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Abstract: This review summarizes the current knowledge on essential vitamins By, By, B3, and Bs.
These B-complex vitamins must be taken from diet, with the exception of vitamin B3, that can also be
synthetized from amino acid tryptophan. All of these vitamins are water soluble, which determines
their main properties, namely: they are partly lost when food is washed or boiled since they migrate
to the water; the requirement of membrane transporters for their permeation into the cells; and
their safety since any excess is rapidly eliminated via the kidney. The therapeutic use of B-complex
vitamins is mostly limited to hypovitaminoses or similar conditions, but, as they are generally very
safe, they have also been examined in other pathological conditions. Nicotinic acid, a form of vitamin
B3, is the only exception because it is a known hypolipidemic agent in gram doses. The article also
sums up: (i) the current methods for detection of the vitamins of the B-complex in biological fluids;
(ii) the food and other sources of these vitamins including the effect of common processing and
storage methods on their content; and (iii) their physiological function.
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1. Introduction

At the turn of the 20th century, investigation of nutritional requirements yielded crucial
findings. Vital amines, or “vitamines” at that time, have been described, at first thought to
be merely 2 compounds: a lipid-soluble vitamine A and a water-soluble vitamine B. Further
research has shown that “vitamine B” is a complex of a wide range of compounds that
only share their solubility. In this review, a concise summary of their discovery, sources,
physiological role, pharmacological use, potential toxicity, and interactions of individual
vitamins belonging to “B-complex” is provided. The first part is concerned with vitamins
B;—thiamine, By—riboflavin, B3—niacin, and Bs—pantothenic acid, and the second part
will provide information on the remaining members of the “B-complex”.

2. Thiamine—Vitamin B;
2.1. Introduction and Properties

In 1897, vitamin B, was discovered as the first vitamin, at that time called “vitamine”. It
was isolated in 1926 and synthesized 10 years later. This substance contains an amino group,
and, because of that, it was called “vital amine” (“an amine of life”), which, as mentioned,
initially gave the name to the whole group of micronutrients—formerly vitamines, currently
known as vitamins [1]. Vitamin B; was also formerly known as “aneurin” because it
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prevented neurological symptoms of hypovitaminosis. Currently, rather, it is known as
thiamine. This term reflects the presence of both sulfur and an amino group in the molecule.
Thiamine is a water-soluble compound composed of pyrimidine (or precisely 4-amino-2-
methylpyrimidine) and thiazole/4-methyl-5-(2-hydroxyethyl)-thiazolium/rings, which are
linked by a methylene bridge (Figure 1) [2-5].
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Figure 1. Structure of thiamine (vitamin B; (upper)) and thiamine pyrophosphate (TPP (bottom)).

Free thiamine is a base that is stable at acidic pH, but it is decomposed by ultraviolet
light and gamma irradiation, and it is susceptible to heat. In alkaline solutions, and in
the presence of oxidizing agents, thiamine is converted into thiochrome, a fluorescent
substance, that is used to determine the vitamin levels in food and drugs [3].

In pharmaceutical products, it is used usually in the form of solid, water soluble,
thiazolinium salts, e.g., of thiamine hydrochloride or thiamine mononitrate. There are also
synthetic lipophilic derivatives of the vitamin, e.g., allithiamins, which can pass biological
membranes more easily [6].

In an organism, thiamine may occur in several forms, mainly esters, e.g., thiamine
monophosphate (TMP), thiamine diphosphate (also sometimes called thiamine pyrophos-
phate/TPP/ or cocarboxylase; see Figure 1), and thiamine triphosphate (TTP). Recently,
other forms, such as adenosine thiamine diphosphate and adenosine thiamine triphosphate,
have also been discovered in humans [6,7].

2.2. Sources of Thiamine

Plants, fungi, and most bacteria synthetize thiamine, whereas other organisms (all
animals, as well as many prokaryotes and unicellular eukaryotes) rely on external intake
for thiamine supply [8-14]. Hence, in humans, thiamine is an essential vitamin that needs
to be continuously supplied by the diet [15]. The most common nutritional sources of
thiamine for humans are whole grains, bread, meat (especially pork), and pulses, while
milled wheat flour, polished rice, vegetables, and fruits are less useful [11,16-19]. Nuts are
also rich in thiamine [20,21]. Amounts of thiamine in some selected foodstuffs are shown
in Table 1.

Several food products, however, also contain so-called anti-thiamine factors (e.g.,
thiaminases and thiamine antagonists) that inactivate or block the absorption of thiamine.
Regular consumption of those foods is thought to be implicated in the development of
thiamine deficiency [22-25]. Thiaminases, heat-labile enzymes that cleave thiamine and
render it inactive, are found in certain raw and fermented fish, shellfish, African silkworm
larvae, ferns (e.g., Pteridium aquilinum, Marsilea drummondii, and Equisetum arvense), and
some bacteria (e.g., Bacillus and Clostridium species). Their anti-thiamine activity can be
eliminated by cooking. Heat-stable thiamine antagonists include phenolic compounds
(especially with ortho-dihydroxy groups, e.g., tannins, caffeic acid, and chlorogenic acid)
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and methylxanthines, such as caffeine, theophylline, and theobromine, occurring in some
foods of plant origin, such as blueberries, betel nuts, coffee, and tea. They react with
thiamine to yield the nonabsorbable thiamine disulfide. The destructive process of these
compounds can be prevented, e.g., by ascorbic acid (playing a protective role if it is
consumed together with thiamine), and tartaric acid and citric acid (acidifying agents), all
present in many vegetables and fruits, or by delaying contact between thiamine and tannins.
The latter can be achieved by consuming tea hours after a thiamine-containing meal instead
of during the meal [11,15,22-24,26-46]. Trace amounts of thiamine antimetabolites, such
as oxythiamine, are formed from thiamine through cooking under acidic conditions at
100 °C. Oxythiamine can be accumulated in end-stage renal disease patients, which leads
to inhibition of transketolase with possible negative impact on those patients [2,47]. Lastly,
the cyanogenic glycosides (linamarin and lotaustralin), which are present in the cassava
plant (Manihot esculenta), bind the sulfur in thiamine molecule, splitting this vitamin into its
pyrimidine and thiazole moieties; therefore, the vitamin becomes inactive [48]. Thiamine
is also very sensitive to sulfites, especially at a high pH [16,22,49,50]. The sulfite-induced
cleavage of thiamine is the cause of large losses of the vitamin in vegetables, fruits, and
minced meats where sulfites and bisulfites are used as preservatives [51]. Thiamine is
cleaved, as well, by residual chlorine in the cooking water [22,52,53]. The presence of
copper ions accelerates decomposition of thiamine, too [22,54].

Primary and secondary food processing may unfavorably affect the thiamine con-
tent [22,24,55]. Regarding cereals, all grains are structurally composed of endosperm
(80-85%), germ (2-3%), and bran (13-17%) [56]. Thiamine, as in some other micronutrients,
is not evenly distributed throughout the grain. The bran portion and germ, which are
removed during milling, and refining (wheat and maize) or polishing (rice) of grains, are
much richer in thiamine than the endosperm [57]. The thiamine content in milled refined
wheat flour is reduced by 40-80% in comparison to whole wheat flour [22,56-58]. Similarly,
thiamine losses in white rice are 75-82% in contrast to brown rice [11,22,59-61]. Amounts
of thiamine in various maize milled products decrease by 36-82% as compared to whole
kernels [62,63].

Thiamine stability is good in acidic solutions (e.g., in acidic fruit juices and drinks [22,51]),
even when heated [22,24,53,64]. It is very susceptible to decomposition by several factors,
such as neutral and alkaline conditions, heat, oxidizing, and reducing agents, and radia-
tion [16,17,24,51,53,54,64—69]. Thiamine leaches into the water, owing to its solubility, and
will be lost in any soaking or cooking water that is thrown away, as well as being destroyed
by heating during culinary processes, in dependence on a type of food, a method used,
temperature, and duration [21,22,53,70-89].

Boiling, stewing, roasting, and frying lead to thiamine losses in meat. The respective
losses from pork were 70%, 38-55%, 18-40%, and 10-50%, while, from beef, the losses were
60-80%, 55-68%, 12-38%, and 55%, respectively [53,70,100,108]. Consumption of meat
and other food with cooking liquids, such as water added or exuding juices, is hindering
the losses of thiamine for the reason mentioned in the previous paragraph. For example,
thiamine contents decrease by 33-40% in boiled beef with soup, and by 30% in braised pork
with gravy, whereas they decrease by 60-80% and 55% solely in beef and pork, [53,70,100].
Fried breaded meat, such as pork, chicken, lamb, and beef, contain 15-40% more thiamine
than variants with no breading [70]. Meat with a lower initial fat content loses more water
during thermal culinary processing, resulting in more thiamine leaching out, and so the fat
content might be a factor with a positive influence on the vitamin retention in the course of
heat treatment of meat [74].
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Table 1. Thiamine contents in selected foodstuffs.

Food Thiamine Content (ug/100 g) References
Oats 520-763 [11,90]
Wheat 276-525 [58,90,91]
Rice, brown 300413 [11,22,59,92]
Rice, white 50-80 [11,22,59,92]
Maize 246-385 [11,90,92]
Rye 316-350 [11,90]
Barley 191-399 [11,56,91]
Millet 358-421 [11,93,94]
Sorghum 277-380 [93-95]
Soybean 874-1300 [11,20,59]
Lentil 433-873 [11,96,97]
Peanut 600 [20]
Macadamia nut 365-1195 [11,21]
Pistachio nut 654-870 [11,20,21]
Hazelnut 317-643 [11,21]
Walnut 227-340 [20,21]
Almond 192-210 [11,20,21]
Garlic 200 [11]
Potato 80-170 [11,59,92]
Carrot 66-130 [11,98]
Cabbage 61-230 [11,98]
Tomato 37-50 [11,98]
Broccoli 71-150 [11,98]
Cauliflower 60 [98]
Spinach 78-90 [11,98]
Orange 87 [11]
Avocado 67 [11]
Strawberry 20-24 [11,98]
Apple 17-40 [11,98]
White bread 100 [99]
Brown bread 210 [99]
Pork 600-950 [59,78,100]
Beef 50-160 [78,100]
Chicken breast 40-170 [78,100]
Liver, beef 189 [101]
Liver, pork 283 [101]
Tuna 130 [102]
Sardines 10 [102]
Baker’s yeasts 1880 [101]
Oyster mushroom 50-150 [103,104]
Button mushroom 70-94 [103,105]
Milk 30-70 [11,59,92,106]
Yogurt 50-60 [106]
Cheese, cheddar 29 [101]
Eggs 40-80 [92,107]

Thiamine content in rice is reduced due to washing before cooking, boiling, stewing,
baking, and frying by 37-50%, 25-52%, 20-25%, 15-30%, and 10-30%,
respectively [15,22,53,70-73,82,109,110]. Steaming, boiling, baking, and frying of potatoes
cause 15%, 20% (with peel; 25% in peeled potatoes), 15-20%, and 20-40% thiamine losses,
respectively [70,71]. Generally, steaming is preferred to boiling because it hinders thiamine
losses due to its leaching into the water [111,112]. Decreases in thiamine level in pasta,
boiled and not drained, boiled and drained, baked, and boiled, drained and baked, amounts
20%, 35%, 20%, and 45%, respectively [72]. In legumes, cooking brings about 20-25% thi-
amine loss, while pressure cooking brings about thiamine loss 56-58% [70,74]. The practice
of adding sodium bicarbonate to peas or beans for retention of their colors in cooking or
canning results in a large decline of thiamine due to the alkaline environment [22,113].
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Losses of thiamine during the baking of white bread are between 15 to 37% [51,114].
The content of thiamine decreases more in wheat than in rye baking [115]. Use of baking
powder in cake mixtures brings about significant thiamine decrease of 50% or higher owing
to poor stability of thiamine under alkaline conditions [74].

Scrambled, hard cooked, and fried eggs lose 5%, 20%, and 30% thiamine during
cooking, respectively [70]. Heat-induced reduction in thiamine in milk is normally up
to 10%, 5-15%, 30-40%, and 30-50% for pasteurized, ultra-heat treated, sterilized, and
evaporated milk, respectively [22,51,87,116,117], and it is lower in whole milk than that
in low-fat and skimmed milk [74]. Donor human milk can be processed using Holder
pasteurization (62.5 °C for 30 min) or a current retort-processed alternative (121 °C, 15 PSI
for 5 min), which increases the shelf-life. Thiamine content is unaffected by the former but
decreased by about 42% in the latter. Those losses are clinically significant, and fortification
may be needed if shelf-stable donor milk is a long-term feeding choice [118].

Effects of extrusion processing [119,120], gamma irradiation as a conservation techni-
que [68,121-124], canning [125-127], freezing [89,126], storage conditions [81,86,105,126,128-131],
and edible seed germination [90,94-96,132,133] on thiamine content in foods have also been
reported.

A range of food ingredients has been shown to affect the stability of thiamine. Starch
and proteins (such as egg albumin and casein) are protective. Mannitol, inositol, and
fructose, in contrast to glucose, can retard the rate of destruction of thiamine during heat
processing [40,51,65]. Allicin in garlic, when the bulb is cut or crushed, reacts with thiamine
to form allithiamine, a more lipophilic form with improved absorption [22,134-137], which
will be discussed later.

Parboiling improves the quality of milled rice and is an example of a food pro-
cessing method which, in contrast to those aforementioned, can increase thiamine con-
tent of polished rice—rice in the husk is soaked in water, steamed, and dried before
milling [23,138-141]. Steaming causes thiamine and other nutrients to migrate from the
outer layers into the endosperm, so that removing the outer layers by milling does not
denude the grain of thiamine—parboiled rice may be milled to a high degree and yet
retain enough thiamine [22,23,142,143]. Losses of thiamine in parboiled and non-parboiled
polished rice are 33-40% and 75-85%, respectively, in comparison to brown rice [22,144].

Although food processing has mostly a negative effect on the content of thiamine,
it should be emphasized that processing may occasionally be necessary for minimizing
harmful constituents, such as arsenic. This is the case of rice, which is an exception among
cereals since its inorganic arsenic content can reach one order of magnitude higher levels
than in wheat and barley. The reason is that the plant is able to take up and translocate
inorganic arsenic to the grain. Moreover, the semiaquatic anaerobic growing environment
in paddy fields favors root uptake of arsenic [145,146]. In rice grains, arsenic accumulates
especially in husk and bran and, to a much lesser extent, in endosperm [147-150]. It has
been clearly demonstrated that inorganic arsenic may lead to a plethora of pathological
conditions [151-162]. Polishing and rinsing before cooking and boiling with excess water
which is then discarded lead to an efficient reduction of arsenic but, at the same time, also
to the aforementioned losses of vitamin By [149-151,156,158,163-169]. In fact, in respect of
arsenic, resulting recommendations on preparation and consumption of rice lately prefer a
safety point of view to the nutritional one, especially in some population groups, such as
infants and toddlers [151,154,156].

Thiamine is widespread in nature, but only in relatively small quantities. Since its extrac-
tion from natural sources would not be economically profitable, it has to be manufactured
by chemical synthesis [59]. All industrially-relevant syntheses of thiamine use a pyrimidine
intermediate called Grewe diamine (4-amino-5-aminomethyl-2-methylpyrimidine) as the
key building element. Acrylonitrile or malononitrile are the common starting materials
for the synthesis of this intermediate. The thiazole ring is then linearly constructed on
the preformed pyrimidine moiety (Grewe diamine) in three chemical steps to obtain thi-
amine [59,170]. Microbial fermentations have met limited success because of thiamine



Nutrients 2022, 14, 484

7 of 84

biosynthetic pathway is very complex, and its regulation is complicated. Therefore, major
metabolic engineering breakthroughs will be needed because thiamine fermentation will
require high yields to become competitive to the current low-cost chemical manufacturing
process [171].

In many countries, mandatory or voluntary fortification of food products with thi-
amine provides an artificial dietary source of the vitamin, compensating for its often-
insufficient intake from foods containing it naturally [12,23,92,172-179]. Fortified foods
contribute to about half of the total thiamine consumed in some high-income coun-
tries [175,180]. Wheat flour, maize flour, and rice are foods commonly fortified with
thiamine [61,92,181-186]. Biofortification, the augmentation of natural micronutrient levels
in crops through breeding and genetic engineering, offers a long-term sustainable approach
to increase the amount of dietary thiamine for people who rely on staple crops for most of
their caloric intake. Despite efforts made, none have undergone human feeding trials, and
further research is needed [92,172,187-191].

2.3. Pharmacokinetics of Thiamine

Ingested thiamine from dietary sources is readily absorbed in the proximal small intes-
tine (upper jejunum). Absorption is dependent on the dose and involves two mechanisms:
carrier-mediated active transport, as long as oral intake is less than 5 mg; and passive
diffusion, at higher doses [192].

Most of dietary thiamine occurs in phosphorylated forms, and intestinal phosphatases
hydrolyze them to free thiamine before the vitamin is absorbed [193].

Free thiamine is taken up into intestinal mucosal cells (enterocytes), mainly by
two saturable and high affinity transporters, THTR1 (encoded by SLC19A2 gene) and
THTR2 (encoded by SLC19A3 gene) (Figure 2). THTRI1 transporter is located on the apical
brush-border membrane and basolateral membrane, while THTR? is found only on the
apical surface [194-197]. Moreover, other transporters (e.g., organic cation-transporters
OCT1,3), which are not specific to thiamine, are involved in this process, as well [198].

INTESTINAL LUMEN

@@@

1
1
1
1
THTRA I0CT1/3
Sy

»

“\ = ,,o' “ ENTEROCYTE

e
—————

Apical membrane

T acE
THTR1 RFC1
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BLOOD STREAM i ‘

Figure 2. Intestinal uptake of thiamine. THTR1 carrier (encoded by SLC19A2 gene); THTR2 car-
rier (encoded by SLC19A3 gene); OCT1/3, organic cation-transporter 1/3; RFC1, reduced folate
carrier (encoded by SLC19A1 gene); T, thiamine; TMP, thiamine monophosphate; TPP, thiamine
pyrophosphate; TPK1, thiamine phosphokinase.
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Humans also obtain vitamin By from bacterial microbiota of the large intestine, where
both thiamine and TPP are synthesized. Thiamine is taken up into colonocytes by similar
carrier-mediated mechanism, such as in enterocytes, and TPP enters these cells by the
human colonic thiamine pyrophosphate transporter (encoded by SLC44A44 gene).

Transport from intestine into the portal circulation through the basolateral membrane is
mediated by the THTRI1 carrier. Another transporter, called the reduced folate carrier (RFC1
is encoded by SLC19A1 gene), is less important since it transports thiamine monophosphate
(TMP) but not free thiamine [193,198].

The concentrations of total thiamine (free thiamine and its phosphorylated forms) in
whole blood are in the range of 75-200 nmol /L. Once in the circulation, thiamine crosses
the erythrocyte membrane by the means of THTR1 and THTR2 transporters. In the TMP
transport, RFC1 is again implicated. Inside the red blood cell, phosphorylation occurs and
TPP is formed. The result is that 80% of thiamine in the blood is located in erythrocytes in
the form of TPP. Only low concentrations of the vitamin are present in the plasma, both as
free thiamine, TMP and protein bound TPP [198,199].

From blood, thiamine is taken up into cells of various tissues by previously men-
tioned transporters, i.e., THTR1, THTR2, and OCT, while RFC1 allows TMP transfer again
(Figure 3). Both carriers THTR1 and THTR2 are highly expressed in the cells of various
organs, e.g., skeletal muscle, heart, kidney, liver, pancreas, brain, placenta, and adipose
tissue [5,200].

.@@@

' BLOOD

1
1
1
1
RFC“ THTR1 CT1

0 \‘°

HACL1

\
\
A

i
! e
R

<
Peroxisome e ,

°Transketolase

Cytosol

...........

Figure 3. Cellular uptake of thiamine. THTR1 carrier (encoded by SLC19A2 gene); THTR2 carrier
(encoded by SLC19A3 gene); OCT1-3, organic cation-transporters 1-3; RFC-1, reduced folate carrier
(encoded by SLC19A1 gene); TPC, thiamine pyrophosphate carrier (encoded by SLC25A19 gene); T,
thiamine; TPP, thiamine pyrophosphate; TMP, thiamine monophosphate; TPK1, thiamine phosphoki-
nase; BCKDH, branched-chain o-ketoacid dehydrogenase; PDH, pyruvate dehydrogenase; x-KGDH,
a-ketoglutarate dehydrogenase; HACL1, 2-hydroxyacyl-CoA lyase 1.

Within the cell, free thiamine is phosphorylated to thiamine pyrophosphate (TPP)
by a specific cytosolic kinase, i.e., thiamine pyrophosphokinase (TPK1). The synthesis
requires magnesium and adenosine triphosphate (ATP) [201]. TPP is the metabolically
active form, which acts as a crucial cofactor in multiple enzymatic reactions in the cytosol
(e.g., transketolase), in the mitochondria (see below and Figures 3 and 4) [202-204]. The
transport of TPP into the mitochondria is mediated via the thiamine pyrophosphate carrier
(TPC) encoded by the SLC25A19 gene.
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Figure 4. Cellular pathways requiring thiamine pyrophosphate (TPP) as a cofactor. BCKDH, branched-
chain o-ketoacid dehydrogenase; PDH, pyruvate dehydrogenase; x-KGDH, x-ketoglutarate dehydro-
genase; TK, transketolase; HACL1, 2-hydroxyacyl-CoA lyase 1.

Being a water-soluble vitamin with a half-life of about 10 days, thiamine is not stored
in the human body in large quantities. Its body content is approximately 25-30 mg. In
conditions of insufficient intake, deficiency can develop over a period of 2-3 weeks.

Excretion of thiamine is mediated mostly by the kidneys, and its rate depends on
both glomerular filtration and tubular reabsorption/secretion. The re-uptake from urine
to blood in the proximal tubules is enabled mainly by previously mentioned transporters
THTR1, THTR2, and OCT1 in the brush border membrane of renal tubular cell and THTR1
and OCT2/3 in the basolateral membrane. Unsurprisingly, the basic transporters THTR1
and THTR?2 are up-regulated in thiamine deficiency. If there is an excess of thiamine in the
organism, reabsorption switches to active secretion; thus, high thiamine plasma levels are
cleared with a high efficacy. In this case, thiamine crosses basolateral membrane of renal
tubular cells during transport from blood via THTR1 and OCT2/3 and is transported from
tubular cells through the brush border membrane into urine by OCT1 and multidrug and
toxin extrusion proteins (MATE1 and MATE2k). Long-term use of diuretics is known to
produce thiamine deficiency. Thiamine is also excreted via feces, which is, however, mainly
related to thiamine of bacterial origin, but also via sweat and breast milk [2,5,198,205].
Thiamine concentrations are usually in the range of 0.14-0.21 mg/L in breast milk, and
levels are dependent on the diet [23].

2.4. Physiological Function of Thiamine

Thiamine in its mentioned active form, TPP, serves as a cofactor of several crucial
enzymes associated with the metabolism of carbohydrates and branched-chain amino acids.
In addition to this role, thiamine is essential for numerous other cellular processes, e.g., the
synthesis of nucleic acid precursors, myelin, and neurotransmitters (e.g., acetylcholine), as
well as antioxidant defense (Figure 4) [6].

In mitochondria, TPP-dependent enzymes pyruvate dehydrogenase (PDH), -ketoglutarate
dehydrogenase (x-KGDH), and branched chain «-ketoacid dehydrogenase (BCKDH) are in-
volved in pathways that allow production of ATP. PDH catalyzes oxidative decarboxylation
of pyruvate to acetyl-CoA within the citric acid cycle (the Krebs cycle), -KGDH converts
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a-ketoglutarate to succinyl CoA, which is a key intermediate in the citric acid cycle, and
BCKDH catalyzes the oxidation of branched chain amino acids (valine, isoleucine, and
leucine) with resulting intermediates acetyl-coenzyme A and succinyl CoA [193,206-208].

In the cytosol, TPP-dependent transketolase is involved in the pentose phosphate
pathway, that utilizes glucose and produces ribose-5-phosphate and nicotinamide ade-
nine dinucleotide phosphate (NADPH), important for nucleotide, lipid, and neurotrans-
mitter synthesis, as well as antioxidant defense [209]. Another TPP-dependent enzyme
2-hydroxyacyl-CoA lyase 1 (HACL1) is located in the peroxisomes. This enzyme is essential
for a-oxidation of branched fatty acids [210].

2.5. Thiamine Deficiency

Based on knowledge of the physiological roles of thiamine, deficiency leads to a re-
duction in oxidative metabolism. Biochemical consequences involve a failure to produce
ATP, lactic acidosis due to increased production of lactic acid, and decreased synthesis of
neurotransmitters (e.g., acetylcholine, glutamate, aspartate, and GABA). Decreased trans-
ketolase activity (TK) impairs synthesis of nucleic acids and glutathione, while insufficient
function of a-KGDH leads to defective heme synthesis. Because the central nervous system
(CNS) and heart are highly dependent on ATP generated by oxidative decarboxylation,
these organs are more sensitive to thiamine deficiency.

Inadequate thiamine intake, impaired absorption or metabolism, and increased de-
mand are the main reasons for vitamin B; deficiency [211]. Lack of thiamine intake can be
caused by a vitamin-deficient diet (e.g., historically by polished rice), starvation, or diet
rich in carbohydrates. On the other hand, in spite of a sufficient amount of thiamine in the
diet, thiamine deficiency may develop by ingesting food containing a high concentration
of thiaminases or thiamine antagonists, as reported above. Other factors that decrease
absorption of thiamine include aging, malabsorption, and alcohol abuse [15,25,48].

There are also some genetic defects causing impairment of key regulators of the
thiamine homeostasis, e.g., thiamine transporters, thiamine pyrophosphokinase (TPK1),
and BCKDH. THTR1 dysfunction leads to diabetes mellitus, megaloblastic anemia, and
hearing loss, whereas defects of transporter THTR2, mitochondrial TPP transporter, and
enzymes TPK1 and BCKDH result predominantly in encephalopathy with severe disability,
and early death (Table 2) [26,212,213].

Table 2. Genetic defects in thiamine transport and metabolism.

Deficiency Gene Mutation Disease Symptoms
Thiamine-responsive megaloblastic . ..
THTR1 SLC19A2 anemia (TRMA, also known as the Megaloblfistlc anemla, diabetes
mellitus, hearing loss
Rogger syndrome)
THTR2 SLC19A3 Blf)tln—thlamlne Ep150c.11c encephalopathy, galt. ataxia,
responsive encephalopathy seizures, bulbar dysfunction
. . Severe congenital microencephaly,
Mitochondrial TPP SLC25A19 Amish lethal microcephaly death within the first year,
transporter s
episodic encephalopathy
. . . Episodic encephalopathy, ataxia,
TPK1 TPK1 gene Thiamine metabolism dysfunction dystonia and spasticity, loss of ability
syndrome 5
to walk
Impaired mental development,
BCKDH DBT gene Maple syrup urine disease (MSUD) seizures, lethargy, progressive

neurodegeneration, maple syrup odor
in the cerumen and the urine

Pregnancy and lactation, fever, hyperthyroidism, and diet with high content of car-
bohydrates are usually associated with increased consumption of thiamine, while the use
of diuretics and diarrhea contribute to thiamine depletion [211]. Serious deficiency of
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thiamine leads to many syndromes, such as beriberi, predominantly with neurological and
cardiovascular symptoms, Wernicke’s encephalopathy, and Korsakoff ‘s syndrome [214].

Beriberi, also called clinically apparent thiamine deficiency, was described in Chinese
literature as early as 2600 B.C. This disease is classified as a dry (nervous) or wet (cardiac)
form. The main feature of dry beriberi is peripheral neuropathy leading to paresthesia and
paralysis. “Burning feet syndrome” may occur at the beginning of neuropathy. Several
characteristic symptoms include a loss of sensation and weakness in legs and arms, muscle
pain, etc.

Wet beriberi is predominantly characterized by cardiovascular manifestation, pri-
marily affects the heart, and can lead to cardiac abnormalities characterized by abnormal
electrocardiogram (ECG) and, ultimately, to congestive acute heart failure with edema,
tachycardia, and an enlarged heart [215,216]. In Japan, acute fulminant hypovitaminosis
with cardiopathy accompanied by metabolic acidosis has been reported in chronic alco-
holics. This condition is referred to in the literature as wet beriberi “shoshin” [217,218].

In children, thiamine deficiency, known as infantile beriberi, occurs in infants who
are breast-fed by thiamine-deficient mothers or with thiamine-deficient diet. The disorder
is characterized by rapid onset and by an acute condition involving mainly neurologic
and cardiac symptoms, e.g., vomiting, tachypnoea, restlessness, sleeplessness, convulsions,
paralysis, aphonia, cardiac dysfunction, and heart failure. Without proper thiamine sup-
plementation, fatality occurs quickly in many cases, notwithstanding the best available
supportive treatment. Those children who survive the early stages continue to live with
developmental disabilities, e.g., movement and motor skills difficulties, epilepsy, loss of
motor function, and language impairment [219,220].

Severe thiamine deficiency can affect the CNS more profoundly. This cerebral beriberi
is referred to as Wernicke “s encephalopathy and Korsakoff’s psychosis [221,222]. The
diagnosis of Wernicke ‘s encephalopathy is based on a “triad” of signs, which include
impaired eye movement, gait ataxia, and cognitive impairments. If left without treat-
ment, irreversible neurologic damage can cause another clinical manifestation known
as Korsakoft’s psychosis. This syndrome involves loss of recent memory, amnesia, and
confabulation. The harmful effect of thiamine deficiency on brain function can be ex-
plained by strong dependency of the brain on the oxidative metabolism [15,222]. When
Wernicke’s encephalopathy accompanies Korsakoff’s psychosis, the combination is called
Wernicke-Korsakoff syndrome [223]. This syndrome is one of the most severe neuropsy-
chiatric sequelae of alcohol abuse, although it has been observed in other disorders, e.g.,
malnutrition or genetic mutations of thiamine transporters. It seems that alcohol impairs
intestinal absorption of thiamine. Animal studies suggest that ethanol in the small intestine
inhibits the gene expression of thiamine transporter THTR1 but not thiamine transporter
THTR?2, while, in the large intestine, it inhibits the gene expression of both THTR1 and
THTR2. Hence, even if thiamine is present in the intestinal tract, it is not absorbed in
the presence of alcohol. Up to 80% of people with chronic alcoholism develop thiamine
deficiency because of reduced gastrointestinal absorption. Due to this effect of alcohol on
the thiamine absorption, thiamine administration should be intravenous. Moreover, people
who abuse alcohol usually have an inadequate intake of essential nutrients, including
thiamine [224,225].

Detailed overview of analysis of vitamin B; in biological fluids is summarized, together
with other vitamins, in Table 3 and Supplementary Data Table S1.

2.6. Pharmacological Use of Thiamine

Thiamine is available as a dietary supplement, and, in cases of severe deficiency, it
represents a valuable drug. Multivitamin supplements usually contain about 1.5 mg of
thiamine. Recommended Dietary allowances (RDAs) for optimal supply of the organism,
which must be taken daily, are 1.1 mg/day and 1.2 mg/day for women and men, respec-
tively [226]. Recommended dietary allowances for thiamine according to age and gender
are listed in the Table 4.
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Table 3. Summary of methods for determination of vitamin B;_5 in human biological materials.
Technique Sensitivity nmol/L Analytes Matrix Advantages Disadvantages Refs. Pub\l:::wn
human milk is ti
serum shorltl analyils tlrlne SIM in some methods
By, B1-TMP, sma’ sample voiume mplicated sampl
LOQ-LLOQ B.-TPP.B whole blood (50-250 pL) complicated sample
LC-MS 0.15-246.32 e dry blood (VAMS) specificity (MRM) preparation (breast milk)  [207_239] 2011-2020
(B1-Bs) B,-FAD, plasma simple sample complicated gradient
B3-NAM, Bs t - elution in some methods
ears preparation
urine sensitivity
LOQ-LLOQ By, By-TMP, d‘;"hgll(e):éoso‘it sample volume complica.ted sample
HPLC-FLD 0.5-23.51 B,-TPP, By, y P (100-250 uL) preparation [240-245] 2011-2020
(B,-TPP) B,-FAD, B,-FMN plasma. sensitivity derivatization
human milk long analysis time
LOD ; long analysis time
HPLC-PDA 212.56-4.09 x 103 By, By, B3-NAM pllﬁisrféa Slrr;‘p;fas‘g(‘fr‘lple poogi sens}i’ﬁvity [246,247] 2009-2014
(B,—B3-NAM) prep
5 y dots/ LOD urine simple s:f:lmple research (?nly—nqt
€Nnsors/nanodots 6.8 x 10-6-0.25 x 103 By, B, serum preparation commercially available [248-252] 2002-2020
CL/FLD/ECD B; plasma cheap indirect detection
; ; ; LLOQ small sample volume high .price (working in
Mlci‘;:’tlili‘t’sgml 64.98-83.93 Bs, Bs, serum (50-100 uf) duplicate recommended) 753 754] 2021
(B3-Bs) long analysis time (24 h)
long analysis time
LoD S — small sample volume different extraction
1, b~ 1L, rocedures for
HPLC-FLD kits 1.18-12.71 B1-TMP, By, wh%lla:gl‘so 4 (50-300 pL) each vitamin [255-258] 2021
(B1-TPP-B,-FAD) B,-FAD, B,-FMN sensitivity

high price for small
sample series
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Table 3. Cont.

Technique Sensitivity nmol/L Analytes Matrix Advantages Disadvantages Refs. Pub\l{iec;‘t fon
serum
plasma * small sample volume for research only
LOD cell culture supernatant . (40_250 HL) ) * time and money
ELISA kits 0.93 x 1073-6.93 By, B, tissue ?rl:t ﬁite ior various consuming for small [259-261] 2021
(B1-By) bre;;s;rrnriﬂk . sensitivity sample series
urine

LOD, Limit of Detection; LOQ, Limit of Quantification; LLOQ, Lower Limit of Quantification; By, thiamine; B;-TPP, thiamine pyrophosphate/diphosphate; B;-TMP, thiamine monophos-
phate; By, riboflavin; B,-FAD, flavin adenine dinucleotide; B,-FMN, flavin adenine mononucleotide; B3, niacin; B3-NAM, nicotinamide; Bs, pantothenic acid; CL, Chemiluminescence;
ECD, Electrochemical Detection; ELISA, Enzyme-Linked ImmunoSorbent Assay; FLD, Fluorescence Detection; HPLC, High Performance Liquid Chromatography; LC-MS, Coupling
of Liquid Chromatography and Mass Spectrometry; MRM, Multiple Reaction Monitoring; PDA, PhotoDiode Array Detection; SIM, Selected Ion Monitoring; VAMS, Volumetric
Absorptive MicroSampling.
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Table 4. Recommended dietary allowances for thiamine.

Individuals Condition, Age Dose (mg/kg)
Adults male 1.2
Adults female 1.1
pregnancy 1.4
lactation 1.4
Children 0-6 month 0.2
7-12 month 0.3
1-3 years 0.5
4-8 years 0.6
9-13 years 0.9
Adolescent male 14-18 years 1.2
Adolescent female 14-18 years 1.0

In critically ill patients, thiamine supply in the body is depleted within 5-7 days.
Therefore, the dosage of vitamin in patients with severe infections, operations, or polytrau-
mas is many times higher, not only due to the increased need in tissues but, mainly, due
to increased urinary loss. In these cases, the daily dose for a 70 kg patient is 100-300 mg
iv. [262,263].

For treatment of vitamin B; deficiency, a wide range of therapeutic approaches and
doses of thiamine are reported in literature. In the cases of severe deficiency (e.g., beriberi),
the World Health Organization recommends daily doses of 50-100 mg i.v. in adults, then
10 mg/day i.m. for about one week, followed by a daily p.o. dose of 3-5 mg for at
least six weeks. For infantile thiamine deficiency, the initial intravenous dose is lower,
25-30 mg, followed by the same intramuscular and oral doses as for adults. Patients
suffering from early stages of Wernicke-Korsakoff syndrome are treated by subcutaneously
or intravenously administered thiamine in a dose of 50-100 mg twice daily. Then, the
vitamin should be administered orally for several weeks [22,264]. Thiamine is also taken
for conditions related to various genetic disorders of thiamine transport and metabolism, as
shown in the Table 2. Disorders of thiamine absorption are circumvented by its parenteral
administration. It is also possible to administer the active TPP parenterally [265].

Moreover, thiamine is used to cure nervous disorders (polyneuropathy of various
origin) that resemble thiamine avitaminosis with its symptoms. Other uses include treating
some patients at risk of thiamine inadequacy, e.g., patients with diabetes, heart failure, HIV
infections, and Alzheimer “s disease [3,266-268].

As mentioned, water-soluble thiamine has a limited bioavailability. To overcome
this limitation, lipid-soluble derivatives of thiamine were developed. The first lipophilic
thiamine analogue was isolated from garlic (Allium sativum) extract in 1950s. It was an
allyl disulfide derivate known as allithiamine. It is more readily absorbed in the intestine,
more stable than thiamine, and is not decomposed by thiaminase [22,134-137]. Then, based
upon the molecular structure of allithiamine, a class of synthetic derivatives have been syn-
thesized, such as sulbutiamine (O-isobutyryl thiamine disulfide), fursultiamine (thiamine
tetrahydrofurfuryl disulfide), benfotiamine (S-benzoylthiamine O-monophosphate; see
Figure 5), etc. These lipid-soluble derivatives are better absorbed because they can easily
diffuse through membranes via passive diffusion, thus circumventing the rate-limiting
transport. They have enhanced bioavailability after oral administration compared with an
equivalent dose of water-soluble thiamine hydrochloride or mononitrate. Therefore, they
are more suitable for therapeutic purposes [135,269].
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Figure 5. Structure of benfothiamine (left) and allithiamine (right).

Benfotiamine, which is increasingly being used in clinical settings, is dephosphorylated
in the gut after ingestion to highly lipophilic S-benzoylthiamine, which readily crosses
through biological membranes. It is known that it is converted into thiamine in tissues
and then into the known thiamine metabolites (thiamine monophosphate and TPP) [270].
Due to its enhanced bioavailability and improved efficacy, benfothiamine is more effective
compared to water soluble thiamine in the treatment of subclinical thiamine deficiency and
overt thiamine deficiency. It should be mentioned that thiamine hypovitaminosis is more
common than thought, primarily due to the discrepancy between high caloric diet and the
low intake of vitamins characteristic for contemporary diets [271].

Compared to thiamine, benfothiamine has been shown to influence some signaling
pathways, such as arachidonic acid, mitogen-activated protein kinases (MAPK), nuclear
transcription factor kB (NF-kf3), glycogen synthase kinase-3 (GSK 3), vascular endothelial
growth factor receptor 2 (VEGFR2), and advanced glycation end-products (AGEs); see
Figure 6. These signaling pathways are involved in a variety of pathological conditions, so
benfothiamine may be beneficial in the treatment of related diseases, e.g., inflammation,
neurodegenerative disorders (e.g., Alzheimer’s disease), and diabetes-related vascular
complications (neuropathy, retinopathy, nephropathy, and cardiac failure) [272,273].

| cyclooxygenase
| 5 lipooxygenase N

BFT /
R | GSK 3 | neurodegenerative disorders

| AGEs

1 NF-k
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—

Figure 6. Other effects of benfothiamine. NF-«[3, nuclear transcription factor kB; MAPK, mitogen-
activated protein kinases; GSK 3, glycogen synthase kinase-3; VEGFR2, vascular endothelial growth
factor receptor 2; AGEs, advanced glycation end-products.
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In the clinical practice, benfothiamine is often used in the combination with other
B vitamins (mainly cyanocobalamin/Bj,/ and pyridoxine/Bg/) in adjuvant pain manage-
ment (e.g., diabetic polyneuropathy, postherpetic neuralgia, and trigeminal neuralgia).
Several clinical studies have shown that the effect of the combination is significantly greater
than that seen for individual vitamins. Doses in the studies vary [274].

2.7. Toxicity of Thiamine

Thiamine is considered to be safe, with low toxicity. In animal studies, LDsq (p.o.) of
thiamine hydrochloride in mice was described in a range between 3 and 15 g/kg body
weight [275].

In humans, orally ingested thiamine is usually administered for a long period of time
without adverse effects, even at doses of several hundred milligrams daily. Thus, oral-
lyingested thiamine has a very low risk of adverse effects. This is related to the fact that oral
intakes above 5 mg are associated with lower efficacy of absorption. Moreover, absorbed
excess of thiamine is excreted in the urine. In individuals receiving parenteral thiamine sup-
plementation, the most commonly reported adverse effects have been attributed to allergic
reactions, which include sensation of heat, urticaria, pruritus, angioedema, diaphoresis,
cyanosis, and anaphylaxis [264].

Reports show rare cases of adverse events at doses from 100-300 mg (i.v.) and, more
frequently, at higher doses up to 500 mg (i.v.) daily. Allergic persons should not take
thiamine supplements to avoid a hypersensitivity reaction. Thiamine is safe to use while
breastfeeding [276]. Some parenteral thiamine products may contain aluminium. There-
fore, these products should be used with caution in individuals with renal impairments,
particularly in premature infants, to avoid the accumulation of aluminium and subsequent
aluminium toxicity [277].

2.8. Drug-Vitamin Interactions Associated with Thiamine Deficiency

In addition to mentioned diuretics (mainly furosemide) that increase urinary excretion
of thiamine and often lead to vitamin B deficiency [278], there are additional drugs that
can affect thiamine kinetics. A cytostatic drug, 5-fluorouracil, inhibits the phosphorylation
of thiamine to the active form TPP [279]. Fedratinib, a Janus kinase 2 (JAK2) inhibitor
used as an anticancer drug, inhibits crucial intestinal thiamine transporter THTR2 and
contributes to the development of Wernicke ‘s encephalopathy [280]. Metformin also causes
drug-vitamin interaction at THTR2 [281].

3. Riboflavin—Vitamin B,
3.1. Introduction and Properties

Riboflavin, vitamin By, was the second vitamin to be isolated from the B-complex. It is
also a water-soluble, yellow-orange organic compound consisting of methylated isoallox-
azine core and ribityl side chain, which increases its solubility and allows biosynthesis of
active cofactors. Riboflavin is relatively stable to heat and atmospheric oxygen, particularly
in an acidic environment. It is highly sensitive to light, degraded by reducing agents, and
unstable in alkaline solutions [17,51,69,282-289].

While its presence in milk was already observed in 1879, even before thiamine, its
isolation and chemical synthesis were successful several decades later in the 1930s [290,291].
Most of its properties and its importance for health have been known for some time;
however, novel information has been appearing concerning potential use of this vitamin in
metabolic diseases, migraines, and many other indications.

3.2. Sources of Riboflavin

As an essential vitamin and a crucial enzymatic cofactor for most organisms, ri-
boflavin is present in a large variety of foods. Plants, fungi, and most bacteria [14,292-298]
are capable of synthetizing riboflavin. On the contrary, humans and animals lack an en-
dogenous biosynthetic pathway, and they must obtain it exogenously from diet [299-301].
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According to population studies conducted in western countries, milk and other dairy
products contributed the most to overall riboflavin uptake, followed by meat, cereals, and
vegetables [284,302-305]. Eggs, legumes, nuts, mushrooms, and organ meat (liver) are
also important sources of the vitamin [17,283,306-308]. The content of riboflavin in some
foodstuffs is shown in Table 5.

Table 5. Riboflavin contents in selected foodstuffs.

Riboflavin Content (ug/100

Food References
g)
Oat 139 [11]
Wheat 57-265 [56,58,309]
Rice, brown 40-140 [11,61]
Rice, white 20-60 [11,61]
Maize 80-201 [11,92]
Rye 200-251 [11,56]
Barley 100-114 [11,56]
Millet 210-290 [11,93]
Sorghum 50-150 [93-95]
Soybean 870 [11,20]
Lentil 61-211 [11,113,310]
Peanut 100 [20]
Macadamia nut 162-367 [11,21]
Pistachio nut 160-447 [11,20,21]
Hazelnut 113-370 [11,21]
Walnut 150-395 [20,21]
Almond 1138-1432 [11,20,21]
Garlic 110 [11]
Potato 32-36 [11,92,111]
Carrot 10-58 [11,98]
Cabbage 2040 [11,98]
Tomato 20-10 [11,98]
Broccoli 117-120 [11,98]
Spinach 180-189 [11,98]
Cauliflower 90 [98]
Orange 40 [11]
Avocado 130 [11]
Strawberry 20-22 [11,98]
Apple 26-40 [11,98]
White bread 110 [99]
Brown bread 160-322 [99,309]
Pork 100-309 [78,92,100]
Beef 90-170 [78,92,100]
Chicken breast 30-120 [78,92,100]
Liver, beef 2760 [101]
Liver, pork 3000 [101]
Tuna 70 [102]
Sardines 340 [102]
Oyster mushroom 200-210 [103,104]
Button mushroom 384-390 [103,105]
Baker ‘s yeast 1113 [101]
Milk 169-180 [11,92,311,312]
Yogurt 160-270 [106,311]
Cheese, cheddar 441 [101]
Eggs 457-500 [92,107]

Food processing and storage may influence riboflavin content [51]. Primary processing
of cereals significantly reduces riboflavin content [313]. The amount of riboflavin in milled
refined wheat flour decreases by 38-73% in comparison to whole wheat flour [56-58].
Similarly, riboflavin losses in white rice and various maize milled products are 33-57% and
60-75%, in contrast to brown rice [60,61,109] and whole corn kernels [62,63], respectively.



Nutrients 2022, 14, 484

18 of 84

Riboflavin losses are usually rather low (12-15%) during heat processing [21,51,75,84,86].
The major drop of riboflavin (10-30%) in meat during heat culinary processing (such as
boiling, stewing, roasting, and frying) is attributed to leaching into cooking water or
dripping. Consumption of meat including cooking liquids, e.g., soup or gravy, may retain
most of the riboflavin [70,73,77,100,108,112,314]. In legumes, boiling reduces riboflavin
content by about 25% due to leaching into water, while stewing retains it [70,74]. Boiling of
legumes caused greater riboflavin losses when a prior soaking was carried out in alkaline
solution (sodium bicarbonate) [113]. The riboflavin amount in rice is reduced due to
washing before cooking and boiling in excess water. These loses are 11-26% and 25-35%,
respectively [82,110]. Analogously, boiling, stewing, frying, and baking of mushrooms lead
to riboflavin losses of 5% in the total dish (including cooking liquid, sauce, and soup); in the
case of boiling with discarding of the water, an additional reduction of riboflavin amount
by 30% takes place [70]. Similar circumstances appear with vegetable riboflavin; steaming
is preferred to boiling as riboflavin declines by 5% during the former type of processing,
while by 30% during the latter one [70,72,73,111]. Riboflavin remains practically unaffected
by heating of milk and baking of cheese [71,72]. Pasteurization or ultra-heat treatment of
milk results in riboflavin loss of about 2%, whereas a time-dependent decline in the vitamin
levels during milk boiling has been noticed [116,315,316]. Extrusion processing of oat whole
grains and maize grits lead to no loss and 14% decrease of riboflavin, respectively [119].
Losses of riboflavin during baking of wheat bread and fortified cookies are 10% and 2-
24% [76,115]. Boiling, poaching, and frying of eggs lower riboflavin content by 6%, 18%,
and 8%, respectively [107]. The canning process may result in a small decrease of riboflavin
content in vegetables and mushrooms, as well as pork luncheon meat [125,126].

The amount of riboflavin in mushrooms significantly decreased during frozen stor-
age [81,105,128], while that in freeze-dried meals declined only by 3% during 24-month stor-
age at1°C, 30 °C, or 40 °C [129]. Losses of riboflavin in frozen vegetables due to blanching
as a pre-freezing treatment have been reported [126]. Riboflavin is relatively stable to ioniz-
ing radiation, which has been used as a sterilization method for foods [51,68,121-124,288].

The most important factor influencing the stability of riboflavin is light in the range
of 350-560 nm, with the greatest effect caused by light in the range of 400-520 nm, par-
ticularly in a liquid medium [51,286-288]. Fluorescent light is less harmful than direct
sunlight, but products in transparent packaging can be affected by strip lighting in retail
outlets [51]. Although riboflavin is stable to the heat processing of milk, one of the main
causes of loss in milk and dairy products is from exposure to light. Liquid milk exposed
to light can lose 20-80% of its riboflavin content within 2 h, with the rate and extent of
loss being dependent upon the light intensity, the temperature, and the surface area of the
container exposed [51,117,287,315]. Riboflavin upon light exposure is cleaved, and it also
forms highly reactive oxygen species, which play a part in photosensitized reactions with
other compounds [284,285,288]. In this way, riboflavin photosensitization leads also to
significant losses of other vitamins, including folate, thiamine, ascorbate (vitamin C), and
vitamins A, D, and E, and becomes critical for food sensitivity to light exposure resulting,
among others, in oxidative damage of proteins and lipid oxidation (e.g., degradation of
unsaturated lipids and formation of toxic cholesterol oxides) [285,286,288,317]. Therefore,
it is important to keep riboflavin food sources in dark environments (suitable containers
or dark conditions) [306]. Alternatively, a decrease in the degradation rate of riboflavin in
milk exposed to light was achieved by ultra-high pressure homogenization due to particle
size reduction and, consequently, a decline of milk transparency owing to scattering and
absorbance of the wavelengths related to photodestruction of the vitamin [318]. Riboflavin
photosensitized decomposition of unsaturated lipids and proteins is responsible for de-
velopment of light-induced strong off-flavor in milk and dairy products [284,285,317,319].
Similar photooxidation takes place in cheese, butter, and drinking yogurts, but the solid
or semi-solid structure limits oxidation damage to the surface [286]. Riboflavin in stored
human milk used for infant feeding is highly susceptible to photodegradation upon ex-
posure to sunlight. This decomposition may result in a decrease in riboflavin under the
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recommended intake range for infants 0-6 months of age. When stored in a refrigeration,
however, it is stable for as long as two weeks [320-322]. For this reason, banked human milk
should be protected from light during storage and processing [322]. Beer is light-sensitive,
thanks to riboflavin content—exposure to light develops an off-flavor known as “skunky”,
which is derived from photodecomposition of bitter hop acids (isohumulones) sensitized
by riboflavin [286]. A proper packaging, such as brown bottles which protect against
fluorescent light or sunlight, is needed [285,286]. Riboflavin content in an enriched pasta
product decreases gradually under daylight (losses of 78%), whereas it does not change
significantly in the dark (losses 0.8%) during eight months of storage at ambient condi-
tions [130]. Riboflavin remains stable in white bread wrapped in transparent packaging
and kept in a lit retail area [51]. Contrarily, riboflavin level increases up to four times in
germinated edible seeds and cereals, depending on the species [90,94-96,132,133,323].

Riboflavin for use in both human and animal nutrition has been industrially man-
ufactured since 1950s by chemical synthesis from ribose (which is easily obtained from
glucose), 3,4-dimethylaniline, and barbituric acid [282,324,325]. Fermentation processes
employing some microbial strains that produce riboflavin in amounts exceeding their
own metabolic requirements were implemented at industrial scale in the 1990s [282,295].
Around 2000, after using both the traditional chemical and the biotechnological process
for several years in parallel, the former was replaced by the latter, which became eco-
nomically and ecologically more feasible (costs reduced by 43% in relation to the for-
mer) [282,299,301,326,327]. Today, commercial riboflavin production is exclusively accom-
plished by microbial fermentation with major microbes being ascomycete Ashbya gossypii
and bacterium Bacillus subtilis [299,300,326,328-336].

Fortified foods serve as an additional dietary source of riboflavin in many coun-
tries [17,92,173,174,178,179,181,182,305,337]. The most common foods that are fortified
with riboflavin are cereals, including those ready to eat, wheat and maize flour, bread, dairy
products, and baby food [11,174,282,307,317]. No extensive research has been made to
biofortify crops for riboflavin [61,92]. However, lactic acid bacteria are being investigated
to improve riboflavin concentrations in fermented foods. Lactic acid bacteria are used
worldwide as starter cultures in the food industry for production of a large variety of
fermented foods, such as yogurt, cheese, fermented sausages, and pickles. Some strains of
lactic acid bacteria are able to synthetize riboflavin, which represents a practical advantage
relying on food fortification in situ. Considering the extensive application of lactic acid
bacteria in the food industry, those capable of producing riboflavin have potential for the
development of diary- and cereal-based functional foods with increased levels of riboflavin.
Such foods could help consumers meet their daily recommended intakes and could be
useful in preventing clinical and subclinical riboflavin deficiencies [300,326,338-345].

3.3. Pharmacokinetics of Riboflavin
3.3.1. Absorption

Dietary riboflavin is generally present either bound to proteins or in the form of
cofactors—flavin mononucleotide (FMN) and flavin adenine dinucleotide (FAD). After
protein denaturation by digestive enzymes, FMN/FAD is released from flavoproteins by
intestinal alkaline phosphatases, and, subsequently, riboflavin is freed from FMN/FAD by
pyrophosphatases located in the brush border membrane of the intestinal epithelium [346].
Human gut microbiota also produce the vitamin. Although the human microbiota are not
able to supply the full daily need of this vitamin, they are able to compensate likely for a
low dietary intake to some extent, as shown in a riboflavin-deficient rat model [342,347].
Riboflavin produced by bacteria in the colon is, to a large extent, present in the absorbable
form [348,349].

Free and released riboflavin is transported by specific transporters located in the
intestinal cells. Some of these transporters have recently been cloned and characterized as
members of the Solute Carrier Family 52 (SLC52 or Riboflavin Transporter Family): hRFVT1
(SLC52A1), hRFVT2 (SLC52A2), and hRFVT3 (SLC52A3) [350-352]. This carrier-mediated
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transport is specific and inhibited by structural analogues and metabolic inhibitors, such
as lumiflavin, FMN, and FAD. SLC52A2 was also inhibited by amiloride, in addition to
riboflavin analogues [353]. The localization of these transporters at the cellular and tissue
level is dissimilar (Table 6). The uptake of riboflavin by intestinal cells at the luminal side is
mediated mostly by SLC52A3, while its transport through the basolateral membrane to the
blood is facilitated by another member of the same family, SLC52A2 (Figure 7). SLC52A2
and SLC52A3 are crucial for riboflavin absorption and transport and have been linked to
metabolic diseases, such as Brown Vialetto-Von Laere syndrome (BVVLS). SLC52A1 is not
able to compensate for defects of other members of this transporter family, most likely due
to differences in their tissue and cellular distribution (Table 6) [350,352,354,355].

Table 6. Tissue localization of riboflavin transporters in humans.

Transporter Localization Mechanism
SLC52A1 Placenta, small intestine Na*, CI", pH-independent
SLC52A2 Ubiquitous, higher in brain Na*, CI", pH-independent

and salivary gland

Na*, CI” independent, pH sensitive with
SLC52A3 Testis, small intestine about 1 half of the activity at neutral pH and
1/3 at pH 8.5 when compared to pH 5.5

Riboflavin in the form of cofactors/

bound to proteins

Pyrosphosphatase + digestive enzymes

(o]
N,
x5
S
w0l

H

Unbound, transportable riboflavin

HO'

Primary intestinal transporter

Intestinal wall

Important for foetal riboflavin
supply and development

Figure 7. Riboflavin absorption. The majority of riboflavin uptake in the intestine is enabled by
SLC52A3, while the other 2 transporters are mainly responsible for basolateral transport to the blood
and transport in other cells.
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3.3.2. Metabolism
Uptake and Transport

After cellular uptake, riboflavin is transformed into its biologically active forms by
2 enzymes: riboflavin kinase and FAD synthase (see next paragraph). The reverse process
is also possible, but the intracellular hydrolase responsible for release of riboflavin from
FMN/FAD is not known. Following absorption, most flavins are localized in blood cells,
particularly in erythrocytes, which contain merely a trace amount of free riboflavin but a
significant amount of FMN and FAD [356]. Circulating plasma riboflavin is also bound
to albumin and immunoglobulins, but this amount is significantly lower than its cellular
levels. Comparison of plasma and erythrocyte concentrations of these compounds can be
seen in Table 7.

Table 7. Concentrations of B, vitamers in plasma and erythrocytes.

Vitamer Median Plasma Median Erythrocyte
Concentration (nmol/L) Concentration (nmol/L)
Riboflavin 10.5 negligible
FMN 6.6 44
FAD 74 469

Data are from Reference [356].

Synthesis of Flavin Cofactors

Following riboflavin uptake into the cell, it is quickly transformed into its active forms
that serve as enzyme cofactors. Two enzymes are necessary for flavin cofactor synthesis:
Riboflavin kinase (ATP: riboflavin 5" phosphotransferase, EC 2.7.1.26), which transfers a
phosphoryl group from ATP to riboflavin to form FMN; and FAD synthase (ATP: FMIN
adenylyltransferase, EC 2.7.7.2), that adenylates FMN to FAD (Figure 8). In bacteria, both
these steps are catalyzed by a bifunctional enzyme, FAD synthetase [357-359]. Because
FAD forming enzyme in humans and other eukaryota is unrelated to the bacterial FAD
synthetase, it is a prospective target for future antimicrobial drug development, with the
potential of developing highly potent and highly selective antibacterial drugs [360].

Riboflavin Flavin mononucleotide (FMN)
o

| N\]’\)‘\NH
Riboflavin kinase IIN SR
i e

EC2.7.1.26

Figure 8. Cofactor biosynthesis. After penetration to the cells by facilitated transport mechanism, ri-
boflavin is transformed into its biologically active forms by 2 cytosolic enzymes, riboflavin kinase and
FAD synthase. ATP—adenosine triphosphate, ADP—adenosine diphosphate, PPi—pyrophosphate.
See text for detailed description.
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Excretion

Riboflavin, being a water-soluble vitamin, is primarily excreted in urine. The majority
of riboflavin in urine is present in the form of unchanged riboflavin; however, several
metabolites have been found, as well. These include 7x- and 8x-hydroxyriboflavins. 8x-
sulfonyl flavin has also been found, albeit in a smaller amount. 10-hydroxyethylflavin,
lumiflavin, and other lumichrome compounds are products of intestinal degradation of
riboflavin, therefore being present only in minute concentrations in human urine [355,361].

3.4. Physiological Functions of Riboflavin
3.4.1. Flavoproteins

Both bioactive forms of riboflavin, FMN and FAD, possess an isoalloxazine ring
that is able to reversibly donate or accept 2 electrons. The majority of human enzymes
utilizing these cofactors, therefore, catalyze reduction-oxidation reactions. Analysis of
human flavoproteins has shown that all these enzymes are oxidoreductases, except for
one transferase and one lyase (Supplementary Data Table S2) [362]. A complex analysis
of a database of flavoproteins from different species yielded similar results, with 91% of
the enzymes being oxidoreductases [363]. A higher number of enzymes is utilizing FAD
as a cofactor compared to FMN. Indeed, only 16% of human flavoenzymes use FMN as a
cofactor. Most of the flavoenzymes (90%) bind its cofactor non-covalently and, in the case
of FAD, primarily utilize the Rossman fold of the protein structure [362,363].

3.4.2. Flavoproteins’ Importance in Human Health

Flavoproteins are also involved in synthesis of other cofactors, such as coenzyme A,
coenzyme Q, heme, pyridoxal 5-phosphate, and various hormones. Disruption of these
processes has severe consequences for humans.

Biosynthesis of heme takes place both in cytosol and in mitochondria. One of the
enzymes present in mitochondria, protoporphyrinogen IX oxidase (PPOX, EC 1.3.3.4), is
FAD-dependent, and diminished activity of this enzyme results in genetic defect known
as variegate porphyria. This disease has various clinical forms and times of onset, and
it may cause severe and life-threatening acute attacks. Unfortunately, due to the cause
of the disorder, only prophylactic and symptomatic treatment is currently available. In
addition to avoiding exacerbating factors, such as certain drugs or sunlight, recurring
premenstrual attacks can be prevented with gonadotropin-releasing hormone analogues.
During acute manifestations, narcotic analgesics are generally used in combination with
setrons for nausea and vomiting. Mild attacks should be treated with hemin, an oxidized
form of protoporphyrin IX. Cutaneous exacerbations require analgesics for painful lesions
and antibiotics for infections. Topical steroids have little to no effect [362,364].

Formation of pyridoxine 5-phosphate, the active form of vitamin B, is also dependent
on a flavoenzyme, pyridoxine 5-phosphate oxidase. Several cases of genetic defects of this
enzyme were reported with a very poor prognosis and limited treatment options. Most
patients developed neonatal epileptic encephalopathy and suffered from mental retardation
later on [362,365]. Similarly, formation of coenzyme A from vitamin Bs is also dependent
on a flavoprotein using FMN, phosphopantothenoylcysteine decarboxylase (EC 4.1.1.36).
No defects of this particular enzyme have been recorded, but mutations of other enzymes
involved in this pathway have been described with severe manifestation [362,366,367].

Coenzyme Q) is essential for proper function of respiratory chain reactions and elec-
tron transport. It is synthesized de novo, and this biosynthesis is dependent on a flavoen-
zyme, monooxygenase, encoded by coq6 gene. Deficiency of this enzyme was found to
be a cause of Qj( deficiency, causing steroid-resistant nephrotic syndrome and sensorineu-
ral deafness in most patients. In these patients, coenzyme Q;( supplementation leads to
nephropathy remission and stopped progression of neurological symptoms [362,368-370].

Flavoproteins also play an important role in both thyroid hormone biosynthesis and
recycling of iodine. Hydrogen peroxide required for T3 and T4 synthesis is provided by
2 FAD-dependent oxidases, and dehalogenation of inactive iodotyrosine is carried out
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by FMN-dependent dehalogenase. Several allelic variants of this dehalogenase causing
insufficient activity led to hypothyroidism [362,371-373].

3.5. Riboflavin Deficiency

Insufficient dietary intake manifests clinically after several months of deficiency. Symp-
toms include sore throat, hyperaemia, edema of oral and mucous membranes, cheilosis,
and may progress to loss of hair, inflammation of skin, anemia, swollen tongue, cataract
development, malabsorption, and impaired nerve function (Figure 9) [307,374,375].

swollen

sore throat
tongue

Figure 9. The most common symptoms of riboflavin deficiency.

The importance of sufficient riboflavin supply, and implications of its deficiency, were
observed a long time ago as impairment of mitochondrial function and metabolism in
mice fed on a riboflavin-poor diet [376]. Because of flavoproteome being involved in
many aforementioned biological processes, lack of riboflavin or mutations of these genes
has resulted in a plethora of metabolic disorders with a wide range of phenotypes and
clinical manifestations.
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3.6. Analytical Determination

Methods for analytical determination of riboflavin levels are summarized in Table 3
and Supplementary Data Table S1. Due to a small circadian variance in riboflavin lev-
els, rapid metabolism, and fairly short half-life, also different, more biologically reliable
methods are currently employed for riboflavin content determination. These methods
are based on the estimation of enzymatic activity of flavin-dependent enzymes, such as
erythrocyte glutathione reductase activation coefficient or pyridoxamine phosphate oxidase
activity. The former is a simple and reliable method; however, it is not suitable for subjects
with glucose-6-phosphate dehydrogenase (G6PD) deficiency. In these individuals, a more
sensitive and reliable method, pyridoxamine phosphate oxidase activity, should be used,
as it is reliable also in individuals with G6PD deficiency [356,377].

3.7. Pharmacological Use of Riboflavin

Riboflavin supplementation is a viable and established therapeutical option in several
inborn errors of metabolism, either by compensating for transport or synthesis deficiency
of flavin cofactors, or by improving the folding or stability of flavoproteins.

Multiple acyl-CoA dehydrogenase deficiency (MADD) is a recessive disorder of
metabolism of fatty acids, amino acids, and choline caused by deficiency of electron
transfer chain. Severe MADD patients harbor mainly homozygous or heterozygous loss of
function variants, while mild MADD patients carry variants affecting protein folding and
stability. Severe MADD has a very early onset, often neonatal, multisystem involvement,
and patients generally do not survive for more than a year from the time of the onset. In
contrast, mild MADD has a later onset and presents with milder clinical symptoms, such
as muscle weakness, hypoglycemia, encephalopathy, and rare cardiomyopathies. Due
to different causes of these 2 variants and varying clinical outcomes, it is not surprising
that riboflavin supplementation has shown excellent results in mild MADD phenotype,
while having very low or no effect in severe MADD. Late onset patients with a myopathic
phenotype were responsive to riboflavin supplementation in 98% of cases [378,379].

Beneficial effect of riboflavin has also been observed in several patients with acyl-CoA
dehydrogenase 9 deficiency. Taking into account that all patients that responded to the
therapy harbored missense variants of the gene, the mechanism is most likely similar
to mild MADD patients. Riboflavin has been evaluated for a few more inborn errors
of metabolism involving flavoproteins, but more clinical trials are required to reach a
definitive verdict on the efficacy of riboflavin supplementation. For more information on
this topic, see a review by Mosegaard et al. [307].

Deficiency of riboflavin transporters is associated with genetic neuronopathies, known
as Brown-Vialetto-Von Laere syndrome and Fazio Londe disease [379,380]. These defects
can be efficiently treated with high dose riboflavin supplementation. Early diagnosis is
paramount in preventing any serious damage occurring and stabilization of the patients.
Symptoms of these mutations have been thoroughly described and summarized in a
review by O’Callaghan et al. Most of the patients suffered from impaired hearing (87%),
muscle weakness (83%), and neuropathy (89%) [380]. A few patients with mutations
of mitochondrial FAD transporter (gene SLC25A32) have also recently been described.
This defect is also responsive to riboflavin supplementation but has a different clinical
manifestation than MADD [379,381,382].

Apart from potential use of riboflavin for diseases caused by impaired riboflavin
transport or utilization, several clinical trials have shown that riboflavin is a viable choice
for treatment of migraines. While the exact cause of migraines and their detailed molecular
course is unknown, various studies have shown a link between dysfunctional mitochondria
and the incidence of migraine headaches with specific mitochondrial haplotypes more
prone to developing this type of headaches. Indeed, riboflavin treatment was significantly
better in patients with certain genotypes. While the efficacy was not exceeding the conven-
tionally used preventive drugs, such as antiepileptics and propranolol, the risk of adverse
effects was significantly lower in riboflavin groups. Riboflavin-treated patients tolerated
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therapy very well, and the incidence of adverse effects was comparable to placebo treated
groups. While more research in terms of pharmacokinetics and genetic component in using
riboflavin for migraine prophylaxis is required, it is an interesting prospective use of this
vitamin [383,384].

Vitamin B, has also been tested in several other possible indications. While it did
not reach the efficacy of currently used drugs, it is a viable adjuvant with positive ef-
fects being described with riboflavin intake simply from dietary sources or low dose
supplementation. Its described anti-oxidative properties have proven to be beneficial in
ischemia—reperfusion oxidative injury. These properties have been reported using var-
ious models, such as SH-SY5Y neuroblast cells, rabbit myocardium, and lung and brain
contusion injury of rats [385-388].

Riboflavin has also shown some positive adjuvant effects when used in combination
therapy with clinically used drugs. In combination with antibiotics, riboflavin improved
the survival rate; however, only animal studies are available so far [389]. In addition to
having an effect on Plasmodium falciparum in vitro on its own, riboflavin reduced anemia
and improved the overall outcome of the infection when combined with chloroquine
in malaria therapy [390,391]. Riboflavin is also an important part of immune response,
promotes proliferation of neutrophils and monocytes and their phagocytic activity, and is
particularly beneficial in reducing inflammatory reaction and nociception [389,392-394].
Photosensitizing properties of riboflavin may be used in combination with long wave
length ultraviolet radiation to inactive pathogens, such as HIV, pseudorabies virus, West
Nile virus, parvovirus, Escherichiacoli, and Leishmania spp. [389]. Cataract formation is
associated with increased age, and riboflavin had some preventive effect on age-related
cataract. In addition, the majority of cataract patients had a shortage of riboflavin, proving
the importance of this vitamin in preventing cataract formation [395,396].

A significant reduction of risk (35%) in developing premenstrual syndrome has been
observed in women with increased intake of riboflavin from dietary sources [397]. Some
studies have shown decreased incidence of breast, lung, ovarian cancer, and colorectal
carcinoma correlated with higher riboflavin intake and reduction of metastasis of melanoma
in an animal model. Riboflavin deficiency, on the other hand, has been linked to higher
susceptibility to cancer, such as esophageal cancer [389].

Riboflavin also improves type 2 diabetes mellitus, mainly through its role in glu-
tathione recovery, but a decrease of blood sugar and increased expression of GLUT-4
transporter has also been observed in mice [398].

3.8. Toxicity of Riboflavin
So far, partly due to the saturable transport of riboflavin at the GIT level, there are no
reported instances of riboflavin overdose or toxicity (even when high doses of the vitamin

were administered), apart from minor non-specific symptoms of gastrointestinal nature,
such as diarrhea or vomiting [284,383,399,400].

3.9. Drug Interactions Affecting Pharmacokinetics and Interfering with Physiological Function
of Riboflavin
3.9.1. Boric Acid

This compound is used locally as an antiseptic, but, in cases of intoxications, such as
in oral ingestion, a clear depletion of riboflavin has been observed. This pharmacokinetic
interaction is based on the fact that boric acid easily reacts with polyhydroxyl compounds.
Hence, a complex of riboflavin-borate is formed. This complex increases water solubility of
riboflavin and, therefore, leads to increased urinary excretion of riboflavin with subsequent
depletion of riboflavin stores and hypovitaminosis [401,402].

3.9.2. Doxorubicin

This antineoplastic compound causes significant riboflavin deficiency, which may
contribute to its side effects [403,404]. The reason is inhibition of flavin cofactor synthesis.
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3.9.3. Antipsychotics

Some older antipsychotic drugs from the phenothiazine class share structural similari-
ties with flavin co-factors and, therefore, are able to competitively inhibit flavin-dependent
enzymes. Chlorpromazine, in particular, was able to inhibit flavin-dependent enzymes,
such as D-amino acid oxidase. It also blocked incorporation of riboflavin into FAD in vivo.
This biosynthetic pathway is stimulated by thyroxine, which was shown to increase flavin
biosynthesis in a rat model. Interference of this pathway caused by chlorpromazine ther-
apy resulted in a state similar to that observed in hypothyroidism. In addition to lower
utilization of riboflavin, the urinary excretion of riboflavin was also significantly increased
in chlorpromazine-treated animals using therapeutical doses of the drug [405-410]. This
effect was most pronounced in the heart, using a rat model [411].

3.9.4. Antidepressants

Tricyclic antidepressants share, as well, structural similarities with flavin compounds
and are able to interact with flavin metabolism, utilization, and excretion, albeit their effect
is not as significant as is the case of chlorpromazine. The mechanism of this interaction is,
however, very likely the same [401,407,411].

4. Niacin—Vitamin B3
4.1. Introduction and Properties

Niacin, also known as vitamin Bs, is the third member of water-soluble B vitamins.
The term niacin denotes nicotinic acid (NA, pyridine-3-carboxylic acid) but is often used
to name a group of related chemicals, mainly nicotinamide (pyridine-3-carboxamide) and
related derivatives, such as nicotinamide riboside [412-414]. Most dietary niacin is in the
form of NA and nicotinamide, but some foods contain small amounts of nicotinamide
adenine dinucleotide (NAD) and nicotinamide adenine dinucleotide phosphate (NADP).

Niacin, in both forms (NA and nicotinamide), is the most stable water-soluble vita-
min [74], and it is normally highly resistant to atmospheric oxygen, acids, heat, and light in
both aqueous and solid systems [69,75,131,415-418].

4.2. Sources of Niacin

Plants, most fungi, and bacteria synthesize niacin [14,419-424]. Most mammals (except
cats; for instance [425]), including humans, can convert the indispensable amino acid
tryptophan [426], partially, to nicotinamide, mainly in the liver, so tryptophan is considered
a dietary source of niacin, too [427-430]. In this regard, niacin is unique among the water-
soluble vitamins [418,430,431]. Conversion varies among people; approximately 60 mg of
tryptophan is equivalent to 1 mg of niacin [92,432-434]. However, there is a preferential
use of tryptophan for protein synthesis, before it becomes available for production of
niacin [417,429]. Under common conditions, only about 2% of dietary tryptophan is
converted to niacin [428,429,435]. The conversion is also affected by many factors, such as,
among others, intake of adequate amounts of high quality proteins, and vitamins B, and
Bg [427,430,436-439], but not by exogenous nicotinamide itself [440]. The conversion cannot
cover the needs for niacin, which must be, therefore, supplied from diet, but tryptophan,
apparently, significantly contributes, as dietary niacin provides about 50% of the needed
daily vitamin B3 [417,441-443]. Main dietary sources of niacin include meat, whole grains,
and milk and dairy products [18,303,432,444]. Peanuts, fish, mushrooms, and yeasts are
rich in niacin [308,417,435,444-448]. Legumes and nuts are also useful foodstuffs providing
niacin [441,449]. Coffee consumption on a regular basis notably contributes to niacin intake
in humans, as well [450-454]. The contents of niacin in some selected foodstuffs are shown
in Table 8. Foods containing high amounts of proteins with tryptophan, such as milk,
cheese, and eggs, are also suitable sources of niacin [435,441,444].

There are little data on interference of different food products on absorption or
utilization of niacin. Tea does not affect bioavailability of niacin [33]. It has been sug-
gested that dietary excess of leucine, for example, in populations whose staple are ce-
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reals rich in leucin, such as sorghum or corn, may antagonize niacin synthesis from
tryptophan [416,428,455-459]. However, the pellagragenic effect of leucine remains contro-
versial [93,416,460-463].

Food processing may influence content of niacin [415]. With respect to cereals, their
primary processing consisting of milling and the associated removal of the germ and the
external layers of the grain, where important micronutrient are mostly located, results
also in significant losses of niacin [99,313,416,464,465]. Niacin content in refined wheat
and rye flour decreases by 75-82% and 51% in comparison to whole wheat and rye flour,
respectively [56,313]. Likewise, niacin is reduced in cornmeal by 47% compared to whole
grain corn flour [63]. Niacin losses, in comparison to brown rice, are 64-79% and 38% in
non-parboiled and parboiled white (i.e., milled) rice, respectively. The reason is similar
as in the case of thiamine: a part of niacin diffuses from the vitamin-rich outer bran
layer into the endosperm during parboiling and, thus, is retained during the following
milling [109,140,142].

Niacin is stable during heat processing of meat, vegetables, and legumes; leaching into
the cooking water or drippings is usually the main cause of its loss, which can make about
5-55% [70,72-75,78,97,108,111,113,415,473-476]. For example, niacin content in boiled beef
is 45% in comparison with that in raw meat, and the rest, 55%, occurs in the soup [100]. If the
cooking water is not discarded, the overall losses of niacin remain minimal [416,444]. Niacin
losses are 10-25% during blanching due to washing out by water. A high temperature
and a short water-blanch time gives better retention than a low temperature and long
blanching time; steam blanching is superior to water blanching [415]. Niacin amount in
rice is reduced due to washing before cooking (rinsing) and boiling in excess water that is
discarded by 3-13% and 25-50%, respectively [109,110]. No losses of niacin occur during
boiling or simmering of rice when the cooking water is kept [72]. Rinsing had almost
no effect on niacin in brown rice but decreases niacin levels in enriched parboiled and
non-parboiled white rice (considerably in the latter). Cooking in variable amounts of water
lowers niacin contents with increasing water amounts. The loss is less expressed in brown
rice but to the greatest extent in non-parboiled white rice [163]. Niacin is stable during
baking of bread [415]. Losses of niacin during baking of fortified cookies were about 1-12%
in dependence on baking temperature and time, while, for comparison, those of riboflavin
and thiamine were 2-24% and 2-50%, respectively, under the same conditions [76]. Niacin
is also stable during heat processing of milk, cheese [72,472], and eggs [72,107], as well as
during canning of vegetables and pork luncheon meat [125,126].

Post-mortem aging of beef can result in up to a 30% loss of niacin over seven days,
although the remaining niacin is relatively stable during cooking [415]. Effects of extrusion
techniques on retention of niacin in cereal grains (oats and maize) were also investigated; no
niacin losses and reduction by 10-25% in oats and maize, respectively, were observed [119].
Studies on dehydration of blanched vegetables showed that dehydration process can
give rise to additional losses of niacin, e.g., 5-15%, in cabbage [415]. Niacin, as with
riboflavin, is relatively stable to ionizing radiation used as a sterilization technique for
foods [68,122,124,415,477]. Niacin content in an enriched pasta product decreased gradually
only to a small extent (reduction of 5.4-6.4%) during eight months of storage, independently
of the storage conditions (in the dark and under daylight at ambient conditions, and in a
refrigerator) [130]. Niacin amounts in button mushrooms declined during frozen storage
for 12 months [105].
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Table 8. Niacin contents in selected foodstuffs.

Food Niacin Content (ug/100 g) References
Oat 961-2370 [11,90,339,466]
Wheat 4957-5700 [56,90,92,93,339,466]
Rice, brown 3500-5433 [11,61,92,93,109,339,467]
Rice, white 1300-2400 [11,61,92,109,466,467]
Maize 1900-3630 [11,92,93,339]
Rye 1700-4270 [11,56,90,339,466]
Barley 4523-5200 [11,56,339,466]
Millet 4500-4720 [11,93,339]
Sorghum 2920-4880 [93,94,339,468]
Soybean 1623 [11,20]
Lentil 1930-2605 [11,96]
Peanut 12100 [20]
Macadamia nut 2473 [11]
Pistachio nut 1300 [11,20]
Hazelnut 1800 [11]
Walnut 570 [20]
Almond 3618 [11,20]
Garlic 700 [11]
Potato 1035-1573 [11,92,111]
Carrot 837-983 [11,448]
Cabbage 234-323 [11,448]
Tomato 400-683 [11,448]
Broccoli 639-814 [11,448]
Cauliflower 600 [98]
Spinach 724-1000 [11,448]
Orange 249-282 [11,448]
Avocado 1738 [11]
Strawberry 291-600 [11,448]
Apple 91-126 [11,448]
White bread 1600 [99]
Brown bread 3800 [99]
Pork 5600-5900 [78,92,100,469]
Beef 4600-6500 [78,92,100,466,469]
Chicken breast 6801-9181 [78,92,100,466]
Liver, pork 13,200 [101]
Liver, beef 15,300 [101]
Tuna 21,900 [102]
Sardines 10,100 [102]
Oyster mushroom 4952-5870 [103,104,308,470]
Button mushroom 2800-3300 [103,470]
Baker’s yeasts 12,300 [101]
Milk 89-130 [11,92,471]
Yogurt 90-200 [106,472]
Cheese, cheddar 52 [101]
Eggs 50-75 [92,107]

In cereals, niacin is mostly present as esterified forms unavailable for absorption (also
after cooking), namely niacytin consisting of nicotinic acid esterified to polysaccharides, and
niacinogenes in which nicotinic acid is esterified to polypeptides and glycopeptides. Only
a small part (about 25-30%) of these bound forms is bioavailable and may be hydrolyzed
by gastric acid [424,442,444,465,478-481]. The bioavailability of esterified bound forms of
niacin can be substantially improved by treatment of the food with alkali to hydrolyze
ester bonds [22,415,442,444,478,482—-486]. Nixtamalization is thermo-alkaline processing
of maize kernels, which improves technological, nutritional, and sensory characteristics
of maize, as well as significantly reduces mycotoxins. The process involves boiling of
corn grains in a calcium hydroxide solution, followed by steeping to obtain nixtamal (the
steeped maize), which is thoroughly washed and ground to make masa (a wet dough or



Nutrients 2022, 14, 484

29 of 84

dried into a flour); a variety of products are obtained from it, and tortilla is the most popular
one [63,487-495]. Nixtamalization brings about losses in some B vitamins, including niacin
by 31-32% [22,488,496]. However, niacin becomes more available in alkali-processed
maize than in raw ones, as described above. It was found that nixtamalization effectively
doubled the amount of available niacin in corn [497,498]. The process developed by the
Mayans and Aztecs, and today used in other countries, such as the United States, effectively
releases the bound niacin and appears to be responsible, at least in part, for protection
against pellagra in populations of Mesoamerica, where the disease has a very low rate of
occurrence [62,416,418,458,483,484,489,492,494,499]. Some researchers hypothesized that
changes in amino acid balance, rather than in bound niacin, were responsible for the
differences between raw and lime-processed maize in biological activity and pellagragenic
action, e.g., increases in isoleucine/leucine ratio [458,487,495,500]; regardless, beneficial
anti-pellagragenic effects of alkali treated maize have been demonstrated.

Niacin can be released from its precursors by heating [416,501]. During roasting of
green coffee beans, NA is formed from the alkaloid trigonelline (the betaine N-methyl nico-
tinic acid) by demethylation [416,435,502]. The content of nicotinic acid in roasted beans
increases approximately 10- to 25-fold, depending on the roasting time and temperature (i.e.,
degree of roasting) [416,503-505]. The degree of roasting, as well as coffee cultivar and cof-
fee brewing technique, influences the amount of NA in a cup of coffee [416,452,502,504,506];
on average, one cup may cover about 9% of recommended daily intake of NA; thus, coffee
consumption could constitute a noticeable part of the niacin daily supply [452,502]. Roast-
ing increased niacin content in peanuts (by 11-33%) [507]. Toasting of wheat bread induced
an increase of niacin by 65% due to heat-induced liberation from bound forms [508].

An increase in niacin content occurs in germinated sorghum (by 35-45%) [94,509],
millets (by 22%) [94], lentils (by 9-83%) [96], wheat (by 19%) [132,510], and maize (by
64-142%) [509,511]. Natural fermentation of lentil flour increased the amount of niacin by
24-91% [310]. Content of nicotinamide rose tenfold during rye sourdough fermentation
due to activity of lactic acid bacteria [512].

Industrial production of vitamin Bj is currently based on chemical synthesis and biocatal-
ysis [171,513-516]. Chemical processes utilize 2-methyl-5-ethylpyridine, 3-methylpyridine
(3-picoline), or 3-cyanopyridine as starting materials, which are synthesized from simple
compounds, such as acetaldehyde, formaldehyde, paraldehyde, 2-methylglutaronitrile,
and ammonia [417,443,517,518]. The chemical routes require high temperature, high pres-
sure, metal catalysts (e.g., oxides of vanadium, titanium, and zirconium), and hazardous
chemicals and are usually connected with formation of unwanted waste, including by-
products [417,443,515,519]. Biocatalytic processes, on the other hand, make use of enzymes
as catalysts, which are operated under mild conditions and are highly efficient in terms
of specificity and yields [417]. Those processes are also environmentally friendly and
safe [520]. Intensive research has focused on the biocatalytic way for production of vitamin
Bj [420,519,521-532]. Nicotinamide is produced at industrial scale from 3-cyanopyridine
by means of immobilized bacterial cells Rhodococcus rhodochrous J1, containing an en-
zyme nitrile hydratase, which catalyzes the hydration of a nitrile to its corresponding
amide [417,443,520]; intact whole cells are used as a biocatalyst due to low stability of
isolated nitrile hydratase [531]. An industrial fermentation procedure for vitamin Bj is
still not established; there is little motivation for development a fermentative one with the
high-yielding biocatalytic process in place [171,513].

Alongside natural niacin sources, fortified foods provide an additional dietary supply of
the vitamin [92,173,175,178,179,183,185,186,416,424,533-535]. Fortification of wheat and maize
flour, as well as rice, with niacin is in many countries mandatory [92,163,181,182,417,536].
Niacin is also added to bread, breakfast cereals, and pasta [174,416,443,449].

Regarding biofortification, i.e., the augmentation of natural micronutrient levels in
crops through breeding and genetic engineering, no efforts have been made to enhance
the niacin content of any crop [92]. However, genetic variation of niacin in wheat grain
was assessed, but the content of niacin was only poorly heritable; thus, it is unlikely that
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it could be substantially increased by plant breeding [92,537,538]. On the other hand,
different varieties of pigmented rice displayed a wide range of variation in niacin content,
which could provide lead strategies for future breeding initiatives [92,539]. The second
approach to biofortification, i.e., up-regulation of the niacin synthesis by genetic modifi-
cation technology, seems to be improbable, at least in the short term, as the biosynthetic
pathway of niacin is complex, and its genetic control is not well understood [538,540]. In
addition, there are reports suggesting that plants are highly sensitive to changes in the
biosynthetic pathway of vitamin B3; negative impacts on plant growth and development
were observed [172]. Attempts have been made to improve the amino acid profile of
maize, since it is naturally poor in tryptophan in contrast to other cereals, such as rice and
wheat [62,416]. Doubling tryptophan content in quality protein maize via conventional
plant breeding techniques was successful, and some of the tryptophan biofortified varieties
have been commercialized [92,541-546].

4.3. Pharmacokinetics of Niacin
4.3.1. Absorption and Distribution

When NAD and NADP are consumed in foods, they are enzymatically converted to
nicotinamide in the gut and then absorbed, together with NA [547]. The primary site of
niacin absorption is the small intestine, although some is absorbed in the stomach [412-414].
The absorption of nicotinamide is rapid, and it is mediated by Na*-dependent facilitated
diffusion at low concentrations. When taken in very high doses of 3—4 g, niacin is still
almost completely absorbed, but mostly by passive diffusion [548].

Niacin is transported to all tissues, where it is converted into its main active form,
the coenzyme NAD. Both forms of niacin enter cells by simple diffusion; however, both
nicotinic acid and nicotinamide also enter erythrocytes by facilitated transport to form a
circulating reserve pool and support the function of these cells [549].

4.3.2. Metabolism
NAD Synthesis

The biochemically active form NAD can be synthesized in mammals from all molecules of
the vitamin B group (NA, nicotinamide and nicotinamide riboside) and tryptophan (Figure 10).

NAD is formed from niacin by three metabolic steps in the Preiss-Handler pathway.
First, NA is converted to nicotinic acid mononucleotide (NAMN). This reaction is catalyzed
by the enzyme nicotinic acid phosphoribosyl transferase (NAPRT) and uses 5-phosphate-o-
D-ribose-1-diphosphate as a co-substrate. NAMN is subsequently converted to nicotinic
acid adenine dinucleotide (NAAD) by the enzyme nicotinamide mononucleotide adeny-
lyltransferase (NMNAT), using ATP. In the final step, the nicotinic acid part of NAAD is
amidated by a transfer of an amino group from glutamine by the enzyme NAD synthase
(NADS), consuming another ATP molecule and forming glutamate.

Synthesis of NAD from nicotinamide follows an important salvage pathway. This
pathway enables the reutilization of nicotinamide which is released during many biochem-
ical reactions utilizing NAD. In the salvage pathway, the initial step is catalyzed by the
enzyme nicotinamide phosphoribosyl transferase (NAMPT). This change of nicotinamide
to nicotinamide mononucleotide (NMN) is the rate-limiting step in local NAD synthesis.
Thus, NAMPT activity is an important regulator of local NAD availability and regulator
of downstream NAD-consuming enzymes [550]. NAMPT has been indicated in delaying
senescence in human cells by making more NAD available [551] and possibly forms a direct
connection between circadian rhythms and NAD salvage pathway, as NAMPT expression
is regulated by the circadian rhythms machinery [552]. The final step in the NAD salvage
pathway is catalyzed by NMNAT enzymes, similar to the conversion of NAMN to NAD.

The third pathway for NAD synthesis from nicotinamine riboside is initiated by
phosphorylation of this molecule by enzymes nicotinamine riboside kinases (NRK) to form
NMN. NMN is subsequently used for NAD synthesis by the NMNAT adenylyl transfer, as
described above.
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Figure 10. NAD synthesis pathways in mammals. Biochemical reactions involved in production of
NAD from dietary sources. The blue arrow indicates activity of NAD*-consuming enzymes and
entry of thus released nicotinamide into the salvage pathway. See text for detailed description.

The last important source of NAD is the de novo synthesis—the conversion of amino
acid tryptophan to NAD. These synthetic reactions start with the kynurenine pathway,
which converts tryptophan to NAMN [553]. Clinically important is the fact that several
enzymes of this biochemical pathway can be inhibited by vitamin B, and Bg deficiency [554].
NAMN is transformed to NAAD (catalyzed by NMNAT) and, subsequently, to NAD
(catalyzed by NADS), using identical reactions which convert NAMN to NAD in the
Preiss-Handler pathway.

NAD Recycling

There is an ongoing loss of NAD, caused by the activity of NAD"-consuming en-
zymes/sirtuins, CD38, and poly(ADP-ribose)polymerases/, which enzymatically cleave
NAD* and typically produce nicotinamide. Such a high degree of NAD consumption
cannot be compensated by a dietary intake. Instead, nicotinamide is recycled into NAD
using the aforementioned salvage pathway that involves enzymatic activity of NAMPT
and NMNAT. As most NAD is recovered in this manner, the activity of NAMPT has larger
effect on NAD concentrations than nicotinamide levels or dietary intake of niacin [555].

Synthesis of NADP

NAD" can be converted to NAD" phosphate (NADP*)—a molecule with a different
redox potential—by the activity of NAD kinase. In this reaction, one phosphate group, most
often from ATP, is transferred onto the 2’-hydroxyl group of the adenosine ribose moiety of
NAD. NADH can also be utilized as substrate, yielding NADPH instead of NADP*. NADP
synthesis, therefore, critically depends on the availability of NAD and may be regarded as
another NAD-consuming process, in addition to NAD-signalling reactions [556].
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4.3.3. Niacin Elimination

Consumed NA undergoes extensive first-pass metabolism in the liver by two separate
metabolic pathways: the amidation pathway and the conjugation pathway [557]. The ami-
dation is a high-affinity, low-capacity metabolic pathway [558]. It produces nicotinamide
and pyrimidine metabolites, which have been connected to hepatotoxicity of niacin. The
conjugative pathway is a low-affinity, high-capacity process and results in the formation
of glycine conjugates of NA, such as nicotinuric acid (NUA). NUA has been suggested to
be responsible for the vasodilation and flushing, typical side effects of high-dose niacin
administered as a drug [557,559].

Because of the rapid absorption, the rate of absorption is strongly dependent on the
pharmaceutical formulation, which determines the speed of release of niacin from the drug
preparation. Immediate-release preparations have rapid dissolution and absorption of NA
and saturate the low capacity amidation pathway, causing the majority of the drug to be
metabolized into NUA. This, in conjunction with high peak concentrations of NA, result
in a higher incidence of flushing. Sustained-release preparations release the drug slowly
over time, causing most of the drug to be metabolized by the amidation pathway, which
produces, however, greater amounts of hepatotoxic metabolites [557,558].

The liver methylates any remaining excess of nicotinamide to N!-methyl-nicotinamide,
N'-methyl-2-pyridone-5-carboxamide, and other pyridone oxidation products, which are
then excreted in the urine. Unmetabolized NA and/or nicotinamide might be present in
the urine, as well, when niacin intakes are very high [560].

4.4. Physiological Functions of Niacin

The broad spectrum of functions of NAD and NADP can be divided into three distinct
categories:

(A) The Cofactor: The first category involves enzymes, which utilize NAD and NADP
as cofactors for reduction and oxidation (redox) reactions. In these redox reactions, both
NAD and NADP oscillate between the reduced forms (NADH and NADPH) and the
oxidized forms (NAD* and NADP"). Even though the ratio of reduced /oxidized forms
changes and depends on many factors, the total amount of NAD or NADP is not modified.

(B) The Substrate: The second category of NAD utilization is dependent on a group
of NAD*-consuming enzymes. These enzymes only use the oxidized form NAD" as a
substrate in reactions that transfer the ADP-ribose part of the NAD molecule. Because
these reactions require the enzymatic breakdown of NAD", they consume NAD™" and lead
to a decrease in total NAD* concentrations available for other cellular reactions.

(C) The Ligand: Relatively recently discovered is the third type of NAD* function,
where it serves as a ligand for a group of purine receptors. NAD" release, as a signaling
molecule, has been observed in vascular smooth muscle cells, urinary bladder, gastroin-
testinal tract, brain, and neurosecretory cells [561-564]. Receptors sensitive to NAD* were
detected in monocytes, vascular endothelium, or colonic cells [565-567].

4.4.1. Redox Reactions

Both NAD and NADP form a redox couple, which are critical cofactors in over
400 enzymatic reactions in most metabolic processes [414]. The redox couple NAD* /NADH
is involved in mostly oxidative and catabolic reactions, while NADP* /NADPH is most
often connected to reductive and anabolic reactions. This is enabled by a difference in redox
potentials between the two couples. Under physiological conditions, the prevalent forms
are oxidized NAD" and reduced NADPH [424].

Examples of oxidative, catabolic reactions promoted by the oxidized NAD* include
production of pyruvate in glycolysis, production of acetyl coenzyme A, and complete
catabolism in the Krebs cycle. These generate NADH, which drives the energy production
through the mitochondrial respiratory chain. Furthermore, mitochondrial 3-oxidation of
fatty acids requires NAD*, as well. A general overview of catabolic processes involving
NAD" is presented in Table 9.
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Table 9. Biochemical redox reactions utilizing NAD or NADP as cofactors.
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NAD*/NADH are cofactors for some anabolic reactions, as well (Table 9). At insuffi-
cient glucose concentrations, the enzymatic equilibrium of the enzymes in the glycolysis
pathway is reverted so that they can utilize the reduced NADH, and the cell can synthetize
glucose by gluconeogenesis from substrates, such as lactate, pyruvate, and acetyl coen-
zyme A. NADH functions as a cofactor in the synthesis of triglycerides (the synthesis of
glycerol-3-phosphate) and in the synthesis of dihydrotestosterone from testosterone (as a
cofactor of 5a-reductase) [568].

The reduced form NADPH is critical for many anabolic biochemical processes, too,
for example, synthesis of cholesterol and fatty acids (Table 9). It is an essential cofactor
in reductive reactions involved in glutathione/fatty acid peroxidation, cytochrome P450-
mediated reactions, thioredoxin defense against oxidative stress, and in immune oxidative
defense reactions [569]. The critical step in the synthesis of cholesterol is the synthesis of
mevalonate from 3-hydroxy-3-methylglutaryl CoA (HMG-CoA) by HMG-CoA reductase
(the known pharmacological target of statins), which requires NADPH as cofactor. Various
synthetic reactions that originate from cholesterol also require NADPH: the synthesis of
bile acids and steroid hormones.

The erythrocytes contain high concentrations of NADPH, probably due to the fact
that red blood cells lack mitochondria. This availability of NADPH allows continuous
activity of glutathione reductase, which, in turn, allows glutathione/fatty acid hydroxyper-
oxidase enzymes to reduce the oxidative stress in the iron and oxygen-rich environment
of erythrocytes.

The redox couples NAD*/NADH and NADP*/NADPH also play critical role in the
degradation of ethanol and other alcohols. Through several metabolic reactions, ethanol
is converted to acetaldehyde and then to acetate. The conversion to acetaldehyde can
be catalyzed either by the cytochrome P450 system 2E1 (with consumption of O, and
NADPH, and production of superoxide) or the enzyme alcohol dehydrogenase (ADH,
producing NADH from NAD*). The following oxidation of acetaldehyde to acetate is
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catalyzed by aldehyde dehydrogenase (ALDH) and also requires NAD* [570]. Although
metabolism by ADH is the preferential route, higher or chronic alcohol consumption will
induce the ethanol metabolism by the P450 route, which increases the risk of hepatotoxicity
and decreases the levels of NAD*. If this decrease in NAD™" and increase in NADH
concentrations are significant, the enzymatic equilibrium of NAD-dependent enzymes is
shifted. Such shift in NAD* /NADH ratio can lead to accumulation of lactate and inhibition
of gluconeogenesis, hypoglycemia, and inhibition of the energy production in the Krebs
cycle in ethanol-detoxifying tissues [424].

Both NAD*/NADH and NADP*/NADPH are critical for function of the cellular
respiratory chain in all cells. NAD and NADP are present in higher concentrations in
mitochondria compared to other subcellular compartments, and mitochondria-rich tissues,
such as myocardium, contain more NAD than tissue with fewer mitochondria (e.g., liver).

The role of NAD forms in redox reactions is strongly dependent on the ratio of oxidized
(NAD"/NADPY) to reduced (NADH/NADPH) molecules, and changes in this ratio can
lead to shift in many enzymatic reaction equilibria. Furthermore, this ratio is continuously
affected not only by the activity of several enzymes of NAD metabolism but also by
all cellular metabolic processes (the Krebs cycle, glycolysis, gluconeogenesis, fatty acid
synthesis, mitochondrial respiratory chain, etc.). The redox state of NAD/NADP represents
a complex sensor of biochemical energy metabolism in any given cell and situation. NAD,
therefore, serves as an indicator molecule with a capability to integrate information about
overall energy production, energy consumption, and nutrition.

4.4.2. NAD as Substrate

Intricately connected to the function of NAD as an indicator of cellular metabolism is
the fact that NAD" is the substrate for several enzymes which regulate cellular epigenetic
information. NAD™ is the form whose concentrations fluctuate most significantly and best
reflect various metabolic situations. NAD™ level changes with nutritional intake, exercise,
and with circadian rhythm [571]. This close connection of NAD" to energy metabolism
has provoked an interesting idea that increased NAD™ availability in skeletal muscle could
enhance oxidative phosphorylation, and that NAD* supplementation could be used for
therapeutic goals to improve energy metabolism [572,573].

In addition to being influenced by metabolic state, NAD" concentrations are directly
regulated by NAD*-consuming enzymes. This allows for direct regulation of metabolic
processes in response to stimuli and situations that activate these NAD"-consuming en-
zymes. Several groups of enzymes that continuously consume NAD have been identified.
These are sirtuins, poly(ADP-ribose) polymerases (PARP) and ADP-ribosyl cyclase.

4.4.3. ADP-Ribosyl Cyclases

The group of ADP-ribosyl cyclases comprise the enzyme CD38 and its homologue
CD157. Their function is to generate cyclic ADP-ribose from NAD*, concomitantly releasing
nicotinamide [574,575]. Both proteins have been regarded as immune cell activation marker
because they are expressed in neutrophils and endothelial cells, and they are involved in
signal transduction associated with immune response. The synthesized cyclic ADP-ribose
serves as a second messenger that activates intracellular signaling pathway, resulting in an
increase of intracellular Ca?* concentrations by activating receptors on the endoplasmic
reticulum [569]. Lack of CD38 in mice leads to a defect in immune cell migration to
inflammatory sites and increased rate of infections [576].

Cyclic ADP-ribose and Ca?* release caused by CD38/157 are also involved in regula-
tion of oxytocin release and may play a role in regulation of social behavior. Expression
levels and genetic polymorphism of CD38/157 have been associated with autism spectrum
quotient, and the dysfunction of these enzymes caused by lack of NAD* may be connected
to the dementia and psychosis typical for pellagra [577].
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4.4.4. Poly(ADP-Ribose) Polymerases (PARP)

Enzymes of the PARP superfamily generate ADP-ribose posttranslational modification
at specific sites in target proteins. They cleave the glycosylic bond between nicotinamide
and ribose, break down NAD", release nicotinamide, and attach the ADP-ribose moiety to
target protein.

So far, 17 enzymes of the PARP group have been identified in humans [578-580]. Only
several of those have been shown to be true polymerases (PARP1, PARP2, PARP5a, and
PARP5D), i.e., to keep adding more ADP-ribose units to the first attached ADP-ribose
in subsequent steps, thus creating polymers of ADP-ribose (PAR) as posttranslational
modification. The enzymatic activity of majority of the PARP members is limited to
attaching only one ADP-ribose unit.

The most active and best characterized PARP enzyme is PARP1. PARP1 is activated
after detection of and binding to DNA strand breaks. Activated PARP1 consumes NAD*
and attaches large PAR molecules to target proteins (including PARP1 itself, where it
inactivates the enzymatic activity) [580]. This negative feedback loop, together with the
rapid degradation of PAR by glycohydrolases, represents an effective, short-term inhibition
of cell cycle progression as long as DNA damage is present, to allow sufficient DNA
repair and prevent division of damaged cells. However, excessive DNA damage leads to
hyperactivation of PARP1 and leads to NAD* depletion and cell death. This mechanism
has been regarded as a cancer prevention protocol [581]. On the other hand, supressing
such hyperactivation of PARP1 and the associated severe depletion of NAD* protects from
cell death after inflammation or ischemia/reperfusion injury [582-584].

Pharmacological inhibition of PARP1 by drugs, such as olaparib, niraparib, and tala-
zoparib, was recently approved for treatment of several forms of cancer. This therapeutical
approach takes advantage of a defect in homologous recombinational repair (HRR) of the
double-strand DNA breaks pathway, which was detected in multiple tumor types [585].
Inhibition of PARP1 leads to accumulation of unrepaired single-strand DNA breaks, which
leads to formation of double-strand DNA breaks. These can be effectively repaired in
cells with intact HRR; however, “paribs” cause lethality in tumor cells with HRR deficien-
cies [586,587].

This role of ADP-ribosylation in DNA repair is well known, but the function of these
NAD*-consuming enzymes expands beyond this accepted view. In addition to DNA-repair,
ADP-ribosylation is involved in regulation of DNA replication and cell division, transcrip-
tion, responses to infection, stress, and aging [588]. This wide array of functions is based on
modulation of many protein interactions, control of transcription, and epigenetic control.

4.4.5. Sirtuins

Sirtuins are members of the family of class III histone deacetylases (HDACsS) that
require the breakdown of NAD™ for their enzymatic activity. So far, seven sirtuins homo-
logues have been identified in mammals (Sirt1-Sirt7) [589]. As changes in NAD* availability
and NAD*/NADH redox ratio directly influence their catalytic activity, sirtuins function
as sensors for cellular energy and redox status that directly affect chromatin structure.

The main function of sirtuins as HDACs is the deacetylation of lysin residues on target
proteins. This is the preferred activity for Sirt1-Sirt3, Sirt5, and Sirt6. In the first step of this
process, sirtuins cleave the nicotinamide moiety off an NAD" molecule. Subsequently, the
acetyl group from target protein is transferred to the remaining ADP-ribose, resulting in
deacetylated protein and 2-O-acetyl-ADP-ribose (Figure 11) [590]. No deacetylation activity
has been detected in Sirt4 and Sirt7: these enzymes utilize NAD™* to transfer ADP-ribose
groups to target proteins. This enzymatic activity is shared with Sirt2 and Sirt3 (in addition
to their deacetylase activity).
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Figure 11. Mechanisms of NAD* depletion by sirtuins. NAD" is required for two types of protein
modifications catalyzed by sirtuins. Nicotinamide is cleaved off in the process and regenerated into
NAD via the salvage pathway.

Sirtuins are connected to NAD* in several ways. (1) Their activity directly depends on
the levels of available NAD?, as well as increasing levels of NADH or nicotinamide directly
inhibit sirtuins activity. This represents a direct NAD* and redox status sensor mechanism.
(2) Sirtuins compete for available NAD" with other NAD*-consuming enzymes. Enzymes
with high capacity for NAD* utilization, such as PARP1, can deplete NAD* to concentra-
tions which change the activity of sirtuins, especially in limited subcellular microdomains.
(3) Sirtuins have been reported to regulate the circadian transcription factors CLOCK and
BMALL, which, in turn, regulate the expression of NAMPT, the critical enzyme in NAD
synthesis. This forms a regulatory loop that leads to circadian oscillations of NAD* and is
directly connected to Sirtl and Sirt6 [571,591,592].

The general result of sirtuins activity is the change in epigenetic information in the
form of altered chromatin structure, as well as direct regulation of transcription factor ac-
tivities. Specifically, sirtuins target transcription factors that regulate oxidative metabolism,
antioxidant defense, and gene expression in mitochondria [593]. The ubiquitous expression
and differential subcellular localization further allow sirtuins to modulate myogenesis,
gluconeogenesis, insulin secretion, adipogenesis, DNA repair, and senescence [594-597].
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In summary, there is a complex interplay of metabolism, nutrition, and circadian
rhythm, where NAD* plays a central role, connecting metabolic and dietary information
with transcriptional regulation. The collective activities of NAD*-consuming enzymes
represent a mechanism integrating cellular signaling with the chromatin control and epige-
netic regulation and allowing adjusting of transcription and gene expression in response to
change in environmental conditions.

4.5. Niacin Deficiency

Niacin deficiency was first described in 1735 by the French physician Francois Thiery
and Spanish physician Gaspar Casal. The first reference to this disease as “pellagra” (“rough
skin”) appears in 1771 [598]. Pellagra became characterized as “3 Ds” or “4 Ds” disease
which refer to the three common symptoms (dermatitis, dementia, diarrhea) possibly culmi-
nating in death (the 4th D). Pellagra epidemics had appeared in human population for sev-
eral hundred years, mostly as a result of insufficient vitamin B3 intake due to monotonous
diet (especially unprocessed corn). The methods for analytical detection of vitamin B3
levels in biological fluids are summarized in Table 3 and Supplementary Data Table S1.

Detailed epidemiology and symptomatology of pellagra has been reviewed elsewhere
(e.g., References [599,600]). Pellagra is still present in developing countries in connection
with niacin-deficient diet or emergencies [601-603]. Presently, in the EU or USA, pellagra is
very rare due to fortification of food with B vitamins. The most common causes of niacin
deficiency are alcoholism (35%), medications (26%), and insufficient intake (16%) or malab-
sorption (13%) [554]. Treatment of pellagra includes dietary changes and supplementation
of vitamin B3 (NA, or nicotinamide) in doses of 10-300 mg/day, up to 1000 mg/day in
most severe cases. Nicotinamide is preferred to NA in B; supplementation therapy, as it
does not cause vasodilation and flushing and has lower toxicity, in general.

4.6. Pharmacological Use of Niacin

NA and other forms of vitamin B3 have been in use as pharmacotherapeutics for
several decades. However, recent progress, in our understanding, of underlying molecular
mechanisms of different diseases has led to possible indications of niacin therapy in patholo-
gies beyond its original use in treatment of pellagra and dyslipidaemia. Furthermore, it is
important to distinguish the administration of any form of vitamin B3 to counteract niacin
deficiency (i.e., pellagra) from the use of NA in supraphysiological, pharmacological doses
in therapy of different pathological conditions.

4.6.1. Atherosclerosis, Dyslipidaemia and Cardiovascular Risk

More than 60 years ago, Rudolf Altschul demonstrated that supraphysiological doses
of NA (but not nicotinamide) have positive effects unrelated to those physiological asso-
ciated with the function of the vitamin [604]. Administration of gram quantities of NA
(1000-3000 mg/day, up to 6000 mg/day) reduce total cholesterol plasma concentrations,
decrease low-density lipoprotein (LDL) cholesterol levels and increase high-density lipopro-
tein (HDL) cholesterol levels, while reducing total mortality in treatment of coronary artery
disease [605]. Research since then has indicated that these effects are mediated by agonistic
action of NA on nicotinic acid receptor.

Nicotinic Acid Receptor GPR109A

NA receptor GPR109A belongs to the family of G-protein-coupled receptors (GPCRs)
of the class A rhodopsin-like GPCRs and is coupled to the G; family. GPR109A is expressed
in significant levels in both white and brown adipose tissue, in the spleen, and immune cells,
such as macrophages, monocytes, dendritic cells, and neutrophils [606,607]. In immune
cells, G; activation generally leads to activation of phospholipase C3 or phosphoinositide
3-kinase. Its role in immune cells remains unclear.

In other cell types, including adipocytes, activation of G; has an inhibitory effect on
adenylyl cyclase and decreases intracellular cAMP levels. Activation of GPR109A by NA,
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therefore, counteracts the effect of Gs-coupled receptors (such as 3-adrenergic receptors,
-AR), whose activation increases cAMP concentrations and results in activation of protein
kinase A. In adipocytes, protein kinase A phosphorylates several proteins, notably proteins
required for triacylglycerol hydrolysis: hormone-sensitive lipase (HSL) and perilipin.
Phosphorylated perilipin allows the phosphor-activated HSL (and another lipase—adipose
triacylglycerol lipase, ATGL) access to the lipid droplets containing triacylglycerols. These
lipases then hydrolyze triacylglycerols into free fatty acids (FFA) and glycerol (Figure 12
upper panel).
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Figure 12. GPR109A receptor function. (upper panel) Metabolic effects of nicotinic acid. Activation of
nicotinic acid receptor inhibits the mobilization of free fatty acids (FFA) from adipocytes and lowers
the production of VLDL in hepatocytes with consequently decreased plasma levels of VLDL/LDL.
TAG inhibit the cholesterol transfer to HDL via cholesteryl ester transfer protein (CETP). (bottom
panel) Possible physiological role of GPR109A. In fasting, increased activity of the sympathetic
nervous system and low insulin levels stimulate breakdown of TAG into FFA. Hepatic metabolism
produces B-hydroxybutyrate (BHB) and acetoacetate (AcAc) as energy sources. BHB forms a negative
feedback loop that limits the fat catabolism in adipose tissue.



Nutrients 2022, 14, 484

39 of 84

Several derivates of niacin have been developed that selectively activate GPR109A,
and large efforts have been made to identify the endogenous ligands of this receptor. NA
itself is unlikely to act as an endogenous agonist, as its physiological plasma concentrations
are generally low. Activation of GPR109A has been demonstrated by 3-hydroxybutyrate, a
ketone compound produced by the liver during starvation [608]. B-hydroxybutyrate acts
as an agonist of GPR109A with ECs of approximately 750 uM, even though other ketones,
such as acetone or acetoacetate, have no activity on this receptor. This indicates a physiolog-
ical role of nicotinic acid receptor GPR109A under starvation. Under such conditions, a high
activity of the sympathetic nervous system stimulates the 3-adrenoreceptors of adipocytes,
while the levels of insulin are low. This leads to increased intracellular cAMP levels and
stimulation of lipolysis. Released FFAs are metabolized in the liver to ketones, including
B-hydroxybutyrate and acetoacetate, which serve as the energy source. Concentrations of
B-hydroxybutyrate reach millimolar range under starving conditions and by activation of
GPR109A -hydroxybutyrate inhibits lipolysis [609]. In this way, f-hydroxybutyrate may
counteract pro-lipolytic stimuli during starvation, and this mechanism forms a negative
feedback loop to conserve energy when fasting (Figure 12 bottom panel).

Mechanisms of Nicotinic Acid Action

The antilipolytic effect of NA is likely similar to that of 3-hydroxybutyrate and is
mediated by activation of the GPR109A receptor, inhibition of cAMP/PKA signaling
cascade, inhibition of lipolysis, and of release of FFA from adipocytes. This seems to be
supported by temporal differences of NA effects on individual types of lipid particles.
Administration of NA leads to very rapid (within minutes) decrease in plasma FFA levels.
This is followed by a reduction in VLDL and triacylglycerols (24 h), and many days later,
by a decrease in LDL concentrations [610]—a time-course which follows the established
biochemical relationships.

The activation of the GPR109A receptor with inhibition of adipose cell lipolysis seems
to be the main mechanism of action of NA in dyslipidaemia and atherosclerosis; however,
several alternative/complementary mechanisms have been proposed:

(1) Cell culture experiments suggested that NA inhibits the synthesis of triacylglycerols
through direct inhibition of diacylglycerol acyl transferase 2 (DGATZ2) in hepatocytes [611].
This, in turn, stimulates the degradation of ApoB and leads to decreased formation of
ApoB-containing VLDL [612]. This effect on DGAT2 was, however, detected only in NA
concentrations which were approximately 100-fold higher than plasma concentrations
reached after maximal pharmacological doses of NA [613].

(2) The mechanism by which NA increases HDL concentrations is presently not
clearly understood. The currently accepted hypothesis claims indirect interference with
the exchange of triacylglycerols and cholesterol between VLDL/LDL and HDL, which is
mediated by cholesteryl ester transfer protein (CETP). CETP promotes bidirectional transfer
of cholesteryl esters from HDL to VLDL/LDL in exchange for TAG from VLDL/LDL to
HDL [614]. Due to the decrease in triacylglycerol content in VLDL and LDL after the
treatment with NA, this exchange of TAG and cholesterol is expected to decrease, resulting
in increased HDL-cholesterol levels. This is supported by observations from mice, which
physiologically do not express CETP [615], and by experiments where inhibition of CETP
resulted in similar increase in HDL levels [616,617]. In any case, this HDL-increasing effect
seems to be mediated by GPR109A. Acipimox (Figure 13), a synthetic derivate of nicotinic
acid and an agonist of GPR109A, has similar spectrum of effects as NA (including an
increase in HDL), while nicotinamide, which is not a GPR109A agonist, has no effect on
plasma cholesterol [618].

(3) Another proposed mechanism by which NA increases HDL levels is inhibition of
catabolism of ApoA-containing lipoproteins [619,620]. Again, these cell culture studies
reported these effects at NA concentration much higher than the usual therapeutic plasma
concentration of NA.
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Figure 13. Structure of acipimox, a synthetic derivative of nicotinic acid used as a lipid lowering drug.

(4) In addition to the described effects on LDL/HDL concentrations, a direct an-
tiatherosclerotic effect of NA has been suggested. In adipocytes [621] and “non-foam”
macrophages [622], NA stimulates GPR109A, which leads to an increased expression of
transcription factors peroxisome proliferator-activated receptor vy (PPARY) and liver X
receptor o (LXRx). PPARY and LXRg, in turn, enhance the transcription of ATP-binding
cassette Al (ABCA1) and G1 (ABCG1) transporter proteins, which are responsible for
in vitro and ex vivo cholesterol unloading [623,624] and are directly implicated in the
regression of experimental atherosclerosis [625,626]. Given these observations and the
documented expression of GPR109A in peripheral macrophages, it is feasible that NA
exerts its antiatherosclerotic effects, at least in part, by stimulating the removal of choles-
terol from macrophage foam cells in atherosclerotic lesion and by stimulation of reverse
cholesterol transport.

4.6.2. Aging

Aging is a complex process that involves many pathophysiological changes. As the
two major contributors to aging are currently accepted to be accumulation of DNA damage,
and mitochondrial dysfunction resulting from DNA damage. Because both of these factors
are dependent on NAD availability, it has been stipulated that the NAD* levels represent a
link between aging and altered metabolism [593,627-631].

Data from various animal models suggest a strong correlation between age and decline
in NAD" levels [632-634]. Factors responsible for this nutrition-independent NAD* loss are
increased activity of sirtuins, CD38 and PARPs [635,636]. The increased PARP activity is a
response to accumulation of DNA damage and contributes to the NAD* depletion in aging.
At the same time, inhibition of PARP1 [552,637] or restoration of NAD™ levels [638,639],
at least in some models of aging, resulted in improvement of the aging phenotype. This
reduced NAD* availability inhibits normal sirtuins activity, which is critical to prevent
mitochondrial dysfunction and age-related changes in metabolism [595].

It is unclear whether NAD* precursor supplementation improves mitochondrial
function and facilitate DNA repair in an aging human population, and if it synergizes with
small molecule activators of sirtuins to further increase the health span during aging.

4.6.3. Cancer and Cell Death

Through mechanisms similar to those described above, genotoxic stress causes rapid
depletion of NAD*, which can lead to cell death. Direct NAD* supplementation in cell
cultured neurons protected them from apoptotic death [640], and increased mitochondrial
NAD" could prevent cell death induced by general NAD* depletion [555].

Furthermore, NAD" depletion causes a shift in enzymatic equilibria and results in
changes in cell metabolism (the Warburg effect). Unlike in aging situations, where the aim
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is to protect the cells from such dysregulations, several studies have explored the possibility
of increasing cytotoxic effects of established anti-cancer drugs with pharmacological NAD*
depletion. NAD™ reduction sensitizes cancer cells to oxidative damage by disrupting
their antioxidant defense system, induces cell death by preventing DNA repair, and shifts
signaling pathways towards a cytotoxic direction [641,642].

4.6.4. Neurological Disorders
Parkinson’s Disease

A basic characteristic of Parkinson’s disease (PD) is the degeneration of dopaminergic
neurons in the substantia nigra, which leads to dysregulation of motor function and
development of typical symptoms caused mostly by the insufficient dopamine synthesis.

Dopamine synthetic pathway requires several coenzymes, one of which is NADPH.
A direct link between NAD and PD has been established. PD patients generally have
low blood concentrations of NAD compared to healthy subjects, and these low NAD
concentrations correlated with high expression of GPR109A [643]. Dietary supplementation
of niacin normalized both NAD levels and GPR109A expression and was followed by
improvement of cognitive and motor functions of PD patients [644]. Similar positive effects
of exogenous NAD were described in cell-culture human PD model, where increased NAD
concentrations exerted protective effects against mitochondrial dysfunction and oxidative
damage [645].

Several mechanisms of this neuroprotective effect of NAD in PD (and potentially other
neurodegenerative diseases) have been proposed, e.g., increased activity of Sirt1, decreased
activity of PARP1, restoration of mitochondrial function and mitochondrial biogenesis,
restoration of redox NAD" /NADH balance and suppression of oxidative stress, decreased
toxicity of misfolded proteins and DNA damage, and increased activity of neurotrophic
factors and signaling pathways [428].

Multiple Sclerosis

Progressive neurodegeneration associated with inflammation is the basic pathoetiolog-
ical mechanism in multiple sclerosis. Notwithstanding large progress, current therapeutical
options targeting mostly the inflammation are not always efficient to prevent the progress
of the disease and stop the neurodegeneration. Experimental data suggest contribution of
NAD™ depletion and oxidative stress induced mitochondrial dysfunction to the develop-
ment of multiple sclerosis (reviewed in Reference [646]). Shortly, both increased activity
of NMNAT or Sirtl resulted in neuroprotective effects in models of multiple sclerosis
and indicates that pharmacological intervention aimed at increasing the NAD* levels in
neurons should be studied in more detail.

Schizophrenia

Patients suffering from severe cases of pellagra develop pellagrous dementia, which is
similar to schizophrenia. Even though schizophrenic patients generally do not improve
with increased vitamin Bj intake [449], subpopulations of patients exist who do respond to
niacin supplementation therapy. These observations suggest some similarities in under-
lying mechanisms of niacin-deficient and schizophrenic brains. One study reported that
chronic schizophrenic patients display a significantly reduced NAD* /NADH ratio [647],
which would indicate a link between the etiology of schizophrenia and redox imbalance in
the brain and NAD™ deficiency.

4.6.5. Skin Cancer Prevention

Another typical symptom of niacin deficiency is skin defects, such as photosensitivity,
leading to rash in sun-exposed areas, hyperkeratosis, and dermal fibrosis. The treatment
with niacin and restoration of physiological NAD™ levels allow the skin to recover. NAD-
deficient human keratinocytes have lower growth rates, increased rates of apoptosis,
and increased degree of oxidative stress that leads to increased rates of DNA damage.
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Furthermore, reduced NAD™* availability results in photosensitization in skin cell cultures,
with reduced DNA damage-induced PAR formation and sirtuin expression levels [648].
Experiments in animal models have demonstrated that moderate niacin deficiency increases
the incidence of skin cancer in response to UV-B treatment in mice, and oral administration
of nicotinamide could inhibit photocarcinogenesis [649].

This indicates that even mild vitamin Bs paucity, often seen in humans, could increase
the skin cancer risk. The positive effects of niacin for skin function in clinical setting have
been long known. Nicotinamide improves wound healing, causes reduction of wrinkle
depth and smoothing of the skin surface structure, improves the epidermal barrier function,
reduces light damage to the skin, and is used for treatment of psoriasis [650,651]. Another
study has demonstrated protective effect of oral nicotinamide against recurrence of certain
types of skin cancer [652].

4.7. Toxicity of Niacin

The most serious side effect of pharmacological doses (up to 6000 mg/day) of NA is
flushing, with incidence as high as 80% on initial exposure [653]. The flushing is caused by
cutaneous vasodilation, which is restricted to the chest and face and is often accompanied
by burning sensation and pruritus. This side effect is bi-phasic: the first fast phase occurs
in 20-30 min, followed by slow second face after 40-60 min.

The flushing is mediated by increased cutaneous production of prosthanoids. NA
activates GPR109A receptor on dendritic cells or macrophages and induces the production
of arachidonic acid by phospholipase A; [654]. The first phase is mediated by increased
concentrations of prostaglandin D, (PGD,) and activation of DP; receptor. The delayed
second phase is thought to be induced by the dermal PGE, keratinocyte pathway [655] or
other mediators, e.g., histamine, substance P, adrenomedullin, or calcitonin-gene related
peptide [656].

The flushing is responsible for discontinuation of NA therapy in 50% of patients [653]
and represents the most serious drawback of NA use in therapy of atherosclerosis and
dyslipidaemia. Various approaches have been used to minimize this side effect. The
flush incidence and degree correlate with the peak plasmatic NA concentrations (cmax)
and are most common in drug formulations with immediate or rapid release. To limit
the occurrence of flushing, NA dose can be timed so that it develops at night and is less
distressing. Slow-release formulations which liberate NA over 12 or 24 h have reduced the
incidence of flushing by up to 60-80% [657] but also have lower antihyperlipidemic and
antiatherosclerotic effects and a higher degree of hepatotoxicity [658], indicated by elevated
plasma transaminase activity [659,660].

Another approach to reduce flushing after NA is to reduce the production and effects
of PGD,. Cyclooxygenase inhibitors, such as acetylsalicylic acid or indomethacin, were
successfully used to improve tolerability of NA in some patients but are not universally
effective [653]. Use of a DP; receptor antagonist—laropiprant—has been more successful.
Its main effect is the reduction of the first phase of flushing by 80% [661], which has led to
combined drug formulation of NA and laropiprant.

Further side effects of NA, other than the flushing, include headache, heartburn, peptic
ulcers, nausea and vomiting, lactic acidosis, and hypotension [609,662]. Reports indicate
that NA increases insulin resistance, and concerns have been raised about the use of NA
in diabetic patients [663,664]. Although the GPR109A agonist acipimox does not induce
insulin resistance, there are distinct differences in its FFA-lowering effects compared to
NA, and it remains unclear whether the NA-induced insulin resistance is a side effect of
GPR109A agonists as a class, or a specific side effect of NA. Analysis of risk-benefit ratio in
diabetic patient in several clinical studies has subsequently demonstrated that the use of
NA in controlled type 2 diabetic patients is safe and only marginally increases glycemia or
glycated hemoglobin (HbAlc) [665-667].

With the new trends in the development and novel application of nicotinamide in
therapy of several pathological conditions, safety concerns regarding long-term use of
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nicotinamide have been raised. Nicotinamide produces a broad spectrum of diverse
pharmacological effects, including influence on energy metabolism, DNA repair, protein
translation, or epigenetic control. However, there is currently a lack of assessment of
potential adverse effects of nicotinamide, and the individual reports are scarce. A recent
review [668] addressed some of these concerns but raised more questions and emphasized
the need for systematic evaluation of nicotinamide safety profile.

5. Pantothenic Acid—Vitamin Bs
5.1. Introduction and Properties

Vitamin Bs, also known as pantothenic acid, is a water-soluble vitamin ubiquitously
found in food. The pantothenic acid was discovered in 1931 by Dr. R. J. Williams during
his studies with Saccharomyces cerevisiae [669]. He presented evidence for the existence of
an unidentified nutrient stimulating the growth of the yeasts in a very striking way, and,
in 1933, he named it by using a Greek word “panthos”, which means “everywhere” [670].
Later, experiments with pantothenic acid-deficient animals proved its fundamental impor-
tance, which resulted in its classification as a vitamin.

Pure pantothenic acid is a viscous liquid. It has a pKa of 4.41. It is more stable in a
slightly alkaline than in an acidic environment, where it will be hydrolyzed; maximum
stability is at pH 5-7. Its degradation is accelerated by heat. It is moderately stable to
atmospheric oxygen and light when protected from moisture. Pantothenic acid is usually
administered as calcium pantothenate, which is solid and more stable than pantothenic
acid against the light, heat, and oxygen, but unstable to both alkaline and acidic conditions.
Another solid form of pantothenic acid is sodium pantothenate. Its use, however, is limited
due to its hygroscopicity [69,415,671-673].

5.2. Sources of Pantothenic Acid

The biosynthesis of pantothenic acid occurs in plants, fungi, and most bacteria. The human
or animal organism as well as some bacteria lack the capability to synthesize this vitamin and,
therefore, they are dependent on its exogenous supply [14,423,431,540,671,672,674-686]. In the
human diet, pantothenic acid is ubiquitous and is widely distributed in foods of both
plant and animal origin. Major sources include meat, offal (liver and kidney), eggs, milk,
cheese, nuts, mushrooms, yeast, whole grain cereals, legumes, cruciferous vegetables (such
as broccoli or cauliflower), avocado, potatoes, and tomatoes [445,672,687-693]. The main
contributors to pantothenic acid intakes are meat products, bread, milk-based products,
and vegetables because of the quantities consumed [471,692,694]. One of the richest natural
sources of pantothenic acid is royal jelly [672,692,695-697]. The contents of pantothenic acid
in some foodstuffs are shown in Table 10. Besides foods, it is possible that gut microbiota in
the large intestine likely contribute to the overall pantothenate supply in humans; however,
currently, the extent of this contribution is not known [14,672,690,698-703]. Regardless,
pantothenic acid is unambiguously synthetized de novo by the gut microbiota in the colon.
This complex reaction needs two basic building blocks: 2-dihydropantoate and {3-alanine.
Magnusdottir et al., in 2015, predicted human gut bacteria with the ability to synthesize
pantothenic acid. This prediction is based on the structure of the bacterial genome contain-
ing the functional enzymes needed for pantothenate and CoA biosynthesis. The ability to
produce pantothenic acid is present in nearly all Bacterioides and Proteobacteria. These
strains are also able to continue with biosynthesis till CoA. Pantothenic acid can be also syn-
thesized by a few Actinobacteria and Firmicutes. On the other hand, some bacterial strains,
e.g., Fusobacteria, are not able to produce pantothenic acid. This was subsequently proven
experimentally, and, indeed, Bacteroides fragilis, Bacteroides thetaiotaomicron, Bacteroides vul-
gates, Escherichia coli, Helicobacter pylori, Klebsiella pneumonia, Listeria monocytogenes, and
Salmonella enterica are able to synthetize vitamin Bs [423].

Food processing may alter the content of pantothenic acid [415,688]. The milling of
cereals, in which grains, such as wheat, rice, and corn, are dehulled and ground into smaller
pieces or flours to improve palatability, reduce cooking time, and create food products, but
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remove grain parts rich in micronutrients, resulting in considerable losses of pantothenic
acid [99,109,445,464,687,704]. Milling reduces pantothenic acid contents, in comparison
to whole cereals, by 50-55% and 64-88% in wheat and maize, respectively [63,99,705].
Pantothenic acid losses are 50-67% and 18-25% in non-parboiled and parboiled white rice,
respectively, compared to brown rice [61,99,109,705].

Pantothenic acid is quite stable during thermal processing at pH levels of 5-7; losses
of pantothenic acid during the preparation and cooking of foods are normally not very
large [69,415], but substantial ones can occur through leaching into the cooking liquids, such
as water, soup, gravy, or drippings; when those are consumed along with the cooked food,
a great part of the vitamin is retained [70,73,74,706-708]. Pantothenic acid content in pork,
beef, and chicken is reduced owing to steaming, braising, and, in particular, by boiling,
by 15-50% solely in meat due to leaching. In the whole dish, the losses are only 10-20%.
Frying decreases the vitamin level by 20%, and it only decreases by 10% when the meat is
breaded [70]. Similarly, a decrease in pantothenic acid in fish during cooking by different
methods comes about [70,102,706]. Steaming, boiling, baking, and frying of potatoes with
the peel bring on pantothenic acid losses of 10% in all cases, but the losses might reach 30%
in peeled potatoes when boiled [70,73]. In addition, in vegetables, boiling and steaming
usually causes declines of 10% in the total dish, and those of 30-40% and 15%, respectively,
in vegetables alone [70,73,98,709]. Stewing, frying, and baking lessen pantothenic acid
amounts in vegetables by 10% [70,73]. Pantothenic acid losses of 24—67% in legumes during
boiling are influenced by the pre-soaking method and cooking times [74,710,711] Boiling of
rice results in a decrease of 59-66% in pantothenic acid content [99]. That is why steaming
is preferred to boiling, in particular, when cooked vegetables are eaten without cooking
liquids [70,98,709,712]. Poached, boiled, and fried eggs lose, due to cooking, 4%, 7%, and
9% of their pantothenic acid, respectively [107]. In milk, pantothenic acid is stable during
pasteurization, since the normal pH of milk is within the optimal pH stability range; milk
generally loses less than 10% during processing [74,415,713].

In breadmaking, no significant difference of pantothenic acid was observed during
the kneading phase, while a mild decrease of 12% was documented during baking. This
indicates that pantothenic acid is more sensitive to heat than to light and oxygen [508]. The
roasting of peanuts at 160 °C and 180 °C decreases the amount of pantothenic acid by 24%
and 92%, respectively; so, peanuts can be an excellent source if properly processed [726].

Canning leads to various reductions in pantothenic acid content: 1-43% in pork lun-
cheon meat, depending on times and temperatures used during thermal processing [125];
20-35%, 46-78%, and 51%, in foods of animal origin (such as meats, fish, and dairy prod-
ucts), vegetables, and fruits and fruit juices, respectively [705]. Thermal degradation
kinetics of pantothenic acid in extracts of Averrhoa bilimbi fruits showed that increasing the
temperature speeds up the decomposition, which was also linearly time-dependent [727].
Treatment of food with ionizing radiation used as a method for its preservation has in-
significant effects on pantothenic acid content [124,477]. Less pantothenic acid is in food
products based on nixtamalized (i.e., alkali-treated) maize [62,488].

Effects of storage conditions on pantothenic acid amount in milk powders [728] and
in berry juice of Hippophaé rhamnoides (sea buckthorn) [729] have also been studied. The
stability was affected to different extents depending on time, temperature, moisture, and
oxygen presence during storage.

Lower contents of pantothenic acid in frozen foods, compared to those in raw ones,
have been reported; decreases were 18-63% in vegetables, 29-71% in legumes, 7% in
fruits and fruit juices, and 4-55% in fish [672,690,705]. After thawing frozen meat, pan-
tothenic acid, together with other B vitamins, transfer in a drip; amounts of pantothenic
acid from defrosted meat found in the drip were 7% and 33% in pork and in beef, re-
spectively. For prevention of the loss of the vitamin, collection and use of the drip is
recommended [707,730,731].
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Table 10. Pantothenic acid contents in selected foodstuffs.

Food Pantothenic Acid Content (1g/100 g) References
Oat 800-1350 [339,671]
Wheat 950-1200 [339,671]
Rice, brown 660-1860 [61,99,109,339,467]
Rice, white 250-1080 [61,99,109,467,671]
Maize 420-650 [339,671,705]
Rye 1340-1460 [339,512]
Barley 280 [339]
Millet 850 [339]
Sorghum 1550-1630 [468]
Soybean 793-1431 [101,710]
Lentil 1030-1430 [710]
Peanut 1412-1767 [714,715]
Macadamia nut 800 [716]
Pistachio nut 470-500 [716,717]
Hazelnut 900 [716]
Walnut 470-600 [716,717]
Almond 300-471 [716,718-721]
Garlic 596 [101]
Potato 350-440 [98,671]
Carrot 270 [98]
Cabbage 210 [98]
Tomato 290-320 [98,671]
Broccoli 610-1300 [98,671]
Cauliflower 1010-1040 [98,671]
Spinach 280 [98]
Orange 240-370 [671,699]
Avocado 1390-1460 [101,717]
Strawberry 300-370 [98,671,699]
Apple 61-100 [98,101,671]
Pear 70 [699]
White bread 300-460 [99,699]
Brown bread 630-760 [99,699,705]
Pork 500-700 [101,671,722]
Beef 500-750 [101,671,722,723]
Chicken breast 870-1500 [101,724,725]
Liver, beef 7170-7900 [101,671]
Liver, pork 6650-6800 [101,671]
Tuna 230-500 [102,705]
Sardines 690-1090 [102,705]
Oyster mushroom 1300 [470]
Button mushroom 1360 [470]
Baker’s yeasts 4900 [101]
Milk 320-580 [106,471,671,699]
Yogurt 450-500 [106,699]
Cheese, cheddar 413-500 [101,699]
Eggs 1350-1600 [107,671]

Pantothenic acid (mostly in the form of the calcium salt but also as pantothenyl
alcohol) is commercially produced for use in the food, pharmaceutical, and cosmetic sec-
tors, as well as in animal feeds (for the last purpose, about 80% of the produced amount
are used) [671,672,732]. At present, industrial production of pantothenic acid is based
on a combination of chemical and enzymatic reactions. Biocatalytic steps are especially
important for circumventing the expensive and troublesome chemical racemic resolu-
tion of optical isomers because only ®-isomer of pantothenic acid possesses biological
activity [171,671,672,732,733]. Pantothenic acid is obtained via condensation of two key
building block®(R)-pantolactone and f3-alanine. Racemic pantolactone is synthesized
from isobutyraldehyde, formaldehyde, and hydrogen cyanide. Several chemical and mi-
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crobiological methods have been developed for the separation of (R)-pantolactone. One
of the commercialized biocatalytic processes is carried out with immobilized cells of a
fungus Fusarium oxysporum making use of its enzyme lactonase. The enzyme stereoselec-
tively hydrolyzes only (R)-pantolactone into (R)-pantoic acid, which is easily separated
from intact (L)-pantolactone; (R)-pantoic acid is lactonized to (R)-pantolactone and further
converted into (R)-pantothenic acid, and (L)-pantolactone can be recycled via racemiza-
tion [170,671,672,732-734]. For the industrial synthesis of 3-alanine, two processes utilizing
acrylonitrile, ammonia, and sodium hydroxide or acrylic acid and ammonia as starting
materials are mainly used [671]; biotechnological methods (biotransformation and fermen-
tation) as an alternative way for production of 3-alanine have recently drawn research
attention and gained yields that are in reach of the industrial requirements [735-737].

Pantothenyl alcohol (panthenol), which itself has no vitamin activity but is quantita-
tively converted to pantothenic acid in animal and human body [672], is manufactured
by chemical synthesis using (R)-pantolactone and 3-amino-1-propanol as starting materi-
als [671,738]. Significant efforts have been devoted to development of microbial fermenta-
tion for production of pantothenic acid [171,739,740]. The main advantage of that approach
is the direct formation of the desired stereoisomeric form, (R)-pantothenic acid [672]. Promis-
ing achievements as for overproduction of pantothenic acid production were gained with
genetically modified bacteria Escherichia coli, Corynebacterium glutamicum, and Bacillus subtilis,
but no fermentation process has been yet industrialized [171,671,680,732,738,740-748]. De-
spite high productivity of reported fermentations, further work is required to come up with
even more suitable strains, in which the metabolic flux is mainly piped toward pantothenic
acid to ensure a sufficiently high product yield on the consumed carbon source; only so the
fermentation route can become economically competitive to currently used methods for
pantothenic acid manufacturing [738].

Regarding fortification of foods using pantothenic acid, adult human intake of that
vitamin has generally been considered adequate in view of the absence of deficiency in
normal populations and the fact that the daily requirement for pantothenic acid is easily
fulfilled from most natural dietary sources owing to its ubiquitous distribution [99,749].
Pantothenic acid (as calcium pantothenate or sodium pantothenate or dexpanthenol) is
added to various foods (such as milk-based products, breakfast cereals, and rice powders)
to prevent deficiency due to incorrect nutrition or malnutrition or for certain nutritional
requirements (baby foods, e.g., for non-breastfed infants; athletes” products; low-calorie,
reduced-calorie, and vitamin-rich foods) [174,337,671,694,749-753]. Concerning biofortifi-
cation of crops for pantothenic acid, no extensive research has been conducted in exploring
possibilities of enhancing pantothenate levels in plants through breeding or genetic engi-
neering [61,679,680,754].

5.3. Physiological Function of Pantothenic Acid

The vitamin Bs is essential for synthesis of coenzyme A (CoA) and acyl-carrier protein
(ACP) in both yeast and mammalian cells [755]. CoA plays a vital role in many catabolic
and anabolic reactions. It is necessary for synthesis of fatty acids, cholesterol, acetylcholine,
bile acids, and others. It also plays a role in regulation of metabolism and gene expression.
CoA is required for processing large organic molecules, such as lipids, carbohydrates,
and proteins. These reactions generate energy with formation of acylated forms of CoA,
such as acetyl-CoA, succinyl-CoA, propionyl-CoA, isovaleryl-CoA, isobutyryl-CoA, «-
methylbutyryl-CoA, and fatty acyl-CoA [756]. The structure of pantothenic acid and its
derivatives is shown in Figure 14.

ACP is important for synthesis of fatty acids. It is expressed in the inactive form,
apo-ACP. Its activation to holo-ACP requires the attachment of a prosthetic group (the
4'-phosphopantetheinyl moiety). This happens during the reaction with CoA catalyzed
by 4’-phosphopantetheinyl transferase [757]. Average daily recommended intakes of
pantothenic acid are listed below in Supplementary Data Table S3 [412].
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Figure 14. Structure of pantothenic acid, pantetheine, pantethine, and acetyl-CoA.

5.4. Pharmacokinetics of Pantothenic Acid
5.4.1. Absorption

Vitamin Bs occurs in the diet mainly in form of its derivatives 4’-phosphopantetheine
and CoA. In both cases, they must undergo a series of hydrolytic reactions to be converted
to pantetheine or pantothenic acid prior the absorption (Supplementary Data Figure S1).

The first step in conversion of CoA is dephosphorylation to dephospho-CoA by alka-
line phosphatase present in the intestinal lumen, followed by hydrolysis of the
5’-phosphodiester bonds in nucleotides of CoA or dephospho-CoA, to give a rise to phospho-
pantetheine. This reaction is catalyzed by ectonucleotide pyrophosphatase/phosphodiesterase
(ENPP) [756,758]. There are 7 known isoforms of ENPPs. ENPPs 1-5 can hydrolyze diphos-
phate bond, and ENPP 2 is a secreted form, which preferably hydrolyzes phosphodiester
bond in phospholipids. All other forms are transmembrane proteins. ENPPs 1 and 3 are
soluble isoforms which have been detected in almost all tissues but are usually associated
with specific cell types [758,759]. The next step is hydrolysis of phosphopantetheine to pan-
tetheine. This reaction is again catalyzed by alkaline phosphatase. This final transformation
step of pantetheine into pantothenate and cysteamine is under control of substrate specific
pantotheinase presented in the lumen and intestinal tissue [756,758]. This enzyme breaks
downs a single amide bond in pantetheine. There are known three human pantotheinase
isoforms, called vascular non-inflammatory molecules, or, in short, vanins (VNN1-3) [760].
The VNNT1 isoform is present on the apical side of enterocytes, and the same type is also
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present in other tissues with high CoA turnover, such as the hepatocytes and brush borders
of the proximal tubule of the nephron in the kidney, where it helps with salvaging and
recycling of pantothenic acid [761].

The conversion of CoA in serum is similar to conversion in the intestinal lumen;
however, CoA in serum could be hydrolyzed directly to phosphopantetheine by ENPP1 or
ENPP3 prior to previous dephosphorylation [756].

An earlier rat study reported that uptake of pantothenate and pantetheine takes place
in the small intestine via passive diffusion, which is mainly possible in higher vitamin
concentrations [760,762]. Later studies with lower concentrations of pantothenic acid,
however, have shown that the absorption occurs by a saturable sodium-dependent mul-
tivitamin transporter (SMVT) [701,763] (Figure 15). This transport system belongs to the
Na*-dependent glucose transporter family, and it also carries biotin, its certain analogues,
and lipoate. The transporter primarily interacts with a long side-chain side of molecules
containing the carboxyl group, and such moiety is present in all mentioned substances.
The transport is electrogenic with Na*: pantothenate coupling ratio 2:1. Na* is crucial, and
it cannot be replaced by other cations. The affinity constant for pantothenate transport
is ~2 uM [763].

pantethine pantothenate

Intestinal lumen

passive diffusion

it

‘L’ v v

pantothenate

SMVT

v Blood vessels

pantothenate

Figure 15. Membrane transport in the small intestine. SMVT, sodium-dependent multivitamin
transporter.

Similarly, as in the small intestine, pantothenic acid is absorbed in the colon via
the same transporter SMVT. There are, however, no data regarding the mechanism of
pantothenic acid transport from the enteric cells via the intestinal basolateral membrane
into the bloodstream [701].

Shibata et al. (1983) detected only a 5.4 + 3.5% of dose in the intestinal lumen
and 10.1 + 4.1% in the intestinal tissue 5 h after administration of the radiolabeled *C-
pantothenate into the intestinal lumen. Hence, most of the pantothenic acid was absorbed
and distributed [760].

The pantethine (disulfide derivative of pantothenic acid and stable form of panteth-
eine) is hydrolyzed to pantetheine and, subsequently, to pantothenate during passing the
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intestinal wall to a considerable extent (80%) [764,765]. Indeed, pantothenate, but not
pantethine (below detectable levels < 5-10%), was reported in plasma of patients suffering
from cystinosis [765]. At least according to 24-h urine rate excretion of pantothenic acid,
pantethine had about 1.5 higher rate of absorption compared to calcium pantothenate in
rats [764].

5.4.2. Distribution

Pantothenate is transported in blood in the free form, and it does not bind to albu-
min [766]. It is rapidly taken up by tissues and red blood cells. In fact, its levels in red blood
cells are higher than in plasma/serum [767]. The transport into red blood cells is mediated
by passive diffusion. Both the uptake and efflux are non-saturable and are not affected
by presence of different Na* and glucose concentrations, nor pH. Erythrocytes have only
a limited ability to metabolize pantothenate; therefore, it is probable that they are used
only as a transporter of pantothenate to other tissues. In red blood cells, pantothenic acid
could be converted to 4’-phosphopantothenic acid, but not further to CoA [768]. Therefore
pantothenic acid is transported in the form of pantothenate, 4’-phosphopantothenic acid
and pantetheine in the red blood cells [760,768]. The uptake into different tissue, e.g., liver,
lungs, kidney, heart, adipose tissue, and placenta, is via SMVT [769,770]. This transporter
also enables the transport through the blood brain barrier [771].

In addition,, distribution studies in rats, where radiolabeled pantothenate was ad-
ministered directly into the intestinal lumen, confirmed that vitamin Bs is concentrated in
tissues, and only a low dose remains in the blood. The highest quantity of the dose was
detected in muscles (34.7 £ 2.5% of dose) with lower amounts also in the liver (12.1 4 2.2%),
the kidney (5.2 £ 0.7%), and the colon (4.2 &+ 0.3%). The amount in other organs (the heart,
stomach, testis, brain, and lung) was around or below 1% [760].

5.4.3. Metabolism

The homeostasis of vitamin B is assured with 3 known sources: diet, microbial pro-
duction, and degradation of endogenous CoA. The intracellular conversion of pantothenic
acid to CoA is shown in Figure 16.

5.4.4. Excretion

Pantothenic acid is mainly excreted via urine. Filtered pantothenic acid is reabsorbed
through the brush border in proximal tubules via SMVT at physiological concentrations.
This was proven in experiments with rat kidney membrane vesicles incubated with pan-
tothenic acid in presence of NaCl in different concentration gradients. The transport via
SMVT in the kidney is saturable (Ky 7.30 uM and Viax 34.8 pmol/mg protein per min)
and could be inhibited by structurally similar compounds (4'-phosphopantothenate and
4'-phosphopantetheine) [766].

At higher concentrations, pantothenic acid undergoes tubular secretion. The secretory
mechanism is the same as for penicillin, which can inhibit this process [766]. Logically,
probenecid is also blocking this process [772].

Perfusion rat kidney studies found that panthothenic acid is metabolized in the kidney
tissue to CoA (4.9 = 0.9%), dephospho-CoA (6.3 & 3.1%), pantetheine (8.0 £ 1.2%), and
4'-phosphopantetheine (9.5 + 2.9%), but only the pure acid is excreted in the urine [766].
The excretion of pantothenic acid in urine was relatively slow in humans after i.m. applica-
tion of 20 mg of calcium pantothenate since only 21.3 & 1.5% was eliminated after 6 h [773].
The degree of urinary excretion of vitamin Bs is apparently dependent on the amount of the
vitamin in the diet. Its excretion was relatively high, ranging from 60 to 72%, suggesting
that its content in the diet is mostly sufficient [767,774,775].
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Figure 16. CoA biosynthesis. The five-step pathway starts with phosphorylation of pantothenic acid
to 4’-phosphopantothenate by pantothenate-kinase (PANK). Then, 4’-phosphopantothenate conden-
sates with cysteine. This reaction is catalyzed by phosphopantothenoylcysteine synthetase and gives
rise to N-[(R)-4’-phosphopantothenoyl]-L-cysteine. This product is subsequently decarboxylated in
presence of phosphopantothenoylcysteine decarboxylase to generate phosphopantetheine. Last two
steps consist of phosphorylation of 4’-phosphopantetheine to form dephosphopantetheine and phos-
phorylation of 3'-hydroxy group of ribose to form CoA. Both reactions are catalyzed by an enzyme
called COASY, which exhibit two enzymatic activities: 4’-phosphopantetheine adenyltransferase
(catalyzes the fourth reaction) and dephospho-CoA kinase (catalyzes the fifth reaction).
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5.5. Pantothenic Acid Deficiency

Vitamin By deficiency is generally rare since the vitamin is present in various foods, but
it could be observed in people and animals with severe malnutrition. However, due to multi-
nutrient deficiency, it is quite challenging to identify manifestations of deficiency specific for
vitamin Bs. For this reason, some experimental vitamin Bs deficiency studies were performed:
Human subjects or animals received a diet devoid of pantothenic acid, or their diet was
supplemented with a vitamin antagonist, w-methylpantothenic acid (a pantothenate kinase
inhibitor), or a combination of these approaches was employed [776-780]. Analytical methods
for detection of vitamin Bs are summarized in Table 3 and in Supplementary Data Table S1.

5.5.1. Symptoms of Vitamin Bs Deficiency in Animals

The most common symptoms of pantothenic acid deficiency in animals are growth
problems, skin rash, gastrointestinal and nervous symptoms, such as ataxia, loss of co-
ordination, and muscle weakness. Similar symptoms appeared also in human studies.
Symptoms are described in more detail in Table 11.

Pantothenic acid deficiency in rats can cause breeding problems and failure of embryo
implementation with subsequent resorption [781]. The deficiency throughout pregnancy
has an impact on endocrine function of the placenta, which is linked to a lower production
of progesterone and acetylcholine, and underdevelopment of fetuses [782]. Among the
reported abnormalities belong: cerebral and eye defects, digital hemorrhages and edema,
interventricular septal defects, anomalies of the aortic arch pattern, hydronephrosis and
hydroureter, clubfoot, tail defects, cleft palate, and dermal defects [781].

The impact of pantothenic acid-free diet on kinetic of CoA is of interest. As expected,
the deficient diet results in marked drops of CoA content in the rat liver, adrenal gland,
kidney, and heart. The decrease was, however, immediate only in the adrenal gland,
while there was a 3-week lag period for depletion in the other tissue. The drop was
gradual but not excessive, since 35-40% of normal content remained in tissues during
another 6 weeks. In ducklings, the first signs of deficiency were observed after 10-15 days.
The level of CoA in the liver and the heart were measured from 5th day of experiment
when it rapidly decreased to 40% of the normal values. The liver of both experimental
animals showed decreased ability to utilize pyruvate [783]. Data on liver steatosis are
ambiguous. Pantothenic acid-deficient dogs developed fatty livers, while fatty liver was
not observed in pantothenic acid deficient rats, even those fed a high-cholesterol diet (1%
cholesterol) [784,785]. It should be, however, be mentioned that these rats were resistant to
fat liver deposition and the level of serum and liver cholesterol was only slightly elevated
compared to controls [785].

5.5.2. The Symptoms of Vitamin Bs Deficiency in Human Subjects

Humans administered with a vitamin Bs antagonist w-methyl pantothenic acid de-
veloped personality changes with irritability, restlessness, and quarrelsomeness. Similar
symptoms developed in humans on a diet deficient in vitamin Bs content (8 weeks) [776].
An analogous experiment was performed, as well, by Fry et al., in 1976, who tested the
effect of a diet essentially free from pantothenic acid on human health. In that study,
however, no clinical symptoms of deficiency were observed, but some subjects appeared
listless and complained of fatigue at the end of diet deficient period (63 days) [786].

Lower levels of pantothenic acid were also detected in some brain regions affected
by Alzheimer’s disease compared with controls. It is still unknown whether vitamin Bs
depletion participates in the pathophysiology or if this is simply a consequence of the
underlying neuropathological process [787].

5.5.3. Mutation of Pantothenate Kinase 2

Symptoms of pantothenic acids shortage are also traceable in individuals with mu-
tation of pantothenate kinase 2 [788]. Three active isoforms (PANK1x, PANK1(3, PANK2,
and PANKS3) are known for pantothenate kinase (PANK), and they are located in different
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cellular compartments (mitochondria, cytosol, and nucleus). There is also one inactive form,
PANK4, which has a weak phosphatase activity towards 4'-phosphopantetheine [756,758].
PANK is essential for phosphorylation of panthothenate (Figure 16) and subsequent for-
mation of phosphopantothenate which condensates with cysteine in the next step in CoA
biosynthesis. PANK?2 isoform is the only one from PANKSs located in the mitochondria.
The mutation of PANK2 leads to pantothenate kinase-associated neurodegeneration. Phos-
phopantothenate is not produced, and cysteine is accumulated in globus pallidus where
it binds iron, causing tissue damage by promoting oxidative stress, which results in neu-
rodegeneration, and increases the risk of Parkinson’s disease and other oxidative stress
disorders [788]. The pantothenate kinase-associated neurodegeneration has two forms,
classic and atypical. The classic form is characterized by an early onset (before 6 years old)
and rapid progression. Among the clinical features belong gait and postural disbalance,
limb spasticity and spinal deformity, dystonia, choreoathetosis, retinitis pigmentosa, and
bulbar dysfunction. Rarely described are also parkinsonism and neuropsychiatric features.
First manifestation of an atypical type can appear at different ages, with a range from
1 to 28 years of life. Some signs overlap with the classic form, but the atypical form is
less aggressive, and most individuals remain without serious motility derangement into
adulthood [789-791].

5.6. Pharmacological Use of Pantothenic Acid
5.6.1. Triacylglycerols, Cholesterol

The impact on lipid metabolism was studied in many clinical studies. Pantethine was
used instead of pantothenic acid since its effect on inducing liver synthesis of CoA was
higher in animal studies: Pantethine (0.1%) increased synthesis of CoA by 45% in rat liver
homogenates, while pantothenic acid in an equivalent amount did not. Further, the level
of FFA was decreased after the administration of 0.1% pantethine during 2 weeks in rats.
Again, this effect was not observed when pantothenate was administered [804].

In clinical studies, the doses of pantethine reached 600 or 900 mg/day and were
administered to patients suffering from different forms of dislipidemia; in some studies,
patients with diabetes mellitus were also included. Most of these studies proved a lowering
effect on triacylglycerols, LDL, and VLDL, while HDL level rose or was unchanged.

In patients with low to moderate cardiovascular risk, with a therapeutic lifestyle and
change of diet enriched with pantethine during 16 weeks (600 mg/day from weeks 1-8 and
900 mg/day from weeks 9-16), a significant decrease in total cholesterol at 16 week and
LDL cholesterol in 8-16 weeks compared to placebo was observed. The decreasing trend
was also evident in non-high-density-lipoprotein cholesterol at weeks 8 and 12, which
reached significance at 16 weeks. The level of CoQ10 significantly increased above the
baseline in both groups, and homocysteine level did not change [805].

Similarly, in patients with mixed hyperlipidemia, who received 300 mg of pantethine
3 times daily during 8 weeks, a significant lowering of total and LDL cholesterol of 13.5%
(for both) and a 10% rise in HDL cholesterol at the end of the treatment was observed. The
level of blood triglycerides was reduced by 30% compared with placebo [806].

Decreases in cholesterolemia, triglyceridemia, LDL cholesterol, and apolipoproteins B
and increases in HDL cholesterol and apolipoproteins A were also reported in a 3 month-
study with hypercholesterolemic and/or hypertriglyceridemic patients, with or without
diabetes mellitus, receiving 600 mg/day of pantethine orally, to compare with their basal
values [807].
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Table 11. Symptoms of pantothenic acid deficiency.

Symptoms

Sources

Growth: retardation, decrease in weight

Skin and mucosa: ruffing and discoloration of the fur, thinning of hair,
alopecia, dryness of the skin with scaly desquamation, nasal discharge,

Rodents watering of the eyes
(rz?ts, miFe, Digestive track: diarrhea, duodenal changes (Lieberkiihn crypts—enlargement,
guinea pigs) h lasia. i . bet ts. atrophy: villi diminuti [778,779,783,792-796]
yperplasia, increase in space between crypts, atrophy; villi diminution,
epithelial changes to cuboid or flat, leading to ulcerations, perforation and
chronic lesions), salivation
Nervous system: muscle weakness of the hind legs, convulsions, coma
Glands: adrenal lesions
Growth: retardation, decrease in weight
Skin: scaly dermatitis, skin lesions, scabs around beak and eyes, feather
Birds depigmentation, dermal edema
(ducklings and chicks) Nervous system: severe ataxia, tendency to fall and inability to rise and [783,797-799]
laying panting
Glands: lymphoid cell necrosis in the bursa of Fabricius and the thymus, and a
lymphocytic paucity in the spleen
Growth: failure to gain in weight, loss of appetite
Skin: loss of hair, roughness of the coat
Pigs Digestive track: diarrhea, severe colonic lesions [800-802]
Nervous system: ataxia, lesions in sensory neurons, sudden lifting one of the
limbs from the ground, unusual walk, inability to walk or stand
Respiratory system: cough and nasal secretion
Growth: retardation
Nervous system: sudden weakness, coma, rapid respiratory and heart rate,
convulsions, spasticity of the hind legs
Digestive track: decreased appetite, gastrointestinal symptoms, gastritis
DOgS or enteritis [784,803]
Glands: fatty liver, mottled thymusis
Blood: blood level of glucose and chlorides were lower and non-protein
nitrogen was elevated
Urinary system: hemorrhagic kidney degeneration
Nervous system: headache, irritability, restlessness, quarrelsomeness,
excessive fatigue, numbness, paresthesia, muscle cramps, faulty coordination
associated with tremor and peculiar gait
Humans [776]

Digestive track: abdominal rumbling, diarrhea, epigastric
burning, regurgitation

Glands: loss of eosinophilic response to adrenocorticotropic hormone,
increased sensitivity to insulin

In addition, a post-registration surveillance study confirmed drops in LDL cholesterol
and triglyceride levels with an increase in HDL cholesterol compared with basal values in
hyperlipidemic and diabetes mellitus of II type patients. The effect in insulin-dependent
diabetes mellitus (type I) patients was confirmed only for total cholesterol. In general,
longer duration of treatment led to a more pronounced effect [808]. The progressive and
significant reduction of triacylglycerols, VLDL, and LDL was also observed in study focused
on treatment hyperlipidemia in type I and type II diabetic patients undergoing peritoneal
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dialysis at 2, 4, and 6 months compared with baseline values. The HDL cholesterol, however,
did not change [809].

5.6.2. Cystinosis

Pantethine is a source of cysteamine and, therefore, could be suggested in treatment
of nephropathic cystinosis. Cysteamine effectively reduces cystine content in cystinotic
cells by entering cystinotic lysosomes and reducing cystine to cysteine and cysteamine-
cysteine mixed disulfide, which can freely leave lysosomes [765,810]. Leukocyte cystine
depletion serves as an indicator for treatment of cystinosis. Cysteamine can deplete >90%
of leukocyte cystine. In a study where pantethine was administered to four children with
nephropatic cystinosis in dose of 70-1000 mg/kg orally, cystine was depleted from the
leukocytes less effectively (no more than 80% was achieved). Due to this, pantethine could
not be recommended for treatment of nephropathic cystinosis, but it could be used in case
of cysteamine intolerance [765].

5.6.3. Skin Disorders
Acne

The impact of orally administered pantothenic acid on mild and moderate acne
vulgaris was tested in 10 men and women (average age of 31.8 & 8.4). The pantothenic
acid (2.2 g/day) was administered along with other vitamins (thiamine, riboflavin, niacin,
pyridoxine, folic acid, cyanocobalamin, biotin, and L-carnitine). There was a significant
reduction in lesion count from baseline 20.45 & 10.44 to 11.18 & 6.38 after eight weeks of
treatment. Sixty percent of subjects reported a marked improvement, and 30% reported
slight improvement, while one of the subjects reported no change [811]. The randomized,
double blind placebo-controlled study proved the effectiveness of the same product on
reduction of global facial lesions count [812].

Topical Treatment (Eyes, Nose Mucosa, Skin)

The reduced form of vitamin Bs dexpanthenol (D-panthenol) is mainly used for topical
treatment of skin and mucous lesions. Its effects are, however, likely not related to the
physiological function of vitamin Bs but are mediated by its moisturizing effect, which is
based on its hygroscopic property. It could be used topically as a cream, emollient, drops,
gel, lotion, oil, ointment, solution, and spray in concentration of 2-5% [813]. Dexpanthenol
protects epithelium and promotes cellular proliferation. During the wound healing, it helps
to recover the epidermal barrier function, has anti-inflammatory activity, and supports
wound closure [814].

The healing properties of dexpanthenol-containing cream (5%) were confirmed on
superficial skin lesions caused by application of 5% sodium lauryl sulfate solution for
4 h. One week, twice daily cream application led to a significant enhancement of stratum
corneum hydration, as well as reduction in skin roughness and inflammation [815]. Other
studies confirmed the effect of dexpanthenol containing emollient on sodium dodecyl
sulfate (0.5%) induced skin barrier dysfunction. Dexpanthenol improved skin hydration
and increased ceramide 3, as well as FFA and cholesterol content, in the stratum corneum,
and it also supported recolonization of the skin with commensal bacteria [816].

Dexpanthenol in ointment with petroleum jelly led to a significantly faster and pro-
nounced reduction of skin lesions size and better re-epithelialization of ablative CO, laser
photo-damaged skin than the petroleum-jelly cream itself [817]. Protective effect of an
ointment with dexpanthenol (5%) was also seen in combination with zinc oxide in irritant
diaper dermatitis in comparison to the control ointment base [818]. Two-week administra-
tion of dexpanthenol 5% water-oil formulations 4-8 time daily restored the skin barrier of
freshly tattooed skin. The disadvantage of this study is that the effect was not compared
with a control group [819].
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In treatment of atopic dermatitis in children, dexpanthenol (5%) ointment exerted
equal effectiveness to hydrocortisone (1%) ointment and, therefore, can be used as alterna-
tive to treatment of mild and moderate atopic dermatitis [820].

Use of dexpanthenol cream (5%) on treatment of traumatic nipples of breastfeed-
ing mothers had the same therapeutic effect in comparison with pure lanolin or 0.2%
peppermint oil creams administered every 8 h for 14 days [821].

The application of 2% dexpanthenol drops on corneal epithelial wounds after surface
laser ablation only induced little effect on corneal epithelial regeneration, and, in gen-
eral, the effect was of minimal clinical relevance after 2 months of use [822]. However,
dexpanthenol has been found to be effective in treatment of dry eye, where it exerted
superior improvement in disturbances of corneal epithelium permeability comparing with
dexpanthenol-free drops [823].

Dexpanthenol is also added to topical nasal decongestant (sprays and droplets) con-
taining a-sympathomimetics to treat acute allergic or non-allergic rhinitis or after nasal
surgery. A combined preparation of oxymethazoline (0.05%) with dexpanthenol (5%)
showed a better efficacy than xylomethazoline (0.1%) alone in patients with acute allergic
rhinitis or with post-nasal surgery. The relief in nasal congestion was significantly better,
recovery time was shorter, and significant improvements in sneezing, nasal discharge, and
irritation were also observed [824]. Similarly, addition of dexpanthenol to xylometazo-
line significantly reduced nasal obstruction, rhinorrhea, hyperplasia of nasal concha, and
redness of the nasal mucous membrane compared with xylometazoline alone [825,826].

5.7. Toxicity of Pantothenic Acid
5.7.1. Acute Toxicity

Vitamin Bs apparently has a very low toxicity. Oral administration of 1 g/kg of
calcium pantothenate to dogs and monkeys was not associated with any symptom of
toxicity, which was confirmed by the absence of any pathological changes in examinated
organs. Indeed, LDs( in mice and rats following oral, subcutaneous, intraperitoneal, and
intravenous application were high. The LDsg for mice was 10 g/kg (oral), 2.7 g /kg (s.c.),
0.92 g/kg (i.p.), and 0.91 g/kg (i.v.). The rats survived the orally administered dose of
10 g/kg without showing any toxic symptoms, and the others’ respective LDsgs were
3.5g/kg (s.c.), 0.82 g/kg (i.p.), and 0.83 g/kg (i.v.). The lethal dose caused respiratory
failure during two hours following i.v. and i.p. administration and during 6-12 h after oral
and s.c. application [827].

5.7.2. Chronic Toxicity

Similarly, chronic toxicity of vitamin Bs is very low; hence, this vitamin is generally
considered safe. No symptoms of chronic toxicity nor pathological organ changes were
detected in rats fed by 50 or 200 mg/daily of calcium pantothenate during 190 days nor
in dogs (daily dose 50 mg/kg) and in monkeys (1 g daily for 4-5 kg body weight) fed for
6 months [827].

No tolerable upper intake limit for pantothenic acid has been established due to a
lack of toxicity reports. Only massive doses of calcium pantothenate (10-20 g/day) can
cause mild diarrhea in humans [828]. Pantethine is also well tolerated. In some studies, no
side effects were reported at all [807]. Few patients treated with high doses of pantethine
(900 mg/day) complained to mild gastric discomfort and pruritus [808,809]. There is one
case report of eosinophilic pleurocardial effusion in a 76-year-old woman, who consumed
vitamin Bs (300 mg/day) and vitamin H (10 mg/day) for two months. She was hospitalized
with chest pain and breathing problems. Blood tests showed an inflammatory syndrome
with a high eosinophil concentration (1200-1500 cells/mm?) [829].

6. Conclusions

This article summarized the information of 4 vitamins of the B-complex. These
vitamins have many similar properties, ranging from their water solubility associated with
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significant losses when boiling their food sources through the need of specific transporters,
their storage in erythrocytes, and urinary excretion, to their safety (Table 12). Concerning
the last, the only exception is one form of vitamin B, nicotinic acid, which can cause several
side effects but can be, on the other hand, administered as a suitable drug for the treatment
of hyperlipidemia. Contrarily, the use of other, here described, vitamins is unambiguously
beneficial only in cases of hypovitaminosis or specific states associated with functional lack
of the vitamin. Due to their low, or even non-existent, toxicity, however, they have been
investigated for many possible indications.

Table 12. Selected common biological properties of described vitamins.

Vitamin Transport Blood Storage Excretion Toxicity/Adverse Effects
oo i + . :
Thiamine transpo'rter r'nedl'a ted erythrocytes—as TPP urinary none/minor
passive diffusion
Riboflavin transporter mediated erythrocytes—as FAD urinary none/minor
None/minor with exception of
. high doses of nicotinic acid but
o transporter mediated + . . . .
Niacin erythrocytes urinary not of nicotinamide which can

passive diffusion cause flushing, headache, lactic

acidosis or hepatotoxicity

Pantothenic acid

transporter mediated +

passive diffusion erythrocytes Urinary none/minor

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/nu14030484 /s1. Table S1: Detailed summary of methods for determination of vitamin B;_s5
in human biological materials; Table S2: Brief overview of human flavoproteins; Table S3: Average
recommended intake of pantothenic acid for different age groups; Figure S1: Hydrolytic reactions
leading to release of vitamin Bs.
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