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Preface

This book, Vitamin B and Vitamin E – Pleiotropic and Nutritional Benefits, is an insightful 
exploration of a group of essential vitamins that hold the key to optimal human health and 
vitality. It is a comprehensive overview of  the multifaceted world of vitamin B, a critical 
water-soluble vitamin, and vitamin E, an oil-soluble vitamin, both of which play integral 
roles in bodily functions and overall well-being. Understanding the importance of these 
vitamins is paramount in a world where lifestyle choices and dietary habits often fall short 
of meeting our nutritional needs. The vitamin B complex encompasses a spectrum of 
vitamins, each with unique properties and contributions to health ranging from energy 
metabolism to neurological health and from cell division to the synthesis of red blood 
cells.

This book is organized into three sections. Chapters discuss cellular metabolic reactions in 
which B vitamins act as cofactors, how B vitamins are supplied primarily through dietary 
intake, gut health and gut microbiota, vitamin B and its association with the disease 
pellagra, and the medicinal significance and complications associated with vitamin E 
deficiency.

The book is designed for a diverse readership, including scholars and researchers in the 
field of nutrition and health care as well as students and individuals interested in optimiz-
ing their wellbeing. Our hope is that the content herein will serve as a valuable resource, 
empowering readers with knowledge that can positively influence their dietary choices 
and lifestyle decisions.

We extend our sincere gratitude to the authors and contributors who have shared their 
expertise and insights, making this book possible. We also express our heartfelt apprecia-
tion to our readers for embarking on this educational journey with us.

May this book inspire curiosity, spark intellectual discourse, and pave the way for a 
healthier, well-nourished world.

Sincerely,

Dr. Juber Akhtar
Professor,

 Faculty of Pharmacy,
 Integral University,

Lucknow, India

Badruddeen, Mohammad Irfan Khan and Mohammad Ahmad
Integral University,

 Lucknow, India
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Chapter 1

Vitamin B Complex and Body 
Weakness
Hayder Lateef Al-msaid, Hydar Muhsin Khalfa  
and Hasan Hadi Ali

Abstract

B vitamins are crucial for metabolism. They are chemically unique vitamins with a 
variety of uses that are often present in the same meals. The vitamin B often operates 
in concert to provide the body with a multitude of health advantages. The metabolism 
has been demonstrated to be supported and speeded up by vitamin B. Maintain toned 
muscles and healthy skin. Boost immune and nervous system performance. Improved 
red blood cell development and division help to avoid anemia. Together, these factors 
also assist in battling the signs and causes of stress, depression, and cardiovascular 
disease. Water-soluble and found throughout the body, all vitamin B. Any excess that 
is expelled in the urine daily replenishes them, and a vitamin B shortage may result in 
a wide range of health issues.

Keywords: vitamin B, increasing vitamin B, decreasing vitamin B, vitamin B and body 
activities, body weakness

1. Introduction

Eight water-soluble vitamins known as B vitamins are crucial for maintaining 
healthy cell metabolism. In the past, the B vitamins were considered to be a single 
vitamin known simply as the B vitamin (most people thought it was somewhat 
similar to vitamin C or vitamin D) [1]. They are chemically separate vitamins that 
are often present in the same foods and serve a variety of purposes, according to 
research. Vitamin B complexes are dietary supplements that include all eight B 
vitamins [2].

The exact name of each vitamin indicates which B vitamin supplements are 
being taken individually (e.g., B1, B2, and B3), The B vitamins often operate 
in concert to provide the body with a multitude of health advantages [3]. The 
metabolism has been demonstrated to be supported and speeded up by B vitamins. 
Maintain toned muscles and healthy skin, and boost immune and nervous system 
performance. Improved red blood cell production helps to avoid anemia. Together, 
these factors also serve to battle the signs and causes of stress, depression, and 
cardiovascular disease [4].

Water soluble and found throughout the body, all B vitamins. Any extra excreted 
in the urine is daily replaced with them. A large number of different health issues 
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may be brought on by vitamin B deficiency [5]. Important new research in this field is 
presented in this book.

Contrary to popular belief, oral vitamin B12, 1 mg daily, is used to treat the 
majority of vitamin B12 deficient patients worldwide.

There are at least six distinct ways that vitamin B3 (niacin) insufficiency may 
manifest, although they all overlap. The intake may be inadequate even when the food 
provides an adequate amount of niacin and there are no issues with absorption or 
storage [6]. This is because certain people may need unusually high levels of vitamin 
B-3, which a conventional diet cannot provide, due to hereditary factors. Up to one-
third of genetic mutations cause the matching enzyme to have a decreased affinity for 
its own enzyme, which lowers the pace of the reaction [7].

Therefore, extremely large dosages of the matching enzyme may be employed to 
cure the roughly 50 hereditary illnesses of humans caused by these faulty enzymes. 
Vitamin B3 serves as a cofactor in many of the enzymes that are implicated in various 
hereditary diseases. These include increased risks for cancer and alcoholism brought 
on by poor aldehyde dehydrogenase binding, phenylketonuria II, and hyperphagia 
brought on by inadequate dihydropteridine reductase binding [8].

The HM74A and HM74B subtypes of niacin-responsive receptors were only 
recently identified. Niacin stimulates prostaglandin production via the high-affinity 
receptor HM74A. The HM74A protein is dramatically reduced in areas of the brain 
of schizophrenia patients, indicating a niacin-related deficiency that results in 
significantly increased vitamin B3 needs [9].

Niacin deficiency is most often brought on by diets with little to no vitamin B3 in 
them. For instance, pellagra is often detected in people who have consumed a lot of 
maize, a grain for which niacin is difficult to come by patients who have issues with 
absorption and storage are also at risk for vitamin B3 insufficiency. The body’s supply 
of this vitamin and certain antibiotics will be depleted by excessive eating of foods 
like sweets and carbs [10].

Niacin deficiency is often caused by addiction and may be remedied by taking 
large amounts of this vitamin. Niacin, for example, is needed as a cofactor for alde-
hyde dehydrogenase, one of the key enzymes involved, making vitamin B3 essential 
for the breakdown of alcohol. Niacin and nicotine have chemical similarities; hence, 
nicotine may occupy receptor sites. High dosages of vitamin B3 have undoubtedly 
assisted some individuals in kicking their nicotine addiction [11].

The excessive oxidative stress that results in unusually high metabolic demand for 
this vitamin may also lead to a niacin deficit. It seems that diseases like Parkinson’s, 
amyotrophic lateral sclerosis, and multiple sclerosis are caused by an excessive amount 
of dopamine being broken down, which produces neurotoxins like dopachrome [12].

This process may be speed up by vitamin B3, although the body often has low 
levels of the vitamin. Similar to this, individuals with schizophrenia create excessive 
amounts of adrenaline, as well as its hazardous metabolites, adrenochrome, and 
other chromium indoles. They, therefore, have niacin depletion, which is now recog-
nized as the disease’s diagnostic sign [13]. With aging, the body’s capacity to absorb 
nutrients often decreases. As a consequence, niacin deficiency, among other vitamin 
inadequacies, is most prevalent among the elderly. These deficiency-related condi-
tions react to high-dose niacin, including lipid imbalances, cardiovascular diseases, 
stroke, and arthritis. The recommended daily therapeutic intervention varies from 
10 mg in newly diagnosed instances of pellagra from 6 to 10 grams for cholesterol 
normalization, cardiovascular disease, and stroke, according to the literature and 
Dr. Abram Hoover’s experience with more than 5000 patients [14].
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2. Health and folic acid

There is no evidence that folic acid is also important for the development of the 
central nervous system. Folic acid has long been recognized to cause a kind of anemia 
known as megaloblastica, but there is no evidence that it may cause problems early in 
pregnancy and at the time of conception [15].

The neural tube develops with birth abnormalities as a result. Inadequate amounts 
of folic acid have recently been linked to increased blood levels of the amino acid 
homocysteine (Hcy). Hcy is a well-known risk factor for conditions affecting the 
neurological and cardiovascular systems, as well as for dementia, Alzheimer’s disease, 
osteoporotic fractures, and problems during pregnancy [16].

Folic acid has also been linked to reducing the risk of a variety of cancers. Recent 
epidemiological studies, for instance, show a negative correlation between folate 
status and the frequency of colorectal adenomas and carcinomas, indicating that 
lowering this risk may require maintaining appropriate folate levels [17].

On the other side, a number of studies indicate that excessive intakes, often 
linked to folic acid supplements, may raise the risk of breast cancer in postmeno-
pausal women, particularly in those who consume moderate amounts of alcohol. 
Additionally, there is a chance that extensive folic acid fortification may conceal a 
vitamin B12 shortage, which might result in neurological impairment. Similar to folic 
acid insufficiency, vitamin B12 deficiency results in anemia and irreparable harm to 
the central and peripheral neurological systems [18].

However, over many generations, folate fortification may also have an impact 
on genetic selection for potentially deleterious genotypes and epileptic seizure 
management. There is a lot of interest in learning if dietary supplements and food 
products include folic acid, which is increasingly being considered on a global scale as 
an essential functional food element [19].

Folic acid fortification may be beneficial or damaging to health. Crohn’s disease 
(CD), which may affect any portion of the gastrointestinal system, and ulcerative 
colitis (UC), which can affect the colon, are the two primary manifestations 
of inflammatory bowel disease (IBD), which is a chronic relapsing–relapsing 
inflammatory disorder of uncertain cause. The cornerstone of therapy for the 
majority of IBD patients is medical care with aminosalicylates (5-ASA), steroids, 
and immunosuppressive or immunosuppressive drugs. Surgery is only performed on 
people who have serious illnesses that are resistant to medical treatment or who have 
problems [20].

In the development, management, and therapy of IBD, nutrition is crucial. 
Inflammatory bowel disease patients often experience malnutrition, particularly 
those with Crohn’s disease (CD). Patients with inflammatory bowel illness have been 
reported to have a variety of vitamin and mineral deficiencies. Despite their pathogenic 
significance in clinical symptoms and the many consequences associated with IBD, 
nutritional disorders are often disregarded in the care of patients. There are several 
factors that contribute to malnutrition in IBD, including inadequate oral nutritional 
intake, malabsorption, and nutrient loss [21], excessive nutritional needs, iatrogenic 
justification for surgery or treatment. Members of the “B vitamin complex” include 
thiamine (vitamin B1), riboflavin (vitamin B2), niacin, pyridoxine (vitamin B6), 
pantothenic acid, biotin, folic acid (vitamin B9), and vitamin B12. These are substances 
that dissolve in water and are crucial for the metabolic functions of living cells [22].

They function as coenzymes or as prosthetic groups attached to enzymes. When 
one of these vitamins is improperly ingested, the utilization of the other vitamins may 
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be compromised. Folic acid and vitamin B12 deficiencies are often reported in IBD 
patients, and they are also linked to the anemia, thrombosis, and carcinogenesis that 
are associated with the disease [23].

Patients with IBD have also been shown to have low blood concentrations of other 
“vitamin B complex” members because of their deficiencies. By changing branched-
chain carbonic acids into straight-chain branched carbonic acids, adenosylcobalamin-
dependent CoA-carbonyl mutations accelerate the 1,2-rearrangement of carbonyl 
groups. Only two mutants of this enzyme family are now known, isobutyryl-CoA 
and methylmalonyl-CoA (MCM, EC 5.4.99.2). Both of these mutants have undergone 
substantial research [24].

All of the substances are significant water and soil contaminants; therefore, the 
novel cobalamin and CoA-carbonyl mutations play a hitherto unrecognized function 
in both natural and induced bioremediation processes. Consequently, the pathways 
that have not yet been connected to CoA-carbonyl mutation action. Additionally, it is 
probable that the enzyme structure and the fold that were used to predict the develop-
ment of substrate specificity are related. Finally, the potential biological and kinetic 
effects of using a cobalamin-dependent enzyme to bend the routes are explored [25].

The water-soluble, catalytically active form of vitamin B6 is called pyridoxal 
5′-phosphate (PLP), and it functions as a cofactor for several crucial human enzymes. 
Unique to a range of reactions to amino acids are PLP-dependent enzymes. They 
have the capacity to catalyze (transport, decarboxylation, or substitution/deletion). 
Various reactions happen without an enzyme. However, the protein portion simulta-
neously directs the enzyme’s catalytic power toward a particular process. This speci-
ficity is not absolute, however. Physiologically significant side reactions that most PLP 
enzymes catalyze may also provide fascinating stereochemical and mechanical details 
about the structure of the enzyme’s active site [1].

Dental spirochetes include cytolysin, a PLP-dependent C-S lyase whose most 
significant interaction is the removal of, from L-cysteine to create pyruvate, 
ammonia, and H2S. The latter is most likely in charge of the catalytic enzyme’s 
hemolytic and hemeoxide-related action. One of the best examples of PLP-dependent 
enzymes’ very versatile catalysts is cystalysin. In reality, it has only recently been 
shown that cetalicin is present [26].

Additionally, it may catalyze the transition between L- and D-alanine with turn 
numbers estimated in minutes, as well as the cracking of both isoforms of alanine, 
desulfurization of sulfuric acid L-cysteine, and decarboxylation of L-aspartate 
and oxalacetate. The cofactor binding mode, substrate specificity, formation of 
intermediate reactions typical of most PLP enzymes, and involvement of some 
active site residues in primary and secondary catalytic reactions are just a few of the 
intriguing characteristics of cystalysin that have been revealed through extensive 
biochemical investigations [27].

3. High homocysteine levels

Plasma from patients with renal failure, hypothyroidism, and methyltetrahydro-
folate reductase polymorphism as well as those with homocystinuria, a hereditary 
disorder with a recessive pattern, was examined. The most crucial cerebral impair-
ment, osteoporosis, lens shift, and arterial and venous thrombosis are among clinical 
symptoms of elevated plasma homocysteine levels. About 50% of deaths in patients 
with chronic renal failure are caused by cardiovascular illnesses, which are the main 
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source of morbidity and mortality in the general population. Hyperhomocysteinemia 
is decreased by vitamin B6, vitamin B12, and folic acid. Transformation of sulfur and 
the remethylation process [28].

Although vitamin B medications often fail to correct plasma homocysteine levels, 
their long-term benefits are helpful in lowering the life-threatening vascular dangers 
that patients with homocystinuria face.

Patients with chronic renal failure, particularly those with stage V chronic kidney 
disease, are found to have hyperhomocysteinemia. The outcomes of observational 
clinical investigations on the consequences of increased plasma homocysteine levels 
on cardiovascular disease in hemodialysis patients have varied. In fact, several studies 
have shown a relationship between hypohomocysteinemia and cardiovascular disease 
fatalities in addition to hyperhomocysteinemia. The strong correlation between 
homocysteine and inflammatory indicators of malnutrition may be the cause of these 
contradicting observations [29].

Malnutrition-atherosclerotic syndrome is a serious clinical disease that often 
affects dialysis patients, interfering with homocysteine levels. My colleagues and I 
recently noticed in a clinical study that dialysis patients who were receiving vitamin B 
treatment and had high protein catabolism and low homocysteine levels outlived the 
other three groupings by a substantial margin. Recent prospective clinical trials that 
looked at the effects of moderate hyperhomocysteinemia patients receiving vitamin B 
treatment to decrease homocysteine on cardiovascular events revealed no therapeutic 
benefits. Because some of the patients had normal homocysteine levels, the follow-up 
period may have been too little, and confounding variables were not taken into 
consideration, these findings may be deceptive [30].

The study discusses the interesting mystique surrounding homocysteine and 
highlights the most relevant information about the impact of vitamin B therapy on 
cardiovascular events.

4. Vitamin B12

Two important enzyme pathways the conversion of homocysteine to methionine 
and the conversion of methylmalonyl coenzyme A to succinyl coenzyme are affected 
physiologically by it. Elevated blood homocysteine and methylmalonic acid result 
from disruption of any of these processes brought on by vitamin B12 deficiency. 
When folic acid levels are low, homocysteine levels also increase. It has been proposed 
that serum homocysteine rather than serum vitamin B12 analysis is more sensitive 
to intracellular functional vitamin B12 insufficiency. As a result, in the so-called 
one-carbon cycle, homocysteine, vitamin B12, and folic acid are strongly tied to 
one another [31]. The suggested mechanism is connected to methylation processes 
involving the nervous system’s metabolism of homocysteine. The coenzyme that is 
required for its effective functioning is vitamin B12 methionine can only be produced 
when 5-methyletrahydrofolate donates its methyl group to tetrahydrofolate. On the 
other side, folate stimulates the remethylation of homocysteine, a cytotoxic molecule 
that contains sulfur, making it a cofactor in one-carbon metabolism [32].

Amino acids have the ability to cause DNA strand breaks, oxidative damage, and 
cell death. What or what appears to be consistent with the widespread belief that 
vitamin B12 and folic acid, either directly through the maintenance of two functions, 
DNA synthesis and methylation reactions, or indirectly, as a result of their deficiency, 
which results in methylation reactions mediated by SAM that are inhibited by its 
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product SAH, and from through the related toxic effects of homocysteine causing 
direct damage to the vascular endothelium and inhibition of N-methyl-D [33].

This vitamin functions in a rising number of organs and bodily systems, the list 
of which is constantly expanding. The peripheral and central neurological systems, 
bone marrow, skin, mucous membranes, bones, and blood vessels are all impacted, 
in addition to children’s typical growth. In addition to a sophisticated chemical 
structure, vitamin B12 (cobalamin) also includes the trace element cobalt, which is 
vital for human health. Vitamin B12 has significant immunological and neurotrophic 
effects in addition to playing a significant role in DNA synthesis. The human body’s 
many systems must remain in balance. Even under the worst illness stressors, the 
individual is the ideal illustration of a system that always strives to attain optimum 
control. Consider that everything is standard and replaceable (as needed) if vitamin 
B12 is one of these things, why is it important, it is conceivable that therapy with 
vitamin B12 may rectify abnormalities brought on by other physiologically active 
chemicals even when the blood cobalamin level is normal [34]. This has been 
shown to be effective in treating recurrent aphthous stomatitis with vitamin B12 
(regardless of blood level!) in the authors’ research. This phenomenon is referred 
to as the “master switch” effect. Deficiency in vitamin B12 is a widespread issue 
that affects the entire population. Clinically significant is the early identification of 
vitamin B12 insufficiency, and there is evidence that deficiency occurs more often 
than anticipated. Patients who are unable to absorb vitamin B12 from food and 
people with dietary habits that exclude animal foods are both at risk for vitamin B12 
insufficiency [35]. In addition, owing to the association between meat, cholesterol, 
and cardiovascular disease, there is a widespread inclination to steer clear of 
foods rich in vitamin B12, such as beef. Additionally, there is a propensity toward 
vegetarianism due to ideological reasons, particularly among the younger population. 
Two key causes of the low consumption of animal products, particularly red meat, 
are changes in lifestyle among population groups with high socioeconomic status 
and the prevalence of poverty. As a result, the amount of vitamin B12 in the general 
population is declining, which has an impact on the pathology caused by vitamin 
B12 deficiencies (e.g., neurological and hematological disorders). If more studies 
corroborate the link between homocysteine and vitamin B12, the authors may also 
report an increase in cardiovascular disease. Instead of these changes, major health 
issues should be avoided [36].

5. Vitamin B6

This vitamin is made up of a number of pyridoxal-containing substances, 
including pyridoxol, pyridoxamine, pyridoxaldehyde, and its derivatives. Structure 
the pyridoxine transporter at the sinusoidal pole has a determining hepatocyte 
absorption of pyridoxal, the catalytically active form of vitamin B6. Because 
pyridoxal may be transported to cells by an organ transport system when pyridoxine 
transporters in hepatocytes can specifically detect and bind to the structure. Thus, 
pyridoxine may be used as a liver-targeting group and added to big molecules and 
low molecular weight drugs to be used as contrast in MRI agents and anticancer 
comparisons [37]. The study of medication transport to the liver advances. The 
insertion of pyridoxine into these compounds has been shown to boost their liver 
absorption, and the molecules that include pyridoxine groups have liver-targeting 
characteristics.
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6. Conclusions

B vitamins are crucial for metabolism. They are chemically unique vitamins with a 
variety of uses that are often present in the same meals.

The B vitamins often operate in concert to provide the body with a multitude 
of health advantages. The metabolism has been demonstrated to be supported and 
speeded up by vitamin B. Maintain toned muscles and healthy skin. Boost immune 
and nervous system performance. Improved red blood cell development and division 
help to avoid anemia. Together, these factors also assist to battle the signs and causes 
of stress, depression, and cardiovascular disease.

Water soluble and found throughout the body, all B vitamins. Any excess that is 
expelled in the urine daily replenishes them, and a vitamin B shortage may result in a 
wide range of health issues.

© 2023 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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Chapter 2

Vitamin B, Role of Gut Microbiota 
and Gut Health
Satrio Wibowo and Almira Pramadhani

Abstract

The human gastrointestinal system is constantly exposed to pathogenic 
 microorganisms and beneficial compounds, such as food components and commensal 
bacteria. Vitamin B are a class of water-soluble organic compounds obtained through 
diet, supplementation, and gut microbiota synthesis. B vitamins are absorbed for 
host metabolism in the small intestine, whereas microbes produce and absorb B 
vitamins in the large intestine. The authors have accumulated evidence from various 
studies that each B vitamin plays an essential role in gastrointestinal health and has a 
reciprocal relationship with the gut microbiota. Previous studies have also proven that 
microbial imbalance in the gut lead to competition for the utilization of B vitamins 
between the host and microbes, affecting the gut microbial composition, gut health, 
and host metabolism. This review aims to explain further the types of B vitamins in 
human digestion, the mechanism of B vitamin synthesis, and the role of B vitamins 
in the composition of the gut microbiota and the health of the gastrointestinal tract. 
Thus, it can help practitioners to consider administering B vitamins to maintain the 
patient’s gut health.

Keywords: B vitamins, microbiota, intestine, biosynthesis, gut health

1. Introduction

The human gastrointestinal system is continuously exposed to toxic compounds, 
such as pathogenic microorganisms, and beneficial compounds, such as food com-
ponents and commensal bacteria. Therefore, the immunity of the gastrointestinal 
system must be balanced between an active and suppressive immune response. 
Vitamins are micronutrients essential for normal human metabolism because they 
have various physiological effects, one of which is immunity. So, vitamin deficiency 
causes an increased risk of infectious diseases, allergies, and inflammation that can 
damage the gastrointestinal system. Over the past decade, a large number of studies 
have investigated the role of vitamins in various gastrointestinal diseases, including 
their potential in the prevention or treatment of various malignancies, inflammatory 
diseases, and hepatobiliary disorders [1, 2].

One of the vitamins that have a role in the gastrointestinal system is vitamin B, 
a group of water-soluble organic compounds with various functional roles, includ-
ing cofactors in many enzymatic reactions, cellular energy-producing reactions, 
neurotransmitter synthesis, cell signaling, nucleic acid biosynthesis, and immune 
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function. The intestine is an important organ, especially for storing and absorbing 
food. The gut also has the densest microbiota in the body, consisting primarily of four 
major phyla, that is, Bacteroidetes, Firmicutes, Proteobacteria, and Actinobacteria. 
The microbiota will maintain a symbiotic relationship with the host and protect 
against harmful pathogens. Some gut microbiota also produces limited amounts of 
B vitamins, and some require B vitamins for growth. Much evidence has shown that 
a healthy gut is associated with a healthy microbiota ecology, and B vitamins play an 
essential role in modifying the gut microbiota [3].

Although B vitamins from food are mainly absorbed in the small intestine, 
excess B vitamins cannot be absorbed in the small intestine and are transferred 
to the more distal intestine. Thus, the biosynthesis of B vitamins is mostly sup-
plied by the distal gut microbiota. B vitamins in the distal intestine are dominant 
in performing important physiological functions in the body, including acting as 
nutrients for the host and microbiota, regulating immune cell activity, mediating 
drug efficacy, suppressing colonization of pathogenic bacteria, and modulating 
colitis. Therefore, the deficiency of B vitamins will certainly damage normal cell 
metabolism and trigger the development of several pathogenic microorganisms in 
the intestines [3, 4].

2. Types of B Vitamins in human digestion

Vitamins are essential micronutrients that all living cells need to carry out 
 biochemical reactions. Vitamins are classified into fat-soluble and water-soluble. The 
fat-soluble vitamins are vitamins A, D, E, and K, while the water-soluble vitamins 
include vitamin C, biotin (vitamin H or B7), and a series of B vitamins—thiamin 
(B1); riboflavin (B2); niacin (B3); pantothenic acid (B5); pyridoxine, pyridoxal, pyri-
doxamine (B6); folic acid (B9), and cobalamin (B12) [5]. Fat-soluble vitamins act as 
essential elements of cell membranes, and the excess is stored by cells. Water-soluble 
vitamins function as coenzymes for specific chemical biochemical reactions, and the 
excess is excreted in the urine [6].

2.1 Vitamin B1

Vitamin B1 (thiamin) is a cofactor for several enzymes, including pyruvate dehy-
drogenase and a-ketoglutarate dehydrogenase, which are involved in the tricarboxylic 
acid (TCA) cycle. The thiamin molecule consists of a pyrimidine ring (4-amino-
2-methylpyrimidine) and a thiazolium (4-methyl-5-(2-hydroxyethyl)-thiazolium), 
linked by a methylene bridge between the C3 carbon atom of the pyrimidine ring and 
the N3 nitrogen atom of the thiazolium ring. Vitamin B1 is found in high concentra-
tions as thiamin pyrophosphate (TPP) [2, 7]. Thiamine strengthens the immune 
system, degrades glucose, helps nerve communication, and maintains processes in 
cells and tissues [8].

The intestinal epithelium absorbs free thiamine through thiamine transporters, 
that is, THTR-1 and THTR-2, which are transported to the blood for distribution 
throughout the body. Free thiamine is converted back to TPP and used for energy 
metabolism in the TCA cycle. The mechanism of thiamine absorption from food and 
microbiota is relatively similar. However, TPP produced by the gut microbiota is not 
converted to free thiamin because alkaline phosphatase is not secreted in the large 
intestine. Thus, TPP from the microbiota is absorbed directly by the large intestine. 
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The TPP transporter is widely expressed in the apical membrane of the colon. 
Absorbed TPP enters the mitochondria via MTPP-1 and is used as a cofactor for ATP 
formation. This suggests that TPP microbiota is vital for energy generation in the large 
intestine, by a mechanism that differs between vitamin B1 from the diet and from the 
microbiota [2].

2.2 Vitamin B2

Vitamin B2 (riboflavin) and its active forms (flavin adenine dinucleotide FAD] 
and flavin mononucleotide FMN]) are cofactors for enzymatic reactions in the 
TCA cycle and electron transport mediators of fatty acid oxidation (β-oxidation). 
Riboflavin is also involved in the metabolism of folate, vitamin B12, and vitamin 
B6, so it helps maintain the integrity of the mucosa, skin, eyes, and nervous 
system. Riboflavin is essential in the early development of the brain and postnatal 
gastrointestinal tract, as it can modulate some metabolic activities such as DNA 
repair, iron absorption and distribution, inflammation, and immune responses 
[2, 9].

The process of riboflavin absorption in the small intestine and colon is specific and 
mediated by the transporters RFVT-1, RFVT-2, and RFVT-3. All three are products of 
the SLC52A1, SLC52A2, and SLC52A3 genes expressed in the human gut, respectively, 
with RFVT-3 expression being the dominant one [9]. Exogenous vitamin B2 in the 
form of FAD or FMN is converted into free riboflavin by FAD pyrophosphatase and 
FMN phosphatase in the small intestine [2].

2.3 Vitamin B3

Niacin and niacinamide, known as nicotinic acid (NA) and nicotinamide (Nam), 
are different forms of vitamin B3. Vitamin B3 is a biosynthetic precursor for nico-
tinamide adenine dinucleotide (NAD+) and nicotinamide adenine dinucleotide 
phosphate (NADP+), which are coenzymes in respiratory oxidation processes, the 
Krebs cycle, the formation and inhibition of reactive oxygen species (ROS), post-
translational protein and regulatory protein modification, and the formation of a 
second messenger. Vitamin B3 also functions for DNA proliferation. Thus, vitamin B3 
is the center of homeostasis and cellular growth [2, 8, 10].

In contrast to other B vitamins, vitamin B3 can be produced by mammals via the 
endogenous enzymatic pathway from tryptophan and stored in the liver. However, 
vitamin B3 must also be obtained from food [2]. Vitamin B3 deficiency is endemic in 
some areas of the world where malnutrition is common. In more developed countries, 
vitamin B3 deficiency is caused by poor food choices, adverse drug reactions, alcohol-
ism, and infectious or autoimmune diseases [6, 10].

2.4 Vitamin B5

Vitamin B5 (pantothenic acid) is a coenzyme A (CoA) precursor, an important 
cofactor for the TCA cycle and fatty acid oxidation. CoA has a role in various human 
biochemical reactions, such as cell growth, intermediate metabolism, and neurotrans-
mitter synthesis. The structure of CoA functions as an activating carbonyl group and 
as an acyl group carrier to help facilitate these reactions. Like vitamins B1 and B2, 
vitamin B5 is also involved in controlling host immunity through energy production 
by immune cells [2, 11].
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From dietary sources, vitamin B5 is found in high concentrations as CoA or phos-
phopantethein. CoA and phosphopantetheine are then converted to free pantothenic 
acid by endogenous enzymes such as phosphatase and pantetheinase in the small 
intestine. Whereas, from the microbiota, Vitamin B5 is produced in the form of free 
pantothenic acid, which is directly absorbed in the large intestine, converted to CoA, 
and distributed in the same way as vitamin B5 from food [2].

2.5 Vitamin B6

Vitamin B6 has the basic structure of 2-methylpyridine, 3-hydroxypyridine, and 
5-hydroxymethyl pyridine. Vitamin B6 consists of various forms, that is, pyridoxal 
(aldehyde, eCHO), pyridoxine (alcohol, eCH2OH), and pyridoxamine (amine, 
eCH2NH2). These forms of vitamin B6 are precursors of the coenzymes pyridoxal 
phosphate (PLP) and pyridoxamine phosphate (PMP), which are involved in 
various cellular metabolic processes, including amino acid, lipid, and carbohydrate 
metabolism. Vitamin B6 also plays a role in nucleotide synthesis, neurotransmitter 
metabolism, and heme synthesis. So, this vitamin affects almost all aspects of meta-
bolic function and cellular homeostasis. Vitamin B6 deficiency causes inflammation 
such as allergies and rheumatoid arthritis, as well as nerve dysfunction [2, 12].

Dietary vitamin B6 is available in the form of PLP or PMP, which is then con-
verted into free vitamin B6 by the endogenous enzyme pyridoxal phosphatase and 
subsequently absorbed by the small intestine. Absorption of B6 from food sources 
occurs primarily in the small intestine jejunum, with the absorption rate varying 
according to the B6 species present. Meanwhile, microbial-synthesized vitamin 
B6 in the form of PLP is converted into free vitamin B6 in the large intestine, then 
absorbed through passive transport, transported to the blood, and distributed 
throughout the body [2, 12, 13].

2.6 Vitamin B7

Biotin (vitamin B7 or vitamin H) is a B-complex vitamin that acts as an essential 
coenzyme for five carboxylases: pyruvate carboxylase, 3-methylcrotonyl-CoA 
carboxylase (MCC), propionyl-CoA carboxylase (PCC), and acetyl-CoA carboxylase 
1 and 2. This carboxylase helps several chemical processes in cells, including gluco-
neogenesis, amino acid metabolism, and fatty acid synthesis. Acetyl-CoA carboxylase 
1 is found in the cytoplasm and catalyzes the binding of bicarbonate to acetyl-CoA 
during the synthesis of fatty acids, while another carboxylase is found in mitochon-
dria. PCC catalyzes a critical step in the metabolism of propionyl-CoA, which is 
derived from the catabolism of odd-chain fatty acids and several other nutrients. 
Meanwhile, MCC catalyzes the metabolism of the amino acid leucine. Pyruvate 
carboxylase catalyzes the conversion of pyruvate into oxaloacetate, which is a key step 
in gluconeogenesis [14, 15].

The enzyme holocarboxylase synthetase (HLCS) catalyzes the binding of biotin 
to all five carboxylases, thus playing an essential role in biotin-dependent metabolic 
pathways. In addition, HLCS also functions in gene regulation at the chromatin 
level. Meanwhile, the biotinidase enzyme in the small intestine catalyzes the release 
of biotin from the breakdown product of carboxylase, thus playing an important 
role in biotin recycling. Free biotin is then absorbed via the biotin transporter 
SMVT [2, 15].
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2.7 Vitamin B9

Vitamin B9 (folate), in its active form as tetrahydrofolate, is a cofactor in several meta-
bolic reactions, including the synthesis of DNA and amino acids. A folic acid is a synthetic 
form of folate found in supplements. Bacteria use folate to synthesize the nucleic acids 
that make up their DNA. In an animal model of endometrial carcinoma study, folate was 
found to be the most important B-complex vitamin for nucleic acid synthesis, amino 
acid conversion, and antioxidant properties for eliminating free radicals [16]. In addition 
to DNA synthesis, folate also functions as a cofactor in homocysteine methylation and 
reduces the risk of neural tube defects [8]. Folate supplementation studies have also dem-
onstrated a role in preventing other diseases, such as neurological disorders and cognitive 
and psychiatric disorders, and protection against degeneration in ulcerative colitis [17].

Vitamin B9 in food is available in monoglutamate and polyglutamate folate. In the 
intestinal epithelium, the folate transporter PCFT deconjugates polyglutamate folate 
to monoglutamate folate, which is then absorbed in the small intestine. Before being 
transported to the blood, monoglutamate is converted to tetrahydrofolate (THF), an 
active form and cofactor. Intestinal bacteria produce vitamin B9 as THF from GTP, 
erythrose 4-phosphate, and phosphoenolpyruvate. Bacterial THF is absorbed directly 
in the large intestine via PCFT and circulated throughout the body by the blood [2]. 
Folic acid is converted by the body into DHFR (DiHydro-Folate Reductase), which 
commensal and pathogenic bacteria can use to form nucleic acids, thus being the basis 
of their survival and reproduction cycles [2, 17].

2.8 Vitamin B12

Vitamin B12 (cobalamin) is composed of a corrin ring, with a cobalt center, and 
has upper and lower ligands as coordinates. The active forms of this vitamin are 
methylcobalamin and adenosylcobalamin, which catalyze the synthesis of methio-
nine. Food vitamin B12 is decomposed from protein into free vitamin B12 by pepsin 
in the stomach. Free vitamin B12 is then absorbed by small intestinal epithelial cells 
via intrinsic factor (IF), a gastric glycoprotein. In epithelial cells, the IF-vitamin B12 
complex is decomposed into free vitamin B12 by lysosomes and then released into the 
blood, becoming an active form and distributed throughout the body. Cobalamin and 
cobamide contain cobalt, but cobamide has a lesser ligand consisting of 5, 6-dimeth-
ylbgensiidazole (DMB). Mechanically, the lower DMB ligand is essential for binding 
Vitamin B12 to intrinsic factor (IF); then, it can be recognized by cubilin and mega-
lin, which facilitate endocytosis in intestinal epithelial cells. Bacterial Vitamin B12 
is synthesized from precorrin-2 to produce adenosylcobalamin, which is absorbed 
directly by the large intestine and distributed throughout the body [2, 18].

Vitamin B12 functions for nucleotide synthesis, branched-chain amino acid 
regulation, long-chain fatty acid metabolism, and cellular development. Vitamin 
B12 is also a vital cofactor in cytoplasmic methionine synthase and in mitochondrial 
methylmalonyl-CoA mutase, leading to homocysteine methylation to methionine and 
the conversion of methylmalonyl-CoA to succinyl-CoA. Furthermore, Vitamin B12 
is a cofactor that other gut microbiota use to regulate the breakdown of short-chain 
fatty acids such as butyrate, propionate, and acetic acid. Vitamin B12 has also been 
shown to maintain healthy nerve cells and help red blood cell synthesis. This vitamin 
plays a role to immune homeostasis, utilization of microbial metabolites, and cellular 
metabolism, making it an essential factor in immunity against pathogens [2].
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3. Synthesis of Vitamin B and role of microbiota

Humans cannot synthesize vitamins except for vitamin D. So, other vitamins must 
be obtained exogenously from food or the gut microbiota. Commensal bacteria found in 
the gut, such as Lactobacillus and Bifidobacterium, can synthesize de novo vitamins  
in the human body. Members of the gut microbiota can synthesize vitamin K and most 
of the water-soluble B vitamins, such as vitamins B12, B9, B6, B2, and B1 [6]. Each of the 
B vitamins has a different synthesis mechanism, and the microbiota synthesize most.

3.1 Vitamin B1

Various gut microbiota, mainly in the large intestine, produce vitamin B1 as free 
thiamin and TPP. Bacteroides fragilis and Prevotella copri (phylum Bacteroidetes); 
Clostridium difficile, some Lactobacillus spp., Ruminococcus lactaris (Firmicutes); 
Bifidobacterium sp. (Actinobacteria); and Fusobacterium varium are microbiota that 
can produce vitamin B1 through thiazole and pyrimidine synthesis pathways [2]. 
It is estimated that synthesizing thiamin by gut microbes supplies about 2.3% of 
the daily requirement of human vitamin B1. The enzymes involved in the thiamin 
biosynthetic pathway are dominantly found in enterotype 2, which is one of the gut 
microbiota clusters rich in Prevotella sp. [4]. In the intestine, there is Faecalibacterium 
spp. (Firmicutes), which lacks the vitamin B1 synthesis pathway and requires 
vitamin B1 for growth. Therefore, these bacteria must obtain vitamin B1 from other 
bacteria or from the host’s diet via thiamin transporters in the mucosa. This indicates 
that there is competition for vitamin B1 requirements between the host and specific 
microbiota [5].

3.2 Vitamin B2

Not much different from vitamin B1, the synthesis of vitamin B2 is also widely 
played by the microbiota. Riboflavin from food, plus riboflavin produced by com-
mensal bacteria, causes excess riboflavin in the distal intestine. In addition to the 
common lactic acid bacteria producing riboflavin in the gut, genomic analysis of 
256 species of human gut microbiota has found 56% of the microbiota possess a 
cluster of genes for de novo riboflavin biosynthesis [4]. B. fragilis, P. copri, C. diffi-
cile, Lactobacillus plantarum, Lactobacillus fermentum, and R. lactaris have important 
factors for the synthesis of vitamin B2, so these bacteria are important sources of 
vitamin B2. Bacillus subtilis and Escherichia coli can also carry out riboflavin biosyn-
thesis. Riboflavin biosynthesis requires guanosine 5′-triphosphate (GTP) and ribu-
lose 5-phosphate as precursors. The first step of the branch of the GTP-dependent 
biosynthetic pathway is encoded by ribA, which catalyzes the 3,4-dihydroxy-
2-butanone 4-phosphate configuration of ribulose 5-phosphate [5]. In clinical trials, 
it was found that daily consumption of 200 g of yogurt for 2 weeks can contribute to 
total vitamin B2 in the body, which is reflected in an increase in plasma-free ribofla-
vin levels. This clinical trial also showed that most of the Lactobacilli strains con-
sume riboflavin, thereby reducing its bioavailability in fermented products. Tempe, 
a traditional Indonesian fermented soybean meal, has been shown to increase the 
concentration of B vitamins such as riboflavin due to its microbial biosynthesis. The 
last article also reported that bacterial isolation from tempeh, which was shown to 
belong to Streptococcus and Enterococcus, significantly increased the concentration 
of riboflavin in this fermented product [19].
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3.3 Vitamin B3

Unlike other B vitamins, vitamin B3 can be synthesized by the body from the 
amino acid tryptophan through endogenous enzymatic pathways and then stored in 
the liver. Niacin is a group of nicotinamide and nicotinic acid. These two metabolites 
are precursors for nicotinamide adenine dinucleotide (NAD), so nicotinamide and 
nicotinic acid can also be produced by recycling NAD in cells. An organism is consid-
ered a niacin producer when it contains the de novo synthesis pathway of NAD. These 
organisms include B. fragilis, P. copri, R. lactaris, C. difficile, Bifidobacterium infantis, 
Helicobacter pylori, and F. varium [2, 20]. Colonocytes have mechanisms that mediate 
niacin uptake transporters. Supplementation of microcapsules containing niacin will 
release its contents in the ileocolonic area, which increases the serum niacin concen-
tration according to the dose consumed. Intake of 900 to 3000 mg niacin microcap-
sules will significantly increase the Bacteroidetes population [4].

3.4 Vitamin B5

For the synthesis of vitamin B5, bacteria synthesize from 2-dihydropantoate and 
beta alanine via the de novo synthesis pathway. Bacteria that have a biosynthetic 
pathway for vitamin B5 include B. fragilis, P. copri, some Ruminococcus spp., Salmonella 
enterica, and H. pylori. Some bacteria synthesize free pantothenic acid, which is directly 
absorbed in the large intestine to be converted into Co, and distributed in the same way 
as vitamin B5 from food. Various bacteria, including E. coli, Salmonella typhimurium, 
and Corynebacterium glutamicum, can synthesize vitamin B5. Some of these bacteria 
use aspartate and intermediate metabolites of valine biosynthesis to produce vitamin 
B5. In contrast, most of the Fusobacterium spp., Bifidobacterium spp., some strains of 
C. difficile, Faecalibacterium spp., and Lactobacillus spp. do not have this pathway, and 
some express pantothenic acid transporters to utilize vitamin B5 as an energy source. 
This indicates that these bacteria compete with the host for vitamin B5 [2, 3, 6, 21].

3.5 Vitamin B6

There are various forms of vitamin B6 in the body, that is, pyridoxine, pyridoxal, 
and pyridoxamine. Vitamin B6 in food is converted into free vitamin B6 by endog-
enous enzymes, such as pyridoxal phosphatase, before being absorbed by the small 
intestine. Microbiota with a biosynthetic pathway for vitamin B6 includes B. fragilis, 
P. copri, Bifidobacterium longum, Collinsella aerofaciens, and H. pylori. In contrast, 
most of the Firmicutes genera (Veillonella, Ruminococcus, Faecalibacterium, and 
Lactobacillus spp.) lack the vitamin B6 biosynthetic pathway [2].

3.6 Vitamin B7

As much as 40% of the human gut microbiota can synthesize de novo vitamin B7. 
The microbiota produce this vitamin as free biotin, which is synthesized from malo-
nyl CoA or pimellate via pimeloyl CoA. Microbiota with a biosynthetic pathway for 
vitamin B7 include B. fragilis, P. copri, F. varium, and Campylobacter coli. The produc-
tion of vitamin B7 affects others microbiota; for example, B. longum, which produces 
pimelate, a precursor of vitamin B7 that certainly increases the production of vitamin 
B7 by other gut microbiota. Biotin absorption in the small and large intestines occurs 
via a transporter-mediated process encoded by the SLC5A6 gene. Lipopolysaccharides 
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inhibit colonic biotin uptake by impairing the expression of these membrane trans-
porters. Biotin utilization also occurs between the host and bacteria, like Lactobacillus 
murinus, which consumes and reduces the biotin available in the intestine [2, 4].

3.7 Vitamin B9

The gut microbiota synthesizes vitamin B9 as tetrahydrofolate (THF) from GTP, 
erythrose 4-phosphate, and phosphoenolpyruvate. Dihydropteroate synthase cata-
lyzes Folate biosynthesis, which reduces dihydrofolate to tetrahydrofolate [5]. THF 
is then directly absorbed in the large intestine and distributed throughout the body. 
Microbiota such as B. fragilis, P. copri, C. difficile, L. plantarum, Lactobacillus reuteri, 
Lactobacillus delbrueckii ssp. bulgaricus, and Streptococcus thermophilus and several species 
of Bifidobacterium spp., F. varium, and S. enterica have folate biosynthetic pathways. 
It shows that almost all species in all phyla of microbiota produce folate. However, the 
ability of some of these bacteria to produce and utilize folate varies widely due to strain-
dependent properties. Some Bifidobacteria do not produce folate when this vitamin is 
present, whereas others produce it regardless of vitamin concentration. Microorganisms 
are also able to increase folate content in a wide variety of foods [2, 19].

3.8 Vitamin B12

Vitamin B12 is a vitamin that contains cobalt, with the active forms being methyl-
cobalamin and adenosylcobalamin. Dietary vitamin B12 forms a complex with dietary 
protein, further decomposed into free vitamin B12 by pepsin in the stomach. Free 
vitamin B12 is then absorbed by small intestinal epithelial cells via a gastric glycopro-
tein, intrinsic factor (IF). In epithelial cells, the IF-vitamin B12 complex is decom-
posed into free vitamin B12 by lysosomes and then released into the blood, which is 
further converted into the active form and distributed throughout the body [2].

Vitamin B12 is produced by aerobic and anaerobic pathways, with 30 different 
enzymes required for its biosynthesis. Several genes express enzymes essential for 
de novo vitamin B12 biosynthesis [18]. Bacterial vitamin B12 is synthesized from 
precorrin2 to produce adenosylcobalamin, which is then absorbed directly by the 
large intestine and distributed throughout the body. Microbiota with a biosynthetic 
pathway for vitamin B12 include B. fragilis, P. copri, C. difficile, Faecalibacterium 
prausnitzii, R. lactaris, Bifidobacterium animalis, B. infantis, B. longum, and F. varium. 
In addition to the microbiota, L. plantarum and Lactobacillus coryniformis also 
produce vitamin B12 from fermented foods, and B. animalis synthesizes vitamin B12 
during milk fermentation [2, 21].

4. Sources of B Vitamins from the diet

Sources of B vitamins can be obtained apart from the biosynthetic mechanism, 
that is, exogenously from food. Vitamin B1 is found in high concentrations as thia-
min pyrophosphate (TPP) in meat, especially pork and chicken; egg; cereals and 
rice; as well as nuts. The World Health Organization (WHO) / Food and Agriculture 
Organization (FAO) recommends a daily intake of 1.1–1.2 mg of vitamin B1 for 
adults [2].

Vitamin B2 is found in many animal sources, such as poultry, fish, liver, and eggs. 
Dairy products and cheese can also be sources of riboflavin, which makes a significant 
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contribution to children and adults. Vegetable sources such as cereals, grain products, 
and bread can be a source of riboflavin-rich foods in some developing countries. 
Leafy greens, such as broccoli, mustard, and turnips, are also good sources of ribo-
flavin. Natural grain products tend to be relatively low in riboflavin, but when intake 
is increased, these foods increase the bioavailability of riboflavin. WHO/FAO recom-
mends a daily intake of 1.0–1.3 mg of vitamin B2 for adults [2, 15].

Animal foods such as fish and meat contain vitamin B3 as nicotinamide, and plant 
foods such as nuts and mushrooms contain vitamin B3 as nicotinic acid. WHO/FAO 
recommends a daily intake of 11–12 mg of vitamin B3 for adults. Vitamin B5 is high in 
concentrations of CoA or phosphopantetheine in the liver, eggs, milk, chicken, beef, 
salmon, cereals, grains, and fermented soybeans. WHO/FAO recommends a daily 
intake of 5 mg of vitamin B5 for adults [1, 2, 11].

Vitamin B6 is abundant in salmon, chicken, tofu, sweet potatoes, potatoes, 
bananas, and avocados. Vitamin B6 found in food is in the form of PLP or PMP. 
WHO/FAO recommends a daily intake of 1.3–1.7 mg of vitamin B6 for adults. Vitamin 
B7 is abundant in foods such as egg yolks, heart, cereals such as oats, nuts, vegetables 
such as spinach and mushrooms, rice, and vegetable oil. Dairy and breast milk 
products also contain biotin. Raw egg whites contain large amounts of avidin, which 
binds tightly to vitamin B7 and prevents its absorption in the intestines. WHO/FAO 
recommends a daily intake of vitamin B7 of 30 g for adults [1, 2, 14].

Foods such as beef liver, spinach, and asparagus are high in vitamin B9. Legumes, 
red meat, and liver also contain high levels of folate. However, up to 70% of folate is 
lost during cooking due to thermal degradation or dissolution in the cooking water. 
WHO/FAO recommends a daily intake of 400 g of vitamin B9 for adults. Most humans 
get vitamin B12 from food, especially from animal protein and fermented foods. 
Vitamin B12 is found in beef liver, bivalves, salmon, chicken, eggs, beans, and spinach. 
WHO/FAO recommends a daily intake of 2.4 g of vitamin B12 for adults [2, 18, 22].

From the explanation of the acquisition of vitamins from these foods, malnutri-
tion will significantly inhibit normal metabolism in infants and the elderly. In the case 
of dietary supplements, vitamin-containing probiotic products are generally pro-
duced as freeze-dried powders and formulated as capsules, powders, and tablets [23]. 
Parameters influencing the manufacture of this dietary supplement include viable 
cell count and water activity. For the application of probiotics as food and drink, the 
product is prepared in the form of vegetative cells and added to food products [24]. 
Probiotic products require special care for the profile of a product, mitigation of 
health risks due to pathogens, and maintenance of aseptic conditions [25].

5. Role of B Vitamins in gut microbiota

B vitamins are biosynthetic precursors of essential cofactors in various metabolic 
pathways and play an important role in immunity. In addition to being needed by the 
host, B vitamins are also needed by some intestinal microbiota for metabolism. Thus, 
in addition to producing B vitamins, the gut microbiota also consumes B vitamins for 
primary enzymatic reactions. The gut microbiota is one of the densest microbial com-
munities in the human body. This microbial community consists primarily of four 
main phyla, that is, Bacteroidetes, Firmicutes, Proteobacteria, and Actinobacteria. In 
the large intestine, the microbiota are grouped into 2, namely, B-vitamin-producing 
bacteria and auxotrophic bacteria. The survival of bacteria of auxotrophic species is 
highly dependent on B vitamins. Although most B vitamins are absorbed in the small 
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intestine, B vitamins are produced and absorbed by bacteria mainly through the 
large intestine. Many B-vitamin transporters are expressed in the large intestine. As 
a result, there is competition between the host and bacteria. So that the host expe-
riencing dysbiosis—the gut microbiota is unbalanced, and significantly affects the 
metabolism of B vitamins in the gut [13].

5.1 Vitamin B1

Thiamine produced in the gut microbiota has a specific role in the composition 
or function of the gut microbiome. Thiamin is required by certain gut bacteria, 
Bacteroides thetaiotaomicron and Faecalibacterium spp., which have potential conse-
quences on the host thiamine. Thiamine biosynthesis and its transport system are 
essential for the growth of B. thetaiotaomicron. Although Faecalibacterium spp. has a 
vitamin B1 synthesis pathway, this species requires more vitamin B1 for growth than 
production. Therefore, these bacteria must obtain vitamin B1 from other bacteria or 
host food via transporters, such as B. thetaoimicron [2, 4]. Intestinal dysbiosis may 
lead to a predominance of thiamin-only-consuming bacteria, which may contribute 
to decreased thiamin availability to the host. E. coli in the human fecal microbiota was 
found to be negatively correlated with fecal thiamin [26].

5.2 Vitamin B2

Riboflavin is vital in the growth of bacteria that are very sensitive to oxygen as 
an electron transfer agent. Examples of bacteria that are sensitive to oxygen are 
F. prausnitzii and Roseburia. F. prausnitzii is a major butyrate producer in the human 
microbiota and has anti-inflammatory properties and gut-protective functions. 
Vitamin B2 is also an essential precursor to flavin mononucleotide and flavin adenine 
dinucleotide (FAD), coenzymes of glutathione reductase that protect cells from 
reactive oxygen species (ROS). Thus, vitamin B2 can act as an indirect antioxidant 
and modifies the gut microbiota condition through ROS reduction. This condition is 
also proven to reduce the population of E. coli. Previous studies showed that supple-
mentation of dietary riboflavin for 14 days increased F. prausnitzii and Roseburia and 
concomitantly reduced E. coli. Phylum Actinobacteria and Firmicutes express ribofla-
vin transporters and enzymes required to form FAD and FMN from free riboflavin  
[2, 4, 27]. Vitamin B2 also directly affects the fecal microbiome, namely, the genera 
Alistipes and Clostridium. However, this increase occurred only with high doses of 
riboflavin supplied directly to the large intestine and may not apply to intakes from 
foods or dietary supplements that are absorbed mostly in the small intestine [27].

5.3 Vitamin B3

Vitamin B3 is the only B vitamin that humans can synthesize. It is a precursor to 
nicotinamide adenine dinucleotide (NAD), a coenzyme in cellular oxidation–reduc-
tion reactions with a central role in aerobic respiration. Niacin acts as an agonist for 
the cell surface receptor niacin receptor 1, which pairs with G-proteins. Niacin also has 
strong antioxidant and anti-inflammatory properties and can function as a modulator 
of gut protection and prevent bacterial endotoxin production. Thus, niacin deficiency 
causes intestinal inflammation and diarrhea, which has a direct impact on the gut 
microbiota population. Vitamin B3 deficiency impacts the diversity and low number 
of Bacteroidetes, especially in obese individuals. Supplementation with tryptophan 
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and niacin has been shown to restore the composition of the gut microbiota through 
the angiotensin I (peptidyl-dipeptidase A)-converting enzyme. Furthermore, intake 
of niacin microcapsules (900 to 3000 mg) significantly increased the Bacteroidetes 
population. These results suggest that niacin has a beneficial effect on gut microbial 
composition in humans [2–4].

5.4 Vitamin B5

Lactobacillus spp., Streptococcus spp., and Enterococcus spp. are members of the 
phylum Firmicutes that do not produce pantothenate but require pantothenic 
acid for their growth. This indicates that there is a symbiosis in the distal intestine 
between pantothenic acid-eating bacteria and pantothenic acid-producing bacteria. 
A study has demonstrated the uptake of pantothenic acid and biotin by the sodium-
dependent multivitamin transporter (SMVT, SLC5A6) across the intestinal loop. 
Mostly Fusobacterium and Bifidobacterium spp., some strains of C. difficile, and 
Faecalibacterium spp., lack the vitamin B5 synthesis pathway but express the panto-
thenic acid transporter to utilize vitamin B5 as an energy producer [2, 4].

5.5 Vitamin B6

Vitamin B6 can play an essential role in shaping microbiota composition and 
metabolic capacity. In bacteria such as E. coli, vitamin B6 is synthesized in the PLP 
form from various precursors, including, deoxyxylulose 5-phosphate, 4-phosphohy-
droxy-L-threonine, glyceraldehyde-3-phosphate, and D-ribulose 5-phosphate. PLP 
produced by commensal bacteria works with ribonucleotide metabolism to facilitate 
the effects of 5-fluorouracil, a drug used to treat colorectal cancer. Vitamin B6 defi-
ciency results in a marked decrease in intestinal arginine biosynthesis, and disrup-
tion of this metabolic pathway leads to the selective growth of certain gut bacteria, 
namely, the Bacteroidaceae family, and an increase in Lachnospiraceae. An increase 
in vitamin B6-producing bacteria such as Bacteroides acidifaciens has been shown to 
weaken the colonization of S. typhimurium and promote recovery from intestinal 
inflammation [4, 28].

5.6 Vitamin B7

Free biotin can affect the composition of the gut microbiota because it 
is required for the growth and survival of some microbiota. Prevotella spp., 
Bifidobacterium spp., Clostridium, Ruminococcus, Faecalibacterium, and 
Lactobacillus sp. do not have the vitamin B7 synthesis pathway because it lacks the 
essential biotin biosynthetic gene. However, they express a free biotin transporter, 
indicating a need for biotin. These results indicate that these bacteria also utilize 
biotin from food and bacteria to compete with the host. Therefore, it is necessary 
to control diseases related to some of these microbes. Another study showed that 
enzymes in the biotin biosynthetic pathway were overexpressed in the Bacteroides 
enterotype. Biotin uptake in the small and large intestines occurs via a carrier-
mediated process involving the SMVT system encoded by the SLC5A6 gene [2, 4]. 
SMVT dysfunction reduces biotin in the intestine, causing dysbiosis, and induces 
Nox and ROS, which cause damage to enterocyte apoptosis. This mechanism causes 
the intestinal villi to shrink and increases intestinal permeability, inflammation, 
and dysplasia, all of which induce dysbiosis [29].
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5.7 Vitamin B9

Folate is essential for several metabolic processes, including carbon transfer, 
 thymidylate synthesis, purine synthesis, and the synthesis of several amino acids. 
Once absorbed, folate also participates in nucleotide synthesis, DNA repair, and 
methylation [30]. This function applies to both the host and the microbiota that 
require folate. The biosynthesis and expression of folate transporters in the gut micro-
biota are influenced by gut microbes, such as Bifidobacteria. In commensal bacteria, 
a vitamin B9 metabolite, 6-formylpterin (6-FP), is produced by the photodegradation 
of folic acid. This metabolite cannot activate MAIT cells (mucosal-associated invari-
ant T), suppressing excessive MAIT cell responses and preventing excessive allergic 
and inflammatory responses [4].

5.8 Vitamin B12

Microorganisms use various forms of cyanocobalamin in many reactions,  including 
methionine synthesis, carbon skeleton mutation, elimination reactions, amino 
mutations, and acetate and methane synthesis [31]. As many as 83% of the microbiota 
(260/313 species) encode cobalamin-dependent enzymes. Most of these species also 
lack the genes needed to synthesize cobalamin. In another report, 75.9% of bacteria 
utilized cobalamin, and only half possessed the cobalamin biosynthetic pathway. An 
example is B. thetaiotaomicron, which does not encode the cobalamin biosynthetic 
pathway gene but has three homologous cobalamin transporters. This statement indi-
cates that this microbiota depend on the cobalamin absorption mechanism to maintain 
survival. Supplementation of 3.94 g/ml cyanocobalamin was shown to increase fecal 
cobalamin, with a lower Bacteroides population condition. Cobalamin and its deriva-
tives also determine pathogenicity in the host gut. The bacterial transcription factor 
EutR requires ethanol amine, cobalamin precursors, and cobalamin-derived adenosyl-
cobalamin for transcription of virulence factors required for host infection and spread 
of enterohemorrhagic E. coli (EHEC) serotypes O157:H7 and Salmonella [4].

6. The role of B Vitamins on human digestive health

The B vitamins in our body have several crucial physiological functions. The 
 functional roles of these micronutrients are diverse, ranging from cellular energy-
producing reactions such as the mitochondrial citric acid cycle to respiratory 
oxidation, immunity, neurotransmitter synthesis, cell signaling, and nucleic acid 
biosynthesis. Thus, a deficiency of B vitamins will impair normal cell metabolism and 
trigger the development of several chronic diseases in humans [4, 32]. Apart from 
being essential for the human body, B vitamins are also crucial in shaping the diver-
sity and richness of the gut microbiota. A wealth of evidence has shown that a healthy 
gut lies in a healthy microbial ecology [3, 4].

6.1 Vitamin B1

Thiamin is a precursor of thiamin pyrophosphate, which is essential for 
 carbohydrate metabolism and nerve function. Energy metabolism, particularly the 
balance between glycolysis and the citric acid cycle, is related to the functional con-
trol of immune cells, which is referred to as immunometabolism. Immunometabolism 
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by vitamin B1 is vital for glycolysis-dependent digestive cells, especially Peyer’s 
patch. In the gut, nave immunoglobulin (Ig)M+ B cells differentiate into IgA+ B cells 
in the Peyer patch, and then, IgA+ B cells differentiate into IgA-producing plasma 
cells in the lamina propria. The naive B cells in Peyer’s patch prefer to use the vitamin 
B1-dependent citric acid cycle to generate ATP. However, once B cells differentiate 
into IgA-producing plasma cells, they switch to using glycolysis to generate ATP [2, 3].

Consistent with the importance of vitamin B1 in generating energy in the gut, 
mice fed a vitamin B1-deficient diet showed impaired maintenance of naive B cells in 
Peyer’s patches. In addition to reducing the number of naive B cells in Peyer’s patch, 
thiamin deficiency also reduces the size of B cell follicles, evidenced by the reduction 
of naive B cells in female Balb/c experimental animals. The researchers also showed 
that feeding the mice a vitamin B1-deficient diet caused the vitamin B1 deficiency 
to last for only a week. Vitamin B1 deficiency that affects the host immune response 
through the regulation of differentiation and proliferation of these immune cells 
ultimately affects the gut microbiota [2, 3].

6.2 Vitamin B2

Riboflavin is required for the development of the gastrointestinal tract after birth 
and is linked to crypt hypertrophy, crypt bifurcation dysfunction, and a loss of prolif-
erative potential in intestinal cells. These changes are visible during the postnatal and 
post-weaning stages. These changes were irreversible, even after the experimental 
administration of riboflavin in vivo and in vitro. Riboflavin deficiency has been 
shown to reduce the number of villi but, on the other hand, can increase the length of 
the villi. Reduction of riboflavin in humans has also been associated with shortened 
duodenal crypts and reduced cell division. In vitro studies using Caco-2, HCT116, and 
HT29 cells demonstrated a potential mechanism for the riboflavin deficiency pheno-
type, which led to the result that riboflavin inhibited cell growth by reducing cellular 
ATP generation and increasing oxidative stress. This impairs mitosis and accumulates 
aneuploidy cells. These changes in gut morphology may also be associated with an 
adaptive response to stress-induced deficiency [4].

Riboflavin is also essential for methylation reactions, nucleotide synthesis, and 
DNA stability and repair. A cohort study in the Netherlands on a diet in cancer 
suggested that riboflavin was likely to be associated with a reduced risk of proximal 
colon cancer among women (RR = 0.61; P-trend = 0.07). This finding is reinforced by 
results from the Women’s Health Initiative cohort observational study, which showed 
that higher total riboflavin intake was associated with a reduced risk of colorectal 
cancer (HR = 0.81; 95% CI: 0.66–0.99) [1].

6.3 Vitamin B3

Human and mouse colonic epithelial cells possess efficient and specific mecha-
nisms for vitamin B3 absorption. This vitamin plays an essential role in reducing 
inflammation, so a deficiency will lead to inflammatory bowel diseases such as ulcer-
ative colitis. Vitamin B3 controls inflammation by inhibiting vascular permeability in 
intestinal tissue by activating PGD2/DP1 signaling in endothelial cells. This vitamin 
also modulates the inflammatory response by increasing the rate of ATP generation in 
Caco-2 cells. In addition, vitamin B3 is involved in various cellular oxidation–reduc-
tion metabolic reactions and rapamycin signaling pathways, thereby suppressing colon 
inflammation [3, 32].
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Vitamin B3 synthesized by the gut microbiota contributes to local colonocyte 
nutrition and maintains intestinal stem cell morphology. Vitamin B3 is also known 
to protect colonic epithelial cells against dextran-sulfate-sodium (DSS)-induced 
apoptosis and promote cell proliferation in experimental animals. The mechanism of 
protection of the intestinal epithelium by vitamin B3 is by activating the prostanoid 
D 1 (DP1) receptor on macrophages and endothelial and colonic epithelial cells. One 
study found that retention of vitamin B3-containing enemas effectively promoted 
mucosal healing in patients with ulcerative colitis, with possible mechanisms of 
downregulation of colonic inflammatory cytokines and suppression of pro-inflam-
matory gene expression [3, 4].

6.4 Vitamin B5/pantothenic acid

Vitamin B5, or pantothenic acid, is an essential coenzyme A (CoA) precursor 
and acts as a carrier protein. This vitamin is involved in various metabolic pathways, 
such as the citric acid cycle, cell growth, neurotransmitter synthesis, and fatty acid 
oxidation [4]. Dietary pantothenic acid supplementation also affects the gut micro-
bial profile. Increased intake of pantothenic acid increased the relative numbers of 
Prevotella and Actinobacteria [3].

6.5 Vitamin B6/pyridoxine

Vitamin B6 functions primarily as a cofactor for the biosynthesis and catabolism 
of amino acids. In addition, this vitamin is also involved in fatty acid biosynthesis and 
neurotransmitter biosynthesis and as an antioxidant [3]. Relative pyridoxine defi-
ciency is found in 10–25% of Inflammatory Bowel Disease (IBD) cases. Plasma levels 
of B6 are considered a risk factor for thrombosis in patients with IBD because they 
have an inverse relationship with homocysteine [1].

A cross-sectional study has shown an association between the severity of intestinal 
irritation and low dietary vitamin B6 intake. The mechanism of this phenomenon 
is that the lack of vitamin B6 affects the balance of anti-inflammatory and pro-
inflammatory cytokines. Vitamin B6 deficiency also reduces microbial diversity and 
significantly alters gut metabolites such as short-chain fatty acids, which also play an 
essential role in triggering this irritation. In addition, studies of vitamin B6 deficiency 
in animals have shown a significant reduction in the number of mucus-secreting cells, 
an important factor in maintaining gut health. Vitamin B6 also decreases cell calcium 
transport but does not affect the basic morphology of enterocytes, such as cell viabil-
ity, cell volume, membrane permeability, and protein content [4].

Vitamin B6 can influence colorectal carcinogenesis through its role in DNA 
synthesis and methylation. Animal studies have shown that this vitamin can inhibit 
angiogenesis, suppress nitric oxide, and reduce oxidative stress [1].

6.6 Vitamin B7/Biotin

Vitamin B7 acts as a coenzyme for several biochemical reactions, such as glycolysis, 
cell signaling, and epigenetic regulation. This vitamin also controls the expression 
of genes, including nuclear factor kappa B (NF-kB), through a histone-binding 
mechanism known as biotinylation. Therefore, this vitamin may also have an anti-
inflammatory effect on the gastrointestinal mucosa [32].
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6.7 Vitamin B9/Folate

Vitamin B9 is essential for the replication and regeneration of nucleic acids, 
affecting cells’ survival rate. Folate is involved in synthesizing S-adenosylmethionine 
(SAM), which is required for cellular biosynthesis and DNA methylation. This vita-
min is essential for replicating and recovering nucleic acids, influencing survival rates 
through cell proliferation and regeneration. In addition, folate regulates gene activity, 
regenerates the intestinal lining, reduces lymphocyte growth, and reduces NK cell 
cytotoxicity [3]. Thus, every living cell, including gastrointestinal cells, requires folate 
to carry out these various biochemical and biosynthetic processes [4].

Because of its essential role in producing methyl donors, folate deficiency 
significantly impairs DNA replication. Folate deficiency causes an increase in 
the crypt depth of the intestinal mucosa in the duodenum and jejunum, result-
ing in a decreased villi-to-crypt ratio. In experimental animals, induced methyl 
donor deficiency by feeding a folate-deficient diet accompanied by the antibiotic 
succinylsulfathiazole 1% has also increased crypt depth and altered gut cell dif-
ferentiation. In this study, folate deficiency also caused megaloblastic changes in 
the epithelial cell nuclei and reduced crypt mitosis. These changes are seen more 
prominently in the ileum with elongation of the crypts, an increase in goblet cells, 
and a decrease in Paneth cells. Deficiencies of folate, riboflavin, vitamin B6, and 
vitamin B12 concomitantly alter Wnt signaling in the experimental colon and 
decrease apoptosis in epithelial cells. Unexpectedly, these changes are irreversible, 
even with an excess of folate [4].

Folate deficiency significantly alters intestinal cell morphology and is associated 
with increased intestinal carcinogenesis [3]. Two case–control studies demonstrated 
that folate supplementation and high red blood cell folate levels significantly reduced 
the risk of dysplasia and neoplasia in patients with ulcerative colitis. Folate supple-
mentation, in combination with sulfasalazine administration, has a protective effect 
on the development of colorectal cancer in patients with chronic ulcerative colitis. 
The mechanism of folate protection against colorectal cancer is to prevent aberrations 
in DNA synthesis and aberrations in DNA methylation. However, it should be noted 
that folate deficiency can also occur due to IBD therapy, such as methotrexate and 
sulfasalazine. A recent meta-analysis of folate supplementation has found that folate 
plays a role in preventing pancreatic cancer. Individuals with a high dietary folate 
intake were 34% less likely to develop pancreatic cancer than individuals with a low 
folate intake [1].

6.8 Vitamin B12

Like folate, cobalamin is involved in the synthesis of methyl donors. These donors 
are essential for the nucleic acid synthesis and protein and lipid metabolism. Vitamin 
B12 also acts as a cofactor for methionine synthase in sulfur amino acid metabolism 
to recycle homocysteine into methionine. The effect of vitamin B12 deficiency on 
colonic morphology is similar to that of folate deficiency because of its association 
with several cellular metabolic reactions. Vitamin B12 deficiency protects against 
DSS-induced inflammation in C57BL/6 mice. Other studies have shown reduced cell 
differentiation and gut protective factors in vitamin B12-deficient mice. In addition, 
in patients with vitamin B12 deficiency, the villi become shorter with a reduced villi/
crypt ratio. Deficiency or excess of vitamin B12 affects the growth of gut microbiota. 
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However, vitamin B12 deficiency did not relatively change the gut microbiota compo-
sition in healthy mice but did change it in DSS-induced colitis mice [4, 6, 32].

Vitamin B12, together with vitamins B9 and B6, influence the occurrence of 
colorectal carcinoma through its role in DNA synthesis and methylation. In addition, 
these three vitamins have been shown to inhibit angiogenesis, suppress nitric oxide, 
and reduce oxidative stress in animal models. However, an experimental study that 
administered a combination of folic acid (2.5 mg), vitamin B6 (50 mg), and vitamin 
B12 (1 mg) in 1470 subjects did not reduce the risk of colorectal carcinoma after a 
follow-up period of 9.3 years. Patients with celiac disease also have higher total plasma 
homocysteine levels than the general population, indicating lower serum levels of 
vitamins B6, B9, and B12 [1].

The liver is the physiological reservoir of cyanocobalamin in humans. Vitamin B12 
deficiency is observed in several liver diseases such as hepatitis, cirrhosis, and hepa-
tocellular carcinoma. Vitamin B12 inhibits HCV through the inhibition of ribosome 
entry sites. Vitamin B12 is also associated with aphthous stomatitis (Figure 1) [1].

7. Conclusion

B vitamins act as cofactors for several cellular metabolic reactions. In addition to 
vitamin B3, other B vitamins must be obtained through dietary intake, supplementa-
tion, and synthesis of the gut microbiota. The biosynthesis of B vitamins in the gut 

Figure 1. 
Summary of the main gut bacteria synthesizing B vitamins and the effects of their deficiency on gut health [3].



Vitamin B, Role of Gut Microbiota and Gut Health
DOI: http://dx.doi.org/10.5772/intechopen.109485

29

Author details

Satrio Wibowo1* and Almira Pramadhani2

1 Department of Pediatrics, Faculty of Medicine, University of Brawijaya, Malang, 
Indonesia

2 University of Brawijaya, Malang, Indonesia

*Address all correspondence to: satrio_wibowo@ub.ac.id

is influenced by several factors, including exposure to antibiotics and free radicals, 
genetic makeup, dietary habits, and lifestyle. Competition between gut microbiota, 
pathogenic microbes, and the host leads to deficiency conditions, especially if exog-
enous intake is not optimal. A deficiency of B vitamins ultimately affects the gut 
microbial composition, gut health, and overall host metabolism.
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Chapter 3

Pellagra: Down Not Out If Down 
and Out – Part 1
Adrian C. Williams, Christina Wood and Lisa J. Hill

Abstract

Pellagra is caused by a dietary deficiency of milk and meat leading to insufficient 
nicotinamide (vitamin B3), the precursor to nicotinamide adenine dinucleotide 
(NAD). “Pellagra sine pellagra” was well recognised and may be common as supple-
mentation was never globally implemented and a screening test never developed. 
Meat and milk intake varies 30-fold globally so there are perhaps 2 billion at risk of 
deficiency. Such patients will have physical and cognitive stunting, poor conduct 
and be prone to acute and chronic infections, including TB, and premature ageing, 
including dementia. Resilience may be poor to NAD-consuming insults whether 
chemical, microbial or traumatic that conspires to cause brain injury but comes with 
the opportunity for pre-conception dietary corrections breaking cycles of depriva-
tion and poor educational outcomes. Such individuals may otherwise be subject to 
discrimination as was the pellagra ridden “Butterfly” caste causing racial and ethnic 
tensions. Poor countries with many having to spend 50-80% of income on food and 
very little on animal produce cannot develop properly unlike wealthier meat rich 
empires, past and present. The many benefits of experiments with food programmes 
and basic income support are because, as Engels curves predict, more is spent on milk 
and meat enabling demographic, epidemiological, and economic transitions and 
modernity.

Keywords: NAD, pre-conception nutrition, addiction, opiates, cycles of deprivation, 
empires, meat transitions, demographic transitions, epidemiological transitions, TB, 
poverty traps, metabolic syndrome, class ceilings

1. Introduction

Cycles of life, right from lifes origin to humankind, depend upon nuclear fusion 
reactions and low entropy photon- energy from the sun. Photosynthesis splits water 
in to the oxygen that we breathe and hydrogen that combined with CO2 forms the 
carbohydrates that we eat and is carried by NAD to mitochondria forming proton-
motive forces during oxidative phosphorylation producing usable energy as ATP 
and reduced nicotinamide adenine dinucleotide phosphate (NADPH) for growth 
[1–3]. Increasing use of oxygen and NAD supplies allowed animal evolution from 
the Cambrian (when animals started eating animals) to mammals (increasing milk 
supplies) and man [4].
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High meat intake and sharing by hunters was a major feature of our evolution, early 
economics and relationships with animals and each other in our “social leap [5–11]. 
Combined with selected plants, some psychedelic, and use of fire (cooking releases 
nicotinamide from meat and from (maize) plants if cooked carefully and learnt 
culturally) - meat was an important factor in how our brains expanded and our minds 
changed [12–14]. Oxygen is freely available, water less so and NAD supplies needed for 
energy and as metabolic master molecules are much harder to obtain. This difficulty 
has worsened while we “niche constructed” agriculture as sources became expensive 
creating self-reinforcing transgenerational “poverty traps” that are hard to escape 
from and contrast with rich others as “meat elites” that “hit the jackpot”: more recently 
we moved away from mixed farming and agroecology to industrial farming with 
damaging effects on carbon, nitrogen and phosphorus cycles and made inequalities of 
meat consumption worse in places (Figures 1–3) [15–22].

2. Engel’s curves and social metabolisms

As Cicero said (43 CE) in his essay De Natura Deorum “we create, as it were, a 
second world within the world of nature” but our conscious keystone species currently 
has this world divided geographically effecting a NAD and proton-related lottery 
of our life chances and (brain) health – as well as contributing to climate change 
endangering biodiversity from many mammalian and other extinctions [23–25]. 
Life is energetically expensive and constantly needs to overcome the second law of 

Figure 1. 
Basic elements of the energy cycle had a natural variance based on geography. Human history often exagerated 
these variances first by making hunting meat easier in some geographies and quite dangerous for the hunters 
even as they shared in an equitable way as social insurance - and then with the advent of agriculture natural 
domesticates varied by continent and meat became expensive everywhere often shutting out the poor. Meat was 
more available in the middle-east and Europe and less available in the Americas and Africa - that also had to 
contend with many carnivorous competitors and more parasitic disease in the tsetse belt.
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thermodynamics (as Schrodinger pointed out in “What is Life” in 1943) and combat 
increasing entropy but preferably not, as is happening, at other people’s expense 
[26–31]. This ties in with concepts of a social metabolism and free energy that inter-
acts with internal homeostatic mechanisms (Claude Bernard’s 1850 “milieu interieur” 
that can easily be overwhelmed both for the individual, as our discussion of pellagra 
will demonstrate, and for the anthroposphere [26, 32–34].

Much has been said on the damage done to health and happiness from relative 
inequality and the spectre of “status anxiety” but absolute disposable income in 
relation to the cost of a balanced diet may be the more important foundation: Engel’s 
curves predict that once calorie intake is satisfied from starches and sugars families 
spend more on fresh vegetables and meat (Figure 4) [35]. This rise up the food chain 
that improves both health - and wealth is not a zero-sum game as it is the basis for 
expansion of markets for actual luxuries and modernisation [36–42]. Low incomes 
makes this impossible and is exacerbated by relative prices of healthy versus unhealthy 
foods often being worse with added “poverty premiums” in poor countries and  
neighbourhoods and the distraction of technological luxuries in a post-industrial 
world - let alone increasing costs for energy or rent leading to “slow micronutri-
ent starvation” and metabolic risk [43–47]. The true cost (hours of work needed) 

Figure 2. 
Many natural cycles such as the nitrogen and carbon cycle were enhanced by good farming techniques but later 
these got disrupted in the short-term quest for high yields. For instance animal (and often human) manure is 
usually no longer returned directly to the soil – The classic metabolic rift. Use of natural gas to make ammonia-
based fertiliser damages the carbon and nitrogen cycle with methane leaks and CO2 and N20 emissions 
compounded by eutrophic effects on biodiversity compared with natural nitrogen fixation by clover and legumes. 
This creates a second metabolic rift as artificial fertilisers mean that animals and plants need not be grown 
together. Ruminants contribute to CH4 emissions and new pastureland usually requires deforestation. On the 
other hand perennial grasses are often on land that cannot be used for crops and if well-managed, often with 
silviculture, can act as a carbon sink, as can the oceans at the same time as supplying sources of nicotinamide.
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to pay for a breakfast of bacon and eggs has fallen by over 90% over a hundred 
years for workers but this advantage has not been shared with all within or across 
countries [48, 49].

In part 1 we talk about pellagra largely in the context of economic class; in part 2 
we talk about the development of high meat, and therefore nicotinamide, divergences 
and convergences between countries and continents. As Charles Dickens said (1859) in 
another crucial and informative era “it was the best of times, it was the worst of times, it 
was the age of wisdom, it was the age of foolishness…” – we argue it is time to correct a basic 
and foolish inequality from which many other inequalities derive but we need to review 
nutritional science and the importance of NAD and the history of pellagra first [50–58].

3. Nutritional science: 19th and 20thC history and public health

Following on from Hippocrates and dietary and exercise regimens and the 
importance of diet for human progress and “perfectibility” Condorcet, Godwin and 

Figure 3. 
Many cultures closely integrated a balance between cereals vegetables and animal products. Mixed farming is 
shown but trading relationships between pastoralists and agriculturalists were common. Where a balance was 
difficult behaviours included warfare to obtain land or cattle or slaves for farm labour or captives to cannibalise. 
Hunting was maintained for longer if domesticates were inadequate or sometimes if climate change meant that 
it had to be re-introduced. Class fights over pastureland with attempts to enclose it and severe punishment for 
poaching was common. Mixed farming leading to reasonable diets for all through frequent feast days was easier 
when transport constraints contained food products locally. Industrialisation and urban rural splits developed 
and even if there were some benefits to the development of water and railway networks to supplies this usually 
favoured the rich core, with more meat/milk or out of season or tropical foods, not the periphery or third world 
where the export of cash crops farmed on plantations often destroyed local mixed farming. Distance created space 
for complexity in supply chains with monopolies and corporate and financial middle-men and though lowering 
prices non-accountable costs to health and well-being and the climate with environmental degradation and 
labour exploitation rose. Many pellagra outbreaks were linked to market failures such as that of cash crops such as 
cotton.
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Frank (who in 1970 commented “starvation and sickness are pictured on the face of 
the entire working class. You recognise it at first sight”) took a more optimistic stance 
than Malthus. Magendie (“pas d’azote”), Mulder, von Liebig (who developed meat 
extracts), von Voit, Chittenden (“Nutrition of Man” 1907) and Atwater began 
to understand the difference between nitrogenous protein and non-nitrogenous 
calorific fuels and made specific arguments for greater rationality over food choices, 
including meat. Physicians, such as See (1887) made dietary and sanitary recom-
mendations that included milk to strengthen resistance and reduce exposure to 
(infectious) disease and infant diarrhoea as did early public health officers such as 
Newman (who wrote on the importance of nutrition in his book “the building of a 
Nations health” (1939) and Newsholme. All was who helped by the rise of statistics 
from Petty (1655) to Graunt and Farr’s Life tables who championed the proverb 
“prevention is better than a cure” [59]. Villerme (1818) and de Chateauneuf showed 
large differences in mortality and diet between rich and poor in Paris as did a 
contemporaneous survey in Naples and called for protection against the high price 
of food: as did Paton (1901) in England and a BMJ leader in 1913 “..or is it that the 
wages they command are so low that they cannot purchase the necessities of life” [60]. 
Even at the height of “Germ” theory (Robert Koch (1890) and the success of earlier 
sanitation projects (Edwin Chadwick 1840s) and the first antibiotics some such 
as William Allison (1830s) and Rene Dubos (1940s) (“think globally, act locally”) 
and Thomas McKeown (1970s) championed a role for diet and the ever- changing 
ecology to which man has to adapt with microbes being necessary but not sufficient 

Figure 4. 
A) Engel’s curves illustrate how the poor will favour cheap starches and cereals for their calories and only when 
their income rises and a lower proportion of income is spent on food will they eat much meat or vegetables that 
are more expensive and involve more waste. Income has to pay for other necessities such as rent and (from wood 
or charcoal to electricity) heat for warmth and cooking as defined first by Maslow’s hierarchy of needs. Increasing 
(technological) “Veblen” luxuries may compete with a healthy diet as do excessively cheap calories from sugars 
and oils in ultra-processed foods. B) Engel’s curves also often differ between rural and urban populations and 
as we will see later between rich and poor countries. Rich countries are more likely to have subsidised meat and 
fortified with vitamins, including vitamin B3, cereals. C) an optimal nicotinamide rich, but not too rich, (around 
10–15 mg/day) will be well above the poverty line but by no means unachievable if it was made a priority.
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to cause disease [61, 62]. Nutritional interactions with physical degeneration and 
infection are complex and bidirectional as was pointed out early by Price (1930s) and 
Scrimshaw (1960s) and others before and since and here [63–65].

Hopkins (1906) led the charge following others, such as Eijkman, on “unsuspected 
dietetic factors” then named “vitamins” by Funk presenting the idea that beriberi, 
rickets, xeropthalmia, scurvy and pellagra were nutritional deficiency diseases. Later 
Kwashiorkor (described in 1933 on maize diets) was initially felt to be more related 
to protein malnutrition by many but is cured by milk and theory has reverted to it 
being a form of juvenile pellagra and a general concentration on the importance 
of micronutrients. Inadequate income rather than lack of education was a contro-
versy partly eliminated by Boyd-Orr (1936) who with others at the FAO(Food and 
Agricultural Organisation) founded in 1945 and the World bank (influenced by Berg’s 
“the nutrition factor: its role in national development”) tried hard to recognise this as 
a global not just a national issue such as the self-interested response to the poor height 
and health of army recruits at the time of South African Wars. Cod liver oil usage 
(vitamins A & D) became common and fortification of some foods including niacin 
became mandatory in some countries in 1946 and manufacturers soon included 
large doses in many foods and drinks following on from a period of “Vitamania”. 
Interactions of nutrition and infection were noted as “mutually aggravating” in a 
comprehensive monograph in 1968 (as remains true for more recent infections such 
as HIV). Thomas McKeown (1976) proposed the decline in infectious disease particu-
larly TB was largely down to better diet; this was criticised but is now almost ortho-
dox – the data was available then to link it with meat and nicotinamide (an anti-TB 
antibiotic) but that had to wait till 2013 [66]. Amongst other anecdotal observations 
a study with a control group from 1946 had shown that a meat and milk richer diet 
supplied by the Red Cross reduced the incidence of TB in prisoners of war by 15 fold. 
From the 1930’s to recently repeated studies in many populations showed that milk 
increased linear growth as did meat and animal products and cognition along with 
increasing foetal weight relative to gestational age (SGA) and reduced mortality [45, 
67–69]. Recommended daily intakes adjusted for physiological stresses, including for 
nicotinamide, have been in place for many years but are rarely monitored and screen-
ing programmes for NAD/Tryptophan deficiency have rarely been used even though 
eminently possible [70].

4. Poverty and subsistence: Austerity never works

Poverty has long been measured in terms of it’s relationship to basic nutritional 
subsistence and the role of rulers responsibilities in providing calories at least for 
the proletariat long recognised in early empires. Landmark studies included Eden’s 
“The state of the poor” (1797) that was explicit on the effects of rising food prices 
and was an empirical foundation for Poor Laws as were Booth and Rowntree’s surveys 
and descriptions of “frugal lines” in the late 19th century. Poverty was often then 
thought inevitable or necessary to encourage work or was the fault of the poor and 
their habits and addictions. Poverty Enlightenment in the1800’s saw the emergence 
of a new respect for the poor as people and no longer “shadows in a painting” with 
the economy seen as a tool for promoting human welfare – an important insight of 
Adam Smith. By 1890 Marshall in his “Principles of Economics” was writing of the 
“cumulative evil” of poorly fed children on economic potential and the need for 
progressive income taxes to help children rise out of poverty. Further enlightenments 



41

Pellagra: Down Not Out If Down and Out – Part 1
DOI: http://dx.doi.org/10.5772/intechopen.109806

saw poverty as a severe constraint both on personal self-fulfilment and on aggregate 
economic growth and spawned many anti-poverty and better nutritional policies – 
even as opposition re-surfaced in the 1970’s. More recently the dangers of poverty to 
the well-being of the rich have become better realised whether from war, migration 
or pandemics. Engel’s law as modified by Bennett has been used as a measure of the 
escape from poverty line and traps and has been substantiated on many occasions 
whether at a house-hold, country (enabling a move from farming to industrialisa-
tion) or at an international level correlating with economic growth. Growth on its 
own rarely led to reductions in poverty unless it started in the agricultural and service 
sector enabling lower real food prices and better diets and higher meat intake before 
there is disposable income to support other aspects of an industrial and consumer 
society. Once economies are more established (or have used natural resources wisely) 
this becomes hard to appreciate as agriculture then plays a fairly insignificant role in 
gross GDP and financialization and “rentier capitalism” that conveniently forgets its 
roots and responsibilities. Progress is being made given that around 1820 80% of the 
world population was extremely poor but nutritional status as measured by amount 
of “wasting” or “stunting” (that includes cognition) is still high and the poor or poor 
national governance are still being blamed. The example of pellagra demonstrates that 
most lingering criticisms are however the effect not the cause of poverty in a vicious 
transgenerational cycle as we will demonstrate.

5.  Preconception nutrition: precondition for equality of opportunity for 
unborn billions

The evidence for the importance of good diet not only early and throughout life 
but pre-conception and in previous generations continues to mount, building on the 
epidemiology of the Dutch winter and studies on low birth weight, and affects on 
both initial (brain) health but also the risk of later onset metabolic disease. This can 
account for much of the “missing heritability “of many diseases and demonstrates 
that very early investments (Heckman Curve) can be by far the most cost effective 
compared with end – of- life health costs- and emphasises the dangers of hunger 
and austerity measures [71–76] (Figure 5). Epigenetic mechanisms include DNA 
methylation and interactions with NAD/Nicotinamide metabolism with interven-
tions favouring animal based foods and fairly low quantities of milk and eggs having 
major beneficial effects on cognitive performance and behaviour [77–84]. This also 
explains the high investment parents will place to allow long successful childhoods 
so important to our evolution but when impossible comes at the price of reducing 
social mobility for many but does allow for significant neurodiversity [85–90]. Other 
periods when brain development is sensitive to environmental and dietary influ-
ences are adolescence and “mother brain” with changes in white and grey matter 
and a pruning of synaptic connections that may be important for brain reserves and 
ageing well [91, 92]. Improvements of diet throughout life would have short-term and 
long-term future gains that compound so there is a high discount rate for the current 
cost for descendant generations fulfilling an obligation to unborn billions for their 
health and a more cosmopolitan attitude rather than more superficial concerns for 
local social justice [93, 94]. Better nutrition such as school “breakfast clubs” and free 
lunches (with dignity) works at all ages and even once in college (or prison, hospital 
or care homes) it can be shown that hunger on campus affects learning and results, let 
alone later in life [95, 96].
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   6. NAD history of a key molecule 

 Harden (1906) discovered NAD as a cofactor whilst investigating fermentation and 
this was followed by demonstrations of NAD(P)(H) role in anabolism and calcium sig-
nalling and NAD(H) in hydride transfers and mitochondrial energetics. Mitochondrial 
failure is a major feature of many neurological degenerative conditions and often 
involves other organs. More recently NAD-synthases “feeders” (NMNATs) have been 
shown to have an important role in (Wallerian) degeneration [ 97 ,  98 ]. NAD-consumers 
as ADP-Ribose polymerases are known to be important in DNA repair (PARPs) and 
Sirtuins in ageing (NAD declines with age) with agonists or supplementation extend-
ing lifespans and rejuvenating stem cells and promoting tissue regeneration at times of 
stress, including food scarcity [ 99 – 101 ]. Sirtuin deacetylation (including histones) and 
NAD affect epigenetic mechanisms regulating genomic and epigenomic stability. NAD 
turnover is high and supply pool is competed over and is compartmentalised and fluc-
tuates such as with circadian rhythms and is dependent on dietary nicotinamide. There 
is an endogenous pathway from the degradation of (dietary derived) tryptophan on 

  Figure 5.  
  Heckman’s curves illustrate how the rate on return to investment for diet and education rises steeply if begun 
early - with reductions in many forms of brain and cardiovascular disease. In the case of diet this includes 
pre-conception parental and even grand-parental diet working through epigenetic and DNA-methylation paths 
that interact with nicotinamide metabolism. The graph would be steeper for poor countries with short-term 
benefits merging with long-term compound benefits for future generations. There are limited time windows where 
catch-up growth can occur with some developmental plasticity but this can create mismatches later in life where 
ample diets can precipitate metabolic disease and the full gamut encompassed in the developmental origins of 
adult disease (barker) hypothesis. Low nicotinamide early may cause a phenotype with less neurones more prone 
to the ravages of ageing but also leads to low induction of nicotinamide methylation that does not forecast a luxury 
diet and risks nicotinamide toxicity even if diet improves later.          
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the kynurenine pathway that also profoundly affects immune tolerance and is affected 
by many disease processes and pregnancy [102–104]. Hormetic anti-ageing influences 
from plant derived compounds, as part of their own defences, such as resveratrol 
also predominantly act through agonist actions in NAD-Consumer pathways, as does 
exercise and caloric restriction [105]. NAD connects with the social and sexual dyad 
relationships through oxytocin regulation [106, 107]. NAD fluxes through energetics 
and its consumers and signalling is a central master-controller of metabolism and we, 
in a very real sense, live in a NAD metabolome and microbiome with symbiotic and 
social breakdowns when the supply fails [108]. Satiety and avoidance of food, sex and 
gambling addiction and substance abuse from alcohol to cocaine has been linked with 
circadian NAD replete pathways affecting opioid, nicotine and cannabinoid receptor 
and dopamine, serotonin, oxytocin and adenosine reward circuits [109]. We may be 
addicted to these surrogates for NAD as we may be to NAD and its metabolites just like 
some extreme mutant cancer cells [110]. NAD replacement may work for a wide variety 
of diseases of ageing as may Nicotinamide N-Methyltransferase (NNMT) inhibition as 
this enzyme is induced, perhaps by high nicotinamide in diet, in a wide variety of “dis-
eases of modernity” whether metabolic, cancerous or degenerative [109, 111, 112]. We 
are be in a “NAD World” with many of our senses, metabolism, physiology and actions 
attuned to obtaining and the optimal use of this supply in our “umwelt” [113, 114].

7. Pellagra’s epidemics

Pellagra was first described in the medical literature by Gaspar Casal (1735) in a 
European epidemic amongst poor polenta eating peasants. He recognised its basis in a poor 
maize based and low meat diet as had the people affected (one offering to sell her house 
for a round of butter) [115]. Another famous epidemic was a century ago in the south-
eastern “cotton” states of America triggered by economic hardship amongst sharecroppers 
and slaves. South Africa also had outbreaks triggered by rinderpest in cattle, poverty and 
apartheid. More recently outbreaks have occurred usually in war-torn African countries. 
Death rates are high and undiagnosed let alone untreated cases are common [116, 117].

8. Clinical features: 4 D dysfunction & degeneration across generations

Dermatitis was common and sometimes pathognomonic as a seasonal form of 
sunburn. Darker skins were somewhat protected limiting diagnosis and self-diagnosis 
that could otherwise lead to self-treatment and eating more meat before specific 
treatment was even available risking cognitive decline. (During our early history this 
may have favoured white skinned peoples in more northern climes that also had more 
meat in diet but less sun). Dementia and poor intellectual development were impor-
tant features that included a raft of other neuropsychiatric syndromes, including a 
myoclonic encephalopathy, and poor and antisocial behaviour. Mimics of Parkinson’s 
and Motor Neurone disease were noted. Diarrhoea was common due to inflammation 
and dysbiotic infections – other dysbiosis included TB – and there was susceptibility to 
acute infections. Death and premature ageing were common although rarely mentioned 
by the current ageing literature. Women were affected twice as often as men (and often 
have less access to meat in the home). Pigmented skin protects against the characteristic 
sunburn rash but may be a mixed blessing if then poor cognition is overlooked and not 
(self-) treated particularly as in Africa, Asia and the Americas meat was less available.
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Pellagra was thought at the time as being a systems failure and degenerative in the 
atavistic reverse evolutionary sense of the term (even before the importance of meat 
in our evolution was realised) let alone being neurodegenerative in the modern sense. 
Pellagra is also an excellent example to remember in the nature via nurture and in 
Mind-Gut axis debates [118]. Pathology crossed many current classifications as there 
was evidence of degeneration, mitochondrial dysfunction, oxidative stress, dysbiosis, 
amyloidosis and manifestations with no discernible histopathology [41, 119].

9. Addiction: early opioid and other drug endemics and wars

Alcohol addiction and ritual drinking bouts “potationes” was well recognised 
but by interfering further with NAD status makes things worse and can be a cause 
of pellagra alongside thiamine deficiency and Wernicke’s and Korsakoff syndrome 
both treated with multivitamin preparations. Addiction to food and feast days is more 
understandable but other addictions whether sex of gambling played in to developing 
pellagrins a poor reputation. Self or institutionalised and medicalised treatment with 
drugs even infants is more surprising. In the 17th century the poor cultivated on an 
industrial scale and ate poppy seed bread “pavrato” or “pane papaverino” and may 
well have caused the first “opioid” and “cannabinoid” epidemic. Other pain killing 
and hallucinatory herbs, including hemp, or spoiled rye with ergotism and St Vitus’s 
dance were as a response to this “disease of wretchedness” benumbing an already 
stunned undernourished population who could only dream of a land of Cockaigne 
and a world to be turned upside down “mundus inversus” as often too weak to rebel. 
Opium has been used since the ancient world but not on this scale that subsequently 
got magnified with major effects in China, note 19th C “opium wars”, and recently as 
is well documented causing incarcerations (though not of the Sackler’s or other manu-
facturers of fentanyl and analogues) and life expectancy falls particularly in the USA 
[120–124]. This ultimate in unconscionable abuse of bio-power perhaps started with 
pellagra-related “deaths of despair” three centuries ago but is only recently recognised 
as having a link with NAD deficiency helped by NAD infusion [125].

10. Treatment

Joseph Goldberger in the USA during their epidemic beginning in 1902 is rightly 
credited for renewing the dietary link (proposed for the Nobel Prize three times) as 
then it was widely thought to be due to a poison in maize or infectious or genetic. He 
recommended high meat and fresh diets or the use of brewer’s yeast to good effect for 
both prevention and cure and recognised the similarity with “black tongue” in dogs 
and the link to tryptophan. Conrad Elvehjem discovered nicotinic acid and the link 
to pellagra (1937) and Tom Spies and colleagues rapidly (Time magazine Team of the 
Year 1938) treated patients who even in advanced cases could respond.

11.  Butterfly castes to butterfly effects: racial, class and other divides are 
not so black and white

Pellagrins whether white or black were derided as inferior human beings or even as 
a different race, with many epithets still used against “deplorables”, and were known 
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as the “Butterfly caste” (referring to the characteristic dermatitis) and “problem 
pellagrins”. At various times those from Ireland and Italy have been treated much the 
same so colour may be a distraction from the real underlying cause of many “them 
and us” as really “have and have-not” divides and extreme reactions such as the Klu 
Klux Klan, segregation, apartheid and genocides and the occasional successful revolt 
such as on Haiti.

Racial and colour awareness can be date back to at least biblical times as in the 
Christian and Jewish myth of the “curse of black skinned Ham but the origin of whole 
populations having inferiority complexes has been dated to the 17th century German 
speaking countries (extraordinary given the later history of racial purity and Aryan 
supremacy) relative to the French who were dominant in all spheres of life whether 
material or cultural and was exacerbated by the thirty year war – when German 
livestock were rounded up and driven away - and these countries were in an early 
financial crisis with hyperinflation and a credit crunch [126].

Anthropologists travelling the world, such as the neurologist W.H.R.Rivers, dis-
pelled some myths that “primitive” races had sharper perception as their minds used 
little energy for higher mental functions (the “Spencer hypothesis”) although not 
many were convinced during strong eugenic movements [127–129]. Other anthro-
pologists from the 1930’s on have documented behaviour changes and dehumanisa-
tion during the “hungry season” (when meat is scarce and pellagra outbreaks start) 
or when peoples are removed from their hunting grounds noting societal and familial 
breakdown (with cannibalism and infanticide at the extremes) and include Turnbull’s 
1960’s studies of the Ik tribe “Mountain People” and Scheper-Hughes 1990’s Brazilian 
study “Death without weeping” of slow starvation often medicalised and treated with 
drugs [130–134]. Similar observations were made in the Ukraine 1930’s famine, the 
Siege of Leningrad in 1941, and many Chinese famines as described for the 1960’s 
Mao responsible famine in “Hungry Ghosts” [135]. Acquired constitutionally poor 
phenotypes secondary to financial hardship and a slide down Engel’s curves precede 
societal stigma and institutional bias to “wastrels” and discrimination and medi-
calisation can hide the basic nutritional cause and responsibility even in the face of 
rebellion [63].

Bacon’s 1676 rebellion is remembered as, for once, poor whites and poor blacks 
united to fight for their rights, yet still failed as did similar attempts later in America, 
well analysed (by Du Bois around 1900) and South Africa. The calculated response 
by well fed and nutri-genomically well-endowed northern European groups, who 
felt superior (and were taller), was that poor whites, often indentured servants or 
imported criminals, needed preferential material or status enhancing treatment so as 
not to spoil their own case for supremacy (upset by many shocks such as the Japanese 
attack on Pearl Harbour) [136, 137]. Hence Jim Crow laws, with apartheid menial jobs 
with and low incomes then prohibition “wars” first on alcohol and then drugs with 
incarceration all denying “inferior” groups any realistic chance of levelling up.

As Martin Luther King said in 1968 when about to launch the Poor People’s 
Campaign just before he was assassinated “in one America people have quality food 
and education, in the other the best minds can never come out” [138]. Based on personal 
reversible experiences, the current mayor of New York has recognised that a diet 
derived from slavery to unhealthy soul food is a key front line in the fight for civil 
rights [139]: and, we say, was the original bottom line with a low meat intake affecting 
physiology and behaviour with a the willful drive to degeneration by further dietary 
restrictions and then blaming the victims [140–142]. Recent calls support this view 
that poor diet is the common denominator as in Louis Gates comments in “America 
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beyond the colour line” .“if King came back, he’d say we need another civil rights movement 
based on class not race” reflecting class divides in people of all colours and the long-
term effects of “segregation sequiturs” such as low wealth and income and poor diet 
- democratic socialism with strong economic rights underpinning diet and (electrical) 
energy rights is the way forward [143–146]. Pellagra’s butterfly effects from origins in 
the southern states and south Africa bastions to this day of some of these frictions are 
still the most acute could worsen despite the importance of diet and pellagra preven-
tion being well known for over a century [147].

12. Euthenics not eugenics

Ellen Swallow (1900) is credited with emphasising diet and ecology in human 
health and combating eugenics with euthenics and social welfare responses to 
inequality and the vagaries of birth and racial improvement; life not being self-
authored [148]. Others despite their interest in eugenics emphasised diets with both 
proponents for vegetarianism improving the race, such as Graham and Kellogg (1914) 
and for meat, such as Woods Harrison (1911) - later taken seriously by countries such 
as Japan and China. McCarrison working in India and Boyd-Orr in Kenya understood 
that there was an interaction between tribes, races and diet with the Masai and Sikhs 
benefitting from blood and meat- based diets with taller heights and better health 
(including less TB) [149]. Even monarchies were at times pioneers of welfarism 
and sceptical of genealogy or meritocracy as were some social reformers - common 
prosperity as a mantra is now even championed in China is realised to have a dietary 
and euthenic habitat related basis – much based on the need for more meat [150].

13. Pellagra prevention

For most of our evolution and history as hunter-gatherers this was pre-solved as 
our diet was so meat based both as a source of micronutrients and for calories par-
ticularly in temperate zones so catastrophes would have caused localised or seasonal 
famines rather than chronic or widespread or lifelong malnutrition [151–155]. High 
intake of nicotinamide from hunting may have been important to the evolution of 
large cooperative brains with pellagra being an atavistic example of evolution in 
reverse gear. Furthermore there was a very strong sharing culture particularly for 
meat with anyone attempting to obtain the “lion’s” share actively shunned [156]. 
Storing and preserving meat developed to overcome “seasonal” hungers or other 
interruptions to the usually ample supply helped by hunting parties leading the global 
diaspora. However, that led, along with climate change, to megafaunal extinctions on 
land and sea and a move to smaller prey and the beginnings of herding. After the agri-
cultural neolithic revolution pastoralism developed to help boost the meat supply. The 
neolithic revolution was overall a net negative meat transition with adverse effects on 
health, height and brain size whilst populations exploded on a more pellagra-genic 
diet with malnutrition as hinted at by descriptions on “steles of famine” [157, 158].

Pastoralists and agriculturalists had trading arrangements allowing for a balanced 
diet (despite some taboos), even if these were at times fraught – much early raiding 
and warfare can be seen in this light as will be later empires acquiring pastureland. 
Pastoralists were not only providers of meat but also developed “secondary products”, 
at multiple independent sites, butter/ghee and soured dairy products from milk curds 
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(and whey) as fermented cheeses and yoghurts with low lactose levels but just as rich 
in nicotinamide riboside and more easily stored and transported.

In the best example of parallel cultural and genomic convergent evolution, 
suggesting extremely strong selection pressures lactase persistent genes emerged 
independently in several pastoralist populations, particularly in northern Europe, 
to overcome the natural decline in enzymic activity after infancy and avoiding the 
unpleasant symptoms of lactose intolerance such as flatulence and diarrhoea whilst 
cultural evolution developed cheeses [159] Other nutrigenomic developments allowed 
for greater ability to digest starches and alcohol that connect to NAD pathways and 
NNMT that, as with other carnivores may guard against nicotinamide overload as 
would many rearrangements in NAD-consumer pathways all of which are active in 
general and brain metabolism (Figure 6) [160].

Some population, such as those in Mesoamerica, had to adapt to low meat diets 
due to a lack of easy animal domesticates compared to the “big four” of current 
animal domesticates that were all herding pre-domesticates in the middle east’s fertile 
crescent. A major staple maize co-evolved and achieved God-like status (as did cattle 
elsewhere as the “food of the Gods”) as it is easy to grow and a good source of calories 
but not of tryptophan or nicotinamide [161–163]. In a cultural evolutionary approach, 
suggesting strong selection pressures, in the fields it led to the “3 Sisters” joined by 
beans and squash enabling growth through nitrogen fixation and both protection 

Figure 6. 
There were several nutrigenomic adaptations during our recent evolution that enhanced our NAD diet most 
notably the development of lactose tolerance. Nicotinamide n-methyl transferase (NNMT) induction protected us 
from nicotinamide excesses and close control of NAD metabolism evolved through upgrades of NAD -consumers. 
Close links with environmental stimuli were forged affecting most metabolic and (neuro) physiological pathways.
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of the soil and as sunshade - and a broader diet with extra nicotinamide and amino-
acids. As striking was the (subconscious) development of cooking with lime as “nix-
tamalization” releasing bound nicotinamide - a practice not always exported to other 
continents leading to pellagra outbreaks in Europe and elsewhere. There are other 
examples of cooking practice that evolved to reduce toxicity from cyanogens and 
other toxins as did enhanced xenobiotic enzymes but this is the most striking example 
of releasing a micronutrient and reducing toxicity from its potential deficiency [162].

After the discovery of nicotinamide and its relationship to pellagra in the 1940’s 
supplementation programmes were introduced in places starting with bread. Brown 
bread contains some nicotinamide in the germ but when processed to white bread is 
largely removed: although white bread was initially the preserve of the rich it became 
more popular, in a curious and unfortunate inversion, amongst the poor on low meat 
diets. (Later the pasteurisation of beer had the same effect by removing brewer’s yeast an 
important source of vitamin B3 used as treatment in some epidemics). Manufacturers 
soon followed first of cereals, as “Vitamania” took hold and later widespread currently 
in “high energy” drinks and even teas. However, this usually targets the wrong global 
populations at risk of deficiency and has the disadvantage of being a potential drain on 
the methylome, unlike adequate meat. Along with effects on NAD-Consumer enzymic 
activity this could give mechanisms for a hypervitaminosis B3 as is suggested by excessive 
induction of NNMT in many diseases of “modernity”. In other words, creating the worst 
of all possible “NAD Worlds” with missing treating cases of subclinical endemic pellagra 
at the same time as increasing the potential for nicotinamide overload and toxicity [17].

14. Endemic pellagra

During the pellagra epidemics, particularly the American outbreak in the southern 
cotton states a century ago, not only was it recognised that many cases went undiag-
nosed but that the rash was often not present and a condition of “pellagra sine pellagra” 
was endemic and probably had been since well before the Civil War – and may indeed 
have contributed to the confederate defeat. Low IQ in recruits and poor physical health, 
such as diarrhoea (now called “environmental enteropathy” or TB, were well recog-
nised as a problem at the time: the finding of better IQ scores from black northerners 
compared with white southerners was an important if inconvenient truth for many. 
TB disappears once income and diets improve, presumably as nicotinamide is a TB 
antibiotic, and this has had a profound effect on population health although may lead 
to the emergence of allergic and auto-immune disease [164, 165] (Figure 7). At risk 
groups on low to very low meat diets may always have harboured sub-clinical cases and 
may still do whether seen through the lens of class or continent/country. It is worth a 
short historical detour to investigate this possibility accepting a lack of data due to no 
biochemical screening tool for NAD/Tryptophan deficiency in use, inexplicable and 
unacceptable for an easily treatable condition.

15. Class and NAD scales and ceilings: meat pecking orders

Since the Mesolithic and neolithic move down the food chain to a less meat 
based and more horticultural then cereal and calorific diet hierarchical class-based 
systems evolved in all sedentary civilisations [19, 152, 166]. If meat is less avail-
able it might make some sort of teleological sense to develop an upper ruling and 
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officer class on the better diet with high level cognition and a proletariat working 
and infantry class with, almost by definition, higher fertility. Higher populations 
allowed for greater divisions of labour and inventiveness. Much of human history 
can be explained in this light with trading (and wars) with pastoralist (mounted) 
“barbarians” to obtaining more pastureland by conquest (“Lebenstraum”) – given 
class wars when the ruling classes did not honour their promises to feed the “com-
mon” people whose lands and hunting or farming rights they had taken as part of 
“enclosure” movements (Figures 8 and 9). Extreme versions such as wars to obtain 
captives for human sacrifice rather than land as state sponsored cannibalism for the 
upper classes in Mesoamerica [167]. Recent versions are evident the history of the 
working classes and their “snakes and ladders” of failures, whether white or black, 
if only education and not income or diet is addressed [168–171]. When the political 
will is there it is possible as examples include successful victualling often cited as 
being important for victory in all wars and well documented for the Napoleonic 
wars with significant meat intakes for the sailors compared with their enemies (and 
non-combatants at home) [172, 173].

High meat, milk, butter and cheese intake amongst the wealthy often amount-
ing to gluttony and “orthorexia” is well documented everywhere that it has been 
studied for the last 10,000 years with documented effects on height, health, IQ 
and power as is the opposite effects of forced often monophagic vegetarianism on 
the working classes or low-income unemployed, especially women and including 
children [174–176]. Meat as the centrepiece (sometimes along with cheeses) has 

Figure 7. 
TB rates fell dramatically before medicines became available and is a hallmark of modernity with a shift that 
increases life-span but comes with more allergic and auto-immune disease. Sanitation has little effect on this non-
water or food-borne microbe and better housing increased rents reducing money for food and has, on documented 
occasions, led to more TB. Nicotinamide and it’s analogues are TB antibiotics so there is a biological explanation 
and given TB’s role in “educating” the immune system absence of this “old friend” may explain it’s replacement 
with the emergence of allergic and auto-immune disease.
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long been important for the rich and for distribution in feast days - that used to be a 
lot commoner – or by monasteries (who had a beneficial effect on agriculture even 
after their dissolution). Peasant dishes can get gentrified, an old example being 
the addition of meat in medieval times to “frumenty” porridge, with many more 
examples when dishes were imported to richer climes as in the “hunger for America” 
diasporas from Europe [177, 178].

The rise of the middle class bourgeoisie on middling and more meaty diets honed 
in restaurants in countries who by happenstance got ahead on the meat curve is a 
likely basis for prosperity in a feed-forward cycle given effects on cognition and 
behaviour and a culture of truth and “matters of fact” that recognises talent from all 
classes as the history of the Royal Society and other legal and scientific institutions 
demonstrate [179–183].

Nevertheless a dangerous class divide persists that is known as the “Lockian pro-
viso” and can be summarised as “if the process of civilization has deprived the members 
of society of certain liberties (to gather, pasture, engage in the chase) compensation would 
be due to those persons for whom civilization was a net loss” allowing a moral argument 
to steal under those circumstance offers taken up from “Robin Hoods” if there is 
inadequate pre-or re- distribution to the poor [184–186]. Rulers cannot rule by force 
alone so a cultural consensus and social contract is normally achieved even if periodic 
realignments have to be made after periods of austerity and “gilded” ages – we may 
be in one now exacerbated by Covid with monetary policy in the rich world risking a 
two-track divergent economic recovery between both classes and countries with their 

Figure 8. 
Gillray’s 18thC cartoon may have been the first to illustrate the connection between class differences and cuts of the 
national “plum pudding” with meats to the king and his courtiers down to the “scrapings” for the labouring poor 
(the value of roast beef and the evils of alcohol were also well depicted by Hogarth). The carving up of empires 
between great powers and “state epicures” and” greedy-guts” divided the world to the great detriment of the poor 
in poor southern nations. Now rather than Palmerston and Napoleon leaders from Eurasian and Western blocs 
and food monopolies carve up the world – The dangers of this are profound and a common purpose needs to be 
established fast to correct this basic human right and create a world safer from pandemics.
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debt burdens and poor access to increasingly expensive food and agricultural invest-
ment funds [187–189]. Cries that we cannot afford more solidarity should remember 
what Keynes (1942) said “anything we should actually do, we can afford.

16. Discussion

Discussions about causation and the origins of class and racial inequalities 
typically consider only the last 3–400 years and when dysfunctional blame 
proximate factors such as the need for cheap or surplus labour or, various forms of 
(neo) slavery and related lack of (hereditary) capital or, “laissez-faire” neoliberal-
ism or, weak democratic institutions and corruption or, property laws and loss of 
the “commons”. However if one takes a longer view it is clear that our pre-history 
ancestors were far more egalitarian in general and particularly so over the sharing 
of meat. Later class gradients of meat eating emerged and perhaps allowed some 
increased diversity in a largely isogenic species with high human capital when 
meat intake was high but higher fertility amongst the proletariat that may have 

Figure 9. 
Most forms of oppression have been crimes of commission (despite being resisted and criticised at the time) 
mediated by interrupting “swords v ploughshares” food and animal product chains often in (civil or class) and 
“guns or butter” conflicts, raids and wars. Sometimes these constraints targeted those who started from a poorer 
dietary base such that infectious disease collaborated in population destruction, such as the Americas, but not 
always as the bourgeoisie were attacked in the midst of collectivism as with the Russian kulaks and in Cambodia, 
China - and many Jewish pogroms. Crimes of omission have contributed to at least as much malnutrition and 
premature deaths or weaponised food supplies.
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been of overall benefit. However, when taken to extremes with very low intakes 
“precariats” and “underclasses” let alone frank pellagra developed that became 
racialised and has caused much friction over the last few millennia. This underly-
ing dietary motor has become obscured although poor diet as a transgenerational 
and within lives mechanism for exacerbating or causing racial, sexual and trans-
generational inequalities is gaining traction and is, we believe, a constructive and 
practical way of dealing with reparations by eliminating food deserts and swamps 
with their “empty” calories and “amputation capitals” and other metabolic ghet-
toes – we should re-invent being” together at the table” and adequate sustenance 
with sustainability for all [190].

Reducing resource stress and food insecurity improves cognition and reduces loss 
of cognitive bandwidth by having to spend less time on earning to provide a basic diet 
over and above calories and giving more time to spend on education and family - with 
no need for breaking laws.

17. Conclusions

Engel’s Law (1857), is one of the most robust regularities in economics, showing 
an uncanny fit both within and across countries with increasing incomes (or falls in 
prices) leading to a decline in the share of family income spent on food. Indeed, given 
other necessities such as heating, clothes, shelter and entertainment, it can be used 
as a measure of poverty. Bennetts (1941) modification demonstrated that as income 
rises less is spent on starches or cereals and more on milk and meat and fruit and 
vegetables up to a point where it then can fall off for meat. Indeed, we have previously 
proposed a hypervitaminosis B3 and there are other signals that too much meat may 
be toxic. Engel’s curves are subject to major distortions if calories become very cheap 
but meat fruit and vegetables remain expensive as then this normal progression will 
become attenuated – especially if there is also competition from other “luxuries” 
with remarkable penetration such as mobile phones. These destroy the market for 
meat as demand seems to fall as there is not enough disposable income to support a 
safe market encouraging dangerous black markets in “bushmeat”. No wonder there 
is no longer the same clear divide between the move from infectious to auto-immune 
disease and obesity now becoming common and now a feature of poverty due to the 
emphasis on cereals and oils and sugars and empty calories in food swamps creating a 
“double whammy” and sick societies [191].

We have given some background on NAD metabolism with pellagra being the 
“tip of a metabolic iceberg” and the importance of animal products as the source 
of nicotinamide and how it’s deficiency can cause many disease, dysbiotic and 
social phenotypes that include poor cognition and anti-social behaviour with 
addictions creating classes that become dysfunctional. In “Silencing the past: power 
and the production of history” Trouillot (1995) insisted that “the ultimate mark of 
power maybe it’s invisibility; the ultimate challenge, the exposition of it’s roots” and 
this meat-power relationship needs to be made visible so that it can be corrected 
and allow multiple “Phoenixes” to rise.
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Chapter 4

Pellagra: Down Not Out If Down 
and Out (and South) – Part 2
Adrian C. Williams, Christina Wood and Lisa J. Hill

Abstract

North-South variation in the supply of meat has always been present. Sharing of 
meat was the rule but in the multi-centric Neolithic revolution when domestication 
of animals and plants co-evolved class differences became pronounced-aristocrats 
and inferior proletariats and “lesser breeds and lower orders” started to form. The 
distribution of natural domesticates was uneven with the near-east and a temperate 
band across Europe well off compared with Africa and the Americas. The Columbian 
exchange changed this as meat became abundant in the New World who then exported 
to Europe. Wars, expropriations and genocides were over the meat supply and acquiring 
pastureland or water. Colonial plantation profits paid for meat imports from “settler 
colonies” indigenous or poor peoples on low meat pro-pellagrous diets were considered 
inferior whatever their colour and had poorer health and life expectancy. Attempts 
to correct hunger in the resultant ramshackle “Third world” concentrated on calories 
fuelling population booms and busts and delaying demographic, epidemiological and 
economic transitions. High meat variances are narrowing in China and Asia but need 
help elsewhere in the South. Dangers of not developing with a safe and sufficient meat 
supply include the emergence of zoonoses and mass migration. Reparations, rehabilita-
tion and rejuvenation should concentrate on reconstituting a meat commons giving us a 
shot at redemption and survival.

Keywords: NAD, meat transitions, demographic transitions, epidemiological 
transitions, TB, poverty traps, metabolic syndromes, genocide

1. Introduction

Almost from time immemorial luminaries such as Cato, Cicero, de Quesney, Turbot, 
and Smith up until the present day have debated whether agriculture or industry or new 
energy sources or free trade created wealth and progress. Concepts on the “Biopower 
and Biopolitical” uses of diet can be dated back to Aristotle and Plato and elaborated on 
by Foucault and followers. Omnivorous diets for all as a prerequisite tailwind for firing 
on all body and brain cylinders neverthelessis rarely heralded (even by neurologists 
or psychiatrists) and even then the links between the “Grand Transitions” involving 
demographics, economics and epidemiology and the “Mega-threats” of pandemics and 
climate change are rarely made at a diet- metabolic level [1–7].
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In Part 1 we discussed the consequences of being “down and out” or on “skid 
row” from meat and milk and therefore nicotinamide deprivation and mitochondrial 
energy within countries since the neolithic agricultural revolution and the domestica-
tion of crops and animals—here we shall discuss meat privilege on a broader canvas 
across time and space and the implications for human and planetary health. All agree 
that it’s “inequality that kills” but how does this actually work? Sub-clinical pellagra 
stunts and slows individuals and fails to develop prosperity and a bourgeoisie creating 
bradykinetic macroeconomics and poverty from the pathology of ill health [8–10]. 
First, however, lets recap on some basic building blocks of civilisations starting with 
water but then majoring on meat and nicotinamide.

Splitting water by photosynthesis supplies oxygen and combined with CO2 carbohy-
drates (CHO) and subsequently NADH to mitochondrial oxidative phosphorylation to 
produce energy as ATP. Water and water vapour, as a green-house gas, with a supply of 
photons makes the world habitable. Riparian “river cultures” such as by the Euphrates, 
Tigris, Nile, Indus and Yellow River with their floodplains and alluvial soils comprised the 
majority of early civilisations. “Hydraulic” empires, such as Rome, China or the desert 
kingdoms can be compared with those, some in  Europe, with easier rainfall patterns or 
those with monsoon seasons, for their necessary adaptations for crops and the prodigious 
amounts of water needed to raise cattle and for their responses to climate changes-often 
inadequate causing collapses (“the Curse of Akkad”). Water is important for hydropower 
and trade routes (and Sea power states such as Athens, Carthage, Venice, Netherlands or 
Britain) and affects the politics of dams and canals and landscapes, such as terracing, and 
social structures, sanitation programmes, and wars when mutual interest fails [11–17]. A 
Gordian knot and nexus exists between water, air and diet and (for the last century) oil.

The role of diet, particularly grain in the rise, often with “ ecological windfalls” or 
“ecological imperialism” and fall of empires or other collapses, often with “ecocides” 
from exploitation of the earth’s resources (from Sumeria to Egypt to the Mayan and 
Roman empires and Easter Island) has been discussed: some enlarge on a role for meat 
and steppe nomads and, here we emphasise the importance of a sustainable balance 
between cereals and meat and, innovatively, discuss a metabolic mechanism suggested 
by the narrative of pellagra and NAD deficiency for both class and country effects 
[18–26]. Although air is free, unlike meat, but like water often not clean, asphyxiation 
has been a metaphor (and not always a metaphor thinking of lynching, Covid or George 
Floyd) for how to subjugate people—and their collective struggle for resources or to 
breathe as Franz Fanon (1959) said it is “oxygen that invents a new humanity”—but NAD 
deficiency (considered a “pseudo-hypoxia”) is a more plausible mechanism [27–29].

2. Hypothesis: Short Story

Geographical gradients of meat intake have always existed but in the last few centu-
ries they diverged and more recently have converged except in parts of the South where 
some billion people live on below $1.90 a day—the World Bank’s definition of extreme 
poverty and so become enforced and often monophagic vegetarians with effects on 
health and longevity (Figure 1). Initially a more plant-based diet in the Neolithic may 
have increased fertility and a population growth that allowed for division of labour 
and high collective intelligence as the “ Human Swarm” even as health and height 
deteriorated; but this may now be a developmental over-run producing “underclasses/
countries” [30, 31]. Here we attempt to describe how and why all this happened, hoping 
to illuminate a universal from the specific of pellagra,  and that high meat intake is both 
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the cause and the effect of economic progress (generally considered an unresolved 
“wicked problem”). Countries and continents have different epidemiological and 
demographic trajectories that may link to timing of safe meat transitions. If inequality 
is to be overcome its root cause and the source of biopower relationships, whether by 
class or by nation, needs to be understood and may lie with quality diets and quality 
populations. Sorting this may be the moral and safe way forward—and intersects with 
solutions for climate change and reducing civil unrest and pandemics [32–39].

3. More background and current relevance

Plows and petroleum have largely fuelled the food systems but despite successes has 
not served the poor or the planet that well [40–42] (Figures 2 and 3). Food insecurity 
underlies widespread micro- and macro-nutrient malnutrition, emigration and pandem-
ics in this “nomadic” and “pandemic era” spread by commerce from zoonotic microbial 
cauldrons [43–46]. Such mega-challenges to feed with “sustainable intensification” 
increasing populations in the South rarely discuss a relationship between diet and 
fertility and the interactions with climate change [47–49]. There is a need for a mega-
Marshall plan that as Bruntland’s classic commission of 1987 said “ meets the needs of the 
present poor without compromising the needs of future generations”, that may include novel 
foods and fermented or cultured meat or exceeding “planetary boundaries” will cause 
a “ecological shock” with loss of biodiversity and further climate change [50–53]. Poor 
meat food-chains facilitate “bushcraft” and species-jumping zoonoses and decreases 
resistance to infectious pathology. Wars, including civil wars, and land enclosures and 
confiscations and land-grabs can be related to “lebenstraum” and the appropriation of 
well-watered and fertilised pastureland or the oil to support high intensity farming and 
a better diet-traditionally at others, usually in the global south’s, expense. Geopolitical 
tensions and the follies of war include “slash and burn” tactics, unplanted or unharvested 

Figure 1. 
(A) Meat by type & intakes by continent 1960-now. China shows a remarkable increase as have other “Asian 
Tigers”. Europe and the USA long term leaders on intake are beginning to drop. India is in the middle on intake 
(better in the south), but Sub-Saharan and some other African countries are stalling as are their epidemiological 
and demographic transitions. Beef and ruminant intake worldwide have stabilised with pork (omnivorous 
scavengers) and industrially farmed chicken showing remarkable increases. (B) International Life expectancy by 
income. Remarkable increases shown here from 1960 but starting much earlier before medicine would have had 
much impact implying that public health measures such as clean water and a better diet were more important. 
Nicotinamide metabolism is important to most models of longevity in all species suggesting that high meat/milk 
intake could be causative.
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crops, pillaging, stock-piling, blocked ports and sea channels, and sieges and often geno-
cidal “hunger-plans” that along with price rises or tariff arrangements create a vicious 
cycle and more deprivation, again worst felt by the poor and in the South.

Existential threats such as climate change are both caused by and effect food 
systems (an initial boost to plant growth by high CO2 is rapidly cancelled out by 
drought, floods and fires and locusts). Shorter-lived but potent methane as a green-
house gas (80xCO2) is largely derived from microbial synthesis in expanding wetlands 
and thawing permafrost “thermocrast” lakes as well as ruminants (and has increased 
markedly from 2007 in a vicious cycle that could form a “methane bomb”). Alongside 

Figure 3. 
(A) Global averaged diet composition. However, it is the extremes not the averages that are the problem with the 
danger of undiagnosed and untreated “pellagra sine pellagra” on the one hand and a possible hypervitaminosis 
B3 on the other. Switching from one extreme to the other within lifetimes can risk metabolic syndromes. Switching 
over generations to more meat and milk can lead to demographic, economic and epidemiological transitions. (B) 
Global sources of protein. All sources are not equal as far as Tryptophan is concerned as an alternative precursor 
to NAD where animal sources are better, as they are for nicotinamide. Other sources exist such as insects and 
larval forms—mealworms—that may play an increasing role in the future as may algae and macroalgae seaweeds 
such as kelps—and artificial laboratory grown meats from stem-cells.

Figure 2. 
(A) Meat production England 1600–2020. Meat production increased but barely kept up with population growth. 
Imports paid for by the profits from the cotton and sugar trade caused the real improvements helped by the repeal 
of the corn laws and better transportation and refrigeration allowing imports from the “settler” colonies and states. 
(B) Crop production yields have increased significantly over the last 50 years. Some GM crops contain vitamin A 
such as golden rice and recently vitamin D in tomatoes otherwise sourced from animal produce (or sunlight). Breads 
and cereals are often supplemented with vitamins, including nicotinamide, but less often in poor countries and are 
expensive. Oatmilk is now popular but does not contain as much nicotinamide-riboside as dairy milk.
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the effect on CO2 and nitrous oxide emissions this raises major concerns on meat 
intake and linked agricultural methods that increase emissions, such as transportation 
and excess use of fertilisers or tillage that destroy carbon sinks on land and acidified 
seas. Well maintained pastureland (of no use for crops) and perennial and tree silva- 
cultures can however, like the sea, be massive carbon sinks [54].

High meat intake in the affluent west needs to drop but we will argue that for 
those on a low income, usually in the south in Asia or Africa it needs to increase (or its 
synthetic cell-based or safer non-ruminant/insect or plant/fungi and algae substitutes 
or at least with fortification of vitamins) to allow healthy demographic and epide-
miological transitions. “Farmerian” structural violence has been attributed to poor 
food distribution networks and unfair property laws and metabolic and behavioural 
dysfunction in ghettoes as well as the incidence of infectious disease and early death 
[55–57]. A thought experiment imagining a “Dog-land” within the USA showed dogs 
to be at a high average global meat intake for humans [58].

High meat intake is not so much the problem, although the Delphic MHΔEN ATAN 
(Nothing in Excess) applies, as high global variances and lowering these drastically is the 
solution as a wholesale move to a plant-based diet often with ultra-processed high calorific 
but cheap foods is problematic [59–63]. The Lancet EAT commission suggested as much 
but was criticised for not explaining how the under-developed world was going to afford 
to eat a more varied vegetarian diet or for not fully recognising the need for some animal-
sourced produce [64–66]. Despite living in a “Superabundant” world with a “breakfast 
bounty” whereby the price of meat and eggs has fallen for blue-collar workers by over 
90% in real terms as measured by how long it takes to work to pay for them many of the 
poor within countries have not benefited and many countries in the south are no richer 
than the UK was in 1800 with per capita GDP still not exceeding 10$ a day [67, 68]. 
English breakfasts indeed became popular largely at the time when the international 
meat trade really took off with chilled American beef and deep frozen Argentinian and 
Australasian meat carried by refrigerated ships (such as the Circassia) in the 1880s such 
that by the eve of WW1 40% of the meat consumed by Britons came from abroad, a trade 
that shaped the world [69]. But let us start again toward the beginning as this all relates 
to how the high meat variances and quality of diets between nations as well as classes 
developed during our history, that were not part of our initial evolutionary trajectory. 
Not addressing this may de-rail our “ slouch toward Utopia” instead directing us toward 
apocalyptic dystopias, if we do not develop climate smart food supplies and an “ethical 
omnivory” sensitive to animal rights and refrain from “milking” the poor [70–78].

4. Continental NAD divides

At the time of the Neolithic agricultural revolution all was not equal when it came 
to available animal domesticates and therefore the meat and milk supply even if 
sharing meat in our social leap was the early norm hierarchy, exploitations, enslave-
ment and inequality rapidly developed [79, 80]. The middle east and then Europe and 
the Asian steppes were well off for amenable hoofed ruminants such as goats, sheep 
and cattle [24]. Africa the “cradle of mankind” having been a meat cornucopia with 
abundant wild herbivores in the savanna had few natural domesticates and more 
than their fair share of animal diseases (such as trypanosomiasis (sleeping sickness) 
in the wide tsetse belt and in the nineteenth century rinderpest introduced from 
Europe) and competing large carnivores. Nomads and pastoralists and relationships 
with other animals were important components of our history and culture [81, 82]. 
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Cattle, Chattels and Capital all derive from the same etymology and in practices such 
as bride-wealth. More damaging was cattle rustling and the concept of “terra nullius” 
that allows for pastureland not obviously farmed by indigenous people to be appro-
priated and territorial gains through war or land-grabs and were all meat related as 
was cannibalism [83]. The New world after the original animal population was deci-
mated by hunters had few natural domesticates other than turkeys and guinea pigs; 
China had foraging pigs, chickens and many ducks so was reasonably well supplied at 
times, but still largely cereal based and famine prone [84, 85].

5. Columbian exchange of NAD suppliers and attitudes to other peoples

The Columbian exchange changed the New World dramatically by developing set-
tler states that improved their own and then others supply of meat (Figure 4). Cattle, 
sheep, goats and horses rapidly bred in this new ecology and on ranches [86–88]. 
This was usually to the detriment of indigenous peoples and the slaves, as illustrated 
by the manmade deplorable “Trail of Tears” and “Middle Passage”, even although 
Africans had helped by smuggling (Black) rice across the Atlantic and contributed 
their considerable agricultural and even medicinal skills [89–93]. Some apprecia-
tion that native Americans were not, after all, monsters or savages having their own 
civilisations was there as a philosophy of “All Mankind is One” was supported by 
the Spanish monk Las Casas and even had royal support but did not unfortunately 
translate for long. As Montesquieu (1748) said (sarcastically) in his Spirit of the Laws 

Figure 4. 
(A) Columbian exchange. Animal Domesticates, such as sheep and cattle, were introduced to the New World that 
otherwise had very few such as turkeys and guinea pigs. Earlier megafauna had, as elsewhere, been killed off by 
hunters and climate change, and later bison were killed by (white)hunters to the detriment of indigenous tribes. 
Imported ungulates rapidly expanded swarming in the lush new pastures “ghost acres” tripling the pastureland for 
England and other European powers further aided by cowboys, barbed wire and ranching with the import of new 
breeds. Later feeds replaced grassland and the “livestock complex” was born.  Maize and potatoes went East fuelling 
population booms and busts. (B) The slave trade by supporting sugar, tobacco and cotton indirectly supported the 
meat trade as the profits held by Europe paid for the meat imports as had silver and gold. Settler colonies exported 
meat, now frozen and easily transported, and usually had enough for their own benefit. Others with or without 
plantations had their farming systems damaged and their peasants taxed (salt and tea taxes provoked rebellions 
in India and America). Diets deteriorated (such as the Bengal famines). Indigenous peoples contributed much on 
farming technique and introduced crops such as rice in the West and medicinal “secret cures of slaves” (such as 
quinine) and commercial plants (such as rubber) of great value that like the silver, gold and (blood)diamonds 
were basically stolen as “primitive accumulation” to fund capitalist ventures and more profit for the centre. In the 
Irish famine and even quite recently examples of exporting meat whilst the supply to the local population declined 
markedly include Guatemala and Costa Rica in the 1960s [26].
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“having extirpated the natives Europeans had no choice but to make slaves of Africans 
besides which sugar would be too dear” may provide the explanation along with other 
expropriations of useful materials and free or cheap labour from indentured servants.

Previously many racial differences had been attributed to “environmentalism” and 
climate or diet but the mood changed as Europeans, except when they inter-married 
(miscegenation may have even saved us from a speciation event) did not change 
their phenotype and so genetics became a more favoured explanation with whites 
genes being superior.  The underclass and “cultures of poverty” were invented (with 
planters pitting working class whites and “hillbillies” against people of colour)—a 
self-fulfilling prophesy when the indigenous natural diets were destroyed in favour 
of producing cereals and sugar/molasses, and a pellagrogenic diet allowing for “class 
cluelessness and callousness” [94, 95]. Furthermore “divide and rule” policies by elites 
and “dog whistle” racial politics were encouraged on the plantations and thereaf-
ter stalled  many worker class rebellions. More subtly on Haiti in 2008 food price 
increases were bailed out with strings attached that are damaging longer term for the 
nutritionally weakened poor—(even though they were the base of agriculture and 
capitalism in general)— all old and new methods that create superficial frictions that 
include pitching disadvantaged racial and tribal groups against each other [96–99].
This is now known as the “Southern Strategy” though moved North with the mass 
great migrations of African Americans after the Civil War (Underground Railroad) 
and is a “Pluto Populism” and “Racecraft” and often evangelical and nationalistic 
policy with vote gerrymandering and other suppressions much copied (including 
ironically by the party of Abraham Lincoln) to this day.

Some original abolitionists retaliated with criticism of eating slave-foods (such as 
sugar), and other forms of plant robbery such as rubber and cinchona (quinine anti-
malarial) sentiments that continue with fair trade movements (but the connection with 
the meat trade was not realised) [100–103]. Gold and silver and later profits from the 
slave-based sugar and cotton industry paid for massive levels  of meat and fish imports 
to Europe particularly after the invention of steam engines  for ships and the railways, 
and refrigeration. Colonised settler states after the Americas included Australasia 
exporting meat;  other colonies contributed indirectly such as India and Africa 
(inspired by Cecil Rhodes) were taxed or used to boost income from mining and “cash 
mono-crops” using cheap labour advantaging the European core at the expense of the 
“periphery.” Outbreaks of pellagra, in the poor southern “cotton states” of the USA and 
later in “banana republics” were the tip of a malnutrition iceberg. Advances in farming 
beyond “hoe-culture” were discouraged as was the manufacture of goods, even tradi-
tional cotton clothing—all helped to create a now dependant “Third World” [104, 105].

Cash crops such as from peanuts, cacoa or tea took precedence over staples such 
as rice or yams often in the name of comparative advantage (that then had to be 
imported with no control over price) and destroyed mixed farming and the meat 
supply for all except surviving pastoralists. Ironically the Masai were even admired 
by their colonial masters for their height and health. As Daniel Defoe author and 
pamphleteer, said at the time “No African trade, no negroes, no sugar, indicoes, cotton; 
no islands, no continent no (meat) trade” and change or even insight has come slowly. 
This all allowed the “great subsistence crisis” in the north-western world triggered by 
war, volcanic eruption (Tambora 1815) and the “year without summer” and effects 
from El Nino to be the last crisis in the North but came at the expense of the South 
[106–108]. Modern equivalent practices include the export of Palm Oil and soybean 
(used as animal fodder in industrial farms) causing much local ecological damage—
swaths of the Brazilian Cerrado region turned in to cropland and rainforests cleared 
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for grazing cattle contributing to both local and global climate change and destroying 
much biodiversity in order to supply the west with more meat or biofuels [109, 110].

6. The West then the rest: meat as propellant. More circumstantial evidence

Ink (and blood) has been spilled over the issue of the reason for the rise of the west 
and we have added meat centrality to previous arguments relevant to all empire build-
ing and as advice to their builders [111–122]. Poor cooperation between agricultural 
empires, such as the Roman and the Ming empires (who decried milk and its products 
in an anti-Mongol gesture except in Zhangua province that fared better), and their 
“barbarian” pastoralist neighbours has been implicated in their falls (perhaps answer-
ing Needham’s puzzle in the case of China as to why they were overtaken) [123, 124]. 
Similar issues have emerged for the Ottoman and Mughal empires with lack of animal 
fodder or exhausted irrigation systems and ecocides leading to “high equilibrium 
traps and inadvertent selection for quantity rather than quality population growth in 
low meat economies [125–127].

Julius Caesar noted of British tribes in 54BC “lacte et carne vivant” but most 
observers date Britain’s success to the response to the 14th C Black Death that itself 
followed on from a great famine (and is thought to have originated in the East 
and spread along the Silk Road by Mongols as a zoonosis involving the fur trade in 
marmots and grain supplies eaten by both man and rats with their fleas all in close 
proximity with gruesome stories of early biological warfare catapulting the dead 
into a city (Caffa) under siege [128]). Here, the argument goes, the high death rate 
led to a shortage of peasants and yeomen so, despite early aristocratic resistance, 
wages rose and agrarian fields turned to pastureland innovations such as turnips for 
winter fodder avoiding autumnal culls and spring seasonal hardship (when pellagra 
often emerged). Meat intake increased markedly for several centuries—all reflected 
in increasing height and perhaps, IQ [129–134]. The need for labour saving devices 
became the “mother of inventions” for agriculture then industry.  Studies have used 
estimates of affordable “baskets” at various times with international variations and 
fluctuations in the incidence of the more pellagra-genic basket support these claims 
[135–137] (Figure 5).

Elsewhere populations exploded on more cereal (and now maize) based diets 
and agricultural reforms lagged with many other obstacles in the East and South 
that involved ecological and unresolved water and irrigation issues that were not 
so difficult in rainy Europe [138]. The rise of the northern white protestants on 
a high dairy diet in the reformation compares with the poorer but more fertile 
Catholics which may have been another divergence in the making [139, 140]. 
In England population grew slowly for centuries but then populations boomed, 
at the time of Malthus, as there were dietary setbacks so by the 1800s many of 
the poor were enforced vegetarians culminating in the “hungry forties” before 
another meat transition took place.

Reforms of corn laws and deflation of food prices along with cotton and other 
profits allowing importation of meat on a grand scale meant that for once the 
poorest gained and could afford a better diet. This allowed for an expansion of the 
middle classes and the rise of “hawkers” of street meat and “fishwives”, taverns and 
restaurants helped. The Chartist movement and the rise of trade’s unions avoided 
the concurrent hunger inspired revolutions in Europe at least until the 1930’s hunger 
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marches. In England (and later America) and in Amsterdam and Antwerp’s “glory 
years” butchers and their guilds prospered in the luilrkkerland (delicious-land) with 
stories depicting houses made of pancakes and bacon with pre-roasted pigs walking—
butchers could not keep up with the nouveaux riche [141, 142].

Many observers have touched upon diet being important for talent, “industrious-
ness” and progress: “Rosbifs” and “Roast Beef of Old England” were immortalised in 
paintings and song and Shakespeare’s plays, such as Henry Vth [143]. Other dietary 
explanations have included a spice or “sugar rush” (although the dangers of sugar 
were pointed out by Thomas Willis around 1670 as diabetes “mellitus”). Importation 
of tea (that became part of the British identity despite no tea plantations in the UK) 
and coffee displaced beer, a safer source of liquid than water at the time, and distilled 
spirit addiction “drunk for a penny, dead drunk for tuppence” even feeding infants 

Figure 5. 
Subsistence baskets. Food baskets have been estimated for many countries over many centuries. Such baskets can 
be tracked—In England they deteriorated before the Black Death but then improved as income (after opposition) 
increased for centuries. The birth of the lead in agriculture and the industrial revolution has been attributed 
to this high meat intake and enough money for consumers to spend on luxuries developing commerce (once 
sumptuary laws were abandoned). Poor harvests and wars had led to economic failures widespread vegetarianism 
culminating in the “hungry” 1840s. Many then escaped from bare bones pellagrogenic diets and continued the lead 
in Europe but then were  overtaken by the USA with China catching up more recently. These dietary divergences 
and convergences can be linked to the rise and fall of empires and civilisations.
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as depicted by Hogarth’s Gin Alley, as preferable stimulants rather than depressants 
(whilst at the same time driving the opium trade depressing China may all have led 
to some international advantage). But back to meat important trades spices (curry 
becoming emblematic of the UK) relates  to the preservation and taste of meat, or by 
camouflaging the added salt, along with other forms of charcuterie [144–148].

7. Nicotinamide not sugar rush: intellectual “savants and tinkerers”

We propose a meat and nicotinamide “rush” as a more likely explanation for mov-
ing the dial with non-dietary correlations such as coal and steam enabling improve-
ments in the supply as would profits from sugar and cotton plantations [116, 149–152] 
(Figure 6). Long rotating global waves of prosperity allowing more (patentable)
innovation noted by Kondratieff may have a basis in agricultural success and lower 
prices or higher wages and could relate to meat transitions that in turn are related to 

Figure 6. 
Ladder of development. Better institutions and governance are the conventional wisdom and thought, after 
Weber, to be the major drivers of progress and may prove proximate causes. However, it is our contention that this 
develops only after a critical mass of the population have high human capital from an adequate and balanced 
diet. This became a positive feed-back loop in the nineteenth C helped by the rise of restaurants (and chefs no 
longer needed by the (French)aristocracy) further improving diet that gives the illusion that better diet is a 
consequence, but we would claim reverse causation. History does suggest this was learnt the hard way obscured 
with friction and peasant rebellions (such as Jack Kade’s in 1450 over enclosures and privatisation of land usually 
for wool rather than meat that then became too expensive for the poor unless they worked)—and indeed has still 
not been learnt. Weber’s example of protestants in northern Europe had high meat and dairy/butter intake and 
were lactose tolerant compared with southern Europe with less mixed farming and olive oil rather than butter that 
has a higher nicotinamide content. Southern Europe was the site of the first recorded pellagra outbreaks, by Casal, 
in the 18th century. Perhaps subconscious cultural lessons were learnt as Italy now has the most democratic of diets 
and this “Mediterranean” diet leads to relatively good health outcomes [153].
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local agricultural and import opportunities all favouring good dinners for some; but 
let us look again at the example of nineteenth century Britain [153, 154].

8.  Tectonic plates: meat, epidemiological and demographic transitions 
meet early in the UK

Agriculture evolved in Europe with fallows enriched by grasses and legumes “Ley 
farming” improving the soil and nitrogen content, and the rise and fall of tillage improv-
ing the soil microbiome, with alternation of crops and livestock with integrated systems 
demonstrated by Jethro Tull (1751) and “Turnip” Townsend for winter forage [155, 156]. 
Stock breeding and “High farming” were introduced by pioneers such as Robert Bakewell 
and John Webster as the UK became the world’s “Stud Farm” and proponent of feed-
lots. England compared with many other countries including France had a high ratio of 
pasture to arable land supporting high meat intakes and horsepower along with ample 
manure for crops and was an important pre-requisite for the industrial revolution [157]. 
The fishing industry particularly for (dried and salted) herring, cod and whale took off 
supplying much meat as the “Northern Hunt Trades” and fourteenth C carp fish farm-
ing, helped by being allowed to eat fish on the many religious fasting/meat-free days, but 
soon was in trouble from over-fishing and later farms such as those for shrimp damaged 
the ecology of mangrove swamps as important carbon sinks even though done properly 
fish-farms may re-emerge as important sources of nicotinamide [158–160].

The astonishing rise of the chicken and egg market began to contribute [161]. 
However, with population increases numbers could not keep pace with demand. 
The well documented [60, 162–164] meat transition occurred early in the UK 
(1850–1900) with intake almost doubling for the general population although the idea 
that people and slaves need any more than subsistence died hard “scarcity promotes 
industry and less drunkenness” being a common view as was starvation as being a 
natural Malthusian population correction (as expressed by government in the Irish 
and Bengal famines). Better wages later became popularised by Henry Ford, as did 
conveyor belt manufacturing after observing the meat packing industry and is the 
basis of consumer society and luxury markets with all relating to Engel’s curves.

The pattern of disease changed dramatically with far less infections and early 
deaths most notably for TB [165–169]. Sanitation or at least better housing and fresh 
air and clean water have been considered important in this pre-antibiotic era, but 
evidence is surprisingly unsupportive for TB perhaps because rents rose squeezing 
family budgets. There are many other correlations, such as increased sugar intake, 
but the only one, to our eyes, with a convincing biological explanation is more meat 
as meat is a source of nicotinamide. Nicotinamide has antibiotic activity against TB 
(and other organisms including Mycobacterium leprae that also “disappeared” in the 
western world in the earlier sixteenth century meat transition) and many TB antibiot-
ics developed are nicotinamide analogues. Furthermore, TB excretes nicotinamide 
(used as a test for pathogenic strains) suggesting that it may be a nutritional symbiont 
that turns dysbiotic if relied upon too heavily [170]. As TB disappeared diseases of 
modernity particularly allergic and auto-immune diseases appeared [168, 171].

Biological explanations are to hand as the Tryptophan-NAD intrinsic pathway 
would not be activated on a NAD-precursor rich diet and is well known to be the 
immune tolerance pathway so over-reaction to otherwise harmless antigens might be 
expected (that might include the foetus); and absence of “Old Friends” could lead 
to loss of immune education again leading to immune over-reactions [171]. Relative 
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infertility indeed rose once death rates had fallen as part of the demographic transitions 
that causes temporary population explosions and then stability—and then population 
declines as fertility falls below that needed for replacement. Such demographic pat-
terns happen with modernity but the element of modernity responsible has never been 
identified (many happened before effective birth control was available or education 
improved.) Rather than talking of “African exceptionalism”, for instance, diet should be 
reconsidered as there is a longer history of meat being held responsible for low fertility 
and cereal dependency or poor diet short of starvation for high fertility amongst the 
proletariat causing much alarm about “replacement” by “inferior” peoples, but little 
action. Higher quality of population rather than higher numbers should be the aim  
(“K” v. “r” selection) and that can be done starting with better diet [172].

9. Nineteenth-twentieth century meat exchanges: rural and third worlds

Observers ,such as de Sant Pierre (1769) noted that “coffee and sugar were not essen-
tial to Europe but brought wretchedness and misery upon America and Africa” including 
becoming reliant on local “bushmeat” eating their own, now rare, wild animals from 
elephants to monkeys and losing some indigenous cereals, that often have lower calories 
and more micronutrients let alone being a source of cultural and biodiversity that may 
become important with climate change. During the later colonial period meat and 
tropical goods flowed from the periphery in to the European core aided by refrigeration 
and canning and “Free Trade” using cotton and sugar profits to pay for the imports and 
essentially living well at others expense creating “Victorian Holocausts” in the tropics 
often exacerbated or even capitalising on climate change [106, 173–177] (Figure 7). 
Current telling examples can be seen in Madagascar currently and occasionally in the 
centre as in the 1930s Dust Bowl on the American prairies that are worrying signs for a 
future of climate change in coastal and natural deserts, even California [178].

Figure 7. 
Sugar in Europe and the settler colonies was balanced by higher meat intake. This was not true for poor people 
particularly those in the Caribbean and "cotton” (and pellagra) southern states of the USA fed with high 
quantities of molasses (and rum) and little meat. This was a recipe for pellagra and poor nutrition throughout 
life and transgenerational epigenetic effects including metabolic syndromes. Reparations might be well directed to 
preventing this happening in the future. The same argument is true for poor peoples in rich economies where cheap 
calories with 2 for 1 deals and junk food do not help people ascend Engel's curves.
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Within the core there were extraordinary concentrations of cattle and meat 
flowing from rural areas to magnets large towns and cities that majored in animal 
husbandry and use of pigs as well as horses, hens and cows contributing to “metabolic 
rifts”. As Jenner rhymed (1772) “Fat droves of sheep and oxen, consigned from Lincoln 
fens, that swearing drovers beat to Smithfield pens.” This need spread and the Scottish 
clearances and the “colonisation” of Ireland caused much hardship and emigration in 
order to supply meat centrally at the expense of the “crofters”. Smithfield market is 
an exemplar in its Georgian day of a dominant 800-year-old industry of live animals 
“meat on the hoof” driven into the city for food and transport (and dung not easily 
re-cycled) dwarfing other better-known industries, such as sugar and coffee, and 
helped by advances in stockbreeding for meat and dairy. Abattoirs then moved out of 
town and out of view of the consumers with new tensions for animal rights by making 
the “cognitive dissonance” over killing animals easier.

10. Pellagra: plus Kwashiorkor

Pellagra epidemics re-emerged in the periphery, namely South Africa, where it 
had been unknown until 1914, as did poverty, racism and disease—chiefly infectious 
or nutritional such as Kwashiorkor, well- illustrated by Oxfam, and felt by many to be 
infantile pellagra particularly after the protein hypothesis was discarded [179–182]. 
Post WW2 local initiatives and cereal exports and some meat from the developed world 
supported some feed-lot cattle in the underdeveloped world allowing for their own meat 
transitions that drove demographic and epidemiological transitions [105, 183–188]. 
However, this was highly heterogeneous (often aid was linked with political and anti-
communist motives or a way of exporting subsidised surpluses that did nothing for local 

Figure 8. 
Countries in shades of red whose cereal consumption fell as meat consumption rose correlate with high or very high 
(darker red) economic activity. This is Engel’s/Bennett's law at an international level. Poor countries are trapped 
by high food and energy prices where they also make up a larger share of the national inflation basket.
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farmers) and more commonly being cereal based may have given rise to population 
explosions as much as alleviating hunger. Transitions are still incomplete in southern 
Asia and most of Africa where poverty, stunting and chronic infectious disease with 
population explosions remain common and, we suspect subclinical pellagra is common.

Such countries may be the victims of excessive cerealization then calorificization 
with “empty calories” and “junk foods” and other temptations by-passing the normal 
function of Engel’s law [189, 190]. The so called “resource curse” may be when states get 
lucky with natural underground resources whether oil or minerals, or cash crops they 
do not spend it on improving diet where it is poor—by chance or design Europe did not 
do that with their wool and cotton trades and may have narrowly escaped this trap—
probably “a damm close run thing” as Wellington said of Waterloo (Figures 8 and 9).

11. Poverty pathogenesis converges on NAD mechanisms

Stephen J Gould’s comment channels as “ I am, somehow, less interested in the weight and 
convolutions of Einstein’s brain than in the near certainty that people of equal talent have lived 
and died in cotton fields and sweat shops”—much talent and brain power is indeed being 
wasted for lack of NAD-as William Blake said (in 1793) “Reason is the bound circumfer-
ence of Energy”. The poor (and particularly women as men commonly got the “Lion’s 
share” of meat) have a NAD deficient headwind to contend with and an NAD-related 
degenerative pathology and functional neuropsychiatric effects (“feebleminded” and 
ripe at times for enforced sterilization or extirpation) from both low dietary intake and 
increased consumption as they are exposed to more than their fair share of environmental 
genotoxic and other toxins and infections [191, 192]. Chemical revolutions have shaped 
our world from chlorine (releasing bleaching fields for pastureland) (1785) to soap and 

Figure 9. 
Meat and wheat international trades are high as is maize and soyabean with much used to support meat 
industrialisation (and biofuels). Sources and industrialisation of meat is geographically very heterogeneous. More 
local production with mixed farming or pastoralism would help reduce variances across the globe and reduce the 
need for artificial fertilisers.



77

Pellagra: Down Not Out If Down and Out (and South) – Part 2
DOI: http://dx.doi.org/10.5772/intechopen.110061

cleaning water (1850) to refining sugar to artificial fertilizers to DDT and organophos-
phates and neonicotinoids to leaded gasoline and poison gases and safe refrigeration, 
(that enabled the meat trade) but all have come at a (neurotoxic)price and unforeseen 
consequences particularly in poor neighbourhoods [193–195] (Figure 10). Incentives for 
“credit invisible” disadvantaged people to set up business in the USA (as part of Nixon’s 
“black capitalism” even concentrated on fast food outlets and franchises “force feeding 
junk” (although admittedly hamburgers, kebabs and “cod fish sandwiches” like fish and 
chips in Britain increase meat intake )rather than grocery stores as did targeted advertis-
ing and “Foodopolies” and all not helped by traditions of “soul/slave” food [197, 198]. 
Poor neurobiology has previously been blamed on genetics, but this plays a secondary 
role perpetuating the problem through epigenetic means well after the environmental 
assault [199]. Epigenesis may have direct effects through chromatin marks or in a wider 
sense of the term lead to poorer education both within and outside the family or access 
to (preventive) medical care or exercise. A large volume of evidence supports the idea 
that animal products such as milk and meat are important in child development in good 
studies in many countries over many years: given the evidence that increased income is 
spent on ascending Engel’s curves this explains the beneficial effects of universal income 
and services being cost effective with improved labour outcomes and productivity and 
the failure of austerity programmes [129, 133, 200, 201].

12. Living high: letting die

The moral position on this “thou shalt not kill” is clear as many ethicists and philoso-
phers from Aristotle on have pointed out that all should be allowed to flourish [202–205] 
(Figure 11). Many diseases of poverty can be related to meat deprivation and the “western 
diet” linked with allergy and auto-immune disease and (food) allergies often attributed 

Figure 10. 
A balanced diet has to include adequate nicotinamide supply along with other micronutrients that, until 
supplementation was introduced, had to come from animal produce. Supplementation and “nutritionism” may 
be an emergency procedure of value but is a technological fix (as is Golden Rice) to try to fix an economic problem 
and ignores broader cultural and health issues that rarely work and in the case of nicotinamide can drain the 
methylome [196]. Poor diet and poverty are interlinked in cycles of despair and increased environmental hazards 
adding insult to injury that are trans-generational.
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to lack of fibre and ultra-processed foods could be a direct effect of higher nicotinamide 
doses and that the theories merge as less fibre with changes in the gut microbiome and 
less butyrate and other short-chain fatty acids (SCFAs) affects the niacin receptors such as 
GPR43 and GPR109A and both T cell function and NAD metabolism [206–209].

We did not emerge from Hobbesian state of “solitary, poor, nasty, brutish and 
short” but from a (meat)affluent society. As Rousseau, Locke, Paine, John Stuart Mill 
and many since have pointed out the essence of the social contract and property rights 
with enclosures is that there is then an obligation to feed those whose land, pasture 
and hunting rights have been expropriated. Indeed that has often been taken as the 
hallmark of civilisation even if codes are regularly broken [210]. Many revolts, revolu-
tions and even world wars have been based on the right to subsistence, or used food as 
a weapon such as the Nazi Hungerplan (see “The taste of war”-Collingham 2012 – for 
many relevant examples emphasising the need for meat). Some nearly succeeded 
such as the French revolution’s “le droit a la subsistence” supervised by the “Comite de 
Mendicite” of 1790 that after long years of malnutrition under the Ancien Regime was 
working well until adverse finances due to the Napoleonic wars intervened [211–215].

The basis of a good diet is well known even if detail changes with fashions rather 
than evidence: Hippocratic and Aristotle’s biopower recommendations for individuals 
and states on dietary and exercise regiments are not that different to modern recom-
mendations or as observed in healthy “Blue Zones” [64, 216]. The problem is that for 
millions within even wealthy countries and billions globally this advice is not affordable 
or even available—and not because the poor cannot manage their domestic budget or 
cook properly but because high calorific foods are cheap and there is less waste and they 
keep you alive even if “starving on a full stomach” [66]. Cost of thriving indices (Coti) 
suggest that even the (crucial) middle classes in rich countries are over the last 50 years 
struggling for the basics including the nutritious food baskets – at lease on one income. 
Statesman like actions to alleviate intergenerational friction from “baby boomer” 

Figure 11. 
Stunting whether measured by height or IQ tests is very geographic and correlates with poor diets. So do low birth 
weights that then even if diet improves runs the risk of metabolic syndromes. TB decreases over time if meat intake 
increases as it did in Victorian England but is still common in countries where meat intake is low. Nicotinamide 
has antibiotic actions against TB and many helminths. As TB and Helminth incidence decrease allergic and auto-
immune disease quickly and consistently rise in incidence as does longevity and some age- related inflammatory, 
degenerative and cancerous conditions.
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pinches on subsequent generations prosperity and diet need accepting as breaks in 
the contract between generations (after Edmund Burke). A move back to “kitchen 
table” issues rather than the distraction of post-materialist cultural concerns treating 
lower status non-elites better may counteract populism and waves of migration along a 
metabolic gradient unstoppable by “Canute-like” border controls and walls [217].

13. Poverty traps

Previous worries about alleviating poverty and encouraging laziness or high fertil-
ity can now be shown, and the pellagra example helps, to be wrong—better diet cures 
laziness and poor or even criminal behaviour patterns and may decrease fertility (to 
the point it becomes a concern as the demographic dividend from more young people 
dissipates and immigration can become a necessity) [218] (Figure 12). The original 
Neolithic move to a more cereal based diet may have been a “Faustian” bargain 
increasing fertility and populations that could develop divisions of labour but at the 
expense of poorer health and human capital for some—a bargain we should recognise 
and take active steps to avoid.

“Tragedy of the commons” [219] claims that peasant cooperatives overgraze 
pastureland are rare whilst capitalist corporations frequently have short term non-
sustainable profit orientated approaches that damage the soil and use artificial 
fertilisers and pesticides to such an extent that they damage ecosystems and diminish 
biodiversity. Mixed farming cooperatives usually do the more sustainable reverse 
unless driven out of the market when if close to starvation “seed corn” may get eaten 
or corn sold cheaply that has to be bought back early in the next season at greater 
expense or, not eating (or even destroying) cattle as it is the only source of wealth—
classic poverty double traps that happen [220].

14. Politics and economics

No political or economic ideology has had unalloyed success in feeding their own 
populations (or of consistently helping others)—a key measure of the legitimacy of 

Figure 12. 
A balanced diet leads to better demographics with high quality but lower numbers of offspring that raise 
productivity and inventiveness and eventually lowers emissions after an initial sharp rise at least in the past. This 
is different to the cereal related boom-bust demographics of the neolithic and recent green revolutions with their 
emphasis on calories that become demographic and health “time bombs”.
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any government. Neoliberal policies emphasise industrial agribusiness’ efficiency with 
monopolies and profits to shareholders, compared with earlier “Fordist” capitalist sys-
tems that encouraged higher pay leading to better diets and consumerism for workers 
and gains for subordinate classes, have not served meat equality well [221, 222]. Neither 
has the Ricardian economics of “comparative advantage” that makes some sense when 
exporting tropical goods (or wine from Portugal versus cloth from England) and free 
trade but taken too far can destroy local mixed farming and even staples that then have 
to be “offshored” to unreliable or expensive sources leading to food insecurity [223].

State involvement as socialist and collectivist experiments also often fail such as in 
China or in the Soviet Union as witnessed by the Ukrainian Holdamor with starvation 
even in the “breadbasket” of Russia [224]. Other widespread famines and Stalin’s Russia 
“Terror-Famine” in the 1930s and China’s and Mao’s “Secret Famine” in the 1960s—nei-
ther put nutrition first but industrialisation. Meat issues and differentially successful 
agrarian policies may have been behind both the rise and fall of the Iron Curtain—
McDonald’s in Moscow was reduced to ersatz meat and meat queues were deeply unpop-
ular in east Germany and Poland [225]. The need for square meals was re-discovered in 
the 1930s great depression in the capitalist USA and in Britain stimulated by hunger and 
job marches and both had to take a more socialist stance as in Roosevelt’s “New Deal” 
[226, 227]. This deal incorporated anti-monopolist laws that dissolved the “Beef Trust” 
(alongside the more remembered Standard Oil) and supported the earlier populist 
movement of farmer cooperatives and the “Granger” movement notably and unusually 
from all “races” in the 1870s although “Big Ag” later has regained power [228–231].

The more capitalist and scientific focus (as with the “green” scientific hybrid and 
GM approaches) have been mainly on yields and calories rather than on nutrition 
and improving human capital—paradoxically reducing overt starvation but perhaps 
fuelling population booms on a “Sisyphean task” as far as keeping everyone well fed 
is concerned [26, 232–235]. There have been attempts to prioritise economies to basic 
human needs [236–240]. These sometimes put diet and meat via either jobs or direct 
cash ahead of other human or political or even international legal values (that often 
favour the rich) and could “unshackle” some economies (such as in India relative to 
China’s undemocratic policies) as a (hopefully) temporary trade-off [241–243].

15. Big food—small holders

A basic challenge is to decouple growth from its reliance on fossil fuels and fertilis-
ers (from bones to guano to potash, phosphorus and artificial oil fuelled nitrogen 
fixation) in a way that does not make things worse for the planet or its inhabitants: 
compound “green growth” is likely to require a combination of some reversion to 
traditional crop-pastureland recycling practices and technological innovation from 
vertical farming to artificial meat to methane-eating bacteria in dairy farms and 
measuring progress using Human Development indices not GDP [244–247].

Agribusiness has been guilty of short-term emission heavy  and other “Silent 
Spring” approaches that contribute to climate change and will eventually lead to less 
suitable agricultural land being available. Somehow a way forward with “local for local” 
(as was true for almost the whole of our evolution) “10 mile diets” insourcing more 
sustainable farming and ranching needs to be found [248–251]. Loss of biodiversity 
includes loss of the rarer foods that might be needed later and include some sources 
of meat [252]. Goldschmidt’s 1978 “As you Sow” research showed profound effects on 
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the community affecting poverty and health of industrial agriculture adversely versus 
family owned farms [253].

There are many suggestions and experiments ongoing that could solve these 
problems that integrate crop—livestock systems—if these decentralised systems can 
satisfy be scaled up creating a world system rather than globalisation with its high 
food miles and waste [254–267]. Local economies with food sovereignty going beyond 
food security with international peasant, slow food, cooperative solidarity move-
ments like La Via Campesina and Gruppi di Acquisto Solidale with the many versions 
of food hubs may cut out middle-men and monopolies or speculators making pro-
duce cheaper, safer and closer products suitable to diverse dietary needs [244, 268]. 
Regenerative farming and agroecology, sometimes less strict than organic farming 
that does not allow weed-killers, with less tillage or chemicals and “soil doctors” 
may heal poor soil health and make them both more productive and more resilient 
to climate change (whether temperature, drought or floods) as well as habitat for a 
rich ecosystem for micro-organisms and a storage sink for carbon - but this is often 
only solvable by local measures as there is no “one size fits all” solution [269–272] 
(Figure 13). Care needs to be taken as radical overhauls such as banning all fertilis-
ers and pesticides can cause a low yield crisis, as suggested by the experience of Sri 
Lanka. Laboratory grown meat has come a long way since the first burger (2013 and 

Figure 13. 
Answers are likely to come from a combination of social protection of income ideally through well-paid jobs and 
better educational infrastructure in deprived areas as “pre-distribution” or, redistribution with universal lifelines 
for meat (and energy) consumption up to a certain point with food subsidies or cash payments. Local production 
of foods and the best of the scientific and indigenous knowledge approaches with restorative farming and better 
and safer distribution networks will help.
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$330,000) as have shifts from beef and lamb toward chicken and tofu but may remain 
too expensive for the poor and unacceptable “Frankenfoods” to the rich [273].

16. Is more data needed?

Cartesian logic says that when we have enough knowledge of a balanced diet, we 
do not need the “logic” of the marketplace to help us valorise or price meat. Neither 
do we need more data to act.  The long overdue measurement and screening of NAD 
pathways in populations should still be done and would act as a lever to target defi-
cient individuals and to adjust dosage at times of stress.

A simple goal reclaiming a meat and diet commons should be set that would quite 
possibly pay for itself several-fold in productivity, resilience and safety [274–277].

17. Pro-pandemic meat variances: poor plagues can plague the rich world

If altruistic and moral arguments do not suffice, then fear of pandemics and 
climate change might tip the balance toward further action. The meat supply has long 
been a source for concern from nineteenth century meat packers in Americas “Red 
meat Republic” and Chicago’s “Porkopolis” as depicted by Cronon and Sinclair in “the 
Jungle” with dangers to the packers and the consumers triggering legal constraints 
on labour and consumer safety (the birth of the FDA). This did not stop the variant 

Figure 14. 
(A) Greenhouse emissions by food type. (B) Emissions from beef and chicken. (C) High to low emission meals. 
(D) Land grabs and their main uses. Ruthless pastureland and cropland appropriations and exploitations have 
been important drivers of our history. Territorial gains (Ukraine excepted) are now rare but the goal of most 
deals remains to feed the western centre or create profits from cash crops, oil or mining increasingly of rare metals. 
All benefitting from information technology and “offshoring” with cheaper labour rather than  improving the 
farms or the diet of the local inhabitants [294–296]. When local governments are astute to avoid “resource curse” 
or the “Dutch disease” they use profit to farm and feed their population properly and do not become too dependent 
on others for aid or their food surpluses or manufactured goods.
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CJD outbreak in the UK from unnatural farming and feeding practices associated 
with “industrial meat regimes” or in China “dragonhead enterprises”—COVID-19 
highlights the need for better and safer meat supplies as did other earlier emergent 
zoonoses; pathogen spillover is more likely when there are rapid changes in bat 
ecology including climate change and deforestation and when they are hungry and 
nomadic themselves bringing them closer to intermediate viral hosts and the human 
food-chain  [62, 278–284].

The quest for meat is strong enough that risks get taken both by the poor in des-
peration, such as widespread poaching endangering species, and equally by the bored 
uber-rich desiring exotic foods usually meat. Bush meat and other wildlife hunting 
or farming particularly in deforested areas can bring species together so closely that 
it allows for microbial/viral species-jumping an important source of new (and old) 
zoonoses and food poisoning. Animal culls from emergent veterinary infection or 
known pathogens that could have been avoided by better vaccination programmes 
can impair the meat supply and cause price spikes. Regulating the market with a vis-
ible hand banning illegal wildlife, improving livestock densities and revamping with 
less cruelty to animals and fish, tidier slaughterhouse conditions combined with early 
warning systems are urgent to correct this “biological experiment” as are fresh looks 
at conservation in zoos and parks with public health in mind [285–288]. Restricting 
the rich in a “meat retreat” but supplying the poor is the crucial point that must be 
kept central to policies and not compatible with calls to abolish livestock farming and 
replace with veganism and microbial ferments (reminiscent of the dystopian 1973 
film Soylent Green) [45, 289–293] (Figure 14).

NAD depleted populations are prone to infections and more likely to infect others 
with the infections further depleting NAD from tissue damage and perhaps impaired 
uptake of tryptophan in a metabolic trap. Indeed some manifestations of COVID and 
other infections (and long lasting side-effects such as chronic fatigue) may be new ver-
sions of pellagra with its documented disturbances of nicotinamide metabolism [297].

18. Answers: nutritional repairs as reparation and route to prosperity

Well-meaning attempts, and utopian ideals, have been made to alleviate nutritional 
poverty from feasts and potlatches in feudal times to poor laws and charity including 
from churches and monasteries and later foundling hospitals, school meals and food 
banks—and the far less well-meaning depictions of the “undeserving poor” and estab-
lishment of workhouses [298]. The usual reason for support was to provide enough basic 
subsistence to socially “produce and reproduce” a surplus workforce in case needed 
for industry or for “cannon-fodder”. More enlightened policies exist but often rush to 
education or electricity or fertility control or good institutions without much mention of 
diet the gift that underpins these worthy goals [299–303] (Figure 15). In other words a 
meat and fish (“Blue”) Commons and a “Glocalisation” foodscape needs to be recreated 
counteracting the “Lauderdale paradox” (as the “Charter of the Forest” a part of the 
Magna Carta had attempted in 1217 as later did the 17th C Leveller and Digger upheavals 
in the English Civil War, with “warning tears of the oppressed”, and later the Quakers 
and Chartists). However, the rich still enriched themselves  “contrived scarcity” of what 
had been abundant and was to become super-abundant. The worries of “Grim reaper” 
Malthusians such as Paul Ehrlich (as in his 1980 bet with the cornucopian Julian Simon) 
are perhaps resolvable by high “K” quality populations on good diets not “r” “popula-
tion bombs” [304]. On the whole up to now the optimists have been right with Human 
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Development reports showing reductions from 60% to 10% of peoples in extreme 
poverty (less than 2$ a day) since 1950 with increases in schooling, life expectancy and 
happiness but this has been unequally spread; the pandemic has reversed progress in a 
detour that may last given an “uncertainty complex” in a “polycrisis” or ticking “cluster 
bombs” best avoided by returning to basics such as wholesome diets.

Global problems, we have illustrated can be dated to unlucky geographies exac-
erbated by colonialism and post-colonial self-determination and the long shadow 
of slavery or neo-slavery, such as indentured servants and child labour, frequently 
resulting in pro-pellagrous diets [305–311]. Indeed, some good data is on catch-up 
growth after the stunting of American slave children that gives hope, as do many 
other studies across the world on migrants that diet with more animal products and 
protein can improve height cognition and behaviour and life chances within and 
across generations. Massive reparations were made to the slave owners not the slaves 
and reconstruction deals such as “ Forty acres and a mule” that would have helped 
were soon reneged on [28]. If we set our minds we could disallow a range of black-
white disparities in the prevalence of chronic disease including (Caribbean) “amputa-
tion capitals” caused by metabolic and “blood sugar” syndromes as well as excessive 
deaths from infection. Targeting the vulnerable may be more effective, more work-
able and more affordable than other proposals or repatriating looted cultural artefacts 
and could be off-set by other stolen assets from corrupt dictators laundered in the 
West as more recent “sins of the fathers” [57, 312–319].

Reparations, it will be remembered were poorly managed in Versailles in 1919 with 
fatal consequences (paving the way to WW2), despite help from the American Red 
Cross and “Save the Children” (who against opposition also helped starving Russians). 

Figure 15. 
Food spend as % of income remains high in many countries and will be a lot worse for the poorest families. 
Engel’s/Bennett’s law is clear cheap empty calories will be the first priority and meat/milk and vegetables will be 
squeezed out. By contrast rich people in rich countries spend a negligible proportion of their income on food that is 
in effect free as it barely affects their disposable income. Overindulgence can however be exacerbated by excessive 
fortification in foods and drinks running the risk of hypervitaminoses B3 for the affluent.
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By common assent the German famines led to fascism, further lebenstraum (that was a 
factor initiating WW1 seeking “a place in the sun” for both Germany and Japan) and WW2: 
The “Hungerplan” to starve Soviets and Jews mixed up such nutritional policies, racism 
and later genocide and “Holocausts” (whilst the world watched “a grotesque dream is 
forming”—Joseph Roth 1924) [212, 320, 321]. Half-starving people on a low meat diet 
turns them into versions of pellagrins, underlined by Primo Levi’s description of the 
“Musselman” who close to death “with head dropped and shoulders curved whose face and 
eyes not a trace of thought was to be seen”—that then “proves” them inferior.

In the WW2 case this chain of events was defined (by Lemkin and Lauterpacht 
-1945/6) as “genocide” and “crimes against humanity” and their “Final Solution” of 
euthanized death [302–304, 322–324]. Many genocides can also be seen in the light of 
dividing pastoralist and farmer groups and deciding they are ethnically different as 
evidenced in the history of the San (hunted as bushmen) or frictions over dairy farm-
ing in Kenya (the Mau Mau uprising in 1952) or in Rwanda or Darfur or inventing 
national borders that encourage ethnolinguistic diversity and friction as in Africa and 
India/Pakistan with similar colonial-settler like frictions and “indiginocides” in Gaza, 
Sri Lanka and Myanmar [323].

In these self-fulfilling policies half-starving people on a low meat diet turns them 
into versions of pellagrins ‘legitimising’ denationalisation followed by dehumanization 
and should be incorporated into Stanton’s “10 stages of genocide” under ecological 
and economic headings. We should re-think development emphasising the opposite 
outcome from a better diet turning the investment of reducing famine and malnutri-
tion and circumvent various vested interests to avoid future criticisms and our own 
“autogenocide” [245, 325–331]. This is particularly important for Africa and some parts 
of Asia allowing them to complete their demographic and epidemiological transitions to 
everyone’s advantage [274, 332–336]. The remarkable success of countries such as South 
Korea, a war-torn “basket case” in the 1950s concentrating on agriculture, land reform, 
exportable goods and culture shows that “Shrimp to Whale” progress can be done [337].

19.  Better policies: nutrition front and centre “to each according to  
their needs”

Food stamps and maternal support and attempts to maximise employment or 
provide universal basic incomes have had some luck [338]. Multiple studies over 
nearly a century in many countries have shown the benefits of animal sourced foods 
the tall Masai relate to pastoralism and the tall Dutch to high milk intake in the 
Netherlands—international IQ comparisons may similarly relate to diet [339–353]. 
Universal basic income first suggested in Thomas More’s old Utopian dream and 
enacted in Speenhamland (1795) almost became American policy in 1969 as part of 
the “War on Poverty” and many recent studies have shown large cost-effective gains 
in many measures across the board—this may well reflect Engel’s curves in improving 
the amount of milk and meat in diet [354]. Universal basic services is a closely related 
idea that would have similar results if it included diet as a priority rather than jump 
to welfare objectives such as free education and health by-passing diet [355, 356]. A 
reinvention of “gas and water” municipal socialism (as instigated by Chamberlain in 
Birmingham) and “New Jerusalem’s” with communes driven then by labour unions 
and strikes to include diet and international subsistence revolts often led by women 
(“Rebecca food riots”) andhelp to local farmers and their markets may be a the 
exemplar narrative and pre-requisite for success [357–362].
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Policies that encourage rather than marginalise pastoralism (as a protected local 
industry as important as other forms of security such as energy, computer, ships or 
military technology) and invest in “precision” mixed farming and sustainable regenera-
tive agriculture and aquaponics combining local indigenous knowledge with the best 
of the scientific approaches—and learning from well—constructed trials sensitive to 
local opportunities and cultural needs have to make sense [53, 76, 256, 266, 363–370]. 
Pastoralists are particularly at risk of climate change and its effects on forestation such 
as the advance of Boreal forests and reindeer populations or, their loss from fires, and is 
in the Sahal a flashpoint for outbreaks of violence [371].

Furthermore, agriculture and silviculture improve biodiversity reflecting the 
co-evolution between man, birds, bees and other insects, and symbiotic microbes in 
our gut and in the soil [372–374]. Neonicotinoids and other pesticides have damaged 
insect populations and the use of antibiotics to encourage growth in animals contrib-
utes to changes in our microbiome with antibiotic resistance and the emergence of 
“superbugs” now a major health hazard [375].

20. Humanitarianism: re-igniting a concern for distant others

Humanitarianism and its institutions have a history that some date from the 
consequences of decisions in Paris (1919) and Biafra (1970), where pellagra was well 
described, was another historical stimulus—that is still relevant to poor nutrition 
and population explosions in Nigeria [364, 376–379]. Charity organisations, such as 
Medicins Sans Frontières and the NGO Oxfam [380] with local development is the 
way forward including supporting pastoralists. The need for migration should then be 
manageable with less friction—after all behaviourally modern Homo Sapiens has been 
on a transcontinental global quest for meat or fish along eastern and western coastal 
“kelp and salmon highways” (and remember the Polynesians and Thule Inuit and 
the more commercial Basques) for 200,000 years or so and only migrates away from 
family when it is forced to [381, 382].

Calls for internationalisation of the meat, milk and egg supply pointing out the 
related failures of water privatisation and to the overall success of national meat ration-
ing in time of war may be in order [11, 383, 384]. Such combined national and interna-
tional approaches with a broader view of “A Duty of Care” [385–387] should lessen the 
loaded dice of being born in the wrong place with little chance up upward mobility (on 
the Gatsby curve) and may even be helped by technology and increased ability to virtu-
ally see the world from other perspectives, although runs the risk of flaming inequality, 
with gamers even playing farming games (originally “Harvest Moon”) rather than 
shooting “baddies” and rewards for being kind not vengeful [388, 389].

21. NAD ups and downs over time and place—“Only one Earth”

Pellagra, often familial, is an outstanding example, alongside eco-genetic opposite 
side of the genetic coin examples, such as phenylketonuria also cured by dietary inter-
vention, of good nature via good nurture [390]. Cotton market failures led to pellagra 
outbreaks just as loss of ship building led to a dietary and health collapse in Glasgow 
[391, 392]. Although the rest of “Bad Food Britain” or the USA is far from ideal (with 
many food-banks necessary) hope comes from Mediterranean countries where the 
class food divide is not so marked, and neither are health inequalities. Perhaps as 
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they were in the eye of the original pellagra storm lessons were learnt Elsewhere the 
“fallacy of composition” states that because many have access to luxuries one must 
not presume that necessities are catered for as heavy marketing of new technologies 
distort Engel’s law even in slums and “shanty towns” [393].

Politics should lower its sights and deal with Masferrer’s (1929) “El minimum vital” 
regardless of the hand dealt by fate and as Berthold Brecht said in his Three Penny 
Opera “You may proclaim, good sirs, your fine philosophy but till you feed us right and 
wrong can wait” or Scott Fitzgerald (1925 -Jazz age) in the Great Gatsby “ No human 
difference is so profound as between the sick and the well” and this failure to allow ascen-
sion up the food chain is the real source of (brain)health inequality [382, 394–397]. A 
“Constitution of knowledge” or “Adaptive intelligence” or “Metacognition” depend 
upon diet and if these do not function well neither science or the arts or political and 
democratic institutions can emerge capable of solving the major problems facing the 
planet and our own survival [263, 296, 380, 398–404].

Poor nutrition commonly gets medicalised shifting the blame and responsibility from 
the state to the individual and then blaming willpower or incarcerating or driving to drug 
and food addictive behaviour with opioid epidemics and mappable deaths of despair as 
was even documented three centuries ago in the pellagra epidemics [78, 405]. Failure 
to progress nutrition and human capital may explain the “Great economic disappoint-
ment” of the last 20 years [406]. Poor classes and countries particularly in the South face 
a NAD headwind that results in a developmental and degenerative pathology of poverty 
and inferiority, as judged by many in richer habitats who choose to forget the quote 
from Corinthians “What do you have that you did not receive? And if you received it, why 
do you boast as if it were not a gift.” Or the meritocrats conveniently forget “Der Mensh 
was iBt” (Feuerbach 1850) that can now be shown by stable isotope research, that has 
tracked our meat: plant dietary history, to be literally true that we are what (and where)
we eat [407–409]. Rich gastronomy and exotic diets look decadent at best if the south 
is included in “Only One Earth” (Ward 1972) and contributes to a dangerous syndemic 
and as said to the rich after Belshazzars feast in the Book of Daniel “thou art weighed in 
the balances, and found wanting”. Meat is not a luxury for billions and should be democ-
ratised or as Benjamin Franklin (1758) stated “For want of a nail, the kingdom was lost”. 
Metabolic rifts allow for dangerous metabolic ghettoes with poor brain development 
crucial for abstract thought, language writing and arithmetic and the many Neuro- pre-
fixed disciplines that “supersize the mind” [312, 316, 410, 411]. A more moral economy 
should focus on this need as did the “physiocrats” and “levellers” several centuries 
ago—and was Confucian philosophy long before that [186, 397, 412]. Meat markets 
are (Pareto) inefficient as it would be possible to make many people better off without 
making anyone worse off (indeed they may well be better off too; giving money would 
pay for the meat and would not be wasted as predicted by Engel and has been shown in 
several randomised trials (see Banerjee and Duflo’s Nobel prize winning studies).

22. Postcript 1: current concerns

Much of the heated controversies over the rights and wrongs of meat based or plant-
based diets can be resolved if seen in the light of needing homeostasis and NAD(H) 
based metabolism [284, 413–420] that may yet rhyme with a green hydrogen energy 
revolution [421]. The writing is on the wall over the ethics and safety of allowing billions 
to be poorly fed so we need to sort this out or any future generations will obloquy us in 
the same way as we criticise the diet-mediated slave trade and most genocides [269, 422].
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Stagflation with increasing prices and no growth was triggered in the 1970s by 
energy and then food price spikes and may happen again turbocharged by current 
shocks—for every percentage point increase in food prices another 10mn people are 
pushed into extreme poverty and developed countries are far from immune to this 
effect (prices are up 30% this year) with households paying over 50% of income on 
food. Heavy current subsidies of foods may become unaffordable for some countries 
and already concentrate on calories encouraging junk food and “buy one get one 
free” deals. Repeating dated mantras such as the poor needing help with cooking and 
domestic budgeting or, protectionism with export bans over foods or fertilisers are 
not an answer.

Recent events in Ukraine bring to a head longstanding problem in the food-chain 
affecting everyone but particularly those teetering in countries affected by conflict—
including Yemen, Ethiopia Sudan and Egypt—risking another “Arab uprising” that 
began symbolically with the self-immolation of a Tunisian vegetable vendor and were 
followed by Sudanese and other protests over the price of bread [423].

Individuals may be best served by free money but some states need “Special 
Drawing Rights” and support via World Food Programmes and combined with 
investment to improve agricultural yields such as in Africa and incentives to cut down 

Figure 16. 
Southern v, Northern India may be as close to a controlled experiment as it is possible to get compared to the 
natural experiments we have described. A child born in the South is far less likely to die in their first year of life or 
lose her mother in childbirth. She will receive better nutrition with free midday meals and go to school and stay in 
school longer then attend college and secure employment with better pay. She will have fewer children who in turn 
will be healthier and more educated than her. Southern India, and Kerala in particular, over the last 50 years has 
developed meat and especially beef as a secular dish cutting across class, caste and religion—the latter of course 
is complex historically with taboos that remain influential in the North. Initially the extra expense may have 
been kick-started by Gulf migration and remittance monies sent home but is now self-sustaining due to economic 
success and high meat production as well as consumption.
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on scandalous food waste (as in European “butter mountains” and “milk lakes”) and 
overindulgence in the developed world [424–426].

23. Postcript 2: QED?

These are man-made disasters, as was overt pellagra. Hope should come from 
realising that darkest London of 200 years ago was not that different to the poorest 
regions of the world now. Strong correlations with progress such as fossil-fuel depen-
dency that may have tempted emerging economies, such as in Africa, to believe that 
they cannot leap-frog to green economies can be shown that the legacy carbon path, 
or at least an extreme form of it, is not necessary if a balanced diet is prioritised.

Concrete optimism could spring from an almost randomised series of experi-
ments in India where the southern states have overtaken the Northern states in 
educational and economic terms with better health (such as infant mortality or TB 
incidence) with enlightened policies on meat/milk/eggs eating and midday school 
meals [427] (Figure 16).

Improved diet would increase resistance to infection more than the most power-
ful antibiotics and avoid “superbugs” and improve gene maintenance, expression, 
regenesis (including of neurones) and alter our inheritance in a way that glitzy gene 
therapies—for the rare and rich—could only dream of (although it has been sug-
gested that such technology could by using gene-drives reduce the desire for meat 
and make us more altruistic) [278, 428–431]. At the same time the nightmare of more 
inequality would be avoided as so much unmet need would be addressed. The fairly 
high hereditability of traits such as height and IQ and many diseases are much less if 
poor suggesting that diet is the crucial, cheaper and fairer intervention [432].

24. Discussion

It does not take a paranoid or an anxious mind-set to sense trouble ahead if food-
security and nutrition is not taken more seriously—the Maputo declaration of 2003 
committed African leaders to devote 10% of budgetary allocations to agriculture; 
few have come close but placate populations with food imports that they increas-
ingly cannot afford and should rely less on free trade but produce more at home or 
“friend-shore” rather than deal with international monopolies with few value based 
rules [433–435]. Commerce and market forces along with some optimism over new 
technology could, if it prioritised diet, create its long- promised potential for peace, 
(as first suggested by Montesquieu (1748) and Angell (1910)) and “ freedom” and 
democracy between interdependent classes and countries that currently are made 
dependant on those with (non-seasonal and varied) affluent dietary and other (deca-
dent) appetites—and could stop us all hurtling toward disaster [436–438].

A post liberal cosmopolitan economics that considers others more, and agrees 
with Joesph Roth (1938) “ People aren’t pigments and the world is not a palette!” and 
is not about the survival of the richest (even planning escapes to Mars (!) or eternal 
lives) or even a “golden billion” and other “great replacement” conspiracy theories 
by remembering Benjamin Franklin’s 1776 dictum “we must hang together or surely 
we shall hang separately” is in order [439–441]. Originally race was closely linked to 
class and poverty (as are immigration and other white laws) exemplified by parochial 
commentaries such as “the Bethnal Green poor are a caste apart, a race of whom we 
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know nothing” force-feeding inferiority that then needed to be despised or civilised 
in hostile environments cloaked in superficial markers such as colour or religion, as 
noted by WEB. Du Bois when visiting a Warsaw ghetto in 1949 [442].

Better diet for all should speed up our “slouch toward Utopia” rather than “molec-
ular utopianism” for the few. We finally begin to answer Keynes’ 1924 criticism that 
“we lack a coherent scheme of progress” as that means meat for metabolic progress, not 
meat as a sign of progress or for “showing-off”. Poverty alongside affluence defin-
able as “stuffed and starved” metabolic diseases with pathologies not due to “status 
anxiety”. A flatter not fatter earth with reduced meat variances is required and need 
not wreck the world and may save it [188, 443–446]. As (Sir)Bob Geldof, influenced 
by the history of An Gorta Mor—the Irish Great Hunger of the 1850s when govern-
ments also stood-by—recently said “Development is not some feel-good virtue-signalling 
function, it is a critical necessity of humanity or the spores of poverty find fertile ground in 
the poisonous fields of ethnicity, populism and nationalism- ask Putin”. Giving in to our 
altruistic urge with something of a moral revolution may help when combined with a 
“fear factor” of pandemics and climate change and a concern for our kids and future 
generations and generational injustice [447–452].

Bernard Kouchner, the originator of Medecins Sans Frontiers, (1993) having observed 
starvation and pellagra in the Biafran war wrote in his memoir “Le malheur des autres”—“A 
quoi servaient medicins s’ils n’alertaint pas le monde du blocus alimentaire…..silencieux 
nous etions complices du massacre systematique”. Preventative and moral medicine needs 
to avoid being accomplices amongst the geopolitical chaos and speak and act up over mal-
nutrition and pandemic avoidance with safer meat supplies—and in keeping with Ernest 
Hemmingway’s “if the story is so simple it can be said in 6 words” and to avoid the weight 
of circumstantial but (we hope) percipient material dragging our argument down we say 
loud and clear Square Meals—Poverty and Pandemics Gone. The lesson of the Black Death 
or of imports from “settler colonies” is that doubling meat intake for the peasants creates 
”Golden Ages” with more equality of early developmental outcomes and opportunities 
but this could be done without more plagues or creating more third worlds in the post-
colonial age that could “boomerang” [453, 454]. As a critique of development policies, 
states: the silence on unequal (metabolic) rights for rich and poor made unequal by dietary 
not genetic or cultural “tangles of pathology”,—and the lack of trust to make their own 
subsistence and other decisions has to end with less emphasis on blaming the victims and 
punishing laws and orders [455]. “Races” may correlate with skin colour but this oppres-
sive social construct disconnects from causation as it includes Jews, Gypsies, Romas and 
many other poor economically disempowered white classes on poor diets (in the past 
including the Irish and Italians or indeed anyone non-Nordic), subject to (immigration) 
discrimination and genocide, that profoundly affects plastic phenotypes [456–459].

*His story relevant to child malnutrition was “Baby shoes for Sale. Never used”
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Abstract

Vitamin E is a lipid-soluble substance that is the main component of the body’s 
defense system against free radicals. It performs a range of important functions in 
the body as a result of its antioxidant action. Cancer, aging, and other diseases and 
ailments have all been related to oxidation. It has been shown that vitamin E protects 
against rheumatoid arthritis and cataracts. Additionally, vitamin E can help to 
prevent the production of prostaglandins like thromboxane, which encourage platelet 
clustering and hyper aggregation, which can lead to atherosclerosis. The present 
literature review examines the roles and functions of vitamin E in human health, dif-
ferent disorders, and the consequences of vitamin E deficiency. The tocopherol family 
of vitamers is the focus of the review’s main points. In this review article, the part 
and actions of vitamin E are talked about, as well as the things that affect how well 
vitamin E treatment works. When given at the right time and for the right amount of 
time, Vitamin E should help people with oxidative stress caused by free radicals.

Keywords: vitamin E, health, antioxidants, tocopherols, free radicals

1. Introduction

A vitamin that dissolves in fat is vitamin E. Cereals, vegetable oils, meat, chicken, 
eggs, and fruits are just a few examples of the many meals that contain it. An essen-
tial vitamin, vitamin E is needed for the healthy operation of numerous organs in 
the body. As an antioxidant, it is also. RRR-alpha-tocopherol, a form of vitamin E 
that naturally occurs in foods, differs from the synthetic Supplemental vitamin E 
is available as all-rac-alpha tocopherol [1]. When patients have certain hereditary 
abnormalities or premature infants who were born very low in weight, vitamin E is 
used to treat vitamin E insufficiency, a condition that is uncommon but can occur. 
There is other more ailments for which vitamin E is utilized, however many of these 
other uses lack solid scientific backing. The antioxidant vitamin E has the potential 
to shield the body’s cells from harm. Antioxidants may offer defense against major 
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illnesses including cancer and heart disease. Additionally essential for the production 
of vitamin E and red blood cells also aids in the utilization of vitamin K [2].

The liver absorbs vitamin E once it is absorbed in the small intestine and stores it 
there until it is required. At that time, the liver only secretes alpha-tocopherol again, 
which the body can identify. Your immune system benefits from vitamin E, which 
also supports healthy skin, eyes, and brain function. Despite the rarity of vitamin E 
deficiency, maintaining health and preventing and treating disease depend on achiev-
ing daily vitamin E needs. Several circumstances can lead to vitamin E insufficiency. 
Premature infants with low birth weight are one example. It is also possible among 
those who have an illness that impairs the body’s ability to effectively absorb dietary 
fat, such as Crohn’s disease or cystic fibrosis. Both require supplementation to reduce 
the risk of complications [3].

Those who struggle to adequately absorb fats may become vitamin E deficient. 
Serious vitamin E deficiency symptoms include [4].

• Vision problems

• Muscle weakness

• muscle density loss

• Unsteady walking

• Abnormal eye movements

Continuing deficiencies may also result in issues with the liver and kidneys. 
Although the majority of Americans do not have severe vitamin E deficiencies, many 
may have slightly low amounts. Edible vegetable oils are the best sources of vitamin 
E in the diet because they have the highest concentrations of all the different homo-
logs (Table 1) Red blood cells and serum contain alpha- and gamma-tocopherols, 
with alpha-tocopherol having the highest quantity [5]. Only trace amounts of 
beta- and delta-tocopherols can be found in plasma. The higher metabolism of the 
other forms of tocopherol and the α-tocopherol possess protein are the causes of 

Oils Alpha (α)-Tocopherol G-Tocopherol D-Tocopherol A-Tocopherol

Coconut 
oil

1.6 — 1.0 1.1

Maize 10.5 59.3 0.9 —

Palm 24.8 30.9 6.9 13.5

Olive 5.3 Trace amounts 0 0

Peanut 12.8 20.8 2.5 0

Soybean 11.00 58.5 27.0 0

Wheat 
germ

130.9 25.7 26.8 2.4

Sunflower 46.9 5.5 1.0 0

Table 1. 
Vegetable oils contain vitamin E.
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alpha-preferential tocopherol distribution in humans (alpha-TTP). The reason why 
alpha-tocopherol is largely removed in the urine while the majority of the absorbed 
beta-, gamma, and delta-tocopherols are released into the bile and excreted in the 
feces, is because of the binding affinity of α-tocopherol with alpha-TTP. In non-
hepatic tissues, such as the endoplasmic reticulum and mitochondrial membranes of 
the heart and lungs and other organs with high amounts of free radical production, 
the alpha-tocopherol form also accumulates [6].

Oxidative stress has been linked to the pathogenesis of a number of diseases, 
including atherosclerosis, fatty liver disease, cancer, and neurodegenerative disorders 
[7, 8]. Oxidation of biological molecules such as lipids, proteins, and DNA, mediated 
by reactive oxygen species (ROS) and free radicals, results in injury to biological 
membranes, modification of proteins, inactivation of enzymes, and modification 
of DNA, according to an abundance of experimental evidence. Therefore, the func-
tion of antioxidants against oxidative stress in disease prevention and treatment has 
received considerable attention from both scientists and the general public [9]. If 
oxidative stress plays a causal role, it is expected that antioxidants will reduce the risk 
or be beneficial in the prevention and treatment of these diseases.

Several 1980s epidemiological studies suggested the health benefits of antioxi-
dants such as vitamin E and carotenoids. Cancer incidence is negatively associated 
with the ingestion of fresh fruits and green-yellow vegetables [10]. This is attribut-
able, at least in part, to the numerous phytochemical compounds found in plant 
foods, the majority of which are powerful antioxidants [11]. The Multinational 
Monitoring of Trends and Determinants in Cardiovascular Disease (MONICA) study 
revealed an inverse association between plasma vitamin E concentration and mortal-
ity due to ischemic heart disease and malignancy. Several large cohort studies have 
supported the protective function of antioxidants with overwhelmingly positive find-
ings. Antioxidant-containing dietary supplements are very popular among a sizable 
fraction of the population, as a result of the heightened enthusiasm.

Large-scale randomized clinical trials and meta-analyses, on the other hand, have 
shown disappointing and contradictory data about vitamin E’s effects. Not only have 
there been a number of “null” results, but some studies have shown that taking a lot of 
vitamin E may be bad for you, which has caused a lot of debate [12–14].

This article talks about the roles and effects of vitamin E and uses the scientific 
data to answer the following questions. Are oxidative harm and diseases caused by 
free radicals? Does vitamin E stop damage caused by free radicals and diseases that 
come with it? Why do controlled, randomized human studies of vitamin E give mixed 
and disappointing results?

1.1 Chemistry of vitamin E

Vitamin E is not the same thing as tocopherol; rather, Tocopherol refers to tocol 
derivatives with a methyl substitution. The two homologous sets of natural tocochro-
manols are Unsaturated tocotrienols and tocopherols with saturated side chains are 
two types of tocopherols. (Figure 1) depicts the fundamental chemical structure of 
tocopherols and tocotrienols; it has two places on a 6-chromanol ring where a lengthy 
isoprenoid side chain is connected. In contrast to tocopherols, which have a saturated 
isoprenoid C16 side chain, tocotrienols have a farnesyl side chain. Natural tocopherols 
have the RRR-configuration, but all-racalpha-tocopherol, which is the synthesized 
version, has eight distinct stereoisomers. Natural tocotrienols only have the 2R, 3′E 
and 7′E structure, and tocotrienols only have the chiral stereo center at C-2 [7]. Chiral 
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recognition is the process by which the enzymes and body’s receptors solely commu-
nicate with the enantiomers of the one of chiral compounds. As a consequence, only 
one of the two enantiomers has the desired effect on the body, while the other two 
may either have no effect or a negative effect. E- Vitamin cannot be converted to one 
another within the human [15, 16].

1.2 Sources and recommended intakes

Various foods and oils contain vitamin E. Alpha-tocopherol is present in substan-
tial quantities in vegetable oils, fortified cereals, green leafy vegetables, nuts, seeds. 

food intake guidelines amount of -tocopherol in each serving, in milligrams Percent daily value

Spinach, raw, 1 cup 21.2 102

Almonds, dry roasted, 1 
ounce

6.4 32.9

Kiwifruit, 1 medium 5.5 26.8

Hazelnuts, dry roasted, 1 4.1 23.1

Tomato, raw, 1 medium 2.72 14.2

Peanuts, dry roasted, 1 
ounce

2.5 10

Spinach, boiled, ½ cup 1.6 9.8

Corn oil, 1 tablespoon 1.5 11

Broccoli, chopped, boiled, 
½ cup

1.6 5.6

Sunflower oil, 1.0 6.1

Safflower oil, 3.8 24.5

Soybean oil, 0.9 5.4

Wheat germ oil, 1 
tablespoon

0.9 4.1

Peanut butter, 2 
tablespoons

1.0 3

Mango, sliced, ½ cup 0.5 2.5

Table 2. 
Food that contain vitamin E found in some foods.

Figure 1. 
Structure of tocopherol.
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(Tables 1 and 2) lists the top resources of vitamin E and their tocopherol quantity, 
and their percentage of daily values. The ideal supplementation number of mixed 
tocopherols is yet unknown, and no official recommendations has been established 
addressing the consumption of vitamin E. Vitamin E may not appear to be hazardous 
when only received from food sources. However, it has been discovered that supple-
ments might cause pro-oxidant damage, but often only at high levels (for instance, 
>1000 mg/day) [17]. Listed below are the recommended daily amounts (RDAs) for 
vitamin E (alpha-tocopherol) (Table 3).

1.3 Dietary factors interaction

The breakdown of vitamin E is significantly influenced by selenium, glutathione, 
vitamin B3, and vitamin C. For a diet high in vitamin E to be successful, it must also 
contain foods that are high in these other nutrients. Beta-carotene and vitamin E 
have a potential cooperative connection, but vitamin C and beta-carotene have a 
very high likelihood of having one [3]. It has been discovered that the interactions 
between tocopherols, Thiols increase the potency of cellular antioxidant protection 
mechanisms [18]. Findings in the year of 2007 the study from the Women’s Health 
manifestation that E vitamin and alpha-tocopherol supplementation lower the risk 
of dying from thromboembolism in healthy normal women [19]. Additionally, it was 
shown that vitamin E supplementation increased prothrombin’s under-carboxylation 
in humans, which suggests that vitamin E lowers people’s levels of vitamin K [20].

2. Vitamin E’s functions

2.1 Controlling oxidative stress

The E Vitamin, a potent antioxidant that disrupts chemical bonds, stops the 
synthesis of reactive oxygen species molecules when fat is subjected to oxidation 
and during the spread of free radical reactions [21]. even though the phospholipid 
concentration level may only be one molecule for every 2000 of it, it is mostly found 
in the membranes of cells and organelles where it can exert its possessive impact. 

Age RDA in mg (IU)

Females Males

0 to 5 months 3.9 (2) 5 (7)

7 to 12 months 4 (9.5) 6. (6.2)

1 to 3 years 6 (10) 6 (7)

4 to 8 years

9 to 13 years 11 (14.9) 7 (8.9)

>14 years 14 (45.8) 10 (15.2)

In pregnancy 16 (26.5) 16 (20.4)

If lacting 20 (26.7)

Table 3. 
Guidelines for intake of E vitamin.
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To prevent lipid peroxidation, it serves as the first line of defense, shielding the cell 
membranes from oxidative damage. According to studies, alpha tocopherol alone is 
not as effective at inhibiting lipid peroxidation in human erythrocytes as a mixture of 
tocopherols is [22]. The polyunsaturated fatty acids found in membrane phospholip-
ids and plasma lipoproteins are additionally safeguarded through its peroxyl radical 
scavenging action [23–25]. The resulting tocopheroxyl radicals can then go on to 
oxidize other lipids, go through extra oxidation to form tocopheryl quinones, com-
bine with another radical to form non-reactive tocopherol dimers, or be reduced by 
additional antioxidants to tocopherol. It has been discovered that although gamma-
tocopherol captures and neutralizes the free radicals already present, α-tocopherol 
primarily suppress the generation of anew free radicals. Numerous possible outcomes 
have been connected to oxidation, including illnesses and disorders, cataracts, cancer, 
aging, and cancer. As a result, E vitamin might aid in preventing or delaying the 
Reactive oxygen species molecules have been related to the emergence of chronic 
illnesses.

2.2 Evidence for in-vivo lipid peroxidation and its link to disease

Highly susceptible to oxidation are polyunsaturated fatty acids such as linoleic 
acid and arachidonic acid, as well as their esters. They are oxidized into numerous 
compounds, some of which are cytotoxic and reactive enough to modify proteins 
and DNA bases [26]. Enzymes, free radicals, and nonenzymatic, nonradical oxidants 
oxidize lipids. Frequently, lipoxygenase, cyclooxygenase, and cytochrome P450 
induce oxidation in a regulated manner to produce specific physiologically essential 
products. In contrast, lipid peroxidation, which is oxidation mediated by free radicals, 
occurs arbitrarily and nonspecifically.

Free radicals attack proteins, DNA, and lipids without discrimination. 
Therefore, when free radicals are generated in vivo, as a result of high-energy irra-
diation or ischemia–reperfusion injury, the levels of oxidation products of proteins 
and DNA, as well as lipid peroxidation, are elevated. In addition, secondary lipid 
peroxidation products, such as unsaturated aldehydes, readily react with protein 
thiols, leading to the loss of protein function and cellular homeostasis. Among the 
lipid peroxidation products, hydroxy octadecadienoic acid (HODE) from linoleic 
acid and hydroxy eicosatetraenoic acid (HETE) and isoprostanes from arachidonic 
acid are frequently used as biomarkers of lipid peroxidation in vivo [27]. Vitamin E 
is a powerful radical-scavenging antioxidant that inhibits lipid peroxidation medi-
ated by free radicals but not enzymatic oxidation by lipoxygenase and cyclooxy-
genase, as will be discussed in greater detail below. Both enzymatic and free radical 
oxidation produce HODE and HETE, but their isomer distribution depends on the 
type of oxidant. To evaluate the effects of vitamin E, it is crucial to understand the 
mechanisms and oxidants of lipid oxidation. The mechanisms of lipid oxidation 
have been thoroughly studied and are currently well understood [28, 29]. Trans, 
trans-forms of HODE and HETE have been shown to be specific products of lipid 
peroxidation mediated by free radicals.

Numerous studies have demonstrated that the levels of lipid peroxidation prod-
ucts, such as HODE, HETE, and isoprostanes, in biological fluids and tissues of 
diseased patients are generally, if not always, greater than those of healthy individu-
als. In addition, clinical research has established a connection between disease states 
and lipid peroxidation products.
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2.2.1 Liver diseases

The importance of lipid peroxidation mediated by free radicals in liver injury 
induced by carbon tetrachloride and other halogenated alkanes has been investigated 
since the 1960s and documented in detail [30]. It was once thought that carbon 
tetrachloride affects the liver by the action of a simple solvent, but it is now under-
stood that carbon tetrachloride must undergo metabolic activation to trichloromethyl 
radical by cytochrome P450, primarily by cytochrome P450 2E1, to exert its toxic 
effect [31]. The trichloromethyl radical reacts rapidly with oxygen to yield the trichlo-
romethyl peroxyl radical, which attacks lipids and induces their peroxidation. Lipid 
peroxidation mediated by free radicals is involved in alcoholic liver disease caused by 
chronic alcohol ingestion [32, 33]. Plasma levels of several lipid oxidation products, 
including oxysterols and isoprostanes, have been shown to be elevated in alcoholic 
liver disease patients [34, 35].

Nonalcoholic fatty liver disease (NAFLD), a hepatic manifestation of metabolic 
syndrome, is now the most common liver disorder, affecting a high proportion of 
the global population. The incidence of NAFLD is increasing due to increases in the 
prevalence of two major risk factors, obesity, and type 2 diabetes, which are related to 
lifestyle and diet. The characteristic feature of NAFLD is an excessive accumulation of 
fat, notably triglyceride, in the liver, and it encompasses a wide spectrum from benign 
steatosis to nonalcoholic steatohepatitis (NASH), liver cirrhosis, liver failure, and 
hepatocellular carcinoma [36].

NAFLD and NASH are multifactorial diseases and oxidative stress has been 
implicated in their pathogenesis. Several human and animal studies have reported an 
association between NAFLD/NASH disease state and biomarkers of lipid peroxida-
tion [37]. One such study reported that levels of 9- and 13-HODE, major products 
of linoleic acid peroxidation, were significantly elevated in patients with NASH 
compared to those with steatosis, and a strong correlation was observed between 
these oxidation products and liver histopathology such as inflammation, fibrosis, and 
steatosis [38]. These HODEs were racemic, suggesting them to be produced by free 
radical oxidation.

Numerous studies have reported a beneficial effect of vitamin E on NAFLD and 
NASH [39]. In one such study, the effects of vitamin E at a dose of 800 IU/day or 
placebo for 96 weeks were examined in adults with NASH and without diabetes; there 
was improvement in the histological features of NASH [40]. Another study reported 
measurable differences in the metabolic profile of subjects likely to respond to 
vitamin E treatment for NASH and those who experienced histological improvements 
following treatment [41]. In a recent retrospective study of the effects of 300 mg/
day vitamin E for 2 or more years in patients with biopsy-proven NASH, vitamin E 
ameliorated NASH fibrosis, especially in those who showed improved transaminase 
activities and insulin resistance [42, 43].

2.2.2 Atherosclerosis

Atherosclerosis is a leading cause of cerebral infarction, myocardial infarction, 
coronary artery disease, and peripheral arterial disease. It is a chronic inflammatory 
disease characterized by excessive cholesterol deposition in the arterial wall and slug-
gish progression. It begins in childhood and remains asymptomatic for decades, but it 
is the primary cause of death in developed nations [44, 45]. It is generally recognized 
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that oxidative modification of low-density lipoprotein (LDL) is a crucial initial event 
in the development of atherosclerosis. Incubation of macrophages with oxidized LDL, 
but not with native LDL, results in accumulation of cholesteryl esters within the cell. 
Oxidation of low-density lipoprotein increases its pro-atherogenic effect, whereas 
oxidation of high-density lipoprotein decreases its anti-atherogenic effect [46, 47].

In the 1990s, extensive research was conducted on the oxidative modification of 
LDL, and its mechanisms and products were elucidated; however, the epitope respon-
sible for recognition by macrophage scavenger receptors has not yet been identified. 
However, it has been demonstrated that macrophages take up oxidatively modified 
LDL, which is the first step in the formation of foam cells. LDL oxidation generates 
diverse byproducts. Cholesteryl esters and phosphatidylcholine (PC) are the predomi-
nant lipids in LDL particles of humans. The oxidation of linoleic acid and arachidonic 
acid esters of cholesterol and PC produces the corresponding hydroperoxides, hydrox-
ides, and degradation products [48]. Plasma levels of lipid peroxidation products 
are higher in atherosclerotic patients than in healthy individuals. LDL isolated from 
diabetic patients has higher levels of HODE and HETE than LDL isolated from healthy 
subjects. In addition, the molecular ratios of HODE and HETE to the primary lipids 
(linoleates and arachidonates, respectively) are greater in diabetic LDL than in control 
LDL [49]. In addition, the levels of oxysterols such as 7-b-hydroxycholesterol, 7-keto-
cholesterol, and cholesterol-5,6-epoxide rise in the order normal artery fatty streak 
advanced lesion [50]. Moreover, hydroperoxide and hydroxide forms of cholesteryl 
linoleate are frequently found in human atherosclerotic plaque [51, 52].

The oxidative modification of LDL is mediated by multiple oxidants and distinct 
mechanisms, it should be noted. LDL is oxidized by both free radicals and nonradical 
oxidants, including lipoxygenases, cytochrome P450 enzymes, and hypochlorite. 
Singlet oxygen could also be a factor [53]. Importantly, various oxidants generate 
distinct oxidation products, necessitating the use of distinct antioxidants. No single 
antioxidant is capable of preventing all forms of oxidation.

2.3 Safeguarding the cell membranes

As a result of vitamin E’s improved lipid packing orderliness, the membrane can 
be packed more tightly, which increases cell stability. Vitamin E was demonstrated 
to be essential for preserving the balance of skeletal muscle by Howard et al. in 2011. 
and that introducing alpha-tocopherol to cultured myocytes makes it easier to repair 
plasma membranes. This occurs because phospholipids in the membrane are fre-
quently the target of oxidants, and vitamin E efficiently prevents lipid peroxidation. 
Contrarily, when cultivated cells are exposed to an oxidant assault without alpha-
tocopherol supplementation, the repair is notably inhibited. Comparative measure-
ments show that an antioxidant needs to join the membranes, like α-tocopherol does, 
or be able to regenerate α-tocopherol, to promote the repair [54]. As a result, vitamin 
E aids in membrane repair by reducing the oxidation of phospholipids, which might 
hypothetically obstruct membrane fusion processes.

2.4 Regulation of protein kinase c activation and platelet aggregation

It has been discovered that elevating alpha-tocopherol levels in endothelial cells 
prevents platelet aggregation and causes the endothelium to release prostacyclin. to 
reduce the components of blood cells’ adherence to the endothelium, it was hypoth-
esized that the vascular cell adhesion molecule and the intracellular cell adhesion 
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molecule (ICAM-1) (VCAM-1) were downregulated. Additionally, vitamin E-induced 
up regulation of the arachidonic acid cascade enzymes cytosolic phospholipase [55] 
cyclooxygenase-1 and A2 [56] leads to the generation of prostacyclin, a strong vasodi-
lator that prevents platelet clumping in people [57]. Earlier studies advise that tocoph-
erols may prevent protein kinase C (PKC) [58] and increase the activity of nitric oxide 
synthase [59] in order tocopherols may inhibit platelet aggregation.

When it comes to lowering PKC activity, alpha-tocopherol in its natural RRR 
version has been shown to be twice as effective as other all-racemic (synthetic) 
alpha-tocopherols [60]. This is caused by how alpha-attenuating tocopherols affect 
the synthesis of diacylglycerol, a lipid that makes PKC more mobile and thus activates 
it. The activity of protein phosphatase type 2A is also increased by alpha-tocopherol, 
while PKC autophosphorylation and subsequently its activity is decreased. Compared 
to mixed tocopherols, alpha-tocopherol is less efficient at preventing platelet aggrega-
tion. Gamma-tocopherol-enriched vitamin E (100 mg of gamma-tocopherol, 40 mg 
of delta-tocopherol, and 20 mg of alpha-tocopherol per day) significantly reduced 
adenosine diphosphate-induced platelet aggregation in healthy people, but not in 
those taking pure alpha-tocopherol alone. (100 mg per day) [61].

3. Preventing disease with vitamin E

Due to its role as an antioxidant, its contribution to the reduction of inflammation, 
due to its immune-stimulating properties and suppression of platelet aggregation, many 
disease outcomes have been found to be prevented and reversed with the aid of vitamin E.

3.1 Cardiovascular diseases

Body’s low-density lipoproteins are oxidized, which causes inflammation, which 
in turn leads to cardiovascular issues [62]. Gamma-tocopherol has been shown to 
enhance functions of cardiovascular by boosting the nitric oxide synthase activity, 
which generates nitric oxide that relaxes blood vessels [63]. This is accomplished 
by trapping molecules of peroxynitrite, a reactive nitrogen species, and improving 
endothelial function. Humans who take 100 milligrams of gamma-tocopherol daily 
have shown to have fewer arterial clotting risk factors, such as cholesterol, platelet 
aggregation [64].

Different research revealed that combined tocopherols were more successful than 
individual tocopherols at preventing lipid peroxidation and human platelet aggregation, 
indicating a cooperative platelet-inhibitory action. Tocotrienols were also discovered to 
reduce cholesterol production by inhibiting 3-hydroxy-3-methylglutaryl-CoA (HMG-
CoA) reductase, in addition to tocopherols, which causes the liver cells to produce 
less cholesterol [65]. Contrary to what has been reported, the majority of recent large 
interventional clinical trials suggest that vitamin E use was related to a considerably 
elevated risk of hemorrhagic stroke in the participants [66]. It was therefore proposed 
that further extensive research including younger subjects could be necessary to fully 
comprehend the vitamin E’s possibility for preventing coronary heart disease.

3.2 Cancer

Additionally, vitamin E has anti-cancer qualities. This may be due to vitamin 
E’s several effects, which include activating heat shock proteins, down-regulating 
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mutant p53 proteins, stimulating the p53 tumor suppressor gene, and having an 
anti-angiogenic action via the inhibition of transforming growth factor alpha [67]. As 
vitamin E compounds, alpha-, gamma-, and delta-tocopherols have developed, each 
with specific roles and anti-cancer properties. The development of PKC and collage-
nase [68], which promotes the proliferation of cancer cells, was found to be inhibited 
by alpha-tocopherol. Gamma-tocopherol was identified as superior to α-tocopherol 
in this situation for its capacity to suppress the proliferation of human prostate cancer 
cell lines, whereas delta-tocopherol has exhibited growth inhibitory efficacy against 
mouse mammary cancer cell lines [69]. In the culture, gamma-tocopherol suppress 
the cancer cells growth in a variety of methods.

The reactive nitrogen species of the compounds that modify the DNA strands and 
provide cells with cancerous changes are among the free radicals that are captured by 
it [70]. Additionally, it inhibits the activity of the cyclins, which stop the midst of the 
cancerous cell cycle and block the spread of the cancerous cells [71]. Additionally, it 
has been discovered that gamma-tocopherol performs better than alpha-tocopherol 
at inducing apoptosis, encouraging the activity of the peroxisome proliferators-
activated receptor gamma, especially in colon cancer cells, and triggering several 
pathways that cause cell death [72, 73], inhibiting the growth of new blood vessels in 
tumors, and preventing tumors from receiving the supplements they require to grow. 
Tocotrienols was also found to have apoptotic and antiproliferative effects on both 
healthy and cancerous human cells in this setting [74]. This could be because apopto-
sis is induced by a mitochondria-mediated pathway or because cyclin D is suppressed, 
which would cause the cell cycle to be arrested [39]. Additionally, they impede 
vascularization and reduce 3-hydroxy-3-methyl coenzyme A (HMG-CoA) reductase 
activity, which stops the growth of cancer.

3.3 Cataracts

One of the most common causes of significant vision loss in older individuals is 
cataracts. They develop as a result of the buildup of proteins that have been harmed 
by free radicals. There may be a connection between vitamin E supplements and the 
likelihood of developing cataracts, according to several observational studies. Leske 
et al., discovered that those who took vitamin E supplements and those with greater 
blood levels of vitamin [40]. Had clearer lenses. a sustained vitamin E treatment was 
linked in a different study [75] to a slower evolution of age-related lens opacifica-
tion. Vitamin E, however, did not appear to have any impact on the onset or 6.3 years 
on average, the randomized Age-Related Eye Disease Study (AREDS) tracked the 
development of cataracts [76].

3.4 Alzheimer’s disease

Through a mechanism involving oxidative stress and hydrogen peroxide, the 
beta-amyloid protein causes cytotoxicity, which eventually leads to the death of 
neuronal cells and AD. This process is what causes Alzheimer’s disease (AD), which, 
through a free radical process, is brought on by protein oxidation and lipid peroxida-
tion. Vitamin E can prevent hydrogen peroxide production and the cytotoxicity it 
produces. It lessens the cell mortality brought on by beta-amyloid in PC12 cells and 
rat hippocampus cell cultures [77, 78], as well as the neuroblastoma cell toxicity 
brought on by excitatory amino acids [79]. Vitamin E may decrease the progression 
of the disease in those with moderately severe Alzheimer’s disease, according to the 
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cooperative study on Alzheimer’s from 1997.High vitamin E doses prevented the 
patient from losing the capacity to perform daily tasks and postponed their placement 
for several months in a private facility [80]. Another study revealed that people with 
AD had lower plasma levels of antioxidant supplements, indicating that the condition 
may be influenced by insufficient antioxidant activity. The neuroprotective impact of 
multiple vitamin E forms combined rather than just alpha-tocopherol alone is linked 
to older patients with high vitamin E plasma levels having a lowering risk of AD [81]. 
In a 2009 study, the effects of giving 847 individuals with and without taking an AD 
treatment 2000 IU of E vitamin were examined. It was discovered that combining 
an E vitamin with a cholinesterase inhibitor may be more advantageous than taking 
either medication by itself [82].

Using automated magnetic resonance imaging (MRI) measures and plasma levels 
of tocopherols and tocotrienols, Mangialasche et al. showed that it is possible to dis-
tinguish between Alzimers disease patients, people with moderate cognitive impair-
ment, and healthy controls, as well as to predict the progression of with moderate 
cognitive impairment into Alzimers disease at the biomarker level. This demonstrates 
that plasma tocopherols and tocotrienols, which are nutritional indicators, may act 
as a surrogate for AD pathology [83]. However, due to its potential for harmful drug 
interactions in high doses, particularly those for lowering cholesterol, experts advise 
against patients taking vitamin E for AD treatment without a doctor’s supervision.

3.5 Acute immunodeficiency syndrome and HIV

Although it is frequently discovered that Human immunodeficiency virus carriers 
(HIV) are low in E vitamin, unknown is whether E vitamin minerals is advantageous 
at any point during HIV infection. It has been shown that vitamin E to boost the 
growth of T helper cells (CD4 T-cells) and to restore delayed cutaneous hypersensitiv-
ity reactions at doses of 400 IU and higher [84]. Tang et al. examined the relation-
ship between vitamin E and A levels and the development of HIV-1 illness in 1997. E 
vitamin levels in men above 24.2 m/l had a noticeably lower chance of illness develop-
ment, according to this study. High amounts of vitamin E in the blood were shown to 
be strongly correlated with the consumption of vitamin E supplements at the time of 
study admission in this cohort [85].

The correction of immunological markers that are disrupted in HIV/AIDS was 
demonstrated in a study on the mouse acquired immunodeficiency syndrome utiliz-
ing a micronutrient intake rose by 15 times [86]. In addition, it has been demonstrated 
that increasing dietary vitamin E can guard against azidothymidine adverse effects 
such as bone marrow toxicity [87]. Similar findings were obtained from related 
research utilizing d-alpha-tocopherol supplementation on bone marrow cells from 
stage IV acquired immunodeficiency syndrome patients [88]. But it has also been 
observed that a higher fatality rate was associated with lower pre-infection vitamin 
E levels. As a result, more investigation is required to clarify the part of role of E 
vitamin E in the development of human immune deficiency virus-1 [89].

3.6 Immunity

It is now established that E vitamin boosts phagocytic activity, humoral immuno-
logical responses, and cell immunity in addition to stimulating the body’s defenses. 
When immunological phagocytosis is engaged in infectious disorders, it has a notice-
able impact, but it has less of an impact on cell-mediated immune defenses. Humans’ 
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cell-mediated and humoral immunological functions are markedly improved by 
its supplementation, especially in the adults. In healthy individuals’ daily intake of 
200 mg of E vitamin, who did not experience any adverse side effects increased the 
antibody response to several vaccines [90]. Higher plasma levels of E vitamin were 
linked with fewer infections throughout a three-year period [91], and additionally, 
vitamin E increased resilience to viral infections.in aged patients. According to 
Kutty et al. demonstrated that taking vitamin E supplements daily can improve the 
immunological reaction to a specific antigen [92]. When combined with vitamin CE 
has been proven to help treat a variety of illnesses, including photo dermatitis, pre-
eclampsia/dysmenorrhea, and tardive dyskinesia, menstrual pain in addition to the 
conditions already listed [93].

3.7 Vitamin E deficiency

1. It is relatively uncommon for people to lack vitamin E. People who are unable to 
absorb dietary fat, suffer from uncommon disorders of the metabolism of fat, or 
acquire or acquired conditions that restrict their ability to absorb the vitamin are 
the main ones who are affected, as well as individuals who have these conditions 
(such as bowel syndrome, cystic fibrosis).

2. Recent studies have demonstrated that alpha-TTP controls the liver cells’ production 
of alpha-tocopherol and that severe vitamin E shortage in humans can result from 
missense mutations of specific residues of arginine on the protein surface [94]. The 
target membrane’s PIPs (phosphatidylinositol phosphates) made it easier for alpha-
TTP to transfer alpha-tocopherol than it was for the arginine mutants. The arginine 
mutant a-alpha-TTPs failed to bind PIPs, in contrast to the wild-type alpha-TTP.

3. Muscle weakness, poor vision, immune system issues, tremors, trouble walking. 
Numbness and unsteadiness are all symptoms of vitamin E deficiency.

4. Dysarthria may accompany other deficit-related symptoms such as the lack of 
positive babinski reflexes, the loss of vibratory sensations, deep tendon reflexes 
and other symptoms, as well as neuromuscular conditions such spinocerebellar 
ataxia and myopathies.

5. Red blood cells are harmed by reactive stress, which leads to retinopathy [95–98], 
and the immune system is compromised;

6. A vitamin E deficit can also result in anemia. A E vitamin shortage will cause 
irreversible nerve damage, blindness, heart disease, and if neglected, cognitive 
impairment will occur.

7. According to certain research, a E-vitamin deficiency may be a factor in male 
infertility.

3.8 Complications of vitamin E

3.8.1 Safety and adverse effects

Oral vitamin E use is typically regarded as safe when administered in the proper 
dosages. Occasionally, taking vitamin E orally can result in:
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• Gonadal dysfunction

• Rash

• Fatigue

• Weakness

• Headache

• Blurred Vision.

• Intestinal Cramps

• Increased Creatine Concentration in Urine (creatinuria).

Higher vitamin E dosages could make side effects more likely. Furthermore, there 
is a worry that those who consume high amounts of vitamin E but are in bad health-
care more likely to pass away. Numerous illnesses can interact with vitamin E use. 
For instance, studies indicate that consuming vitamin E orally may raise the risk of 
prostate cancer. According to additional research, taking vitamin E may make it more 
likely that a person will pass away if they have a history of severe heart diseases, such 
as a stroke or heart attack. If any of the following apply to you before using vitamin E:

A lack of vitamin K, retinitis pigmentosa, a condition that damages the retina in 
the eyes, and bleeding issues.

Diabetes, a prior history of a heart attack or stroke, head and neck malignancy, 
liver illness, and diabetes.

Your risk of bleeding may go up if you take the supplement. You should stop taking 
vitamin E two weeks before surgery if you are planning on having it. If you are about 
to undergo or have recently undergone a technique to unblock arteries and restart 
your heart’s regular blood flow, talk to your doctor about using vitamin E.

Several studies have documented adverse effects of vitamin E supplements in high 
doses. As stated previously, a meta-analysis of 19 clinical trials involving 135,968 
participants indicated that high-dose vitamin E supplements (400 IU) may increase 
all-cause mortality. In contrast, a recent review article reported that a pooled analysis 
of 18 randomized controlled trials conducted in individuals who appeared to be 
healthy found no effect of vitamin E supplementation at doses ranging from 23 to 
800 IU/day on all-cause mortality. In addition, meta-analyses of 33 and 57 trials found 
no correlation between vitamin E supplementation and mortality.

Unknown is the mechanism underlying the increased risk associated with 
high-dose vitamin E supplementation. The phenomenon may be attributable to the 
induction of cytochrome P450, an enzyme that speeds up the metabolism of other 
substances [99]. Vitamin E has eight isoforms, with -tocopherol being the most potent 
and abundant in humans, despite -tocopherol being ingested in equal amounts. High-
dose -tocopherol supplementation accelerates the metabolism of non-tocopherol 
forms. It has not been established whether or not the different isoforms of vitamin 
E have specific functions in vivo that could be compromised by -tocopherol supple-
mentation. In certain in vitro systems, −tocopherol has been found to act as a pro-
oxidant. In the absence of reducing agents such as vitamin C, −tocopherol accelerates 
the oxidation of LDL because the a-tocopheroxyl radical induces LDL oxidation. 
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Nevertheless, vitamin C absolutely inhibits this pro-oxidant action by decreasing 
-tocopheroxyl radical levels [100]. Therefore, it is improbable that vitamin E func-
tions as a pro-oxidant in vivo.

3.8.2 Interactions

Your levels of vitamin E may change if you use certain medications. Several 
interactions are possible:

• Anti-tumor antibiotics and alkylating drugs: High vitamin E dosages are 
feared to have an impact on how well this chemotherapy drug works.

• Medicines and supplements that inhibit clotting and platelet function: The 
risk of bleeding may increase if vitamin E is used along with these medications, 
supplements and herbs to reduce blood clotting.

• Substrates for Cytochrome P450 3A4 (CYP3A4): When using omeprazole, 
a medication impacted by these enzymes, as well as vitamin E, proceeds with 
caution (Prilosec, Zegerid).

• Niacin and statins: Niacin’s effects may be diminished if taken with statins or 
vitamin E, which may help those with high cholesterol.

• K-vitamin: Combining vitamin K and vitamin E may lessen vitamin K’s effects.

4. Conclusion

The doctor’s Shute and Shute employed vitamin E as a supplement for the first 
time in Canada; as a result of the successful outcomes, they started utilizing it 
frequently in their offices. Since then, carefully planned clinical and experimental 
investigations have progressively advanced and advanced our understanding of E- 
vitamin. Vitamin E’s antioxidant capabilities have been proven to be essential in the 
fight against a number of illnesses, including cancer, oxidative stress, atherosclerosis 
cataracts and AD, among others. Additionally, demonstrated to be efficient against 
diabetes, allergies, asthma, and other illnesses in addition to these. The emphasis of 
this review was on the vital roles that E-vitamin plays in a number of infections.

A side from the extensive advantages claimed, there has always been disagree-
ment on the precise of E vitamin role and its connection to certain ailments. In the 
literature, there are several contradictory accounts of both favorable and unfavorable 
outcomes for the same biological processes. The absence of reliable indicators for 
monitoring E vitamin consumption and status, which would link intakes to potential 
clinical outcomes, is the main obstacle to understanding the functions in human 
health of E vitamin. In conclusion, despite the inconsistent facts surrounding vitamin 
E, the present body of research seems to be in favor of the idea that the advantages 
outweigh the drawbacks.

Vitamin E inhibits lipid peroxidation both in vivo and in vitro. These findings 
suggest that vitamin E may reduce the risk of diseases mediated by free radicals or 
be beneficial in their prevention and treatment. Numerous epidemiological stud-
ies have supported this theory, but the results of clinical intervention studies and 
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Chapter 6

Vitamin E Inhibits 
Osteoclastogenesis in Protecting 
Osteoporosis
Chen Yongjie, Yu Naichun, Zhou Daguo, Li Zongguang, 
Gong Fengqing, Yi Weijiang, Chen Botao and Ji Guangrong

Abstract

The most common orthopedic condition affecting senior adults is osteoporosis, 
which is defined by a decrease in bone mass and strength as well as microstructural 
degradation that leads to fragility fractures. Bone remodeling is a well-planned, ongo-
ing process that replaces deteriorated, old bone with new, healthy bone. Bone resorp-
tion and bone creation work together during the cycle of bone remodeling to preserve 
the bone’s volume and microarchitecture. The only bone-resorbing cells in the human 
body, mononuclear preosteoclasts fuse to form osteoclasts, are multinucleated cells. 
In numerous animal models or epidemiological studies, vitamin E’s anti-osteoporotic 
characteristics have been extensively described. This review aims to summarize 
recent developments in vitamin E’s molecular features as a bone-protective agent. 
In RANKL/RANK/OPG signaling pathway, vitamin E inhibits synthesis of RANKL, 
stimulation of c-Fos, and increase level of OPG. Vitamin E also inhibits inflamma-
tory cytokines, such as TNF-α, IL-1, IL-6, IL-27, and MCP-1, negative regulating the 
JAK–STAT, NF-κB, MAPK signaling pathways. Additionally, vitamin E decreases 
malondialdehyde and increases superoxide dismutase, GPx and heme oxygenase-1, in 
suppressing osteoclasts. In this article, we aim to give readers the most recent infor-
mation on the molecular pathways that vitamin E uses to enhance bone health.

Keywords: vitamin E, osteoclast, osteoporosis, RANKL, inflammatory, oxidative stress

1. Introduction

The most common orthopedic condition affecting elderly people is osteoporosis, 
which is characterized by a decline in microarchitecture and a loss of bone mass and 
strength. Approximately 25% of all women aged 65 or older are affected by osteopo-
rosis, which results in the lifetime fracture risk of patients with osteoporosis being as 
high as 40% [1]. Osteoporosis fractures involving the hip, vertebrae, and wrist reduce 
life expectancy or quality of life. Some drugs classified as antiresorptive or anabolic 
have been used in the treatment of osteoporosis [2, 3].

Antiresorptive drugs, which include bisphosphonates, estrogens, denosumab, 
and selective estrogen receptor modulators (SERMs), increase bone mineral density 
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(BMD) and reduce fragility fractures. Bisphosphonates are the most widely used 
antiresorptive drug, which bind avidly to bone mineral and have a continual effect 
in months to years. However, bisphosphonates have low bioavailability and induce 
gastrointestinal problems, myalgia, and flu-like symptoms. Osteoclast activity and 
development are significantly decreased by the monoclonal antibody denosumab, 
which specifically targets RANKL. Every six months, denosumab is given by sub-
cutaneous injection. Denosumab’s anti-fracture effects are comparable to those of 
bisphosphonates; however starting 7 months after the last injection, there is a notice-
able reduction of anti-resorptive action, which can lead to clusters of rebound verte-
bral fractures. SERMs exhibit estrogen agonist or antagonist qualities and bind to the 
estrogen receptor with high affinity to prevent bone loss. However, SERMs can induce 
venous thromboemboembolism, stroke and hot flashes, which limit their use [4].

Anabolic agents, including teriparatide and abaloparatide, promote bone forma-
tion to reduce the risk of fractures. Teriparatide and abaloparatide are both limited 
to a maximum of 24 months of therapy due to elevated osteosarcoma incidence in 
rats treated with these medications for their entire lives. These drugs similarly induce 
some adverse effects, including dizziness, leg cramps, nausea, postural hypotension, 
and headache. Another anabolic agent is romosozumab, which blocks the actions of 
sclerostin to reduce bone resorption. However, the romosozumab group in the ARCH 
study had a higher rate of a composite endpoint that included cardiovascular death, 
nonfatal myocardial infarction, and nonfatal stroke. In general, different drugs have 
been used to treat osteoporosis (Table 1), but their different adverse reactions limit 
their long-term use against osteoporosis [2, 3, 5, 6].

Vitamin E has shown great potential in the treatment of osteoporosis. There are two 
subclasses of the lipid-soluble vitamin E: tocopherol (TF) and tocotrienol (T3). Each 
isoform can further be separated into four unique analogs, namely, alpha (α), beta (β), 
gamma (γ), and delta (δ). Some researchers have investigated the impact of vitamin 
E (TF) on osteoblast differentiation in a previous study. Early osteoblast development 

Drugs Administration Dosage Side effects

Anti-resorptive
Bisphosphonates

Alendronate Oral 70 (or 35) mg/week; 
10 (or 5) mg/day

Upper gastrointestinal 
symptoms/osteonecrosis 
of the jaw (ONJ)/atypical 
femoral fracture (AFF)

Risedronate Oral 5 mg/day; 35 mg/
week; 75 mg twice 
per month. 150 mg/
month.

Upper gastrointestinal 
symptoms, ONJ, or AFF.

Ibandronate Oral or
intravenous

150 mg/month 
orally or 3 mg/
month

Upper gastrointestinal
Symptoms, flu-like illness 
ONJ or AFF.

Zoledronate or
Zoledronic acid

Intravenous Intravenously
5 mg/year

Flu-like illness
ONJ or AFF.

SERMs

Raloxifene Oral 60 mg/day Venous thromboembolism, 
stroke and flashes
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was demonstrated to be hindered by TF, as evidenced by a decrease in alkaline phos-
phatase (ALP) activity and osteocalcin expression (OCN) [7]. In another study, another 
researcher showed that incubating human mesenchymal stem cells (MSCs) with TF 
boosted their proliferation. ALP and runt-related transcription factor-2 (Runx-2) 
expression was markedly increased in cells treated with TF. Gamma-T3 has been shown 
to decrease apoptosis and increase osteoblastic cell proliferation, differentiation, and 
mineralization. When αTF and δT3 were compared to TF and T3, αTF and δT3 had 
superior effects on inhibiting osteoblast differentiation. In a biomechanical strength 
test, bone scaffolds treated with all types of vitamin E isomers, particularly αTF and 
δT3, displayed enhanced elasticity [8]. According to this study, αTF and δT3 may be the 
isomers that affect bone most actively. Many researchers have focused on the effect of 
vitamin E on osteoblasts. In contrast, few in vitro studies have examined how vitamin E 
affects osteoclasts. This chapter emphasizes recent developments in our knowledge of 
vitamin E’s molecular actions in inhibiting osteoclasts, particularly through interactions 
between multiple signaling pathways and signal transduction molecules.

2. Osteoclasts in bone homeostasis

Bone is a dynamic tissue that changes regularly during the course of life. During 
the process of bone remodeling, osteoclasts remove old or damaged bone and 
osteoblasts replace it with fresh bone. Without appreciably altering the net bone 
mass and mechanical strength, the ratio of osteoblast-mediated bone formation to 
osteoclast-mediated bone resorption is tightly regulated in homeostatic situations 
[9]. However, when this equilibrium is dysregulated, aberrant bone remodeling 
occurs, leading to postmenopausal and secondary types of osteoporosis. Osteoclasts 
are the only bone-resorbing cells in the human body, which is significant since they 
are essential for reconstructing the skeletal system. Numerous cells originating from 
blood-circulating monocytes combine to become osteoclasts. They themselves come 
from the bone marrow. Although the majority have only 5 to 20 nuclei, osteoclasts 
can have up to 200 nuclei. The active area of osteoclasts is formed by numerous tiny 
projections (microvilli) that protrude into the surface of the bone on the side of the 
cell that is closest to the bone. One of the many enzymes produced by osteoclasts, 

Drugs Administration Dosage Side effects

Monoclonal antibody against
RANKL

Denosumab Subcutaneously 60 mg every 
6 months

Hypocalcaemia, rebound 
vertebral fractures, and AFF

Anabolic agents

Teriparatide Subcutaneously 20 μg/day Hypercalcemia

Abaloparatide Subcutaneously 80 μg/day Dizziness, leg cramp, nausea, 
headache, hypercalcemia

Romosozumab Subcutaneously 210 μg/day Serious cardiovascular 
events, AFF and ONJ

Table 1. 
Principal medications for treatment of osteoporosis.
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acid phosphatase dissolves both the organic collagen and the inorganic calcium and 
phosphorus found in bone. The osteoclast then engulfs and digests the broken-down 
pieces of mineralized bone inside the cytoplasmic vacuoles. Communication between 
osteoblasts and osteoclasts is crucial for optimizing bone remodeling during bone 
homeostasis. In addition to M-CSF, RANKL, and WNT5A, osteoblasts also release 
OPG and WNT16, which limit osteoclast activity. In contrast, S1P, CTHRC1, and 
C3, which encourage osteoblast differentiation, as well as SEMA4D, which inhibits 
osteoblast differentiation, are secreted by osteoclasts.

A hematopoietic growth factor called M-CSF enables mononuclear phagocyte lin-
eages, which include osteoclasts, to survive, proliferate, differentiate, and move around. 
M-CSF binds to its specific receptor, C-FMS, on the surface of osteoclasts and mono-
cytes/macrophages after being produced by osteoblasts and bone marrow stromal cells. 
Significant amounts of RANKL are expressed in lymph nodes, activated T lymphocytes, 
osteoblasts, and osteocytes. The main regulatory transcription factors and enzymes are 
activated as a result of RANKL activation of RANK, which promotes osteoclast dif-
ferentiation, fusion, and proliferation. For instance, RANKL binding to RANK activates 
TRAF6, which has been discovered to activate the protein kinase TGF-activated kinase 
(TAK1). The classical IB kinase (IKK) complex is then activated by TAK1. IKK activation 
results in the activation of NF-κB, protein kinase Tp12, and mitogen-activated protein 
(MAP) kinase (MKK) kinases. MKKs trigger the activity of p38 MAP kinases and c-Jun 
N-terminal kinases. Extracellular signal-regulated kinase 1 (ERK1) and ERK2 are stimu-
lated by activated Tp12, which in turn activates MEK1 and MEK2. Eventually, the MAPK 
and NF-κB signaling pathways are activated, increasing NFATc1, a crucial regulator of 
osteoclastogenesis. OPG has been shown to be a secreted glycoprotein made by numerous 
cell types, including osteoblasts, cells living in the liver or lungs, and B lymphocytes in 
the bone marrow. Due to the suppression of the development of osteoclasts, overexpres-
sion of OPG causes severe osteopetrosis. OPG is thought to act as a decoy receptor for 
RANKL, blocking the RANKL-RANK interaction and impairing osteoclast development 
and activation. Because it controls osteoblastogenesis and osteoclastogenesis through 
both catenin-dependent (canonical) and catenin-independent (noncanonical) pathways, 
the WNT pathway is essential for preserving bone homeostasis. By increasing RANK 
expression in osteoclasts and activating the MAPK pathway, WNT5A promotes RANKL-
induced osteoclastogenesis, which is also inhibited by WNT16 both directly and indi-
rectly. A direct method of preventing osteoclastogenesis is provided by WNT16-induced 
phosphorylation of JUN, which increases OPG expression in osteoblasts in addition 
to directly inhibiting osteoclastogenesis via the noncanonical JNK/MAPK pathway 
(Table 2) [10].

Osteoblast Osteoclast

Transcription factors RUNX 1/2, OSX, ATF 4, SATB 
2, AP-1

NFATc 1, AP-1, CREB, MITF, 
NF-κB, c-FOS

Activating cytokines IL-10, IL 11, IL 18, IFN-γ CT-1, 
OSM, S1P, CTHRC 1, C3 BMP-
2, TGF-β, FGF, PTH

RANKL, TNF-α, IL-1, IL-6, 
IL-7, IL-8, IL-11, IL-15, IL-17, 
IL-23, IL-34

Activating signaling pathways Wnt, Smad, MAPK, PI3K/
AKT, ERK, cAMP/PKA/CREB, 
Hedgehog

Akt, ERK, NF-κB, MAPK, 
JNK, STAT3/Smad 7 DAP12/
FCRγ-Syk-PLCγ
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3. The effects of vitamin E on bone cells

In the past, researchers have looked at the direct effects of vitamin E on bone 
cells. In a prior study, Soeta et al. looked at the effects of vitamin E (αTF and δT3) 
on osteoblast differentiation. It was demonstrated that whereas TF initially hindered 
osteoblast differentiation, at a later stage, osteoblast differentiation reverted to 
normal [7]. Ahn et al. discovered in another investigation that incubation with αTF 
increased the proliferation of MSCs. In cells treated with αTF, the expression of ALP 
and Runx-2 was dramatically upregulated. Gamma-T3 has been demonstrated to 
enhance osteoblastic cell proliferation, differentiation, and mineralization, as well as 
reduce apoptosis [11]. According to prior research, α T3’s protective effects on osteo-
blastic cells were consistent, while TF’s effects were varied. Osteoclastogenesis was 
inhibited by both the γT3 and αT3 isomers, with the latter showing a more significant 
suppression of osteoclast production and activity than the former [12].

Vitamins also affect osteoclastogenesis. Johnson showed that vitamin E admin-
istration inhibits osteoclastogenesis, potentially by preventing the development of 
monocytes and lymphocytes. In their study, the Ovx control group had a much higher 
number of osteoclasts, which were strongly inhibited by all three dosages of vitamin 
E, although more efficiently in the Ovx group that received 300 mg of vitamin E per 
kg of food. Vitamin E also reduced the increase in monocyte and lymphocyte produc-
tion induced by Ovx [13]. Woon Kim discovered that tocotrienol reduced the amount 
of RANKL that IL-17 stimulated FLS generation. Tocotrienol reduced the activation 
of extracellular signal-regulated kinase, kappa B-alpha inhibitor, and mammalian 
target of rapamycin caused by IL-17. Osteoclasts were differentiated when monocytes 
were incubated with IL-17, RANKL, FLS that had been treated with IL-17, or Th17 
cells, and tocotrienol inhibited this osteoclast differentiation. Tocotrienol decreased 
IL-17 and sRANKL synthesis as well as Th17 cell differentiation [14]. Polyethylene 
has been shown by Hazir et al. to increase the number of TRAP-positive cells and 
the expression of genes related to osteoclasts. TF therapy markedly decreased the 
quantity of TRAP-positive osteoclasts, bone resorption activity, antioxidant-related 
gene expression and mitochondrial function [15]. In Walker 256/B tumor osteo-
lytic rats, Badraoui et al. investigated the effects of vitamin E supplementation on 
osteoclast resorbing activity and cytomorphometry. The results indicate that fewer 
osteolytic lesions were visible in W256VE. In addition, the W256VE group had less 
alteration of bone microarchitecture and OC activity [16]. Quercetin and vitamin E 
have been studied by Vakili et al. in relation to ovariectomy-induced osteoporosis. 

Osteoblast Osteoclast

Inhibiting factors TNF-α, TNF-β, IL-1α, IL-4, 
IL-7, IL 12, IL-13, IL-23, IFN-α, 
IFN-β, SEMA4D

OPG, IFN-α, IFN-β, IFN-γ, IL-3, 
IL-4, IL-10, IL-12, IL-27, IL-33

Inhibiting signaling pathways ERK/JNK/P2YR, JNK/P38 
MAPK, STAT 1/3, NF-κB

JAK1/STAT3/c-Fos, STAT 6, Fas/
FasL

RANX 1/2, runt-related transcription factor 1/2; CT-1, Cardiotrophin-1; OSM, oncostatin M; OSX, osterix; ATF 4, 
activating transcription factor 4; SATB 2, special AT-rich sequence-binding protein 2; AP-1, activator protein-1; IFN-γ, 
interferon-γ; TNF-α/β, tumor necrosis factor-α/β; MITF, microphthalmia transcription factor.

Table 2. 
Key factors and signaling pathways of osteoblastogenesis or osteoclastogenesis.
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The results showed that ovariectomy increased the total number of osteoclasts and 
serum osteocalcin and lowered the bone weight, bone volume, trabeculae volume, 
and total number of osteocytes and osteoblasts. The expression of LC3, beclin1, and 
caspase 3 was also upregulated in the tibia, while bcl2 expression was downregulated. 
Treatment with Q and vitamin E significantly improved osteoporosis by reversing 
these alterations [17]. In a double-blinded, randomized, placebo-controlled human 
trial study, vitamin E has significantly decreased the serum C-terminal telopeptide of 
type I collagen (CTX) [18]. These studies have indicated that vitamin E could inhibit 
osteoclastogenesis in the treatment of osteoporosis.

4. The molecular mechanism of vitamin E in osteoclastogenesis

4.1  The effect of vitamin E on the M-CSF and RANKL/RANK/OPG signaling 
pathways

The RANK/RANKL/OPG trimolecular complex system and M-CSF exert a con-
siderable influence on osteoclast production and the regulation of bone resorption. 
The maturation of osteoclast precursor cells into mature osteoclasts in the presence 
of RANKL depends on the production of M-CSF by osteoblastic stromal cells. Other 
names include osteoclast differentiation factor (ODF), tumor necrosis factor-related 
activation-induced cytokine, and OPG ligand (TRANCE). When RANKL binds to its 
receptor, RANK, on myeloid cells, a series of intracellular signaling events are trig-
gered, including interactions with TRAF6 adaptor molecules and the activation of 
NF-κB, nuclear factor of activated T cells cytoplasmic 1 (NFATc1), MAPK, and PI3K. 
It has been demonstrated that NF-κB regulates RANKL-induced osteoclast develop-
ment, activating the Fos proto-oncogene (c-Fos) before NFATc1. The presence of 
NFATc1, which has been dubbed the “master regulator of osteoclast development,” is 
critical for stem cells differentiate into osteoclasts. If RANKL and NF-κB p65 interact, 
it becomes transiently active in osteoclast precursors within an hour. Additionally, 
the c-Fos is also vital for osteoclastogenesis induced by M-CSF and RANKL. OPG 
is a protein that is largely secreted by osteoblast lineage cells, and it functions as a 
key endogenous regulator of the RANK/RANKL/OPG pathway. The same ligand, 
RANKL, has affinity for the receptors OPG and RANK as well. In order to stop osteo-
clastogenesis and the survival of existing osteoclasts, OPG acts as a decoy receptor 
by interacting with RANK. The ratio of RANKL/OPG may play a significant role in 
regulating bone resorption because OPG expression is normally downregulated and 
not as active as RANKL. Cortical and cancellous bone mass is considerably increased 
by OPG overexpression, while osteoclast levels are decreased.

Ambroszkiewicz et al. observed that children with cystic fibrosis (CF), the most 
prevalent deadly autosomal recessive genetic illness that results in a range of long-
term health issues, including bone ailments, have lower average levels of fat-soluble 
vitamins (A, D, and E). Children with CF have significantly lower levels of the 
markers for bone production (osteocalcin) and bone resorption (CTX, TRACP5b) 
than children without the condition. In comparison with healthy individuals, CF 
patients had serum levels of OPG that were much lower and RANKL that were 
approximately two times greater. This finding suggested a link between vitamin E and 
RANKL or OPG in various bone diseases [19]. In another study, Kim et al. showed 
that RANKL synthesis was promoted by IL-17 in fibroblast-like synoviocytes (FLS) 
and was inhibited by tocotrienol. Tocotrienol reduced the activation of NF-kappaB, 
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extracellular signal-regulated kinase, and mammalian target of rapamycin caused by 
IL-17. Osteoclasts were differentiated when monocytes were incubated with IL-17, 
RANKL, FLS that had been treated with IL-17, or Th17 cells, and tocotrienol inhibited 
this osteoclast differentiation [14]. Trolox is a water-soluble vitamin E analog that 
has been studied for its effects on osteoclastogenesis and RANKL signaling by Kim 
et al. By preventing RANKL production in osteoblasts, trolox effectively prevented 
interleukin-1-induced osteoclast development in bone marrow cell-osteoblast cocul-
ture. This decrease in RANKL was ascribed to a downregulation of cyclooxygenase-2 
activity, which in turn resulted in less prostaglandin E [2] being produced. Trolox 
also reversibly reduced the production of osteoclasts by bone marrow macrophages 
stimulated by RANKL and M-CSF. Trolox targets early osteoclast precursors since its 
effectiveness depends on its presence early in the culture process. Trolox pretreat-
ment had no effect on the early signaling pathways activated by RANKL, such as the 
MAPK, NF-κB, and Akt pathways. By inhibiting its translation, Trolox reduced the 
stimulation of the c-Fos protein by RANKL. Trolox’s suppression of osteoclastogen-
esis in bone marrow macrophages was reversed by ectopic overexpression of c-Fos 
[20]. In cocultures of osteoblasts and bone marrow cells stimulated by either IL-1 or a 
combination of 1,25(OH)(2) vitamin D(3) and prostaglandin E, Ha et al. discovered 
that vitamin E inhibits osteoclastogenesis. This is supported by the finding that only 
tocotrienols prevented RANKL in osteoblasts. Additionally, c-Fos expression was sup-
pressed by α-tocotrienols but not α-tocopherols, which may have been accomplished 
by preventing ERK and NF-κB activation. This may have prevented RANKL-induced 
osteoclast development from precursors. When c-Fos or an active version of NFATc1, 
a crucial downstream target of c-Fos during osteoclastogenesis, was overexpressed, 
this anti-osteoclastogenic impact was reversed [21]. Human osteoblastic SaOS2 cells 
were treated with wear particles from vitamin E-doped and regular UHMWPE, 
and the gene expression and protein synthesis of IL-6, RANKL, OPG, DKK-1, and 
Sclerostin were then evaluated. When compared to standard UHMWPE, vitamin 
E-blended UHMWPE lowered RANKL while increasing OPG [22]. According to 
research by Mohammed, annatto tocotrienol (AT) and self-emulsified annatto 
tocotrienol (SEAT) both increased the number of osteoblasts and the pace at which 
trabecular mineralization occurred. In OVX animals, AT also reduced the expression 
of skeletal sclerostin. Only SEAT significantly boosted the bone formation rate and 
decreased the RANKL/OPG ratio. SEAT increases bone growth, inhibits sclerostin 
expression, and lowers the RANKL/OPG ratio in rats with estrogen shortage, all of 
which may have skeletal anabolic effects [23].

Overall, the RANK/RANKL/OPG system is a crucial signaling channel involved 
in communication between bone cells, and there is substantial evidence that altering 
this signaling pathway has significant consequences for bone remodeling. While OPG 
inhibits osteoclast-induced bone resorption by negatively regulating RANKL binding 
to RANK and shortening the half-life of membranous RANKL, RANKL mediates 
osteoclastogenesis and activates mature osteoclasts. According to growing research, 
T3 therapy has the potential to protect bones by regulating this route. However, more 
research is required to support these conclusions.

4.2 Vitamin E suppresses inflammation in preventing bone loss

Inflammation, which is defined by the activation of immune cells and the conse-
quent release of inflammatory cytokines, is the first line of defense against illnesses 
for both the innate and adaptive immune systems. The removal of damaged tissues 
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and the beginning of tissue repair are both essential functions of inflammation. 
Continued inflammation, however, also promotes bone resorption and inhibits bone 
development. The main controllers of the inflammatory response seen in metabolic 
bone disorders, such as osteoporosis, are cytokines. Interferon, interleukin (IL), and 
tumor necrosis factor-alpha (TNF-α) are only a few of these cytokines. Previous 
research has shown that proinflammatory mediators can both positively and adversely 
affect osteoclast and osteoblast activities. Significant stimulators of bone resorption 
include TNF-α, IL-1, and IL-6. After TNF-α and IL-6 are recognized by their cor-
responding receptors on bone marrow stromal cells, the inhibition of MAPK, the 
activation of suppressor of mothers against decapentaplegic ubiquitylation regula-
tory factor 1 (SMURF1) and SMURF2, and the activation of signal transducers and 
activators of transcription (STAT) all work together to cause the downregulation of 
osteoblast gene products. Through the overexpression of Dickkopf-related protein 1 
(DKK1) and sclerostin (SOST), proinflammatory cytokines block the transcription 
of osteogenic factors to block the Wnt/β-catenin pathway. Additionally, due of the 
link among inflammatory factors and their receptors, which promotes osteoclast 
development, proliferation, and activation, osteoblasts create more M-CSF and 
RANKL. TNF-α, IL-1, and IL-6 signal in osteoclasts and osteoclast precursors through 
the NF-κB, MAPK, and Janus kinase (JAK)-STAT pathways to upregulate osteoclast-
related genes and intensify osteoclastogenesis. The downregulation of c-Fos, NFATc1, 
and TRAF6, as well as the subsequent impairment of the activation of downstream 
targets, including NF-κB and JNK, has been hypothesized as the underlying mecha-
nisms of IFN-γ in suppressing osteoclast development. Additionally, IFN-γ increases 
the interaction between Fas and Fas ligands to promote osteoclast precursor death and 
induces osteoblasts to create nitric oxide. On the other hand, IFN-γ indirectly encour-
ages osteoclast development by promoting T-cell activation and the release of osteo-
clastogenic substances, including TNF-α and RANKL, by T cells. Additionally, IFN-γ 
stimulates the production of DC-STAMP, which is in charge of fusing mononucleated 
osteoclasts into mature, functioning osteoclasts. It is speculated that inflammatory 
cytokines play an important role in bone homeostasis.

Several different laboratory experiments have shown how vitamin E can reduce 
systemic inflammation. In children with biopsy-proven NAFLD, hydroxytyrosol 
(HXT) and vitamin E may reduce oxidative stress, insulin resistance, and steatosis, 
according to Mosca. Children participating in the HXT + VitE experiment had 
their plasma levels of IL-6, IL-1, IL-10, TNF, 4-hydroxy-2-nonenal (4-HNE), and 
8-hydroxy-2’deoxyguanosine (8-OHdG) analyzed. This study showed that both the 
placebo (Pla) group and the HXT + VitE group exhibited changes in indicators of 
systemic inflammation. Levels of IL-1 and TNF were decreased in both groups; how-
ever, IL-6 and IL-10 increased significantly only in the HXT + VitE group. Systemic 
inflammation in children caused by NAFLD was reduced by HXT and VitE therapy 
[24]. Hashem pretreated rats with vitamin E (60 mg/kg) and continued giving them 
vitamin E until the experiment was complete to test the hypothesis that acute pancre-
atitis (AP) and the regulation of the TNF-AMPK axis in the presence and absence of 
vitamin E are related. Infiltration of inflammatory cells and severe pancreatic tissue 
damage, which were significantly shielded by vitamin E, served as evidence that AP 
had occurred. Additionally, L-arginine injections markedly lowered phospho-AMPK, 
IL-10 mRNA, and protein expression, which were markedly protected by vitamin E 
[25]. Amevor et al. exposed 400 Tianfu breeders to 0.4 g/kg quercetin (Q ) and 0.2 g/
kg vitamin E, Q (0.4 g/kg) and vitamin E (0.2 g/kg) for 14 weeks to study the effects 
of dietary combinations of Q and vitamin E on the intestinal structure and barrier 
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integrity in aged breeder chickens. The findings demonstrated that Q + vitamin E 
had synergistic effects on intestinal morphology by increasing villus height and crypt 
depth and by reducing inflammatory damage to the intestines of elderly chickens. 
Additionally, Q + vitamin E boosted the mRNA expression of intestinal tight junction 
proteins, such as occludin, ZO1, and claudin-1. Additionally, Q + vitamin E boosted 
the expression of anti-inflammatory genes (IL-10 and IL-4) while decreasing the 
mRNA expression of pro-inflammatory genes (TNF-α, IL-6, and IL-1) [26]. Cell-
based, preclinical, and clinical intervention studies have investigated the mechanisms 
behind the impact of vitamin E on the immune system and inflammation. Vitamin 
E affects inflammatory mediators produced by other immune cells, which in turn 
affects the integrity of T-cell membranes, signal transduction, and cell division 
both directly and indirectly. Since it impacts the host’s susceptibility to infectious 
diseases including respiratory infections as well as allergy and infectious diseases like 
asthma, vitamin E’s control of immune function has therapeutic importance. In many 
responses to infection, inflammation, and immunological activation, IL-1 is a key 
player. In addition to osteoporosis and cancer-induced osteolysis, IL-1 has a role in the 
etiology of rheumatoid arthritis and osteolysis of orthopedic implants. It promotes 
osteoclast development and activity, which results in excessive bone resorption. 
Without the assistance of osteoblasts or stromal cells, IL-1 may directly encourage the 
development of osteoclasts. It works by activating NF-κB in osteoclasts and inhibiting 
apoptosis. It was shown that vitamin E has the capacity to prevent activated mono-
cytes from producing IL-1. Both hemopoietic and nonhematopoietic cells produce 
IL-6 in response to diverse forms of stimulation. Under the control of parathyroid 
hormone, vitamin D3, growth factor, and other cytokines, stromal cells and osteo-
blasts release IL-6 during bone remodeling in nanomolar amounts. The production 
of IL-6 by osteoblasts in response to IL-1, TNF-α, and LPS stimulation has also been 
documented. Osteoclastogenesis would be encouraged, and NF-κB would be activated 
as a result of high cytokine levels.

Animals with ovariectomy-induced estrogen shortage had higher levels of IL-1 
and IL-6. Treatment with palm-derived T3 at 60 mg/kg was successful in prevent-
ing cytokine levels from increasing. In addition to enhancing bone microstructure 
in MetS mice, palm-derived T3 and annatto-derived T3 decreased inflammatory 
marker levels (IL-1 and IL-6). Researchers found that annatto T3 improved tra-
becular and cortical microstructure, raised serum procollagen I intact N-terminal 
propeptide while decreasing serum carboxyl-terminal telopeptide of type I col-
lagen, and inhibited the expression of inflammation markers (MCP-1, IL-2, IL-23, 
IFN-γ, and TNF-α) in a distinct investigation [27–29]. Animals treated with free 
radicals and nicotine were also used to clarify the unique ways that vitamin E affects 
inflammatory indicators. Free radicals produced by ferric nitrilotriacetate increased 
the levels of OCN, IL-1, and IL-6 and negatively affected bone histomorphometry. 
By supplementation with a palm oil T3 combination at a rate of 100 mg/kg, these 
unfavorable alterations were reversed. Inflammatory cytokines and markers of bone 
resorption were both elevated after two months of nicotine administration, whereas 
a marker of bone production was decreased. Vitamin E at a dose of 60 mg/kg demon-
strated effectiveness in enhancing all these parameters when compared to the control 
group. In a different investigation, it was found that 60 mg/kg of a palm T3 combina-
tion might prevent the rise in IL-1 and IL-6 caused by nicotine administration [30]. 
In contrast, in experimental animal models, ultrahigh molecular weight polyethylene 
(VE-UHMWPE) combined with vitamin E has been shown to have higher mechani-
cal performance and less unfavorable cellular responses than ordinary polyethylene. 
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Human macrophages stimulated by VE-UHMWPE particles showed a different 
transcriptional program from macrophages stimulated by UHMWPE particles. IL-27 
was one of the upregulated genes, and it was discovered that in macrophages culti-
vated with VE-UHMWPE particles as opposed to those cultivated with UHMWPE 
particles, its levels were much higher. IL-27 decreased the inflammatory response 
induced by standard UHMWPE particles in vitro and prevented osteoclasts from 
differentiating [31].

When combined, the information from these previous articles showed that 
vitamin E had anti-inflammatory characteristics that can protect against osteoporosis 
(TNF-α, IL-1, IL-6, IL-27, MCP-1) (Table 3) [32]. Furthermore, other inflammatory 
cytokines, including IL-7, IL-8, IL-11, and IL-34, IL-3, IL-4, IL-10, IL-12, and IL-33, 
whether regulated by vitamin E in osteoclastogenesis need further research.

4.3 Vitamin E suppresses oxidative stress in preventing bone loss

Reactive oxygen species (ROS) and reactive nitrogen species are the two types of 
free radicals that are most frequently mentioned when discussing oxidative stress. An 
imbalance among these free radical oxidants and the cells’ antioxidant defenses leads 
to cellular damage. Chain reactions affecting DNA, proteins, cell wall lipoproteins, and 
other biological components are triggered by damage from free radical molecules such 
as superoxide (O2−). Additionally, NF-ĸB and other pathways are activated, which 
upregulate the TNF-α and IL-1 downstream cytokines. Through inhibition or activa-
tion of several cellular pathways, changes in the cell and its organelles modify cellular 
function. These alterations result in inflammation (through IL-4, IL-6, TNF-α, and 
other factors), changes to crucial cellular processes, and even mitochondria-initiated 
cell death and apoptosis, which, in severe cases, can result in organ damage. According 
to the mitochondrial theory of aging, chronic cumulative oxidative stress encourages 
disease conditions and early aging. Oxidative stress has been linked to a wide range of 
chronic diseases, including osteoporosis, in a significant body of literature ever since 
the mitochondrial theory of aging was first proposed [33]. The mitochondria of the 
cell are where ROS are typically present. An oxygen molecule (O2) is combined with 
four electrons and four protons to create two water molecules during the electron 
transport process in the mitochondria of the cell. This transfer results in the forma-
tion of a superoxide ion (O2

−) or, less frequently, a hydroxide (OH-) or peroxide ion 
(O2

2−), each of which is a reactive-free radical in ROS form. Normally, the antioxidant 
enzymes superoxide dismutase (SOD) and peroxidase convert these ROS into the less 
reactive molecules hydrogen peroxide (H2O2) and water (H2O). The nicotinamide ade-
nine dinucleotide phosphate (NADP-NADPH) cycle, which neutrophils use to destroy 

TT TF

Inflammatory cytokines TNF-α, IL-1β, IL-6, IL-8
PGE2, COX-2, MCP-1,
5-LOX

LTB4, exotoxin 3, TNF-α
MCP-1, 5-LOX, MPO, MDA
TNF-α, IL-1β, IL-6

Signaling pathway NF-κB, IRE1α, PPAR
caspase-4, Nrf2, MPK,
PI3K/Akt/mTOR,
Ras–Raf–MEK–ERK, JAK/STAT

JAK/STAT, NF-κB,
JNK/p38, Nrf2, ERK1/2,
PPAR

Table 3. 
Inflammatory factor and related signaling pathways which vitamin E regulated.
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viruses and bacteria, xanthine oxidase reactions during purine catabolism, nitric 
oxide synthase reactions during nitric oxide synthesis, and cyclooxygenases (COX) 
in the pathway for prostaglandin synthesis are some additional cellular pathways that 
produce ROS. Despite having the potential to cause damage, ROS and RNS are essen-
tial for healthy cell function because they play a role in cellular messaging that controls 
processes including gene transcription and transduction, differentiation, apoptosis, 
and repair. To minimize the negative effects of unchecked oxidative stress, natural cel-
lular defenses against ROS and RNS work to preserve equilibrium rather than eliminate 
them. Oxidative stress is accelerated by anything that speeds up mitochondrial metab-
olism in the cell. Examples include fractures, surgery, and trauma injuries, infections, 
the detoxification of drugs or alcohol, high oxygen conditions, smoke inhalation, 
elevated salt concentrations, and heavy metal exposure. Oxidative stress is also height-
ened by radiation from radiographic, solar, cosmic, or electromagnetic sources. Even 
consuming foods devoid of naturally occurring antioxidants, such as processed sugars 
and some fatty acids, increases oxidative stress. Additional factors that may contribute 
to an increase in oxidative stress include dehydration, stress, anxiety, and possibly 
inadequate sleep. OPG and RANKL expression are both susceptible to the oxidative 
state, which lowers OPG expression and raises RANKL expression, tipping the scales 
in favor of bone loss. In response to excessive oxidative stress, sclerostin and DKK-1, 
two WNT pathway inhibitors, involved in the osteoimmunological regulation of bone 
remodeling, are increased, while OPG production is decreased. Aging, which is charac-
terized by an increase in oxidative stress, and inflammatory mediators appear to be the 
two situations that most strongly promote the production of WNT pathway inhibitors. 
Increases in pro-oxidants have been associated with decreased osteoprogenitor devel-
opment into the osteoblast cell lineage. Oxidative stress inhibits rabbit bone marrow 
stromal cells and calvarial osteoblasts differentiate into osteoblasts, according to 
research by Bai et al. Differentiation markers for this include decreased levels of ALP, 
type-I collagen, and nuclear phosphorylation of Runx2. OPG production is lowered 
as a result of decreased osteoblast activity. This decrease further modifies the overall 
RANKL/OPG ratio, which is essential for maintaining the balance of osteoblastic and 
osteoclastic activity. Oxidative stress causes an increase in apoptosis in osteoblasts and 
osteocytes. The cytokines for osteoblastic activity are reduced with osteocyte death, 
which further favors osteoclastogenesis. Additionally, osteocytes that are dead or 
dying induce osteoclastogenesis. Antioxidants, such as GSH, N-acetylcysteine, and 
alpha-lipoic acid, reduce these effects.

Given the rapidly changing potential role of oxidative stress in osteoporosis, 
reducing oxidative stress with an antioxidative agent may be a practical way to 
prevent osteoporosis. Strong free radical scavenger vitamin E has been shown to have 
bone-protective properties by reducing oxidative stress. Osteoblasts were protected 
against the negative effects of H2O2 by treatment with tocotrienol (1 μM) for 24 hours 
in a study using an H2O2-induced osteoblast model. In ovariectomized models, toco-
trienol treatments both short-term and long-term successfully increased femur bone 
mineral density, bone formation, and strength. In addition, osteocalcin, bone mor-
phogenetic protein 2 (BMP-2), and RUNX-2 mRNA expression in the tibia increased 
after tocotrienol treatments [34]. In an in vitro study that looked at the effects of 
tocotrienol on lipid peroxidation, antioxidant enzyme activities, and apoptosis of 
osteoblasts exposed to H2O2, tocotrienol was able to prevent malondialdehyde (MDA) 
elevation, decrease osteoblast apoptosis, and increase SOD, GPx, and CAT activities. 
It has also been shown that other natural compounds, including tocotrienols, rice 
protein, melatonin, and others, lower ROS by increasing heme oxygenase-1 (HO-1) 
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activity, which may potentially counteract the negative effects of oxidative stress 
[35]. Nuclear respiratory factor 2(NRF2) significantly controls the transcription of 
these antioxidants. Under normal circumstances, NRF2 is recruited by Kelch-like 
ECH-associated protein 1 (KEAP1) into the Cul3-containing E3 ubiquitin ligase 
complex, where it is ubiquitylated and degraded. In contrast, oxidative stress inhibits 
the function of the E3 ubiquitin ligase, which causes NRF2 and KEAP1 to separate. 
The transcription of SOD, CAT, HO-1, GPxs is then activated once Nrf2 enters the 
nucleus and forms a heterodimer with tiny Maf proteins in antioxidant response 
elements (AREs), a conserved gene sequence in target gene promoter regions. By 
triggering the NRF2-KEAP1-ARE pathway, tocotrienols, rice protein, melatonin, 
and other naturally occurring substances that are NRF2 activators may reduce ROS. 
However, in Fujita’s investigation, treatment with α-tocopherol had no effect on the 
proliferation of osteoclast precursors or the survival of mature osteoclasts. Instead, 
it increased the number of tartrate-resistant acid phosphatase (TRAP)-positive 
multinucleated osteoclasts. Additionally, they examined whether vitamin E’s anti-
oxidant characteristics were necessary for it to trigger the fusion of osteoclasts. None 
of the vitamin E isoforms, with the exception of α-tocopherol, induced osteoclast 
fusion [36]. This result indicated that vitamin E decreases bone mass by stimulating 
osteoclast fusion.

Vitamin E has shown tremendous promise in the treatment of postmenopausal 
osteoporosis because it is an efficient source for halting bone loss by suppressing 
oxidative stress.

4.4 Other mechanisms of vitamin E in preventing bone loss

Initially, a hormone mostly made by adipose tissue, leptin, regulates satiety and 
energy expenditure by acting on the hypothalamus. Leptin has a variety of effects, 
including the promotion of hemopoietic and osteoblastic differentiation, which it 
uses to control bone mass. Prior studies have shown that leptin has distinct effects on 
bone metabolism through both central and peripheral pathways. The brain’s hypo-
thalamic leptin receptors were activated in groundbreaking in vivo research, which 
showed that doing so decreased osteoblast formation and function and boosted osteo-
clast activity [37]. Two downstream molecular cascades are active: (a) an increase in 
RANKL through the PKA signaling pathway to encourage osteoclasts’ effects on bone 
resorption; and (b) a decrease in c-myc expression, which encourages the produc-
tion of cyclin D and prevents osteoblast development. An earlier study found that 
compared to healthy control animals fed a standard chow diet, rats on a high-carb, 
high-fat diet displayed symptoms of MetS, hyperleptinemia, and hypoadiponec-
tinemia as well as damage to the trabecular microarchitecture. The increased leptin 
was decreased by palm and annatto T3 treatments [28, 29]. MicroRNA (miRNA) is a 
small, highly conserved endogenous noncoding RNA molecule with 20–22 bases that 
controls the expression of proteins. The differentiation of osteoclasts and miRNA 
expression are closely related processes. Several miRNAs inhibit osteoclast develop-
ment and function by targeting the RANK/RANKL/OPG pathway. The expression of 
RANKL was suppressed by miR-17/20a and miR-26a. In bone marrow-derived macro-
phages, other miRNAs displayed suppression on osteoclast development through the 
TGF-β/SMAD signaling pathway. Insufficient vitamin E led to lower levels of miR-
122a and miR-125b in the rat liver. These results suggest that vitamin E may regulate 
miRNA expression, which may be crucial for the regulation of bone homeostasis. The 
precise mechanism needs to be further researched [38, 39].
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5. Conclusion

Osteoporosis is the most prevalent orthopedic disease in elderly people. Vitamin E 
has shown great potential in treating osteoporosis. The close synchronization between 
bone resorption and formation is facilitated by the activation or inhibition of numer-
ous downstream signaling pathways, which are controlled by endocrine and paracrine 
regulators. The molecular targets of vitamin E in regulating bone metabolism have 
been identified by numerous scientific studies (Figure 1). In order to inhibit osteo-
clasts, vitamin E altered the levels of inflammatory mediators, ROS, and hormones 
as well as the RANK/RANKL/OPG, NF-κB, MAPK, and oxidative stress signaling 
pathways. Vitamin E could be selected as a novel therapy against osteoporosis.
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