
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Visit the National Academies Press online, the authoritative source for all books 
from the National Academy of Sciences, the National Academy of Engineering, 
the Institute of Medicine, and the National Research Council:  
• Download hundreds of free books in PDF 
• Read thousands of books online for free 
• Explore our innovative research tools – try the “Research Dashboard” now! 
• Sign up to be notified when new books are published  
• Purchase printed books and selected PDF files 

 
 
 
Thank you for downloading this PDF.  If you have comments, questions or 
just want more information about the books published by the National 
Academies Press, you may contact our customer service department toll-
free at 888-624-8373, visit us online, or send an email to 
feedback@nap.edu. 
 
 
 
This book plus thousands more are available at http://www.nap.edu. 
 
Copyright  © National Academy of Sciences. All rights reserved. 
Unless otherwise indicated, all materials in this PDF File are copyrighted by the National 
Academy of Sciences.  Distribution, posting, or copying is strictly prohibited without 
written permission of the National Academies Press.  Request reprint permission for this book. 
 

  

ISBN: 0-309-59567-3, 108 pages, 8.5 x 11,  (1987)

This PDF is available from the National Academies Press at:
http://www.nap.edu/catalog/949.html

http://www.nap.edu/catalog/949.html

We ship printed books within 1 business day; personal PDFs are available immediately.

Vitamin Tolerance of Animals 

Subcommittee on Vitamin Tolerance, � Committee on 
Animal Nutrition, ��National Research Council 

http://www.nap.edu/catalog/949.html
http://www.nap.edu
http://www.nas.edu/nas
http://www.nae.edu
http://www.iom.edu
http://www.nationalacademies.org/nrc/
http://lab.nap.edu/nap-cgi/dashboard.cgi?isbn=030903728X&act=dashboard
http://www.nap.edu/agent.html
http://www.nap.edu
mailto:feedback@nap.edu
http://www.nap.edu
http://www.nap.edu/v3/makepage.phtml?val1=reprint
http://www.nap.edu/catalog/949.html


Vitamin Tolerance of Animals

Subcommittee on Vitamin Tolerance
Committee on Animal Nutrition

Board on Agriculture
National Research Council

NATIONAL ACADEMY PRESS
Washington, D.C.1987

i

Ab
ou

t t
hi

s 
PD

F 
fil

e:
 T

hi
s 

ne
w

 d
ig

ita
l r

ep
re

se
nt

at
io

n 
of

 th
e 

or
ig

in
al

 w
or

k 
ha

s 
be

en
 re

co
m

po
se

d 
fro

m
 X

M
L 

fil
es

 c
re

at
ed

 fr
om

 th
e 

or
ig

in
al

 p
ap

er
 b

oo
k,

 n
ot

 fr
om

 th
e 

or
ig

in
al

 ty
pe

se
tti

ng
 fi

le
s.

 P
ag

e 
br

ea
ks

 a
re

 tr
ue

 to
th

e 
or

ig
in

al
; l

in
e 

le
ng

th
s,

 w
or

d 
br

ea
ks

, h
ea

di
ng

 s
ty

le
s,

 a
nd

 o
th

er
 ty

pe
se

tti
ng

-s
pe

ci
fic

 fo
rm

at
tin

g,
 h

ow
ev

er
, c

an
no

t b
e 

re
ta

in
ed

, a
nd

 s
om

e 
ty

po
gr

ap
hi

c 
er

ro
rs

 m
ay

 h
av

e 
be

en
 a

cc
id

en
ta

lly
 in

se
rte

d.
 P

le
as

e 
us

e 
th

e
pr

in
t v

er
si

on
 o

f t
hi

s 
pu

bl
ic

at
io

n 
as

 th
e 

au
th

or
ita

tiv
e 

ve
rs

io
n 

fo
r a

ttr
ib

ut
io

n.

Copyright © National Academy of Sciences. All rights reserved.

Vitamin Tolerance of Animals 
http://www.nap.edu/catalog/949.html

http://www.nap.edu/catalog/949.html


National Academy Press 2101 Constitution Avenue, NW Washington, DC 20418

NOTICE: The project that is the subject of this report was approved by the Governing Board of the National Research Council, whose mem-
bers are drawn from the councils of the National Academy of Sciences, the National Academy of Engineering, and the Institute of Medicine.
The members of the committee responsible for the report were chosen for their special competences and with regard for appropriate balance.

This report has been reviewed by a group other than the authors according to procedures approved by a Report Review Committee con-
sisting of members of the National Academy of Sciences, the National Academy of Engineering, and the Institute of Medicine.

The National Research Council was established by the National Academy of Sciences in 1916 to associate the broad community of sci-
ence and technology with the Academy's purposes of furthering knowledge and of advising the federal government. The Council operates in
accordance with general policies determined by the Academy under the authority of its congressional charter of 1863, which establishes the
Academy as a private, nonprofit, self-governing membership corporation. The Council has become the principal operating agency of both the
National Academy of Sciences and the National Academy of Engineering in the conduct of their services to the government, the public, and
the scientific and engineering communities. It is administered jointly by both Academies and the Institute of Medicine. The National
Academy of Engineering and the Institute of Medicine were established in 1964 and 1970, respectively, under the charter of the National
Academy of Sciences.

This study was supported by the U.S. Department of Agriculture, Agricultural Research Service, under Agreement No. 59-32U4-5-6,
and by the Center for Veterinary Medicine, Food and Drug Administration of the U.S. Department of Health and Human Services, under
Cooperative Agreement No. FD-U-000006-06-1. Additional support was provided by the American Feed Industry Association, Inc. Any opin-
ions, findings, conclusions, or recommendations expressed in this publication are those of the authoring subcommittee and do not necessarily
reflect the views of the sponsors.
Library of Congress Cataloging-in-Publication Data
National Research Council (U.S.). Subcommittee on

Vitamin Tolerance.
Vitamin tolerance of animals.
Bibliography: p.
Includes index.
1. Vitamin tolerance in animals. I. Title.
SF98.V5N37 1986 636.08'52 86-28466

ISBN 0-309-03728-X

Copyright © 1987 by the National Academy of Sciences

No part of this book may be reproduced by any mechanical, photographic, or electronic process, or in the form of a phonographic recording,
nor may it be stored in a retrieval system, transmitted, or otherwise copied for public or private use, without written permission from the pub-
lisher, except for the purposes of official use by the United States Government.
Printed in the United States of America
First Printing, January 1987
Second Printing, January 1989
Third Printing, November 1990

ii

Ab
ou

t t
hi

s 
PD

F 
fil

e:
 T

hi
s 

ne
w

 d
ig

ita
l r

ep
re

se
nt

at
io

n 
of

 th
e 

or
ig

in
al

 w
or

k 
ha

s 
be

en
 re

co
m

po
se

d 
fro

m
 X

M
L 

fil
es

 c
re

at
ed

 fr
om

 th
e 

or
ig

in
al

 p
ap

er
 b

oo
k,

 n
ot

 fr
om

 th
e 

or
ig

in
al

 ty
pe

se
tti

ng
 fi

le
s.

 P
ag

e 
br

ea
ks

 a
re

 tr
ue

 to
th

e 
or

ig
in

al
; l

in
e 

le
ng

th
s,

 w
or

d 
br

ea
ks

, h
ea

di
ng

 s
ty

le
s,

 a
nd

 o
th

er
 ty

pe
se

tti
ng

-s
pe

ci
fic

 fo
rm

at
tin

g,
 h

ow
ev

er
, c

an
no

t b
e 

re
ta

in
ed

, a
nd

 s
om

e 
ty

po
gr

ap
hi

c 
er

ro
rs

 m
ay

 h
av

e 
be

en
 a

cc
id

en
ta

lly
 in

se
rte

d.
 P

le
as

e 
us

e 
th

e
pr

in
t v

er
si

on
 o

f t
hi

s 
pu

bl
ic

at
io

n 
as

 th
e 

au
th

or
ita

tiv
e 

ve
rs

io
n 

fo
r a

ttr
ib

ut
io

n.

Copyright © National Academy of Sciences. All rights reserved.

Vitamin Tolerance of Animals 
http://www.nap.edu/catalog/949.html

http://www.nap.edu/catalog/949.html


Preface

Optimal animal health and productivity are achieved by providing an animal with the correct amount and form of each
essential nutrient. Good nutritional practice requires supplementing practical diets with vitamin levels that exceed the bare
minimum needed to prevent deficiency diseases. Yet, vitamins added to supplement feeds, which may have lost vitamins
during processing and storage, or to protect the animal from stress or stimulate its immune system may necessitate the use of
much higher levels. The goal in animal feeding is to supplement diets with vitamin levels that are adequate for nutritional
needs and accommodate the practical conditions of feed manufacture and storage.

To address these concerns, the Board on Agriculture's Committee on Animal Nutrition appointed the Subcommittee on
Vitamin Tolerance in 1983. The subcommittee's report is the most comprehensive summary of current data about the vitamin
tolerances of animals. It will be helpful to livestock producers, livestock extension specialists, animal nutritionists, animal
nutrition students, and others interested in the subject.

The presumed upper safe levels of vitamins in this book are meant to be used as guidelines to ensure that vitamin
supplementation does not adversely affect animal health. The subcommittee's objectives were to focus on: (1) vitamin tolerance
of domestic and laboratory animals under different nutritional and physiological states, (2) biological measures that can be used
as criteria to establish tolerance, and (3) areas of incomplete knowledge.

The first two objectives were, unfortunately, impossible to fulfill completely. For most of the vitamins, information in the
scientific literature on vitamin toxicities was incomplete with respect to the range of species studied and the quantitative
aspects, such as dose-response definitions. In some cases, the literature indicated rather clearly the ranges of intake that would
produce certain adverse responses in certain species; in others, it indicated little evidence of toxicity.

The third objective is significant. The subcommittee's indicated values for the presumed safe levels are limited in scope by
gaps in current information. Areas lacking adequate information are identified. It is the subcommittee's hope that this report
points to the limits of current knowledge and important areas of research that can contribute to improvements in animal
nutrition.

The following individuals were responsible for respective sections of the report: Robert Blair, riboflavin, vitamin B6 
(pyridoxine), biotin, vitamin B12, and choline; Gerald F. Combs, Jr., vitamin E and niacin; John W. Hilton, ascorbic acid and
thiamin; Ronald L. Horst, vitamin D; George E. Mitchell, Jr., vitamin A; and John W. Suttie, vitamin K, pantothenic acid, and
folic acid.

The report was reviewed by the Committee on Animal Nutrition, the Board on Agriculture, and outside reviewers. The
subcommittee is grateful for the efforts of these individuals. We also thank Annette Bates, Esther Collins, Karen Davis, Andra
Hinds, Frances Newsome, and Pamela Senter, at our respective institutions, for their administrative assistance. The
subcommittee especially acknowledges the contributions of Selma Baron, who served as staff officer during the early
preparation of this report, and assistant editor Grace Jones Robbins, who helped us complete our task.

GERALD F. COMBS, JR.
CHAIRMAN
SUBCOMMITTEE ON VITAMIN TOLERANCE
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Introduction

Although vitamins are essential in the diet for normal health, they may have adverse physiological effects when consumed
in excessive amounts. Vitamin intake levels that are above those required to prevent specific deficiency syndromes but still
below levels shown to produce toxicity can be said to be tolerated. In this sense, tolerance indicates the absence of deleterious
effects of vitamin intakes above those needed to prevent nutritional deficiency disorders. Understanding of the range of
tolerance for each vitamin is important in the safe and adequate feeding of domestic and laboratory animals. To ensure optimal
animal health, vitamin intakes must be maintained within these ranges, whether those intakes are through the use of vitamin
supplements to animal feeds or vitamins in enteral preparations.

The term vitamin is generally accepted to describe an organic compound that is (1) a component of a natural food, but is
distinct from carbohydrate, fat, protein, and water; (2) present in most foods in minute amounts; (3) essential for normal
metabolism in animals and consequently required for normal health and physiological functions such as growth, development,
maintenance, and reproduction; (4) a cause of a specific deficiency disease or syndrome if absent from the diet or improperly
absorbed or utilized; and (5) unable to be synthesized by the host in sufficient amounts to meet physiological demands and
therefore must be obtained from the diet. Most of the traditional vitamins, such as the vitamins A, E, K, B6, and B12, thiamin,
riboflavin, folic acid, pantothenic acid, and biotin, satisfy each of these criteria.

Vitamins C and D, niacin, and choline, however, are considered vitamins only in certain contexts. For example, ascorbic
acid is produced metabolically by most species from glucose via the uronic acid pathway. Only the few species that lack the
enzyme L-gulonolactone oxidase (for example fishes, the guinea pig, the Indian fruit bat, the red-vented bulbul, and higher
primates) require preformed ascorbic acid in the diet. For them, ascorbic acid is vitamin C. Vitamin D, while biosynthesized by
animals upon exposure to the ultraviolet radiations in sunlight, is also a vitamin in the context of the environmentally controlled
housing (and the associated use of artificial lighting) commonly used in modern systems of confined rearing of animals. Niacin
is produced metabolically from the indispensible amino acid tryptophan. Nevertheless, the efficiency of this conversion is low
enough that most animals (especially cats, fishes, and ducks) fed the tryptophan levels typical of mixed practical diets also need a
dietary source of niacin. Choline, which is produced metabolically from the amination and subsequent methylation of serine,
appears not to be biosynthesized in sufficient amounts to satisfy the metabolic demands of rapidly growing chicks and poults.
In the context of young poultry, therefore, choline is a vitamin. To summarize, compounds that satisfy the definition of a
vitamin noted above are traditionally considered vitamins and are examined in this report.

As pointed out above, the concept of vitamin tolerance indicates exposure to vitamin levels that prevent deficiency
diseases but produce no signs of intoxication. Thus, it must be the goal of the animal producer, feed manufacturer, and
veterinarian to provide vitamins to animals at levels that are sufficient to prevent vitamin deficiency disease and that can be
well tolerated. To ensure vitamin tolerance in animal production, there is the practical need to define maximum tolerable
levels. The current scientific literature, however, is not complete enough to support the estimation of maximum tolerable levels
for any vitamin. In most cases, however, one can use the literature to estimate ranges of vitamin intake that can be presumed to
be safe. For the purposes of this report, these upper levels of vitamin intake are
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called presumed upper safe levels. It is reasonably clear that these levels will not impair any aspect of animal health or
production efficiency and will not accumulate as hazardous residues in human food products derived from animals. Presumed
upper safe levels for specific vitamins, therefore, will be less than maximum tolerable levels. The presumed upper safe level
for each vitamin will vary according to the chemical form of the vitamin; the route of administration, for example, oral versus
parenteral; the length of exposure, for example, acute versus chronic; and the particular species and developmental state of the
animal, according to such species-dependent variables as degree of endogenous synthesis and efficiencies of absorption,
retention, and tissue storage.

In order to identify presumed upper safe levels of each of the traditional vitamins, the pertinent scientific literature is
presented, and the major findings are discussed. In a few cases, the presumed upper safe levels for certain vitamins with certain
species are identified through a straightforward review of published information. In most cases, however. the current scientific
literature is not complete enough to indicate these levels unequivocally. For these vitamins, presumed upper safe levels are
estimated by extrapolation and inference from the available data. The focus of this report is on vitamin intake by domestic and
laboratory animal species with emphasis on dietary exposure. Where information from studies with humans is enlightening, it
has been included in considerations of vitamin tolerance of animals.

When planning animal diets, it is good practice to consider factors such as vitamin bioavailability and stability during
storage and animal physical and metabolic stresses. These factors can influence the levels of vitamins and other nutrients that
animals require. Thus, vitamin levels used in practical animal feeding are expected to be greater than those traditionally
recognized as the nutritional requirements. The use of such ''margins of safety,'' however, carries with it risks of vitamin
toxicity. In an attempt to help minimize risk, the presumed upper safe levels of vitamins have been identified in this report.

INTRODUCTION 2

Ab
ou

t t
hi

s 
PD

F 
fil

e:
 T

hi
s 

ne
w

 d
ig

ita
l r

ep
re

se
nt

at
io

n 
of

 th
e 

or
ig

in
al

 w
or

k 
ha

s 
be

en
 re

co
m

po
se

d 
fro

m
 X

M
L 

fil
es

 c
re

at
ed

 fr
om

 th
e 

or
ig

in
al

 p
ap

er
 b

oo
k,

 n
ot

 fr
om

 th
e 

or
ig

in
al

 ty
pe

se
tti

ng
 fi

le
s.

 P
ag

e 
br

ea
ks

 a
re

 tr
ue

 to
th

e 
or

ig
in

al
; l

in
e 

le
ng

th
s,

 w
or

d 
br

ea
ks

, h
ea

di
ng

 s
ty

le
s,

 a
nd

 o
th

er
 ty

pe
se

tti
ng

-s
pe

ci
fic

 fo
rm

at
tin

g,
 h

ow
ev

er
, c

an
no

t b
e 

re
ta

in
ed

, a
nd

 s
om

e 
ty

po
gr

ap
hi

c 
er

ro
rs

 m
ay

 h
av

e 
be

en
 a

cc
id

en
ta

lly
 in

se
rte

d.
 P

le
as

e 
us

e 
th

e
pr

in
t v

er
si

on
 o

f t
hi

s 
pu

bl
ic

at
io

n 
as

 th
e 

au
th

or
ita

tiv
e 

ve
rs

io
n 

fo
r a

ttr
ib

ut
io

n.

Copyright © National Academy of Sciences. All rights reserved.

Vitamin Tolerance of Animals 
http://www.nap.edu/catalog/949.html

http://www.nap.edu/catalog/949.html


Vitamin A

Vitamin A was the first fat-soluble vitamin to be discovered and characterized. It has essential roles in vision, bone and
muscle growth, reproduction, and maintenance of healthy epithelial tissue. Either vitamin A or a precursor must be provided in
the diet. However, it is among the most highly variable nutrients in feeds. Plants do not contain vitamin A, and most grains
other than yellow corn are almost devoid of the carotenoid precursors that provide plant sources of vitamin A activity. The
concentrations of carotenoids in the vegetative portions of plants vary widely according to geographic location, maturity,
method of harvest, amount and type of processing, length and conditions of storage, and exposure to high temperature,
sunlight, and air. Eggs and selected poultry, fish, animal products (especially liver, milk, and milk products), and fats may
contain high levels of vitamin A or carotene, but these levels reflect vitamin A or carotenoids present in the diets of those
animals. Consequently, vitamin A is a frequent nutritional concern, which has been extensively reviewed (Moore, 1957;
Mitchell, 1967; Eaton, 1969; Olson, 1969, 1984; Ullrey, 1972; Bauernfeind et al., 1974; Goodman, 1980).

Most workers rank vitamin A deficiency next to protein and calorie deficiency as a worldwide health problem. It is the
most important vitamin in ruminant animal diets and is almost universally added to commercial diets for nonruminant animals.
Vitamin A toxicity due to the consumption of rich natural sources such as polar bear's liver and fish oils is well documented
(Pitt, 1985) in humans and laboratory animals but is apparently rare in domestic animals. The potential for nutritional abuse
leading to toxicity has been increased by the availability of economical sources of synthetic vitamin A, however.
Pharmacological use of retinoids to treat skin disease (Moore, 1957) and cancer (Ong and Chytil, 1983) requires levels that
make toxicity a major hazard.

NUTRITIONAL ROLE

Dietary Requirements Of Various Species
Vitamin A is an essential nutrient for all species of mammals, birds, and fishes studied and is also essential in many lower

forms of life. The dietary requirements for most adequately studied species are between 1,500 and 4,000 IU/kg of diet. (One IU
provides the vitamin A activity of 0.3 µg all-trans-retinol.) Based on limited data, requirements for Japanese quail have been
set at 5,000 IU/kg of diet (National Research Council, 1984b) and those for cats (National Research Council, 1978a),
nonhuman primates (National Research Council, 1978d), and some warmwater fishes (National Research Council, 1983) at
10,000 IU/kg of diet. Inadequate vitamin A intake may result in reduced feed intake, edema, lacrimation, xeropthalmia,
nyctalopia (night blindness), slow growth, low conception rates, abortion, stillbirths, blindness at birth, abnormal semen,
reduced libido, susceptibility to respiratory and other infections, and death. Only nyctalopia has been proven unique to vitamin A
deficiency. When several of these other signs are present, vitamin A deficiency should be suspected. It may be verified by
ophthalmoscopic examination, liver biopsy and assay for near absence of vitamin A (retinyl esters), blood assay for vitamin A
(concentrations of retinol below 20 µg/100 ml are considered below normal in most species), spinal fluid pressure testing for an
above-normal elevation, conjunctival smear examination for epithelial keratinization, and response to vitamin A therapy.

Biochemical Functions
The classic work of Wald (1968) has defined the biochemical role of vitamin A in night vision. Key steps in
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this process are oxidation of retinal to retinal and isomerization of the trans form to 11-cis-retinal, which combines with the
protein opsin to form rhodopsin, which is known as visual purple. The 11cis-3-dehydroretinal form of naturally occurring
vitamin A2 is active in fish but not in mammals or birds. The molecular bases for the roles of vitamin A in growth,
reproduction, and epithelial health have been studied extensively but remain incompletely understood. The most widely
accepted hypotheses propose a role in synthesis of glycoproteins that may control cell differentiation and involvement in the
control of gene expression (Orson, 1984).

FORMS OF THE VITAMIN
Vitamin A activity is a generic term for β-ionian derivatives having the biological activity of all-trans-retinol. In plants

this activity is present only in the form of carotenoid precursors of all-trans-retinol. The most active of these precursors is β-
carotene, which can be cleaved by intestinal enzymes to yield two moles of all-trans-retinol per mole of β-carotene. Foodstuffs
of animal origin may contain either carotenoids or retinoids. The most significant retinoids in animal metabolism are the
alcohol (all-trans-retinol), the aldehyde (11-cisretinal and 11-cis-3-dehydroretinal), and the acid (all-trans-retinoic acid) forms,
as well as retinyl esters (especially retinyl palmitate) and retinyl β-glucuronide. Structural formulas for most of these are given
in Figure 1.

ABSORPTION AND METABOLISM
Various forms of vitamin A and carotenoids are absorbed mainly in conjunction with lipids. (See Table 1 for the relative

vitamin A activity of carotenoids.) 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 cattle and poultry. Either dietary retinol or
retinol resulting from conversion of carotenoids is then esterified with a long-chain fatty acid, usually palmitate. Dietary retinyl
esters are hydrolyzed to retinol in the intestine; they are absorbed as the free alcohol and then re-esterified in the mucosa. In
mammals, the retinyl esters are transported mainly in association with lymph chylomicrons to the liver where they are
hydrolyzed to retinol and re-esterified for storage. Hydrolysis of the ester storage form mobilizes vitamin A from the liver as
free retinol. Retinol is released from the hepatocyte as a complex

Figure 1
Major compounds of the vitamin A group.
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with retinol-binding protein; it is transported in this form to the tissues. The main excretory pathway is by elimination as
glucuronide conjugates in the bile. Glucuronide formation may follow irreversible oxidation to retinoic acid. Retinoic acid
supports growth and cell differentiation but not the functions of vitamin A in vision and reproduction. The enterohepatic
circulation may provide an important means of conserving vitamin A prior to fecal excretion. Small amounts of glucuronide
and chain-shortened metabolites may be excreted in the urine.

TABLE 1 Relative Vitamin A Activity of Carotenoids
Compound Relative Biological Activitya

Retinol (all-trans) 100
Natural or artificial esters of all-trans-retinol 100
Retinal (all-trans) 100
Cis-isomers of retinol 23-75
Phenyl or methyl esters of retinol 10-100
Vitamin A2 30
β-Carotene 50
α-Carotene 26
v-Carotene 21
Cryptoxanthin 28
Zeaxanthin 0

a In reference to all-trans-retinol set at 100. Comparisons are on a molar basis for retinoids but on a weight basis for comparisons of
carotenoids with retinol.
SOURCE: Derived from Moore (1957) and Olson and Lakshmanan (1969) from data for chicks and rats. Vitamin A2 data is based on liver
storage by fish.

HYPERVITAMINOSIS
A voluminous amount of literature clearly indicates that vitamin A has the potential to act as a cumulative toxicant in

most species that have been studied (Nieman and Obbink, 1954; Moore, 1957; Hayes and Hegsted, 1973: Bauernfeind, 1980;
Agricultural Research Council. 1980, 1981; Ong and Chytil, 1983; Olson, 1984).

Table 2 summarizes many of the published reports. Acute single dose toxicity has been well-documented in humans
(Nieman and Obbink, 1954; Hayes and Hegsted, 1973). Massive doses elicit responses within hours. Reactions may include
general malaise, anorexia, nausea, hyperirritability, peeling skin, muscular weakness, twitching, convulsions, paralysis, and
death. If death is avoided, recovery from these signs of toxicity is usually prompt upon removal of vitamin A from the diet.

Chronic toxicity typically results from intakes 100 to 1,000 times nutritional requirements for a prolonged period but has
been observed at intakes of approximately 10 times the specific requirement (Olson, 1984). The most characteristic signs of
hypervitaminosis A are skeletal malformation, spontaneous fractures, and internal hemorrhage. Other signs include loss of
appetite, slow growth, loss of weight, skin thickening, suppressed keratinization, increased blood clotting time, reduced
erythrocyte count, enteritis, congenital abnormalities, and conjunctivitis. Degenerative atrophy, fatty infiltration, and reduced
function of liver and kidneys are typical. Endocrine effects related to the pituitary, thyroid, pancreas, and ovary have been
reported in laboratory animals. Because the availability of natural dietary sources of vitamin A and its precursor carotenoids is
seasonal, periods of dietary excess accompanied by accumulation of body stores are critical to the health and survival of most
animals under natural conditions of feeding.

Normal vitamin A metabolism provides protection from toxicity. The conversion of diverse sources of dietary vitamin A
activity to the more stable and less toxic ester form (usually retinyl palmitate) is one such means of protection. Transport to the
liver in a lipoprotein complex continues this protection. The tremendous storage capacity of the liver affords great protection
against toxicity as well as dietary deficiency. It is not uncommon to find concentrations of 500 to 1,000 IU/g in the livers of
most species (Kirk, 1962); however, 13,000 to 18,000 IU/g is common in fish livers (Moore, 1957) and 20,000 IU/g has been
observed in human livers (Weber et al., 1982). Storage in the ester form affords protection to liver tissue. Controlled release of
the alcohol from the liver by hydrolysis of the ester and subsequent complexing with retinol-binding proteins continue to
control reactivity and protect against toxicity. Vitamin A toxicity may be viewed as resulting from intakes that overwhelm one
or more of these steps or from malfunctions in this protective system in the presence of intakes that are high but would not
normally be toxic. Toxic responses are likely when tissues are exposed to free retinol not bound to retinol-binding protein
(Smith and Goodman, 1976). In addition to its role as a storage organ, the liver is the site of glucuronide formation, which
facilitates the biliary excretion of vitamin A. The liver is also active in the synthesis of the major vitamin A transport protein,
retinol-binding protein.

Although the pathways described above have been studied intensively in only a limited number of species, the available
data suggest that most, if not all, species share these routes of metabolism. The apparently greater tolerance for vitamin A of
ruminants (see Table 3) than for nonruminant animals is supported by the well-documented ability of ruminal microorganisms
to destroy large quantities of vitamin A (Mitchell, 1967).
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TABLE 3 Required and Presumed Upper Safe Levels of Vitamin A (IU/kg diet)
Species Requirementa Presumed

Safe Levelb

Birds
Chickens, growing 1,500 15,000
Chickens, laying 4,000 40,000
Ducks 4,000 40,000
Geese 1,500-4,000 15,000
Quail 5,000 25,000
Turkeys, growing 4,000 15,000
Turkeys, breeding 4,000 24,000
Cats 10,000 100,000
Cattle, feedlot 2,200 66,000
Cattle, pregnant, lactating or bulls 2,800-3,900 66,000
Dogs 3,333 33,330
Fish
Catfish 3,333-6,667 33,330
Salmon 2,500 25,000
Trout 2,500-5,000 25,000
Goats 1,500 45,000
Horses 1,600-3,400 16,000
Monkeys 10,000 100,000
Rabbits 580-1,160 16,000
Sheep 940-3,000 45,000
Swine, growing 2,000 20,000
Swine, breeding 4,000 40,000

a From the National Research Council (1977,1978a, 1978b, 1978c, 1978d, 1979, 1981a, 1981b, 1983, 1984a, 1984b, 1985a, 1985b).
b For chronic dietary administration.

Data on interaction of other dietary components with potentially toxic intakes of vitamin A are limited. Vitamin A may be
viewed as competing with other fat-soluble vitamins at the sites of absorption. At normal intakes of these vitamins, excess
vitamin A may cause them to become deficient as components of the toxicity syndrome. Consequently, elevated intakes of
vitamins D, E, and K may reduce vitamin A toxicity by restoring their respective adequacies or by interfering with vitamin A
assimilation, or both (Vedder and Rosenberg, 1938; McCuaig and Motzok, 1970; Combs, 1976; Sklan and Donoghue, 1982;
Stevens et al., 1983). Protein status can have a major influence through the response of the retinol-binding protein systems
(Weber et al., 1982). Protein malnutrition reduces circulating retinol-binding protein. Lack of retinol-binding protein may slow
removal of vitamin A from the liver and prevent elevation of blood vitamin A in the presence of potentially toxic vitamin A
stores (Weber et al., 1982; Ong, 1985).

Concentrations In Tissues
In most species, more than 90 percent of the vitamin A in the body is stored in the liver (Kirk, 1962). Most of the

remaining stores are found in the kidneys, fat depots, adrenals, lungs, and blood. Blood contains levels between 20 and 100 µg
of vitamin A/100 ml. In normal ranges, blood levels are poorly correlated with either intake or liver stores. Upon depletion of
liver stores of vitamin A, blood concentrations will drop sharply to levels between 5 and 20 µg/100 ml. Persistence of
concentrations above 100 µg/100 ml is indicative of toxicity (Eaton, 1969).

PRESUMED UPPER SAFE LEVELS
Experiments have not been conducted with appropriate designs for determining the maximal amounts of vitamin A that

can be administered without adverse effects. Consequently, the presumed upper safe levels for orally administered vitamin A
are necessarily estimates. The presumed upper safe levels summarized in Table 3 represent levels between the minimal
requirements recommended by the National Research Council (NRC) and those reported to be toxic in the referenced scientific
publications. When administered for long periods, these levels would be expected to substantially increase stores in the liver.
However, the levels have not been reported to produce saturation of the storage capacity of the liver, result in above-normal
increases in vitamin A blood concentrations, or elevate retinyl esters in the blood above 50 percent.

The levels selected for nonruminants are consistent with recommendations for humans (Nutrition Foundation, 1982;
Olson, 1984). They also agree with Canadian Feed Regulations for the most part (Blair, 1985). The levels are consistent with
the ability of mammals to increase concentrations of vitamin A activity in colostrum several times more than concentrations
normally found in milk (Walker et al., 1949; Branstetter et al., 1973; Mitchell et al., 1975; Tomlinson et al., 1974, 1976). In
view of the lack of reported toxicity in most functioning ruminants, the higher safe levels proposed for them are considered
conservative. These levels agree well with the Agricultural Research Council (1980) recommendations for ruminants. The
values allow for a wide safety factor in providing requirements or stimulating accumulation of stores.

The biochemical mechanism for vitamin A toxicity is not known. Efforts to assign toxicity to a portion of the retinol
molecule have also been unsuccessful.

Absorption of intact carotene is genetically controlled among species. For example, yellow fat species such as cattle and
poultry absorb more carotene than white fat species such as sheep and swine. Absorption is also genetically controlled within
species. Jersey and Guernsey cows, for instance, put much more carotene in milk
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than Holsteins. The varying conversions of carotene to vitamin A by the intestine and perhaps other organs cause these
differences. High intake of carotenoids from natural feedstuffs does not produce vitamin A toxicity. Carotenosis is not a
practical problem in domestic animals. It produces yellowing of the skin but few other adverse signs in humans. In poultry,
carotenosis is useful in producing desired color in egg yolks.

SUMMARY
1.  Vitamin A is required for normal vision, growth, reproduction, and epithelial tissues in all vertebrates.
2.  Excess vitamin A has been demonstrated to have toxic effects in most species studied. However, the excess

administered has usually been 10 to 1,000 times the dietary requirements.
3.  Presumed upper safe levels are 4 to 10 times the nutritional requirements for nonruminant animals, including

birds and fishes, and about 30 times the nutritional requirements for ruminants.
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Vitamin D

Vitamin D has been known since 1920 as a chemical and nutritional entity. Not until after the late 1960s, however, has the
biochemical basis of its physiological role been at least partially defined. Since then, research in vitamin D metabolism has
resulted in new and important information regarding its role in calcium and phosphorus metabolism. Research has also given
insights into the value of vitamin D in clinical medicine related to abnormal mineral metabolism, endocrinology, and nutrition.
This information has been fostered by the development of high specific activity, radiolabeled vitamin D, and more precise
isolation and identification methods to study vitamin D metabolism in greater detail.

NUTRITIONAL ROLE
Vitamin D can be considered a vitamin only in the sense that, under modern farming conditions, many animals are raised

in total confinement with little or no exposure to natural sunlight. Adequate sunlight results in the production of sufficient
vitamin D3 from 7-dehydrocholesterol in the skin. Hence, vitamin D3 is not required in the diet if sufficient amounts of sunlight
are received.

Lack of adequate photoproduction of vitamin D3 or inadequate dietary supplementation of vitamin D leads to the failure
of bones to calcify normally. This metabolic disease is known as rickets in the young and osteomalacia in adults. Once this
deficiency was recognized, the dietary supplementation of vitamin D became a commonly accepted nutritional practice. The
dietary. requirements for most animal species are in the range of 200 to 1,200 IU/kg of diet.

FORMS OF THE VITAMIN
The vitamin D sterols that are used in human and veterinary medicine and their relative biologic potencies in mammals are

listed in Table 4. Toxicity has been reported with many of these. The most common occurrences result from the use of vitamin
D2 or vitamin D3 (Figure 2). Vitamin D toxicity has also occurred with ingestion of certain plants containing a water-soluble
glycoside of 1,25-(OH)2-D3 (Hughes et al., 1977b).

ABSORPTION AND METABOLISM
Many excellent reviews have been written on the metabolism and function of vitamin D (Haussler and McCain, 1977;

Norman, 1979; Stem, 1980; Norman et al., 1982; Horst and Reinhardt, 1983; DeLuca, 1984; Horst, 1986) and should be
consulted for in-depth information. The following discussion, therefore, is limited to some of the key events leading to the in
vivo activation of vitamin D.

Because it is fat soluble, vitamin D is absorbed with other neutral lipids via chylomicrons into the lymphatic system of
mammals or the portal circulation of birds and fishes. The two major natural sources of vitamin D are cholecalciferol (vitamin D3,
which occurs in animals) or ergocalciferol (vitamin D2, which occurs predominantly in plants). Vitamin D (absence of a
subscript implies either vitamin D2 or vitamin D3) either ingested or produced in the skin is carried through the circulatory
system to the liver, where it is converted to 25-hydroxyvitamin D (25-OH-D). This metabolite is the major circulating form
under normal conditions and during vitamin D excess (Horst and Littledike, 1982; Littledike and Horst, 1982). For some time,
it was considered to be the metabolically active form of vitamin D (DeLuca, 1971). It is now known to be the precursor to
1,25-dihydroxyvitamin D (1,25-(OH) 2-D), the active metabolite that is produced almost exclusively in the kidney. This
metabolite functions with the parathyroid hor
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mone (PTH) to bring about blood calcium and phosphorus homeostasis. The PTH acts with 1,25-(OH)2-D to regulate plasma
calcium and phosphorus concentrations. The hormone is also an important mediator of the renal production of 1,25-(OH)2-D
(that is, of the 25-OH-D-1α-hydroxylase). Other factors, however, can influence the biosynthesis of 1,25-(OH) 2-D, some of
which are listed in Figure 3. Once formed, 1,25-(OH)2 -D binds to a specific receptor in the enterocyte nucleus and initiates
events leading to a stimulation in calcium and phosphorus absorption (Norman et al., 1982). Also, 1,25-(OH)2-D acting with
PTH mediates the resorption of bone with the release of calcium and phosphorus (DeLuca, 1984). A series of new discoveries
has made it apparent that 1,25-(OH)2-D plays a much wider role in biology than was thought. A variety of tissues not regarded
to participate in mineral and skeletal homeostasis have been found to possess specific receptors for 1,25-(OH) 2-D (Norman et
al., 1982).

TABLE 4 Vitamin D Sterols Used in Human and Animal Nutrition: Their Relative Antirachitic Potencies and Duration of
Effects Following Withdrawal in Mammals
Name Synonym Relative Potencya Duration (weeks) Comments
Vitamin D Calciferol 1 6-18 Either vitamin D2 or vitamin D3
Vitamin D3 Cholecalciferol 1 6-18 Animal form: produced by irradiation

of 7-dehydrocholesterol
Vitamin D2 Ergocalciferol 1 6-18 Plant form: produced by irradiation of

ergosterol
Dihydrotachysterol DHT 0.05-0.1 1-3 Sterol generated during irradiation of

ergosterol
25-OH-D3 Calcidiol 2-5 4-12 Liver metabolite of vitamin D3
1,25-(OH)2-D3 Calcitriol 5-10 0.2-0.8 Kidney metabolite of 25-

hydroxyvitamin D3
1α-OH-D3 α-Calcidiol 5-10 0.3-1.0 Synthetic analogue

a Adapted from Parfitt (1980).

There are many metabolites of vitamin D that circulate in plasma other than 25-OH-D and 1,25-(OH)2-D. Table 4 lists
some of the vitamin D3 and vitamin D3 metabolites. One metabolite, 24,25-dihydroxyvitamin D (24,25-(OH)2-D), has also been
considered as a biologically active vitamin D metabolite. Although the physiologic significance of 24,25-(OH) 2-D is not yet
understood, it has been proposed to have a role in the formation of bone (Norman, 1980).

Figure 2
Chemical structures of vitamin D3 and vitamin D2.
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Figure 3
Factors regulating 1,25-dihydroxyvitamin D and 24,25-dihydroxyvitamin D biosynthesis.

HYPERVITAMINOSIS
Putscher noted vitamin D toxicity as early as 1929. Toxicity has been described in many species, including humans.

Accidental toxicity has been reported in various species of animals, including monkeys, dogs, cattle, horses, pigs, and
chinchillas.

Although its toxicity in humans has been known for more than 40 years, the vitamin's significance in veterinary medicine
has drawn greater attention in connection with massive administration to prevent milk fever in dairy cows.

Clinical Signs
Many investigators have described the clinical signs of hypervitaminosis D in mammals. Cole et al., (1957) reported that

cows receiving 30 million IU of vitamin D2 orally for 11 days developed anorexia, reduced rumination, depression, premature
ventricular systoles, and bradycardia. Kent et al., (1958) observed in monkeys weight loss, anorexia, elevated blood urea
nitrogen (BUN), diarrhea, anemia, and upper respiratory infections. In pigs, Chineme et al., (1976) described anorexia,
stiffness, lameness, arching of the back, polyuria, and aphonia.

It is generally assumed that vitamin D2 and vitamin D3 are equally potent in most mammals. In certain animals, however,
it is quite clear that there are substantial differences between the two sterols. In birds (Chen and Bosmann, 1964) and in New
World primates (Hunt et al., 1967), vitamin D3 is substantially more active than vitamin D2. It has generally been assumed that
vitamins D2 and D3 are equally active in Old World monkeys in augmenting calcium absorption and preventing osteomalacia.
However, when large and potentially toxic doses were administered orally to rhesus monkeys (Hunt et al., 1972), vitamin D3 
was more toxic. Hypercalcemia, extensive soft tissue calcification, and death occurred in many animals. By contrast, the
administration of vitamin D2 produced hypercalcemia to a lesser degree. Animals survived, and soft tissue calcification was
absent or only mild. Similarly, Harrington and Page (1983) found vitamin D3 more hypercalcemic and overtly toxic to horses
than vitamin D2.

The development of methods to measure vitamin D and its metabolites in plasma (Horst et al., 1981) has provided insight
into the possible mechanism of vitamin D toxicity and also has provided information regarding the metabolic bases of the
differences in toxicity between vitamins D2 and D3.

As stated earlier, the predominant vitamin D form in
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plasma following vitamin D overdose is 25-OH-D. This metabolite circulates normally at 30 to 50 ng/ml in most species
(Horst and Littledike, 1982). However, during vitamin D intoxication, it increases from 200 to 400 ng/ ml (Littledike and
Horst, 1982). When circulating at very high concentrations, 25-OH-D can compete effectively with 1,25-(OH)2-D for receptors
in the intestine and bone. Therefore, during vitamin D toxicosis, 25-OH-D can induce actions usually attributed to 1,25-(OH)
2-D. Thus, 25-OH-D is believed to be the critical factor in vitamin D intoxication.

When equal amounts of vitamin D3 and vitamin D2 are presented together in diets of mammals, the predominant
circulating form of the vitamin is usually 25-OH-D3 rather than 25-OH-D2 (Horst et al., 1982). Similarly, in toxicity
experiments where vitamin D2 was less toxic than vitamin D3, the metabolite 25-OH-D2 was found to be present at lower
plasma concentrations than was 25-OH-D3 (Harrington and Page, 1983). Therefore, the difference in toxicity between these
vitamins is probably attributable to the less efficient metabolism of vitamin D2 to its more active metabolites, particularly 25-
OH-D2. In most species, plasma concentrations of 1,25-(OH)2-D decrease during toxicosis (Hughes et al., 1977a). However,
there are differences between species in this response. For example, bovine species show substantial increases in plasma 1,25-
(OH)2-D following intramuscular doses of vitamin D3 in massive amounts (15 million IU) (Horst and Littledike, 1979).
Therefore, vitamin D toxicity in ruminants may be partially a response to elevated 1,25-(OH)2-D.

A summary of the major pathogenic factors involved in vitamin D toxicity is shown in Figure 4. Treatment with excess
vitamin D or 25-OH-D stimulates intestinal absorption of calcium and, to a lesser degree, augments intestinal phosphate
transport. Bone resorption of calcium is increased. The overall effect is an increase in serum calcium and reduction in PTH.
With modest hypercalcemia, glomerular filtration rate (GFR) may remain stable, and hypercalciuria may be substantial because
of the increased filtered load of calcium and the reduction of tubular reabsorption of calcium as a result of reduced PTH
secretion. When GFR is maintained, serum calcium may only be modestly elevated by 10 to 20 percent. There is an increased
risk of nephrolithiasis because of the hypercalciuria, however. With further increases in serum calcium level, the GFR
decreases. This decrease is due to the potentiating action of calcium on angiotensin II-mediated vasoconstriction of renal
afferent arterioles. A further, rapid increase in serum calcium might then occur due to the decrease in filtered calcium and the
subsequent fall in urinary calcium. Polyuria, along with vomiting (in nonruminants), may cause the extracellular fluid volume
to be reduced, which would further contribute to reduced renal function. Thus, reduced renal function is the major event

Figure 4
Scheme for the pathogenesis of vitamin toxicosis. The abbreviations and their meanings are: Ca, calcium; GFR,
glomerular filtration rate; 25-OH-D, 25-hydroxyvitamin D; P, phosphate; PTH, parathyroid hormone; Tm, tubular
maximum.
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that leads to the total loss of control of calcium homeostasis and to the severity of hypercalcemia during vitamin D
intoxication.

Soft Tissue Changes
Postmortem examination of vitamin D-intoxicated animals generally reveals extensive cardiovascular and kidney

mineralization. In cows and sheep given toxic doses of vitamin D3, the collecting tubules of the medulla are the major
mineralization sites. The cortex is a minor mineralization site (Capen et al., 1966; Simesen et al., 1978). However, the cortex
and papillae are major mineralization sites in 1a-OH-D3 (a precursor to 1,25-(OH)2-D3) toxicity in sheep (Simesen et al.,
1978). Cardiovascular lesions are primarily located in the aorta, stomach arteries, aortic valves, aortic arch, large arterial
bifurcations, and area around the openings of small vessels.

Mineralization within the respiratory tract is also one of the most frequent lesions. Kent et al., (1958) described
calcification of the basement membrane of small bronchi, alveolar ducts, and bronchial cartilage in monkeys. Chineme et al.,
(1976) described calcification of the alveolar septa, bronchial submucosa, and walls of arterioles in pigs.

Kent et al., (1958) also showed that after kidney lesions, calcification of the salivary glands (calcification occurs twice as
often in the submaxillary gland as in the parotid) was the next earliest and most frequent lesion. Chineme et al., (1976) have
described calcification in the mucosa and muscularis mucosae of the stomach of the pig's stomach.

Lesions That Are Not Associated With Hypercalcemia
The possibility that long-term treatment with high levels of vitamin D or an active sterol may cause tissue damage,

particularly to the kidney, in the absence of hypercalcemia has been the subject of considerable speculation. While the bulk of
information suggests that hypercalcemia is the sine qua non to manifestation of vitamin D intoxication, there are studies in
experimental animals suggesting that mild ultrastructural abnormalities occur before the appearance of hypercalcemia or the
deposition of calcium in tissues (Manston and Payne, 1964). Also, there have been reports of the development of
nephrocalcinosis and hypercalciuria in humans without known hypercalcemia treated with vitamin D or dihydrotachysterol
(Dinkel, 1966). A retrospective evaluation of 27 patients with hypoparathyroidism treated with pharmacologic doses of vitamin
D or dihydrotachysterol has suggested that renal function did decrease in certain patients in the absence of hypercalcemia
(Parfitt, 1977). In 5 patients, the development of nephrocalcinosis correlated with the frequency and severity of documented
hypercalcemia. Nephrocalcinosis developed in 3 other patients, however, in whom there was no correlation with the frequency
or severity of hypercalcemia nor tendency toward hyperphosphatemia.

Factors Affecting Toxicity
The severity of the effects and pathogenic lesions in vitamin D intoxication depend upon such factors as the type of

vitamin D (vitamin D2 versus vitamin D3), the dose, the functional state of the kidneys, and the composition of the diet.
Vitamin D toxicity is enhanced by a rich dietary supply of calcium and phosphorus, and is reduced when the diet is low in
calcium (Hines et al., 1985). Toxicity is also reduced when the vitamin is accompanied by high intakes of vitamin A or by
thyroxin injections (Payne and Manston, 1967). The route of administration also influences toxicity. Parenteral administration
of 15 million IU of vitamin D3 in a single dose caused toxicity and death in many pregnant dairy cows (Littledike and Horst,
1982). On the other hand, oral administration of 20 to 30 million IU of vitamin D3 daily for 7 days resulted in little or no
toxicity in pregnant dairy cows (Hibbs and Pounden, 1955). Napoli et al., (1983) have shown that rumen microbes are capable
of metabolizing vitamin D to the inactive 10 keto-19-nor vitamin D. Parenteral administration would circumvent the
deactivation of vitamin D by rumen microbes and may partially explain the difference in toxicity between oral and parenteral
vitamin D.

Various measures have been used in human medicine for treatment of vitamin D toxicity. These measures are mainly
concerned with hypercalcemia management. Vitamin D withdrawal is obviously indicated. It is usually not immediately
successful, however, due to the long plasma half-life of vitamin D (5 to 7 days) and 25-OH-D (20 to 30 days). This is in
contrast to the short plasma half-life of 1α-OH-D3 (1 to 2 days) and 1,25-(OH)2-D3 (4 to 8 hours). Because intestinal absorption
of calcium contributes to hypercalcemia, a prompt reduction in dietary calcium is indicated. Sodium phytate, an agent that
reduces intestinal calcium absorption, has also been used successfully in vitamin D toxicity management in monogastrics
(Recker et al., 1979). This treatment would be of little benefit to ruminants due to the presence of rumen microbial phytases.
There have also been reports that calcitonin (West et al., 1971), glucagon (Ulbrych-Jablonska, 1972), and glucocorticoid
therapy (Streck et al., 1979) reduce serum calcium levels resulting from vitamin D intoxication.
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Concentrations in Milk and Liver
Hollis et al., (1981), Reeve et al., (1983), Kunz et al., (1984), and McDermott et al., (1985) have reported the distribution

of vitamin D and vitamin D metabolites in milk and colostrum of normal dairy cows. Estimates have also been made following
administration of pharmacologic amounts of vitamin D or vitamin D metabolites to dairy cows. Colostrum from cows receiving
normal dietary amounts (10,000 to 50,000 IU/day) of vitamin D had 200 to 300 IU of vitamin D activity/liter. Normal milk had
40 to 50 IU/liter. Colostrum from cows receiving 30 million IU of vitamin D2 before parturition contained 13,000 IU/liter.
Normal milk taken 6 days following parturition contained 2,400 IU/liter (Hibbs and Pounden, 1955). Daily feeding of 162,000
IU of vitamin D3 from cod liver oil led to an 11-fold increase in vitamin D activity in milk (Krauss and Bethke, 1937).

Hollis et al., (1983) published one of the first reports regarding the concentration of vitamin D and vitamin D metabolites
in milk from dairy cows and humans receiving large parenteral or enteral doses of vitamin D. In cows that received 125 mg (15
million IU) of vitamin D3, vitamin D3 and 25-OH-D3 concentrations in plasma increased significantly 20 days before
parturition. This increase was reflected by similar increases in colostrum and milk concentrations of these sterols (Figures 5 and
6). Similarly, in mothers given supplementations of 2,000 IU of vitamin D2 during late gestation and early lactation, the milk
concentrations of vitamin D and 25-OH-D were significantly elevated from those observed in milk from mothers given normal
supplementations (400 IU/day). In both cases, the concentrations of 24,25-(OH)2-D and 1,25-(OH)2-D3 were not elevated.
When normal cows were treated with 400 µg of 1,25-(OH)2-D3 parenterally, 1,25-dihydroxyvitamin D3 was elevated in milk,
however (Hollis et al., 1983).

Figure 5
Relationship between plasma and milk levels of vitamin D in the cow. Treated animals were injected intramuscularly
with 5 million IU of vitamin D 3 approximately 20 days before parturition. Control animals were maintained on a
diet containing 4,000 IU of vitamin D3/day (Hollis et al., 1983).

Figure 6
Relationship between plasma and milk levels of 25-OH-D in the cow. Treatments were the same as those described in
Figure 5 (Hollis et al., 1983).
Vitamin D activity was also elevated in cows' livers following dietary supplementation with 250,000 IU/day for 2 to 3

weeks (Quarterman et al., 1964). At the time of sacrifice, the vitamin D activity had increased to 2,700 IU/100 g of tissue
compared to 21 IU/100 g of tissue in the control group. Following withdrawal of the vitamin D, the activity in the liver had
decreased to normal levels within 2 to 3 weeks.

PRESUMED UPPER SAFE LEVELS
Existing data for several of the domestic species do not allow precise estimates to be made for maximum vitamin D

tolerance levels. Rather, most of the experiments to date reviewed (Table 5) have addressed the clinical consequences of
vitamin D toxicosis.
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Several factors, such as the chemical form (vitamin D2 or vitamin D3), species, dietary intake of calcium and phosphorus,
route of administration, and duration of treatment, can influence the maximum tolerable levels of vitamin D in the diet. Table 6
attempts to establish some reasonable estimates regarding safe dietary intakes of vitamin D3 as a function of dietary exposure
time for various species. In several of the species listed in Table 6 (the horse, chicken, turkey, and probably the Japanese
quail), experiments have established that vitamin D3 is 10 to 20 times more toxic than vitamin D2. Therefore, the values in
Table 6 should be adjusted accordingly for cases in which vitamin D2 is the sole dietary source of vitamin D.

Very little information exists regarding the maximum safe dietary level of vitamin D3 for a long (more than 60-day)
exposure time. Horst and Littledike (1982) reported plasma vitamin D and vitamin D metabolite concentrations in several
animal species that consumed experimental diets for several months. A retrospective analysis of dietary ingredients indicated
that all of the diets consumed by the different species contained 4- to 10-fold the required level of vitamin D3 (National
Research Council, 1975, 1978a, 1979, 1984). Also, in these experiments, plasma 25-OH-D3 concentrations, a sensitive
indicator of vitamin D excess, were found to be within the normal range (20 to 80 ng/ml) for all of the different species
included in the analysis. In sheep fed diets containing 10 times the level of required vitamin D according to the Agricultural
Research Council, similar results have been obtained (Smith et al., 1985). The same workers, observed, however, that when
dietary vitamin D3 was 20-fold the sheep's nutritional requirement, plasma 25-OH-D3 concentrations increased significantly.
Most animal species appear to be able to tolerate 10 times the level of vitamin D that they require for long periods of time.
Catfish and rainbow trout, on the other hand, can tolerate as much as 20 and 500 times their requirements, respectively
(Andrews et al., 1980; Hilton and Ferguson, 1982).

TABLE 6 Estimation of Safe Upper Dietary Levels of Vitamin D3 for Animals
Exposure Time

Species Dietary Requirementa < 60 db > 60 d
IU/kg vitamin D3 dietc

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

a From the National Research Council (1975, 1978a, 1978b, 1979, 1981, 1983, 1984).
b The safe upper level of vitamin D3 for an exposure time of less than 60 days is undetermined for the horse, catfish, and rainbow trout.
c COne IU = 0.025 µg of vitamin D3.

Under short-term feeding conditions (less than 60 days), most of the species listed in Table 6 can tolerate up to 100 times
their apparent requirements for vitamin D. Experiments supporting this conclusion are, for the most part, extracted from Table 5.

Although most animals can tolerate excess vitamin D for extended periods, there has been no credible data suggesting that
exceeding dietary requirements by several times improves performance. Therefore, other than to compensate for oxidative
losses, there is no justification for feeding excessive dietary vitamin D.

CONCLUSION
More research is needed to further clarify the vitamin D mechanism that causes toxic effects in different species. Whether

the tissue calcinosis is purely a result of hypercalcemia or due to some other factor is a question of prime importance. Also,
there is little information regarding the quantity and distribution of vitamin D and vitamin D metabolites in affected tissues.

SUMMARY
1.  Vitamin D is essential for normal bone formation in animals. It is required in the diets of animals raised with

insufficient exposure to sunlight.
2.  Studies indicate that vitamin D3 is 10 to 20 times more toxic than vitamin D2.
3.  For most species the presumed maximal safe level of vitamin D3 for long-term feeding conditions (more than 60

days) is 4 to 10 times the recognized dietary requirement. Under short-term feeding conditions (less than 60
days), most species can tolerate as much as 100 times their apparent dietary requirements.

4.  There is no known benefit to feeding vitamin D to animals in excess of the recognized dietary requirement levels.
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Vitamin E

Vitamin E was recognized more than 60 years ago as a factor required for normal gestation in rats fed diets containing
rancid fat (Evans and Bishop, 1922). This factor, named tocopherol from the Greek tokos  (childbirth) and pherein (to bring
forth), was also found to be required for prevention of encephalomalacia in chicks and nutritional myopathies in several species
(Goettsch and Pappenheimer, 1931; Pappenheimer and Goettsch, 1931). Evans et al., (1936) isolated the vitamin from wheat
germ oil; Fernholz (1938) elucidated its chemical structure; and Karrer et al., (1938) achieved its synthesis shortly thereafter.

NUTRITIONAL ROLE

Dietary Requirements of Various Species
After vitamin E was recognized as an essential nutrient, numerous interrelationships were identified between it and other

dietary factors, such as selenium and synthetic antioxidants, in preventing many varied animal diseases. (See reviews by Mason
and Horwitt, 1972; Scott, 1978; Combs, 1981; Machlin, 1980, 1984.)These diseases include those prevented by vitamin E or
certain synthetic antioxidants (e.g., encephalomalacia in chicks, fetal death and resorption in rats, depigmentation of incisor
enamel in rats, and muscular dystrophy in rabbits); those prevented by vitamin E or selenium (e.g., dietary liver degeneration in
rats, exudative diathesis in chicks, and nutritional muscular dystrophies in lambs, calves, ducks, and turkeys); and those
prevented only by vitamin E (e.g., testicular degeneration in rats, hamsters, guinea pigs, dogs, monkeys, and chickens, and
nutritional muscular dystrophies in rats, guinea pigs, rabbits, pigs, and dogs). The dietary requirements for vitamin E estimated
for most animal species are in the range of 5 to 50 IU/kg of diet. The role of vitamin E in human health is most apparent in
conditions of poor enteric absorption of lipids, for example, biliary atresia, cystic fibrosis, and neonatal prematurity. Similar
conditions of lipid malabsorption in animals, such as pancreatitis or bile stasis, may be expected to impair the utilization of
dietary vitamin E.

Biochemical Functions
Because synthetic antioxidants, such as ethoxyquin, diphenyl-p-phenylenediamine (DPPD), and butylated hydroxytoluene

(BHT) prevent many vitamin E-deficiency syndromes and because vitamin E functions in vitro as a very good antioxidant,
hypotheses for this nutrient's mode of action held that it was a biologically specific lipid-soluble antioxidant (Tappel, 1962).
However, the metabolic basis for the nutritional interrelationships of vitamin E and selenium was not understood until Rotruck
et al., (1972) discovered that selenium was an essential component of an enzyme, glutathione peroxidase, which was involved
in the metabolism of hydroperoxides. Investigations of this interrelationship have led to the present understanding that vitamin E
and selenium (via glutathione peroxidase) function as parts of a multicomponent antioxidant defense system. This system
protects the cell against the adverse effects of reactive oxygen and other free radical initiators of the oxidation of
polyunsaturated membrane phospholipids, critical proteins, or both (Chow, 1979). This function of vitamin E is thought to be
the basis of its role in nutrition and in protection against the toxic effects of certain pro-oxidant drugs (Combs, 1981).

The different types of vitamin E-deficiency syndromes that are manifested in different animals have been taken to indicate
that, in various species and organ systems, lesions in different aspects of the cellular anti

VITAMIN E 23

Ab
ou

t t
hi

s 
PD

F 
fil

e:
 T

hi
s 

ne
w

 d
ig

ita
l r

ep
re

se
nt

at
io

n 
of

 th
e 

or
ig

in
al

 w
or

k 
ha

s 
be

en
 re

co
m

po
se

d 
fro

m
 X

M
L 

fil
es

 c
re

at
ed

 fr
om

 th
e 

or
ig

in
al

 p
ap

er
 b

oo
k,

 n
ot

 fr
om

 th
e 

or
ig

in
al

 ty
pe

se
tti

ng
 fi

le
s.

 P
ag

e 
br

ea
ks

 a
re

 tr
ue

 to
th

e 
or

ig
in

al
; l

in
e 

le
ng

th
s,

 w
or

d 
br

ea
ks

, h
ea

di
ng

 s
ty

le
s,

 a
nd

 o
th

er
 ty

pe
se

tti
ng

-s
pe

ci
fic

 fo
rm

at
tin

g,
 h

ow
ev

er
, c

an
no

t b
e 

re
ta

in
ed

, a
nd

 s
om

e 
ty

po
gr

ap
hi

c 
er

ro
rs

 m
ay

 h
av

e 
be

en
 a

cc
id

en
ta

lly
 in

se
rte

d.
 P

le
as

e 
us

e 
th

e
pr

in
t v

er
si

on
 o

f t
hi

s 
pu

bl
ic

at
io

n 
as

 th
e 

au
th

or
ita

tiv
e 

ve
rs

io
n 

fo
r a

ttr
ib

ut
io

n.

Copyright © National Academy of Sciences. All rights reserved.

Vitamin Tolerance of Animals 
http://www.nap.edu/catalog/949.html

http://www.nap.edu/catalog/949.html


oxidant defense system may occur. Vitamin E is thought to be involved specifically in the protection against peroxidative
deterioration of polyunsaturated phospholipids in cellular membranes. Lipid peroxidation initiated within the membrane is not
presumed to be affected by the selenium-dependent glutathione peroxidase, which is present only in the cytosol and
mitochondrial matrix space. Lesions of this nature are thought to result in the deficiency syndromes described above that
respond only to vitamin E or to fat-soluble synthetic antioxidants capable of entering membranes. Lesions that involve both the
membrane and soluble components of cells are believed to result in the previously noted deficiency syndromes that respond to
either vitamin E or selenium.

FORMS OF THE VITAMIN
Vitamin E is the generic descriptor for derivatives of 6-chromanol with the qualitative biological activity of α-tocopherol,

that is, 5,6,7-trimethyltocol(see Figure 7). Eight or more compounds in this category are found widely distributed in nature.
The compound with greatest biological potency is R,R,R-α-tocopherol. Isomers of β-(5,8-dimethyltocol), γ(7,8-dimethyltocol),
and δ-(8-methyltocol) tocopherol have some, but very low, biological activity (Table 7). Each of the free tocopherols is
unstable to oxidizing conditions; hence, the vitamin E activity of foods and feedstuffs depends upon both the chemical form
provided and the storage conditions of the product. In practice, the vitamin E contents of practical feedstuffs is variable and not
readily predictable. Therefore, it is a common practice to supplement animal feeds with vitamin E at the rate of 10 to 30 IU/kg.
The form generally used for this purpose is the fully racemic form, all-rac-α-tocopheryl acetate. This ester, which is not an
antioxidant, is stable to oxidizing conditions.

ABSORPTION AND METABOLISM
Most species hydrolize dietary tocopheryl esters (the forms of vitamin E used as feed supplements) effectively at the

mucosal surface of the small intestine. Vitamin E is absorbed as the free alcohol, tocopherol. The vitamin is insoluble in the
aqueous environment of the

Figure 7
Chemical structures of naturally occurring vitamin E-active compounds and analogues.

VITAMIN E 24

Ab
ou

t t
hi

s 
PD

F 
fil

e:
 T

hi
s 

ne
w

 d
ig

ita
l r

ep
re

se
nt

at
io

n 
of

 th
e 

or
ig

in
al

 w
or

k 
ha

s 
be

en
 re

co
m

po
se

d 
fro

m
 X

M
L 

fil
es

 c
re

at
ed

 fr
om

 th
e 

or
ig

in
al

 p
ap

er
 b

oo
k,

 n
ot

 fr
om

 th
e 

or
ig

in
al

 ty
pe

se
tti

ng
 fi

le
s.

 P
ag

e 
br

ea
ks

 a
re

 tr
ue

 to
th

e 
or

ig
in

al
; l

in
e 

le
ng

th
s,

 w
or

d 
br

ea
ks

, h
ea

di
ng

 s
ty

le
s,

 a
nd

 o
th

er
 ty

pe
se

tti
ng

-s
pe

ci
fic

 fo
rm

at
tin

g,
 h

ow
ev

er
, c

an
no

t b
e 

re
ta

in
ed

, a
nd

 s
om

e 
ty

po
gr

ap
hi

c 
er

ro
rs

 m
ay

 h
av

e 
be

en
 a

cc
id

en
ta

lly
 in

se
rte

d.
 P

le
as

e 
us

e 
th

e
pr

in
t v

er
si

on
 o

f t
hi

s 
pu

bl
ic

at
io

n 
as

 th
e 

au
th

or
ita

tiv
e 

ve
rs

io
n 

fo
r a

ttr
ib

ut
io

n.

Copyright © National Academy of Sciences. All rights reserved.

Vitamin Tolerance of Animals 
http://www.nap.edu/catalog/949.html

http://www.nap.edu/catalog/949.html


intestinal lumen. Its enteric absorption, like that of other fat-soluble nutrients, therefore is dependent upon its micellar
solubilization. Consequently, impairment of pancreatic function or bile production will result in impaired absorption of vitamin
E. The efficiency of absorption of tocopherols is relatively low at 20 to 40 percent (Gallo-Torres, 1980a). Absorption is
increased by medium-chain triglycerides and is decreased by high levels of linoleic acid. In mammals, absorbed tocopherol is
transported by chylomicrons via the lymphatic circulation to the liver and subsequently to the general circulation in very low
density lipoproteins (VLDL). In birds and fish, absorbed lipids are conveyed via the portal vein to the liver. The liver and
virtually all extrahepatic tissues take up vitamin E from VLDL. It is present in tissues as free tocopherol.

TABLE 7 Relative Biopotencies of Vitamin E-Active Compounds and Analogues
Trivial Names Chemical Names Biopotencies (IU/mg)a Sources
d-α-Tocopherol 2R-(4'R, 8'R)-5,7,8-

Trimethyltocol
1.49 Wheat germ, other

vegetable oils (some
synthic)

d-α-Tocopheryl acetate 2R-(4'R, 8'R)-5,7,8-
Trimethyltocol acetate

1.36 Chemical esterification

1-α-Tocopherol 2S-(4'RS, 8'RS)-5,7,8-
Trimethyltocol

0.36 Synthetic

2-1-α-Tocopherol (2-epi-uα-
tocopherol)

2S-(4'R, 8'R)-5,7,8-
Trimethyltocol

0.36 Synthetic

dl-α-Tocopherol (all-rac-α-
tocopherol)

2RS-(4'RS, 8'RS)-5,7,8-
Trimethyltocol

1.1 Synthetic

dl-α-Tocopheryl 2RS-(4'RS, 8'RS)-5,7,8-
Trimethyltocol acetate

1.0 Synthetic

2-dl-α-Tocopherol 2RS-(4'R, 8' R)- 5, 7 ,8-
Trimethyltocol

1.1 Synthetic

2-dl-α-Tocopherylacetate 2RS-(4'R, 8'R)-5,7,8-
Trimethyltocol acetate

1.0 Synthetic

d-β-Tocopherol 2R-(4'R, 8'R)-5,8-Dimethyltocol 0.12 Wheat germ, other
vegetable oils

d-γ-Tocopherol 2R-(4'R, 8'R)-7,8-Dimethyltocol 0.05 Corn oil
d-α-Tocotrienol trans-2R-5,7,8-

Trimethyltocotrienol
0.32 Wheat oil

d-β-Tocotrienol trans-2R, 5,8-
Dimethyltocotrienol

0.05 Plant oils

d-γ-Tocotrienol trans-2R,7,8-
Dimethyltocotrienol

Plant oils

d-δ-Tocotrienol trans-2R,8-Methyltocotrienol Plant oils

a Based largely on prevention of resorption-gestation in the rat.
SOURCE: Scott (1978).

In most tissues of animals fed nutritionally adequate amounts of vitamin E, α-tocopherol is detectable. Most species show
normal plasma α-tocopherol concentrations in the range of 1-5 µg/ml. The species have twice these levels in the liver and heart
but only half the levels in the skeletal muscle. Although tocopherol is associated with the lipid phase of cells, tissue tocopherol
concentrations do not relate directly to tissue lipid levels. The basis for the variation of tocopherol concentrations between
tissues is poorly understood; nevertheless, all tissues show linear increases in tocopherol concentrations with increases in
tocopherol intake.

Tocopherol acts in the transfer of hydrogen for the reduction of free radicals within the cell. It does so by acting as a
donor of the hydrogen of its 6-OH group, resulting in the formation of 8-α-hydroxytocopherone or 8-α-alkoxy-α-tocopherone;
upon subsequent hydrolysis, the tocopherones are irreversibly converted to tocopheryl quinones. Other metabolites have been
reported; these have been reviewed by Gallo-Torres (1980b).

HYPERVITAMINOSIS
Vitamin E is generally considered to be one of the least toxic of the vitamins. However, several studies have demonstrated

adverse effects of very high levels of vitamin E in animals and humans (Table 8).
March et al., (1973) demonstrated that feeding chicks vitamin E levels of 1,800 IU/kg of diet did not affect their growth.

Growth was depressed by 2,200 IU kg, however. At this growth-depressing level of intake, reduced hematocrit, reticulocytosis,
and increased pro
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thrombin times were observed. Vitamin K injections corrected the prothrombin times. The high level of vitamin E
depressed bone calcification among chicks fed either a calcium- or vitamin D-deficient diet. Skeletal muscle mitochondria
isolated from chicks fed the high level of vitamin E showed a 33 percent reduction in oxygen uptake. March et al., (1973)
concluded that vitamin E fed to chicks at the 2,200-IU/kg level increased their nutritional requirements for vitamins K and D.
Murphy et al., (1981) showed an effect related to the vitamin D function. Their research found that vitamin E at 10,000 IU/kg
of diet reduced concentrations of calcium and phosphorus in plasma and of total ash in tibiae.

Nockels et al., (1976) found that dietary levels of vitamin E of 4,000 IU/kg or more produced hepatomegaly and reduced
skin pigmentation in broiler chicks. Levels of 8,000 IU/kg or more significantly reduced chick body weight (BW) and caused a
waxy appearance of the feathers. Sklan (1983) found that vitamin E at 200 IU/kg of diet increased hepatic vitamin A stores and
decreased intraduodenal concentrations of retinyl glucuronides with no effect on the enteric absorption of vitamin A.

Yang and Desai (1977a, b) conducted long-term studies of the effects of high dietary levels of vitamin E (all-rac-α-
tocopheryl acetate) on growth in rats. It was evident by 8 months that levels of vitamin E of 10,000 IU/kg significantly
depressed BW and increased relative heart weights (organ weight/unit BW) and by 16 months that relative spleen weights
increased. That level of vitamin E also depressed femur ash content by 16 months and decreased prothrombin times at 12
months. Hematocrit values were increased at 12 and 16 months in rats fed 25,000 IU of vitamin E/kg. Rats fed 2,500 IU of
vitamin E/kg showed increased hepatic lipid contents at 8 months, but this effect was not significant at 16 months. Rats fed
10,000 or 25,000 IU of vitamin E/kg showed reductions in the total lipids and cholesterol contents of plasma by 16 months.
This finding contrasts with the report of Cho and Sugano (1978), who found that a dietary level of 2,000 IU of vitamin E/kg
tended to cause higher plasma lipid levels in the rat.

Yang and Desai (1977a, b) found that high-level vitamin E treatment did not significantly affect liver vitamin A storage or
urinary creatine or creatinine. Jenkins and Mitchell (1975), however, found that a dietary level of 6,000 IU of vitamin E/kg
produced significant increases in liver retinyl ester concentrations, both at low and intoxicating levels of vitamin A intake. High
levels of vitamin E have been shown to reduce the hepatic storage of vitamin A (Johnson and Baumann, 1948; Swick and
Baumann, 1951).

Jenkins and Mitchell (1975) found that a dietary vitamin E level of 6,000 IU/kg did not affect the 8-week growth of
weanling rats. This level of the vitamin significantly reduced the relative weight of the adrenal gland but did not affect the
relative weights of liver, kidney, spleen, or testes. Although the total protein concentration of plasma was not significantly
affected, the high level of vitamin E increased albumin concentrations and decreased globulin concentrations. The result was a
50 percent increase in the albumin: globulin ratio.

Yang and Desai (1977a, b) observed no adverse effects of any kind among rats fed levels of vitamin E as great as 2,500
IU/kg. Alam and Alam (1981) found the same dietary level of vitamin E to produce no deleterious effects on ash or mineral
contents of developing rat teeth. Wheldon et al., (1983) found that dietary intakes of vitamin E as great as 2,000 mg of all-rac-
α-tocopheryl acetate/kg of BW/day for 104 weeks did not adversely affect growth rate, survival, or hepatic function as
indicated by serum enzyme levels.

Martin and Hurley (1977) studied the effects of excessive amounts of vitamin E during pregnancy and lactation in the rat.
They found that the placental transfer of vitamin E is inefficient; thus, the dietary exposure of the dams to vitamin E had
minimal effects on the progeny before birth. They observed no teratogenic effects of dietary intakes as great as 2,252 mg/kg of
BW per day; however, this level of vitamin E intake was associated with a few cases of delayed deliveries (i.e., gestation
periods longer than 21 days) and a few pups with eyes closed at 14 days of age. The dams receiving the high level of vitamin E
had enlarged livers and elevated plasma lipids.

The acute oral LD50 value of all-rac-α-tocopheryl acetate for rats, mice, and rabbits has been estimated to be in excess of 2
g/kg of BW (FASEB, 1975).

Alberts et al., (1978) found that intraperitoneal administration of 85 IU of vitamin E to mice 24 hours before intravenous
treatment with adriamycin increased the bone marrow toxicity of the drug.

Farrell and Bieri (1975) studied a population of 28 adults who consumed 100 to 800 IU of vitamin E/day for an average of 3
years. The results of clinical blood tests revealed no disturbances in the liver, kidney, muscle, thyroid gland, erythrocytes,
leukocytes, coagulation parameters, and blood glucose. Farrell and Bieri concluded that vitamin E in this range of intake
produced no apparent toxic side effects. Nevertheless, the literature contains reports of such effects as creatinuria (Hillman,
1957), fatigue (Roberts, 1981), depression (Kligman, 1982), thrombophlebitis (Roberts, 1978, 1981), and other disorders
ranging from hypoglycemia to hypertension (Roberts, 1981). A review by Salkeld (1979) of more than 10,000 cases in which
the minimum oral intake of vitamin E was greater than 200 IU/day for at
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least 4 weeks indicated that only 61 subjects reported side effects. These effects were generally minor: nausea, generalized
dermatitis, and fatigue.

Tsai et al., (1978) conducted a double-blind study with 200 healthy college students who were given either 600 IU of
vitamin E/day or a placebo. Their results showed that vitamin E treatment did not significantly affect subjective evaluations of
work performance, sexuality, general well-being, muscular weakness, or gastrointestinal disturbances. It also did not affect
prothrombin times, total blood leukocyte counts, or serum creatine phosphokinase activities. Vitamin E treatment did produce
significant elevations in serum triglycerides in females. It significantly decreased serum concentrations of thyroxine and
triiodothyronine in females who were not using oral steroid contraceptive agents and in males.

Corrigan and Marcus (1974) reported a coagulopathy, which is characterized by severely prolonged prothrombin times, in a
patient receiving anticoagulant therapy and voluntarily consuming a high level (1,200 IU/day) of vitamin E. A model for this
condition has been produced in the dog (Corrigan, 1979). He showed that high levels of vitamin E do not affect coagulation
mechanisms unless animals are made mildly vitamin K deficient by the use of warfarin. In this case, high levels of vitamin E
produce a profound coagulopathy. A double-blind study by Zipursky et al., (1980) found that administration of 25 IU/day of
vitamin E by mouth to premature infants to 6 weeks of age did not affect coagulation factors.

PRESUMED UPPER SAFE LEVELS
For the time being, the information on hypervitaminosis E in animals is limited. Therefore, estimates of maximum

tolerable levels in animals should be considered tentative. Studies with rats and chicks indicate that dietary levels of at least
1,000 IU/kg can be fed for prolonged periods of time without deleterious effects. For these species, the presumed upper safe
levels of vitamin E are higher than the dietary levels by rather undefined increments. In rats, the maximum tolerable level is
probably about 2,500 IU/kg. The studies by Yang and Desai (1977a, b) and Alam and Alam (1981) indicate that this level is
not hazardous. The presumed upper safe level for the chick, however, is lower (1,000 to 2,000 IU/kg) as indicated by the
studies of March et al., (1973). The level of 1,000 IU/kg is taken, therefore, as the presumed upper safe level of vitamin E for
the chick. In the absence of experimental data on hypervitaminosis E for other species, maximum tolerable levels of the vitamin
can be inferred only by extrapolation from these estimates for rats and chicks. Thus, a presumed upper safe level of about 75
IU/kg of BW/day is suggested as a tentative guideline for safe dietary exposure to vitamin E. Because the dietary requirements
of most species for vitamin E are in the range of 5 to 50 IU/kg of diet (or 2 to 4 IU/kg of BW/day), intakes of at least 20 times
the nutritionally adequate levels should be well tolerated.

SUMMARY
1.  Vitamin E is a required nutrient for cell antioxidant protection by all animals.
2.  Hypervitaminosis E has been studied in rats, chicks, and humans. These scant data indicate maximum tolerable

levels to be in the range of 1,000 to 2,000 IU/kg diet. A tentative presumed safe use level of 75 IU/kg of BW/day
is suggested.
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Vitamin K

Henrik Dam discovered vitamin K as the result of experiments he was carrying out to determine whether cholesterol was a
dietary essential. Dam (1929) noted a hemorrhagic syndrome in chicks fed diets that had sterols extracted by lipid solvents. He
eventually isolated an active antihemorrhagic factor from alfalfa that E. A. Doisy's research group characterized as 2-
methyl-3-phytyl-1,4-napthoquinone (MacCorquodale et al., 1939). Early investigations established that vitamin K deficiency
resulted in decreased activity of prothrombin in plasma. As they were discovered, the synthesis of clotting factors VII, IX, and X
was also shown to be vitamin K-dependent. More recently, it has been shown that a number of other proteins, many with
presently undetermined functions, require vitamin K for their biosynthesis. Dam (1964), Almquist (1975), and Suttie (1985a)
have reviewed the historical and more recent aspects of vitamin K nutrition and function.

NUTRITIONAL ROLE

Dietary Requirements of Various Species
Dietary adequacy of vitamin K is often defined as the amount of vitamin needed to maintain normal levels of plasma

vitamin K-dependent clotting factors. It has been difficult to demonstrate clearly and to measure dietary vitamin K
requirements for many species. Presumably this is because of the varying degrees to which different species utilize the large
amount of vitamin K synthesized by bacteria in the lower gut and the degree to which they practice coprophagy. A spontaneous
deficiency of vitamin K was first noted in chicks; poultry are much more likely to develop dietary deficiency signs than any
other species. Ruminants do not appear to need a source of vitamin K in the diet because the vitamin is synthesized by rumen
microorganisms and subsequently utilized. Vitamin K deficiencies have been produced in most nonruminant species.
Nevertheless, estimations of requirements made by different workers are difficult to compare because of the use of different
forms of the vitamin and different methods to establish dietary requirements. Some investigators have measured the amount of
vitamin K needed to cure the clotting defect in vitamin K-deficient hypoprothrombinemic animals; others have determined the
minimal dietary concentrations of vitamin needed to prevent appearance of hypoprothrombinemia.

Scott (1966), Doisy and Matschiner (1970), and Griminger (1971) have discussed the vitamin K requirements of various
species in detail. The requirement for most species ranges from 1 to 10 µg of vitamin K/kg of BW/day (50 to 150/ µg/kg of
diet) for most nonruminant animals; 50 to 250 µg/kg of BW/day (0.5 to 1.5 mg/kg of diet) for poultry. A dietary vitamin K
requirement in the adult human has been difficult to establish but is usually stated to range from 0.5 to 1.5 µg vitamin K/kg of
BW/day (Olson, 1980).

Biochemical Functions
In the absence of adequate amounts of vitamin K or in the presence of vitamin K antagonists, animals develop bleeding

disorders. These disorders result from an inability of a liver microsomal enzyme, now called the vitamin K-dependent
carboxylase (Esmon et al., 1975), to carry out the normal post-translational conversion of specific glutamyl residues in the
vitamin K-dependent plasma proteins to γ-carboxyglutamyl residues (Nelsestuen et al., 1974; Stenflo et al., 1974). These
residues are essential for the normal Ca++-dependent interaction of the vitamin K-dependent clotting factors with phospholipid
surfaces. The result of insufficient vitamin K to
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serve as a cofactor for this enzyme is, therefore, a decrease in the rate of thrombin generation. This decrease subsequently
results in a decreased rate of fibrin clot formation and an increased susceptibility to hemorrhage. The molecular role of vitamin K
in the enzymatic reaction is understood in a general sense, but a number of details of the chemical mechanisms remain to be
clarified (Suttie, 1985b).

FORMS OF THE VITAMIN
Compounds exhibiting vitamin K activity possess a 2-methyl-1,4- napthoquinone ring. The term ''vitamin K'' is used as a

generic descriptor for both 2-methyl-1,4-napthoquinone and all 3-substituted derivatives of this compound, which exhibit an
antihemorrhagic activity in animals fed a vitamin K-deficient diet (see Figure 8). The form of the vitamin isolated from plants,
2-methyl-3-phytyl-1,4-napthoquinone, is generally called vitamin K1 or phylloquinone. The vitamin originally isolated from
purified fish meal, which was called vitamin K2, is now known to be only one of a series of bacterially synthesized vitamins K
with unsaturated polyisoprenoid side chains at the 3-position. These are called menaquinones (MK). The predominant vitamins
of the menaquinone series contain a side chain of 6 to 10 isoprenoid units (MK-6 through MK-10); however, forms with up to
13 isoprenoid groups have been identified, as well as several forms with partially saturated side chains. The parent compound
of the vitamin K series, 2-methyl-1, 4-napthoquinone, is a synthetic product that was once called vitamin K3 but is now more
commonly and correctly designated as menadione. Enzymes in mammalian tissue are capable of alkylating menadione to active
forms of the vitamin, and MK-4 appears to be the predominant species formed.

Figure 8
Chemical structures of three major forms of vitamin K.
A limited number of forms of vitamin K are currently available for therapeutic and nutritional use. Phylloquinone (USP

phytonadione) is the preferred form of the vitamin for clinical use and is available as a colloidal suspension, an emulsion, and
an aqueous suspension for parenteral use, and as a tablet for oral use. Menadione is available as a tablet for oral administration. A
water-soluble form of menadione, menadiol sodium diphosphate, is also available for parenteral use. Vitamin K is widely used
by the animal industry, particularly in poultry feeds. Because of the expense of phylloquinone, various water-soluble forms of
menadione are the predominant sources used. Menadione forms a water-soluble sodium bisulfite addition product, menadione
sodium bisulfite (MSB). In the presence of excess sodium bisulfite, MSB crystallizes as a complex with an additional mole of
sodium bisulfite to form a compound called menadione sodium bisulfite complex (MSBC). This form has increased dietary
stability compared to menadione and MSB and, therefore, is widely used in the poultry industry. A third water-soluble
compound is a salt called menadione pyridinol bisulfite (MPB), which is formed by the addition of dimethylpyridinol. These
three forms of menadione, and phylloquinone, have roughly equal biological activity on a molar basis in poultry diets. One of
the menadione forms is usually added to the diets of laboratory animals and sometimes to those of swine.

ABSORPTION AND METABOLISM
Vitamin K is absorbed from the intestine into the lymphatic system of mammals by a process that requires the presence of

both bile salts and pancreatic juice for optimal formation of mixed micellar structures. Shearer et al., (1974) have studied the
absorption of radioactive phylloquinone. They found that fecal excretion of the unmetabolized form following a 1-mg dose of
phylloquinone was less than 20 percent in normal subjects but increased to more than 70 percent in patients with impaired fat
absorption. Animal diets could contain menadione, a mixture of menaquinones and phylloquinone, and there is evidence that
the absorption of these various forms of vitamin K differs significantly. A series of investigations (Hollander, 1981) has
demonstrated that phylloquinone is absorbed from the proximal small intestine by an energy-requiring process. On the other
hand, menaquinone-9 is absorbed from the small intestine by a passive, noncarrier-mediated process. Mena
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dione appears to be absorbed from both the colon and the small intestine by passive processes.
Suttie (1985a) has recently reviewed the distribution of various forms of vitamin K in tissues and the vitamin's

metabolism. Almost 50 percent of a physiological dose of phylloquinone localizes in the liver at 3 hours after parenteral
administration, while only 2 percent of a dose of menadiol diphosphate localizes in this tissue by that time. Although
phylloquinone is rapidly concentrated in liver, it has a relatively short biological half-life. After a rapid drop during the first few
hours following peak levels, injected phylloquinone has been shown to be removed from rat liver with a half-life of less than a
day, suggesting very little long-term storage. Menaquinone-4 is the major lipophilic product of menadione metabolism formed
when low doses of menadione are administered.

Menadione is rapidly metabolized, and three different urinary conjugates—the phosphate, sulfate, and glucuronide—of
menadiol have been identified. The major route of excretion of intravenously administered radioactive phylloquinone appears
to be fecal, with only a small percentage of fecal radioactivity present as unmetabolized phylloquinone. The metabolism of
radioactive phylloquinone has now been studied in both the rat and in humans, and the glycones of the 5- and 7-carbon side
chain carboxylic acid derivatives appear to be major excretion products. A significant amount of vitamin K stored in tissue is
present as the 2,3-epoxide of the vitamin (Matschiner et al., 1970). It is likely that epoxide is also subjected to degraded
metabolism before excretion. There are undoubtedly a number of metabolites and excretion products that have not yet been
identified.

HYPERVITAMINOSIS
Early studies of vitamin K supplementation indicated the relative lack of toxic symptoms. Few systematic studies of the

effects of excess vitamin administration have been carried out. Molitor and Robinson (1940) made a brief but rather
comprehensive study of the toxicity of menadione and phylloquinone soon after the vitamin was discovered. Ansbacher et al.,
(1942), Smith et al., (1943), and Richards and Shapiro (1945) carried out standard pharmacological studies of menadione or
menadione bisulfite in the next few years. These studies utilized standard laboratory animals and are summarized in Table 9.
From these data it can be concluded that the LD50 for a single parenteral dose of menadione or its water-soluble derivative is in
the range of 75 to 200 mg/kg of BW for chicks, mice, rats, rabbits, and dogs, and the LD50 for a single oral dose is 600 to 800
mg/kg of BW at least for chicks and mice. These dosage levels are several orders of magnitude greater than the daily
requirement of the vitamin. A very limited amount of data suggests that the chronic administration of a sublethal dose of
menadione can produce hemolytic anemia. The only indication of an adverse response to vitamin K administration in domestic
animals appears to be the recent report of Rebhun et al., (1984) of acute renal failure in horses following the parenteral
administration of a single dose of menadione bisulfite. This response was reproduced experimentally, and the dosage used was
within the range recommended by the manufacturer of the compound.

In contrast to the low but at least demonstrable toxicity of menadione, natural forms of vitamin K appear to be essentially
innocuous. Molitor and Robinson (1940) administered up to 25 g/kg of BW of phylloquinone either parenterally or orally to
laboratory animals with no reported adverse effect. Barash (1978) has reviewed reports of adverse effects on the
cardiopulmonary system in humans following the intravenous injection of phylloquinone. This is an adverse drug reaction that
occurs with very low frequency and may be a response to the colloid emulsion used as a vehicle rather than to the drug itself.

The toxicity of menadione is undoubtedly not related to its role as a precursor for tissue synthesis of an active form of
vitamin K but because of its chemical properties as a quinone. Vitamin K is routinely administered to prevent hemorrhagic
disease of the newborn. At one time, menadione was the form of the vitamin widely used. A high incidence of hemolytic
anemia and liver toxicity following this therapy (Finkel, 1961; Barash, 1978) has led to the recommendation (American
Academy of Pediatrics, 1971) of the administration of phylloquinone. The basis for the adverse reactions is not clear but is
thought to be related to an influence on cellular redox state or sulfhydryl metabolism.

PRESUMED UPPER SAFE LEVELS
The limited amount of information available on vitamin K has failed to demonstrate any toxicity associated with the oral

intake of phylloquinone and has shown that menadione can be ingested at levels as high as 1,000 times dietary requirements
with no adverse effects.

SUMMARY
1.  Phylloquinone, a natural form of vitamin K, exhibits no adverse effects when administered to animals in massive

doses by any route.
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2.  The toxic level of menadione or its derivatives in the diet is at least 1,000 times the dietary requirement.
3.  Menadione or its derivatives, when administered parenterally, have an LD50 in the range of a few hundred mg/kg

of BW in all species studied except the horse. Doses of 2 to 8 mg/kg have been reported to be lethal in this
species.
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Ascorbic Acid

Ascorbic acid was recognized as early as 1734 as the factor in fresh fruit and vegetables that prevents the development of
scurvy (Chick, 1953). Despite this early recognition, it was not until 1932 that two different research groups isolated and
identified this compound from mammalian adrenal glands and citrus fruits (Svirbely and Szent-Gyorgyi, 1932a,b; Waugh and
King, 1932). Ascorbic acid is a white crystalline compound, classified as a carbohydrate, with a molecular weight of 176 and a
melting point of 190 to 192ºC (Bauernfeind, 1982). It is readily soluble in water, slightly soluble in alcohol and glycerol, and
virtually insoluble in ether and chloroform. Ascorbic acid is relatively stable in air. In aqueous solutions, however, ascorbic
acid is attacked by oxygen and other oxidizing agents that convert the reduced form of the vitamin first to dehydroascorbic acid
and then on to further oxidation products in irreversible reactions.

NUTRITIONAL ROLE

Dietary Requirements of Various Species
Ascorbic acid can be synthesized from glucose through the intermediate formation of glucuronic acid and gulonic acid

(Burns, 1975). Ascorbic acid appears to be ubiquitous in all plants (Loewus et al., 1975). It is synthesized in all animal species
studied with the exception of humans, several primates, the Indian fruit bat, the guinea pig, a few birds, fish, and invertebrates
(Bums, 1957; Ray Chauduri and Chatterjee, 1969; Chatterjee et al., 1975). Therefore, ascorbic acid is not considered to be an
essential dietary nutrient for most domestic animals and laboratory animals; however, it is physiologically essential for all of
them.

Biochemical Functions
The basic functional property of ascorbic acid is its redox potential (+0.08 mV) whereby the compound can reduce

transition metals, thus allowing the vitamin to participate in a number of metabolically important hydroxylation reactions. For
example, a major function of ascorbic acid is as a cofactor in the biosynthesis of collagen. Research has indicated that the
function of ascorbic acid in domestic animals is essentially the same as that in humans or guinea pigs. Furthermore, it would
appear that there are certain circumstances or periods during which the biosynthesis of ascorbic acid in domestic animals may
not be sufficient to meet metabolic demands. During such periods, such as those of disease or high environmental temperature,
exogenous supplies of ascorbic acid have been shown to be beneficial to the health and survival of these animals (Cole et al.,
1944; Rydell, 1948; Scott, 1975; Teare et al., 1979; Vaananen and Wekman, 1979; Bauernfeind, 1982).

FORMS OF THE VITAMIN
Vitamin C is available as ascorbic acid, ascorbate-2-sulphate, ascorbyl palmitate, and sodium ascorbate. However, for

most animals requiring a dietary source of the vitamin, only ascorbic acid (see Figure 9 for reduced and oxidized forms) has
significant antiscorbutic properties. For fish such as the catfish, salmon, and trout, there are reports that ascorbate-2-sulphate
and ascorbyl palmitate also have antiscorbutic properties (Halver et al., 1975; Brandt et al., 1985).

ABSORPTION AND METABOLISM
The site and mechanism of absorption of ascorbic acid may differ between those animals capable of synthesiz
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ing the vitamin and those requiring it as dietary source (Hornig, 1975). In humans and guinea pigs, maximal absorption occurs
in the duodenum (Nicholsen and Chornock, 1942; Hornig et al., 1973) by a Na+- dependent, active, carrier-mediated system
(Stevenson and Brush, 1969; Stevenson, 1974). In contrast, ascorbic acid absorption in the rat, for which it is not a dietary
essential, is a passive process that occurs primarily in the ileum (Hornig et al., 1973). It is assumed that the absorption
mechanism of ascorbic acid in domestic animals is similar to that of the rat (Spencer et al., 1963); however, there is very little
information available on this subject. Research on ruminants (Knight et al., 1941; Cappa, 1958) and horses (Errington et al.,
1954; Herrick, 1972; Jaeschke and Keller, 1982) indicates that the efficiency of ascorbic acid absorption by the oral route is low
in these species due to ascorbic acid destruction by microbial action or other unknown factors.

Figure 9
The reduced and oxidized forms of ascorbic acid.
The efficiency of enteric absorption of ascorbic acid in domestic animals has not been investigated. However, research on

humans indicates that the efficiency of ascorbic acid absorption declines as the dosage levels are increased (Kubler and Gehler,
1970; Kallner et al., 1977; Hornig et al., 1980). More than 70 percent of intakes less than 1 g are absorbed, while intakes
greater than 5 g have less than 20 percent absorption. In addition, recent research also indicates that the efficiency of absorption
may decline with age (Davies et al., 1984). Women with an average age of 82.6 years appeared to have approximately one-
tenth the absorptive capacity for ascorbic acid of women with an average age of 21.8 years.

Studies on the tissue distribution of ascorbic acid in domestic animals have not been extensive, with the exception of the
chicken and the trout. In the trout, radio-autographs of intubated trout indicated a heavy concentration of labeled ascorbic acid
in the liver, the anterior kidney (which is also known as the head kidney or adrenal gland), the renal kidney, and, particularly,
the skin and scales (Halver et al., 1975). Hilton et al., (1979) found the concentrations of ascorbic acid to be highest in the brain
and gonads. In the chicken, the highest concentration of labeled ascorbic acid was observed in the liver with smaller amounts in
the kidney, lung, and spleen (Hornig and Frigg, 1979). White muscle ascorbic acid concentrations were not affected by
differences in the dietary level of ascorbic acid (Dorr and Nockels, 1971).

The metabolism of ascorbic acid in domestic animals has not been extensively studied. Presently, there is very little
information available. The known metabolic fate of ascorbic acid varies with species and depends upon the route of
introduction and the quantity taken in by the animal (Tolbert et al., 1975). In all species, initial metabolism involves the
reversible conversion of ascorbic acid to dehydroascorbic acid; species' differences in the metabolism of ascorbic acid would
appear to occur after this step. In the guinea pig and the rat, there is enzymatic delactonization of dehydroascorbic acid to
diketogulonic acid (Kagawa et al., 1960, 1962), which can then be decarboxylated to form carbon dioxide and a number of
other compounds (Hornig, 1975). Carbon dioxide exhalation is the major route of elimination of ascorbic acid by the guinea pig
and the rat. In contrast, no enzymatic delactonization of dehydroascorbic acid has been found to occur in humans (Baker et al.,
1966). Humans eliminate ascorbic acid and a number of its metabolites primarily by way of the urine (Hornig, 1975).

HYPERVITAMINOSIS
Despite the claims that ascorbic acid is nontoxic to humans (Pauling, 1970), a number of toxicity symptoms or signs in

humans and a number of laboratory animals have been attributed to intakes of large doses of ascorbic acid. These include
oxaluria (Keith et al., 1974), uricosuria (Stein et al., 1976), hypoglycemia (Lewin, 1974), excessive absorption of iron (Cook
and Monsen, 1977), diarrhea, allergic responses, and increased activity of degradative enzymes of ascorbic acid (Schrauzer and
Rhead, 1973), destruction of vitamin B12 (Herbert and Jacob, 1974), and interference with mixed-function oxidase systems in
the liver (Peterson et al., 1982; Sutton et al., 1982). However, some of these abnormalities have been incidental and have been
noted in uncontrolled experiments. There are a number of contradictory reports as well. For example, studies indicating the
destruction of vitamin B12 by ascorbic acid (Herbert and
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Jacob, 1974) have been questioned, and the potentiation of a vitamin B12 deficiency by high levels of ascorbic acid
appears to be unlikely (Hogenkamp, 1980). Nevertheless, there seem to be some negative side effects to excessive amounts of
ascorbic acid intakes, although there is no information indicating lethality. An LD50 value has not been determined for any
laboratory animal species.

There is very little information on any toxicity signs associated with excess ascorbic acid intake in domestic animals. In
studies conducted on dogs, Leveque (1969) reported allergic types of reaction in the mouth. These signs disappeared when the
level of ascorbic acid intake by the dogs was reduced. However, this observation was incidental, and the study was not
controlled. The only study conducted on mink suggested that these animals may be very. sensitive to high levels of ascorbic
acid (Ender and Helgebostad, 1972). Intakes of 100 to 200 mg of ascorbic acid/kg of BW per day produced a pronounced
anemia in pregnant females with a subsequent significant reduction in the number and size of kits. Virtually no studies have
been conducted on other species of domestic animals to determine the levels of ascorbic acid that may be toxic or the
symptoms or signs of ascorbic acid toxicity.

Concentrations in Tissues
Ascorbic acid has a wide distribution in animal tissues. In laboratory animals, high concentrations of ascorbic acid are

normally found in glandular tissues such as the pituitary, salivary, and adrenal glands with the adrenal glands having the
greatest concentration (Kirk, 1962; Hammarstroem, 1966; Hornig, 1975). The brain, liver, lungs, pancreas, and spleen normally
have intermediate to high concentrations. Because these organs are larger than glandular tissues, their contribution of ascorbic
acid to the total amount in the body is far greater.

With the exception of fish, very few studies with domestic animal species have been concerned with the effect of
excessive levels of ascorbic acid on tissue. In studies on catfish, salmon, and trout, the ascorbic acid concentrations in the liver
and head kidney increased in relation to dietary levels of the vitamin, eventually showing a plateau beyond which there were no
further increases (Halver et al., 1969; Hilton et al., 1978; Lim and Lovell, 1978). In contrast, muscle ascorbic acid
concentrations were not affected by increases in the dietary intakes of the vitamin (Hilton et al., 1979). Similarly, studies on
chickens have indicated that muscle ascorbic acid concentrations remained constant when the dietary level of ascorbic acid was
varied (Dorr and Nockels, 1971). In virtually all other domestic animal studies, only plasma ascorbic acid levels have been
reported. They seldom have been related to differences in ascorbic acid intake levels.

PRESUMED UPPER SAFE LEVELS
As indicated in Table 10, there is insufficient information to determine maximum tolerance levels of ascorbic acid for

most domestic animals species. At this time, the most complete information is available only for the chicken. Dietary intakes
up to 3,300 mg of ascorbic acid/kg of feed do not appear to affect the chicken adversely in prolonged growth studies of more
than 60 days (Herrick and Nockels, 1969; Chen and Nockels, 1973; Nockels, 1973; Schmeling and Nockels, 1978). Similarly,
research on swine (Brown et al., 1971, 1975; Sandholm et al., 1979; Chavez, 1983) and fish (Lanno et al., 1985) has indicated
that dietary intakes of as much as 10 g of ascorbic acid/kg of feed do not adversely affect growth. However, studies on swine
have been of much shorter duration (less than 60 days) than studies on chickens or trout. In addition, intakes of 0.5 and 3.0 g
ascorbic acid/ day in cats and dogs, respectively, do not appear to affect these animals adversely in short-term studies
(Belfield, 1967; Edwards, 1968; Leveque, 1969; Vaananen and Wekman, 1979). Long-term studies are required.

There is much more information concerning the safe and apparently toxic ascorbic acid intake levels in laboratory animal
species (Table 10). Some of the results, such as those with rats and guinea pigs, are contradictory, however. Nevertheless, it
appears that levels up to 1 g of ascorbic acid/kg of feed in rat and guinea pig diets do not adversely affect the animals' growth.
Further studies are warranted.

SUMMARY
1.  Excess ascorbic acid intakes in humans and laboratory animals have been reported to produce a variety of toxic

signs or symptoms including allergic responses, oxaluria, uricosuria, and interference with mixed-function
oxidase systems.

2.  Despite the variety of toxic signs in laboratory animals due to excessive intakes of ascorbic acid, there has been
no associated lethality reported.

3.  There is insufficient information on the tolerance and toxicity of ascorbic acid in most domestic animals.
4.  In growth studies of varying lengths, ascorbic acid intakes of 3.3 g/kg of feed for chickens and 10 g/kg of feed

for swine and trout do not appear to affect adversely the growth of these animals. Studies on other domestic
animals are needed.
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Thiamin

Jansen and Donath (1926) identified thiamin as the active factor in rice polishings and rice bran that prevents the disease
beriberi in humans. In later studies, Kinnersly and Peters (1928) isolated thiamin from yeast and wheat germ. A synthetic
process was developed for the production of this vitamin in 1936 (Robinson, 1966). Thiamin is a white hygroscopic crystalline
compound that is stable at temperatures up to 100ºC and is readily soluble in water. Thiamin consists of a pyrimidine nucleus
and a thiazole ring linked by a methylene bridge (Williams and Cline, 1936) (see Figure 10).

NUTRITIONAL ROLE

Dietary Requirements of Various Species
Thiamin synthesis occurs only in plants and microbes; therefore, virtually all animals have nutritional requirements for

this vitamin. There are a number of factors that can affect an animal's dietary requirement for the vitamin. Adult ruminants and
horses can obtain adequate quantities of thiamin from bacteria in the rumen or cecum (Bechdel et al., 1926; McElroy and
Gross, 1941; Kon and Porter, 1947; Hotzel and Barnes, 1966; Poe et al., 1972). However, young ruminants between the ages of 2
to 7 months can, under certain circumstances, develop polioencephalomalacia (cerebrocortical necrosis) in which thiamin
deficiency plays an essential role (Edwin and Jackman, 1981/1982). This disease appears to result from either the ruminal
destruction of formed thiamin or from the presence of anti-thiamin compounds there (Edwin and Jackman, 1981/1982).

Bacterial synthesis of thiamin in the cecum of nonruminant animals other than the horse can also occur. Rabbits and rats,
which practice coprophagy, can obtain significant quantities of thiamin by this route. A deficiency state can be induced by
feeding a thiamin-free or thiamin-inadequate diet, however (Wostmann et al., 1958; Reid et al., 1963; Bitter et al., 1969; Loew
and Yert, 1976). Other factors such as age of the animal (Draper, 1958; Lazarov, 1977) and composition of the diet (Stirn et
al., 1939; Wainio, 1942; Ellis and Madsen, 1944; Dicksen and Dahme, 1971; Holler et al., 1978) may also affect the thiamin
requirement level of an animal. The thiamin requirements for most domestic animals, with the exception of horses and
ruminants, range from 1 to 10 mg/kg of diet.

Biochemical Functions
The enzyme thiamin pyrophosphokinase and adenosine triphosphate (ATP) convert thiamin into its metabolically active

coenzyme form, thiamin pyrophosphate (TPP) (Sauberlich, 1967). In the form of TPP, thiamin functions in the oxidative
decarboxylation of α-keto acids, such as pyruvate and α-ketoglutarate. In addition, TPP functions in the transketolase reaction
of the pen-rose phosphate pathway. Thiamin plays a very important role in glucose metabolism. Therefore, it is not surprising
that the first signs of thiamin deficiency are usually of neurological origin. The thiamin status of an animal can also be
determined by measurement of transketolase activity in erythrocytes or other tissues and of percentage of stimulation of that
activity by exogenous TPP.

Thiamin also appears to be involved in nerve transmission and/or excitation, but whether this role involves TPP is not
clear (Waldenlind, 1978). It is this function that appears to be related to the toxicity of thiamin (Itokawa, 1978).
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Figure 10
Chemical structure of thiamin hydrochloride.

FORMS OF THE VITAMIN
Thiamin is found in most animal tissues predominately in phosphorylated forms (e.g., thiamin mono-, di-, and tri-

phosphates). In cereals and legumes it is present in a nonphosphorylated form. It is located predominately in the scutellum and
germ of cereal grains and is, therefore, removed by milling. Thiamin hydrochloride and thiamin mononitrate are synthesized
for commercial use in animal feeds. Thus, thiamin is found in the diet in one of three forms: free thiamin, phosphorylated
thiamin, and protein-phosphate complexes.

ABSORPTION AND METABOLISM
In the gastrointestinal tract, the bound forms of thiamin are cleaved and the free form is absorbed primarily in the

proximal small intestine (Sklan and Trostler, 1977). Thiamin absorption appears to be passive at high or pharmacological
concentrations and active, by a carrier-mediated system, at low or physiological concentrations (Hoyumpa et al., 1975;
Hoyumpa, 1982). Thiamin's absorption mechanism has only been studied in laboratory animals and humans; however, the
absorption mechanism in domestic animals is assumed to be essentially the same.

The tissue distribution of thiamin appears to be fairly uniform, with higher concentrations found in the liver and kidney
(Cohen et al., 1962; Hammarstrom et al., 1966; Ensminger et al., 1983a). Nervous tissues generally have low levels of thiamin.
These tissues are able to conserve or maintain their thiamin more rigorously than other tissues, however (Robinson, 1966;
Spector, 1982). In the human body, approximately 80 percent of the thiamin present is stored as TPP, 10 percent is stored as
the triphosphate form, and the remainder is stored as the monophosphate form (Ensminger et al., 1983a). Thiamin is one of the
most poorly stored of the vitamins. Mammals can exhaust their body stores within 1 to 2 weeks (Ensminger et al., 1983b). The
pig, however, is an exception to this general rule. It can serve large quantities of thiamin in skeletal muscles (Wilson et al.,
1979). In mammals, excess thiamin is primarily eliminated by way of the urine in unaltered form (Kraus and Mahan, 1979).
Nonetheless, a number of different metabolites of thiamin have been noted in rat and human urine (Neal and Pearson, 1964;
Balaghi and Pearson, 1966; Sauberlich, 1967; Ariaey-Nejad et al., 1968).

HYPERVITAMINOSIS
The effects of excessive intakes of thiamin have been studied only in laboratory animals, dogs, and rabbits (Table 11).

Lethal doses (i.e., LD100 levels) of thiamin by intravenous injection are 80 mg/kg of BW in mice, 180 mg/kg of BW in
rabbits, and 50 to 125 mg/kg of BW in dogs (Haley and Flesher, 1946; Smith et al., 1947; Haley, 1948). Molitor (1942) has
reported that lethal doses of thiamin in rats are 170 mg/kg of BW by intravenous administration and 9.5 g/kg of BW by oral
administration. Furthermore, the LD50 values of thiamin in rats are 500 mg/kg of BW by subcutaneous administration and 6
g/kg of BW by oral administration (Molitor, 1942). The studies of Molitor are reported only in a review and consequently need
to be confirmed. Nevertheless, it is obvious that the lethal effects of the vitamin are only produced at levels at least 1,000 times
(by intravenous administration) that of the dietary requirement. In these studies, toxic levels of thiamin produced a wide variety
of pharmacological effects in the animals. It appears that most of these toxic effects are produced only when the vitamin is
administered acutely (Unna, 1972; Itokawa, 1978). There is virtually no information available to indicate any cumulative
effects of thiamin administered chronically at levels below those that are acutely toxic.

In acute toxicity studies, excess thiamin appears to block nerve transmission, producing curare-like signs in the treated
animal (Haley and Flesher, 1946; Smith et al., 1947, 1948; Haley, 1948; Hayashi et al., 1965). These general signs include
restlessness, epileptiform convulsions, cyanosis, and labored respiration. Death from thiamin toxicity results from respiratory
paralysis, usually accompanied by cardiac failure. In studies with dogs, artificial respiration applied after intravenous injection
of a lethal dose of thiamin was partially effective in overcoming thiamin toxicity (Smith et al., 1948). The mechanism whereby
high levels of thiamin block nerve transmission remains to be determined.

It should be noted that the majority of the studies conducted on the acute toxicity of parenterally administered thiamin
have used the hydrochloride form of the vitamin. Therefore, it is possible that the observed toxicity signs may involve an
altered acid-base balance due
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to the administration of excess chloride. This possibility requires further study.

TABLE 11 Research Findings of High Levels of Thiamin in Animals
Species and No. of Animal Age or Weight Amount (mg/kg of BW) Reference
Dogs 50 Smith et al., 1948
Dogs, 12 ~ 125 Smith et al., 1947
Mice, 150 22-42 g 80-92 Haley, 1948
Mice, 150 22-42 g 380-400 Haley, 1948
Rabbits, 5 3.2-4.7 kg 99-137 Haley, 1948
Rabbits, 5 1.5-1.9 kg 180-240 Haley and Flesher, 1946

NOTE: In all cases, the form was thiamin hydrochloride, the route was intravenous, a single dose was administered, and there was 100
percent mortality.

The effect of varying levels of intake of thiamin on tissue levels of the vitamin has been studied only in the rat. In that
species, thiamin concentrations in the brain, heart, and liver increased with thiamin intakes of as much as 1.5 to 2.0 mg/kg of
BW/day, after which there were no further increases (Gubler and Murdock, 1982).

PRESUMED UPPER SAFE LEVELS
The maximum tolerable level of thiamin administered by either oral or parenteral routes has yet to be determined in most

domestic animal species. In dogs, 100 to 115 µg of thiamin/kg of BW/day (oral route, Noel et al., 1977) and in sheep, 50 mg
thiamin/head/day (intramuscular route, Yano and Kawashima, 1977) appeared safe. In rats, oral intakes of 50 to 100 mg/kg of
diet appeared safe for periods up to 12 weeks (Morrison and Sarett, 1959; Schumacher et al., 1965; Itokawa and Fujiwara,
1973). Presently, it appears that for most species, dietary intakes of thiamin up to 1,000 times the requirement are apparently
safe.

SUMMARY
1.  There is little published information concerning thiamin tolerances and toxicity in domestic animal species.
2.  Studies in laboratory animals, rabbits, and dogs indicate that parenteral administration of thiamin hydrochloride

may be the only route by which signs of thiamin toxicity can be produced. In laboratory animals, rabbits, and
dogs, thiamin toxicity is characterized by a depression of the respiratory center; however, the mechanism of this
effect is unknown.

3.  Acutely toxic levels of thiamin for laboratory animals given the vitamin parenterally range from approximately
80 to 400 mg/kg of BW.

4.  Dietary intakes of thiamin up to 1,000 times the requirement level are apparently safe for most animal species.
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Niacin

The biochemical function of nicotinic acid was discovered before the nutritional role of this compound was appreciated.
Warburg et al., (1935) isolated nicotinic acid from their ''old yellow enzyme,'' subsequently identified as NADP
(nicotinamide-adenine dinucleotide phosphate), and showed that it was part of a cellular hydrogen transport system (Warburg
and Christian, 1936). Funk (1911) had previously isolated the compound in his search for the antipolyneuritis factor for the
chick. After finding that nicotinic acid was not active in this animal model of beriberi, Funk dismissed it as being of 3 little
nutritional importance. It was not until Elvehjem et al., (1938) identified nicotinic acid as the factor that prevented "black
tongue disease" in dogs that the nutritional role of the compound was recognized. Spies et al., (1938) soon demonstrated the
importance of nicotinic acid in human health by showing that it cured pellagra.

NUTRITIONAL ROLE

Dietary Requirements of Various Species
Niacin is essential in the diets of nonruminant species for the prevention of a variety of severe metabolic disorders of the

skin, gastrointestinal tract, and other organs. The first signs of niacin deficiency in most species are loss of appetite, reduced
growth, generalized muscular weakness, digestive disorders, and diarrhea. A scaly dermatitis and, often, a microcytic anemia
follow these signs. These conditions are referred to as black tongue disease in dogs, pellagra in humans, and pig pellagra in
swine. The niacin-deficient chick also shows an abnormality of leg development called perosis. The niacin requirements of
animals range from about 11 mg/kg of diet for dogs to 45 mg/kg of diet for cats. A primary determinant of this variation is in
the efficiency of metabolic conversion of tryptophan to niacin. Ruminants are usually capable of deriving all of their required
niacin from ruminal microbial synthesis. Microbial synthesis is via the quinolinic acid pathway as well as from tryptophan.

Biochemical Functions
The biochemical bases for the diverse effects of niacin deficiency involve the numerous metabolic reactions, which in turn

involve nicotinamide. These include some 35 oxidation-reduction reactions in which nicotinamide participates as either of the
pyridine nucleotides (NAD[H] or NADP[H]) acting as two-electron transporters. NADH transfers electrons from metabolic
intermediates to the mitochondrial electron transport chain, while NADH and NADPH serve as reducing agents in a large
number of biosynthetic processes. Thus, nicotinamide has physiologically critical roles in mitochondrial respiration and in the
metabolism of carbohydrates, lipids, and amino acids.

FORMS OF THE VITAMIN
Niacin is the accepted term used as the generic descriptor of pyridine 3-carboxylic acids and their derivatives that exhibit

the biological activity of the amide of nicotinic acid—in other words, nicotinamide. Of the compounds with niacin activity,
nicotinic acid and nicotinamide show the greatest biological potency (see Figure 11). Some analogs such as 3-acetyl pyridine
and pyridine β-sulfonic acid show niacin-antagonistic activities. Niacin is widely distributed in foods of either plant or animal
origin. Cereals comprise the most important sources of niacin in most animal diets. Much of that niacin appears to be present in
bound forms with limited
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availability to animals, however. Ghosh et al., (1963) found that most of the niacin in cereals and about 40 percent in oilseeds
is bound. In contrast, meats, fish, and milk contain no bound forms of niacin. Bound niacin is released, however, by alkaline
treatment of food materials.

Figure 11
Chemical structures of major niacin-active compounds.
Many cereals and other feedstuffs also contain relative excesses of the amino acid leucine, an antagonist of the metabolic

conversion of tryptophan to niacin. For these reasons, niacin is generally added as nicotinic acid or nicotinamide to mixed
feeds for nonruminants to ensure nutritional adequacy. Although it appears that ruminant species are able to obtain sufficient
amounts of niacin from their rumen microflora, recent studies have also indicated some benefits of niacin supplementation in
ruminant feeds in some circumstances (Frank and Schultz, 1979; Gulbert and Huber, 1979; Riddell et al., 1981; Jaster et al.,
1983).

ABSORPTION AND METABOLISM
Nicotinic acid and nicotinamide are absorbed almost completely by simple diffusion across the intestinal mucosa. The rate

of diffusion of nicotinic acid is about half that of nicotinamide. Absorbed nicotinic acid is thought to be converted to the amide
form in the intestinal mucosa. Nicotinamide is taken up by tissues and incorporated into its coenzyme forms of NADH and
NADPH. This process has been found to be regulated in neurons such that the cellular coenzyme levels are controlled by the
uptake of niacin from the extracellular fluid.

Many of the pyridine nucleotides of tissues are synthesized from niacin derived from the metabolism of the amino acid
tryptophan. Because tryptophan can be converted to nicotinamide mononucleotide (NMN) and hence to NAD, the efficiency of
this conversion is a primary determinant of the dietary niacin requirement of specific animals. Tryptophan-niacin conversion
tends to be high at low levels of intake of tryptophan and decreases with increasing levels of intake. Other factors including the
intake of leucine, total protein, and pyridoxine also affect this conversion. In humans, the conversion is such that about 60 mg
of dietary tryptophan is equivalent to about 1 mg of niacin. The efficiency of this conversion varies considerably among
species according to the activity of picolinic acid carboxylase. This enzyme degrades an intermediate in the pathway (α-amino-
β-muconic -semialdehyde), thus reducing the yield of NMN. Species such as the cat have relatively high picolinic carboxylase
activities. Cats also have high dietary requirements for niacin because it is difficult for them to produce the vitamin
metabolically from tryptophan.

Niacin metabolites are readily excreted in the urine in proportion to the immediate level of vitamin intake. At low doses,
the primary excretory forms are nicotinic acid and nicotinamide. At higher doses, however, several metabolites are excreted in
the urine. The particular pattern of metabolites varies according to species. For example in rats the metabolite pattern is N1-
methylnicotinamide, nicotinuric acid, and nicotinamide-N1-oxide; in humans, N1-methylnicotinamide, N1-methyl-2-pyridone-
carboxamide, N1-methyl-4-pyridone-3-carboxamide, and nicotinamide-N2-oxide. Little niacin is retained in the body; most is
excreted in the urine in a short time. In the case of high doses of niacin, 75 to 90 percent of the dose is usually excreted within
24 hours.

HYPERVITAMINOSIS
High levels (Table 12) of nicotinic acid, such as 3 g/day in humans, can cause vasodilation, itching, sensations of heat,

nausea, vomiting, headaches, and occasional skin lesions (Robie, 1967; Hawkins, 1968). Hankes (1984) stated that oral doses
of nicotinic acid as great as 100 g have been given without causing more severe reactions; however, the case report of Winter
and Boyer (1973) indicates that hepatotoxicity can be produced in humans at dosages of 3 to 9 g of nicotinamide/day. Winter
and Boyer found that doses of nicotinamide of about 9 g/day caused nausea and vomiting followed by elevations in serum
transaminases, alkaline phosphatase, and total bilirubin. These signs were associated with portal fibrosis of the liver in an
individual that had taken 9 g of nicotinamide/day for several months. Upon discontinuing the high level of nicotinamide
intake, clinical parameters of liver function returned to normal within 22 days.

A threshold of 1 to 3 mg of nicotinic acid/kg of BW in the guinea pig produces vasodilation, which is shown by a
cutaneous flush (Andersson et al., 1977). This effect is associated with elevation in skin temperature in the ears and increases in
cyclic adenosine 3',5'-monophosphate (AMP) levels in that tissue. The threshold dose for
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flushing in humans is probably around 250 mg of nicotinic acid (Horrobin, 1980). The stimulation in production of a
prostaglandin may produce the skin flush, which is indicated by the findings that the reaction in humans is reduced by
pretreatment with indomethacin, an inhibitor of prostaglandin synthetase. In addition, flushing also can be produced in humans
by administration of either cyclic-AMP or prostaglandin E1 (Andersson et al., 1977; Svedmyr et al., 1977).

High intake levels (more than 3 g/day) of nicotinic acid have been shown to affect serum cholesterol and lipoprotein
levels in humans. Although such treatment reduces levels of very-low-density (VLDL), intermediate-density (IDL), and low-
density (LDL) lipoproteins, it increases levels of high-density (HDL) lipoproteins. The basis of the latter effect appears to be
reduction of HDL catabolism (Blum et al., 1977). For this reason, nicotinic acid has been used in the treatment of
hyperlipidemias (Patsch et al., 1977; Smith, 1981). Side effects of high levels of treatment, such as 300 mg of nicotinic acid/kg
of BW/day for 3 weeks, have been observed in the normocholesterolemic rat. These include rebounds in plasma-free fatty
acids and triglycerides, and triglyceride accumulation in liver (Subissi et al., 1980). Although the hypolipidemic effect of
nicotinamide appears to be much less than that of nicotinic acid, studies in rats (Dalton et al., 1970) have shown that because of
the much longer serum half-life of nicotinamide, its hypolipidemic effect is much longer.

The intake of 1 g or more of nicotinic acid has been found to reduce the urinary clearance of uric acid (Gershon and Fox,
1974). This effect is thought to be involved in the hyperuricemia frequently observed during the administration of 3 g/day of
nicotinic acid for treatment of schizophrenia in humans (Hankes, 1984).

Studies on experimental animals have shown that the animal's exposure to high levels of nicotinamide can affect the
metabolism of xenobiotic agents. Kamat et al., (1980) showed that the intraperitoneal administration of 100 mg nicotinamide/
kg of BW in rats was effective in inducing the hepatic microsomal mixed function oxygenase (MFO) system (namely,
NADPH-cytochrome c reductase, cytochrome P-450, and cytochrome b5), and several drug-metabolizing enzyme systems
(including aryl hydrocarbon hydroxylase, aminopyrine Ndemethylase, and uridine 5'-diphosphate (UDP) glucuronosyl
transferase). It is likely that the following may relate to the altered metabolism of the active agents by the effect of
nicotinamide on the MFO system: potentiation of antiepileptic activity of phenobarbital (Bourgeois et al., 1983); prevention of
organophosphate-induced micromelia in the embryonic chick (Byrne and Kitos, 1983); protection from some acute effects of
certain hepatocarcinogens (Schoental, 1977); reduction of tumorigenesis induced by bracken fern (Pamukuo et al., 1981) or
diethylnitrosamine (Schoental, 1977); and protection from pancreatic islet cell damage due to the diabetigenic substance
streptozotocin (Wilander and Gunnarsson, 1975; Wick et al., 1977; Kazumi et al., 1978; Yoshino et al., 1979). Most of these
effects have been observed in animals treated with nicotinamide at levels of 250 to 500 mg/kg of BW or fed the vitamin at 0.5
percent of the diet.

Chen et al., (1938) reported the toxicity of nicotinic acid for dogs. They found that repeated oral administration of 2 g/day
of nicotinic acid (133 to 145 mg/kg of BW) produced bloody feces in a few dogs. Convulsions and death followed. Doses of
nicotinic acid as great as 0.5 g/ day, which is about 36 mg/kg of BW, produced slight proteinuria after 8 weeks. Hoffer (1969)
has presented the median lethal doses of nicotinamide in g/kg of BW for several species. For the mouse, the median lethal
doses are 4.5 to 7 g orally, 2.5 to 4.5 g intravenously, and 2.8 g by subcutaneous injection; for the rat, 5 to 7 g orally and 4 to 5 g
intravenously; and for the rabbit, 2.5 g intravenously. However, there have been very few animal studies upon which to base
estimates of the toxicity of high doses of niacin. Studies by Toth (1983) indicated that life-long exposures of mice to high
levels of nicotinamide were not carcinogenic. Baker et al., (1976) showed that dietary levels of nicotinamide above 5,000 mg/
kg depressed the growth of chicks, but that dietary levels of nicotinic acid as great as 20,000 mg/kg did not affect growth.
Certain derivatives of niacin, such as 6-aminonicotinamide, isonicotinic acid, and isonicotinic hydrazide, have been shown to
be lethal, teratogenic, and/or carcinogenic (Matschke and Fagerstone, 1977; Tsarichenko et al., 1977; Zackheim, 1978; Uyeki
et al., 1982; Toth, 1983). The local toxicity of 6-aminonicotinamide is the basis of its therapeutic use for psoriasis (Zackheim,
1978).

PRESUMED UPPER SAFE LEVELS
Estimates of maximum tolerable levels of niacin-active compounds are not possible because of the limited definitive

quantitative data presently available. That evidence suggests that levels greater than approximately 350 to 500 mg of nicotinic
acid equivalents/kg of BW/day may be toxic. Because nicotinic acid is well absorbed, limits of safe exposure of niacin-active
compounds are expected to be similar for oral and parenteral administration. The level of 350 mg nicotinamide/kg of BW/day
is presumed safe for chronic exposure. Nicotinic acid may be tolerated at intakes as great as four times this level.
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SUMMARY
1.  Niacin is the generic description for compounds required by all animals for the metabolic production of essential

metabolic electron carriers NAD(H) and NADP(H).
2.  Limited research indicates that nicotinic acid and nicotinamide are toxic at dietary intakes greater than about 350

mg/kg of BW/day.
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Riboflavin (Vitamin B2)

Riboflavin was first isolated from egg white and was later isolated from milk and liver. The name was adopted after the
compound was shown to contain the sugar alcohol, ribitol (Figure 12). It is very slightly soluble in water (11 mg/100 ml) at a
neutral or acid pH, but is highly soluble in alkaline solution. Riboflavin is synthesized by the gut microflora and, thus, may
reduce the dietary need for the vitamin. Riboflavin is present at various concentrations in a wide range of feeds. It is present in
significant quantities in fresh pasture but is low in cereals where it is complexed with proteins. Riboflavin supplements to diets
are light-sensitive and may be subject to loss during storage.

NUTRITIONAL ROLE

Dietary Requirements of Various Species
Riboflavin is required in the diets of nonruminant animals. Ruminants obtain sufficient amounts of the vitamin from that

synthesized by the rumen micro flora. Deficient intakes of the vitamin result in impaired growth. Chronic riboflavin deficiency
can be fatal. Specific signs of riboflavin deficiency include seborrheic dermatitis, cheilosis, conjunctivitis, and congenital
malformations in rats and mice; curled toe paralysis, reduced embryonic survival, and dermatitis in poultry; muscular
weakness, ataxia, dermatitis, anemia, and cardiological changes in dogs and foxes; dermatitis, alopecia, ataxia, corneal
degeneration, hemmorhagic adrenals, and fatty degeneration of the kidneys in pigs; and dermatitis and normocytic
hypochromic anemia in primates (Nutrition Foundation, 1984). The riboflavin requirements for most species range from 3 to 7
mg/kg of diet.

Biochemical Functions
Riboflavin functions in the intermediary transfer of electrons in metabolic oxidation-reduction reactions as two

coenzymes, flavin mononucleotide (FMN) and flavin adenine dinucleotide (FAD). The riboflavin coenzymes function with a
large number of oxidases and dehydrogenases important in normal metabolism. Those enzymes that use FMN include glucose
oxidase, L-amino acid oxidase, and lactate dehydrogenase. Those that use FAD include D-amino acid oxidase, cytochrome
reductase, succinic dehydrogenase, the acyl-CoA dehydrogenases, L-gulonolactone dehydrogenase, α-glycerophosphate
dehydrogenase, and glutathione reductase. The activity of the last enzyme in the erythrocyte responds directly to changes in
nutritional riboflavin status and is, therefore, used as a clinical parameter for that purpose.

The riboflavin coenzymes transfer electrons to the pyridine dinucleotides of the mitochondrial electron transport chain.
Due to this role in energy metabolism, deficient intakes of riboflavin result in impaired efficiency of respiratory energy
production. This may result in increases in feed intake by 10 to 15 percent. Reduced electron transport in riboflavin deficiency
also results in specific pathologies in those tissues with the greatest normal respiratory rates.

FORMS OF THE VITAMIN
The dietary form of this vitamin may be riboflavin or the coenzyme forms FMN and FAD, which are the predominant

forms in mammalian tissues. The supplementary form for addition to diets is generally riboflavin, although some researchers
have used sodium riboflavinate. This form is more soluble in water than riboflavin (2 percent versus 11 mg/100 ml).
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Figure 12
Chemical structures of riboflavin and its coenzyme forms.

ABSORPTION AND METABOLISM
Riboflavin is synthesized by the intestinal flora, particularly in ruminant animals. Microbial synthesis of the vitamin takes

place in the rumen and/or large intestine, including the cecum. The transit time of the food affects absorption. However, it is
not known how much riboflavin can be absorbed in nonruminants. Riboflavin in the circulation is bound to proteins, including
immunoglobulins.

Absorption of this water-soluble vitamin occurs in the small intestine. There appears to be little storage in the body. The
vitamin is excreted rapidly in the urine, which accounts for the regular requirement for riboflavin by animals. Levels of
riboflavin in excess of the requirement in the diet do not appear to be well absorbed, at
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least in dogs and rats. Unna and Greslin (1942) reported that only 0.1 percent of a dose of riboflavin (exact form not stated)
was recovered in the urine of treated dogs within 24 hours following administration. The feces of rats fed large quantities of
riboflavin showed an intense yellow color. Massive deposits of riboflavin were reported at the site of subcutaneous injections
for as long as 10 days (Unna and Greslin, 1942). Middleton and Grice (1964) studied riboflavin absorption in the intact rat from
an orally administered dose of 10 µg and reported recoveries of about 27 percent in the urine and 10 percent in the feces.
Axelson and Gibaldi (1972) estimated that about 20 percent of a 1,000-µg oral dose of riboflavin was absorbed in the rat.
About 4 to 10 percent was recovered in the urine. When the dose was administered intraperitoneally, 47 to 51 percent was
recovered.

HYPERVITAMINOSIS
A summary of the effects of riboflavin administration in animals is shown in Table 13. Seymour et al., (1968) conducted a

series of experiments in which 5-week-old pigs were fed diets containing up to 8.8 mg riboflavin/kg at environmental
temperatures ranging from -4ºC to 32ºC for 5 weeks. The minimum riboflavin requirement for maximal BW gain or efficiency
of feed conversion was estimated at 3 to 4 mg/kg, with some evidence that it might be increased at low environmental
temperatures. Unna and Greslin (1942) found that 10-week-old dogs tolerated oral doses of 24 mg of riboflavin/kg of BW over a
5-month period. No adverse effects on growth or histopathology were reported. Unna and Greslin (1942) reported that the dog
could tolerate oral doses of 2 g riboflavin/kg of BW with no evidence of toxicity.

Riboflavin toxicity has been studied in laboratory animals. Ellis et al., (1943) fed diets containing 3 to 10 mg riboflavin/kg
to successive generations of rats from 28 to 700 days old. A dietary level of 3 mg/kg appeared to be adequate for breeding
stock. No adverse effects on growth or reproduction were noted for higher levels of the vitamin. In fact, the level of 10 mg/kg
was found to give the progeny slightly improved growth. Leclerc (1979a) fed diets containing 1 to 16 mg riboflavin/kg to
lactating rats and reported an increased tissue concentration with a plateau at 8 mg/kg of diet for dams and 4 mg/kg for pups.
Again, no adverse effects were noted at any level. Burch et al., (1956) fed weanling rats diets containing 0 to 15 mg
riboflavin/kg for a 5- to 6-week period. They found that a level of 15 mg/kg resulted in increased FMN and FAD levels in the
liver, kidney, and heart, but no adverse effects were noted.

Unna and Greslin (1942) administered an oral dose of 10 mg of riboflavin/day for 140 days to weanling rats in each of
three successive generations. They reported no adverse effects on growth or reproduction. Doses of up to 5 g/kg of BW were
administered by various routes in the same investigation. It was reported that the LD50 for riboflavin or sodium riboflavinate
administered orally was more than 10 g/kg of BW. For riboflavin or sodium riboflavinate administered by the intraperitoneal
route, the LD50 was 0.56 g/kg of BW; when administered by the subcutaneous route it was 5 g/kg of BW for riboflavin and 0.79
g/kg of BW for sodium ribofiavinate. Unna and Greslin, (1942) found that the rat tolerated oral doses of 10 g of riboflavin or
sodium riboflavinate/kg of BW with no evidence of toxicity.

Leclerc (1979b) fed diets containing 1, 2, 4 or 6 mg riboflavin/kg to gestating rats and reported larger litter sizes at levels
greater than 1 mg/kg. No effects on progeny whole body riboflavin pool or on dam BW, liver riboflavin concentration, or
weight gain were noted. About 30 percent of the riboflavin consumed during gestation was recovered in the urine of each
group, although this fell to about 20 percent just before parturition.

Schumacher et al., (1965) fed 0.4 or 10.4 mg of riboflavin/100 g of diet to female rats for 2 weeks prior to mating and
through gestation and lactation. They reported that the reproduction of the high-riboflavin group was reduced significantly from
68 percent to 38 percent. These results have not been confirmed by other studies. Mean birth weight, number of pups in a litter,
and mean pup BW at weaning were not affected significantly. Concentrations of the vitamin were also not affected in the fetal
carcasses or in pup livers at weaning.

PRESUMED UPPER SAFE LEVELS
Insufficient data are available to support estimates of the maximum dietary tolerable levels. Because riboflavin does not

appear to be well absorbed from the gut, it is unlikely to present a hazard to animals when included at high levels in the diet.
Leclerc (1979a) reported that a dietary level exceeding 8 mg of riboflavin/kg in the rat (about 3 times the dietary

requirement) resulted in a plateauing of the tissue contents of the vitamin. Other available data suggest that levels between 10
and 20 times the dietary requirement can be tolerated safely by rats.

Riboflavin is more toxic when administered parenterally than when administered orally. Estimates of the rat LD50 for the
intraperitoneal, subcutaneous, and oral routes are 0.56 g/kg, 5 g/kg, and more than 10 g/kg of BW, respectively.
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SUMMARY
1.  Riboflavin is a water-soluble vitamin that is not absorbed well. It is essential in the diets of nonruminant animals.
2.  A level exceeding 8 mg of riboflavin/kg of diet (about 3 times the nutritional requirement) results in a plateauing

of the tissue contents of the vitamin in rats. Other available data with this species suggest that dietary levels
between 10 and 20 times the requirement (possibly 100 times) can be tolerated safely.

3.  Riboflavin administered parenterally is more toxic than when given orally. Estimates of the rat LD50 for the
intraperitoneal, subcutaneous, and oral routes are 0.56 g/kg, 5 g/kg, and more than 10 g/kg of BW, respectively.
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Vitamin B6 (Pyridoxine)

The term vitamin B6 is the generic description for the 2-methylpyridine derivatives that have the biological activity of
pyridoxine (Figure 13). The vitamin includes aldehyde (pyridoxal) and amine (pyridoxamine) forms. Originally part of
Goldberger's ''pellagra-preventative factor,'' vitamin B6 was recognized to have a specific role in preventing dermatitic
acrodynia in rats. It was subsequently isolated and identified in the late 1930s. Vitamin B6 is obtained from both plant and
animal sources. It is also synthesized by the gut microflora, though in nonruminant animals this source is of doubtful
significance.

NUTRITIONAL ROLE

Dietary Requirements of Various Species
Nonruminant animals require a dietary source of pyridoxine to prevent the development of several deficiency signs. These

include reduced growth, muscular weakness, hyperirritability, epileptiform convulsions, anemia, acrodynia, scaly dermatitis,
and alopecia (NRC, 1978). Nutritional requirements range from 0.9 to 6 mg/kg of diet. Protein intake affects vitamin B6 
requirements. Consequently, requirements are often expressed in protein intake terms.

Biochemical Functions
The biologically active forms of vitamin B6 are the coenzymes, pyridoxal phosphate (PLP) and pyridoxalamine phosphate

(PMP). PLP is involved in most reactions of amino acid metabolism including transamination, decarboxylation,
desulfhydration and non-oxidative deamination. PLP also has roles in the biosynthesis of porphyrins (as a coenzyme for δ-
aminolevulinate synthase) and in the catabolism of glycogen (as part of glycogen phosphorylase). Another role, presently not
understood, is apparent in the metabolism of lipids. PLP is important in the metabolism of γ-aminobutyric acid in the brain and
in the synthesis of epinephrine and norepinephrine from either phenylalanine or tyrosine.

FORMS OF THE VITAMIN
The predominant dietary form of this vitamin is generally pyridoxine (PN), which is the main form in plant products.

Pyridoxal (PL) and pyridoxamine are the principal forms found in animal tissues. All three forms are converted in the animal
body to the metabolically active form, PLP. The synthetic form of pyridoxine used for dietary supplementation is generally
pyridoxine hydrochloride (PN·HCl) although some researchers have used the free base.

ABSORPTION AND METABOLISM
The rumen microflora synthesize pyridoxine in amounts normally sufficient to meet the needs of ruminants. Microbial

synthesis also occurs in the colons of nonruminants. Pyridoxine from this source is not absorbed in appreciable amounts from
that organ, however. Absorption of this water-soluble vitamin occurs in the small intestine by a passive process. There appears
to be little storage in the body. Differences have been reported in the efficiency of absorption and retention of this vitamin
among species. Following an administered dose of PN, the amount recovered in urine was 50 to 70 percent for the rat (Cox et
al., 1962), 20 percent for the dog (Scudi et al., 1940), and less than 10 percent for
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humans (Cohen et al., 1973). Pyridoxine is relatively more toxic than other water-soluble vitamins when included in the diet at
levels much higher than the nutritional requirement. A main reason for its toxicity is that pyridoxine's passive absorption
allows the uptake of massive doses, unlike a saturable absorption mechanism such as that of riboflavin. Consequently,
pyridoxine has an acute oral LD50 value greater than that of riboflavin.

Figure 13
General chemical structure of vitamin B6 (pyridoxine).
The R group may be CH2OH (pyridoxol), CHO (pyridoxal), or CH2NH2 (pyridoxamine).
Once ingested, pyridoxine must be converted to its active forms, PLP and PMP. The conversion requires

flavomononucleotides (FMN), flavine adenine dinucleotide (FAD), and niacinamide adenine dinucleotide (NAD). Therefore, a
deficiency of niacin or riboflavin necessary for the formation of NAD and FAD, respectively, can result in decreased levels of
the active forms of pyridoxine. Pyridoxal phosphate functions with kynureninase in the synthesis of niacin from tryptophan. In
pyridoxine deficiency, the diminution of this reaction results in the formation of xanthurenic acid, which is excreted in the
urine. Urinary xanthurenic acid is therefore a sensitive indicator of pyridoxine deficiency. About 70 percent of the vitamin is
excreted in the urine as the inactive metabolite 4-pyridoxic acid.

HYPERVITAMINOSIS
The toxicity of pyridoxine has been studied in several investigations (Table 14). Adams et al., (1967) fed diets containing

4.8 or 9.2 mg of PN (PN·HCl) to 7-kg early weaned pigs for 122 days and reported better growth and feed efficiency with the
higher level of supplementation. Dogs given oral doses of 20 mg/kg of BW for 75 days did not develop any toxic signs (Unna
and Antopol, 1940). Phillips et al., (1978) administered higher oral doses of 50 mg of PN·HCl/kg of BW/day and reported no
signs of toxicity.

Higher doses of the vitamin have been found to produce signs of toxicity. Phillips et al., (1978) reported that ataxia,
muscle weakness, and loss of balance developed between 40 and 75 days in dogs that received 200 mg of PN·HCl/kg of BW/
day. Dogs fed daily doses of 250 mg/kg/day began to develop incoordination and ataxia within the first week of treatment. The
dose was then reduced to 200 mg/kg of BW/day for the remainder of the experimental period. Histological examination of the
tissues revealed bilateral loss of myelin and axons in the dorsal funiculi and loss of myelin in individual fibers of the dorsal
nerve roots. A lesser amount of pathological damage was observed in dogs receiving 50 mg/kg of BW/day. Analyses of tissues
revealed elevated concentrations of PN in the blood, cerebral cortex, spinal cord, spleen, kidney, and muscle of animals
receiving 200 rag/kg/day. The group receiving 50 mg/kg of BW/day had elevated PN levels only in the blood and cerebral
cortex. Schaeppi and Krinke (1982) and Antopol and Tarlov (1942) administered oral doses of 1.5 or 3 g of PN·HCl/kg of
BW/day to dogs weighing about 10 kg for periods of up to 26 days. Toxicity was noted after 2 days. Histological lesions of the
sensory neurons and spinal column were recorded.

Hoover and Carlton (1981) administered daily doses of PN·HCl to beagle dogs according to a regimen that raised the dose
from 50 to 150 mg/kg of BW by the fifteenth day and continued at that level for 85 days. The pyridoxine treatment produced
anorexia within 2 weeks and ataxia within 4 weeks. Krinke et al., (1980) administered daily oral doses of 300 mg of PN·HCl/kg
of BW to pairs of 7- to 11-month-old beagle dogs for 78 days. They reported the development of a locomotory abnormality
(swaying gait) within 9 days. Treated dogs eventually became unable to walk, but did not show muscular weakness. It was
concluded that pyridoxine produced a toxic, peripheral, sensory neuronopathy involving degeneration of the dorsal root
ganglia, gasserian ganglia, and sensory nerve fibers.

Workers have fed diets containing up to 1,430 mg of PN·HCl per kg to growing and breeding rats over prolonged periods
with no adverse effects (Brin and Thiele, 1967; Cohen et al., 1973; Stowe et al., 1974; Alton-Mackey and Walker, 1978;
Kirksey and Susten, 1978; Sloger and Reynolds, 1980; Mercer et al., 1984). In addition, daily oral doses of up to 2.5 mg of
PN·HCl/rat over a prolonged period, or oral doses of 9 mg of PN·HCl given on each of 2 successive days did not result in any
adverse effects (Unna and Antopol, 1940).

When Erabi et al., (1983) injected PLP into the ventricular sinus of rats, the animals exhibited convulsions. Weigand et
al., (1940) administered single intravenous doses of 300 to 700 mg of PN·HCl/kg of BW to mice or rats. They reported
mortality in mice with doses higher than 300 mg/kg and in rats with doses higher than 500 mg/kg. The acute LD50 value for
mice was estimated to be 545.3 mg/kg. For rats it was 657.5 mg/kg. Schumacher et al., (1965) fed diets containing 2.5
(control) or
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62.5 mg of PN/kg ad libitum to female rats from 2 weeks before mating through gestation and lactation. They reported
that the reproduction of the high-PN group was reduced by 47 percent versus 68 percent in the control group. Other
investigations have not confirmed this result. Mean birth weight, mean number of pups per litter, and mean pup weight at
weaning were not affected significantly. The higher level of dietary PN resulted in a significant increase of 0.79 to 1.23 µg in
the carcass PN content of the newborns. The level did not affect the PN requirement of the weanling animals. Krinke et al.,
(1978) administered an oral dose of 300 mg of PN·HCl/kg of BW to male rats for 31 days. They observed a slight ataxia. A
single intraperitoneal dose of 1,000 mg/kg of BW administered to dams the twenty-first day of gestation had no adverse effects
on reproduction (Susten and Kirksey, 1970). There were apparent stimulations of tyrosine transaminase and holotyrosine
transaminase activities in both dams and fetuses. Single oral or subcutaneous doses of up to 7 g/kg of BW were administered in
the investigations of Antopol and Tarlov (1942) and Unna and Antopol (1940). After 24 hours, workers noted uncoordinated
movement and tonic convulsions. They observed rarefaction of the posterior columns of the spinal cord. The LD50 values for
PN·HCl in rats were determined to be 6 g/kg of BW by the oral route and 3.7 g/kg of BW by the subcutaneous route. The
corresponding values for PN were 4 and 3.1 g/kg of BW. The 19 percent difference in the acute toxicity by the subcutaneous
route between these two forms of the vitamin is consistent with the 18 percent difference in their molecular weights. This
suggests that the toxicity is attributable to the pyridoxine portion rather than to the hydrochloride component.

Unna (1940) administered subcutaneous and oral doses of 1 to 8 g of PN or PN· HCl to 120- to 150-g rats and reported
that up to 1 g/kg of BW was tolerated without adverse effects. Larger doses resulted in muscular incoordination in 2 or 3 days
leading to convulsions and death. By subcutaneous administration, the LD50 values were 3.1 g/kg of BW for PN and 3.7 g/kg
of BW for PN·HCl. By oral administration, the LD50 of PN·HCl was 5.5 g/kg of BW, which suggested that the vitamin in that
form was readily absorbed from the gastrointestinal tract. In addition, young 30-g rats given daily oral doses of 0.5 to 2.5 mg
of PN for 80 days showed no adverse growth effects.

Pyridoxine has been used at high doses in humans as a treatment for conditions ranging from premenstrual syndrome to
schizophrenia. Oral doses of 2 to 6 g/day to adults over a prolonged period are associated with sensory-nervous system
dysfunction and disablement (Schaumburg et al., 1983). Pyridoxine has also been used to depress abnormally high lactation in
women (Rose, 1978), possibly by increasing the formation of dopamine. Prolactin was decreased by doses of 200 mg of PN
given 3 times a day (Rose, 1978).

PRESUMED UPPER SAFE LEVELS
Insufficient data are available to support estimates of the maximum dietary tolerable levels of vitamin B6 for species other

than the dog and the laboratory rat. Levels of PN of 1,000 mg/kg of diet fed for less than 60 days, or less than 500 mg/kg of
diet fed for more than 60 days, appear to be safe for dogs.

The available data suggest that rats may safely be fed diets containing up to 500 mg of PN/kg for less than 60 days, or up
to 250 mg of PN/kg for more than 60 days. Estimates of the dietary, levels of PN·HCl that produce specific tissue and body
fluid saturation in rats following exposure for more than 60 days are: muscle, 2.4 mg/kg; liver, 4.8 mg/kg; milk, 9.6 mg/kg.
Estimates of the acute oral LD50 for the rat are 3.1 to 4 g/kg for PN and 3.7 to 6 g/kg for PN·HCl. It is suggested that dietary
levels of at least 50 times nutritional requirements are safe for most species.

SUMMARY
1.  Vitamin B6 (pyridoxine) is a water-soluble vitamin that is absorbed readily. Some domestic and laboratory

animals require a dietary source of the vitamin.
2.  Pyridoxine can be toxic to animals when administered at high levels. A level of 1,000 mg of PN·HCl/kg of diet

appears safe. for dogs. Rats may safely be fed diets containing up to 500 mg of PN/kg for less than 60 days, or up
to 250 mg of PN/kg for more than 60 days. Estimates of the dietary levels of PN·HCl that produce specific tissue
and body fluid saturation in rats following exposure for more than 60 days are: muscle, 2.4 mg/kg; liver, 4.8 mg/
kg; milk, 9.6 mg/kg. Estimates of the acute oral LD50 for the rat are 3.1 to 4 g/kg for PN and 3.7 to 6 g/kg for
PN·HCl.

3.  Available evidence from dog and rat studies suggests that probably more than 1,000 times the nutritional
requirements would have to be included in diets in order to produce signs of toxicity in these particular species.
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Folic Acid

Stokstad (1943) isolated folic acid as a result of investigations of the properties of factors present in yeast or liver that
would promote the growth of lactic acid bacteria (Snell and Peterson, 1940). Subsequent studies demonstrated that the active
factor was identical to, or related to, antianemia factors and animal growth factors discovered by other investigators (Brody et
al., 1984). Mowat et al., (1948) showed that folic acid is composed of a pteridine ring linked through a methylene bridge to p-
aminobenzoic acid to form pteroic acid, which is in turn linked as an amide to glutamic acid. Early studies of the ability of
purines or thymine to partially satisfy bacterial requirements for folic acid pointed to the involvement of this vitamin in purine
and thymine biosynthesis. Early studies using 14C-labeled formate and formaldehyde suggested a role of folic acid in the
metabolism of one-carbon units.

NUTRITIONAL ROLE

Dietary Requirements of Various Species
The nutritional status of animals with respect to folate adequacy is most often assessed through an estimation of folate

concentrations in serum or red cells. These determinations have historically been carried out through microbiological assays,
but protein-binding assays are used increasingly. Functional tests are used as well. For example, excretion of
formiminoglutamate (FIGLU) following a histidine load is often used as a clinical measure of folate adequacy. Growth rate and
the maintenance of normal hematological responses have also been used as a measure of folate adequacy in animal studies.

Folate requirements have been determined to range from 0.25 to 1.0 mg/kg of diet for chickens and 1 to 6 mg/kg of diet
for rats and guinea pigs. Sulfa drugs, which are often added to commercial chick diets, increase the folate requirement. Folate
requirements for ruminant animals and horses have not been established. The swine requirement is less than 1 mg/kg of diet.
The folate requirement for the human is about 50 µg/day and is increased during pregnancy and lactation.

Biochemical Functions
The pteridine ring is completely oxidized in folic acid and can be enzymatically reduced to the dihydro- and

tetrahydrofolate forms. The coenzyme forms of the vitamin are the various one-carbon derivatives of the tetrahydrofolate (see
Figure 14). These include the 5-methyl-, 5- and 10-formyl-, 5-formimino-, 5-10 methylidene-, and 5-10 methylenederivatives
(Wagner, 1984). They encompass one-carbon units at the oxidation state of methanol, formaldehyde, or formate. These one-
carbon derivatives are generated from free formate or from the metabolism of glycine, serine, and histidine. The derivatives can
be oxidized and reduced as folate coenzymes. The various one-carbon units carried on folate coenzymes are used to synthesize
methionine and purine rings and convert deoxyuridinemonophosphate to deoxythymadinemonophosphate. The folate
coenzymes, S-adenosyl methionine and vitamin B12, are therefore responsible for the movement of one-carbon units in
metabolic pathways.

FORMS OF THE VITAMIN
Folacin is the generic descriptor of all compounds that exhibit the biological activity of folic acid. Pteroylglu
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tamic acid (2-amino-4-hydroxy-6-methyleneaminio-benzoyl-L-glutamic acid pteridine) was the first form of folate isolated and
synthesized. In almost all tissues, however, the predominant forms are polyglutamates. These forms may have up to eight
additional glutamic acid residues attached to the terminal glutamate of folic acid in an amide linkage as a poly-γ-amide. The
polyglutamates are the reduced active coenzyme forms in animal tissues. The monoglutamate is used in the supplementation of
animal feeds. Animals convert the absorbed monoglutamate form to polyglutamates. Subsequent metabolism of the reduced
polyglutamates produces the various one-carbon derivatives that function in metabolic reactions.

Figure 14
Chemical structures of folic acid and 5-methyltetrahydrofolate.

ABSORPTION AND METABOLISM
Foods contain a mixture of the mono- and polyglutamate forms of folate. These forms are predominantly in the reduced

state. The polyglutamates are hydrolyzed by a γ-glutamylhydrolase prior to absorption as the monoglutamate. The occurrence
of folate deficiency in celiac sprue is the result of disturbance of the proximal small intestine mucosa and a failure of the
normal intestinal transport process. Absorbed monoglutamates are transported in plasma to cells that use specific transport
systems to take up the vitamin (Herbert et al., 1980). The majority of body folate occurs in the liver in the form of the 5-
methyl- or 10-formyltetrahydro derivatives of the penta or hexaglutamate. Both free folate and folate degradation products are
excreted in the bile. There is a substantial enterohepatic circulation of the vitamin, which leads to a significant fecal loss.

HYPERVITAMINOSIS
Adverse effects following the ingestion of elevated amounts of folic acid to animals have not been observed. The vitamin

is generally regarded as nontoxic. Pharmacological responses to massive doses of folic acid have, however, been reported
(Omaye, 1984; Preuss, 1978). Single intravenous doses of 250 mg/kg of BW of sodium folate caused an epileptic response in
rats (Hommes and Obbens, 1973). This response is decreased in partially hepatectomized rats. These data suggest that
metabolism is required for the toxic response, but the nature of the metabolic change has not been identified. Threlfall et al.,
(1966) observed that parenteral administration of 250 mg folate/kg of BW causes a renal hypertrophy in the rat. This effect is
not seen in the villi of the small bowel (Tilson, 1970), and it is likely that the renal effect is due to tubular obstruction rather
than to any metabolic effect. Schmidt and Dubach (1976) and Schubert (1976) have investigated the morphological and
metabolic changes associated with the pteridine-induced stimulus of renal growth in some detail.

PRESUMED UPPER SAFE LEVELS
No adverse responses to the ingestion of folic acid have been documented. Therefore, the upper limits of presumed safe

dietary levels cannot be established.

SUMMARY
1.  Administration of massive doses of folic acid in the diet has not been reported to cause adverse effects.
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2.  Single parenteral doses of folic acid have been reported to induce epileptic responses and renal hypertrophy in
rats. The doses employed to produce this response have been about 1,000 times greater than the dietary
requirements for the vitamin.
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Pantothenic Acid

Williams (1939) first isolated pantothenic acid as a growth factor for yeast. The vitamin was also investigated as a
growth-promoting factor for lactic acid bacteria. Pantothenic acid is widely distributed in biological materials. Subsequent to
its isolation as a microbial growth factor, it was shown that pantothenic acid is identical to an antidermatitis factor for chicks
and a growth-promoting factor for rats (Fox, 1984; Olson, 1984). The presence of pantothenic acid as a component of
coenzyme A (Lipmann et al., 1947) indicated the vitamin's biochemical role and led to the demonstration that pantothenic
acid-deficient rats had defects in the ability to metabolize fatty acids.

NUTRITIONAL ROLE

Dietary Requirements of Various Species
Signs of pantothenic acid deficiency vary in different species (Sauberlich, 1980; Fox, 1984). An effect on growth response

usually can be demonstrated. Most pantothenic acid-deficient laboratory animals exhibit dermatitis, achromotrichia, and nasal
porphyrin excretion. Pantothenic acid-deficient poultry exhibit a leathering disorder, fatty livers, and a characteristic dermatitis
in the corners of the mouth.

Deficiency signs are readily produced in most laboratory animals. The dietary requirements for rats, mice, and guinea pigs
are 8 to 20 mg/kg of diet; for chicks, 10 mg/kg; for swine, 13 mg/kg; and for dogs and cats, 10 mg/kg. No daily dietary
requirements for pantothenic acid have been established for ruminants, horses, or humans. Estimates of human adult daily
intakes of the vitamin in the United States range from 5 to 20 mg/day (Sauberlich, 1980).

Biochemical Functions
Pantothenic acid is a component of coenzyme A, acyl CoA synthetase, and acyl carrier protein. The coenzyme form of the

vitamin is therefore responsible for acyl group transfer reactions. The acyl derivatives of coenzyme A are activated thiol esters
of the β-mercapto-ethylamine portion of the molecule, which is attached to the carboxyl group of pantothenic acid to form the
active coenzyme. These activated acyl groups are involved in condensations, acyl group exchanges, and acyl group transfers
catalyzed by a number of enzymes. Coenzyme A derivatives are also involved in fatty acid degradation, and fatty acids are
synthesized as acyl carrier protein derivatives.

FORMS OF THE VITAMIN
Pantothenic acid consists of pantoic acid (α,γ-dihydroxy-β,β'-dimethylbutyric acid)joined to β-alanine by an amide bond

(Figure 15). Much of the pantothenic acid in tissues consists of the coenzyme forms of the vitamin. These forms all have β-
mercapto-ethylamine bound as an amide to pantothenic acid and have a 4'-phosphate joined to a 3',5'-adenosine diphosphate
(ADP) by a pyrophosphate in coenzyme A, or to a serine residue of acyl carrier protein or acyl CoA synthetase. This mixture
of coenzymes is to a large extent acylated in tissues. Analyses of the vitamin in foods and tissues have most often been carried
out by microbiological methods, and enzymatic digestion has been used to liberate pantothenic acid from the various coenzyme
forms. The form used in the supplementation of animal feeds is the salt, calcium pantothenate.
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Figure 15
Chemical structures of pantothenic acid and coenzyme A.

ABSORPTION AND METABOLISM
Pantothenic acid activity is widely distributed in feeds and foods, where it is present as a mixture of coenzyme forms.

These forms of the vitamin are presumably hydrolyzed in the intestine. Serum contains predominantly free pantothenic acid.
Cellular enzymes convert pantothenic acid to coenzyme A through a pathway that involves phosphorylation, addition of the β-
mercapto-ethylamine group, and, finally, addition of the nucleotide. Excess pantothenic acid is excreted in the urine, and
changes in dietary intake can be followed by urinary excretion (Fox, 1984).

HYPERVITAMINOSIS
Pantothenic acid is generally regarded as nontoxic (Omaye, 1984). No adverse reactions have been reported in any species

following the ingestion of elevated levels of pantothenic acid in the diet. Unna and Greslin (1941) determined an acute LD50 
value for calcium pantothenate of about 1 g/kg of BW by parenteral injection for the rat but no toxicity at a dose of 10 g/kg of
BW administered orally. They also reported that rats fed 200 mg of calcium pantothenate/day (about 20 g/kg of diet) for 190
days showed no adverse effects as far as growth nor any evidence of gross pathology. Wirtschafter and Walsh (1962) reported
liver damage, as measured by lipid deposition and elevated serum glutamic/oxaloacetate transaminase activities, following the
intramuscular injection of 20 mg of sodium pantothenate (about 80 mg/kg of BW) to rats. The severity of the response
increased when greater doses were administered.

PRESUMED UPPER SAFE LEVELS
No adverse responses to the ingestion of pantothenic acid have been documented. The upper limits of presumed safe

dietary levels cannot be established. It is clear, however, that dietary levels of at least 20 g of pantothenic acid/kg can be
tolerated by most species.

SUMMARY
1.  Pantothenic acid can be administered orally or in the diet at an intake of 10 g/kg of BW with no adverse effects.
2.  Parenterally administered pantothenic acid has an acute LD50 of about 1 g/kg of BW for the rat. Doses of about 80

mg/kg of BW have been shown to be associated

PANTOTHENIC ACID 68

Ab
ou

t t
hi

s 
PD

F 
fil

e:
 T

hi
s 

ne
w

 d
ig

ita
l r

ep
re

se
nt

at
io

n 
of

 th
e 

or
ig

in
al

 w
or

k 
ha

s 
be

en
 re

co
m

po
se

d 
fro

m
 X

M
L 

fil
es

 c
re

at
ed

 fr
om

 th
e 

or
ig

in
al

 p
ap

er
 b

oo
k,

 n
ot

 fr
om

 th
e 

or
ig

in
al

 ty
pe

se
tti

ng
 fi

le
s.

 P
ag

e 
br

ea
ks

 a
re

 tr
ue

 to
th

e 
or

ig
in

al
; l

in
e 

le
ng

th
s,

 w
or

d 
br

ea
ks

, h
ea

di
ng

 s
ty

le
s,

 a
nd

 o
th

er
 ty

pe
se

tti
ng

-s
pe

ci
fic

 fo
rm

at
tin

g,
 h

ow
ev

er
, c

an
no

t b
e 

re
ta

in
ed

, a
nd

 s
om

e 
ty

po
gr

ap
hi

c 
er

ro
rs

 m
ay

 h
av

e 
be

en
 a

cc
id

en
ta

lly
 in

se
rte

d.
 P

le
as

e 
us

e 
th

e
pr

in
t v

er
si

on
 o

f t
hi

s 
pu

bl
ic

at
io

n 
as

 th
e 

au
th

or
ita

tiv
e 

ve
rs

io
n 

fo
r a

ttr
ib

ut
io

n.

Copyright © National Academy of Sciences. All rights reserved.

Vitamin Tolerance of Animals 
http://www.nap.edu/catalog/949.html

http://www.nap.edu/catalog/949.html


with nonfatal liver damage. This amount is approximately 100 times the daily dietary requirement for the
vitamin.
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Biotin

Biotin is distributed widely in low concentrations in plant and animal tissues. It was first described as the factor protecting
against egg white injury caused by avidin, a glycoprotein that binds biotin in the intestinal tract and thus inhibits biotin
absorption. Biotin is slightly soluble in water. This vitamin has a bicyclic structure consisting of a ureido ring fused with a
tetrahydrothiophine ring bearing a valeric acid side chain (Figure 16).

NUTRITIONAL ROLE

Dietary Requirements Of Various Species
Although animals have a metabolic requirement for biotin, it is not yet established that it is a dietary essential for all

species, due to widespread intestinal synthesis. The administration of certain sulfa drugs can be used to induce biotin
deficiencies. Dietary requirements have been established for poultry, but not for most other animals. The broiler chick needs
0.15 mg of biotin/kg of diet and the turkey poult, 0.2 mg/kg (National Research Council, 1984).

Eight stereoisomers of the biotin molecule are possible but only one, D-biotin (cis), is physiologically active. Much of the
biotin in natural materials is present in the bound form, of  -N-biotinyl-L-lysine in proteins. The biological availability of this
form, which is called biocytin, depends upon the digestibility of the proteins in which it is found. The supplementary form
generally used for animal feeds is synthetic D-biotin.

Biochemical Functions
Biotin is known to take part in metabolic carboxylation reactions (Bonjour, 1984). Most biotin-dependent reactions in

mammals are energy-dependent. The reaction involves the cleavage of adenosine triphosphate (ATP) to adenosine diphosphate
(ADP) and inorganic phosphate. Most biotin-dependent reactions in mammalian tissues appear to be of this type. The exception
is a transcarboxylation that is not energy-dependent. The biotin-catalyzed carboxylase systems consist of three types of
subunits: biotin carboxylase, carboxyl transferase, and carboxyl carrier protein. Biotin is covalently linked to the carboxyl
carrier protein through a peptide bond to the -amino group of lysine (that is, as biocytin). The most important of the biotin-
dependent carboxylation enzymes are pyruvate carboxylase, acetyl CoA carboxylase, and propionyl CoA carboxylase.

ABSORPTION AND METABOLISM
Biotin appears to be absorbed well from the small intestine (Marks, 1979), although the protein-bound forms in feeds are

not readily available to animals. Present evidence suggests that the vitamin is not retained well. A high proportion of
administered biotin has been recovered intact in the urine of rats and humans following parenteral adminstration (Fraenkel-
Conrat and Fraenkel-Conrat, 1952; Wright et al., 1956). Biotin excretion, like that of most water-soluble vitamins, is closely
related to intake.

Biotin acts with a number of carboxylases, which results in the movement of carbon atoms between cellular compartments
(Murthy and Mistry, 1977). The biotin-dependent enzyme pyruvate carboxylase converts pyruvate to oxaloacetic acid. This
reaction is important in gluconeogenesis, the formation of glycerol, and the synthesis of acetylcholine. Two other biotin
enzymes, propionyl-CoA carboxylase and acetyl-CoA carboxylase, are involved in the synthesis of succinyl CoA.
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Figure 16
Chemical structure of biotin.
The former is of major importance in energy utilization in ruminants. Biotin is also required in the fixation of 6-carbon in

purines. Thus, it is important in RNA and DNA syntheses.

HYPERVITAMINOSIS
The effects of the administration of high levels of biotin are summarized in Table 15. Very limited data are available.
Comben (1979) reported the results of supplementing the diet of breeding sows with 2 mg of biotin/kg of diet for a period

of 4 months. He noted reduction in lameness within 5 to 6 weeks, as well as an improvement in reproduction. No adverse
effects were recorded.

Bryant et al., (1985a,b,c) conducted a series of trials in which female swine were fed supplemental biotin at levels up to
0.44 mg/kg of diet. Growing animals given a supplementary level of 0.22 mg of biotin/kg of diet showed improved foot health.
Growth was unaffected. No adverse effects were noted. During the subsequent breeding period, which extended over four
reproductive cycles, the sows were fed either no supplemental biotin or 0.44 mg/kg of diet. Improved foot health, hair coat, and
reproduction were noted. No adverse effects were recorded.

Adams et al., (1967) fed a diet based on corn, milo, and soybean meal, which contained 0.29 or 0.4 mg of biotin/kg, to
early-weaned pigs. The researchers reported improved growth and feed efficiency over a 122-day growth period. No adverse
effects of the higher level of biotin were recorded. Brooks et al., (1977) increased the biotin level of breeding sows from 0.15
mg/kg of diet to 0.35 or 0.4 mg/kg. They observed a 28 percent reduction in the incidence of foot lesions. Litter productivity
was also increased. No adverse effects of the higher biotin levels were observed.

Arends et al., (1.971) fed 0.15, 0.25, or 0.33 mg of biotin/kg of diet to 32-week-old breeding turkey hens for 12 or 14
weeks. No significant effects on egg production or hatchability were noted. However, the egg biotin content was raised from
0.13 mg/kg of egg weight with the control diet to 0.25 mg/kg with the diet containing 0.33 mg of biotin/kg. The mortality of
poults from hens fed the biotin-supplemented diets was reduced. The progeny were fed up to 0.37 mg of biotin/kg of diet until
they were 4 weeks old. Liver biotin concentration increased linearly with the dietary biotin level. Poults fed the highest level of
biotin had hepatic biotin concentrations of 0.91 µg/g.

Brewer and Edwards (1972) fed diets containing 0.02, 0.04, 0.06, 0.1, 0.18, or 0.34 mg of biotin/kg of diet to breeding
broiler hens for a 10-week period. Egg production and fertility were improved with diets containing up to 0.1 mg of biotin/kg.
Egg biotin concentration increased linearly with increasing levels of the vitamin in the diet. A biotin level of 0.1 mg/kg of diet
produced 0.2 µg/g of yolk weight; a biotin level of 0.34 mg/kg of diet produced 0.6 µg/g of yolk weight. No adverse effects of
the higher biotin levels were noted.

Whitehead and Randall (1982) added 0.04 to 0.5 mg of biotin/kg to the diets of growing broiler chickens from 1 day to 8
weeks of age. They reported no adverse effects on mortality.

Paul et al., (1973a, b) administered to unmated 3- to 4-month-old female rats 50 mg of biotin/kg of BW in two
subcutaneous injections of biotin dissolved in 0.5 ml of 0.1 N sodium hydroxide (NaOH). The rats were bred 7, 14, or 21 days
after treatment. They were sacrificed 15 or 22 days after gestation. The biotin-treated rats showed irregular estrous cycles.
Atrophic changes were observed in the corpora lutea. A large number of the treated animals resorbed their fetuses by the
twenty-second day of gestation, even when mated within 7 days following treatment. Fetal and placental weights were also
reduced.

Paul and Duttagupta (1975) administered a subcutaneous dose of 100 mg of biotin/100 g of BW to female rats on the first
and second days of gestation. They reported resorption of fetuses and placentas in 7 of the 8 treated animals by 21 days of
gestation. In a subsequent investigation, Paul and Duttagupta (1976) administered a subcutaneous dose of D-biotin in 0.1 N 
NaOH to female rats on the fourteenth and fifteenth days of gestation. Resorption of fetuses and placentas occurred in 2 out of
11 animals. Maternal, uterine, fetal, and placental weights were reduced in the others.

Mittelholzer (1976) was unable to reproduce those effects using a similar protocol. In this study, pure D-biotin was
administered to 190- to 240-g female rats that were known to be cycling. On the day of vaginal estrus, each rat, with the
exception of those in the control group, was given subcutaneous injections totalling 5 or 50 mg of
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biotin/kg of BW with 0.1 NNaOH as the carrier vehicle. Treatment consisted of two doses spaced 6 hours apart. It was
found that 88 percent of rats receiving 5 mg/kg carried fetuses at 21 days of gestation. This rate was 71 percent in the high-
biotin group and 67 percent in the control group. No significant differences were noted in implantation rate, number of
resorption sites, fetal weight, placental weight, or ovarian weight.

PRESUMED UPPER SAFE LEVELS
Insufficient data are available to support estimates of the maximum dietary tolerable levels of biotin. Results from one

laboratory suggest that biotin may be toxic to fetal rats when it is administered subcutaneously to the dam. This effect,
however, was not reproduced by another researcher who followed a similar protocol. Studies with poultry and swine indicate
that these species can safely tolerate dietary levels of at least 4 times their nutritional requirements of biotin. In view of the
poor retention of biotin, it is probable that these species can tolerate much higher levels.

SUMMARY
1.  Biotin is a water-soluble vitamin that many species of animals require in the diet. For other species, gut microbial

synthesis provides sufficient biotin. The vitamin appears to be well absorbed from the gut, but is not well
retained.

2.  Studies with poultry and swine indicate that these species can safely tolerate dietary levels of 4 to 10 times their
nutritional requirements of biotin. Because this vitamin is not well retained, the maximum tolerable level of
biotin may be much higher.

REFERENCES
Adams, C. R., C. E. Richardson, and T J. Cunha. 1967. Supplemental biotin and vitamin B6 for swine. J. Anim. Sci. 26:903. (Abstr.)
Arends, L. G., E. W. Kienholz, J. V. Schutze, and D. D. Taylor. 1971. Effect of supplemental biotin on reproductive performance of turkey

breeder hens and its effect on the subsequent progeny's performance. Poult. Sci. 50:208.
Bonjour, J.P. 1984. Biotin. P. 403 in Handbook of Vitamins, L. J. Machlin, ed. New York: Marcel Dekker.
Brewer, L. E., and H. M. Edwards, Jr. 1972. Studies on the biotin requirement of broiler breeders. Poult. Sci. 51:619.
Brooks, P. H., D. A. Smith, and V. C. R. Irwin. 1977. Biotin—Supplementation of diets, the incidence of foot lesions, and the reproductive

performance of sows. Vet. Rec. 101:46.
Bryant, K. L., E. T Kornegay, J. W. Knight, K. E. Webb, Jr., and D. R. Notter. 1985a. Supplemental biotin for swine. II. Influence of

supplementation to corn-and-wheat based diets on reproductive performance and various biochemical criteria of sows during four
parities . J. Anim. Sci. 60:145.

Bryant, K. L., E. T Kornegay, J. W. Knight, H. P. Veit, and D. R. Notter. 1985b. Supplemental biotin for swine. III. Influence of
supplementation to corn-and-wheat based diets on the incidence and severity of toe lesions, hair and skin characteristics and
structural soundness of sows housed in confinement during four parities. J. Anim. Sci. 60:154.

Bryant, K. L., E. T Kornegay, J. W. Knight, K. E. Webb, Jr., and D. R. Notter. 1985c. Supplemental biotin for swine. I. Influence on feedlot
performance, plasma biotin and toe lesions in developing gilts. J. Anita. Sci. 60:136.

Comben, N. 1979. Biotin for Breeding Sows. Field Experiences 1976-1978. Publication #1979-270-79-955. Basel, Switzerland: F. Hoffman-
LaRoche.

Fraenkel-Conrat, J., and H. Fraenkel-Conrat. 1952. Metabolic fate of biotin and of avidin-biotin complex upon parenteral administration.
Biochem. Biophys. Acta 8:66.

Marks, J. 1979. A Guide to Vitamins. Lancaster, England: Medical and Technical Publishing.
Mittelholzer, E. 1976. Absence of influence of high doses of biotin on reproductive performance in female rats. Int. J. Vit. Res. 46:33.
Murthy, P. N. A., and S. P. Mistry. 1977. Biotin. Prog. Food Nutr. Sci. 2:405.
National Research' Council. 1984. Nutrient Requirements of Poultry. 8th rev. ed. Washington, D.C.: National Academy Press.
Paul, P. K., and P. N. Duttagupta. 1975. The effect of an acute dose of biotin at the pre-implantation stage and its relation with female sex

steroids in the rat. J. Nutr. Sci. Vitaminol. 21:89.
Paul, P K., and P. N. Duttagupta. 1976. The effect of an acute dose of biotin at the post-implantation stage and its relation with the female sex

steroids in the rat. J. Nutr. Sci. Vitaminol. 22:181.
Paul, P. K., P. N. Duttagupta, and H. C. Agarwal. 1973a. Antifertility effect of biotin and its amelioration by estrogen in the female rat. Curt.

Sci. 42:613.
Paul, P. K., P. N. Duttagupta, and H. C. Agarwal. 1973b. Effects of an acute dose of biotin on the reproductive organs of the female rat. Curt.

Sci. 42:206.
Whitehead, C. C., and C. J. Randall. 1982. Interrelationships between biotin, choline and other B-vitamins and the occurrence of fatty liver and

kidney syndrome and sudden death syndrome in broiler chickens. Br. J. Nutr. 48:177.
Wright, L. D., E. L. Cresson, and C. A. Driscoll. 1956. Biotin derivatives in human urine. Proc. Soc. Exp. Biol. Med. 91:248.

BIOTIN 73

Ab
ou

t t
hi

s 
PD

F 
fil

e:
 T

hi
s 

ne
w

 d
ig

ita
l r

ep
re

se
nt

at
io

n 
of

 th
e 

or
ig

in
al

 w
or

k 
ha

s 
be

en
 re

co
m

po
se

d 
fro

m
 X

M
L 

fil
es

 c
re

at
ed

 fr
om

 th
e 

or
ig

in
al

 p
ap

er
 b

oo
k,

 n
ot

 fr
om

 th
e 

or
ig

in
al

 ty
pe

se
tti

ng
 fi

le
s.

 P
ag

e 
br

ea
ks

 a
re

 tr
ue

 to
th

e 
or

ig
in

al
; l

in
e 

le
ng

th
s,

 w
or

d 
br

ea
ks

, h
ea

di
ng

 s
ty

le
s,

 a
nd

 o
th

er
 ty

pe
se

tti
ng

-s
pe

ci
fic

 fo
rm

at
tin

g,
 h

ow
ev

er
, c

an
no

t b
e 

re
ta

in
ed

, a
nd

 s
om

e 
ty

po
gr

ap
hi

c 
er

ro
rs

 m
ay

 h
av

e 
be

en
 a

cc
id

en
ta

lly
 in

se
rte

d.
 P

le
as

e 
us

e 
th

e
pr

in
t v

er
si

on
 o

f t
hi

s 
pu

bl
ic

at
io

n 
as

 th
e 

au
th

or
ita

tiv
e 

ve
rs

io
n 

fo
r a

ttr
ib

ut
io

n.

Copyright © National Academy of Sciences. All rights reserved.

Vitamin Tolerance of Animals 
http://www.nap.edu/catalog/949.html

http://www.nap.edu/catalog/949.html


Vitamin B12

Vitamin B12 (cobalamin) is unique among vitamins in that it is synthesized in nature only by microorganisms. It is the last
vitamin to have been discovered (in the late 1940s) and is the most potent on a weight basis. Vitamin B12 deficiencies are
characterized by a wide variety of signs in various animal species. The natural concentrations of this vitamin in feeds are
generally low. A synthetic form is commonly used as a feed supplement.

NUTRITIONAL ROLE

Dietary Requirements Of Various Species,
All Nonruminant Species Require Dietary Sources Of Vitamin B12. The Required Amounts Are Low Because Of The

Presence Of Microbial Sources Of The Vitamin In The Environment (E.G., Manure) And Bacterial Synthesis In The
Gastrointestinal Tract. However, The Latter Contribution May Be Of Questionable Significance. Supplementation Of Diets
Based Solely On Plant Feedstuffs Is Essential. Vitamin B12-Deficient Swine May Show Macrocytic Hyperchromic Anemia,
Neuropathies, Reproductive Failures, And Dermatitis; Chickens May Show Abnormal Feathering; And Rats May Show
Porphyrin-Caked Whiskers. The Estimated Requirements Of Most Species For Vitamin B12 Range From 9 To 22 µG/Kg Of
Diet.

Biochemical Functions
Vitamin B normally occurs in feeds bound to protein in the methyl or 5'-deoxyadenosyl forms, each of which is known to

be a coenzyme in only a single reaction in animal metabolism. The methyl form (methylcobalamin) is required as a carrier of
the methyl group from N5-methyltetrahydrofolate to homocysteine in the conversion of the latter to methionine. The 5'-
deoxyadenosyl form (adenosylcobalamin) is required in the conversion of methylmalonyl CoA to succinyl CoA, an important
step in the metabolism of propionic acid.

FORMS OF THE VITAMIN
The structure of vitamin B12 is shown in Figure 17. It consists of a corrin ring system with a central cobalt atom.

Cyanocobalamin is the usual form of the vitamin used in supplementing animal feeds. It contains a cyanide group as an artifact
of the preparation process attached to the central cobalt atom. Little, if any, of this form is believed to occur naturally.
However, other forms of the vitamin in which cyanide is replaced by another group occur naturally. These include
hydroxycobalamin that has been isolated from liver and nitritocobalamin that has been isolated from microorganisms. Other
forms, which are found commonly in feeds, are methylcobalamin (the cyanide group replaced with a methyl group) and 5'-
deoxyadenosylcobalamin (the cyanide group replaced with a deoxyadenosylcobalamin group). All of the above-mentioned
forms have vitamin B12 activity.

ABSORPTION AND METABOLISM.
Vitamin B12 is synthesized by the intestinal microflora in nonruminant species and by rumen microbes in ruminants. This

source is normally sufficient to meet the needs of ruminants. It is not known how much of the source can be absorbed in
nonruminants, however.

Absorption of this water-soluble vitamin is mainly or exclusively in the ileum and is facilitated by the presence of an
intrinsic factor released in gastric juice. Failure to produce the intrinsic factor (for example, as the result of pernicious anemia
or total gastrectomy) results in failure to absorb vitamin B12. Denker (1983) injected pregnant mice with radiolabeled vitamin
B12 (cyanoco
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balamin-57Co) intravenously at a dose rate of 3.2 mg/kg of BW. Three hours later, he recovered 79 percent of the vitamin in the
placenta, 1.5 percent in the serum, 2.1 percent in the fetus, 2.3 percent in the liver, and 15 percent in the kidney. With continued
intake of the vitamin, animals show tissue storage of cobalamins principally in the liver (30 to 60 percent of the total body
load), but also at lower levels in the kidney, heart, spleen, and brain (Ellenbogen, 1984). In humans, the tissue storage of the
vitamin is so great that signs of vitamin B12 deficiency may not appear for months or years after the vitamin has stopped being
excreted in urine and bile.

Figure 17
Chemical structure of the cyano form of vitamin B12 (cyanocobalamin).
Vitamin B12 acts in a number of roles that are important in the functioning of tetrahydrofolate, which is the facilitation of

folate entry into cells and the transfer of the methyl group from methyltetrahydrofolate to homocysteine. In B12 deficiency,
tetrahydrofolate is thought to accumulate as methyltetrahydrofolate, which is unable to transfer methyl groups in the synthesis
of thymidine. The resulting defect in DNA synthesis, which is characteristic of folate deficiency, also is produced by a B12 
deficiency. Because vitamin B12 is required in the conversion of propionate to succinate, deficient animals excrete
methylmalonic acid in the urine.

The criteria for vitamin B12 adequacy include normal rates of growth, hematopoiesis, reproduction, offspring viability, and
liver concentrations of the vitamin.

HYPERVITAMINOSIS
A summary of the effects of vitamin B12 administration in animals is shown in Table 16. Schaefer et al., (1949) fed 15 or

30 µg of vitamin B12/kg of diet to day-old leghorn chickens to 4 weeks of age and found no adverse effects of the higher level.
Traina (1950) administered to mice intraperitoneal doses of 7.5, 15, and 30 µg of vitamin B12, or a subcutaneous dose of 30
µg. Traina observed signs of toxicity with doses of 15 µg (1.36 mg/kg of BW) and higher. Winter and Mushett (1951)
administered doses of up to 1,600 mg of vitamin B12/kg of BW to mice by either the intraperitoneal or intravenous route and
reported no adverse effects on growth or survival.

TABLE 16 Research Findings of High Levels of Vitamin B12 in Animals
Species and
No. of Animal

Age or Weight Administration
Amount Duration Route Effect Reference

Chickens,
leghorns,
11-60/group

1 d 15 or 30 µg/kg
diet

4 wk Diet Growth rate
similar; no adverse
effects

Schaefer et al.,
1949

Mice, 2 Gestating 36 g 0.114 µg 2 injections 10
min apart

IV Concentration
greatest in placenta

Denker, 1983

Mice, albinos,
10/group

11 g 7.5,15, or 30
µg

Single dose IP 7.5 µg, no adverse
effects; 15 µg, 20%
mortality; 30 µg,
100% mortality

Traina, 1950

Mice, albinos,
10 group

11 g 30 µg Single dose SC 100% Mortality Traina, 1950

Mice, 3-10/
group

20 g 100-1,600 mg/
kg BW

Single dose IP No mortality or
adverse effects on
growth

Winter and
Mushett, 1951

Mice, 3/group 20 g 800 and 1,600
mg/kg BW

Single dose IV No mortality or
adverse effects on
growth

Winter and
Mushett, 1951

NOTE: The form was B12 in all cases.
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They suggested that the effects found by Traina (1950) may have been due to the presence of toxic impurities in the
sample of vitamin used.

PRESUMED UPPER SAFE LEVELS
Insufficient data are available to support estimates of the maximum dietary tolerable levels of vitamin B12. Data from a

single chick study suggest that 3 times the vitamin B12 requirement of that species can be included safely in the diet, however.
Mouse data suggest that dietary levels of at least several hundred times the requirement are safe.

SUMMARY
1.  Vitamin B12 is a water-soluble vitamin that is stored principally in the liver. It is required in the diets of

nonruminant animals.
2.  Data from mouse studies suggest that vitamin B12 is innocuous when administered intraperitioneally or

intravenously in relatively high doses and that dietary levels of at least several hundred times the requirement are
safe.
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Choline

Although choline is not a true vitamin in the classical sense, it is an important nutrient as a source of labile methyl groups.
It is synthesized by many animal species. Certain physiological states or clinical disorders may result in relative deficiencies
and subsequent needs for choline dietary supplements, however. Choline was originally isolated from hog bile.

NUTRITIONAL ROLE

Dietary Requirements of Various Species
Dietary requirements for choline have been established for the young of several species including the chicken, pig, rat, and

dog (see the appendix table). Most animals can produce all of the choline they need by hepatic synthesis. This synthesis can be
insufficient for the needs of rapidly growing poultry or for the young of other species when fed diets deficient in methyl
groups, however. In these cases, dietary supplements of choline are required to alleviate growth depression and/or hepatic
steatitis. Choline-deficient chicks and poults also show a condition called chondrodystrophy (perosis). Chondrodystrophy is
characterized by hemorrhaging and flattening of the tibiometatarsal joint, rotation of the metatarsus, and, ultimately,
displacement of the Achilles tendon from its chondyles, resulting in crippling (National Research Council, 1984). The chick's
choline requirement is substantial (aproximately 1,300 mg/kg of diet) until about 13 weeks of age, after which time
endogenous synthesis can apparently satisfy physiological demands.

Berry et al., (1943), Marvel et al., (1943), and Mishler et al., (1946) found that the apparent choline requirements of
chicks are increased by including soybean meal in the diet. Soybeans contain significant amounts (in excess of 2,500 mg/kg) of
choline. Therefore, it has been suggested that the biological availability of choline in this feedstuff may be relatively poor.
Molitoris and Baker (1976) reported that choline in soybean meal is only 60 to 75 percent available for supporting chick
growth. The chick growth data of Fritz et al., (1967) presents a somewhat higher estimate of 85 to 89 percent.

Biochemical Functions
Choline has three important functions in metabolism (Chan, 1984). As the acetyl ester, acetylcholine, it serves as a

neurotransmitter. It is also metabolized to phosphatidyl choline (lecithin). In this form, choline has structural functions in
biological membranes and in tissue lipid utilization. Choline is also oxidized to betaine, serving as a source of labile methyl
groups for the formation of methionine from homocysteine and of creatine from guanidoacetic acid.

FORMS OF THE VITAMIN
Choline occurs in biological tissues in the free form (trimethylethanolamine) and as a component of lecithin,

acetylcholine, and other phospholipids (see Figure 18). The form most commonly used for supplementation of diets is choline
hydrochloride, which may be in liquid, deliquescent, or solid form. Various investigators have also used choline dihydrogen
citrate and cytidine diphosphate choline (CDP-choline).

ABSORPTION AND METABOLISM
Little is known of the absorption of choline. Because intestinal microflora break down choline in the large
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intestine to trimethylamine, absorption can be assumed to take place in the small intestine.

Figure 18
Chemical structure of choline.
Choline (β-hydroxyethyltrimethyl-ammonium hydroxide)
All species are capable of synthesizing choline in the liver by the methylation of ethanolamine, which uses methyl groups

from S-adenosyl methionine. The process occurs in two steps, each involving a different methyl transferase. Limitations in the
availability of methyl groups, therefore, can reduce endogenous choline production. Methionine has a choline-sparing effect.
For swine, it has been estimated that when methionine is fed at levels in excess of that required for normal rates of protein
synthesis, 4.3 mg of methionine was equal to 1 mg of choline in providing methylating capacity (National Research Council,
1979).

According to Mookerjea (1971), the hepatic accumulation of lipids in both choline- and methyl group-deficient rats is due
to decreased formation of low-density lipoproteins, which results from inadequate amounts of lecithin. Choline is important in
the transformation of the immunoreactive cells. Nauss and Newberne (1980) reported that the thymus gland was hypocellular
in rats born from choline-deficient parents. This symptom suggests that defective cellular proliferation is due to impaired DNA
synthesis. Beisel (1982) reported impaired chemotaxis in macrophages and depressed T-lymphocyte response.

Plasma choline may be used as a criterion of adequacy. Growth rate, satisfactory reproduction, and lipid levels of livers
and kidneys also have been used.

HYPERVITAMINOSIS
Neumann et al., (1949), Kroenig and Pond (1967), and Dobson (1971) have reported no adverse effects of choline

supplementation in swine. In fact, the growth rate improved (see Table 17).
Studies with poultry indicated similar tolerance to high levels of choline. Ketola and Nesheim (1974) provided levels of

500 to 2,500 mg of choline (as choline dihydrogen citrate)/kg of purified diet to day-old leghorn-type of chickens. They noted
no adverse effects on growth over a 21-day period. In fact, they noted that increasing the level of the vitamin above 500 mg/kg
of diet reduced chondrodystrophy to zero. Some leghorn-type of laying hens at 30 weeks of age and 80 percent of egg
production were fed purified diets containing either no choline chloride or 1,400 mg/kg. Ketola and Nesheim noted no adverse
effects on egg production during a 12-week period. Supplementation of the diet with choline chloride led to significant
increases in both BW gain and feed intake. Jukes (1941) fed diets containing either no choline or 2,000 mg/kg (presumed to be
the chloride form) to turkey poults from hatching. Jukes reported an improvement in growth and a reduction in
chondrodystrophy. Crawford et al., (1969) and March and MacMillan (1979) reported no deleterious effects in laying hens fed
diets containing up to 5,730 mg choline/kg (added as choline HCl).

Other studies have revealed adverse effects of high levels of choline. Saville et al., (1967) fed day-old broilers graded
levels of choline chloride from 400 to 2,200 mg/kg of diet. They noted hyperexcitability and muscular incoordination after 7
weeks in those animals fed the 2,200 mg/kg. Similar signs developed later in the other treatment groups. Growth after 6 weeks
of age was depressed in the groups receiving 1,320, 1,760, and 2,200 mg/kg. The problem was overcome by withdrawal of the
choline chloride or by provision of additional pyridoxine. Deeb and Thornton (1959) fed semipurified diets containing
supplementary choline chloride at levels up to 8,800 mg/kg to day-old broiler chickens to 4 weeks of age. Growth rate was
maximized with 880 to 1,760 mg choline chloride/kg of diet. They reported a depression in BW and feed efficiency with a
dietary level exceeding 2,200 mg/kg. This level was slightly above the one Jukes (1941) found to be well tolerated by broilers.

Davis (1944a) showed that daily oral administration of 5 g of soybean lecithin (equivalent to 150 mg of choline) to dogs
resulted in a maximum number of erythrocyte reduction that took place after 12-25 days. This condition persisted for at least 10
days after the cessation of lecithin feeding. Similarly, daily doses of 8 mg of choline hydrochloride/kg of BW also significantly
reduced red blood cell numbers. In this case, more than 10 days were required for maximum red blood cell number depression
to occur. Davis (1944a) suggested that choline administration depressed erythropoeisis by increasing the oxygen supply to the
bone marrow.

Davis (1944b) found that choline chloride induced a hyperchromic anemia in about 15 dogs. The anemia was produced by
giving the dogs single doses of 10 mg/kg/ day of choline chloride by stomach tube. Once the anemia was established, the same
dose was continued twice daily. When the erythrocyte numbers were further reduced, a third daily dose was added. One dog
was placed
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on an accelerated program. It was dosed twice daily 7 days after the start, and then 3 times daily on the twenty-sixth day.
Anemia was established in that animal more rapidly. Two other dogs were given doses of 10 mg/kg 3 times daily from the
beginning of the experiment. As a result of 3 daily doses of choline hydrochloride, five dogs showed 30 to 43 percent
reductions in red blood cell counts. Two other dogs exhibited milder anemias.

Hodge (1945) added choline chloride to the diet and drinking water of rats. He found that levels of up to 1 percent of
choline chloride in the diet produced no evidence of toxicity. Growth was depressed at higher levels, however. When choline
chloride was given in the drinking water, growth depression was observed at the 1 percent level. Levels greater than 3 percent
were not well tolerated. In general, the effects of choline chloride on the histopathology of the major organs were negative.

Choline has been administered as a precursor of acetylcholine to humans suffering from various nervous and mental
diseases. Hollister et al., (1978) reported that peak plasma concentration was obtained with repeated oral doses of 16 to 20 g/d,
with a rapid disappearance following treatment cessation. Some clinical improvement and no deleterious effects were noted in
those patients.

PRESUMED UPPER SAFE LEVELS
Insufficient data are available to support precise estimates of maximum tolerable dietary levels of choline, although

published information suggests that the tolerance for choline is high in most species. For instance, McKibbin et al., (1944)
supplemented the diet of growing pups with up to 1,500 mg of choline chloride/kg with no reported problems. McKibbin et al.,
(1945) used supplements of up to 2,000 mg/kg of diet successfully with growing pups.

Hodge (1944) found that the acute intraperitoneal LD50 values of choline chloride for rats ranged from 35 to 74 mg/100 g
of BW. Lethality varied according to the concentration of the dosing solution. Hodge also noted that all deaths took place
within 20 minutes after the injections. Hodge and Goldstein (1942) determined the LD50 values of choline chloride for both
mice and rats. In mice injected intraperitoneally with an aqueous solution of 2 percent choline chloride, the LD50 was 320 mg/
kg of BW. In rats given a 67 percent solution of the compound in the same manner, the LD50 was 6.7 g/kg of BW. Neuman and
Hodge (1945) administered choline chloride in doses of four concentrations (200, 400, 500, and 670 mg/ml) to rats by stomach
tube. The total lethality of the two higher concentrations was significantly greater than that of the two lower concentrations.
The pooled LD50 was 3.4 g/kg of BW for the higher concentration groups and 6.1 g/kg of BW for the lower concentration
groups.

Studies with mice suggest that choline chloride is relatively innocuous when administered orally. According to Agut et
al., (1983), the acute oral LD50 value of choline chloride is 3,900 mg/kg of BW. The acute intravenous LD50 is 53 mg/kg of
BW. They estimated the oral and intravenous maximum tolerable levels to be 2,000 and 21.5 mg/kg of BW, respectively. The
CDP form of choline was less toxic. The LD50 values were indeterminate for the oral route and 4,600 mg/kg of BW for the
intravenous route. The oral and intravenous maximum tolerable levels were 14,000 mg/kg of BW and 3,500 mg/kg of BW,
respectively. Wecker and Schmidt (1979) have shown that the CDP form is almost completely absorbed. Their work supports
other data suggesting that the small amount of chloride in choline chloride may contribute to the toxicity of this compound.

SUMMARY
1.  Although choline is not a vitamin in the strictest sense, it is an important nutrient as a source of labile methyl

groups. Dietary requirements have been established for young chickens, swine, rats, and dogs for which
endogenous synthesis is insufficient for physiological demands or is inadequate in circumstances of dietary
deficiencies of methyl groups.

2.  Data with pigs indicate a high tolerance for choline. Studies with chickens suggest that a dietary level of about
twice the dietary requirement is safe and produces no deleterious effects. Some of the chicken data indicate a
growth reduction and interference with the utilization of pyridoxine when the dietary level of choline exceeds
twice the required level.

3.  Studies with dogs suggest a low tolerance for choline chloride and lecithin in that species. Adverse effects have
been reported for levels of choline chloride equivalent to 3 times the apparent choline requirement.

4.  Mouse data suggest that choline chloride is relatively innocuous when given orally (the LD50 is 3,900 mg/kg of
BW), but appreciably more toxic when given intravenously (the LD50 is 53 mg/kg of BW). The CDP form of
choline is less toxic to mice by the same parameters; the oral LD50 is indeterminate and the intravenous LD50 is
4,600 mg/kg of BW. The maximum tolerable levels of choline chloride and CDP choline appear to be 2,000 and
14,000 mg/kg of BW, respectively, when given orally, and 21.5 and 3,500 mg/kg of BW, respectively, when
given intraperitoneally.

5.  The LD50 of choline chloride administered to rats by
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stomach tube was estimated to be 3.4 to 6.1 g/kg of BW.
6.  The fact that choline chloride appears to present some hazard to chickens and dogs when included in the diet at

relatively low levels indicates a need for additional research on choline with these and other species.
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Research Needs

To make precise quantitative estimates of the vitamin tolerances of animals, one needs a reasonably complete base of
experimental and clinical information. The available information base is presently insufficient to support such estimates,
however. The toxicities of some vitamins, such as vitamin K, folic acid, pantothenic acid, and vitamin B12, are so low that
hypervitaminosis is very unlikely in practical situations of animal feeding. The lack of more extensive data is, therefore,
without consequence. For other vitamins that have measurable toxicities and may be used in practical situations at levels
greater than nutritional requirements, however, the gap in the information is much more serious. The review of the current
vitamin literature points to several such gaps. In order to fill them, research should be initiated in the following areas.

1.  Vitamin A: The clear potential for hypervitaminosis A and the small amount of quantitative data describing its
safe dietary levels for most species of animals indicates a need to further define those levels, particularly for
chronic exposure of domestic species. At a more fundamental level, the biochemical mechanisms of vitamin A
toxicity need to be further elucidated.

2.  Vitamin D: Further quantitative information is needed to define more clearly dietary levels of vitamin D that are
safe for domestic animal species. Studies are also needed to make clear hypercalcemia's role in tissue calcinosis
due to hypervitaminosis D. Because of the physiological factors that affect and interspecific differences in
circulating levels of 25-hydroxycholecalciferol, the usefulness of this parameter as a clinical indicator of
hypervitaminosis D needs to be evaluated.

3.  Vitamins E and C: Because of the increasing use of high levels of these vitamins as promoters of immune
functions and protectors against stress, the chronic toxicities of each should be more carefully defined for a
variety of domestic animal species.

4.  Niacin: The effects of excesses of nicotinamide and nicotinic acid on hepatic and renal function should be
elucidated.

5.  Choline: The relative toxicities of high levels of the different chemical forms of choline should be re-evaluated in a
manner that considers the potential effects of the chloride provided by choline chloride.
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Summary

The scientific literature provides information concerning the adverse effects of high-level exposures to most of the
vitamins. Unfortunately, this information base is limited with respect to the species investigated, the forms of vitamins studied,
and the types of experimental design used. Therefore, the maximum tolerable levels of animals for several of the vitamins were
estimated only from a limited base of information.

It is apparent that toxicity in animals is greatest for high-level oral exposures to vitamin A, vitamin D, and choline (in the
form of choline chloride). For each, about 10-fold the dietary level required to prevent deficiency diseases can depress growth
and adversely affect particular organ systems. Signs of hypervitaminosis A can be observed among animals fed 10 to 30 times
the vitamin levels required to prevent deficiency diseases. Hypervitaminosis A is characterized by disturbances of nervous
function, such as hyperirritabiity, twitching, convulsions, and paralysis. It is also characterized by liver dysfunction and skin
disorders. Nonruminants appear to be able to tolerate dietary levels of at least 30-fold their vitamin A requirements. Ruminants
may be able to tolerate only 10-fold their required levels. Signs of hypervitaminosis D can be observed among animals fed 4- to
10-fold their nutritional requirements for more than 60 days. For less than 60 days, however, animals can tolerate as much as
1,000-fold the required levels without adverse effects. Hypervitaminosis D is characterized by anorexia, gastrointestinal
distress, lameness, polyuria, hypercalcemia, and calcinosis (particularly cardiovascular and renal calcification). It is not known
whether calcinosis involves specific tissue lesions induced by high levels of the vitamin, or whether it is simply a consequence
of the induced hypercalcemia. Depressed growth has been observed in response to dietary supplements of choline at 2 to 4
times the requirements. Most, if not all, of this toxicity may be due to disturbances in acid-base relations in the use of the
chloride salt of this vitamin, however.

Niacin, riboflavin, and pantothenic acid are generally tolerated by animals at dietary levels as great as 10- to 20-fold their
respective nutritional requirements. Niacin hypervitaminosis is characterized by reduced growth and by disturbances in the
metabolism of lipoproteins and foreign compounds. Niacin can also affect nervous function. Nicotinic acid appears to be less
toxic than nicotinamide. The pathology of riboflavin hypervitaminosis is not well described. It is clear, however, that its
toxicity is greater when administered parenterally than when administered orally. High levels of pantothenic acid can cause
liver damage characterized by hepatic steatitis and elevated serum transaminase activities.

Vitamin E is generally tolerated at dietary intakes as great as 100-fold nutritional required levels of animals.
Hypervitaminosis E is characterized by reduced growth, reduced hematocrit, reticulocytosis, hepatic dysfunction, and
hypoprothrombinemia. The last effect is apparently due to an antagonism of the utilization of vitamin K.

Vitamins K and C, thiamin, and folic acid are generally tolerated at oral intake levels of at least 1,000-fold animals'
respective nutritional requirements. Menadione has been shown to be nephrotoxic; however, other forms of vitamin K are
essentially innocuous. In laboratory animals, high levels of ascorbic acid (vitamin C) can produce oxaluria, uricosuria,
hypoglycemia, excessive absorption of iron, gastrointestinal disturbances, allergic reactions, and anemia. These effects have
not been extensively studied in domestic animals, few of which require this factor in their diets. Thiamin hypervitaminosis is
characterized by impaired nervous function (for example, epileptiform convulsions and respiratory paralysis). The mechanism
by which high levels of thiamin
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interfere with nervous function remains to be made clear. Pyridoxine excess can result in ataxia and peripheral neuropathy
involving demyelination of nervous tissue. This condition has only been studied in dogs and rats. Folic acid hypervitaminosis
due to oral exposure has not been reported. Parenteral administration of massive amounts of the vitamin has been found to
produce epileptiform convulsion and renal hypertrophy in rats, however.

Very little information is available concerning the pathologies of biotin and vitamin B12 hypervitaminoses. Poultry and
swine can easily tolerate biotin dietary levels 4 times their nutritional requirements. It is probable that much greater levels may
be tolerated. The present scientific literature is unclear and most incomplete concerning animal tolerance of vitamin B12. It is
likely, however, that even high levels of this vitamin are essentially innocuous.
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Appendix Table
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APPENDIX TABLE 90
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Index

A
Absorption and metabolism

ascorbic acid, 36-37
biotin, 70-71
choline, 77-78
folic acid, 65
niacin, 48
pantothenic acid, 68
riboflavin, 54-55
thiamin, 44
vitamin A, 4-5
vitamin B6, 58-59
vitamin B12, 74, 76
vitamin D, 11-13
vitamin E, 24-25
vitamin K, 32-33

Adenosine triphosphate (ATR), 43
Ascorbic acid (vitamin C), 1, 36-40

absorption and metabolism of, 36-37
in birds, 38
in dogs, 38
estimated requirements of domestic and laboratory animals for,

88, 90
in fish, 38
forms of, 36
in guinea pigs, 38-39
in horses, 39
hypervitaminosis, 37, 40
in mice, 39
in mink, 39
nutritional role of, 36
presumed upper safe levels of, 38-39, 40
in rats, 39
research needs, 84
summary, 85
in swine, 39
in turkeys, 38

B
Biotin, 70-73

absorption and metabolism of, 70-71
in birds, 72
in chickens, 72
estimated requirements of domestic and laboratory animals for,

89, 91
hypervitaminosis, 71-73
nutritional role of, 70
presumed upper safe levels of, 73
in rats, 72
summary, 86
in swine, 72
in turkeys, 72

Birds,
see also Chickens, Ducks, Geese, Pheasants, Quail, Turkeys
ascorbic acid in, 38
biotin in, 72
choline in, 79
estimated vitamin requirements of, 88-89

vitamin A in, 6-7, 8
vitamin D in, 17

C
Carotenoids, 4-5
Carotenosis, 9
Cats

estimated vitamin requirements of, 88-89
vitamin A in, 6, 8

Cattle
estimated vitamin requirements of, 88-89
vitamin A in, 6, 8
vitamin D in, 16, 17-18

Chickens
biotin in, 72
choline in, 1, 79
estimated vitamin requirements of, 88-89
niacin in, 50
vitamin A in, 6-7, 8
vitamin B12 in, 75
vitamin D in, 17
vitamin E in, 26
vitamin K in, 34

Cholesterol, 49
Choline, 77-83

absorption and metabolism of, 77-78
in birds, 79
in chickens, 1, 79
in dogs, 79-80
estimated requirements of domestic and laboratory animals for,

89, 91
forms of, 77
in humans, 80
hypervitaminosis, 78-82
in mice, 80-81
nutritional role of, 77
presumed upper safe levels of, 82
in rats, 81
research needs, 84
summary, 85
in swine, 81
in turkeys, 79

Cobalamin, see Vitamin B12

D
Dogs

ascorbic acid in, 38
choline in, 79-80
estimated vitamin requirements of, 88-89
riboflavin in, 56
thiamin in, 45
vitamin A in, 7, 8
vitamin B6 in, 60
vitamin D in, 18
vitamin K in, 34

Ducks
estimated vitamin requirements of, 88-89
vitamin A in, 7, 8
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F
Fish

ascorbic acid in, 38
estimated vitamin requirements of, 88-89
vitamin A in, 8
vitamin D in, 18

Folacin, see Folic acid
Folic acid, 64-66

absorption and metabolism of, 65
estimated requirements of domestic and laboratory animals for,

89, 91
forms of, 64-65
hypervitaminosis, 65
nutritional role of, 64
presumed upper safe levels of, 65
summary, 86

Foxes
estimated vitamin requirements of, 88-89
vitamin D in, 18

G
Geese

estimated vitamin requirements of, 88-89
vitamin A in, 8

Goats
estimated vitamin requirements of, 88-89
vitamin A in, 7, 8

Guinea pigs
ascorbic acid in, 38-39
estimated vitamin requirements of, 88-89

H
Hamsters, estimated vitamin

requirements of, 88-89
Horses

ascorbic acid in, 39
estimated vitamin requirements of, 88-89
vitamin A in, 8
vitamin D in, 18
vitamin K in, 34

Humans
choline in, 80
niacin in, 50
vitamin B6 in, 60
vitamin D in, 12

Hypercalcemia, 15
Hypervitaminosis

ascorbic acid, 37, 40
biotin, 71-73
choline, 78-82
folic acid, 65
niacin, 48-49, 50-51
panothenic acid, 68
riboflavin, 55, 56
thiamin, 44-45
vitamin A, 5-8
vitamin B6, 59-62
vitamin B12, 75-76
vitamin D, 13-16, 84
vitamin E, 25-29
vitamin K, 33, 34

L
Lipoproteins, 25, 49

M
Menadione sodium bisulfite (MSB), 32
Metabolism, see Absorption and metabolism
Mice

ascorbic acid in, 39
choline in, 80-81
estimated vitamin requirements of, 88-89
niacin in, 51
thiamin in, 45
vitamin B6 in, 60

vitamin B12 in, 75
vitamin K in, 34

Mink
ascorbic acid in, 39
estimated vitamin requirements of, 88-89
vitamin D in, 18

Monkeys
estimated vitamin requirements of, 88-89
vitamin A in, 8
vitamin D in, 18-19

MSB (menadione sodium bisulfite), 32

N
Niacin, 47-52

absorption and metabolism of, 48
in chickens, 50
estimated requirements of domestic and laboratory animals for,

89, 91
forms of, 47-48
in humans, 50
hypervitaminosis, 48-49, 50-51
in mice, 51
nutritional role of, 47
presumed upper safe levels of, 49
in rabbits, 51
in rats, 51
research needs, 84
summary, 85

Nonhuman primates, see Monkeys
Nutritional role

ascorbic acid, 36
biotin, 70
choline, 77
folic acid, 64
niacin, 47
pantothenic acid, 67
riboflavin, 53
thiamin, 43
vitamin A, 3-4
vitamin B6, 58
vitamin B12, 74
vitamin D, 11
vitamin E, 23-24
vitamin K, 31-32

P
Pantothenic acid, 67-69

absorption and metabolism of, 68
estimated requirements of domestic and laboratory animals for,

89, 91
forms of, 67-68
hypervitaminosis, 68
nutritional role of, 67
presumed upper safe levels of, 68
summary, 85

Parathyroid hormone (PTH), 11-12
Pheasants, estimated vitamin requirements of, 88-89

Phylloquinone, see Vitamin K
Presumed upper safe levels, 2

ascorbic acid, 38-39, 40
biotin, 73
choline, 82
folic acid, 65
niacin, 49
pantothenic acid, 68
riboflavin, 55
thiamin, 45
vitamin A, 8-9
vitamin B6, 62
vitamin B12, 76
vitamin D, 16-20
vitamin E, 29
vitamin K, 33

PTH (parathyroid hormone), 11-12
Pyridoxine, see Vitamin B6
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Q
Quail

estimated vitamin requirements of, 88-89
vitamin A in, 8
vitamin D in, 17

R
Rabbits

estimated vitamin requirements of, 88-89
niacin in, 51
thiamin in, 45
vitamin A in, 7, 8
vitamin D in, 19
vitamin K in, 34

Rats
ascorbic acid in, 39
biotin in, 72
choline in, 81
estimated vitamin requirements of, 88-89
niacin in, 51
riboflavin in, 56
vitamin B6 in, 60-61
vitamin E in, 26-27
vitamin K in, 34

Research needs, 84
Riboflavin (vitamin B2), 53-57

absorption and metabolism of, 54-55
in dogs, 56
estimated requirements of domestic and laboratory animals for,

89, 91
forms of, 53-54
hypervitaminosis, 55, 56
nutritional role of, 53
presumed upper safe levels of, 55
in rats, 56
in sheep, 56
summary, 85
in swine, 56

S
Safe levels, presumed upper, see Presumed upper safe levels
Selenium, 23
Sheep

estimated vitamin requirements of, 90-91
vitamin A in, 8
vitamin D in, 19

Shrimps, estimated vitamin
requirements of, 90-91

Swine
ascorbic acid in, 39
biotin in, 72
choline in, 81
estimated vitamin requirements of, 90-91
riboflavin in, 56
vitamin A in, 7, 8
vitamin B6 in, 61
vitamin D in, 19

T
Thiamin, 43-45

absorption and metabolism of, 44
in dogs, 45
estimated requirements of domestic and laboratory animals for,

89, 91
forms of, 44
hypervitaminosis, 44-45
in mice, 45
nutritional role of, 43
presumed upper safe levels of, 45
in rabbits, 45
summary, 85-86

Thiamin pyrophosphate (TPP), 43, 44
Tocopherol, see Vitamin E
TPP (thiamin pyrophosphate), 43, 44
Tryptophan, 1
Turkeys

ascorbic acid in, 38
biotin in, 72
choline in, 79
estimated vitamin requirements of, 88-89
vitamin A in, 7, 8
vitamin D in, 17

V
Vitamin A, 3-9

absorption and metabolism of, 4-5
in birds, 6-7, 8
in cats, 6, 8
in cattle, 6, 8
in chickens, 6-7, 8
in dogs, 7, 8
in ducks, 7, 8
estimated requirements of domestic and laboratory animals for,

88, 90
in fish, 8
forms of, 4
in geese, 8
in goats, 8
in horses, 8
hypervitaminosis, 5-8
in monkeys, 8
nutritional role of, 3-4
presumed upper safe levels of, 8-9
in quail, 8
in rabbits, 7, 8
research needs, 84
in sheep, 8
summary, 85
in swine, 7, 8
in turkeys, 7, 8

Vitamin B2, see Riboflavin
Vitamin B6 (pyridoxine), 58-62

absorption and metabolism of, 58-59
in dogs, 60
estimated requirements of domestic and laboratory animals for,

89, 91
forms of, 58
in humans, 60
hypervitaminosis, 59-62
in mice, 60
nutritional role of, 58
presumed upper safe levels of, 62
in rats, 60-61
summary, 86
in swine, 61

Vitamin B12, 74-76
absorption and metabolism of, 74-75
estimated requirements of domestic and laboratory animals for,

89, 91
forms of, 74, 76
hypervitaminosis, 75-76
in mice, 75
nutritional role of, 74
presumed upper safe levels of, 76
summary, 76

Vitamin C, see Ascorbic acid
Vitamin D, 11-20

absorption and metabolism of, 11-13
in birds, 17
in cattle, 16, 17-18
in chickens, 17
in dogs, 18
estimated requirements of domestic and laboratory animals for,

88, 90
in fish, 18
forms of, 11
in foxes, 18
in horses, 18
in humans, 12
hypervitaminosis, 13-16
in mink, 18
in monkeys, 18
nutritional role of, 11
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presumed upper safe levels of, 16-20
in quail, 17
in rabbits, 19
research needs, 84
in sheep, 19
summary, 85
in swine, 19
in turkeys, 17

Vitamin E, 23-29
absorption and metabolism of, 24-25
in chickens, 26
estimated requirements of domestic and laboratory animals for,

88, 90
forms of, 24
hypervitaminosis, 25-29
nutritional role of, 23-24
presumed upper safe levels of, 29
in rats, 26-27
research needs, 84
summary, 85

Vitamin K, 31-35
absorption and metabolism of, 32-33
in chickens, 34
in dogs, 34
estimated requirements of domestic and laboratory animals for,

88, 90
forms of, 32
in horses, 34
hypervitaminosis, 33, 34
in mice, 34
nutritional role of, 31-32
presumed upper safe levels of, 33
in rabbits, 34
in rats, 34
summary, 85

Vitamins
absorption and metabolism of, see Absorption and metabolism
hypervitaminosis, see Hypervitaminosis
intake levels of, 1-2
nutritional role of, see Nutritional role
presumed upper safe levels of, see Presumed upper safe levels
defined, 1
See also specific vitamins
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