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PREFACE

Vitamins in Animal and Human Nutrition contains 19 chapters of concise,
up-to-date information on vitamin nutrition for both animals and humans. The
first chapter deals with the definition of vitamins, general considerations, and
the fascinating history of these nutrients. Chapters 2 through 16 discuss the 15
established vitamins in relation to history; chemical structure, properties, and
antagonists; analytical procedures; metabolism; functions; requirements;
sources; deficiency; supplementation; and toxicity. Chapter 17 deals with other
vitamin-like substances, and Chapter 18 reviews the importance of essential
fatty acids. The final chapter discusses vitamin supplementation considerations.

An earlier edition of this book with a somewhat similar title was pub-
lished by Academic Press in 1989. The present book has been completely and
vigorously revised with one additional chapter. In the last 10 years, a great
deal of new information has been generated in the field of vitamins; this is re-
flected by the fact that more than half of all the references have been pub-
lished since the first edition. It is hoped that this book will be of worldwide
use and will continue, as the first edition, to be used as a textbook and as an
authoritative reference book for use by research and extension specialists,
feed manufacturers, teachers, students, and others. An attempt has been made
to provide a balance between animal nutrition and clinical human nutrition.
Likewise, a comparison between the balance of chemical, metabolic, and
functional aspects of vitamins and their practical and applied considerations
has been made.

A unique feature is the description of the practical implications of vita-
min deficiencies and excesses and the conditions that might occur with vari-
ous animal species and humans. A large number of photographs illustrate vit-
amin deficiencies in farm livestock, laboratory animals, and humans. Unlike
other textbooks, this one places strong emphasis on vitamin supplementation
in each chapter and devotes the last chapter to this subject.

In preparing this book, I have obtained numerous suggestions from emi-
nent scientists both in the United States and in other countries. I wish to ex-
press my sincere appreciation to them and to those who supplied photographs
and other material used. I am especially grateful to the following: L.B. Bai-
ley, R.B. Becker, B.J. Bock, H.L. Chapman, J.H. Conrad, G.L. Ellis (de-

XV
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ceased), R.H. Harms, J.F. Hentges, J.K. Loosli, R. Miles, R.L. Shirley, R.R
Streiff, and W.B. Weaver (Florida); R.T. Lovell and H.E. Sauberlich (Al-
abama); O. Balbuena, B.J. Carillo, and B. Ruksan (Argentina); H. Heitman
(California); J.M. Bell, M. Hidiroglou, and N. Hidiroglou (Canada); N. Ruiz
(Colombia); N. Comben (England); M. Sandholm (Finland); L.S. Jensen
(Georgia); T.B. Keith (deceased) (Idaho); A.H. Jensen (Illinois); V. Ramadas
Murthy (India); A. Prabowo (Indonesia); V. Catron (deceased) and V.C. Speer
(Iowa); G.L. Cromwell (Kentucky); G.F. Combs (Maryland); FJ. Stare
(Massachusetts); D.K. Beede, R.W. Luecke, E.R. Miller, R.C. Piper, J.W.
Thomas, and D.E. Ullrey (Michigan); R.T. Holman and T.W. Sullivan (Min-
nesota); V. Herbert, L.E. Kook, M.C. Latham, and M.L. Scott (deceased)
(New York); A. Helgebostad and H. Rimeslatten (Norway); D.E. Becker
(Ohio); P.R. Cheeke, D.C. Church, O.H. Muth, and J.E. Oldfield (Oregon);
D.S. McLaren (Scotland); J.R. Couch and T.M. Ferguson (deceased) (Texas);
D.C. Dobson (Utah); J.P. Fontenot, M.D. Lindemann, and L.M. Potter (Vir-
ginia); J.R. Carlson, J.A. Froseth, and L.L. Madsen (deceased) (Washington);
and M.L. Sunde (Wisconsin). Appreciation is expressed to company repre-
sentatives, including G. Patterson (Chas. Pfizer Co); J.C. Bauernfeind, T.M.
Fry, E.L. MacDonald, L.A. Peterson, William Seymour, and S.N. Williams
(Hoffmann-LaRoche, Inc.); C.H. McGinnis (Rhéne-Poulenc, Inc.); A.T. For-
rester (The Upjohn Co.); and M.B. Coelho (BASF Co.). Special thanks go to
J.P. Fontenot for the preliminary planning of the first edition, and to P.R.
Cheeke and J.E. Oldfield for editing and providing useful suggestions for the
first edition of this book.

I am particularly grateful to Nancy Wilkinson and Lorraine M. McDowell
for their useful suggestions and assistance in the editing of the entire book.
Likewise, I wish to acknowledge with thanks and appreciation the skill and
care of Patricia French for overseeing the typing and proofreading of chapters,
and also thank Vanessa Carbia and Mary Schemear for their valuable assis-
tance. Also, I am indebted to the Animal Science Department of the University
of Florida for providing the opportunity and support for this undertaking. Fi-
nally, I thank Tony J. Cunha (deceased) for encouraging me to undertake the
responsibility of writing nutrition books and for his expertise on vitamins.
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chapter one

INTRODUCTION
AND HISTORICAL
CONSIDERATIONS

DEFINITION OF VITAMINS

Vitamins are defined as a group of complex organic compounds
present in minute amounts in natural foodstuffs that are essential to nor-
mal metabolism and lack of which in the diet causes deficiency diseases.
Vitamins consist of a mixed group of chemical compounds and are not
related to each other as are proteins, carbohydrates, and fats. Their clas-
sification together depends not on chemical characteristics but on func-
tion. Vitamins are differentiated from the trace elements, also present in
the diet in small quantities, by their organic nature.

Vitamins are required in trace amounts (micrograms to milligrams
per day) in the diet for health, growth, and reproduction. Omission of a
single vitamin from the diet of a species that requires it will produce
deficiency signs and symptoms. Many of the vitamins function as coen-
zymes (metabolic catalysts); others have no such role, but perform cer-
tain essential functions.

Some vitamins deviate from the preceding definition in that they do
not always need to be constituents of food. Certain substances that are
considered to be vitamins are synthesized by intestinal tract bacteria in
quantities that are often adequate for body needs. However, a clear dis-
tinction is made between vitamins and substances that are synthesized in
tissues of the body. Ascorbic acid, for example, can be synthesized by
most species of animals, except when they are young or under stress con-
ditions. Likewise, in most species, niacin can be synthesized from the
amino acid tryptophan and vitamin D from action of ultraviolet light on
precursor compounds in the skin. Thus, under certain conditions and for
specific species, vitamin C, niacin, and vitamin D would not always fit
the classic definition of a vitamin.




CHAPTER ONE

CLASSIFICATION OF VITAMINS

Classically, vitamins have been divided into two groups based on
their solubilities in fat solvents or in water. Thus, fat-soluble vitamins
include A, D, E, and K, while vitamins of the B-complex and C are clas-
sified water soluble. Fat-soluble vitamins are found in foodstuffs in asso-
ciation with lipids. The fat-soluble vitamins are absorbed along with
dietary fats, apparently by mechanisms similar to those involved in fat
absorption. Conditions favorable to fat absorption, such as adequate
bile flow and good micelle formation, also favor absorption of the fat-
soluble vitamins (Scott et al., 1982). Water-soluble vitamins are not
associated with fats, and alterations in fat absorption do not affect their
absorption. Three of the four fat-soluble vitamins (vitamins A, D, and
E) are well stored in appreciable amounts in the animal body. Except for
vitamin B;,, water-soluble vitamins are not well stored, and excesses are
rapidly excreted. A continual dietary supply of the water-soluble vita-
mins and vitamin K is needed to avoid deficiencies. Fat-soluble vitamins
are excreted primarily in the feces via the bile, whereas water-soluble
vitamins are excreted mainly in the urine. Water-soluble vitamins are
relatively nontoxic, but excesses of fat-soluble vitamins A and D can
cause serious problems. Fat-soluble vitamins consist only of carbon,
hydrogen, and oxygen, whereas some of the water-soluble vitamins also
contain nitrogen, sulfur, or cobalt.

Table 1.1 lists 14 vitamins classified as either fat or water soluble.
The number of compounds justifiably classified as vitamins is contro-
versial. The term vitamin has been applied to many substances that do
not meet the definition or criteria for vitamin status. Of the 14 vitamins
listed, choline is only tentatively classified as one of the B-complex vita-
mins. Unlike other B vitamins, choline can be synthesized in the body, is
required in larger amounts, and apparently functions as a structural
constituent rather than as a coenzyme. Myo-inositol and carnitine are
not listed in Table 1.1 even though they could fit the vitamin category
but apparently for only several species. Chapters 2 through 15 in this
book concern the 14 vitamins listed in Table 1.1; Chapter 16 is about
carnitine; Chapter 17 concerns vitamin-like substances; and Chapter 18
considers essential fatty acids. The essential fatty acids are not vitamins,
but a deficiency disease does result that is similar to vitamin deficiency.
The final chapter deals with vitamin supplementation considerations.
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W Table 1.1 Fat- and Water-Soluble Vitamins with Synonym Names

Vitamin Synonym

Fat soluble

Vitamin A, Retinol, retinal, retinoic acid
Vitamin A, Dehydroretinol

Vitamin D, Ergocalciferol

Vitamin D, Cholecalciferol

Vitamin E Tocopherol, tocotrienols
Vitamin K; Phylloquinone

Vitamin K, Menaquinone

Vitamin K; Menadione?

Water soluble

Thiamin Vitamin B,

Riboflavin Vitamin B,

Niacin Vitamin pp, vitamin B;

Vitamin B Pyridoxol, pyridoxal, pyridoxamine
Pantothenic acid Vitamin Bg

Biotin Vitamin H

Folacin Folic acid, folate, vitamin M, vitamin B,
Vitamin B, Cobalamin

Choline Gossypine

Vitamin C Ascorbic acid

aThe synthetic form is water soluble.

VITAMIN NOMENCLATURE

When the vitamins were originally discovered, they were isolated
from certain foods. During these early years, the chemical composition
of the essential factors was unknown; therefore, these factors were
assigned letters of the alphabet. The system of alphabetizing became
complicated when it was discovered that activity attributed to a single
vitamin was instead the result of several of the essential factors. In this
way, the designation of groups of vitamins appeared (e.g., the vitamin
“B” group). Additional chemical studies showed that variations in
chemical structure occurred within compounds having the same vitamin
activity but in different species. To overcome this, a system of suffixes
was adopted (e.g., vitamin D, and D;). The original letter system of des-
ignation thus became excessively complicated.

With the determination of the chemical structure of the individual
vitamins, letter designations were sometimes replaced with chemical-
structure names (e.g., thiamin, riboflavin, and niacin). Vitamins have
also been identified by describing a function or its source. The term vita-
min H (biotin) was used because the factor protected the haut, the
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German word for skin. Likewise, vitamin K was derived from the
Danish word koagulation (coagulation). The vitamin pantothenic acid
refers to its source, as it is derived from the Greek word pantos, mean-
ing “found everywhere.”

The Committee on Nomenclature of the American Institute of
Nutrition (CNAIN, 1981) has provided definite rules for the nomencla-
ture of the vitamins. This nomenclature is used in this book. The official
and major synonym names of vitamins are given in Table 1.1 and in the
respective vitamin chapters.

VITAMIN REQUIREMENTS

Vitamin requirements for animals and humans are listed in the
Appendix tables at the end of this book and in the appropriate chapter.
While metabolic needs are similar, dietary needs for vitamins differ
widely among species. Some vitamins are metabolic essentials, but not
dietary essentials, for certain species, because they can be synthesized
readily from other food or metabolic constituents.

Poultry, swine, and other monogastric animals are dependent on
their diet for vitamins to a much greater degree than are ruminants.
Tradition has it that ruminants in which the rumen is fully functioning
cannot suffer from a deficiency of B vitamins. It is generally assumed
that ruminants can always satisfy their needs from the B vitamins natu-
rally present in their feed, plus that synthesized by symbiotic microor-
ganisms. However, under specific conditions relating to stress and high
productivity, ruminants have more recently been shown to have require-
ments, particularly for the B vitamins thiamin (see Chapter 6) and niacin
(see Chapter 8). Likewise, vitamin B;, cannot be synthesized in the
rumen if the essential building block cobalt is lacking in the diet.

The rumen does not become functional with respect to vitamin syn-
thesis for some time after birth. For the first few days of life, the young
ruminant resembles a nonruminant in requiring dietary sources of the B
vitamins. Beginning as early as 8 days, and certainly by 2 months of age,
ruminal flora have developed to the point of contributing significant
amounts of the B vitamins (Smith, 1970). Production of these vitamins
at the proximal end of the gastrointestinal tract is indeed fortunate for
they become available to the host as they pass down the tract through
areas of efficient digestion and absorption.

In monogastric animals, including humans, intestinal synthesis of
many B vitamins is considerable (Mickelsen, 1956) though not as exten-
sive or as efficiently utilized as in ruminants. Low efficiency of utiliza-

6
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tion is probably related to several factors. Intestinal synthesis in non-
ruminants occurs in the lower intestinal tract, an area of poor absorp-
tion. The horse, with a large production of B vitamins in the large intes-
tine, is apparently able to meet most of its requirements for these vita-
mins in spite of the poor absorption from this area. Intestinally pro-
duced vitamins are more available to those animals (rabbit, rat, and oth-
ers) that habitually practice coprophagy and thus recycle products of the
lower gut. This behavior yields significant amounts of B vitamins to the
host animal.

VITAMIN OCCURRENCE

Vitamins originate primarily in plant tissues and are present in ani-
mal tissue only as a consequence of consumption of plants, or because
the animal harbors microorganisms that synthesize them. Vitamin By, is
unique in that it occurs in plant tissues as a result of microbial synthe-
sis. Two of the four fat-soluble vitamins, A and D, differ from the water-
soluble B vitamins in that they occur in plant tissue in the form of a
provitamin (a precursor of the vitamin), which can be converted into a
vitamin in the animal body. No provitamins are known for any water-
soluble vitamin. However, the amino acid tryptophan can be converted
to niacin for most species. In addition, fat- and water-soluble vitamins
differ in that water-soluble B vitamins are universally distributed in all
living tissues, whereas fat-soluble vitamins are completely absent from
some tissues.

HISTORY OF THE VITAMINS

The history of the discovery of the vitamins is an inspirational and
exciting reflection of the ingenuity, dedication, and self-sacrifice of many
individuals. Excellent reviews of vitamin history with appropriate refer-
ences include Funk (1922), McCollum (1957), Wagner and Folkers
(1962), Maynard et al. (1979), Scott et al. (1982), Widdowson (1986),
and Loosli (1991). Important books that describe the historical discov-
ery of three specific vitamin deficiency diseases include the following:
Eijkman, 1890-1896; Funk, 1911; Williams, 1961 (beriberi); Hess,
1920; Carpenter, 1986 (scurvy); Harris, 1919; and Carpenter, 1981 (pel-
lagra). A brief sketch of important events emphasizing early history of
vitamins is outlined in Table 1.2.

The existence of nutritive factors, such as vitamins, was not recog-
nized until about the start of the twentieth century. The word “vitamin”

7



M Table 1.2 Brief History of Vitamins (Ancient History—1951)

2697 B.C.

1500 B.C.

130-200 A.D
1492-1600

1747

1768-1771

1816
1824

1849
1881

1880s
1897
1901

1906

1907

1909
1910

1911
1913
1919
1919
1920

1922

1923

1926
1926

Beriberi was recognized in China and is probably the earliest documented
deficiency disorder.
Scurvy, night blindness, and xerophthalmia were described in ancient
Egypt. Liver consumption was found to be curative for night blindness and
xerophthalmia.
Soranus Ephesius provided classical descriptions of rickets.
World exploration threatened by scurvy:

Magellan lost four-fifths of his crew.

Vasco da Gama lost 100 of his 160 men.
Lind performed controlled shipboard experiments on the preventive effect
of oranges and lemons on scurvy. He also developed a method of preserv-
ing citrus juice by evaporation and conserving in acid form.
Captain Cook demonstrated that prolonged sea voyages were possible
without ravages of scurvy.
Magendie described xerophthalmia in dogs fed carbohydrate and olive oil.
Combe described a fatal anemia (pernicious anemia) and suggested that it
could be related to a disorder of the digestive tract.
Choline was isolated by Streker from the bile of pigs.
Lunin reported that animals did not survive on diets composed solely of
purified fat, protein, carbohydrate, salts, and water.
Japanese physician Takaki prevented beriberi in the Japanese Navy by sub-
stituting other foods for polished rice.
Eijkman showed that beriberi (thiamin deficiency) from polished rice con-
sumption could be cured by adding rice polishings back into the diet.
Grijins concluded that beriberi was caused by a vitally important food con-
stituent.
Hopkins suggested that substances in natural foods, termed “accessory
food factors,” were indispensable and did not fall into the categories of
carbohydrate, fat, protein, or mineral.
Holst and Frolich produced experimental scurvy in guinea pigs by feeding
a deficient diet, with pathological changes resembling those in humans.
Hopkins reported a rat growth factor in some fats.
Vedder was convinced that beriberi was caused by a nutritional deficiency
and saved many lives in the Philippines by feeding rice polishings.
The term “vitamine” was first used by the Polish biochemist Funk to
describe an accessory food factor.
McCollum and Davis discovered fat-soluble A in butter that was associat-
ed with growth.
Steenbock reported that the yellow color (carotene) of vegetables was vita-
min A.
Mellanby produced rickets in dogs, which responded to a fat-soluble vita-
min in cod liver oil.
Goldberger reported that pellagra was not caused by bacterial infection,
but rather was an ill-balanced diet high in corn.
McCollum established vitamin D as independent of vitamin A by prevent-
ing rickets after destroying vitamin A activity when bubbling oxygen
through cod liver oil.
Evans and Bishop discovered vitamin E. The deficiency caused female rats
to abort, while male rats became sterile.
Jansen and Donath isolated thiamin in crystalline form from rice bran.
Minot and Murphy showed that large amounts of raw liver given by
mouth daily would alleviate pernicious anemia.



M Table 1.2

continued

1926

1926

1928

1928

1929
1929

1929

1930

1931

1931
1932
1933
1934
1934
1935
1935
1935

1935-1937

1936
1936
1937
1939
1940
1942
1943-1946
1948

1951

Steenbock showed that irradiation of foods as well as animals produced
vitamin D.

Goldberger and Lillie described a rat syndrome, later shown to be
riboflavin deficiency.

Bechtel and coworkers established that rumen bacteria of cattle synthesized
B vitamins.

Szent-Gyorgyi isolated hexuronic acid (ascorbic acid, vitamin C) from
orange juice, cabbage juice, and cattle adrenal glands.

Moore proved that the animal body converts carotene to vitamin A.
Norris and coworkers reported a curled-toe paralysis (riboflavin deficien-
cy) in chicks.

Castle showed that pernicious anemia resulted from the interaction of a
dietary (extrinsic) factor and an intrinsic factor produced by the stomach.
Norris and Ringrose described a pellagra-like dermatitis in the chick, later
established as a pantothenic acid deficiency.

Pappenheimer and Goettsch showed that vitamin E is required for preven-
tion of encephalomalacia of chicks and nutritional muscular dystrophy in
rabbits and guinea pigs.

Willis demonstrated that a factor from yeast was active in treating a trop-
ical macrocytic anemia seen in women of India.

Choline was discovered to be the active component of pure lecithin previ-
ously shown to prevent fatty livers in rats.

Williams and associates fractionated a growth factor from yeast and
named it pantothenic acid.

Gyorgy named a factor that would cure dermatitis in young rats, vitamin

6
Dam and Schonheyder described a nutritional disease of chickens charac-
terized by bleeding, thus a new fat-soluble vitamin was discovered (vitamin
K).

Wald demonstrated the relation of vitamin A to night blindness and vision.
Kuhn in Germany and Karrer in Switzerland synthesized riboflavin.
Warburg and coworkers first demonstrated a biochemical function for
nicotinic acid when they isolated it from an enzyme (NADP).

Cobalt, the central ion in vitamin B,,, was shown to be a dietary essential
for cattle and sheep by Underwood and coworkers in Australia and in
Florida by Becker and associates.

Biotin was the name given to a substance isolated from egg yolk by Kogl
and Tonnis that was necessary for the growth of yeast.

Williams and colleagues determined the structure of thiamin and synthe-
sized the vitamin.

Elvehjem and associates found that nicotinic acid cured black tongue in
dogs. It was quickly shown to be effective for pellagra in humans.
Vitamin K was isolated by Dam and Karrer of Europe and a few months
later in the U.S. from three different laboratories.

Harris and associates completed the first synthesis of biotin.

Baxter and Robeson crystallized vitamin A.

Chemists from the Lederle group crystallized and later synthesized folacin.
Rickes and coworkers in the U.S. and Smith in England isolated vitamin
B,

Smith and coworkers showed that cobalt deficiency in sheep could be pre-
vented by vitamin B, injection.
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had not been coined yet. However, what were to be later known as vita-
min-deficiency diseases, such as scurvy, beriberi, night blindness,
xerophthalmia, and pellagra, had plagued the world at least since the
existence of written records. Records of medical science from antiquity
attesting to human association of certain foods with either the cause or
prevention of disease and infirmity are considered the nebulous begin-
nings of the concept of essential nutrients (Wagner and Folkers, 1962).
Even so, at the beginning of the twentieth century, the value of food in
human nutrition was expressed solely in terms of its ability to provide
energy and basic building units necessary for life.

In the late 1800s and early 1900s, some scientists believed that life
could be supported with chemically defined diets. In 1860, Louis Pasteur
reported that yeast could grow on a medium of sugar, ammonium salts,
and ash of yeast. Justus von Liebig observed that certain yeasts were
unable to grow at all under these conditions, while others grew only very
slowly. The ensuing arguments between Liebig and Pasteur did not solve
the question. Pasteur’s (1822-1895) research showing that bacteria
caused disease led scientists trained in medicine to be reluctant to believe
the “vitamin theory” that certain diseases resulted from a shortage of
specific nutrients in foods (Loosli, 1991). Guggenheim (1995) suggested
that the immensely successful germ theory of disease, with the related
toxin theory and success of using antisepsis and vaccination, occupied
the thoughts of scientists at that time with the idea that only a positive
agent could cause a disease.

The first phase leading to the “vitamin hypothesis” began with
gradual recognition that the cause of diseases such as night blindness,
scurvy, beriberi, and rickets could be related to diet. Although the true
cause, nutritional deficiency, was not suspected, these results marked the
first uncertainty in the germ and infection theories of origin for these dis-
eases. Finally, in the early 1900s, many scientists in the field of nutrition
almost simultaneously began to realize that a diet could not be ade-
quately defined in terms of carbohydrate, fat, protein, and salts. At that
time, it became evident that other organic compounds had to be present
in the diet if health was to be maintained.

Beriberi was probably the earliest documented deficiency disorder,
being recognized in China as early as 2600 B.C. Scurvy, night blindness,
and xerophthalmia were described in the ancient Egyptian literature
around 1500 B.C. Substances rich in vitamin A as remedies for night
blindness were used very early by the Chinese, and livers were recom-
mended as curative agents for night blindness and xerophthalmia by

10



INTRODUCTION

Hippocrates around 400 B.C. In 1536, Canadian Indians cured Jacques
Cartier’s men of scurvy with a broth of evergreen needles. In 1747,
James Lind, a British naval surgeon, showed that the juice of citrus fruits
was a cure for scurvy, but its routine use was not started in the British
Navy until 1795. Cod liver oil was used as a specific treatment for rick-
ets long before anything was known about the cause of this disease, and
was fed to farm animals as early as 1824. In the 1880s, the Japanese
physician Takaki recognized the cause of beriberi in the Japanese Navy
as stemming from an unbalanced white rice diet, and virtually eliminat-
ed this condition by increasing the consumption of vegetables, fish, and
meat and by substituting barley for rice.

The period before the close of the nineteenth century was charac-
terized by the discovery of diseases of nutritional origin in animals,
which opened the way for controlled experimental studies of nutrition-
al causes and cures for diseases that were common to both humans and
the lower animals. The rat undoubtedly contributed most to the discov-
ery of vitamins from 1900 through the 1920s, although chickens,
pigeons, guinea pigs, mice, and dogs also played their part (Widdowson,
1986). In 1890, Christiaan Eijkman, a Dutch physician working in a
military hospital in Java, found that chickens fed almost exclusively on
polished rice developed polyneuritic signs bearing a marked resemblance
to those of beriberi in humans. A new head cook at the hospital discon-
tinued the supply of “military” rice (polished), and thereafter the birds
were fed on whole-grain “civilian” rice, with the result being that they
recovered. He also noted that beriberi in prisoners eating polished rice
tended to disappear when a less highly milled product was fed. Many
great advances in science have started from such chance observations
pursued by men and women of inspiration.

Beginning in the middle 1850s, German scientists were recognized
as leaders of nutrition. In the late 1800s, Professor C. von Bunge
(Dorpat, Estonia, Germany, and then at Basel) had graduate students
experimenting with purified diets for small animals (Wolf and
Carpenter, 1997). In 1881, N. Lunin, a Russian student studying in von
Bunge’s laboratory, observed that mice died (16-36 days) when fed a
diet composed solely of purified fat, protein, carbohydrate, salts, and
water. Lunin proposed that natural foods such as milk contain small
quantities of as yet “unknown substances essential to life.” Other
researchers from von Bunge’s school and under his influence had essen-
tially the same results as Lunin; these researchers included C.A. Socin
(1891), W.S. Hall (1896), W. Falta (1906), and C.T. Noeggerath (1906).

11



CHAPTER ONE

Von Bunge explained away results of these experiments as he was
inclined to disbelieve the existence of unknown nutritional factors. Von
Bunge believed that iron and phosphorus must be present in preformed
organic combinations, which was his explanation for the deaths of lab-
oratory animals consuming purified diets (Wolf and Carpenter, 1997).

In 1906, Frederick Hopkins in England suggested that unknown
nutrients were essential for animal life and used the term “accessory
growth factors.” Hopkins was responsible for opening up a new field of
discovery that largely depended on the use of the rat. When Hopkins
later discovered that he was not the first to suggest that unknown nutri-
ents were essential, or to conduct animal experiments, he was anxious
to share his Nobel prize with Eijkman in 1929.

In 1911, Casimir Funk proposed the “vitamine theory.” He had
reviewed the literature and made the important conclusion that beriberi
could be prevented or cured by a protective factor present in natural
food, which he had isolated from rice by-products (Funk, 1911). Funk
named the distinct factor that prevented beriberi a “vitamine.” This
word was derived from “vital amine.” Later, when it became evident
that not all “vitamines” contained nitrogen (amine), the term became
“vitamin.” Funk had not believed that all “vitamines” were amines;
rather, the name was chosen as a catchword to create interest in the new
emerging field of nutrition.

After reviewing the literature between 1873 and 1906, in which
small animals had been fed restricted diets of isolated proteins, fats, and
carbohydrates, E.V. McCollum of the United States noted that the ani-
mals rapidly failed in health and concluded that the most important
problem in nutrition was to discover what was lacking in such diets. By
1915, McCollum and M. Davis of Wisconsin discovered that the rat
required at least two essential growth factors: a “fat-soluble A” factor
and a “water-soluble B” factor. In addition to being required as factors
for normal growth, the “fat-soluble A” factor was found to cure
xeropththalmia, and the “water-soluble B” factor cured beriberi. At the
same time as their work in Wisconsin, T.B. Osborne and L.B. Mendel of
Connecticut also established the importance of what was later named
vitamin A.

With the pioneer work of Eijkman, Hopkins, Funk, McCollum, and
others, scientists began to seriously consider the new class of essential
nutrients. The brilliant research of scientists in the first half of the twen-
tieth century led to the isolation of more than a dozen vitamins as pure
chemical substances. The golden age of vitamin research was mainly in
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the 1930s and 1940s. For vitamin discovery, the general procedure
employed was first to study the effects of a deficient diet on a laborato-
ry animal and then to find a food that would prevent the deficiency.
Using a variety of chemical manipulations, the particular nutrient
involved was gradually concentrated from the food, and its potency was
tested at each stage of concentration on further groups of animals
(Wagner and Folkers, 1962). This laborious procedure has been simpli-
fied in recent years by the discovery that several vitamins are also
growth factors for microorganisms that can therefore replace animals
for potency testing. By such methods, it is now possible to isolate vita-
mins and subsequently to identify them chemically. A remarkable
achievement has been the direct synthesis by chemists of at least ten vita-
mins identified in this way. The last vitamin to be discovered was vita-
min By, in 1948, which brought the period of vitamin discovery to a
close. On the other hand, the possibility that there are still undiscovered
vitamins must be recognized (see Chapter 17). More detailed historical
considerations for each vitamin are presented in the respective chapters
(Chapters 2 through 16).
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chapter two

VITAMIN A

INTRODUCTION

Although all vitamins are equally important in supporting animal
life, vitamin A may be considered the most important vitamin from a
practical standpoint. It is important as a dietary supplement for all ani-
mals, including ruminants. Vitamin A itself does not occur in plants;
however, its precursors (carotenoids) are found in plants, and these can
be converted to true vitamin A by a specific enzyme located in the intes-
tinal walls of animals. Prior to the discovery of vitamin A, farmers com-
plained that hogs in dry lot or barns did poorly when fed a ration con-
sisting largely of white corn instead of yellow corn. Agricultural
chemists would disagree and explain to farmers that chemical analysis
showed that white corn and yellow corn were the same with the excep-
tion of color. Then came the vitamin era, which explained what the
farmers already knew, that white corn has no carotene, the precursor of
vitamin A (Ensminger and Olentine, 1978).

In human nutrition, vitamin A is one of the few vitamins of which
both deficiency and excess constitute a serious health hazard. Deficiency
occurs in endemic proportions in many developing countries and is con-
sidered to be the most common cause of blindness in young children
throughout the world. McLaren (1986) lists 73 countries and territories
that are considered to have potentially serious vitamin A deficiency
problems. Vitamin A toxicity usually arises from abuse of vitamin sup-
plementation.

15




CHAPTER TWO

HISTORY

For thousands of years humans and animals have suffered from vita-
min A deficiency, typified by night blindness and xerophthalmia (a con-
dition named for the Latin words for dry eye, a manifestation of vitamin
A deficiency in which the conjunctiva [covering of the eye] dries out, the
cornea becomes inflamed, and the eye becomes ulcerated). The cause
was unknown, but it was recognized that consumption of animal and
fish livers had curative powers according to records and folklore from
early civilizations. One of the earliest known reports was from Eber’s
Papyrus, an ancient Egyptian medical treatise of about 1500 B.C., which
recommended the livers of cattle or poultry as curative agents
(Arykroyd, 1958). An early reference to vitamin A deficiency in live-
stock is the Bible (Jeremiah 14:6): “and the asses did stand in high
places, their eyes did fail, because there was no grass.” Also from the
Bible was the cure of the blind Tobias by means of fish bile.

The observation that experimental animals lose weight and die on
purified diets was noted by many investigators toward the end of the
nineteenth century. However, it was not until early in the twentieth cen-
tury that vitamin A was discovered. Its history has been reviewed by a
number of authorities (Funk, 1922; McCollum, 1957; Sebrell and
Harris, 1967; Loosli, 1991). From 1906 through 1912, Hopkins of
Great Britain found that a growth-stimulating principle from milk was
present in an alcoholic extract of milk rather than in the ash. In 1909,
Hopkins and Stepp found that certain fat-soluble substances were nec-
essary for growth of mice and rats. In the years 1913 through 1915,
McCollum and Davis described “fat-soluble A,” a factor isolated from
animal fats (unsaponifiable fraction of milk fat) or fish oils, which they
associated with a growth-promoting activity. In their experiments, the
growth of rats ceased prematurely when lard was used as the source of
fat in the diet, whereas adequate growth was obtained when the dietary
fat was either butter or fat extracted from egg yolk. At the same time,
Osborne and Mendel also reported that something in butter appeared to
be essential for life and growth in rats. Later, Drummond suggested that
the “fat-soluble factor A” should be named vitamin A. In 1919,
Steenbock called attention to the fact that among vegetable foods, vita-
min A potency was associated with yellow color. He suggested that
carotene was the source of the vitamin, but later recognized that the
vitamin was not carotene itself because certain potent sources of the
vitamin were colorless. Ten years later, Von Euler and associates in
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Stockholm obtained a definite growth response when carotene was
added to vitamin A-deficient diets. In 1929, Moore produced proof that
the animal body transformed carotene into vitamin A. Animals fed
carotene had vitamin A in livers, whereas controls did not.

Research in the 1920s and 1930s demonstrated that most animal
species need dietary vitamin A. The simultaneous use of chemical meth-
ods and experimental rats to test metabolic products resulted in the suc-
cessful demonstration of vitamin A activity, making it the first confirmed
vitamin rather than vitamin B or C, which had received earlier attention.
Similar testing methods were used to identify most of the other vitamins.

Only a few years after vitamin A was discovered, it was thought that
rickets was also a vitamin A deficiency. Proof that rickets was not caused
by vitamin A deficiency was provided by McCollum and associates in
1922. This proof was obtained by oxidizing cod liver oil until vitamin A
was destroyed, as shown by the inability of the oil to cure xeroph-
thalmia, and then by demonstrating that the oxidized oil was still effec-
tive in curing rickets.

Vitamin A deficiency was shown to be responsible for
xeropththalmia and certain forms of night blindness. A link between
vitamin A and the visual process was demonstrated in 1935 when Wald,
in a series of experiments, obtained a specific form of vitamin A (retinal)
from bleached retinas. Wagner and coworkers suggested in 1939 that
the conversion of B-carotene into vitamin A occurs within the intestinal
mucosa. In 1944, Morton suggested that retinal from bleached visual
purple (rhodopsin) might be identical with vitamin A aldehyde; he was
able to prove this by synthesis.

The isolation of pure vitamin A became possible when a relationship
was found between its growth-promoting activity and the intensity of
the Carr-Price antimony trichloride color at 620 nm or the light absorp-
tion at 328 nm. Karrer and his group were thus able to obtain a pure
oily retinol from vitamin A-rich concentrates. From 1930 to 1931,
Karrer and coworkers proposed the exact structural formulas for vita-
min A and B-carotene. Six years later, the first crystals of vitamin A were
obtained, and still another growth-promoting factor-vitamin A, was iso-
lated from freshwater fish liver oils.

In 1942, Baxter and Robeson crystallized pure vitamin A and sev-
eral of its esters; five years later, they also succeeded in isolation and
crystallization of the 13-cis-vitamin A isomer. Isler and coworkers syn-
thesized the first pure vitamin A in 1947. In 1950, Karrer and Inhoffen
reported the synthesis of B—carotene. In the early 1980s, B—carotene and
other carotenoids began to be recognized as important factors (inde-

17



CHAPTER TWO

pendent of provitamin A activity) in potentially reducing the risk of cer-
tain cancers and other disease conditions.

CHEMICAL STRUCTURE AND PROPERTIES

Vitamin A itself does not occur in plant products, but its precursor,
carotene (Fig. 2.1) occurs in several forms. These compounds are com-
monly referred to as provitamin A because the body can transform them
into the active vitamin. This is how the vitamin A needs of farm animals
are met, for the most part, because their rations consist mainly or entire-
ly of foods of plant origin. The combined potency of a feed, represented
by its vitamin A and carotene content, is referred to as its vitamin A
value. Retinol is the alcohol form of vitamin A (Fig. 2.1). Replacement
of the alcohol group by an aldehyde group gives retinal, and replace-
ment by an acid group gives retinoic acid. Esters of retinol are called
retinyl esters. Vitamin A in animal products exists in several forms, but
principally as long-chain fatty acid esters (e.g., retinyl palmitate).

In addition to retinol, there is another form that is isolated from
fish. It was originally distinguished on the basis of a different maximum
spectral absorption and named A, to differentiate it from the previous-
ly isolated form. Vitamin A, is closely related to vitamin A; but contains
an additional double bond in the B—ionone ring (Fig. 2.1). Liver oils of
marine fish origin usually average less than 10% vitamin A, of the total
vitamin A content. The relative biological activity of vitamin A, is 40 to
50% that of A;.

Vitamin A is a nearly colorless, fat-soluble, long-chain, unsaturated
alcohol with five double bonds. The vitamin is made up of isoprene units
with alternate double bonds, starting with one in the f—ionone ring that
is in conjugation with those in the side chain (Fig. 2.1). Since it contains
double bonds, vitamin A can exist in different isomeric forms. More
common isomeric forms of vitamin A and their relative biological activ-
ities are presented in Fig. 2.2.

The most active vitamin A form and that most usually found in
mammalian tissues is the all-trans-vitamin A. cis-Forms can arise from
the all-trans-forms, and a marked loss of vitamin A potency results.
These structural changes in the molecule are promoted by moisture,
heat, light, and catalysts. Therefore, conditions present during hay mak-
ing and ensiling, dehydrating, and storage of crops are detrimental to the
biological activity of any carotenoids present.

Precursors of vitamin A, the carotenes, occur as orange-yellow pig-
ments mainly in green leaves and to a lesser extent in corn. Of more than
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Fig. 2.1 Chemical structure of vitamin A;, B-carotene, and vitamin A,.

500 carotenoids that have been isolated from nature, only 50 to 60 pos-
sess biological activity. Structures of some of the important carotenoid
pigments and their distribution and relative biological activity are pre-
sented in Fig. 2.3. Four of these carotenoids—o-carotene, f—carotene, y-
carotene, and cryptoxanthine (the main carotenoid of corn)—are of par-
ticular importance because of their provitamin A activity. Vitamin A
activity of P—carotene is substantially greater than that of other
carotenoids. Lycopene is an important carotenoid for its antioxidant
function but does not possess the f—ionone ring structure, and therefore
is not a precursor of vitamin A. In humans, f—carotene and lycopene are
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Fig. 2.2 Isomers of vitamin A (retinol). (Adapted from Ullrey, 1972.)

the predominant carotenoids in tissue (Ribaya-Mercado et al., 1995).
Theoretically, 1 mol of B—carotene could be converted (cleavage of
the C15=C15" bond) to yield 2 mol of retinal. However, biological tests
have consistently shown that pure vitamin A has twice the potency of p—
carotene on a weight-to-weight basis. Thus, only one molecule of vita-
min A is formed from one molecule of B—carotene. Loss of potential
activity results from inefficient cleavage and intestinal absorption.
Vitamin A activity is expressed in international units (IU) or, less fre-
quently, in United States Pharmacopeia (USP) Units, both of which are
of equal value. An IU is defined as the biological activity of 0.300 ug of
vitamin A alcohol (retinol) or 0.550 pg of vitamin A palmitate. One TU
of provitamin A activity is equal in activity to 0.6 ug of B—carotene, the
reference compound. Vitamin A may be expressed as retinol equivalents
(RE) instead of IU. By definition, 1 retinol equivalent is equal to 1 ug of
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Fig. 2.3 The yellow carotenoids. (Adapted from Ullrey, 1972.)

retinol, 6 ug of B—carotene, or 12 ug of other provitamin A carotenoids.
In terms of international units, 1 RE is equal to 3.33 IU of retinol or 10
IU of B—carotene.

ANALYTICAL PROCEDURES

A number of methods are available for carotene and vitamin A
determination (Pit, 1985). Biological methods include growth responses
of rats or chicks, the storage test (liver), and quantitative evaluations of
cell changes in vaginal smears (rats). Physicochemical methods include
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color reactions with antimony trichloride (Carr-Price method), gas chro-
matography, thin-layer chromatography, and spectrophotometric proce-
dures. A number of reports (Grace and Bernhard, 1984; Hidiroglou et
al., 1986; Horst et al., 1995) indicate excellent results and high recovery
rates from high-pressure liquid chromatography (HPLC). The HPLC
procedure is the most common method for analyzing carotenoids, vita-
min A and its analogs in pharmaceutical preparations, feedstuffs, and
tissues combined with an ultraviolet (UV) detector. A procedure for
retinol-binding protein is radioimmunoassay (Vallet, 1994).

METABOLISM

Digestion

Vitamin A in animal products and carotenoids are released from
proteins by the action of pepsin in the stomach and proteolytic enzymes
in the small intestine (Ong, 1993; Ross, 1993). In the duodenum, bile
salts break up fatty globules of carotenoids and retinyl esters to smaller
lipid congregates, which can be more easily digested by pancreatic
lipase, retinyl ester hydrolase, and cholesteryl ester hydrolase.

A number of factors influence digestibility of carotene and vitamin
A. Working with lambs, Donoghue et al. (1983) reported that dietary
levels of vitamin A ranging from mildly deficient to toxic levels affect
digestion and uptake. Percentage transfer from the digestive tract from
supplemental dietary levels of 0, 100, and 12,000 ug of retinol per kilo-
gram were 91, 58, and 14%, respectively. Wing (1969) reported that the
apparent digestibility of carotene in various forages fed to dairy cattle
averaged about 78%. Variables that influenced carotene digestibility
included month of forage harvest, type of forage (hay, silage, green-
chop, or pasture), species of plant, and plant dry matter. In general,
carotene digestibility was higher than average during warmer months
and lower than average during winter.

Several reports indicate that appreciable amounts of carotene or
vitamin A may be degraded in the rumen. Various studies with different
diets have resulted in preintestinal vitamin A disappearance values rang-
ing from 40 to 70% (Ullrey, 1972). Rode et al. (1990) compared micro-
bial degradation of vitamin A (retinyl acetate) from steers fed concen-
trate, hay, or straw diets. Estimated effective rumen degradation of bio-
logically active vitamin A was 67% for cattle fed concentrates compared
to 16 and 19% for animals fed hay and straw diets, respectively.
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Absorption and Transport

Much of the conversion of B—carotene to vitamin A takes place in
the intestinal mucosa. Provitamin A carotenoids must contain one
unsubstituted f—ionone ring to be active. This conversion of B—carotene
into vitamin A involves two enzymes. f—Carotene-15,15"-dioxygenase
catalyzes the cleavage of B—carotene at the central double bond to yield
two molecules of retinal for one molecule of P—carotene. However,
extensive evidence exists also for random (eccentric) cleavage, resulting
in retinoic acid and retinal, with a preponderance of apocarotenals
formed as intermediates (Wolf, 1995). The cleavage enzyme has been
found in many vertebrates but is not present in the cat or mink.
Therefore, these species cannot utilize carotene as a source of vitamin A.
The second enzyme, retinaldehyde reductase, reduces the retinal to
retinol.

In most mammals, the product ultimately absorbed from the intes-
tinal tract as a result of feeding carotenoids is mainly vitamin A itself.
There is considerable species specificity regarding the ability to absorb
dietary carotenoids. In some species, such as the rat, pig, goat, sheep,
rabbit, buffalo, and dog, almost all of the carotene is cleaved in the
intestine. In humans, cattle, horses, and carp, significant amounts of
carotene can be absorbed. Absorbed carotene can be stored in the liver
and fatty tissues. Hence, these latter animals have yellow body and milk
fat, whereas animals that do not absorb carotene have white fat.

In the case of cattle, there is a strong breed difference in absorption
of carotene. The Holstein is an efficient converter, having white adipose
tissue and milk fat. The Guernsey and Jersey breeds, however, readily
absorb carotene, resulting in yellow fat. The chick, on the other hand,
absorbs only hydroxy carotenoids in the unchanged form and stores
them in tissues. Hydrocarbon carotenoids with provitamin A activity are
converted by the chick intestine and absorbed as vitamin A. Species
specificity in vitamin A conversion may be due to presence or absence of
suitable receptor proteins or the ability to form suitable micellar solu-
tions in the intestinal lumen.

A number of factors affect absorption of carotenoids. cis-trans-iso-
merism of the carotenoids is important in determining their absorbabil-
ity, with the trans-forms being more efficiently absorbed (Stahl et al.,
1995). Among carotenoids there is a differential uptake and clearance of
specific carotenoids (Bierer et al., 1995; Johnson et al., 1997; Erdman et
al., 1998; Van den Berg, 1999). Dietary fat is important (Roels et al.,
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1958; Fichter and Mitchell, 1997; Takyi, 1999). When small supple-
ments of fat were given to vitamin A-deficient boys in a region of
Central Africa, the absorption of dietary carotenoids increased remark-
ably (from less than 5% to about 50%) (Roels et al., 1958). Dietary
antioxidants (e.g., vitamin E) also appear to have an important effect on
the utilization and perhaps absorption of carotenoids. It is uncertain
whether the antioxidants contribute directly to efficient absorption or
whether they protect both carotene and vitamin A from oxidative break-
down. Protein deficiency reduces absorption of carotene from the intes-
tine.

Almost no absorption of vitamin A occurs in the stomach. The main
site of vitamin A and carotenoid absorption is the mucosa of the proxi-
mal jejunum. The absorption of vitamin A in the intestine is believed to
be 80 to 90%, while that of B—carotene is about 50 to 60% (Olson,
1991). Vitamin A efficiency of absorption decreases somewhat with very
high doses. Intestinal f—carotene cleavage activity was shown to be
higher in rats deficient in vitamin A than in rats with a high intake of
either vitamin A or B—carotene (Van Vliet et al., 1996). Carotenoids are
normally converted to retinol in the intestinal mucosa but may also be
converted in the liver and other organs, especially in yellow fat species
such as poultry (McGinnis, 1988). Lipid micelles in the intestinal lumen
serve as carriers by taking up vitamin A and carotene from emulsified
dietary lipid and bringing these lipids into contact with the mucosal cell,
where they diffuse from the micelle through the lipid portion of the
microvillar membrane.

Vitamin A occurs in food primarily as the palmitate ester. This is
hydrolyzed in the small intestine by retinyl ester hydrolase, which is
secreted by the pancreas. Bile salts are required both for the activation
of this enzyme and for the formation of the lipid micelle, which carries
vitamin A from the emulsified dietary lipid to the microvillus. Normally,
vitamin A is absorbed almost exclusively as the free alcohol, retinol.
Within the mucosal cells, retinol is reesterified mostly to palmitate, is
incorporated into the chylomicra of the mucosa, and is secreted into the
lymph. A small amount of retinol may be oxidized first to retinal and
then to retinoic acid, which may form a glucuronide and pass into the
portal blood. A specific transporter in the intestinal brush border for all-
trans- and 3-dehydroretinol, constituting a process of carrier-facilitated
diffusion, was reported, while other retinoids studied were taken up by
passive diffusion at a slower rate (Wolf, 1995). At normal intakes,
uptake of B—carotene by the rat was linear suggesting passive uptake
(Moore et al., 1996).
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Vitamin A is transported through the lymphatic system with a low-
density lipoprotein in lymph acting as a carrier to the liver, where it is
deposited mainly in hepatocytes and stellate and parenchymal cells.
When liver stores of vitamin A are adequate, it can be transferred from
parenchymal cells to stellate cells, where it is reesterified (Blomhoff et
al., 1991).

When vitamin A is mobilized from the liver, stored vitamin A ester
is hydrolyzed (retinyl ester hydrolase) prior to its release into the blood-
stream, and vitamin A alcohol (retinol) then travels via the bloodstream
to the tissues. Retinol is transported by a specific transport and binding
protein, retinol-binding protein (RBP). The RBP is synthesized and
secreted by hepatic parenchymal cells. Human RBP has a molecular
weight of about 21,000 and contains one binding site for one molecule
of retinol. Intercellular and intracellular binding proteins belong to a
closely related family of retinoid-binding proteins of low molecular
weight (Table 2.1).

Retinol is secreted from liver in association with RBP and circulates
to peripheral tissues complexed to a thyroxine-binding protein,
transthyretin (Blomhoff et al., 1991; Ross, 1993). The retinol-
transthyretin complex is transported to target tissues, where the com-
plex binds to a cell-surface receptor and the retinol is transported into
cells of target tissue. Metabolism, storage, and release of vitamin A by
the liver are under several forms of homeostatic control, with circulat-
ing RBP maintained over a wide range of total liver reserves (Blomhoff
et al., 1991; Ross, 1993). One factor that specifically regulates RBP
secretion from liver is the nutritional vitamin A status of the animal. The
secretion of RBP from the liver is regulated by estrogen and nutritional
status of vitamin A, protein, and zinc. Retinol deficiency specifically
blocks secretion of RBP from the liver so that plasma RBP levels fall and
liver RBP levels rise.

Contrary to current knowledge for all other species, vitamin A
serum levels in dogs were affected by the daily vitamin A supply as well
as the type of food (Schweigert et al., 1990). This was explained by the
fact that dogs and other carnivores transport most of their vitamin A in
blood as retinyl esters (mainly retinyl stearate) bound to lipoproteins.
The differences in the retinyl ester pattern between vitamin A in liver
and in blood indicate that the mobilization of vitamin A from the liver
involves a selective mechanism.

Once the retinoids are transferred into the cell, they are quickly
bound by specific binding proteins in the cell cytosol. The intracellular
retinoid-binding proteins bind retinol, retinal, and retinoic acid for pur-

25



CHAPTER TWO

M Table 2.1 Principal Retinoid-Binding Proteins

Name Abbreviation ~ Retinoid Principal Location

INTERCELLULAR TRANSPORT

Chylomicron Retinyl esters Intestine, liver
retinol-binding protein ~ RBP Retinol Liver, extrahepatic
organs
Interphotoreceptor IRBP All-trans-retinol/  Retina
retinol-binding protein 1l-cis-retinol

INTRACELLULAR TRANSPORT

Cellular CRBP (I) Retinol Most tissues except
retinol-binding protein (I) adrenal, heart, ileum,
muscle, serum

Cellular retinoic CRABP (I) Retinoic acid Seminal vesicle, vas
acid-binding protein (I) deferens, skin, eye
Cellular retinoic CRABP (II) Retinoic acid Skin
acid-binding protein (II)
Epididymal retinoic acid ~ EBP 1,2 Retinoic acid Lumen of epididymis
Cellular retinaldehyde- CRALBP Il-cis-retinal/ Retina
binding protein 1l-cis-retinol
Nuclear retinoic acid RAR o, B,y All-trans-retinoic ~ Most tissues except
receptors acid adult liver
Nuclear retinoic acid X RXR o, B, v 9-cis-retinoic acid Most tissues
receptors

poses of protection against decomposition, solubilize them in aqueous
medium, render them nontoxic, and transport them within cells to their
site of action. These binding proteins also function by presenting the
retinoids to the appropriate enzymes for metabolism (Wolf, 1991). Some
of the principal forms of intracellular (cytoplasmic) retinoid-binding
proteins (Table 2.1) are cellular retinol-binding proteins (CRBP I and II),
cellular retinoic acid-binding proteins (CRABP I and 1II), cellular reti-
naldehyde-binding protein (CRALBP), and six nuclear retinoic acid
receptors (RAR «, B, Yy and RXR a, B, y).

The cellular retinol and retinoic acid-binding proteins—CRBP (I, IT)
and CRABP (I, II)—function in transport and metabolism of retinoids
within parenchymal, intestinal, reproductive, and fetal cells and across
blood-organ barriers. A different group of retinoid-binding proteins,
more related to serum retinol-binding protein, functions in epididymis
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and uterus. Retinaldehyde-binding protein aids in the oxidation-reduc-
tion reaction of 11-cis-retinol-11-cis-retinaldehyde in the retina, where
the interphotoreceptor retinol-binding protein transports retinol
between pigment epithelium and photoreceptors (Wolf, 1998). Finally,
there are two classes of nuclear receptors: all-trans-retinoic acid is the
ligand for RAR, and 9-cis-retinoic acid is the ligand for RXR.

Receptors for 1,25-dihydroxyvitamin D, all-trans retinoic acid, and
9-cis-retinoic acid are members of the nuclear hormone receptor super
family, a gene family having at least 30 members, including receptors for
the classic steroid hormones (estrogen, progesterone, glucocorticoids,
androgens, thyroid hormone, and several others). The feature common
to this class of molecules is that they control gene expression by inter-
acting with specific DNA sequences or regulatory elements in control
regions of target genes.

Retinol is readily transferred to the egg in birds, but the transfer of
retinol across the placenta is marginal, and mammals are born with very
low liver stores of vitamin A. Uterine RBP has been identified in the pig

uterus, with the function of delivering retinol to the fetus (Clawitter et
al., 1990).

Excretion

Derivatives of vitamin A with an intact carbon chain are generally
excreted in feces, whereas acidic chain-shortened products tend to be
excreted in urine (Olson, 1991). In the steady state, approximately equal
amounts of metabolites are excreted in the feces and urine.

Some vitamin A derivatives are reexcreted into the intestinal lumen
via the bile. This is true for much of the retinoic acid and some retinol.
The major vitamin A components of the bile are vitamin A glucuronides.
An appreciable portion of these glucuronides are reabsorbed, thus cre-
ating an enterohepatic circulation for vitamin A derivatives and provid-
ing an opportunity for vitamin A conservation (Barua, 1997). Kinetic
studies have demonstrated that the retinol molecule cycles several times
between liver and extrahepatic tissues before it is degraded (Blomhoff et
al., 1991).

Storage

Liver normally contains about 90% of total-body vitamin A. The
remainder is stored in the kidneys, lungs, adrenals, and blood, with
small amounts also found in other organs and tissues. A large quantity
of vitamin A is stored in the kidney as well as the liver in cats and dogs.
This high level of vitamin A in the kidney is unique to cats and dogs, and
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the reasons for the storage are not fully understood (Ralston Purina,
1987; Raila et al., 1997). Vitamin A is highly concentrated in stomach
oils of certain seabirds and in the intestinal wall of some fish. The entire
vitamin A reserve of certain shrimp is in the eyes. Carotenoids are more
evenly distributed in species that have the ability to absorb and store
these precursors. Grass-fed cattle have large stores of carotene in their
body fat, which is evidenced by a deep yellow color.

The liver can store large amounts of vitamin A; in humans approx-
imately 50 to 80% of the total body vitamin A is stored in the stellate
cells in the form of retinyl esters (Blomhoff et al., 1991). Bardos (1991)
compared vitamin A content in liver lobes between dogs and other
species. Uniformity of liver vitamin A was less for dogs than cattle and
chickens. In all species, there was a low correlation between liver and
blood retinol. Several studies have shown that liver can store enough
vitamin A to protect the animal from long periods of dietary scarcity
(McDowell, 1985). This large storage capacity must be considered in
studies of vitamin requirements to ensure that intakes that appear ade-
quate for a given function are not being supplemented by reserves stored
prior to the period of observation. Measurement of the liver store of
vitamin A at slaughter or in samples obtained from a biopsy is a useful
technique in the study of vitamin A status and requirements. Fig. 2.4
illustrates a liver biopsy procedure that was adapted from human med-
icine.

FUNCTIONS

Vitamin A is necessary for support of growth, health, and life of
higher animals. In the absence of vitamin A, animals will cease to grow
and eventually die. The classic biological assay method is based on
measurement of growth responses of weanling rats to graded doses of
vitamin A. It is of primary importance in development of young, grow-
ing animals.

The metabolic function of vitamin A, explained in biochemical
terms, is only now beginning to be understood. Vitamin A deficiency
causes at least four different and probably physiologically distinct
lesions: loss of vision due to a failure of rhodopsin formation in the reti-
na; defects in bone growth; defects in reproduction (e.g., failure of sper-
matogenesis in the male and resorption of the fetus in the female); and
defects in growth and differentiation of epithelial tissues, frequently
resulting in keratinization. Keratinization of these tissues results in loss
of function; this occurs in the alimentary, genital, reproductive, respira-
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Fig. 2.4 Tllustration of liver biopsy sample taken for both vitamin A and min-
eral analysis. Sample can be taken quickly with a trocar and cannula: (A)
Trocar; (B) Insertion of trocar for sampling; (C) Release of sample from the
cannula. (Courtesy of H.L. Chapman and L.R. McDowell, University of
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tory, and urinary tracts. Such altered characteristics make the affected
tissue more susceptible to infections. Thus, diarrhea and pneumonia are
typical secondary effects of vitamin A deficiency. Retinoic acid is the
form of vitamin A that has been shown to perform as a hormone (e.g.,
all-trans-retinoic acid and 9-cis-retinoic acid). However, retinoic acid
has been found to support growth and tissue differentiation but not
vision (Fig. 2.5) or reproduction (Scott et al., 1982). Vitamin A-deficient
rats fed retinoic acid were healthy in every respect, with normal estrus
and conception, but failed to give birth and resorbed their fetuses. When
retinol was given even at a late stage of pregnancy, fetuses were saved.
Male rats on retinoic acid were healthy but produced no sperm, and
without vitamin A, both sexes were blind (Anonymous, 1977).
Although retinol is needed for normal vision and some aspects of
reproduction, discoveries have revealed that most, if not all, actions of
vitamin A in development, differentiation, and metabolism are mediat-
ed by nuclear receptor proteins that bind retinoic acid, the active form
of vitamin A (Anonymous, 1993). A group of retinoic acid binding pro-
teins (receptors) function in the nucleus by attaching to promoter
regions in a number of specific genes to stimulate their transcription and
thus affect growth, development, and differentiation. Six high-affinity
receptor proteins for retinoic acid (RAR a, B, y and RXR «, B, y) have
been identified. Apparently RAR nuclear receptors bind to all-trans
retinoic acid, while RXR receptors bind with 9-cis-retinoic acid (Kasner
et al., 1994; Kliewer et al., 1994). Retinoic acid receptors in cell nuclei
are structurally homologous and functionally analogous to the known
receptors for steroid hormones, thyroid hormone (triiodothyronine),
and vitamin D [1,25-(OH),D]. Thus, retinoic acid is now recognized to
function as a hormone to regulate the transcription activity of a large
number of genes (Ross, 1993). As an example, the well-known connec-
tion between vitamin A deficiency and hepatic glycogen depletion
caused by reduced gluconeogenesis can now be explained at the molec-
ular level by the dependence of phosphoenolpyruvate carboxykinase
gene expression on adequate vitamin A (Shin and McGrane, 1997).
Actions of vitamin A in development, differentiation, and metabo-
lism are mediated by nuclear receptor proteins (RARs and RXRs) that
bind retinoic acid with steroid and thyroid hormone receptors. The
super family of nuclear proteins interact with specific genes and regulate
their transcription. Retinoic acid has been found to stimulate, synergis-
tically with thyroid hormone, the production of growth hormone in cul-
tured pituitary cells. The RARs have been found to bind both the gene
element responsive to RAR, in addition to the one responsive to tri-
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Fig. 2.5 The appearance of (A) the eye of a blind hen fed retinoic acid com-
pared with (B) the normal eye of a hen fed retinol. (Courtesy of M.L. Scott,
Cornell University.)

iodothyronine, suggesting that retinoic acid and the thyroid hormone
control overlapping networks of genes. Many proteins appear during
retinoic acid-induced cell differentiation.

Retinoids have a wide spectrum of biological activities. Retinoic
acid plays an important role in growth and differentiation of embryon-
ic tissues. It also regulates the differentiation of epithelial, connective,
and hematopoietic tissues (Safonova et al., 1994). The nature of the
growth and differentiation response elicited by retinoic acid depends
upon cell type. Retinoic acid can be an inhibitor of many cell types with
a potential to reduce adipose tissues in meat-producing animals
(Suryawan and Hu, 1997).

Evidence indicates a morphogenic role for retinoic acid and one of
its metabolites, 3,4-didehydroretinoic acid (Anonymous, 1991).
Morphogens form concentration gradients or morphogenic fields
through developing tissues that specify the eventual three-dimensional
structure at maturity. Cell differentiation in the developing chick limb
bud has been studied where vitamin A morphogens are operative. Cells
of the limb bud can differentiate into muscle, cartilage, and bone cells.

Vision

The physiological function of vitamin A that has been most clearly
defined on a biochemical basis is its role in vision (Wald, 1968). Vitamin
A is an essential component of vision. Retinol is utilized in the aldehyde
form (#rans- form to 11-cis-retinal) in the retina of the eye as the pros-
thetic group in rhodopsin for dim light vision (rods) and as the pros-

thetic group in iodopsin for bright light and color vision (cones). When
11-cis-retinal (aldehyde form of vitamin A) is combined with the protein
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opsin, rhodopsin (visual purple) is produced. Chemical reactions
involved in vision and the roles that trans-retinal and 11-cis-retinal play
in this function are presented in Fig. 2.6. Rhodopsin breaks down in the
physiological process of sight as a result of photochemical reaction. The
all-trans- retinaldehyde cannot form a stable complex with the opsin.
Opsin opens through a series of changes that expose reactive groups.
Finally, retinaldehyde is hydrolyzed off the opsin. The energy derived
from this reaction is transported to the brain via the optic nerve and
recorded in various intensities depending on the amount of light enter-
ing the eye.

Vitamin A deficiency, in terms of the need for the resynthesis of
rhodopsin, results in night blindness (nyctalopia), which is a clinical sign
in both animals and humans. During the reactions in the retina, some of
the vitamin A is lost and is replaced by vitamin A from blood. If vitamin
A blood level is too low, a functional night blindness will result. The
deficiency first manifests itself as a slow adaptation to the dark, and pro-
gresses to total night blindness. At dusk or in moonlight, livestock with
night blindness will bump into obstacles (Fig. 2.7) intentionally placed
in their path, or into logs or stumps when driven at night.

In vitamin A deficiency, the outer segments of the rods lose their
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Fig. 2.6 The role of vitamin A in vision. (Adapted from Wald, 1968.)
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Fig. 2.7 A blind steer with vitamin A deficiency walks into a fence. (Courtesy
of T.B. Keith, University of Idaho.)

opsin, leading to their eventual degeneration. The entire structure
becomes filled with tubules and vesicles. On a molecular basis, collage-
nase activity is increased in vitamin A deficiency. Retinoic acid has been
shown to inhibit the enzyme collagenase by forming an inactive protein
complex with the liganded nuclear retinoic acid receptors (Wolf, 1992).
Even at a late stage, it is possible to regenerate rods, but continued defi-
ciency results in disintegration of cones and total blindness. Vitamin A
is needed for integrity of the visual cells as well as their normal regener-
ation.

Other eye clinical signs vary markedly among species, some of
which represent secondary infections. Vision also can be impaired in
xerophthalmia. Xerophthalmia is an advanced stage of vitamin A defi-
ciency seen in all species. In children, dogs, foxes, and rats, xeroph-
thalmia is characterized by a dry condition of the cornea and conjuncti-
va, cloudiness, and ulceration. Copious lacrimation is a more prominent
eye sign in cows (Fig. 2.8) and horses. In chickens, on the other hand,
the secretions of the tear glands dry up and an infection may then occur,
resulting in a discharge that causes the lids to stick together. Some of
these conditions develop as a result of basic epithelial changes caused by
a deficiency of vitamin A (Maynard et al., 1979).
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Fig. 2.8 Calf in the Philippines shows vitamin A deficiency characterized by
copious lacrimation and blindness. The 6-month-old animal had been fed
reconstituted skim milk powder and poor-quality bleached hay (practically
devoid of carotene). (Courtesy of J.K. Loosli, University of Florida.)

Maintenance of Normal Epithelium

Vitamin A is required for maintenance of epithelial cells, which
form protective linings on many of the body’s organs. The respiratory,
gastrointestinal, and urogenital tracts, as well as the eye, are protected
from environmental influences by mucous membranes. If, however,
there is a deficiency of vitamin A, epithelial cells that make up the mem-
brane will change their characteristic structure. It is postulated that
vitamin A plays an important role in altering permeability of lipoprotein
membranes of cells and of intracellular particles. Vitamin A penetrates
lipoprotein membranes and, at optimum levels, may act as a cross-link-
age agent between the lipid and protein, thus stabilizing the membrane
(Scott et al., 1982).

The normal mucus-secreting cells of epithelium in various locations
throughout the body become replaced by a stratified, keratinized epithe-
lium when vitamin A is deficient. Keratinized epithelium allows
pathogen entry through the skin, lung, gastrointestinal tract, and uro-
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genital tract surface. Vitamin A deficiency can impair regeneration of
normal mucosal epithelium damaged by infection or inflammation
(Ahmed et al., 1990; Stephensen et al., 1993) and thus could increase the
severity of an infectious episode and/or prolong recovery from that
episode. Adequate dietary vitamin A is necessary to help maintain nor-
mal resistance to stress and disease.

Studies have shown that the epithelial cells from vitamin A-deficient
animals fail to differentiate to mucus-secreting cells, and mesenchymal
cells fail to differentiate beyond the blast stage. This occurs in the ali-
mentary, genital, reproductive, respiratory, and urinary tracts. Such
altered characteristics make affected tissues more susceptible to infec-
tion. Thus, colds and pneumonia are typical secondary effects of vitamin
A deficiency. Adequate dietary vitamin A is necessary to help maintain
normal resistance to stress and disease. However, greater than optimal
intakes of vitamin A will not aid in preventing infections.

There are many noninfective problems due to keratinization of
epithelium, such as diarrhea. The formation of kidney and bladder
stones is favored when damaged epithelium interferes with normal
secretion and elimination of urine, and sloughed keratinized cells may
form foci for the formation of stones. There is a specific interference
with reproduction caused by altered epithelium that is of great impor-
tance. Squamous metaplasia in the parotid gland is an early change in
vitamin A-deficient calves and proves useful in diagnosing deficiency.
Elevated cerebrospinal fluid pressure observed in vitamin A-deficient
animals, a very sensitive measure of the onset of vitamin A deficiency, is
the result of cell changes. Increased ground substance in the dura mater
surrounding the arachnoid villus and altered epithelial cells cause a
decreased absorption of the fluid.

There is evidence that vitamin A is necessary for the formation of
large molecules containing glucosamine (Goodman, 1980). These are
the mucopolysaccharides occurring in almost all tissues of mammalian
organisms but principally in the mucus-secreting epithelia and in the
extracellular matrix of cartilage, mainly as chondroitin sulfate. The inti-
mate involvement of vitamin A in the biosynthesis of glycoproteins,
which are constitutents of membrane systems in cells, helps explain
many biological effects of this vitamin.

In severe vitamin A deficiency, abnormalities in both RNA metabo-
lism and protein synthesis have been reported. These changes in nucleic
acid metabolism and protein synthesis may, however, reflect secondary
effects of deficiency rather than the primary function of the vitamin.
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Reproduction

In most livestock, the absence of vitamin A in the ration will dra-
matically reduce reproductive ability. Hatchability is significantly
reduced when hens are fed a vitamin A-deficient ration. One of the first
signs of vitamin A deficiency in rabbits is a reduction in fertility and an
increased incidence of abortion in pregnant does.

In a number of species, vitamin A deficiency in the male results in a
decline in sexual activity and failure of spermatogenesis, and in the
female results in the resorption of the fetus, abortion, or birth of dead
offspring. Retained placenta may be a characteristic of vitamin A defi-
ciency in some species. Often the reproductive problems associated with
vitamin A deficiency are actually the result of failure to maintain healthy
epithelium.

Degeneration of germinal epithelium and seminiferous tubules and
cessation of spermatogenesis in vitamin A-deficient rats are not prevent-
ed by retinoic acid. However, vitamin A-deficient rats had lowered
testosterone levels that were restored by retinoic acid. Since retinoic acid
cannot restore the germinal epithelium in vitamin A-deficient rats, these
results indicate a role for retinoic acid in testosterone synthesis
(Anonymous, 1977).

Bone Development

Vitamin A has a role in the normal development of bone through
control exercised over the activity of osteoclasts of the epithelial carti-
lage. In vitamin A deficiency, osteoclast (reabsorbing bone) activity is
reduced, resulting in excessive deposition of periosteal bone by the
apparently unchecked function of osteoblasts (depositing bone).
Disorganized bone growth and irritation of the joints are two manifes-
tations of vitamin A deficiencies. In some cases, there is a constriction of
the openings through which the optic and auditory nerves pass, thereby
resulting in blindness and/or deafness.

Bone changes may also be responsible for the muscle incoordination
and other nervous symptoms shown by vitamin A-deficient cattle, sheep,
and swine. These changes may be involved in the increase in cere-
brospinal fluid pressure shown to be characteristic of the deficiency.
While the pathological basis is unknown, several studies have shown
that a lack of vitamin A causes congenital malformation in certain soft
tissues (Maynard et al., 1979). Examples are the birth of pigs without
eyeballs and hydrocephalus in rabbits.
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Relationship to Immunological Response and Disease
Conditions

Animals deficient in vitamin A will show increased frequency and
severity of bacterial, protozoal, and viral infections as well as other dis-
ease conditions. Part of disease resistance, as a function of vitamin A, is
related to maintenance of mucous membranes and normal functioning
of the adrenal gland for production of corticosteroids needed to combat
disease. An animal’s ability to resist disease depends on a responsive
immune system, with a vitamin A deficiency causing a reduced immune
response (Semba, 1998).

Vitamin A deficiency affects immune function, particularly the anti-
body response to T-cell-dependent antigens (Ross, 1992). The RAR-a
mRNA expression and antigen-specific proliferative responses of T lym-
phocytes are influenced by vitamin A status in vivo and are directly
modulated by retinoic acid (Halevy et al., 1994). Vitamin A deficiency
affects a number of cells of the immune system, and that repletion with
retinoic acid effectively reestablishes the number of circulating lympho-
cytes (Zhao and Ross, 1995).

A diminished primary antibody response could also increase the
severity and/or duration of an episode of infection, whereas a dimin-
ished secondary response could increase the risk of developing a second
episode of infection. Vitamin A deficiency causes decreased phagocytic
activity in macrophages and neutrophils. The secretory immunoglobulin
(Ig) A system is an important first line of defense against infections of
mucosal surfaces (McGhee et al., 1992). Several studies in animal mod-
els have shown that the intestinal IgA response is impaired by vitamin A
deficiency (Davis and Sell, 1989; Wiedermann et al., 1993; Stephensen
et al., 1996).

An optimal vitamin A range exists for enhancement of vitamin A
responses, because both deficient status and excessive status suppress
immune function. In many experiments with laboratory and domestic
animals, the effects of both clinical and subclinical deficiencies of vita-
min A on the production of antibodies and on the resistance of the dif-
ferent tissues against microbial infection or parasitic infestation have
frequently been demonstrated (Kelley and Easter, 1987). Supplemental
vitamin A improved the health of animals infected with roundworms, of
hens infected with Capillaria organisms, and of rats with hookworms
(Herrick, 1972). Vitamin A is valuable in treating ringworm
(Trichophyton verrucosum) infection in cattle.

Vitamin A-deficient chicks showed rapid loss of lymphocytes, and

37



CHAPTER TWO

deficient rats showed atrophy of the thymus and spleen and reduced
response to diphtheria and tetanus toxoids (Krishnan et al., 1974).
Mortality from fowl typhoid (Salmonella gallinarum) was reduced in
chicks fed vitamin A levels greater than the normal levels in a high-pro-
tein diet. Serum antibody levels in chicks were increased twofold to five-
fold by high dietary vitamin A concentrations. The immune response to
introduced Newcastle disease virus was higher in broiler chicks receiv-
ing 2,500 IU of vitamin A than in controls, and was best in those receiv-
ing 20,000 IU (Serman and Mazija, 1985). Harmon et al. (1963) stud-
ied the effect of a vitamin A deficiency on antibody production by baby
pigs and found a high correlation coefficient between serum vitamin A
and antibody titer. Baby pigs infected with Trichuris suis responded to
supplemental vitamin A with an enhanced immunological response com-
pared with controls (Bebravicius et al., 1987).

Vitamin A and B—carotene have important roles in protecting ani-
mals against numerous infections, including mastitis. A protective effect
of dietary vitamin A supplementation against experimental
Staphylococcus aureus mastitis in mice has been reported (Chew et al.,
1984). Potential pathogens are regularly present in the teat orifice, and
under suitable circumstances can invade and initiate clinical mastitis.
Any unhealthy state of the epithelium would increase susceptibility of a
mammary gland to invasion by pathogens. There are reports of
improved mammary health in dairy cows supplemented with B—carotene
and vitamin A during the dry (Dahlquist and Chew, 1985) and lactating
(Chew and Johnston, 1985) periods.

In vitamin A-deficient animals, incidence of cancer has been shown
to be higher than in animals receiving normal vitamin A intakes. In some
special cases, administration of toxic doses of vitamin A caused a regres-
sion of tumors. Extreme toxicity of natural vitamin A makes it an inef-
fective drug for treatment of certain types of neoplasms. Synthetic
analogs (retinoids) of vitamin A, however, have been successfully used to
prevent cancer of the skin, lung, bladder, and breast in experimental ani-
mals. This is a pharmacological approach to prevention of cancer by
enhancement of intrinsic epithelial defense mechanisms. Synthetic
retinoids are superior for this purpose (Goodman, 1980). In humans,
studies suggest that diets rich in B—carotene provide a blocking or inhi-
bition of certain types of cancer, including lung cancer (even in people
who smoke). Also, skin diseases, including psoriasis, cystic acne, and
rosacea have responded exceptionally well to synthetic retinoids.
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REQUIREMENTS

Extensive research has been conducted to determine the vitamin A
requirements of various species. Requirements have been published in
the United States by the Committee on Animal Nutrition of the National
Academy of Science-National Research Council. Vitamin A require-
ments can be expressed on the basis of IU per kilogram of body weight,
on a daily basis, or as a unit of diet. In agreement with general practice,
the requirements are normally expressed per unit of diet rather than per
kilogram of body weight.

Minimum requirements have been determined by various methods,
including amounts required to prevent night blindness, amounts
required for storage and reproduction, and maintenance of normal pres-
sure in the cerebrospinal fluid. The minimum vitamin A requirement for
normal growth may be lower than the amount required for higher
growth rates, resistance to various diseases, and normal bone develop-
ment. It was suggested that calves born with low vitamin A liver stores
should receive a minimum of 16,500 IU/100 kg body weight, and that
three to five times this level are necessary for adequate vitamin A liver
stores in calves during the critical first few months of life.

Table 2.2 summarizes the vitamin A requirements for various
species; a more complete listing is provided in Appendix Table Ala.
These requirements are deemed sufficient to provide optimal growth;
satisfactory reproduction and milk, egg, or wool production; and pre-
vention of deficiency signs. The requirements presented are designed to
be adequate for these purposes under practical conditions of feeding and
management and to allow for a certain amount of storage. The decision
as to the minimum vitamin A requirement of young swine depends upon
whether the criterion to determine the requirements is based upon
growth and feed utilization or also considers liver vitamin A storage.
Storage of vitamin A in the liver certainly appears to be desirable since
under conditions of little or no liver storage, stresses and diseases may
precipitate vitamin A deficiency. The vitamin A reserves of the sow make
it difficult to establish requirements. Braude et al. (1941) reported that
mature sows fed diets without supplemental vitamin A completed three
pregnancies normally; only in the fourth pregnancy did deficiency signs
appear. Gilts receiving adequate vitamin A levels until 9 months of age
completed two reproductive cycles without signs of vitamin A deficien-
cy (Selke et al., 1967).
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M Table 2.2 Vitamin A Requirements for Various Animals and for Humans

Animal Purpose or Class Requirement? Reference
Beef cattle Feedlot cattle 2,200 IU/kg NRC (1996)
Pregnant heifers and cows 2,800 TU/kg NRC (1996)
Lactating cows and bulls 3,900 TU/kg NRC (1996)
Dairy cattle Growing 2,200 TU/kg NRC (1989a)
Lactating cows and bulls 3,200 TU/kg NRC (1989a)
Calf milk replacer 3,800 IU/kg NRC (1989a)
Goat All classes 5,000 IU/kg Morand-Fehr
(1981)
Chicken Leghorn, 0-18 weeks 1,500 IU/kg NRC (1994)
Laying (100-g intake) 2,000 TU/kg NRC (1994)
Broilers 1,500 IU/kg NRC (1994)
Geese Growing 1,500 IU/kg NRC (1994)
Breeding 4,000 IU/kg NRC (1994)
Turkey Growing and breeding 5,000 TU/kg NRC (1994)
Sheep Replacement ewes, 60 kg 1,567 IU/kg NRC (1985b)
Pregnancy, 70 kg 3,306 TU/kg NRC (1985b)
Lactation, 70 kg 2,380 IU/kg NRC (1985b)
Replacement rams, 80-100 kg 1,976 IU/kg NRC (1985b)
Swine Growing 5-10 kg 2,200 IU/kg NRC (1998)
Growing, 20-120 kg 1,300 IU/kg NRC (1998)
Pregnant swine and boars 4,000 IU/kg NRC (1998)
Lactating 2,000 TU/kg NRC (1998)
Horse Growing, maintenance 2,000 IU/kg NRC (1989b)
and working
Pregnancy and lactation 3,000 IU/kg NRC (1989b)
Mink Growing 5,930 TU/kg NRC (1982a)
Fox Growing 2,440 IU/kg NRC (1982a)
Cat Gestation 6,000 TU/kg NRC (1986)
Dog Growing 3,336 IU/kg NRC (1985a)
Rabbit Growing 580 IU/kg NRC (1977)
Gestation 1,160 IU/kg NRC (1977)
Fish Catfish 1,000-2,000 IU/kg NRC (1993)
Common carp 1,000-2,000 IU/kg NRC (1993)
Rainbow trout 2,500 TU/kg NRC (1993)
Rat Growing and reproduction 2,300 IU/kg NRC (1995)
Mouse Growing 2,400 TU/kg NRC (1995)
Nonhuman primate All classes 10,000 IU/kg NRC (1978)
Human Children 400-700 ug REP RDA (1989)
Adults 800-1,000 ug/RE ~ RDA (1989)
Lactating 1,200-1,300 ug/RE RDA (1989)

3Expressed as per unit of animal feed either on as-fed (approximately 90% dry mat-
ter) or dry basis (see Appendix, Tables Ala,b). Human data are expressed as pug/day.

bRetinol equivalent (RE): 1 RE = 1 pg retinol or 6 pg p-carotene.

In establishing a satisfactory vitamin A level for practical diets, it is
necessary to consider a number of factors that may alter the vitamin A
requirement. Type and level of production are important as greater pro-
duction rates increase requirements. Pregnancy, lactation, and egg pro-
duction also lead to higher requirements. Other practical factors are list-

ed in Table 2.3.
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W Table 2.3  Factors Influencing Vitamin A Requirements

Genetic differences (species, breed, strain)

Carryover effect of stored vitamin A (principally in the liver but the kidney is also impor-
tant for cats)

Conversion efficiency of carotenes to vitamin A

Variations in level, type, and isomerization of carotenoid vitamin A precursors in feed-
stuffs

Presence of adequate bile in vivo

Destruction of vitamin A in feeds through oxidation, prolonged storage, high pelleting
temperatures, catalytic effects of trace minerals, and peroxidizing effects of rancid fats

Presence of disease and/or parasites
Environmental stress and temperature

Adequacy of dietary fat, protein, zinc, phosphorus, and antioxidants (including vitamin E,
vitamin C, and selenium)

Pelleting and subsequent storage of feed

Different species of animals convert B—carotene to vitamin A with
varying degrees of efficiency. The conversion rate of the rat has been
used as the standard value, with 1 ug of B—carotene equal to 1,667 TU
of vitamin A. The comparative efficiencies of various species are shown
in Table 2.4, based on this standard. Of the species studied, only poul-
try are equal to rats in vitamin conversion; cattle are only 24% as effi-
cient.

Some factors that influence the rate at which carotenoids are con-
verted to vitamin A are type of carotenoid, class and production level of
animal, individual genetic differences in animals, and level of carotene
intake (NRC, 1996). Efficiency of vitamin A conversion from B-
carotene is decreased with higher levels of intake (Van Vliet et al., 1996)
(Table 2.5). As B—carotene level is increased, conversion efficiency drops
from a ratio of 2:1 to 5:1 for the chicken and from 8:1 to 16:1 for the
calf (Bauernfeind, 1972).

Stress conditions, such as extremely hot weather, viral infection, and
altered thyroid function, have also been suggested as causes for reduced
conversion efficiency of carotene to vitamin A. Vitamin A requirements
are higher under stressful conditions such as abnormal temperatures or
exposure to disease. For example, with poultry, coccidiosis not only
causes destruction of vitamin A in the gut but also injures the microvil-
li of the intestinal wall, thereby decreasing absorption of vitamin A and
at the same time causing the chickens to stop eating for several days
(Scott et al., 1982).
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M Table 2.4 Conversion of B-Carotene to Vitamin A by Different Animals

Conversion of mg of IU of vitamin A Activity
B-Carotene to IU of (Calculated from Carotene)
Animal Vitamin A (mg) (IU) (%)
Standard 1=1,667 100
Beef cattle 1 =400 24
Dairy cattle 1 =400 24
Sheep 1 = 400-450 24-30
Swine 1=500 30
Horse
Growing 1=1555 33.3
Pregnant 1=333 20
Poultry 1=1,667 100
Dog 1=2833 50
Rat 1=1,667 100
Fox =278 16.7
Cat Carotene not utilized —
Mink Carotene not utilized —
Human 1=556 33.3

Sources: Adapted from Beeson (1965) and United States-Canadian Tables of Feed
Composition (NRC, 1982b).

Likewise, other factors may affect metabolism and increase vitamin
A requirements. These include free nitrates in feeds, inadequate protein,
zinc deficiency, and low dietary phosphorus (Harris, 1975).
Considerable work and controversy have been reported on the relation-
ship between nitrates and vitamin A nutrition. In a review of this sub-
ject, Rumsey (1975) concluded that although nitrates can be shown to
have an adverse effect on vitamin A in vitro, this does not appear to
translate into a significant effect under most feeding conditions.

The efficiency of B—carotene in meeting the vitamin A requirement
of trout and salmon apparently is dependent on water temperature.
Cold-water fish utilize precursors of vitamin A at 12.4 to 14°C but not
at 9°C (Poston et al., 1977). Activity of B—carotene-15,15"-dioxygenase,
which oxidizes B—carotene to retinal in the intestinal mucosa, may be
restricted at cold temperatures.

In humans the recommended allowance for adult females is set at
80% of that for males or 800 retinol equivalents (4,000 IU) (RDA,
1989). The allowance during lactation is increased to 1,200 retinol
equivalents to provide for vitamin A secreted in milk. Daily vitamin A
requirements for children (10 years or younger) vary between 400 and
700 pg retinol equivalents.
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M Table 2.5 Equivalence of B-Carotene and Retinol at Different Dietary Concentrations

in Rats
Moles
Dose of Relative B-Carotene ug B-Carotene
B-Carotene Molar Equivalent to 1 Equivalent to 1
(umol/kg BW) Biopotency (%) mol Retinol mol Retinol
<0.3 100.0 1.0 1.84
1 50.0 2.0 3.75
2 30.0 3.3 6.25
6 15.4 6.5 12.20
12 9.5 10.5 19.70
48 4.3 23.3 43.60

Source: Adapted from Brubacher and Weiser (1985).

NATURAL SOURCES

The richest sources of vitamin A are fish oils. Some swordfish liver
oils contain as many as 250,000 IU of vitamin A per gram. Halibut liver
oil may contain even more. Thus, both are many times more potent than
cod liver oils. Products from the same species, however, may be highly
variable in potency; thus, in their manufacture for use as a vitamin A
supplement, they are subjected to a biological assay so that the user may
be assured of a certain minimum potency. Among the common foods of
animal origin, milk fat, egg yolk, and liver are rated as rich sources, but
this is not the case if the animal from which they came has been receiv-
ing a vitamin A-deficient diet for an extended period. Since the vitamin
is present in the fat, skim milk contains very little. The effect of dietary
vitamin A on egg yolk concentration was reported by Hill (1961).
Vitamin A concentrations of 1,760, 4,400, and 22,000 IU/kg feed result-
ed in vitamin A yolk levels of 0.9, 6.3, and 16.3 IU/g, respectively.

Sources of supplemental vitamin A are derived primarily from fish
liver oils, in which the vitamin occurs largely in esterified form, and
from industrial chemical synthesis. Before the era of the chemical pro-
duction of vitamin A, the principal source of vitamin A concentrates was
the liver and/or body oils of marine fish. Since industrial synthesis was
developed in 1949, the synthetic form has become the major source of
the vitamin to meet the requirements of domestic animals and humans.
The synthetic vitamin usually is produced as the all-trans-retinyl palmi-
tate or acetate.

Provitamin A carotenoids, mainly B—carotene in green feeds, are the
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principal source of vitamin A for grazing livestock. All green parts of
growing plants are rich in carotene and therefore have a high vitamin A
value. In fact, the degree of green color in a roughage is a good index of
its carotene content. Although the yellow color of carotenoids is masked
by chlorophyll, all green parts of growing plants are rich in carotene and
thus have a high vitamin A value. Good pasture always provides a lib-
eral supply, and type of pasture plant—whether grass or legume—
appears to be of minor importance. At maturity, however, leaves contain
much more than stems, and thus legume hay is richer in vitamin content
than grass hay (Maynard et al., 1979). With all hays and other forage,
vitamin A value decreases after the bloom stage. Plants at maturity can
have 50% or less of the maximum carotenoid value of immature plants.

Both carotene and vitamin A are destroyed by oxidation, and this is
the most common cause of any depreciation that may occur in the
potency of sources. The process is accelerated at high temperatures, but
heat without oxygen has a minor effect. Butter exposed in thin layers in
air at 50°C loses all its vitamin A potency in 6 hours, but in the absence
of air there is little destruction at 120°C over the same period. Cod liver
oil in a tightly corked bottle has shown activity after 31 years, but it may
lose all its potency in a few weeks when incorporated in a feed mixture
stored under usual conditions (Maynard et al., 1979).

Much of carotene content is destroyed by oxidation in the process
of field curing. Russell (1929) found that there may be a loss of more
than 80% of the carotene in alfalfa during the first 24 hours of the cur-
ing process. This loss occurs chiefly during daylight hours, partly
because of photochemical activation of the destructive process. In alfal-
fa leaves, sunlight-sensitized destruction comprises 7 to 8% of the total
pigment destroyed, while enzymatic destruction comprises 27 to 28%
(Bauernfeind, 1972). Enzymatic destruction requires oxygen, is greatest
at high temperatures, and ceases after complete dehydration.

Hays that are cut in the bloom stage or earlier and cured without
exposure to rain or too much sun retain a considerable proportion of
their carotene content, while those cut in the seed stage and exposed to
rain and sun for extended periods lose most of it. Green hay curing in
the swath may lose half its vitamin A activity in one day’s exposure to
sunlight and almost all of it if left exposed to rain as well as sunlight.
Thus, hay usually has only a small proportion of the carotene content of
fresh grass. Under similar conditions of curing, alfalfa and other legume
hays are much richer than grass hays because of their leafy nature, but
a poor grade of alfalfa may have less than a good grade of grass hay
(Maynard et al., 1979).
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The carotene content of dried or sun-cured forages decreases in stor-
age with the rate of destruction depending on factors such as tempera-
ture, exposure to air and sunlight, and length of storage. Under average
conditions, carotene content of hay can be expected to decrease by
about 6 to 7% per month. In artificial curing of hay with a “hay drier,”
there is only a slight loss of carotene because of the rapidity of the
process and protection against exposure to oxygen, with the final prod-
uct having 2 to10 times the value of field-cured hay. Severe heating of
hay in the mow or stack reduces vitamin content, and there is a gradual
loss in storage, so old hay is poorer than new. Aside from yellow corn
and its by-products, practically all the concentrates used in feeding ani-
mals are devoid of vitamin A value, or nearly so. In addition, yellow
corn contains a high proportion of non-f—carotenoids (e.g., cryptoxan-
thin, lutein, and zeacarotene) that contain much less or no vitamin A
value compared to B—carotene.

The potency of yellow corn is only about one-eighth that of good
roughage. Roots and tubers as a class supply practically no vitamin A,
but carrots are a very rich source, as are sweet potatoes, as might be
expected from their yellow color. Pumpkins and squash also supply con-
siderable amounts, and green leafy vegetables used in human nutrition
are rich in carotene (Maynard et al., 1979). Tankage, meat scraps, and
similar animal by-products have little if any vitamin A potency. Certain
fish meals are fair sources, but variation in the raw material and in
methods of processing may entirely destroy any potency originally pres-
ent.

There is evidence that yellow corn may lose carotene rapidly during
storage. For instance, a hybrid corn high in carotene lost about half of
its carotene in 8 months of storage at 25°C and about three-quarters in
3 years. Less carotene was lost during storage at 7°C (Quackenbush,
1963). Bioavailability of natural B—carotene is less than chemically syn-
thesized forms (Hussein and El-Tohamy, 1990; White et al., 1993).
Using ferrets, all-trans f—carotene was less bioavailable from carrot juice
than from B—carotene beadlet-fortified beverages (White et al., 1993). In
calves, a small enhancing effect of mild heat treatment of carrots on
serum and tissue accumulation of carotenoids has been reported (Poor
et al., 1993).

In forages, carotene in alfalfa hay may be more bioavailable than
that in grass hay (NRC, 1989b). A marked discrepancy exists between
the carotene content of corn silage and the vitamin A status of ruminants
fed corn silage. On the average, corn silage carotenes were found to be
about two-thirds as effective as f—carotene for maintaining liver stores
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in rats (Miller et al., 1969; Rumsey, 1975). Martin et al. (1971) report-
ed five times less carotenes in October and November corn silage than
in September corn silage. More mature silages were not able to sustain
liver vitamin A stores in beef steers, particularly if the ensiled corn plant
was finely chopped. Diets high in corn silage harvested after a killing
frost and fed to cattle would be marginal in their supply of both vita-
mins A and E. Miller et al. (1969) have reported that ethanol, sometimes
found in corn silage as a product of fermentation, may reduce liver vita-
min A stores as much as 26% by increasing mobilization of vitamin A
from liver.

Wing (1969) reported carotene digestibility in plants to be greater
during the warmer months. Variations were found in the digestibility of
carotenes in plants according to year, species of plant, dry matter con-
tent, and form of forage; carotene digestiblity was somewhat lower in
silages than in pastures or hay. Table 2.6 presents typical vitamin A val-
ues of foods and carotene concentration of feeds. As noted earlier,
degree of greenness in a roughage is a good index of its carotene con-
tent. The data in Table 2.6 are useful for indicating the order of the dif-
ferences found among various roughages differing as to color, kind, and
other factors. Average published values of carotene content can serve
only as approximate guides in feeding practice because of many factors
affecting actual potency of individual samples as fed (NRC, 1982b).

Cooking processes commonly used in human food preparation do
not cause much destruction to the vitamin potency. The blanching and
freezing process generally causes little loss of carotenoid content in veg-
etables and fruits. Heat, however, does isomerize the all-trans-
carotenoids to cis-forms. In a report from Indonesia, isomerization dur-
ing traditional cooking caused a loss of up to 9% of vitamin A potency
(Van der Pol et al., 1988). Hydrogenation of fats lessens their vitamin A
value, while saponification does not destroy the vitamin if oxidation is
avoided.

Several factors can influence the loss of vitamin A from feedstuffs
during storage. The trace minerals in feeds and supplements, particular-
ly copper, are detrimental to vitamin A stability. Dash and Mitchell
(1976) reported the vitamin A content of 1,293 commercial feeds over a
3-year period. The loss of vitamin A was over 50% in 1 year’s time.
Vitamin A loss in commercial feeds was evident even if the commercial
feeds contained stabilized vitamin A supplements. The stability of vita-
min A in feeds and premixes has been improved tremendously in recent
years by chemical stabilization as an ester and by physical protection
using antioxidants, emulsifying agents, gelatin, and sugar in spray-dried,

46



VITAMIN A

M Table 2.6 Vitamin A (Retinol) and B-Carotene Content of Feeds

Vitamin A Source Vitamin A (IU/g)
Whale liver oil 400,000
Swordfish liver oil 250,000
Halibut liver oil 240,000
Herring liver oil 211,000
Tuna liver oil 150,000
Shark liver oil 150,000
Bonito liver oil 120,000
White sea bass liver oil 50,000
Barracuda liver oil 40,000
Dogfish liver oil 12,000
Seal liver oil 10,000
Cod liver oil 4,000
Sardine body oil 750
Pilchard body oil 500
Menhaden body oil 340
Butter 35
Cheese 14
Eggs 10
Milk 1.5

Carotene Source Carotene (mg/kg)
Fresh green legumes and grasses, immature (wet basis) 33-88
Dehydrated alfalfa meal, fresh, dehydrated without field curing,

very bright green 242-297
Dehydrated alfalfa meal after considerable time in storage, bright

green 110-154
Alfalfa leaf meal, bright green 120-176
Legume hays, including alfalfa, very quickly cured with minimum

sun exposure, bright green, leafy 77-88
Legume hays, including alfalfa, good green color, leafy 40-59
Legume hays, including alfalfa, partly bleached, moderate amount

of green color 20-31
Legume hays, including alfalfa, badly bleached, or discolored, traces

of green color 9-18
Non-legume hays, including timothy, cereal, and prairie hays, well cured,

good green color 20-31
Non-legume hays, average quality, bleached, some green color 9-18
Legume silage (wet basis) 11-44
Corn and sorghum silages, medium to good green color (wet basis) 4-22
Grains, mill feeds, protein concentrates, and by-product concentrates,

except yellow corn and its by-products 0.02-0.44

Sources: Adapted from Scott et al. (1982) and Maynard et al. (1979).

beaded, or prilled products (Shields et al., 1982). Nevertheless, vitamin
A supplements should not be stored for prolonged periods prior to feed-

ing.

Vitamin A and carotene destruction also occurs from processing of
feeds with steam and pressure. Pelleting effects on vitamin A in feed are
caused by die thickness and hole size, which produce frictional heat and
a shearing effect that can break supplemental vitamin A beadlets and
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expose the vitamin. In addition, steam application exposes feed to heat
and moisture. Running fines back through the pellet mill exposes vita-
min A to the same factors a second time. Between 30 and 40% of vita-
min A present at mixing may be destroyed during pelleting (Shields et
al., 1982).

DEFICIENCY

Effects of Deficiency

Vitamin A is necessary for normal vision in animals and humans,
maintenance of healthy epithelial or surface tissues, and normal bone
development. The vitamin A deficiency signs observed in ruminants vary
somewhat, but most relate to these three changes in tissues. Numerous
studies have also demonstrated increased frequency and severity of
infection in vitamin A-deficient animals. Lack of vitamin A results in
decreased antibody production and impaired cell-mediated immune
processes against infective agents (Davis and Sell, 1983). Clinical signs
may be specific for vitamin A deficiency, or only general signs may be
observed, including loss of appetite, loss of weight, unthrifty appear-
ance, thick nasal discharge, and reduced fertility. The normal epithelium
in various locations throughout the body becomes replaced by a strati-
fied, keratinized epithelium when vitamin A is deficient. This effect has
been noted in the respiratory, alimentary, reproductive, and genitouri-
nary tract as well as in the eye. A wide range of signs of vitamin A defi-
ciency are noted in Table 2.7.

Ruminants

Ruminants lacking vitamin A may be more susceptible to pinkeye or
other diseases related to the mucous membranes. Keratinization lowers
the resistance of the epithelial tissues to the entrance of infectious organ-
isms. Thus respiratory diseases, such as colds and sinus infections, tend
to be more severe when vitamin A is deficient.

Vitamin A deficiency could indirectly result from zinc deficiency.
Zinc deficiency, interferes with the synthesis of retinol-binding protein
(RBP) in liver, which carries vitamin A (retinol) in plasma. Thus, in zinc
deficiency, decreased liver RBP levels may cause low concentrations of
plasma vitamin A. Zinc-deficient goats have been observed to have low
serum vitamin A despite adequate dietary vitamin A (Chhabra et al.,
1980). In calves, serum vitamin A was significantly higher for animals
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M Table 2.7 Signs of Vitamin A Deficiency

General
Cessation of growth
Cystic pituitary glands
Death
Decline in body weight
Diarrhea (scours)
Failure of appetite
General edema
Reduced resistance to parasite infections
Untidy hair or feathers
Xerosis of membranes
Bone Formation
Cancellous bone
Defective modeling
Narrowing of foramina
Restriction of brain cavity
Congential Abnormalities
Anophthalmia
Aortic arch deformities
Cleft palate
Hydrocephalus
Kidney deformities
Microophthalmia
Defective Reproduction
Abnormal estrous cycle
Dead, weak, or blind offspring
Degeneration of testes

Reduced egg production and hatchability

Resorption of fetuses

Eyes
Keratomalacia
Lacrimation
Night blindness (nyctalopia)
Xerophthalmia
Constriction of optic nerve
Loss of lens
Opacity of cornea
Papilledema

Liver
Degeneration of Kupffer’s cells
Metaplasia of bile ducts
Nervous System
Constriction at foramina
Convulsive seizure
Hydrocephalus
Incoordination and staggering gait
Paresis
Raised cerebrospinal fluid pressure
Twisting of nerve
Respiratory System
Lung abscesses
Metaplasia of nasal passages
Nasal discharge
Pneumonia
Urinary System
Cystitis
Nephrosis
Pus in ureters
Pyelitis
Thickening of bladder wall
Urolithiasis

Source: Modified from Bauernfeind and DeRitter (1972).

supplemented with 50 mg/kg zinc (Chhabra and Arora, 1987). Cattle
from tropical northern Australia showed a 12% annual mortality in part
because of a slow release of liver vitamin A (Guerin, 1981). Apparently,
high calcium and low forage zinc concentrations contributed to this
slow liver vitamin A release. Since tropical forages have often been
shown to be low in zinc (McDowell, 1997), conditioned vitamin A defi-
ciency may result even though liver vitamin A values indicate adequate
concentrations of this vitamin.
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VITAMIN A DEFICIENCY IN CATTLE

In cattle, signs of vitamin A deficiency (Figs. 2.9-2.11) include
reduced feed intake, rough hair coat, edema of the joints and brisket,
lacrimation, xerophthalmia, night blindness, slow growth, blindness,
low conception rates, abortion, stillbirths, blind calves, abnormal
semen, reduced libido, and susceptibility to respiratory and other infec-
tions (NRC, 1996). Animals in advanced stages of deficiency may exhib-
it a staggering gait, convulsive seizures, and papilledema, resulting from
elevated cerebrospinal fluid pressure.

The greatest need for vitamin A is during calving and breeding. If it
is inadequate, calves may get pinkeye, pneumonia, or other diseases
related to the mucous membranes. Vitamin A deficiency lowers repro-
ductive efficiency in both males and females. Reduced libido and steril-
ity in bulls with degeneration of seminiferous tubules has been reported
(Larkin and Yates, 1964). Spermatozoa decrease in number and motili-
ty, and abnormal forms markedly increase. In cows, key indications of
the deficiency are lowered conception rates; shortened pregnancies,
either as abortions or reduced gestation length; high incidence of

Fig. 2.9 Vitamin A-deficient calf. Note the emaciated appearance and evidence
of diarrhea. The calf also shows excessive lacrimation and nasal discharge
characteristic of vitamin A deficiency. (Courtesy of G. Patterson, Chas. Pfizer
Inc.)
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Fig. 2.10 Advanced
stage of anasarca in
hindquarters of vitamin
A-deficient steer.
(Courtesy of L.L.
Madsen, Washington
State University.)

retained placenta; and birth of dead, weak, incoordinated, or perma-
nently blind calves caused by bone abnormalities in the optic foramen
that constricts the optic nerve (Miller, 1979). If born alive, weak calves
have trouble getting to their feet and lack the instinct to nurse. Vitamin
A-deficient newborn calves may have very severe diarrhea, which may
soon be followed by death. In young calves, signs of vitamin A deficien-
cy also include watery eyes and nasal discharge, and sometimes muscu-
lar incoordination, staggering gait, and convulsive seizures. However, in
the calf, elevated cerebrospinal fluid pressure is the earliest change spe-
cific for vitamin A deficiency.

The classic sign of vitamin A deficiency in cattle is night blindness.
As vitamin A deficiency develops, the animal’s adaptation to darkness is
reduced, and night blindness occurs; this condition is readily detected
when animals encounter obstacles in dim light. Blindness or night blind-
ness may be the first noticeable sign of vitamin A deficiency in rapidly
growing cattle fed high-concentrate diets. In severe vitamin A deficien-
¢y, characteristic changes occur in the eye, including excessive watering,
keratitis, softening and cloudiness of the cornea, and development of
xerophthalmia characterized by drying of the conjunctiva. However, in
the eyes of cattle, copious lacrimation (rather than xerophthalmia) is the
most prominent clinical sign of vitamin A deficiency (Maynard et al.,
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Fig. 2.11 Vitamin A-deficient calf shows incoordination and weakness.
(Courtesy of J.W. Thomas, Michigan State University.)

1979). Blindness may follow eye infection caused by the deficiency.

Vitamin A is involved in normal bone development; when it is defi-
cient, the bones are altered in shape during growth, and the teeth are
affected. Failure of the spine and some other bones to develop normally
results in pressure and degeneration of the nerves. For example, blind-
ness in calves results from constriction of the optic nerve caused by a
narrowing of the bone canal through which it passes (Maynard et al.,
1979). Bone changes may also be responsible for muscular incoordina-
tion and other nervous signs shown by vitamin A-deficient cattle.

In finishing cattle, generalized edema may occur, with signs of lame-
ness in the hock and knee joints and swelling in the brisket area (NRC,
1996). Booth et al. (1987) reported that feedlot cattle had low concen-
tration of serum vitamin A; appeared blind; and had fixed dilated pupils,
severe ataxia, and poor weight gains. Feedlot cattle with mild vitamin A
deficiency reduce their feed intake and do not make satisfactory weight
gains. Lowered feed intake may result in deficiencies of other nutrients
when the diet is borderline in these nutrients.

As part of the major role of maintaining a healthy epithelium, vita-
min A and B-carotene have been shown to have an important role in
reducing the incidence and severity of mastitis in dairy cows (Oldham et
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al., 1986; Chew, 1987). A diet adequate in vitamin A and B—carotene are
necessary for nutritional protection against this disease.

Vitamin A-deficient cattle have depressed activity of natural killer
cells, decreased antibody production, decreased responsiveness of lym-
phocytes to mitogenic stimulation, and increased susceptibility to infec-
tion (Ross, 1992; Nonnecke et al., 1993; Michal et al., 1994; Rajaraman
et al., 1998).

Vitamin A helps maintain normal immune resistance (immunostim-
ulation), while the antioxidant activity of B—carotene increases the bac-
tericidal activity of blood and milk polymorphonuclear neutrophils
against S. aureus (Daniel et al., 1991). In addition, some studies have
shown that B—carotene has a favorable effect on fertility of heifers and
lactating cows (Bonsembiante et al., 1980). However, other studies
(Akordor et al., 1986; Oldham et al., 1991) have shown no effect of B—
carotene on reproductive performance or incidence of mastitis.
Additional studies are needed to clarify the physiological role of -
carotene as differences in results may relate to different body stores of
both B—carotene and vitamin A in experimental animals.

In the 1950s, it was discovered that cattle developed signs of vita-
min A deficiency that was originally referred to as X disease (hyperker-
atosis). This disease was due to feeds that contained highly chlorinated
naphthalene found in lubricating oil. Because of the depressed vitamin
A levels in blood plasma, it was concluded that the toxic substance inter-
fered with the conversion of carotene to vitamin A (Maynard et al.,
1979). Removal of naphthalenes from oils eliminated X disease.

Studies have shown that vitamin A-deficient cattle lack heat toler-
ance. Deficient cattle stood and panted considerably, and their daily feed
consumption decreased (Perry, 1980), while vitamin A-supplemented
cattle showed improved hot-weather tolerance and spent much of the
time chewing their cud.

VITAMIN A DEFICIENCY IN SHEEP

Clinical signs of vitamin A deficiency in sheep (Fig. 2.12) are simi-
lar to those in cattle; night blindness is the common means of determin-
ing the deficiency (NRC, 1985). Vitamin A deficiency results in kera-
tinization of the respiratory, alimentary, reproductive, and urinary
tracts, and ocular epithelia. Keratinization causes lowered resistance to
infections. The immune response is decreased in lambs with low vitamin
A status (Bruns and Webb, 1990).

Additional clinical signs of vitamin A deficiency in sheep include
growth retardation, bone malformation, degeneration of the reproduc-
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Fig. 2.12 Typical appearance of a vitamin A-deficient lamb. Note the extreme
weakness and swayed back. This was followed by the inability to stand.
(Courtesy of T.J. Cunha and Washington State University.)

tive organs, and elevated pressure in cerebrospinal fluid. Deficiency
interferes with normal development of bone, which may relate to mus-
cular incoordination and nervous signs. Vitamin A deficiency can also
result in lambs born weak, malformed, or dead. In addition, retained
placenta occurs in vitamin A-deficient ewes.

Vitamin A deficiency has resulted in low semen quality in rams
(Lindley et al., 1949). Vitamin A deficiency has detrimental effects on
wool production and characteristics, including shortened wool fibers
and decreased fiber thickness, strength, and elongation (Farid and
Ghanem, 1982).

VITAMIN A DEFICIENCY IN GOATS

In goats, vitamin A deficiency often appears first as a rough, dull
hair coat condition. Goats deficient in vitamin A show keratinization of
the epithelia of the respiratory, alimentary, reproductive, and urinary
tracts, and of the eye (NRC, 1981). Signs include multiple infections,
poor bone development, birth of abnormal offspring, and vision
impairment. Night blindness is the classic sign of deficiency. Experimen-
tally produced signs of vitamin A deficiency in goats include loss of
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appetite, loss of weight, unthrifty appearance, night blindness, and thick
nasal discharge (Schmidt, 1941).

In India, limited work with vitamin A-deficient goats suggests that
the deficiency may lead to urinary calculi (Majumdar and Gupta, 1960).
Lack of vitamin A may produce temporarily impaired fertility or per-
manent infertility and, after kidding, metritis may be caused by damage
to the integrity of the uterine mucosa (Guss, 1977). In fully grown goats,
reduced fertility of the female and male is the more common clinical
sign; the animals show poor conception rates during short or delayed
heat periods, and reduced semen quality.

Swine

In pigs, the absence of vitamin A results principally in nervous signs
such as unsteady gait, incoordination, trembling of the legs, spasms, and
paralysis (Hentges et al., 1952) (Fig. 2.13). Eye lesions are less common.
In pigs, the effect of vitamin A deficiency on appetite or rate of gain does
not occur until eventual paralysis and weakness prohibit movement to
the feeder (Cunha, 1977).

During reproduction and lactation, a vitamin A deficiency in the
sow produces the following clinical signs: failure of estrus, resorption of
young, wobbly gait, weaving and crossing of the hind legs while walk-
ing, dropping of the ears, curving with head down to one side, impaired
vision, spasms, and loss of control of hindquarters and forequarters and
thus inability to stand up (Cunha, 1977). Depending on degree of sever-
ity of vitamin A deficiency, fetuses were resorbed, born dead, or carried
to term. Fetuses carried to term had a variety of defects, including vari-
ous stages of arrested formation of the eyes as well as complete lack of
eyeballs. Other defects included harelip, cleft palate, misplaced kidneys,
accessory earlike growths, having only one eye, having one large and
one small eye, and bilateral cryptorchidism (Cunha, 1977). Vitamin A
appears to improve reproductive performance of gilts by decreasing
embryonic mortality, resulting in more pigs per litter (Brief and Chew,
1985).

Field trials have indicated that litter size could be increased by 0.6
to 1.5 pigs per litter by injecting sows with vitamin A at weaning
(Whaley et al., 1997). The correlation between size of the embryo and
the retinol content in uterine flushings is high (r = 0.97) (Trout et al.,
1992; Seijas, 1995). Retinol in the uterine secretions may function by
protecting the conceptus against the oxidizing activity of uteroferrin
(Vallet, 19935). Consequently, RBP may have several functions in the
reproductive tract of pigs: (1) transfer of retinol to the fetus, (2) protec-
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Fig. 2.13 Vitamin A deficiency in growing pigs: (A) partial paralysis and sebor-
rhea, (B) initial stage of spasm, (C) lordosis and weakness of hind legs.
(Courtesy of J.F. Hentges, R.H. Grummer, and the University of Wisconsin.)
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tion of tissues against oxidative reactions, and (3) provision of a sub-
strate to generate retinoic acid and other biologically active metabolites
of retinol.

The effect of administering vitamin A on subsequent reproductive
performance has had mixed responses (Pusateri et al., 1999). Coffey and
Britt (1993) demonstrated that after the injection of 200 mg of provita-
min A (B—carotene) at weaning, litter size was increased in multiparous
but not in primiparous sows. In contrast, Tokach et al. (1994) conduct-
ed a study on a commercial swine farm with 956 sows and demonstrat-
ed that a single injection of B—carotene, vitamin A, or a combination of
the two at weaning did not affect subsequent reproductive performance.

Poultry

Clinical signs of vitamin A deficiency are similar among chickens,
turkeys, and other poultry species. On the same low vitamin A diet,
turkeys and Japanese quail would exhibit clinical signs earlier than
chickens due to their high requirement for the vitamin. In poultry, lack
of vitamin A in the diet causes slower growth (Fig. 2.14), lowered resist-
ance to disease, eye lesions, muscular incoordination (Fig. 2.15), and
other signs (Scott et al., 1982). As deficiency progresses in adult poultry,
the chickens become emaciated and weak, and their feathers are ruffled.
A marked decrease in egg production occurs, and the length of time
between clutches increases greatly. Hatchability is decreased, and
embryonic mortality in eggs from affected birds increases. A watery dis-
charge from the nostrils and eyes is noted, and eyelids are often stuck
together. Average survival time of the progeny fed a diet with no vitamin
A increased in a linear fashion with the increasing levels of vitamin A in
the maternal turkey diet (Jensen, 1965).

Vitamin A level of the hen’s diet is positively correlated with the
growth of chicks and poults from that hen, and the level of vitamin A in
the chick’s and poult’s diet is positively correlated with growth. Clearly,
a deficiency of vitamin A will produce loss of appetite and reduction in
growth. Severe deficiency will produce ataxia and death if not corrected
(Hill, 1961).

When day-old chicks are given a diet with no vitamin A, clinical
signs may appear at the end of the first week if the chicks are progeny
of hens receiving a diet low in vitamin A. If chicks are progeny of hens
receiving high levels of vitamin A, signs of deficiency may not appear
until chicks are 6 or 7 weeks of age even though they are receiving a diet
completely devoid of vitamin A (Scott et al., 1982). Gross signs of vita-
min A deficiency in chicks are characterized by anorexia, cessation of
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Fig. 2.14 Six-week-old turkeys: Left: fed a vitamin A-deficient diet; Right: fed
a control diet. (Courtesy of L.M. Potter, Virginia Polytechnic Institute.)

growth, drowsiness, weakness, incoordination, emaciation, and ruffled
plumage. The mucous epithelium is replaced by a stratified squamous,
keratinizing epithelium. As a result of mucous membrane breakdown,
bacteria and other pathogenic microorganisms may invade these tissues
and enter the body, thereby producing infections that are secondary to
original signs of vitamin A deficiency. The mucous membranes of the
nasal passage, mouth, esophagus, and pharynx of poultry are affected
and develop white pustules (Scott et al., 1982). The kidneys may be dis-
tended with uric acid deposits, and the epithelium of the eye is affected,
producing exudates and eventually resulting in xerophthalmia. Clearly,
there is a breakdown of the epithelium of many systems in the body due
to vitamin A deficiency. Loss of membrane integrity, in turn, alters water
retention (Lopen et al., 1973) and impairs the ability to withstand infec-
tion (Sijtsma et al., 1989). Inadequate vitamin A also reduces the
immune system’s response to challenge and further contributes to dis-
ease susceptibility (Davis and Sell, 1989). Viral infections have been
found to impair the vitamin A status of chickens (West et al., 1992).
Vitamin A deficiency can cause alterations in bone growth, which
create several areas of compression on the central nervous system, caus-
ing a loss in mobility (Howell and Thompson, 1967). Nockels (1988)
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Fig. 2.15 Ataxia in chicks due to dietary deficiency of vitamin A. (Courtesy of
M.L. Scott, Cornell University.)

reported that hypothyroidism is an early indication of vitamin A defi-
ciency in chicks. Reductions in testes size, circulating testosterone, and
fertility have been reported in vitamin A-deficient cockerels (Hall et al.,
1980).

Horses

The importance of vitamin A to the overall health and well-being of
horses has been well documented. Night blindness, lacrimation, kera-
tinization of the cornea and respiratory system, reproductive difficulties,
capricious appetite, progressive weakness, and death occur in horses
deficient in vitamin A (NRC, 1989b).

During the winter, vitamin A depletion has been observed in grazing
horses (Greiwe-Crandell et al., 1997) and in stabled horses fed con-
served feeds (Midenpai et al., 1988). Vitamin A depletion had adverse
effects on growth and reproduction in horses (McDowell et al., 1993).

In a lengthy experiment with vitamin A-deficient horses, all horses
developed night blindness that abated when dietary vitamin A was pro-
vided (Howell et al., 1941). Upon withdrawal of vitamin A supplements,
night blindness again appeared in the animals.

Histological changes in the retinas of vitamin A-deficient horses
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have been shown (NRC, 1989b). Copious lacrimation is characteristi-
cally associated with vitamin A deficiency along with varying degrees of
corneal keratinization.

Greiwe-Crandell et al. (1997) reported that vitamin A status in
depleted mares was improved by supplementation with retinyl palmi-
tate. However, in mares with no access to pasture, supplementation with
twice the currently recommended amount of vitamin A barely matched
the vitamin A status of unsupplemented mares on green pasture.

Other Animal Species
CATS

Vitamin A deficiency in cats is characterized by lack of growth,
loss of weight, and poor appetite after 2 to 3 months of feeding a diet
deficient in vitamin A. Muscle wasting is severe, while stored body fat
may be nearly normal. Epithelial tissues and mucous glands forming
the membrane lining of the alimentary, respiratory, urinary, and
reproductive tracts as well as the membrane covering the eye and eye-
lids are markedly impaired by vitamin A deficiency (Gershoff et al.,
1957).

Night blindness can be detected early in vitamin A-deficient kittens.
As the deficiency progresses, the pupillary reflex to light is delayed from
1 to 2 seconds in the normal state to 5 to 10 seconds in the deficient
state. Irreversible degeneration occurs in the rods and cones (visual cells)
of the retina. Unfortunately, assessment of night blindness in cats has
not been adequately distinguished from retinal degeneration due to tau-
rine deficiency (Knopf et al., 1978), since all experimental A-deficient
diets to date have used casein as the source of protein, a procedure
which depletes taurine in cats.

With vitamin A deficiency, bones become thickened and constrict
the central nervous system. Ataxia, stiff gait, and hydrocephalus in new-
born kittens from deficient dams suggest increased cerebrospinal fluid
pressure, whereas the description of cleft palate suggests deranged
intrauterine mitosis and cell differentiation (Ralston Purina, 1987).

Male cats become sterile from testicular hypoplasia; females with
severe vitamin A deficiency do not ovulate. With a lesser degree of defi-
ciency, queens conceive and implantation occurs, but resorption or abor-
tion of the fetus results at approximately the 49th day of pregnancy
(Gershoff et al., 1957).

Bartsch et al. (1975) described ataxia, star gazing, blindness, and
intermittent convulsions in African lion cubs presumed to be vitamin A-
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deficient. There was severe thickening of the cranium, compression of
the brain, and partial herniation of the cerebellum.

Dogs

Vitamin A deficiency is usually confined to young animals, and
advanced deficiency is always associated with cessation of growth or
even weight loss and eye problems. Signs of xerophthalmia (excessive
dryness of the eye), night blindness, conjunctivitis, corneal opacity and
ulceration, and skin lesions are associated with rough hair coat, anorex-
ia, growth depression, and muscle weakness (Singh et al., 1965).
Respiratory infection in prolonged deficiency often results in death.

Deafness and facial paralysis occurred in puppies with severe chron-
ic deficiency when bone growth of the skull was altered by inadequate
remodeling and excessive periosteal growth to constrict cranial nerves.
Blood and liver concentrations of vitamin A were negligible in these
cases. Mellanby (1938) established that such damage to the cochlear and
vestibular divisions of the eighth cranial nerve, plus serious labyrinthi-
tis, may induce deafness. Similar damage may also affect function of the
optic nerve, although this only has been observed after prolonged exper-
imental deficiency (NRC, 1985a).

Vitamin A deficiency is generally a disease in growing pups, as
adults seldom develop signs due to their extremely slow depletion of
liver stores. In fact, several litters of pups have been produced while the
dam was maintained on a vitamin A-deficient diet (Ralston Purina,
1987).

Fisx

General signs of vitamin A deficiency in fish are impaired growth,
exophthalmos, eye lens displacement, corneal thinning and expansion,
degeneration of retina, edema, and depigmentation (NRC, 1993).
Vitamin A deficiency in rainbow trout causes anemia, twisted gill oper-
cula, and hemorrhages in the eyes and base of fins (Kitamura et al.,
1967). Brook trout exhibit poor growth, high mortality, and eye lesions,
such as edematous eyes, displaced lens, and degeneration of the retina
when fed a vitamin A-deficient diet (Poston et al., 1977). Anorexia, pale
body color, hemorrhagic skin and fins, exophthalmia, and twisted gill
opercula occur in vitamin A-deficient common carp (Aoe et al., 1968).
Rapidly growing yellowtail fingerlings fed a vitamin A-deficient diet
develop deficiency signs in 20 days, including arrested growth of gill
opercula, dark pigmentation, anemia, and hemorrhage in the eyes and
liver, accompanied by high mortality (Hosokawa, 1989).
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FOXEs

Foxes fed a diet deficient in vitamin A develop a series of nervous
derangements, usually manifested in this order: first, trembling or cock-
ing of the head; next, unsteadiness (resulting from a disturbed sense of
balance); then a tendency to run in circles (NRC, 1982a).

LABORATORY ANIMALS

Signs of vitamin A deficiency can be divided into six categories
(Smith, 1990; NRC, 1995): (1) defect in vision, (2) bone defects, (3)
increase in cerebral spinal fluid pressure, (4) reproductive failure (cessa-
tion of spermatogenesis in males and cornification of the reproductive
tract in females), (5) epithelial metaplasia and keratinization and (6)
growth failure. Insufficient vitamin A in rats leads to reduced efficiency
of the urea synthesis pathway, thus accounting for the increased amino
nitrogen excretion that is seen with the deficiency.

In mice, one of the early and significant consequences of vitamin A
deficiency is impairment of the functional immune system. As the defi-
ciency progresses, many epithelial tissues become keratinized, including
those of the seminal vesicles, testes, bladder, kidney, trachea, esophagus,
salivary glands, and lungs (Van Pelt and De Rooij, 1990; NRC, 1995).
In the guinea pig, the first evidence of vitamin A deficiency is poor
growth, then weight loss, followed by incrustations of eyelids and severe
dermatitis resulting from bacterial infection (NRC, 1995). Often, ani-
mals develop pneumonia prior to death. Vitamin A-deficient hamsters
develop abnormally and have coarse and sparse hair, xerophthalmia,
and keratinized stratified tracheal lining (NRC, 1995).

NONHUMAN PRIMATES

In rhesus and cebus monkeys, the first manifestations of deficiency
are weakness, diarrhea, loss of appetite, and an apparent increase in sus-
ceptibility to respiratory infection (NRC, 1978). With more severe defi-
ciency, pathological changes in the eye become apparent. Two of four
pregnancies carried to term by rhesus monkeys, which were maintained
on marginal intakes of vitamin A, produced infants with congenital
xerophthalmia, and a third infant developed xerophthalmia after receiv-
ing a vitamin A-deficient diet for 2 years (NRC, 1978).

RABBITS

Signs of vitamin A deficiency in rabbits are similar to those
described for other animals and include retarded growth, neural lesions,
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ataxia, spastic paralysis, xerophthalmia, and impaired reproduction
(NRC, 1977).

Humans

Throughout history, night blindness and xerophthalmia have been
the major signs of vitamin A deficiency in humans. Xerophthalmia
includes various stages of conjunctival xerosis, Bitot’s spots, and corneal
involvement and ulceration. Bitot’s spots—foamy white accumulations
of sloughed cells that usually appear on the temporal quadrant of the
conjunctiva—are used as a clinical indicator of vitamin A deficiency in
young children (Olson, 1991). Skin changes have also been observed,
most specifically follicular hyperkeratosis (Olson, 1991).

Xerophthalmia is the most common cause of blindness in young
children throughout the world (Fig. 2.16), with as many as 5 million
Asian children developing xerophthalmia each year (Sommer et al.,
1981). One-tenth of children with xerophthalmia have severe corneal
involvement, and half of them become blind. Xerophthalmia is recog-

Fig. 2.16
Keratomalacia in a
Jordanian infant with
severe vitamin A defi-
ciency. The central
area of the cornea is
undergoing typical
colliquative necrosis.
Sight is irrevocably
lost at this advanced
stage. (Courtesy of
D.S. McLauren, Royal
Infirmary, Edinburgh,
Scotland.)
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nized as endemic in many countries in southern and eastern Asia, parts
of Latin America, and in many countries in Africa and the Middle East.
Vitamin A deficiency remains the second major nutritional problem
among children in many countries, including Bangladesh, India,
Indonesia, Brazil, and other developing countries. An estimated 20 to 40
million children worldwide have at least mild vitamin A deficiency, near-
ly half of whom are said to reside in India (United Nations
Administrative Committee, 1987).

Vitamin A deficiency affects about 100 million young children
worldwide and has been long known to cause blindness. It has now
become increasingly clear that even mild vitamin A deficiency also
impairs the immune system, reducing children’s resistance to diarrhea,
which kills 2.2 million children a year, and measles, which kills nearly 1
million annually (UNICEF, 1998).

The group most vulnerable to vitamin A deficiency is children from
birth to 6 years of age because of their low liver reserves; low protein,
lipid, and vegetable intakes; and increased requirements due to rapid
growth rate. Likewise, vitamin A deficiency for which night blindness is
a marker is a problem for pregnant lactating women in rural Nepal, with
health consequences for women and their infants (Katz et al., 1995). The
mortality rate among children with mild xerophthalmia (night blindness
and/or Bitot’s spots) is on average four times the rate, and in some age
groups, 8 to 12 times the rate, of children without xerophthalmia
(Sommer et al., 1986). In Indonesia, a 34% difference in mortality was
observed between preschool children who received vitamin A supple-
ments for 1 year and those who received none (Sommer et al., 1986).

An early manifestation of vitamin A deficiency is premature growth
(West et al., 1997) followed by infection of a wide variety of organs,
overwhelming sepsis, and death. Death may frequently precede the onset
of eye manifestations of deficiency. Many studies have shown that even
mild vitamin A deficiency leads to patchy keratinization of the epithelial
lining of the gastrointestinal tract, respiratory tract, urogenital tract, and
skin. Five to six times more children in the developing world are likely
to be subclinically than clinically deficient in vitamin A (Underwood,
1994).

Lack of vitamin A has been associated with an increased suscepti-
bility to infections, especially of the respiratory and digestive tracts
(Milton et al., 1987). Immune mechanisms become impaired and anti-
body synthesis is diminished. Large-dose vitamin A supplementation has
improved vitamin A status and reduced childhood mortality
(Rahmatullah et al., 1991; West et al., 1991; Fawzi et al., 1994). Regular
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intake of food rich in vitamin A is associated with reduced incidence of
diarrhea and measles (Fawzi et al., 1995).

Vitamin A deficiency in humans occurs in endemic proportions in
many developing countries and is seen only occasionally in technologi-
cally developed societies in patients with severe malabsorption, trans-
port disorders, or liver disease (McLaren, 1984). It has been reported,
however, that alcohol consumption results in significant hepatic vitamin
A depletion, due perhaps to associated failure to consume an adequate
diet. Also, drugs such as phenobarbital or food additives such as buty-
lated hydroxytoluene (BHT), when combined with ethanol, result in a
striking depletion of hepatic vitamin A concentrations in rats (Leo et al.,
1987).

Vitamin A deficiency in humans under natural conditions is not
wholly comparable to the human volunteers or experimental animals on
an otherwise good diet lacking only vitamin A. Under field conditions,
vitamin A deficiency is nearly always accompanied by protein-energy
malnutrition, is exacerbated by parasitic infections, and is frequently
complicated by intercurrent infections. Diarrheal diseases are a major
cause of childhood morbidity and mortality in developing countries,
causing approximately 4 million deaths per year in children younger
than § years of age (Claeson and Merson, 1990). In areas where vitamin
A status is suboptimal, children with even mild vitamin A deficiency
appear to be at greater risk of developing diarrheal diseases than those
with adequate vitamin A status (Bhandari et al., 1997). Chronic diar-
rhea is associated with reduced absorption of vitamin A (Liuzzi et al.,
1998). It has been postulated that between 90 and 100 million children
(predominantly in developing countries) who have some level of vitamin
A deficiency are at risk of poor health and death (Underwood, 1994).

Deficiency Incidence and Relation to Vitamin A
Body Stores

The circumstances most conducive to vitamin A deficiencies in live-
stock are (1) extended periods of drought, resulting in pastures becoming
dry and bleached with no green color; (2) diets composed primarily of
concentrates and no green pasture; (3) feeding mainly corn silage and a
concentrate mixture low in vitamin A activity; (4) young animals fed milk
from mothers on low intake of vitamin A or carotene, or poultry hatched
where previous diets were low in vitamin A value; (5) young animals fed
relatively little whole milk or colostrum; and (6) substituting yellow corn
for grains containing no carotene. Mild vitamin A deficiency, especially
in winter (or during the dry season) and early spring, is fairly common.
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When grazing livestock receive a modest amount of fresh green pas-
ture forage, there is little likelihood of deficiency. Likewise, with a sub-
stantial amount of good silage made from green forage, or with liberal
feeding of fresh hay that has a good green color, deficiency will not
occur. However, low-quality forages and weathered and leached hay
may contain very little available carotene. Amounts of carotene in fresh
green forages are very high relative to dietary requirements. Thus, a
small quantity of fresh pasture forage will fully supply the need for vita-
min A.

One of the most frequent stress conditions for grazing livestock in
many parts of the world is low intake of carotene under conditions of
winter feeding or protracted drought. When normal seasonal cycles pre-
vail, and rainfall is sufficient to provide 4 months or more of green graz-
ing, mature animals store sufficient vitamin A to carry them for many
months on dry feed, including grain and roughage that is low in
carotene. However, when severe and prolonged drought conditions pre-
vail, especially during the normal green grazing period, signs of vitamin
A deficiency may occur in adult animals. Geographical locations where
vitamin A deficiency might be expected would therefore be in regions
with long dry seasons. Many tropical regions in Africa, Asia, and Latin
America routinely have dry seasons lasting 6 months or longer. In India,
conditions reportedly permit fair grazing for only 3 months of the year
(Ray, 1963). With the cessation of the monsoon rains, grasses mature
rapidly, with a large drop in their carotene content. The value has been
found to decrease from 100 to 200 mg per kilogram on a dry-matter
basis in the middle of the rainy season to as low as 0.5 to 1 mg per kilo-
gram during the dry season. As a result, clinical signs such as night
blindness, blindness in newborn calves, and birth of weak calves have
been reported in all parts of India.

In the various vitamin A supplementation trials to improve rumi-
nant livestock production, contradictions on the benefits of supplemen-
tation have been reported. Overall, it has been shown beneficial to sup-
plement grazing livestock with vitamin A, especially in middle to late dry
season, and to feedlot cattle not receiving green forages. A general rule
of thumb is that forages with a bright green color are always adequate
in vitamin A value (carotene).

Deficiencies of other nutrients interfere with vitamin A metabolism
and can result in vitamin A deficiency. Both protein and zinc have been
shown to be required for mobilization of vitamin A from liver (see
Deficiency, Ruminants). Vitamin A is required for intestinal absorption
of zinc (Berzin and Bauman, 1987) in poultry, while zinc influences vita-
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min A by affecting RBP synthesis and release from the liver (Brown et
al., 1976).

Liver is the main vitamin A storage site for humans as well as for
farm species. Although most of the vitamin A reserves are in the liver,
when carotene intake is high, some is stored in fat. During periods of
low dietary carotene, this stored vitamin A can be mobilized and utilized
without signs of vitamin A deficiency. At birth, the ruminant usually
does not have sufficient vitamin A reserves to provide for its needs for
any substantial time. Accordingly, it is important that young ruminants
receive colostrum, which generally is rich in vitamin A, within a few
days after birth. If the cow has received a diet low in vitamin A, the
newborn calf is likely to be susceptible to a vitamin A deficiency because
body reserves are low and colostrum will have a subnormal content
(Miller et al., 1969). Likewise, if the hen received a diet deficient in vita-
min A, chicks will develop the deficiency.

Grazing livestock with access to green, high-quality pastures can
store sufficient vitamin A in the liver to be adequate for periods of low
intake during the winter or dry season, perhaps as long as 4 to 6 months.
Cattle grazing good pasture will have 30 to 80 ppm of liver vitamin A
(Rumsey, 1975), and cattle entering the feedlot with 20 to 40 ppm will
have adequate liver stores for 3 to 4 months (Perry et al., 1967).
Intramuscular injection of 1 million IU of emulsified vitamin A appar-
ently provides sufficient vitamin A to prevent deficiency signs for 2 to 4
months in growing or breeding beef cattle (NRC, 1996).

Because of vitamin A storage, sheep that graze on green forage dur-
ing the normal growing season may be able to do reasonably well on a
low-carotene diet of dry feed for periods of 4 to 6 months (NRC,
1985Db). Goats that have had access to good-quality green feed can prob-
ably depend on vitamin A stores for a minimum of 3 months without
detrimental effects (NRC, 1981). The tendency of goats to search out
palatable green plant parts ensures it an advantage over other ruminant
species. However, goats that are forced to consume more conventional
cattle or sheep diets because of the unavailability of browse would not
have such an advantage (NRC, 1981).

Florida beef cattle finished on Roselawn St. Augustine grass during
summer did not require supplemental vitamin A for production; howev-
er, 25,000 IU per animal daily increased weight gains by approximately
10% when cattle were pastured during the winter (Chapman et al.,
1964). In a study of nine cattle ranches from four regions in Florida, for-
age carotene and consequently liver vitamin A were lower during the
winter than the summer (Kiatoko et al., 1982). In this study, cattle in the
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northern-most region, with fewer total grazing days, had significantly
lower liver vitamin A than cattle in the other three regions and
approached critical levels.

Storage of vitamin A is considerable for humans and farm species
that consume diets with high vitamin A value. If sows have built up
stores of vitamin A until they are 8 to 9 months of age and are then
placed on a diet practically devoid of carotene or vitamin A, they still
can produce at least two normal litters (Selke et al., 1967). Well-nour-
ished humans have at least several months’ supply that the body can uti-
lize (RDA, 1989).

Assessment of Status

A number of criteria are available to evaluate the status of livestock,
including production response, liver vitamin A stores, plasma vitamin A,
and cerebrospinal fluid pressure. Vitamin A level of blood may also
reflect the nutritional status with respect to vitamin A (Green et al.,
1987); however, blood vitamin A concentrations are governed by extent
of liver stores as well as by current intake. In fact, in some species, blood
level tends to be maintained until liver stores are exhausted when the
diet is devoid of the vitamin. For this reason, a normal blood level can-
not be interpreted to ensure that current intake is adequate, but a low
level indicates a deficiency.

A plasma vitamin A level less than 20 pg/100 ml in Holstein calves
suggests a deficiency (Eaton et al., 1970), and a plasma level of 10
ug/100 ml indicates an advanced deficiency. For beef cattle, Perry et al.
(1967) suggested that plasma vitamin A is probably an accurate indica-
tor of a borderline deficiency, with a level of less than 40 pg of vitamin
A per 100 ml of blood serum indicating deficiency.

In dairy cattle, liver vitamin A values below 1 [U/kg were indicative
of a critical deficiency (NRC, 1989a). Feedlot performance of beef cat-
tle was good as long as liver vitamin A stores were above 2 IU/kg
(Kohlmeier and Burroughs, 1970). In dairy calves, cerebrospinal fluid
pressure rises at a rapid rate after liver concentrations of vitamin A fall
below 1 to 2 ppm. Cattle showed a positive response to supplemental
vitamin A when their liver concentrations were as low as 3 to 4 ppm
(Perry et al., 1967).

One cannot determine the exact status of vitamin A storage in the
pig by analyzing the blood for vitamin A. When vitamin A values drop
below 10 ng/g in the liver and below 10 pg/100 ml in the plasma, the pig
is quite deficient in vitamin A (Cunha, 1977). Liver biopsies for deter-
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mination of liver vitamin A values would give the best indication of vita-
min A storage or status in the pig as well as for most species.

The vitamin A content of liver of newly hatched chicks is an excel-
lent measure of the vitamin A nutrition of breeding hens. Vitamin A
deficiency will not occur in chickens having storage levels above 2 to 5
IU vitamin A per gram of liver. Thus, throughout the life of the chicken,
vitamin A content of liver serves as a good measure for assessing vita-
min A status (Scott et al., 1982). Liver vitamin A concentration of calves
is associated with the carotene intake of their mothers (Flachowsky et
al., 1993).

A simple test for night blindness evaluation in many animals (e.g.,
dogs and cats) can be made by darkening an unfamiliar room and
observing the animals’ movements in dim red light (Ralston Purina,
1987). More detailed analysis is possible with the electroretinogram in
the anesthetized animal.

The overall methods that are used to determine vitamin A status in
humans include dietary assessment, clinical evaluation, retinal function
tests, and biochemical assessment. These methods of evaluation have
been discussed in a review article (Underwood, 1990).

SUPPLEMENTATION

Supplemental vitamin A may be administered (1) as part of a con-
centrate or liquid supplement, (2) as included with a free-choice miner-
al mixture, (3) as an injectable product, and (4) in drinking water prepa-
rations. The most convenient and often most effective way to provide
vitamin A to livestock is to include it with concentrate mixtures that will
provide uniform consumption of the vitamin. For grazing livestock,
however, providing vitamin A in concentrate mixtures generally is not
economically feasible. Most vitamin A preparations used today in ani-
mal applications are administered orally as an ingredient to blend uni-
formly in dry feed. With the advent of low-cost synthetic vitamin A, fish
oils are used only to a limited extent in various world regions.

In feed manufacturing, liquids such as oils are sprayed onto the feed
in the batch or continuous blending operation, the amount being con-
trolled volumetrically. In some cases the use of synthetic vitamin A with
antioxidants in oil dilutions has continued; the oil addition plays a sec-
ondary role of reducing dustiness of feed and/or supplying an added
source of calories (Bauernfeind and DeRitter, 1972).

Because of the lack of stability of vitamin A, particularly regarding
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exposure to oxygen, trace minerals, pelleting, feed storage, and other
factors, the feed industry has readily accepted the dry stabilized forms of
the vitamin. Stabilized and protectively coated (or beaded) forms of vita-
min A slow destruction of the vitamin, but for highest potency, fresh
supplies of the mixture should be available on a regular basis. Practical
considerations that affect vitamin A stability are listed in Table 2.8. The
gelatin beadlet in which the vitamin A ester (palmitate or acetate) is
emulsified into a gelatin-plasticizer-antioxidant viscous liquid formula-
tion and spray-dried into discrete dry particles results in products with
good chemical stability, good physical stability, and excellent biological
availability (Bauernfeind and DeRitter, 1972).

Supplemental vitamin A may be needed when (1) feed consists of
poor-quality forage with little or no green color, (2) diets are composed
primarily of concentrates and no green pasture, (3) feed consists mainly
of corn silage and a concentrate mixture low in vitamin A activity, (4)
young ruminants are receiving milk from cows fed a diet low in vitamin
A or carotene, (5) calves are fed relatively little whole milk or colostrum,
and (6) purchased cattle are of unknown background and in unthrifty
condition, and body stores of vitamin A might be suboptimal (Perry,
1980).

Vitamin A assimilation was decreased, and its utilization was
increased by infection (Nockels, 1988). Aflatoxin ingestion has also
been reported to reduce vitamin A stores in the liver and induce its defi-
ciency. Chickens showed decreased tissue accumulation of oxy-
carotenoid pigments when fed aflatoxin. It is therefore important that
animals that are sick or are receiving vitamin A antagonists receive diets
that are fortified with the vitamin.

The use of concentrate feeds in place of forages is probably the
largest single factor that has increased the need for vitamin A supple-
ments in ruminant diets. Inefficient utilization of carotene from corn and
the destruction of carotene and vitamin A in the rumen are reasons for
adding supplemental vitamin A to high-concentrate diets, regardless of
the vitamin A levels supplied by feedstuffs in these diets, to meet the
total daily requirement (Rumsey, 1975). Weiss (1998) suggests that the
requirement for vitamin A should be increased by approximately 50%
for dairy cattle because of differences in bioavailability between -
carotene and retinyl esters.

Vitamin A is often included, along with vitamins D and E, in liquid
feed supplements in addition to molasses, fat, urea, and selected miner-
als. Since the viscosity, pH, and solids content of liquid feed supplements
vary considerably, the development of vitamin A forms that would blend
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M Table 2.8 Practical Factors That Affect the Stability of Vitamin A

Factors Detrimental to Stability
Long storage of the vitamin product before mixing or of the feed product after mixing
Vitamin premixes containing minerals
High environmental temperature and humidity
Pelleting, blocking, and extrusion
Hot feed bins that sweat inside upon cooling
Rancid fat in the feed
Rain leaks in feed bins or storage facilities

Factors Promoting Stability

Minimum time between manufacture of the vitamin product and consumption by
the animal

Storing vitamins in a cool, dark, dry area in closed containers

Not mixing vitamins and minerals in the same premix until ready to mix the feed

Not mixing deliquescent substances such as choline chloride with the vitamins

Using good-quality feed ingredients and vitamins

Good maintenance of storage bins and other equipment

Coordination between production and purchasing to obtain a quality product that
will not be stored an excessively long time before use

Source: Modified by personal communication (1985) with Dr. Charles H. McGinnis
Jr., Manager of Nutritional Services, Rhone-Poulenc, Inc., Atlanta, Georgia.

uniformly and be stable in such a product of variable composition and
characteristics represented a new challenge in the technology of vitamin
A application. Products of choice are liquid emulsions of fat-soluble
vitamins A, D, and E in a tested formulation of emulsifiers, antioxidants,
synergists, preservatives, and carriers.

For grazing livestock, vitamin A can be provided as part of a free-
choice mineral mixture as an alternative to mixing it with the feed. The
greatest limitation of administering vitamin A with free-choice minerals
is unknown consumption by individual animals and destruction of the
vitamin with time. Vitamin A stability in a mineral mix is affected by
abrasion, moisture, and prooxidant action of trace metals, particularly
copper. Mitchell (1967) reported virtual destruction of gelatinized vita-
min A when mixed with salt after 5 weeks. Apparently enough moisture
was picked up from humid air, and perhaps saliva from cattle, to induce
caking. This may have dissolved some of the gelatin coating, resulting in
loss of vitamin A potency. Improved coatings of vitamin A are more
insoluble in water and prevent exposure to air and the catalyzing effects
of mineral contact.

Many livestock producers have followed the practice of intramus-
cular injection with a vitamin A concentrate. This has become a means
of administering vitamin A either as a therapeutic measure or, more fre-
quently, as a prophylactic approach when oral or dietary administration
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is inconvenient or impossible. Feedlot cattle with an unknown history
are often given an injection of vitamin A (e.g. 1,000,000 IU) as part of
the adaptation or preconditioning process before the animal adjusts to
the new environment and the high-energy fattening ration.
Recommended high doses of vitamin A for ruminants are presented in
Table 2.9.

Very high doses of vitamin A are also important under intensive
housing conditions, where there are increased requirements in early life,
or under conditions of stress. The practice has been found particularly
valuable under the following circumstances (Hoffmann-La Roche,
1967): for day-old chicks before transport; for laying hens when, for
reasons unknown, laying performance suddenly drops; for piglets and
calves during weaning or changeover to milk substitutes; as an adjuvant
in treatment of attacks by intestinal parasites, lungworms, and other
parasites; and for newly arrived feedlot cattle.

Administration of vitamin A in very high levels in drinking water or
by injection is recommended to support any specific measures used in
treatment of diseased and convalescent animals. This is particularly true
for animals in which vitamin A stores may have been depleted due to
fever or in animals suffering from intestinal disorders when vitamin A
absorption is seriously impaired. Also, very high levels of vitamin A may
be beneficial in reducing the incidence of mastitis in dairy cows (Chew,
1987).

The level of vitamin A supplementation used should be based pri-
marily on the degree of the deficiency that could potentially be prob-
lematic. As with most nutrients, a borderline deficiency is more likely
than a severe deficiency. A marginal deficiency adversely affecting per-
formance by a few percentage points is not easily detected (Miller,
1979). Based on the positive results that may be derived, and consider-
ing that vitamin A supplementation is inexpensive and (reportedly) non-
toxic at recommended levels, it seems beneficial to administer supple-
mental vitamin A to livestock that are not grazing or receiving green pas-
tures (roughages) and to those that are sick or under stress. Vitamin A
injection is one good way to determine if a deficiency exists by injecting
half the animals and using the others as controls. This can be done when
it would be difficult to conduct complicated experiments.

Supplementation of pet foods would be particularly essential if
organ meats rich in vitamin A (particularly liver and kidney) were not
part of the diets. Some commercial foods for dogs and cats contain
insufficient vitamin A. In 89 Australian brands, 8% of the dog foods and
14% of the cat foods had vitamin A concentrations below the minimum

72



VITAMIN A

M Table 2.9 Recommendation for Periodic Administration of High Doses of Vitamin A
to Ruminants

Animal IU per animal
Cattle
Calves 200,000-500,000
Cattle (rearing) 1,000,000-1,500,000
Cattle (fattening) 1,000,000-2,000,000
Cattle (dairy) 2,000,000 (1 month before calving)
Breeding bulls 2,000,000-3,000,000 (2 months before
and at the beginning of service)
Sheep
Suckling and weaned lambs 100,000-500,000
Rams 1,000,000 (2 months before and at the
beginning of service)
Ewes 1,000,000 (during service and a month

before lambing)

Source: Adapted from Hoffmann-La Roche (1967).

recommended for dogs and pregnant or lactating cats (Heanes, 1990).
In contrast, canned pet foods stated to contain liver or kidney showed
favorable vitamin A concentrations.

The importance of synthetic retinoids in veterinary dermatology is
now being explored. In dogs, the retinoids have been used primarily to
treat skin diseases purported to be keratinization disorders. Various skin
disorders, including sebaceous adenitis, canine ichthyosis, solar-induced
precancerous lesions, and squamous cell carcinoma have all responded
to retinoid therapy (Power and Thrke, 1990; Power et al., 1992). In both
dogs and cats with mycosis fungoides, isotretinoin seems to be a well-
tolerated and relieving type of therapy. Cure is not always achieved, but
the length and quality of life in treated animals are improved. The rec-
ommended dosage of isotretinoin in dogs and cats is between 1 and 3
mg per kilogram per day. Isotretinoin is available by prescription as
Accutane in 10-, 20-, or 40-mg capsules and is sold prepackaged in 10-
capsule units. The recommended dosage of etretinate used for kera-
tinization disorders in dogs is 0.75 to 1 mg per kilogram per day. Initial
response to retinoid therapy may not be apparent until 45 to 60 days of
treatment (Power and Thrke, 1990).

The major source of supplemental vitamin A used in diets is trans-
retinyl acetate (McGinnis, 1988). The acetate, propionate and palmitate
esters are chemically synthesized by vitamin A manufacturers. These are
available in gelatin beadlet product forms for protection against oxida-
tive destruction in premixes mash, and cubed and pelleted feeds. Carbo-
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hydrates, gelatin, and antioxidants are also generally included inside the
beadlets to stabilize the vitamin A. These provide physical and chemical
protection against factors normally present in feed that are destructive
to vitamin A. The vitamin A acetate products most frequently used in
feeds contain 650,000 IU or United States Pharmacopeia Units (USP) per
gram of product.

Additional research is needed to establish whether supplemental B—
carotene helps reduce mastitis incidence and improve reproductive per-
formance. Experiments conducted so far to determine if f—carotene
affects mastitis and/or reproduction are limited and conflicting.
Likewise, the effect of supplemental B—carotene on reproduction func-
tion in mares is inconclusive (Peltier et al., 1997). One reason for the
conflicting results is that the vitamin A and P—carotene status of live-
stock can vary greatly. Many feeds, especially green forages, contain
large amounts of B—carotene, and animals can store vast quantities of
vitamin A in the liver. Diets containing stored roughages such as wheat
straw, corn silage, and dried beet pulp are low in P—carotene
(Bonsembiante et al., 1980). According to Adams and Zimmerman
(1984), analysis of various feedstuffs from different regions of the
United States showed that in the absence of fresh pasture or good qual-
ity forage, diets may not provide sufficient f—carotene. Analysis also
showed that samples of moldy corn averaged 98% less carotene than
sound corn.

In industrialized countries, xerophthalmia due to primary vitamin A
deficiency is rarely seen because of the availability of adequate fruits,
vegetables, and animal food combined with fortified food such as mar-
garine. Loss of animal products rich in vitamin A can quickly bring
about deficiency of the vitamin where previously there was no problem.
Many rural Sudanese have depended on milk from their livestock as
their main source of vitamin A. Droughts, however, have caused animal
losses, thus limiting vitamin A intake from milk products (Nestel et al.,
1993).

The primary causes of hypovitaminosis A are ignorance, both natu-
ral and human-induced catastrophes, economic deprivation, and dis-
ease. Inexpensive foods that contain carotenoids and vitamin A are
nonetheless available in most areas where vitamin A deficiency is preva-
lent, but, for a variety of reasons, they are not consumed in adequate
amounts (Olson, 1994). Also, chronic alcohol consumption can reduce
retinoic acid concentrations and diminish retinoid signaling (Wang,
1999).

Elimination of vitamin A deficiency is a global priority. Periodic
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supplementation using a large dose of vitamin A is the most widely used
intervention in controlling deficiency. The current World Health
Organization recommendation for universal prophylactic dosing in
areas where vitamin A deficiency is a public health problem is 210 umol
every 3 to 6 months for children 1 to 6 years of age (Humphrey et al.,
1994).

In developing countries, both marginal vitamin A status and intes-
tinal helminths (e.g., Ascaris lumbricoides) are common among children
(Tanumihardjo et al., 1996). The combination of deworming and vita-
min A supplementation in a single program should be considered.

For humans, a number of reports have illustrated the benefits of
supplemental vitamin A for conditions not associated with night blind-
ness and xerophthalmia (see Functions and Deficiency sections). The
results of a dozen field studies conducted in Brazil, Ghana, India,
Indonesia, Nepal, and elsewhere indicate that supplementing the diets of
children who are at risk of vitamin A deficiency can reduce deaths from
diarrhea by 35 to 50%, and the vitamin can almost halve the number of
deaths due to measles (UNICEF, 1998).

Supplemental retinoids have been successfully used as inhibitors of
carcinogenesis and have important roles in optimizing immune response.
Numerous clinical studies have demonstrated beneficial effects of
retinoids on skin diseases such as acne, psoriasis, rosacea, ichthyoses,
keratodermas, and skin cancers and their precursors, as well as a rever-
sal of the effects of photoaging (Futoryan and Gilchrest, 1994).
Retinoid-based creams applied to skin result in a younger appearance
(e.g., reduced wrinkling). Retinoic acid has recently been shown as a
therapy for emphysema because it regenerated lung alveoli in a rat study
(Massaro and Massaro, 1997).

B-CAROTENE FUNCTION INDEPENDENT
OF VITAMIN A

Carotenoids have been shown to have biological actions independ-
ent of vitamin A (Olson, 1989; Chew, 1995). Some animal studies indi-
cate that certain carotenoids with antioxidant capacities, but without
vitamin A activity, can enhance many aspects of immune functions, can
act directly as antimutagens and anticarcinogens, can protect against
radiation damage, and can block the damaging effects of photosensitiz-
ers. In animal models, B—carotene and canthaxanthin have protected
against UV-induced skin cancer as well as some chemically induced
tumors. In some of these models, enhancement of tumor immunity has
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been suggested as a possible mechanism of action of these carotenoids
(Bendich, 1989). B—Carotene can function as a chain-breaking antioxi-
dant; it deactivates reactive chemical species such as singlet oxygen,
triplet photochemical sensitizers, and free radicals, which would other-
wise induce potentially harmful processes (e.g., lipid peroxidation).

Cows supplemented with 300 mg of B—carotene per day had a lower
incidence of intramammary infections than cows supplemented with
preformed vitamin A or the unsupplemented control group. It was also
demonstrated that dairy cows supplemented with 300 mg of B—carotene
per day during the dry period maintained blood concentrations of -
carotene and had a lower incidence of mastitis than those supplemented
with vitamin A alone (Chew and Johnston, 1985). B—Carotene enhances
blastogenic responses of lymphocytes and increases cytotoxic activities
of natural killer cells and cytokine production by macrophages (Chew,
1993).

Polymorphonuclear neutrophils (PMNs) are the major line of
defense against bacteria in the mammary gland. B—Carotene supplemen-
tation seems to exert a stabilizing effect on PMN and lymphocyte func-
tion during the period around dry-off (Tjoelker et al., 1990). Daniel et
al. (1991a,b) reported that B—carotene enhanced the bactericidal activi-
ty of blood and milk PMN against S. auereus but did not affect phago-
cytosis. Vitamin A either had no effect or suppressed bactericidal activ-
ity and phagocytosis. Control of free radicals is important for bacterici-
dal activity but not for phagocytosis. The antioxidant activity of vitamin
A is not important; it does not quench or remove free radicals. p—
Carotene, on the other hand, has significant antioxidant properties and
effectively quenches singlet oxygen free radicals (Di Mascio et al., 1991;
Zamora et al., 1991).

A comprehensive review of the reproductive effects of carotene
and/or vitamin A in ruminants has been reported (Hoffmann-La Roche,
1994). Since 1976, a number of studies have indicated that f—carotene
has a function independent of vitamin A in dairy cattle. Dairy cattle
receiving extra —carotene have a higher intensity of estrus, increased
conception rates, and reduced frequency of follicular cysts than controls.
The corpus luteum of the cow has higher B—carotene concentrations
than any other organ, and it has been suggested that B—carotene has a
specific effect on reproduction in addition to its role as a precursor of
vitamin A. Graves-Hoagland et al. (1988) suggest a positive relationship
between B—carotene and luteal cell progesterone during the winter when
plasma B-carotene and vitamin A are decreased. Other studies with cat-
tle have been reported in which pregnancy rates were lower with low
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dietary PB-carotene but were adequate in vitamin A (Cooke and
Combden, 1978; Bonsembiante et al., 1980). However, other studies of
cattle failed to detect differences between groups supplemented with -
carotene and control groups in the above-mentioned responses (Folman
et al.,, 1979; Wang et al., 1988; Aréchiga et al., 1998b). Aréchiga et al.
(1998a) reported that in cows fed B—carotene the pregnancy rate at 120
days postpartum was 14.3% higher, and milk yield was 6 to 11% high-
er than in controls.

Injectable B—carotene has increased conception rates in swine and
improved live births and live weights in pigs (Chew, 1993).
Contradictory results were obtained from studies that investigated the
effect of supplemental f—carotene on reproductive function in mares. p—
Carotene supplementation had a positive effect on the pregnancy rate of
mares in some studies (Ahlswede and Konermann, 1980; Peltier et al.,
1997).

There are significant new views on the health benefits of megavita-
min doses, particularly the antioxidant vitamins (C, E, and B—carotene).
Because damage to mammalian tissues induced by free radicals is
believed to contribute to the aging process and to the development of
some degenerative diseases (Canfield et al., 1992), it has been proposed
that dietary carotenoids serve as antioxidants in tissues (Thurnham,
1994). This possibility is supported by numerous epidemiological stud-
ies that indicate an inverse association between the increased intake of
carotenoid-rich fruits and vegetables and the incidence of disease.

There has been much research regarding the potential protective
effects of carotenoids against chronic diseases (Cooper et al., 1999b).
Studies have shown inverse relationships between serum levels of one or
more carotenoids and a number of diseases, including cancer (Van
Poppel and Goldbohn, 1995), cardiovascular disease (Gaziano and
Hennekens, 1993; VERIS, 1996), eye diseases of age-related macular
degeneration (Snodderly, 1995), and nuclear sclerotic and cortical
cataracts (Mares-Perlman et al., 1995). In relation to cancer, in vitro
studies have demonstrated that carotenoids can inhibit chemically
induced neoplastic transformation (Bertram and Bortkiewicz, 1995),
induce remission of oral leukoplakia (Garewal, 1995), quench free rad-
icals such as singlet oxygen (Sies and Stahl, 1995), and modulate
immune activity (Meydani et al., 1995). There is recent evidence that
some of the carotenoid protection against cancer relates to gene regula-
tion (Bertram, 1999).

Several hundred carotenoid research studies have been published
since 1996, when two major intervention trials showed a lack of pro-
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tective effect of B-carotene supplements against lung cancer. Recent epi-
demiologic studies, however, continue to show an association between
high dietary intake of B-carotene and lower risk of lung cancer (Cooper,
1999a).

The predominant carotenoids in human tissues are f—carotene and
lycopene. Compared with other carotenoids and other antioxidant com-
pounds, including vitamin E, lycopene has been reported to be a more
efficient quencher of singlet oxygen in vitro (Di Mascio et al., 1991).
Lycopene disappearance precedes the disappearance of f—carotene when
human low-density lipoprotein is oxidized in vitro (Esterbauer et al.,
1989). When skin is subjected to UV light stress, more skin lycopene is
destroyed compared with B—carotene, suggesting a role of lycopene in
mitigating oxidative damage in tissues (Ribaya-Mercado et al., 1995).
One study suggests that eating tomatoes, which are rich in lycopene, can
significantly reduce the risk of heart attacks and prostate cancer.

TOXICITY

In general, the possibility of vitamin toxicities for livestock and
poultry is remote. However, of all vitamins, vitamin A is most likely to
be provided in toxic concentrations to both humans and livestock, and
excess vitamin A has been demonstrated to have toxic effects in most
species studied. Presumed upper safe levels are 4 to 10 times the nutri-
tional requirements for nonruminant animals, including birds and fish-
es, and about 30 times the requirements for ruminants (NRC, 1987). A
high tolerance for ruminants may be due in part to some microbial
degradation of vitamin A in the rumen (Rode et al., 1990). Most of the
harmful effects have been obtained by feeding over 100 times the daily
requirements for a period of time. Thus, small excesses of vitamin A for
short periods should not exert any harmful effects. Recommended upper
safe levels of vitamin A for livestock and poultry are presented in Table
2.10 (NRC, 1987).

Large doses can be toxic, and many cases of overdoses have been
reported in various species. The most characteristic signs of hypervita-
minosis A are skeletal malformations, spontaneous fractures, and inter-
nal hemorrhage (NRC, 1987). Other signs include loss of appetite, slow
growth, weight loss, skin thickening, suppressed keratinization,
increased blood-clotting time, reduced erythrocyte count, enteritis, con-
genital abnormalities, and conjunctivitis. Degenerative atrophy, fatty
infiltration, and reduced function of liver and kidney are also typical. A
report on clinical signs of hypervitaminosis A in rainbow trout (Salmo
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M Table 2.10 Presumed Safe Upper Levels of Vitamin A (IU/kg
Diet) for Livestock and Poultry

Presumed
Animal Safe Level?
Birds
Chicken, growing 15,000
Chicken, laying 40,000
Duck 40,000
Goose 15,000
Quail 25,000
Turkey, growing 15,000
Turkey, breeding 24,000
Cat 100,000
Cattle, feedlot 66,000
Cattle, pregnant, lactating, or bulls 66,000
Dog 33,330
Fish
Catfish 33,330
Salmon 25,000
Trout 25,000
Goat 45,000
Horse 16,000
Monkey 100,000
Rabbit 16,000
Sheep 45,000
Swine, growing 20,000
Swine, breeding 40,000

Source: Adapted from NRC (1987).
aFor chronic dietary administration.

gairdneri) listed growth depression; increased mortality; abnormal and
necrotic anal, caudal, pectoral, and pelvic fins; and pale yellow fragile
livers (Hilton, 1983). Bone abnormalities may include extensive bone
resorption and narrowing of the bone shaft, bone fragility, and short
bones because of retarded growth. Abnormalities in bone modeling are
the essential causes of fractures, and the cartilage matrix of bone may be
destroyed. For example, high levels of vitamin A injected into rabbits
may cause ears to curl because of the destruction of cartilage.

Pet foods or vitamin A medication can result in hypervitaminosis A.
The use of vitamin A in dermatology therapy of dogs and the inclusion
of livestock by-products high in vitamin A in canned dog foods have
raised concerns about subclinical, long-term vitamin A toxicosis
(Hoffmann-La Roche, 1998). Hypervitaminosis A in cats is most fre-
quently associated with diets having a high liver or fish liver oil content
(Goldman, 1992; Goldston and Hoskins, 1995). When a cat is found to
be sick, and its diet consists wholly or partly of raw liver, vitamin A tox-
icity should be suspected. The feeding of raw liver should be stopped
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and a balanced feline diet instituted (Goldman, 1992). Cats consuming
raw beef liver containing 20,000 to 40,000 pg per kilogram for 2 to 5
years produced the main clinical findings of cutaneous hyperesthesia of
neck and forelegs, forelimb lameness, pain and skeletal immobility due
to bony exostoses of the cervical vertebrae, and tendinous tuberosities of
long bones (Seawright et al., 1965).

It is believed that release of lysosomal enzymes is responsible for
degradative changes observed in tissues and intact animals suffering
from hypervitaminosis A (Fell and Thomas, 1960). In hypervitaminosis
A, retinol penetrates the lipid of the membrane and causes it to expand,
and because the protein of the membrane is relatively inelastic, the mem-
brane is therefore weakened. Thus, many phenomena in hypervita-
minosis A can be explained in terms of damage to membranes either of
cells or of organelles within cells.

Excess vitamin A affects metabolism of other fat-soluble vitamins
with competition for absorption and transport demonstrated. Therefore,
in diets containing barely adequate levels of vitamins D, E, and K, a
marked increase in dietary vitamin A may cause decreases in growth or
egg production due to a deficiency of one or more of the other fat-solu-
ble vitamins rather than a toxic effect of vitamin A. Retinoid-induced
hemorrhaging in rats fed diets deficient in vitamin K have been report-
ed (McCarthy et al., 1989). The mechanisms of absorption and trans-
port apparently are similar for the carotenoid pigments and the fat-sol-
uble vitamins. A marked increase in dietary vitamin A has been shown
to interfere with absorption of carotenoids, thereby resulting in
decreased pigmentation for poultry.

High dietary levels of vitamin A have depressed vitamin E utilization
in most animals studied (Schelling et al., 1995; Franklin et al., 1998).
However, levels of vitamin A fed to dairy cattle were in excess by
approximately tenfold to highest levels being fed commercially
(Schelling et al., 1995). In swine, high levels of injectable vitamin A had
little or no effect on serum and tissue vitamin E concentrations
(Anderson et al., 1997).

The efficiency of carotene conversion to vitamin A declines progres-
sively with increasing intakes (see Requirements). This appears to be a
natural homeostatic control mechanism that protects grazing livestock
from any harmful effects due to great abundance of carotene present in
high-quality, fresh forages when they are the major feed for long periods
(Miller, 1979). Likewise, comparatively rapid disposal of very high lev-
els of stored vitamin A is a protective mechanism. On a practical basis,
toxicity is more easily caused by vitamin A than by carotene. Even so,
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vitamin A toxicity is not a practical problem for livestock, except when
unreasonably large amounts are given accidentally (Miller, 1979).

The symptomatology of hypervitaminosis A in humans varies con-
siderably depending on the age of the subject and the duration of the
excessive intake. The young child is especially susceptible, with toxicity
occurring in children taking therapeutic doses prescribed for various
skin problems. The onset of clinical vitamin A toxicity is insidious and
usually follows consumption of doses of the order of 100,000 IU per day
for periods ranging from weeks to months. The varied clinical signs and
symptoms are well documented and include headache and other symp-
toms attributable to increased intracranial pressure, dermatological
changes, pruritic skin rash, irritability, pain in arms and legs, and hydro-
cephalus in children. Plasma vitamin A is always elevated, usually well
above 200 ug per deciliter.

Arctic and Antarctic explorers have suffered from acute toxicity
after eating polar bear or seal liver. It has been calculated that con-
sumption of 500 g of polar bear liver (13,000-18,000 IU of vitamin A/g)
would result in a toxic dose (Sebrell and Harris, 1967). Symptoms of
this acute polar bear liver poisoning, which may appear within 2 to 4
hours, are drowsiness, sluggishness, irritability or an irresistible desire to
sleep, severe headache, and vomiting. The medical literature records
death following intake of a single dose of 1,000,000 IU in adults and
500,000 IU in children.

Historically, it has been known for centuries among Eskimos and
Arctic travelers that the ingestion of polar bear liver by men and dogs
causes severe illness (Rodahl, 1949). There are stories of polar bear liver
being given to dogs, which later became sick and eventually suffered
from loss of hair. It is also said that the Eskimos threw the polar bear
livers into the sea to keep the dogs from getting them. On the other
hand, it is known that dogs are reluctant to eat polar bear liver, as is gen-
erally experienced by the European trappers in northeastern Greenland
with their sledge dogs. On one occasion a liver was given to a very hun-
gry dog, which ate a small portion of the liver and subsequently suffered
from diarrhea (Rodahl, 1949).

It is interesting that gulls and ravens avoid polar bear liver. On one
occasion ravens pecked a hole in the abdominal wall of a dead bear and
ate all the entrails but left the liver untouched. From the footsteps in the
snow around the carcass, it could be concluded that a large number of
birds had been there (Rodahl, 1949).

Hypervitaminosis A in humans is becoming a clinical problem of
increasing frequency as a result of self-medication and overprescription.
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According to McLaren (1982), vitamin A accumulation in human liver
with age signifies that hypervitaminosis A is also becoming a public
health problem in Western countries. He points out that habitual intake
of vitamin A in the United States and Europe is greater than the recom-
mended daily allowance, the body content of vitamin A is in excess of
that of other vitamins in relationship to requirements, and the rate of
catabolism of retinol is exponential, regardless of stores. Excess retinol
intake may explain the high incidence of osteoporosis in Northern
Europe (Whiting and Lemke, 1999). Explicit warnings for both children
and adults are provided by the RDA (1989) regarding excessive vitamin
A intakes of more than 25,000 IU on a regular basis.
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chapter three

VITAMIN D

INTRODUCTION

Vitamin D is thought of as the “sunshine vitamin” because it is syn-
thesized by various materials when they are exposed to sufficient sun-
light. The two major natural sources of vitamin D are cholecalciferol
(vitamin Ds, which occurs in animals) and ergocalciferol (vitamin D,,
which occurs predominantly in plants). In this chapter, the term vitamin
D in the absence of a subscript will imply either vitamin D, or vitamin
D;. Under modern farming conditions, many animals, particularly swine
and poultry, are raised in total confinement with little or no exposure to
natural sunlight. Even though with adequate sunlight exposure, vitamin
D is not needed in the diet, it still fits the definition of a vitamin in all
respects for animals and humans who are confined indoors away from
the sun. In recent years vitamin D receptors have been found in tissues
not associated with the traditional role of calcium (Ca) metabolism. The
additional roles of vitamin D await further elucidation.

HISTORY

Historical aspects of vitamin D have been reviewed by DeLuca
(1979), Holick (1987), Loosli (1991), and Collins and Norman (1991).
Vitamin D-deficiency rickets is a disease known since antiquity. There is
evidence that rickets occurred in Neanderthal man about 50,000 B.C. In
525 B.C., there was a battle between Persia and Egypt, and 100 years
later, the battlefield was visited by the Greek historian Herodotus.
Herodotus noted that Persian skulls were so fragile they broke when
struck by a pebble, while Egyptian skulls were strong. The difference
related to sunlight and vitamin D activity; Egyptians went bareheaded
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from childhood while Persians covered their heads with turbans.
Hippocrates described conditions that resembled rickets, and Soranus
Ephesius (born A.D. 130) provided a classic description referring to “the
backbone bending” and “legs twisted at the thighs” in a disease noted
to be more common in smoky cities than in the country (Arneil, 1975).

Since the Middle Ages, it was observed that sunlight seemed to have
health-giving effects. During the early stages of the Industrial Revolution
in the late eighteenth and early nineteenth centuries, there was a mass
migration of population from the rural countryside into the industrial
centers of Great Britain and Europe. Young children of the working
class who lived in the densely populated cities were affected by a severe
bone-deforming disease. The combination of industrial pollution and
narrow, shaded alleyways prevented children who were reared in this
environment from being exposed to sunlight. When necropsy studies
were performed on children who died of various causes, it was found in
Leyden, The Netherlands, that 85 to 90% of these children suffered
from rickets (Holick, 1987).

In 1822 Sniadecki suggested that rickets was caused by lack of
exposure to sunlight. He observed that children who lived in inner cities
of Warsaw, Poland, had a very high incidence of rickets, whereas chil-
dren living on the farms on the outskirts of the city essentially were free
of this disease. Almost 70 years later Palm concluded from an epidemi-
ological survey that the common denominator in rickets in children was
lack of exposure to sunlight. He encouraged systematic sunbathing as a
means of preventing and curing rickets. The majority of scientists and
physicians at the time did not believe that simple exposure to sunlight
could cure or prevent this bone-deforming disease.

In the early twentieth century, Sir Edward Mellanby began his work
on rickets, which was in epidemic proportions in the human population
in his native England. Mellanby attempted to produce rickets by nutri-
tional means, and in 1922 he succeeded in producing the disease in dogs
maintained on a diet of oatmeal and, unplanned by him, in absence of
sunlight. However, we now know sunlight would not have been a factor
since vitamin D is not produced in the skin of this species (How et al.,
1994a). Although Mellanby incorrectly concluded that the healing of
rickets was a property of the fat-soluble vitamin A, he placed the study
of rickets on an experimental basis.

McCollum, who had discovered the fat-soluble vitamin A, realized
that the antirachitic activity discovered by Mellanby was distinct from
the antixerophthalmia activity in cod liver oil. McCollum bubbled oxy-
gen through cod liver oil and heated it to destroy the vitamin A activity,
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but the properties of cod liver oil in prevention and cure of rickets
remained. Therefore, in 1922 he concluded that this unknown substance
represented a new fat-soluble vitamin, which he called vitamin D.

Although it was known that ultraviolet (UV) light and vitamin D
from cod liver oil were both equally effective in preventing and curing
rickets, the close interdependence of these two factors was not immedi-
ately realized. Goldblatt and Soames (1923) conducted experiments in
which they irradiated rachitic rats with UV light, removed their livers,
and demonstrated that they contained the antirachitic substance, where-
as if they were not irradiated, no antirachitic substance could be detect-
ed. Steenbock and Black (1924) then realized that UV irradiation was
causing the alteration of some substance in animals and proceeded to
demonstrate that UV irradiation of not only the animals but of their
food could heal or prevent rickets.

These important discoveries led to the use of UV light irradiation of
foods such as milk and butter to fortify them with vitamin D and thus
eliminate rickets as a major medical problem. In addition, the demon-
stration that irradiation of food resulted in the production of an antira-
chitic factor provided the key for the isolation and chemical characteri-
zation of vitamin D, from the provitamin ergosterol, and that irradia-
tion of skin produced vitamin D5 from the provitamin 7-dehydrocholes-
terol. In 1932, the structure of vitamin D, was simultaneously deter-
mined by Windaus in Germany, who named it vitamin D,, and by
Askew in England, who named it ergocalciferol. In 1936, Windaus suc-
ceeded in identifying the structure of vitamin D;. Vitamin D; had been
isolated earlier by Windaus and his colleagues but was later shown to be
a combination of vitamin D, and an irradiation side product, lumisterol.

A new phase of vitamin D research began in the late 1960s and has
resulted in a complete change in attitude regarding the problems associ-
ated with this substance. It is now recognized that vitamin D is simply
the precursor of a steroid hormone, 1,25-dihydroxyvitamin D [1,25-
(OH),D], sometimes referred to as calcitrol. In 1966, DeLuca (1979)
demonstrated the disappearance of vitamin D5 following administration
and the appearance of several metabolites that possessed more potent
antirachitic activity. The first of these metabolites, 25-hydroxyvitamin
D(25-OHD), was found to be produced in the liver. The 25-OHD form
of vitamin D was chemically synthesized by Blunt and coworkers in
1968. Using the radioactively labeled chemical, 25-OHD was shown to
be metabolically altered to at least three dihydroxy compounds, the
most important thought to be 1,25-(OH),D. In the early 1970s, it was
determined that the kidney was the principal site of 1,25-(OH),D pro-
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duction. From the discoveries that this biologically active vitamin D
metabolite is produced exclusively in kidney and is found in the nuclei
of intestinal cells came the concept that, in terms of its structure and
mode of action, vitamin D is similar to steroid hormones. The discovery
that the biological actions of vitamin D can be explained by a hormone-
like mechanism of action marked the beginning of the modern era of
vitamin D research.

CHEMICAL STRUCTURE, PROPERTIES, AND
ANTAGONISTS

Vitamin D designates a group of closely related compounds that
possess antirachitic activity. It may be supplied through the diet or by
irradiation of the body. There are about 10 provitamins that, after irra-
diation, form compounds having variable antirachitic activity. The two
most prominent members of this group are ergocalciferol (vitamin D,)
and cholecalciferol (vitamin Ds). Chemical structures of ergocalciferol
and cholecalciferol and their precursors, ergosterol and 7-dehydrocho-
lesterol, are shown in Fig. 3.1. All sterols possessing vitamin D activity
have the same steroid nucleus; they differ only in the nature of the side
chain attached to carbon 17.

Ergocalciferol is derived from a common plant steroid, ergosterol,
and is the usual dietary source of vitamin D. Cholecalciferol is produced
exclusively from animal products. 7-Dehydrocholesterol is derived from
cholesterol or squalene, which is synthesized in the body and present in
large amounts in skin, intestinal wall, and other tissues. Vitamin D pre-
cursors have no antirachitic activity until the B-ring is opened between
the 9 and 10 positions by irradiation and a double bond is formed
between carbons 10 and 19 to form vitamin D.

Vitamin D in the pure form occurs as colorless crystals that are
insoluble in water but readily soluble in alcohol and other organic sol-
vents. It is less soluble in vegetable oils. Cholecalciferol crystallizes as
fine white needles from diluted acetone and has a melting point between
84 and 85°C. Vitamin D can be destroyed by overtreatment with UV
light and by peroxidation in the presence of rancidifying polyunsaturat-
ed fatty acids. Like vitamins A and E, unless vitamin Dj is stabilized it is
destroyed by oxidation. Its oxidative destruction is increased by heat,
moisture, and trace minerals. There is less destruction of vitamin Dj in
freeze-dried fish meals during drying, possibly because of decreased
atmospheric oxygen (Scott and Latshaw, 1994). There is negligible loss
of crystalline cholecalciferol over 1 year of storage in amber evacuated
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Fig. 3.1 Vitamin D, (ergocalciferol), vitamin Dj (cholecalciferol), and their pre-
cursors in animal (7-dehydrocholesterol) and plant (ergosterol) tissues.

capsules at refrigerator temperatures or of ergocalciferol for 9 months.
Solutions in corn oil stored in amber bottles have shown no loss of activ-
ity during 30 months of storage. Overirradiation of ergocalciferol or
cholecalciferol produces numerous irradiation products such as tachys-
terols, supra-sterol;, supra-sterol,, and others. Some of these com-
pounds have partial vitamin D activity, some are toxic, and some may
be potent antagonists of vitamin D (Scott et al., 1982).

ANALYTICAL PROCEDURES

Vitamin D activity can be expressed in units based on a bioassay
in vitamin D-deficient rats or chicks. When assayed in the rachitic rat,
ergocalciferol and cholecalciferol are equally active with a potency of
40,000 units/mg of pure steroid. However, in chicks and other birds,
ergocalciferol has only about one-tenth the activity of cholecalciferol
(Chen and Bosmann, 1964). One international or USP unit of vitamin
D activity is defined as the activity of 0.025 ug of vitamin D5 con-
tained in the USP vitamin D reference standard. For poultry, the term
international chick unit (ICU) is employed with reference to use of D;
versus D,.
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Methods of analysis for vitamin D are complex and somewhat dif-
ficult because there are so many isomers, and not all are biologically
active. The standard method for assay of vitamin D supplements for
feeds is a biological assay. Vitamin D is the only vitamin in which a bio-
logical method has not been largely replaced by a chemical, physical, or
microbiological assay. The rat is often used to assay products for human
and animal use, but the chick is the assay animal of choice in assessing
supplements intended for poultry feeding because of unequal activity of
vitamin D, and Dj for this species compared with most mammals.
Vitamin D5 biological assay using young chicks has been standardized
by the Association of Analytical Official Chemists. It involves feeding a
standard rachitogenic ration to young chicks for a 21-day period and
determining the ash content of dry fat-free tibia, either from chicks that
have received the supplements containing unknown quantities of vita-
min D or from those receiving standard quantities of a vitamin D refer-
ence standard (Scott et al., 1982).

A curative method involves developing rickets in young rats and
chicks; then graded increments of unknown samples and standard vita-
min D are added to diets for 7 days, followed by a “line test.” This test
entails staining a section of the metaphysis of the proximal end of the
tibia with silver nitrate (AgNOj3) to show deposition of Ca salts. The sil-
ver precipitates the PO, and, on exposure to light, Ag;PO, is reduced to
Ag, which deposits in a black line. Bones are then graded numerically
according to degree of calcification. Also, x-rays may be taken instead
of using the line test. Chemical and physical methods to analyze vitamin
D generally lack sensitivity of biological assays. Thus, they are not ade-
quate for measuring samples that contain low concentrations of vitamin
D. However, these physical and chemical means of vitamin D determi-
nation have the advantage of being less time-consuming than biological
assays and are frequently used on samples known to contain high levels
of vitamin D (Collins and Norman, 1991).

Physical and chemical methods of vitamin D analysis include UV
absorption, colorimetric procedures, fluorescence spectroscopy, gas
chromatography/mass spectroscopy, competitive binding assays, and
high-pressure liquid chromatography (HPLC). The HPLC procedure is
very promising, with the separation process resulting in an exceedingly
high resolving capability and increased sensitivity (Collins and Norman,
1991; Matilla et al., 1995). A major advantage of HPLC is that com-
pounds are not altered by the heat of gas-liquid chromatography, so they
may be detected as the actual known compounds. Other benefits of
using HPLC are the reduced labor and time required to separate vitamin
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D and its metabolites. Compounds may be identified by the retention
time of either an internal or external standard and a new technique of
stop flow in which the UV spectrum of the molecule separated may be
examined.

METABOLISM

Absorption and Conversion from Precursors

Vitamin D obtained from the diet is absorbed from the intestinal
tract, with conflicting reports as to which portion of the small intestine
serves as the primary absorption site. It has also been suggested that the
largest amount of dietary vitamin D is more likely to be absorbed in the
ileum because of longer retention time of food in the distal portion of
the intestine (Norman and DeLuca, 1963).

Vitamin D is absorbed from the intestinal tract in association with
fats, as are all the fat-soluble vitamins. Like the others, it requires the
presence of bile salts for absorption. Because it is fat soluble, vitamin D
is absorbed with other neutral lipids via chylomicra into the lymphatic
system of mammals or the portal circulation of birds and fishes. It has
been reported that only 50% of a dose of vitamin D is absorbed.
However, considering that sufficient vitamin D is usually produced by
daily exposure to sunlight, it is not surprising that the body has not
evolved a more efficient mechanism for dietary vitamin D absorption
(Collins and Norman, 1991).

Cholecalciferol is produced by irradiation of 7-dehydrocholesterol
with UV light either from the sun or from an artificial source.
Cholecalciferol is synthesized in the outer skin layers. Presence of the
provitamin 7-dehydrocholesterol in the epidermis of the skin and seba-
ceous secretions is well recognized. In poultry, Tian et al. (1994) report-
ed that in the chicken, the skin of legs and feet contains about 30 times
as much 7-dehydrocholesterol (provitamin Dj;) as the body skin.

Vitamin D is synthesized in the skin of many herbivores and omni-
vores, including humans, rats, pigs, horses, poultry, sheep, and cattle.
However, little 7-dehydrocholesterol is found in the skin of cats and
dogs (and likely other carnivores), and therefore little vitamin D is pro-
duced in the skin (How et al., 1995).

During exposure to sunlight, the high-energy UV photons (290-315
nm) penetrate the epidermis and photolyze 7-dehydrocholesterol (provi-
tamin Dj3) to previtamin D;. Once formed, previtamin D; undergoes a
thermally induced isomerization to vitamin D that takes 2 to 3 days to
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reach completion. In poultry, the time course revealed a fourfold
increase in the circulating concentration of vitamin D;, with a peak
about 30 hours postradiation (Tian et al., 1994). Approximately 15%
of provitamin D; in human skin exposed to 10 minutes of simulated
sunlight is converted in the stratum basale to vitamin D; (Holick et al.,
1981). Longer exposure times do not significantly increase D5 concen-
trations in the epidermis. Heuser and Norris (1929) showed that 11 to
45 minutes of sunshine daily were sufficient to prevent rickets in grow-
ing chicks, and that no further improvements in growth were obtained
under these conditions by adding cod liver oil. During initial exposure
to sunlight, provitamin D5 in the human epidermis is efficiently con-
verted to previtamin D;. However, because previtamin Dj is also labile
to sunlight, once it is formed, it begins to photolyze to additional pho-
toproducts, principally luminsterol and tachysterol. The net result is that
prolonged exposure to sunlight does not significantly increase the previ-
tamin D; concentration above about 15% of the initial provitamin Dy
concentrations (Holick, 1987).

More than 90% of previtamin D; synthesis in skin occurs in the
epidermis. The cholecalciferol formed by irradiation of the 7-dehydroc-
holesterol in the skin is absorbed through the skin and transported by
the blood to the lipids throughout the body. Clearly, absorption can take
place, because rickets can be successfully treated by rubbing cod liver oil
on the skin. Once vitamin Dj; is formed, it is transported in the blood.
Some of the vitamin D; formed in and on the skin ends up in the diges-
tive tract as many animals consume the vitamin as they lick their skin
and hair.

Conversion to Metabolically Active Forms

Prior to 1968, it was almost universally thought that cholecalcifer-
ol and ergocalciferol (D5 and D,) were the circulating antirachitic agents
in the living animal system. Starting in 1968, DeLuca and a number of
other researchers demonstrated that vitamin D undergoes a multiple
series of transformations and multi-site interactions in the living system
(DeLuca, 1979). Whether the vitamin is ingested orally or produced
photochemically in the skin, these chemical changes occur before any
significant biological response is registered in the intestine or bone.
Production and metabolism of the vitamin D necessary to activate the
target organs are illustrated in Fig. 3.2.

Once vitamin D (D,, D3, or both) enters the blood, it circulates at
relatively low concentrations. This phenomenon is probably a result of
its rapid accumulation in the liver. Once in the liver, the first transfor-
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Fig. 3.2 The functional metabolism of vitamin Dy necessary to activate the tar-
get organs of intestine, bone, and kidney.

mation occurs, in which a microsomal system hydroxylates the 25-car-
bon in the side chain to produce 25-OH vitamin D. This metabolite is
the major circulating form of vitamin D under normal conditions and
during vitamin D excess (Littledike and Horst, 1982).

Conversion to 25-OHD takes place predominantly in the micro-
somes but also in the mitochondria. The mitochondrial enzyme is a
high-capacity, low-affinity enzyme and is thought to hydroxylate vita-
min D under conditions of high substrate concentrations, such as vita-
min D toxicity. Liver is the major site of 25-hydroxylation of vitamin D;
however, the intestine and kidney can also produce 25-OHD, although
the amount of 25-hydroxylation taking place in these organs is small
(Tucker et al., 1973). In the chicken, the D-25-hydroxylase enzyme
exists in the extrahepatic tissues, including the intestine and kidney, but
in mammals, the liver is the predominant site.

The 25-OHD is then transported to the kidney on the vitamin D
transport globulin, where it can be converted to a variety of compounds,
of which the most important appears to be 1,25-(OH),D; (also called
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calcitrol) (DeLuca, 1990). This reaction occurs in the mitochondrial
fraction and is catalyzed by a three-component, mixed-function
monoxygenase involving NADPH, molecular oxygen, a flavoprotein, an
iron-sulfur protein, and cytochrome P-450 (Ghazarian et al., 1974). The
1,25-(OH),D that is formed in the kidney is then transported to the
intestine, bones, or elsewhere in the kidney, where it is involved in the
metabolism of Ca and phosphorus (P). The hormonal form is the meta-
bolically active form of the vitamin that functions in intestine and bone,
whereas 25-OHD and vitamin D do not function at these specific sites
under physiological conditions (DeLuca, 1990).

Production of 1,25-(OH),D is very carefully regulated by parathy-
roid hormone in response to serum Ca and phosphate concentrations.
Removal of parathyroid glands results in an animal’s inability to adapt
to varying Ca demands by increasing intestinal Ca absorption. It is now
known that the most important point of regulation of the vitamin D
endocrine system occurs through the stringent control of the activity of
the renal 1-hydroxylase. In this way, the production of the hormone
1,25-(OH),D can be modulated according to the Ca needs of the organ-
ism (Collins and Norman, 1991). Factors known to affect the activity of
the 1-hydroxylase include Ca, parathyroid hormone, and vitamin D sta-
tus. Both intestinal and serum 1,25-(OH),D concentrations and activity
of 1-hydroxylase are inversely related to dietary and serum Ca concen-
trations.

Later, it was found that the hormone 1,25-(OH),D is produced by
its endocrine gland, the kidney, and a paracrine system (Norman, 1995).
The 1-hydroxylase activities have been confirmed in placenta and in cul-
tured cell lines (skin, bone, embryonic intestine).

Epidermal cells (keratinocytes) produce vitamin D; metabolize it to
its most biologically active form, 1,25-(OH),D; and in response to the
1,25-(OH),D, there is a decrease in proliferation and an increase in dif-
ferentiation (Bikle, 1995). 1,25-(OH),D production by keratinocytes is
tightly controlled and changes as the cells differentiate, increasing dur-
ing the early stages of differentiation and then decreasing again as ter-
minal differentiation ensues.

Besides 1,25-(OH),D, the kidney also converts 25-OHD to other
known compounds, including 24,25-(OH),D, 25-26-(OH),D, and
1,24,25-(OH),D. The role of these compounds in function or inactiva-
tion of vitamin D has not been fully evaluated, and significant physio-
logical roles are yet to be discovered. Although controversy exists, it has
been suggested that 24,25-(OH),D is responsible for the mineralization
of bone and for the suppression of parathyroid hormone secretion.
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Bordier et al. (1978) showed that 24,25-(OH),Dj; is required with 1,25-
(OH),D; for normal healing of osteomalacia in humans. Dogs with
impaired renal function had depressed serum concentration of 24,25-
(OH),D3, but no clinical benefit was observed when this form of vita-
min D was administered (Dzanis et al., 1992). The hormonal role of
24,25-(OH),D is very tentative. Although it has been shown that 24-
hydroxylation appears to have a role in bone mineralization, it is also
believed to be involved in the elimination pathway for 25-hydroxy and
1,25-dihydroxy vitamin D.

Henry and Norman (1978) have shown that hatchability of eggs
from hens is severely depressed in vitamin D-deficient hens even when
they are fed 1,25-(OH),D;. Evidently, 1,25-(OH),D; is effective in
maintaining blood Ca levels so that egg production and egg shell thick-
ness remain normal. However, without vitamin D, the upper mandible
of the chicks fails to develop, and consequently, the chicks cannot crack
the shell, resulting in mortality. The suggestion was made that chick
mortality resulted from lack of 24,25-(OH),D. However, the reason for
the chick deaths related to failure of 1,25-(OH),D; being passed from
the hen to the egg, as D; and 25-OHD; are readily passed to the egg.

Transport

Vitamin D in plasma, coming from either diet or the skin, is picked
up for transport to the liver by a plasma protein called vitamin D-bind-
ing protein (DBP; also called transcalciferin), which is synthesized in the
liver. In mammals, vitamin D, 25-OHD, and possibly 24,25-(OH),D
and 1,25-(OH),D, are all transported by DBP. This protein has a molec-
ular weight of 50,000 to 60,000 and in humans appears to be a single-
chain polypeptide. The DBP binds 25-OHD (the major circulating
metabolite) with a higher affinity than it binds vitamin D or 1,25-
(OH),D; (Haddad and Walgate, 1976). With radioactively labeled
metabolites, Hay and Watson (1976) observed in 65 of the 72 species of
mammals studied that the vitamin D metabolites associated with a pro-
tein of o-globulin mobility as determined by disk gel electrophoresis.
This was also observed in bony fish, reptiles, and some species of birds.
However, for several mammalian species and in four species of birds, 25-
OHD was carried on albumin or on a protein with albumin-like elec-
trophoretic mobility.

Storage and Placental Transfer

In contrast to aquatic species, which store significant amounts of
vitamin D in liver, land animals and humans do not store appreciable
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amounts of the vitamin. The body has some ability to store the vitamin,
although to a much lesser extent than is the case for vitamin A. Principal
stores of vitamin D occur in blood and liver, but it is also found in lungs,
kidneys, and elsewhere. Since it was known that liver serves as a storage
site for vitamin A, another fat-soluble vitamin, it was thought that the
liver also functioned as a storage site for vitamin D. However, it has
since been shown that blood has the highest concentration of vitamin D
compared with other tissues; in pigs, the amount of vitamin D in blood
is several times higher than that in liver (Quaterman et al., 1964).

The persistence of vitamin D in animals during periods of vitamin
D deficiency may be explained by slow turnover rate of vitamin D in
certain tissues, such as skin and adipose tissue. During times of depri-
vation, vitamin D in these tissues is released slowly, thus meeting vita-
min D needs of the animal over a longer period (Collins and Norman,
1991).

Transplacental movement of Ca increases dramatically during the
last trimester of gestation in all species observed. It is well established
that in most mammalian species, fetal plasma Ca levels are higher than
maternal levels at term. In sheep, passive diffusion accounts for a
minor component of placental Ca movement, with active transport
mechanisms responsible for more than 90% (Braithwaite et al., 1972).
In the pregnant rat (and perhaps humans), 1,25-(OH),D is a critical
factor in the maintenance of sufficient maternal Ca for transport to the
fetus and may play a role in normal skeletal development of the
neonate (Lester, 1986). Although there is no large transfer to the fetus,
liberal intake during gestation provides a sufficient store in newborns
to help prevent early rickets. For example, newborn lambs can be pro-
vided enough in this way to meet their needs for 6 weeks. Parenteral
cholecalciferol treatment of sows before parturition proved an effec-
tive means of supplementing young piglets with cholecalciferol (via the
sow’s milk) and its more polar metabolites via placental transport

(Goff et al., 1984).

Excretion

Excretion of absorbed vitamin D and its metabolites occurs prima-
rily in feces with the aid of bile salts. Very little vitamin D appears in
urine. Ohnuma et al. (1980) suggested that the metabolite 1,25-
(OH),D;-26,23-lactone may represent one of the first steps in the catab-
olism of 1,25-(OH),D;. Because the half-life of 25,26-(OH),D in serum
is only 10 days, this metabolite might have an excretory role.
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FUNCTIONS

The general function of vitamin D is to elevate plasma Ca and P to
a level that will support normal mineralization of bone as well as other
body functions. The active form of vitamin D, 1,25-(OH),D, functions
as a steroid hormone. The hormone is produced by an endocrine gland,
circulated in blood bound to a carrier protein (DBP), and transported to
target tissues.

In the target tissue, the hormone enters the cell and binds to a cytoso-
lic receptor or a nuclear receptor. 1,25-(OH),D regulates gene expression
through its binding to tissue-specific receptors and subsequent interaction
between the bound receptor and the DNA (Collins and Norman, 1991;
DeLuca and Zierold, 1998). The receptor-hormone complex moves to
the nucleus, where it binds to the chromatin and stimulates the tran-
scription of particular genes to produce specific mRNAs, which code for
the synthesis of specific proteins. Evidence for transcription regulation of
a specific gene typically includes 1,25-(OH),D-induced modulation in
mRNA levels. Additionally, evidence may include measurements of tran-
scription and/or the presence of a vitamin D-responsive element within
the promoter region of the gene (Hannah and Norman, 1994). Recent
research provides evidence that a membrane-bound receptor, in addition
to nuclear receptors, exists (Fleet, 1999).

The 1,25-(OH),D; receptor has been extensively characterized, and
the cDNA for the human receptor has been cloned (Baker et al., 1988).
The 1,25-(OH),D; receptor is a protein with a molecular weight of
about 67,000 daltons. The nucleotide sequence of the bovine vitamin D5
receptor has been reported (Neibergs et al., 1996).

Common vitamin D receptor gene alleles have been shown to con-
tribute to the genetic variability in bone mass and bone turnover; how-
ever, the physiological mechanisms involved are unknown. The vitamin
D receptor alleles are associated with differences in the vitamin D
endocrine system and may have important implications in relation to the
pathophysiology of osteoporosis (Howard et al., 1995; Eisman, 1998).

Recent studies have identified a heterodimer of the vitamin D recep-
tor (VDR) and a vitamin A receptor (RXR) within the nucleus of the cell
as the active complex for mediating positive transcriptional effects of
1,25-(OH),D. The two receptors (vitamins D and A) selectively interact
with specific hormone response elements composed of direct repeats of
specific nucleotides located in the promoter of regulated genes. The
complex that binds to these elements actually consists of three distinct
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elements: the 1,25-(OH),D; hormonal ligand, the vitamin D receptor
(VDR), and one of the vitamin A (retinoid) X receptors (RXR) (Kliewer
et al., 1992; Whitfield et al., 1995).

Since the late 1980s, it has become apparent that 1,25-(OH),D; also
has the potential to generate biological actions through mechanisms not
dependent on regulation of gene transcription (Norman, 1995).
Research suggests that 1,25-(OH),D; may also generate biological
responses via signal transduction mechanisms that are independent of
the nuclear VDRs, which are termed nongenomic pathways.
Nongenomic responses can include stimulation of membrane lipid
turnover, activation of Ca%* channels, and elevation of intracellular Ca?*
concentrations, all of which have been shown to occur within seconds
after addition of 1,25-(OH),D;. Progress has been made in identifying
and purifying an integral protein of the basal lateral membrane that may
be a receptor for 1,25-(OH),D; (Nemere, 1995). These studies have pro-
vided definite correlations between binding to the solubilized membrane
receptor and the ability to initiate transcaltachia (the rapid hormonal
stimulation of Ca transport). The involvement in genomic and nonge-
nomic signal transduction pathways is not unique to the steroid hor-
mone 1,25-(OH),D5; these same pathways are also utilized by virtually
all steroid hormones (Nemere et al., 1993).

Relationship to Calcium and Phosphorus Homeostasis

Tetany in humans and animals results if plasma Ca levels are appre-
ciably below normal. Two hormones—thyrocalcitonin (calcitonin) and
parathyroid hormone (PTH)—function in a delicate relationship with
1,25-(OH),D to control blood Ca and P levels. Production rate of 1,25-
(OH),D is under physiological control as well as dietary control (see
Metabolism, Conversion to Metabolically Active Forms). Calcitonin,
contrary to the other two, regulates high serum Ca levels by (1) depress-
ing gut absorption, (2) halting bone demineralization, and (3) reabsorp-
tion in the kidney. Vitamin D brings about an elevation of plasma Ca
and P by stimulating specific pump mechanisms in the intestine, bone,
and kidney. These three sources of Ca and P thus provide reservoirs that
enable vitamin D to elevate the levels of Ca and P in blood to levels that
are necessary for normal bone mineralization and for other functions
ascribed to Ca.

Intestinal Effects

It is well known that vitamin D stimulates active transport of Ca
and P across intestinal epithelium. This stimulation involves the
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parathyroid hormone directly and the active form of vitamin D.
Parathyroid hormone indirectly stimulates intestinal Ca absorption by
stimulating production of 1,25-(OH),D under conditions of hypocal-
cemia. As the human body becomes vitamin D insufficient, the efficien-
cy of intestinal Ca absorption decreases from approximately 30 to 50%
to no more than 15%.

The mechanism whereby vitamin D stimulates Ca and P absorption
is still not completely understood. Evidence (Wasserman, 1981) indi-
cates that 1,25-(OH),D is transferred to the nucleus of the intestinal cell,
where it interacts with the chromatin material. In response to the 1,25-
(OH),D, specific RNAs are elaborated by the nucleus, and when these
are translated into specific proteins by ribosomes, the events leading to
enhancement of Ca and P absorption occur (Scott et al., 1982).

In the intestine, 1,25-(OH),D promotes synthesis of Ca-binding
protein (calbindin) and other proteins and stimulates Ca and P absorp-
tion. Vitamin D has also been reported to influence magnesium (Mg)
absorption as well as Ca and P balance (Miller et al., 1965).
Administration of 1,25-(OH),Dj; to rachitic animals has been shown to
stimulate the incorporation of [?H] leucine into several proteins of the
intestinal mucosa. This apparent increase in protein synthesis was
accounted for at least in part by the discovery that 1,25-(OH),D induces
synthesis of a specific intestinal protein that has been identified as cal-
bindin. Calbindin is not present in the intestine of rachitic chicks but
appears after vitamin D treatment.

Intestinal Ca transport relies on the integrated effects of both
genomic and nongenomic mechanisms of hormone action. Two kinds of
mucosal proteins are dependent on vitamin D: (1) calbindin and (2)
intestinal membrane Ca-binding protein (IMCal). IMCal is a membrane
component of the translocation mechanism rather than a cytosol con-
stituent (Schachter and Kowarski, 1982). It is proposed that the primary
nongenomic mechanism by which 1,25-(OH),D regulates Ca transport
across the luminal membrane of the enterocyte involves inducing a spe-
cific alteration in membrane phosphatidylcholine content and structure,
which leads to an increase in membrane fluidity and thereby to an
increase in Ca transport rate. The size of the villus and the microvilli
increases upon 1,25-(OH),D; treatment. The brush border undergoes
noticeable alterations in structure and composition of cell surface pro-
teins and lipids, in a time frame corresponding to the increase in Ca2*
transport mediated by 1,25-(OH),D; (Collins and Norman, 1991). In
addition to inducing calbindin and IMCal, 1,25-(OH),D; has been
shown to increase levels of several other proteins in the intestinal
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mucosa. These include alkaline phosphatase, Ca-stimulated ATPase, and
phytase enzyme activities (Collins and Norman, 1991). Once Ca is
transported to the basolateral membrane, it is extruded from the cell
against a 1,000-fold concentration gradient by Mg-dependent Ca-
ATPase, which is also increased by 1,25-(OH),D; (Bronner, 1987).

Originally, it was believed that vitamin D did not regulate P absorp-
tion and transport, but in 1963, it was demonstrated, through the use of
an in vitro inverted sac technique, that vitamin D does in fact play such
a role (Harrison and Harrison, 1963). Little is known about the actual
mechanism of phosphate transport, but phosphate is transported against
an electrochemical potential gradient involving sodium in response to
1,25-(OH),Ds.

Bone Effects

Vitamin D plays roles both in the mineralization of bone as well as
demineralization or mobilization of bone mineral. 1,25-(OH),D is one
of the factors controlling the balance between bone formation and
resorption. In young animals during bone formation, minerals are
deposited on the matrix. This is accompanied by an invasion of blood
vessels that gives rise to trabecular bone. This process causes bones to
elongate. During vitamin D deficiency, this organic matrix fails to min-
eralize, causing rickets in the young and osteomalacia in adults. 1,25-
(OH),Dj; brings about mineralization of the bone matrix, and Weber et
al. (1971) provided evidence that 1,25-(OH),Dy5 is localized in the nuclei
of bone cells. Also, there is some indication that 24,25-(OH),D; and
possibly 25-OHD; may have unique actions on bone.

Vitamin D also plays a role in the mobilization of Ca from bone to
the extracellular fluid compartment. This function is shared by PTH
(Garabedian et al., 1974). However, little is known about the mecha-
nism of bone reabsorption in response to these factors, although it may
be similar or identical to the intestinal transport system. It is an active
process requiring metabolic energy, and presumably it transports Ca and
phosphate across the bone membrane by acting on osteocytes and osteo-
clasts.

Rapid, acute plasma Ca regulation is due to the interaction of plas-
ma Ca with Ca-binding sites in bone mineral since blood is in contact
with bone. Changes in plasma Ca are brought about by a change in the
proportion of high- and low-affinity Ca-binding sites, access to which is
regulated by osteoclasts and osteoblasts, respectively (Bronner and Stein,
1995). These cells, in turn, respond to hormonal signals by shape
changes. Contraction of osteoclasts and corresponding expansion of
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osteoblasts make more high-affinity sites available, whereas osteoblast
contraction and osteoclast expansion, make more low-affinity sites
available, leading to a decrease or an increase in the blood Ca level,
respectively.

Another role of vitamin D has been proposed in addition to its
involvement in bone; namely, in the biosynthesis of collagen in prepara-
tion for mineralization (Gonnerman et al., 1976). A vitamin D deficien-
cy causes inadequate cross-linking of collagen as a result of low lysyl
oxidase activity, which is involved in a condensation reaction for the col-
lagen cross-linking. This may be a direct effect of vitamin D or a result
of mineral changes in blood; it is not considered a major function of
vitamin D.

Kidney Effects

There is evidence that vitamin D functions in the distal renal tubules
to improve Ca reabsorption and is mediated by calbindin (Bronner and
Stein, 1995). It is known that 99% of the filtered load of Ca is reab-
sorbed in the absence of vitamin D and the parathyroid hormone. The
remaining 1% is under control of these two hormonal agents, although
it is not known whether they work in concert. It has been shown that
1,25-(OH),D; functions in improving renal reabsorption of Ca (Sutton
and Dirks, 1978). With intact parathyroids and without vitamin D,
renal tubular resorption of inorganic phosphate decreases, thereby
increasing phosphate clearance and resulting in hypophosphatemia,
although the parathyroids maintain a normal plasma Ca level. With ade-
quate vitamin D, greater reabsorption of P by the renal tubules occurs.
Without intact parathyroids, vitamin D actually increases renal loss of P.

Calcium and Phosphorus Absorption by Ruminants
Calcium

There is clear evidence that sheep and cattle absorb Ca from their
gut according to need and that they can alter the efficiency of absorp-
tion to meet a change in requirement. For example, Braithwaite and
Riazuddin (1971) showed that young sheep with a high Ca requirement
absorb Ca at a higher rate and with greater efficiency than mature ani-
mals with a low requirement. An increase in both absorption and effi-
ciency of absorption also occurs in mature sheep when their requirement
for Ca is increased through pregnancy or lactation or after a period of
Ca deficiency (Braithwaite, 1974).

Studies in cattle have given similar results. Thus, the efficiency of
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absorption of Ca in the small intestine of the dairy cow has been shown
to rise in response to a reduction in dietary Ca intake and to the onset
of lactation (Scott and McLean, 1981). Calcium absorption has also
been shown to be directly related to milk production, though in early
lactation, when the demand for Ca is greatest, the increase in absorption
falls short of the requirement, with the deficit being met by increased
bone resorption (Braithwaite et al., 1969).

The mechanism by which Ca is adjusted in response to requirement
has received much attention. In this sequence, a fall in plasma Ca con-
centration resulting from an increase in demand leads in turn to an
increase in parathyroid hormone release. This then stimulates the
increased production by the kidney of 1,25-(OH),D, which acts on the
gut to increase the production of calbindin and so accelerates Ca absorp-
tion. In a reverse manner, an increase in plasma Ca concentration caus-
es suppression of parathyroid hormone release, a reduction in 1,25-
(OH),D production, and reduced Ca absorption. Although all aspects of
this system have not yet been fully examined in ruminants, it appears
that the same mechanism operates, in that an increase in circulatory
1,25-(OH),D level has been found to precede the increase in Ca absorp-
tion that occurs in cattle soon after parturition (Horst et al., 1978).

Phosphorus Absorption

Sheep fed on roughage diets usually excrete little P in their urine
(Scott and McLean, 1981), so control of P balance must therefore be
achieved within the gut through control of either absorption or secretion
or both. Saliva is the main contributor of P in the gut. Little or no net
absorption of P appears to occur from either the forestomach or the
large intestine, and it is generally accepted that the upper small intestine
is the major absorptive site. Using sheep fitted with reentrant cannulas,
several workers have shown that the secretion of P before the pylorus
(salivary) is closely matched by net absorption in the small intestine.
Ability to balance absorption against secretion has been shown to be
unaffected by wide variations in dietary Ca:P values (Scott and McLean,
1981).

Until recently, secretion of P in saliva has usually been viewed in the
context of its role as a buffer against the volatile fatty acids produced in
the rumen. However, studies by Australian workers (Tomas, 1974) have
suggested that salivary glands, apart from their role as a source of buffer,
may also play an important role in P homeostasis by controlling the
amount of P secreted into the gut. Evidence for this function was pro-
vided by sheep studies in which both parotid salivary ducts were ligat-
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ed, a procedure that led to a small increase in urinary P excretion and a
proportional reduction in fecal P excretion (Tomas and Somers, 1974).
Similar changes in the pathway of P excretion were also seen in sheep in
which part of the parotid salivary flow was collected and returned
directly to the circulation.

Ruminants have a higher renal threshold for P excretion than do
monogastric species, and it is important to consider what advantage this
confers. Poor-quality roughage diets, apart from their low digestibility,
also tend to contain little P (McDowell, 1997). Therefore, the ratio
between the amount of P required for saliva production and dietary
intake is wide. If the renal threshold for P excretion in ruminants were
as low as in monogastric species, then at times when the concentration
of inorganic P in the plasma rises in response to reabsorption, P would
be excreted in the urine. This P would not, however, in any real sense be
surplus to requirement, and its loss would have to be met from a diet
low in available P. Under such conditions, there is clearly an advantage
to the ruminant in maintaining the high renal threshold for P excretion.

Concentrate diets, especially those that include fish meal, contain
much larger quantities of P than do roughage diets, to the point where
intake may equal or exceed the amount secreted in the saliva. Under
these conditions, need to control P absorption is clearly less critical and,
as a result, a different level of control may operate. Increasing dietary P
intake leads to increased absorption and increased urinary P excretion.

Administration of large amounts of parathyroid hormone over sev-
eral days has been shown to reduce fecal P excretion in cattle (Mayer et
al., 1968), though whether this was due to reduced secretion or
increased absorption is not clear. In sheep, parathyroidectomy has been
shown to result in a negative balance for both Ca and P, and it has been
suggested that the effect on P balance was the result of a reduction in the
amount of salivary P reabsorbed (McIntosh and Tomas, 1978). 1,25-
(OH),D has also been suggested as a possible regulator of intestinal P
absorption in ruminants (Scott and McLean, 1981), though whether this
was a primary effect or secondary to its effects on Ca absorption and
deposition in bone is not clear.

Other Vitamin D Functions

The well-known effects of vitamin D relate to biochemical changes
occurring in the intestine, bone, and kidney. Vitamin D has also been
shown to be required for chick embryonic development. Vitamin D
treatment stimulated yolk Ca mobilization, and the vitamin D-depend-
ent Ca-binding protein, calbindin, is present in the yolk sac (Tuan and
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Suyama, 1996). These findings strongly suggest that the hormonal
action of 1,25-(OH),D on yolk sac Ca transport is mediated by the reg-
ulated expression and activity of calbindin, analogous to the response of
the adult intestine. 1,25-(OH),D is also essential for the transport of
eggshell Ca to the embryo across the chorioallantoic membrane
(Elaroussi et al., 1994).

Vitamin D is important for more than just its traditional role in Ca
metabolism. A receptor for the active metabolite 1,25-(OH),D has
been isolated in the pancreas, parathyroid glands, bone marrow, cer-
tain cells of the ovary and brain, endocrine cells of the stomach, breast
epithelial cells, skin fibroblasts, and keratinocytes, suggesting that
1,25-(OH),D has additional functions in a wide variety of cells,
glands, and organs (Machlin and Sauberlich, 1994). In the pancreas,
1,25-(OH),D is essential for normal insulin secretion. Experiments
with rats have shown that vitamin D increases insulin release from iso-
lated perfused pancreas, both in the presence or absence of normal
serum Ca levels (Cade and Norman, 1986). More than 50 genes have
been reported to be transcriptionally regulated by 1,25-(OH),D
(Hannah and Norman, 1994).

The actions of 1,25-(OH),D; are recognized as being involved in
regulation of the growth and differentiation of a variety of cell types,
including those of hematopoietic and immune systems (Lemire, 1992).
Studies have suggested 1,25-(OH),D; as an immunoregulatory hor-
mone. Elevated 1,25-(OH),D also has been associated with a significant
70% enhancement of lymphocyte proliferation in cells treated with
pokeweed mitogen (Hustmeyer et al., 1994). 1,25-(OH),D; also inhibits
growth of certain malignant cell types and promotes their differentiation
(Colston et al., 1981; DeLuca, 1992). 1,25-(OH),D has been reported to
inhibit proliferation of leukemic cells (Pakkala et al., 1995), breast can-
cer cells (Vink van Wijngaarden et al., 1995), and colorectal cancer cells
(Cross et al., 1995). A deficiency of vitamin D may promote prostate
cancer (Skowronski et al., 1995). Also, 1,25-(OH),D and its analogs
may be effective in treating some forms of psoriasis (Kragballe et al.,
1991). The therapeutic value of vitamin D and its analogs has been
under rigorous evaluation in numerous laboratories around the world.

Thus, the concept has emerged that 1,25-(OH),D, and possibly
other vitamin D metabolites, have functions that extend beyond those of
regulating bone mineralization and intestinal Ca transport. The skin is
one such tissue in which this broader role is being intensively explored.
Besides producing vitamin D, epidermal cells (keratinocytes) make 1,25-
(OH),D and respond to the 1,25-(OH),D they produce with a decrease
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in proliferation and an increase in differentiation (Bikle et al., 1995).
1,25-(OH),D production by keratinocytes is tightly controlled and
changes as the cells differentiate, increasing during the early stages of
differentiation and then decreasing again as terminal differentiation
ensues. The 1,25-(OH),D produced endogenously or supplied exoge-
nously acts in concert with Ca and products of phosphoinositide metab-
olism to stimulate the transition from a proliferating basal cell to a ter-
minally differentiated corneocyte. The mechanisms involved include
changes in gene transcription and messenger RNA stability.

REQUIREMENTS

Most animals and humans do not have a nutritional requirement for
vitamin D when sufficient sunlight is available, since vitamin Dj is pro-
duced in skin through action of UV light on 7-dehydrocholesterol.

Unlike humans, rats, common poultry, and livestock, dogs and cats
(and perhaps other carnivores) have a nutritional requirement for vita-
min D even when sufficient sunlight is available, since vitamin D5 is not
produced in skin through action of UV irradiation on 7-dehydrocholes-
terol in sufficient quantities to prevent rickets (How et al., 1994a,b,
1995). Hazewinkel et al. (1987) found that rickets in dogs could not be
prevented or treated by UV radiation; treated dogs developed clinical,
biochemical, and histological signs of rickets. In the skin of the dog and
cat, the concentrations of the precursor 7-dehydrocholesterol are low,
and the precursor is inadequately converted to vitamin D. It is suggest-
ed that carnivores do not need to provide their own vitamin D, since fat,
liver, and blood of their prey will fulfill this need (How et al., 1995). In
addition to sunlight, other factors influencing dietary vitamin D require-
ments include (1) amount and ratio of dietary Ca and P, (2) availability
of P and Ca, (3) species, and (4) physiological factors.

Vitamin D becomes a nutritionally important factor in the absence
of sufficient sunlight. Sunlight that comes through ordinary window
glass is ineffective in producing vitamin D in skin, since glass does not
allow penetration of UV rays, and its effectiveness is dependent on
length and intensity of UV rays that reach the body. The radiation that
reaches the earth contains only a small part of the UV range that has an
antirachitic effect. Sunlight is more potent in the tropics than in the tem-
perate or arctic zones, more potent in summer than in winter, more
potent at noon than in the morning or evening, and more potent at high
altitudes. Sunlight provides most of its antirachitic powers during the 4
hours around noon.
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Season and latitude greatly influence skin synthesis of vitamin Dj.
In Boston (42.2°N), previtamin D; was produced in the irradiated skin
samples exposed to sunlight from March through October, but not at all
from November through February (Webb et al., 1988). In Edmonton,
Alberta, Canada (52° N), the effective period for the synthesis of previ-
tamin D3 commenced at the beginning of April and ceased after October.
In Los Angeles (34° N) and Puerto Rico (18°N), sunlight effectively pho-
toconverted 7-dehydrocholesterol to previtamin Dj even in the middle
of winter. These data confirm that the conversion of 7-dehydrocholes-
terol to previtamin D5 is dependent on the intensity of UV radiation as
affected by the zenith angle of the sun at various latitudes and by sea-
sons of the year.

Besides geographical and seasonal considerations, sunlight may be
blocked by many means. Potency of UV light varies greatly with differ-
ences in atmospheric conditions and because of clouds, mist, or smoke.
Air pollution screens out many UV rays as does the use of sunscreens.
Air pollution became prevalent during the Industrial Revolution and, at
the same time, the incidence of rickets became widespread in industrial
cities. It is now known that this epidemic of rickets was partly due to the
lack of sunlight because of the presence of air pollution. Thus, rickets
has been called the first air-pollution disease. Animals housed for much
of the year must depend on their feed for the vitamin D they need; in a
modern agricultural economy, this applies particularly to intensive swine
and poultry production.

The colors of the coat and skin are important in determining
response to irradiation. UV irradiation is more effective on exposed skin
than through a heavy coat of hair. Irradiation is less effective on dark-
pigmented skin. This has been shown to be true for white and black
breeds of hogs as well as for people. White pigs have taken about twice
as long as colored pigs to show signs of vitamin D deficiency (Cunha,
1977).

In white humans, 20 to 30% of the UV radiation is transmitted
through the epidermis, while in black people, less than 5% of the UV
radiation penetrates the epidermis (Holick, 1987). When specimens of
surgically obtained white and black skin were exposed to simulated sun-
light under the same conditions, longer exposure times were needed to
maximize vitamin D5 formation in the samples of black skin. As skin
pigmentation increased, the time required to maximize vitamin D5 for-
mation increased from 30 minutes to 3 hours.

Aging has an effect on the cutaneous production of vitamin Dj;. In
humans older than about 20 years, skin thickness decreases linearly with
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time. A comparison of amounts of previtamin D; generated in the skin
of young and elderly subjects showed that aging can decrease more than
twofold the capacity of the skin to produce previtamin D; (Holick,
1986).

Amounts of dietary Ca and P, and the physical and chemical forms
in which they are presented, must be considered when determining vita-
min D requirements. High dietary Ca concentrations can precipitate
phosphates as insoluble Ca phosphate. If Ca is given in the form of a rel-
atively insoluble compound, or even a Ca compound that is normally
easily soluble but is too coarsely ground, it may be comparatively
unavailable, for example, coarse limestone (Ca carbonate) (Franklin and
Johnstone, 1948). Soluble Ca salts are more readily absorbed, and
oxalates tend to interfere with absorption, but some of this interference
can be overcome by dietary vitamin D or irradiation.

Correspondingly, while the P of inorganic orthophosphate tends to
be well absorbed, other factors being favorable, that of phytic acid (see
Chapter 17), which is the predominant P compound of unprocessed
cereal grains and oilseeds, seems to be poorly available except to species
(such as ruminants) with massive populations of microorganisms in the
gut that synthesize phytase enzymes. Phosphorus absorption is mostly
independent of vitamin D intake, with the inefficient absorption and the
improvement upon vitamin administration being a result of improving
Ca absorption.

The need for vitamin D depends to a large extent on the Ca-P ratio.
As this ratio becomes either wider or narrower than the optimum, the
vitamin D requirement increases, but no amount will compensate for
severe deficiencies of either Ca or P. The dietary dry matter of rapidly
growing young stock should contain approximately 0.6 to 1.2% Ca,
with a Ca-P ratio in the range of about 1.2:1 to 1.5:1. For adult main-
tenance, lower Ca levels and wider Ca-P ratios are possible. In these sit-
uations, vitamin D requirements seem to be at a minimum, and risks of
vitamin D deficiency are less probable. The young rat needs very little
vitamin D. Indeed, to make the species suitably responsive in the bio-
logical assay of the vitamin, the dietary P content has to be kept low and
the Ca-P ratio high (Abrams, 1978).

Intestinal pH as well as other dietary nutrients influence Ca and P
requirements, and thus vitamin D requirements. Fermentation of excess
carbohydrates makes intestinal contents more acid, which favors both
Ca and P absorption, probably by converting less soluble alkaline salts
to the more soluble acid salts. High intakes of fats containing higher
fatty acids increase highly insoluble Ca soaps. Potassium may increase P
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absorption, but cations that form insoluble phosphates such as iron and
aluminum interfere.

Vitamin D requirements of various species (Table 3.1) are suffi-
ciently high to produce normal growth, calcification, production, and
reproduction in the absence of sunlight, provided that diets contain rec-
ommended levels of Ca and available P. Species differences can be illus-
trated by the fact that adequate intakes of Ca and P in a diet that con-
tains only enough vitamin D to produce normal bone in rats or pigs will
quickly cause the development of rickets in chicks. Turkeys and pheas-
ants have higher requirements than chicks. Surprisingly, human babies

M Table 3.1 Vitamin D Requirements for Various Animals and Humans

Animal Purpose or Class Requirement? Reference
Beef cattle Adult 275 1U/kg NRC (1996)
Dairy cattle Milk replacer 300 IU/kg NRC (1989a)
Growing bulls 300 IU/kg NRC (1989a)
Lactating 1,000 IU/kg NRC (1989a)
Goat All classes 1,400 IU/kg Morand-Fehr
(1981)
Chicken Leghorn, 0-18 weeks 200 ICU/kg NRC (1994)
Leghorn, laying (100-g 300 ICU/kg NRC (1994)
intake)
Broilers, 0-8 weeks 200 ICU/kg NRC (1994)
Duck (Peking) 0-7 weeks 400 ICU/kg NRC (1994)
Geese All classes 200 TU/kg NRC (1994)
Japanese quail Growing 750 ICU/kg NRC (1994)
Turkey All classes 1,100 ICU/kg NRC (1994)
Sheep Adult 555 1U/100 kg NRC (1985b)
body weight
Swine Growing-finishing, 3-10 kg 220 IU/kg NRC (1998)
Growing-finishing, 20-120 kg 150 IU/kg NRC (1998)
Adult 200 IU/kg NRC (1998)
Horse Maintenance and working 300 IU/kg NRC (1989b)
Growing 800 IU/kg NRC (1989b)
Pregnancy and lactation 600 IU/kg NRC (1989b)
Cat Growing 500 IU/kg NRC (1986)
Dog Growing 22 IU/kg body NRC (1985a)
weight
Fish Catfish 250-1,000 mg/lkg  NRC (1993)
Rainbow trout 1,600-2,400 IU/kg NRC (1993)
Rat Growing-reproductive 1,000 IU/kg NRC (1995)
Mouse Growing 1,000 IU/kg NRC (1995)
Guinea pig Growing 1,000 IU/kg NRC (1995)
Human Children 400 IU/day RDA (1989)
Adults 200-400 IU/day RDA (1989)
Lactating 400 IU/day RDA (1989)

aExpressed as per unit of animal feed on either as-fed (approximately 90% dry mat-
ter) or dry basis (see Appendix, Tables Ala,b). Human data are expressed as IU/day (1 IU
= 0.02$ pg vitamin D).
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are more like birds in this respect than like the other mammals men-
tioned. Greater absorption of Ca and greater growth rates occurred in
full-term infants given 400 IU per day compared to those given 100 IU
per day, although 100 IU is enough to prevent rickets (Collins and
Norman, 1991). In addition to the RDA (1989) suggested requirements
for humans, it is recognized that without casual exposure to sunlight,
the dietary intake for vitamin D should be at least two to three times
more than the recommended intake (Holick, 19935).

NATURAL SOURCES

Ergocalciferol and cholecalciferol contents of natural materials are
shown in Table 3.2. Sources of vitamin D are natural foods, irradiated
sebaceous material licked from skin or hair, and directly absorbed prod-
ucts or irradiation formed on or in the skin.

In dogs and cats (and presumably other carnivores), vitamin D must
be obtained from dietary sources due to the inability of these species to
synthesize and utilize vitamin D from precursors in the skin (How et al.,
1995). The distribution of vitamin D is very limited in nature, although
provitamins D occur widely. Of feeds for livestock, grains, roots, and
oilseeds, as well as their numerous by-products, contain insignificant
amounts of vitamin D. With a few notable exceptions, vitamin D; is not
found in plants. Those exceptions include the species Solanum mala-
coxylon, Cestrum diurnum, and Trisetum flavescens (see Toxicity), in
which vitamin D occurs as water-soluble f—glycosides of vitamin D3, 25-
OHD, and 1,25-(OH),Ds.

Typical green forages are extremely poor in vitamin D. However,
when plants—especially pasture species—begin to die and the fading
leaves are favorably exposed to UV light, some vitamin D, is formed. So
arises the vitamin D of hay, the potency of which depends on local cli-
matic conditions, for if it is made very quickly in the absence of direct
sunlight and is baled when still quite green, its potency will be low. The
principal source of the antirachitic factor in the diets of farm animals is
thus provided by the action of radiant energy upon ergosterol in forages.
Legume hay that is cured to preserve most of its leaves and green color
contains considerable amounts. Alfalfa, for example, will range from
650 to 2,200 IU/kg (Maynard et al., 1979); timothy and other grass hays
contain less. Stemmy hay that is lacking in leaves and color and has been
exposed to a minimum of sunlight may contain none, whether legume
or nonlegume. The antirachitic value of the alfalfa crop increases with
state of maturity because of the increase in dead leaves.
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M Table 3.2 Vitamin D Concentrations in Various Foods and Feed-

stuffs
U100 g2
Food or Feedstuff Ergocalciferol (D,)

Alfalfa pasture 4.6
Alfalfa hay, sun cured 142
Alfalfa silage 12
Alfalfa wilted silage 60
Birdsfoot trefoil hay, sun cured 142
Barley straw 60
Cocoa shell meal, sun dried 3,500
Corn grain 0
Corn silage 13
Molasses, sugar beet 58
Red clover, fresh 4.7
Red clover, sun cured 192
Sorghum grain 2.6
Sorghum silage 66

1U/100 g

Food or Feedstuff Cholecalciferol (D3)

Blue fin tuna liver oil 4,000,000
Cod liver oil meal 4,000
Cod liver oil 10,000
Eggs 100
Halibut liver oil 120,000
Herring, entire body oil 10,000
Menhaden, entire body oil 5,000
Milk, cow’s whole (summer) 4
Milk, cow’s whole (winter) 1
Sardine, entire body oil 8,000
Sturgeon liver oil 0
Swordfish liver oil 1,000,000

Sources: Adapted from NRC (1982b) and Scott et al. (1982).
aConcentrations are on as fed-basis.

Artificially dried and barn-cured hay contains less vitamin D than
hay that is properly sun cured. Even hay dried in the dark immediately
after cutting contains some of the vitamin, because the dead or injured
leaves on the growing plant respond to irradiation even though the liv-
ing tissues do not. This fact is also largely responsible for the vitamin D
found in corn silage (Maynard et al., 1979). Under normal conditions,
even wilted legume silage furnishes ample vitamin D for dairy calves.

For non—forage-consuming species, the vitamin D that occurs natu-
rally in unfortified food is generally derived from animal products.
Saltwater fish, such as herring, salmon, and sardines, contains substan-
tial amounts of vitamin D, and fish liver oils are extremely rich sources.
The probable origin of vitamin D in fish liver is a result of food chains
from plankton (Takeuchi et al., 1991). Veal, beef, unfortified milk, and
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butter supply only small quantities. Among animal products, eggs, espe-
cially the yolks, are a good source if the hen’s diet is rich in the vitamin.
Milk contains a variable amount in its fat fraction (5 to 40 IU in cow’s
milk per quart), but neither cow’s milk nor human milk contains enough
to protect the baby against rickets. Cow’s milk is reportedly higher in
vitamin D when produced during the summer rather than winter.

It has generally been assumed that for all but a few species, vitamin
D, and vitamin D5 are equally potent. In poultry, other birds, and a few
of the rarer mammals, including some New World monkeys, vitamin D;
has been found to be many times more potent than D, on a weight basis.
Vitamin D; may be 30 times more effective than D, for poultry; there-
fore, plant sources (vitamin D,) of the vitamin should not be provided
to these species. The dogma that mammals (other than the New World
monkey) do not discriminate between the two sources has been proven
incorrect. Data for pigs (Horst and Napoli, 1981) and ruminants
(Sommerfeldt et al., 1981) have suggested that these species discriminate
in the metabolism of vitamin D, and D3, with vitamin D; being the pre-
ferred substrate. Pigs given oral doses of a mixture of vitamin D, and D,
(1:w/w) had significantly higher concentrations of plasma vitamin Dj,
25-OHD;, 24,25-(OH),D;, and 1,25-(OH),D; than those of correspon-
ding counterparts given vitamin D,. Sommerfeldt et al. (1983) reported
that the amount of 1,25-(OH),D in the plasma of ergocalciferol-treated
dairy calves was one-half to one-fourth the amount in the plasma of
cholecalciferol-treated calves. Discrimination against vitamin D, by
ruminants may be in part a result of its preferred degradation by rumen
microbes or its less efficient absorption by the intestine. Similarly,
Harrington and Page (1983) found vitamin D5 to be more hypercalcemic
and overtly toxic to horses than vitamin D,, likewise suggesting prefer-
ence for D;. Vitamin D; has been reported to be at least three times as
effective as vitamin D, in satisfying the vitamin D requirement in trout
(NRC, 1993). Although the more recent data suggest a preference for D,
by a number of animals, in practice D, is still relatively comparable to
D; in antirachitic function except for poultry and certain monkeys.

DEFICIENCY

Effects of Deficiency

The outstanding disease of vitamin D deficiency is rickets, generally
characterized by a decreased concentration of Ca and P in the organic
matrices of cartilage and bone. The signs and symptoms are similar to
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those of a lack of Ca or P or both, as all three are concerned with prop-
er bone formation. In the adult, osteomalacia is the counterpart of rick-
ets and, since cartilage growth has ceased, is characterized by a
decreased concentration of Ca and P in the bone matrix. Osteoporosis
is defined as a decrease in the amount of bone, leading to fractures after
minimal trauma. In osteoporosis, bone mineral and protein matrix are
lost, resulting in less overall bone but normal composition.
Osteomalacia is also characterized by inadequate bone mineralization;
however, in contrast to osteoporosis, persons with osteomalacia have
normal protein matrix that is not fully mineralized. When bone mass
becomes too low, mechanical support and skeletal integrity cannot be
maintained, and fractures can occur with minimal trauma.

Clinical signs of vitamin D deficiency are seen mainly in the young.
General consequences of deficiency can appear as inhibited growth,
weight loss, and reduced or lost appetite before characteristic signs that
relate primarily to the bone system become apparent. The role of vita-
min D in the adult appears to be much less important except during
reproduction and lactation. Congenital malformations in newborns
result from extreme deficiencies in the diet of the mother during gesta-
tion, and the mother’s skeleton is injured as well.

The same disruption of the orderly processes of bone formation
with vitamin D deficiency occurs in animals as it does in humans and
includes the following characteristics (Kramer and Gribetz, 1971):

1. Failure of Ca salt deposition in the cartilage matrix.

2. Failure of cartilage cells to mature, leading to their accumulation
rather than destruction.

3. Compression of the proliferating cartilage cells.

4. Elongation, swelling, and degeneration of proliferative cartilage.

5. Abnormal pattern of invasion of cartilage by capillaries.

Outward signs of rickets include the following skeletal changes,
varying somewhat with species depending on anatomy and severity:

1. Weak bones, causing curving and bending of bones.
2. Enlarged hock and knee joints.

3. Tendency to drag hind legs.

4. Beaded ribs and deformed thorax.

Although there appear to be differences between species in the
susceptibility of different bones to such degenerative changes, differ-
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ences that probably reflect bodily conformation (e.g., pigs compared
with sheep) and stance (e.g., humans compared with the common
quadrupeds), there is nevertheless an apparent common pattern
(Abrams, 1978). Spongy parts of individual bones, and bones rela-
tively rich in spongy tissue, are first and worst affected. As in simple
Ca deficiency, the vertebrae and the bones of the head suffer the
greatest degree of resorption. Next come the scapula, sternum, and
ribs. The most resistant bones are the metatarsals and the shafts of
long bones.

Ruminants

Clinical signs of vitamin D deficiency in ruminants are decreased
appetite and growth rate, digestive disturbances, rickets (Figs. 3.3 and
3.4), stiffness in gait, labored breathing, irritability, weakness, and occa-
sionally tetany and convulsions. There is enlargement of joints, slight
arching of the back, and bowing of legs, with erosion of joint surfaces

Fig. 3.3 Calves devel-
oped severe rickets
while receiving ration
deficient in vitamin D,
and kept away from
sunlight. (A: Courtesy
of W. Krauss, Ohio
Agriculture Experiment
Station. B: Courtesy of
Michigan Agriculture
Experiment Station,
NRC, 1958.)
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Fig. 3.4 Calves and young bulls with rickets. (Courtesy of the late Francisco
Megale, Universidade Federal de Minas Gerais, Escola de Veterinaria, Belo
Horizante, MG, Brazil.)

causing difficulty in locomotion (NRC, 1996). Young ruminants may be
born dead, weak, or deformed.

Clinical signs involving bones begin with thickening and swelling of
the metacarpal or metatarsal bones. As the disease progresses, the
forelegs bend forward or sideways. In severe or prolonged vitamin D
deficiency, tension of the muscles will cause bending and twisting of long
bones to give the characteristic deformity of bone. There is enlargement
at ends of bones from deposition of excess cartilage, giving the charac-
teristic “beading” effect along the sternum where ribs attach (NRC,
1989a, 1996). The lower jaw bone (mandible) becomes thick and soft;
in severe cases, eating is then difficult. Calves may experience slobber-
ing, inability to close the mouth, and protrusion of the tongue (Craig
and Davis, 1943). Joints (particularly the knee and hock) become
swollen and stiff, the pastern straight, and the back humped. In more
severe cases, synovial fluid accumulates in the joints (NRC, 1989a).
Posterior paralysis may also occur as the result of fractured vertebrae.
The structural weakness of the bones appears to be related to poor min-
eralization. The advanced stages of the disease are marked by stiffness
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of gait, dragging of the hind feet, irritability, tetany, labored and fast
breathing, weakness, anorexia, and retardation of growth. Calves may
be born dead, weak, or deformed (Rupel et al., 1933).

Clinical signs of vitamin D deficiency in sheep and goats are similar
to those in cattle, including rickets in young animals and osteomalacia
in adults (NRC, 1981, 1985b). An early report of rickets in Scotland
referred to the condition as “bent leg,” which occurred in ram lambs 7
to 12 months of age (Elliot and Crichton, 1926). The condition was pre-
vented by administration of small doses of vitamin D in the form of cod
liver oil. Newborn lambs can receive enough vitamin D from their dams
to prevent early rickets if the dams have adequate storage (Church and
Pond, 1974). Newborn kids had rickets if the dam was deficient in vita-
min D during pregnancy (NRC, 1981).

In older animals with vitamin D deficiency (osteomalacia), bones
become weak and fracture easily, and posterior paralysis may accompa-
ny vertebral fractures. In dairy cattle, milk production may be decreased
and estrus inhibited by inadequate vitamin D (NRC, 1989a). Cows fed
a diet deficient in vitamin D and kept out of direct sunlight showed def-
inite signs of vitamin D deficiency within 6 to 10 months (Wallis, 1944).
Functions that deplete vitamin D are high milk production and advanc-
ing pregnancy, especially during the last few months before calving. The
visible signs of vitamin D deficiency in dairy cows are similar to those of
rickets in calves. The animal begins to show stiffness in limbs and joints,
which makes it difficult to walk, lie down, and get up. The knees, hocks,
and other joints become swollen, tender, and stiff. The knees often
spring forward, the posterior joints straighten, and the animal is tilted
on its toes. The hair becomes coarse and rough, and the animal has an
overall appearance of unthriftiness (Wallis, 1944). As the deficiency
advances, the back often becomes stiff, humped, bent, and flexed. In
vitamin D-deficient herds, calving rates are lower and calves have been
born dead or weak.

Milk fever (parturient paresis) is a paralyzing metabolic disease
caused by hypocalcemia near parturition and initiation of lactation in
high milk-producing dairy cows. Milk fever is an impaired metabolic
condition that is related to Ca status, previous Ca intake, and malfunc-
tion of the hormone form of vitamin D [1,25-(OH),D] and PTH.
Animals that develop milk fever are unable to meet the sudden demand
for Ca that is brought about by the initiation of lactation. Milk fever
usually occurs within 72 hours after parturition and is manifested by
circulatory collapse, generalized paresis, and depression of conscious-
ness. The most obvious and consistent abnormality is acute hypocal-
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cemia, in which serum Ca decreases from a normal 8 to 10 mg/dL to 3
to 7 mg/dL (average, 5 mg/dL). Early in the onset, the cow may exhibit
some unsteadiness as she walks. More frequently, the cow is found lying
on her sternum with her head displaced to one side, causing a kink in
the neck, or turned into the flank. The eyes are dull and staring and the
pupils dilated. If treatment is delayed many hours, the dullness gives way
to coma, which becomes progressively deeper, leading to death.

Aged cows are at the greatest risk of developing milk fever. Heifers
almost never develop milk fever. Older animals have a decreased
response to dietary Ca stress due to both decreased production of 1,25-
(OH),D and decreased response to the 1,25-(OH),D. Target tissues of
cows with milk fever may have defective hormone receptors, and the
number of receptors declines with age. In older animals, fewer osteo-
clasts exist to respond to hormone stimulation, which delays the ability
of bone to contribute Ca to the plasma Ca pool (Goff et al., 1989). The
aging process is also associated with reduced renal 1a-hydroxylase
response to Ca stress, therefore reducing the amount of 1,25-(OH),D
produced from 25-OHD (Goff et al., 1991b).

Parturient paresis also occurs in ewes. It is a disturbance of metab-
olism in pregnant and lactating ewes characterized by acute hypocal-
cemia and the rapid development of hyperexcitability, ataxia, paresis,
coma, and death. The disease occurs any time from 5 weeks before to
10 weeks after lambing, principally in highly conditioned older ewes at
pasture. The onset can be associated with an abrupt changing of feed, a
sudden change in weather, or short periods of fasting imposed by cir-
cumstances such as shearing or transportation. The degree of involve-
ment of vitamin D with Ca metabolism in parturient paresis with sheep
is unclear.

Vitamin D should be supplied to growing animals that are denied
sunlight over extended periods because of cloud cover or confinement
housing. In northern latitudes during winter, photochemical conversion
of provitamin D to its active compound in the skin of ruminants is lim-
ited because of insufficient UV radiation. Hidiroglou et al. (1979)
reported that 25-OHD was higher in plasma of cattle in summer than in
winter. Richter et al. (1990) found that 25-OHD concentrations of
blood plasma were higher if bulls were kept outdoors versus indoors
(21.1 versus 14.3 ng per milliliter, respectively). Vitamin D deficiency
may be observed in young ruminants that are closely confined and do
not consume sun-cured roughage. Hidiroglou et al. (1978) reported the
clinical history of a flock of sheep kept under total confinement that
showed a high incidence (8%) of an osteodystrophic condition (a vita-
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min D-responsive disease). A form of osteodystrophia has also been pro-
duced experimentally in goats (NRC, 1981).

When grazing ruminants have normal exposure to direct sunlight or
are fed normal amounts of sun-cured forage, little chance for vitamin D
deficiency exists. However, seasons of minimum sunlight, artificially
cured forages, sheep with full fleece, feedlot animals without access to
sunlight or sun-cured forages, and high-producing dairy cows with lim-
ited access to sunlight or sun-cured forage may lead to the need for
dietary supplementation.

Swine

In swine, vitamin D deficiency causes poor growth, stiffness, lame-
ness (Fig. 3.5), stilted gait, a general tendency to “go down,” or lose the
use of the limbs (posterior paralysis), frequent cases of fractures, soft-
ness of bones, bone deformities, beading of the ribs, enlargement and
erosion of joints, and unthriftiness (Cunha, 1977). Bones may also be
deformed by the weight of the animal and the pull of body muscles.

Pigs with severe vitamin D deficiency may exhibit signs of Ca and

Fig. 3.5 Pig with advanced rickets caused by lack of vitamin D. The pig was
not exposed to sunlight. It shows leg abnormalities and was unable to walk; it
later responded to supplementary vitamin D. (Courtesy of J.M. Bell, University
of Saskatchewan, Canada.)
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magnesium deficiency, including tetany (NRC, 1998). It takes 4 to 6
months for pigs fed a vitamin D-deficient diet to develop signs of a defi-
ciency (Johnson and Palmer, 1939; Quarterman et al., 1964).

The trend toward confinement of swine in completely enclosed
houses through the life cycle increases the importance of adequate
dietary vitamin D fortification. Goff et al. (1984) concluded that sub-
clinical rickets may become more of a problem as swine producers con-
vert to swine-confinement operations, which deprive sows and piglets of
the UV irradiation needed for endogenous production of cholecalciferol.
Research has shown that sunshine cannot always be depended on to
meet vitamin D requirements of growing or finishing pigs during winter
months in northern latitudes.

Of all the vitamins provided in swine feeds, vitamin D is one of two
(the other is vitamin B,,) that is most likely to be deficient. Typical
grain- and soybean-based diets contain virtually none of the vitamin.
Also, the trend toward complete confinement will eliminate UV light as
a source of the vitamin; therefore, supplemental vitamin D must be pro-
vided for all swine operations in which growing and breeding animals
remain in confinement.

Poultry

Little difference exists among poultry species in relation to clinical
signs of deficiency. Clinical signs in all poultry species include rickets
and lowered growth rate, egg production, and hatchability.

In addition to retarded growth, the first sign of vitamin D deficien-
cy in chicks is rickets, which is characterized by severe weakness of the
legs. During vitamin D deficiency, growing birds develop hypocalcemia,
which in turn stunts skeletal development through widened cartilage at
epiphyses of long bones and weakened shafts (NRC, 1994). Young,
growing chickens and turkeys tend to rest frequently in a squatting posi-
tion, are disinclined to walk, and have a lame, stiff-legged gait. These are
distinguished from the clinical signs of vitamin A deficiency in that vita-
min D-deficient birds are alert rather than droopy, and walk with a lame
rather than a staggering gait (ataxia). The beaks and claws become soft
and pliable (Fig. 3.6), usually between 2 and 3 weeks of age. The most
characteristic internal sign of vitamin D deficiency in chicks is a beading
of the ribs at their juncture with the spinal column (Scott et al., 1982).

In chronic vitamin D deficiency, marked skeletal distortions become
apparent (Scott et al.,, 1982), in which the spinal column may bend
downward in the sacral and coccygeal region. The sternum usually
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Fig. 3.6 Vitamin D-deficient and normal poult: (A) Note rubbery beak from
vitamin D deficiency; (B) (Courtesy of L.S. Jensen and Washington State
University.)
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shows both a lateral bend and an acute dent near the middle of the
breast. These changes reduce the size of the thorax, with consequent
crowding of the vital organs.

A disease condition known as endochondral ossification defects
(EOD) produces bone deformations, fractures, and lameness in broiler
chickens throughout the world within the first few weeks after hatching.
Flocks with a high incidence of EOD have significantly lower bone ash
and 1,25-(OH),D; than do mildly affected flocks, and it seems probable
that higher systemic concentrations of 1,25-(OH),D; between 7 and 14
days of age will enhance the ability of broiler chickens to effectively min-
eralize the cartilaginous growth plates in the appendicular skeleton dur-
ing early bone maturation (Vaiano et al., 1994).

As in many other nutritional diseases of poultry, the feathers soon
become ruffled. In red or buff-colored breeds of chickens, vitamin D
deficiency causes an abnormal black pigmentation of some of the feath-
ers, especially those of the wings. If the deficiency is very marked, the
blackening becomes pronounced, and nearly all the feathers may be
affected (NRC, 1994). When vitamin D is supplied in adequate quanti-
ty, the new feathers and newer parts of older feathers are normal in
color, although the discolored portion remains black.

Signs of vitamin D deficiency begin to occur in laying hens in con-
finement about 1 to 2 months after they are deprived of vitamin D.
When laying chickens are fed a diet deficient in vitamin D, the first sign
of the deficiency is a thinning of the shells of their eggs. Commercial lay-
ers will continue to lay eggs with reduced shell quantity for weeks. If the
diet is also completely devoid of vitamin D;, egg production may
decrease rapidly, and eggs with a very thin shell or no shell will be pro-
duced. In laying hens, eggshell strength tends to decrease as the hens age.
The decline in shell strength may be due to a decrease in the hen’s abil-
ity to synthesize 1,25-(OH),D. A study of the effect of dietary 1,25-
(OH),D; on eggshell strength in older hens found that within 3 weeks,
the percentage of cracked or broken eggs was lower for hens supple-
mented with 1,25-(OH),D (Tsang, 1992).

Vitamin D nutriture of the hen also influences its content in egg yolk
and the subsequent need for this vitamin by the chick (Stevens and Blair,
1985). Hatchability is markedly reduced, with embryos frequently dying
at 18 to 19 days of age. These embryos show a short upper mandible or
incomplete formation at the base of the beak. Eventually, breast bones
become noticeably less rigid, and there may be beading at the ends of the
ribs. Individual hens may show temporary loss of use of the legs, with
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recovery after laying an egg (usually shell-less) (Scott et al., 1982).
During periods of extreme leg weakness, hens show a characteristic pos-
ture that has been described as a penguin-like squat.

Of all vitamins provided in poultry feeds, vitamin D is one of two
(the other is vitamin B,) that is most likely to be deficient. Typical
grain- and soybean-based diets contain virtually none of these vitamins.
Also (as mentioned for swine above), the trend to complete confinement
will eliminate UV light as a source of the vitamin; therefore, supple-
mental vitamin D must be provided for all poultry operations in which
birds remain in confinement.

Horses

Deficiency of Ca, P, or vitamin D can cause bone deformities in the
horse caused by the weight of the animal and the pull of the muscles on
weak, porous bones. Vitamin D deficiency is characterized by reduced
bone calcification, stiff and swollen joints, stiffness of gait, bone defor-
mities, frequent fractures, and reduction in serum Ca and P (NRC,
1989b). El Shorafa et al. (1979) observed that early stages of rickets in
ponies included decreased bone ash, decreased cortical area and bone
density, and delayed epiphyseal closure.

Young Shetland ponies kept outdoors in Florida clearly do not need
dietary vitamin D (El Shorafa et al., 1979). However, when they were
deprived of sunlight and no vitamin D was included in the diet, ponies
lost their appetite and had difficulty standing.

Grazing horses or horses that exercise regularly in sunlight and con-
sume sun-cured hay will get the amount of vitamin D they require.
However, if exposure to sunlight is restricted by confinement, hay may
not always supply the requirement. Sunlight provides most of its antira-
chitic powers during the 4 hours around noon. This should be consid-
ered by those who exercise race horses briefly in the early morning
before housing them for the rest of the day (Abrams, 1978).

Other Animal Species
DoGs AND CATS

The dog was one of the first animals in which rickets was produced
experimentally. In 1922, Mellanby produced rickets in dogs by feeding
them oatmeal (NRC, 1985a). Rickets in dogs is radiographically,
histopathologically, and biochemically similar to the disorder as mani-
fested in other animals or in human beings. Rickets with typical bone
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lesions is readily produced in dogs, but clinical signs are frequently con-
founded by simultaneous deficiency or imbalance of Ca and P (NRC,
1985a), both of which result in initial hypocalcemia.

Campbell and Douglas (19635) fed a diet of 0.5% Ca and 0.3% P,
with no supplemental vitamin D, to puppies for 15 weeks without signs
of rickets or osteoporosis. However, when the diet contained 0.08 to
0.10% Ca and 0.13 to 0.15% P and no supplemental vitamin D, rickets
complicated by osteoporosis was observed.

A diagnosis of rickets in a 12-week-old female St. Bernard was
attributed to an inborn error in vitamin D metabolism (Johnson et al.,
1988). Physical examination revealed enlargement of the costochondral
junctions and the distal metaphyses of the radius, ulna, femur, and tibia.
When the dog was standing, its elbows were slightly abducted, and there
was mild valgus deviation of the front paws. The dog showed no lame-
ness but was lethargic and inactive. Radiographically, the physes were
enlarged radially and axially, and metaphyseal bone adjacent to the phy-
ses was widened and cup-shaped. Serum biochemical abnormalities were
hypocalcemia, hypomagnesemia, and hyperparathyroidism.

Severe rickets in kittens resulted in enlarged costochondral junctions
(“rachitic rosary”), with disorganization in new bone formation and
excessive osteoid (NRC, 1986). Classic signs of rickets are rare in kittens
but can arise from queens fed vitamin D-deficient diets.

Severe rickets in kittens was produced using vitamin D-deficient
diets containing either 1% Ca and 1% P or 2% Ca and 0.65% P
(Gershoff et al., 1957). Weight gain was less with the latter diet, and
rickets was less severe. Rickets that developed in about 4 to 5 months
was characterized by radiographic and morphological changes that were
similar to bone lesions observed in other species with the disease. The
cats that died during acute rickets had a lower percent of femur ash than
cats supplemented with vitamin D.

FisH

Channel catfish raised in aquaria and fed a vitamin D-deficient diet
for 16 weeks showed reduced weight gain, lower body ash, lower body
P, and lower body Ca than controls (NRC, 1993). Reduced growth with
vitamin D deficiency has also been reported with juvenile lobsters, juve-
nile grass shrimp, blue tilapia, and trout (NRC, 1993; O’Connell and
Gatlin, 1994; Shiau and Hwang, 1994). Although effects of vitamin D,
on mineralization of hard tissues were negligible in blue tilapia, weight
gains were reduced with deficiency (O’Connell and Gatlin, 1994).

Signs of vitamin D deficiency in trout include slow growth, impaired
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Ca homeostasis manifested by clinical signs of tetany of the white skele-
tal muscles, and ultrastructural changes in the white muscle fibers of the
musculature (Barnett et al., 1982; NRC, 1993). No changes in bone ash
have been detected in this species of fish. A lordosis-like droopy tail syn-
drome observed in vitamin D-deficient trout (Barnett et al., 1982) was
suggested to be related to muscle weakness.

FOXES AND MINK

Rickets can be produced in both foxes and mink by feeding diets
having low vitamin D content and abnormal Ca-P ratios (NRC, 1982a).
Signs of rickets in growing kits are generally seen between 2 and 4
months of age.

LABORATORY ANIMALS

Rickets is classically brought about in rats by a diet lacking vitamin
D, adequate in Ca, and low in P. Bones of rachitic rats show decreased
or absent calcification, with wide areas of uncalcified cartilage at the
junction of diaphysis and epiphysis. Bone ash may be less than half nor-
mal (NRC, 1995).

Guinea pigs housed without access to UV light and fed a purified
diet low in vitamin D, with 0.028% Ca and 0.2% P, did not grow nor-
mally and developed rickets. Typical lesions occurred in the zone of car-
tilage proliferation at the epiphyseal plate of long bones and ribs. Also,
incisors exhibited a high degree of enamel hypoplasia, while enamel and
dentin were disorganized and irregular, with poor calcification (NRC,
1995). Hamsters do not require dietary vitamin D for prevention of rick-
ets when the dietary Ca-P ratio is about 2:1 and Ca is at 0.6% (NRC,
1995). However, Sergeev et al. (1990) reported changes in vitamin D sta-
tus of guinea pigs fed a vitamin D-deficient diet containing 6 g Ca’kg
diet and 6 g P/kg diet. Serum Ca and P concentrations were reduced,
serum alkaline phosphatase was increased, serum 25-OHD concentra-
tions were extremely low, kidney 1-a-hydroxylase activity was more
than twice the normal concentration, and bone Ca content was about
four-fifths of the control concentration. Rickets may be induced in ham-
sters in the absence of vitamin D and when dietary Ca is 4 g/kg and P is
0.2 g/kg (NRC, 1995).

NONHUMAN PRIMATES

Softening, demineralization, and fibrous dysplasia of bone, which
are compatible with a diagnosis of rickets and responsive to vitamin D
treatment, have been observed in many species of nonhuman primates
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(NRC, 1978). Rickets also has been induced unintentionally in New
World primates kept under laboratory conditions when it was incor-
rectly assumed that they could utilize vitamin D, as efficiently as D (see
Natural Sources).

Humans

Vitamin D deficiency in children leads to the pathological bone con-
dition called rickets, which is characterized by disordered cartilage cell
growth and enlargement of the epiphyseal growth plates in the long
bones (Fraser, 1984). There is also a prominent accumulation of unmin-
eralized bone matrix (osteoid) on trabecular bone surfaces. Classic bone
symptoms associated with rickets, such as bowlegs (Fig. 3.7), knock-
knees, curvature of the spine, and pelvic and thoracic deformities, result
from the application of normal mechanical stress to demineralized bone
(Collins and Norman, 1991). Beading of the ribs, referred to as the
“ricketic rosary,” is almost a constant sign after the age of 6 months,
and is caused by the swollen cartilaginous ends of the ribs. The chest
may be narrow and rather funnel-shaped, and described as a “pigeon”
chest. In severe cases, this may interfere with breathing. Enlargement of
bones, especially in the knees, wrists, and ankles, and changes in the cos-
tochondral junctions also occur. With these defects, the bones become
structurally weak, bend under the weight of the child, and are liable to
fracture. Rickets also results in inadequate mineralization of tooth
enamel and dentin. If the disease occurs during the first 6 months of life,
convulsions and tetany can develop.

When humans changed from a hunting and gathering culture to an
agricultural one, they also moved from tropical and subtropical climates
to temperate zones, where houses and clothes were necessary for pro-
tection from the cold for a considerable part of the year (Harrison,
1978). This limited the production of vitamin D in skin, particularly of
infants during those months when exposure of large areas of skin to sun-
shine was not possible. When a further change to urban living occurred,
children in crowded city slums had little opportunity for exposure to
sunshine. As noted earlier, this was accentuated by the Industrial
Revolution, during which the use of fossil fuels contaminated the atmos-
phere and thus blocked out UV radiation.

Rickets resulting from vitamin D deficiency became widespread in
northern cities, particularly in the British Isles, Europe, the United
States, and Canada. The disease usually appeared in the first year of life
and was characterized by muscle weakness; deformities of long bones,
including bowed legs; knuckle-like projections along the rib cage,
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Fig. 3.7 Child with rickets exhibits marked bowlegs. Note the angle of the feet.
(Courtesy of Alan T. Forrester, Scope Manual on Nutrition, The Upjohn
Company, Kalamazoo, Michigan.)

known as the rachitic rosary; and deformities of the pelvis, which were
often permanent. Consequences of this disease were quite profound,
especially for young women, in whom a deformed pelvis would cause
difficulty with childbirth and result in a high incidence of infant and
maternal morbidity and mortality (Holick, 1987).

Osteomalacia occurs after skeletal development is complete. As in
rickets, even though bone mineralization has ceased, collagen formation
continues, resulting in formation of uncalcified bone matrix. In adults,
the bones stop growing in length but are constantly remodeled. The
main symptoms of osteomalacia are muscular weakness and bone pain.
As the disease progresses, bone fractures occur.

Season and latitude greatly affect the ability of sunlight to promote
synthesis of vitamin D5 in skin; therefore, individuals from more tem-
perate regions in the winter are more susceptible to vitamin D deficien-
cy. Studies have indicated less vitamin D activity in northern climates

131



CHAPTER THREE

(see Natural Sources). In Manitoba, Canada, 43% of children and 76 %
of mothers had serum 25-OHD levels below the normal range (Lebrun
et al.,, 1993). In a study of infant growth in two northern and two south-
ern cities in China, infants from the more southern latitudes had the
greatest body length (Feliciano et al., 1994). Rickets is not limited to
northern climates; the disease was established in 41 Sudanese children
(El-Hag and Karrar, 1995). Possible causes in the Sudan were poor
socioeconomic background, inadequate dietary intake in both mothers
and children, prolonged breast feeding, limited sun exposure, and type
of residence.

Although it is accepted that vitamin D is absolutely essential for
growing children, it is not well appreciated that it is also essential for
maintenance of a healthy mineralized skeleton in adults. One reason for
vitamin D deficiency in older populations is that individuals do not get
enough exposure to sunlight. Older persons require more sunlight to get
the same vitamin effect as do young individuals (see Requirements). A
high incidence (73 %) of vitamin D deficiency as evidenced by low blood
25-OHD was reported for elderly women in a nursing home in Holland
(Lowik et al., 1992). The low 25-OHD concentrations were associated
with limited exposure to UV radiation and nonusage of vitamin D sup-
plements.

Holick (1987) observed that one of the primary causes of poor vita-
min D nutrition in the elderly in the United States is a decrease in or
complete abstinence from consumption of milk, which is the principal
food source that is fortified with vitamin D. Also, milk and milk prod-
ucts are the principal sources of Ca and P in many diets. In Great
Britain, where dairy products were not routinely fortified with vitamin
D, it was found that 30% of women and 40% of men who incurred a
hip fracture were deficient in vitamin D (Doppelt et al., 1983).

In relation to diet, alcoholics have a high risk of vitamin D defi-
ciency. Low plasma 25-OHD was highly related to alcohol consumption
(Guilland et al., 1994). Many studies have shown the indigenous elder-
ly population and Asian immigrants to be groups at particular risk of
vitamin D deficiency and osteomalacia. In one study, blood 25-OHD
was significantly lower in elderly Asians (21/37) and young Asians
(7/17) compared with white controls (Solanki et al., 1995).

Vitamin D is involved not only in the regulation of Ca homeostasis
and bone metabolism, but in the regulation of cell proliferation, differ-
entiation, and immune response. The extent of non-bone-related vita-
min D deficiency is unknown. Vitamin D treatment to prevent various
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types of cancer and other conditions, such as psoriasis, may be based on
the pharmacological effects of the vitamin versus a function of vitamin
D. Vitamin D has a role in heart function as evidenced by abnormal elec-
trocardiograms (Sood et al., 1995), with congestive heart failure report-
ed as a result of the deficiency (Brunvand et al., 1995).

Assessment of Status

Several methods have been used to assess vitamin D nutritional sta-
tus of individuals. Poor production rates in livestock as well as bone
abnormalities in both animals and humans are the chief indications that
vitamin D deficiency is substantially advanced. The incomplete calcifi-
cation of the skeleton is easily detectable with x-rays, but, like other pro-
duction-related signs, would not be specific for vitamin D deficiency ver-
sus other nutrient inadequacies.

Low serum Ca levels in the range of 5 to 7 mg/100 ml and high
serum alkaline phosphatase activity can be used to diagnose rickets and
osteomalacia. Also, a marked reduction in circulating 1,25-(OH),D lev-
els in individuals with osteomalacia has been reported. The plasma con-
centration of 25-OHD is related to and therefore is an index of the vita-
min D supply for both animals and humans. The concentration of 25-
OHD in plasma, which is the principal form of vitamin D in plasma, is
about 10 times and 500 to 1,000 times higher than those of 24,25-
(OH),D and 1,25-(OH),D, respectively (Fraser, 1984).

The circulating concentration of 25-OHD is a good index for deter-
mining the cumulative effect of sunlight on synthesis of vitamin Dj in
skin, and dietary sources of the vitamin. In plasma of the vitamin D-defi-
cient child, a low concentration of 25-OHD (less than 5 ng/ml) has been
found (Fraser, 1984). Oldham et al. (1980) fed a vitamin D-deficient diet
to dogs. This diet required at least 3 months to depress the serum Ca
approximately 2 mg/dL while lowering the serum 25-(OH),D; level to
less than 0.4 ng/ml (30 to 60 ng/ml is the normal value for humans).

Toxicity caused by excess vitamin D administration is also associat-
ed with plasma 25-OHD; concentrations of more than 400 ng/ml have
been reported (Hughes et al., 1976). Patients suffering from hypervita-
minosis D have been shown to exhibit a 15-fold increase in plasma 25-
OHD concentration compared with normal individuals.

Osteocalcin can also be used to evaluate bone mineralization. Carter
et al. (1996) have suggested that serum osteocalcin and 1,25-(OH),D
are better predictors of bone mineralization and/or turnover in pigs than
is serum alkaline phosphatase.
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SUPPLEMENTATION

For animals that are kept indoors or live in climates where the sun-
light is not adequate for vitamin D production, the vitamin D content of
the diet becomes important. In modern poultry, swine, and dairy opera-
tions, animals are often entirely without sunlight. Under these intensive
conditions, supplemental vitamin D must be provided. It seems that sup-
plementation is important for dogs and cats since studies have shown
conclusively that neither dogs nor cats receive a significant benefit from
synthesis of vitamin D in the skin through exposure to UV irradiation
(How et al., 1994a,b, 1995).

Animals on pasture during the summer never suffer from the lack of
the antirachitic factor even though their diet may be practically devoid of
it. In winter, however, animals are outside only a part of the time, there
are generally fewer sunny days, and the sunlight that reaches the animal
is much less effective than in summer. In winter at far southern and north-
ern latitudes, it is unsafe to rely on exposure to sunlight to provide the
antirachitic factor as no significant production of vitamin D; in skin
occurs (Webb et al., 1988). Milk is not especially rich in vitamin D, but
young animals can obtain adequate amounts by skin irradiation if
exposed to the sunlight for 1 to 2 hours per day. Sun-cured forage is the
best natural source of vitamin D. Even silages generally have dead (thus
sun-cured) leaves that will provide some vitamin D to growing animals
housed indoors. However, it is probably prudent to provide a vitamin D
supplement to young calves in their milk replacer and starter diets until
they are turned out or are consuming adequate forage (e.g., 6 to 8 weeks).

Special Ca and P supplementation is required for high-producing
dairy cows to prevent parturient paresis (milk fever). Parturient paresis
can be prevented effectively by feeding a prepartum diet low in Ca and
adequate in P. Prepartal low-Ca diets are associated with increased plas-
ma PTH and 1,25-(OH),D, and 1,25-(OH),D; concentrations during
the prepartal period. Green et al. (1981) suggested that these increased
PTH and 1,25-(OH),D concentrations resulted in “prepared” and effec-
tive intestinal and bone Ca homeostatic mechanisms at parturition that
prevented parturient paresis.

Supplemental vitamin D has been used to prevent parturient paresis
in dairy cows for a number of years. Treatment with high levels of vita-
min D has been successful, but toxicity problems have sometimes result-
ed, and for some animals, the disease has been induced by the treatment.
Because of the extreme toxicity of vitamin D5 in pregnant cows, and the
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low margin of safety between doses of vitamin D5 that prevent milk
fever and doses that induce milk fever, Littledike and Horst (1982) con-
cluded that vitamin D5 cannot be used practically to prevent milk fever
when injected several weeks prepartum. However, a later report from
the same laboratory provided data suggesting that injection of 24-F-
1,25-(OH),D; (fluoridation at the 24R position) delivered at 7-day
intervals prior to parturition can effectively reduce incidence of parturi-
ent paresis (Goff et al., 1988). This compound, however, never advanced
beyond the experimental stage. An analogue that has been marketed in
Israel and used with varying degrees of success was 1a-hydroxychole-
calciferol [1a(OH)D;] (Sachs et al., 1977).

This analogue was developed as a precursor in the chemical synthe-
sis of 1,25-(OH),D; and, fortunately, can be activated by the body fol-
lowing 25-hydroxylation in the liver to form 1,25-(OH),D;. Use of this
analogue, however, shared the disadvantages of earlier compounds:
hypercalcemia was induced, and the endogenous synthesis of 1,25-
(OH),D; was inhibited. Hodnett et al. (1992) used a combination of 25-
OHD; plus 1lo—hydroxycholecalciferol to reduce parturient paresis in
dairy cows fed high dietary Ca. The incidence of the disease was reduced
from 33 to 8%. Supplementation of 1a-hydroxycholecalciferol, which is
less costly to produce than 1,25-(OH),D;, has improved phytate P uti-
lization in poultry but not swine (Biehl and Baker, 1997a,b).

Anion-cation balance of prepartum diets (sometimes referred to as
acidity or alkalinity of a diet) also can influence the incidence of milk
fever (Oetzel et al., 1988; Gaynor et al., 1989). Diets high in cations,
especially sodium and potassium, tend to induce milk fever, but those
high in anions, primarily chlorine and sulfur, can prevent milk fever. The
incidence of milk fever depends on the abundance of the cations Na+
and K+ relative to the anions Cl- and SO,%. This concept is now gener-
ally referred to as the cation-anion difference (CAD). Because most
legumes and grasses are high in potassium, many of the commonly used
prepartum diets are alkaline. Addition of anions to a prepartal diet is
thought to induce metabolic acidosis in the cow, which facilitates bone
Ca resorption and intestinal Ca absorption (Lomba et al., 1978; Fredeen
et al., 1988; Horst et al., 1997). Diets higher in anions increase osteo-
clastic bone resorption and synthesis of 1,25-(OH),D; in cows (Goff et
al., 1991a). Both of these physiological processes are controlled by PTH.
Workers at the Rowett Research Institute (Abu Damir et al., 1994) have
also reported that 1,25-(OH),D; production is enhanced in cows fed
acidifying diets. Commercial preparations of HCL mixed into common
feed ingredients as a premix could offer an inexpensive and palatable
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alternative to anionic salts as a means of controlling the incidence of
milk fever in dairy cows (Goff and Horst, 1998).

Collectively, these data suggest that a major underlying cause of
milk fever is metabolic alkalosis, which causes an inability of cow tissues
to respond adequately to PTH (Horst et al., 1997). This lack of response
in turn reduces the ability of the cow to draw on bone Ca stores, and
reduces production of the second Ca-regulating hormone, 1,25-(OH),D,
which is needed for active transport of Ca within the intestine. The pre-
sumption is that metabolic alkalosis somehow disrupts the integrity of
PTH receptors on target tissues. Low CAD diets prevent metabolic alka-
losis, increasing target tissue responsiveness to PTH, which controls
renal lo-hydroxylase and resorption of bone Ca.

Several options exist regarding methods for the control of milk fever
(Horst et al., 1997). The current understanding of the CAD concept sug-
gests that milk fever could be managed more effectively if dietary K were
reduced (Goff and Horst, 1997). Calcium chloride has been used to
reduce blood pH. This reduction is beneficial, but excessive oral Ca
chloride can induce metabolic acidosis (Goff and Horst, 1994), which
can cause inappetence at a time when feed intake is already compro-
mised. Calcium propionate treatment has been beneficial in reducing
subclinical hypocalcemia in all trials and reduced the incidence of milk
fever in a herd having a problem with milk fever (Goff et al., 1996).

Due to lack of vitamin D in feeds and management systems without
direct sunlight, modern livestock operations must provide a supplemen-
tal source of the vitamin. Vitamin D is available in two forms: vitamin
D; of animal origin and vitamin D, of plant origin. Vitamin D5 has been
the primary source of supplemental vitamin D for domestic animals,
whereas vitamin D, has been the chief source of supplemental vitamin
D in foods and pharmaceuticals. Vitamin D5 is commercially available
as a resin, usually containing 24 to 26 million IU per gram, for use as
the vitamin D source in various vitamin products. Vitamin D5 products
for feed include gelatin beadlets (with vitamin A), oil dilutions, oil
absorbates, emulsions, and spray- and drum-dried powders. Test results
have shown that the gelatin beadlet offers optimum vitamin Dj stabili-
ty. A commercially available vitamin product containing stabilized,
high-purity vitamin D for feed or drinking water use should be used to
ensure the vitamin D levels needed to prevent deficiency and allow opti-
mum performance. Continued irradiation eventually destroys the vita-
min D produced, but the chief cause of loss from foods is doubtless oxi-
dation, as was recognized long ago (Fritz et al., 1942). Higher vitamin
D levels in freeze-dried fish meals suggest less destruction during drying,
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possibly because of decreased atmospheric oxygen (Scott and Latshaw,
1994).,

Stabilization of the vitamin can be achieved by (1) rapid compres-
sion of the mixed feed, for example, into cubes, so that air is excluded,
(2) storing feed under cool, dry, dark conditions, (3) preventing close
contact between the vitamin and potent metallic oxidation catalysts, for
example, manganese, and (4) including natural or synthetic antioxidants
in the mix. The vitamin can also be protected by enclosing it in tough,
gelatin beadlets. But all stability is relative; warmth and moisture will
soften gelatin, while temperatures below about 10°C cause it to become
hard, brittle, and friable (Abrams, 1978).

Pure vitamin Dj crystals or vitamin Dj resin is very susceptible to
degradation upon exposure to heat or contact with mineral elements. In
fact, the resin is stored under refrigeration with nitrogen gas. Dry, stabi-
lized supplements retain potency much longer and can be used in high-
mineral supplements. It has been shown that vitamin D5 is much more
stable than D, in feeds containing minerals. When the unprotected vita-
min is thinly spread over the surface of free-flowing powders, as in some
of the mineral components of compound animal feeds, its life in storage
may be no more than 1 month. In complete feeds and mineral-vitamin
premixes, Schneider (1986) reported activity losses of 10 to 30% after
either 4 or 6 months of storage at 22°C.

Stability of dry vitamin D supplements is affected most by high tem-
perature, high moisture content, and contact with trace minerals such as
ferrous sulfate, manganese oxide, and others. Hirsh (1982) reports the
results of a “conventional” or nonstabilized vitamin D; product being
mixed into a trace mineral premix or into animal feed and stored at
ambient room temperature (20 to 25°C) for up to 12 weeks. The mash
feed had lost 31% of its vitamin D activity after 12 weeks, and the trace
mineral premix had lost 66% of its activity after only 6 weeks in stor-
age.

In addition to providing supplemental vitamin D in feed and water,
injectable sources are available. Parenteral vitamin D5 treatment of sows
before parturition provided an effective means of supplementing piglets
with vitamin Dj; (via the sow’s milk) and its dehydroxymetabolites by
placental transport (Goff et al., 1984).

Naturally occurring sources of vitamin D in feeds must likewise be
protected from loss. Poor handling of hay, which can otherwise be an
important source of vitamin D and various other nutrients for forage-
consuming animals, can lead to extensive fragmentation and loss of the
leaf, which is much richer in vitamin D than the stem. Animals fed on
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grain, silage, or hay that is poorly produced or stored are extremely
liable to have dietary deficiency of the vitamin (Abrams, 1978).

Cost of vitamin D supplementation to livestock diets is nominal
(Rowland, 1982). In contrast, the cost of not adding enough vitamin D
to prevent deficiencies is very high. Supplemental levels of vitamin D
administered to livestock through the feed should be adjusted to provide
the margin of safety needed to offset the factors influencing vitamin D
needs. This is important to prevent deficiency and allow optimum per-
formance.

Rowland (1982) notes that diets for young, rapidly growing chick-
ens must contain liberal amounts of vitamin D to prevent field problems.
He further observed that the NRC level (200 IU/kg of feed) for young
chickens is extremely unrealistic for broilers. Even under low-stress
research conditions, three to five times the NRC level is required to sup-
port maximum weight gain of broilers, and under commercial condi-
tions, 10 times the NRC level is prudent for broilers fed under field con-
ditions. The NRC vitamin D levels for laying hens and turkeys are some-
what more realistic, with a factor of five times the NRC level generally
supporting optimum performance and providing some margin of safety
(Rowland, 1982). The most logical approach is to adjust supplemental
vitamin D levels to expected production conditions.

Besides inadequate quantities of dietary vitamin D, deficiencies may
result from (1) errors in vitamin addition to diets, (2) inadequate mixing
and distribution in feed, (3) separation of vitamin D particles after mix-
ing, (4) instability of the vitamin content of the supplement, or (5) exces-
sive length of storage of diets under environmental conditions causing
vitamin D loss (Hirsch, 1982).

Supplementation considerations are dependent on other dietary
ingredients. The requirements for vitamin D5 are increased several-fold
by inadequate levels of Ca and/or P or by improper ratios of these two
elements in the diet (see Requirements). Vitamin D treatment consider-
ably enhances Ca and P utilization in pigs fed on a phytate-P diet but
does not completely overcome the negative effects of phytate feeding on
mineral metabolism (Pointillart et al., 1986). A number of reports have
indicated that molds in feeds interfere with vitamin D (Cunha, 1977);
for example, when corn contains the mold Fusarium roseum, a metabo-
lite of this mold prevents vitamin Dj in the intestinal tract from being
absorbed by the chick. Other molds may also be involved, and they
result in a large percentage of birds with bone disorders. A number of
flocks have been successfully treated by adding water-dispersible forms
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of vitamin D to drinking water at three to five times the normally rec-
ommended vitamin D levels.

Other factors that influence vitamin D status are diseases of the
endocrine system, intestinal disorders, liver malfunction, kidney disor-
ders, and drugs. Liver malfunction limits production of the active forms
of the vitamin, while intestinal disorders reduce absorption. Persons
with kidney failure are unable to synthesize 1,25-(OH),D, and for
patients in renal dialysis who are waiting for a compatible kidney trans-
plant donor, 1,25-(OH),D has been found to alleviate the painful and
serious bone disease associated with chronic renal failure. The pro-
longed use of anticonvulsant drugs can result in an impaired response to
vitamin D (Collins and Norman, 1991), and Cunha (personal commu-
nication, 1987) suggested the possibility that livestock with certain dis-
eases or heavy infestation of internal parasites might be unable to syn-
thesize the metabolically active forms of vitamin D as a result of liver or
kidney damage. Unknown factors in feeds may increase vitamin D
requirements. For example, there is evidence of a factor in rye and in
soybean fractions that can produce malabsorption of this vitamin in the
intestine (Mac-Auliff and McGinnis, 1976).

Widespread fortification of human diets with vitamin D and provi-
sion of oral supplements over the past 60 years have greatly reduced the
incidence of rickets in children. However, most of the world’s popula-
tion still depends on exposure to sunlight for their vitamin D nutrition-
al needs because very few natural foods contain sufficient quantities to
meet the daily requirement. It has been assumed that in countries where
food is fortified with vitamin D, such as the United States, exposure to
sunlight is no longer necessary for vitamin D nutrition. Although this
may be true for young children who drink milk fortified with vitamin D,
many elderly persons who do not drink milk or take a vitamin D sup-
plement are prone to vitamin D deficiency when they are not exposed to
sufficient sunlight. Among the fortified foods are milk (both fresh and
evaporated), margarine and butter, cereals, and chocolate mixes. Milk is
fortified to supply 400 IU of vitamin D per quart, and margarine usual-
ly contains 4,400 or more IU per kilogram (Collins and Norman, 1991).

The major source of vitamin D for most humans is casual exposure
to sunlight. It is estimated that more than 80 to 90% of the body’s
requirement for vitamin D comes from this source (Holick, 1994).
Several factors can affect the cutaneous synthesis of vitamin Dj (see
Requirements). Anything that limits the amount of solar ultraviolet B
(UVB) photons to reach the skin’s surface and penetrate the viable epi-
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dermis can significantly affect this vital photosynthetic process. Skin pig-
ment, clothing, and topically applied sunscreens absorb UVB photons
and, therefore, can significantly diminish the synthesis of vitamin D4
(Holick, 1994). The topical application of a sunscreen with a sun pro-
tection factor of 8 can almost completely eliminate the cutaneous pro-
duction of vitamin D5 and cause vitamin D deficiency (Matsuoka et al.,
1988). This is probably not a logical concern as sufficient summer sun-
light is received, probably through both the sunscreen itself and the lack
of total skin cover at all times, to allow adequate vitamin D production
in people who are advised to use sunscreens regularly (Marks et al.,
1995). Season, latitude, and time of day can significantly affect the cuta-
neous production of vitamin Dj.

Many bone problems in humans are the result of Ca and/or vitamin
D deficiencies. These problems are most severe in young children, ado-
lescents, and elderly persons (manifested as hip fracture and fractures of
the vertebrae). Bone problems are generally preventable by adequate
dietary or supplementary Ca and vitamin D and exercise at a young age,
with the goal of developing peak bone mass prior to advancing age.
Optimal intake of both Ca and vitamin D may be an easily implement-
ed strategy to maintain existing bone mass and reduce the risk of frac-
ture in older men and women (O’Brien, 1998).

Epidemiological studies have suggested that sunlight deprivation,
and the associated reduction in the circulating levels of vitamin D; deriv-
atives, may lead to an increased incidence of carcinomas of the breast,
colon, and prostate (Studzinski and Moore, 1995). Likewise, sunlight
(vitamin D) may be a protective factor in ovarian cancer mortality
(Lefkowitz and Garland, 1994).

The Food and Drug Administration does not permit 1,25-(OH),D
to be added to feeds. However, this hormone or its analogs have proven
effective in human medicine in treating psoriasis (Bikle, 1995), colorec-
tal carcinoma (Cross et al., 1995), leukemia (Jung et al., 1994), breast
cancer (James et al., 1994), and prostate cancer (Skowronski et al.,
1995). This function relates to 1,25-(OH),D modulating cell growth
and differentiation, including that of malignant cells.

TOXICITY

Excess consumption of vitamin A results in toxicity. After vitamin
A, vitamin D is the vitamin most likely to be consumed in concentrations
toxic to both humans and livestock. Excessive intake of vitamin D pro-
duces a variety of effects, all associated with abnormal elevation of
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blood Ca. Elevated blood Ca is caused by greatly stimulated bone
resorption, as well as increased intestinal Ca absorption.

The main pathological effect of ingestion of massive doses of vita-
min D is widespread calcification of soft tissues. Pathological changes in
these tissues are observed to be inflammation, cellular degeneration, and
calcification. Diffuse calcification affects the joints, synovial mem-
branes, kidney, myocardium, pulmonary alveoli, parathyroids, pancreas,
lymph glands, arteries, conjunctivae, and cornea. More advanced cases
interfere with cartilage growth. The abnormal calcification is grossly
observed as a whitish chalky material, and kidney insufficiency is the
most critical development of these processes. Initial kidney damage is
due to Ca deposition in distal tubules, causing inflammation and later
obstruction, which in turn causes hypertension and related pathology.
As would be expected, the skeletal system undergoes a simultaneous
demineralization that results in the thinning of bones.

Other common observations of vitamin D toxicity are anorexia (loss
of appetite), extensive weight loss, elevated blood Ca, and lowered
blood phosphate. Many investigators have described the clinical signs of
hypervitaminosis D in mammals (NRC, 1987). Cows receiving 30 mil-
lion TU of vitamin D, orally for 11 days developed anorexia, reduced
rumination, depression, premature ventricular systoles, and bradycar-
dia. Toxicosis in monkeys resulted in weight loss, anorexia, elevated
blood urea nitrogen, diarrhea, anemia, and upper respiratory infections.
In pigs, signs of toxicity were anorexia, stiffness, lameness, arching of
the back, polyuria, and aphonia. Dogs receiving toxic concentrations of
vitamin D exhibited anorexia, polyuria, bloody diarrhea, polydipsia,
prostration, and excessive calcification of the lungs (Morgan, 1947),
while cats receiving excess vitamin D exhibited heavy calcification of
arteries and the adrenals (Suter, 1957). Symptoms of vitamin D intoxi-
cation for humans include hypercalcemia, hypercalciuria, anorexia, nau-
sea, vomiting, thirst, polyuria, muscular weakness, joint pains, diffuse
demineralization of bones, and disorientation (Collins and Norman,
1991).

In poultry, excess vitamin D elevates 1,25-(OH),D with hypercal-
cemia and soft tissue mineralization (NRC, 1994). Leg problems may
arise with growing birds because of bone Ca loss (Cruickshank and Sim,
1987), but few obvious changes occur with hens other than a general
depression in performance (Ameenuddin et al., 1986). Toxic levels of
vitamin D may be transferred into the egg to create similar problems for
the embryo; however, the hypercalcemia occurs from shell resorption,
and bone mineralization is enhanced (Narbaitz and Fragiskos, 1984).
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Harrington and Page (1983) compared toxicity of D, to D5 in hors-
es. Signs of toxicity included weight loss, hypercalcemia, hyperphos-
phatemia, and cardiovascular calcinosis. However, the signs of illness,
deviations of blood chemistry from normal, and severity of tissue
pathology, were much more pronounced for vitamin D;.

Severity of the effects and pathogenic lesions in vitamin D intoxica-
tion depend on such factors as the type of vitamin D (D, versus Dj3), the
dose, the functional state of the kidneys, and the composition of the diet
(NRC, 1987). Studies indicate that vitamin D5 is 10 to 20 times more
toxic than vitamin D,. When equal amounts of vitamin D; and vitamin
D, are provided together in diets of mammals, the predominant circu-
lating form of the vitamin is usually 25-OHDj rather than 25-OHD,.
Similarly, in toxicity experiments in which vitamin D, was less toxic
than vitamin Dj, the metabolite 25-OHD, was found to be present at
lower plasma concentrations than 25-OHD; (Harrington and Page,
1983).

Vitamin D toxicity is enhanced by elevated supplies of dietary Ca
and P and is reduced when the diet is low in Ca. Toxicity is also reduced
when the vitamin is accompanied by intakes of vitamin A or by thyrox-
in injections (Payne and Manston, 1967). Route of administration also
influences toxicity. Parenteral administration of 15 million IU of vitamin
D; in a single dose caused toxicity and death in many pregnant dairy
cows (Littledike and Horst, 1982). On the other hand, oral administra-
tion of 20 to 30 million IU of vitamin D, daily for 7 days resulted in lit-
tle or no toxicity in pregnant dairy cows (Hibbs and Pounden, 1955).
Rumen microbes are capable of metabolizing vitamin D to an inactive
compound, which may partially explain the difference in toxicity
between oral and parenteral vitamin D. The toxic dose of vitamin D is
quite variable, with an important factor being duration of intake, as this
is a cumulative toxicity. However, there is marked variation among indi-
viduals in tolerance to excessive doses of vitamin D, the mechanism of
which is unknown. Some species are less affected by toxicity due to vita-
min D metabolism differences. For example, in the hooded seal, there is
increased conversion of 25-OHD to 24,25-(OH),D and a high capacity
for vitamin D storage in its large blubber mass, which provides resist-
ance for this species to toxicity (Keiver et al., 1988).

Although it is usually assumed that living plants do not contain vita-
min D,, some plants contain compounds that have vitamin D activity
(Mello and Habermehl, 1995). Grazing animals in several parts of the
world develop calcinosis, a disease characterized by the deposition of Ca
salts in soft tissues (Carrillo, 1973; Morris, 1982). The ingestion of the
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leaves of the shrub Solanum malacoxylon by grazing animals causes
enzootic calcinosis in Argentina and Brazil, where the disease is referred
to as enteque seco and espichamento, respectively. As few as 50 fresh
leaves per day (200 g of fresh leaves per week) over a period of 8 to 20
weeks are enough for the disease to develop in cows (Fig. 3.8) (Okada
et al., 1977).

Another solanaceous plant, Cestrium diurnum (a large ornamental
plant), causes calcinosis in grazing animals in Florida, while the grass
Trisetum flavescens is the causative agent in the Alpine regions in
Europe. Solanum torvum is suspected of causing calcinosis in cattle in
Papua, New Guinea. A condition known as “humpy-back,” in which
clinical symptoms reminiscent of calcinosis occur, may be caused by
sheep grazing the fruits of S. esuriale in Australia. In Jamaica,
“Manchester wasting disease” and in Hawaii, “Naalehu disease” are
conditions seen in cattle that are virtually identical to enteque seco in
relation to clinical and pathological signs (Wasserman, 1975; Arnold
and Fincham, 1997).

The calcinogenic factor in S. malacoxylon and C. diurnum is a
water-soluble glycoside of 1,25-(OH),D; (Wasserman, 1975). The diges-
tive system of the animal releases the sterol, which promotes a massive
increase in the absorption of dietary Ca and P such that accommodation
of these elements by the normal physiological processes is ineffective,
and soft tissue calcification results. Vitamin Dy has been identified in T.
flavescens but at concentrations that would not be calcinogenic.
Evidence is emerging that the grass may also contain 1,25-(OH),D; or a
substance able to mimic its actions as well as an aqueous-soluble factor
that promotes phosphate absorption.

During development of plant-induced calcinosis diseases, destruc-
tion of connective tissues occurs, and this precedes mineralization in
which magnesium is involved as well as Ca and phosphate. Clinical signs
of the disease are stiffened and painful gait, with progressive weight loss.
If the animals are removed in the early stages from the affected areas,
they recover quickly, but they may die if they are not removed. In
advanced cases, joints cannot be extended completely, and animals tend
to walk with an arched back, carrying the weight on the forepart of the
hooves.

Animals with calcinosis may also show signs of acute cardiac and
pulmonary insufficiency. Postmortem examination shows widespread
metastatic calcification of the vascular system and soft tissues. The heart
and aorta exhibit the most marked effects, and calcification in the lung
develops later than in the vascular system. Cartilage of the appendicular
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Fig. 3.8 Vitamin D toxicity (enteque seco) in Argentina: (A) Cow that had con-
sumed the shrub Solanum malacoxylon; (B) Calcium deposits in soft tissue.
(Courtesy of Bernardo Jorge Carrillo, CICV, INTA, Castelar, Argentina.)
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skeleton is eroded in advanced cases, with the joints almost denuded of
cartilage. The kidney may also show some calcification. Animals graz-
ing in areas where the disease occurs show high serum levels of Ca and
inorganic P. All clinical signs are similar to those found in vitamin D
intoxication (Wolker and Carrillo, 1967).

It is clear that the calcinogenic plants are economically important,
particularly because of their toxic effects. which result in enormous loss-
es in meat and milk production (Morris, 1982). In some fields in
Argentina, between 10 and 30% of cattle show signs of enteque seco,
and S. malacoxylon is now regarded as one of the most important poi-
sonous plants of that country. A survey conducted in Bavarian slaugh-
terhouses revealed mineral deposits in soft tissues in 22 to 52% of cat-
tle from the south of Bavaria that had been grazing at an altitude above
500 m. Trisetum flavescens is also an important toxic plant in these
alpine pastures. In 1977, it was estimated that the annual loss in revenue
resulting from S. malacoxylon-induced calcinosis in Argentina was of
the order of $10 million. No assessment of the economic losses arising
from plant-induced calcinosis is available for any other country.

With the exception of grazing animals consuming certain plants con-
taining 1,25-(OH),D; in several parts of the world, excessive amounts of
vitamin D are not available from natural sources. Although certain fish
liver and body oils are good sources of vitamin D, concentrations are not
so high that toxic amounts of vitamin D would likely be ingested.
Therefore, danger of vitamin D toxicosis is from dietary supplementa-
tion. Extensive whole-body irradiation with UV light will not result in
vitamin D toxicity. Vitamin D toxicosis from dietary sources can result in
400 ng/ml of plasma 25-OHD, while extensive UV light exposure can
result in only 40 to 80 ng of this transport form of vitamin D (Davie and
Lawson, 1980). Therefore, supplying vitamin D by mouth bypasses pro-
tective mechanisms that prevent excessive 25-OHD formation.

For most species the presumed maximum safe level of vitamin D,
for long-term feeding conditions (more than 60 days) is 4 to 10 times the
recognized dietary requirement (NRC, 1987). Catfish and rainbow
trout, on the other hand, can tolerate as much as 50 and 500 times their
requirements, respectively. Under short-term feeding conditions (less
than 60 days), most species can tolerate as much as 100 times their
apparent dietary requirements. Table 3.3 provides recommendations for
safe upper dietary levels of vitamin D5 for animals.

Rodents are sensitive to vitamin D toxicity and have an LDy, of
43.6 mg/kg body weight for cholecalciferol compared to 88 and 200
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M Table 3.3 Estimation of Safe Upper Dietary Levels of Vitamin D; (IU/kg in Diet) for

Animals
Exposure Time
Dietary

Animal Requirement < 60 days > 60 days
Birds

Chicken 200 40,000 2,800

Japanese quail 1,200 120,000 4,700

Turkey 900 90,000 3,500
Cow 300 25,000 2,200
Fish

Catfish 1,000 20,000

Rainbow trout 1,800 1,000,000
Horse 400 2,200
Sheep 275 25,000 2,200
Swine 220 33,000 2,200

Source: Modified from NRC (1987).

mg/kg in dogs and humans, respectively (Tindall, 1985). Cholecalciferol
is marketed as an effective rodenticide, with low oral toxicity to nonro-
dent species. However, cholecalciferol rodenticides have caused signifi-
cant toxicity in dogs at a fraction of the manufacturer’s reported LDy,
for dogs, 88 mg pure cholecalciferol per kilogram of body weight
(Garlock et al., 1991). These researchers described a dog that consumed
pure cholecalciferol in an estimated amount of 1.5 to 3.0 mg/kg body
weight. Clinical signs most commonly associated with the resultant
hypercalcemia were polyuria, polydipsia, depression, anorexia, weak-
ness, and vomiting.

In the early stages of vitamin D intoxication, the effects are usually
reversible. Treatment consists merely of withdrawing vitamin D and per-
haps reducing dietary Ca intake until serum Ca levels fall. However, it is
usually not immediately successful because of the long plasma half-life
of vitamin D (5 to 7 days) and 25-OHD (20 to 30 days). This is in con-
trast to the short plasma half-life of 10-OHD; (1 to 2 days) and 1,25-
(OH),D; (4 to 8 hours). Sodium phytate, an agent that reduces intestin-
al Ca absorption, has also been used successfully in vitamin D toxicity
management in monogastrics. This treatment would be of little benefit
to ruminants because of the presence of rumen microbial phytases.
There have also been reports that calcitonin, glucagon, and glucocorti-
coid therapy reduces serum Ca levels resulting from vitamin D intoxica-
tion (NRC, 1987).
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chapter four

VITAMIN E

INTRODUCTION

Vitamin E is recognized as an essential nutrient for all species of ani-
mals, including humans. However, opinions differ among research
workers as well as practical livestock producers regarding conditions
under which vitamin E supplementation is required and at what levels it
should be fed. For years, vitamin E in human nutrition was described as
“a vitamin looking for a disease.” Some vitamin E-deficiency conditions
that occurred in animals were not seen in humans; however, a number
of medical claims for physiological benefits from the vitamin have been
made. In more recent years, vitamin E has been shown to be important
against free-radical injury; enhancing the immune response; and playing
a role in prevention of cancer, heart disease, cataracts, Parkinson’s dis-
ease, and a number of other disease conditions.

HISTORY

Excellent reviews of the history of vitamin E have been provided by
Scott (1980) and Ullrey (1982). By the early 1920s, existence of vitamins
A, B (thiamin), and C was established, and that of vitamin D was virtu-
ally assured.

As a result of the stimulus to experiment with purified diets that fol-
lowed the discovery of the first vitamins, it was frequently observed that
on certain diets, which were satisfactory for growth and health, rats
failed to reproduce. Vitamin E was discovered in 1922 by Evans and
Bishop (University of California, Berkeley) as an unidentified factor in
vegetable oils required for reproduction in female rats. In their experi-
ments, estrus, mating, and all detectable phases of the beginning of preg-
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nancy were normal, but fetuses soon died and were resorbed unless the
diet was supplemented with small amounts of wheat germ, dried alfalfa
leaves, or fresh lettuce.

At first this substance was known as factor X, but Sure (1924) and
Evans (1925) soon proposed the name vitamin E, since this was the next
serial alphabetical designation. Vitamin E was isolated as o-tocopherol.
The name tocopherol is derived from the Greek tokos meaning child-
birth or offspring, the Greek pherein meaning to bring forth, and ol to
designate an alcohol. The structure of a-tocopherol was determined by
E. Fernholz in 1938, and the substance was first synthesized by P. Karrer,
also in 1938. 3-Tocopherol was reported in 1947, and tocotrienols were
described in about 1959.

It also became apparent that male rats were affected by a deficiency
of this nutrient that resulted in testicular degeneration. Throughout the
1920s, vitamin E was recognized only as a factor required for repro-
duction in rats. Many clinical studies were undertaken to determine the
effects of vitamin E on various reproductive problems in humans,
though in most cases it was found to have little or no effect.

In 1931, Pappenheimer and Goettsch conducted a series of what
became classic experiments showing that vitamin E is also required for
prevention of encephalomalacia in chicks and of nutritional muscular
dystrophy in rabbits and guinea pigs. By 1944, it was found that a mul-
tiplicity of clinical signs occur in animals suffering from vitamin E defi-
ciency. In a single species, the chick, three distinct vitamin E deficiency
diseases were documented: exudative diathesis, encephalomalacia, and
muscular dystrophy. Also, embryonic failure in poultry was found to be
caused by damage to the circulatory system.

The first controlled study of vitamin E deficiency in swine was that
of Adamstone et al. (1949). These workers reported a decline in repro-
ductive efficiency and signs of locomotor incoordination and muscular
necrosis. Obel (1953) described a naturally occurring dietary disease in
vitamin E-deficient swine that was characterized by hepatic necrosis, fib-
rinoid degeneration of blood vessel walls, and muscular dystrophy. In
1957, Klaus Schwarz and associates, studying dietary liver necrosis of
rats receiving a diet low in vitamin E, showed that dried brewer’s yeast,
which contains no vitamin E, was as effective as vitamin E in preventing
liver necrosis. Shortly after this discovery, selenium (Se) was found to be
the active ingredient in brewer’s yeast and able to replace vitamin E for
prevention of exudative diathesis in poultry, tissue degeneration in
swine, and muscular degeneration in young ruminants. Much confusion
existed because earlier discoveries had shown that synthetic antioxidants
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as well as sulfur amino acids were as effective as vitamin E for preven-
tion of some vitamin E deficiency diseases. Considerable effort has been
made to clarify the mechanisms of vitamin E, Se, sulfur amino acids, and
antioxidants in relation to diseases that are vitamin E responsive.
Likewise, considerable research in the last 10 years has confirmed the
beneficial aspects of vitamin E supplementation for both livestock and
humans.

CHEMICAL STRUCTURE AND PROPERTIES

Vitamin E activity in food derives from a series of compounds of
plant origin, the tocopherols and tocotrienols. Eight forms of vitamin E
are found in nature: four tocopherols (o, B, v, and 8) and four
tocotrienols (o, B, ¥, and 8). All have a 6-chromanol ring structure and a
side chain. The structures of o-tocopherol and the commercially avail-
able o-tocopheryl acetate are presented in Fig. 4.1, while different active
forms of vitamin E are shown in Fig. 4.2. Differences among o, B, v, and
d are due to the placement of methyl groups on the ring. The difference
between tocopherols and tocotrienols is due to unsaturation of the side
chain in the latter.

The dl-o-tocopheryl acetate (also called all-rac-a-tocopheryl
acetate) is accepted as the International Standard (1 mg = 1 internation-
al unit). Synthetic-free tocopherol, dl-o-tocopherol, has a potency of 1.1
IU/mg. Activity of naturally occurring o-tocopherol, d-o-tocopherol

.- Tocophercl
Hy
,?CH!—GHE—CHE—?* %—cm—cm—ﬂgcm—%—c&—gu
Hy

CHy
F——legpremid side chain——————

w-Tocopharyl Acetata
SHy
Hz—‘:Hz—CHa—m—fJ"rﬂ“‘z—CHrCHHﬁ-ut— I:H

“"s 3”:

Fig. 4.1 Structure of o-tocopherol and a-tocopheryl acetate.
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Fig. 4.2 Structural differences among vitamin E forms.

(also called RRR-tocopherol, see below), is 1.49 IU/mg, and of its
acetate, 1.36 IU/mg.

The dl-o-tocopheryl acetate is made by the extraction of natural
tocopherols from vegetable oil. Extracted tocopherols undergo distilla-
tion to obtain the alpha form, and are then acetylated to produce the
acetate ester. o-Tocopherol, the most active compound, is fully methy-
lated, with methyl groups at positions 5, 7, and 8 (2 R, 4R, 8'R-a-toco-
pherol, abbreviated RRR). The loss of one or both of the methyl groups
at position 5 or 7 on the ring sharply reduces vitamin E activity of the
structures. The position of the methyl groups influences the vitamin E
activity of the molecule.

dl-o-Tocopheryl acetate is the most widely available source of vita-
min E for supplementation. The acetate ester is very stable to in vitro
oxidation and has no activity as an in vitro antioxidant. However, it is
readily hydrolyzed in the intestine to nonesterified or free tocopherol,
which is the potent in vivo antioxidant.

A number of vitamin E products are available that are highly effec-
tive in preventing or curing conditions associated with inadequate
dietary vitamin E. Ochoa et al. (1992) compared six vitamin E sources
that differed in relation to carrier used, emulsification, liquid or dry
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product, and a micellized form. All tissues tested resulted in relatively
similar tissue vitamin E concentrations. The naturally derived (d) and
synthetic (dl) chemical forms of vitamin E are not used equally and
because of this have different biopotencies. Technically, the d form
should not be referred to as “natural” as it is derived from natural
sources but then undergoes chemical processing (e.g., methylation and
hydrogenation). Free d- and dl-o-tocopherol as alcohol forms and their
respective ester forms have the highest biopotency. Since the free form is
easily oxidized, more stable forms such as acetate and succinate esters
have been synthesized with reduced biopotencies.

Serum and certain tissue vitamin E concentrations are influenced by
method of supplementation, dosage levels, chemical formulation, and
carrier of vitamin E supplements (Charmley et al., 1992; Hidiroglou et
al., 1990; Hidiroglou and Charmley, 1991; Njeru et al., 1992, 1994b).
Some studies with sheep and cattle have indicated that the d form result-
ed in higher serum and selected tissue o-tocopherol concentrations than
the dl when administered on an equal IU basis (Hidiroglou and
McDowell, 1987; Hidiroglou et al., 1988a,b). On the contrary, although
higher serum o-tocopherol was found in preruminant calves (Roquet et
al., 1992) and sheep (Hidiroglou et al., 1992a), and in selected tissues
for sheep (Hidiroglou et al., 1994) for d versus dl forms of vitamin E,
the relative IU biopotencies were similar. The ratios of d to dl-o-toco-
pherol were in close agreement with the established U.S. Pharmacopeia
biopotency of 1.36 for d- to dl-a-tocopheryl acetate. It is not just natu-
ral versus synthetic that is important for vitamin E biopotency but also
the ester and carrier used. In sheep, Hidiroglou and Singh (1991) report-
ed that with equivalent IU dosage, the natural form of d-o-tocopheryl
succinate had only one-third the biopotency of the synthetic dl-o-toco-
pheryl acetate, indicating that the ester succinate has less value than the
acetate. Jensen et al. (1999) also found the acetate to be a better form of
vitamin E than succinate.

Although less stable, alcohol forms of vitamin E resulted in higher
concentrations of a-tocopherol in serum and tissues compared to ester
forms (e.g., acetate) (Hidiroglou et al., 1988a, 1989; Ochoa et al.,
1992). From a practical viewpoint, this may be important as there is a
suggestion that a young ruminant may not utilize ester forms (e.g.,
acetate) as well as the alcohol forms of vitamin E for the first few weeks
of life.

More research is needed to evaluate the different forms of vitamin E
and the carriers of these products. Until more research is conducted,
opinion will remain divided on biopotencies of various vitamin E forms,
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particularly d versus dI. Studies are needed to compare forms with
dietary levels closer to ruminant vitamin E requirements since, for a
number of nutrients, homeostasis mechanisms discriminate less between
chemical forms when administered at the physiologically required con-
centration.

o-Tocopherol is a yellow oil that is insoluble in water but soluble in
organic solvents. Tocopherols are extremely resistant to heat but are
readily oxidized. Natural vitamin E is subject to destruction by oxida-
tion, which is accelerated by heat, moisture, rancid fat, light, alkali, and
certain trace minerals (e.g., copper and iron). a-Tocopherol is an excel-
lent natural antioxidant that protects carotene and other oxidizable
materials in feed and in the body. However, in the process of acting as
an antioxidant, it is destroyed. Since esterification of the vitamin
improves its stability, commercial supplements usually contain d-o-toco-
pheryl acetate or dl-a-tocopheryl acetate.

ANALYTICAL PROCEDURES

Many methods for the determination of tocopherols in feedstuffs
and animal tissues have been introduced, most of them based on sepa-
ration of the tocopherols by column, paper, or thin-layer chromatogra-
phy, followed by a colorimetric reaction. Separation steps, however, are
usually laborious and time consuming, and colorimetric reactions such
as that of Emmerie and Engel are often subject to interference from
other compounds (McMurray and Blanchflower, 1979). High-pressure
liquid chromatography (HPLC) offers the possibility of combining rapid
analysis with separation of tocopherols from interfering substances. The
method consists of three main steps via extraction, saponification, and
chromatography (McMurray and Blanchflower, 1979; Cohen and
Lapointe, 1980). Either reverse-phase or normal-phase procedures are
used, coupled with either fluorometric or ultraviolet detectors. The pro-
cedures are specific, rapid, simple, and very sensitive. With fluorometric
detection, nanogram quantities can be detected; HPLC procedures per-
mit separation and quantitation of the o, B, and y isomers of tocopherol.

Biological assay methods for vitamin E determine the ability of an
unknown to prevent or reverse specific vitamin E deficiency signs of ani-
mals in vivo (e.g., fetal resorption, encephalomalacia, muscular degen-
eration, erythrocyte hemolysis) or indications of vitamin E status (e.g.,
liver and serum concentrations). The biological assay developed by
Herbert Evans was the rat fetal resorption test. International units have
been established on the basis of the resorption test. This is the ultimate
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measure of vitamin E activity and is based on development of live fetus-
es in rats. Litter efficiency is calculated as the number of females with
living young divided by total number of pregnancies.

Biological variations are inherent in bioassays, considerably more so
than in chemical assays as a rule. They involve variations in response
between individuals, families, strains, and species of animals, as well as
management skill, stability of the test material, diet standardization and
purity, and control of other environmental factors. Dietary history (par-
ticularly previous vitamin E intakes) of parent stock can have an influ-
ence. Table 4.1 illustrates a comparison among vitamin E forms related
to biological assays.

METABOLISM

Absorption and Transport

Vitamin E absorption is related to fat digestion and is facilitated by
bile and pancreatic lipase (Sitrin et al., 1987). The primary site of
absorption appears to be the medial small intestine. Whether presented
as free alcohol or as esters, most vitamin E is absorbed as the alcohol.
Esters are largely hydrolyzed in the gut wall, and the free alcohol enters
the intestinal lacteals and is transported via lymph to the general circu-
lation. Medium-chain triglycerides particularly enhance absorption,
whereas polyunsaturated fatty acids (PUFAs) are inhibitory. Balance

M Table 4.1 Relative Biopotency of Vitamin E Forms

Hemolysis of

Rabbit Erythrocytes
Rat Rat Cure of Muscular -
Antisterility Weight Gain Dystrophy invivo  in vitro
Tocopherols
d-a 135 — 100 130 100
dl-a 100 100 90 100 100
d-p 54 — 30 30 40
dl- 27 25 — 25 54
d-y 1 — 20 4-22 30
dl-y 1-11 19 6 18 67
d-3 1 — — 3 20
Tocotrienols
d-p 5 — — 1-5 133
d-a 29 — — 23 106
d-y 3 — — — 88
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studies indicate that much less vitamin E is absorbed, or at least
retained, in the body than vitamin A. Vitamin E recovered in feces from
a test dose was found to range from 65 to 80% in the human, rabbit,
and hen, although in chicks, it was reported at about 25%. It is not
known how much fecal vitamin E represents unabsorbed tocopherol and
how much may come via secretion in the bile. As the intake increases,
the percentage of tocopherol absorbed decreases, suggesting a saturation
process.

The tocopherol form, which is the naturally occurring one, is sub-
ject to destruction in the digestive tract to some extent, whereas the
acetate ester is not. Much of the acetate is readily split off in the intes-
tinal wall, and the alcohol is reformed and absorbed, thereby permitting
the vitamin to function as a biological antioxidant. Any acetate form
absorbed or injected into the body evidently is converted there to the
alcohol form.

Vitamin E in plasma is attached mainly to lipoproteins in the glob-
ulin fraction within cells and occurs mainly in mitochondria and micro-
somes. The vitamin is taken up by the liver and is released in combina-
tion with low-density lipoprotein (LDL) cholesterol. Rates and amounts
of absorption of the various tocopherols and tocotrienols are in the same
general order of magnitude as their biological potencies. a-Tocopherol
is absorbed best, with y-tocopherol absorption 85% that of a-forms but
with a more rapid excretion. One can generally assume that most of the
vitamin E activity within plasma and other animal tissues is o-toco-
pherol (Ullrey, 1981). In humans, whose natural diet contains a high
percentage of non-alpha forms, blood serum tocopherols identified con-
sisted of about 87% o, 11% -, and 2% B-tocopherol (Hoffmann-La
Roche, 1972).

Placental and Mammary Transfer

Vitamin E does not cross the placenta in any appreciable amounts;
however, it is concentrated in colostrum (Van Saun et al., 1989). With
respect to neonatal ruminants (Hidiroglou et al., 1969; Van Saun et al.,
1989) and baby pigs (Mahan, 1991), several investigators have report-
ed limited placental transport of a-tocopherol, making neonates highly
susceptible to vitamin E deficiency. This may be related to a decrease in
efficiency of placental vitamin E transfer as gestation proceeds, a dilu-
tion effect as a result of rapid fetal growth, or a decrease in available
maternal vitamin E. With limited placental transfer of vitamin E, new-
borns must rely heavily on ingestion of colostrum as a source of vitamin
E. Van Saun et al. (1989) reported decreased fetal serum vitamin E con-
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centrations with increasing fetal age. Additionally, these authors report-
ed less decline in fetal serum vitamin E concentration during gestation in
fetuses from vitamin E adequate dams.

There is inefficient placental transfer of vitamin E, but high levels of
the vitamin have been shown in calves (Nockels, 1991) and lambs
(Njeru et al., 1994a) after consumption of colostrum. Nockels (1991)
reported o-tocopherol levels in plasma from beef calves prior to
colostrum consumption and for several days thereafter. Precolostral
plasma vitamin E levels averaged 0.2 pg/ml and increased to 3.3 pg/ml
at 5 to 8 days of age. Njeru et al. (1994a) fed ewes dl-o-tocopheryl
acetate at graded levels (0, 15, 30, and 60 IU per head daily) to study
placental and mammary gland transfer. Supplemental vitamin E had no
effect on serum a-tocopherol of lambs prior to nursing, averaging 0.35
ug/ml. By day 3, lamb serum tocopherol increased to 1.41, 1.84, 2.43,
and 4.46 ug/ ml, respectively, for the four supplemental dietary levels of
vitamin E (Table 4.2). Vitamin E at the given levels of supplementation
increased colostral a-tocopherol at a linear rate of 3.3, 6.8, 8.0, and 9.6
ug/ml, respectively. The importance of providing colostrum rich in vita-
min E is quite apparent, as both calves and lambs are born with low lev-
els of the vitamin (Nockels, 1991; Njeru et al., 1994a). Low blood vita-
min E may lead to diminished disease resistance and immune response
in the neonate (Nockels, 1991).

Storage and Excretion

Vitamin E is stored throughout all body tissues; major deposits are
in adipose tissue, liver, and muscle, with highest storage in the liver.
However, liver contains only a small fraction of total body stores, in

M Table 4.2  Effect of Supplemental Vitamin E to Prepartum Ewes on o-Tocopherol
Concentration in Serum and Colostrum (ug/ml)

Ewes Lambs
Supplemental Vitamin E Serum at Colostrum Serum Prior  Serum
(IU per day) Parturition Day 1 to Nursing Day 3
0 0.94 3.3 0.40 1.41
15 1.94 6.8 0.40 1.84
30 2.53 8.0 0.38 2.43
60 4.07 9.6 0.23 4.46

Source: Njeru et al. (1994b).
Note: Treatments administered as dl-o-tocopheryl acetate 28 days prepartum through
28 days postpartum.
Linear (P < 0.05) treatment effects for o-tocopherol in ewe serum and colostrum
and lamb serum at day 3.
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contrast to vitamin A, for which about 95% of the body reserves are in
the liver. The extent of storage is shown by the fact that females born of
mothers whose diets contained a liberal supply frequently have enough
in their bodies at birth to carry them through a first pregnancy. Rats
reared on natural foods rich in the vitamin and then placed on a defi-
cient diet may produce three or four litters before exhausting their
reserves (Maynard et al., 1979). However, Gallo-Torres (1980) reports
that unlike vitamin A, lower body stores of vitamin E are available for
periods of low dietary intake.

Tocopherol entering the circulatory system becomes distributed
throughout the body, with most of it localizing in the fatty tissues.
Subcellular fractions from different tissues vary considerably in their
tocopherol content; the highest levels are found in membranous
organelles, such as microsomes and mitochondria, which contain highly
active redox systems (McCay et al., 1981; Taylor et al., 1976).

Small amounts of vitamin E will persist tenaciously in the body for
a long time. However, stores are exhausted rapidly by PUFAs in the tis-
sues; the rate of disappearance is proportional to the intake of PUFAs.
A major excretion route of absorbed vitamin E is bile, in which toco-
pherol appears mostly in the free form. Usually less than 1% of orally
ingested vitamin E is excreted in the urine.

FUNCTIONS

Vitamin E has been shown to be essential for integrity and optimum
function of the reproductive, muscular, circulatory, nervous, and
immune systems (Hoekstra, 1975; Sheffy and Schultz, 1979; Bendich,
1987; McDowell et al., 1996). It is well established that some functions
of vitamin E, however, can be fulfilled in part or entirely by traces of Se
or by certain synthetic antioxidants. Even the sulfur-bearing amino
acids, cystine and methionine, affect certain vitamin E functions. Much
evidence points to undiscovered metabolic roles for vitamin E that may
be paralleled biologically by roles of Se and possible other substances.
The most widely accepted functions of vitamin E are discussed in this
section.

Vitamin E as a Biological Antioxidant

Vitamin E has a number of different but related functions. One of
the most important functions is its role as an intercellular and intracel-
lular antioxidant. Vitamin E is part of the body’s intracellular defense
against the adverse effects of reactive oxygen and free radicals that ini-
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tiate oxidation of unsaturated phospholipids (Chow, 1979) and critical
sulthydryl groups (Brownlee et al., 1977). Vitamin E functions as a
quenching agent for free radical molecules with single, highly reactive
electrons in their outer shells. Free radicals attract a hydrogen atom,
along with its electron, away from the chain structure of a PUFA, satis-
fying the electron needs of the original free radical but leaving the PUFA
short one electron. Thus, a fatty acid free radical is formed that joins
with molecular oxygen to form a peroxyl radical that steals a hydrogen-
electron unit from yet another PUFA. This reaction can continue in a
chain, resulting in the destruction of thousands of PUFA molecules
(Gardner, 1989; Herdt and Stowe, 1991). Free radicals can be extreme-
ly damaging to biological systems (Padh, 1991). Free radicals, including
hydroxy, hypochlorite, peroxy, alkoxy, superoxide, hydrogen peroxide,
and singlet oxygen, are generated by autoxidation or radiation, or from
activities of some oxidases, dehydrogenases, and peroxidases.

Highly reactive oxygen species, such as superoxide anion radical
(O,), hydroxyl radical (HO), hydrogen peroxide (H,0,), and singlet
oxygen (O,), are continuously produced in the course of normal aerobic
cellular metabolism. Also, phagocytic granulocytes undergo respiratory
burst to produce oxygen radicals to destroy the intracellular pathogens.
However, these oxidative products can, in turn, damage healthy cells if
they are not eliminated. Antioxidants serve to stabilize these highly reac-
tive free radicals, thereby maintaining the structural and functional
integrity of cells (Chew, 1995). Therefore, antioxidants are very impor-
tant to the immune defense and health of humans and animals.

The antioxidant function of vitamin E is closely related to and syn-
ergistic with the role of Se. Selenium has been shown to act in aqueous
cell media (cytosol and mitochondrial matrix) by destroying hydrogen
peroxide and hydroperoxides via the enzyme glutathione peroxidase
(GSH,,) of which it is a co-factor. In this capacity, it prevents oxidation
of unsaturated lipid materials within cells, thus protecting fats within
the cell membrane from breaking down. It is the oxidation of vitamin E
that prevents oxidation of other lipid materials to free radicals and per-
oxides within cells, thus protecting the cell membrane from damage
(Drouchner, 1976). If lipid hydroperoxides are allowed to form in the
absence of adequate tocopherols, direct cellular tissue damage can
result, in which peroxidation of lipids destroys structural integrity of the
cell and causes metabolic derangements.

Vitamin E reacts or functions as a chain-breaking antioxidant,
thereby neutralizing free radicals and preventing oxidation of lipids
within membranes. Free radicals may not only damage their cell of ori-
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gin but migrate and damage adjacent cells in which more free radicals
are produced in a chain reaction leading to tissue destruction (Nockels,
1991). At least one important function of vitamin E is to interrupt pro-
duction of free radicals at the initial stage. Myodystrophic tissue is com-
mon in cases of vitamin E-Se deficiency with leakage of cellular com-
pounds such as creatinine and various transaminases through affected
membranes into plasma. The more active the cell (e.g., the cells of skele-
tal and involuntary muscles), the greater the inflow of lipids for energy
supply and the greater the risk of tissue damage if vitamin E is limiting.
This antioxidant property also ensures erythrocyte stability and mainte-
nance of capillary blood vessel integrity.

Interruption of fat peroxidation by tocopherol explains the well-
established observation that dietary tocopherols protect or spare body
supplies of such oxidizable materials as vitamin A, vitamin C, and the
carotenes. Certain deficiency signs of vitamin E (e.g., muscular dystro-
phy) can be prevented by diet supplementation with other antioxidants,
thus lending support to the antioxidant role of tocopherols. Semen qual-
ity of boars was improved with Se and vitamin E supplementation, with
vitamin E playing a role in maintaining sperm integrity in combination
with Se (Marin-Guzman et al., 1989). Chemical antioxidants are stored
only at very low levels, thus they are not as effective as tocopherol. It is
clear that highly unsaturated fatty acids in the diet increase vitamin E
requirements. When acting as an antioxidant, vitamin E supplies
become depleted, thus furnishing an explanation for the often observed
fact that the presence of dietary unsaturated fats (susceptible to peroxi-
dation) augments or precipitates vitamin E deficiency.

Membrane Structure and Prostaglandin Synthesis

o-Tocopherol may be involved in the formation of structural com-
ponents of biological membranes, thus exerting a unique influence on
architecture of membrane phospholipids (Ullrey, 1981). It is reported
that o-tocopherol stimulated the incorporation of 1*C from linoleic acid
into arachidonic acid in fibroblast phospholipids. Also, it was found
that a-tocopherol exerted a pronounced stimulatory influence on for-
mation of prostaglandin E from arachidonic acid, while a chemical
antioxidant had no effect.

Blood Clotting

Vitamin E is an inhibitor of platelet aggregation in pigs (McIntosh
et al., 1985), and may play a role by inhibiting peroxidation of arachi-
donic acid, which is required for formation of prostaglandins involved
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in platelet aggregation (Panganamala and Cornwell, 1982; Machlin,
1991).

Disease Resistance

In addition to the relationship of vitamin E and Se, vitamin E, vita-
min C, and B-carotene as antioxidant vitamins together have important
tissue defense mechanisms against free-radical damage. The dietary and
tissue balance of all these nutrients are important in protecting tissues
against free-radical damage. Both in vitro and in vivo studies showed
that the antioxidant vitamins generally enhance different aspects of cel-
lular and noncellular (humoral) immunity. The antioxidant function of
these vitamins could, at least in part, enhance immunity by maintaining
the functional and structural integrity of important immune cells. A
compromised immune system will affect animal health and result in
reduced animal production efficiency through increased susceptibility to
diseases, thereby leading to increased animal morbidity and mortality.

One function of vitamin C is that this vitamin can regenerate the
reduced form of a-tocopherol, perhaps accounting for observed sparing
effects of these vitamins (Jacob, 1995; Tanaka et al., 1997). In the
process of sparing fatty acid oxidation, tocopherol is oxidized to the
tocopheryl free radical. Ascorbic acid can donate an electron to the
tocopheryl free radical, regenerating the reduced antioxidant form of
tocopherol.

Considerable attention is being directed to the role vitamin E and Se
play in protecting leukocytes and macrophages during phagocytosis, the
mechanism whereby animals immunologically kill invading bacteria.
Both vitamin E and Se may help these cells to survive the toxic products
that are produced in order to effectively kill ingested bacteria (Badwey
and Karnovsky, 1980). Macrophages and neutrophils from vitamin E-
deficient animals have decreased phagocytic activity (Burkholder and
Swecker, 1990).

Since vitamin E acts as a tissue antioxidant and aids in quenching
free-radicals produced in the body, any infection or other stress factors
may exacerbate depletion of the limited vitamin E stores from various
tissues. With respect to immunocompetency, dietary requirements may
be adequate for normal growth and production; however, higher levels
have been shown to positively influence both cellular and humoral
immune status of ruminant species. The former two responses are gen-
erally used as criteria for determining the requirement of a nutrient.
During stress and disease, there is an increase in production of gluco-
corticoids, epinephrine, eicosanoids, and phagocytic activity. Eicosanoid

167



CHAPTER FOUR

and corticoid synthesis and phagocytic respiratory bursts are prominent
producers of free radicals that challenge the animal’s antioxidant sys-
tems. Vitamin E has been implicated in stimulation of serum antibody
synthesis, particularly IgG antibodies (Tengerdy, 1980). The protective
effects of vitamin E on animal health may be involved with its role in
reduction of glucocorticoids, which are known to be immunosuppres-
sive (Golub and Gershwin, 1985). In rats, an in vivo inflammatory chal-
lenge decreased vitamin E blood and liver concentrations (Fritsche and
McGuire, 1996). Vitamin E also most likely has an immuno-enhancing
effect by virtue of altering arachidonic acid metabolism and subsequent
synthesis of prostaglandin, thromboxanes, and leukotrienes. Under
stress conditions, increased levels of these compounds by endogenous
synthesis or exogenous entry may adversely affect immune cell function
(Hadden, 1987).

The effects of vitamin E and Se supplementation on protection
against infection by several types of pathogenic organisms, as well as
antibody titers and phagocytosis of the pathogens, have been reported
for calves (Cipriano et al., 1982; Reddy et al., 1987a; Rajaraman et al.,
1998) and lambs (Reffett et al., 1988; Finch and Turner, 1989; Turner
and Finch, 1990). As an example, calves receiving 125 IU of vitamin E
daily were able to maximize their immune responses compared with
calves receiving low dietary vitamin E (Reddy et al., 1987b). In sows,
vitamin E restriction depressed lymphocytes and polymorphonuclear
cells for immune function (Wuryastuti et al., 1993). Dogs with vitamin
E deficiency had a depressed proliferative lymphocyte responsiveness
(Langweiler et al., 1983).

Antioxidants, including vitamin E, play a role in resistance to viral
infection. Vitamin E deficiency allows a normally benign virus to cause
disease (Beck et al., 1994). In mice, enhanced virulence of a virus result-
ed in myocardial injury that was prevented with vitamin E adequacy.
Selenium or vitamin E deficiency leads to a change in viral phenotype,
such that an avirulent strain of a virus becomes virulent and a virulent
strain becomes more virulent (Beck, 1997).

Electron Transport and Deoxyribonucleic Acid (DNA)

There is limited evidence that vitamin E is involved in biological
oxidation-reduction reactions (Hoffmann-La Roche, 1972). Vitamin E
also appears to regulate the biosynthesis of DNA within cells.
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Relationship to Toxic Elements or Substances

Both vitamin E and Se provide protection against toxicity with three
classes of heavy metals (Whanger, 1981). In one class, which includes
metals like cadmium and mercury, Se is highly effective in altering toxi-
cities, but vitamin E has little influence. In the second class, which
includes silver and arsenic, vitamin E is highly effective; Se is also effec-
tive but only at relatively high levels. The third class, which includes
lead, is counteracted by vitamin E, but Se has little effect.

Vitamin E can be effective against other toxic substances. For
example, treatment with vitamin E gave protection to weanling pigs
against monensin-induced skeletal muscle damage (Van Vleet et al.,
1987).

Relationship with Selenium in Tissue Protection

There is a close working relationship between vitamin E and Se
within tissues. Selenium has a sparing effect on vitamin E and delays
onset of deficiency signs. Likewise, vitamin E and sulfur amino acids
partially protect against or delay onset of several forms of Se deficien-
cy syndromes. Tissue breakdown occurs in most species receiving diets
deficient in both vitamin E and Se, mainly through peroxidation.
Peroxides and hydroperoxides are highly destructive to tissue integri-
ty and lead to disease development. It appears that vitamin E in cellu-
lar and subcellular membranes is the first line of defense against per-
oxidation of vital phospholipids, but even with adequate vitamin E,
some peroxides are formed. Selenium, as part of the enzyme glu-
tathione peroxidase, is a second line of defense that destroys these per-
oxides before they have an opportunity to cause damage to mem-
branes. Therefore, Se, vitamin E, and sulfur-containing amino acids,
through different biochemical mechanisms, are capable of preventing
some of the same nutritional diseases. Vitamin E prevents fatty acid
hydroperoxide formation, sulfur amino acids are precursors of glu-
tathione peroxidase, and Se is a component of glutathione peroxidase
(Smith et al., 1974).

To some extent, vitamin E and Se are mutually replaceable, but there
are lower limits below which substitution is ineffective. In diets severely
deficient in Se, vitamin E does not prevent or cure exudative diathesis,
whereas addition of as little as 0.05 ppm Se completely prevents this dis-
ease (Scott, 1980).

169



CHAPTER FOUR

Other Functions

Scott et al. (1982) reported additional functions of vitamin E,
including (1) normal phosphorylation reactions, especially of high-ener-
gy phosphate compounds, such as creatine phosphate and adenosine
triphosphate; (2) a role in synthesis of vitamin C; (3) a role in synthesis
of ubiquinone; and (4) a role in sulfur amino acid metabolism. Pappu et
al. (1978) reported on the role of vitamin E in vitamin B;, metabolism.
A deficiency of vitamin E interferes with conversion of vitamin B, to its
coenzyme 5’-deoxyadenosylcobalamin and concomitantly metabolism
of methylmalonyl-CoA to succinyl-CoA. Turley and Brewster (1993)
suggested that in humans, cellular deficiency of adenosylcobalamin may
be one mechanism by which vitamin E deficiency leads to neurologic
injury. In rats, vitamin E deficiency has been reported to inhibit vitamin
D metabolism in the liver and kidneys with the formation of active
metabolites and decreases in the concentration of the hormone-receptor
complexes in the target tissue. Liver vitamin D hydroxylase activity
decreased by 39%, 25-OHD; 1-hydroxylase activity in the kidneys by
22%, and 24-hydroxylase activity by 52% (Sergeev et al., 1990).

REQUIREMENTS

Estimated vitamin E requirements for selected animals and humans
are presented in Table 4.3. Scott (1980), after reviewing the literature,
concluded that the minimum vitamin E requirement of normal animals
and humans is approximately 30 ppm of diet. Vitamin E requirements
are exceedingly difficult to determine because of the interrelationships
with other dietary factors (see Functions and Deficiency sections). The
requirement may be increased with increasing levels of PUFA, oxidizing
agents, vitamin A, carotenoids, gossypol, or trace minerals and
decreased with increasing levels of fat-soluble antioxidants, sulfur amino
acids, or Se (Dove and Ewan, 1990; Nockels, 1990; Hidiroglou et al.,
1992b; McDowell et al., 1996; Franklin et al., 1998). On otherwise ade-
quate diets containing sufficient cystine and methionine and containing
a minimum of PUFA, vitamin E requirements appear to be low. This is
evidenced by difficulties in producing deficiency signs on such diets
under optimum environmental conditions.

The levels of PUFA found in unsaturated oils such as cod liver oil,
corn oil, soybean oil, sunflower seed oil, and linseed oil increase vitamin
E requirements. This is especially true if these oils are allowed to under-
go oxidative rancidity in the diet or are in the process of peroxidation
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M Table 4.3 Vitamin E Requirements for Various Animals and Humans

Animal Purpose or Class Requirement? Reference
Beef cattle Growing 15-60 IU/kg NRC (1996)
Dairy cattle Milk replacer 40 IU/kg NRC (1989a)
Growing 25 IU/kg NRC (1989a)
Lactating cows and bulls 15 TU/kg NRC (1989a)
Goat All classes 100 IU/kg Morand-Fehr
(1981)
Chicken Leghorn, 0-6 weeks 10 TU/kg NRC (1994)
Leghorn, 6-18 weeks 5 IU/kg NRC (1994)
Laying (100 g intake) 5 IU/kg NRC (1994)
Broilers, 0-8 weeks 10 TU/kg NRC (1994)
Duck Growing, 0-7 weeks 10 TU/kg NRC (1994)
Turkey All classes 10-12 IU/kg NRC (1994)
Sheep All classes 15-20 IU/kg NRC (1985b)
Horse Growing, pregnant, lactating,
and working 80 IU/kg NRC (1989b)
Maintenance 50 IU/kg NRC (1989b)
Swine All classes 11-44 IU/kg NRC (1998)
Mink Growing 25 IU/kg NRC (1982a)
Cat All classes 30 IU/kg NRC (1986)
Dog Growing 22 IU/kg NRC (1985a)
Rabbit All classes 40 IU/kg NRC (1977)
Fish Catfish 25-50 IU/kg NRC (1993)
Pacific salmon 30-50 TU/kg NRC (1993)
Rainbow trout 15-100 IU/kg NRC (1993)
Rat All classes 18 TU/kg NRC (1995)
Mouse All classes 22 IU/kg NRC (1995)
Human Infants 3—-4 mg/day RDA (1989)
Children 6-7 mg/day RDA (1989)
Adults 8-12 mg/day RDA (1989)

3Expressed as per unit of animal feed on either as-fed (approximately 90% dry mat-
ter) or dry basis (see Appendix, Tables Ala,b). Human data are expressed as mg o-toco-
pherol equivalents/day.

when consumed by the animal. If they become completely rancid before
ingestion, the only damage is the destruction of the vitamin E present in
the oil and in the feed containing the rancidifying oil. But if they are
undergoing active oxidative rancidity at the time of consumption, they
apparently cause destruction of body stores of vitamin E as well (Scott
et al., 1982). The vitamin E requirement for dogs is five times higher
under conditions of high PUFA intake (NRC, 1985a). The amount of
vitamin E required per gram of PUFA is dependent on experimental con-
ditions, species differences, levels and kinds of PUFA, and test used
(Lopez-Bote et al., 1997; McGuire et al., 1997). Nevertheless, for a
number of species, 0.6 IU of vitamin E per gram of PUFA is inadequate,
and 1 IU is a realistic minimum (Hoffmann-La Roche, 1972). A combi-
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nation of stress of infection and presence of oxidized fats in swine diets
was reported to exaggerate vitamin E needs still further (Tiege et al.,
1978). These researchers reported that supplements of 100 TU of vitamin
E per kilogram of diet and 0.1 ppm Se did not entirely prevent deficien-
cy lesions in weanling pigs afflicted with dysentery and fed 3% cod liver
oil.

Of all factors, the most important determinant of vitamin E require-
ments is the dietary concentrations of unsaturated fatty acids. A diet that
contains high levels of fish oil may cause a threefold to fourfold increase
in a cat’s daily requirement for a-tocopherol. Early cases of steatitis (yel-
low fat disease) occurred almost exclusively in cats that were fed a
canned, commercial fish-based cat food, of which red tuna was the prin-
cipal type of fish.

Since the PUFA content of membranes can be altered by dietary fats,
it is not surprising that the dietary requirement for vitamin E is closely
related to the dietary concentration of PUFAs. When a large amount of
polyunsaturated fat is fed after it has been stripped of tocopherols, as
much as 100 mg of a-tocopherol per kilogram of diet may be insuffi-
cient to protect against lipofuscin formation (Hayes et al., 1969).

Harris and Embree (1963) proposed a dietary a-tocopherol:PUFA
ratio (mg/g) of 0.6:1 as a minimum to protect against PUFA peroxida-
tion. This is a step in being more accurate for determining vitamin E
requirements for animals; however, it should be realized that some
PUFAs require much more vitamin E to counteract detrimental effects
than others. Fish-oil PUFAs, which contain arachidonic acid (20:4),
docosapentaenoic acid (22:5), and docosahexaenoic acid (22:6), require
much more vitamin E for stabilization than typical plant PUFAs, such as
linoleic acid (18:2) and linolenic acid (18:3). The longer the carbon
chain of a fatty acid and the more double bonds, the greater the vitamin
E requirement. As an example, when 5% tuna oil (long carbon chain
and greater unsaturation) was substituted for 5% of the lard (shorter
carbon chain and less unsaturation), steatitis was severe in cats unsup-
plemented with vitamin E. The severity of steatitis was diminished by
supplemental vitamin E, but was not entirely prevented by 34 TU/kg of
diet. When 136 IU/kg of diet were provided, no lesions were seen
(Gershoff and Norkin, 1962). By-product organs (e.g., liver) in the diet
would also have more of the longer-chained, more unsaturated fatty
acids.

The amount of vitamin E needed to maintain adequate growth and
reproduction would not necessarily be enough to ensure optimal
immune function as noted previously (Weiss, 1998). For example, in the
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rat, Bendich et al. (1986) reported that 15 IU/kg vitamin E of diet pre-
vented muscle abnormalities and 50 TU/kg of diet was necessary to pre-
vent red blood cell breakdown, but for maximum lymphocyte stimula-
tion, 200 IU of vitamin E per kilogram of diet was required. In pigs, 150
IU/kg of supplemental vitamin E resulted in a higher activity of lysozyme
and a higher rate of yeast lysis (Riedel-Caspari et al., 1986). Reduced
mortality and increased humoral immune titers were reported when
chicks infected with Escherichia coli were supplemented with 150 or
300 mg of dl-a-tocopherol/kg (Heinzerling et al., 1974).

Stress, exercise, infection, and tissue trauma all increase vitamin E
requirements (Nockels, 1991). Handling and bleeding heifers periodi-
cally in a 10-day period resulted in a large decrease in the vitamin E con-
tent of red blood cells and a 62% decrease in neutrophil vitamin E lev-
els (Nockels, 1991). Vitamin E supplementation to stressed calves
increased immune response (Golub and Gershwin, 1985). Nockels et al.
(1996) noted that for most sampled tissues, stress did not affect o-toco-
pherol concentration, although other indicators confirmed a deficiency.

Requirements of both vitamin E and Se are greatly dependent on the
dietary concentrations of each other (see Functions and Deficiency sec-
tions). As noted earlier, they are mutually replaceable above certain lim-
its. Chicks consuming a diet containing 100 IU/kg vitamin E required
0.01 ppm Se, while those receiving no added vitamin E required 0.05
ppm Se (Thompson and Scott, 1969).

Vitamin E is known to reduce the Se requirement in at least two
ways: (1) by maintaining body Se in an active form, or preventing body
loss; and (2) by preventing destruction of membrane lipids within the
membrane, thereby inhibiting the production of hydroperoxides and
reducing the amount of glutathione peroxidase needed to destroy perox-
ides formed in the cell. Selenium is known to spare vitamin E in at least
three ways: (1) it is required to preserve the integrity of the pancreas,
which allows normal fat digestion and thus normal vitamin E absorption;
(2) it reduces the amount of vitamin E required to maintain the integrity
of lipid membranes via glutathione peroxidase; and (3) it aids in some
unknown way in retention of vitamin E in the blood plasma.

Determination of vitamin E requirements is further complicated
because the body has a fairly large ability to store both vitamin E and
Se. Sows maintained on a diet deficient in vitamin E and Se produced
normal piglets during the first reproductive cycle of the deficiency, and
clinical deficiency signs occurred only after five such cycles (Glienke and
Ewan, 1974). A number of studies to establish requirements for both
nutrients have underestimated the requirements by failing to account for
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their augmentation from both body stores as well as experimental
dietary concentrations.

It has been concluded that in humans, a daily intake of 3 to 15 mg
of tocopherol is required from natural diets (RDA, 1989). However, the
allowances will not be adequate in individuals who, for a variety of rea-
sons, do not absorb fat efficiently or who have medical conditions that
result in an abnormal vitamin E status in the blood and tissues. As in
other species, the human requirement for vitamin E is related to dietary
intake of PUFA. However, in normal diets in the United States, this rela-
tionship is probably of little significance, inasmuch as primary dietary
sources of PUFA—vegetable oils, margarine, and shortening—are also
rich sources of vitamin E. This situation is not true when foods con-
sumed contain the longer-chained fatty acids (e.g., fish oils).

NATURAL SOURCES

Many vitamin E analyses of foods and feedstuffs have been report-
ed using a variety of analytical techniques; however, there is a lack of
characterization of individual tocopherols in the majority of analyses.
Total tocopherol analysis of a food or feedstuff is of limited value in
providing a reliable estimate of the biological vitamin E value. The
occurrence of tocopherols (and tocotrienols) other than alpha (Table
4.4), as well as the prevalence of non—tocopherol-reducing substances in
natural products, has led to analytical examination of these materials by
techniques capable of precise quantitation of individual species.

Because o-tocopherol is the most active form of vitamin E, many

H Table 4.4 Tocopherols in Selected Feedstuffs (ppm)

Feedstuff o B Y )
Barley 4 3 0.5 0.1
Corn 6 — 38 Trace
QOats 7 2 3 —
Rye 8 4 6 —
Wheat 10 9 — 0.8
Corn oil 112 50 602 18
Cottonseed oil 389 — 387 —
Palm oil 256 — 316 70
Safflower oil 387 — 174 240
Soybean oil 101 — 593 264
Wheat germ oil 1,330 710 260 271

Source: Modified from Ullrey (1981).
2No value reported.
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nutritionists prefer listing this form in feeds versus the unreliable total
tocopherol values. Some of the less active tocopherols, particularly -
tocopherol, are present in mixed diets in amounts two to four times
greater than that of o-tocopherol. Cort et al. (1983), utilizing HPLC
assay procedures, which allow separation of alpha and non-alpha forms
of both tocopherol and tocotrienols, determined that corn, corn gluten
meal, oats, barley, and wheat contained significant amounts of -
tocotrienol, which has minimal biological activity. For purposes of cal-
culating total vitamin E activity of mixed diets, milligrams of B-toco-
pherol should be multiplied by 0.5, those of y-tocopherol by 0.1, and
those of 8-tocopherol by 0.3 (RDA, 1989). These three forms, in addi-
tion to d-tocopherol, provide the only significant vitamin E activity in
typical diets. If only o-tocopherol in a mixed diet is reported, the value
in milligrams should be increased by 20% (multiply by 1.2) to account
for other tocopherols that are present, thus giving an approximation of
total vitamin E activity as milligrams of a-tocopherol equivalents. The
o-tocopherol concentrations of various foods and feedstuffs are listed in
Table 4.5.

Vitamin E is widespread in nature, with the richest sources being
vegetable oils, cereal products containing oils, eggs, and liver. In nature,
the synthesis of vitamin E is a function of plants, and thus, their prod-
ucts are by far the principal sources. It is abundant in whole cereal
grains, particularly in germ, and thus in by-products containing the
germ. There is wide variation in vitamin content of particular feeds, with
many feeds having a threefold to tenfold range in reported o-tocopherol
values.

Milk is highly variable in vitamin E content. As a source of vitamin
E, there can be a fivefold seasonal difference in the o-tocopherol content
of cow’s milk. The vitamin E content of colostrum is of special impor-
tance for the newborn, because at birth, many species have very small
amounts of vitamin E in their tissues. Hidiroglou (1989) reported that
colostrum from dairy cows has a mean value of 1.9 pug a-tocopherol per
milliliter and declines at 30 days to 0.3 pug a-tocopherol per milliliter. In
this study, milk tocopherol was raised from 0.3 pg/ml to 1.6 pug/ml 12
hours after an intraperitoneal injection of dl-o-tocopheryl acetate.
Supplemental vitamin E administered to ewes at graded levels of 0, 15,
30, and 60 IU (as dl-o-tocopheryl acetate) increased colostral o-toco-
pherol at a linear rate of 3.3, 6.8, 8.1, and 9.6 pg/ml, respectively (Njeru
et al., 1994a). In sows, colostrum o-tocopherol concentration can be ele-
vated by increasing the gestation dietary level of vitamin E or via injec-
tion during the last 14 days of pregnancy (Chung and Mahan, 1995).
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M Table 4.5 o-Tocopherol Content of Feeds (ppm)

Source Mean Range
Alfalfa meal, dehydrated 17% protein 73 28-121
Alfalfa meal, sun cured 13% protein 41 18-61
Alfalfa hay 53 23-102
Barley, whole 36 22-43
Beef, meat 6 5-8
Brewer’s grains, dried 27 17-48
Butter 24 10-33
Chicken, meat 3 2-4
Corn, whole 20 11-35
Cottonseed meal 9 2-16
Distiller’s grains, dehydrated 30 17-40
Eggs 11 8-12
Fat, animal 8 2-16
Fish, halibut 9 4-13
Fish (seafood product), shrimp 9 6-19
Fish meal, herring 17 8-31
Fish meal, Peruvian 2 1-3
Lard 12 2-30
Linseed meal 8 3-10
Meat and bonemeal 1 1-2
Milo 12 10-16
Molasses, cane N 3-9
Oats, whole 20 18-24
Pork, meat N 4-6
Poultry by-products meal 2 1-4
Rice, brown 13.5 13-14
Rice, bran 61 34-87
Sorghum, grain 12 10-16
Soybean meal, solvent process 3 1-5
Wheat, whole 11 3-15
Wheat, bran 17 15-19

Source: Adapted from Bauernfeind (1980) and Ullrey (1981).
Note: When only o-tocopherol in a mixed diet is available, multiply value by 1.2 to
account for the other tocopherols present.

Colostrum o-tocopherol concentration was approximately five times
higher than later milks (Mahan and Vallet, 1997).

Animal by-products supply only small amounts of vitamin E, and
milk and dairy products are often poor sources. Eggs, particularly the
yolks, make a significant contribution depending on the diet of the hen.
Wheat germ oil is the most concentrated natural source, and various
other oils, such as soybean and peanut, and particularly cottonseed, are
also rich sources of vitamin E. Unfortunately, most of the oilseed meals
that are part of pet-food diets are almost devoid of these oils because of
their removal by solvent extraction (Maynard et al., 1979). Green for-
age and other leafy materials, including good-quality hay, are very good
sources; alfalfa is especially rich. Concentration of tocopherols per unit
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dry matter in fresh herbage is between 5 and 10 times as great as that in
some cereals or their by-products (Hardy and Frape, 1983). Variability
in forage vitamin E content is so great, both between and within farms,
that one must have current results or representative samples to ensure
proper vitamin E fortification programs (Harvey and Bieber-Wlaschny,
1988). These authors indicated that previously published values on vita-
min E content of forages are unacceptable for use in feed formulation.

Stability of all naturally occurring tocopherols is poor, and substan-
tial losses of vitamin E activity occur in feedstuffs when processed and
stored, as well as in manufacturing and storage of finished feeds
(Coelho, 1991; Dove and Ewan, 1991; McDowell et al., 1996). Vitamin
E sources in these ingredients are unstable under conditions that pro-
mote oxidation of feedstuffs—heat, oxygen, moisture, oxidizing fats,
and trace minerals. Vegetable oils that normally are excellent sources of
vitamin E can contain extremely little if oxidation has been promoted.
Not only does oxidized oil have little or no vitamin E, but it will destroy
the vitamin of other feed ingredients and deplete animal tissue stores of
vitamin E. Rats fed a diet containing 15% oxidized frying oil had sig-
nificantly lower a-tocopherol in plasma and tissues (Liu and Huang,
1995, 1996).

For concentrates, oxidation increases following grinding, mixing
with minerals, addition of fat, and pelleting. When feeds are pelleted,
destruction of both vitamins E and A may occur if the diet does not con-
tain sufficient antioxidants to prevent their accelerated oxidation under
conditions of moisture and high temperature. Iron salts (e.g., ferric chlo-
ride) can completely destroy vitamin E. Dove and Ewan (1991) observed
that the rate of oxidation of natural tocopherols is increased in swine
diets containing increased levels of copper, iron, zinc, and manganese.
High dietary copper in swine diets decreased serum tocopherols (Dove
and Ewan, 1990). Both nitrogen trichloride and chlorine dioxide, at
concentrations usually used to bleach flour, will destroy much of the
vitamin E activity in flour. According to Moore et al. (1957), baking
destroyed 47% of remaining tocopherols in treated flour.

Artificial dehydration or processing of forages and grains will
reduce availability of tocopherol as well as that of Se. For example, King
et al. (1967) reported that 80% of the vitamin E is lost in hay making,
whereas ensiling or rapid dehydration of forages retains most of the
vitamin. Vitamin E content in forage is affected by stage of maturity at
the time of forage cutting and the period between cutting and dehydra-
tion. Storage losses can reach 50% in 1 month, and losses during drying
in the swath can amount to as much as 50% within 4 days. Vitamin E
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losses of 54 to 73% have been observed in alfalfa stored at 33°C for 12
weeks, and 5 to 33% losses have been obtained with commercial dehy-
dration of alfalfa.

In a study testing vitamin E stability, Orstadius et al. (1963) report-
ed that vitamin E content of corn was reduced from 30 to 50 mg/kg to
about 5 mg/kg dry weight as a result of artificial drying at 100°C for 24
hours under a continuous flow of air. Similarly, Adams (1973) reported
that artificial drying of corn for 40 minutes at 74°C produced an aver-
age 19% loss of a-tocopherol and 12% loss of other tocopherols. When
corn was dried for 54 minutes at 93°C, the o-tocopherol loss averaged
41%. Young et al. (1975) reported a concentration of 9.3 and 20 mg/kg
o-tocopherol in artificially dried corn versus undried, respectively.
Preservation of moist grains by ensiling caused almost complete loss of
vitamin E activity. Corn stored as acid-treated (propionic or acetic-pro-
pionic mixture), high-moisture corn contained approximately 1 mg/kg
dry matter of o-tocopherol, whereas similar corn artificially dried con-
tained approximately 5.7 mg/kg (Young et al., 1978). Apparently, dam-
age is not due to moisture alone but to the combined propionic acid-
moisture effect (McMurray et al., 1980). Further decomposition of o-
tocopherol occurs over a more extended period, until the grain eventu-
ally has o-tocopherol levels of less than 1 mg/kg, which is commonly
found in propionic acid-treated barley.

DEFICIENCY

Vitamin E displays the greatest versatility of all vitamins in the range
of deficiency signs. Deficiency signs differ among species and even with-
in the same species. The amount of vitamin E required in diets can vary
depending on such factors as levels of PUFAs, Se, antioxidants, and sul-
fur amino acids in feed. Deficiency diseases and compounds preventing
them are shown in Table 4.6.

Blaxter (1962) reported that muscular dystrophy seemed to be the
one syndrome commonly encountered in vitamin E deficiency in all
species. He cited references indicating that muscular degeneration that
can be prevented with vitamin E occurs in all laboratory and farm ani-
mals, including camels, buffalos, kangaroos, and quokkas. In some 20
different animal species, tocopherol deficiency leads to muscular dystro-
phy. Fundamentally, this is Zenker’s degeneration of both skeletal and
cardiac muscle fibers. Connective tissue replacement that follows is
observed grossly as white striations in the muscle bundles (Smith, 1970).

Occurrence of muscular dystrophy is worldwide, but its incidence,
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M Table 4.6 Vitamin E Deficiency Diseases As Influenced by Other Factors

Prevented by

Sulfur
PUFA Vitamin Amino
Disease Experimental Animal Tissue Affected Influence E Se Antioxidant  Acids
Reproductive failure
Embryonic degeneration
Type A Rat, hamster, mouse, hen, Vascular system X X X
turkey of embryo
Type B Cow, ewe —A xb
Sterility (male) Rat, guinea pig, hamster, dog, Male gonads
cock, rabbit, monkey
Neuropathy Chick, human Brain X X
Liver, blood, brain,
capillaries, pancreas
Necrosis Rat, pig Liver X X X
Fibrosis Chick, mouse Pancreas X
Erythrocyte hemolysis Rat, chick, human (premature Erythrocytes X X X
infant), calf, dog, monkey
Plasma protein loss Chick, turkey Serum albumin X X
Anemia Monkey Bone marrow X X
Encephalomalacia Chick Cerebellum X X X
Exudative diathesis Chick, turkey Vascular system X X
Kidney degeneration Rat, mouse, monkey, mink Kidney tubular X X X
Steatitis (ceroid) Mink, pig, chick Adipose tissue X X X
Depigmentation Rat Incisors X X X
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H Table 4.6 Continued

og Prevented by Sulfur
PUFA Vitamin Amino
Disease Experimental Animal Tissue Affected Influence E Se Antioxidant  Acids
Nutritional myopathies
Type A (nutritional Rabbit, guinea pig, monkey, Skeletal muscle X ?
muscular dystrophy) duck, mouse, mink, dog
Type B (white Lamb, calf, kid, foal Skeletal and heart —3 xb
muscle disease) muscles
Type C Turkey Gizzard, heart —a X
Type D Chicken Skeletal muscle —¢ X X
Retinopathy Dog, monkey, rat Retinal pigment X X
epithelium
(photoreceptor cells)
Dermatosis Dog Skin
Immunodeficiency Dog, chick, mouse, sheep, pig Reticuloendothelial X X X

Sources: Modified from Scott (1980) and Sheffy and Williams (1981).

aNot effective in diets severely deficient in selenium.

bWhen added to diets containing low levels of vitamin E.

€A low level (0.5%) of linoleic acid is necessary to produce dystrophy; higher levels did not increase vitamin E required for prevention.
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or at least diagnosis, particularly in a mild or subclinical form, varies
widely in different countries and regions within countries (McDowell,
1997). Considerable research has revealed the positive relationship
between Se content in soil and geographical occurrence of muscular dys-
trophy that responds to vitamin E and Se.

Effects of Deficiency
Ruminants

White muscle disease (WMD; also known as nutritional muscular
dystrophy), a serious muscle degeneration disease in young ruminants,
is caused by Se deficiency but is influenced by vitamin E status. White
muscle disease occurs with two clinical patterns; the first is a congenital
type of muscular dystrophy in which young ruminants are stillborn or
die within a few days of birth after sudden physical exertion, such as
nursing or running. The second pattern (delayed WMD) develops after
birth; it is observed most frequently in lambs within 3 to 6 weeks of
birth but may occur as late as 4 months after birth. The condition in
calves is generally manifested at 1 to 4 months of age.

Typically, WMD is characterized by generalized weakness, stiff-
ness, and deterioration of muscles; affected animals have difficulty
standing (Figs. 4.3 and 4.4). Affected animals have difficulty standing
and exhibit crossover walking and impaired suckling ability because
the tongue musculature is affected (Muth, 1955). Calves with WMD
have chalky white striations, degeneration, and necrosis in the skeletal
muscles and heart (Fig. 4.3). Often, death occurs suddenly from heart
failure as a result of severe damage to the heart muscle. In calves with
milder cases, in which the chief clinical signs are stiffness and difficul-
ty standing, dramatic, rapid improvement can result with vitamin E-Se
injections.

An acute and chronic as well as a peracute form of the disease can
be distinguished in older calves, usually already in the finishing period.
In particular, stress situations such as transport, regrouping, or abrupt
changes in feed composition are generally considered precipitating fac-
tors. Sudden death without previous unmistakable signs of disease is the
main feature of the peracute condition (Bostedt, 1980). The cause is usu-
ally found in advanced degeneration of the myocardium, and motor dis-
turbances such as an unsteady gait or stiff-calf disease; hard lumbar,
neck, and forelimb muscles; muscle tremor; and perspiration are
encountered in the acute form.

In Florida, the condition is most common in “buckling” calves that
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Fig. 4.3 White muscle disease in a calf about 3 months old. (A) Lameness and
generalized weakness of muscles can be seen. (B and C) Abnormal white areas
in the heart muscle. (Courtesy of O.H. Muth, College of Veterinary Medicine,
Oregon State University.)

come off the truck or out of the processing chute with weakness of rear
legs, buckling of fetlocks, and frequently a generalized shaking or quiv-
ering of muscles (Figs. 4.5 and 4.6). Many calves become progressively
worse until they are unable to rise and may appear to be paralyzed.
Many animals will be down or continue to buckle for extended periods,
and death loss is high in severe cases. Calves with excitable tempera-
ments appear to be most affected. Postmortem examination of affected
calves reveals pale chalky streaks in the muscles of the hamstring and
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Fig. 4.4 Vitamin E-selenium deficiency in sheep is known as stiff-lamb disease
or white muscle disease. This lamb is unable to stand as a result of tissue
degeneration. (Courtesy of O.H. Muth, College of Veterinary Medicine,
Oregon State University.)

back, and the heart, rib muscles, and diaphragm may also be affected
(McDowell, 1985).

In lambs, WMD (also known as stiff-lamb disease) takes a course
similar to that found in calves. There are motor disturbances such as
unsteady gait (Fig. 4.4); stiffness in rear quarters, neck, and forelimb
muscles; and arched back. Muscle tremor and perspiration are encoun-
tered in the acute form. On necropsy, the disease is manifested as white
striations in cardiac muscles and is characterized by bilateral lesions in
skeletal muscles. A gradual swelling of the muscles, particularly in the
lumbar and rear thigh regions, gives the erroneous impression of an
especially muscular young animal. In addition to the peracute form
encountered in calves (changes primarily in the myocardium), chronic
cardiac muscle degeneration is also found in the lamb. Despite good ini-
tial development, affected lambs quickly lose weight after the third week
of life and are unthrifty. They try to avoid any strain and usually stand
apart from the herd. Cardiac arrhythmia and increased heart rate can
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Fig. 4.5 Vitamin E-selenium deficiency is seen as flexion of the hock and fet-
lock joints as a result of decreased support by the gastrocnemius muscle, which
is severely affected by myodegeneration. (Courtesy of Bob Mason and
University of Florida.)

result even after slight exercise. In the advanced stage, animals eat little
feed and rapidly waste away.

Other conditions responsive to vitamin E-Se are not restricted to
young animals and relate to unthriftiness (“illthrift”), occurring in
lambs and hoggets at pasture (Underwood, 1981). Yearling sheep can
also be affected by WMD. In sheep of 9 to 12 months of age, the disease
is frequently observed following driving, with the rapid onset of listless-
ness, stiffness, inability to stand, prostration, and, in the most acute
cases, death within 24 hours (Andrews et al., 1968). Hartley and Grant
(1961) reported that the incidence of barren ewes was reduced from
over 30 to 5% with Se administration. Farms in New Zealand have had
lamb losses as high as 40 to 50%. Vitamin E reduced losses by only
60%; Se, by 96%.

The immune response in sheep has been improved with supplemen-
tal vitamin E. Vitamin E improved disease resistance in lambs challenged
with chlamydia (Stephens et al., 1979). Reffett et al. (1988) reported
that vitamin E and Se independently increased the immune response of
lambs challenged with a viral pathogen. Myopathic lambs exhibited low
lymphocyte responses when deficient in vitamin E and Se (Finch and
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L

Fig. 4.6 Vitamin E-selenium deficiency in cattle is manifested as white muscle
disease or necrosis of the gastrocnemius muscle; chalky white streaks are evi-
dent in the belly of the muscle. (Courtesy of Bob Mason and University of
Florida.)

Turner, 1989; Turner and Finch, 1990). The poor lymphocyte responses
of the lambs with nutritional myopathy was rapidly reversed by intra-
muscular administration of these nutrients, with the prophylaxis most
effective during the first 5§ weeks of life (Finch and Turner, 1989).

Deficiency of vitamin E and/or Se in the goat, as in other ruminants,
results mainly in WMD. Kids especially suffer from this disturbance of
muscle metabolism, as they are born with little or no reserves of the fat-
soluble vitamins A, D, and E. Sudden death of young kids under 2 weeks
of age may reveal postmortem evidence of muscle disease and degener-
ation in the heart or diaphragm. In older kids and mature animals, the
disease may occur after sudden exercise, and the animals show bilateral
stiffness, usually in their hind legs.

In preruminant calves, WMD has been easily induced by feeding
polyunsaturated oils; however, it was thought unlikely that unsaturated
fats were responsible for the disease in ruminating calves because of the
apparent near 100% hydrogenation of all unsaturated fatty acids by the
rumen microflora (Noble et al., 1974). However, one study indicated
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that unsaturated fatty acids from lipids in grasses can act as substitutes
for the peroxidative challenge in nutritional muscular dystrophy in
calves (McMurray and Rice, 1984). Nutritional degenerative myopathy
in older calves occured most frequently at turnout to spring pasture
(Anderson et al., 1976). McMurray et al. (1980) showed that PUFAs
were capable of escaping ruminal hydrogenation at turnout, resulting in
a threefold increase of plasma linolenic acid within 3 days of turnout.
Rice et al. (1981) showed that linolenic acid, if protected from ruminal
hydrogenation, rapidly reaches high levels in blood and is associated
with a rise in plasma creatine phosphokinase, indicating muscular
degenerative myopathy.

Most nutritional myopathy cases have involved young ruminants,
with effects less fully described for adult animals. However, degenerative
myopathy in adult cattle has been reported (Van Vleet et al., 1977;
Gitter and Bradley, 1978; Hutchinson et al., 1982), and a group of year-
ling Chianina heifers experienced abortion, stillbirth, and periparturient
recumbency (Hutchinson et al., 1982). Necropsy and tissue analyses
revealed myodegeneration and a combined deficiency of vitamin E and
Se. Rapid growth in these heifers, coupled with stresses of late pregnan-
cy and parturition, may have contributed to this vitamin E deficiency. A
myopathic condition affecting yearling cattle was reported by Barton
and Allen (1973) and was associated with animals fed grains treated
with propionic acid, which is known to destroy vitamin E.

Attempts to establish a practical role for vitamin E in ruminant
reproductive deficiencies of both males and females have been limited.
The relationship to reproduction is of special interest since early rat
research demonstrated that reproductive failure was a key feature of
vitamin E deficiency. In one experiment, four generations of female and
male dairy cattle were fed diets low in vitamin E (Gullickson et al.,
1949). Although growth, reproduction, and milk production were nor-
mal, several cattle died suddenly of apparent heart failure between 21
months and 5 years of age. Large doses of vitamins A, D, E, and C were
reported to favorably affect some characteristics of semen and sperm
(Kozicki et al., 1981).

Recent research has shown that vitamin E supplementation is bene-
ficial for male reproduction in bulls fed high concentrations of gossypol.
Velasquez-Pereira et al. (1998) reported that bulls receiving 14 mg of
free gossypol per kilogram of body weight had a lower (P < 0.05) per-
centage of normal sperm than those that also received supplemental
vitamin E (31 and 55%, respectively; Table 4.7). Likewise, sperm pro-
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duction per gram of parenchyma and total daily sperm production were
higher (P < 0.05) when gossypol-treated animals also received vitamin
E. Bulls receiving gossypol exhibited more sexual inactivity (P < 0.05)
than bulls receiving other treatment (Table 4.8). Vitamin E supplemen-
tation in bulls receiving gossypol improved number of mounts in the
first test and time of first service in the second test. The final conclusion
based on these data is that vitamin E is effective in reducing or elimi-
nating important gossypol toxicity effects for male cattle (Velasquez-
Pereira et al., 1998, 1999).

From a different aspect of reproduction in dairy cattle, Harrison et
al. (1984) reported that supplemental vitamin E was required in addi-
tion to Se for prevention of retained placenta. Groups administered vita-
min E alone, Se alone, and controls had a retained-placenta incidence of
17.5% compared to 0% for animals receiving both vitamin E and Se.
Other research found that the incidence of retained placenta (22.1%)
was not reduced by a combination of vitamin E and Se or by Se alone
(Hidiroglou et al., 1987). In high-producing dairy goats, deficiency man-
ifested itself in poor involution of the uterus, with accompanying
retained placenta and metritis following kidding (Guss, 1977).

Adequate amounts of vitamin E in the diet are needed to prevent

H Table 4.7 Relationship of Gossypol and Vitamin E on Semen Characteristics of Dairy

Bulls
Treatment
Item Control? + GossypolP + Gossypol + Vitamin E¢
Normal, % 64.7 + 6.48 31.4 + 7.4h 54.6 + 6.48
Abnormal (DIC)4, % 4.4 +1.38 13.4 + 1.5h 4.8 +1.28
DSPGe (x10°/g) 14.6 + 1.08 10.2 + 1.0" 17.6 + 1.08
DSP! (x10%) 3.2 + 3.08 2.2 +3.0h 4.1 +3.08

Source: From Veldsquez-Pereira et al. (1998).

Note: Least square means + SEM.

aDiet based on soybean meal, corn, and 30 IU vitamin E/kg of supplement.

bDiet containing 14 mg free gossypol/kg body weight per day and 30 IU vitamin E/kg of
supplement.

“Diet containing 14 mg free gossypol/kg body weight per day and 4,000 IU vitamin
E per bull per day.

dMidpiece abnormalities evaluated in isotonic formal saline using differential-phase
microscopy.

Daily sperm production per gram of parenchyma.

Daily sperm production total.

&hMeans in a row with different superscripts differ when P < 0.05.
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M Table 4.8 Effects of Gossypol and Vitamin E on Sex Drive of Holstein Bulls

Item Month Control? + Gossypol® + Gossypol + Vitamin E9
Libido score 16 104 + 0.7 8.9+0.5 10.0 + .6
No. of mounts 12 572+ 1.2 32b 4+ 1.1 6.3 +1.2
16 94+1.3 9.5+0.9 79+ 1.1
No. of services 16 24 +0.5 1.7+ 0.4 23+04
Time of mounts 16 38247 29%b 4 § 21b 45
(sec)
Time of first 12 223 + 94 232 + 69 206 + 69
service (sec) 16 154%b 4+ 71 2132+ 52 69" + 60
Sexual inactivity 12 124408 3.9+ 0.7 1.7+ 0.8
(min) 16 0.1+0.2 0.1 +0.1 0.2+0.2

Source: From Velasquez-Pereira et al. (1998).
Notes: Each treatment represented eight animals.
Animals received 14 mg free gossypol per kg body weight (except controls).
Vitamin E-treated animals received 4,000 IU vitamin E per day as dl-o-
tocopheryl acetate.
abMeans with different superscripts in the same row differ (P < 0.01).
&dMeans with different superscripts in the same row differ (P < 0.05).

oxidative flavors in milk. However, the cost is high, with efficiency of
transfer into milk less than 2% (NRC, 1989a).

Swine

In pigs, most signs of vitamin E deficiency have been associated with
Se deficiency, and scientists usually refer to vitamin E and/or Se defi-
ciency since it is not clear which is involved, and generally, dietary lev-
els of both must be low to bring about deficiency signs and lesions. Since
the early 1950s, reports in the European literature have revealed tissue-
degeneration signs in swine under field conditions associated with vita-
min E deficiency; the significance of Se deficiency was not realized until
1957.

Muscular dystrophy and hepatosis dietetica (toxic liver dystrophy)
were particularly widespread in the swine industry in Sweden. Obel
(1953) reported that records from the State Veterinary Medical Institute
of Stockholm from 1947 to 1952 revealed that of 4,382 pigs autopsied,
over 10% suffered from hepatosis dietetica.

Vitamin E-Se deficiencies have been readily produced in swine diets
through use of both highly unsaturated fats (e.g., cod liver oil) and ran-
cid fats. However, naturally occurring vitamin E-Se deficiencies were not
reported in the United States until the late 1960s (Michel et al., 1969),
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and in the 1970s, they became widespread. High incidence of vitamin E-
Se deficiencies in swine was believed to be due to a number of factors
(Trapp et al., 1970), including (1) swine raised in complete confinement
without access to pasture, (2) low Se content in midwestern U.S. feeds,
(3) solvent-extracted protein supplements low in vitamin E, (4) limited
feeding programs for sows, (5) loss of vitamin E and Se from corn due
to oxidation as a result of air and heat drying or storing high-moisture
grains, and (6) selection of meatier-type pigs that require more Se.
Evidence also suggests that moldy feed in bulk-holding bins may pro-
duce mycotoxins that either inhibit the uptake of vitamin E in the small
intestine or affect the antioxidant balance of cells.

An increase in confinement rearing of swine on concrete floors or
slats has been accompanied by a decrease in the utilization of pasture
and forages. Such crops not only are excellent sources of vitamin E but
also provide the more highly available form of the vitamin, o- versus y-
tocopherol.

Vitamin E-Se deficiency in swine is often associated with sudden
death. In most cases, clinical signs of the condition were not observed
prior to death (Michel et al., 1969; Trapp et al., 1970), although occa-
sionally, pigs were observed with clinical signs of icterus, difficult loco-
motion, reluctance to move, and weakness. Clinical signs also include
peripheral cyanosis (particularly of the ears), dyspnea (abdominal respi-
ration), and weak pulse, all occurring shortly before death. In many
cases, the faster-growing, more thrifty-appearing pigs died suddenly.

The most common pathological lesions include massive hepatic
necrosis (hepatosis dietetica) (Figs. 4.7 through 4.9), degenerative
myopathy of cardiac and skeletal muscles (Figs. 4.10 and 4.11), edema,
esophagogastric ulceration, icterus, nephrosis, hemoglobinuria, acute
congestion, hemorrhaging (Fig. 4.12) in various tissues (Trapp et al.,
1970; Piper et al., 1975), and yellowish discoloration of adipose tissue
(vellow fat).

Many pathology reports of vitamin E-Se deficiency have noted that
the most striking lesion was liver necrosis (Trapp et al., 1970); however,
bilateral paleness of skeletal muscles was the gross lesion most com-
monly found. In some pigs, microscopic lesions in liver were either
absent or minimal, whereas changes in skeletal muscles were extensive.
In other cases, the reverse was true.

Other conditions reported in swine herds with vitamin E-Se defi-
ciency include mastitis-metritis-agalactia syndrome (MMA) in sows,
spraddled rear legs in newborn pigs, gastric ulcers, infertility, and poor
skin condition. These conditions were believed initially to be unrelated
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Fig. 4.7 Lesions in growing pig fed
diet low in vitamin E (7.0 IU o-toco-
pherol/kg diet and selenium (0.061
ppm). Liver with severe acute lesions
is characteristic of hepatosis dietetica,
consisting of a mosaic pattern of
deep red and yellow lobules of mas-
sive coagulation necrosis. (Courtesy
of L.R. McDowell, R.C. Piper, and
Washington State University.)

Fig. 4.8 Lesions in growing pig fed
diet low in vitamin E (7.0 IU o-toco-
pherol/kg diet) and selenium (0.061
ppm). In subacute dietary massive
hepatic necrosis, the lesions are more
chronic than those seen in the liver of
pig in Fig. 4.7, in that many hepatic
lobules are atrophic and collapsed,
causing a pitted appearance on the
surface of the liver. (Courtesy of L.R.
McDowell, R.C. Piper, and
Washington State University.)

to pig deaths due to vitamin E-Se deficiency. However, after supplemen-
tation with dietary vitamin E or injections of Se and vitamin E, a notice-
able reduction in these conditions occurred (Trapp et al., 1970).
Whitehair et al. (1983) provided evidence that the MMA syndrome may
be ameliorated by supplementation of the gestation-lactation diet with
vitamin E and Se. In one experiment, vitamin E was shown to help
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Fig. 4.9 Lesions in liver of growing pig fed diet low in vitamin E (7.0 IU o-
tocopherol/kg diet) and selenium (0.061 ppm). Individual hepatic lobule has
undergone acute massive coagulation necrosis, and the necrosis cells are being
replaced by blood. Note the normal adjacent lobule. (Courtesy of L.R.
McDowell, R.C. Piper, and Washington State University.)

Fig. 4.10 Lesions in heart of growing pig fed diet low in vitamin E (7.0 IU a-
tocopherol/kg diet) and selenium (0.061 ppm). Note the degenerative nutri-
tional cardiac myopathy and the large pale areas due to degeneration and
necrosis of myocardial fibers that are most severe along the inner border of the
left ventricle. (Courtesy of L.R. McDowell, R.C. Piper, and Washington State
University.)

reduce the incidence of MMA from 50 to 14% (Ullrey, 1969).
Occurrence of MMA was reduced from 39 to 24% in two studies
involving 191 farrowings (Ullrey et al., 1971). Diets low in Vitamin E-
Se for long periods will affect reproductive efficiency of boars (Marin-
Guzman et al., 1997). Sperm motility was found to decline, and the per-
centage of abnormal sperm increased.
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Fig. 4.11 Lesions in skeletal muscle of pig fed diet low in vitamin E (7.0 IU o-toco-
pherol/kg diet) and selenium (0.061 ppm). A muscle fiber (low power) of the biceps
fermoris is undergoing degeneration, surrounded by normal fibers. Cytoplasm is
breaking up into granules from enzymatic digestion as the fiber is invaded by macro-
phages. (Courtesy of L.R. McDowell, R.C. Piper, and Washington State University.)

Fig. 4.12 Skin lesion in growing pig fed diet low in vitamin E (7.0 IU a-toco-
pherol/kg diet) and selenium (0.061 ppm). The skin is from a pig with severe
congestion and hemorrhage. The hemorrhage extended throughout the epider-
mis, dermis, and subcutaneous fat and down to the cutaneous musculature.
(Courtesy of L.R. McDowell, R.C. Piper, and Washington State University.)

Studies by Tiege et al. (1978) have shown that susceptibility of pigs
to dysentery resulting from exposure to the spirochete Treponema hyo-
dysenteriae was greatly increased by the combined dietary deficiencies of
vitamin E and Se. In studies with young pigs, supplemental vitamin E has
been beneficial in increasing the humoral response against sheep red
blood cells (Peplowski et al., 1981; Morrow et al., 1987). Depressed
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peripheral blood lymphocytes and polymorphonuclear cell immune func-
tions were found in vitamin E-restricted sows (Wuryastuti et al., 1993).

The vitamin E-Se deficiency syndromes (nutrition-related microan-
giopathy; nutritional hepatic dystrophy; muscle degeneration in the
back, pelvis, and upper thigh) can, however, also be found in the fatten-
ing and reproductive stages of pig production (Bostedt, 1980). At an
early age, it is particularly myocardial damage, also known as nutri-
tional microangiopathy or mulberry heart disease, that may cause sub-
stantial losses within a litter. This is the most serious of disorders, since
when heart muscle tissue is damaged, the result is usually sudden death.
There may be hemorrhagic lesions within the heart that give the charac-
teristic mulberry appearance of mulberry heart disease.

There is a low tolerance of vitamin E- and Se-deficient baby pigs to
intramuscular injections of iron dextrose for prevention of anemia. At 2
or 3 days, piglets die from iron shock if given routine treatment with
iron, with death resulting from an iron-induced lipid peroxidation in tis-
sues. Pretreatment with vitamin E, Se, or ethoxyquin was protective
against toxic effects of injectable iron (Tollerz and Lannek, 1964; Hill et
al., 1999).

Maximum incidence of death due to vitamin E-Se deficiency gener-
ally occurs at 6 to 8 weeks of age, with the incidence declining up to the
sixteenth week of life; however, conceptuses can be adversely affected
prior to parturition, resulting in stillborn pigs (Putnam, 1984). Vitamin
E deficiency can also occur in fattening and reproductive stages of swine
production (Bostedt, 1980). Clinical conditions characterized by cellular
damage most often occur after a period of stress, such as change of feed
or housing, transportation, or weaning. A Michigan survey diagnosed
vitamin E-Se deficiencies in swine herds, with mortality ranging from 3
to 10% (Michel et al., 1969; Trapp et al., 1970). One producer, howev-
er, lost approximately 300 of 800 pigs weaned.

It has been realized for many years that vitamin E-deficient animals
are more subject to the effects of stress than normal animals. The con-
cept of stress is difficult to define, but experience has shown that dietary
and environmental abnormalities of various kinds can lead to clinical
signs of disease and death in animals deprived of vitamin E. Death is
often associated with unaccustomed muscular activity. Incidence of
death in baby pigs is greatly increased because of fighting when animals
are weaned and mixed with different litters. Castration, an additional
cause of stress, has been implicated as a cause of early death in pigs defi-
cient in vitamin E and Se (Piper et al., 1975).
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Fig. 4.13 Exudative
diathesis resulting from
vitamin E-selenium
deficiency in chicks.
Note profuse subcuta-
neous edema. (Courtesy
of L.E. Krook, Cornell
University.)

Poultry

Vitamin E deficiency in poultry can result in at least three condi-
tions: exudative diathesis (Fig. 4.13), with signs of subcutaneous edema
and, in severe cases, blackening of the affected parts, apathy, and inap-
petence; encephalomalacia (“crazy chick disease”) (Fig. 4.14), charac-
terized by ataxia, head retraction, and “cycling” with legs; and muscu-
lar dystrophy (Fig. 4.15) (Scott et al., 1982).

CHICKENS

Exudative diathesis in chicks is a severe edema produced by a
marked increase in capillary permeability. The subcutaneous edema
soon progresses to a hemorrhagic stage, producing a blue-green discol-
oration of the skin. Affected chicks show reduced spontaneous activity
and food intake; if not treated with vitamin E or Se, they survive usual-
ly no more than 2 to 6 days. Both vitamin E and Se are involved in pre-
vention of exudative diathesis and nutritional muscular dystrophy. In
diets severely deficient in Se, however, vitamin E does not prevent or
cure exudative diathesis, whereas addition of as little as 0.05 ppm of
dietary Se completely prevents this disease.

Encephalomalacia generally affects chicks from 2 to 6 weeks of age
and results from hemorrhages and edema within the cerebellum.
Degeneration of the Purkinje layer of cells in the cerebellum results in
nervous signs typified as sudden prostration, with toes and legs out-
stretched, toes flexed, and head outstretched (NRC, 1994). At least one
important function of vitamin E is to interrupt the production of free
radicals at the initial stage of encephalomalacia. The quantitative need
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Fig. 4.14
Encephalomalacia in a
chick fed a vitamin E-
deficient diet. This dis-
ease is caused by defi-
ciency of vitamin E or
antioxidants. Selenium
supplementation of the
diet will not prevent it.
(Courtesy of M.L.
Scott, Cornell
University.)

Fig. 4.15 Nutritional
muscular dystrophy in
chick fed a vitamin E-
deficient diet low in
sulfur amino acids. The
diet contained an
antioxidant and 0.1
ppm of selenium to pre-
vent encephalomalacia
and exudative diathesis.
Note the white degen-
erated muscle fibers in
the breast and thigh.
(Courtesy of M.L.
Scott, Cornell
University.)

for vitamin E for this function depends on the amount of linoleic acid in
the diet. Selenium is ineffective in preventing encephalomalacia, while
synthetic antioxidants are partially effective. The fact that low concen-
trations of antioxidants are capable of preventing encephalomalacia in
chicks but fail to prevent exudative diathesis or muscular dystrophy in
the same chicks strongly suggests that in preventing encephalomalacia
vitamin E acts as an antioxidant.

When vitamin E deficiency is accompanied by sulfur amino acid
deficiency, chicks show severe nutritional muscular dystrophy, especial-
ly of breast muscle, at about 4 weeks of age. Cystine is likewise effective
in preventing nutritional muscular dystrophy in vitamin E-deficient
chicks. Cystine, however, is apparently ineffective in preventing the dys-
trophic condition in other animals. Although vitamin E and Se are gen-
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erally both highly effective in preventing exudative diathesis, Se is only
partially effective in protecting against muscular dystrophy in chicks
when added in the presence of a low level of dietary vitamin E. Much
larger quantities of Se are required to reduce the incidence of dystrophy
in chicks receiving a vitamin E-deficient diet low in methionine and cys-
tine (Scott et al., 1982).

Prolonged vitamin E deficiency can result in permanent sterility.
Hatchability of eggs from vitamin E-deficient hens is reduced (NRC,
1994), and embryonic mortality may be high during the first 4 days of
incubation and during later stages as a result of circulatory failure.
Males become infertile because sperm become incompetent
(Friedrichsen et al., 1980).

TURKEYS AND OTHER POULTRY SPECIES

The combined deficiency of vitamin E and Se in poults was found to
produce a mild type of exudative diathesis (Creech et al., 1957). This
condition was characterized by hemorrhaging on the inner margins of
the thighs and caudal breast muscles; in contrast to the exudative diathe-
sis of the vitamin E- and Se-deficient chick, it involved only a mild
edema. In ducklings, exudative diathesis would appear to be more sim-
ilar to that of the chick, i.e., green edema of the subcutaneous tissues can
be seen most frequently on the thigh, with associated petechial hemor-
rhages of the thigh musculature (Combs and Combs, 1986). The appear-
ance of exudative diathesis is infrequent and occurs in association with
only the more severe cases of nutritional muscular dystrophy in deficient
ducklings (Jager, 1977). In Japanese quail, the combined deficiency of
vitamin E and Se has only produced exudative diathesis in some animals.

Degeneration of the smooth muscle of the gizzard is the most char-
acteristic sign of Se deficiency in the young turkey poult. In marked con-
trast to the skeletal myopathy of the vitamin E-deficient chick, gizzard
myopathy in vitamin E- and Se-deficient poults is not prevented by
dietary sulfur containing amino acids but is completely prevented by
supplements of Se (Walter and Jensen, 1963). However, the dietary level
of vitamin E affects the amount of Se required for the prevention of the
disorder. It was necessary to use a basal diet low in methionine and vita-
min E, as well as Se, in order to produce gizzard myopathy experimen-
tally. Muscular dystrophy in ducklings is characterized by degeneration
of the sarcoplasmic reticulum and mitochondria of the smooth muscle
of the duodenum and gizzard, and are prevented with either vitamin E
or Se.

Vitamin E deficiency is also known to reduce hatchability in turkey
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eggs (Jensen and McGinnis, 1957). Turkey embryos deficient in vitamin
E may have eyes that protrude with a bulging of the cornea. In Japanese
quail, embryonic survival (i.e., egg hatchability) was markedly depressed
among females reared to maturity with vitamin E- and Se-deficient diets.
Many of the surviving progeny of vitamin E- and Se-deficient females
showed extreme generalized muscular weakness and prostration after
hatching (Jensen, 1968).

Horses

The newborn foal that is born with nutritional muscular dystrophy
usually exhibits various clinical signs in this acute phase of vitamin E-Se
deficiency. Animals can hardly stand up and give the impression of gen-
eral weakness. After laborious attempts to struggle to its feet, the foal
stands rather awkwardly and stiffly. If neck muscles are affected, suck-
ling is substantially impaired, and the foal is unable to raise its head to
the mother’s udder, although it gives the impression of wishing to suck-
le (Bostedt, 1980). Changes affect predominantly pectoral, intercostal,
and diaphragm muscles and result in accelerated, intermittent, primari-
ly abdominal respiration that can be incorrectly diagnosed as bronchial
pneumonia or dry pleurisy. Movement of the thorax appears to cause
pain. Dysphagia is a common finding (Dill and Rebhun, 1985), perhaps
because pain is especially prominent during extension and rotation of
the head and neck (Moore and Kohn, 1991). The dysphagia might also
be due to the weakening of the lingual and pharyngeal muscles and even
the masticatory muscles. Cardiac arrhythmia is another clinical sign that
occurs as a result of muscle changes in the heart.

As with calves, the musculature of the tongue may be affected. In
spite of their obvious appetite, the animals are unable to swallow milk,
and the slightly opened mouth allows milk to leak out or trickle from
their nostrils. The stomach is empty and the belly drawn up, so that the
person in charge of the mare frequently consults a veterinarian for what
is believed to be a lack of milk. Foals affected in this manner usually die
during the first few days of life; the animal’s death is accelerated by
hypostatic or deglutition pneumonia or by neonate infections arising
from immunological disorders caused by an inadequate intake of
colostrum or from cardiovascular insufficiency (Bostedt, 1980).

In older foals (6 to 12 weeks), the progressive degeneration of motor
muscles rather than changes in the head and thoracic muscles are the
first indications of the disease. Typical signs are an increasingly clumsy
gait and unsteady movements of the hindquarters. These foals also lie
down a great deal and can hardly be made to stand (Bostedt, 1980). The
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urine may be coffee-colored because of myoglobin released from dam-
aged muscle cells. As the condition worsens, the foal remains perma-
nently in the lying position.

Combinations of vitamin E and Se have been used in the treatment
of the “tying-up” syndrome in horses (Hintz, 1996), which is character-
ized by lameness and rigidity of the loin muscles. However, no experi-
mental evidence to confirm the value of vitamin E in the condition has
been provided. Likewise, published studies concerning the influence of
vitamin E on reproduction have been contradictory.

It has been suggested that vitamin E alone or with Se is essential for
the development of resistance to diseases such as influenza and tetanus
in horses (Hintz, 1996). Horses fed a diet containing 80 IU of vitamin E
per kilogram had greater immune responses than when fed diets con-
taining 18 IU per kilogram (Baalsrud and Overnes, 1986).

Vitamin E supplementation has been claimed to enhance perform-
ance in horses, but few controlled studies have been conducted. Putnam
(1986) concluded, apparently from field observations, that performance
could be enhanced by a daily intake of 2,000 mg of vitamin E. Dewes
(1981) reported that the performance of horses might be improved by
vitamin E-Se supplementation due to relief from pain in the musculature
of the neck.

It is hypothesized that vitamin E plays an oxidative role in equine
motor neuron disease (EMND) and equine degenerative myeloen-
cephalopathy (EDM). Both are neurodegenerative diseases that result in
a loss of motor neurons and, subsequently, muscle mass. The absence of
pasture, the feeding of marginal-quality hay, and high concentrates with-
out additional vitamin E supplementation in part help to explain vita-
min E-deficiency states in horses with EMND and EDM. Thus far, defin-
itive causes for both EMND and EDM remain elusive. However, patho-
logical evidence for each disorder presents a strong case for vitamin E
involvement (NRC, 1989b; Hintz, 1996).

Other Animal Species
Dogs

Definite clinical cases of vitamin E deficiency have been well docu-
mented in dogs. Particularly prominent indications of vitamin E defi-
ciency were degeneration of skeletal muscle associated with muscle
weakness, degeneration of testicular germinal epithelium and failure of
spermatogenesis, failure of gestation, weak and dead pups, and brown
pigmentation (lipofuscinosis) of intestinal smooth muscle (NRC,
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1985a).

Van Kruiningen (1967) reported a brown bowel in malabsorbing
boxer dogs with granulomatous colitis, and the condition was eventual-
ly reproduced experimentally by Hayes et al. (1969), who fed varying
levels of polyunsaturated fat to vitamin E-deficient weanling puppies
over a 16-week period. The puppies developed an increased susceptibil-
ity to hemolysis of red blood cells as well as brown bowel, mild muscle
degeneration, and neural-axonal dystrophy.

Retinal degeneration was described by Hayes and Rousseau (1970)
and reproduced experimentally (Riis et al., 1981) in puppies fed a diet
containing stripped corn oil. In as few as 3 months, ophthalmoscopic
lesions were visible, which represented lipid peroxidation and disruption
of photoreceptors, with accumulation of lipofuscin pigment.

The effect of vitamin E deficiency on reproduction has been report-
ed by Anderson et al. (1939; 1940) and Elvehjem et al. (1944), who
described a nutritional deficiency syndrome in puppies from bitches fed
evaporated or pasteurized milk diets for extended periods. Lactating
dams and puppies developed festering skin lesions, and the puppies
developed muscle weakness and hemorrhages of body cavities and
brain. Other pups were stillborn or died shortly after birth. The syn-
drome was alleviated by weekly feeding of 40 mg of vitamin E to the
bitch during pregnancy.

A combined vitamin E-Se deficiency described by Van Vleet (1975)
included muscle weakness, subcutaneous edema, anorexia, depression,
dyspnea, and coma. Pathological examination revealed extensive skele-
tal muscle degeneration and regeneration, focal subendocardial necrosis,
lipofuscinosis, and renal mineralization.

Deficiency of vitamin E has been implicated in the development of
certain dermatological disorders in dogs (Anderson et al., 1939;
Worden, 1958; Sheffy, 1979; Scott and Walton, 1985; Scott and Sheffy,
1987; Miller, 1989; Codner and Thatcher, 1993). The occurrence of
these skin disorders has been associated with decreased blood levels of
vitamin E. It has been postulated that subclinical vitamin E deficiency
causes suppression of the immune system, which in turn increases a
dog’s susceptibility to Demodex (skin lesions caused by the demodectic
mange mite, Demodex canis). When a group of dogs with demodicosis
was treated with supplemental vitamin E, significant levels of improve-
ment were reported. However, other researchers have been unable to
reproduce these results.

Scott and Sheffy (1987) experimentally produced vitamin E defi-
ciency skin disorders. They were characterized clinically by an early ker-
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atinization defect (seborrhea sicca), a later inflammatory stage (erythro-
derma), and a tendency to develop secondary pyoderma. The vitamin E
anti-inflammatory effect may be related to stabilization of cell and lyso-
somal membranes against damage induced by free radicals and perox-
ides. By reducing oxidative damage to cells, vitamin E may inhibit
immune-mediated or neoplastic skin diseases associated with ultraviolet
irradiation.

Vitamin E therapy has been reported to be effective in dogs with dis-
coid lupus erythematosus (Scott et al., 1983) and has been suggested as
therapy for dogs with dermatomyositis (Hargis et al., 1985; Muller et
al., 1989). Vitamin E supplementation has also been evaluated in dogs
with acanthosis nigricans. Eight dachshunds with primary acanthosis
nigricans showed improvement after 60 days of vitamin E therapy (200
mg twice daily) (Scott and Walton, 1985). All dogs responded with grad-
ual elimination of pruritus, inflammation, lichenification, greasiness,
and odor.

CATS

Steatitis (yellow fat disease) results when sources of highly unsatu-
rated fatty acids (e.g., tuna fish oil, cod liver oil, and unrefined herring
oil) have been fed in the absence of adequate supplemental vitamin E.
The condition was known as yellow fat after the peroxidized ceroid in
adipose tissue. It was characterized by extreme hyperesthesia, fever, and
a marked rise in leucocytes, primarily as neutrophils and eosinophils.
Anorexia, weight loss, listlessness or overt neurological dysfunction and
muscle spasms, harsh hair coat, and palpable lumps in the subcutaneous
fat were characteristic. Additional signs were focal interstitial myocardi-
tis and, rarely, muscle fiber degeneration, focal myositis of the skeletal
muscle, and periportal mononuclear infiltration in the liver (Gershoff
and Norkin, 1962). Affected cats are often lethargic and febrile and
exhibit pain on gentle palpation. Subcutaneous and abdominal fat may
feel firm or lumpy, and draining tracts may develop. Microscopically,
the fat shows focal neutrophilic infiltration with some mononuclear
cells. Acid-fast ceroid pigment is present as globules and as peripheral
rings in the fat-cell vacuoles (NRC, 1986). The white blood cell count is
usually elevated (24,000 to 70,000 pg/ml), primarily as a result of neu-
trophilia, and reflects the degree of fat necrosis.

Vitamin E deficiency in cats became a significant clinical problem
when fish products were first used in commercial cat foods that con-
tained inadequate levels of tocopherol (Cordy, 1954; Munson et al.,
1958). Later cases of the disease occurred in cats that were fed diets con-
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sisting wholly or largely of canned red tuna or fish scraps. Red tuna
packed in oil contains high levels of PUFA and low levels of vitamin E.
The addition of large amounts of fish products to a cat’s diet appears to
be the primary cause of this disease.

Stephan and Hayes (1978) induced severe vitamin E deficiency with
hemolytic anemia and steatitis by feeding a diet containing 15%
stripped safflower oil without a-tocopherol. Clinical signs of deficiency
were prevented by supplementing with o-tocopheryl acetate at 100 TU
per kg.

FisH

Channel catfish fed a vitamin E-deficient diet containing oxidized
menhaden oil exhibited reduced growth, muscular dystrophy, fatty liv-
ers, anemia, exudative diathesis, and depigmentation in 16 weeks.
Sekoke disease is a condition in common carp characterized by a marked
loss of flesh. The disease in carp results from feeding oxidized silk worm
pupae and is completely prevented with supplemental vitamin E.

Vitamin E deficiency signs have been described for chinook salmon,
Atlantic salmon, channel catfish, common carp, rainbow trout, and yel-
lowtail (NRC, 1993). The signs of vitamin E deficiency in various fish-
es are similar and include muscular dystrophy, involving atrophy and
necrosis of white muscle fibers; edema of heart, muscle, and other tis-
sues due to increased capillary permeability, which allows exudates to
escape and accumulate (these are often green as a result of hemoglobin
breakdown); anemia and impaired erythropoiesis; depigmentation; and
ceroid pigment in the liver. The incidence and severity of these deficien-
cy signs were shown to be enhanced when diets deficient in both vitamin
E and Se were fed to Atlantic salmon (Poston et al., 1976), rainbow
trout (Bell et al., 1985), and channel catfish (Gatlin et al., 1986).

FOXES AND MINK

Diets containing rancid fats or high in unsaturated fat cause “yellow
fat” disease (steatitis) in foxes and mink as well as in cats. The most fre-
quent clinical sign in animals with uncomplicated vitamin E deficiency
was sudden death due to minor stress (NRC, 1982a). Selenium had
some, but not complete, vitamin E-sparing effect.

Signs of steatitis in both foxes and mink are most evident among
fast-growing male pups. Acute and subacute cases frequently occur. In
fur-bearing animals, anemia is often found in chronic cases of yellow fat
disease. A pronounced fragility of the red blood cells and an increased
number of leukocytes and thrombocytes are frequent. In the post-
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mortem examination, the musculature often appears light and musty,
and fatty degeneration is usually discovered in the parenchymatous
organs and in the musculature. The skin is of poor quality and loses hair
easily, both during and after tanning (Helgebostad and Ender, 1973).

LABORATORY ANIMALS

Intrauterine death and resorption of fetuses in rats was the first evi-
dence that led to the discovery of vitamin E. Other signs of vitamin E
deficiency in rats are increased red blood cell hemolysis, skeletal muscle
degeneration, accumulation of yellow pigment in smooth muscles; irre-
versible degeneration of the seminiferous epithelium of the testis in the
male, which occurs by age 40 to 50 days; humped-back condition; rough
coat, skin ulcers; neural lesions; and impaired learning ability (Sarter
and Van Der Linde, 1987; NRC, 1995).

Pappenheimer (1942) reported muscular dystrophy and hyaline
degeneration in vitamin E-deficient mice but at a lower incidence than
was observed in rats. Spermatogenesis remained active in vitamin E-defi-
cient mice for up to 439 days (Pappenheimer, 1942). Feeding a vitamin
E-deficient diet increased pathology in hearts of mice infected with a
virus (Beck et al., 1994), indicating an immune response for vitamin E
in mice.

Diet-induced muscular dystrophy was produced in the guinea pig
when 5 to 20 g of cod liver oil per kilogram was included in the diet.
The research of Shimotori et al. (1940) related vitamin E deficiency to
muscular dystrophy. Vitamin E-deficient guinea pigs lost weight with
degeneration of skeletal muscle. In males, testes atrophied and devel-
oped degenerative changes in the seminiferous tubules, with clumping or
complete disappearance of spermatozoa and spermatids. Fetal malfor-
mations, resorption, and death occurred in pregnant females (NRC,
1995).

NONHUMAN PRIMATES

When deprived of vitamin E for prolonged periods, usually a year or
more, rhesus and cebus monkeys developed a characteristic anemia and
muscular dystrophy (NRC, 1978). Anemia resulted in the production of
defective erythrocytes, with muscular dystrophy closely resembling vita-
min E deficiency in other species.

RABBITS

Muscular dystrophy in rabbits is caused primarily by vitamin E defi-
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ciency. The rabbit appears to be unusual in that Se has neither a protec-
tive nor sparing effect on muscular dystrophy that is preventable by vita-
min E (Hove et al., 1958). Signs of this syndrome include degeneration
of the skeletal and cardiac muscles, paralysis, and fatty liver (Bragdon
and Levine, 1949). Ringer and Abrams (1970) encountered widespread
signs of vitamin E deficiency in a commercial herd of rabbits fed a nat-
ural diet that provided 16.7 ppm of vitamin E. Tissues from rabbits fed
®-3 fatty acids rather than ®-6 and -9 were more susceptible to oxida-
tion, with o-tocopherol lowering lipid oxidation (Lopez-Bote et al.,
1997).

EXOTIC ANIMALS

Numerous cases of vitamin E deficiency have been diagnosed in zoo
and wildlife species (Dierenfeld and Traber, 1992). Increased longevity
of species in zoos, possibly limited genetic variability, and various stress
factors contribute to the increasing number of clinical reports; however,
dietary deficiency of vitamin E is likely the single most important deter-
minant underlying current observations (Dierenfeld, 1994). Cervids
(deer) and bovids (antelope) with vitamin E deficiency display cardiac
and skeletal muscle dystrophy (Liu et al., 1985; Dierenfeld, 1989).
Zebras suffer deterioration of the myelin sheath and spinal cord with
vitamin E deficiency, clinically displayed as asymmetric weakness and
ataxia (Liu et al., 1983). Both the elephant and rhinoceros appear to
have limited absorption of dietary vitamin E, perhaps due to minimal
dietary lipid levels in zoo feeds. Elephants with deficiency have heart
lesions similar to those of swine with microangiopathy (Dierenfeld and
Dolensek, 1988), whereas rhinos display skeletal and cardiac muscle
myopathies. Among all exotic birds examined, species with carnivorous
or granivorous feeding habits are most severely affected by vitamin E
deficiency. Deficiency signs include decreased hatchability through pip-
ping and cardiac muscle degeneration (Liu et al., 1985; Dierenfeld,
1989).

Humans

At one time, it was believed that in the United States and other
developed countries, vitamin E intake of most adult human populations
was considered adequate for maintenance, growth, and reproduction in
normal individuals. This view is radically changing as supplemental vita-
min E has shown benefits for improving the immune system; for pre-
vention of cancer, thrombosis and cardiovascular diseases, cataracts,
arthritis, and Parkinson’s disease; and as an antidote to toxic substances
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and other pathological processes and diseases (Tengerdy, 1989; Padh,
1991; Consumer Report on Health, 1993; Langseth, 1995a,b; Chew,
1995). The various signs of vitamin E deficiency in humans often are
believed to be manifestations of membrane dysfunction resulting from
the oxidative degradation of polyunsaturated membrane phospholipids
and/or the disruption of other critical cellular processes. Free radicals
can be extremely damaging to biological systems (Padh, 1991).
Antioxidants stabilize these highly reactive free radicals, thereby main-
taining the structural and functional integrity of cells (Chew, 1995).
Therefore, antioxidants are very important to immune defense and
health of both humans and animals. Tissue defense mechanisms against
free-radical damage include vitamin E, vitamin C, and B-carotene as the
major vitamin antioxidant sources.

New findings on vitamin E and cardiovascular diseases were sum-
marized by Langseth (1995a) as follows:

1. The use of vitamin supplements—especially vitamin E—was associ-
ated with a significantly reduced risk of coronary disease in Canadian men.

2. Low vitamin E intake was associated with elevated coronary mor-
tality in Finnish men and women.

3. Vitamin E enhanced the benefits of aspirin in reducing the incidence
of stroke in high-risk patients.

4. Vitamin E supplements slowed progression of coronary artery
lesions, both in men taking cholesterol-lowering drugs and in those taking
inactive placebos.

5. Vitamin E supplements lowered the risk of recurrence of coronary
blockage in patients who had been treated for previous blockages.

6. Two studies of diabetics (a group at high risk for cardiovascular dis-
ease) showed beneficial changes in lipid peroxidation and other biochemical
factors after vitamin E supplementation.

Jialal and Grundy (1993) reported that combined supplementation
with vitamin C, B-carotene, and a-tocopherol is not superior to high-
dose a-tocopherol alone in inhibiting low-density lipoprotein oxidation.
Hence, a-tocopherol therapy should be favored in future coronary pre-
vention trials involving antioxidants.

Cancer-prevention findings related to vitamin E have been summa-
rized (Consumer Report on Health, 1993; Langseth, 1995a). In addition
to possibly helping prevent cancer by keeping cells from becoming oxi-
dized and turning cancerous, vitamin E might fight the disease indirect-
ly by boosting the immune system. People who had taken vitamin E
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supplements for at least 6 months were half as likely to develop cancers
of the mouth and throat. The evidence suggests that people who con-
sume the most vitamin E may have a slightly lower risk of cancers of the
colon, rectum, esophagus, and lung. One study reported a 34% decrease
in prostate cancer and a 16% decrease in colorectal cancer. Preliminary
research has hinted that certain forms of vitamin E applied to the skin
might help protect against skin cancer caused by sun exposure.

In animal species, there is considerable evidence of beneficial effects
of vitamin E on the immune response. In humans, however, there are
only limited data on the relation between vitamin E status and the
immune system. In a French study of healthy elderly subjects, the level
of plasma vitamin E was inversely correlated with the number of infec-
tions the subjects experienced in the 3 years previous to the study
(Chavance et al., 1989). In a double-blind, placebo-controlled trial,
healthy older adults (60 years or older) improved some in vivo and in
vitro parameters of immune function as a result of receiving supplemen-
tal vitamin E (Meydani, 1995).

A myriad of neurological abnormalities can be found in the presence
of vitamin E deficiency. Cavalier and Gambetti (1981) reported dys-
trophic axons in the nucleus gracilis and demyelination of the fasciculus
gracilis in patients with cystic fibrosis. In a review, Sokol (1989) report-
ed that vitamin E deficiency in humans results in loss of deep tendon
reflexes, truncal and limb ataxia, reduced perception of vibration and
position, ophthalmoplegia, muscle weakness, dysarthria, and scoliosis.

Additional human diseases that are alleviated by vitamin E include
thrombophlebitis and intermittent claudication, both of which involve
blood flow, particularly in the extremities of elderly persons (Haeger,
1974). Low levels of vitamin E also have been found in the plasma of
many persons with absorptive defects (Sitrin et al., 1987). Patients suf-
fering from sprue, cystic fibrosis of the pancreas with accompanying
steatorrhea, or any other disease that causes malabsorption of fat also
show a marked decrease in plasma tocopherol levels.

Plasma vitamin E concentration in the newborn infant is about one-
third that of adults, with that in the low-birth-weight (LBW) infant even
lower. This is primarily a reflection of lower concentration of blood
lipids in newborn infants that is due to inefficient placental transfer of
the vitamin. Serum vitamin E levels increase during pregnancy, while
fetal levels remain low, at about 25% of the maternal level. In the United
States, edema and anemia attributed to vitamin E deficiency have been
reported in LBW infants fed low-vitamin E commercial formulas made
with polyunsaturated fat (Oski and Barness, 1967). Premature infants
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fed these formulas with inadequate vitamin E develop hemolytic anemia,
resulting in shortened life span of red blood cells.

Numerous researchers have reviewed the effects of vitamin E on
human diseases and presented two extreme points of view: (1) One
group claims that vitamin E is a cure for almost every known disease;
the other group holds that vitamin E has not been proved scientifically
to have any of the effects attributed to it. (2) The second viewpoint—
that vitamin E is of little value—is no longer valid, as many studies have
shown the positive benefits of vitamin E supplementation for the pre-
vention and cure of many disease conditions.

Assessment of Status

Confirmation of a low vitamin E and/or Se status in animals is
obtained when specific deficiency diseases associated with lack of these
nutrients are present. Likewise, gross lesions and histopathological
examinations provide definite evidence of vitamin E and/or Se deficien-
cy.

Muscular damage as a result of vitamin E and/or Se deficiency caus-
es leakage of intercellular contents into the blood. Thus, elevated levels
of selected enzymes (above the normal concentrations for particular
species) serve as diagnostic aids in detecting tissue degeneration. Serum
enzyme concentrations used to follow incidence of nutritional muscular
dystrophy include serum glutamic-oxaloacetic-transaminase (SGOT),
aspartate amino transferase (ASPAT), lactic dehydrogenase (LDH), cre-
atine phosphokinase (CPK), and malate dehydrogenase (MDH). A dis-
tinction regarding type of tissue degeneration can sometimes be made.
For example, in swine, SGOT and ornithine carbamyl transferase (OCT)
are useful indicators of muscular dystrophy and liver necrosis, respec-
tively (Wretlind et al., 1959). Enzyme tests are very sensitive, and an ele-
vation of enzyme activity in serum is usually discovered before any
pathological changes or clinical signs appear (Tollersrud, 1973).

In addition to serum enzyme determinations, other laboratory tests
devised to assist in diagnosis of vitamin E and Se deficiency include (1)
vitamin E and Se analyses of feeds, blood, and tissues and (2) electro-
cardiogram changes that reflect heart muscle injury. Low tissue concen-
trations of glutathione peroxidase, an enzyme that contains Se, is a rel-
atively good status indicator of this element. However, an in vitro
hemolysis test is an indicator of vitamin E but not Se status.

Nutritional status with respect to vitamin E is commonly estimated
from plasma (or serum) concentration. There is a relatively high corre-
lation between plasma and liver levels of a-tocopherol (also between
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amount of dietary a-tocopherol administered and plasma levels). This
has been observed in rats, chicks, pigs, lambs, and calves within rather
wide ranges of intake. There is a much higher correlation between blood
and liver concentrations for vitamin E than for vitamin A. Plasma toco-
pherol concentrations of 0.5 to 1 ug/ml are considered low in most ani-
mal species, with less than 0.5 pg/ml generally considered a vitamin E
deficiency. Thus, plasma a-tocopherol concentrations can be used for
assay purposes without the necessity of liver biopsy or animal slaughter
(Ullrey, 1981; Njeru et al., 1994b).

In normal adult human populations of the United States, the range
of total plasma tocopherols is 0.5 to 1.2 pg/ml, with values for a-toco-
pherol 10 to 15% lower (Bieri and Prival, 1965). It is generally accept-
ed that a plasma level of total tocopherols below 0.5 pg/ml is undesir-
able, although it has not been shown that lower concentrations in
adults, unless they continue a year or longer, are associated with inade-
quate tissue concentrations. Plasma tocopherol concentrations are high-
ly correlated with total lipid, with less than 0.6 to 0.8 pg/g lipid consid-
ered deficient in humans (Machlin, 1991).

For a number of disease conditions, it is important to know the sta-
tus of Se as well as vitamin E. For many species, Se concentrations in
liver, renal cortex, and blood (as well as other tissues) each adequately
portray Se status. For example, swine hepatic, renal cortex, and blood
Se concentrations of 0.25, 2.5, and 0.1 ppm (dry basis), respectively,
were determined to be critical levels below which clinical illness, death,
or lesions of vitamin E-Se deficiency could be expected (McDowell et al.,
1977). Serum or plasma Se is considered a good status indicator, with
less than 0.03 ppm being critical for cattle (McDowell, 1985).

SUPPLEMENTATION

Methods of providing supplemental vitamin E are (1) as part of a
concentrate or liquid supplement, (2) included with a free-choice miner-
al mixture, (3) as an injectable product, and (4) in drinking water prepa-
rations.

To offset losses of vitamin E activity in feedstuffs, diets should be
adequately fortified with vitamin E. The principal commercially avail-
able forms of vitamin E used in food, feed, and pharmaceutical indus-
tries are acetate and hydrogen succinate esters of RRR a-tocopherol and
the acetate ester of all-rac-a-tocopherol (Table 4.9). During commercial
synthesis of dl-o-tocopherol, it is esterified to acetate to stabilize it, with
the ester extremely resistant to oxidation. Thus, dl-o-tocopherol acetate
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M Table 4.9 Forms of o-Tocopherol Commercially Available

Form IU/mg
dl-o-Tocopheryl acetate (all-rac) 1.00
dl-a-Tocopherol (all-rac) 1.10
d-a-Tocopheryl acetate (RRR) 1.36
d-a-Tocopherol (RRR) 1.49
dl-o-Tocopheryl acid succinate (all-rac) 0.89
d-o-Tocopheryl acid succinate (RRR) 1.21

does not act as an antioxidant in the feed and has antioxidant activity
only after it is hydrolyzed in the intestine and free dl-o-tocopherol is
released and absorbed.

The acetate forms of a-tocopherol are commercially available from
two basic sources (Hoffmann-La Roche, 1972): (1) d-o-tocopheryl
acetate is made by extraction of natural tocopherols from by-products
of vegetable oil refining, molecular distillation to obtain the alpha form,
and then acetylation to form the acetate ester, and (2) dl-a-tocopheryl
acetate is made by complete chemical synthesis, producing a racemic
mixture of equal parts of d and [ isomers. The d and / forms differ only
in spatial placement of the isoprenoid side chain.

Commercially, the dI- and d-a-tocopheryl acetates are available in
purified form or in various dilutions, including (Hoffmann-La Roche,
1972) (1) a highly concentrated oily form for further processing; (2)
emulsions incorporated in powders for use in dry premixes or water-dis-
persible preparations; (3) beadlets or powders consisting of the toco-
pheryl acetate incorporated in oil, or in emulsifiable form mixed with
gelatin and sugar, gum acacia, soy grits, or dextrin as carriers (such
beadlets or powders may be further diluted to lower potencies in a feed
ingredient or water-soluble material and are primarily for use in feed);
and (4) adsorbates of the oily tocopheryl acetate on selected carriers, in
free-flowing “dry” powder, meal, or granules. This type is for use in
feeds only. Vitamin E as the acetate form is highly stable in vitamin pre-
mixes, with 98% retention after 6 months, but in the alcohol form is
completely destroyed during that time (Coelho, 1991).

Even though the ester is more stable than the natural free or alcohol
form, it is desirable to further stabilize it by a gelatin coating or adsorp-
tion technique that reduces it to a beadlet, granule, or powder form to
be added more easily and uniformly to animal feeds (Bauernfeind,
1969). Both types of products are quite stable. Stabilized dl-a-toco-
pheryl acetate gelatin beadlets have been blended in mash feed that also
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has been pelleted and stored with satisfactory stability results.

Injectable vitamin E preparations are also available, which contain
free d- or dl-a-tocopherol or their esters. Liquid emulsions of appropri-
ate types are used in drinking water and liquid feeds, in regular feed, and
for injection. In this form, o-tocopherol is more efficiently absorbed
from intramuscular injection sites than a water-miscible preparation
containing o-tocopheryl acetate or either form dissolved in an oily base
(Machlin, 1991). Products containing vitamin E and Se are often given
intramuscularly to animals exhibiting clinical signs of muscular degen-
eration. Response to treatment of this condition is extremely variable
depending on degree of muscular degeneration. However, intramuscular
injection of a-tocopherol and Se to young ruminants usually provides a
rapid means of alleviating deficiencies of these nutrients (McDowell,
1992). For cattle, animals that are down are unlikely to survive, while
animals showing moderate weakness of the rear limbs or slight buckling
of fetlocks may respond. Total recovery may require several days to 1
month (Mason et al., 1985). However, affected animals are particularly
responsive to treatment, generally gaining ability to walk unassisted 3 to
5 days following vitamin E-Se therapy.

Some cattle ranchers make it a practice to inject newborn calves
intramuscularly with a combination of vitamin E and Se. For dystrophic
lambs, an oral therapeutic dose of 500 mg of dl-a-tocopherol followed
by 100 mg on alternate days until recovery was successful (Rumsey,
1975). Reddy et al. (1987a) concluded that supplementation of conven-
tional dairy calf diets with 125 to 250 IU vitamin E per animal daily
increases performance compared to controls. Stuart (1987) recommend-
ed that weaned calves with transit shrink receive 400 IU of vitamin E
daily during arrival to a feedlot finishing program, while those with min-
imal shrink receive 100 to 200 IU. The recommended amount for year-
ling cattle was 200 to 400 IU vitamin E, depending on previous dietary
history in relation to vitamin E and Se. Most preventive preparations for
WMD in ruminants contain a combination of both vitamin E and Se. As
a preventive measure, they should be administered to pregnant cows dur-
ing the second trimester and again 30 days prior to calving.

Supplementing vitamin E in well-balanced diets has been shown to
increase humoral immunity for ruminants (Hoffmann-La Roche, 1994)
and monogastric species (Langweiler et al., 1983; Wuryastuti et al.,
1993). These results suggest that the criteria for establishing require-
ments based on overt deficiencies or growth do not consider optimal
health (Hoffmann-La Roche, 1991). The effects of oral vitamin E sup-
plementation in young calves was evaluated by Cipriano et al. (1982).
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Calves were fed skimmed colostrum and supplemented with either 0 or
1,000 mg dl-o-tocopheryl acetate for 6 weeks in a vitamin E-deficient
diet. Conventionally managed calves were included as positive controls.
Vitamin E-supplemented calves had greater plasma o-tocopherol con-
centrations as well as mean lymphocyte blastogenesis response to phy-
tohemagglutinin (PTH) expressed as mean lymphocyte stimulation
indices (LSIs) at 6 weeks. These authors suggested that the enhancing
effect of vitamin E on immune response of cattle could have been par-
tially masked in this study by feeding of diets high in emulsified fats.

Vitamin E administration to calves enhanced immune response and
weight gain, while enzymes of muscle origin (e.g., creatine kinase and
serum glutamic oxaloacetic transaminase) and plasma cortisol concen-
tration were decreased (Reddy et al., 1987b). Vitamin E also positively
influenced neutrophil-mediated antibody-dependent cellular cytotoxici-
ty and phagocytosis as well as lymphocyte stimulation in calves fed milk
replacer (Pruiett et al., 1989).

In a series of 28-day feedlot receiving trials, Lee et al. (1985)
observed an improvement in early performance of newly arrived grow-
ing cattle supplemented with 450 IU vitamin E (as dl-o-tocopheryl
acetate) per head per day that were stressed by long-distance shipment
and changes from green forages to high-grain feedlot diets. Depression
of circulating cortisol concentrations may explain the improved gain
and feed efficiency in this trial.

Gill et al. (1986) supplemented newly received feedlot cattle with
1,600 IU of vitamin E (as dl-o-tocopheryl acetate) per head per day for
the first 21 days and 800 IU for the remaining 7 days of a 28-day trial.
Average daily gain and gain-feed ratios were improved by 23.2 and
28.6%, respectively, for vitamin E-supplemented stressed cattle (Table
4.10). The number of sick pen days per head was reduced by 15.6%,
and morbidity was reduced by 13.4% with vitamin E supplementation.
The growth response to vitamin E could be related to the fact that
young, rapidly growing animals are in a metabolically demanding state
resulting from overall tissue growth, which has a high energy demand.
Vitamin E is an integral part of this response via its ability to quench free
radicals, which are generated during the course of metabolism.

Supplemental levels of vitamin E higher than those recommended
for dairy cattle by the NRC (1989a) have been beneficial in the control
of mastitis. Smith and Conrad (1987) reported that intramammary
infection was reduced 42.2% in vitamin E- and Se-supplemented versus
unsupplemented controls. The duration of all intramammary infections
in lactation was reduced 40 to 50% in supplemented heifers. Weiss et al.
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M Table 4.10 Effects of Vitamin E Supplementation on Performance,
Morbidity, and Mortality of Stressed Cattle

Item Control Vitamin E?
No. of head 252 250
Average daily gain (kg) 0.43b 0.53¢
Feed conversion 18.56 15.06
No. of sick days 3.2 2.7
Morbidity (%) 43.2 37.5
Mortality (%) 1.8 16

Source: From Gill et al. (1986).

21,600 IU of vitamin E per head per day for first 21 days and 800 IU for
the last 7 days.

beMeans with different superscripts differ (P < 0.01).

(1990) reported that clinical mastitis was negatively related to plasma Se
concentration and concentration of vitamin E in the diet.

Many new intramammary infections (IMIs) occur in the 2 weeks
before and after calving. Deficiencies of either vitamin E or Se have been
associated with increased incidence and severity of IMI, increased clini-
cal mastitis cases, and higher somatic cell counts in individual cows and
bulk tank milk. Somatic cell counts are a primary indicator of mastitis
and milk quality in dairy herds. The polymorphonuclear neutrophil
(PMN) is a major defense mechanism against infection in the bovine
mammary gland. A known consequence of vitamin E and Se deficiency
is impaired PMN activity, and postpartum vitamin E deficiency is fre-
quently observed in dairy cows. Dietary supplementation with vitamin
E and Se results in a more rapid PMN influx into milk following intra-
mammary bacterial challenge and increased intracellular kill of ingested
bacteria by PMN. In one study, subcutaneous injections of vitamin E
approximately 10 and 5 days before calving successfully elevated PMN
o-tocopherol concentrations during the periparturient period and negat-
ed the suppressed intracellular kill of bacteria by PMN that commonly
is observed around calving (Smith et al., 1997).

Diets of multiparous dairy cows were supplemented with either 0 or
1,000 IU of vitamin E (as dl-o-tocopheryl acetate) during the dry period
(Smith et al., 1984). Cows were additionally administered Se at the rate
of 0 or 0.1 mg/kg body weight via intramuscular injection 21 days
prepartum. No vitamin E or Se was supplemented during lactation.
Incidence of new clinical cases of mastitis was reduced by 37% in both
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groups receiving vitamin E compared to controls. The reduction in clin-
ical mastitis was only 12% when cows were injected with Se but not
supplemented with dietary vitamin E. These authors also reported that
clinical cases in the vitamin E-supplemented, Se-injected cows were con-
sistently of shorter duration than those occurring in all other groups.
Erskine et al. (1989) investigated specific effects of Se status of dairy cat-
tle on the induction of mastitis by E. coli. Bacterial concentrations were
significantly higher in Se-deficient than in Se-adequate cows, and Se sup-
plementation reduced both severity and duration of clinical mastitis.

Plasma concentrations of a-tocopherol decreased at calving for
cows fed dietary treatments with low or intermediate concentrations of
vitamin E, but not for cows fed the high vitamin E treatment (Weiss et
al., 1997). High dietary vitamin E increased concentrations of o-toco-
pherol in blood neutrophils at parturition. The high vitamin E treatment
was 1,000 IU/day of vitamin E during the first 46 days of the dry peri-
od, 4,000 IU/day during the last 14 days of the dry period, and 2,000
IU/day during lactation.

The percentage of quarters with new infections at calving was not
different (32.0%) between cows receiving treatments that contained low
and intermediate concentrations of vitamin E but was reduced (11.8%)
in cows receiving the high vitamin E treatment. Clinical mastitis affect-
ed 25.0, 16.7, and 2.6% of quarters during the first 7 days of lactation
for cows receiving the low, intermediate, and high vitamin E treatments,
respectively. Cows with plasma concentrations of a-tocopherol less than
3.0 ug/ml at calving were 9.4 times more likely to have clinical mastitis
during the first 7 days of lactation than were cows with concentrations
greater than 3.0 pg/ml (Weiss et al., 1997).

Many attempts have been made to control lipid oxidation in meats
through the use of antioxidants. One such approach is through dietary
supplementation of vitamin E, which functions as a lipid-soluble antiox-
idant in cell membranes (Linder, 1985), thus protecting phospholipids
and even cholesterol against oxidation. Increased dietary levels of vita-
min E result in higher tissue a-tocopherol concentrations and greater
stability of these tissues toward lipid oxidation and thus, for example,
increased shelf-life of pork (Soler-Veldsquez et al., 1998; Corino et al.,
1999; Lauridsen et al., 1999). Buckley and Connolly (1980) reduced the
rate of rancidity development in frozen pork by including vitamin E in
the feed (80 mg per day per animal) for 7 days before slaughter of the
pigs. Likewise, meat from turkeys raised on vitamin E-supplemented
diets was more resistant to rancidity development than meat from birds
receiving control diets (Uebersax et al., 1978; Bartov et al., 1983).
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Dramatic effects of vitamin E supplementation (500 IU per head
daily) to finishing steers on the stability of beef color have been observed
(Faustman et al., 1989a). Loin steaks of control steers discolored 2 to 3
days sooner than those of steers supplemented with vitamin E.
Supplemental dietary vitamin E extended the color shelf-life of loin
steaks from 3.7 to 6.3 days. This was most likely due to the increased o-
tocopherol content of the loin tissue of the supplemented animals, which
was approximately fourfold greater than that of the controls (Faustman
etal., 1989a). Color is an extremely critical component of fresh red meat
appearance and greatly influences the customer’s perception of meat
quality. Steaks from cattle supplemented with vitamin E were preferred
over those from controls by 91% of Japanese survey participants (N =
10,941), and 58% of all participants identified muscle color as the most
important factor in selecting beef products (Sanders et al., 1997).

In a subsequent report, Faustman et al. (1989b) observed that vita-
min E stabilized the pigments and lipids of meat from the supplemented
steers. Perhaps the vitamin E-supplemented steers were able to incorpo-
rate a greater amount of vitamin E into cellular membranes, where it can
perform its antioxidant function. The effects of vitamin E as an in vivo
lipid stabilizer and its effect on flavor and storage properties of various
meats have been reviewed. Supplementing cattle with vitamin E resulted
in steaks that exhibited superior lean color, less surface discoloration,
more desirable overall appearance, and less lipid oxidation during retail
display than control steaks (Sanders et al., 1997). Vitamin E also plays
a role in controlling the color of veal calf meat. Combined feeding of
monosodium phosphate and 100 IU of vitamin E per calf daily produced
a light-colored veal without making calves anemic (Agboola et al.,
1990).

Feeding supplemental vitamin E at levels of 1,000 to 2,000 mg of
naturally occurring mixed tocopherols per cow per day increased the
vitamin E content of milk and its stability against oxidized flavor
(Krukovsky and Loosli, 1952; Neilsen et al., 1953). The vitamin E con-
tent of milk from cows fed stored feeds was lower than that of milk from
cows on pasture, and their milk was more susceptible to development of
oxidized flavor (Krukovsky et al., 1950).

Feeding supplemental vitamin E as d/-a-tocopheryl acetate, provid-
ing an equivalent of 500 mg of dl-o-tocopherol per cow per day,
increased the vitamin E content and oxidative stability of milk (Dunkley
et al., 1967). Nicholson et al. (1991) suggested that adequate Se
improves the transfer of dietary tocopherol to milk.

The need for supplementation of vitamin E is dependent on the
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requirement of individual species, conditions of production, and avail-
able vitamin E in food or feed sources (see Natural Sources). The pri-
mary factors that influence the need for supplementation include (1)
vitamin E- and/or Se-deficient concentrates and roughages; (2) exces-
sively dry ranges or pastures for grazing livestock; (3) confinement feed-
ing where vitamin E-rich forages are not included, or only forages of
poor quality are provided; (4) diets that contain predominantly non—o-
tocopherols and thereby are less biologically active; (5) diets that include
ingredients that increase vitamin E requirements (e.g., unsaturated fats,
waters high in nitrates); (6) harvesting, drying, or storage conditions of
feeds that result in destruction of vitamin E and/or Se (see Natural
Sources); (7) accelerated rates of gain, production, and feed efficiency
that increase metabolic demands for vitamin E; and (8) intensified pro-
duction that also indirectly increases vitamin E needs of animals by ele-
vating stress, which often increases susceptibility to various diseases
(McDowell and Williams, 1991; McDowell, 1992). After stress, live-
stock may have reductions in o-tocopherol concentrations in certain tis-
sues. Supplemental vitamin E may be required after stress to restore o-
tocopherol in tissues (Nockels et al., 1996). Based on health data, Weiss
(1998) suggested the vitamin E requirement should be increased at least
500% and perhaps as much as 700% above NRC recommendations for
dry cows and lactating cows.

Vitamin E-Se deficiencies are found in specific world regions and are
characterized by low concentrations of feedstuffs. Regions that rely on
concentrate importation from these areas deficient in vitamin E and/or
Se (e.g., midwestern United States) likewise must provide these nutrients
to livestock. Adverse conditions, such as poor weather (drought and
early frost), molds, and insect infestation, will reduce the vitamin E
value of feedstuffs. The vitamin E activity in blighted corn was 59%
lower than that in sound corn, and the vitamin E activity in lightweight
corn averaged 21% below that in sound corn (Hoffmann-LaRoche,
1994). Feed spoilage will also promote vitamin E-Se deficiencies; there-
fore, to prevent loss of vitamin E in diets, the producer should use fresh
feed at all times because the vitamin is rapidly destroyed under hot,
humid conditions. Also, the producer should use an antioxidant in the
diet to prevent the destruction of the vitamin E (as well as other vita-
mins, e.g., vitamin A). Losses during storage increase as the duration
and temperature of storage increase. Rate of oxidation of natural toco-
pherols is increased in diets containing increased levels of copper, iron,
zinc, or manganese (Dove and Ewan, 1991).

In pet foods, the most important feed ingredient that will dictate the
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need for vitamin E supplementation is fat source and the stability of the
fat source. Large amounts of PUFA can quickly precipitate vitamin E
deficiency. Fats from oilseeds are normally not highly detrimental
because the oils, in addition to containing high amounts of predomi-
nantly linoleic acid (18:2), likewise are sources of vitamin E. Fish oils,
however, contain little vitamin E and are highly destructive to vitamin E
stores and greatly increase the requirements of the vitamin. This can be
a problem for cats, since their diets can be very high in fish and fish oils.
The long-chain, highly unsaturated fatty acids in fish oil can quickly
deplete the cat’s body stores of vitamin E. A diet that contains high lev-
els of fish oil may cause a threefold to fourfold increase in a cat’s daily
requirement for vitamin E. Pets should never be fed rancid fats as they
will quickly bring about destruction of fat-soluble vitamins.

The ability of vitamin E to affect growth, health, and reproduction
of animals is documented. A vitamin E supplementation program utiliz-
ing both parenteral and oral administration is often suggested, particu-
larly when fresh green pasture is lacking. Mahan (1991) assessed the
influence of low supplemental vitamin E (< 16 IU/kg) to sows and off-
spring in three parities. Smaller litter size, sow agalactia, and pig mor-
tality during the first week after birth resulted from inadequate supple-
mental vitamin E to breeding sows.

Exercise has an influence on vitamin E requirements and needed
supplementation (Davies et al., 1982; Valberg et al., 1993). Dietary lev-
els of vitamin E greater than the 80 IU/kg dry matter, and potentially
approaching 300 IU/kg dry matter, are required to maintain blood and
muscle vitamin E concentrations in horses undergoing exercise condi-
tioning. The level of vitamin E recommended by the NRC for working
horses, 80 IU/kg dry matter, will not maintain serum vitamin E levels.

In humans, vitamin E supplements may protect overworked muscles
during exercise. In a pair of studies, sedentary men took either a place-
bo or 530 mg of vitamin E every day for 7 weeks. They then performed
a vigorous 45-minute workout on the treadmill. After the workout,
blood samples from the men who took vitamin E contained smaller
amounts of chemicals that promote inflammation. That effect, the
researchers speculated, should limit both soreness and injury after stren-
uous exercise (Consumer Report on Health, 1993).

Good experimental evidence indicates a need for supplemental vita-
min E in the diets of pregnant and lactating women, newborn infants
(particularly premature infants), and older persons suffering from circu-
latory disturbances and intermittent claudication. Chronic diarrhea is
also associated with reduced absorption of vitamin E (Liuzzi et al.,
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1998). Higher levels may be indicated for persons exposed to oxygen
and environmental pollutants, such as ozone, nitrites, and heavy metals.
Feeding LBW infants entails problems somewhat different from those of
normal-weight infants. Because of their reduced absorption of fat, uti-
lization of a-tocopherol is impaired; thus special effort is required to
ensure adequate intake. The American Academy of Pediatrics
Committee on Nutrition (1977) recommended that formulas for these
infants should provide 5 IU of water-soluble c-tocopherol daily.

There are human health benefits of consumption of higher levels of
vitamin E (Vitamin E Research and Information Service, 1993;
McDowell et al., 1996). Typical human vitamin E supplementation lev-
els are 200 to 800 IU daily. The antioxidant nutrients, vitamin E, vita-
min C, and B-carotene, have become the focus for their protective role
in disease prevention, particularly cardiovascular disease (atherosclero-
sis) and cancer. Vitamin E also has a beneficial effect in preventing eye
disorders, skin diseases, ulcers, and intermittent claudication (inade-
quate blood flow). Vitamin E may reduce atherosclerosis by preventing
low-density lipoproteins from oxidizing and causing arterial injury.

Antioxidants influence the virulence of virus infections. In a healthy
state, a virus would be benign or less virulent. Vitamin E deficiency may
allow viruses to cause disease and may have important implications for
enterovirus-induced inflammatory heart disease in adult human popula-
tions (Beck et al., 1994).

TOXICITY

Compared with vitamin A and vitamin D, both acute and chronic
studies with animals have shown that vitamin E is relatively nontoxic
but not entirely devoid of undesirable effects. Hypervitaminosis E stud-
ies in rats, chicks, and humans indicate maximum tolerable levels in the
range of 1,000 to 2,000 IU/kg of diet (NRC, 1987).

Massive doses of vitamin E (5,000 mg of dl-a-tocopherol per kilo-
gram of diet) caused reduced packed-cell volumes in trout (NRC, 1993).
Administration of vitamin E to vitamin K-deficient rats, dogs, chicks,
and humans exacerbated the coagulation defect associated with vitamin
K deficiency (Corrigan, 1982). In chickens, the effects of vitamin E tox-
icity are depressed growth rate, reduced hematocrit, reticulocytosis,
increased prothrombin time (corrected by injecting vitamin K), and
reduced calcium and phosphorus in dry, fat-free bone ash (NRC, 1987).

In humans, isolated and inconsistent reports have appeared on the
adverse effects from high intakes of dl-a-tocopheryl acetate, but most
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adults appear to tolerate these doses. Negative effects in human subjects
consuming up to 1,000 TU of vitamin E per day included headache,
fatigue, nausea, muscular weakness, and double vision. Large doses of
o-tocopherol in anemic children suppress normal hematological
response to parenteral iron administration (RDA, 1989).
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chapter five

VITAMIN K

INTRODUCTION

Vitamin K was the last fat-soluble vitamin to be discovered. For
many years after its discovery, vitamin K appeared to be limited in its
function to only the normal blood-clotting mechanism. However, vita-
min K-dependent proteins have been identified that suggest roles for the
vitamin in addition to that of blood coagulation. Because of the blood-
clotting function, vitamin K was previously referred to as the “coagula-
tion vitamin,” “antihemorrhagic vitamin,” and “prothrombin factor.”

Vitamin K is indispensable for maintaining the function of the blood
coagulation system in humans and all investigated animals. Even though
vitamin K is synthesized by intestinal microorganisms, deficiency signs
have been observed under field conditions. Poultry, and to a lesser de-
gree pigs, are susceptible to vitamin K deficiency. In ruminants a defi-
ciency can be caused by ingestion of spoiled sweet clover hay, which is
a natural source of dicumarol (a vitamin K antagonist). In human nutri-
tion, vitamin K is most required in infants because of insufficient in-
testinal synthesis and in adults in whom fat absorption is impaired.

HISTORY

This history of vitamin K discovery has been reviewed (McCollum,
1957; Almquist, 1975; Olson and Suttie, 1978; Loosli, 1991; Suttie,
1991). Hemorrhagic signs and symptoms frequently had been seen in in-
fants, in patients with obstructive jaundice, in experimental animals
maintained on purified diets, and in cattle eating moldy sweet clover
hay. The presence of a dietary antihemorrhagic factor was first suspected
in 1929, when Henrik Dam of Denmark fed chickens a purified low-fat
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diet in an attempt to determine whether they were able to synthesize
cholesterol. He noted that chickens became anemic and developed sub-
cutaneous and intermuscular hemorrhages and that blood taken from
these animals clotted slowly. Hemorrhagic signs were reported by other
workers using ether-extracted fish meal for chicks (McFarlane et al.,
1931). Since the condition was prevented by unextracted fish meal, the
curative factor was fat soluble. When the ether extracts were added back
to the feed, the animals returned to normal. However, studies in a num-
ber of laboratories soon demonstrated that this disease could not be
cured by administration of any of the known fat-soluble vitamins (A, D,
and E) or other known physiologically active lipids.

Dam continued to study the distribution and lipid solubility of the
active component in vegetable and animal sources, and in 1935 he pro-
posed that the antihemorrhagic vitamin of the chick was a new fat-sol-
uble vitamin that he called vitamin K, from the Danish word for coagu-
lation (koagulation). At the same time, Almquist and Stokstad (1935) of
California, described their success in curing the hemorrhagic disease
with ether extracts of alfalfa and clearly pointed out that microbial ac-
tion in fish meal and bran preparations could lead to development of an-
tihemorrhagic activity. Of historical note, it is interesting that research
journals of Almquist and Stokstad actually discovered what were later
referred to as vitamins K; and K, in 1928. The paper reporting their re-
sults was delayed by university administrators, and when it was finally
submitted to the journal Science, it was rejected. About that time, Dam’s
research was published. When Dam (with Doisey) later received the
Nobel prize for the discovery of vitamin K, he had reportedly expected
Almquist to share the prize. Doisey also contributed to the knowledge
of the role of vitamin K in blood clotting (Loosli, 1991). Dam et al.
(1936) demonstrated that prothrombin activity decreased in vitamin K-
deficient chicks. At about the same time, the hemorrhagic condition re-
sulting from obstructive jaundice (deficiency of bile) was shown to be
due to poor absorption of vitamin K, and bleeding episodes were attrib-
uted to lack of plasma prothrombin (Suttie, 1991). This hemorrhagic
condition was originally thought to be due solely to a lowered concen-
tration of plasma prothrombin (factor II), but during the 1950s it was
shown that the synthesis of three other clotting factors—VII, IX, and
X—were also depressed in the deficient state.

A number of groups were involved in attempts to isolate and char-
acterize this new vitamin, and Dam’s collaboration with Karrer, of the
University of Zurich, resulted in isolation of the vitamin from alfalfa as
a yellow oil (Suttie, 1991). Research proceeded to show that a large
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number of chemical compounds possess some degree of vitamin K ac-
tivity. The main source present in plants was referred to as K;, and the
form synthesized by microflora as K,. The simplest source of vitamin K,
is menadione, produced by laboratory synthesis. Vitamin K; was syn-
thesized by three laboratories in 1939, while the structure of K, was elu-
cidated in 1940 but was not synthesized until 1958 by Isler and cowork-
ers in Switzerland.

It was only in 1974 that the metabolic role of vitamin K was eluci-
dated, when y-carboxyglutamate was found to be present in the vitamin
K-dependent proteins but absent from the abnormal precursors that cir-
culate in deficiency (Nelsestuen et al., 1974; Stenflo, 1974). In more re-
cent years, four additional vitamin K-dependent proteins have been
identified in plasma (C, S, Z, and M) and a major protein of the bone
matrix (osteocalcin).

CHEMICAL STRUCTURE, PROPERTIES, AND
ANTAGONISTS

The general term vitamin K is now used to describe not a single
chemical entity but a group of quinone compounds that have character-
istic antihemorrhagic effects. Vitamin K is a generic term for a homolo-
gous group of fat-soluble vitamins consisting of a 2-methyl-1,4-naph-
thoquinone, with the various isomers differing in the nature and length
of the side chain (Fig. 5.1). When synthesized in the laboratory, it yields
a mixture of cis- and trans-isomers; the cis-form has little, if any, vita-
min K activity. Vitamin K extracted from plant material was named
phylloquinone or vitamin K;. Phylloquinone has a phytyl side chain
composed of four isoprene units, the first of which contains a double
bond.

Vitamin K-active compounds from material that had undergone bac-
terial fermentation were named menaquinones or vitamin K,. The sim-
plest form of vitamin K is the synthetic menadione (K;), which is com-
posed of the active nucleus (2-methyl-1,4 naphthoquinone) and has no
side chain. The menaquinone family of K, homologs is a large series of
vitamins containing unsaturated side chains that differ in number of iso-
prene units. Numerous natural analogs have been isolated, almost all of
which are variations of the side chain at position 3. Some of these chains
are quite long, with as many as 65 carbon atoms in some bacterial vita-
min K forms, but none is specifically required for activity. Menaquinone-
4 is synthesized in liver from ingested menadione or changed to a bio-
logically active menaquinone by intestinal microorganisms.
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Fig. 5.1 Chemical structures of the vitamin K compounds.

Vitamin K is a golden yellow viscous oil. Natural sources of vitamin
K are fat soluble, stable to heat, and labile to oxidation, alkali, strong
acids, light, and irradiation. Vitamin K, is slowly degraded by atmos-
pheric oxygen but fairly rapidly destroyed by light. In contrast to nat-
ural sources of vitamin K, some of the synthetic products, such as salts
of menadione, are water soluble.

A number of vitamin K antagonists exist that increase the need for
this vitamin. Vitamin K deficiency is brought about by ingestion of
dicumarol (Fig. 5.2), an antagonist of vitamin K, or by feeding sulfon-
amides (in monogastric species) at levels sufficient to inhibit intestinal
synthesis of vitamin K. Mycotoxins, toxic substances produced by
molds, are also antagonists causing vitamin K deficiency. A hemorrhagic
disease of cattle that was traced to consumption of moldy sweet clover
hay was described in the 1920s. The destructive agent was found to be
dicumarol, a substance produced from natural coumarins. Dicumarols
are produced by molds, particularly those that attack sweet clover, thus
giving rise to the term sweet clover disease (see Deficiency). During the
process of spoiling, harmless natural coumarins in sweet clover are con-
verted to dicumarol (bis-hydroxycoumarin), and when toxic hay or
silage is consumed by animals, hypoprothrombinemia results, presum-
ably because dicumarol combines with the proenzyme to prevent for-
mation of the active enzyme required for the synthesis of prothrombin.
It probably also interferes with synthesis of factor VII and other coagu-
lation factors.
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Fig. 5.2 Antagonists of vitamin K include coumarin derivatives.

Dicumarol serves as an anticoagulant in medicine to slow blood co-
agulation in people with cardiovascular disease to avoid intravascular
blood clots, just as vitamin K under other conditions increases coagula-
tion time. Thus additional vitamin K will overcome this action by
dicumarol. Goplen and Bell (1967) showed that in cattle, vitamin K; is
much more potent than vitamin K; as an antidote to dicumarol. The
most successful dicumarol for long-term lowering of the vitamin K-de-
pendent clotting factors is warfarin (Fig. 5.2), which is widely used as a
rodenticide. Concern has been expressed because of the identification of
anticoagulant-resistant rat populations. Spread of this resistance led to
synthesis of new and more effective coumarin derivatives (Hadler and
Shadbolt, 1975; Suttie, 1991).

Because of the use of dicumarol derivatives as clinical anticoagu-
lants, investigation of the mechanism of action of dicumarol has been of
interest to vitamin K researchers (Suttie, 1991). Investigations have cen-
tered on interconversion of vitamin K and its 2,3-epoxide as the site of
coumarin action. One hypothesis is that metabolic effects of these com-
pounds are the consequence of their inhibition of the microsomal epox-
ide reductase (Bell, 1978). The epoxide apparently acts as a competitive
inhibitor of vitamin K at its site of action, and a coumarin such as war-
farin is an inhibitor of vitamin K action only to the extent that it in-
creases the cellular ratio of oxide to the vitamin.

ANALYTICAL PROCEDURES

Vitamin K can be analyzed by a variety of color reactions or by di-
rect spectroscopy. The chemical reactivity is a function of the naphtho-
quinone nucleus, and other quinones also react with many of the avail-
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able colorimetric assays. For spectroscopy to be successful, a significant
amount of separation is often required to eliminate interfering sub-
stances present in crude extracts.

Improved procedures for vitamin K analyses have used high-pres-
sure liquid chromatography (HPLC) as an analytical tool to investigate
the vitamin as well as the interconversion of vitamin K to its 2,3-epox-
ide. The HPLC method is highly suitable for vitamin K analysis because
of its high sensitivity, specificity, and accuracy (Manz and Maurer, 1982;
Shino, 1988). In addition to feeds, phylloquinone concentrations in
blood, milk, and selected tissues are now more commonplace.

The classic biological assay for the amount of vitamin K in an un-
known source is a determination of the whole-blood clotting time of
chicks. This assay measures prothrombin time since prothrombin is the
most limiting vitamin K-dependent blood-clotting factor in chicks re-
ceiving vitamin K-deficient diets. Young chicks are raised on a vitamin
K-deficient diet until their whole-blood clotting time is increased to four
to seven times normal. The usual one-stage method for measuring pro-
thrombin time consists of adding excess thromboplastin (obtained from
chick brain or another source) and calcium to the blood and then mea-
suring the time for the blood to clot. The response of chicks receiving a
standard vitamin K preparation is compared to the prothrombin time
obtained when a supplement containing an unknown quantity of vita-
min K is added to the vitamin K-deficient basal diet (Scott et al., 1982;
Weiser and Tagwerker, 1982).

METABOLISM

Absorption and Transfer

Like all fat-soluble vitamins, vitamin K is absorbed in association
with dietary fats and requires the presence of bile salts and pancreatic
juice for adequate uptake from the alimentary canal. Absorption of vit-
amin K depends on its incorporation into mixed micelles, and optimal
formation of these micellar structures requires the presence of both bile
and pancreatic juice. Thus, any malfunction of the fat-absorption mech-
anism, for example, biliary obstruction, will reduce availability of vita-
min K. Unlike phylloquinone and the menaquinones, menadione bisul-
fites and phosphates are relatively water soluble and therefore are
absorbed satisfactorily from low-fat diets. Male animals are more sus-
ceptible to dietary vitamin K deprivation than females, apparently as a
result of stimulation of phylloquinone absorption by estrogens. The ad-
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ministration of estrogens increases absorption in both male and female
animals (Jolly et al., 1977). The lymphatic system is the major route of
transport of absorbed phylloquinone from the intestine in mammals but
by portal circulation in birds, fishes, and reptiles. Shearer et al. (1970)
demonstrated the association of phylloquinone with serum lipoproteins,
but little is known of the existence of specific carrier proteins. The ab-
sorption of various forms of vitamin K has been studied and found to
differ significantly. Ingested phylloquinone is absorbed by an energy-de-
pendent process from the proximal portion of the small intestine
(Hollander, 1973). In contrast to the active transport of phylloquinone,
menaquinone is absorbed from the small intestine by a passive non—car-
rier-mediated process. Menadione can be absorbed from both the small
intestine and the colon by a passive process and can be alkylated to a bi-
ologically active form (Hollander and Truscott, 1974).

Efficiency of vitamin K absorption has been measured at 10 to 70%,
depending on the form in which the vitamin is administered. Some re-
ports have indicated that menadione is completely absorbed, but phyl-
loquinone only at a rate of 50%. Rats were found to excrete about 60%
of ingested phylloquinone in the feces within 24 hours of ingestion but
only 11% of ingested menadione (Griminger and Donis, 1960;
Griminger, 1984a). However, 38% of ingested menadione but only a
small amount of phylloquinone were excreted via the kidneys in the
same period. The conclusion was that although menadione is well ab-
sorbed, it is poorly retained, while just the opposite is true for phyllo-
quinone. Poor retention of menadione can be explained by the need to
add, in the liver, a difarnesyl chain and thus transform it into
menaquinone (vitamin K,) with a 20-carbon chain (MK-4). Apparently
there are quantitative limitations in this biosynthetic step. The mena-
dione not converted is rapidly detoxified and excreted. The turnover of
liver phylloquinone was found to be 2 to 4 times more rapid than
menaquinone initially, but no difference was found between the sources
at 48 hours (Will and Suttie, 1992). However, phylloquinone was much
more effective than menaquinone in maintaining normal vitamin K sta-
tus in rats at low dietary concentrations (0.2 umol/kg diet), whereas at
high dietary concentrations (5.6 umol/kg diet) they were equally effec-
tive.

Konishi et al. (1973) administered radioactive menadione, phyllo-
quinone, or menaquinone-4, to rats and found that radioactive mena-
dione was spread over the whole body much faster than the other two
compounds, but the amount retained in the tissues was low. Martius and
Alvino (1964) utilized radioactive menadione to establish that it could
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be converted to a more lipophilic compound that, on the basis of their
limited characterization, appeared to be menaquinone-4. Therefore,
they concluded that the vitamin K form of animal tissues was
menaquinone-4. They found that when either a menaquinone or a phyl-
loquinone was given to animals, the side chain was removed, probably
by the microorganisms in the gut.

On the contrary, Griminger and Brubacher (1966) showed that a
major portion of the phylloquinone they fed to chicks was absorbed and
deposited in the liver intact, and that as such it had as good biological
activity upon prothrombin synthesis as the menaquinone-4, which they
found in the chick’s liver following feeding of menadione. Therefore,
menaquinone-4 is most likely produced only if menadione is fed, or if
the intestinal microorganisms degrade the dietary K; or K, to mena-
dione. The formation of menaquinone-4 is not obligatory for metabolic
activity, since phylloquinone is equally active in bringing about synthe-
sis of the K-dependent blood-clotting proteins (Scott et al., 1982).

Newborn infants have low vitamin K body stores, indicating poor
placental transfer. Correlation of vitamin K between mothers and babies
have suggested that the vitamin passes the placenta only in small quan-
tities (Suzuki et al., 1989). The vitamin is frequently not detectable in the
cord blood from mothers with normal plasma levels, and sometimes,
levels from neonates are only half those of their mothers.

Storage and Excretion

About half of the total body pool of vitamin K is in the liver. A num-
ber of studies have shown that phylloquinone and menaquinones are
specifically concentrated and retained in the liver. Menaquinone con-
centrations exceed those of phylloquinone in organs other than liver
(Thijssen et al., 1996). Menadione is found to be widely distributed in
all tissues and very rapidly excreted. Although phylloquinone is rapidly
concentrated in liver, it does not have a long retention time (17 hours
half-life) in this organ (Thierry et al., 1970; Shearer et al., 1996).
Therefore, the inability to rapidly develop vitamin K deficiency in most
species results from the difficulty in preventing absorption of the vitamin
from the diet or from intestinal synthesis rather than from a significant
storage of the vitamin.

Some breakdown products of vitamin K are excreted in the urine.
One of the principal excretory products is a chain-shortened and oxi-
dized derivative of vitamin K, which forms a y-lactone and is probably
excreted as a glucuronide. Vitamin K oxide has also been identified as a
metabolite of vitamin K in rats (Matschiner et al., 1970). The principal

234



VITAMIN K

metabolites of menadione are the sulfate and glucuronide of dihydrom-
enadione (Losito et al., 1967). Some vitamin K is re-excreted into the in-
testine with bile, part of which is excreted in the feces. In humans, 20%
of injected phylloquinone was excreted in the urine, and 40 to 50% was
excreted in the feces via the bile (Shearer and Barkhan, 1973).

FUNCTIONS

Coagulation time of blood is the major function ascribed to vitamin
K. Four vitamin K-dependent proteins involved in blood coagulation
were discovered early in the investigations of the vitamin as a result of
hemorrhagic disease caused by deficiency. The vitamin is required for
the synthesis of the active form of prothrombin (factor II) and other
plasma clotting factors (VIL, IX, and X). These four blood-clotting pro-
teins are synthesized in the liver in inactive precursor forms (zymogens)
and then converted to biologically active proteins by the action of vita-
min K (Suttie and Jackson, 1977). In deficiency, administration of vita-
min K brings about a prompt response and return toward normal of de-
pressed coagulation factors in 4 to 5 hours. In the absence of the liver,
this response does not occur.

The blood-clotting mechanism can apparently be stimulated by ei-
ther an intrinsic system, in which all the factors are in the plasma, or an
extrinsic system. In the extrinsic system of coagulation, injury to the skin
or other tissue frees tissue thromboplastin that, in the presence of vari-
ous factors and calcium, changes prothrombin in the blood to thrombin.
The enzyme thrombin facilitates the conversion of the soluble fibrinogen
into an insoluble fibrin clot (Fig. 5.3). Fibrin polymerizes into strands
and enmeshes the formed elements of the blood, especially the red blood
cells, to form the blood clot (Griminger, 1984a). The final active com-
ponent in both the intrinsic and extrinsic systems appears to activate the
Stuart-Prower factor, which in turn leads to activation of prothrombin.
The principal steps involved in blood clotting are presented in Fig. 5.3,
illustrating the need for vitamin K at four different sites in these reac-
tions.

It is recognized that vitamin K-deficient animals synthesize vitamin
K-dependent proteins but in an inactive form, and vitamin K is needed
to convert these inactive protein precursors to biologically active pro-
teins (Suttie, 1980). Investigations related to vitamin K mechanisms re-
vealed that prothrombin contained 10 residues of a previously unrecog-
nized amino acid, y-carboxyglutamic acid (Gla). Likewise, the Gla
residues were found in the three other vitamin K-dependent proteins.
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Fig. 5.3 Scheme involving blood clotting. The vitamin K-dependent factors
(synthesis of each is inhibited by dicumarol) include factor IX, Christmas fac-
tor; factor X, Stuart-Prower factor; factor VII, proconvertin; and factor II, pro-
thrombin.

The amino-terminal regions of these proteins are homologous, and the
Gla residues are in essentially the same position in all of these clotting
factors (Suttie and Olson, 1990).

The metabolic function of vitamin K is as the coenzyme in the car-
boxylation of protein-incorporated glutamate residues to yield y-car-
boxyglutamate (Fig. 5.4), thus converting inactive precursor proteins to
biological activity. Carboxylation allows prothrombin and the other
procoagulant proteins to participate in a specific protein-calcium-phos-
pholipid interaction that is necessary for their biological role (Suttie and
Jackson, 1977). To participate in this reaction, vitamin K is converted to
hydroquinone and is then reconstituted to the quinone form via vitamin
K-epoxide.

Liver microsomes contain enzymes that oxidize the vitamin to its
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Fig. 5.4 The vitamin K-dependent carboxylation reaction. The enzyme car-
boxylates specific glutamic acid residues of a limited number of proteins to y-
carboxyglutamic acid residues.

2,3-epoxide and reduce the epoxide back to the reduced vitamin. The
carboxylase activity and epoxidase activity appear to share a common
oxygenated intermediate, and available data suggest that this may be a
hydroperoxide of the vitamin. Evidence indicates that the role of vitamin
K is to labilize the y-hydrogen of the substrate for CO, attack rather
than to activate or transfer the CO, (Suttie, 1980). Warfarin and other
anticoagulants of the coumarin type interfere with 2,3-epoxide reduc-
tase and therefore with the reconstitution of the active form of vitamin
K (see Chemical Structure, Properties, and Antagonists).

Four other vitamin K-dependent proteins have been identified in
plasma (C, S, Z, and M). Proteins C and S play an anticoagulant rather
than a procoagulant role in normal hemostasis (Suttie, 1990; Combs,
1992). Protein C inhibits coagulation, and stimulated by protein S, it
promotes fibrinolysis. Also, a protein C-S complex can partially hy-
drolyze the activated factors V and VIII and thus inactivate them.
Individuals with inherited deficiency of factor C are at high risk for
thromboses. Protein S also has the potential to be involved in the regu-
lation of bone turnover (Binkley and Suttie, 1995). Functions for pro-
teins M and Z are unknown.

Continuing research has revealed that vitamin K-dependent reac-
tions are present in most tissues and not just blood, and that a reason-
ably large number of proteins are subjected to this posttranslational car-
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boxylation of specific glutamate residues to y-carboxyglutamate residues
(Vermeer, 1986; Ferland, 1998). Gla-containing proteins have been pu-
rified from kidney, liver mitochondria, spermatozoa, urine, chick
chorioallantoic membrane, and snake venoms. Atherocalcin is a vitamin
K-dependent protein in atherosclerotic tissue. A vitamin K-dependent
carboxylase system has been identified in skin, which may be related to
calcium metabolism in skin (de Boer-van den Berg et al., 1986). Two of
the best characterized vitamin K-dependent proteins not involved in he-
mostasis are osteocalcin or bone Gla protein (BGP) and matrix Gla pro-
tein, which were initially discovered in bone. Osteocalcin is a protein
containing three Gla residues that give the protein its mineral-binding
properties. Osteocalcin appears in embryonic chick bone and rat bone
matrix at the beginning of mineralization of the bone (Gallop et al.,
1980). It accounts for 15 to 20% of the non-collagen protein in the bone
of most vertebrates and is one of the most abundant proteins in the
body. Osteocalcin is produced by osteoblasts, with synthesis controlled
by 1,25-dihydroxy vitamin D. Matrix Gla protein-deficient mice have
abnormal calcification leading to osteopenia, fractures, and premature
death due to arterial calcification (Booth and Mayer, 1997).

As is true for other non-blood vitamin K-dependent proteins, the
physiological role of osteocalcin remains largely unknown (Price, 1993).
However, reduced osteocalcin content of cortical bone (Vanderschueren
et al., 1990) and alteration of osteocalcin distribution within osteons
(Ingram et al., 1994) are associated with aging. It remains unknown
whether any of these findings are related to the age-related increased risk
of fracture. Osteocalcin may play a role in the control of bone remodel-
ing because it has been reported to be a chemoattractant for monocytes,
the precursors of osteoclasts (Mundy and Poser, 1983). Serum osteocal-
cin has been shown to be a good predictor of bone turnover in pigs
(Carter et al., 1996). This suggests a possible role for osteocalcin in bone
resorption (Binkley and Suttie, 1995).

Several reports have indicated that warfarin treatment alters the
functional properties of bone particles prepared from rats. However, vi-
tamin K-deficient chick embryos were able to mobilize sufficient quan-
tities of calcium for normal skeletal development, although they exhib-
ited severe reduction in blood clotting and bone osteocalcin
concentration (Lavelle et al., 1994).

Observations that vitamin K could be involved in the pathogenesis
of bone mineral loss have been summarized (Binkley and Suttie, 1995):
(1) low blood vitamin K in patients with bone fractures; (2) concentra-
tion of circulating under-y-carboxylated osteocalcin associated with age,
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low bone-mineral density, and risk for hip fracture; (3) anticoagulant
therapy associated with decreased bone density; and (4) vitamin K sup-
plementation, which decreases bone loss and calcium excretion.

Vitamin K has been suggested as a protective factor against gastric
mucosal lesions, but the mechanism of protection is unclear (Yonaga,
1990). The protective effect of vitamin K against the development of
taurocholate-induced gastric lesions in mice increased with the dosage of
the vitamin, but the vitamin’s protective effect varied according to the
differences in its chemical structure. Phylloquinone was the most effec-
tive, followed by menaquinone and then menadione.

Vitamin A activity has been related to the vitamin K-dependent pro-
tein matrix Gla protein. The consistent induction of matrix Gla protein
in rat cultured cells and in animals administered retinoic acid suggest
that this vitamin K-dependent protein may mediate some of the known
actions of retinoic acid in differentiation and development (Cancela et
al., 1993).

In animals, discoveries of active proteins that depend on vitamin K
for their synthesis are becoming common. Discovery of a vitamin K-de-
pendent protein in skeletal tissue suggested that distribution of y-car-
boxyglutamic acid was much more widespread than was once realized.
A number of pathological states result in an ectopic calcification of var-
ious tissues. Residues of Gla have been found in these lesions as well as
in calcium-containing kidney stones. Microsomes from kidney cortex
possess a vitamin K-dependent carboxylase activity. Proteins containing
Gla residues all interact with Ca?* or other divalent cations, but their
physiological roles are not well understood. Although much is unknown
concerning vitamin K function apart from blood coagulation, it is ap-
parent that a reasonably large number of proteins may be involved.

REQUIREMENTS

Vitamin K requirement of mammals is met by a combination of di-
etary intake and microbial biosynthesis in the gut, which may involve in-
testinal microorganisms (such as Escherichia coli) as well as ruminal mi-
crobes. Ruminal microorganisms in particular synthesize large amounts
of vitamin K, explaining why ruminants do not appear to need a dietary
source of the vitamin. Animals that practice coprophagy, such as the
rabbit, can utilize much of the vitamin K that is eliminated in the feces.
In rats, most menaquinone absorbed results from fecal ingestion rather
than dietary sources, or from direct synthesis and absorption from the
intestine (Kindberg et al., 1987). Animal feces contain substantial

239



CHAPTER FIVE

amounts of the vitamin even when none is present in feed. Despite the
intestinal synthesis, animals can be rendered deficient when fed vitamin
K-free diets, and coprophagy is prevented if animals are maintained
germ-free, or if a vitamin K antagonist is given. Difficulties in demon-
strating dietary requirement in many species include the varying degrees
to which they utilize vitamin K synthesized by intestinal bacteria and the
degree to which different species practice coprophagy. Contrary to most
animals, poultry have a limited ability for intestinal synthesis, so ade-
quate dietary supplies are of greater importance (see Deficiency).

Chicks were also found to contain less hepatic vitamin K epoxide re-
ductase (Will et al., 1992). Activity of this enzyme in chicks was about
10% of that in rats fed the same diets; the inability of chicks to effec-
tively recycle the epoxide of vitamin K (phylloquinone 2,3 epoxide)
seems to be the major factor in its high requirement for the vitamin.

Rats caged on litter obtain vitamin K, as well as B vitamins, by eat-
ing feces. Thus the practice was established of keeping experimental an-
imals on wire screens to prevent this complication in vitamin feeding ex-
periments. This practice was assumed to be successful until Barnes and
coworkers (1957) showed, using a new technique, that rats may eat 50
to 65% of their feces even when maintained on wire screens. In a later
experiment, in which rats were prevented by this new technique from
eating feces, vitamin K deficiency developed uniformly with a vitamin K-
free diet.

Because of microbial synthesis, a precise expression of vitamin K re-
quirements is not feasible. However, attempts to determine the contri-
bution of microbial synthesis have been made. In conventional rats, the
vitamin requirement is 0.05 to 0.10 ppm, whereas in germ-free rats, the
requirement is more than doubled, to about 0.25 ppm (Suttie and Olson,
1990). In humans, vitamin K homologs stored in liver indicate that
about 40 to 50% of the daily requirement is derived from diet (mostly
vitamin K;), and the remainder from microbiological synthesis.

Estimated vitamin K requirements for various animals and humans
are presented in Table 5.1. The daily requirement for most species
ranges from 2 to 200 ug of vitamin K per kilogram of body weight. This
requirement can be altered by age, sex, strain, anti-vitamin K factors,
disease conditions, and any condition influencing lipid absorption or al-
tering intestinal flora (see Deficiency and Supplementation sections).
Rapid rate of feed passage (e.g., diarrhea) through the digestive tract
may also influence vitamin K synthesis in animals. It is well known that
antibiotic intake will reduce synthesis of intestinal vitamin K. In mice, a
direct effect of antibiotic on vitamin K requirements has been shown.
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M Table 5.1 Vitamin K Requirements for Various Animals and Humans

Animal Purpose or Class Requirement? Reference
Beef cattle Adult Microbial synthesis NRC (1996)
Dairy cattle Adult Microbial synthesis NRC (1989a)
Chicken Leghorn, 0-18 weeks 0.5 mg/kg NRC (1994)
Laying (100-g intake) 0.5 mg/kg NRC (1994)
Broilers 0.5 mg/kg NRC (1994)
Duck All classes 4.0 mg/kg NRC (1994)
Turkey 0-4 weeks 1.75 mg/kg NRC (1994)
8-12 weeks 1.0 mg/kg NRC (1994)
Breeding 1.0 mg/kg NRC (1994)
Sheep Adult Microbial synthesis NRC (1985b)
Swine All classes 0.5 mg/kg NRC (1998)
Horse Adult Microbial synthesis NRC (1989b)
Goat Adult Microbial synthesis NRC (1981)
Rabbit Adult 2 mg/kg NRC (1977)
Cat Adult 0.1 mg/kg NRC (1986)
Dog Growing 1 mg/kg NRC (1985a)
Fish Lake trout 0.5-1 mg/kg NRC (1993)
Rat All classes 1.0 mg/kg NRC (1995)
Guinea pig Growing 5 mg/kg NRC (1995)
Human Infants 5-10 pg/day RDA (1989)
Children 15-30 pg/day RDA (1989)
Adults 45-80 pg/day RDA (1989)

3Expressed as per unit of animal feed on either as-fed (approximately 90% dry
matter) or dry basis (see Appendix, Tables Ala,b). Human data are expressed as pg/day.

Even in the absence of intestinal flora, administration of an antibiotic
exacerbated vitamin K deficiency (Shirakawa et al., 1990).

Excess of vitamin A and calcium have been shown to influence vit-
amin K requirements. Rats fed excess retinol had two to three times the
carboxylase activity of endogenous prothrombin precursors, which is an
indicator of vitamin K deficiency (Lee and Morre, 1992). Hall et al.
(1991) reported a hemorrhagic condition in pigs fed 2.7% dietary cal-
cium. The condition was cured with vitamin K supplementation and was
not produced in treatment with less dietary calcium.

The adult human requirement for vitamin K is extremely low, and
there seems little possibility of a simple dietary deficiency developing in
the absence of complicating factors (Suttie, 1991). In humans, since pla-
centa transfer of vitamin K is poor, intestinal flora are insufficiently de-
veloped during the first days after birth to provide the vitamin and, be-
cause of the low vitamin K content of the mother’s milk (e.g., 1 to 2
ug/L), prothrombin level is very low in the newborn. Breast-fed infants
may ingest only 1 ug/day, which is only 20% of the requirement.
Recommended daily requirements for adults range from 45 to 80 ug
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(RDA, 1989). Depletion studies that included a clotting assay, under-
carboxylated prothrombin, and a decrease in urinary y-carboxyglutamic
acid suggest vitamin K requirements for humans of about 1 pg/kg body
weight daily (Suttie et al., 1988).

NATURAL SOURCES

There are two major natural sources of vitamin K: phylloquinones
(vitamin K;) in plant sources and menaquinones (vitamin K,) produced
by bacterial flora in animals. Vitamin K concentrations of various foods
and feedstuffs are presented in Table 5.2. Green leaves are the richest
natural source of vitamin K;. Light is important for its formation, and
parts of plants that do not normally form chlorophyll contain little vit-
amin K. However, natural loss of chlorophyll, as in the fall yellowing of
leaves, does not bring about a corresponding change in vitamin K. In
most green leafy vegetables, phylloquinone increased during plant mat-
uration, and cabbage was found to contain three to six times more of
the vitamin in the outer than the inner leaves (Ferland and Sadowski,
1992b).

Vitamin K is present in fresh, dark green vegetables and in an ex-
tract of pine needles. Cauliflower, broccoli, spinach, lettuce, and brussels

M Table 5.2 Vitamin K Concentration of Various Foods and Feedstuffs (as-

fed basis)
Food or Feedstuff Vitamin K Level (ppm)
Alfalfa hay, sun cured 19.4
Alfalfa meal, dehydrated (20% protein) 14.2
Barley, grain 0.2
Cabbage (green) 4.0
Carrots 0.1
Corn, grain 0.2
Eggs 0.2
Fish meal, herring (mechanically extracted) 2.2
Liver (cattle) 1-2
Liver (swine) 4-8
Meat (lean) 1-2
Peas 0.1-0.3
Potatoes 0.8
Sorghum, grain 0.2
Soybean, protein concentrate (70.0% protein) 0.0
Spinach 6.0
Tomatoes 4.0

Sources: From NRC (1982b) and Marks (1975).
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sprouts are excellent sources. Edible oils are good sources of vitamin K,
and human requirements of the vitamin are met when soybean or rape-
seed oil exceed 15% of the caloric content (Ferland and Sadowski,
1992a).

Most feeds containing very high levels of vitamin K are not usually
fed to domestic animals, with the exception of alfalfa leaf meal, which
is sometimes included in small amounts in the diets of poultry and other
animals. Cereals and oil cakes contain only small amounts of vitamin K,
while liver and fish meal are good animal sources of the vitamin. All
feeds or foods of animal origin, including fish meal and fish liver oils,
are much higher in vitamin K after they have undergone extensive bac-
terial putrefaction. Milk from cattle has been reported to be 10 times as
rich as that of the human, and vitamin K content of cow’s milk is known
to vary significantly with the month of sampling. Both human colostrum
(3.4 yug/L) and later produced milk (2.9 pg/L) were insufficient to meet
infant requirements (Canfield et al., 1991). The effect of food process-
ing and cooking on vitamin K content has not been carefully considered;
however, limited data suggest that food vitamin K is relatively stable,
with the greatest loss resulting from oxidation. Irradiation of beef has
resulted in destruction of the vitamin. Ferland and Sadowski (1992a) re-
ported that vitamin K; content of edible vegetable oils was stable to pro-
cessing, decreased slightly with heat, and was rapidly destroyed by both
daylight and fluorescent light. Amber glass containers protected the oils
from the destructive effects of light.

The menaquinones (vitamin K,) are produced by the bacterial flora
in animals and are especially important in providing the vitamin K re-
quirements of humans and most other mammals. However, the chick
does not receive sufficient vitamin K from intestinal microbial synthesis
(Scott et al., 1982). Type of diet, independent of vitamin K concentra-
tion, will influence total menaquinone synthesis. Rats fed a diet based
on boiled white rice had less menaquinone production and more severe
vitamin K deficiency than animals consuming diets based on autoclaved
black-eye beans (Mathers et al., 1990).

Vitamin K production in the rumen of ruminants and subsequent
passage along the small intestine, a region of active absorption, make
such synthesized vitamin K highly available to the host. In nonrumi-
nants, the site of synthesis is in the lower gut, an area of poor absorp-
tion; thus availability to the host is limited unless the animal practices
coprophagy, in which case the synthesized vitamin K is highly available.
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DEFICIENCY

The major clinical sign of vitamin K deficiency in all species is im-
pairment of blood coagulation. Clinical signs include low prothrombin
levels, increased clotting time, and hemorrhaging. In its most severe form,
vitamin K deficiency will cause subcutaneous and internal hemorrhages,
which can be fatal. Deficiency can result from insufficient vitamin K in
the diet, lack of microbial synthesis within the gut, inadequate intestinal
absorption, or inability of the liver to use the available vitamin K.

Effects of Deficiency
Ruminants

Intestinal microorganisms provide vitamin K to preruminant ani-
mals. Nestor and Conrad (1990) studied vitamin K in preruminant veal
calves and concluded that intestinal microorganisms synthesized suffi-
cient menaquinone-4 to meet needs of the vitamin prior to rumen de-
velopment.

Microorganisms in the rumen synthesize large amounts of vitamin
K, and a deficiency is seen only in the presence of a metabolic antago-
nist, such as dicumarol from moldy sweet clover. Dicumarol is a fungus
metabolite produced from substrates in sweet clover hay. The coumarin
derivatives are not active in the fresh plant because they are bound to
glycosides, but are active when sweet clover is improperly cured
(Vermeer, 1984). This condition, referred to as sweet clover poisoning or
hemorrhagic sweet clover disease, has been responsible for a large num-
ber of animal losses. Ruminants may die from hemorrhage following a
minor injury, or even from apparently spontaneous bleeding. Dicumarol
passes through the placenta in pregnant animals, and newborn animals
may become affected immediately after birth.

All clinical signs of dicumarol poisoning relate to the hemorrhages
caused by failure of blood coagulation. The first appearance of cli