
6 Vitamins

6.1 Foreword

Vitamins are minor but essential constituents of
food. They are required for the normal growth,
maintenance and functioning of the human body.
Hence, their preservation during storage and pro-
cessing of food is of far-reaching importance.
Data are provided in Tables 6.1 and 6.2 to illus-

Table 6.1. Vitamin losses (%) through processing/canning of vegetables

Vitamin losses as % of freshly cooked
and drained product

Processed/ Samples of
canned product vegetable analyzed A B1 B2 Niacin C

Frozen products
(cooked and drained) 10a 12c 20 24 24 26

0−50d 0–61 0–45 0–56 0–78
Sterilized products
(drained) 7b 10 67 42 49 51

0–32 56–83 14–50 31–65 28–67

a Asparagus, lima beans, green beans, broccoli, cauliflower, green peas, potatoes,
spinach, brussels sprouts, and baby corn-cobs.

b As under a) with the exception of broccoli, cauliflower and brussels sprouts;
the values for potato include the cooking water.

c Average values.
d Variation range.

Table 6.2. Vitamin loss (%) through processing/canning of fruits

Processed/canned Fruit samples Vitamin losses as % of fresh product
product analyzed

A B1 B2 Niacin C

Frozen products
(not thawed) 8a 37c 29 17 16 18

0–78d 0–66 0–67 0–33 0–50
Sterilized products
(including the cooking water) 8b 39 47 57 42 56

0–68 22–67 33–83 25–60 11–86

a Apples, apricots, bilberries, sour cherries, orange juice concentrate (calculated for
diluted juice samples), peaches, raspberries and strawberries.

b As under a) except orange juice and not its concentrate was analyzed.
c Average values.
d Variation range.

trate vitamin losses in some preservation methods
for fruits and vegetables. Vitamin losses can oc-
cur through chemical reactions which lead to in-
active products, or by extraction or leaching, as in
the case of water-soluble vitamins during blanch-
ing and cooking.
The vitamin requirement of the body is usually
adequately supplied by a balanced diet. A defi-
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ciency can result in hypovitaminosis and, if more
severe, in avitaminosis. Both can occur not only
as a consequence of insufficient supply of vita-
mins by food intake, but can be caused by distur-
bances in resorption, by stress and by disease.
An assessment of the extent of vitamin supply can
be made by determining the vitamin content in
blood plasma, or by measuring a biological activ-
ity which is dependent on the presence of a vita-
min, as are many enzyme activities.
Vitamins are usually divided into two general
classes: the fat-soluble vitamins, such as A, D, E
and K1, and the water-soluble vitamins, B1, B2,
B6, nicotinamide, pantothenic acid, biotin, folic
acid, B12 and C.
Data on the desirable human daily intake of some
vitamins are presented by age group in Table 6.3.

6.2 Fat-Soluble Vitamins

6.2.1 Retinol (Vitamin A)

6.2.1.1 Biological Role

Retinol (I, in Formula 6.1) is of importance in
protein metabolism of cells which develop from
the ectoderm (such as skin or mucouscoated lin-
ings of the respiratory or digestive systems). Lack
of retinol in some way negatively affects epithe-
lial tissue (thickening of skin, hyperkeratosis) and
also causes night blindness.

(6.1)

Furthermore, retinol, in the form of 11-cis-retinal
(II), is the chromophore component of the visual
cycle chromoproteins in three types of cone cells,
blue, green and red (λmax 435, 540 and 565 nm,
respectively) and of rods of the retina.

Fig. 6.1. Schematic representation of the visual cyle

The chromoproteins (rhodopsins) are formed
in the dark from the corresponding proteins
(opsins) and 11-cis-retinal, while in the light the
chromoproteins dissociate into the more stable
all-trans-retinal and protein. This conformational
change triggers a nerve impulse in the adjacent
nerve cell. The all-trans-retinal is then converted
to all-trans-retinol and through an intermedi-
ary, 11-cis-retinol, is transformed back into
11-cis-retinal (see Fig. 6.1 for the visual cycle
reactions).

6.2.1.2 Requirement, Occurrence

The daily requirement of vitamin A (Table 6.3)
is provided to an extent of 75% by retinol intake
(as fatty acid esters, primarily retinyl palmitate),
while the remaining 25% is through β-carotene
and other provitaminactive carotenoids. Due to
the limited extent of carotenoid cleavage, at least
6 g of β-carotene are required to yield 1 g retinol.
Vitamin A absorption and its storage in the liver
occur essentially in the form of fatty acid esters.
Its content in liver is 250 µg/g fresh tissue, i. e.
a total of about 240–540 mg is stored. The liver
supplies the blood with free retinol, which then
binds to proteins in blood. The plasma concen-
tration of retinol averages 1.78 µmol/l in women
and 2.04 µmol/l in men.
A hypervitaminosis is known, but the symptoms
disappear if the intake of retinal is decreased.
Vitamin A occurs only in animal tissue; above all
in fish liver oil, in livers of mammals, in milk fat
and in egg yolk. Plants are devoid of vitamin A
but do contain carotenoids which yield vitamin A
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by cleavage of the centrally located double bond
(provitamins A). Carotenoids are present in al-
most all vegetables but primarily in green, yellow
and leafy vegetables (carrots, spinach, cress, kale,
bell peppers, paprika peppers, tomatoes) and in
fruit, outstanding sources being rose hips, pump-
kin, apricots, oranges and palm oil, which is often
used for yellow coloring. Animal carotenoids are
always of plant origin, derived from feed.
Table 6.7 gives the vitamin A content of some
common foods. These values can vary greatly
with cultivar, stage of ripeness, etc. An accurate
estimate of the vitamin A content of a food must
include a detailed analysis of its carotenoids.

6.2.1.3 Stability, Degradation

Food processing and storage can lead to 5–40%
destruction of vitamin A and carotenoids. In the
absence of oxygen and at higher temperatures, as
experienced in cooking or food sterilization, the
main reactions are isomerization and fragmenta-
tion. In the presence of oxygen, oxidative degra-
dation leads to a series of products, some of which
are volatile (cf. 3.8.4.4). This oxidation often par-
allels lipid oxidation (cooxidation process). The
rate of oxidation is influenced by oxygen partial
pressure, water activity, temperature, etc. Dehy-
drated foods are particularly sensitive to oxidative
degradation.

6.2.2 Calciferol (Vitamin D)

6.2.2.1 Biological Role

Cholecalciferol (vitamin D3, I) is formed from
cholesterol in the skin through photolysis of
7-dehydrocholesterol (provitamin D3) by ultra-
violet light (“sunshine vitamin”; cf. 3.8.2.2.2).
Similarly, vitamin D2 (ergocalciferol, II; cf.
Formula 6.2) is formed from ergosterol.
Vitamin D2 and D3 are hydroxylated first in
the liver to the prohormone 25-hydroxychole-
calciferol (calcidiol) and subsequently in the
kidney to the vitamin D hormone 1α ,25-dihy-
droxycholecalciferol (calcitriol). Calcitriol acts
as an inductor of proteins in various organs. It
promotes calcium resorption in the intestine and

an optimal calcium concentration in the kidney
and in the bones, it induces the synthesis of
proteins involved in the structure of the bone
matrix and in calcification.
Vitamin D deficiency can result in an increased
excretion of calcium and phosphate and, con-
sequently, impairs bone formation through
inadequate calcification of cartilage and bones
(childhood rickets). Vitamin D deficiency in
adults leads to osteomalacia, a softening and
weakening of bones. Hypercalcemia is a result
of excessive intake of vitamin D (>50 µg/day),
causing calcium carbonate and calcium phos-
phate deposition disorders involving various
organs.

(6.2)

6.2.2.2 Requirement, Occurrence

The daily requirement is shown in Table 6.3. In-
dicators of deficiency are the concentration of the
metabolite 25-hydroxycholecalciferol in plasma
and the activity of alkaline serum phosphatase,
which increases during vitamin deficiency.
Most natural foods have a low content of vita-
min D3. Fish liver oil is an exceptional source
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of vitamin D2. The D-provitamins, ergosterol
and 7-dehydrocholesterol, are widely distributed
in the animal and plant kingdoms. Yeast, some
mushrooms, cabbage, spinach and wheat germ
oil are particularly abundant in provitamin D2.
Vitamin D3 and its provitamin are present in egg
yolk, butter, cow’s milk, beef and pork liver,
mollusks, animal fat and pork skin. However,
the most important vitamin D source is fish oil,
primarily liver oil. The vitamin D requirement of
humans is best supplied by 7-dehydrocholesterol.
Table 6.7 gives data on vitamin D occurrence
in some foods. However, these values can vary
widely, as shown by variations in dairy cattle
milk (summer or winter), caused by feed or
frequency of pasture grazing and exposure to the
ultraviolet rays of sunlight.

6.2.2.3 Stability, Degradation

Vitamin D is sensitive to oxygen and light. Its sta-
bility in food is not a problem, because adults usu-
ally obtain a sufficient supply of this vitamin.

6.2.3 α-Tocopherol (Vitamin E)

6.2.3.1 Biological Role

The various tocopherols differ in the number
and position of the methyl groups on the ring.
α-Tocopherol (Formula 6.3; the configuration at
the three asymmetric centers, 2, 4′ and 8′, is R)
has the highest biological activity (Table 6.4).
Its activity is based mainly on its antioxidative
properties, which retard or prevent lipid oxidation
(cf. 3.7.3.1). Thus, it not only contributes to the
stabilization of membrane structures, but also
stabilizes other active agents (e. g., vitamin A,
ubiquinone, hormones, and enzymes) against
oxidation. Vitamin E is involved in the conver-
sion of arachidonic acid to prostaglandins and
slows down the aggregation of blood platelets.
Vitamin E deficiency is associated with chronic
disordes (sterility in domestic and experimental
animals, anemia in monkeys, and muscular
dystrophy in chickens). Its mechanism of action
is not fully elucidated.

Table 6.4. Biological activity of some tocopherols

Tocopherol (T) Vitamin E activity

In IU/mga Conversion
factorb

2R,4′R,8′R-α-T 1.49 1.00
2S,4′R,8′R-α-T 0.46 0.31
2R,4′R,8′S-α-T 1.34 0.90
2S,4′R,8′S-α-T 0.55 0.37
2R,4′S,8′S-α-T 1.09 0.73
2S,4′S,8′R-α-T 0.31 0.21
2R,4′S,8′R-α-T 0.85 0.57
2S,4′S,8′S-α-T 1.10 0.60
2R,4′R,8′R-α-

Tocopheryl acetate 1.36 0.91
all-rac-α-T 1.10 0.74
all-rac-α-

Tocopheryl acetate 1.00 0.67
all-rac-β -T 0.30 0.20
all-rac-γ-T 0.15 0.10
all-rac-δ -T 0.01
a International units (IU) per mg substance.
b Conversion factor from mg substance to mg α-
tocopherol equivalents.

Table 6.5. Requirement of tocopherol equivalents (TE)
on supply of unsaturated fatty acids

Fatty acid TE
(mg/g fatty acid)

Monoene acids 0.06
Diene acids 0.4
Triene acids 0.8
Tetraene acids 1.0
Pentaene acids 1.2
Hexaene acids 1.45

6.2.3.2 Requirement, Occurrence

The daily requirement is given in Table 6.3. It
increases when the diet contains a high content
of unsaturated fatty acids (cf. Table 6.5). A nor-
mal supply results in a tocopherol concentration
of 12–46 µmol/l in blood plasma.
A level less than 0.4 mg/100ml is considered
a deficiency.
Section 3.8.3.1 and Table 6.7 provide data on
the tocopherol content in some foods. The main
sources are vegetable oils, particularly germ oils
of cereals.
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(6.3)

6.2.3.3 Stability, Degradation

Losses occur in vegetable oil processing into mar-
garine and shortening. Losses are also encoun-
tered in intensive lipid autoxidation, particularly
in dehydrated or deep fried foods (Table 6.6).

Table 6.6. Tocopherol stability during deep frying

Toco- Loss
pherol (%)
total
(mg/
100 g)

Oil before deep frying 82
after deep frying 73 11

Oil extracted from potato chips
immediately after production 75
after 2 weeks storage

at room temperature 39 48
after 1 month storage

at room temperature 22 71
after 2 months storage

at room temperature 17 77
after 1 month kept at −12 ◦C 28 63
after 2 months kept at −12 ◦C 24 68

Oil extracted from French fries
immediately after production 78
after 1 month kept at −12 ◦C 25 68
after 2 months kept at −12 ◦C 20 74

6.2.4 Phytomenadione
(Vitamin K1 Phylloquinone)

6.2.4.1 Biological Role

The K-group vitamins are naphthoquinone
derivatives which differ in their side chains.
The structure of vitamin K1 is shown in For-
mula 6.4. The configuration at carbon atoms

7′ and 11′ is R and corresponds to that of
natural phytol. Racemic vitamin K1 synthesized
from optically inactive isophytol has the same
biological activity as the natural product. Vi-
tamin K is involved in the post-translational
synthesis of γ-carboxyglutamic acid (Gla) in
vitamin K-dependent proteins. It is reduced to the
hydroquinone form (Formula 6.4) which acts as
a cofactor in the carboxylation of glutamic acid.
In this process, it is converted to the epoxide from
which vitamin K is regenerated. Blood clotting
factors (prothrombin, proconvertin, Christmas
and Stuart factor) as well as proteins which
perform other functions belong to the group of
vitamin K-dependent proteins which bind Ca2+

ions at Gla. Deficiency of this vitamin causes
reduced prothrombin activity, hypothrombinemia
and hemorrhage.

6.2.4.2 Requirement, Occurrence

The activity is given in vitamin equivalents (VE):
1 VE = 1 µg phylloquinone. The daily require-
ment of vitamin K1 is shown in Table 6.3. It
is covered by food (cf. Table 6.7). The bacteria
present in the large intestine form relatively high
amounts of K2. However, it is uncertain whether
they appreciably contribute to covering the re-
quirement.
Vitamin K1 occurs primarily in green leafy ve-
getables (spinach, cabbage, cauliflower), but liver
(veal or pork) is also an excellent source (Ta-
ble 6.7).

6.2.4.3 Stability, Degradation

Little is known about the reactions of vitamin K1
in foods. The vitamin K compounds are destroyed
by light and alkali. They are relatively stable to
atmospheric oxygen and exposure to heat.
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(6.4)

In the hydrogenation of oils, the double
bond in residue R (cf. Formula 6.4) is at-
tacked. Although hydrogenated vitamin K
(2′,3′-dihydrophylloquinone) is absorbed, it is
apparently no longer as active as the natural
form.

6.3 Water-Soluble Vitamins

6.3.1 Thiamine (Vitamin B1)

6.3.1.1 Biological Role

(6.5)

Thiamine, in the form of its pyrophosphate, such
as pyruvate dehydrogenase, transketolase, phos-
phoketolase and α-ketoglutarate dehydrogenase,
in reactions involving the transfer of an activated
aldehyde unit (D: donor; A: acceptor):

(6.6)

Vitamin B1 deficiency is shown by a decrease
in activity of the enzymes mentioned above. The
disease known as beri-beri, which has neurolog-
ical and cardiac symptoms, results from a severe
dietary deficiency of thiamine.

6.3.1.2 Requirement, Occurrence

The daily requirement is shown in Table 6.3.
Since thiamine is a key substance in carbohy-
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drate metabolism, the requirement increases
in a carbohydrate-enriched diet. The assay of
transketolase activity in red blood cells or the
extent of transketolase reactivation on addition of
thiamine pyrophosphate can be used as indicators
for sufficient vitamin intake in the diet.
Vitamin B1 is found in many plants. It is present
in the pericarp and germ of cereals, in yeast,
vegetables (potatoes) and shelled fruit. It is abun-
dant in pork, beef, fish, eggs and in animal or-
gans such as liver, kidney, brain and heart. Hu-
man milk and cow’s milk contain vitamin B1.
Whole grain bread and potatoes are important
dietary sources. Since vitamin B1 is localized in
the outer part of cereal grain hulls, flour milling
with a low extraction grade or rice polishing re-
move most of the vitamin in the bran (cf. 15.3.1.3
and 15.3.2.2.1). Table 6.7 lists data on the occur-
rence of thiamine.

6.3.1.3 Stability, Degradation

Thiamine stability in aqueous solution is rela-
tively low. It is influenced by pH (Fig. 6.2),
temperature (Table 6.8), ionic strength and metal
ions. The enzyme-bound form is less stable than
free thiamine (Fig. 6.2). Strong nucleophilic
reagents, such as HSO−

3 or OH−, cause rapid
decomposition by forming 5-(2-hydroxyethyl)-4-
methylthiazole and 2-methyl-4-amino-5(methyl-
sulfonic acid)-pyrimidine, or 2-methyl-4-amino-
5-hydroxymethylpyrimidine (see Reactions 6.7).
Thermal degradation of thiamine, which also
initially yields the thiazole and pyrimidine

(6.7)

Fig. 6.2. Inactivation rate of thiamine as affected by pH
a Thiamine in phosphate buffer, b thiamine in wheat or
oat flour, c thiamine pyrophosphate in flour

Table 6.8. Thiamine losses in food during storage (12
months)

Food Thiamine loss, %

1.5 ◦C 38 ◦C

Apricots 28 65
Orange juice 0 22
Peas 0 32
Green beans 24 92
Tomato juice 0 40

derivatives mentioned above, is involved in the
formation of meat-like aroma in cooked food
(cf. 5.3.1.4).
Thiamine is inactivated by nitrites, probably
through reaction with the amino group attached
to the pyrimidine ring.
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Strong oxidants, such as H2O2 or potassium fer-
ricyanide, yield the fluorescent thiochrome. This
reaction is often used in chemical determination
of the thiamine content in food (see Reaction 6.8).

(6.8)

The following losses of thiamine can be expected:
15–25% in canned fruit or vegetables stored for
more than a year; 0–60% in meat cooked un-
der household conditions, depending on tempera-
ture and preparation method; 20% in salt brine
pickling of meat and in baking of white bread;
15% in blanching of cabbage without sulfite and
40% with sulfite. Losses caused by sulfite are pH
dependent. Practically no thiamine degradation
occurs in a stronger acidic medium (e. g. lemon
juice).

6.3.2 Riboflavin (Vitamin B2)

6.3.2.1 Biological Role

Riboflavin (Formula 6.9) is the prosthetic group
of flavine enzymes, which are of great import-
ance in general metabolism and particularly in
metabolism of protein.

(6.9)

Riboflavin deficiency will lead to accumulation of
amino acids. A specific deficiency symptom is the
decrease of glutathione reductase activity in red
blood cells.

6.3.2.2 Requirement, Occurrence

The daily requirement is given in Table 6.3.
Deficiency symptoms are rarely observed with
a normal diet and, since the riboflavin pool in the
body is very stable, even in a deficient diet it is not
depleted by more than 30–50%. The riboflavin
content of urine is an indicator of riboflavin
supply levels. Values above 80 µg riboflavin/g
creatinine are normal; 27–79 µg/g are low; and
less than 27 µg/g strongly suggests a vitamin-
deficient diet. Glutathione reductase activity
assay can provide similar information.
The most important sources of riboflavin are
milk and milk products, eggs, various vegetables,
yeast, meat products, particularly variety meats
such as heart, liver and kidney, and fish liver and
roe. Table 6.7 provides data about the occurrence
of riboflavin in some common foods.

6.3.2.3 Stability, Degradation

Riboflavin is relatively stable in normal food
handling processes. Losses range from 10–15%.
Exposure to light, especially in the visible
spectrum from 420–560 nm, photolytically
cleaves ribitol from the vitamin, converting it to
lumiflavin:

(6.10)

6.3.3 Pyridoxine (Pyridoxal, Vitamin B6)

6.3.3.1 Biological Role

Vitamin B6 activity is exhibited by pyridoxine
(Formula 6.11) or pyridoxol (R = CH2OH),
pyridoxal (R = CHO) and pyridoxamine (R =
CH2NH2). The metabolically active form,
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pyridoxal phosphate, functions as a coenzyme
(cf. 2.3.2.3) of amino acid decarboxylases, amino
acid racemases, amino acid dehydrases, amino
transferases, serine palmitoyl transferase, lysyl
oxidase, δ-aminolevulinic acid synthase, and of
enzymes of tryptophan metabolism. Furthermore,
it stabilizes the conformation of phosphorylases.

(6.11)

The intake of the vitamin occurs usually in the
forms of pyridoxal or pyridoxamine.
Pyridoxine deficiency in the diet causes disorders
in protein metabolism, e. g., in hemoglobin syn-
thesis. Hydroxykynurenine and xanthurenic acid
accumulate, since the conversion of tryptophan to
nicotinic acid, a step regulated by the kynureni-
nase enzyme, is interrupted.

6.3.3.2 Requirement, Occurrence

The daily requirement is given in Table 6.3. An
indicator of sufficient supply is the activity of
glutamate oxalacetate transaminase, an enzyme
present in red blood cells. This activity is de-
creased in vitamin deficiency. The occurrence of
pyridoxine in food is outlined in Table 6.8.

6.3.3.3 Stability, Degradation

The most stable form of the vitamin is pyridoxal,
and this form is used for vitamin fortification of
food. Vitamin B6 loss is 45% in cooking of meat
and 20–30% in cooking of vegetables. During
milk sterilization, a reaction with cysteine trans-
forms the vitamin into an inactive thiazolidine
derivative (Formula 6.12). This reaction may ac-
count for vitamin losses also in other heat-treated
foods.

(6.12)

6.3.4 Nicotinamide (Niacin)

6.3.4.1 Biological Role

Nicotinic acid amide (I), in the form of nicotina-
mide adenine dinucleotide (NAD+, cf. 2.3.1.1),
or its phosphorylated form (NADP+), is a coen-
zyme of dehydrogenases. Its excretion in urine is
essentially in the form of N1-methylnicotinamide
(trigonelline amide, II), N1-methyl-6-pyridone-3-
carboxamide (III) and N1-methyl-4-pyridone-3-
carboxamide (IV):

(6.13)

Vitamin deficiency is observed initially by a drop
in concentration of NAD+ and NADP+ in liver
and muscle, while levels remain normal in blood,
heart and kidney. The classical deficiency dis-
ease is pellagra, which affects the skin, digestion
and the nervous system (dermatitis, diarrhea and
dementia). However, the initial deficiency symp-
toms are largely non-specific.

6.3.4.2 Requirement, Occurrence

The daily requirement (cf. Table 6.3) is covered
to an extent of 60–70% by tryptophan intake.
Hence, milk and eggs, though they contain lit-
tle niacin, are good foods for prevention of pella-
gra because they contain tryptophan. It substitutes
for niacin in the body, with 60 mg L-tryptophan
equalling 1 mg nicotinamide. Indicators of suffi-
cient supply of niacin in the diet are the levels of
metabolites II (cf. Formula 6.13) in urine or III
and IV in blood plasma.
The vitamin occurs in food as nicotinic acid, ei-
ther as its amide or as a coenzyme. Animal or-
gans, such as liver, and lean meat, cereals, yeast
and mushrooms are abundant sources of niacin.
Table 6.7 provides data on its occurrence in food.
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6.3.4.3 Stability, Degradation

Nicotinic acid is quite stable. Moderate losses of
up to 15% are observed (cf. Tables 6.1 and 6.2)
in blanching of vegetables. The loss is 25–30% in
the first days of ripening of meat.

6.3.5 Pantothenic Acid

6.3.5.1 Biological Role

Pantothenic acid (Formula 6.14) is the building
unit of coenzyme A (CoA), the main carrier of
acetyl and other acyl groups in cell metabolism.
Acyl groups are linked to CoA by a thioester
bond. Pantothenic acid occurs in free form in
blood plasma, while in organs it is present as
CoA. The highest concentrations are in liver,
adrenal glands, heart and kidney.

(6.14)

Only the R enantiomer occurs in nature and is
biologically active. A normal diet provides an ad-
equate supply of the vitamin.

6.3.5.2 Requirement, Occurrence

The daily requirement is 6–8 mg. The concentra-
tion in blood is 10–40 µg/100ml and 2–7 mg/day
are excreted in urine.
Pantothenic acid in food is determined with
microbiological or ELISA (cf. 2.6.3) tech-
niques. A gas chromatographic method using
a 13C-isotopomer of pantothenic acid as the
internal standard is very accurate and much more
sensitive. Table 6.7 lists data on pantothenic acid
occurrence in food.

6.3.5.3 Stability, Degradation

Pantothenic acid is quite stable. Losses of 10%
are experienced in processing of milk. Losses
of 10–30%, mostly due to leaching, occur during
cooking of vegetables.

6.3.6 Biotin

6.3.6.1 Biological Role

Biotin is the prosthetic group of carboxylating
enzymes, such as acetyl-CoA-carboxylase,
pyruvate carboxylase and propionyl-CoA-
carboxylase, and therefore plays an important
role in fatty acid biosynthesis and in gluconeo-
genesis. The carboxyl group of biotin forms an
amide bond with the ε-amino group of a lysine
residue of the particular enzyme protein. Only
the (3aS, 4S, 6aR) compound, D-(+)-biotin, is
biologically active:

(6.15)

Biotin deficiency rarely occurs. Consumption
of large amounts of raw egg white might in-
activate biotin by its specific binding to avidin
(cf. 11.2.3.1.9).

6.3.6.2 Requirement, Occurrence

The daily requirement is shown in Table 6.3. An
indicator of sufficient biotin supply is the excre-
tion level in the urine, which is normally 30–
50 µg/day. A deficiency is indicated by a drop
to 5 µg/day.
Biotin is not free in food, but is bound to proteins.
Table 6.7 provides data on its occurrence in food.

6.3.6.3 Stability, Degradation

Biotin is quite stable. Losses during processing
and storage of food are 10–15%.

6.3.7 Folic Acid

6.3.7.1 Biological Role

The tetrahydrofolate derivative (Formula (6.16),
II) of folic acid (I, pteroylmonoglutamic acid,
PGA) is the cofactor of enzymes which trans-
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(6.16)

fer single carbon units in various oxidative states,
e. g., formyl or hydroxymethyl residues. In trans-
fer reactions the single carbon unit is attached to
the N5- or N10-atom of tetrahydrofolic acid.
Folic acid deficiency caused by insufficient sup-
ply in the diet or by malfunction of absorptive
processes is detected by a decrease in folic acid
concentration in red blood cells and plasma, and
by a change in blood cell patterns. There are clear
indications that a congenital defect (neural tube
defect) and a number of diseases are based on
a deficiency of folate.

6.3.7.2 Requirement, Occurrence

The requirement shown in Table 6.3 is not often
reached. In some countries, cereal products are
supplemented with folic acid in order to avoid
deficiency, e. g., with 1.4 mg/kg in the USA.
Correspondingly, positive effects on consumer
health have been observed.
In cooperation with vitamin B12, folic acid
methylates homocysteine to methionine. There-
fore, homocysteine is a suitable marker for the
supply of folate. In the case of a deficiency,
the serum concentration of this marker is
clearly raised compared with the normal value
of 8–10 µmol/ml, resulting in negative effects
on health because higher concentrations of
homocysteine are toxic.
In food folic acid is mainly bound to oligo-
γ-L-glutamates made up of 2–6 glutamic acid
residues. Unlike free folic acid, the absorption of
this conjugated form is limited and occurs only
after the glutamic acid residues are cleaved by
folic acid conjugase, a γ-glutamyl-hydrolase, to
give the monoglutamate compound. Since certain
constituents can reduce the absorption of folates,
the average bioavailability is estimated at 50%.
The folic acid content of foods varies. Data on
folic acid occurrence in food are compiled in
Table 6.7.

6.3.7.3 Stability, Degradation

Folic acid is quite stable. There is no destruction
during blanching of vegetables, while cooking of
meat gives only small losses. Losses in milk are
apparently due to an oxidative process and par-
allel those of ascorbic acid. Ascorbate added to
food preserves folic acid.

6.3.8 Cyanocobalamin (Vitamin B12)

6.3.8.1 Biological Role

Cyanocobalamin (Formula 6.17) was isolated in
1948 from Lactobacillus lactis. Due to its stabil-
ity and availability, it is the form in which the
vitamin is used most often. In fact, cyanocobal-
amin is formed as an artifact in the processing of
biological materials. Cobalamins occur naturally
as adenosylcobalamin and methylcobalamin,
which instead of the cyano group contain a 5′-
deoxyadenosyl residue and a methyl group
respectively.
Adenosylcobalamin (coenzyme B12) participates
in rearrangement reactions in which a hydrogen
atom and an alkyl residue, an acyl group or an
electronegative group formally exchange places
on two neighboring carbon atoms. Reactions of
this type play a role in the metabolism of a se-
ries of bacteria. In mammals and bacteria a rear-
rangement reaction that depends on vitamin B12
is the conversion of methylmalonyl CoA to suc-
cinyl CoA (cf. 10.2.8.3). Vitamin B12 deficiency
results in the excretion of methylmalonic acid in
the urine.
Another reaction that depends on adenosylcobal-
amin is the reduction of ribonucleoside triphos-
phates to the corresponding 2′-deoxy compounds,
the building blocks of deoxyribonucleic acids.
Methylcobalamin is formed, e. g., in the methyl-
ation of homocysteine to methionine with N5-
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methyltetrahydrofolic acid as the intermediate
stage. The enzyme involved is a cobalamin-
dependent methyl transferase.

(6.17)

The absorption of cyanocobalamin is achieved
with the aid of a glycoprotein, the “intrinsic fac-
tor” formed by the stomach mucosa. Deficiency
of vitamin B12 is usually caused by impaired ab-
sorption due to inadequate formation of “intrinsic
factor” and results in pernicious anemia.

6.3.8.2 Requirement, Occurrence

The daily requirement of vitamin B12 is shown
in Table 6.3. The plasma concentration is nor-
mally 450 pg/ml.
The ability of vitamin B12 to promote growth
alone or together with antibiotics, for example in
young chickens, suckling pigs and young hogs,
is of particular importance. This effect appears to
be due to the influence of the vitamin on pro-
tein metabolism, and it is used in animal feed-
ing. The increase in feed utilization is exceptional
with underdeveloped young animals. Vitamin B12
is of importance also in poultry operations (en-
hanced egg laying and chick hatching). The use
of vitamin B12 in animal feed vitamin fortifica-
tion is obviously well justified.
Liver, kidney, spleen, thymus glands and muscle
tissue are abundant sources of vitamin B12 (Ta-
ble 6.7). Consumption of internal organs (variety

meats) of animals is one method of alleviating vi-
tamin B12 deficiency symptoms in humans.

6.3.8.3 Stability, Degradation

The stability of vitamin B12 is very dependent
on a number of conditions. It is fairly stable at
pH 4–6, even at high temperatures. In alkaline
media or in the presence of reducing agents, such
as ascorbic acid or SO2, the vitamin is destroyed
to a greater extent.

6.3.9 L-Ascorbic Acid (Vitamin C)

6.3.9.1 Biological Role

Ascorbic acid (L-3-keto-threo-hexuronic acid-γ-
lactone, Formula 6.18, I) is involved in hydro-
xylation reactions, e. g., biosynthesis of cate-
cholamines, hydroxyproline and corticosteroids
(11-β-hydroxylation of deoxycorticosterone and
17-β-hydroxylation of corticosterone). Vitamin C
is fully absorbed and distributed throughout the
body, with the highest concentration in adrenal
and pituitary glands.
About 3% of the body’s vitamin C pool, which
is 20–50 mg/kg body weight, is excreted in the
urine as ascorbic acid, dehydroascorbic acid
(a combined total of 25%) and their metabolites,
2,3-diketo-L-gulonic acid (20%) and oxalic
acid (55%). An increase in excreted oxalic acid
occurs only with a very high intake of ascorbic
acid. Scurvy is caused by a dietary deficiency of
ascorbic acid.

6.3.9.2 Requirement, Occurrence

The daily requirement is shown in Table 6.3. An
indicator of insufficient vitamin supply in the diet
is a low level in blood plasma (0.65 mg/100ml).
Vitamin C is present in all animal and plant cells,
mostly in free form, and it is probably bound to
protein as well. Vitamin C is particularly abun-
dant in rose hips, black and red currants, straw-
berries, parsley, oranges, lemons (in peels more
than in pulp), grapefruit, a variety of cabbages
and potatoes. Vitamin C loss during storage of
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vegetables from winter through late spring can be
as high as 70%.
Table 6.7 provides data on vitamin C occurrence
in a variety of foods.
Ascorbic acid is chemically synthesized. How-
ever, the synthesis by means of genetically mod-
ified microorganisms (GMO vitamin C) is more
cost effective. Therefore, the largest proportion is
synthesized by these means.

6.3.9.3 Stability, Degradation

Ascorbic acid (I) has an acidic hydroxyl group
(pK1 = 4.04, pK2 = 11.4 at 25 ◦C). Its UV ab-
sorption depends on the pH value (Table 6.9).
Ascorbic acid is readily and reversibly oxidized
to dehydroascorbic acid (II), which is present in
aqueous media as a hydrated hemiketal (IV). The
biological activity of II is possibly weaker than
that of I because the plasma and tissue concen-
trations of II are considerably lower after the ad-
ministration of equal amounts of I and II. The ac-
tivity is completely lost when the dehydroascor-
bic acid lactone ring is irreversibly opened, con-
verting II to 2,3-diketogulonic acid (III), cf. For-
mula 6.18:

(6.18)

Table 6.9. Effect of pH on ultraviolet absorption max-
ima of ascorbic acid

pH λ max (nm)

2 244
6–10 266
>10 294

The oxidation of ascorbic acid to dehydroascor-
bic acid and its further degradation products
depends on a number of parameters. Oxy-
gen partial pressure, pH, temperature and the
presence of heavy metal ions are of great im-
portance. Metal-catalyzed destruction proceeds
at a higher rate than noncatalyzed spontaneous
autoxidation. Traces of heavy metal ions,
particularly Cu2+ and Fe3+, result in high
losses.
The principle of metal catalysis is schematically
presented in Reaction 6.19 (Me = metal ion).

(6.19)

The rate of anaerobic vitamin C degradation,
which is substantially lower than that of non-
catalyzed oxidation, is maximal at pH 4 and
minimal at pH 2. It probably proceeds through
the ketoform of ascorbate, then via a ketoanion
to diketogulonic acid:

(6.20)



6.3 Water-Soluble Vitamins 419

Diketogulonic acid degradation products, xy-
losone and 4-deoxypentosone (Formula 6.21), are
then converted into ethylglyoxal, various reduc-
tones (cf. 4.2.4.3.1), furfural and furancarboxylic
acid.

(6.21)

In the presence of amino acids, ascorbic acid, de-
hydroascorbic acid and their degradation prod-
ucts might be changed further by entering into
Maillard-type browning reactions (cf. 4.2.4.4).
An example is the reaction of dehydroascorbic
acid with amino compounds to give pigments,
which can cause unwanted browning in citrus

(6.22)

juices and dried fruits. The intermediates that
have been identified are scorbamic acid (I in
Formula 6.22), which is produced by Strecker
degradation with an amino acid, and a red
pigment (II). A wealth of data is available on
ascorbic acid losses during preservation, storage
and processing of food. Tables 6.1 and 6.2 and
Figs. 6.3 and 6.4 present several examples.
Ascorbic acid degradation is often used as
a general indicator of changes occurring in food.

Fig. 6.3. Ascorbic acid losses as a result of cooking of
cabbage (according to Plank, 1966)
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Fig. 6.4. Ascorbic acid losses in green beans versus
blanching temperature (according to Plank, 1966)
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