strong hair, eyes and skin; right 
working of the liver and nervous system; fit gastrointestinal expanse; creating red 
blood cells that transport oxygen all over the body; and constructing sex and stress- 
related hormones in adrenal glands [7].

Each member of the B-complex has a unique structure and performs unique 
functions in the human body. Their supplement has been used in connection with 
the subsequent health conditions. Thiamine (vitamin B1), pantothenic acid (vita-
min B5) and other B vitamins have all been shown to play a role in wound healing. 
Supplementing with vitamins B1, B2 and B6 has been reported to provide relief 
from canker sores. Preliminary reports have claimed that acne rosacea improved; 
treatment of B-complex vitamin deficiencies may actually reduce alcohol cravings 
(desires); may reduce feelings of anxiety, perceived stress and tiredness; athletic 
performance can suffer if these slightly increased requirement needs are not 
met; helpful to treat people with hives; can prevent the development of tardive 
dyskinesia; women may benefit from supplementing with B-complex vitamins for 
premenstrual syndrome symptom relief; postmenopausal women increase their 
bone density against osteoporosis remarkably; and may depigment skin affected by 
vitiligo. Human requirements for each B vitamin vary considerably from 3 mcg per 
day for vitamin B12 to 18 mg per day for vitamin B3 in adult males [8].

The symptoms of a vitamin B deficiency vary depending on which B vitamin 
a person is deficient resulting in different symptoms. Certain conditions, such as 
crohn’s disease, celiac disease, HIV (human immunodeficiency virus) and alcohol 
use disorder can prevent the body from absorbing B vitamins effectively, thus 
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increasing the risk for deficiencies. They can range from fatigue and confusion to 
anemia or a compromised immune system, while skin rashes can also occur. Most 
people can get all nutrients they need, including B vitamins, by eating a varied 
diet of lean meats, grains, fruits and vegetables. Some foods are high in several B 
vitamins and certain foods are particularly high in specific B vitamins. So, eat-
ing of a balanced diet is the key to get all nutrients the body needs. Older adults, 
pregnant women and people with certain health conditions are more likely to have 
vitamin B deficiencies [9]. To treat a B vitamin deficiency, physician will likely 
recommend that a person should take supplements or increase intake of certain 
foods that contain the target vitamin.

2. Indicators of vitamins B scarcities

Neurotropic B vitamins play crucial roles as coenzymes and beyond in the ner-
vous system. Particularly vitamin B1 (thiamine), B6 (pyridoxine), and B12 (cobala-
min) contribute essentially to the maintenance of a healthy nervous system. Taking 
into consideration the present information on the neurotropic vitamins B1, B6 and 
B12, it is ultimate that a biological interaction come to be obvious in several diverse 
passageways in nervous system, mainly in the PNS (peripheral nervous system) as 
illustrated by their collective usage in the management of peripheral neuropathy 
[10]. This is significant to start bearing in mind about B vitamins as a therapeutic 
and neuroprotective tactic for peripheral neuropathies and several brain disorders 
equally, in forthcoming medical studies. Table 1, provides an overview on the 
major implications in overlapping biochemical pathways important for the nervous 
system, pointing to a synergistic effect as a logical consequence of these overlaps.

The indications of a vitamin B shortage vary depending on which B vitamin a 
body is deficient. Maximum nutritious syndromes with harmful sound effects on 
the peripheral and central nervous system are secondary to vitamin insufficiencies, 
principally those of the B group. Several of these syndromes happen in the site of 
undernourishment linked with alcoholism. A thorough dialog of whole vitamin B 
shortages lies inside the space of this chapter. Nevertheless, four of the further com-
mon vitamin B deficiencies such as thiamine (B1), cobalamin (B12), niacin (B3) 
and folate (B9) are specially appraised.

Vitamin Processes Coenzyme for Implication in nervous 
system

B1  
(Thiamine)

Glycolysis Pentose 
phosphate pathway 
Krebs cycle (citric 
acid cycle)

Pyruvate dehydrogenase 
Transketolase
Alpha-ketoglutarate 
dehydrogenase

Delivers energy to nerve 
cells that are required 
for production of 
nucleic acids, myelin 
and neurotransmitters

B6 
(Pyridoxine)

One-carbon 
unit metabolism 
Hcy metabolism 
Dopamine and 
serotonin synthesis

Serine-hydroxymethyltransferase
Cystathionine-beta-synthase/ lyase
Aromatic L-amino acid 
decarboxylase

Metabolism of DNA/ 
RNA, amino acids and 
neurotransmitters

B12 
(Cobalamin)

Hcy metabolism 
Methymalonyl 
CoA pathway

Methionine synthase 
Methylmalonyl CoA mutase

Metabolism of amino 
acids, fatty acids, DNA/ 
RNA, myelin and 
neurotransmitters

Table 1. 
Outline on key biochemical mechanisms of action for nerve function by vitamins B1, B6 and B12.



B-Complex Vitamins - Sources, Intakes and Novel Applications

82

2.1 Beriberi

Amongst the B vitamins, one and only of the initial scarcity disorders to be dis-
covered is beriberi, due to an insufficiency of vitamin B1 (thiamine). The signs of 
beriberi are numbness and weakness in the legs and feet, inflammation, trouble in 
inhalation, and heart tragedy. Beriberi is ultimately found to a nutrition of refined 
white rice consumption and as soon as the rice bran is resumed to the food, the 
indicators are retreated. There are double types of beriberi; wet beriberi disturbs 
the cardiac-vascular structure and dry beriberi likewise famous as wernicke korsa-
koff syndrome, upsets the nervous structure. The signs of dry beriberi comprise; 
difficulty in speaking, confusion, pain, nystagmus (uncontrolled repetitive eye 
movements), difficulty in walking, tingling or numbness in feet and hands, muscle 
paralysis or weakness, and nausea. Wet beriberi may result further signs such as 
increased heart rate, rapidity of breathing and inflammation in legs [11].

2.2 Pellagra

Pellagra is one more illness, which is directed to the finding of a vitamin that is 
initiated by a shortage of B3 vitamin (niacin). The usual indications of pellagra are; 
loss of hair, swelling and dermatitis of skin, inflammation of tongue, weakness, 
insomnia, ataxia, diarrhea, aggression, confusion, dilation of cardiomyopathy and 
dementia (loss of thinking, remembering or making decisions). A deficiency of 
niacin in food centrals to reduce of nicotinamide adenine diphosphate production, 
which is necessary for a several serious metabolic tasks in the body. Uncertainty, if 
untouched, it may lead to expiry in four to five years. Pellagra is found in popula-
tions where the diet is heavily based on corn, and in addition to dietary deficiency, 
pellagra can be caused by conditions that prevent the absorption of niacin, such as 
crohn’s disease or other inflammatory disorders of the intestine. Alcoholism can also 
interfere with absorption leading to pellagra [12, 13].

Mammals on their own are not capable to produce B vitamins; for that reason, 
they might take up these in adequate amounts by way of food. Despite the fact that 
maximum of these are manufactured by plant life, they may be indirectly consumed 
by the use of animal derivative diet such as eggs, dairy and meat. Merely, vitamin 
B12 is not formed by plant life. However, it is produced by means of bacteria, which 
inhabit colon of humans or foregut of ruminants and as a result only can be set up 
in animal foodstuffs such as eggs, fish, dairy products or liver. Nevertheless, the 
vitamin B12 formed in the colon of humans by bacteria is not obtainable for uptake 
for the reason that adsorption merely further takes place in ileal mucosa through 
an intrinsic factor-mediated mechanism [14]. The following Table 2, provides a 
synopsis on the particularly common deficiency symptoms of each B vitamin as 
listed below.

3. Needs, deficiency signs and sources of vitamins B

In the section given underneath, it is looked at each B vitamin in more detail. 
Vitamin B1 is also called thiamin and vitamin B2 is also called riboflavin, and these 
vitamins help to convert food into energy. Vitamin B1 has neurological benefits 
and vitamin B2 helps to maintain proper eyesight. Vitamin B1 deficiency is rare 
and vitamin B2 deficiency is very rare, which is due to the fact that many foods, 
such as milk and whole-grain cereals are fortified with these vitamins. Vitamins 
B1 and B2 deficiencies symptoms include confusion and cracks along the sides 
of the mouth. It can become an issue with alcoholics people who misuse alcohol, 
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however, presenting symptoms such as confusion and cracks along the sides of the 
mouth [15].

Most people get their B1 and B2 from fortified breakfast cereals and whole 
grains. Sources of vitamin B1 include organ meats, lean meats, kidney and liver, 
fish, eggs, low-fat milk, whole grains; fortified bread, cereal, pasta and rice, nuts 
and seeds, legumes, including black beans and soybeans, green vegetables including 
broccoli and spinach, and fortified cereals, grains and bread.

3.1 Vitamin B1 (thiamine)

Thiamine or vitamin B1 is an essential nutrient required by the body. It has many 
health benefits, such as vital for metabolism, supports brain function, boosts the 
immune system, protects the heart and helps in digestion [16].

Thiamine essential in the conversion of carbohydrates into glucose, is the pre-
ferred source of energy that the body runs to keep metabolism running smoothly. 
It also helps to break down proteins and fats. The percentage of persons by type 1 
or type 2 diabetes ranges from 17 to 79%, who have little thiamine. Readings have 
established that rising vitamin B1 consumption declines the harshness of signs 
linked to early stage diabetes [17].

Vitamin B1, similar to other B-complex vitamins, is from time to time termed 
an ‘anti-stress’ vitamin for the reason that it can build up the immune system and 
progress the body’s capability to survive tense circumstances [18]. Vitamin B1 looks 
to aid in the growth of the myelin sheath, which is a coat that wraps round nerves to 
guard these from harm and passing away. Within the brain, it is necessary together 
by the nerve cells and other supporting cells in the nervous system [19].

Thiamine deficiency causes beriberi, whose signs comprise swelling, tingling or 
burning in the feet and hands as well as trouble in breathing because of fluid in the 
lungs. An inadequate thiamine intake can lead to fatigue, muscle weakness, nerve 
damage, cognitive complications, interfere with the body’s defense against oxidative 
stress and cardiovascular complications. Sources of thiamine are green peas, beans, 
lentils, seafood seeds and nuts, soy products, white rice, brown rice, wheat germ, 
whole-wheat bread, egg, milk, spinach, pecans, cantaloupe and orange.

3.2 Vitamin B2 (riboflavin)

Vitamin B2 or riboflavin is one of eight B vitamins that are essential for human 
health. It can be found in grains, plants and dairy products. It is crucial for break-
ing down food components, captivating other nutrients and preserving tissues. 
Riboflavin aids to alter carbohydrates into adenosine triphosphate (ATP). The 
human body yields ATP from diet and ATP yields vitality as per the body needs it. 
The compound ATP is vigorous for storage of energy in muscles [20].

Along with vitamin A, vitamin B is crucial for keeping of the eyes, nerves, 
muscles and skin healthy; hormone production by the adrenal glands; maintaining 
a healthy liver; maintaining mucous membranes in digestive system; absorbing 
and activating iron, folic acid and vitamins B1, B3 and B6; preventing the develop-
ment of cataracts; converting tryptophan into niacin, an amino acid; and fetal 
development, especially in areas where vitamin deficiency is common. Migraine 
headaches typically produce intense pulsing or throbbing pain in one area of the 
head and mitochondrial dysfunction is thought to play a causal role in some types 
of migraine. Because riboflavin is required for mitochondrial function, there is 
potential use of riboflavin to prevent or treat migraine headache [21].

The riboflavin might help to prevent the DNA damage caused by many carcino-
gens by acting as a coenzyme. The total intakes of riboflavin from both foods and 
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supplements are associated with a lower risk of colorectal cancer, and a significant 
inverse association between dietary riboflavin intake and lung cancer risk [22].

Pregnant or lactating women who rarely consume meats or dairy products are 
at risk of riboflavin deficiency, which can have adverse effects on the health of 
both mothers and their infants, moreover, people who drink excessive amounts of 
alcohol are at greater risk of vitamin B deficiency. Symptoms and signs of defi-
ciency include dry skin, cracked lips, angular cheilitis or cracks at the corners of 
the mouth, inflammation of tongue and lining of mouth, red lips, mouth ulcers, 
sore throat, fluid in mucous membranes, scrotal dermatitis, and Iron-deficiency 
anemia. Eyes may be sensitive to bright light and they may be watery, itchy or 
bloodshot [23].

Sources of B2 include fish; chicken; poultry such as turkey, meat such as beef, 
liver and kidneys; dairy products; eggs; cayenne; asparagus; artichokes; currants; 
avocados; kelp; fortified cereals; lima beans, peas; navy beans; mushrooms; molas-
ses; parsley; pumpkins; nuts; sweet potatoes; sage; rosehips; cruciferous vegetables 
such as Brussels sprouts, spinach, broccoli, watercress and dandelion greens; wheat 
bran; whole-grain breads; enriched breads; and yeast extract.

3.3 Vitamin B3 (nicotinic acid)

Vitamin B3, also called niacin, nicotinamide or nicotinic acid, helps to convert 
food eaten into energy. It helps the body to use proteins and fats, and keeps the 
skin, hair and nervous system healthy. It also aids in proper digestion and healthy 
appetite, and is important for cell development. Other possible benefits of vitamin 
B3 stem from its potential cholesterol-lowering trusted source, antioxidative and 
anti-inflammatory properties [24]. A lack of niacin can cause digestive issues, such 
as nausea and abdominal cramps. Severe deficiency may also cause mental confu-
sion and can result in a condition called pellagra, which causes many symptoms, but 
the most common are diarrhea, dermatitis and dementia [25].

A person who lacks vitamin B3 may experience symptoms such as headache; 
depression; memory loss; circulatory problems; a pigmented rash on skin; bright 
red tongue; rough skin that turns red or brown in the sun; constipation or diarrhea; 
vomiting; aggressive, paranoid or suicidal behavior; fatigue and hallucinations [26].

A healthful diet can provide all of a person’s vitamin B3 needs, and food sources 
of vitamin B3 include meat including beef, fish and poultry; some legumes, grains 
and nuts; fortified breads and cereals; sunflower seed; and almond. The foods 
cooked brown rice, beef liver, grilled chicken breast, turkey breast, dry roasted 
peanuts, sockeye salmon and enriched breakfast cereal are good sources of vitamin 
B3. The chicken tacos with peanut sauce are a great way to get niacin in diet.

3.4 Vitamin B5 (pantothenic acid)

Vitamin B5, also called pantothenic acid, is one of the most important vitamins 
for human life. Vitamin B5 is a medication used in the management and treatment 
of patients with nutritional deficiencies and related conditions. It is necessary for 
making blood cells, synthesizing cholesterol, converting the food eaten into energy, 
and forming sex and stress-related hormones.

The usage of vitamin B5 is prevalent within the field of dermatology to compare 
efficiency of dexpanthenol (an alcoholic correspondent of D-pantothenic acid) 
as a substitute usage to atopic dermatitis therapy in contrast to a normal deal-
ing of hydrocortisone. Generally, the reading set up reveals that dexpanthenol 
is able to possibly deal minor to modest infant atopic dermatitis [27]. Further 
investigation proposes that dexpanthenol cream may be beneficial in treatment of 
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mucocutaneous sideways special effects, which take place in isotretinoin healing. 
Isotretinoin treatment is used as per a management for acne, and its mucocutaneous 
side effects comprise xerosis (abnormally dry skin), cheilitis (inflammation of lips) 
and dry of mucous membranes. The small clinical drug as a pastille trials is used 
and or spray to heal wounds in postoperative endotracheal intubation, endoscopic 
sinus surgery, and tonsillectomy [28].

Vitamin B5 deficiency is associated with the symptoms such as personality 
changes, fatigue, headache, irritability, nausea, stomach pains, malaise, numbness, 
muscle cramps, paresthesia, muscle or abdominal cramps, impaired muscle coordi-
nation, numbness, sleep disorders, upper respiratory infections, burning feet and 
an increased sensitivity to insulin [29].

Vitamin B5 is an easy vitamin to incorporate into a good diet and it is found 
in most vegetables, including members of the cabbage family, white and sweet 
potatoes, broccoli and whole-grain cereals. Other healthy sources of B5 include 
organ meats (liver, kidney), eggs, poultry, dairy products, mushrooms, peas, beans, 
lentils, seeds, nuts, brown rice and oats. It can also be applied to the skin to relieve 
itchiness and promote healing from skin conditions, such as eczema, diaper rash, 
poison ivy and insect bites. Dexpanthenol has also been used to prevent and treat 
skin reactions from radiation therapy [30].

3.5 Vitamin B6 (pyridoxine)

Vitamin B6, also called pyridoxine, helps the body to turn food into energy. 
It can also help the body to fight infections by supporting the immune system. 
Pregnant and breastfeeding women need it to help their babies’ brains develop nor-
mally. Vitamin B6 deficiency is not common, however insufficient amounts of B6 
can result in anemia as well as skin disorders, such as an itchy cracks or rash around 
the mouth. A lack of B6 can also cause confusion, depression, anemia, nausea skin 
rashes or dermatitis and susceptibility to infections [31].

Symptoms of B6 scarcity comprise receiving sickening from contaminations 
more frequently for the reason that B6 aids to looking after immune system. 
Attainment of sores or cracks on skin round the junctions of mouth or a sensitive 
and swollen teongue, feeling of tingling or numbness on feet and hands termed as 
paresthesias, fatigue, irritability or anxiety and depression. A red, irritated rash 
commonly flaky or oily generally looks on face or upper body. Slight parts of skin 
may swell as well causing in white areas, reduced attention and convulsions [32]. 
Foods high in vitamin B6 comprise organ meats, fish, poultry, and potatoes and 
other starchy vegetables and fruits except citrus fruits.

3.6 Vitamin B7 (biotin)

Biotin, also known as vitamin H or B7, is a vitamin that helps the body to 
metabolize fats, carbohydrates and protein. Vitamin B7 may not be manufactured 
by means of human cells, however, it is formed by bacteria in the body and exists 
in various diets. Biotin rehabilitation can help to give round about curative settings 
and several persons receipt complements to make stronger their hair and nails, 
however, there is a shortage of indication in supportive to this usage.

Biotin deficiency is rare in humans, because biotin is widely available in foods 
and the ‘good gut bacteria’ can normally synthesize more biotin than the body 
needs. Signs of deficiency include a scaly red rash around the eyes, nose, mouth 
and genitals; hair loss or alopecia; numbness and tingling in the hands and feet; 
lethargy; depression; hallucinations; seizures; a loss of bodily movements control 
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known as ataxia; and impaired immune function resulting increased risk of bacte-
rial and fungal infection [33].

Biotin deficiency is most likely to arise in people who smoke, women during 
pregnancy, infants who consume breast milk with low amounts of biotin, patients 
receiving prolonged intravenous nutrition and patients with impaired biotin 
absorption due to an inflammatory bowel disease or other gastrointestinal tract 
disorder. It may also affect those with some kinds of liver disease and those who use 
medications for epilepsy, such as phenytoin, phenobarbital or carbamazepine [34].

Foods that are rich in biotin include organ meats, cooked whole eggs, baker’s 
yeast, wheat bran and oysters. Raw eggs contain a protein called avidin that inhib-
its the absorption of biotin. Eating two or more raw egg whites a day for several 
months has been linked to biotin deficiency. Many foods, such as fruits and veg-
etables, contain a small amount of biotin [35].

3.7 Vitamin B9 (folate or folic acid)

Vitamin B9, also called folate or folic acid, is the synthetic form of B9, found 
in supplements and fortified foods, while folate occurs naturally in foods. Folic 
acid is crucial for proper brain function and plays an important role in mental and 
emotional health. It is an important vitamin that works with other B vitamins to 
metabolize proteins, and aids in the production of DNA and RNA, body’s genetic 
material, and is especially important when cells and tissues are growing rapidly, 
such as in infancy, adolescence and pregnancy [36].

Meats and organ meats, grains, legumes and green leafy vegetables are elevation 
in folate. The vitamin is not stockpiled in the body, therefore intensities of folate 
in the body may become little just afterward a small number of weeks of intake a 
folate scarce food. As per with other shortage disorders, syndromes of the intestinal 
structure and alcoholism may add to folate insufficiency. Moreover, kidney dialysis, 
hemolytic anemia and certain medications may lead to folate scarcity [37].

Indicators of folate insufficiency contain fatigue, poor growth, diarrhea, irrita-
bility and a tender or smooth tongue. For women with pregnancy, a lack of folate 
may likewise rise the danger of neural tube faults in the emerging fetus. Low levels 
of vitamin B9 can result in the symptoms such as irritability, fatigue, megaloblastic 
anemia that causes weakness, trouble concentrating, headache, shortness of breath, 
heart palpitations, swollen tongue, open sores in the mouth and changes in skin, 
hair or fingernail color.

Pregnant women with a folate deficiency could result in their babies being born 
with neural tube defects, such as spina bifida including cleft palate, spina bifida and 
brain damage. Neural tube defects are birth defects caused by abnormal develop-
ment of the neural tube, a structure that eventually gives rise to the brain and spinal 
cord. Most people (except pregnant women should be able to get enough folic acid 
from their diets. Supplementing with high-enough levels of B9 before pregnancy as 
well as during pregnancy) significantly lowers the risk of giving birth to a baby with 
neural tube defects [38, 39].

Folate occurs naturally in foods and folic acid is the synthetic form, often 
found in fortified, processed foods. Food sources of folate contain eggs, beef liver, 
Brussels sprouts, asparagus dark green leafy vegetables (spinach, turnip greens, 
lettuce, romaine asparagus, broccoli and Brussels sprouts), oranges and orange 
juice as well as other fresh fruits and fruit juices, beans including kidney beans, 
peanuts, and other nuts, sunflower seeds, seafood and peas including black-eyed 
peas. Foods fortified with folic acid include enriched bread, pasta, flour and rice, 
corn tortillas and tamales made with fortified flour, fortified breakfast cereals, 
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whole grains, fortified foods and supplements, and spicy roasted beet as a snack or 
appetizer [40].

3.8 Vitamin B12 (cobalamin)

Vitamin B12 (cobalamin) is only found in animal food sources and helps to 
regulate the nervous system. It also plays a role in growth and red blood cell forma-
tion. Owing to this, persons commonly at danger of B12 deficit comprise lacto-
vegetarians. Individuals who have weightiness loss surgical treatment are as well 
at a great threat for the reason that the operation disturbs absorption of B12 from 
diet. Further situations, which disturb absorption such as Crohn’s disease or celiac 
disease, may as well result in B12 dearth. Just about 3.2 percent of adults over the 
age of 50 have a B12 deficiency, and up to 20 percent may have levels of B12 that are 
at borderline. A vitamin B12 deficiency can lead to disruption in the nervous system 
and the circulatory system [41].

Vitamin B12 deficiencies can lead to megaloblastic anemia, a condition where the 
bone marrow produces large abnormally shaped red blood cells that do not func-
tion properly. Psychological conditions such as dementia, paranoia, depression and 
behavioral changes can result from a vitamin B12 deficiency. Neurological damage 
sometimes cannot be reversed. The primary symptoms of B12 deficiency are mood 
changes, numbness or tingling in hands, legs and feet, anemia, loss of breath, pale 
skin, dizziness, blurry vision, difficulty in walking, a swollen tongue, cognitive 
changes, jaundice, paranoia, hallucinations, soreness of the mouth or tongue, loss 
of appetite, constipation, weight loss, poor memory, confusion, fatigue or tired-
ness, and weakness. In addition to animal-based foods, dietary vitamin B12 can be 
obtained from breads cereals fortified with B12, or through a supplement [42, 43].

Vitamin B12 is found primarily in meat and dairy products, so people on a 
vegan diet are at risk for deficiency. However, there are foods options to meet 
their B12 dietary needs. Vegetarian sources include dairy and eggs. Vegan sources 
of B12 include fortified foods and nutritional yeast. The top sources of vitamin 
B12 include; beef liver, meat including fish and poultry eggs, milk, cheese, clams, 
nutritional yeast, fortified breakfast cereals, and other fortified foods including 
plants, milk and flours [44].

4. Conditions and causes of B vitamins deficiency

Vitamin B denotes to a number of diverse kinds of vitamins, which are col-
lectively recognized as B-complex vitamins. Vitamin B aids to the cells and nerves 
inside the body and moreover supports by the manufacture of DNA that is biochemi-
cal constituent of which genes are prepared. Each of the eight B vitamins plays vital 
parts within the body and is desired to motivate the biochemical reactions that 
upkeep body’s several roles. For instance, cells usage B vitamins to create vitality 
from fatty acids, sugar and other nutrients. Therefore, deprived of B-complex 
vitamins, the human body might not task fine of any kind. B vitamins are soluble 
in water, can dissolve in water, excess B vitamins body does not use are washed out 
through urination, body cannot easily store B vitamins for long time periods, so it is 
particularly important to commonly consume B vitamins either from diet or from 
supplements to escape scarcity. Deficiencies in these B vitamins can lead to a number 
of different symptoms over time if the deficiency is not retreated [45, 46].

When it comes to vitamins needed for both a sound body and mind, B vitamins 
are not something to be ignored. For instance, if body does not get enough of vita-
min B12, energy levels throughout the day might fall with mind constantly perhaps 
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turning to or thoughts of sleep. Otherwise consider vitamin B9, a deficiency of 
which may acquire swollen tongue or sores on mouth amongst other probable 
indications. There is then vitamin B6 and when intensities of this vital B vitamin are 
excessively little, at that time there might be observed scaly, oleaginous eruptions 
on face or upper body. However, these are not the lone signs of B vitamin deficit, 
but there is a further wide-ranging list of vitamin B scarcity signs [47, 48].

People from all age groups are suffered with depression, severe anxiety and 
psychiatric disorders. These patients are prescribed costly psychotropic drugs, nar-
cotics or benzodiazepines; however, actually the problem is B12 deficiency. The B12 
vitamin is a vital micro-nutrient for healthy brain in children, younger and elders. 
Its deficiency primarily occurs due to insufficient dietary intake resulting neuro-
logical disorders including apathy, anorexia, irritability, growth retardation and 
developmental regression. Some diseases caused by B12 deficiency are myeloneu-
ropathy, demyelination, alzheimer’s disease, atrophy or brain shrinkage, sub-acute 
combined degeneration, vascular complications, neuropsychiatric abnormalities, 
infantile seizures and poor fetal brain and cognitive development. A timely and 
proper supplementation is necessary if it is dietary deficiency [49].

4.1 Conditions of vitamin B deficiency diseases

Vitamin B shortage might upsurge the danger of many syndromes and disorders 
that may well upset to mental well-being, brain health, heart health and further 
more. For instance, together B9 and B12 scarcity bases for anemia in many circum-
stances (a disorder in that body shortages red blood cells, which make it tough for 
diverse body parts to acquire oxygen they needed). Anemia may too lead to dizzi-
ness, fatigue, quickness of inhalation, and even tingling and numbness in several 
circumstances [50].

Vitamin B shortages are extremely widespread in several emerging nations, 
particularly wherever foods are little in fruits, vegetables and animal products, 
and anywhere breakfast cereal are crushed earlier to feeding. Expecting and 
suckling womenfolk, children and youngsters are greatest at danger of vitamin B 
deficits [51]. Several B vitamin deficiencies cause homocysteinemia (amino acid 
produced when proteins are broken down that can contribute to arterial damage 
and blood clots in blood vessels), notably folic acid, vitamin B12, riboflavin and 
vitamin B6. Importantly, homocysteinemia is associated with adverse pregnancy 
outcomes. Severe thiamine (vitamin B1) scarcity may lead to the disorder ‘beri-
beri’, possibly lethal heart miscarriage or peripheral neuropathy. Early symptoms 
of riboflavin (vitamin B2) scarcity may include burning eyes, mouth hurt, 
itching, fatigue and weakness. Additional progressive shortage may lead to brain 
dysfunction [52, 53].

Niacin (vitamin B3) insufficiency may lead to ‘pellagra, resulting skin eruptions 
being an indication, along with depression, diarrhea, vomiting, loss of memory 
and fatigue. Symptoms of severe pyridoxine (vitamin B6) deficiency consist of 
neural syndromes (epileptic convulsions), skin modifications and probably anemia. 
Folate (vitamin B9) shows a vital part in cell duplication and tissue development. 
Insufficiency results to the hazard of neural tube faults and may similarly impair 
cognitive function in adult persons. This deficit situation is frequently linked to 
populations, which ingest in their food lots of cereals that are short in folate, and 
few fruits and leafy greens, those are striking in it. Deficiency of vitamin B12 causes 
neurological deterioration, megaloblastic anemia and possible impaired immune 
function. Deficiency can severely delay the development of infants and young 
children [54, 55]. Other conditions linked with vitamin B deficiency are included in 
the ensuing section.
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4.1.1 Paresthesias

Paresthesia is an unusual feeling of the skin (pricking, tingling, burning, chill-
ing, numbness) with no physical cause apparently. Paresthesia may be transient 
(common symptoms of hands, feet, leg and arms) or chronic (problematic with 
working of neurons or poor circulation) and may have any of dozens of possible 
underlying causes [56]. Paresthesias are generally painless and can happen any-
where on the body, but most generally occur in the arms and legs. The most familiar 
kind of paresthesias is the sensation known as ‘pins-and-needle’ after having a limb 
‘fall asleep’. A feeling is often experienced around the hands, arms, feet or legs. 
A lesser familiar and infrequent, but main paresthesias is formication that is like 
sensation of insects crawling on the skin [57].

4.1.2 Peripheral neuropathy

Peripheral neuropathy may be acute (with sudden onset, rapid progress) or 
chronic (symptoms begin subtly and progress slowly) and may be reversible or 
permanent. It is a nervous system condition that is often felt as a stabbing (sharp) 
or burning pain. Peripheral neuropathy often describes disease affecting the 
peripheral nerves beyond the brain and spinal cord. Damage to peripheral nerves 
may impair sensation, movement and gland or organ function depending on which 
nerves are affected resulting in different symptoms [58].

Neuropathy could basis of painful cramps (shooting pain), fasciculations (fine 
muscle contracting), bone deterioration, muscle damage, and alterations in skin, 
hair and nails. Moreover, motor neuropathy can reason of decreased coordination 
and balance or best generally, muscle fault; sensory neuropathy might affect lack 
of feeling to vibration and touch, condensed location common sense resulting 
lesser balance and coordination, decreased feeling to pain and temperature change, 
unplanned burning or tingling pain, or skin allodynia (intense pain from usually 
non-painful stimuli, like touch or light); and autonomic neuropathy could yield 
varied indications, dependent on the affected organs and glands, however general 
indicators are abnormal heart rate or blood pressure, poor bladder control and 
decreased capability to perspire routinely [59].

4.1.3 Psychosis

Psychosis is a mental condition in which one’s thoughts and perceptions are sig-
nificantly altered or other symptoms occur. It is a condition of the mind that results 
in difficulties in determining what is real and what is not real. Psychosis can have 
serious outcomes, resulting in delusion (unrelenting sense of certainty maintained 
despite of strong contradictory evidence) and hallucinations (sensory perception 
in the absence of external stimuli). Other symptoms may include incoherent speech 
(nonsense speech) and behavior that is inappropriate for the situation. There may 
also be social withdrawal, sleeping problems, lack of motivation and difficulties in 
carrying out daily activities [60–62].

4.1.4 Heart attack and stroke

A deficiency in vitamin B12 may heighten the risk of getting a heart attack or 
stroke. Myocardial infarction commonly called heart attack, takes place while blood 
movement stops or decreases to a portion of heart resulting harm to heart muscle. 
The utmost usual indication is chest discomfort or pain that could move into jaw, 
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neck, back, shoulder or arm. Habitually it takes place in the middle or leftward 
sideway of the chest and continues for more than a little minute [63, 64].

A stroke is a health situation in which a reduced blood movement to the mind 
leads to cell expiry. There are two foremost kinds of stroke; ischemic, for the reason 
that of shortage of blood movement and hemorrhagic due to blood loss. Both types 
results portions of the mind to halt working correctly. Symptoms and signs of a 
stroke could comprise dizziness, an incapability to move or touch on one sideway 
of the body, difficulties in speaking or understanding, or damage of visualization to 
one sideway [65].

4.2 Causes of vitamin B deficiency

Here is a roundup of the four top causes of vitamin B deficiency that are some-
what not to be ignored.

4.2.1 A non-balanced diet

Human body cannot accurately create B vitamins contrasting to proteins that the 
body constructs by mean of several minor building blocks. However, this is gener-
ally not a problematic for the reason that body develops B vitamins from the diet 
eaten. If any person follows a well-proportioned food that offers to body through 
the correct level of nutrients, these may aid to escape signs of vitamin B insuf-
ficiencies. On the other hand, for a range of causes, from time to time people do not 
consume the correct equilibrium of diet essential to acquire sufficient of vitamins 
needed. For instance, if a vegetarian or vegan food is followed, then an individual 
may not acquire sufficient vitamin B12 as vitamin B12 is set up practically wholly in 
dairy products and animal-created diets [66].

As such, dietary inadequacies are one of the key causes of vitamin B deficiency. 
So, whatever diets comprise several B vitamins that rest which B vitamin is in 
concern (vitamins B6, B9 or B12). A rapid prosperous diets that may be eaten 
to increase stages of each of these B vitamins is vitamin B6 (fish, legumes, nuts, 
potatoes, bananas, meat); vitamin B9 (leafy vegetables, citrus fruits, legumes); and 
vitamin B12 (fish, meat, dairy and animal foodstuffs) [67].

4.2.2 Excessive alcohol consumption

An excessive alcohol consumption whether beer or spirit might have its disad-
vantages and single of which is vitamin B insufficiency. In a nutshell, alcohol creates 
kidneys to flush B vitamins out of system greatly further rapidly than normal. This 
means body does not have whole the period it desires to create usage of these B 
vitamins, hence they somewhat accurately go to discarded [68].

4.2.3 Various medications

More than a few types of recommended medications are able to knock up the 
likelihood of a vitamin B scarcity. An improved possibility of vitamin B6 scarcity 
is marked from penicillamine (Cuprimine), corticosteroids, hydralazine, isoniazid 
and anticonvulsants. An augmented probability of vitamin B9 shortage comes by 
sulfasalazine (Azulfidine), methotrexate (Rheumatrex, Trexall), trimethoprim-
sulfamethoxazole and phenytoin (Dilantin). An enlarged chance of vitamin B12 
shortage rises by long-term antidepressants and antibiotics, antacids, proton pump 
inhibitors and metformin [69].
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4.2.4 Gut malabsorption conditions

In well circumstances, B vitamins are absorbed into bloodstream through the 
gut. The bloodstream at that moment vehicles these greatly-required vitamins all 
over body. Hence, if B vitamins do not create way into the bloodstream, straightfor-
wardly they may not be placed into upright usage by the body. Then these correctly 
can drive erroneous if someone have a gut malabsorption situation like ulcerative 
colitis, celiac disease or crohn’s, disease. These situations check to B vitamins for 
arriving the bloodstream, considerably reducing blood’s vitamin B intensities and 
possibly damaging safety [70].

For first course, study inspection of vitamin B levels with B vitamins assessment. 
At that point, if persons are definitely lacking, they may access to healthcare worker 
on the afterward stages. It is suggested that elder adult persons who have lacking 
levels of vitamin B should consult to their healthcare supplier as early as probable 
to get a cure strategy. If there are seen vitamin B scarcity signs, it might be for the 
reason that peoples do not have sufficient vitamin B in their food. If there are shown 
symptoms of fatigue, quickness of inhalation, lightheadedness or other shortage 
signs, then think through scrutiny of B12 level [71].

5. Preventing of B vitamins deficiency

For maximum persons, some fit foods riched by means of a diversity of fruits, 
meats, vegetables and grains, are sufficient to check a scarcity of B complex vita-
mins. Ladies who are supposed to get into pregnancy are guided to takings folate 
complements. Elder persons or those with health situations that rise the danger of 
B vitamin insufficiency might as well advantage from taking an everyday comple-
ment. In the direction of staying healthy, most people do not need to take a supple-
ment in order to get enough B vitamins. There are plenty of delicious foods available 
to get all the nutrients the body needs naturally. Try to eat a complete diet of meats, 
grains, fruits and vegetables. If any person does not eat meat, eggs or dairy, he or 
she can still get vitamin B12 from fortified foods or nutritional yeast to help prevent 
its deficiency [72, 73].

Supplementation is only a last resort if a person cannot obtain B vitamins 
through diet nor have certain health conditions that require using of supplements. 
Over the counter supplements can often treat or prevent deficiency. It is best to 
check with a physician before taking vitamin supplements. However, supplements 
may still cause side effects, long-term health effects and interactions with medica-
tions a person is taking. If any person suspects to be vitamin B deficient, he or 
she can contact to physician who might perform a physical examination as well as 
instruct blood testing. If a woman is pregnant or any person is over 50 years old, 
they are more likely to need supplements. The risk of overdose is lower than other 
nutrients because B vitamins are water soluble [74, 75]. For maintaining a good 
health, healthcare professionals mention that people should acquire a sure quantity 
of each vitamin per day as given in the ensuing Table 3.

It needs to be stressed that vitamin B1, B6 and B12 most likely hold synergistic 
biochemical roles in the nervous system that is neither of these can replace one of 
the others. Because of the potential for side effects and interactions with medica-
tions, people should take dietary supplements only under the supervision of a 
knowledgeable health care provider [76].

Vitamin B1 helps body to make main energy-carrying molecule ATP, and  
prevents complications in the nervous system, brain, muscles, heart, stomach  
and intestines. It is also involved in the flow of electrolytes into and out of muscle 
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and nerve cells. Vitamin B6 helps the body to build neurotransmitters (like dopa-
mine) that are special chemicals the brain needs to functions; makes red blood cells, 
aids immune system antibodies to work correctly and lowers the risk of lung cancer. 
Vitamin B12 helps the body to make and repair genetic material DNA, make red 
blood cells as well as nerve cells, and supports healthy hair, skin and nails [77–79].  
If someone’s vitamins B status is not at a normal level, it may be useful to get vita-
mins level checked and their healthcare provider may recommend a high-dosage 
supplement or even in some cases injections.

Each B vitamins have their particular distinctive utilities, however they 
depend upon one another for suitable absorption and the best fitness welfares. 
Consumption of an advantageous, diverse food can usually offer altogether the B 
vitamins somebody require. Persons can prevent and treat B vitamin insufficiencies 
through enhancing their food ingestion of high-vitamin diets or taking vitamin 
complements. Consult to a physician earlier to take any complements to make 
certain that they will act together with medicines.

6. Conclusions

B vitamins play vital roles in maintaining of good health and well-being. As the 
building blocks of a healthy body, vitamin B benefits to the nerves and cells within 
the body and also helps with the production of DNA (chemical substance that genes 
are made). B vitamins are important exclusively for womenfolk who are expect-
ant and breastfeeding, and help in fetal’s mind growth along with decrease the 
danger of delivery faults. For pregnant mammies, B vitamins can enhance energy 
intensities, easiness vomiting and lessen the risk of rising preeclampsia (high blood 
pressure and possibly protein in urine during pregnancy or after delivery or lower 
platelets in blood). In men, B vitamins are thought to increase testosterone levels, 
which decrease with age naturally and may also help men to build muscle and 
increase strength. For infants of vegan mothers, starting of vitamin supplements 
immediately after birth helps to prevent vitamin deficiency. For people with nerve 
damage, vitamin is given by injection into muscle unless the disorder causing the 
deficiency can be corrected. Blood tests are done periodically to make sure that 
vitamins level return to and remain normal or sometimes endoscopy diagnosis is 
done. Treatment of vitamins deficiency consists of high doses of vitamin supple-
ments. If people have the deficiency, but no symptoms, the vitamin may be taken 
by mouth. Older people with vitamin deficiency can benefit from taking of vitamin 

Vitamins Intake for adults and children ages 4+ Intake for pregnant or 
breastfeeding

Thiamin (B1) 1.2 mg 1.4 mg

Riboflavin (B2) 1.3 mg 1.6 mg

Niacin (B3) 16 mg or equivalent 18 mg or equivalent

Pantothenic acid (B5) 5 mg 7 mg

Pyridoxine (B6) 1.7 mg 2 mg

Biotin (B7) 30 mcg 35 mcg

Folate (B9) 400 mcg or equivalent 600 mcg or equivalent

Cobalamin (B12) 2.4 mcg 2.8 mcg

Table 3. 
Offering daily intake values of each B vitamin in microgram (mcg) or milligram (mg).
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supplements because the deficiency usually results from difficulty in absorbing 
vitamin from meat. They can absorb the vitamin more easily from supplements 
than from meat. Maximum of multivitamin-mineral foodstuffs comprise the 
B-complex together with the rest of the vital minerals and vitamins. As these are 
further wide-ranging than B-complex vitamins only, various vitamin-mineral 
additions are suggested to mend whole micronutrient eating and avoid insufficien-
cies. There is a link between fruit and vegetable intake, and stress levels of persons. 
People who have higher fruit and veggie intakes are less stressed than those with 
lower intakes, which suggest that diet plays a key role in mental wellbeing (eating 
at least 400 grams of fruits and vegetables per day). A practitioner knowledgeable 
in nutrition must be consulted when using of vitamins and always follow label 
 directions before use.

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Retrospective, Perspective 
and Prospective of B-Complex 
Vitamins: Encapsulation 
of Vitamins and Release from 
Vitamin-Loaded Polymers
Fatma Nur Parin

Abstract

Vitamins are regarded as vital nutrients because, when combined, they performed 
hundreds of functions in the body. They strengthen bones, heal wounds, and boost 
your immune system. In addition, they transform food into energy and heal cel-
lular damage. In this regard, B-complex vitamins, such as thiamine, riboflavin, and 
niacin are soluble vitamins that serve as coenzymes in energy metabolism enzymatic 
activities which building blocks of a healthy body. However, B-complex vitamins 
are sensitive to light, pH conditions, and temperature. Consequently, they must 
be encapsulated before they may be used in pharmaceuticals. Recently, it is mainly 
focused on reducing drug degradation or loss, increase drug bioavailability, limit 
adverse effects, and improve drug accumulation in the targeted location. To maintain 
optimum bioavailability during a defined term of therapy, the fraction of drug dos-
age released from a controlled release product must be significant enough to adjust 
for the quantity of active drug metabolized and/or eliminated from the body over the 
same period. Drug release systems also aim to increase the effectiveness of the drug 
and treat the damaged area. In this chapter, it is aimed to study the production of 
the vitamin-loaded polymer systems in various forms, such as micro/nanoparticles, 
micelle, hydrogel, liposome, and nanofiber, as well as release studies in pharmaceuti-
cal and biomedical applications.

Keywords: encapsulatin, vitamin release, vitamin-loaded polymer, B-complex 
vitamins, nutrients

1. Introduction

Vitamins are a category of chemical substances that are not synthesized 
naturally by the body and therefore must be supplied in small amounts from food. 
The B-vitamins are a group of eight water-soluble vitamins that play important, 
interconnected functions in cellular activity, acting as co-enzymes in a wide range 
of catabolic and anabolic enzymatic processes [1]. Thiamine (B1), riboflavin (B2), 
niacin (B3, also known as nicotinamide or nicotinic acid amide), pantothenic acid 
(B5), pyridoxine (B6), biotin (B7), folic acid or folate (B9), and cobalamin are the 
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B vitamins (B12) [2]. Their combined effects are especially significant in many 
areas of brain function, including energy generation, DNA/RNA synthesis/repair, 
genomic and non-genomic methylation, and the formation of various neuro-
chemicals and signaling molecules [3]. B-complex vitamins are known as energy 
vitamins and stress fighters. Furthermore, the B-Complex vitamins are usually 
referred to as “beauty vitamins” since they are necessary for healthy hair, skin, 
and nails.

Polymeric materials have been regarded as the most effective drug delivery 
vehicles due to their superior pharmacokinetic characteristics. Several new drug 
delivery methods have been suggested with the rapid advances of nanotechnology. 
Polymeric drug delivery is described as a formulation or a technology that allows a 
therapeutic material to be introduced into the body. The nano-sized drug delivery 
system, in particular, can be built to overcome the current limitations of some 
drugs, such as poor bioavailability and significant cytotoxic side effects.

Polymers combined with B-complex vitamins can be bioactive to offer thera-
peutic effect on their own, or biodegradable, to enhance release kinetics and reduce 
carrier aggregation. Thus, B-vitamins encapsulated with polymer are protected 

Figure 1. 
Chemical structure of the B-complex vitamins.
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from degradation caused by environmental effects. Several natural polymers, such 
as chitosan, starch, dextran, albumin, gelatin, alginate, gums, and also synthetic 
polymers, such as polylactic acid (PLA), poly-(lactide-co-glycolide) (PLGA), 
polyanhydrides, and polycaprolactone (PCL), have been utilized in the therapeutic 
delivery systems [4]. The majority of vitamin B-complex delivery of polymers 
can be broadly classified as hydrogels, films, nanofibers, beads or micro/nanopar-
ticles, and polymer-drug conjugates, which are discussed in further detail in later 
sections.

This chapter explains polymer-based materials containing B-complex vitamins 
briefly and reviews studies in food, biomedical, drug delivery, tissue engineering, 
wound dressing, cosmetics, and other applications. The importance of vitamin-
loaded polymers with unique features in different forms such as outstanding, pH 
and thermal sensitivity, bioactivity, swelling character, controlled release behavior, 
biodegradability, good in vitro and in vivo biocompatibility, and so on is discussed 
in detail. Finally, future problems and several ideas regarding the production of 
vitamin-loaded polymers as well as commercial applications have been highlighted 
(Figure 1).

2. Vitamin-loaded polymers

Liposomes, sponges, foams, micro/nanoparticles, fibers, hydrogels, and 
emulsions have been developed to increase pharmaceutical absorption, stability, 
penetration, half-life, and bioavailability [5, 6]. From this point, vitamin-loaded 
polymers have been encapsulated via different techniques such as layer by layer, 
solvent casting, spray drying, electrospinning/electrospraying, freeze-drying, 
emulsion polymerization, and complex coacervation. In this regard, vitamin 
B-complex is encapsulated in different forms with various polymer combinations, 
enhancing their controlled release and bioavailability. The following sections 
describe the many applications of vitamin B-complex-releasing polymer forms.

2.1 Hydrogels

Superabsorbent polymers (SAPs) or hydrogels are three-dimensional cross-
linked networks of hydrophilic polymers (3D) that can absorb and retain a sub-
stantial proportion of liquid (>20%) within their weight [7, 8]. Hydrogels can be 
used to encapsulate medicines while still preserving bioactivity during gelation and 
release. Injectable methods can ensure that these medicines are administered locally 
to the location of the lesion in a continuous and controlled approach.

Natural polymers (e.g., sodium alginate, carboxymethyl cellulose, cellulose, 
chitosan, gelatin, pectin, starch), synthetic polymers (polyacrylamide, polyacrylic 
acid, polymethacrylic acid, polyethylene glycol, polyvinyl alcohol), and differ-
ent acrylates can all be utilized to construct 3D networks [9]. The main factors 
involved in reversible swelling are based on chemical interactions and physical 
contact.

There have been several attempts to mix B-complex vitamins with hydrogels 
for use in medical applications. In this scope, Liu et al. [10] prepared B12 vitamin-
loaded smart magnetic hydrogels to be utilized in bio-separation, and drug carrier 
applications. In their study, gelatin has been used as a matrix and Fe3O4 nanopar-
ticles are used as magnetic agents. In vitro test results showed the crosslinked 
density of the hybrid gel affected porosity, pore size, and B12 release profile, as well. 
According to UV–VIS analysis, the increased crosslinking of the gelatin matrix via 
genipin crosslinker led to more vitamin B12 absorption at 361 nm [10].
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Bajpai and Dubey [11] synthesized VB12-loaded poly(N-vinyl-2-pyrrolidoneco-
acrylic acid) hydrogels and evaluated swelling and in vitro release behavior. It has 
been reported pH conditions influence the gel swelling and controlled release 
profile of vitamins. The gels exhibited nearly 47.8 ± 4.9% swelling in the medium of 
pH 1.2, while nearly 2164.6 ± 21.8% swelling was observed in the phosphate buffer 
medium of pH 6.8 due to the functional COO− groups in acrylic acid [11].

Gong et al. [12] engineered poly(ethylene glycol)-poly(e-caprolactone)-
poly(ethylene glycol) (PEG-PCL-PEG) and Pluronic F127 copolymer via sol–gel 
transition to utilized in biomedical applications as injectable in situ gel-forming 
drug carrier. Because of its high water solubility, VB12 was rapidly released from the 
composite hydrogel. The release results showed that VB12 release slowed down due 
to an increased amount of hydrogel, and there was a 10% decrease in total release 
with an increased amount of VB12 in the hydrogel. The higher Pluronic F127 content 
caused the higher VB12 release amount. Furthermore, cell viability tests revealed 
that the obtained composite hydrogel copolymers were biocompatible and had low 
cell cytotoxicity [12].

Ozey [13] synthesized the biocompatible poly(2-hydroxylethyl methacrylate-
co-N-allylsuccinamic acid)/B12 vitamin hydrogels. In-vitro release study indicated 
around the total release of B12 vitamin has 96.9%, 95.8%, and 93.7% release amount 
in three different media (pH 1.2, PBS and NaCl isotonic serum). As a result, dif-
ferent release media have been found to partially effect the B12 release profile. 
However, it has not seriously affected the total release amount [13].

In a similar study, Maheswari et al. [14] synthesized poly(N-isopropylacryl-
amide-co-N-vinyl-2-pyrrolidionone) with B12 vitamin via radical polymerization. 
In this study, increased N-vinyl-2-pyrrolidionone (NVP) concentration had led to 
an increase in pore structure and interconnectivity with pores. The swelling ratio 
changed with temperature due to using thermo-responsive N-isopropyl-acrylamide 
(NIPA) monomer. The composite hydrogel had 85% VB12 release at 30°C for 10 h. 
In last, the kinetic results showed the VB12−loaded polymer templates had a non-
Fickian diffusion mechanism [14].

Nath et al. [15] developed gelatin-g-poly(acrylic acid-co-acrylamide)/mont-
morillonite (MMT) clay composite hydrogel containing B12 vitamin and they 
investigated the utility of these materials in pH-responsive drug delivery systems. 
It was observed that the vitamin B12 released from the hybrid hydrogels with 40% 
(in pH 1.2) and 80% (in pH 7.4) of release amount over 6 h, respectively. Moreover, 
in comparison to the neat hydrogel, the biodegradability of the vitamin-loaded 
increased. All samples had no cyctotoxicity effects [15]. Another study of the same 
research group is about pH- responsive controlled VB12 release. It was found almost 
50% and 70% VB12 were released in two different pH media (1.2 and 7.4) from the 
hydrogels for 48 h [16]. Fast VB12 diffusion was reported in artificial intestinal fluid 
(AIF, pH 1.2) indicating the pH-dependent cumulative release percentage of VB12. 
This phenomenon is due to the protonation of a higher number of carboxylic acid 
(-COOH) groups in VB12at a pH of 7.4. It was revealed to influence the degree of gel 
swelling, which enhances VB12 release, as well as an increase in electrostatic repul-
sion between the increased amount of ionized -COOH and -OH groups, which leads 
to increased space expansion inside the network structure.

CMC-xylan/VB12hydrogels had been prepared in different molar ratios by 
Kundu and Banerjee [17]. According to in-vitro studies, the composite gels indi-
cated a minimum cumulative VB12 release of 28% in pH 1.2. Moreover, 88% in 
pH 6.8 and 98 in pH 7.4 media, respectively.

Another study contributed to the development of VB12 loaded-alginate (Alg) 
scaffolds by the microfluidic method [18]. In this study, alginate and CaCl2 are used 
as a template of vitamin, and crosslinker, respectively. The vitamin-loaded hydrogel 
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scaffolds in various alginate concentrations indicated a zero-order kinetic model 
with more than 80% drug release in 4.5 h.

Gum arabic cross-linked PVA/FA hydrogels were also reported to be a drug 
delivery carrier with high blood compatibility, good porosity, pH sensitivity and 
high mechanical properties [19]. The crosslinked hydrogels had a higher swelling 
ratio at higher pH. Further, in vitro release tests indicated the optimized hydrogel 
had the release FA amount of 78% and 32% at pH 7.4 and 2.1, respectively. It was 
found the PVA-based hydrogels prevent FA from UV degradation, and therefore, 
researchers evaluated the hydrogels could be UV-photoprotect material.

In topical/transdermal drug release, active substances have advantages such as 
localized at the site of infection and reducing their systemic effects [20]. Jung et al. 
[21] reported that liposomal hydrogels containing VB12 could be a candidate for the 
treatment of atopic dermatitis. VB12 derivative adenosyl cobalamin (AdCbl) was 
loaded into liposomes via a filmhydration method. The results showed the liposomal 
hydrogels have between 11.5–38.8% loading efficiency of AdCbl. The permeability 
tests also demonstrated liposomal gel form of AdCblhad 17 times more permeability 
than in only gel form of AdCbl after 24 h. Consequently, as AdCbl-loaded liposome 
structures were used, the release amount significantly increased [21].

Folic acid (C19H19N7O6) is an important member of the B-complex vitamin 
which also known as vitamin B9. It consists of the conjugation of one or more 
L-glutamate units of 4-((pteridine-6-methyl)-amino) benzoic acid [22]. Besides, 
folic acid is an important factor in the physiological processes of cell metabolism; it 
is a coenzyme involved in cell growth and development, DNA synthesis and repair, 
and many metabolic reactions [23].

Folates in their reduced state (without glutamic acid) are chemically unstable 
and expose oxidatively breakdown at the C-9 and N-10 bonds, resulting in sub-
stituted pteridine and p-amino benzoyl glutamate (PABA) moieties. Camacho 
et al. [24] studied encapsulation of folic acid in copper-alginate hydrogels. This 
organometalic hydrogels performed as a gastro-resistant material, and slow folic 
acid release occurred only at pH > 5, particularly under simulated intestinal media 
(pH 8.2). Besides, the successful materials showed more release in alkaline media 
(>80 ppm) compared to acidic media (pH 5.4) ( ̴ 8 ppm) with a zero-order kinetic 
model [24].

Moreover, in certain commercially available compounds, such as Fruit & Passion 
Boutiques Inc.’s Hydro Gel Face Masks, the moisturizing effect of these organic 
polymeric gels is combined with more complex drug-delivery systems designed to 
release biomolecules such as vitamin C or B3 [25].

2.2 Films

The film is commonly used in food packaging applications. The edible films 
and edible coatings are usually used similarly in this field, however, they differ 
in preparation form [26]. Edible films are formed initially like a solid sheet and 
then applied to the product surface or between food components, whereas edible 
coatings are produced directly onto food surfaces once the product makes contact 
with them. These films and coatings are usually utilized to provide extra barrier 
protection to increase the shelf life of the food product [27]. Meanwhile, they 
can also be engineered as vitamin carriers. In this regard to biomaterials, where 
biopolymers are important due to their biodegradability and biocompatibility, 
particularly with free-standing devices for wound dressing applications. Coating 
and film coating are frequently used in applications involving bone implants, 
cardiovascular devices, wound control and treatment, and oral dissolving strips, 
as well.
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van Dijkhuizen-Radersma et al. [28] have reported polymer composition and 
crystallinity directly affect the drug release behavior. In the study, VB12-loaded 
poly(ethylene glycol)/poly(butylene terephthalate) films were synthesized by 
emulsion polymerization. The release rates and amounts of the resulting films vary 
between 20% and 100% depending on the copolymer ratios used. Moreover, they 
determined the total release of VB12from the films with 50–100 μm in one day and a 
sustained release for more than 12 weeks [28].

In recent decades, the importance of thin films in biology and biomaterials 
research has increased rapidly. Thin films can be coated on a variety of surfaces 
depends on their physicochemical properties such as wettability, reactivity, con-
ductivity, and corrosion resistance. Thin films are currently being used in the fields 
of tissue engineering and biomedical industries for osseointegration in dental and 
orthopedic implants, biodegradable/biobased scaffolds, and biomimetic materials 
[29]. In this context, Mallakpour and Hatami [30] prepared chitosan nanocompos-
ite films containing folic acid to utilize in tissue engineering as bone and teeth addi-
tives. Contact angle measurements showed that the produced films had improved 
wettability and were more hydrophilic. Furthermore, the bioactivity of these NC 
films by soaking them in simulated bodily fluid (SBF, pH 7.4), and the pH changes 
for this solution were observed for 1 month [30].

Banerjee and Ganguly [31] studied on encapsulation of VB12 in layered biocom-
posite films to use in drug delivery, wound healing, and tissue repair applications 
[31]. In this study, alginate and chitosan was prepared by freeze-dry method as 
inner and outer layers, respectively. The macrovoids were formed by gas bubbles. 
Although lyophilized composite films have a high absorption capacity, this form of 
structure dissolves fast in releasing media. SEM images exhibited the bubbles were 
homogeneous, having a diameter of almost 0.5 mm, and bubbles were also obtained 
in multiple layers. Two polymer gel substrates were thought to be different, but 
the release test showed the diffusivity of biocomposite solute is much lower in 
crosslinked chitosan than in calcium alginate. In addition, the voids in films did not 
affect drug release behavior but affect the release amount of drug. Films with void 
have been found to release more drugs than non-void films.

Orodispersible Film (ODF) is a new progressive dosage form that can provide 
patients with excellent drug delivery benefits. They are the most revolutionary 
alternative to conventional dosage forms like pills and capsules [32]. Among all oral 
drug delivery methods, Oral Film Technology (OFT) has attracted a lot of interest. 
This dosage form is also known as rapid dissolving film, fast-dissolving film, and 
orodispersible film [33]. In this scope, Suryawanshi et al. [34] fabricated cyano-
cobalamin-loaded orodispersible films via a hot-melt extrusion process [34]. The 
choice of polymer for this process is an important step in the development of ODFs. 
In this study, Soluplus® (polyvinyl caprolactam-polyvinyl acetate-polyethylene 
glycol graft copolymer) was utilized as a solvent for drugs that were insoluble in 
water. Morphological analysis showed the surface of the cyanocobalamin-loaded 
films was smooth and homogeneous. Besides, 3D micrographs of the film surfaces 
had a uniform structure. The resulting VB12 loaded-films have thickness values 
varied from 0.21 ± 0.02 to 0.33 ± 0.03 mm. However, the thicknesses of optimized 
film 0.24 ± 0.02. The average tensile strength of VB12 films ranged from 1.53 ± 0.84 
to 15.75 ± 0.47 N/cm2, The optimized film’s tensile strength was measured 
15.45 ± 0.32 N/cm2. Contact angle measurement confirmed the optimized films had 
superior wettability with 24.21°. Moreover, the optimized films have the amount of 
99% cyanocobalamin release for 10 hour period.

PVA is a hydrophilic-based synthetic polymer [35]. It includes a carbon chain 
backbone with hydroxyl groups (-OH); these OH groups can act as a source of hydro-
gen bonding and therefore assist in the production of polymer composites [36].  
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Because of its biodegradability, non-toxicity, good film-forming ability, water 
processability, quick availability, and low cost, PVA is one of the most commonly 
biodegradable polymers used for different fields of industry [37]. Furthermore, the 
fabrication of inorganic nanoparticles in polymer matrices has attracted a great deal 
of interest. Especially, vitamins are used as a biocompatible modifier to form more 
functional groups on the surfaces of nanoparticles. Many studies on polymer-based 
metal oxide nanocomposites have been conducted. In this respect, Mallakpour and 
Shafiee synthesized ZrO2/PVC nanocomposite films via the solvent casting method 
[38]. Vitamin B1 (thiamin) has been used as a ligand for ZrO2 NPs due to the many 
functional groups such as amino and hydroxyl groups. The results showed VB1 is an 
excellent bioactive agent which provides good dispersion and enhances the interface 
between NPs and polymer matrix. The modification increased both the surface area 
of NPs and prevent the formation of zirconium aggregates in films. TEM analysis 
showed the particle size of ZrO2-VB1 NPs has around 36 nm. UV–Vis spectrum 
revealed that NC films more UV absorption than neat PVC films. The modification 
did not influence on the crystalline structure of ZrO2, according to the XRD analysis. 
Moreover, mechanical testing demonstrated that NC films were more flexible than 
neat PVC ones. As a result, adding these NPs to hydrophobic materials like PVC 
increases surface free energy while decreasing contact angle.

In a similar study, Mallakpour and Mansourzadeh fabricated PVA films includ-
ing CuO nanoparticles modified with vitamin B1 (thiamine) [39]. In the study, 
thiamine improved polymer-metal compatibility by creating active regions on the 
surfaces of metal particles. FTIR analysis showed the new peaks were formed in 
CuO NPs. The addition of NPs to the PVA matrix further enhanced the optical and 
mechanical properties.

Buccal delivery has been studied as an alternative to traditional oral delivery 
for several drugs with limited oral bioavailability. The buccal route also offers the 
benefit of low enzymatic activity and acceptability by certain sensitizers [40]. 
The buccal route for drug delivery has received a lot of attention to solve the 
problem of pre-systemic metabolism caused by gastrointestinal degradation and 
first pass metabolism [41]. Buccal mucosa has a higher blood supply and is more 
permeable than oral mucosa. Mohamad et al. [42] designed chitosan/PVA contain-
ing VB12 buccal hydrogel films. Vitamin-polymer interactions are confirmed by 
FTIR analysis [42]. According to SEM images, all film samples had homogenous 
structures without drug agglomeration. In general, the obtained film formulations 
demonstrated fast drug release due to water absorption by the hydrophilic-based 
polymers, chitosan, and PVA, which improved wetting, swelling, and penetra-
tion of water into the matrix of the film, and therefore increasing drug diffusion 
phenomena. At the end of 40 minutes, the amount of drug released was 98.59%. 
Consequently, Higuchi kinetic model has been determined to be the best model for 
drug release kinetics for films.

Thiamine hydrochloride (THCl) and nicotinic acid (NA)-loaded propylene-
glycol (PG) buccal films have been developed using a two-dimensional (2D) inkjet 
printing method [43]. The rough surface and formation of a pore network in the 
films were revealed by SEM images. The in vitro release tests revealed that both 
vitamins were released in a burst in 10 minutes. Additionally, 85%, 98%, and 100% 
THCl and 78%, 85%, and 100% NA are released from the 1, 5, and 9 print film in 
7.5 minutes. The profiles of all formulations for both THCL and NA release were 
better suited to the first-order kinetic model, with the highest R2 values.

Acevedo-Fani et al. developed folic acid/polysaccharide-based nanolaminate films 
[44]. The topology of the nanolaminates improved as folic acid was added, resulting 
in a uniform and smooth layers. After 7 hours, only 22% of the FA was released from 
the films at pH 3, however, almost 100% of FA was released at pH 7. This is related 
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to be entrapped folic acid in nanolaminates due to its poor dissolution in an acidic 
environment. Although researchers have utilized the highly bio-functional folic acid 
as a great factor for anticancer drug delivery, antibacterial agents, and fluorescence 
endoscopic detection, there are also studies for usage in electronic applications. 
Apart from the studies, folic acid has been used in energy storage applications [45]. 
It was found that FA as the bio-polymeric ligand which was present in different 
amounts in PVDF, was an effective modifying agent. The results pointed FA particles 
increased the interaction of β-phase from PVDF’s energy storage capability.

2.3 Nanofibers

Nanofibers play a significant role in tissue engineering and drug delivery 
applications due to their unique properties including low density, high specific 
surface area, high porosity with<1 μm. Many studies on drug delivery systems 
indicated nanofibers can be a robust carrier system for therapeutics among other 
types of nanocarrier systems like hydrogels, beads, films, or others owing to high 
drug-loading ability, high encapsulation efficiency, target-specific, sustained drug 
delivery, and ease of processing [46].

Drug release systems are mainly concerned with minimizing drug degradation 
or loss, enhancing drug bioavailability, avoiding adverse effects, and improving 
drug accumulation in the targeted site [47]. It is expected to improve the drug’s 
efficacy and treat the damaged site.

A study on increasing the bioavailability of folic acid was conducted by Fonseca 
et al. [48]. In the study, starch was used as a matrix, and the morphology and release 
behavior of nanofibers containing varying amounts of FA (5, 10, and 15%) were 
investigated. Although the diameters of nanofibers formed below 100 nm did not 
change substantially, it was observed some beads in FA-loaded fibers (5%) higher 
than in other samples. Moreover, TGA and UV-A radiation results have shown that 
starch is an effective matrix for FA encapsulation.

Evangelho et al. used an electrospray method to create vitamin B9-loaded zein 
nanofibers and vitamin B9-loaded zein capsules [49]. In the study, thermal and 
radiation resistance of the VB9 to determine its availability in food applications. 
According to SEM micrographs, the addition of VB9 did not affect on the morphol-
ogy of the nanofibers and capsules; nevertheless, samples were generated at three 
different amounts (0.5, 1, and 1.5%, w/w) changed the fiber and capsule diameters. 
VB9-loaded zein nanofibers exposed to UV-A radiation for 1 and 24 hours shown 
significant resistance compared to non-exposed nanofibers. Zein capsules contain-
ing 1% VB9 were also found to be resistant to UV-A. As the mentioned previous sec-
tion, folic acid is sensitive to UV radiation due to stimulation of the bond between 
C9 and N10 and this causes the breakdown of the bond and the production of photo-
degradation products such as P aminobenzoyl-L-glutamic acid, 6-formylpterin, or 
6-carboxypterin. It has been presumed that the resistance of VB9 in both zein fibers 
and capsule structures may be related to the interaction of vitamins with amino 
acids in the structure of Zein protein, such as Proline, isoleucine, alanine, phenyl-
alanine, methionine, valine, and leucine, and that this interaction makes it difficult 
to break down the C9-N10 bond of folic acid. Additionally, TGA analysis revealed 
that pure folic acid in powdered form degrades considerably faster than folic acid in 
nanofiber and capsule form.

Amaranth protein/pullulan electrospun/VB9 fiber structures were fabricated 
by Aceituno-Medina et al. [50]. The study aimed encapsulate and photoprotection 
of VB9, a model bioactive molecule. It has been suggested that the photostability of 
VB9 in nanofibers may have better than that produced capsules via conventional 
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techniques such as ionic gelation, coacervation, and spray drying. Optical and elec-
tron microscope results showed that VB9 causes an increase in viscosity, resulting 
in thicker fibers. VB9 was extracted from electrospun fibers using PBS for UV–Vis 
analysis. After UV exposure of non-encapsulated pure VB9, some changes have 
occurred in the UV–Vis spectrum, and some characteristic UV absorption peaks of 
VB9 are broken down into shorter peaks. It has been associated with p-aminoben-
zoyl glutamic acid (PGA) and 6-formylpterine (FPT), which are the degradation 
products of peaks at 275, 278, 310 and 365 nm, relatively.

Some efforts also performed in the incorporation of VB9 and modified PVA-
polyethyleneimine electrospun fibers to use in electronic applications as cancer 
diagnosis and treatment [51]. The same group prepared polydopamine-VB9 
complexes and the morphological structures of the obtained nanofibers due to the 
interactions between the polymer and bioactive material. The morphological struc-
tures of nanofibers produced by preparing polydopamine-folic acid complexes are 
predicted to use as graphene-like structures in energy applications such as organic 
semiconductor material due to ¶-¶ interactions formed between the polymer 
bioactive material [52]. The same research group also developed multifunctional 
folic acid-functionalized dendrimers onto electrospun cellulose acetate nanofibers 
for the specific capture of cancer cells [53].

Other nanofibrous structures based on PVP/dextran octadecyl amine/montmo-
rillonite/VB9 conjugates have been fabricated by Şimşek et al. [54]. The cytotoxicity 
results of nanofibers revealed that VB9 has no negative effect on Vero cells (liver 
cells), and these fibers could be a pioneer for cancer studies and tissue engineering 
applications. The electrical properties of the functional nanofibers composed of 
dextran, PVP, and VB9 were also investigated by the same study group [55]. As a 
result, amorphous structures of lower crystallinity and colloidal form of polymer 
mixtures tend to form the intermolecular hydrogen bond.

Hydrophilic drugs might cause a rapid burst release in the PBS buffer or 
in vivo conditions due to their high solubility [56]. Madhaiyan et al. prepared 
cyanocobalamine(vitamin B12)-loaded biocompatible PCL nanofibers and carried 
out plasma treated to nanofibers for periods of 5, 20, 40, and 60 seconds [57]. 
Contact angle measurements revealed a decrease in surface hydrophilicity from 
139° to 108° due to the hydrophilic nature of VB12. Unmodified nanofibers exhibited 
18% sudden release in the first 4 hours in the PBS environment and 39% release 
after 48 hours. Moreover, modified nanofibers with a period of 60 seconds had the 
highest release value, with a total rate of 95%.

Soy proteins have been used to develop biodegradable and biocompatible 
nanofibers containing rhodamine B and riboflavin in order to study controlled drug 
release and desorption processes [58].

Llorens et al. prepared polylactic acid (PLA) nanofibers containing vitamin B6 
and evaluated their release in a hydrophilic Sörensen-ethanol release media and 
a hydrophobic Tris/Borate/EDTA (TBE) release medium [59]. It was found that 
within the first 8 hours in the TBE environment, the drug was released quickly from 
nanofibers; however, in the hydrophilic environment, the drug was released slowly 
and sustain behavior for several days. From the SEM micrographs, some aggregates 
formed in PLA nanofibers were related to the presence of vitamin B6 crystals. As 
vitamin loading increases, nanofiber diameters increase from 921 nm to 1013 nm, 
and porosity increases from 69–85%. Cell proliferation results have also shown that 
these nanofibers have a high antioxidant activity which were produced against free 
radicals that cause cell damage.

Agarwal et al. produced films with cellulose acetate nanofibers containing 
nano-ZnO, vitamins B2 and C for use in oral applications [60]. According to UV–Vis 
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analysis, the release amount of vitamins B2 and C from nanofibers were measured 
to be 25% and 95%, respectively. It has been observed that vitamin B2 is stable in the 
environment, while vitamin C has a reversible reaction to dehydroascorbic acid and 
then oxidized to 2,3-diketo-L-gulonic acid via irreversible reaction. Consequently, 
the study pointed out that cellulose acetate can be used as a carrier in the use of 
vitamin B2, which is important for skin disorders, and vitamin C, which supports 
collagen formation.

Solar UV radiation is the major cause of skin damage owing to the production 
of reactive oxygen species (ROS), which causes skin collagen imperfection, rough-
ness, allergies, and, therefore, premature aging [61]. Topical formulations have 
lately attracted great attention as a drug delivery system to the human skin. One 
approach to combating skin aging is to apply herbal phenolics and antioxidants 
to the skin. Folic acid (FA) is a significant antioxidant-rich B-complex vitamin 
that aids in the formation of healthy skin cells [62]. The utilization of folic acid 
as a beauty patch has been investigated by spraying it onto nanofiber surfaces. 
However, PVA-based polymers reduced the slow release of folic acid, allowing the 
process to be completed in a short time. In addition, 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) and neutral red uptake (NRU) assays in 
L929 have indicated that FA has 120% and 109% cell growth [63]. In a similar study, 
FA has been directly blended with hydrophilic polymers (PVA, PVP, and gelatin). 
Micron-seized VB9 combinations have been created by the electrospraying method 
for topical applications. The total vitamin release percentages in different polymer 
matrix including PVA/FA, gelatin/FA, and PVP/FA fibers were 86.88%, 80.20%, 
and 76.66%, respectively [64].

Vitamin B2 (riboflavin) is essential for normal reproduction, cell growth 
and repair, and tissue formation. Furthermore, the vitamin is used by the body 
to maintain tissues healthy and to repair wounds. The VB2 (riboflavin)-loaded 
PCL/gelatin-loaded electrospun fibers have been fabricated to use in biomedi-
cal applications [65]. From the same perspective, Heydari et al. [66] developed 
hydrophobic peracetyl-cyclodextrin (AcCDP) nanofibers containing Vitamin B2. 
As expected, the nanofibers exhibited two-phase release profiles involving burst 
and sustain release in two different release environments (pH 1.2 and pH 7.4). 
Besides, it was found that they had a 60% and 40% release, respectively, for 
170 hours [66].

Vitamins are necessary for cosmetics and other purposes, and transdermal 
vitamin delivery systems are widely available. Nanoparticulatecombinations offer 
nearly unlimited delivery possibilities via oral, pulmonary, transdermal, and ocular 
routes. Vitamins their nano-based combinations would definitely assist in tissue 
regeneration as well as pharmaceutical delivery [64].

2.4 Beads

Microcapsules or beads produced of biopolymers are of scientific and technical 
interest, and they have a wide range of potential medical uses, including usage as 
controlled drug delivery systems. The development of stimuli-responsive microcap-
sules, especially those composed of biopolymers, is still in its early stages [67].

With relation to hydrogel studies, Bajpai and Tankhiwale [68] prepared vitamin-
loaded multilayered polymeric beads using the complex coacervation method. 
Chitosan and calcium alginate was used as matrix, and VB2 was used as a model 
drug, as well. It was found that the beads released around 54% of the drug in the 
first 3 hours in the artificial gastric fluid (AGF) (pH 1.0), while the remaining 
drug was released in the mimicking intestinal fluid of pH 7.4 in 6 hours. At last, 
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the concentration of alginate solution used to form the outer layer, as well as the 
concentration of the ionic crosslinker CaCl2, affects the release profile [68].

Puguan et al. [69] prepared calcium alginate/VB12 beads using the dripping 
technique. In the study, VB12 was entrapped in polymers during the gelation pro-
cess. The in vitro study indicated the total release of VB12 complete within 2 hours, 
and the vitamin loaded-beads had burst release in 30 min. The authors claimed the 
amount of calcium (crosslinker) ionic strength, and pH factors influence the kinet-
ics of gel formation, as well as the volume and stability of the beads [69].

Vitamins are extremely sensitive, resulting in losing bioactivity during food 
processing, and storage. Thus, microencapsulation may be used to reduce vitamin 
loss, allow for a controlled release procedure, and improve their stability. Spray-
drying process is versatile and generates high-quality microparticles, and it is 
superior to other methods in that the product quality in terms of homogenous and 
cheap [70]. VB2 has been loaded into 3 different matrix (chitosan, modified chito-
san, and sodium alginate) using spray drying method. The total amount of vita-
mins was released in around 120 min for microparticles produced with chitosan, 
15 min for microparticles produced with alginate, and 10 min for microparticles 
produced with modified chitosan. SEM images and release study showed were 
associated with a slow release to a rougher surface. For all of the biopolymer-based 
microparticles with a mean diameter of almost 3 μm were detected [71]. The same 
group reported to VB12-chitosan microparticles have controlled release behavior 
in gastric conditions (pH 1.2). The highest release of VB12 reached in 10 min. 
Microstructure of the materials revealed average diameter of particles vary from 
3 to 8 μm with a smooth surface and an uniform round shape [72]. Similar to the 
spray drying of vitamin B12/alginate beads conducted by Abubakr et al. [73]. In the 
study, as addition of chitosan into the alginate matrix, the release of VB12 slowed 
down. Further chitosan effect the alginate stability and decrease bead permeability. 
Estevinho and Rocha [74] studied the kinetic models of encapsulated VB12 bioactive 
compounds. Chitosan, modified chitosan, and also sodium alginate were utilized 
for capsulating matrix [74]. The findings indicated zero-order model was the best 
fitted for chitosan/VB12 particles. Recently, encapsulated the vitamins B2 and B3 
into six different biopolymers performed using the spray drying method by Carlan 
et al. [75]. Moreover, encapsulation efficiency reached values higher than 99% for 
all vitamin-based microcapsules. SEM images demonstrated VB2 and VB3 particles 
had a varying range between 0.10–0.84 mm. Weibull kinetic model was determined 
suitable model for both vitamin NPs.

The selection of appropriate wall material is critical for achieving the optimum 
release rate and high encapsulation efficiency of bioactive compounds during 
the spray drying process. It has been reported that a wall material mixture of 
polysaccharide-based like gum acacia, cashew nut gum, sodium alginate, sodium 
carboxymethyl cellulose, and Eudragit RS100 has affected the release kinetics of 
encapsulated vitamin B12 [76]. Bajaj et al. [76] used carbonhydrate-based wall mate-
rials to co-encapsulate the vitamin B12 and D3 for the food industry. In the study, 
the size of smooth microcapsules ranged between 3 and 7 μm without cracking. 
After the encapsulation process, both vitamins demonstrated higher stability and a 
change in release rate. Further, the in vivo studies showed the maximum concentra-
tion of VB12 was recorded at 240 min [77].

Madziva et al. [70] produced microcapsules containing folic acid varying in size 
from 300 to 650 m with a shell material composed of alginate and pectin that may 
be utilized in food. It was observed that these biopolymers encapsulating the core 
exhibit significant stability and high encapsulation efficiency in food products for 
folic acid [70].
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Azevedo et al. [78] encapsulated vitamin B2 into alginate/chitosan matrix by 
pre-gelation ionotropic method and investigated release behavior in different 
conditions. The size of nanoparticles has around 120 nm with 56% encapsulation 
efficiency. The vitamin B2-loaded nanoparticles are more stable than vitamin B2-free 
nanoparticles for 5-week periods [78].

Vitamin compounds, including vitamin B1 and B6, have been investigated for 
controlled drug delivery utilizing various clays to enhance encapsulation efficiency 
[79–81]. In recent years, gellan gum/laponite clay beads containing VB12was fabri-
cated by the ionotropic gelation method [82]. The composite beads had a smoother 
and regular surface with 2.1 mm. The incorporation of laponite in the bead formula-
tion enhanced drug encapsulation efficiency and delayed the kinetics of the drug in 
the gastric media. It has been suggested that laponite could be a useful addition in 
the production of gellan gum beads for long-term drug release.

Several VB2delivery systems for oral absorption have been developed to solve 
health problems [83–85]. Riboflavin delivery from ethyl-cellulose-coated barium 
alginate beads was reported by Bajpai and Sharma [86]. In a pH 1.2 media, the 
uncoated beads released faster than coated one. Stops et al. observed that calcium 
alginate beads had fast release VB2 profile [87]. In another study, Kaygusuz et al. 
investigated the release of VB2 from alginate-montmorillonite clay biocomposites 
[88]. The results showed two different crosslinkers (barium and calcium) utilized 
had no significant effect on drug release amount, however, barium-alginate beads 
were more stable than the others. Besides, the in vitro study indicated almost 50% 
VB2 released from both (barium and calcium) composite beads. In brief, MMT-
incorporated calcium and barium alginate beads were appropriate for VB2 oral 
applications. The novel biomineralized alginate beads were also designed by Yang 
et al. [89, 100] to release VB2. In the study, aliphatic poly(urethane-amine) (PUA) 
provides thermal sensitivity. Therefore, the VB2 release was higher at 55°C than at 
37°C due to the shrinking of aliphatic PUA at its lower critical solution temperature 
(LCST) [89].

Carlan et al. [90] researched microencapsulation of VB1 into different polymers 
such as carrageenan, chitosan, maltodextrin, modified chitosan, modified starch, 
pectin, sodium alginate, and xanthan gum. The size of beads ranged from 0.11 to 
1.32 μm. The modified starch beads had VB1 release in 10 min, while VB1-loaded 
xanthan gum had in 24 hours. The Weibull kinetic model performed the best on the 
experimental data [90].

2.5 Others

Carbon nanotubes (CNTs) are made up of micrometer-scale graphene sheets 
folded into nanoscale cylinders and topped with spherical fullerene [91]. CNTs 
have found widespread application from optoelectronics and energy storage to drug 
delivery and biosensor [92, 93]. In recent years, polymer nanocomposites have a 
worldwide focus to obtain novel polymer materials for practical applications by 
improving the properties of neat polymers. To improve the reinforcing effect of 
CNTs in polymer nanocomposites, good dispersion and effective interfacial adhe-
sion between CNTs and the polymer matrix are required (NCs). However, it takes 
some effort to disperse effectively the CNTs in the composites due to ¶-¶ interac-
tions and strong van der Waals forces between the tubes that cause CNT aggregation 
in the composites [94]. Therefore, CNT hybrids are used to aid CNTs in disperse 
inside polymer matrices [95]. A research group decided to improve CNTs function-
ality and prevent aggregation in composites by treatment with VB1 [96]. The results 
showed VB1 is a biosafe molecule for poly(ester-imide) matrix and CNTs, and it 
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enhanced the morphological properties of polymeric composites. Moreover, the 
diameter of CNTs increased too, when compared to CNTs-COOH, indicating that a 
thin coating of VB1 was bonded to the CNTs via strong interactions.

Cancer is currently one of the most challenging diseases to treat, and its preva-
lence is on the increase [97, 98]. Targeted anticancer treatments have been widely 
developed for the past three decades to eliminate cancer cells. Various colloidal 
carriers, such as lipid nanoparticles, nanofibers, and nanocapsules, nanogels, 
and polymer-drug conjugates have been investigated for anti-cancer treatments 
[99]. The application of specific nanomaterials such as CNTs, gold nanoparticles 
(GNPs), and graphene nanosheets have been considered in the majority of reviews 
in this field [100]. Due to its low cost, non-toxic, non-immunogenic, low molecular 
weight, and ease of modification, folic acid (FA) is one of the most widely acknowl-
edged cancer-targeting agents among the different targeting agents. Folate recep-
tors are commonly utilized in epithelial, ovarian, cervical, breast, lung, kidney, 
colorectal, and brain cancers compared to other agents and B-complex vitamins. 
Many approaches have been reported for the chemical conjugation of FA to a vari-
ety of therapeutic drugs and imaging agents [101]. Yang et al. [89, 100] prepared a 
folate-conjugated PCL-PEG copolymer to obtain hydrophobic doxorubicin (DOX)-
encapsulated active targeting micelles and they combined these micelles with PVA. 
In conclusion, core-shell nanofibers are produced for the treatment of solid tumors 
[100]. A study on liver cancer treatment was conducted by Fan and co-workers 
(2019) [102]. In the study, doxorubicin (DOX)-loaded folic acid-polyethylene 
glycol-β-cyclodextrin (FA-PEG-β-CD) nanoparticles (NPs) synthesized and this 
material showed 11.9% drug loading efficiency and 95.2% encapsulation efficiency 
with 30–60 nm. In another study, folic acid was conjugated with curcumin-encap-
sulated gum arabic microcapsules in order to drug delivery it to breast cancer cells 
[103]. Poltavets et al. [101] synthesized docetaxel-loaded PLGA nanoparticles with a 
folate modification via an emulsion solvent-evaporation. The in vitro study revealed 
these nanoparticles performed non-functionalized nanoparticles and free docetaxel 
in vitro anticancer activities against HeLa cervical carcinoma cells [104].

3. Future insights

The use of vitamin B-loaded polymers presents a serious progress in the above-
mentioned applications and ensures a positive advancement in the upcoming years. 
Treatments will be more effective and safer owing to the design and functionaliza-
tion of the various polymeric materials. The potential applications show that the 
polymeric carriers will progress to a specific active substance to the point where it 
can be customized to best adapt to a specific component or environment. However, 
it is important to note that vitamin-loaded polymers have some challenges. First, 
the number of vitamin-loaded polymers presently accessible for use as the indus-
trial scale is still limited, despite the fact that R&D has advanced from the micro 
to nano-size scale in the previous decade, exceeding expectations. Secondly, the 
majority of the tests were improved in vitro studies with promising findings, how-
ever, the conversion from in vitro outcomes to clinical success have been restricted. 
More clinical trials and data are required to properly understand the mechanism of 
these polymer carriers. Further, these polymer-carriers must also be biodegradable 
or have a high capacity to be removed outside the body to minimize accumulation, 
as well as being non-toxic and non-immunogenic. It is notable to highlight the effect 
that copolymers or polymer blends might play in adjusting or modifying interac-
tions with the human body in order to control their in vivo studies.
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In sum, various disadvantages or drawbacks must still be overcome by multiple 
efforts and focused multidisciplinary scientific collaboration in order to achieve the 
desired results.

4. Conclusion

Since the beginning of the 2000s, B-complex vitamins have been produced in 
polymeric materials. Vitamin-loaded polymeric materials have been produced in 
various structures, such as gel, film, bead, liposome, and fiber forms. Each of these 
materials containing vitamins has become interesting for many industrial applica-
tions. Vitamin-loaded polymer materials have been utilized in medical applications 
such as implants, additives, tissue engineering, drug carriers, wound dressing, 
cosmetic applications as a skin-care mask, cancer diagnostic agent, and food 
applications as food supplements, as well. On the other hand, bioactive polymers 
are available in smart electronic applications. Some studies also pointed that B 
vitamins are utilized to obtain nanocomposite materials by modification of certain 
inorganic nanoparticles. In the studies, it was aimed to increase the bioavailability 
of B-vitamins by incorporating them in polymers and to develop controlled release 
behaviors. Furthermore, as the vitamin is introduced to polymer, the morphologi-
cal, biological and thermal properties of polymeric materials have improved.
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Abstract

Vitamin B6 (vitB6) is a generic term that comprises six interconvertible 
 pyridine compounds. These vitB6 compounds (also called vitamers) are pyri-
doxine (PN), pyridoxamine (PM), pyridoxal (PL) and their 5′-phosphorylated 
forms pyridoxine 5′-phosphate (PNP), pyridoxamine 5′-phosphate (PMP) and 
pyridoxal 5′-phosphate (PLP). VitB6 is an essential nutrient for all living organ-
isms, but only microorganisms and plants can carry out de novo synthesis of this 
vitamin. Other organisms obtain vitB6 from dietary sources and interconvert its 
different forms according to their needs via a biochemical pathway known as the 
salvage pathway. PLP is the biologically active form of vitB6 which is important 
for maintaining the biochemical homeostasis of the body. In the human body, PLP 
serves as a cofactor for more than 140 enzymatic reactions, mainly associated with 
synthesis, degradation and interconversion of amino acids and neurotransmitter 
metabolism. PLP-dependent enzymes are also involved in various physiological 
processes, including biologically active amine biosynthesis, lipid metabolism, heme 
synthesis, nucleic acid synthesis, protein and polyamine synthesis and several other 
metabolic pathways. PLP is an important vitamer for normal brain function since it 
is required as a coenzyme for the synthesis of several neurotransmitters including 
D-serine, D-aspartate, L-glutamate, glycine, γ-aminobutyric acid (GABA), sero-
tonin, epinephrine, norepinephrine, histamine and dopamine. Intracellular levels 
of PLP are tightly regulated and conditions that disrupt this homeostatic regulation 
can cause disease. In humans, genetic and dietary (intake of high doses of vitB6) 
conditions leading to increase in PLP levels is known to cause motor and sensory 
neuropathies. Deficiency of PLP in the cell is also implicated in several diseases, the 
most notable example of which are the vitB6-dependent epileptic encephalopathies. 
VitB6-dependent epileptic encephalopathies (B6EEs) are a clinically and geneti-
cally heterogeneous group of rare inherited metabolic disorders. These debilitating 
conditions are characterized by recurrent seizures in the prenatal, neonatal, or 
postnatal period, which are typically resistant to conventional anticonvulsant 
treatment but are well-controlled by the administration of PN or PLP. In addition to 
seizures, children affected with B6EEs may also suffer from developmental and/or 
intellectual disabilities, along with structural brain abnormalities. Five main types 
of B6EEs are known to date, these are: PN-dependent epilepsy due to ALDH7A1 
(antiquitin) deficiency (PDE-ALDH7A1) (MIM: 266100), hyperprolinemia type 2 
(MIM: 239500), PLP-dependent epilepsy due to PNPO deficiency (MIM: 610090), 
hypophosphatasia (MIM: 241500) and PLPBP deficiency (MIM: 617290). This 
chapter provides a review of vitB6 and its different vitamers, their absorption and 
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metabolic pathways in the human body, the diverse physiological roles of vitB6, 
PLP homeostasis and its importance for human health. Finally, the chapter reviews 
the inherited neurological disorders affecting PLP homeostasis with a special focus 
on vitB6-dependent epileptic encephalopathies (B6EEs), their different subtypes, 
the pathophysiological mechanism underlying each type, clinical and biochemical 
features and current treatment strategies.

Keywords: vitamin B6 (vitB6), Salvage pathway, PLP-dependent enzymes, inherited 
vitB6-dependent epilepsies

1. Introduction

Vitamin B6 (vitB6) is a generic term that refers to a group of six interconvert-
ible chemical compounds that share a pyridine ring in their centre. These vitB6 
compounds (also called vitamers) are pyridoxine (PN), pyridoxamine (PM), 
pyridoxal (PL) and their 5′-phosphorylated forms pyridoxine 5′-phosphate (PNP), 
pyridoxamine 5′-phosphate (PMP) and pyridoxal 5′-phosphate PLP) [1] (Figure 1). 
VitB6 is required by all living organisms for their survival, but only microorganisms 
and plants can carry out de novo synthesis of this vitamin. Other organisms includ-
ing humans acquire vitB6 from exogenous sources and interconvert its different 
forms according to their needs using a biochemical pathway known as the salvage 
pathway [1, 3].

1.1 Metabolism of vitB6

Among the six vitB6 compounds, PLP is the biologically active and most 
important vitamer since it is required as a cofactor for a multitude of enzymes in 
the body. Humans and other mammals obtain PLP directly from diet or through 
synthesis from other vitameric forms ingested with food or recycled from degraded 
PLP-dependent enzymes via the salvage pathway [1, 4] (Figure 2). The central 
enzyme in this pathway is PNP oxidase (PNPO), a flavin mononucleotide (FMN)-
dependent enzyme that is capable of converting PNP or PMP to the active cofactor 

Figure 1. 
Chemical structures of the six vitamin B6 vitamers. Colored atoms designate oxygen or hydroxyl group (red), 
nitrogen or amine group (blue) and phosphorus (brown). (Retrieved from [2]).
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PLP [1]. Other important enzymes in the salvage pathway are PL kinase (PLK) and 
a number of different phosphatases [5].

VitB6 vitamers are widely available in animal and plant food sources. PLP and in 
a lesser amount, PMP are present as such in animal-derived foods, mainly associ-
ated with muscle glycogen phosphorylase, while plant foods are more enriched in 
PN, PNP and PN glucosides [1, 4, 8].

After being ingested, phosphorylated vitamers (PLP, PNP and PMP) undergo 
dephosphorylation by the ecto-enzyme tissue-specific intestinal phosphatase (IP) 
[5], whereas PN glucoside (PNG) vitamers from plants are hydrolyzed by a glucosi-
dase before absorption [1, 10]. Absorbed vitamers are carried by the portal circula-
tion to the liver where they are phosphorylated by PLK [5]. Inside liver cells, PNP 
and PMP are oxidized by PNPO to form PLP, which is then released to the circula-
tion bound to lysine-190 residue of albumin (Figure 3) [9–11]. Binding of PLP to 
albumin is thought to protect the cofactor from hydrolysis and other reactions [11]. 
About 60% of circulating vitB6 is in the form of albumin-bound PLP, while PN, PM 
and PL constitutes the remaining proportion [5].

Prior to delivering the circulating PLP to different tissues, it is dephosphorylated 
to PL by the ecto-enzyme tissue nonspecific alkaline phosphatase (TNSALP) to 
enable entry into the cells and through the blood–brain barrier. Inside the cell, PL 
is re-converted by PLK to PLP, which now can be used as a cofactor in many bio-
chemical reactions (Figure 3) [1, 5, 9]. Degradation of PLP-bound enzymes (holo-
B6 enzymes) can generate PMP, which is then oxidized back to PLP by the action of 
PNPO [6] (Figures 2 and 3).

Besides the liver, it has been shown that the intestine also contributes an 
important role in vitB6 metabolism. In vitro studies utilizing human intestinal 

Figure 2. 
The PLP salvage pathway. Phosphorylated vitamers are converted to PLP by the enzyme PNPO. PLP is also 
recycled from degraded holo-B6 enzymes through PMP as an intermediate step. ADP: adenosine diphosphate, 
ATP: adenosine triphosphate, FMNH2: flavin mononucleotide reduced form, Ph’ases: phosphatases, Pi: 
inorganic phosphate. (Based on [5–7]).
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epithelial Caco-2 cells [12] demonstrated that, after incubation of these cells with 
multiple vitB6 vitamers, PL was the only vitamer detected at the basolateral side 
which indicated that all other vitamers were converted to PL inside the intestinal 
cells. Excretion of PN and PM at the basolateral side was only detected when 
the enterocytes were incubated with high concentrations of these vitamers. The 
authors suggested that under normal dietary intakes, PN and PM are converted 
to PL by the enterocytes and PL becomes the principal vitamer that reaches the 
portal circulation. All other organs including the liver can then obtain PL from 
the circulation and only require PLK to produce PLP. Under high vitB6 intakes, 
however, the ingested amounts of PN or PM may surpass the intestine’s capacity 
to fully metabolize these vitamers. In this case, PN and PM will be released to the 

Figure 3. 
Metabolism of vitB6 vitamers in different tissues of the body. PNGH: PNG hydrolase; PLPase: PLP 
phosphatase; AOX/DH: aldehyde oxidase/dehydrogenase; BBB: blood–brain barrier; PA: pyridoxic acid; 
E-PLP: enzyme-bound PLP; E-PMP: enzyme-bound PMP. (Based on [6, 7]).
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portal circulation and will subsequently be converted to PLP in the liver. The study 
also showed the expression of a full battery of the salvage enzymes in Caco-2 cells 
as well as in lysates of human intestine, adding further evidence for a major role 
of the intestine in vitB6 metabolism [12]. Earlier works in mice [13, 14] have also 
pointed to a similar role of the intestine. In these studies, following oral administra-
tion of radiolabeled PN, labeled PL and PLP were detected in the mouse intestine 
and portal circulation indicating involvement of the intestine in converting dietary 
vitamers to circulating PL [13, 14].

1.2 Catabolism of vitamin B6

At the other end of vitB6 metabolism, little is known about the catabolic path-
ways in humans or other mammals. In contrast, these mechanisms are well estab-
lished in microorganisms [3, 11, 15]. In humans and other mammals, the primary 
product of the degradation of PLP (and all other vitB6 vitamers) is 4-pyridoxic 
acid (4-PA). This compound, which is excreted in urine, is generated in two steps. 
In the first one, PLP is hydrolyzed to PL by the action of an intracellular enzyme 
known as PLP phosphatase (PLPase). In the following step, PL is oxidized to 4-PA 
by a non-specific aldehyde oxidase (AOX) or aldehyde dehydrogenase (Figure 3) 
[3, 6, 12, 15, 16]. In microorganisms, 4-PA is further degraded to other metabolites 
that can be utilized by the cell in various biochemical processes [15]. Some micro-
bial vitB6 catabolic products such as 5-pyridoxic acid (5-PA), 5-pyridoxolactone 
[17] and 4-pyridoxolactone [17, 18] have been also discovered in human individuals 
under consumption of high amounts of vitB6. Several other PN derivatives have 
been identified in humans and/or other mammalian species, but their biochemical 
pathways and precise functions have not yet been unraveled.

For example, Coburn and Mahuren [19] detected pyridoxine 3-sulfate, pyridoxal 
3-sulfate and N-methylpyridoxine in the urine of domestic cats, and, interestingly, 
these chemicals were excreted at concentrations higher than 4-PA, even with mod-
erate intake of PN. Other studies reported the discovery of multiple PM derivatives 
in urine samples from PM-administered diabetic and obese rats [20, 21]. Moreover, 
at least nine unidentified vitB6 metabolites were detected in human urine after oral 
administration of radiolabeled PN [17, 19].

Oxidation of PN at the 5′ position, followed by sequential dehydrogenation to 
form 5-PA, is known to exist only in the PN catabolic pathway of some bacterial 
species like Pseudomonas IA and Arthrobacter Cr-7, where the enzymes catalyzing 
these reactions have been characterized [15]. Similar reactions have been proposed 
to occur in mammals based on experimental clues. The first one was provided by 
the study of Coburn and colleagues [22] who showed that healthy men who ingested 
a structural analog of PN, 4′-deoxypyridoxine, excreted 4’-Deoxy-5-pyridoxic acid 
in their urine. A similar experiment was carried out in guinea pigs [23], and the 
results indicated that these animals were also able to convert 4′-deoxypyridoxine 
to 4′-deoxy-5-pyridoxic acid. All together, these studies provided evidence for the 
possible existence of alternative but currently undiscovered catabolic routes of PN 
in humans and other mammals.

1.3 Vitamin B6 transportation across cellular membrane

Multiple experimental evidence suggests that, as with most water-soluble 
vitamins [24], the transportation of vitB6 across mammalian cell membrane is 
carrier-mediated. Studies in cultured human intestinal [12, 25], colonic [26], and 
renal cells [27] and animal-derived renal proximal tubular cells [28] demonstrated 
the presence of an efficient and specific carrier-facilitated mechanism for cellular 
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uptake of vitB6. Such a specific transporting membrane carrier was employed to 
produce a high affinity gene delivery system into cancer cells using a vitB6-coupled 
vector [29]. However, the molecular identity of vitB6 transporter protein in mam-
mals has remained elusive [12, 30]. Among eukaryotes, the only vitB6 transporters 
identified so far are the yeast transporters, Tpn1p [31] and Bsu1 [32], and, recently, 
PUP1 in plant species Arabidopsis (first to be identified in plants) [33].

1.4 Physiological roles of vitamin B6

PLP, the coenzymatically active form of vitamin B6, plays an important role in 
maintaining the biochemical homeostasis of the body [34]. In the human body, 
PLP is an essential cofactor for more than 140 distinct enzymatic activities, mainly 
associated with synthesis, degradation and interconversion of amino acids as well 
as with neurotransmitter metabolism [35–38]. PLP-dependent enzymes are also 
involved in a multitude of other cellular processes, including biologically active 
amine biosynthesis, lipid metabolism, heme synthesis, nucleic acid synthesis, 
protein and polyamine synthesis and several other metabolic pathways (Figure 4) 
[5, 6]. Furthermore, PLP is important in energy homeostasis through glycogen deg-
radation and gluconeogenesis, since PLP is a cofactor for glycogen phosphorylase 
and gluconeogenic transaminases [36, 41]. In folate-mediated one-carbon metabo-
lism (FOCM), PLP is required as a cofactor for the enzyme serine hydroxymethyl-
transferase, both its cytoplasmic (SHMT1) and mitochondrial (SHMT2) isoforms. 
FOCM is an important pathway that is involved in a number of physiological 
processes such as DNA methylation, redox homeostasis and purines and thymidine 
biosynthesis [36, 42].

As a coenzyme for the synthesis of several neurotransmitters including 
D-serine, D-aspartate, L-glutamate, glycine, γ-aminobutyric acid (GABA), 

Figure 4. 
The diverse cellular functions of PLP. Names in blue are the PLP-dependent enzymes involved in each 
metabolic process. Some enzymes can be implicated in mutiple processes. An example is branched-chain 
amino acid aminotransferase which can fall under amino acid and neurotransmitter metabolism. Glycine 
dehydrogenase can be classified under folate cycle and amino acid and neurotransmitter metabolism. (Based on 
[6, 39]; PLP chemical structure was retrieved from [40]).
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serotonin, epinephrine, norepinephrine, histamine and dopamine, PLP is an 
important vitamer for normal brain function [5, 43]. For example, GABA, the major 
inhibitory neurotransmitter in the central nervous system (CNS), is synthesized 
from L-glutamate by the PLP-dependent enzyme glutamate decarboxylase (GAD). 
Moreover, PLP is a cofactor for branched-chain amino acid aminotransferase 
(BCAT) which catalyzes the synthesis of L-glutamate, the major excitatory neu-
rotransmitter, from branched-chain amino acids like leucine and valine [5].

Another important PLP-dependent enzyme in the brain is aromatic L-amino 
acid decarboxylase (AADC), which catalyzes the final steps in the biosynthetic 
pathways of serotonin and dopamine (Figure 5) [5, 36]. These neurotransmitters 
also serve as precursors for other important compounds in the brain, specifically 
melatonin, norepinephrine and epinephrine (Figure 5) [5, 46].

In addition to its role as an enzymatic cofactor, PLP has been shown to play a 
role in preventing DNA damage [47] and in modulating the activity and expression 
of steroid hormone receptors [6, 48]. vitB6 has also been described as an efficient 
antioxidant in plants and fungi, with the ability of its different vitamers to quench 
reactive oxygen species [1, 49, 50].

1.5 PLP homeostasis and its importance for human health

PLP is a highly reactive compound because of its aldehyde group at the 4′ posi-
tion which can undergo spontaneous complexation with other molecules within the 
cell [1, 9]. It may bind with amino groups in proteins and disrupt their structure 
[6]. For example, it has been shown that PLP can react with the lysine residue in the 

Figure 5. 
Biosynthetic pathway for biogenic amine neurotransmitters and melatonin. The PLP-dependent enzyme, 
AADC, catalyzes a central step in this pathway. TH: tyrosine hydroxylase; TPH: tryptophan hydroxylase; 
L-dopa: levodopa; 5-HTP: 5-hydroxytryptophan; DβH: dopamine β-hydroxylase; MAO: monoamine 
oxidase; SNA: serotonin N-acetylase; HIOMT: hydroxyindole O-methyltransferase; COMT: catechol-O-
methyltransferase; ALDH: Aldehyde dehydrogenase; 3-OMD: 3-O-methyldopa; VLA: vanillactic acid; 
5-HIA: 5-hydroxyindole acetaldehyde; 5-HIAA: 5-hydroxyindoleacetic acid; 3-MT: 3-methoxytyramine; HVA: 
homovanillic acid; DOPAC: 3,4-dihydroxyphenylacetic acid. (Based on [44, 45]).
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active site of human DNA topoisomerase I, causing its inhibition [51, 52]. Through 
a chemical reaction known as Knoevenagel condensation, PLP can also react 
with intermediate metabolites like Δ1-pyrroline 5-carboxylate and Δ1-piperideine 
6-carboxylate, which form the molecular basis of PLP depletion in the neurometa-
bolic diseases ALDH7A1 deficiency and hyperprolinaemia type II, respectively [6]. 
Because of its high reactivity and to prevent toxic accumulation of this cofactor, the 
intracellular pool of free PLP is maintained at very low concentration (about 1 μM 
in eukaryotic cells) [1, 5, 6]. It is therefore likely that PLP production in the cell is 
tightly regulated [5], and experimental work indicates the presence of an efficient 
mechanism that maintains intracellular PLP levels within optimum levels [12]. 
However, how the concentration of PLP is controlled in mammalian tissues is not 
entirely understood [3, 34].

A number of mechanisms have been proposed that help in PLP homeostasis. 
First, both enzymes that produce PLP, PLK and PNPO, are inhibited by their 
product PLP and its rate of synthesis can, therefore, be controlled by this feed-
back inhibition [1, 5, 6]. Enzymes that degrade PLP and PL, like PLPase and 
AOX, respectively, have also been proposed as a mechanism that keeps free PLP 
at low level within the cell [1, 5, 6]. Proteins that are known to naturally bind 
PLP, like muscle glycogen phosphorylase, plasma albumin and hemoglobin in red 
blood cells, contribute to reducing the amount of free reactive PLP [6]. In addi-
tion to its catalytic role in PLP synthesis, a recent study [53] demonstrated that 
PNPO forms a tight a binding with PLP at a noncatalytic site in vitro. The study 
further showed that PLP-bound PNPO interacts with several PLP-dependent 
enzymes and hypothesized that it may serve as a safe carrier of the reactive 
cofactor to its dependent enzymes [53]. Another more recently proposed PLP 
carrier protein is known as PLPHP or PLP Homeostasis Protein (described in 
detail in Section 2.5).

Conditions that disrupt cellular PLP homeostasis can cause disease. For example, 
inactivation of PLPP in mice led to increase in PLP levels, anxiety and motor deficits 
[54]. In humans, intake of high doses of vitB6 is known to cause motor and sen-
sory neuropathies [1, 5]. Deficiency of PLP in the cell is also implicated in several 
pathologies, most notably the so-called vitB6-dependent epileptic encephalopathies 
[1, 5, 9, 37].

2. VitB6-dependent epileptic encephalopathies

VitB6-dependent epileptic encephalopathies (B6EEs) represent a clinically and 
genetically heterogeneous group of rare inherited metabolic diseases [55, 56]. These 
debilitating conditions are characterized by recurrent seizures in the prenatal, 
neonatal, or postnatal period, which are typically resistant to conventional anticon-
vulsant treatment but well-controlled by the administration of PN or PLP [56–59]. 
In addition to seizures, children affected with B6EEs may also suffer from devel-
opmental and/or intellectual disabilities, along with structural brain abnormalities 
[60]. The 5 principal types of B6EEs: PN-dependent epilepsy due to ALDH7A1 
(antiquitin) deficiency (PDE-ALDH7A1) (MIM: 266100), hyperprolinemia type 2 
(MIM: 239500), PLP-dependent epilepsy due to PNPO deficiency (MIM: 610090), 
hypophosphatasia (MIM: 241500) and PLPBP deficiency (MIM: 617290) [6, 9, 
60, 61] (Table 1). According to the underlying pathobiochemical mechanism, these 
forms of B6EEs can be categorized into: 1) defects in amino acid catabolic pathways 
causing buildup of byproducts that react with PLP (PDE-ALDH7A1 and hyperpro-
linemia type 2), 2) defects in the vitB6 salvage pathway (PNPO deficiency), and 3) 
defects in cellular uptake of PLP (hypophosphatasia) [6, 9] (Table 1). In the most 
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recently discovered type, PLPBP deficiency, the exact mechanism that disrupts PLP 
homeostasis is not fully understood [7].

2.1 PN-dependent epilepsy (ALDH7A1 deficiency)

2.1.1 Disease mechanism

PN-dependent epilepsy (PDE-ALDH7A1) is caused by homozygous or com-
pound heterozygous mutations in the ALDH7A1 gene (also known as antiquitin, 
ATQ ). ALDH7A1 codes for α-aminoadipic semialdehyde dehydrogenase, an enzyme 
that functions within the lysine catabolism pathway in the brain and peripheral 
tissues [62]. In PDE-ALDH7A1, loss of the enzyme’s function leads to the accumula-
tion of three upstream lysine catabolites: ∆1-piperideine-6-carboxylic acid (P6C), 
α-aminoadipic semialdehyde (α-AASA) and pipecolic acid (PIP) [60] (Figure 6). 
Through a chemical reaction known as Knoevenagel condensation, accumulating 
P6C spontaneously conjugates with PLP, forming inactive complex products and 
causing cellular deficiency of this important cofactor [62] (Figure 6). Seizures are 
thought to occur because PLP is required for neurotransmitter metabolism, particu-
larly for the synthesis of GABA from glutamate [71].

2.1.2 Clinical features

The main clinical manifestation of PDE-ALDH7A1 is recurrent perinatal-onset 
seizures that are resistant to conventional anticonvulsant treatment, but which 
show remarkable response to the administration of high doses of PN [60, 72]. 
Seizures usually relapse when PN treatment is discontinued, either incidentally 
or for diagnostic purposes [60]. In some cases, the mother of an affected child has 
described abnormal fetal movements during pregnancy, suggestive of pre-natal 
onset of seizures [55, 73–75]. In atypical cases, seizure onset can be delayed to up 
to 3 years of age [60], and in one exceptional case, Srinivasaraghavan et al. [76] 
reported an Indian female with genetically proven PDE-ALDH7A1 in whom seizures 
did not start until the age of 17 years (juvenile onset).

In addition to seizures, most PDE-ALDH7A1 patients (about 75%) also suf-
fer from developmental delay and moderate to severe intellectual disability 
[60, 72, 77]. In addition, as revealed by neuroimaging analysis, a spectrum of 
structural brain defects have been described in affected children with anomalies of 
corpus callosum (agenesis/hypoplasia/dysplasia) and white matter being common 
features [75, 77–79]. Motor deficits (hypotonia/hypertonia/dystonia), irritability, 
autism spectrum disorder (ASD), attention-deficit hyperactivity disorder (ADHD) 
and anxiety are additional features reported in patients [75, 77, 80].

The phenotypic spectrum of PDE-ALDH7A1 may also include non-neuronal 
features, but these are less frequently observed in patients. Reported examples are 
ocular problems, hypoglycemia, hypothyroidism, lactic acidosis, profound elec-
trolyte disturbances, diabetes insipidus, coagulopathy, anemia, respiratory distress 
and hypotension [60, 77, 79, 81, 82].

2.1.3 Biochemical features and diagnostic biomarkers

In PDE-ALDH7A1, blockade of the ATQ-catalyzed step in the lysine catabolism 
pathway leads to accumulation of 3 upstream metabolites, P6C, α-AASA and PIP, 
as discovered by screening of patients’ body fluids. Presence of these metabolites 
in supraphysiological levels is considered the hallmark biochemical feature of ATQ 
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deficiency and have been utilized as diagnostic biomarkers [72]. Recently, two addi-
tional lysine metabolites discovered to accumulate in patients have been suggested 
as novel biomarkers. The first one is 6-oxopipecolate (6-oxo-PIP), which was found 
to be present in large concentrations in plasma, urine, and CSF of ATQ deficiency 
patients [83, 84]. By means of an untargeted metabolomics approach, Engelke et al. 
[83] identified another novel metabolite, 6-(2-oxopropyl)piperidine-2-carboxylic 
acid (2-OPP), that accumulated in biofluids of affected individuals.

Because P6C inactivates PLP and causes cellular depletion of this enzymatic 
cofactor, a number of biochemical abnormalities occur that are associated with 
secondary deficiencies of PLP-dependent enzymes, mainly affecting amino acid 
metabolism. Table 2 lists some amino acid changes reported in PDE-ALDH7A1 
patients and possible links to PLP-dependent enzymes in their metabolic 
pathways.

Figure 6. 
Pipecolic acid (left) and saccharopine (right) pathways for L-lysine catabolism in mammals. The two 
pathways converge at the step of α-AASA/P6C synthesis. ALDH7A1 catalyzes the step indicated by the red “X”. 
Inactivation of the enzyme in PDE-ALDH7A1 causes buildup of its two substrates, P6C and α-AASA, as well 
as of PIP (the 3 biomarkers in patients). Accumulating P6C condenses with PLP, forming an inactive product 
and leading to depletion of the cofactor. *The nature of the first step of pipecolic acid pathway is undetermined. 
AASS: aminoadipic semialdehyde synthase; LKR: lysine-ketoglutarate reductase; SDH: saccharopine 
dehydrogenase; AADAT: 2-aminoadipate aminotransferase; KR: ketimine reductase; CRYM: Mu-crystallin 
homolog; PIPOX: pipecolic acid oxidase; P5CR: piperideine-5-carboxilic reductase. (Based on [69, 70]).
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2.1.4 Treatment and its outcome

In patients with PDE-ALDH7A1, seizures are effectively controlled by PN treat-
ment in about 90% of cases [6]. Patients require life-long intake of pharmacological 
doses of PN for seizure control as PN withdrawal leads to seizure recurrence [60]. 
In a subset of patients with ATQ deficiency, better seizure control is achieved when 
folinic acid is added to the PN regimen (known as folinic acid-responsive seizures 
or FARS) [60]. The subset of FARS patients can be distinguished by the appear-
ance of a characteristic peak (Peak X) on CSF biogenic amine neurotransmitter 
 analysis [60, 89].

Despite effective control of seizures with PN, treatment outcome is usually still 
poor, and a large proportion of children with PDE-ALDH7A1 have neurodevelop-
mental impairments [77]. It has been suggested that PN treatment alone cannot 
prevent the accumulation of high levels of lysine metabolites (P6C, α-AASA and 
PIP) in the brain which may have neurotoxic effects [90].

To limit the accumulation of these metabolites, substrate (lysine) reduction 
therapies have been implemented. These consisted of lysine-restricted diet [91], 
arginine supplementation [92] and triple therapy [93]. Arginine is a natural antago-
nist of lysine because the two amino acids use the same transporter (known as the 
y + system) for their transportation across the BBB. Therefore, it was suggested that 
arginine could compete with lysine and limit its entry to the brain [72, 92]. Triple 

Amino acid 
(tissue/fluid, 
change)*

Implicated PLP-dependent enzyme(s)** Enzyme’s function**

Glycine (CSF & 
plasma, ↑)

Glycine dehydrogenase (decarboxylating) Important component of the 
glycine cleavage system

Threonine  
(CSF, ↑)

Glycine C-acetyltransferase Catalyzes the second step in the 
pathway that converts threonine 
to glycine

Threonine deaminase Catalyzes the first step in 
the catabolic pathway of 
threonine [85]

Serine  
(plasma, ↑)

• Serine dehydratase

• Serine hydroxymethyltransferase [86]

Involved in breakdown/
conversion of serine to other 
metabolites

Alanine (CSF & 
plasma, ↑)

• Alanine-glyoxylate aminotransferase

• Alanine transaminase

Involved in breakdown/
conversion of alanine to other 
metabolites

Phenylalanine 
(CSF, ↑)

Aromatic L-amino acid decarboxylase Converts phenylalanine to 
phenethylamine

Arginine  
(CSF, ↓)

Ornithine δ-aminotransferase Catalyzes the formation of 
ornithine, an indirect precursor 
for arginine synthesis [57, 87]

Histidine  
(CSF, ↑)

Histidine decarboxylase Converts histidine to histamine

*Amino acid changes were retrieved from the case series of Mills et al. [75] and Yuzyuk et al. [85].
↑: elevated, ↓: lowered.
**Unless another source is specified, information on PLP-dependent enzymes and their catalytic activities were 
collectively retrieved from the review of Wilson et al. [6] and KEGG pathway database [88].

Table 2. 
Amino acid changes in PDE-ALDH7A1 and related PLP-dependent enzymes.
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therapy refers to a combination therapy of lysine-restriction and arginine supple-
mentation (in addition to PN treatment, therefore it was termed “triple therapy”) 
[93]. Clinical trials using these dietary therapies reported reduction in lysine 
metabolite levels and improvements in the neurodevelopmental outcome in most 
treated patients [79, 85, 91, 93–96].

2.2 PLP-dependent epilepsy (PNPO deficiency)

2.2.1 Disease mechanism

PNPO catalyzes the rate-limiting step in the biosynthetic pathway of PLP from 
other vitB6 vitamers (salvage pathway, Figure 2). Patients affected with pathogenic 
variants in its encoding gene, PNPO, have reduced activity of PNPO which leads 
to dysfunction of the salvage pathway and inability of the patients to produce 
adequate amounts of PLP [86].

2.2.2 Clinical features

Similar to PDE-ALDH7A1, PNPO deficiency is characterized by early onset, 
drug-resistant epileptic encephalopathy [87]. Since the disease gene discovery in 
2005 [57], about 90 cases of PNPO deficiency have been reported in the medical 
literature with a phenotypic spectrum that extends from early postnatal lethality 
to milder forms with well-controlled seizures and normal neurodevelopmental 
outcome [88, 97–99]. Prematurity is observed in about 50% of the PNPO defi-
ciency cases [88]. Seizures usually start very early after birth (within the first day 
of life in about 60% of the cases), but can also have a later onset within the first 
6 months of life [86, 88]. In utero onset of seizures have been suspected in some of 
the documented cases [87]. PNPO-deficient patients may also suffer from variable 
degrees of morphological brain defects, most commonly diffuse brain atrophy, and 
neurodevelopmental deficits [88] as well as systemic co-morbidities such as lactic 
acidosis, hypoglycaemia, coagulopathy, anemia and ocular and cardiac problems 
[6, 37, 86, 98].

2.2.3 Biochemical features and diagnostic biomarkers

PNPO deficiency is associated with a number of biochemical alterations most 
commonly affecting biogenic amine neurotransmitters. The PLP-dependent 
enzyme, AADC, plays a central role in the biosynthetic pathway of these neu-
rotransmitters (Figure 5). A number of amine neurotransmitter metabolites 
in this pathway were found to be present at abnormal levels in PNPO-deficient 
patients, suggesting an impaired flux through the AADC catalyzed step. For 
example, elevated levels of 3-O-methyldopa (3-OMD) and vanillactic acid (VLA) 
have been frequently detected in patients’ CSF and urine samples, respectively 
[6, 88]. Both compounds are metabolites of L-dopa, the direct precursor of 
dopamine, which are generated upstream of AADC [44] (Figure 5). On the other 
hand, low CSF concentrations have been detected for metabolites downstream 
to AADC, namely, homovanillic acid (HVA) and 5-hydroxyindoleacetic acid 
(5-HIAA) [88, 100], the catabolic products of dopamine and serotonin, respec-
tively (Figure 5) [44].

The biochemical spectrum of PNPO deficiency also includes amino acid and 
vitB6 vitamer perturbations. Elevated concentrations of threonine, glycine, 
histidine and taurine and low concentrations of arginine in CSF and/or plasma 
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have been all reported in patients [6, 10, 88]. Unlike PDE-ALDH7A1, systemic 
PLP deficiency is a typical finding in PNPO deficiency as evidenced by the detec-
tion of low PLP levels in pre-treatment patient samples (CSF and/or plasma) 
[37, 88, 101]. Another common vitamer finding is the accumulation of PM, the 
precursor of PNPO substrate, detected in both pre- and post-treatment plasma 
samples [101, 102].

Currently there is no specific diagnostic biomarker for PNPO deficiency 
and genetic testing of the PNPO gene is required to establish diagnosis [86]. 
Altered biogenic amine profile along with low PLP and/or elevated PM in patient 
biofluids have been proposed as indicators of PNPO deficiency [6, 10, 88]. In a 
small cohort of patients, Mathis et al. [101] noted a consistently elevated plasma 
PM/PA ratio irrespective of vitB6 treatment status. This distinct vitamer profile 
was only observed in PNPO-deficient patients but not in other vitB6EE forms 
and was therefore suggested to be a candidate biomarker for PNPO deficiency, 
but this is yet to be validated in a larger cohort of patients [101]. Recently, a new 
and rapid mass spectrometry-based method has been developed for diagnosis of 
PNPO deficiency in dried blood spots which relies on measurement of enzyme 
activity [103].

2.2.4 Treatment and its outcome

Seizures are usually controlled by supplementation of pharmacological doses 
of PLP or PN. Based on early reports [57, 104, 105], PNPO deficiency has for some 
time been viewed as a disease that is only treatable by PLP but not PN (and hence 
was given the name “PLP-dependent epilepsy”). This was also consistent with the 
notion that the defective enzyme, PNPO, in these patients is unable to convert 
supplemented PN to PLP which explains the lack of response to PN treatment. 
However, it was later found that a subset of affected children (about 40% of cases 
[6]) show better clinical response to PN while PLP may in fact exacerbate their sei-
zures [87, 106]. Mills et al. [87] suggested that certain genotypes (namely R225H/C 
and D33V) seem to be more likely to benefit from PN treatment. This was attributed 
to possible residual enzyme activity that is associated with these PNPO mutations 
and that PN may also have a chaperone-like stabilizing effect on the mutant protein. 
PLP, on the other hand, may exert an inhibitory effect on the protein and abolish 
its presumed residual activity leading to more deleterious consequences [106, 107]. 
Based on treatment response, PNPO-deficient patients appear to fall into at least 3 
groups; patients who respond to PLP but are refractory to PN, patients who respond 
to both vitamers (PLP and PN) and patients who respond to PN but decline upon 
switching to PLP [86].

In some patients, better seizure control was achieved by adjunct treatments like 
anti-seizure drugs [106] and/or riboflavin [108] in combination with vitB6 therapy. 
Riboflavin is a precursor of flavin mononucleotide (FMN), the cofactor of PNPO, 
and therefore may enhance residual enzyme activity [87]. There were multiple 
reports of liver problems in patients receiving PLP treatment, and these were linked 
to possible toxic effects of chronic PLP administration, an observation that war-
rants careful mentoring of PLP-treated patients [109–111].

Neurodevelopmental outcome is still poor in a large proportion of affected 
children. A recent literature survey of 87 cases of PNPO deficiency [88] found 
that 56% of patients suffered developmental and/or intellectual deficits in spite 
of adequate seizure control with vitB6 therapy. Other reports suggested that early 
diagnosis and initiation of treatment could lead to normal developmental outcome 
[4, 109, 112].
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2.3 Hyperprolinemia type 2

2.3.1 Disease mechanism

The genetic cause of hyperprolinemia type 2 (HP2), first identified in an Irish 
traveler family [64], was found to be due to recessive mutations in ALDH4A1. The 
gene codes for pyrroline 5-carboxylate dehydrogenase (P5CD), an enzyme that 
catalyzes an intermediate step in the proline degradation pathway [6] (Figure 7). In 
a pathobiochemical mechanism similar to PDE-ALDH7A1, deficiency of P5CD leads 
to accumulation of pyrroline 5-carboxylate (P5C), an intermediate metabolite that 
undergo a spontaneous Knoevenagel type of reaction with PLP leading to reduced 
bioavailability of the cofactor (Figure 7) [63].

2.3.2 Clinical features

The clinical manifestation of HP2 is variable [114] and asymptomatic cases 
have been described [115]. Seizures are the most common clinical fining in HP2 
which occur in about 50% of the cases [6, 114]. They are often triggered by febrile 
illness and have variable age of onset; commonly occurring during infancy or 
childhood but can also be up to late adulthood (63 years in one HP2 case [116]) 
[6, 114, 117, 118]. Intellectual and neuropsychiatric abnormalities have also been 
described in some HP2 patients. In the original HP2 Irish traveler family, 9 out of 
the 13 affected individuals developed seizures and two of them had intellectual dis-
ability [118]. Van de Ven [119] reported 5 HP2 patients; all presented with seizures, 
3 had intellectual disability and 4 suffered behavioral problems.

2.3.3 Biochemical features and diagnostic biomarkers

The key biochemical features of HP2 are elevated plasma and urinary levels 
of proline (about 10–15 folds higher in plasma) and P5C. A combination of 
both biomarkers is diagnostic of HP2 and distinguishes it from hyperpro-
linemia type 1 [119, 120]. Walker and Mills [121] identified a new metabolite, 

Figure 7. 
L-Proline metabolic pathway. In HP2, inactivation of P5CD causes accumulation of the upstream metabolite 
P5C (red arrows). P5C spontaneously condenses with the enzymatic cofactor PLP leading to the formation 
of inactive adducts and depletion of the cofactor. GSA: glutamic-gamma-semialdehyde, ORN: ornithine, 
NAD(P): nicotinamide adenine dinucleotide (phosphate), POX: proline oxidase, P5CR: P5C reductase, P5C: 
pyrroline 5-carboxylate, OAT: ornithine aminotransferase, P5CD: P5C dehydrogenase, P5CS: P5C synthase. 
(Based on [63, 113]).
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N-(pyrrole-2-carboxyl) glycine, that accumulated in urine of HP2 subject. They 
subsequently confirmed the presence of this compound in another 4 patients 
and suggested its use as a diagnostic biomarker for HP2. Other metabolic altera-
tions reported in HP2 patients include increased plasma concentrations of lactate 
[116, 119], glycine [115, 120], ornithine [120], and alanine [119] and urinary 
xanthurenic acid; probably secondary to PLP deficiency [59]. VitB6 was previously 
analyzed in 5 HP2 patients [59, 116, 119] and found to be decreased in 3 patients 
and at low normal levels in the other two.

2.3.4 Treatment and its outcome

VitB6 supplementation has been used to treat HP2 associated seizures with vari-
able response. Most of the case studies reported effective control of seizures with 
vitB6, either alone or in conjugation with anti-seizure medications [59, 114, 116], 
while few described irresponsiveness to vitB6 therapy [119]. Van de Ven et al. [119] 
assessed the long-term clinical outcome in 4 HP2 patients treated with vitB6 and/or 
anti-seizure medications. Seizures resolved spontaneously in 3 patients by the age 
of 12–18 years, however, neurobehavioral problems were persistent in most patients 
despite therapy. The clinical course was non-progressive and did not correlate with 
the vitB6 dose and vitB6 therapy [119].

2.4 Hypophosphatasia

2.4.1 Disease mechanism

Hypophosphatasia (HPP) results from autosomal recessive or dominant muta-
tions affecting ALPL, the gene encoding tissue nonspecific alkaline phosphatase 
(TNSALP). TNSALP is an ecto-enzyme that is highly expressed in bone, liver, 
kidney and developing teeth [122, 123]. The enzyme catalyzes extracellular 
dephosphorylation of multiple substrates including inorganic pyrophosphate (PPi), 
phosphoethanolamine (PEA), and PLP (Figure 3) [122, 124]. On the osteoblast 
membrane, TNSALP hydrolyzes PPi into inorganic phosphate (Pi). Together with 
calcium ions (Ca2+), Pi is required for the synthesis of hydroxyapatite (HA) which 
is the major inorganic constituent of bones and teeth. In HPP, TNSALP deficiency 
leads to extracellular accumulation of PPi which impairs the formation of HA and 
proper bone mineralization leading to an array of skeletal abnormalities [122, 123]. 
TNSALP is also required for the extracellular hydrolysis of PLP to PL to facilitate its 
entry into the cell which explains the occurrence of intracellular PLP deficiency and 
vitB6-dependent seizures in some forms of HPP [123, 124].

2.4.2 Clinical features

There is a remarkable heterogeneity in the clinical presentation of HPP and 5 
principal clinical types have been recognized based on skeletal disease features 
and age of onset. In order of escalating severity, these types are “odonto”, “adult”, 
“childhood”, “infantile”, and “perinatal” HPP [124, 125]. The severe forms (infantile 
and perinatal) show autosomal recessive inheritance, while in the milder forms 
both autosomal dominant or recessive inheritance has been described [124, 126]. 
Defective mentalization of bone and/or teeth is the clinical hallmark feature of HPP 
in all of these types [127]. Seizures are the most well described extra-skeletal feature 
of HPP and are exclusively observed in the infantile and perinatal types [128]. 
According to a recent metanalysis [128], seizures occurred in about 20% of patients 
with pediatric-onset HPP.
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Odonto-HPP is the mildest form and can manifest at any age. It involves minor 
dental problems like premature shedding of deciduous teeth without any other 
symptoms [123, 124]. Adult HPP typically manifest during middle age or later and 
can cause debilitating symptoms like osteomalacia leading to bone fractures, chon-
drocalcinosis, musculoskeletal pain and loss of dentition. Some patients also suffer 
from pseudogout due to increased extracellular concentrations of PPi [123, 126]. 
Childhood HPP presents after the age of 6 months and common features include 
rickets and premature loss of deciduous teeth. Severe forms are also associated 
with muscle weakness causing delay in walking and abnormal gait [125]. Infantile 
HPP is a severe type and can lead to death in about 50% of affected infants [123]. It 
is diagnosed before 6 months of age and features delayed postnatal development, 
failure to thrive, hypotonia along with rachitic deformities [125]. Hypercalcemia 
and hypercalciuria are frequently seen and may lead to renal failure [126]. In 
rapidly progressive cases, rickets causes thoracic deformity and death may ensue 
due to respiratory insufficiency [125, 129]. VitB6-dependent seizures may develop, 
sometimes preceding the skeletal features, and usually predict a fatal outcome 
[123, 125]. Perinatal HPP is the most severe type in which the symptoms start 
in utero or at birth and almost always lead to lethal outcome. Skeletal hypominer-
alization is profound and causes deformities such as caput membranaceum, wide 
fontanels and short limb dwarfism [123, 125, 130]. Chest malformation followed by 
pulmonary compromise is also a common fatal consequence of the rachitic disease 
[126]. Additional features described in this extreme form of HPP comprise vitB6-
dependent seizures, apnea, irritability, myelophthisic anemia and intracranial 
hemorrhage [123].

2.4.3 Biochemical features and diagnostic biomarkers

HPP can be diagnosed by the presence of pathognomonic skeletal radiographic 
changes along with characteristic biochemical features. The most commonly used 
biochemical marker for HPP is low serum alkaline phosphatase activity which 
consistently observed in all forms of HPP [126]. Other reported biochemical find-
ings in HPP include increased levels of TNSALP substrates PPi and PEA in urine, 
elevated Pi in plasma, hypercalciuria and/or hypercalcemia and high urinary levels 
of phosphoserine [6, 123, 124, 126]. These features can only be used to support the 
diagnosis of HPP because they may not be present in all HPP forms and are some-
times observed in other skeletal diseases. A more sensitive and specific biomarker 
for HPP is elevated serum levels of PLP, which has been detected even in the mildest 
form of HPP (odonto-HPP) and the degree of PLP elevation seems to correlate with 
disease severity [123, 131].

2.4.4 Treatment and its outcome

HPP-related seizures are usually responsive to PN supplementation [56, 129]. 
Effective treatment against the skeletal manifestations was lacking until the 
advent of Asfotase alfa, an enzyme-replacement therapy that was approved in 
2015 [124, 126]. Asfotase alfa is recombinant, fusion protein consisting of the 
catalytic ectodomain of human TNSALP, the Fc fragment of human immuno-
globulin G1 (IgG1) and a deca-aspartate motif for bone targeting [123, 131, 132]. 
Clinical trials have demonstrated the long-term safety and efficacy of Asfotase 
alfa in preventing life-threatening complications of HPP [123, 132, 133]. HPP 
patients, including those with severe forms, treated with Asfotase alfa showed 
marked improvements in all clinical aspects (radiography, pulmonary, neurode-
velopmental and motor functions) along with resolution of pain and disability 
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[123, 126, 133]. At the biochemical level, Asfotase alfa therapy was associated with 
normalization of plasma levels of PPi and PLP [133].

2.5 PLPHP deficiency

2.5.1 Disease mechanism

PLPHP deficiency is the latest addition to B6EEs that is caused by recessive 
mutations in PLPBP, a gene previosly known as proline synthetase co-transcribed 
homolog (PROSC) [7]. The product of this gene, known as PLP homeostasis protein 
(PLPHP), belongs to a highly conserved family of proteins known to bind PLP. The 
function of these PLP-binding proteins in humans as well as other species is poorly 
understood. Their structures have remarkable similarity with a bacterial enzyme 
known as alanine racemase [134]. An insight into the function of this protein came 
from ananlysis of samples from PLPHP-deficient pateints which showed a widely 
deranged vitB6 vitamer profile. It has therefore been suggeseted that this protein 
plays an imprtant role in vitB6 homeostasis [7, 68]. However, the exact mechanism 
of how PLPHP dysfunction disrupts PLP homeostasis and leads to the observed 
epileptic encephalopathy is still unknown. Darin et al. [7] hypothesized that PLPHP 
is a PLP-carrier that protects the reactive cofactor from binding to other cellular 
molecules, shields it from degradative enzymes like phosphatases and securely 
delivers it to PLP-dependent enzymes.

2.5.2 Clinical features

The general clinical picture of PLPHP deficiency remarkably overlaps with that 
of ALDH7A1 deficiency and PNPO deficiency which is dominated by pharmaco-
resistant seizures that respond to vitB6 treatment. Seizures typically manifest 
during the first week of life [7, 67, 68, 135] with possible prenatal onset in some 
cases [68] and a recent report of late onset at 14 months of age [136]. Johnstone 
et al. [68] reported two patients who presented with fatal mitochondrial encepha-
lopathy and a patient with unique movement disorder who lacked epileptic seizures. 
Developmental delay, intellectual disability, acquired microcephaly and structural 
brain abnormalities are common co-morbidities observed in this form of B6EEs 
[7, 67, 68, 137–139]. Systemic features like metabolic acidosis, anemia and gastroin-
testinal problems have been also described in PLPHP-deficient pateints [7, 67].

2.5.3 Biochemical features and diagnostic biomarkers

Biochemical investigations performed in patient samples revealed amino acid 
and neurotransmitter abnormalities, reflecting the pleiotropic metabolic effects 
associated with altered PLP homeostasis. Among amino acids, elevated glycine 
in plasma and/or CSF was the most frequent alteration identified [7, 67, 68]. The 
enzyme that breaks down glycine, glycine cleavage system, requires PLP as a cofac-
tor [140]. Abnormal monoamine neurotransmitter profile was detected in some 
patients, possibly due to suboptimal activity of the PLP-dependent enzyme AADC. 
Reported changes included low CSF levels of HVA (marker of low dopamine) and 
raised concentrations of 3-OMD, L-dopa, 5-HTP (CSF) and VLA (urine) indicating 
accumulation of AADC substrates [7, 67, 86]. Low PLP levels were detected in pre-
treatment plasma [68] and CSF [7] samples from two patients. Johnstone et al. [68] 
described accumulation of high levels of PNP in patient fibroblasts and PLPHP-
deficient HEK293 cells. There is currently no established biomarker for this disease.
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2.5.4 Treatment and its outcome

Seizures typically respond well to vitB6 treatment (PN in majority of cases). 
In cases with inadequate response to PN, switching to PLP led to better seizure 
control [67]. About half of the cases required additional anti-seizure medications 
for optimal seizure control [7, 67]. The addition of folinic acid resulted in improved 
seizure control in one patient [68].

While seizures and secondary metabolic alterations are usually normalized 
with vitB6 therapy, a major fraction of patients still develop some form of neu-
rodevelopmental disability. A recent review of 45 published PLPHP deficiency 
cases found that 65% of the patients suffered from intellectual disability [67]. The 
underlying pathophysiological mechanism is not well understood, and currently 
there is no effective treatment against the neurodevelopmental phenotype of this 
disorder.

3. Other vitB6-responsive conditions

The therapeutic effect of vitB6 supplementation have been also described in 
other disease conditions. The following section outlines some examples.

3.1 Hyperphosphatasia with mental retardation syndrome

Hyperphosphatasia with mental retardation (HPMR) syndrome (OMIM 
Phenotypic Series: PS239300) refers to a group of congenital disorders caused by 
defects in the biosynthetic pathway of glycosyl phosphatidylinositol (GPI) anchor. 
GPI-anchor is a glycolipid that is required for tethering of TNSALP and several 
other proteins (more than 150 in total) to the cell surface and at the blood–brain 
barrier (BBB) [6, 61]. Six subtypes of HPMR syndrome have been identified to date 
with variable phenotypic spectrum that extends from mild nonsyndromic intel-
lectual disability (ID) to more complex forms with severe ID, seizures, increased 
serum alkaline phosphates and dysmorphic features [141–143]. Low serum PLP has 
been detected in some patients which may be ascribed to the elevated serum level 
of alkaline phosphate [144]. Seizures in some HPMR subtypes like PIGV defi-
ciency [144] and PIGO deficiency [143] have been shown to respond to pyridoxine 
treatment.

3.2 PL kinase deficiency

PL kinase (PLK) is an important enzyme in the vitB6 salvage pathway 
(Figure 2). It is responsible for phosphorylating different vitameric compounds 
which is a pre-requisite step for their subsequent conversion to the active cofac-
tor PLP (Figure 2). Biallelic mutations in the gene encoding PLK (PDXK) have 
been recently shown to cause an autosomal recessive disorder that is character-
ized by axonal peripheral polyneuropathy and optic atrophy [145]. Affected 
subjects had low plasma PLP and treatment with PLP supplementation was 
associated with biochemical and clinical improvements [145].

3.3 Molybdenum cofactor deficiency

Molybdenum cofactor (MoCoF) deficiency is a severe inherited metabolic 
disease that causes intractable seizures, developmental delay and structural brain 



B-Complex Vitamins - Sources, Intakes and Novel Applications

142

defects. It is due to recessive mutations in either MOCS1, MOCS2 or GPHN, all 
of which are important genes in the MoCoF biosynthetic pathway [146]. MoCoF 
deficiency impairs the activity of three MoCoF-dependent enzymes; sulfite 
oxidase, xanthine dehydrogenase and aldehyde oxidase [146, 147]. Patients with 
MoCoF deficiency excrete elevated levels of a number of metabolites, most notably 
sulfite and α-AASA [147] (the latter is the same metabolite that accumulates in 
PDE-ADLH7A1). In vitro experiments [147] demonstrated that sulfite inhibits 
the activity of ADLH7A1 which explains the accumulation of α-AASA in MoCoF 
deficiency. It is postulated that increased α-AASA, and consequently its cyclic form 
P6C, may lead to nonenzymatic trapping of PLP [148], in a mechanism analogous 
to that seen in PDE-ADLH7A1 (Figure 6). In line with this, Footitt et al. [149] 
described low CSF PLP levels in two MoCoF deficiency patients. Struys et al. [148] 
reported pyridoxine-responsive seizures in two patients with MoCoF deficiency due 
to MOCS2 mutations.

3.4 Defects in PLP-dependent enzymes

In addition to its coenzymatic role, binding of PLP to its apo-enzymes may also 
be required for proper folding and correct subcellular targeting of these enzymes 
[6, 150]. Several inborn errors affecting PLP-dependent enzymes have been 
described to benefit from PN therapy. Examples are homocystinuria (cystathionine 
β-synthase deficiency), X-linked sideroblastic anemia (δ-aminolevulinate synthase 
deficiency), primary hyperoxaluria type I (alanine: glyoxylate aminotransferase 
(AGT) deficiency), ornithine aminotransferase deficiency and AADC deficiency 
[6, 9, 150]. The therapeutic effect of PN supplementation could to be attributed 
to the chaperone-like, stabilizing action of PLP on these mutated proteins [150]. 
In primary hyperoxaluria type I, it has been hypothesized that at high concentra-
tion, PLP promotes AGT dimerization and inhibit the accumulation of monomeric 
protein species which are mistargeted to the mitochondria [6, 150]. A recent addi-
tion to this category of PN-responsive disorders came from the discovery of GOT2 
mutations in patients who presented with a novel form of epileptic encephalopathy 
and serine deficiency [151]. GOT2 encodes the PLP-dependent enzyme glutamate 
oxaloacetate transaminase (mitochondrial isoform). PN supplementation, either 
alone or in combination with serine, led to seizure control in these patients [151].

3.5 Other epileptic disorders

High-dose vitB6 treatment has been used for seizure control in several other epi-
leptic disorders not related to vitB6 metabolism or its dependent enzymes; such as 
channelopathies [152–154] and West syndrome [155–157]. The specific mechanism 
of vitB6-repsosivness in these types of seizure disorders is not well recognized. 
Some authors [6, 154] suggested that vitB6 may have anticonvulsant effects because 
of the ability of PLP to block P2 purinoceptor 7 (P2X7 receptors), as demonstrated 
in vitro [158].
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Chapter 8

Several Dosage Forms Containing
Vitamin B and Their Use in
Therapy
Özlem Çoban

Abstract

Vitamin B plays a critical role in the synthesis of DNA and maintaining the
normal functioning of tissues. Therefore, its deficiency may lead to mental prob-
lems such as depression, schizophrenia, dementia, and systemic problems such as
megaloblastic anemia and peripheral neuropathy. Vitamin B deficiency may be
based on nutrition, as well as the use of some drugs such as metformin and omep-
razole suppress the absorption of B vitamins, which may lead to deficiency. Since B
vitamin is water soluble, it cannot be stored in the body. For this reason, it should be
taken continuously with food. However, in cases where the vitamin B taken with
food is not sufficient for the body, it should be reinforced with drugs or dietary
supplements from outside. Studies have shown that the absorption of Vitamin B is
50% higher in food supplements than in foods. It can also be used as a targeting
agent in tumor therapy, due to its overexpression in some tumor cells. Due to these
properties of Vitamin B, various dosage forms are being developed. In this chapter,
vitamin B-containing dosage forms, their production techniques, and their use in
therapy will be mentioned.

Keywords: Liposomes, emulsions, microparticles, nanoparticles, encapsulation,
vitamin B, 3D printing, targeting, tumor, electrospinning

1. Introduction

Vitamins cannot be synthesized by the human body and therefore must be
obtained through the diet. Vitamin B complex is also a vitamin taken in this way,
and there are various derivatives such as thiamine (B1), riboflavin (B2), niacin or
nicotinic acid (B3), pantothenic acid (B5), pyridoxine (B6), biotin (B7), folic acid
(B9) and cobalamin (B12) [1, 2]. Foods containing Vitamin B can be: Lean pork,
legumes and cereal grains (B1); milk, egg white, fish, roe, kidney and leafy vegeta-
bles (B2), especially yeast and liver; meat, fish or poultry, roasted coffee (B3);
chicken, beef, potatoes, oat cereals, tomato products, liver, kidney, yeast, egg yolk,
broccoli and whole grains (B5); fish and meat, seeds, non-citrus fruits such as
bananas and watermelons (B6); liver, kidney, egg yolk, soybeans, nuts, spinach,
mushrooms, lentils (B7); fruits and green-leafy vegetables, yeast, liver (B9); meat,
fish, liver, dairy products (B12) [3].

B vitamins act as coenzymes for enzymes essential for cell function. Thanks to
this their function, they take place in several physiological events including glucose,
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fatty acid, amino acid and homocysteine metabolism, tryptophan metabolism in the
kynurenine pathway and synthesis and metabolism of various neurotransmitters
and neurohormones such as serotonin, dopamine, adrenaline, acetylcholine,
gamma-Aminobutyric acid (GABA), glutamate, D-serine, glycine, histamine and
melatonin. Some also play a role in the regulation of intestinal and blood–brain
barrier permeability [4]. For example, thiamine and riboflavin are essential in the
oxidative decarboxylation of multienzyme branched chain ketoacid dehydrogenase
complexes in the citric acid cycle and flavoenzymes of the respiratory chain,
respectively, while niacin provides protons in nicotinamide adenine dinucleotide
(NADH) synthesis and consequent oxidative phosphorylation. Pantothenic acid is
required for coenzyme A (CoA) formation, α-ketoglutarate and pyruvate dehydro-
genase complexes, and fatty acid oxidation. Biotin is a coenzyme of decarboxylases
required for gluconeogenesis and fatty acid oxidation [5]. Pyridoxine plays a role in
the catabolism of cysteine and, finally, folic acid and cobalamin have an essential
role in the remethylation of methionine [6].

Due to these critical functions of the vitamin B family in the metabolic activities
of our body and the key roles it plays in the functions of the central nervous system
and psychopathology, some disorders occur in their deficiency. It has been shown
by clinical data to they have important roles in various psychiatric diseases such as
major depression, bipolar disorder, schizophrenia, autism, Alzheimer’s and
Parkinson’s [4]. For example; in a study conducted in 3 884 elderly people with
depressive symptoms, it was observed that folate values, especially cobalamin
values, were lower compared to the control group. As a result of this study,
although it was found that especially cobalamin deficiency was associated with
depression, a positive relationship was also found between folate deficiency and
depression in 6 different clinical studies. In this case, it can be said that folic acid
and cobalamin deficiency may contribute to mental illness and neurological disor-
ders in older adults [7]. The reason for the emergence of this situation due to folate
and cobalamin deficiency may be that these vitamins help the metabolism of
monoamine neurotransmitters such as norepinephrine, and methylation and
monoamine metabolism are impaired in their deficiency [7, 8]. In another study of
7 387 Iranian adults were found that a strong association had between high biotin
intake and a lower probability of depression, anxiety, and stress for the entire
population, but especially for women, and pyridoxine had a protective effect
against stress. In addition, there were observed that an inverse association had
between cobalamin and anxiety symptoms in men, women with high pantothenic
acid intake had a lower rate of depression, but there was no statistically significant
linear relationship for riboflavin in both genders [9].

High levels of intake of folic acid or vitamin B complex may be of use in
Parkinson’s disease due to decreased serum homocysteine levels or neuroprotective
effects, respectively [6]. Similarly, since homocysteine is effective in the athero-
sclerosis process and accordingly hyperhomocysteinemia poses a cardiovascular
risk, cobalamine and pyridoxine, especially folic acid may have efficacy in the
prevention of cardiovascular diseases [10]. In addition to their effects on nutrition,
axonal transport, the excitability of neurons or synthesis of neurotransmitters,
studies are available showing that B vitamins (thiamine, pyridoxine and cobalamin)
are clinically useful in the treatment of certain painful conditions such as lumbago,
sciatica, trigeminal neuralgia, and chronic pain due to diabetic polyneuropathy and
rheumatoid arthritis [11].

In conducted another study, it was shown that the risk of non-alcoholic fatty
liver disease (NAFLD) was lower in subjects who followed a diet rich in vitamin D,
thiamine, riboflavin, cobalamin, niacin and zinc [12]. Cobalamin deficiency is quite
common in patients with type 1 and type 2 diabetes. Depending on this deficiency,
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various clinical symptoms such as memory impairment, dementia, delirium,
peripheral neuropathy, sub-acute combined degeneration of the spinal cord,
megaloblastic anemia and pancytopenia are observed [13].

However, vitamin deficiency should not be attributed only to insufficient
dietary intake of vitamins. For example, cobalamin deficiency can occur due to
gastric atrophy, which causes absorption problems, and the use of gastric reflux
medications, which lower acid levels in the stomach [7, 14].

As mentioned above, vitamin B has a protective effect in mental disorders such as
schizophrenia, depression, neurological disorders such as Alzheimer’s and
Parkinson’s, and metabolic disorders such as cardiovascular and diabetes. However,
there is also the problem of absorption and stability of vitamin B. For this reason,
these parameters should be taken into account when developing a formulation. In this
section, the properties of various dosage forms containing vitamins belonging to the
vitamin B family and the methods used during their preparation will be discussed.

2. Several dosage forms containing vitamin B and their use in therapy

Thiamine (vitamin B1) can improve immune system function and reduce the
risk of type-2 diabetes, cardiovascular and kidney diseases, age-related, mental and
neurodegenerative disorders and cancer. Therefore, its deficiency may affect the
cardiovascular system, develop neuroinflammation, increase inflammation and
cause atypical antibody responses [15]. Thiamine also acts as a carbonic anhydrase
isoenzyme inhibitor [16, 17].

Riboflavin (vitamin B2) is the precursor of flavin adenine dinucleotide (FAD+)
and makes folate coenzymes stabilize the C677T variant of 5,10-methylenetetrahy-
drofolate reductase (C677T MTHFR) by preventing the polymorphic enzyme from
displacing the flavin cofactor [18]. In combination with UV light, riboflavin causes
irreversible damage to nucleic acids such as DNA and RNA, rendering microbial
pathogens unable to reproduce, and in this way may be effective against MERS-CoV
virus as well as SARS-CoV-2 [19].

Niacin (vitamin B3, nicotinamide) serves as the building block of NAD and
nicotinamide adenine dinucleotide phosphate (NADP), which are vital in chronic
systemic inflammation [20]. In this respect, it serves as the sole substrate for poly
(ADP-ribose) polymerase-1 (PARP), which is required for cell differentiation, DNA
repair and expression, and apoptosis [18]. Since NAD+ acts as a coenzyme in
various metabolic pathways, its high levels are required to treat a variety of patho-
physiological conditions. For example, NAD+ has immunomodulatory properties, is
released in the early stages of inflammation, and reduces serum levels of the
proinflammatory cytokines IL-1β, IL-6, and TNF-α [7, 21, 22]. In addition, niacin
reduces neutrophil infiltration and exerts anti-inflammatory effects in patients with
ventilator-induced lung injury. It has been observed that niacin and nicotinamide
prevent lung tissue damage in hamsters [23]. In addition, nicotinamide reduces
viral replication and strengthens the body’s defense mechanisms [24, 25].

Pantothenic acid (vitamin B5) has cholesterol and triglyceride lowering proper-
ties. It also speeds up wound healing, reduces inflammation and improves mental
health [15]. However, there are limited studies showing its effects on the immune
system [17].

Pyridoxine (vitamin B6, Pyridoxal 50-phosphate) is required for the transsul-
furation of vasculotoxic homocysteine and the activity of serine hydroxymethyl
transferase (SHMT), which is the main entry point of one-carbon units into folate-
dependent one-carbon metabolism [18]. Pyridoxal 50-phosphate (PLP), the active
form of pyridoxine, is an essential cofactor in various inflammatory pathways and
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its deficiency leads to immune dysregulation. Also, thirty years ago, PLP levels were
shown to reduce abnormalities in platelet aggregation and blood clot formation.
During inflammation, the use of PLP increases and accordingly, its amount in the
body decreases. PLP levels are low in patients with type-2 diabetes and cardiovas-
cular disease, and the elderly [26–29]. Recently, researchers at the University of
Victoria reported that pyridoxine (as well as riboflavin and folic acid) is a potent
anti-inflammatory that can deactivate macrophages and monocytes, inhibit
antigen-presenting cells and T cells, and upregulate the immunosuppressive
cytokine IL-10 [30].

Biotin (vitamin B7) acts as a coenzyme for three important carboxylation reac-
tions involving the conversion of pyruvate to oxalacetate, acetyl-CoA to malonyl-
CoA, and propionyl-CoA to methylmalonyl-CoA in humans. These enzymes are
vital in numerous metabolic processes. For example, these conversions break down
food into glucose, the primary source of carbohydrates for the brain and body.
Recently, the roles of biotin in cell signaling and epigenetic regulation have been
recognized [31].

Folic acid (vitamin B9, folate) is an essential vitamin for DNA and protein
synthesis and adaptive immune response [32]. It plays several essential and direct
roles in the synthesis, repair, and expression of DNA [18]. Furin is an enzyme
associated with bacterial and viral infections and is a promising target for the
treatment of infections. Recently, it has been noted that folic acid can inhibit furin
and thus preventing SARS-CoV-2 spike protein binding, cell entry and virus
transformation [32].

Cobalamin (vitamin B12) is essential for red blood cell synthesis, nervous system
health, myelin synthesis, cellular growth and rapid synthesis of DNA. Its active
forms are hydroxo-, adenosyl- and methylcobalamin. Cobalamin acts as a modula-
tor of the gut microbiota and its low levels elevate methylmalonic acid and homo-
cysteine, resulting in increased inflammation, reactive oxygen species (ROS) and
oxidative stress [22]. Hyperhomocysteinemia causes endothelial dysfunction, acti-
vation of platelet and coagulation cascades, megaloblastic anemia, disruption of
myelin sheath integrity and decreased immune responses. In addition, cobalamin
deficiency can cause disorders in the respiratory, gastrointestinal, and central
nervous systems [17].

2.1 Preparation and characterization of the dosage forms containing vitamin B

In this title, particular attention has been given to drug delivery systems in
nano/micro size, from formulations prepared to contain various vitamins from the
vitamin B family alone or in combination. Various nano/microsystems containing
vitamin B are summarized in Table 1 in terms of preparation methods and charac-
terization results. Apart from this, alternative dosage forms were also evaluated
since nano/micro drug carrier systems were not encountered or rarely encountered
in some vitamins.

Edible hydrogels containing thiamine were prepared by hot extrusion-based
three-dimensional (3D) printing and casting method. In the 3D printing method,
products are produced as three-dimensional sized on special printers by the layering
of the models created in the digital environment. First of all, hydrogels containing
thiamine based on agar or kappa-carrageenan were prepared at 70°C and 80°C,
respectively. In the preparation of these gels, 1 M NaOH was added to the medium
to protect agar, kappa-carrageenan and thiamine from degradation, and the pH was
maintained at 5.5. The prepared hydrogels were filled into the syringe of the printer
while they were hot, the temperature of the environment where the plate was
located was adjusted to 20°C, and various formulations were prepared by changing
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the parameters in terms of % filling, printing speed, flow percentage and layer
height. Cast samples, on the other hand, were obtained by pouring the hydrogel
solutions into the mold and leaving them to gel for 2 minutes (close to the printing
time) at ambient temperature. When these two preparation methods were com-
pared in terms of hardness, Young’s modulus and release rate, it was observed that
cast samples were harder and had higher Young’s modulus than 3D ones, while their
release rate was lower. Since it is based on layering, the microstructure of 3D
products differs from cast samples. Printed gels are less resistant to external damage
as they are a discontinuous network with several semi-fused small meshes, while
cast gels can resist greater amounts of force since they are a single continuous mesh
[53]. Thiamine-containing microparticles were prepared by the self-emulsion poly-
merization method. According to this method, first of all, empty polycitric acid
(CA), polymaleic acid (MA) or polycitric acid-co-maleic acid (CA-MA) micropar-
ticles were synthesized at 25°C using a mechanical stirrer. For this, CA or MA, or
CA/MA and 20 mL of deionized water were added to the reaction vessel, and then
10% mol of N,N0-methylenebisacrylamide (MBA), 0.08 mL of N,N,N0,N0-
tetramethylethylenediamine (TEMED) and finally 3 mol% of ammonium persulfate
(APS) aqueous solution were added to the reaction vessel, respectively, and finally
mixed. The prepared poly(MA) or poly(CA) microparticles were washed with
water and acetone and centrifuged for 20 minutes to remove the remaining
chemicals without reacting. Thiamine was adsorbed to these prepared microparti-
cles and loaded [33]. Finally, liposomes containing thiamine were prepared using
lecithin, L-α-phosphatidylcholine and high-speed homogenization. Phosphatidyl-
choline was dissolved in chloroform and chloroform was removed with a fast
evaporator to form a phosphatidylcholine layer. Thiamine solution was added to the
layer and hydrated, and this mixture was homogenized at room temperature using a
highspeed homogenizer. The nanoliposome solution was passed through a 0.2 μm
syringe filter to collect small particles [34].

Studies as systems containing riboflavin include microparticles prepared using
pea protein as carrier and transglutaminase as cross-linker. Emulsion-enzymatic
gelation was preferred as the method. In this method, riboflavin was dissolved in
the solution of pea proteins in phosphate buffer saline (PBS). Transglutaminase was
added to this solution. The water phase thus formed was added to the preheated oil
phase consisting of Mgliol under stirring. This mixture was left to incubate for a few
more hours under stirring to allow gelation to occur. Microparticles formed over
time were separated from the oil phase by centrifugation, washing with 2% Tween
80 solution, and filtration, respectively, and were lyophilized [35]. In addition,
liposome formulations of riboflavin were prepared by the thin-film method using
phosphatidylcholine and cholesterol. During the preparation, phosphatidylcholine
and cholesterol were dissolved in methanol: chloroform mixture and the organic
phase was removed in a rotary evaporator. The solution of riboflavin in PBS was
added to the thin film and hydrated by rotation at �40°C. The centrifugally formed
liposomes were removed from the dispersion medium and extruded to reduce their
size [37].

Microspheres were prepared by Water/Oil/Oil (W/O/O) double emulsion sol-
vent diffusion method using ethyl cellulose for niacin. For this, niacin and ethyl
cellulose were dissolved in an acetonitrile-dichloromethane mixture and deionized
water was added to this mixture under a stirrer to prepare a Water/Oil (W/O)
primer emulsion. Afterwards, this emulsion was added into liquid paraffin
containing Span 80 under stirring. Pet ether was then added to the double emulsion
to harden the microspheres. To obtain the resulting microspheres, filtration, wash-
ing with pet ether (to remove liquid paraffin) and then drying were performed,
respectively. Size, encapsulation efficiency and release studies were performed on
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the obtained microspheres. As the polymer-drug ratio increased up to a certain
value, the encapsulation efficiency increased but decreased after a certain value.
The reason for this may be that the viscosity of the solution increases due to the
increase in the polymer ratio, and accordingly the formation of large polymer/
solvent droplets, in this case, the curing of the microspheres is delayed and drug
diffusion occurs during [39]. Niacin microemulsions were prepared by dilution
method using the triangular phase diagram. Labrasol was used as a surfactant,
Peceol as cosurfactant, isopropyl myristate as oil phase and water as water phase.
Dimethylformamide (DMF), propylene glycol and lauric acid were preferred as
penetration enhancers. In this method, the oil phase and the surfactant: cosurfactant
mixture were mixed first and then titrated with water to form microemulsions.
Particle size, rheological properties, conductivity and pH, refractive index, physical
stability and in vitro skin penetration studies were performed on the formulations.
In these studies, the highest permeation values were obtained with DMF in pH
values ranging between 4.32 and 5.09 [41].

To protect pantothenic acid from environmental factors and improve its stabil-
ity, liposomes, and alginate and alginate-pectin microparticles loaded liposomes
have been developed. Liposomal formulations were prepared by the proliposome
method. After dissolving Phospholipon 90 G (phosphatidylcholine) in ethanol, the
vitamin was added to this solution. This mixture was raised to 60°C for a few
minutes and then cooled to room temperature. Liposomes were obtained by adding
citric acid solution dropwise to this mixture under stirring. Microparticles were
prepared using an encapsulator with a 120 mm nozzle. For liposome-loaded micro-
particles, the pantothenic acid-loaded liposome suspension was mixed with 3%
alginate or alginate-pectin mixture at a ratio of 1:1 (v/v), then these mixtures were
passed through the encapsulator and sent to a solution containing 1.5% CaCl2 (w/v)
for hardening. The formulations prepared were evaluated in terms of morphology,
encapsulation efficiency and release rate. Liposomes containing encapsulated
pantothenic acid showed higher stability at moderate-acidic pH (4.0). However,
microencapsulation of pantothenic acid-loaded liposomes using alginate or alginate
pectin mixtures did not increase the encapsulation efficiency and retention of
pantothenic acid [42]. Since pantothenic acid can be used in wound healing due to
its fibroblast migration and proliferation effect, silk nanofibers containing
pantothenic acid have been produced. Pantothenic acid and silk fibroin were
dissolved in ultrapure water and nanofibers were produced by spraying this solu-
tion in an electrospinning device at a distance of 20 cm from the collector and a rate
of 0.3 mL/h. The produced nanofibers were then exposed to 75% ethanol vapor.
Morphological analyzes, cell viability and antioxidant activity were examined as
characterization studies [43].

Unilamellar liposomes containing pyridoxine were prepared using ethanol
injection, thin film, modified thin film and reverse phase evaporation methods. In
the ethanol injection method, Lipoid S 100 was dissolved in ethanol and injected
dropwise into an aqueous medium containing pyridoxine under stirring. In the thin
film method, Lipoid S 100 was dissolved in chloroform and the organic solvent was
evaporated in a rotary evaporator at low pressure at a temperature above the phase
transition temperature of the lipid. The resulting dry lipid film was hydrated with
an aqueous solution of pyridoxine. In the modified thin film method, a small
amount of ethanol was used to dissolve the pyridoxine. Lipoid S 100 was dissolved
in this ethanolic solution and the ethanol was evaporated at reduced pressure. The
resulting lipid film was hydrated with deionized water. And finally, in the reverse
phase evaporation method, Lipoid S 100 was dissolved in chloroform and pyridox-
ine was dissolved in 10% distilled water. Then, these solutions were mixed in a bath
sonicator for 5 minutes to obtain an emulsion. The organic solvent was evaporated
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at reduced pressure and the remainder of the aqueous phase was added. Deionized
water was used instead of buffer in all methods as the dispersion medium because
when the buffer is used, the electrostatic interaction between pyridoxine and lipo-
some decreases and accordingly the encapsulation efficiency decreases [44]. Within
the scope of personalized treatment, the tablet formulation containing 4 different
substances (thiamine, niacin, pyridoxine and caffeine) together and in which vita-
mins are released rapidly and caffeine is released in a sustained was prepared using
a semi-solid pneumatic activated paste extrusion 3D printer at room temperature.
Weight variation, moisture content, hardness, in vitro dissolution and active
ingredient content analyzes were performed on 3D tablets [54].

The tablet dosage form in the form of a combination of biotin with various
vitamins and minerals, although not alone, was prepared by the researchers. Pre-
pared as a bilayer, this tablet contains biotin (with A, D, E, C and various B
vitamins) in one layer and minerals in another layer. Since the active ingredients
can be included in the form of premixes, the direct tableting method was used in the
preparation of bilayer tablets. For this formulation, powder blends were evaluated
in terms of angle of repose, bulk density, tapped density, Hausner ratio and Carr
Index, while tablets were evaluated in terms of weight uniformity, diameter-
thickness, friability, hardness, disintegration time and dissolution [55]. Unfortu-
nately, no studies have been found on biotin loaded nano/microsystem formula-
tions. However, there are studies on nano/microsystems where biotin is used as a
ligand for active targeting. As an example of these; is the design of biotin-
conjugated sunitinib-loaded nanostructures for use in lung cancer therapy. The
reason why biotin is conjugated to the surface of the nanocarrier is that it is
overexpressed by various cancer cells such as lung cancer [56]. Thus, it is envisaged
that the nanosystem can only be delivered to tumor cells. In this study, after the
preparation of biotin-sterylamine conjugate, nanostructured lipid carriers were
prepared by emulsification-solvent evaporation method. In the conjugation process,
the amine group of stearylamine and the activated carboxyl group of biotin were
reacted in the medium of dicyclohexylcarbodiimide (DCC) and 4-N-
hydroxysuccinimide (NHS) [56]. To increase oral penetration of insulin by
targeting it to enterocytes, biotin-conjugated muco-inert nanocomplexes were pre-
pared by Cui and coworkers. Although there are many ligands such as biotin,
transferrin, and folic acid in enterocytes, the reason for choosing biotin in this study
is that biotin receptors are widely located on the surface of enterocytes and that it
has specific intracellular traffic and basal exocytosis through the transport of
sodium-dependent multivitamins. In this study, after the chitosan-biotin copolymer
was synthesized, insulin-loaded and hyaluronic acid (HA) coated chitosan-biotin
nanocomplexes were prepared by self-assembly method (HA was used to increase
mucus penetration) [57]. Apart from these studies, there are several studies in
which biotin is used in surface modification; photoactive gold nanoparticles for
improving the photothermal therapy of brain cancer, liposomes for use in targeted
breast cancer treatment, and polymeric micelles to release paclitaxel [58–60].

Folic acid-containing nanoemulsion was prepared by Assadpour and coworkers
by double emulsion method to protect folic acid from environmental and produc-
tion conditions. According to this method, first of all, the W/O primary micro-
emulsion was obtained. For this, the aqueous phase consisting of folic acid solution
and Span 80 was added dropwise to the oil phase consisting of canola oil at
1 000 rpm under magnetic stirring. This primer emulsion was then added to the
aqueous solution containing maltodextrin-whey protein, and the Water/Oil/Water
(W/O/W) double emulsion was obtained mixing with a homogenizer at
12 000 rpm-10°C for 5 min, and then in the same homogenizer at 15 000 rpm-10°C
for 8 min. In this way, nanoemulsions in which folic acid is encapsulated have been
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obtained [47]. Pamunuwa et al., on the other hand, encapsulated folic acid into
alginate-pectin nanoparticles using the ionic gelation method to provide controlled
release of folic acid. Accordingly, a small amount of Span 80 and then folic acid was
added to the aqueous solution of the polymer adjusted to pH 5, and the mixture was
stirred at 1 500 rpm for 30 min. CaCl2 solution was added dropwise to this solution
to ensure nanoparticle formation by gelation [48]. Apart from these, various
nanosystems have been developed in which folic acid is conjugated to the surface, as
in biotin. The general reason for using folic acid in these studies is the widespread
presence of folic acid receptors in cancer cells. Examples of these studies are
doxorubicin-loaded chitosan nanospheres for use in nuclear targeted cancer ther-
apy, spiropyran and imidazole-loaded photoactive gold nanoparticles to increase
the radiosensitivity of prostate cancer cells, and chitosan-coated trans-resveratrol-
ferulic acid-loaded solid lipid nanoparticles to act on colon cancer cells [61–63].

Cobalamin loaded zein microstructures were prepared by Coelho et al. using
electrospinning and spray drying methods. In the electrospinning method, 3 differ-
ent microstructures were obtained as film, bead and fiber, while only microparticles
were obtained in spray drying. A solution of zein in ethanol was used for both
methods. However, while absolute ethanol is used in spray drying, aqueous alcohol
is preferred in electrospinning. The formulation solutions were prepared by adding
cobalamin to the solutions of zein in alcohol [50]. As a non-invasive supporting
approach in cobalamin deficiency, cobalamin-loaded buccoadhesive films were
prepared using solvent casting as a method, and poly(vinyl alcohol) (PVA) and
chitosan as polymers. For this, glycerin or poly(ethylene glycol) 400 (PEG 400) as
a plastisizer, propylene glycol as a penetration enhancer and maleic acid for chem-
ical polymerization were added to the PVA: chitosan solution in various proportions
in addition to cobalamin. After the prepared mixture was poured into the mold, it
was kept at ambient temperature for 24–48 hours to form a film. Thickness, weight
variation, drug content, moisture uptake and moisture content percentage, surface
pH, mechanical properties, in vitro release and mucoadhesion tests were performed
on the prepared formulations. In addition, in vivo pharmacokinetic studies on
rabbits showed that the AUC value of bucoadhesive films was approximately 1.5
times higher than the market preparation administered intramuscularly [64]. As
with other B vitamins, cobalamin has been used in the functionalization of various
nanosystems. For example, calcium phosphate nanoparticles coated with
cobalamin-chitosan conjugate and sodium alginate were prepared to increase
receptor-mediated endocytosis and thus absorption of insulin from epithelial cells.
For this, first of all, insulin-loaded calcium phosphate nanoparticles were prepared
by microemulsion method, and then layer-by-layer coating process was performed
[65]. In addition, solid lipid nanoparticles loaded with amphotericin B and coated
with cobalamin-stearic acid conjugate were prepared to evaluate the anti-
leishmanial effect of amphotericin B in vitro [66].

2.2 Vitamin B use in therapy

When cobalamin is metabolically significantly deficient, the methylation
process, which is also essential in the conversion of dietary folate (methyl-
tetrahydrofolate) to its active metabolic form (tetrahydrofolate), will be disrupted
and the amount of intracellular and serum homocysteine will increase. The state of
hyperhomocysteinemia has a potentially toxic effect on neuron and vascular endo-
thelium. Also, as a cofactor, cobalamin helps convert methylmalonyl CoA to
succinyl-CoA. Therefore, in its deficiency, this conversion decreases and an
increase in serum methylmalonic acid (MMA) occurs. As a result, a defect develops
in fatty acid synthesis in neuronal membranes [13]. Because cobalamin plays a vital
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role in the metabolism of fatty acids, which are necessary for the protection of nerve
myelin [67]. Cobalamin is essential in the synthesis of monoamines or neurotrans-
mitters such as serotonin and dopamine, and its deficiency disrupts this synthesis
[13]. Similarly, pyridoxine plays a role in the production of serotonin and norepi-
nephrine, chemicals that transmit signals in the brain, and in the formation of
myelin [67].

Diabetes mellitus is one of the most common and serious metabolic disorders
characterized by hyperglycemia, altered lipid, carbohydrate and protein metabo-
lism, leading to oxidative stress and cell death in the brain, resulting in cognitive
and behavioral disorders. The disease is associated with peripheral neuropathy and
dysfunctions in the central nervous system. Patients have moderate changes in
memory and cognitive functions, poor motor coordination and reduced motor
activity. It is also associated with progressive end-organ damage in “diabetic
encephalopathy” in the central nervous system. When the role of vitamin B com-
plex in the prevention of neuronal death is examined, it has been observed that
thiamine supplementation can improve and usually completely resolve the symp-
toms associated with Wernicke’s encephalopathy (ophthalmoplegia, ataxia and
confusion triad), folic acid improves memory in the elderly, and vitamin B complex
protects Purkinje neurons, which is the main relay neurons of the cerebellum and
play a very important role in motor coordination and learning, from degeneration
and loss in diabetes [67–69].

There is substantial evidence to suggest that one-carbon metabolism is associ-
ated with cardiovascular disease, and particularly stroke. A one-carbon metabolism
requires adequate folate along with cobalamin, pyridoxine, and riboflavin. The
suboptimal state of any of these B vitamins and/or genetic polymorphisms on B-
vitamin-dependent enzymes in one-carbon metabolism may cause disruption of
one-carbon metabolic pathways that can lead to adverse phenotypes even if dietary
folate and vitamin B intake are adequate. However, riboflavin supplementation may
offer an effective personalized approach to managing hypertension in genetically at
risk individuals. In fact, according to the findings from the 5-year Chinese Stroke
Primary Prevention Study (CSPPT), which included 20 702 hypertensive patients,
it was observed that intervention with folic acid did not reduce blood pressure but
reduced the incidence of first stroke by 21% [70].

Because neuropathic pain that develops after nerve injury is severe and persis-
tent, current drugs and non-drug treatments cannot provide significant pain relief
in most patients. In a study investigating the analgesic effects of B vitamins
(thiamine, pyridoxine and cobalamin) in rats with neuropathic pain due to spinal
ganglion compression (CCD) or loose ligation of the sciatic nerve (CCI), the results
showed that intraperitoneal injection of thiamine/pyridoxine or cobalamin signifi-
cantly reduced thermal hyperalgesia; when used in combination synergistically
inhibited thermal hyperalgesia; when administered repeatedly, it provided
prolonged inhibition of thermal hyperalgesia and did not affect mechanical
hyperalgesia or normal pain sensation, but showed similar effects on CCD and
CCI-induced hyperalgesia. In conclusion, the effects of B vitamins on pain and
hyperalgesia following primary sensory neuron injury have been demonstrated, and
the possible clinical use of B vitamins has been suggested in the treatment of
neuropathic pain conditions following injury, inflammation, degeneration or other
disorders in the nervous system for humans [11].

Because vitamin B plays a crucial role in cell function, energy metabolism and
immune function, it helps activate both the hereditary and adaptive immune
response, reduces proinflammatory cytokine levels, improves respiratory function,
maintains endothelial integrity and prevents hypercoagulability. Because of these
effects, it can be used in the prevention or reduction of COVID 19 symptoms, or in
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the treatment of SARS-CoV-2 infection. For this reason, the vitamin B status of
COVID-19 patients can be evaluated and their existing treatments can be
supplemented [17].

It is known that behavioral symptoms mimicking schizophrenia and long-term
changes in brain function are observed in animals exposed to maternal deprivation
(MD) during early development, and the positive effect of vitamin B complex on
schizophrenia. In an experiment in Wistar rats, a decrease in long and short-term
memory was observed in addition to anxiety-like behaviors in subjects exposed to
maternal deprivation. However, it was determined that rats receiving vitamin B
complex showed a decrease in behavioral decline, histomorphological deterioration
and oxidative stress caused by MD due to the enhancement of endogenous antiox-
idant defense, and thus nootropic behavior and reduced anxiety. In conclusion, it
has been confirmed that the vitamin B complex is neuroprotective against
neuropathological changes caused by maternal deprivation [71].

Vitamin B has effects not only on humans but also on animal and plant health.
For example, B vitamins mainly have an indirect effect on the immune function of
the gut and their interaction with the bacterial cells and network in the gut. How-
ever, impaired redox balance and uncontrolled inflammation can often occur in
pigs, especially due to rapid genetic improvement and intensive production
methods. Therefore, antioxidant vitamins, such as vitamin B, can be used for the
control of reactive oxygen species and peroxides and, accordingly, improved enteric
immunity and inflammation control [72]. As in humans, pigs have a decrease in
plasma homocysteine due to folic acid and/or cobalamin supplements (although not
as much as in humans) [73, 74]. To evaluate the effect of high homocysteinemia on
piglets (birth to 8 weeks of age), two piglet populations with high or low
homocysteinemia were used in one study. The low homocysteine group was formed
by giving sows folate and cobalamin during pregnancy and lactation, and by intra-
muscular injection of cobalamin into piglets during lactation. As an indicator of cell-
mediated immunity, the proliferative response of lymphocyte to mitogen activation
was investigated. However, as a positive correlation between growth rate and feed
conversion (gain:feed) and plasma homocysteine was observed in piglets, young
“high performance” piglets producing high levels of plasma homocysteine may
appear immunologically suppressed [75] and are may be less prone to develop an
optimal adaptive immune response to antigenic challenges. However, the disease
resistance of high-performing piglets is also high in the clinic. This may be due to
homocysteine being an important metabolite that plays a central role in the inter-
face between transsulfuration and trans- and re-methylation, linking dietary intake
of at least three B vitamins and regulation of endogenous antioxidation activity,
innate and adaptive immune responses [72]. Although ultraviolet-B radiation is
essential for plant growth at low doses, it can have serious adverse effects on plants
at high doses. Reactive oxygen species (ROS) can form in some plants in response to
UV-B, and pyridoxine is known to be a quencher of ROS [76].

3. Conclusions

Vitamin B is a family of vitamins that are water-soluble and cannot be accumu-
lated and synthesized in the body, is essential for vital functions in the body,
therefore it must be taken with food. It mostly functions as a coenzyme and is also
responsible for DNA repair. It has antioxidant activity. It has various activities in
metabolic disease, inflammatory conditions, and mental disorders such as schizo-
phrenia, dementia, Alzheimer’s. In this respect, its deficiency may trigger these
conditions in people with a genetic predisposition. Also, although it can be taken

168

B-Complex Vitamins - Sources, Intakes and Novel Applications



with food, some gastrointestinal conditions and medications can reduce its absorp-
tion. Therefore, external reinforcement is recommended. However, effective for-
mulations are needed due to their low in vitro stability and limited in vivo
bioavailability. In this respect, it is aimed to develop nano/microsystems that are
known to be more effective rather than conventional dosage forms such as tablets
and capsules. However, when we look at the literature, there are not enough studies
on these drug delivery systems containing vitamin B. Therefore, researchers can be
advised to develop dosage forms containing vitamin B with high bioavailability and
in vitro stability.
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Abstract

Brain plasticity is regulated through dynamic interactions between perineuronal 
nets, matrix metalloproteases (MMPs) and the extracellular matrix (ECM). Several 
studies have identified a crucial role for vitamins D and B12 in brain development 
and a deficiency in these vitamins may contribute to the emergence of cognitive 
deficits, as well as the onset of both autism spectrum disorder and schizophrenia. 
However, the mechanisms underlying the interplay between ECM, MMPs, vitamins 
and these neuropsychiatric conditions are poorly understood. In this chapter, we 
seek to understand how the risk of neurodegeneration in vulnerable individuals 
and the aetiology of specific neuropsychiatric disorders are affected by vitamin D 
and B12 deficiency, in conjunction with low levels of the antioxidant glutathione, 
impaired GABAergic inhibition, and alterations in the permanent ECM.

Keywords: vitamin deficiency, perineuronal nets, matrix metalloproteases, 
parvalbumin interneurons, GABA, neurodevelopment

1. Introduction

A proteoglycan-rich matrix, the perineuronal net (PNN) is a dense structure 
within the extracellular matrix (ECM), whose synapses form through gaps around 
many neuronal bodies and dendrites at a late stage in brain development. PNNs are 
formed at the end of a critical period of neurodevelopment, following the trans-
formation of the central nervous system (CNS) from an environment conducive to 
neuronal growth and motility to one that is more restrictive, in response to several 
sensory inputs from both neurons and glia driving increased neuroplasticity [1]. 
The main components of the PNN matrix include several chondroitin sulfate 
proteoglycans (CSPGs), such as hyaluronan, link proteins, and tenascin-R and -C.

During mammalian development, hyaluronan binds to members of the lectican 
family originally produced in neurons, including versican V0 and V1 and neurocan 
[2], whereas aggrecan seems to be expressed by astroglial cells in the juvenile matrix 
[3]. Other lecticans include versican 2, brevican, phosphacan, tenascin-R and the 
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link proteins HAPLN2/Bral1 and HAPLN4/Bral2 are only observed in more mature 
matrix environments approximately 2 weeks after birth [4–6], in contrast to the 
composition of the juvenile matrix. Following this period, shifts in brevican expres-
sion occur at the end of myelination, leading to white-matter precursor changes 
from an oligodendroglial to an astrocytic lineage [7], and resulting in a compact 
extracellular matrix forming the PPN [8].

PNNs have been observed 2–5 weeks after birth around parvalbumin (PV+)-
expressing GABAergic interneurons in pyramidal cortex, and around large motor 
neurons of the brainstem and spinal cord. This period coincides with the end of 
experience-dependent refinement of the synaptic network [8], but marked by a 
still critical period of matrix turnover and proteoglycan degradation by ADAMTS 
metalloendopeptidases and matrix metalloproteinases (MMPs) [8, 9]. PNN forma-
tions can also be observed in several distinct areas of the CNS, such as other regions 
of the cerebral cortex, the hippocampus (HPC), thalamus, and cerebellum [8].

PNNs in the adult CNS secrete hyaluronan through the action of membrane-
bound HA synthase, an enzyme linked to the action of link proteins, lecticans, 
tenascin-R and chondroitin sulphate proteoglycans (CSPGs), creating supramo-
lecular aggregates on the surface of neurons [1]. Other relevant glycoproteins 
besides CSPGs include Reelin, mainly secreted by Cajal–Retzius cells and involved 
in the control of neuronal migration and the establishment of cell aggregation and 
dendrite formation during the embryonic and early postnatal stages of develop-
ment [10]. In adulthood, Reelin signalling is involved in the modulation of synaptic 
function and binds to very-low-density lipoprotein receptors and apolipoprotein E 
receptor 2 [11]. Increased clustering of Reelin receptors leads to a build-up of DAB1 
proteins on the neuron membrane, greater activation of Src/SFK family kinases, 
and tyrosine phosphorylation of N-methyl-D-aspartate receptors (NMDARs), 
resulting in a net increase of receptor activity (Figure 1) [12]. Reelin insufficiency 
may lead to alterations in NMDAR clustering and LTP, such as in dysfunctional 
GABA-ergic transmission in the cerebral cortex and hippocampus observed among 
the morphofunctional signalling changes in schizophrenia (SZ) [12].

In fact, alterations of GABAergic signalling within a prenatal stress period have 
been identified as important factors in the development of SZ [13], autism spec-
trum disorder (ASD) [14], and epilepsy [15], often leading to an altered density of 
GABAergic cells and aberrant oscillatory activity. However, one functional model 
of brain development has proposed that prenatal stress involves DNA methylation, 
possibly inducing methylation of the gene responsible for Reelin promoter, with 
the consequent down-expression of Reelin resulting in abnormalities within the 
neuronal architecture of the prefrontal cortex, a reduction in dendritic complexity 
and a decreased number of GABAergic neurons, leading to altered developmental 
neuronal connectivity [13].

Animal studies have demonstrated that DNA methylation in the BDNF gene 
controls its expression during forebrain development in mice [16]. Furthermore, 
binding of BDNF and nerve growth factor (NGF) neurotrophins to their respective 
receptors (TrkB/A) triggers the PI-3kinase/AKT pathway, with activation of the 
mammalian target of rapamycin (mTOR) [17] and Akt-dependent inhibition of the 
serine/threonine kinase Gsk3β, resulting in decreased transcription of pro-inflam-
matory cytokines (IL-1β, TNF-α, and IL-6) [18]. Since Reelin/lipoprotein receptors 
do not contain a cytoplasmic kinase domain, the core Reelin signalling pathway 
seems to be associated with tyrosine kinase receptor (RTK or Trk) activity [19], the 
most likely coreceptor candidate [20]. As such, Reelin signalling from the ECM in 
collaboration with TrkB/A receptor activation, leads to increased phosphorylation of 
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Figure 1. 
Effect of Reelin concentrations in the ECM on NMDA signalling. Reelin activates adaptor protein disabled 
1 (DAB1) by binding with its very-low-density lipoprotein receptor (VLDLR) and apolipoprotein E 
receptor type 2 (APOER2). DAB1 is phosphorylated by Src family kinases (SFK) at different sites on 
the protein - this phosphorylation occurs mainly through the action of a co-receptor, tyrosine kinase 
receptor (RTK or Trk), implicated in a variety of cellular processes including growth, differentiation, 
and regulation of energy metabolism in the neuron. DAB1 phosphorylation leads to inhibition of the 
serine/threonine kinase Gsk3β via protein kinase B (Akt), where a decrease in AKT phosphorylation 
levels with subsequent high levels of GSK-3β phosphorylation, has been observed in lymphocytes and 
brains of individuals with schizophrenia (SZ). Clustering of Reelin receptors via SKF activation also 
leads to greater tyrosine phosphorylation of N-methyl-D-aspartate receptors (NMDARs), resulting in a 
net increase of receptor activity following the induction of long-term potentiation via Ca2+ regulation. 
This signalling cascade appears to be an essential process for neurobiological regulation during 
neurodevelopment (modified from [12]). Created with BioRender.
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serine-9 GSK3β, with the inhibition of GSK3β in glial cells and leukocytes resulting 
in more CREB being translocated from the cytoplasm to the nucleus, and an increase 
in the transcription of anti-inflammatory cytokines (IL-10) (Figure 2) [21].

PNN development and the maturation of PV+ inhibitory cells, as well as pro-
cesses such as myelination, mark the end of the critical period of human neuro-
development [22]. Disruption or delay to the formation of the PNN results in the 
resumption or extension of the time window for neuroplasticity in the brain [23], 
wherein the nervous system is more sensitive to epigenetic, physical, biochemical, 
environmental, and nutritional factors. The effects of nutrition on individuals 
during gestational and early development have been extensively researched, leading 
many researchers to conclude that nutritional factors such as vitamins, folate and 
iodine can cause long-lasting impacts in neurodevelopment [24, 25]. As the foetus’ 
and newborn’s acquisition of vitamins like B12 and D, depends to a great extent on 
maternal diet, such research has increasingly focussed on the impact of the moth-
ers’ vitamin deficiency on their offspring’s brain development during the foetal and 
exclusive breastfeeding stages.

S-adenosyl methionine (SAM) is a universal methyl donor for some of the main 
methylation reactions. Vitamin B12 is an important cofactor in the one-carbon cycle 

Figure 2. 
Hypothetical signalling cascades for GSK3β modulation of the expression of pro-inflammatory and anti-
inflammatory cytokines in glial cells. Receptor crosstalk between receptors TrkB/A and Reelin in the ECM 
(see Figure 1), increase the phosphorylation of serine-9 GSK3β leading to GSK3β inhibition, an increase in 
the translocation of CREB from the cytoplasm to the nucleus, and an increase in the transcription of anti-
inflammatory cytokine (IL-10). In fact, GSK3β can modulate the expression of both pro-inflammatory and 
anti-inflammatory cytokines. GSK3β activation in glial cells triggers the NF-κB pathway and the translocation 
of NF-κB from the cytoplasm to the nucleus, leading to an increase in the transcription of pro-inflammatory 
cytokines ((IL-1β, TNF-α, and IL-6), via the action of CREB-binding protein (CBP). Inhibition of GSK3β 
results in an increase of CREB translocation from the cytoplasm to the nucleus. Phosphorylated CREB  
binds specifically to the nuclear CBPs at transcriptional sites, resulting in increased transcription of  
anti-inflammatory cytokines such as IL-10 (modified from [21]).



181

Vitamins D and B12, Altered Synaptic Plasticity and Extracellular Matrix
DOI: http://dx.doi.org/10.5772/intechopen.100055

and is involved in the formation of SAM. Vitamin B12 supplements have been shown 
to improve pregnancy outcomes and reduce the risk of neurodevelopmental disorders 
in the developing child [26]. In rats, dose-dependent vitamin B12 supplementation was 
able to maintain the levels of docosahexaenoic acid (DHA) and BDNF in the hippo-
campus and cortex in pups at birth, and BDNF in the hippocampus at 3 months of age 
[17]. In addition, the combination of omega-3 fatty acid and vitamin B12 administra-
tion maintained spatial memory performance in neonates [17]. Experimental evidence 
suggests that DHA, together with greater levels of physical exercise, increases activated 
forms of CREB and synapsin I, reducing oxidative stress in the hippocampus [18].

Vitamin D deficiency may also reduce the integrity of PNNs and synaptic plasticity 
in neuropsychiatric disorders through the modulation of MMPs. Vitamin D deficiency 
has been associated with vulnerability to SZ [27], as well as ASD [28] and attention 
deficit and hyperactivity disorder (ADHD) [29], the two most common neurodevel-
opmental disorders. As mentioned earlier, ADAMTS and MMPs are two families of 
endogenous zinc-dependent proteases, secreted as inactive proenzymes that cleave 
ECM components. Alterations in the genes that encode MMP-16 and MMP-9 have 
been observed in patients with SZ [30]. High levels of MMP-9 can support the pro-
teolytic cleavage of ECM with permissive synaptic plasticity but also lead to abnormal 
aggrecan degradation, abnormal development and neural excitability [30]. Chronic 
stress and neurological trauma can enhance MMP-9 levels in the brain [31, 32], and 
consequently raise the risk of SZ. A plausible proposal has been made that vitamin 
D deficiency leads to PNN degradation in patients with SZ [27]. In fact, vitamin D 

Figure 3. 
Vitamin D deficiency and PNN formation during neurodevelopment. The figure above shows a neuron 
enveloped by a PNN. Vitamin D deficiency may induce a deficit in ECM organisation over the course of 
neurodevelopment, leading to the PNN loss and network-wide dysfunction in GABAergic, glutamatergic, 
and dopaminergic neurotransmission. Vitamin D deficiency is also linked to altered transcription of 
calcium channels (L-VGCC) potentially increasing the level of calcium input into the neuron, and to altered 
neuronal nitric oxide synthase (nNOS) activity, resulting in an increase of nitric oxide (NO) secretion into 
the extracellular space and elevated levels of MMP-9. This enhanced MMP-9 expression induces increased 
aggrecan synthesis, resulting in disruptions to the network of several neurotransmission systems important for 
normal cognitive function (spatial learning deficits), and SZ, autism and ADHD. Abbreviations: L-VGCC: 
L-type voltage-gated calcium channel; ECM: Extracellular matrix; MMP-9: Matrix metalloproteinase-9; 
nNOS: Neuronal nitric oxide synthase; NO: Nitric oxide; PNN: Perineuronal net; SZ: Schizophrenia; ADHD: 
Attention deficit and hyperactivity disorder (modified from [34]).
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deficiency is associated with increased MMP-9 production [33] and calcium activity 
on the neuronal membrane, leading to increased nitric oxide (NO) formation and 
higher MMP-9 levels, and further appears to modulate its endogenous inhibitor TIMP1 
(tissue inhibitor of MMP) [34]. Aggrecan-rich PNNs undergo restructuring leading 
to the occurrence of more synaptic anomalies and greater network dysfunction in 
GABAergic, glutamatergic, and dopaminergic neurotransmission, as evidenced by 
some forms of SZ (Figure 3) [34]. Cognitive deficits, such as spatial learning deficits, 
have been observed in adult mice with vitamin D deficiencies, with reduced density of 
PNNs and neural networks within the hippocampus [35].

2. Vitamin B12 in neurodevelopment

Vitamin B12 is a member of the cobalamin family and can usually be obtained in 
sufficient quantities from meat, eggs, and dairy products. It is critical for the pro-
duction of red blood cells, and the growth and maintenance of the nervous system.

Major causes of vitamin B12 deficiency include autoimmune pernicious anae-
mia, gastrectomy, ileal resection, pancreatic insufficiency, and malabsorption 
syndromes [36]. The human body is incapable of endogenous B12 production so it 
must be obtained from external sources in the individual’s diet [37, 38]. Currently, 
a nutritional B12 deficiency is common in vegans, a fast-growing eating trend in 
many Western countries [39]. Vitamin B12 deficiency is also common in developing 
countries, with more widespread occurrence over more widespread sections of 
society beginning in early life and persisting throughout adulthood [40].

Pregnant women require a greater amount of vitamin B12 (2.5 g/day) compared to 
the general adult population (2.4 g/day), to adequately meet the nutritional needs of 
the foetus via absorption through the placenta [41]. The lack of sufficient vitamin B12 
ingestion by the mother during pregnancy results in its deficiency in breast milk and 
the foetal bloodstream [42, 43]. Indeed, several studies have linked maternal deficiency 
in vitamin B12 concentration to developmental complications, including spontaneous 
abortion [44], low birth weight [45, 46], intrauterine growth restriction [45], and 
neural tube defects [47]. Lack of sufficient vitamin B12 in the mother’s diet is reflected 
in similarly low concentrations of B12 in the bloodstream of breastfed babies during the 
period of exclusive breastfeeding, when the baby is dependent on breast milk for vita-
min absorption, despite the relatively short window of this development period [48].

As in adults, vitamin B12 is mainly stored in the newborn’s liver and is used on 
demand. However, as newborns have limited hepatic reserves, even if they are born 
at a healthy weight and size, symptoms resulting from vitamin B12 deficiency may 
appear from as early as 2 months of age [49]. Such symptoms imply a clinical pat-
tern including abnormal pigmentation, hypotonia, liver and spleen enlargement, 
anorexia and growth failure associated with poor brain growth, which were first 
described by Jadhav and colleagues in 1962 [50].

Cellular deficiency of vitamin B12 results in slower proliferation and a faster 
differentiation of neuroblastoma cells [51], which point to its pivotal role in cell 
division and differentiation. In addition, deficiency of vitamin B12 in rodents is 
associated with selective brain damage, vascular and cognitive impairment [52], 
long-lasting functional disabilities in exploratory behaviour, learning and memory 
functions, and a mild decrease in hippocampal neurogenesis [53]. Moreover, 
vitamin B12 seems to play an important role in myelination as its deficiency leads 
to demyelination and may cause severe retardation of myelination during prenatal 
development [54].

Different mechanisms have been proposed to account for the effects of 
vitamin B12 deficiency on general neural function, most especially in relation to 
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neurodevelopment. The most well-understood mechanisms are related to the meta-
bolic reactions in which vitamin B12 is the exclusive cofactor for mammalian cells 
[55], and the importance of the coenzyme forms of vitamin B12, methylcobalamin 
(MeCbl) and adenosylcobalamin (AdoCbl) to the methionine and methyl groups 
that are used for DNA synthesis, epigenetic and cellular division.

When vitamin B12 is in MeCbl form it is a cofactor for methionine synthetase, 
which promotes the methylation of homocysteine (HCY) to methionine required 
in cases of a reduced methionine status of dietary ingestion. The synthesised form 
of methionine is subsequently condensed into SAM, which is finally demethylated 
into S-adenosylhomocysteine (SAH) and is a methyl donor for the conversion of 
phosphatidylethanolamine to phosphatidylcholine [56]. The altered SAM:SAH ratio 
may be the result of B12 deficiency as SAH and HCY levels increase while SAM levels 
decrease. This decreased SAM:SAH ratio may impair the methylation that is neces-
sary for the synthesis of proteins, lipids, and neurotransmitters [57, 58] and leads 
to inhibition of DNA synthesis and cell division, since folate is not being recycled 
[59]. These results show that without methionine, the myelin and neurotransmit-
ters considered essential for neurodevelopment cannot be produced. Methionine 

Figure 4. 
Cellular processing of vitamin B in normal and deficiency conditions. Transcobalamin (TC) binds to vitamin B12 
with high affinity and transports it by TC receptor-mediated endocytosis. The TC undergoes degradation into the 
lysosome, liberating the vitamin B12, that can be in two forms, methylcobalamin (MeCbl) and adenosylcobalamin 
(AdoCbl). When the vitamin B is in MeCbl form, it participates in HCY cascade as a cofactor, promoting the 
methylation of HCY to methionine that is subsequently condensed into SAM, which is finally demethylated into 
S-adenosylhomocysteine (SAH) and it a methyl donor for the conversion of phosphatidylethanolamine (PE) to 
phosphatidylcholine. The propionate (propionic acid) reacts with coenzyme A yielding propionyl CoA that is 
converted first to D-methylmalonyl-CoA and then to L-methylmalonyl-CoA and finally to Succinyl-CoA with the 
participation of AdoCbl form of vitamin B12 in this step. The deficiency of vitamin B12 leads to an inappropriate 
conversion of methylmalonyl CoA to succinyl CoA resulting in excessive production of the propionyl CoA, and 
consequently an increase of odd-chain fatty acid synthesis, and the inefficient conversion of PE to PC may impair 
propionyl CoA production by the mitochondria, resulting in an altered myelin formation.
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is synthesised from homocysteine, increased levels of which are observed in many 
neurodegenerative diseases, and which are functionally linked to brain injury and 
cognitive  impairment [60].

When vitamin B12 is found in adenosylcobalamin (AdoCbl) form, it is required 
as the cofactor of the enzyme L-methylmalonyl-CoA mutase (EC 5.4.99.2) in the 
mitochondria and promotes the conversion of methylmalonyl CoA to succinyl CoA. 
This pathway is important for the mitochondria to reuse propionyl CoA and the 
energy obtained through the Krebs cycle. In other instances, this pathway may be 
recruited in response to increased levels of SAM in which the elimination of HCY is 
necessary [61]. The inappropriate conversion of methylmalonyl CoA to succinyl CoA 
leads to excessive production of the precursor propionyl CoA, resulting in odd-chain 
fatty acid synthesis and subsequent incorporation of these abnormal fatty acids into 
the nerve sheaths, which leads to altered myelin formation, reduced quantities of 
ethanolamine, phospholipids, and sphingomyelin (Figure 4) [56]. In addition, the 
inefficient conversion of phosphatidylethanolamine to phosphatidylcholine may 
impair propionyl CoA production by the mitochondria and the myelination, or 
lead to demyelination [62]. Myelination, together with synaptic refinement and the 
physiological maturation of inhibitory neural networks, are key processes of brain 
development that seem to coincide with the appearance of PNNs. In fact, alterations 
in these processes are well described in disorders such as SZ and ASD [63, 64].

3. Vitamin D and neurodevelopment

Vitamin D is known as the “neglected neurosteroid”, a term proposed by 
McGrath and colleagues in 2001 [65], and exerts a great variety of effects during 
brain development.

In 2005, a study conducted the first description of the distribution of 1,25-dihy-
droxyvitamin D3 receptors (VDR) and 1α-hydroxylase (1α-OHase), the enzyme 
responsible for the formation of the active vitamin D, in the human brain. They are 
found both in neurons and glial cells and show a region- and layer-specific pat-
tern of expression in the brain. VDR receptors are absent in the macrocellular cells 
within the nucleus basalis of Meynert (NBM) and Purkinje cells in the cerebellum, 
while both VDRs and 1α-OHase have been identified in the substantia nigra and 
the hypothalamus [66]. VDRs can also be found in the developing brain during 
the critical period of cell proliferation, in the temporal lobe, cingulate, thalamus, 
cerebellum, amygdala and hippocampus [67].

Similarly to vitamin B12 deficiency, vitamin D deficiency during pregnancy 
appears to have serious consequences for foetal health. In the literature, abortions 
within the first trimester of gestation have been reported in association with the 
mothers’ lack of sufficient vitamin D concentration [68–70]. Moreover, as foetus 
are dependent on access to the mother’s supply of vitamin D, in conjunction with 
the large distribution of vitamin D receptors in the brain, there is a high probability 
that the vitamin D status of pregnant mothers may affect child neurocognitive 
development [67]. Among other sequelae, researchers have found cognitive and 
neural deficits in foetus and young infants due to maternal vitamin D deficiency 
during pregnancy, such as suboptimal neurocognitive development [71] and 
delays in the development of gross and fine motor function, problem-solving and 
communication [72]. However, a recent study analysed high-dosage vitamin D 
supplementation in the third trimester of pregnancy and its effects on child brain 
development and failed to report any improvements in the neurobiological mecha-
nisms underlying developmental behaviour, such as motor milestones and cognitive 
and language development [73]. Few studies of the direct effects of vitamin D on 
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brain development have been conducted to date in humans and many of them are 
inconclusive, probably because of differences in the timing of vitamin D exposure, 
the types of assessment used, and the age at which the assessment occurred.

Studies in rats have identified similar critical periods to vitamin B12 during neu-
rodevelopment in which maternal vitamin D deficiency can result in neurodevelop-
mental alterations, such as abnormal cell proliferation and decreased expression of 
neuronal structure genes in the brain of mice offspring [74]. VDRs are temporally 
regulated in the rat brain during development, with the first VDR expression occur-
ring in the mesencephalon on day 12 [75]. VDR expression continues across differ-
ent areas throughout the course of development [75, 76] and is directly correlated 
to the onset of natural cell elimination [77]. Because of its key role in regulating 
developmental processes throughout the brain, altered levels of vitamin D or VDR 
dysfunction can result in long-lasting behavioural disruption in animal models [67]. 
Consistent with its role in PNN formation, altered vitamin D levels and VDR signal-
ling during development have been associated with neuropsychiatric disorders such 
as SZ [78] and autism [79, 80].

The mechanisms by which vitamin D influences brain development are diverse. 
There is evidence that vitamin D modulates neurotrophic factors such as NGF and 
glial cell line-derived neurotrophic factor (GDNF), suggesting that it may have a 
neuroprotective function [81, 82]. Other neuroprotective functions of vitamin D 
include the reduction of the neurotoxicity of glutamate and reactive oxygen species 
(ROS), the upregulation of antioxidant molecules [83, 84], and the suppression 
of macrophage activity, leading to decreased neuroinflammation activity [85]. 
When used as an immune suppressant, vitamin D has been reported to suppress 
the concentration of proinflammatory cytokines in the brain [86, 87], to reduce 
blood–brain barrier disruption and macrophage/microglia activation in induced 
autoimmune encephalomyelitis [88], and to attenuate proinflammatory processes 
and up-regulate anti-inflammatory processes such as the M2 microglia phenotype, 
in a mouse model of Parkinson’s disease [89].

Vitamin D is known to reduce calcium levels in the brain, preventing cell death 
via excitotoxicity, and to downregulate or modulate L-type voltage-gated calcium 
channels (L-VGCCs) [90] (Figure 5). L-VGCCs are expressed in great quantity in 
the developing brain and have a critical role in synaptic plasticity and in regulating 
basal and burst firing activity in dopaminergic neurons within the ventral tegmen-
tal area [91]. Interestingly, disruption of L-VGCC function in hippocampal PV+ 
interneurons during development leads to significant morphological changes, such 
as reduced cell number and a decrease in dendritic arbour complexity [92, 93].

The association between vitamin D and L-VGCC function in the dopaminergic 
system and PV+ interneurons strengthen the hypothesis that vitamin D (dys) regu-
lation plays a role in the onset of SZ [94]. Both epidemiological research and rodent 
models have shown a correlation between vitamin D deficiency and SZ. Alterations 
in the dopaminergic system have been frequently reported in response to vitamin 
D deficiency, consistent with increased VDR expression in brain areas primarily 
innervated by dopaminergic projections [95].

Associations have also been made between vitamin D receptors, calcium 
channels, PV+ interneurons and PNNs. L-VGCCs regulate PV+ expression and 
interneuron development [92] which are significantly disrupted in SZ. Curiously, 
the appearance of PNNs coincides with the synaptic refinement, myelination and 
maturation of inhibitory networks, and there is therefore strong evidence that 
PNNs have a pivotal role in the pathogenesis of SZ [63].

Following this same reasoning, vitamin D deficiency is considered a potential 
candidate for the development of several key alterations in ASD pathophysiology, 
most of them present mid to early development. John Cannell has been the main 
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proponent of this hypothesis [96] and since its inception a number of studies have 
contributed to this line of research. The pathophysiology of ASD is multifacto-
rial with solid evidence for both a genetic background and an environmental 
component. Some epidemiological findings have raised the additional hypothesis 
of specific genes which are environmentally responsive to the ASD, as epidemio-
logical observations have pointed to changes in genotype expression. Cannell and 
others have cited neurosteroid pathway genes as good examples of environmen-
tally responsive genes, since alterations in neurosteroid concentration may affect 
the genetic expression of the neural proteins regulated by steroids.

4.  The link between vitamins B12 and D, PNNs and neurodevelopmental 
disorders: a mechanistic hypothesis

As already mentioned before, PNNs appear during postnatal development 
and surround cortical inhibitory GABA neurons expressing PV+, which control 

Figure 5. 
Effects of vitamin D in presynaptic transmission Vitamin D plays an important role in several neurodevelopmental 
processes, such as neurotransmission and calcium signalling, preventing cell damage, especially mitochondrial 
dysfunction. As mentioned above, vitamin D acts by regulating L-VGCC in order that, for example, 
prevent the accumulation of intracellular calcium and the concomitant activation of pathways that can 
lead to cell death. With vitamin D deficiency, L-VGCC becomes functionality altered, leading to increased 
intracellular calcium, mitochondrial dysfunction, and the consequent generation of free radicals such as 
reactive oxygen species (ROS) and inhibitory/excitatory synaptic imbalance, illustrated by the increase in 
glutamate release and GABA neurotransmitter decrease, resulting in excitotoxicity and neuroinflammation 
(modified from [91]). Created with BioRender.
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the output of mainly cortical and hippocampal neurons and are necessary for fast 
rhythmic neuronal synchrony during information processing in cognitive tasks 
[97, 98]. PNNs enveloping PV+-inhibitory interneurons are known to be vital for 
cognition [99]. These cortical PV+-inhibitory interneurons express specific NMDA 
receptor (NMDAR) subunits such as NR2A, and are targets of the NMDA receptor 
antagonist MK-801. MK-801 is the main component for studying an important 
hypothesis for our understanding of the aetiology of SZ, the cortical hypofunction 
of NMDA receptors (i.e. the glutamatergic hypothesis) [100]. This hypothesis is 
compatible with the concurrent descriptions provided by the neurodevelopmental 
hypothesis, with respect to the disruptions to the central nervous system over the 
course of development [101].

An animal model using MK-801 treatment revealed a critical postnatal period, 
specifically from 7 to 14 days after birth (P 7–14), resulting in SZ-like behaviour dur-
ing adulthood, with a significant reduction in PV+-expressing cells in the PFC but not 
in the hippocampus, for mice treated with MK-801 from P 7–14 compared to matched 
controls [102]. In addition, mice in the treated group showed changes in performance 
on cognitive, social and behavioural tasks, while electrophysiological recordings 
from brain slices within the PFC showed significantly reduced frequency of up-
states in MK-801-treated mice, but increased gamma activity in MK-801-treated 
mice compared to saline-treated mice [102]. Recent memory reactivation has been 
shown to occur in the presence of slow oscillatory up-states, contributing to memory 
consolidation [103]. This electrophysiological profile is altered in humans with SZ, 
with increased delta oscillations and irregular gamma rhythm [104, 105]. Moreover, 
PNN removal from visual cortex during a critical postnatal period alters the balance 
between excitatory and inhibitory PV+ spiking activity, inducing greater potentiation 
of gamma activity and restoring the neural network to an immature or juvenile ECM 
state, suggesting that the maturation of GABAergic fast spiking and PV+-inhibitory 
neurons suppresses the spontaneous activity of excitatory neurons [106].

Together with these electrophysiological findings, the metabolic requirements of 
PNN function have also been explored in fast-spiking cells, as well as their intrinsic 
vulnerability. In fact, PNNs appear to promote interneuron maturation and network 
stability and may also protect neurons against iron sequestration and oxidative stress 
[107, 108]. Oxidative stress has been observed in the PFC of SZ patients in conjunc-
tion with decreased levels of glutathione (GSH), an endogenous antioxidant and 
redox regulator [109]. This outcome can in turn be aggravated by the overexpression 
of truncated DISC1 that is associated with SZ in humans, causing mitochondrial dys-
function with decreased mitochondrial NADH dehydrogenase activity, diminished 
cellular ATP contents, and overactivity of mitochondrial Ca2+ mechanisms [110].

As mentioned previously with regards to the role of GSH, there are two meta-
bolically active forms of vitamin B12, AdoCbl, and MeCbl: essential as a cofactor 
for the reaction necessary folate-dependent methylation of HCY by methionine 
synthase (MS) in the cytoplasm. As MS levels determine the ratio of methyl donor 
SAM to the endogenous methylation inhibitor SAH, the MeCbl reaction can influ-
ence SAM-dependent methylation reactions mainly through methylation of DNA 
and histones [111], an effect previously described with in relation to BDNF and 
epigenetic control. Zhang et al. 2016 analysed the postmortem human frontal cor-
tex of autistic and schizophrenic individuals and 80-year-old individuals and found 
that the MeCbl form of vitamin B12 decreases with age, as well as to age of onset of 
ASD and SZ, as compared to age-matched controls. Additionally, they also observed 
an abnormally lower total cobalamin Cbl and MeCbl concentration in ASD and 
SZ subjects, leading the authors to propose a “Redox/Methylation Hypothesis of 
Autism” in light of the impaired GSH-dependent synthesis observed in the brains of 
autistic individuals [111]. In the same study, the authors further found that certain 
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brain regions, as cerebellum and temporal cortex, in ASD, showed synthesis of 
reduced and oxidised glutathione (GSH/GSSG) (stable redox status), while other 
regions maintained SAM/SAH production (stable methylation status) [111], sug-
gesting regional differences for metabolic disorders.

Concomitantly, several neurobiological changes found in ASD subjects or ASD 
animal models are consistent with an account of vitamin D deficiency. The main 
neurobiological processes mediated by vitamin D in neurodevelopment include 
neural cell proliferation [74], GABA, glutamate and serotonin neurotransmission 
[92], calcium signalling, mitochondrial regulation, oxidative stress and neuroinflam-
mation (for review see [112]). Most of these processes are altered in ASD, resulting 
in the reduction of brain volume and changes in the number of glial and neuron cells, 
excitatory/inhibitory imbalance, disrupted calcium signalling, increased oxidative 
stress, the overactivation of microglia, and immune system dysregulation [113].

One of the best-studied hypotheses about the pathophysiology of ASD is the 
occurrence of changes in brain connectivity during development, which posits a 
reduced number of connections between distal brain regions and an increase in 
connections between proximal brain regions [114]. However, this hypothesis shows 
some inconsistencies in the light of several findings, such as reports of hypercon-
nectivity over long axonal fibres in autism or even mixed patterns of hypo- and 
hyper-connectivity [115–118].

Another hypothesis regarding the pathophysiology of ASD is one of excitatory-
inhibitory imbalance, caused both by the probable hyperactivity of excitatory cells 
and a reduction in the number, activity or even delay of inhibitory interneurons in 
the maturation process [119–121].

PV+-expressing interneurons are the main regulators of inhibitory/excitatory 
balance and orchestrate the coordinative function of brain microcircuitry via 
their fast-spiking inhibitory inputs onto pyramidal neurons [97, 122]. As such, the 
healthy maturation of PV+-interneurons is crucial for the establishment of optimal 
neural and behavioural development. Disruption to PV+ expression in PFC caused 
by early-life adversity leads to altered social interactions [123] and anxiety-related 
behaviour in rodents [124, 125]. Both forms of altered behaviour can be found in 
patients diagnosed with ASD [126–128].

As mentioned previously, the maturation of PV+ interneurons are mostly 
regulated by PNNs [129, 130]. Despite the protective actions of the PNN-PV+, the 
interneurons are very susceptible to oxidative stress [131, 132], and as such vitamin 
D deficiency represents a threat to the integrity of PNN function and consequently 
to the development of the GABAergic system.

Lastly, it is important to highlight the dysregulation of the immune system that 
is observed in ASD. ASD patients suffer from chronic systemic inflammation with a 
disbalance in cytokine expression, leading to increased production of proinflamma-
tory cytokines. Vitamin D has been shown to contain immunomodulatory properties 
and may be an alternative treatment for slowing or minimising behavioural altera-
tions in ASD (for review see [133]). Chronic systemic inflammation in early life may 
disrupt PV+ interneuron maturation and consequently lead to changes in PNNs. 
Taken together, these findings reveal the important role of vitamin D in maintaining 
the integrity of PNNs and the efficiency of synaptic transmission as a whole.

5. Conclusion

The ECM is one component of the tetrapartite synapse, together with the 
network of glial cells. The PNN is a dense ECM structure that enwraps inhibitory 
fast-spiking parvalbumin (PV+) interneurons, serving both as a protective barrier 
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and to regulate synaptic plasticity. The destruction of those PNNs during the 
critical postnatal period of brain development alters the balance between excitatory 
and inhibitory PV+ spiking activity, inducing a greater potentiation of gamma-
band activity, and reverting the firing pattern of the neural network to a so-called 
immature or juvenile ECM state. Studies have shown that a vitamin D deficiency 
in early development may lead to a reduction in the PNN integrity and synaptic 
plasticity through modulation of MMPs, contributing to increased risk of the onset 
of neuropsychiatric disorders, as SZ, ASD, and ADHD. Also, in preclinical studies, 
dose-dependent vitamin B12 supplements were sufficient to maintain the levels 
of DHA and BDNF in the hippocampus and cortex in neonates, and BDNF levels 
in the hippocampus at 3 months of age, considered a sensitive window or critical 
period during neurodevelopment. In addition, the ingestion and metabolism of 
vitamin B12 methylcobalamin (MeCbl) variants can influence S- adenosyl methio-
nine and SAM-dependent methylation reactions, mainly through the methylation of 
DNA and histones, and the MeCbl deficiency can result in impairment of GSH-
dependent synthesis, inducing oxidative stress in the PFC of schizophrenic patients, 
or with autism diagnosis. Thus, adequate levels of vitamin B12 and D appear to 
contribute to maintaining the integrity of PNNs, consequently lead to PV+ inter-
neuron maturation.
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Abstract

Thiamin is an essential water-soluble nutrient that is naturally available in some 
foods and available as a supplement. This nutrient plays a vital role in metabolism, 
cell growth and development. The recommended daily intake of thiamin for adults 
is around 1.1–1.2 mg/day. Several studies have described that thiamin deficiency is 
commonly seen in critically ill patients, mainly sepsis. Thiamin deficiency reduces 
pyruvate access to the Krebs cycle, therefore, increases the production of lactate. 
The administration of thiamin in critically ill patients has been linked to better 
outcomes and depletion of mortality rate.

Keywords: thiamin, vitamin B1, sepsis, septic shock

1. Introduction

Thiamin is the first vitamin B discovered; thus, it is known as vitamin B1. This 
micronutrient is also known as aneurine. Thiamin is an essential micronutrient that 
is water-soluble and involved in aerobic metabolism. Humans’ daily requirement 
of thiamin is highly dependent on food intake due to their inability to synthesise it 
endogenously. Some bacteria in the human intestine can produce thiamin. However, the 
amount is limited [1].

The chemical name for B1 is 3-[(4-amino-2-methyl-5-pyrimidine)methyl]-
(2-hydroxy ethyl)-4-methylthiazolium. Thiamin originated from pyrimidine and 
thiazole ring substitution, combined with the methylene bridge (Figure 1) [2].

2. Pharmacokinetics and pharmacodynamics of thiamin

Thiamin works as a cofactor in citric acid cycles. Vitamin B1 reacts with adenos-
ine triphosphate (ATP) to form an active form called thiamin pyrophosphate. 

Figure 1. 
Thiamin structure [2].
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Thiamin is an essential cofactor for enzymes pyruvate dehydrogenase, alpha-
ketoglutarate dehydrogenase, and transketolase. Pyruvate dehydrogenase enzymes 
are the main entrance to the Krebs cycle, catalysing oxidative decarboxylation of 
pyruvate to form acetyl-coenzyme A (acetyl-CoA). Without this enzyme, pyruvate 
would be converted to lactate. Alpha-ketoglutarate dehydrogenase catalyses the 
oxidative decarboxylation of alpha-ketoglutarate to succinyl-CoA to complete 
the Krebs cycle. Transketolase is an enzyme necessary for the pentose phosphate 
pathway and the production of nicotinamide adenine dinucleotide phosphate 
(NADPH). Thiamin is required in each of these three steps (Figure 2) [3, 4].

The mechanism of thiamin absorption in the body is still controversial. Some 
researchers argue that it is only absorbed from active transport mechanisms in 
the proximal small intestine. However, recent studies show that thiamin is also 
absorbed by passive diffusion [5]. Thiamin absorption by the intestine is mediated 
by a transport system and absorbed by cells in the liver, heart, and other various 
tissues from the blood, except neural fibres. In the nervous system, thiamin is 
transported from circulation blood towards cerebrospinal fluid across the blood–
brain barrier [2, 6]. Vitamin B1 is rapidly absorbed and transformed through a 

Figure 2. 
Pathogenesis of cell death in deficiency thiamin [2, 16].
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phosphorylation process into an active coenzyme, thiamin pyrophosphate. Vitamin 
B1 is absorbed in the jejunum at low concentrations, involving the phosphorylation 
process through an active transport system. At high concentrations, absorption of 
vitamin B1 occurs by passive diffusion. The relative bioavailability of vitamin B1 
is about 5.3%. A study by Smithline et al. (2012) shows oral thiamin concentration 
reaching the peak at 4 hours after consumption (Figure 3) [5].

Thiamin is widely distributed to almost all body tissues, including breast milk. 
Thiamin is not stored in the body. Thiamin transport occurs through the blood, 
both in erythrocytes and plasma. About 90–94% of vitamin B1 is bounded to 
protein [2].

Thiamin metabolism occurs in the liver and produces active metabolites, thia-
min pyrophosphate, thiamin monophosphate, and thiamin triphosphate. Thiamin 
diphosphate is the primary active metabolite, which acts as a coenzyme in carbohy-
drate metabolism through transketolase reaction [2, 7].

Thiamin half-life ranges from 9 to 18 days on daily consumption, and the elimi-
nation or dephosphorylation process occurs in kidneys. This half-life appears to be 
variable and highly dose-dependent. One study showed that the half-life of thiamin 
is only about 6 hours at high doses (500-1500 mg). For intravenous administration, 
peak levels reached within 2–6 hours depending on doses [5]. If there is an excess of 
free-form vitamin B1, it will be excreted in the urine. In regular doses, it is secreted 
in the urine in unchanged form [2].

3. Sources

Thiamin cannot be produced indigenously in the human body. Therefore, we 
rely on dietary intake [8]. The sources of thiamin include fortified flours, whole 
grain cereals, meat (pork, beef or poultry), eggs, dried beans, soybeans and nuts. 
Nevertheless, polished rice, fats, processed flours, dairy products and vegetables 
are not reliable sources to satisfy the daily requirements of thiamin [9]. Significant 
losses of thiamin happen when the food is cooked or undergone other heating 
processes. Polyphenolic compounds in tea and coffee may inactivate thiamin; 

Figure 3. 
Oral Thiamin concentration in blood [5].
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therefore, their consumption must be in moderation. Similarly, uncooked fish and 
shellfish contain thiaminases that inactivate and break down thiamin [9, 10].

4. Intake and novel applications

4.1 Recommended daily intake of thiamin

Recommended daily thiamin intake in healthy adult men is 1.2 mg/day, while 
adult women are 1.1 mg/day. For children aged 1–8 years, recommended intake of 
vitamin B1 ranges from 0.5 to 0.6 mg/day and for ages 9–13 years, it starts from 
0.9 mg/day (Table 1) [5]. Thiamin is water-soluble across the placenta. Its require-
ments increase during pregnancy. Pregnancy also increases the risk of thiamin defi-
ciency when prolonged nausea and vomiting (including hyperemesis gravidarum). 
The dose of parenteral nutritional supplements is 6 mg/day. The parenteral form 
can be given by intramuscular (IM) or intravenous (IV) injection. Administration 
of thiamin intravenously can be given as much as 100 mg over 5 minutes [11].

4.2 Side effects of thiamin

Adverse reactions to thiamin administration have been reported as reactions 
at the injection site, but their frequency is unknown. Other side effects can be 
diaphoresis, pruritus, skin sclerosis (at the injection site after IM administration), 
urticaria, nausea, bleeding (in the digestive tract). For hypersensitivity side effects, 
reported anaphylaxis (after IV administration), angioedema, hypersensitivity reac-
tions (following IV administration). Side effects of intravenous thiamin are rarely 
reported. A prospective study by Wrenn in 989 samples given thiamin 100 mg IV 
found adverse reactions in the form of minor reactions, which were transient local 
irritation in 1.1% and pruritus in 0.0093% of patients. Thiamin hydrochloride can 
be given intravenously without problems. An intradermal test dose before adminis-
tration is not required unless the patient had a previous allergic reaction [12]. Local 
side effects for larger doses can be minimised by slow administration into a larger 
and more proximal vein. Thiamin should be administered before parenteral glucose 
solutions to prevent Thiamin deposition as a symptom of acute thiamin deficiency 
in malnourished patients [11].

Patients by age mg per day

Infant and children

 Newborn to 6 months 0.3

 6 months–1 year 0.4

 1–3 0.7

 4–6 years 0.9

 7–10 years 1.0

Teens and adults

 Men 1.2–1.5

 Women 1.0–1.1

 Pregnant women 1.5

 Breastfeeding women 1.6

Table 1. 
Recommended dietary allowance (RDA) of thiamin [2].
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Alcohol consumption can interfere with intestinal absorption of vitamin B1, and 
chronic alcoholism leads to Wernicke-Korsakoff syndrome (WKS) [2]. Intoxication 
may occur with ingestion of more than 3000 mg thiamin in the long term. Based 
on animal research, thiamin lethal dose/LD50 are 8224 mg/kg, while the LD50 in 
rats are 3710 mg/kg [13]. Sporadic anaphylactic reactions have been reported. Some 
researchers suggest that intravenous thiamin should be administered in a resuscita-
tion facility. However, due to the life-threatening nature of WKS, EFNS (European 
Federation of Neurological Society) guidelines recommend starting treatment 
immediately, even in the absence of facilities for resuscitation [14].

4.3 Thiamin and brain metabolism

Thiamin has an essential role in brain metabolism. Nerve cells use glucose as the 
primary fuel in producing energy. Glucose reaches brain tissue by diffusion across 
the blood–brain barrier. Around 30% of glucose absorbed by the brain undergoes 
complete oxidation through the Krebs cycle [15]. Various mechanisms contribute 
to selective brain lesions observed in WKS and thiamin deficiency. Recent evidence 
of early microglial activation and increased production of free radicals suggests 
that oxidative stress processes play a vital role in brain cell death associated with 
thiamin deficiency. Recent studies in animal models of WKS demonstrated 
changes in thiamin-dependent enzymes in the brain and suggested that changes in 
these enzyme activities may result in neuronal death, characteristic of this syn-
drome [16].

Thiamin is needed as an enzyme cofactor essential for brain metabolism, and 
around 80% of total thiamin is in the neural tissues [10, 17]. In addition to its 
co-enzymatic function in metabolism, thiamin also has a structural role [18, 19]. 
Thiamin affects membrane structure and function, including axoplasmic, mito-
chondrial, and synaptosomal membranes, which act against agent-induced cytotox-
icity and improve membrane location [20, 21]. Thiamin also intervenes in synaptic 
transmission and plays a role in cell differentiation, synapse formation, axonal 
growth, and myogenogenesis [2].

4.4 Thiamin as a novel treatment for sepsis

Thiamin deficiency is common in critically ill patients and correlated with 
increased mortality in some cases. In addition, its levels are depleted throughout 
the illness, and administration of thiamin during critical illness can improve organ 
dysfunction [22]. Predisposing factors to thiamin deficiency result from several 
associated problems associated with nutritional disorders and other accompanying 
diseases. Several conditions can reduce thiamin levels, such as impaired carbo-
hydrate metabolism, increased metabolic requirements for parenteral or enteral 
nutrition, diuretics, and haemodiafiltration. Several studies have found the pres-
ence of thiamin deficiency in critically ill patients. Thiamin deficiency is associated 
with poor prognostic outcomes [23].

A cohort study in Australia with 129 patients found no association between 
plasma thiamin concentrations with systemic inflammation and mortality in criti-
cally ill patients. In addition, it also shows that level of thiamin intake in patients who 
had not received its supplementation before ICU admission did not differ between 
patients who died and those who survived, 264 compared 268 nanomol/L (normal 
value: 190–400 nanomol/L). Besides that, only a weak correlation was found 
between thiamin levels and disease severity index. A study had investigated the 
correlation of thiamin, APACHE II, SOFA score, maximum SOFA score, SOFA delta 
(DSOFA), and CRP. However, the correlation is not statistically significant [24].
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Thiamin deficiency can also be observed in septic shock patients, occurring in 
8.5–72% depending on the cutoff value used to determine thiamin deficiency  
[4, 22, 25, 26]. Lack of thiamin reduces pyruvate access to the Krebs cycle, increas-
ing lactate production as it converts metabolism to anaerobic [23].

A prospective observational study examined the association between thiamin 
levels and lactic acidosis in 30 septic shock patients and found no correlation 
between these variables. However, after excluding patients with abnormal liver 
function, a significant negative correlation was found between thiamin concen-
trations and lactic acidosis (r = −0.53, P = 0.01). This finding implies a potential 
relationship between thiamin levels and lactic acidosis in septic shock patients with 
normal liver function. Thus, by reducing pyruvate dehydrogenase complex activity, 
thiamin deficiency contributes to an increase in lactic acid in septic patients [26].

Parenteral administration of thiamin 250 mg once daily for 3–5 consecutive 
days is recommended to treat thiamin deficiency. Slow intravenous administration 
of thiamin diluted in isotonic NaCl or 5% dextrose is also safe. However, there is 
no consensus on the optimal daily dose of thiamin, its formulation, and duration 
of treatment [14]. The half-life of unphosphorylated thiamin blood is 96 hours. 
Therefore, two or three daily doses can achieve better concentrations in the brain 
than a single daily dose. In patients who do not consume alcohol, a daily intravenous 
dose of 100 or 200 mg is sufficient to meet thiamin requirements. However, alco-
holic patients with WKS may require doses as high as 500 mg three times daily [14].

A clinical trial of ascorbic acid and Thiamin effect in septic shock (ATESS) con-
ducted in South Korea compare outcomes of a combination of ascorbic acid (IV 
50 mg/kg, maximum dose per dose of 3 g) and thiamin (200 mg) every 12 hours 
for two days with placebo groups on 111 subjects. The results showed no significant 
differences in SOFA scores and organ function but found an increase in serum levels 
of vitamin C and thiamin [27].

This finding is in contrast to another clinical study in 94 patients who received a 
combination of 1500 mg of vitamin C IV q6, 200 mg of thiamin IV q12 for four days 
or until discharge from ICU, and 50 mg of hydrocortisone IV q6 (with the optional 
alternative of 50 mg bolus, followed by continuous infusion of 200 mg in 24 hours) 
for four days. Thiamine administration had significantly reduced the progression 
of organ dysfunction and mortality in patients with severe sepsis and septic shock. 
However, the research design had weaknesses include small study size, pre-and 
post-study design, single-centre, absence of blinding, and presence of three simul-
taneous interventions limiting the generalizability of the conclusion. Although it 
can help invent new hypotheses in future, this study is still not strong enough to 
produce a change in clinical practice [22].

5. Conclusion

Thiamin plays a vital role in cell metabolism. The administration of thiamin 
supplementation should be considered adjunctive therapy in critically ill patients as 
it may improve their outcomes. Further research should be developed to determine 
the optimal dosage and timing to achieve the maximum effect.
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Abstract

Kidney stone disease is an oldest known and widespread medical condition  
characterised by its high prevalence in all over the world. Literature suggests that 
around 9–12% of population in industrialised countries have kidney stone disease in 
their lives with the 30–50% of reoccurrence rate. Because of high prevalence, recur-
rent and unpredictable nature of stone formation and its predominance mainly in 
adults contributes to the substantial impact on society, individual and health care 
system. In light of these trends, it’s imperative to use optimum preventive strategies 
to reduce the burden of kidney stone disease on individual and society. The aetiol-
ogy of kidney stone disease is a multifactorial and it’s related to diet, environmental 
factors, genetics, metabolic syndromes and various life style factors. Its noteworthy 
that dietary and life style modification are the major contributors in the preven-
tion of kidney stone reoccurrence. Dietary interventions aim to reduce the urinary 
abnormalities known to promote lithogenesis. Therefore, modification in the 
dietary factors is appealing way to patients and physicians in the treatment and pre-
vention of stone recurrence as it is relatively inexpensive and safe. So, the present 
chapter is focusing on the role of dietary supplements in prevention of renal stones.

Keywords: kidney stones, dietary factors, prevention, health

1. Introduction

Kidney stone disease or renal calculi is a serious medical condition though not 
life-threatening disorder. In medical terms it referred as urolithiasis or nephro-
lithiasis where “Lith” meaning stone [1]. Renal stone formation is an oldest and 
widespread disease in the world affecting human beings. Its prevalence in the 
Europe is around 7–9%, Asia 1–5% and in North America 6–12%. The lifetime 
prevalence of renal stones in India is 5–11% [2]. This prevalence represents 
threefold increment and 5–6% absolute increment in last 20–30 years. Increased 
in the number of cases is reported in all groups irrespective of gender, racial and 
ethnic variation [3]. An alteration in normal mineral content of urine is the main 
cause for lithiasis [4]. Urinary components play a vital role in stone formation as 
they will be in their metastable state with several pre-existing substance which 
can crystalize to form calculi. These substances if exists in super saturation level 
makes urine unstable and will lead to crystallisation of excess of solutes [5]. 
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Kidney stone may be found with different shapes, sizes and colours depending 
on their composition. Smaller stones may pass in the urine without any symp-
toms, but often stones grow in their size and develop a level of discomfort while 
passing through urine. In some case it may cause a severe pain if the surface of 
the stone is rough or it may require medical intervention as bigger stone cannot 
pass through the urinary system [6]. Other complications such as urinary tract 
infections, sever pain, or decline in the renal function may be associated with 
urolithiasis [7]. If neglected it may lead to the substantial damage to the kidney 
[6]. Since significant number of patients may have to undergo surgical interven-
tions for the treatment, the management of the kidney stone has become consid-
erably expensive [8]. Because of high prevalence, recurrent and unpredictable 
nature of stone formation and its predominance mainly in adults contributes to 
the substantial impact on society, individual and health care system [9]. In light 
of these trends, it’s imperative to use optimum preventive strategies to reduce 
the burden of kidney stone disease on individual and society. Thus, awareness 
regarding importance of preventive measures particularly on consumption of 
healthy diet certainly help to reduce the cost of hospitalisation and will increase 
the compliance in general.

According to literature survey various preventive measures are available to 
reduce the risk of kidney stone formation such as life style modification, high 
water intake, less consumption of salt and modification in dietary habits. As 
diet has shown its strong association with stone formation, changes in dietary 
habits may help to reduce the burden of stone formation. Less awareness on 
effect of food on stone formation is one of the main reasons for increase preva-
lence. So, more studies have to be focused effect of various diets at molecular 
level to understand the actual mechanism behind stone formation. Thus, 
present chapter is focusing on role of various diets in prevention of kidney stone 
disease.

2. Types of kidney stones

Chemical constitutes of urine is the main factor for variation in chemical compo-
sition of the stones. These variations may be associated with other risk factors such 
as environmental factors, diet, climate and life style habits. Based on this, urinary 
stones can be classified in to five major classes.

• Calcium stones: Calcium stone can exist as calcium oxalate or calcium 
phosphate or calcium carbonate. Among all the types these are the prominent 
ones constituting around 70–80% of the total stone forms. Calcium oxalate 
can exist as calcium oxalate monohydrate (COM) or dihydrate (COD). COM 
is the more stable form and common compared to the COD. Various fac-
tors may contribute to calcium stone such as hypercalciuria, hyperoxaluria, 
hyperuricosuria etc. [10].

• Uric acid or urate stones: Uric acid stone accounts approximately for 5–10% 
of all the types of stones. High purine content of diet such as animal protein is 
main risk factor for the formation of uric acid stone. Other risk factors are low 
urine volume, hyperuricosuria, and low urinary pH [11].

• Magnesium ammonium phosphate stones or struvite stone: Also called as 
infection stones or triple phosphate stones. These stone occur at the extent of 
12–15%. The main cause for the struvite stone is urinary tract infections where 
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urease produced by microbes split urea into ammonia and carbon dioxide. This 
makes the urine alkaline and makes phosphate insoluble at its high pH. Thus, 
phosphate gets precipitated on the ammonia leading to the stone formation. Its 
more common in female compared to male [12].

• Cystine stones: The occurrence of cysteine stone is less than 3% among all 
the types of the stones. It occurs as a genetic disorder with defect in cystine 
amino acid transportation, which results in excess excretion of cystine in 
urine referred as cystinuria. It is an autosomal recessive disorder resulting 
in impaired renal tubular absorption of cystine and excretion of cystine in 
urine. As cystine is insoluble in urine results in the formation of stones in 
kidney [13].

• Drug-induced stones: These stone accounts for only 1% of total stones. 
Drugs such as triamterene, atazanavir, and sulfa drugs induce stone forma-
tion. Lithogenic drugs and their metabolites may get deposited to form 
nidus or on already existing stone. Some drugs may also interfere in purine 
and calcium oxalate metabolism and may lead to the stone formation 
(Figure 1) [14].

3. The aetiology of kidney stones

The aetiology of kidney stone formation is multifactorial. There are various 
risk factors associated with formation of kidney stones such as age, gender, ethic 
and family background, life style habits, environmental variations, occupation 

Figure 1. 
Steps for mechanism of stone formation.
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and dietary habits. Variations in these risk factors initiates super saturation of 
urine which may cause changes in the morphology of kidney, change in urine flow, 
urinary tract infections and metabolic abnormalities (Figure 1) [1].

• Age: The most vulnerable group for the urolithiasis is 20–60. The incidence of 
kidney stones is increased with age, thus middle-aged people are very prone 
to get kidney stone disease [15]. One of the most common reason which could 
be related to this age group is less fluid intake, dehydration, stress at the work 
place and unhealthy life styles. In some population the age distribution is 
different in males and females; male is affected after the age of 60 whereas 
females are affected at the age of 45–50 [16].

• Gender: According to most of the literature survey kidney stone disease is 
more common in males compared to female with the ratio ranging from 1.5 to 
5. It may be associated with the changes in the dietary habits and testosterone 
promote the stone formation in males [17]. However, in recent decades this 
ratio is narrowed in many countries, which says that even females are more 
affected and prevalence is increase in both genders. The main reason for this 
could be standard living habits, high calorie food consumption and variations 
in occupations [18].

• Climate: Geographic and climatic changes are one of the major risk factors for 
urolithiasis, specifically temperature, seasonal variations, atmospheric pres-
sure, humidity. High prevalence is seen in tropical and subtropical countries 
than in frigid zones. Considering seasons incidence will be high in summer 
compared to spring and winter. This may be associated with the concept of 
higher temperature leading to loss of water through the body fluids and dehy-
dration which may lead to excretion of concentrated urine may become cause 
for formation of stone [19].

• Dietary habits: Diet also plays an important role in formation of stones 
in kidney. Diet rich with high amount of oxalate is the main precursor for 
stone formation. In addition, diet containing high amount sodium, protein, 
calcium also acts as risk factors for stone formation. This is the main reason 
for the raising trends of kidney stone disease in many of the Asian countries 
[20]. Oxalates present in the food gets metabolised in liver and Calcium in 
intestine combine with excess of oxalate and lead to formation of insoluble 
calcium oxalate stone [21]. Excessive consumption of animal meat will lead to 
increased uric acid concentration and results in hyperuricosuria, is the main 
risk factor for the uric acid stone formation. In addition, pH of the urine plays 
an important role in lithiasis as appropriate pH favours crystal precipitation, 
initial step of stone formation [22, 23]. Along with diet less fluid intake is also 
a main cause for stone formation. Water with high fluoride content may also 
become risk factor for stone formation. The fluoride in the intestine favours the 
absorption of oxalate and promotes excess of oxalate excretion and formation 
of calcium fluoride in urine [24]. Excretion of high concentration of magne-
sium in urine is also one of the causes for stone formation in kidney [25]. On 
other hand one of the studies conducted by Chandrajith et al., have not found 
any association between hardness of water and urolithiasis [26].

• Occupation: According to studies conducted on stone formation and occupa-
tion, sedentary life style is one of the risk factors for urolithiasis. Some studies 
reports that there is a positive association between more physical work and 
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kidney stone disease. The risk of kidney stone formation is more in case of 
people expose to the sunlight or high temperature for longer period like farm-
ers, miners’ drivers etc. than people working at room temperature [27]. People 
working in these conditions may consume less fluid and they will be more 
prone to have dehydration, which may lead to excretion of concentrated urine 
and lead to urolithiasis. However, there are some studies which have shown 
negative relation between stone formation and occupation [28].

• Genetics: Genetic factor also contribute to the renal stone formation, 
especially cysteine stones are formed by mutation in the gene SLC3A1 and 
ALC7A9. In addition, even in case of uric acid stones some mutations seen 
in SLC2A9 and SLC22A12. In some cases, calcium oxalate stones are formed 
because of the deficiency of enzymes such as glyoxylate reductase/hydroxy 
pyruvate reductase (GRPHR), alanine glyoxylate aminotransferase. As a 
result, synthesis and excretion of oxalate is increased leading to calcium 
oxalate stone formation [29].

• Racial distribution: The association of kidney stone disease with different 
racial background is still controversial. In Asian population the association 
is been reported by certain studies. Whereas studies conducted in Iran have 
not shown a significant association between racial difference and prevalence 
of urolithiasis. In general terms, dietary habits, life style changes and gene of 
various races are the main key factors for the variations [30, 31].

4. Importance of diet

Intake of healthy and fresh diet plays an important role in maintaining the 
health status of human kind. Balanced diet has been immensely accepted all over 
the world owing to the increased awareness regarding the maintenance of health 
status among people. Balanced diet is comprised of all essential nutrients, which are 
required for good health of human beings [32]. Nutrients present in food provides 
energy to perform vital functions of life and also helps for growth and differen-
tiation of cells. These nutrients can be classified into micro nutrients and macro 
nutrients based on the requirements. Micro nutrients are the one which are requited 
in a smaller quality which includes vitamins and minerals whereas macro nutrients 
are the one which are required in a larger quantity which includes carbohydrates, 
lipids and proteins [33]. All these nutrients are present in the food materials like 
cereals, pulses, vegetables, fruits, meat and dairy products. Among these products 
high amount of protein is found in meat. The concentration of protein may vary in 
different kind of animal meat like beef, mutton, chicken fish etc. whereas carbo-
hydrate will be present in cereals, potatoes, milk and lipids will be rich in nuts, 
peanuts, ghee, oil, butter etc. [34].

5. Variations in the dietary habits

Variation in food habits arises from the people’s origin and it is modified by 
resource of the respective place or origin. The major resources having impact on 
the food culture are climate, Land, soil, water, cultural and religion of the habitat 
[35]. The era of globalisation has changed the eating and life style habits which has 
shown a very strong impact on the health of human beings. Urban areas of most 
of the countries, have embraced more processed and packed food, which have led 
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to increased obesity and body mass in people. Diversified food habits have been 
seen in various parts of the world and also within the countries itself with differ-
ent geographical areas. These food variations are the main factor for variations in 
prevalence for urolithiasis at different geographical places [35].

6. Role of dietary habits in stone formation

Among various risk factors of urolithiasis, food is considered as one of the 
important modifiable risk factors in the kidney stone disease. According to the 
study conducted by Maalouf et al. [36] states that a load of protein diet in food 
will lead to increased calcium excretion. This may lead to increased risk for kidney 
stone formation. High amount of protein diet induces acid load in the body because 
of production of protons during the metabolism by sulphur containing amino acids 
and also there will be increased calcium excretion followed by high protein diet 
[36]. In addition to this high intake of animal protein leads to increased concentra-
tion of calcium, oxalate, uric acid and phosphorus in the urinary tract. There are 
various mechanisms involved which may lead to increased concentration of these 
substances in the urine and may lead to the formation calculi [37]. High intake of 
carbohydrates and lipids also have shown similar effects on the urinary composi-
tion. Furthermore, less intake of fruits and vegetables may also act as risk factor 
for urolithiasis even though some of them will be rich in oxalates [38]. High intake 
of sodium in the form of excess of common salt is noticed in case of many industri-
alised countries lead to more calcium deposition in kidney. The role of magnesium 
and vitamin C in the kidney stone formation is still not clear. Few studies have 
reported with no significant association with stone formation, whereas the effect 
of these nutrients on urinary composition shows its role in urolithiasis [39]. Thus, 
most of the studies support the fact that there is a relation between dietary habits 
and kidney stone formation, although contradictory results are also available. 

Different food items Content of food Role in urolithiasis Reference

Milk, cheese, dark green 
vegetables, yogurt, calcium 
fortified beverages etc.

Dietary calcium Decreases the risk of calcium 
oxalate stone formation

[40]

White meat poultry, lean beef, 
eggs, beans, etc.

Protein High load of acid in the kidney 
increases risk of kidney stone 
formation
Increase urinary excretion of 
calcium

[41]

Canned food, corn meal, Black 
eyed beans, beets etc.

Sodium High level of urinary calcium [42]

Green leafy vegetables, beets, 
berries, chocolates, cranberries

Oxalate Increased oxalate absorption 
from the intestine lead to high 
amount of excretion

[40]

Citrus fruits, peppers, 
strawberries, blackcurrants, 
broccoli etc.

Vitamin C High oxalate excretion in urine [43]

Energy drinks, soft drinks, 
carbonated drinks, coffee etc.

Carbonated 
beverages

High level of oxalate excretion 
in urine

[44]

Table 1. 
Role of various food stuffs on kidney stone formation.
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In the present chapter we are discussing in detail about the role of diet in KSD, so 
that we could summarise important preventive dietary habits for the urolithiasis 
(Table 1).

7. Impact of fluid on urolithiasis

Less fluid intake is one of the major risk factors in the stone formation, whereas 
adequate amount of urine excretion will eventually reduce the saturation of urine. 
To achieve 2 L/day of urine excretion fluid intake should be higher at the range of 
2–3 L/day as water will be lost for extra renal functions like sweating, breathing 
and perspiration [45]. Along with volume of fluid intake, the quality and composi-
tion of fluid or water is also equally responsible for stone formation and it can be 
considered as a modifiable risk factor. Many studies have reported that high amount 
of fluid intake will eventually reduce the risk of urolithiasis [46].

Apart from water, other beverages like soda, tea, coffee and aerated or carbon-
ated drinks consumption will also be having their impact on stone formation. 
High intake of sugar sweetened soda rich with fructose increases the risk of uro-
lithiasis, as fructose promotes synthesis of uric acid and increases the excretion 
of uric acid, calcium and oxalate in urine [47]. Fructose rich food, makes the cells 
to utilise excess ATP for its uptake and such monosaccharides reduces phosphate 
concentrations within the cells and induces production of uric acid which leads to 
hyperuricosuria. So, in hyperuricosuria patients, it’s advisable to reduce the intake 
of fruits, beverages and fruit juices rich with fructose content [48]. Another study 
conducted by Shuster et, al. reported that intake of carbonated/aerated beverages 
is also one of the risk factors for formation of calculi as these beverages contains 
high amount of phosphoric acid [49]. On the contrary some studies also evi-
denced that citric soda content of the aerated drinks has a capacity to reduce the 
risk of stone formation by increasing the excretion of citrate. However low energy 
aerated drinks have not shown significant association in large cohort studies, 
suggesting that more than carbonated content fructose content of the drinks is the 
main culprit for urolithiasis [50]. A study conducted by Ferraro et al. [51] reports 
that beverages such as tea, coffee reduces the risk of calculi formation as studies 
have noticed that caffeine intake is associated with increased urinary output. Still 
excess consumption of tea, coffee is not advisable as it may interfere with other 
metabolic reactions which influence changes in the blood pressure. Hot beverages 
such as beer, alcohol have shown controversial results for their association with 
stone formation. In the study conducted by Ferraro et al., these drinks have shown 
to reduce the risk of stone formation as they reduce the activity of antidiuretic 
hormone and helps to excrete excess amount of diluted urine [51]. In contrast 
to this, a study conducted by Borghi et al. reports that alcohol intake should be 
avoided in case of urolithiasis patients as it will be rich in purine and it may cause 
hyperuricosuria [46]. Another study conducted by Rodgers et al., found that 
magnesium and calcium content of mineral water acts as protective in case of cal-
cium oxalate stones [52]. Studies conducted on effect of various fruits juices have 
shown its impact on stone formation. Fresh lemon juice involved in the excretion 
of citrate and reduces excretion of calcium in urine. In concern with non-citrus 
fruits the results of the studies are still controversial as some fruits have shown 
beneficiary effect whereas some have not shown any significant association with 
urolithiasis [53]. Thus, these studies suggests that all fluids are not having same 
effect on urolithiasis. So, it’s advisable to reduce the intake of sweetened beverages 
and high citrate content drinks as they have shown unfavourable outcomes in KSD 
patients.
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8. Effect of carbohydrate diet on urolithiasis

A study conducted by Nouvenne et al. reports that high carbohydrate food 
intake has shown increased excretion of calcium in urine compared to healthy 
individuals because carbohydrates decrease the calcium reabsorption in the renal 
tubules [54]. In contradictory to this some studies have reported that increased glu-
cose concentration in diet has enhanced the calcium absorption in intestine. Various 
epidemiological studies have been conducted to find out the relation between insu-
lin action and calculi formation specifically with uric acid stones. The insulin renal 
receptors show imbalance in acid handling which results in impaired excretion of 
ammonia in urine leading to excretion of acidic urine which favours precipitation of 
uric acid crystals leading to uric acid stones. This could one of the main reasons for 
high prevalence of urolithiasis in metabolic syndrome cases [55]. In addition to this 
high fructose intake has shown a strong association with formation of kidney stones 
as it enhances excretion of citrate and calcium in urine which favours the forma-
tion of stones in kidney. Increased fructose intake may cause insulin resistance and 
it may become trailing step for the formation of uric acid stone as it decreases the 
urinary pH and lead to uric acid stone formation [56]. Another study conducted by 
Curhan et al. reports that intake of sucrose has also shown its association with stone 
formation as high sucrose may increase the urinary excretion of calcium which is 
not dependent on the calcium intake (Figure 2) [57].

9. Effect of protein diet on urolithiasis

Various studies have shown a strong association of protein intake specifically 
animal protein with kidney stone formation. Animal protein will be rich in purines 
and after its degradation it produces uric acid [58]. These contains amino acids 
such as tyrosine, tryptophan and glycine and degradation of these amino acids 
produces oxalate which is the main component of calcium stones [59]. Increased 
oxalate content causes calcium and citrate resorption, renal acid excretion and 
increased urinary excretion of calcium which ultimately cause kidney stones 
[60]. Animal protein such as meat, poultry, fish shows unfavourable effect as 
their intake leads to uricosuria, calcinuria and phosphaturia and also reduces 
urinary pH. All these conditions increase the risk of precipitation of substances 
like calcium and uric acid and lead to calculi. Formation [61]. According a study 
conducted by Kerstetter et al. reports that in a normal healthy individual for every 
20–25 g of increase in dietary animal protein, will rise the urinary calcium by 

Figure 2. 
Effect of various food items in calcium oxalate/phosphate stone formation.
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30–35 mg/day [62]. The final outcome of high animal protein intake by keeping 
volume of the urine constant is super saturation of urine with calcium oxalate 
and uric acid which are the main risk factors for stone formation. The underlying 
mechanism for uricosuria and phosphaturia is related to high content of these 
substances in animal protein. In addition to this increased calcinuria and change 
in urinary pH is mainly attributed by sulphureted amino acids such as methionine 
and cysteine which produces hydrogen ions leading to subclinical acidosis [63]. 
The reason for oxaluria is still not clear yet according to studies conducted, pres-
ence of oxalate in animal proteins produced by amino acids such as tryptophan, 
tyrosine increases endogenous production of oxalate which may create favourable 
environment for formation of stones [64]. Its notable that effect of vegetable pro-
teins on urinary composition is different from those of animal proteins. A study 
conducted by Breslau et al. [65] observed that intake of exclusively vegetarian diet 
with vegetable proteins leads to less excretion of calcium, phosphate and more 
oxalate, citrate in urine with less acids as vegetable proteins contains different 
quantity of sulphates, purines, oxalates and fibres. On a whole, this suggests that 
vegetable proteins are less harmful for urolithiasis specifically in context with uric 
acid stones (Figure 3) [65].

10. Effect of lipid diet on urolithiasis

According to some observational studies there is an association between lipid 
intake and stone formation in kidney. A study conducted by Khan et al. [66] 
observed significant changes in the concentration of lipids in urine among stone 
formers and healthy individuals. The altered lipid content in the membrane 
enhances nucleation and retention of calcium oxalate crystals which are the ini-
tial steps of calculi formation [66]. Another study conducted by Naya et al. [67] 
reported that there is a relation between urinary lipids and crystal formation as it 
correlates with urinary oxalate excretion. This association is more evident in case of 
arachidonic acid content of diet as it increases absorption of oxalate from intestine 
and increases its clearance from kidney [67]. Another study conducted by Baggio et 
al. also supports these results as they evidence a high concentration of arachidonic 
acid in red blood cell membranes and plasma of urolithiasis patients [68]. Still 
some contradictory studies are also available which says that there is no correlation 
between lipid diet and urolithiasis [69].

Figure 3. 
Effect of various food items in uric acid stone formation.
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11. Effect of milk and milk products on urolithiasis

The requirement of calcium to body is satisfied by calcium rich food stuffs 
such as milk (100–120 mg/dl), cheese (approx. 500–600 mg/100 g) and yogurt 
(approx. 100 mg/100 g). The amount of calcium intake affects the level of calciuria 
in kidney stone patients and also in healthy individuals. Specifically, the absorp-
tion of calcium will be on higher side in kidney stone formers. This is suggesting 
that increasing in dietary calcium intake than its normal range have its impact on 
calcium stone formation. This was considered to be a risk factor for many ears and 
physicians used to suggest to avoid calcium rich food in urolithiasis patients [70]. 
But according to most of the recent research work, the dietary calcium is no longer 
involved in formation stone as reduction in the dietary calcium did not show its 
impact on reduction of calciuria [71] and avoiding dietary calcium may lead imbal-
ance in calcium concentrations and cause certain complications like osteoporosis 
or osteopenia over a long period. In addition to this when there is a restriction on 
dairy products, patients may compensate its protein by consuming high quantity 
of animal protein which may show its own complications in long terms [72]. 
According to the results of most of pathophysiological studies reported so far, the 
risk of stone formation is less in subjects who consume high quantity of calcium 
than in those people who consume less amount of calcium irrespective of gender. A 
randomised study carried out over 5-year period reports that intake of less calcium 
diet by reducing milk related products is less significant in preventing calculi reoc-
currence than a normal calcium intake with low animal protein diet. Hence, in view 
of these results it’s necessary to understand that no idiopathic stone formers should 
be advised for less intake of milk and milk product which may lead to complications 
because of hypocalcaemia [73].

12. Effect of sodium chloride and potassium on urolithiasis

A significant relation between calcium stone formation and salt intake was first 
showed in a cohort study conducted by Curhan et al. [74]. Some studies conducted 
in further years did not succeed in confirming these results. A study conducted 
by Sabto et al. reports that daily intake of around 20–25 mmol of sodium will 
increase the calcium excretion in urine by 0.5–0.7 mmol/day, thus suggesting 
greatest impact of sodium on urinary calcium [75]. Salt present in the food stuff 
inhibits the tubular reabsorption of calcium thus leading to increased excretion 
of calcium in urine. In addition to this sodium chloride also inhibit the excretion 
of citric acid in urine, which is one of the significant risk factors for urolithiasis. 
The mechanism by which sodium decreases citric acid levels in urine is still unclear 
[76, 77]. Although there are no studies available to prove the fact that less sodium 
chloride intake will decrease the risk of calculi formation, but there are some 
studies which reports that beneficiary effect of low animal protein can be enhance 
by taking less sodium chloride. A well-balanced diet is with only required amount 
of sodium chloride will eventually help in preventing renal calculi [73]. Along with 
sodium even potassium is also involved in regulation of urinary calcium in human 
body. According to a study conducted by Muldowney et al., potassium deprivation 
was associated with increased calcium excretion in case of healthy individuals 
with normal diet with normal content of sodium chloride [78]. Another study 
conducted by Knight et al. also noticed in their study that sodium and potassium 
are involved in increasing urinary pH and its volume which are initial stages of 
cysteine stone formation [79].
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13. Effect of fruits and vegetable on urolithiasis

The role of fruits and vegetables in kidney stone formation is always been a 
controversial as these have shown both beneficial effects as well as harmful effects 
in case of Kidney stone disease. As fruits and vegetables are one of the important 
dietary sources of oxalate and this absorbed oxalate will be excreted in urine. If 
urine gets saturated with oxalate content it may become a risk factor for urolithiasis 
but however this oxalate is not withstanding [80]. Whereas there are some studies 
which have shown beneficiary effects of fruits and vegetables on urolithiasis as 
they contain high amount of magnesium and potassium and less amount of animal 
protein and sodium chloride. In addition, some fruits and vegetables also give 
alkaline therapy to the urine composition with their high content of bicarbonate 
and citric acid [81]. So it’s important to note that not all the vegetables and fruits 
are harmful for urolithiasis as very few will be rich in oxalate such as spinach, beets, 
nuts wheat bran etc. which significantly results in oxaluria [82]. Along with effect 
of dietary oxalate content, the absorption rate of oxalate may vary person to person, 
as a study conducted by 80 showed that around 9–12% of idiopathic urolithiasis 
patients have shown increased oxaluria because of their increased intestinal absorp-
tion rate by 15–30% [83]. Another study conducted by Lemann et al. [84] reported 
that intake of fruits and vegetables can enhance magnesium excretion which is one 
of the important inhibitors for calcium crystallisation. And also favours the dissolu-
tion of uric acid by changing pH of urine [84]. By considering all above-mentioned 
factors, we suggest physicians to recommend intake of fruits and vegetable in their 
day today life to all the type of stone formers with a note of restricting foods having 
increase oxaluric activity to avoid calcium oxalate stone formation. Elimination of 
fruit and vegetables from diet of normal subjects causes unfavourable changes in 
urinary composition and may become risk factor for stone formation as their defi-
ciency may significantly increase in super saturation of urine for calcium oxalate 
and calcium phosphate [85]. Considering above mentioned facts, we encourage 
physicians to advise their patients to consume fruits and vegetables regularly with 
restriction of vegetables showing hyperoxaluric effect to avoid increment in urinary 
oxalate content.

14. Effect of vitamins on urolithiasis

The role of vitamins in the formation of stone is still uncertain. But according 
to literature review, vitamins with higher risk of causing urolithiasis are ascorbic 
acid (vitamin C), pyridoxine (vitamin B6) and calcitriol (vitamin D). A study 
conducted by Broadus et al., reported that the subjects with increased calcium 
excretion had high levels of vitamin D in their blood sample which lead to increased 
absorption of calcium in the intestine. Excluding some special cases, it’s not sug-
gestible to give supplementations of vitamin D particularly with combination of 
calcium to kidney stone patients [86]. High intake of vitamin C (ascorbic acid) has 
become a widespread practice all over the world as ascorbic acid helps in wound 
healing and preventing degenerative diseases. Vitamin C is a precursor of oxalate 
and it may increase excretion of oxalate in urine which a risk factor for calculi 
formation [87]. Intake of vitamin C around 1300–1500 mg/day is acceptable, if 
intake increases more than 1500 mg/day it will lead to initiation of crystal forma-
tion in urine [88]. Among vitamin B complex Vitamin B6 paly a vital role in reduc-
tion of risk of stone formation. Vitamin B6 (Pyridoxine) involves in the metabolism 
of oxalate, so deficiency of pyridoxine may lead to increased production of 
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endogenous oxalic acid. Intake of Vitamin B6 around 40–50 mg/day in diet will 
eventually help to reduce excretion of oxalic acid in urine and reduce the risk of 
urolithiasis [89, 90]. In a summary, with regards to vitamins adequate amount of 
all the vitamins should be consumed through the diet as they a play important role 
in metabolism of vital biomolecules and also helps to maintain good health status 
of an individual. Kidney stone patients should avoid excess in take of ascorbic acid, 
and vitamin D supplementations as these have been reported as risk factors for 
urolithiasis. The patients can be advised to take good amount of pyridoxine as it is 
considered to reduce the risk of stone formation.

15. Conclusion

The prevalence of kidney stone disease has increased in recent years as a result 
of modification in eating and life style habits. Changes in urinary composition and 
urinary saturation is the initial step for stone formation. So, focusing on reducing 
urinary saturation may help to reduce the initiation of urolithiasis. Various preven-
tive measures are available which could reduce the burden of stone disease. Among 
all, dietary interventions show promising results in reducing the risk of stone 
formation as diet shows its direct impact on urinary composition. Among various 
types of stones, the most prominent stones such as calcium oxalate/phosphate 
and uric acid stones shows direct association with diet. According to our review of 
literature diet containing animal protein will increase urinary uric acid concentra-
tion which favours the uric acid stone formation. Diet with high oxalate content will 
increases urinary oxalate and combine with calcium to form calcium oxalate stones. 
Less fluid intake is one of the major risk factors for urolithiasis as fluid will help to 
dilute urine and reduce the saturation of urine. Considering these facts avoiding the 
foods with increased risk of stone formation and consuming balanced diet in kidney 
stone formers will help to reduce the reoccurrence and eventually help to reduce the 
prevalence of disease.

16. Summary

Urolithiasis is a highly prevalent disease with its increased rate in recent years 
across the world. A change in food habits and intake of high calorie food is one of 
the main reasons for increased prevalence of kidney stone disease. The main aim of 
focusing on dietary interventions is to reduce urinary lithogenic risk factors such 
as increased calciuria, uricosuria, phosphaturia and low urinary pH. According to 
literature survey it’s advisable to cut down high intake of animal protein and excess 
salt intake as animal protein increases uric acid concentration in urine and salt will 
increase mineral content of urine. Intake of high calorie food should also be reduced 
as it’s involved in increasing saturation of urine and it may also lead to other health 
complications such as metabolic syndromes. High intake of aerated or carbonated 
drinks should be avoided in kidney stone formers as they contain high amount of 
sugar (Fructose). Along with reduction in consumption of above-mentioned food 
items it’s equally important to consume food items which helps to alkaline the urine 
and reduce the risk of stone formation. According the literature survey it’s advis-
able to consume good amount of green leafy vegetables with less oxalate content. 
Adequate amount of vitamins have to be taken in diet as their absence may lead to 
some deficiency manifestations in an individual. Excess consumption of vitamins 
such as vitamin D and C should be avoided as they may increase the risk of stone 
formation. In addition to diet, intake of high quantity of water will help to dilute 
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Abstract

The immune system is influenced by vitamin B complex: B1, B2, B3, B5, B6, 
B7, B9 and B12. The B complex insufficiency can cause significant impairment 
in cellular and immune function and trigger an inflammatory response. There is 
currently no certified SARS-CoV-2 treatment or a credible vaccine, but strengthen-
ing the immune system with B vitamins could go a long way in preventing and 
treating COVID-19 patients. Thus, a complete and nutritious diet must be followed 
before approved drugs and potential good vaccine research results are available to 
boost the normal functioning of the immune system. In order to activate adaptive 
and inborn immune responses, reduce cytokine levels such as proinflammatory 
cytokines, decrease oxidative stress, preserve endothelial homogeneity, improv-
ing pulmonary function, prevents hypercoagulable conditions and shortening the 
length of hospital stay; B-Complex vitamins play a significant role. Thus, the role of 
B complex in patients with COVID-19 needs to be evaluated and additional non-
drug B vitamins can be used in existing treatments.

Keywords: vitamins, immunity, COVID-19, inflammation, cytokines, anti-oxidant

1. Introduction

The severe acute respiratory syndrome coronavirus 2 SARS-CoV-2 virus is 
the cause of COVID-19. The World Health Organisation reported that COVID19 
became an international global health crisis in January 2020 and that COVID19 has 
become a global epidemic, causing more than 20 million infections and 7 million 
deaths by March 2020. COVID-19 clinical signs include arthromyalgia, cough, 
diarrhoea, fevers, headache, lethargy, multiorgan disorder, severe interstitial 
pneumonia and septic coagulomas [1]. The severe development of COVID-19 also 
leads to a cytokine storm and excessively pro-inflammatory cytokine secretion [2]. 
In 2002–2004 and 2012–2014, epidemics of similar β-caronaviral virus (SARS) and 
Middle East Respiratory Syndrome (MERS), have previously taken place [3, 4].



B-Complex Vitamins - Sources, Intakes and Novel Applications

232

2.  Food supplements to improve immune quality, antioxidants and 
anti-inflammation

Today, most states all around globe are working to develop corona vaccines, with 
a number entering human studies while most of them are being studied and devel-
oped in various stages. Furthermore, there are no specialised COVID-19 drugs, 
nor are there any meaningful statistics on the impacts of nutritional additives on 
COVID-19 risk or seriousness at both national and international levels. Developing 
new antiviral medications for COVID-19 is a major challenge that requires signifi-
cant time and resources in the development and evaluation of this product. Several 
scores of proof signify, in particular in people with insufficient food resources as 
well as through their free radical scavenging, anti-inflammatory or viricidal capa-
bilities, that many supplements from various vegetables, fruits, spices, herbs and 
root sources can decrease the hazard or intensity of a diverse variety of viral infec-
tions. These nutrients may be recycled to reduce the disease effects of SARS-CoV-2 
infection. Thus the utilisation of natural compounds, together with the treatment 
for COVID-19, can propose new preventative and treatment support. The positive 
effects of certain nutrients are discussed in the following section [5].

3. Vitamin B and its biological roles

Vitamin B complex are the main vitamin of the brain function, eyes, gastroin-
testinal tract, liver, hair, muscular tone, nervous system, skin, and are critical to 
the health of the nervous system. These vitamins next to each other help to detoxify 
the organ, promote good metabolism, release enzymes from the food, stabilise the 
functions of your nervous system, provide cells with plenty of oxygen, maintain 
healthy skin and hair, protect faulty vision and have also been utilised in weaknesses 
[6]. Table 1 provides an overview of the vitamin B complex with its cellular roles, 
scientific name, recommended male and female dose.

4. Vitamin B and pandemic

Due to anti-inflammatory and immunomodulatory properties of vitamin C and 
vitamin D in this era of pandemic they are getting much attention. Low vitamin D 
and C levels lead to coagulopathy and suppression of the immune system causing 
lymphocytopenia. The data showed that in corona virus patients with low levels of 
vitamin D have high mortality rate. In corona virus patients, the consumption of 
vitamin C increases the oxygenation index [9]. Accordingly, a lack of vitamin B can 
seriously alter the function of a cell and immune system that leads to hyperhomo-
cysteinemia inflammation. Vitamin B must be stressed because it plays a key role 
in proper immune function, energy metabolism and cell function [10]. Vitamin B 
helps to reduce inflammation, strengthens respiratory functioning, preserves endo-
thelial homogenity, inhibits hypercoagulation, activate innate and adaptive immune 
responses properly, and can decrease hospitalisation for long periods of time [11]. 
Thus, the role of B complex in patients with COVID-19 needs to be evaluated and 
additional non-drug B vitamins can be used in existing treatments.

5. Food supplements to counteract COVID-19

Phase 1 is critical from the point of view of prevention because individuals are 
carriers and can unintentionally propagate the infection. The organisation and 
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mounting of specific adaptive immune responses in persons and the utilisation of 
antivirals in phase 1 is vital for preventing entry of virus, disease progression and 
replication to phase 2. Global strategies can thus include administering external 
antivirals and food supplements that increase immune levels. In addition to retain-
ing the overall status of the patient, phase 2 of the infection can be adapted for 
treatment to protect damage and malfunction to tissue in the course of the treat-
ment by using nutritional supplements that can repress continuing oxidative stress, 
acute inflammation and cytokine storms. In short, in order to improve the immune 
response in phase one and eliminating it in the second phase, approaches to counter 
SARS-CoV-2 are effective, in addition to symptomatic treatment [5, 12].

6. Pathogenesis of COVID-19

The information provided shows that infection pathogenesis can be divided 
into two components. Phase 1: an asymptomatic phase of detectable viruses or not. 
Phase 2: High viral load symptomatic phase [13]. After binding the S protein into 
the ACE2 receptors and then initiating cellular transmembrane protease, serine 2 
(TMPRSS2) and then the virus enters the airway epithelium. After the virus enters 
the host, innate interferon (IFN) immune response will be inhibited or delayed 
[14]. Ubiquitation and breakdown of RNA sensor molecules interrupts with down-
stream signalling [5, 15]. After an impairment of the IFN viral replication system, 
activation is generated of the granulocytes macrophages and monocytes that lead to 
the description of the “cytokine storm.” The activation of proinflammatory cyto-
kines, which involves interleukin IL-12, IL-8, IL-6 and IL-1 are described, involves 
massive secretions of the tumour necrosis factor (TNF-α). Tissue fibrosis, pneu-
monia and hyperinflammation of tissues is associated with this [16]. Research has 
suggested that oxidative stress is involved in COVID-19 pathogenesis. The evidence 
seems to indicate that SARS-CoV-2 actually causes oxidative stress by improving 
reactive oxygen species (ROS) production and indirectly suppressing host defence 
[17]. Moreover, granulocytosis also contributes to superoxide ions, a kind of of ROS 

Figure 1. 
Schematic representation of pathogenesis of COVID-19. Phase 1 which is asymptomatic includes dysregulation 
of host innate immune system, elevation of oxidative stress and phase 2 is acute inflammatory harmful phase 
[12, 24].
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and an extra development of proinflammatory cytokines in response to SARSCoV-2 
infections [16, 18, 19]. High levels of cytokines also cause HA-synthase-2 (HAS2) 
endothelial inductions in alveolar and fibroblast epithelial cell (Type 2) [20–23]. 
Lungs of patients with corona virus have increased cytokine (IL-1, TNF-α) inflam-
matory levels. This is related to higher HAS2 activity and successive corona virus 
lung pathophysiology. The clinical and scientific study results above therefore 
recommend that corona virus pathogenesis consists of two stages: Stage 1, dysregu-
lation of host innate immune system, elevation of oxidative stress and phase 2 is 
acute inflammatory harmful phase (Figure 1).

7.  Cross-discussion of immunity, inflammation and oxidative stress with 
vitamin B complex

In 1936 R.R. Williams and his coworkers defined their chemical structure and 
were able to synthesise the Vitamin B1 (thiamin) as the oldest vitamin. Vitamin B1 
has an impact on anti-inflammatory characteristics, cytochrome C release, mito-
chondrial membranes, oxidative stress-induced, NF-kappaβ and protein kinases, 
P38-MAPK. Over expression of proinflammation cytokines like TNF, IL-1, IL-6, and 
arachidonic acid products, nervous system malfunction, T-cycle infiltration, neu-
roinflammation, expression CD40 by the microglia and CD40L, causing the loss of 
astrocytes, beriberi, CL2 chemokine over expression all are the outcomes of deficient 
vitamin B1 [25].

Therapies with vitamin B complex reduced proinflammatory expression and 
enhanced anti - proliferative cytokine activity, thereby making a contribution to 
neuroinflammatory resolution. Macrophages are usually grouped into two major 
subtypes: (i) macrophages (M1) that are involved as principal phagocytic cells in 
the inflammatory sites; and (ii) macrophages (M2) which carry out the process of 
tissue reshaping following inflammatory cellular activity. At the same time, B vita-
mins reduced the macrophage count for M1 and improved the macrophage count 
of M2. Thus, B vitamins have the potency for neuroinflammatory and neuroregen-
erational treatments and could be an excellent remedy for human peripheral nerve 
injury (PNI) [26].

Vitamin B-6 played an important role during the last decades in the mechanism 
for inflammatory and antioxidant activities [27]. PLP may interact with peroxy 
radicals and sequester free radicals and, through its group of hydroxyls, prevent 
lipid peroxidation on the pyridine ring [28]. PLP plays the role as a coenzyme in 
the manufacturing, throughout inflammation, of cytokines as well as other mul-
tipeptide intermediaries [29]. Therefore insufficient vitamin B-6 may diminish its 
antioxidant potential directly or interfere with inflammatory reactions [30].

8. COVID-19 patients: thiamine in hypoxia

Thiamine inadequacy impairs inflammatory profile through neuroinflamma-
tion by affecting cardiovascular system [31]. As the corona virus needs antibodies, 
mainly T cells, thiamine deficiencies can result in insufficient antibody responses 
and consequently in more serious symptoms. Thus, the correct immune responses to 
corona virus infection are effective to assist with sufficient thiamine levels. Moreover, 
COVID-19 symptoms seem to be much related to the disease of altitude and pul-
monary edema of high altitude. By inhibiting carbonic anhydrase enzymes and 
consequently increasing oxygen level, for prevention of high altitude sickness and 
pulmonary edema acetazolamide is commonly prescribed. Thiamine also works as 
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an inhibitor of the carbon anhydrase enzyme, hence the potential of hypoxia limita-
tion and lowered hospitalisation at high concentrations of thiamine administered in 
early COVID-19 people. Research is still needed on the possibility of helping to heal 
COVID-19 patients by administering of increased thiamine doses [11].

9. Riboflavin-UV for inhibition of COVID-19 replication

Riboflavin with UV light is responsible for irreparable destruction to nucleic 
acids such as RNA and DNA, which makes it impossible to replicate microbial 
pathogens. The effectiveness of Riboflavin and UV light against MERS-CoV was 
demonstrated and it may also be of assistance with SARS-CoV-2 [32]. In fact, 
riboflavin-UV reduced the SARS-CoV-2 infective titre below the human blood and 
plasma and platelet identification limit [33]. It may ameliorate the risk of COVID-19 
transfusion and reduce other pathogenic organisms in blood products in patients 
critically ill with COVID-19.

10.  Vitamin B3 (Nicotinamide, Niacin) for blocking cytokine storm in 
inflammation

Niacin is a component of NAD and NADP, which are both essential during 
chronic systemic inflammatory responses [34]. NAD+ works as a coenzyme in a 
broad variety of metabolic pathologies, and its elevated concentrations are crucial 
for dealing with a range of scenarios. NAD+ has immunomodulatory effects that 
are proven to affect proinflammatory cytokines throughout initial inflammatory 
periods [35, 36]. Current proof shows that IL-6 can regulate inflammatory storm 
in COVID-19 patients [37]. Niacin also decreases neutrophil infiltration and has an 
anti-inflammatory impact in ventilator-induced patients. Nicotinamide and niacin 
in hamsters minimise injury to the lung tissue [38]. Nicotinamide also minimises 
replication of virus and reinforces body mechanisms of protection. It can be used 
as an additional treatment for COVID-19 patients with a view to the lung protective 
and immune bolstering role of niacin [39].

11. Vitamin B5 (pantothenic acid) as anti-inflammatory agent

Vitamin B5 has a variety of functions, such as lipids and triacylglycerols reduc-
tion, improve wounds recovery, reduces inflammation, and enhances mental health 
[10]. Although there is scarce research which shows vitamin B5’s effects on the 
immune system, it is a feasible vitamin for scientific investigations.

12.  PLP supplementation as immunodulatory and anti-inflammatory 
agent

Pyridoxal 5′ phosphate (PLP) is an active component of pyridoxine and is 
a cofactor vital for several inflammatory disorder processes that contribute to 
immune disorder. In chronic inflammatory diseases, PLP has a reverse relation with 
plasma TNF-α and IL-6. Throughout inflammation, PLP use enhances its depletion, 
which means that COVID-19 can be deficient in patients with high inflammatory 
response. In patients with type-2 diabetes and cardiovascular disorder, groups at 
greater risk for relatively poor COVID-19 outcomes were reported with low levels 
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of PLP [40, 41]. Elevated incidence of coagulopathy between many COVID-19 
patients was also observed as a result of immune disregulation. In a recent manu-
script, PLP intake was associated to ameliorate COVID-19 symptoms by regulate 
immune functions, lower pro-inflammatory cytokines, preserve endothelial stabil-
ity and avoid hypercoagulability [42]. Indeed, it was found 30 years ago that platelet 
accumulation and blood coagulation defects were reduced by PLP amounts [43]. 
Vitamin B6 (along with B2 and B9) prediculated IL 10, a potent anti-inflammatory 
and immune suppressant cytokine which can disable monocytes and prevent T cells 
as well as cells present with the antigen [44]. Patients with COVID-19 often fre-
quently react to the virus by implementing a pro-inflammatory T cell response and 
secretion. PLP may help dampen the cytokine storm and inflammatory processes 
suffered by a few patients with COVID-19.

13. Vitamin B9 (folic acid, folate) as furin inhibitor

For DNA, synthesis of protein and adaptive immune reaction, folate seems to 
be essential vitamin. Furin is a bacterial and viral infections-related enzyme and 
a good potential goal for infection treatment. Folic acid has recently been noted 
for being capable of inhibiting furin by avoiding binding of the spike protein 
SARS-CoV-2 and trying to prevent cell input and virus retention. Follic acid was 
thus recommended to be helpful for COVID-19-associated early phase respiratory 
disease management [44]. A latest publication shows the strength and stability of 
folic acid and its derivatives tetrahydrofolic acid and 5 methyl tetrahydrofolic acid, 
via structure-based molecular docking, in connection with SARS-CoV-2. Follic acid 
can thus be used as a treatment strategy for COVID-19 management [45].

14. Vitamin B12 (cobalmin) as antioxidant and gut modulatory agent

For the synthesis of erythrocytes, safety of the nervous system, myelin produc-
tion, angiogenesis and rapid production of DNA, vitamin B12 is critical. Adenosyl-, 
h ydroxo- and methyl cobalamin are active forms of vitamin B12. As modulator for 
intestinal flora and low B12 concentrations, vitamin B12 increases homocysteine 

Figure 2. 
Summary of Vitamin B complex as anti-COVID-19 agent for inhibition of viral replication, viral binding and 
invasion, cytokine storm and hypercoagulabity [9].
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and methyl malonic acid, leading to increasing inflammatory process, ROS and 
oxidative stress [35]. Reduced immune response, endothelial dysfunction, myelin 
sheathing integrity interruption, megaloblastic anaemia, platelets and coagulation 
activation and are caused by hyperhomocysteinemia [46–48]. SARS-CoV-2 may 
perhaps interact with the metabolic activities of vitamin B12 which may affect 
microbiological bowel propagation. Provided that symptoms such as vasoconstric-
tion, increased oxidative stress, cascade-activation of clotting, lactate dehydro-
genase, renal and pulmonary vascular disorder and hyperhomocysteinemia are 
feasible [47, 49]. Furthermore, B12 insufficiency can lead to CNS, gastrointestinal 
and respiratory and abnormalities [48]. Remarkably, a new study shows that 
additional methylcobalamine may minimise damage to the organs and symptoms 
associated with COVID 19 [50]. A Singapore diagnostic research demonstrates that 
the intensity of COVID-19 in patients receiving magnesium, vitamin D (1000 IU) 
and vitamin B12 supplements (500 μg), reduced considerably the need for COVID-
19 symptoms [51]. Figure 2 shows a summary of the anti-viral vitamin B complex.

15. Conclusion and future perspective

Besides building and maintaining a stronger immune system, vitamin B can 
actually prevent or alleviate the symptoms of COVID-19 and / or treat infectious 
diseases with SARSCoV2. Inadequate nutritional conditions are much more sus-
ceptible to infections. Therefore, a balanced diet is needed to enhance immunity. 
Complementary or safe and cost-effective treatments are needed to reverse abnor-
mal activation of the immune system that can lead to cytokine storms and as an 
antiplatelet agent. An adequate intake of vitamins is essential for the normal func-
tioning of the body and the boosting of the immune system. B vitamins help control 
the immune response by decreasing pro-inflammatory cytokines and inflammatory 
conditions, minimising respiratory and gastrointestinal disease, preventing hyper-
coagulability, and possibly improving outcomes and shortening the hospital stay for 
COVID-19 patients.
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